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Abstract

All living organisms rely on nutrients to sustain cell metabolism and energy
production, which in turn need to be adjusted based on available resources.
The evolutionarily conserved target of rapamycin (TOR) protein kinase is a
central regulatory hub that connects environmental information about the
quantity and quality of nutrients to developmental and metabolic processes
in order to maintain cellular homeostasis. TOR is activated by both nitrogen
and carbon metabolites and promotes energy-consuming processes such as
cell division, mRNA translation, and anabolism in times of abundance while
repressing nutrient remobilization through autophagy. In animals and yeasts,
TOR acts antagonistically to the starvation-induced AMP-activated kinase
(AMPK)/sucrose nonfermenting 1 (Snfl) kinase, called Snfl-related kinase
1 (SnRK1) in plants. This review summarizes the immense knowledge on
the relationship between TOR signaling and nutrients in nonphotosynthetic
organisms and presents recent findings in plants that illuminate the crucial
role of this pathway in conveying nutrient-derived signals and regulating
many aspects of metabolism and growth.
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INTRODUCTION

When driving a car, the driver’s ability to rapidly and accurately integrate both external (traffic
lights, other cars) and internal (mechanical dysfunctions, fuel level, speed) information is essential
for survival. Similarly, a living cell must perceive and respond to external nutritional information
by quickly adapting its growth and metabolism. Such responses—e.g., determining when to grow,
when to assimilate and store nutrients, and when to recycle reserves—are at the heart of life.
Unicellular organisms, such as yeasts and algae, are in direct contact with environmental nutri-
tional changes. Multicellular organisms, such as plants and animals, must also sense and coordinate
these cell-autonomous processes at the organism level via signals. Animal cells and organs are nor-
mally surrounded by a buffered supply of nutrients, and this organismal regulation of metabolic
activity and cell growth is driven mainly by growth factors and hormones (26, 45, 75). Although
hormonal signals are also important in plant life, several examples have illustrated the importance
of nutrients as signals for the control of regulatory pathways and cellular processes in a cell- and
non-cell-autonomous manner (84, 88, 106, 115). Moreover, plants have a highly plastic devel-
opment and are autotrophic organisms that produce and store metabolites derived from carbon
(C), nitrogen (N), and sulfur (S). But whereas inorganic N, S, phosphorus (P), and potassium (K)
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ions are taken up from the soil in most plants, sugars are synthesized using light energy and CO,.
Therefore, unlike animals and yeasts, plants must additionally sense the quality and amount of
light to produce C metabolites and decide whether to store sugars in source leaves or distribute
these metabolites to sink organs such as young organs, roots, or seeds.

In eukaryotes, several interconnected signaling networks—such as those centered on the animal
AMP-activated kinase (AMPK); the yeast equivalent, sucrose nonfermenting 1 (Snfl) kinase; or the
target of rapamycin (TOR) kinase—perceive nutrient availability and direct growth and metabolic
patterns (for general reviews on animals or yeasts, see 4, 18, 26, 87, 98, 165; for reviews on the
plant TOR signaling pathway, see 37, 64, 77, 128, 129, 168). Rapamycin is an antibiotic produced
by Streptomyces hygroscopicus, a bacterium found in a sample of soil from Easter Island (called Rapa
Nui in the indigenous language). In yeasts, rapamycin stops division and produces cells with a
N starvation phenotype. A search for mutations causing rapamycin resistance in yeast identified
FK506-binding protein 12 (FKBP12) together with a large kinase, which was therefore named
target of rapamycin (63). Because rapamycin is a very specific inhibitor of the TOR kinase, this
pioneering work opened the way for a wealth of studies in both animals and yeasts (165). The TOR
signaling pathway thus quickly emerged as a central regulatory hub connecting external signals,
such as the availability of nutrients or the presence of hormones, to a myriad of biological outputs,
including transcription of RNA, translation, ribosome biogenesis, translocation of regulatory
proteins, autophagy, and storage of reserve compounds (35, 50, 100, 165).

In animals and yeasts, the TOR kinase is present in two high-molecular-mass complexes named
TORCI1 and TORC2. They differ by the presence of specific protein partners: kontroller of growth
protein 1 (KOG1)/regulatory-associated protein of mMTOR (RAPTOR) for TORCI and adheres
voraciously to TOR2 protein 1 (AVO1)/human stress activated MAP kinase interacting protein 1
(hSIN1)and AVO3/rapamycin-insensitive companion of mTOR (RICTOR) for TORC2, with the
small lethal with SEC13 protein 8 (LST8) being found in both complexes (80, 87, 165) (Figure 1).

Rapamycin/FKBP12

FAT ERB FATC

HEAT

HEAT
RAPTOR

KD N lobe KD Clobe

1376 aa 1
FAT FRB LBE FATC

Figure 1

TOR:
target of rapamycin

KOGI1: kontroller of
growth protein 1

RAPTOR:
regulatory-associated
protein of mMTOR

AVOI1: adheres
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hSIN1: human stress
activated MAP kinase
interacting protein 1

RICTOR:
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LST8: lethal with
SECI13 protein 8
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Structure of the TOR kinase domain and organization of the TORCI complex. (#) Three-dimensional structure of the human TOR
C-terminal region (FAT-FRB-kinase-FATC domains) associated with the LST8 protein. Abbreviations: aa, amino acids; KD, kinase
domain; LBE, LST8-binding element. Adapted from Reference 170 with permission. (§) Prediction of the structure of the Arabidopsis
TOR C-terminal region, showing its conservation with the animal model. The model is based on the three-dimensional structure of
human TOR shown in panel # and was obtained using SWISS-MODEL (http://swissmodel.expasy.org). The quality of the model is
indicated by colors from orange (poor quality) to blue (high quality). () Organization of the conserved TORCI1 complex. The propeller
WDA40 structure is depicted in LST8 (red disk) and RAPTOR proteins. The domains affected by TOR inhibitors (rapamycin/FKBP12
and the active-site TOR inhibitor AZD-8055) are also shown. For TOR biological inputs and outputs, see Figure 3.
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THE PLANT TORC1 COMPLEX

Until recently, the deciphering of TOR functions in higher plants has been hampered by their
relative but variable insensibility to rapamycin (108, 109). Indeed, in land plants, FKBP12 proteins
show sequence differences in residues that are necessary for the formation of a TOR-rapamycin-
FKBP12 ternary complex (102, 108, 142, 169). By contrast, algal FKBP12 is closer to human
or yeast homologs, and residues critical for binding rapamycin are conserved in Chlamydomonas,
which is consistently inhibited by rapamycin (27). Nevertheless, the expression of either human
(102) or yeast (89, 127, 142) FKBP12 in Arabidopsis restores sensitivity to rapamycin. Therefore,
in the presence of an FKBP12 protein with sufficient affinity for rapamycin, plant TOR can form
a complex with FKBP12 and this inhibitor and is indeed a “target of rapamycin.” One puzzling
recent observation is that rapamycin added to liquid cultures of Arabidopsis can affect plant growth,
possibly because it is more efficiently taken up or more available (167). Recent studies have also
found that the specific TOR inhibitors developed in animal and medical research, such as Torin
and AZD-8055, restrain plant growth in a highly efficient and TOR-specific manner (111, 134,
150).

Plant genomes encode orthologs of the known members of the mammalian and yeast TORC1
complex [RAPTOR (7, 31, 102) and LST8 (33, 39, 112)] as well as the direct TORC1 targets
ribosomal protein S6 kinase (S6K) (153, 154, 175) and TAP46 (2, 3). Even though there is no
evidence for the existence of a TORC2 complex in plants, the presence of a TORCI complex
in both land plants and algae is well documented (101, 129). Transient overexpression of tagged
proteins in tobacco leaves demonstrated the interaction between the Arabidopsis RAPTOR protein
and the TOR HEAT repeats (102). In Chlamydomonas and Arabidopsis, the LST8 protein interacts
with the TOR kinase domain, as it does in other eukaryotes (33, 112). This suggests that a
conserved TORCI protein complex is formed in plants and algae with the TOR, RAPTOR, and
LSTS8 partners (Figure 1).

The TOR Kinase

TOR is a member of the phosphatidylinositol 3-kinase (PI3K)-related kinase (PIKK) family, which
also includes the homologous ataxia telangiectasia mutated (ATM) and ATM- and RAD3-related
(ATR) kinases (147). Although they are serine/threonine protein kinases, PIKKs contain a lipid
PI3K-like catalytic domain bordered on the N terminus by the FRAP, ATM, and TRRAP (FAT)
and FKBP12/rapamycin-binding (FRB) domains and on the C terminus by the FATC domain
(11, 165, 170) (Figure 1). The N-terminal part of TOR comprises several HEAT repeats that are
involved in protein-protein interactions. So far, the TOR kinase has been found in all sequenced
plant and algal genomes (66, 101, 128).

As in other eukaryotes, the TOR kinase in Arabidopsis is a very large protein (2,481 amino
acids), and it is 39% identical to the human protein. The FAT kinase and FRB domains are the
most conserved ones (109, 129).

The TOR Structure

Low-resolution electron microscopy models show that the TOR N-terminal region interacts with
the RAPTOR WD40 repeats (1, 172). More recently, the crystal structure of a C-terminal part
of mammalian TOR (mTOR) containing the FAT-FRB-kinase-FATC domains bound to LST8
was obtained (11, 170).

The mTOR kinase domain shows a two-lobe structure separating a cleft where ATP is bound
that is characteristic of the PI3K kinase family. Specific domains found only in TOR include the
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FRB domain, which is inserted within the kinase N-terminal part. There is also a smaller, 40-
amino-acid-long insertion in the C lobe that defines a binding site for LST8. Interestingly, this
site is conserved in plant TOR sequences (Figure 1) and may contribute to the stabilization of
the kinase domain activation loop by the FATC region (170). The C-terminal conserved FATC
domain is integrated into the kinase domain structure, and LST8 and the FRB domain protrude
from this domain. This overall structural organization of this TOR region is well conserved in
plants (Figure 1).

LST8 is thought to be required for TOR activation, and its interaction surface may influence
the organization of the kinase active site. Indeed, the solubility of overexpressed TOR is dependent
on the simultaneous expression of LST8 (170). This structure also suggests that TOR is basically
active by nature and that its activity is regulated by protein partners or specific domains acting as
gatekeepers for the kinase substrates. Substrate recruitment therefore may be a major mechanism
controlling the kinase activity.

