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The target of rapamycin (TOR) is an evolutionarily-conserved serine/threonine kinase that senses and integrates signals
from the environment to coordinate developmental and metabolic processes. In plants, TOR has been shown to be a
central regulator of growth and a negative regulator of catabolic processes such as autophagy.
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| 1. Introduction

All living organisms require continuous monitoring and integration of signals from their environments for survival, growth,
and homeostasis. The target of rapamycin (TOR) kinase complex, an evolutionarily-conserved serine/threonine protein
kinase, senses and integrates environmental cues, such as nutrients and stress signals W&, and internal signals, like
energy and hormones B4l to regulate growth and metabolism in both photosynthetic and non-photosynthetic organisms.

Our understanding of TOR signaling, and cellular function began several decades ago when two TOR genes were first
isolated from the budding yeast Saccharomyces cerevisiae B8l Subsequently, TOR signaling, function, and structure
have been elucidated in other non-photosynthetic organisms such as fungi, Drosophila, and mammals REIEII0 ang
photosynthetic organisms including Arabidopsis thaliana and algae U2l |n fungi and metazoans, TOR forms two
structurally and physiologically distinct complexes, termed TORC1 and TORC2 (TOR complex 1 and 2), which regulate
cell growth and metabolism in space and time B34l T date, there is no evidence for the existence of TORC2-related
proteins in plants or microalgae @61, suggesting evolutionary conservation of only TORC1 and therefore we discuss only
TORC1 and related proteins here.

Cellular anabolic and catabolic processes must both be regulated to maintain homeostasis during growth. Given nutrient-
replete or abundant energy conditions, TOR kinase is active and promotes anabolic processes leading to growth BI13],
Conversely, TOR activity is inhibited in response to stress conditions or upon treatment with inhibitors such as rapamycin,
leading to the activation of catabolic processes such as autophagy LEIL7I18[19]

Autophagy is a stress-responsive process found throughout eukaryotes by which cell components, including
macromolecules and malfunctioning or damaged organelles, are degraded and constituents recycled. Three functionally
similar but mechanistically distinct forms of autophagy, including macroautophagy [24[21122123124] 5ng microautophagy 22
(26]1271[28] i gnimals, plants and yeast, and chaperone-mediated autophagy in animals 249 have been described. In this

review, we focus on the most studied and well-characterized form, macroautophagy (hereafter referred to as autophagy)
(311(321(33](34]1251126]127]128][291[301[311(32](33](34](351(361[37][381[39I40NI4111421143] o] the role of TORCL in autophagy regulation.

Under normal nutrient-rich conditions, autophagy is maintained at low basal levels (basal autophagy) and its disruption
may result in impaired homeostasis and abnormal conditions such as cancer and neurodegenerative disorders [24145]146]
The low basal autophagy level is maintained by TOR-mediated phosphorylation of ATG13, preventing autophagy induction
by the ATG1-ATG13 kinase complex 27484950 However, stress conditions such as nutrient starvation and cellular
energy deficit LIBLUE2E354]55]56] trigger responses that reduce TOR activity, which in turn leads to autophagy induction.
Although we focus on general non-selective autophagy, it is noteworthy that autophagy can be selective, and targeting of

specific cell organelles and macromolecules to the lysosome/vacuole for degradation has been described in detail
elsewhere [BIB8I5[60]



| 2. TOR Complex Components
2.1. TORC1 Components

In yeast, plants, and animals, TORCL1 constitutes a catalytic subunit, TOR itself, a regulatory subunit, LST8 (lethal with
sec thirteen 8), and RAPTOR (regulatory-associated protein of TOR/kontroller of growth 1 (KOG1) in yeast) [621[63][64]
(Figure 1A). Yeast-specific core components include Tco89p (89 kDa protein of TOR complex one), which is absent in
mammals and plants ©IE3 while the additional components of the mammalian TORC1 are DEPTOR (DEP-domain-
containing mTOR-interacting protein), 8], and PRAS40 (40 kDa pro-Rich AKT substrate) 2 (Figure 1A). DEPTOR and
PRASA40 have inhibitory activity toward mammalian TORC1 and regulate substrate recruitment and apoptosis in cancer
cells [BEIGEI6AZ0] \Whereas these subunits appear to be absent in yeast and plants, it is possible that they are present but
diverged in sequence and if this is the case, could they add yet another regulatory switch to TOR-autophagy signaling?
For instance, these TORC1 components may activate autophagy by inhibiting TORC1 even in nutrient sufficient conditions
in which autophagy is normally downregulated. Future research may uncover these or related components in yeast and
plants and help decipher other autophagy regulatory mechanisms.

