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ABSTRACT

The target of rapamycin complex 1 (TORC1) plays a central role in controlling eukaryotic cell growth
by fine-tuning anabolic and catabolic processes to the nutritional status of organisms and individual
cells. Amino acids represent essential and primordial signals that modulate TORC1 activity through
the conserved Rag family GTPases. These assemble, as part of larger lysosomal/vacuolar membrane-
associated complexes, into heterodimeric sub-complexes, which typically comprise two paralogous
Rag GTPases of opposite GTP-/GDP-loading status. The TORC1-stimulating/inhibiting states of these
heterodimers are controlled by various guanine nucleotide exchange factor (GEF) and GTPase-
activating protein (GAP) complexes, which are remarkably conserved in various eukaryotic model
systems. Among the latter, the budding yeast Saccharomyces cerevisiae has been instrumental for
the elucidation of basic aspects of Rag GTPase regulation and function. Here, we discuss the current
state of the respective research, focusing on the major unsolved issues regarding the architecture,
regulation, and function of the Rag GTPase containing complexes in yeast. Decoding these
mysteries will undoubtedly further shape our understanding of the conserved and divergent
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principles of nutrient signaling in eukaryotes.

Introduction

In eukaryotes, cell growth and proliferation are coordinated
through finely tuned signaling networks that sense and
respond to diverse signals including growth factors, hor-
mones, and nutrients. One pivotal pathway, which couples
such signals to downstream effectors to appropriately and
reciprocally control anabolic (e.g., protein translation) and
catabolic (e.g., macroautophagy) growth related programs,
is the target of rapamycin complex 1 (TORC1) pathway."”
Deregulation of this pathway in humans is associated with
a number of pathological conditions, including cancer, obe-
sity, type 2 diabetes, and neurodegeneration,2 which under-
scores the central role of this pathway in eukaryotic growth
control. Among the various signals that impinge on
TORC]I, amino acids represent indispensable and primor-
dial input signals for TORCI activation that cannot be
compensated for by any other stimulus. The underlying
mechanism(s) of amino acid-mediated TORC1 activation,
however, has long remained obscure. The recent discovery
of the Rag family of GTPases and their involvement in
amino acid signaling to TORC1 in various model systems,
however, has begun to shed light on this essential aspect of
TORCI1 control.>> Accordingly, the Rag family GTPases
assemble into heterodimeric sub-complexes consisting of

mammalian RagA or RagB and RagC or RagD, or yeast
Gtrl and Gtr2. As part of the lysosomal/vacuolar mem-
brane-associated mammalian Rag-Ragulator or yeast EGO
complexes (EGOC), they relay amino acid signals towards
TORCI. The TORCl-stimulating state of these hetero-
dimers contains GTP-bound RagA/B/Gtrl and GDP-
bound RagC/D/Gtr2. Due to the rather conserved nature
of the respective control mechanisms, studies in simple
yeast cells, including for instance the original description of
Rag GTPases in heterodimeric complexes,”® the first impli-
cation of Rag GTPases (as part of the larger EGOC) in
TORCI1 signaling’ and the recent discoveries of Rag
GTPase regulators,‘*’w’12 have been valuable in comple-
menting the ones carried out with mammalian and Dro-
sophila cells. Based on our current knowledge on Rag
GTPase function and regulation in general,'” we will high-
light here some of the outstanding challenges and questions
that have been invoked by studies in yeast.

Architecture and localization of Rag GTPases
within larger complexes

In higher eukaryotes, the Rag GTPase heterodimers are
recruited to lysosomes via the pentameric Ragulator
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complex that exerts GEF activity towards the Rag
GTPases RagA/B.'* The equivalent of the Ragulator
complex in yeast, however, only consists of 3 proteins
(Egol/Mehl, Ego2, and Ego3/Slm4). This ternary com-
plex (EGO-TC) mainly acts as a scaffold to tether the
Rag GTPases to the vacuolar membrane rather than
exerting any GEF activity, which is likely mediated by
Vam6 and/or additional associated proteins.'>">"”
Whether these structural and functional differences
between Ragulator and EGO-TC are simply due to the
fact that additional EGO-TC associated proteins have so
far escaped experimental detection remains an important
issue to be addressed in yeast (Fig. 1, points 1 and 2).
Within the EGOC, Gtrl and Gtr2, similar to RagA/B
and RagC/D in higher eukaryotes, assemble into asym-
metrically loaded, functionally active Gtrl®""/Gtr2%P"
and inactive Gtr1°°"/Gtr2%"™® heterodimers that stimulate