RAPTOR

All well-sequenced plant genomes encode RAPTOR/KOG]-like proteins that share a well-
conserved domain organization, including the raptor N-terminal conserved (RNC) domain, three
HEAT repeats, and WDA40 repeats. Arabidopsis has two RAPTOR-encoding genes, which, owing
to confusing nomenclature in previous reports, we here call Raptor3g and RaptorSg (for their lo-
calization on chromosomes 3 and 5, respectively). These genes code for proteins that show strong
similarities to the yeast KOGI protein and the human RAPTOR protein (approximately 40%
identity). Lines homozygous for disruptions of Raptor3g often exhibit mild phenotypes similar
to the ones observed after inhibition of TOR expression, including a reduced rate of vegetative
growth, increased branching, and delayed flowering. Nevertheless, in some conditions, these mu-
tants showed early embryo lethality with variable penetrance (31). By contrast, lines homozygous
for disrupted forms of Raptorsg are indistinguishable from the wild type (7, 31). These differences
can be attributed largely to the relatively low expression of RaptorSg in most vegetative tissues.
Much stronger phenotypes occur in lines that are homozygous for disrupted forms of both genes
(7). Interestingly, double-mutant lines retain some capacity for vegetative growth, suggesting that
RAPTOR plays a major role in enabling vegetative growth but is not essential, as it is in animal
and yeast cells.

In animal cells, the TORCI1 complex is inactivated upon phosphorylation of the RAPTOR
protein by AMPK on two conserved serine residues (Ser722 and Ser792) followed by binding of
14-3-3 proteins (58). This inactivation signals energy and nutrient stresses by repressing TORC1
activity. Because the region surrounding Ser792 is weakly conserved in the plant RAPTOR protein
sequences, it is possible that Snfl-related kinase 1 (SnRK1), the plant homolog of AMPK, plays a
similar role by directly inactivating the plant TORCI1 complex. In addition, the animal RAPTOR
residues Ser696 and Thr706 are phosphorylated in mitosis by the mitotic cyclin-dependent kinase
1 (cdc2/CDK1), and its partner, cyclin B, is immunoprecipitated with RAPTOR in mitotic cells
(57).

LST8

All plants and algae contain genes coding for the small LST8 protein (33, 39, 112). LST8
proteins are essentially made of seven WD40 repeats organized in a propeller-like structure (80).
In Arabidopsis, Ist§ mutants display a retarded growth associated with an increased branching and
delayed flowering together with a hypersensitivity to a shift from short to long days (112).
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An evolutionary model of the eukaryotic TOR signaling pathway, showing the possible loss or acquisition of
TOR signaling modules from the putative common eukaryote ancestor. The gray box lists the possible
primitive eukaryotic core signaling components, with colors indicating different regulatory modules.

Figure 2

The Evolution of the TOR Complex

With the exception of some intracellular parasites, all eukaryotic cells characterized so far contain
a presumably ancestral signaling pathway based on the TOR kinase that links growth to nutrient
signaling and energy supply (22, 138, 158) (Figure 2). Therefore, Arabidopsis—like the rest of
the Viridiplantae lineage, including the glaucophytes, the red and green algae, and land plants—
contains this core signaling pathway (101, 138, 139). Interestingly, this signaling module is present
even in the picoeukaryote Ostreococcus tauri, which has a highly reduced genome (66).

There is no evidence that plants have a TORC2 complex, and no homologs of the specific
components AVO1/hSINT or AVO3/RICTOR have been detected in the green lineage (158).
However, these proteins present a low degree of similarity, which could make it difficult to iden-
tify them in plants and algae. Interestingly, studies have found sequences potentially coding for
RICTOR in oomycetes such as Phytophthora and brown algae such as Ectocarpus, which arose
from a secondary symbiosis between a heterotrophic eukaryote cell and a red alga (138, 158).
Serfontein et al. (138) have suggested that RICT'OR was acquired rather than lost after the di-
vergence between Archaeplastida (red algae to land plants) and other eukaryotes (Figure 2). The
other components of the TORC2 complex could have developed later, during the evolution of
animals and fungi. Nevertheless, the fact that RAPTOR and LST8 from rice, Arabidopsis, and
Chlamydomonas complement yeast mutants shows that there is a good functional conservation of
the TORCI complex (33, 101, 112).

TOR Substrates in Plants

Important TOR substrates in animals and yeasts, such as S6K and the type 2A phosphatase—
associated protein 42 (TAP42)/«4 subunit of protein phosphatase 2A (PP2A), are also present
in plants, which suggests that TOR could act through conserved readouts (128, 165) (Figure 3).
The ribosomal protein S6K is an evolutionarily conserved kinase in the AGC (PKA, PKG, PKC)
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Figure 3

A simplified model of TOR regulation by nutrients, showing the various ways in which nutrients regulate the TOR kinase as well as the
interactions between TOR and effector kinases and substrates in eukaryotes. The names of the regulatory or substrate proteins for
animals, yeasts, and plants are shown in blue, red, and green, respectively.

family. The Arabidopsis genome contains two S6K-encoding genes with very similar sequences. In
budding yeast, the homolog of S6K, Sch9, regulates cell size as well as nutrient signaling and aging
(143, 156). A recent study by Gonzilez et al. (53) suggested that yeast Ypk3 is the S6K ortholog
that regulates ribosomal protein S6 (RPS6) phosphorylation in a nutrient-dependent manner.
Even if the N- and C-terminal regions of the plant S6Ks are divergent from the animal sequences,
the kinase domain is highly conserved. Moreover, the major and regulatory phosphorylation sites
identified in human S6K are conserved in the Arabidopsis S6K (128, 154). Phosphorylation of
Thr388/389 in animal S6K is widely used as a TOR activity readout. Antibodies specific for
phosphorylated human Thr389 are able to recognize phosphorylated Thr449 and Thr455 in
Arabidopsis S6K1 and S6K2, respectively (2, 134, 135, 167). In Arabidopsis, the S6K activity is also
activated by auxin, which seems to augment the amount of TOR protein (109, 134). The Arabidopsis
S6K can be activated by insulin in human cells after induction of TOR activity (153). Consistently,

www.annualreviews.org ¢ TOR Signaling and Nutrient Sensing 267



268

the Arabidopsis S6K interacts with RAPTOR and phosphorylates RPS6 (102). Henriques etal. (65)
proposed that S6K limits cell division and growth in sugar-starved cells in Arabidopsis.

The Arabidopsis TAP46 protein, a regulatory subunit of PP2A (61), is an ortholog of yeast
TAP42, which is phosphorylated by TORC1 (18, 98). Arabidopsis TOR consistently phosphory-
lates TAP46 in vitro (3) (Figure 3). In yeast, when nutrients are abundant, TOR phosphorylates
TAP42, which then binds PP2A and presumably inactivates it (18, 28). Under nutrient starva-
tion, PP2A is released from TAP42 and dephosphorylates cognate substrates. Arabidopsis plants
deficient in TAP46 activity resemble T'OR-inactivated plants, exhibiting a global repression of
translation and induction of autophagy (3). Overexpression of TAP46 resulted in larger plants,
increased phosphorylation of S6K (probably as a result of TOR activation), and stimulated nitrate
assimilation (2). Conversely, silencing of TAP46 resulted in lowered activity of nitrate assimila-
tion enzymes such as nitrate reductase. Interestingly, in another experiment, plants overexpressing
TAP46 were more sensitive to abscisic acid, probably owing to a modulation of abscisic acid in-
sensitive 5 (ABIS) phosphorylation (70).

TOR inhibition by rapamycin in Chlamzydomonas also induced phosphorylation of the endo-
plasmic reticulum chaperone luminal-binding protein 2 (BiP2), which is linked to endoplasmic
reticulum stress (34). Recent work in Arabidopsis has suggested that E2F transcription factors, which
are well known from animal models for their role in controlling cellular proliferation, constitute
a previously unrecognized target for TORC1-mediated phosphorylation (166). The expression
of E2Fa targets, many of which relate to cell cycle control, correlates with TOR activity and is
repressed by TOR inhibitors.

A novel class of TOR substrate that is present in plants and many fungi but not in animals was
recently confirmed by an analysis of its founding member, Mei2p, in Schizosaccharomyces pombe
(163). In response to cues related to N limitation and mating pheromones, Mei2p acts through an
RNA-binding activity to switch cells from mitotic growth to a more determinate meiotic devel-
opment. A relationship with TOR was later revealed with the recognition that a Mei2-interacting
protein (MIP1), recovered as a suppressor of Mei2p, is the fission yeast ortholog of RAPTOR (140).
More recent work has shown that TOR activity suppresses meiotic development by phosphory-
lating Mei2p in a MIP1-dependent manner, thereby targeting Mei2p for ubiquitination-mediated
turnover (117).

In contrast to the single Mei2-like gene in S. pombe, higher plants contain a structured family
of Mei2-like genes (5, 6, 74) that are defined by an unusual RNA recognition motif shared with
Mei2p. Some degree of functional conservation is suggested by the recovery of Arabidopsis Mei2-
like 1 (AML1) in screens for cDNAs that complement meiotic mutants of S. pombe (68) as well as
the interaction with Arabidopsis RAPTOR in yeast two-hybrid assays (6). The members of a second
clade of Mei2-like genes, TERMINAL EAR-LIKE (TEL), have a domain organization similar to
those of the AML and Mei2 genes but are distinguished by a well-conserved insertion in the Me:2
RNA recognition motif (25, 74). The focused expression of TELs in meristematic tissues of the
shoot and root, together with precocious differentiation of tissues in loss-of-function mutants in
maize and rice (120, 159), suggests that TELs may promote indeterminate growth.

REGULATION OF TOR BY NUTRIENTS IN ANIMAL
AND YEAST CELLS

Mechanisms of Nutrient-Dependent TOR Regulation

Many studies in animals and yeasts have demonstrated the central role of the TOR signaling
pathway in connecting nutrient sensing to the global and specific regulation of cell metabolism.
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Indeed, exposing yeast cells to rapamycin results in the same phenotype as nutrient (C, N, or S)
starvation does: an inhibition of translation together with the induction of autophagy and pathways,
allowing the use of alternative, less favored sources of nutrients (18, 28, 98). For instance, upon
N starvation, the decrease in TOR activity seems to trigger the endocytosis and degradation of
specific high-affinity transporters, which are then replaced by more general transporters that are
able to acquire a wider diversity of nutrients (17, 18). TOR inactivation is also involved in the
onset of transcriptional programs in response to starvation. In yeast, for example, TOR promotes
the cytoplasmic retention of the GATA transcription factor GIn3 by activation of TAP42, which
inhibits PP2A activity (13). Following starvation, TOR is inactivated, which subsequently releases
TAP42 from PP2A complexes. GIn3 is then translocated to the nucleus, where it induces the
transcription of genes needed for the assimilation of alternative N sources (such as proline or urea).

