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Cell growth and proliferation are funda-
mental processes in living organisms and 
are dynamically controlled by environ-
mental cues. TOR complex 1 (TORC1) 
is a central protein kinase involved in 
the regulation of cell growth in response 
to a wide variety of cellular states and is 
the target of the immunosuppressant 
and anticancer drug rapamycin. In the 
budding yeast Saccharomyces cerevisiae, 
TORC1 contains the catalytic subunit 
Tor1 (or Tor2) and accessory subunits, 
including Kog1, Lst8 and Tco89. TORC1 
signaling is primarily regulated by nitro-
gen/amino acid availability.1 In addition, 
recent studies revealed that TORC1 activ-
ity is also repressed by a variety of cellu-
lar stresses, including glucose starvation, 
heat, oxidants and high osmolarity, under 
all of which cell growth is compromised.1

How individual environmental cues 
influence TORC1 activity has been largely 
unknown.1 Recent identification of new 
regulators of TORC1 greatly advances 
our understanding of its regulation via 
input from nitrogen/amino acids. Small 
GTPases, Gtr1 and Gtr2, are key players 
in the regulation of TORC1 in response to 
amino acid availability by directly associ-
ating with TORC1 and recruiting it to the 
vicinity of the vacuolar membrane, where 
Gtr1 and Gtr2 reside.2 Both Gtr1 and 
Gtr2 are included in the vacuolar mem-
brane-associated protein complex, called 
the EGO complex,2 which functions as 
a regulator of microautophagy as well as 
TORC1. These regulators are highly con-
served in mammalian cells.3 Thus, the 
vacuole (the lysosome in mammals) seems 
to be an important organelle that acts as 
the site of TORC1 activation. In contrast 
to TORC1 regulation by nitrogen/amino 
acids, its regulation under stress conditions 
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has only recently been discovered and is 
poorly understood. Therefore, it is of great 
importance to find other unidentified 
critical factors that function in the regu-
lation of TORC1 to coordinately control 
cell growth in S. cerevisiae under various 
physiological conditions. We sought to 
identify novel regulators of TORC1 sig-
naling to uncover the comprehensive regu-
latory mechanisms. Our genetic screening 
using a hyperactive TOR1 allele led to the 
identification of Pbp1 as a novel negative 
regulator of TORC1 signaling, revealing 
an unexpected link between TORC1 and 
stress granules (Fig. 1).4

Pbp1 was identified as a binding pro-
tein of Pab1, the poly(A)-binding protein 
regulating mRNA metabolism and trans-
lation. During specific stress conditions, 
such as heat, glucose starvation or high 
ethanol concentration, messenger ribonu-
cleoprotein (mRNP), including Pab1 and 
Pbp1, is dynamically remodeled, thereby 
leading to the formation of cytoplasmic 
mRNP granules called stress granules.5-7 
The physiological significance of the for-
mation of these granules in S. cerevisiae 
is largely unknown, but is thought to 
regulate mRNA fates under stress con-
ditions. A previous report8 stating that 
Pbp1 overexpression causes ectopic for-
mation of stress granules under normal 
growth conditions prompted us to analyze 
the potential regulation of TORC1 by 
stress granules. Our subsequent analyses 
revealed that Pbp1 overexpression leads to 
the downregulation of TORC1 signaling 
by promoting the association of TORC1 
with the aberrant stress granules.

One key finding is that TORC1 disso-
ciates from the vacuolar membrane and is 
sequestered into stress granules during heat 
stress (Fig. 1). This TORC1 sequestration 

into heat-induced stress granules controls 
the activation status of TORC1 signaling 
during the recovery phase after heat stress. 
Once sequestered into the stress gran-
ules, TORC1 is maintained in an inactive 
state. Subsequently, stress granules gov-
ern TORC1 reactivation by controlling 
the restoration of TORC1 to the vacuolar 
membrane through stress granule disas-
sembly. Our findings further suggest that 
the control of TORC1 activity via stress 
granules protects cells from heat-induced 
DNA damage. Thus, stress granules 
appear to act as a sensor of cellular heat 
damage and coordinately make the deci-
sion between resuming cell growth and 
repairing heat damage, highlighting the 
physiological significance of stress granule 
formation during heat stress.

Our new findings reveal the close 
connection between TORC1 and stress 
granules, but also raise many unresolved 
questions. What are the factors escorting 
TORC1 to heat-induced stress granules? 
Identification of such factors as well as 
a master regulator of stress granule for-
mation in yeast will greatly expand our 
understanding of stress granule-mediated 
protection against a variety of stresses. 
Because one major function of TORC1 
is promotion of mRNA translation, it is 
possible that TORC1 sequestration into 
stress granules not only makes TORC1 
generally inactive, but also specifically 
functions to enhance the translation of 
particular mRNAs required for protec-
tion against heat stress. Although this 
work revealed TORC1 relocalization 
during the recovery phase after heat 
stress, it remains unknown how TORC1 
initially dissociates from the vacuolar 
membrane. Under heat stress conditions, 
the components of the EGO complex, 
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including Gtr1/Gtr2, are still associated 
with the vacuolar membrane (unpub-
lished results); therefore, it is likely that 
heat stress triggers the dissociation of 
Gtr1/Gtr2 and TORC1. Thus, the initial 
inactivation of TORC1 signaling by heat 
stress is independent of its sequestration 
into stress granules and may involve the 
Rho1-mediated inactivation of TORC1.9 

Figure 1. Heat stress triggers TORC1 sequestration into stress granules. TORC1 is normally local-
ized in the vicinity of the vacuolar membrane. Under heat stress, TORC1 dissociates from the 
vacuolar membrane and relocalizes to the stress granules, a process underpinning the protective 
response to heat-induced cellular damage.

Finally, as the structure, function and 
regulation of TORC1 is highly conserved 
throughout evolution, it is of consider-
able interest to determine whether stress 
granule-TORC1 regulation also operates 
in mammalian cells under conditions 
promoting stress granule formation such 
as exposure to toxic reagents, high tem-
perature and viral infection.5,10