and inhibit, respectively, TORC1 in vivo. Interestingly,
monomeric and homodimeric forms of Gtrl, as well
Gtrl/Gtr2 heterodimers that are symmetrically loaded
with guanine nucleotides have also been described to
occur,>#2° but it remains currently unknown whether
any of these variants may play a functional role in vivo.
In this context, it has been reported that the GTP loading
status of Gtr2 likely impacts on the capacity of Gtrl to
hydrolyse GTP,'" which indicates the existence of largely
unexplored mechanisms by which the GTP/GDP loading
status of Gtr2 may influence the one of Gtrl and vice
versa (Fig. 1, point 3; please also see our recent review for
a discussion of structural aspects of the Gtr1-Gtr2 hetero-
dimer that support such mechanisms)."

While the core of the EGOC consists of five proteins
(ie. Gtrl, Gtr2, Egol, Ego2, and Ego3)," additional pro-
teins have been found to associate with this complex in

= () @
(9) ()@

0 god
ap ﬂ TORC1 [6].

Castors
=

s
-

Sestrin:

Arg

Yeast SEACAT SEACIT EGOC Lst4-Lst7 TORC1 Sch9
Rag- FNIP
Mammals GATOR2 GATOR1 Ragulator FLCN mTORC1  S6K

Figure 1. Unsolved questions regarding the amino acid-dependent activation of TORC1 by Rag GTPases and their modulators in yeast.
Numbers in brackets refer to the specific questions that remain to be resolved: (1, 2) Is the Gtr1-Gtr2 tethering complex, similar to the
mammalian Ragulator, composed of 5 rather than the currently known 3 proteins (Ego1, Ego2, and Ego3) (1), and, if yes, may this poten-
tially pentameric complex exert GEF activity towards Gtr1 (2)? (3) Can the GDP/GTP loading status of Gtr1 impact on the one of Gtr2 and
vice versa? (4, 5, 6) What is the role of Ltv1 (4), lvy1 (5), and Ego4 (6) within the Rag-GTPase-TORC1 network? (7) How do active (i.e.
Gtr1°™-Gtr2°PF) and “inactive” (i.e. Gtr1°P-Gtr2™") Rag GTPases activate and inactivate, respectively, TORC1 in yeast? (8) Does SEACAT
negatively regulate SEACIT and, if yes, how? (9) How do amino acids impinge on the Gtr2-GAP complex Lst4-Lst7? (10) Does TORC1 reg-
ulate the Lst4-Lst7 complex via a negative feedback loop? (11) Does the v-ATPase mediate vacuolar amino acid signals towards Rag
GTPases? (12) By which mechanism does the leucyl-tRNA synthetase signal balanced levels of branched-chain amino acids towards Rag
GTPases? (13, 14) Do vacuolar amino acid permeases (13) or the general amino acid permease Gap1 (14) mediate amino acid signals
towards Rag GTPases? Yeast SEACAT, SEACIT, EGOC, Lst4-Lst7, and TORC1 complexes have mammalian orthologs coined GATOR2,
GATORT1, Rag-Ragulator, FNIP-FLCN, and mTORC1, respectively (lanes below the figure). In addition, the protein kinase Sch9 is the cur-
rently best-known bona fide TORC1 target in yeast and is similar to the mammalian TORC1 target S6 kinase (S6K). Color code: grey pro-
teins and arrows/bars refer to mammalian proteins and processes, respectively, while amino acids and focal points that directly sense
amino acids are in orange (with the v-ATPase in yellow, as it is currently only known to mediate pH signals towards Rag GTPases). Methi-
onine indirectly prevents the assembly of SEACIT (dashed bar) and specific amino acids directly or indirectly regulate the Lst4-Lst7 com-
plex (dashed arrow). Mammalian Sestrin and Castor proteins sense leucine (and less potently isoleucine, valine, and methionine) and
arginine, respectively, and likely (indicated with a question mark) act upstream of the GATOR2-GATOR1 branch. Arrows and bars denote
positive and negative interactions, respectively. AA, amino acids; Arg, arginine; Leu, leucine; lle, isoleucine; Val, valine; Met, methionine;
GAP, GTPase activating protein; GEF, guanine nucleotide exchange factor; v-ATPase, vacuolar ATPase. For further details see text.