In animal cells, several elegant studies have shown that the TORCI1 complex is activated
by amino acids through recruitment to the lysosomal surface (46, 132, 133, 178). Amino acids,
especially leucine, modify the lysosomal vacuolar-type ATPase (V-ATPase), which allows the
release of the multimeric so-called Ragulator complex followed by the activation of Rag-type
GTPases and the recruitment of TOR activity by their binding to RAPTOR (81, 35, 42, 45, 75)
(Figure 3). Interestingly, a meta-analysis of metabolite and transcript changes in Arabidopsis plants
subjected to various stresses also identified leucine as a mediator of coordinated responses (59).
These results suggest the involvement of the plant TOR pathway in this link, which could thus
be evolutionarily conserved.

Other studies also indicated that a specific lysosomal amino acid transporter (SLC38A9) is
involved in the specific activation of TOR by arginine and glutamine at the lysosomal surface
(125, 161). This transporter could act as a transceptor (rather than a transporter) that mediates
TOR recruitment and activation by a specific amino acid. Moreover, glutamine has a prominent
role in the regulation of TOR activity (75, 76). For example, glutaminolysis has recently emerged
as an important process stimulating TOR activity, presumably through alpha-ketoglutarate ((KG)
production in mitochondria by glutamate dehydrogenase (43). The strong activation of the TOR
pathway in cancer cells could be due in part to an active glutamine metabolism (26, 75). «KG is
thought to activate the TOR pathway by the intermediate of the Rag complex at the lysosomal
membrane. Similarly, glucose seems to activate TOR by the same mechanism (46). Moreover,
TOR can be tethered to other membranes by small GTPases such as Rab1A, which recruits TOR
at the Golgi surface (149). In yeasts, the Gtrl/2 GTPases perform the same function and recruit
TOR to the vacuolar membrane, thereby transmitting the amino acid sufficiency signal to this
signaling pathway (98, 119). In plants, the vacuole also serves as a nutrient reservoir, and the
degradation of proteins by autophagy results in an increase in vacuolar amino acids, which in turn
could activate TOR to control autophagy through a feedback mechanism. The involvement of
plant V-ATPase in the same process remains to be determined, but this complex is already known
to be important for several nutrient-related processes (137). Indeed, V-ATPase deficiency results
in the stimulation of nitrate assimilation and the accumulation of glutamine, which is also observed
in /st8 and TOR-deficient plants or after TAP46 overexpression (2, 86, 112, 127).

Regulation Through Phosphatidylinositol 3-Kinase

Plants, animals, and yeasts all contain PI3K activity, but plants and yeasts have only type III PI3K
[also called vacuolar protein sorting—associated protein 34 (Vps34)] (22), which phosphorylates
phosphoinositides at position 3 of the inositol ring to produce phosphatidylinositol 3-phosphate
(PI3P) (9, 113). PI3P is essential for endosomal trafficking, and Vps34 is recruited by membrane-
bound Rab GTPases (9, 124). The produced PI3P binds to FYVE or PX protein domains, which
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contributes, for example, to phospholipase D activation and production of phosphatidic acid (148).
Phosphatidic acid directly activates TOR in animals (42, 151). Amino acids consistently stimulate
PI3K activity, which in turn activates the TORCI complex (56). However, studies in Drosophila
have produced conflicting results (79). Ongoing studies also suggest that such a link may exist in
plants between PI3K/Vps34 and the TOR kinases (91; A.S. Leprince & C. Meyer, unpublished
results).

Autophagy

Because nutrient levels can fluctuate in plants (for example, when starved for N or when light is
limiting for photosynthesis), they have efficient ways of storing resources in the form of starch,
proteins, lipids, or amino acids. To ensure homeostasis within the cell or the plant, these reserves
and other cell components must be remobilized during starvation. Plants use different strategies
to produce energy and nutrients in times of scarcity, and autophagy is an important part of this
process (8,12, 55, 105). In mammals, energy and nutrient limitation activates AMPK, which phos-
phorylates autophagy-related 1 (Atg1)/Unc51-like kinase 1 (ULKI), the main switch initiating the
autophagic process (47, 62, 82). By contrast, the antagonist TORC1 complex represses autophagy
in part through the inhibitory phosphorylation of Atgl/ULK1 and of its protein partner Atgl3
(41, 62, 82) (Figure 3). Thus, a close crosstalk exists between AMPK/Snfl and TOR that fine
tunes the inception and repression of autophagy in cells. Indeed, because autophagy results in the
degradation of cellular components such as ribosomes or organelles, this process must be used
only when necessary to avoid cell death. In plants and algae, studies have shown that the TORC1
complex regulates autophagy (8, 12, 95, 122) and that Atg1 is a phosphorylated protein (146), but
the role of the SnRK1/TOR crosstalk in the initiation of autophagy remains to be established.
Autophagy has also been implicated in the pathogen-induced plant hypersensitive response that
limits the spread of cell death (69, 110, 173), and it would be of interest to determine the role of
the SnRK1/TOR balance in regulating this process.

In mammals, ULKI induces phosphorylation of RAPTOR on Ser855 and Ser859, which con-
tributes to TOR inhibition (40). This could build a positive feedback loop thatincreases autophagy.
However, to maintain homeostasis within the cell, amino acids that are later excreted from the
lysosome or vacuole as a result of protein degradation may then restart TOR activity. Moreover,
ULKI also inhibits AMPK, which contributes to another feedback loop that moderates autophagy.

The PI3K/Vps34 kinase is also known to activate autophagy, which appears to be contradictory
to its role in promoting TOR activity. In fact, studies have suggested that Vps34 may act in two
different complexes, one linked to autophagy initiation and one to TOR activation. AMPK plays
a key role in regulating the different Vps34 complexes: AMPK activates the autophagy-linked
Vps34 complex and inhibits the other complex by phosphorylating Thr163/Ser165 in Vps34 and
lowering PI3P production (41, 56, 79). Interestingly, inhibition of Vps34 by AMPK in response
to starvation was shown to be important for survival (41).

REGULATION OF TOR IN PLANTS
Upstream Metabolic Regulators of the TOR Pathway in Plants

Unlike the well-described molecular mechanisms linking TOR to nutrients in mammals and
yeasts, little information on such mechanisms is available in plants. Indeed, it seems that some
components of the upstream TOR regulatory pathway are not shared with plants, as some im-
portant regulators are missing, such as tuberous sclerosis complex 1/2 (T'SC1/2), Ras homolog

Dobrenel et al.



enhanced in brain (Rheb), class I-II PI3Ks, and phosphokinase B (138, 158). Plants are likely to
rely, at least in part, on specific signaling mechanisms involving auxin, cytokinin, abscisic acid,
and other hormones. Hormones play significant roles in tissue patterning and in adaptive qualita-
tive and quantitative growth responses by regulating cellular growth, division, and determination
processes. Moreover, hormonal signaling is influenced by levels of C, N, and other nutrients (96,
131), but the relationship between the hormones and TOR regulation is not well defined. The
lack of conservation of these upstream regulators suggests that plants may have evolved their own
regulation pathway of the TOR activity to better adapt to their sessile and photoautotrophic fea-
tures. The absence of conserved key players upstream of the TOR pathway and the lack (so far)
of a reliable TOR kinase activity assay have complicated the elucidation of signals implicated in
the regulation of TOR in plants.

Despite the above difficulties, studies have shown that the presence of glucose induces TOR
activity in four-day-old seedlings (166, 167) and that TOR is necessary for the glucose-dependent
exit from mitotic quiescence in young seedlings at both the cellular and transcript levels (166).
Moreover, anoxia, which is known to affect C catabolism, largely reduces the phosphorylation
level of RPS6, which is presumably also TOR dependent in plants (102, 164; T. Dobrenel &
C. Meyer, unpublished results). Plants harvested during the night exhibit a similar reduction of
RPS6 phosphorylation when compared with plants harvested during the day (15, 155). Finally,
TOR RNA interference (RNAI) and /578 mutants are severely affected by high concentrations of
sucrose, and the /578 mutants have a more severe phenotype under long-day conditions than under
short-day conditions, which may be related to a deregulation of the starch, raffinose, and trehalose
content (112). Together, these results suggest that the T'OR activity is regulated by intracellular
sugar availability (36, 168) (Figures 3 and 4).

Yang Yin
] — —

Auxin, energy,
nutrients, light?

Abscisic acid, energy
depletion, starvation, darkness

——> Nitrate | ——

assimilation
Raffinose Sucrose
Abscisic acid synthesis Starch
Auxin response Triacylglyceride
Glycolysis Tricarboxylic acid

Figure 4

Summary of metabolites and biological processes regulated by the TOR and SnRK1 kinases in response to
different stimuli and signals. The conserved and crucial SnRK1 and TOR kinases can be seen as the yin and
yang, respectively, of cell metabolism and growth. Indeed, both kinases represent contrary and vital forces
that are interconnected and in reciprocal and constant increase and decrease.
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The most compelling examples of a coupling of hormonal and TOR signaling have been pro-
vided by analyses that show not only the activation of TOR by auxin, but also the contribution of
TOR activity to downstream auxin signaling—mediated processes (16, 109, 134). Schepetilnikov
et al. (134) showed that the link between TOR and the translation reinitiation after an upstream-
translated micro—open reading frame (LWORF) in mRNA leader regions is promoted by the appli-
cation of exogenous auxin, suggesting that the TOR pathway overlaps at least partially with some
phytohormone responses. A transcriptomic analysis of seedlings treated with the TOR inhibitor
AZD-8055 confirmed this result, demonstrating an induction of some genes involved in the ab-
scisic acid, ethylene, jasmonate, and salicylic acid pathways together with a repression of the auxin,
cytokinin, brassinosteroid, and gibberellin pathways (38). Conversely, long-term inhibition of the
TORCI complex results in the downregulation of both abscisic acid synthesis and response (85).

Crosstalk with the Starvation- and Stress-Activated SnRK1 Kinase

SnRKI1 is a plant multisubunit kinase, with the catalytic « subunit encoded by three genes in
Arabidopsis; of these, KIN10 and KINT1 are believed to be the most important (10, 29, 123, 129).
In plants, SnRK1 is activated by stress conditions that limit energy availability in the cell, such
as hypoxia, flooding, and reduced photosynthetic capacity. In this situation, SnRK1 represses
energy-demanding processes such as anabolism or cell division (10, 60), which are often positively
regulated by TOR, and activates stress-dependent energy-generating processes such as starch
reallocation and gluconeogenesis (10, 78). On a general level, it seems that, as in animals for
AMPK and yeasts for Snfl, the processes controlled by TOR are regulated by SnRKI in an
opposite manner (29, 47, 60, 67) (Figures 3 and 4).