Figure 1. TORC1 composition. (A) Three core components, TOR, LST8, and RAPTOR/KOGL1, are conserved in plants,
mammals, and yeast. DEPTOR and PRAS40 are unique to mammals and Tco89p to yeast. (B) TORC1 protein domains.
TOR consists of five distinct domains, the N-terminal HEAT repeats, FAT, FRB, kinase, and the C-terminal FATC.
RAPTOR is composed of an N-terminal RNC domain, HEAT repeats in the middle section and a WD40 domain at the C-
terminus, while LST8 is made up of seven WD40 domains. DEPTOR: DEP domain containing mTOR interacting protein;
FAT: focal adhesion target/FRAP-ATM-TTRAP domain; FATC: FAT-carboxy terminal domain; FRB: FKBP12-rapamycin
binding domain; HEAT: Huntingtin elongation factor 3-regulatory subunit A of PP2A-TOR1 repeats; KOGL1: kontroller of
growth 1; LST8: lethal with Sec13 protein 8; PRAS40: proline-rich Akt substrate of 40 kDa; RAPTOR: regulatory protein
associated with TOR; RNC: RAPTOR N-terminus conserved domain; Tco89p: 89 kDa protein of TOR complex one; TOR:
target of rapamycin; WDA40: tryptophan-aspartic acid repeats of 40 amino acids.

2.2. TORC1 Protein Domain Structures

The TOR protein kinase catalytic subunit consists of conserved N-terminal HEAT (Huntington-EF3-PP2A-TOR1) repeats
(Figure 1B), which interact with RAPTOR and are required for substrate recruitment and membrane association. In
mammals, the localization of TORC1 to the lysosome membrane is necessary for its negative regulation of autophagy
when nutrients, particularly amino acids, are abundant [€3lZ11l72] (see Section 3 for details). By contrast, the yeast TORC1
appears to constitutively localize to the vacuole membrane 3l whereas subcellular localization of plant TORC1 under
different conditions needs further research. In the central region of TOR lies a focal adhesion target (FAT) domain
potentially involved in interactions with partner proteins €474 and which contributes to kinase activation, a necessary step
for TORCL signaling. The catalytic Ser/Thr kinase domain is sandwiched between the FKBP12/rapamycin binding (FRB)
domain, and the FATC (FAT C-terminus) domain at the extreme C-terminus. The FRB domain is the binding site for the
FKBP12-rapamycin complex BIEIBLUISIE] while the FATC domain serves a scaffolding and kinase activation role 4,

RAPTOR is made up of a RAPTOR N-terminal conserved (RNC) domain, a HEAT domain, and a WDA40 (tryptophan-
aspartic acid repeats of 40 amino acids) domain at the C-terminus 822 (Figure 1B). RAPTOR binds to the HEAT repeat
of TOR, selectively presents substrates to the kinase domain, and facilitates substrate phosphorylation [ZBQB1B2][83]
RAPTOR also has a role in assembly and stabilization of the complex in mammals 879 and the conserved nature of the
RNC and HEAT repeats in RAPTOR orthologs suggests a conserved role in other organisms. In Arabidopsis, knock-out of
RAPTOR activates autophagy under non-stressed conditions, suggesting that RAPTOR plays a role in TOR-mediated
autophagy repression 9. LST8 is mainly composed of WD40 repeats, like the B-propeller fold of WD-repeat proteins (€11
[84] (Figure 1B). By interacting with the C-terminal domain of the catalytic subunit, LST8 contributes to TOR complex
stability and catalytic activity regulation in yeast, plants, and animals [EI[ESIE7](88]

The existence of TORC1 as a multiprotein complex suggests different possibilities/avenues of signal integration and
control. Given that cells experience constant fluctuations in the internal and external environment, it is plausible that a key
protein such as TORC1 must adapt quickly and rapidly to these changes to maintain cellular function, and this can be
achieved through regulation of different components. Moreover, could these subunits be involved in sensing of upstream
signals, or could they mediate TOR interaction with other proteins to regulate autophagy? How does RAPTOR select the
substrates to be presented to TOR? Could it have substrate-specific interacting motifs? Or is the structure modified for
substrate binding? Future research may aid in answering these or similar questions to fully understand the cooperative
processes by which TOR and associated proteins integrate different signals to regulate autophagy. For instance, insight



could be generated from structural studies of TORC1 using cryo- electron microscopy (Cryo-EM), for example, although a

detailed structure has been generated for mammalian TORC1, more information is needed for plant TORC1 to provide a

mechanistic understanding of TOR-autophagy signaling.
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