yeast. For instance Ltvl, which plays role in the matura-
tion of 40S ribosomal subunits,”’ seems to bind the
EGOC through its interaction with Gtr1,%° but its func-
tional role within the EGOC-TORCI pathway, if any, is
still obscure (Fig. 1, point 4). Similarly, the I-Bar protein
Ivyl, which likely plays its main role in vacuolar mem-
brane homeostasis,?*> colocalizes and interacts with the
EGOC, but the mechanistic details on how it may be
linked to the TORC1 pathway remain to be elucidated
(Fig. 1, point 5). Finally, yeast cells express a paralog of
Ego2, namely Ego4, which binds the EGOC at least in
two-hybrid assays, but seems to play no significant role
in TORCI regulation in exponentially growing cells
(Fig. 1, point 6)."> A recent study, however, revealed that
the levels of Ego4 are low in exponentially growing cells
and strongly increase when cells transit through the
diauxic shift.> Thus, Ego4 may have a more specific role
in glucose-starved cells within the EGOC, which would
indicate the intriguing possibility that nutritional condi-
tions could shape the composition and structure of the
EGOC. Whether such a principle also applies to other
EGOC subunits has not yet been addressed experimentally.

In addition to the various open questions regarding
the architecture of the EGOC, there is also an important
void in our knowledge on the mechanisms that specifi-
cally tether the EGOC to both the vacuolar surface and
some defined perivacuolar foci of still unknown iden-
tity.****> Key for the proper localization of the entire
EGOC are N-terminal lipid modifications of Egol, which
are carried out by the myristoyl-CoA:protein N-myris-
toyltransferase Nmt1 and the palmitoyltransferases Akrl
and Pfa3.”*?® How the respective modifications target
Egol to the vacuolar membrane and the perivacuolar
foci and whether the underlying process(es) per se may
be subjected to nutrient regulation will be interesting
issues to be addressed in future studies.

Regulation of TORC1 by Rag GTPases

In higher eukaryotes, amino acid-stimulated Rag GTPases
do not directly promote the kinase activity of TORCI,
but they recruit TORC1 from the cytoplasm to the lyso-
somal membrane to enable its activation by Rheb.” In
budding yeast, however, TORCI is constitutively present
at the vacuolar membrane as well as in perivacuolar foci
and remains detectable at these sites even in the absence
of amino acids (e.g., leucine) or nitrogen.*** Moreover,
although Rag GTPases seem to shape the relative distri-
bution of TORC1 between vacuolar membranes and peri-
vacuolar foci,” it remains unclear how this could affect
TORCI1 activity, since loss of the Rheb ortholog Rhb1 has
no measurable effect on the steady state activity of
TORCI in budding yeast.**” How Rag GTPases regulate
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TORCI in yeast therefore remains one of the central
unsolved mysteries in this field (Fig. 1, point 7). Testable
assumptions include the possibilities that the Rag
GTPases themselves or any of the Rhbl-related GTPases
(e.g, Rasl/2), alone or redundantly with Rhbl, directly
activate TORCI, as does Rheb in mammalian cells.”
Alternatively, yeast Rag GTPases may be required for
local structural adjustments of TORCI on the vacuolar
surface that could critically affect its function. In line
with this notion, structural analyses of the Gtr1-Gtr2 het-
erodimer predict that GTP hydrolysis events induce
dynamic G-domain arrangements (within both GTPases)
that may control the exposition of a binding surface for
the TORC1 subunit Kogl on the Rag GTPase hetero-
dimer.'®*" This fits also well with the observation that
the active Rag GTPase heterodimers, but not the respec-
tive inactive ones, strongly bind TORCI via Kogl in yeast
(like they do with the Kogl-orthologous TORCI subunit
Raptor in mammalian cells).*>'®