SnRKI1 activity is regulated by a plethora of factors, ranging from phytohormones to metabo-
lites (10, 78, 123). In nonplant organisms, AMPK and Snf1 are specifically regulated by AMP/ADP
levels, providing direct energy-dependent control of the kinase activity, but the plant kinase seems
to lack this regulatory response (48). High sugar levels inhibit SnRK1 (114), and trehalose 6-
phosphate, a probable readout for sugar availability (99), could be a direct negative regulator of
SnRKI1 activity (121, 176) (Figure 3). Mair et al. (103) recently showed that SnRK1 phosphory-
lates and thereby regulates the activity of the transcription factor basic leucine zipper 63 (bZIP63)
in order to trigger global adaptation to low energy.

BIOLOGICAL PROCESSES CONTROLLED BY TOR IN PLANTS

In contrast to the results obtained in mammals or yeast, very little is known about the key phys-
iological mechanisms regulated by the TOR pathway in plants. This lack of information is due
mainly to the embryo lethality of zor null mutants (32, 108, 126) and the varying levels of in-
sensitivity to rapamycin. To circumvent these difficulties, several groups have used constitutive
or inducible methods to inactivate TOR through either overexpression of FKBP12 or TOR si-
lencing by RNAi or microRNAs (20, 32, 126, 166). Over the last decade, these strategies have
enabled investigators to connect the TOR pathway with a large number of mechanisms of major
importance for plant growth and development.

Control of mRNA Translation

In plants, as in other eukaryotes, mRNA translation (from ribosome biogenesis to protein
production) requires a large amount of energy (162). A specific feature of plants is that
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ribosome-constitutive proteins are encoded by gene families comprising two to seven members
(19, 130, 72); this large variety of combinations is thought to permit a plasticity in the translation
of specific mRNA clients during development or in responses to the environment, and may be part
of the adaptive response to stress conditions or energy availability (71, 141). Whether the TOR
activity level acts on this plasticity remains unclear, and dedicated experiments will be necessary
to answer this question. Nevertheless, studies so far have shown that, as in yeasts, inactivation
of TOR results in a significant decrease in polysome accumulation (32, 50, 142). As mentioned
above, the TOR-S6K signaling axis is implicated in translation reinitiation after a pORF (135),
and the fact that approximately 35% of the mRNA from Arabidopsis presents a pORF upstream
of the initiating ATG codon (160) suggests that this mechanism may play an important role in
TOR-dependent translation reprogramming and control of growth and development (177).

Auxin treatment of Arabidopsis seedlings leads to the phosphorylation and activation of TOR
by an unknown mechanism and promotes the association of TOR with polysomes, where it phos-
phorylates S6K (16, 134). Schepetilnikov et al. (134) showed that inhibition of TOR by RNAi
or chemical inhibitors blocks gravitropism, a classic auxin-mediated growth response. Molecular
analyses suggest that the dependence of gravitropism on TOR activity is tied to a novel form of
translational regulation in which activated S6K phosphorylates the translation initiation factor
ell3, thereby stabilizing the association of ribosomes with mRINAs after transiting short pfORFs.
Variations on this theme also appear to be key to the translation of polycistronic messages of
cauliflower mosaic virus (135). Furthermore, TOR inhibition decreased potyvirus replication in
Arabidopsis, which depends heavily on the availability of eiF4E (118). Interestingly, eiF4E-binding
protein (4EBP) is a major target of TOR in animal cells, in which TOR promotes translation
initiation by phosphorylation and inactivation of 4EBP (50). So far, there is no evidence for a
4EBP function in plants.

The TOR Pathway Influences Both Nutrient Transcriptional
and Metabolic Programs

A key question concerning the interface between TOR and nutrient-related signaling is how
outputs are coordinated with programs for multicellular development. In contrast to animals,
plants and many fungi feature remarkably plastic patterns of development, many of which sup-
port growth-based foraging strategies for nutrients (e.g., pseudohyphal growth in yeasts and root
growth in plants) (52, 90).

During the last decade, investigators have used large-scale analysis, including transcriptomic
and metabolomic experiments, to attempt to better understand the pathways regulated by the TOR
complex. The different approaches they have used (mainly to inactivate the TOR complex), as well
as the variety of developmental stages and the length of the inactivation treatments, have revealed a
poor overlap between the experiments, suggesting that the result of the TOR inactivation triggers
a dynamic response depending on the length of the T'OR inactivation, the growth conditions, or
the developmental stage (20, 32, 38, 166). This is consistent with some physiological observations
showing that repression of TOR expression has a much more dramatic effect during germination
than it does later in development (32, 111, 126). However, a large number of the pathways affected
by the TOR complex inactivation are related to energy (at the level of either energy sensing or
production) or to growth processes. It is interesting that genes implicated in photosynthesis are
often present in the anabolic pathways that are mainly downregulated after TOR inactivation (20,
38,127, 166), which is consistent with the yellowing phenotype observed in both the TOR RNAi
and /28 mutants (32, 112). Similarly, a combination of transcriptional and metabolic analyses in
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response to rapamycin identified cysteine and methionine metabolisms as the most affected in
Chlamydomonas (83).

The Role of the TOR Pathway in the Regulation of Starch Metabolism

In all eukaryotes, several pieces of evidence point to a role of TOR in modulating C metabolism
(20, 21, 44, 98, 128, 165). A common phenotype of Arabidopsis mutants with repressed TORC1
components (i.e., TOR and LST8) is an increase in starch content (36). Remarkably, in animals
and yeasts, disruption of TORCI1 results in the accumulation of glycogen, a starch analog polymer.
Many efforts have been made to elucidate the precise mode of action of TOR in this regulation.
In yeasts, the transcription factor MSN2, which regulates the expression of enzymes involved
in glycogen synthesis, is phosphorylated only under TORCI repression (51, 136). Similarly, in
RAPTOR-deficient muscles, enhanced glycogen content is triggered by a hyperphosphorylation
of protein kinase B (PKB/Akt), which increases the phosphorylation and activates glycogen syn-
thase kinase 33 (GSK3 3) concomitantly with the downregulation of glycogen phosphorylase (14).
This suggests that TOR could conceivably have an evolutionarily conserved role in plant starch
metabolism.

Starch, a widespread short- and long-term storage compound in plants, is negatively correlated
with biomass (144, 145). It is synthesized in the chloroplast during the day and broken down at
night to support metabolism and growth (144). In this context, it remains to be elucidated whether
the starch excess phenotypes observed in Arabidopsis TORC1 mutants are due to stimulation of
starch synthesis and/or impairment of its degradation (36). Although the pattern of C assimilation,
storage, and usage during the diurnal cycle seems relatively simple, there is a complex regulatory
network that is crucial to maintain the proper C balance (144, 174). Starch metabolism involves
the coordinated action of several enzymes and their isoforms, and many of them are subjected to
phosphorylation and redox regulation (97, 144, 174).

Because the TOR signaling pathway mediates the phosphorylation of a vast number of sub-
strates and effectors in mammals and yeasts (17, 98), it is possible that TOR directly or indirectly
phosphorylates enzymes involved in starch metabolism. One possible partner would be the plant
energy sensor SnRK1, because it regulates enzymes involved in sucrose-starch metabolism (10,
60, 78). Another question to be addressed is whether starch accumulates as a result of changes in
C partitioning between starch and sucrose, the two main C sinks.

The Role of the TOR Pathway in the Regulation of 7zyo-Inositol
and Raffinose Metabolism

The expression of mzyo-inositol 1-phosphate synthase 1 (MIPS1) is closely connected with biomass
and genes involved in responses to changes in the C network (145). MIPS1 catalyzes the rate-
limiting step in the synthesis of mzyo-inositol, which is then incorporated into lipid-dependent
(e.g., phosphatidylinositol and inositol phosphates as well as sphingolipid signaling molecules) and
lipid-independent pathways (e.g., raffinose, galactinol, and UDP-glucuronate) (157). Raffinose is
a trisaccharide synthesized from galactinol and sucrose using 7zyo-inositol as a cofactor. Interest-
ingly, levels of raffinose and galactinol as well as of MIPS1 and galactinol synthase transcripts
were reduced in /528 mutants, in ethanol-inducible TOR RNAI lines, and in rapamycin-treated
Arabidopsis plants (32, 112, 127). Similarly, genes differentially expressed in Arabidopsis Ist8 and
mips] mutants exposed to long-day conditions showed a significant overlap (68%), suggesting a
role for the TOR kinase complex in linking environmental cues, growth, and C metabolism (112).
It is also likely that a significant part of the observed phenotypic and metabolic variations in /st8
mutants is due to a defect in the synthesis of #zyo-inositol (36, 128).
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The Role of the TOR Pathway in the Regulation of Lipid Metabolism

Along-term reduction of TOR expression in Arabidopsis seedlings also led to an increase in triacyl-
glycerides (TAGs), especially those with long-chain polyunsaturated fatty acids (20). The highly
reduced state of these neutral lipids enables them to provide energy and C storage (94) not only in
seeds but also in other tissues, such as senescing leaves or floral tissues, and they are involved in a
wide range of biological processes (e.g., stress response, senescence, and N deprivation) (23, 24, 94).
In eukaryotes, the committed acylation step in TAG biosynthesis can be catalyzed by one of three
classes of diacylglycerol acyltransterases—DGAT1, DGAT2, and a phospholipid:diacylglycerol
acyltransferase (PDAT)—depending on the tissue and species. Although studies have shown that
DGATT1 isinvolved in the conversion of galactolipids to TGAs in response to senescence or N star-
vation (152, 171), transgenic lines with conditional silencing of Arabidopsis TOR showed neither
changes in the levels of DGAT'1 transcripts nor a significant breakdown of galactolipids (20). Sim-
ilarly, the transcript level of PDAT, which has a role in inducing and directing fatty acids from the
membrane to TAG synthesis in Arabidopsis leaves (49), was also not affected by TOR inhibition.
In the unicellular algae Cyanidioschyzon merolae and Chlamydomonas, rapamycin-mediated TOR
inhibition led to the accumulation of TAG derived from newly synthesized fatty acids (73, 83).

In contrast to long-term TOR inhibition in algae, evidence has emerged that TOR plays a role
in repressing genes encoding TAG lipase and acyl-coenzyme A (acyl-CoA) oxidase involved in 3-
oxidation of lipids during the heterotrophic-photoautotrophic transition in Arabidopsis (166, 168).
Moreover, Li et al. (93) recently reported that a ribosomal large subunit 4 (rpl4d) mutant shows
reduced lipid accumulation only in meristems. The authors also found that lipid metabolism
integrates auxin-regulated tissue differentiation and endomembrane trafficking by regulating ri-
bosomal proteins. Taking into account the possible involvement of TOR in lipid, auxin, and
translational regulation, it is tempting to speculate that this kinase links lipid metabolism, auxin,
and ribosome-mediated translational controls (93, 134).

Apart from being the largest C sink in plants, the cell wall regulates plant growth through a
constant remodeling of its components. Notably, studies have demonstrated a link between the
TOR kinase pathway and cell wall structure in yeast and Arabidopsis (89, 92). The repressor of LRR-
extensin 1 (rol5) mutant was found in a suppressor screen of the /7¢I mutant, which develops aberrant
root hairs. The ROLS gene is an ortholog of Nes6 in yeast, which acts as a downstream target of
TORCI (89). Rapamycin treatment of /rx] mutants overexpressing yeast FKBP12 rescued the /rxl
root phenotype by modifying its pectin content and arabinogalactan proteins (11). Furthermore,
studies have identified a deregulation of the expression of genes encoding expansins in loss-of-
function TOR and /st§ mutant lines (20, 112).

TOR and the Regulation of Nitrogen Metabolism

In yeasts, TOR is rapidly inactivated by N starvation, and it appears that AMPK represses the
TORCI1 complex (presumably by phosphorylating the RAPTOR protein) in response to N stress
in mammals (30). Nitrate, the main source of N for many plants, is an important nutrient but also
serves as a signaling molecule that specifically and rapidly induces the expression of hundreds of
genes (for recent reviews, see 84, 107). In addition to genes involved in nitrate and nitrite uptake and
assimilation, nitrate supply rapidly induces not only genes involved in amino acid and nucleotide
biosynthesis but also those involved in ribosome biogenesis and trehalose metabolism (104, 107).

Interestingly, the addition of sucrose to starved seedlings also leads to an induction of genes
for amino acid and ribosome synthesis (116). These results imply that the availability of C or
N stimulates protein synthesis, possibly through TOR activation in plants. Plants have evolved
sophisticated mechanisms to integrate C and N assimilation and transport (115). Indeed, processes
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such as amino acid synthesis need a stoichiometric amount of C and N skeletons. In plants, «KG
serves as the entry point for the synthesis of organic N molecules through the activity of the
glutamine synthetase (GS)—glutamate oxoglutarate aminotransferase (GOGAT) cycle. C and N
metabolism could be coordinated by sensing the C/N balance and regulating several processes
(such as photosynthesis, the tricarboxylic acid cycle, and N assimilation) through the crosstalk
between the TOR and SnRK1 kinases in order to adapt protein synthesis and metabolism to the
available resources (84, 115, 128) (Figures 3 and 4).

CONCLUSION AND PERSPECTIVES

The TOR signaling pathway integrates information about the nutrient environment of cells and
tissues to mount the necessary physiological and developmental responses. Great progress has
been made in understanding TORCI signaling in animals and yeasts, but knowledge about this
regulatory pathway in plants has lagged behind. Nevertheless, in the last few years, the plant
TOR field has been booming, and mounting evidence clearly indicates that, in photosynthetic
organisms as well, the TOR signaling pathway has a conserved role as a central regulatory node
in conjunction with SnRK1, adapting growth and metabolism to nutrient and hormone signals.
Indeed, it has been proposed that TOR is activated in favorable conditions when nutrients are
present, which results in the stimulation of growth and anabolic metabolism, whereas nutrient or
energy limitation activates the antagonist SnRK1 kinase to promote energy saving and nutrient
remobilization. Compared with animals and yeasts, these signaling pathways may be even more
critical in multicellular plants and algae, which cannot escape from harsh environmental conditions
or nutrient scarcity.

Crosstalk between TOR and SnRK1 in plants may rely on as yet undocumented phosphoryla-
tion of RAPTOR by SnRK1 or may be based on evolutionary developments in the plant lineage.
It is tempting to speculate that these plant-specific mechanisms involve metabolic control of pro-
tein activity based on carbohydrate levels, by analogy with the importance of the amino acid and
adenylate levels in mammalian and yeast systems (4, 18, 75, 98). The specific relationships among
the plant SnRK1, PI3K, TOR, and Atg! kinases in autophagy induction and in responses to vari-
ations in nutrient or energy levels remain unknown. It will be of particular interest to determine
whether the crosstalk in plants between these regulatory kinases and hormone signals operates via
evolutionarily conserved or plant-specific mechanisms that were developed after the divergence
of photosynthetic organisms from other eukaryotes. It is possible that, under the range of fluctu-
ations of nutrient and energy levels that occur physiologically, some of these signaling pathways
act in parallel or independently in a time- and tissue-specific manner.

Taken together, those studies indicate that the plant TOR signaling pathway has a different
mode of action in stimulating photosynthesis and C and N assimilatory metabolisms and in in-
hibiting C storage into different compounds (starch, TAG, etc.). A better understanding of those
mechanisms is now needed and might offer a novel route for the manipulation of C partitioning
and conversion of plant energy content to increase biomass yield.

SUMMARY POINTS

1. The TOR kinase complex TORCI is present in all eukaryotic photosynthetic organisms,
including land plants.

2. The TORCI1 organization is similar to that found in animals and yeasts with the TOR,
RAPTOR, and LSTS8 proteins.
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3. Several conserved TOR substrates are present in plants, including the S6 kinase and the
PP2A phosphatase-associated protein TAP46.

4. TOR activity seems to control many growth-related processes as well as N and C
assimilation.

5. TOR inactivation stops growth and triggers the accumulation of starch and lipids.

6. TOR controls many aspects of mRINA translation, including translation reinitiation after
a pORF, and is needed for stress adaptation.

7. The activity of TOR appears to be regulated directly by glucose to stimulate growth.

FUTURE ISSUES
1. Is there more than one TOR complex in plants? If one accepts the dictum that TORC2
is important for polarized growth in eukaryotes, how do plants manage without it?

2. What is the relationship between the antagonist TOR and SnRK1 kinases in plants in
terms of common substrates and regulatory cross-phosphorylations?

3. Is the proposed stimulation of TOR by nutrients regulated through the action of con-
served small GTPases and V-ATPase?

4. How was the TORCI complex recruited in plants during evolution to regulate specific
processes, such as auxin signaling, N assimilation, photosynthesis, starch synthesis, and
plastid functioning?

5. Could the TOR signaling pathway be harnessed to improve biomass production, increase
crop yield, or enhance pathogen resistance?

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We apologize to colleagues whose work we were not able to cover or cite in this review owing
to space constraints. Work in the laboratories of C.R. and C.M. was partly supported by Agence
Nationale de la Recherche (ANR) grants ANR-14-CE19-007 and ANR-11-SV6-01002. C.C. and
M.V. thank the Max Planck Society and Fundagio de Amparo a Pesquisa do Estado de Sio Paulo
(FAPESP 2012/19561-0) for their financial support. C.M., M.V, and C.C. thank the CAPES-
COFECUB program and B.V. thanks the Royal Society of New Zealand (Marsden Fund) and
MBIE (core funding) for support. We thank all our colleagues and reviewers for fruitful discussions
and suggestions to improve this review.

LITERATURE CITED

1. Adami A, Garcia-Alvarez B, Arias-Palomo E, Barford D, Llorca O. 2007. Structure of TOR and its
complex with KOG1. Mol. Cell 27:509-16

www.annualreviews.org ¢ TOR Signaling and Nutrient Sensing

277



278

2. Ahn CS,Ahn HK, Pai HS. 2015. Overexpression of the PP2A regulatory subunit Tap46 leads to enhanced
plant growth through stimulation of the TOR signalling pathway. 7. Exp. Bot. 66:827-40
3. Ahn CS, Han JA, Lee HS, Lee S, Pai HS. 2011. The PP2A regulatory subunit Tap46, a component of
the TOR signaling pathway, modulates growth and metabolism in plants. Plant Cell 23:185-209
4. Albert V, Hall MN. 2015. mT'OR signaling in cellular and organismal energetics. Curr. Opin. Cell Biol.
33:55-66
5. Anderson GH, Alvarez ND, Gilman C, Jeffares DC, Trainor VC, et al. 2004. Diversification of genes
encoding mzei2-like RNA binding proteins in plants. Plant Mol. Biol. 54:653-70
6. Anderson GH, Hanson M. 2005. The Arabidopsis Mei2 homologue AMLI binds AtRaptor1B, the plant
homologue of a major regulator of eukaryotic cell growth. BMC Plant Biol. 5:2
7. Anderson GH, Veit B, Hanson M. 2005. The Arabidopsis AtRaptor genes are essential for post-embryonic
plant growth. BMC Biol. 3:12
8. Avila-Ospina L, Moison M, Yoshimoto K, Masclaux-Daubresse C. 2014. Autophagy, plant senescence,
and nutrient recycling. 7. Exp. Bot. 65:3799-811
9. Backer JM. 2008. The regulation and function of class III PI3Ks: novel roles for Vps34. Biochem. 7.
410:1-17
10. Baena-Gonzilez E, Sheen J. 2008. Convergent energy and stress signaling. Trends Plant Sci. 13:474—
82
11. Bareti¢ D, Williams RL. 2014. The structural basis for mTOR function. Semin. Cell Dev. Biol. 36:91—
101
12. Bassham DC, Crespo JL. 2014. Autophagy in plants and algae. Front. Plant Sci. 5:679
13. Beck T, Hall MN. 1999. The TOR signalling pathway controls nuclear localization of nutrient-regulated
transcription factors. Nature 402:689-92
14. Bentzinger CF, Romanino K, Cloétta D, Lin S, Mascarenhas JB, et al. 2008. Skeletal muscle-specific
ablation of 7aptor, but not of rictor, causes metabolic changes and results in muscle dystrophy. Ce/l Metab.
8:411-24
15. Boex-Fontvieille E, Daventure M, Jossier M, Zivy M, Hodges M, Tcherkez G. 2013. Photosynthetic
control of Arabidopsis leaf cytoplasmic translation initiation by protein phosphorylation. PLOS ONE
8:¢70692
16. Bogre L, Henriques R, Magyar Z. 2013. TOR tour to auxin. EMBO 7. 32:1069-71
17. Breitkreutz A, Choi H, Sharom JR, Boucher L, Neduva V, et al. 2010. A global protein kinase and
phosphatase interaction network in yeast. Science 328:1043-46
18. Broach JR. 2012. Nutritional control of growth and development in yeast. Genetics 192:73-105
19. Browning KS, Bailey-Serres J. 2015. Mechanism of cytoplasmic mRNA translation. Arabidopsis Book
13:¢0176
20. Caldana C, Li Y, Leisse A, Zhang Y, Bartholomaeus L, et al. 2012. Systemic analysis of inducible target
of rapamycin mutants reveal a general metabolic switch controlling growth in Arabidopsis thaliana. Plant
7 73:897-909
21. Castrillo JI, Zeef LA, Hoyle DC, Zhang N, Hayes A, et al. 2007. Growth control of the eukaryote cell:
a systems biology study in yeast. 7. Biol. 6:4
22. Chantranupong L, Wolfson RL, Sabatini DM. 2015. Nutrient-sensing mechanisms across evolution.
Cell 161:67-83
23. Chapman KD, Dyer JM, Mullen RT. 2012. Biogenesis and functions of lipid droplets in plants. 7. Lipid
Res. 53:215-26
24. Chapman KD, Ohlrogge JB. 2012. Compartmentation of triacylglycerol accumulation in plants. 7. Biol.
Chem. 287:2288-94
25. Charon C, Bruggeman Q, Thareau V, Henry Y. 2012. Gene duplication within the green lineage: the
case of TEL genes. 7. Exp. Bot. 63:5061-77
26. Cornu M, Albert V, Hall MN. 2013. mTOR in aging, metabolism, and cancer. Curr. Opin. Genet. Dev.
23:53-62
27. Crespo JL, Diaz-Troya S, Florencio F. 2005. Inhibition of target of rapamycin signaling by rapamycin
in the unicellular green alga Chlamydomonas reinhardtii. Plant Physiol. 139:1736-49
Dobrenel et al.