Recent, elegant studies in higher eukaryotes have
shown that the inactive combination of Rag GTPases
recruits the Rheb GAP TSC2 to the lysosome, which is
required to completely inactivate TORC1 following
amino acid starvation.”*** Although . cerevisiae cells do
not express any obvious TSC2 ortholog, the inactive Rag
GTPase module has also been reported to negatively
affect growth, which could be rescued by loss of the
TORCI subunit Tco89.* These observations indicate that
the “inactive” Rag GTPase module in yeast may in fact
play an active role in TORC1 downregulation, possibly
via a mechanism that involves still elusive proteins
(Fig. 1, point 7). Notably, yeast TORCI1 can also (revers-
ibly) be inactivated via its disassembly and movement of
Kogl to a single body on the edge of the vacuole. This
process is triggered by glucose starvation and mediated
via (direct or indirect) AMP kinase (AMPK)/Snfl-
dependent phosphorylation of Kogl within its prion-like
motifs.>* Interestingly, organisms that express Kogl/
Raptor proteins with prion-like domains (e.g., S. cerevi-
sine and C. elegans) do not have readily identifiable
TSC2-like Rheb GAPs and may therefore utilize Kogl-
body formation to inactivate TORCI following energy-
limitation that results from glucose starvation. In con-
trast, species that do not exhibit such domains in Kogl/
Raptor (e.g., S. pombe, Drosophila, and mammals),
appear to couple low energy levels to TORCI via
AMPK-mediated activation of the Rheb-GAP TSC2.**
The underlying mechanisms by which TORCI integrates
energy levels may therefore have diverged during early
eukaryotic evolution. Since glucose starvation-mediated
inhibition of S. cerevisiae TORCI1 is largely independent
of Rag GTPases,” Gtrl/2 are likely of marginal impor-
tance for Kogl-body formation under these conditions.
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It remains, however, formally possible that Rag GTPases
contribute to the control of Kogl-body formation/disso-
ciation in response to changes in nitrogen or amino acid
levels.

Reactivation of TORCL1 following re-stimulation of
starved yeast cells with amino acids is intriguingly
bimodal, involving an early (2-4 min) transient Rag
GTPase-dependent and a later (> 30 min) Rag GTPase-
independent mechanisms of TORCI activation.’® These
data indicate that Rag GTPases play a particularly prom-
inent role in dynamically adjusting TORCI activity upon
rapid changes in amino acid levels. Interestingly, virtu-
ally any amino acid, independently of its quality to serve
as nitrogen source, can trigger the early transient activa-
tion of TORC1 in cells that are pre-grown on proline as
the only nitrogen source.’® This indicates that the under-
lying mechanism for TORC1 activation may at least in
part rely on a direct sensing/signaling event, rather than
a more complex mechanism that signals the metabolic
value of the respective amino acids (which may in fact be
the information required for long-term sustained activa-
tion of TORC1).

Regulation of Rag GTPases by GAPs, GEFs, and
GDIs

In addition to the open issues regarding the Gtrl GEF
(see above), the currently available data only incom-
pletely explain how amino acids control the different
GAP complexes that impinge on Gtrl and Gtr2. For
instance, methionine has been proposed to indirectly
promote Ppml-mediated methylation of the catalytic
subunit of the type 2A protein phosphatase (PP2A) to
trigger dephosphorylation of Npr2. This prevents the
proper assembly of the Npr2/3-Imll-containing Gtrl
GAP complex coined SEACIT, which inhibits the amino
acid sensing pathway (like the orthologous GATORI1
complex in higher eukaryotes).”’ > How amino acids
other than methionine regulate SEACIT in yeast is cur-
rently not known. Studies in higher eukaryotic cells,
however, indicate that Sestrin2 and Castorl are specific
leucine and arginine sensors for the TORCI pathway,
respectively, that likely act upstream of GATORI. Both
proteins do not directly act on GATORI, but bind the
GATORI1-associated GATOR2 complex in the absence
of amino acids to inhibit TORC1 by an unknown mecha-
nism.*>** Of note, whether Sestrin2 plays a role as leu-
cine sensor in organisms other than mammals appears
to be subject to controversy.*’ In yeast, Sestrin and Cas-
tor orthologs are not readily identifiable, but the
GATOR2-orthologous complex named SEACAT also
mediates amino acid signals to TORC1 via SEACIT.'>!!
How this is achieved should be addressed in future