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

SI.

52.

Crespo JL, Powers T, Fowler B, Hall MN. 2002. The TOR-controlled transcription activators GLN3,
RTGI, and RTG3 are regulated in response to intracellular levels of glutamine. PNAS 99:6784-89
Crozet P, Margalha L, Confraria A, Rodrigues A, Martinho C, et al. 2014. Mechanisms of regulation of
SNF1/AMPK/SnRK1 protein kinases. Front. Plant Sci. 5:190

Davie E, Forte GM, Petersen J. 2015. Nitrogen regulates AMPK to control TORCI signaling. Curr-.
Biol. 25:445-54

Deprost D, Truong H, Robaglia C, Meyer C. 2005. An Arabidopsis homolog of RAPTOR/KOGT is
essential for early embryo development. Biochem. Biophys. Res. Commun. 326:844-50

Deprost D, Yao L, Sormani R, Moreau M, Leterreux G, et al. 2007. The Arabidopsis TOR kinase links
plant growth, yield, stress resistance and mRNA translation. EMBO Rep. 8:864-70

Diaz-Troya S, Florencio F, Crespo JL. 2008. Target of rapamycin and LST8 proteins associate with
membranes from the endoplasmic reticulum in the unicellular green alga Chlamydomonas reinbardtii.
Eukaryot. Cell 7:212-22

Diaz-Troya S, Pérez-Pérez ME, Pérez-Martin M, Moes S, Jeno P, et al. 2011. Inhibition of protein
synthesis by TOR inactivation revealed a conserved regulatory mechanism of the BiP chaperone in
Chlanydomonas. Plant Physiol. 157:730-41

Dibble CC, Manning BD. 2013. Signal integration by mTORCI coordinates nutrient input with biosyn-
thetic output. Nat. Cell Biol. 15:555-64

Dobrenel T, Marchive C, Azzopardi M, Clément G, Moreau M, et al. 2013. Sugar metabolism and the
plant target of rapamycin kinase: a sweet operaTOR? Front. Plant Sci. 4:93

Dobrenel T, Marchive C, Sormani R, Moreau M, Mozzo M, et al. 2011. Regulation of plant growth and
metabolism by the TOR kinase. Biochem. Soc. Trans. 39:477-81

Dong P, Xiong F, Que Y, Wang K, Yu L, et al. 2015. Expression profiling and functional analysis
reveals that TOR is a key player in regulating photosynthesis and phytohormone signaling pathways in
Arabidopsis. Front. Plant Biol. 6:00677

Duan HY, Li FG, Wu XD, Ma DM, Wang M, Hou YX. 2006. The cloning and sequencing of a cDNA
encoding a WD repeat protein in cotton (Gossypium hirsutum L.). DNA Seq. 17:49-55

Dunlop EA, Hunt DK, Acosta-Jaquez HA, Fingar DC, Tee AR. 2011. ULK1 inhibits mTORCI sig-
naling, promotes multisite Raptor phosphorylation and hinders substrate binding. Aurophagy 7:737-47
Dunlop EA, Tee AR. 2014. mTOR and autophagy: a dynamic relationship governed by nutrients and
energy. Semin. Cell Dev. Biol. 36:121-29

Durin RV, Hall MN. 2012. Regulation of TOR by small GTPases. EMBO Rep. 13:121-28

Durdn RV, Oppliger W, Robitaille AM, Heiserich L, Skendaj R, et al. 2012. Glutaminolysis activates
Rag-mTORCI signaling. Mol. Cell 47:349-58

Duvel K, Yecies JL, Menon S, Raman P, Lipovsky Al et al. 2010. Activation of a metabolic gene
regulatory network downstream of mTOR complex 1. Mol. Ce/l 39:171-83

Efeyan A, Comb WC, Sabatini DM. 2015. Nutrient-sensing mechanisms and pathways. Nature 517:302—
10

Efeyan A, Zoncu R, Chang S, Gumper I, Snitkin H, et al. 2013. Regulation of mMTORCI by the Rag
GTPases is necessary for neonatal autophagy and survival. Nature 493:679-83

Egan D, Kim J, Shaw R], Guan KL. 2011. The autophagy initiating kinase ULK1 is regulated via
opposing phosphorylation by AMPK and mTOR. Autophagy 7:643-44

Emanuelle S, Hossain MI, Moller IE, Pedersen HL, van de Meene AM, et al. 2015. SnRK1 from
Arabidopsis thaliana is an atypical AMPK. Plant . 82:183-92

Fan ], Yan C, Zhang X, Xu C. 2013. Dual role for phospholipid:diacylglycerol acyltransferase: enhancing
fatty acid synthesis and diverting fatty acids from membrane lipids to triacylglycerol in Arabidopsis leaves.
Plant Cell 25:3506-18

Fonseca BD, Smith EM, Yelle N, Alain T, Bushell M, Pause A. 2014. The ever-evolving role of mTOR
in translation. Semzin. Cell Dev. Biol. 36:102-12

Francois ], Parrou JL. 2001. Reserve carbohydrates metabolism in the yeast Saccharomyces cerevisiae.
FEMS Microbiol. Rev. 25:125-45

Giehl RF, von Wirén N. 2014. Root nutrient foraging. Plant Physiol. 166:509-17

www.annualreviews.org ¢ TOR Signaling and Nutrient Sensing

279



280

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Gonzilez A, Shimobayashi M, Eisenberg T, Merle DA, Pendl T, et al. 2015. TORCI promotes phos-
phorylation of ribosomal protein S6 via the AGC kinase Ypk3 in Saccharomyces cerevisiae. PLOS ONE
10:e0120250

Guérinier T, Millan L, Crozet P, Oury C, Rey F, et al. 2013. Phosphorylation of p2 7KIP1 homologs
KRP6 and 7 by SNF1-related protein kinase-1 links plant energy homeostasis and cell proliferation.
Plant §. 75:515-25

Guiboileau A, Sormani R, Meyer C, Masclaux-Daubresse C. 2010. Senescence and death of plant organs:
nutrient recycling and developmental regulation. C. R. Biol. 333:382-91

Gulat P, Gaspers LD, Dann SG, Joaquin M, Nobukuni T, et al. 2008. Amino acids activate mTOR
complex 1 via Ca?*/CaM signaling to hVps34. Cell Metab. 7:456-65

Gwinn DM, Asara JM, Shaw RJ. 2010. Raptor is phosphorylated by cdc2 during mitosis. PLOS ONE
5:€9197

Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A, et al. 2008. AMPK phosphorylation
of raptor mediates a metabolic checkpoint. Mol. Cel/ 30:214-26

Hannah MA, Caldana C, Steinhauser D, Balbo I, Fernie AR, Willmitzer L. 2010. Combined transcript
and metabolite profiling of Arabidopsis grown under widely variant growth conditions facilitates the
identification of novel metabolite-mediated regulation of gene expression. Plant Physiol. 152:2120-29
Hardie DG. 2011. AMP-activated protein kinase: an energy sensor that regulates all aspects of cell
function. Genes Dev. 25:1895-908

Harris D, Myrick T, Rundle S. 1999. The Arabidopsis homolog of yeast TAP42 and mammalian o4 binds
to the catalytic subunit of protein phosphatase 2A and is induced by chilling. Plant Physiol. 121:609-17
He C, Klionsky DJ. 2009. Regulation mechanisms and signaling pathways of autophagy. Anmu. Rev.
Genet. 43:67-93

Heitman J, Movva NR, Hall MN. 1991. Targets for cell cycle arrest by the immunosuppressant rapamycin
in yeast. Science 253:905-9

Henriques R, Bogre L, Horvith B, Magyar Z. 2014. Balancing act: matching growth with environment
by the TOR signalling pathway. 7. Exp. Bot. 65:2691-701

Henriques R, Magyar Z, Monardes A, Khan S, Zalejski C, et al. 2010. Arabidopsis S6 kinase mutants
display chromosome instability and altered RBR1-E2F pathway activity. EMBO 7. 29:2979-93

Hindle MM, Martin SF, Noordally ZB, van Ooijen G, Barrios-Llerena ME, et al. 2014. The reduced
kinome of Ostreococcus tauri: core eukaryotic signalling components in a tractable model species. BMC
Genom. 15:640

Hindupur SK, Gonzilez A, Hall MN. 2015. The opposing actions of target of rapamycin and AMP-
activated protein kinase in cell growth control. Cold Spring Harb. Perspect. Biol. 7:a019141

Hirayama T, Ishida C, Kuromori T, Obata S, Shimoda C, et al. 1997. Functional cloning of a cDNA
encoding Mei2-like protein from Arabidopsis thaliana using a fission yeast pheromone receptor deficient
mutant. FEBS Lett. 413:16-20

Hofius D, Mundy ], Petersen M. 2009. Self-consuming innate immunity in Arabidopsis. Autophagy 5:1206—
7

Hu R, Zhu Y, Shen G, Zhang H. 2014. TAP46 plays a positive role in the ABSCISIC ACID
INSENSITIVES-regulated gene expression in Arabidopsis. Plant Physiol. 164:721-34

Hummel M, Cordewener JH, de Groot JC, Smeekens S, America AH, Hanson J. 2012. Dynamic protein
composition of Arabidopsis thaliana cytosolic ribosomes in response to sucrose feeding as revealed by label
free MSE proteomics. Proteomics 12:1024-38

Hummel M, Dobrenel T, Cordewener J, Davanture M, Meyer C, etal. 2015. Proteomic LC-MS analysis
of Arabidopsis cytosolic ribosomes: identification of ribosomal protein paralogs and re-annotation of the
ribosomal protein genes. 7. Proteom. 128:436-49

Imamura S, Kawase Y, Kobayashi I, Sone T, Era A, et al. 2015. Target of rapamycin (TOR) plays a
critical role in triacylglycerol accumulation in microalgae. Plant Mol. Biol. 89:309-18

Jeffares DC, Phillips MJ, Moore S, Veit B. 2004. A description of the Mei2-like protein family; structure,
phylogenetic distribution and biological context. Dev. Genes Evol. 214:149-58

Jewell JL, Guan KL. 2013. Nutrient signaling to mTOR and cell growth. Trends Biochem. Sci. 38:233—
42

Dobrenel et al.