studies (Fig. 1, point 8), which may also take into consid-
eration that ubiquitination of Rag GTPases can, as exem-
plified for the RagA-GATORI1 interaction,***”
considerably influence the association of Rag GTPases
with their regulators.

Recent data described the existence of the Lst4-Lst7
complex that functions (like the FNIP-Folliculin [FLCN]
complex for RagC/D)3Z’48 as a GAP for Gtr2, which,
upon refeeding of starved cells with amino acids, tran-
siently binds to and acts on Gtr2 to activate TORCIL."?
Interestingly, the Lst4-Lst7 complex clusters at Gtr2-
proximal sites on the vacuolar membrane in amino acid
starved cells, although interacting only weakly with Gtr2
under these conditions, while being dispersed from these
sites upon re-addition of amino acids. Combined, these
data can be explained in a model in which the availability
of specific amino acids is communicated to the vacuolar
membrane-associated pool of Lst4-Lst7 complexes to
prompt their binding to and facilitate their GAP function
towards Gtr2 (Fig. 1, point 9). This would be followed by
TORCI1 activation and subsequent release of the Lst4-
Lst7 complex from the vacuolar membrane. How the
presence of amino acids can be interpreted by the Lst4-
Lst7 complex and whether this proposed feedback mech-
anism contributes to the transient nature of the rapid
amino acid-induced, Rag GTPase-dependent activation
of TORCI (see above) will be attractive questions to be
tested in the future (Fig. 1, points 9 and 10).

Finally, it remains possible that our compendium of
Rag GTPase regulators is still incomplete. For instance,
GEFs for Gtr2 (or RagC/D) are currently not known.
However, previous biochemical analyses of the on- and
off-rates of GDP for Gtr2 and RagC/D indicated that
these GTPases have intrinsically high GDP dissociation
capacities, suggesting that they may not need specific
GEFs.>'*" Nevertheless, other regulators, namely gua-
nine nucleotide dissociation inhibitors (GDIs) that block
GDP dissociation, might play role in the regulation of
GTP binding by Gtr2 (or Gtrl). In this context, it is
interesting to note that sestrins, in addition to their role
in antagonizing GATOR2,**** have also been proposed
to act as GDIs for RagA/B.*’

Amino acid signaling upstream of Rag GTPase
regulators

The amino-acid sensitive events upstream of the Rag
GTPase regulators in higher eukaryotes involve lysosomal
amino acid sensors such as the vacuolar ATPase (v-
ATPase)*® and lysosomal amino acid permeases, which
transport and signal arginine and/or glutamine
(SLC38A9),>'** small unbranched amino acids (SLC36A1/
PAT1),>* and histidine (SLC15A4) levels.”” They also



involve cytoplasmic amino acid sensors such as the leucyl-
tRNA synthetase (LeuRS) and Sestrin/Castor proteins.40'
44495657 Orthologous sensory modules that function in Rag
GTPase regulation in yeast include so far only the v-ATPase
and LeuRS. However, while the yeast v-ATPase has been
implicated in signaling cytosolic pH (as a proxy for the qual-
ity and quantity of the available carbon source) to Rag
GTPases,” it is currently not known whether it also medi-
ates vacuolar amino acid signals (Fig. 1, point 11). In addi-
tion, the means by which LeuRS controls Rag GTPases in
yeast appears to be fundamentally different from the one
described in mammalian cells. Accordingly, yeast LeuRS
(Cdc60) signals balanced levels of the branched-chain
amino acids (i.e. leucine, isoleucine, and valine) to promote
the GTP-loaded status of Gtrl via a mechanism that is not
yet fully understood (Fig. 1, point 12),” while mammalian
LeuRS has been proposed to act as GAP for RagD when leu-
cine is present,”” although this was not recapitulated in a
subsequent study.’> The possibility that mammalian LeuRS
regulates Rag GTPases in a manner that is analogous to the
one described in yeast has not been addressed yet, but may
provide a rationale for the latter divergent results.