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Jewell JL, Kim YC, Russell RC, Yu FX, Park HW, et al. 2015. Differential regulation of mTORCI by
leucine and glutamine. Science 347:194-98

John F, Roffler S, Wicker T, Ringli C. 2011. Plant TOR signaling components. Plant Signal. Bebav.
6:1700-5

Jossier M, Bouly J, Meimoun P, Arjmand A, Lessard P, et al. 2009. SnRK1 (SNF1-related kinase 1) has
a central role in sugar and ABA signalling in Arabidopsis thaliana. Plant . 59:316-28

Juhdsz G, Hill JH, Yan Y, Sass M, Baehrecke EH, et al. 2008. The class IIT PI(3)K Vps34 promotes
autophagy and endocytosis but not TOR signaling in Drosophila. J. Cell Biol. 181:655-66

Kim D, Sarbassov D, Ali S, Latek R, Guntur K, et al. 2003. GBL, a positive regulator of the rapamycin-
sensitive pathway required for the nutrient-sensitive interaction between raptor and mTOR. Mol. Cell
11:895-904

Kim J, Guan KL. 2011. Amino acid signaling in TOR activation. Annu. Rev. Biochem. 80:1001-32

Kim J, Kundu M, Viollet B, Guan KL. 2011. AMPK and mTOR regulate autophagy through direct
phosphorylation of Ulkl. Nat. Cell Biol. 13:132-41

Kleessen S, Irgang S, Klie S, Giavalisco P, Nikoloski Z. 2015. Integration of transcriptomics and
metabolomics data specifies the metabolic response of Chlamydomonas to rapamycin treatment. Plant
7 81:822-35

Krapp A, David LC, Chardin C, Girin T, Marmagne A, et al. 2014. Nitrate transport and signalling in
Arabidopsis. F. Exp. Bot. 65:789-98

Kravchenko A, Citerne S, Jéhanno I, Bersimbaev RI, Veit B, et al. 2015. Mutations in the Arabidopsis
Lst8 and Raptor genes encoding partners of the TOR complex, or inhibition of TOR activity decrease
abscisic acid (ABA) synthesis. Biochem. Biophys. Res. Commun. 467:992-97

Krebs M, Beyhl D, Gorlich E, Al-Rasheid KA, Marten I, et al. 2010. Arabidopsis V-ATPase activity at the
tonoplast is required for efficient nutrient storage but not for sodium accumulation. PNAS 107:3251—
56

Laplante M, Sabatini DM. 2012. mTOR signaling in growth control and disease. Cel/ 149:274-93
Lastdrager J, Hanson J, Smeekens S. 2014. Sugar signals and the control of plant growth and development.
7 Exp. Bot. 65:799-807

Leiber R, John F, Verhertbruggen Y, Diet A, Knox J, Ringli C. 2010. The TOR pathway modulates the
structure of cell walls in Arabidopsis. Plant Cell 22:1898-908

Lengeler KB, Davidson RC, D’souza C, Harashima T, Shen WC, et al. 2000. Signal transduction
cascades regulating fungal development and virulence. Microbiol. Mol. Biol. Rev. 64:746-85

Leprince AS, Magalhaes N, De Vos D, Bordenave M, Crilat E, et al. 2014. Involvement of phospha-
tidylinositol 3-kinase in the regulation of proline catabolism in Arabidopsis thaliana. Front. Plant Sci.
5:772

Levin DE. 2011. Regulation of cell wall biogenesis in Saccharomyces cerevisine: the cell wall integrity
signaling pathway. Genetics 189:1145-75

Li R, Sun R, Hicks GR, Raikhel NV. 2015. Arabidopsis ribosomal proteins control vacuole trafficking
and developmental programs through the regulation of lipid metabolism. PNAS 112:E89-98
Li-Beisson Y, Shorrosh B, Beisson F, Andersson MX, Arondel V, et al. 2013. Acyl-lipid metabolism.
Arabidopsis Book 11:¢0161

Liu Y, Bassham D. 2010. TOR is a negative regulator of autophagy in Arabidopsis thaliana. PLOS ONE
5:e11883

Ljung K, Nemhauser JL, Perata P. 2015. New mechanistic links between sugar and hormone signalling
networks. Curr. Opin. Plant Biol. 25:130-37

Lloyd JR, Kossmann J. 2015. Transitory and storage starch metabolism: two sides of the same coin?
Curr. Opin. Biotechnol. 32:143-48

Loewith R, Hall MN. 2011. Target of rapamycin (TOR) in nutrient signaling and growth control.
Genetics 189:1177-201

Lunn JE, Delorge I, Figueroa CM, Van Dijck P, Stitt M. 2014. Trehalose metabolism in plants. Plant
7 79:544-67

Ma XM, Blenis J. 2009. Molecular mechanisms of mTOR-mediated translational control. Naz. Rev. Mol.
Cell Biol. 10:307-18

www.annualreviews.org ¢ TOR Signaling and Nutrient Sensing

281



282

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Maegawa K, Takii R, Ushimaru T, Kozaki A. 2015. Evolutionary conservation of TORCI components,
TOR, Raptor, and LSTS, between rice and yeast. Mol. Genet. Genom. 290:2019-30

Mahfouz M, Kim S, Delauney A, Verma D. 2006. Arabidopsis TARGET OF RAPAMYCIN interacts
with RAPTOR, which regulates the activity of S6 kinase in response to osmotic stress signals. Plant Cell
18:477-90

Mair A, Pedrotti L, Wurzinger B, Anrather D, Simeunovic A, et al. 2015. SnRK1-triggered switch of
bZIP63 dimerization mediates the low-energy response in plants. eLife 4:¢05828

Marchive C, Roudier F, Castaings L, Bréhaut V, Blondet E, et al. 2013. Nuclear retention of the
transcription factor NLP7 orchestrates the early response to nitrate in plants. Nat. Commun. 4:1713
Masclaux-Daubresse C, Clément G, Anne P, Routaboul JM, Guiboileau A, et al. 2014. Stitching to-
gether the multiple dimensions of autophagy using metabolomics and transcriptomics reveals impacts
on metabolism, development, and plant responses to the environment in Arabidopsis. Plant Cell 26:1857—
77

Mason MG, Ross J]J, Babst BA, Wienclaw BN, Beveridge CA. 2014. Sugar demand, not auxin, is the
initial regulator of apical dominance. PNAS 111:6092-97

Medici A, Krouk G. 2014. The primary nitrate response: a multifaceted signalling pathway. 7. Fxp. Bot.
65:5567-76

Menand B, Desnos T, Nussaume L, Berger F, Bouchez D, et al. 2002. Expression and disruption of the
Arabidopsis TOR (target of rapamycin) gene. PNAS 99:6422-27

Menand B, Meyer C, Robaglia C. 2004. Plant growth and the TOR pathway. Curr. Top. Microbiol.
Immunol. 279:97-113

Minina EA, Bozhkov PV, Hofius D. 2014. Autophagy as initiator or executioner of cell death. Trends
Plant Sci. 19:692-97

Montané MH, Menand B. 2013. ATP-competitive mTOR kinase inhibitors delay plant growth by
triggering early differentiation of meristematic cells but no developmental patterning change. 7. Exp.
Bot. 64:4361-74

Moreau M, Azzopardi M, Clément G, Dobrenel T, Marchive C, etal. 2012. Mutations in the Arabidopsis
homolog of LST8/GRL, a partner of the target of rapamycin kinase, impair plant growth, flowering,
and metabolic adaptation to long days. Plant Cell 24:463-81

Munnik T, Nielsen E. 2011. Green light for polyphosphoinositide signals in plants. Curr. Opin. Plant
Biol. 14:489-97

Nunes C, Primavesi LF, Patel MK, Martinez-Barajas E, Powers SJ, et al. 2013. Inhibition of SnRK1 by
metabolites: tissue-dependent effects and cooperative inhibition by glucose 1-phosphate in combination
with trehalose 6-phosphate. Plant Physiol. Biochem. 63:89-98

Nunes-Nesi A, Fernie AR, Stitt M. 2010. Metabolic and signaling aspects underpinning the regulation
of plant carbon nitrogen interactions. Mol. Plant 3:973-96

Osuna D, Usadel B, Morcuende R, Gibon Y, Blising OE, etal. 2007. Temporal responses of transcripts,
enzyme activities and metabolites after adding sucrose to carbon-deprived Arabidopsis seedlings. Plant
7. 49:463-91

Otsubo Y, Yamashita A, Ohno H, Yamamoto M. 2014. S. pombe TORCI activates the ubiquitin-
proteasomal degradation of the meiotic regulator Mei2 in cooperation with Patl kinase. 7. Cell Sci.
127:2639-46

Ouibrahim L, Rubio AG, Moretti A, Montané MH, Menand B, et al. 2015. Potyviruses differ in their
requirement for TOR signalling. 7. Gen. Virol. 96:2898-903

Panchaud N, Péli-Gulli MP, De Virgilio C. 2013. SEACing the GAP that nEGOCiates TORC1 acti-
vation: evolutionary conservation of Rag GTPase regulation. Cell Cycle 12:2948-52

Paquet N, Bernadet M, Morin H, Traas J, Dron M, Charon C. 2005. Expression patterns of TEL genes
in Poaceae suggest a conserved association with cell differentiation. 7. Fxp. Bot. 56:1605-14

Paul MJ, Primavesi LF, Jhurreea D, Zhang Y. 2008. Trehalose metabolism and signaling. Annu. Rev.
Plant Biol. 59:417-41

Pérez-Pérez ME, Florencio EJ, Crespo JL. 2010. Inhibition of target of rapamycin signaling and stress
activate autophagy in Chlamydomonas reinbardtii. Plant Physiol. 152:1874-88

Dobrenel et al.



123.

124.

125.

126.

127.

128.
129.