As stated above, cytoplasmic amino acid sensors anal-
ogous to Sestrin/Castor proteins have not yet been dis-
covered in yeast, which are prototrophic organisms that
can synthesize the entire set of amino acids on their
own. It will therefore be interesting to study whether Ses-
trin and Castor proteins may have specifically evolved to
sample the levels of (cytoplasmic) amino acids, which
have become essential (e.g., leucine) or conditionally
essential (e.g., arginine) in higher eukaryotes, and to for-
ward the respective information to the Rag GTPase-
TORC1 module. Information on the global levels of
amino acids that are stored within the lysosome/vacuole,
on the other hand, may be equally important in all
eukaryotic systems, which would fit with the observation
that the Rag GTPases have so far been found to predomi-
nantly associate with the lysosomal/vacuolar membrane
in every system studied so far. The vacuolar membrane-
resident amino acid permeases in yeast, inlcuding for
instance the seven members of the Avt family of amino
acid permeases (i.e. Avtl-7) of which Avt2 appears to be
most closely related to SLC38A9, could therefore in prin-
ciple also function as amino acid sensors upstream of the
Rag GTPases (Fig. 1, point 13). Interestingly, in this con-
text, recent studies in yeast revealed that the high affinity,
broad-specificity general amino acid permease Gapl,
which directs uptake of all naturally occurring amino
acids, couples amino acid uptake (not metabolism) with
signaling events to control the protein kinase A (PKA).”
Because Gapl also interacts with Gtr2,”° a particularly
attractive model posits that amino acid transport
through Gapl is also coupled to the control of the Rag
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GTPase-TORCI1 branch (Fig. 1, point 14), which (possi-
bly in a feedback control loop) then regulates Gap1 sort-
ing.®® This model could therefore perhaps also explain
why Rag GTPases have been implicated in controlling
Gapl sorting.20 Of note, unlike the vacuolar membrane-
resident amino acid permeases, Gapl cycles between the
internal trans-Golgi network (TGN)/endosomal com-
partment and the plasma membrane and could in theory
signal from the plasma membrane, or sample the envi-
ronment for amino acids and then signal from an inter-
nal compartment following its endocytosis. If this proves
to be the case, it will be important to address the ques-
tions whether the Rag GTPase-dependent amino acid-
sensing (e.g., at the plasma membrane or TGN) and sig-
nal transmission (e.g., at the vacuole) events may be spa-
tially and temporally separated or whether a fraction of
the pool of EGOC-TORC1 modules may be localized to
sites other than the vacuolar/lysosomal membrane.

Conclusions

While many aspects of Rag GTPase-mediated amino acid
signaling are conserved from yeast to human, some remain
to be experimentally addressed in yeast (or human cells)
before final judgment of their evolutionary importance. Our
understanding of how this particular nutrient response sys-
tem has evolved to fulfill the specific life style requirements
of higher eukaryotic cells will therefore continue to depend
on studies of ancestral model organisms such as yeast.
Accordingly, addressing the unsolved mysteries of Rag
GTPase signaling in yeast, as highlighted in this commen-
tary, will be helpful in delineating whether the mechanisms
by which amino acids impinge on the Rag GTPase-TORC1
module are either conserved or rather idiosyncratic for the
respective model organism under study. This information
will not only extend our current view of basic mechanisms
of amino acid sensing and signaling, but also provide invalu-
able insight that may be conducive for the development of
novel approaches to treat mMTORCI1-related diseases.
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