130.
131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

Polge C, Thomas M. 2007. SNF1I/AMPK/SnRK1 kinases, global regulators at the heart of energy
control? Trends Plant Sci. 12:20-28

Raiborg C, Schink KO, Stenmark H. 2013. Class IIT phosphatidylinositol 3-kinase and its catalytic
product PtdIns3P in regulation of endocytic membrane traffic. FEBS 7. 280:2730-42

Rebsamen M, Pochini L, Stasyk T, de Aradjo ME, Galluccio M, et al. 2015. SLC38A9 is a component
of the lysosomal amino acid sensing machinery that controls mTORCI. Nature 519:477-81

Ren M, Qiu S, Venglat P, Xiang D, Feng L, etal. 2011. Target of rapamycin regulates development and
ribosomal RNA expression through kinase domain in Arabidopsis. Plant Physiol. 155:1367-82

Ren M, Venglat P, Qiu S, Feng L, Cao Y, etal. 2012. Target of rapamycin signaling regulates metabolism,
growth, and life span in Arabidopsis. Plant Cell 24:4850-74

Rexin D, Meyer C, Robaglia C, Veit B. 2015. TOR signalling in plants. Biochem. 7. 470:1-14

Robaglia C, Thomas M, Meyer C. 2012. Sensing nutrient and energy status by SnRK1 and TOR kinases.
Curr. Opin. Plant Biol. 15:301-7

Roy B, von Arnim AG. 2013. Translational regulation of cytoplasmic mRNAs. Arabidopsis Book 11:¢0165
Ruan YL. 2014. Sucrose metabolism: gateway to diverse carbon use and sugar signaling. Annu. Rev. Plant
Biol. 65:33-67

Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, Sabatini DM. 2010. Ragulator-Rag complex
targets mMTORCI to the lysosomal surface and is necessary for its activation by amino acids. Ce// 141:290—
303

Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC, et al. 2008. The Rag GTPases bind
raptor and mediate amino acid signaling to mTORCI. Science 320:1496-501

Schepetilnikov M, Dimitrova M, Mancera-Martinez E, Geldreich A, Keller M, Ryabova LA. 2013. TOR
and S6K1 promote translation reinitiation of uUORF-containing mRNAs via phosphorylation of eIF3h.
EMBO 7. 32:1087-102

Schepetilnikov M, Kobayashi K, Geldreich A, Caranta C, Robaglia C, et al. 2011. Viral factor TAV
recruits TOR/S6K1 signalling to activate reinitiation after long ORF translation. EMBO 7. 30:1343—
56

Schmelzle T, Beck T, Martin DE, Hall MN. 2004. Activation of the RAS/cyclic AMP pathway suppresses
a TOR deficiency in yeast. Mol. Cell Biol. 24:338-51

Schumacher K, Krebs M. 2010. The V-ATPase: small cargo, large effects. Curr. Opin. Plant Biol. 13:724—
30

Serfontein J, Nisbet RE, Howe CJ, de Vries PJ. 2010. Evolution of the TSC1/TSC2-TOR signaling
pathway. Sci. Signal. 3:ra49

Shemi A, Ben-Dor S, Vardi A. 2015. Elucidating the composition and conservation of the autophagy
pathway in photosynthetic eukaryotes. Autophagy 11:701-15

Shinozaki-Yabana S, Watanabe Y, Yamamoto M. 2000. Novel WD-repeat protein Miplp facilitates
function of the meiotic regulator Mei2p in fission yeast. Mol. Cell Biol. 20:1234-42

Sormani R, Masclaux-Daubresse C, Daniel-Vedele F, Chardon F. 2011. Transcriptional regulation of
ribosome components are determined by stress according to cellular compartments in Arabidopsis thaliana.
PLOS ONE 6:¢28070

Sormani R, Yao L, Menand B, Ennar N, Lecampion C, et al. 2007. Saccharomyces cerevisine FKBP12
binds Arabidopsis thaliana TOR and its expression in plants leads to rapamycin susceptibility. BMC Plant
Biol. 7:26

Steffen KK, MacKay VL, Kerr EO, Tsuchiya M, Hu D, etal. 2008. Yeast life span extension by depletion
of 60s ribosomal subunits is mediated by Gen4. Cell 133:292-302

Stitt M, Zeeman SC. 2012. Starch turnover: pathways, regulation and role in growth. Curr. Opin. Plant
Biol. 15:282-92

Sulpice R, Pyl ET, Ishihara H, Trenkamp S, Steinfath M, et al. 2009. Starch as a major integrator in the
regulation of plant growth. PNAS 106:10348-53

Suttangkakul A, Li F, Chung T, Vierstra RD. 2011. The ATG1/ATG13 protein kinase complex is both
a regulator and a target of autophagic recycling in Arabidopsis. Plant Cell 23:3761-79

Templeton GW, Moorhead GB. 2005. The phosphoinositide-3-OH-kinase-related kinases of Arabidopsis
thaliana. EMBO Rep. 6:723-28

www.annualreviews.org ¢ TOR Signaling and Nutrient Sensing

283



284

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.
159.

160.

161.

162.
163.

164.

165.
166.

167.

168.

169.

170.

171.

172.

173.

174.

Testerink C, Munnik T. 2011. Molecular, cellular, and physiological responses to phosphatidic acid
formation in plants. 7. Exp. Bot. 62:2349-61

Thomas JD, Zhang YJ, Wei YH, Cho JH, Morris LE, et al. 2014. Rab1A is an mTORCI activator and
a colorectal oncogene. Cancer Cell 26:754-69

Thoreen CC, Kang SA, Chang JW, Liu Q, Zhang J, et al. 2009. An ATP-competitive mammalian target
of rapamycin inhibitor reveals rapamycin-resistant functions of mTORCI. 7. Biol. Chem. 284:8023-32
Toschi A, Lee E, Xu L, Garcia A, Gadir N, Foster DA. 2009. Regulation of mMTORC1 and mTORC2
complex assembly by phosphatidic acid: competition with rapamycin. Mol. Cell Biol. 29:1411-20
Troncoso-Ponce MA, Cao X, Yang Z, Ohlrogge JB. 2013. Lipid turnover during senescence. Plant Sci.
205-206:13-19

Turck F, Kozma SC, Thomas G, Nagy F. 1998. A heat-sensitive Arabidopsis thaliana kinase substitutes
for human p70s6k function in vivo. Mol. Cell Biol. 18:2038-44

Turck F, Zilbermann F, Kozma S, Thomas G, Nagy F. 2004. Phytohormones participate in an S6 kinase
signal transduction pathway in Arabidopsis. Plant Physiol. 134:1527-35

Turkina MV, Klang Arstrand H, Vener AV. 2011. Differential phosphorylation of ribosomal proteins
in Arabidopsis thaliana plants during day and night. PLOS ONE 6:¢29307

Urban J, Soulard A, Huber A, Lippman S, Mukhopadhyay D, et al. 2007. Sch9 is a major target of
TORCI1 in Saccharomyces cerevisiae. Mol. Cell 26:663-74

Valluru R, Van den Ende W. 2011. Myo-inositol and beyond—emerging networks under stress. Plant
Sci. 181:387-400

van Dam T]J, Zwartkruis FJ, Bos JL, Snel B. 2011. Evolution of the TOR pathway. 7. Mol. Evol. 73:209-20
Veit B, Briggs SP, Schmidt R], Yanofsky MF, Hake S. 1998. Regulation of leaf initiation by the terminal
ear 1 gene of maize. Nature 393:166-68

von Arnim AG, Jia Q, Vaughn JN. 2014. Regulation of plant translation by upstream open reading
frames. Plant Sci. 214:1-12

Wang S, Tsun ZY, Wolfson RL, Shen K, Wyant GA, et al. 2015. Lysosomal amino acid transporter
SLC38A9 signals arginine sufficiency to mTORCI. Science 347:188-94

Warner JR. 1999. The economics of ribosome biosynthesis in yeast. Trends Biochem. Sci. 24:437-40
Watanabe Y, Yamamoto M. 1994. S. pombe mei2* encodes an RNA-binding protein essential for premei-
otic DNA synthesis and meiosis I, which cooperates with a novel RNA species meiRNA. Ce// 78:487-98
Williams AJ, Werner-Fraczek J, Chang IF, Bailey-Serres J. 2003. Regulated phosphorylation of 40S
ribosomal protein S6 in root tips of maize. Plant Physiol. 132:2086-97

Wallschleger S, Loewith R, Hall MN. 2006. TOR signaling in growth and metabolism. Ce// 124:471-84
Xiong Y, McCormack M, Li L, Hall Q, Xiang C, Sheen J. 2013. Glucose-TOR signalling reprograms
the transcriptome and activates meristems. Nazure 496:181-86

Xiong Y, Sheen J. 2012. Rapamycin and glucose-target of rapamycin (TOR) protein signaling in plants.
7 Biol. Chem. 287:2836-42

Xiong Y, Sheen ]. 2014. The role of target of rapamycin signaling networks in plant growth and
metabolism. Plant Physiol. 164:499-512

Xu Q, Liang S, Kudla J, Luan S. 1998. Molecular characterization of a plant FKBP12 that does not
mediate action of FK506 and rapamycin. Plant 7. 15:511-19

Yang H, Rudge DG, Koos JD, Vaidialingam B, Yang H]J, Pavletich NP. 2013. mTOR kinase structure,
mechanism and regulation. Nature 497:217-23

Yang Y, Yu X, Song L, An C. 2011. ABI4 activates DGAT'1 expression in Arabidopsis seedlings during
nitrogen deficiency. Plant Physiol. 156:873-83

Yip CK, Murata K, Walz T, Sabatini DM, Kang SA. 2010. Structure of the human mTOR complex I
and its implications for rapamycin inhibition. Mol. Cell 38:768-74

Yoshimoto K, Jikumaru Y, Kamiya Y, Kusano M, Consonni C, etal. 2009. Autophagy negatively regulates
cell death by controlling NPR1-dependent salicylic acid signaling during senescence and the innate
immune response in Arabidopsis. Plant Cell 21:2914-27

Zeeman SC, Kossmann J, Smith AM. 2010. Starch: its metabolism, evolution, and biotechnological
modification in plants. Annu. Rev. Plant Biol. 61:209-34

Dobrenel et al.



175.

176.

177.

178.

Zhang S, Lawton M, Hunter T, Lamb C. 1994. atpkl, a novel ribosomal protein kinase gene from
Arabidopsis. 1. Isolation, characterization, and expression. 7. Biol. Chem. 269:17586-92

Zhang Y, Primavesi LF, Jhurreea D, Andralojc P], Mitchell RA, et al. 2009. Inhibition of SNF1-related
protein kinasel activity and regulation of metabolic pathways by trehalose-6-phosphate. Plant Physiol.
149:1860-71

Zhou F, Roy B, Dunlap JR, Enganti R, von Arnim AG. 2014. Translational control of Arabidopsis
meristem stability and organogenesis by the eukaryotic translation factor eIF3h. PLOS ONE 9:¢95396
Zoncu R, Bar-Peled L, Efeyan A, Wang S, Sancak Y, Sabatini DM. 2011. mTORCI senses lysosomal
amino acids through an inside-out mechanism that requires the vacuolar H*-ATPase. Science 334:678-

83

www.annualreviews.org ¢ TOR Signaling and Nutrient Sensing

28

5





