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Introduction

All living organisms are from time to time exposed to stress 
that can be potentially harmful to the cellular and/or genetic 
integrity of the organism. Similarly, all organisms have the abil-
ity to activate different signaling pathways that make them better 
equipped to deal with particular stresses. Some of these pathways 
are targeting the translation machinery in order to change the 
composition of the proteome, which again changes the general 
metabolism as well as the regulation of growth and the cell cycle. 
The target of rapamycin (TOR) kinase is the key player in such 
a pathway, integrating environmental signals to regulate protein 
synthesis and other metabolic processes. The TOR kinases form 
an evolutionarily conserved family of large proteins, and they 
are members of the phosphatidylinositol 3-kinase (PI3-kinase)-
related family.1 The mammalian TOR (mTOR, also referred to 
as mechanistic TOR) can perform its tasks when incorporated 
into either of 2 distinct multiprotein complexes, mTOR complex 
1 (mTORC1) or mTOR complex 2 (mTORC2). The 2 com-
plexes have clearly separate functions, even if the effector kinase 
mTOR is the same in both.2 The responses of the TOR pathway 
to nutrient fluctuations have been well studied. When nutritional 
conditions are good, the activity of mTOR as a part of mTORC1 
is high.3,4 Elevated mTOR activity keeps translation rates high 

by phosphorylating 2 important translation regulators, the S6 
kinase (S6K) and the eIF4E-binding protein (4E-BP1).5,6

Unlike higher eukaryotes, fission yeast has 2 Tor kinases, 
namely Tor1 and Tor2, of which Tor2 is essential for growth.7 
Like mTOR, the fission yeast Tor kinases form large multipro-
tein complexes with other proteins. Tor2 is the major Tor kinase 
in TORC1, and Tor1 has mainly been found to associate with 
TORC2 components. However, Tor1 has also been implied as 
part of TORC1 in the regulation of mitotic entry in response 
to nutrient stress.8 The Tor complexes in fission yeast harbor 
many homologs of proteins found in the mammalian com-
plexes,9 and the upstream regulatory pathways are evolutionarily 
conserved,10,11 which makes Schizosaccharomyces pombe an excel-
lent model organism for studies of TOR functions. This is fur-
ther supported by the quite recent finding in fission yeast of a 
mechanism similar to downstream signaling of mTORC1.12 It 
was shown that the ribosomal protein S6 (Rps6), an S6K target, 
was phosphorylated in a Tor2-dependent manner in the presence 
of adequate nitrogen supply.

Another important way to regulate translation in response 
to nutrient limitation and other stresses is through phosphory-
lation of the serine52 of eIF2α, a subunit of the translation 
initiation factor 2.13 This phosphorylation leads to a general 
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Regulating growth and the cell cycle in response to environmental fluctuations is important for all organisms in order 
to maintain viability. two major pathways for translational regulation are found in higher eukaryotes: the tor signaling 
pathway and those operating through the eIF2α kinases. Studies from several organisms indicate that the two pathways 
are interlinked, in that tor complex 1 (toRC1) negatively regulates the Gcn2 kinase. Furthermore, inactivation of toRC1 
may be required for activation of Gcn2 in response to stress. Here, we use the model organism Schizosaccharomyces 
pombe to investigate this crosstalk further. We find that the relationship is more complex than previously thought. First, 
in response to UV irradiation and oxidative stress, Gcn2 is fully activated in the presence of toRC1 signaling. Second, dur-
ing amino-acid starvation, activation of Gcn2 is dependent on tor2 activity, and Gcn2 is required for timely inactivation 
of the tor pathway. our data show that the crosstalk between the two pathways varies with the actual stress applied.
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downregulation of translation that is accompanied by enhanced 
translation of specific mRNAs encoding proteins that are 
thought to be required for stress responses.14-16 In fission yeast 
there are 3 known eIF2α kinases, Gcn2, Hri1, and Hri2.17 The 
kinases share sequence and structural features in their catalytic 
domains, but have unique flanking regulatory domains, allowing 
each to respond to distinct stress conditions. Hri2 is the primary 
responder to heat shock, arsenite, and cadmium, while Gcn2 is 
the main kinase induced upon nutrient downshift and also after 
exposure to H

2
O

2
, methyl methane sulfonate (MMS), and short-

wavelength (254nm) UV light (UVC).17-20 Hri1 was recently 
shown to respond to nitrogen depletion.21

In S. cerevisiae, a link between inhibition of TOR signaling 
and activation of Gcn2 to phosphorylate eIF2α has been demon-
strated.22 Treating budding yeast with rapamycin, an inhibitor of 
the TOR kinases, leads to removal of an inhibitory phosphoryla-
tion on serine 577 of Gcn2, activating it to phosphorylate eIF2α. 
However, this phosphorylation site in Gcn2 is not conserved in 
fission yeast or in mammalian cells. Nonetheless, in a recent 
study23 it was shown that a link between Tor signaling and eIF2α 
phosphorylation does exist in fission yeast.

Here, we have investigated the crosstalk between the Tor path-
way and eIF2α phosphorylation in fission yeast. We find that the 
relationship depends on the particular type of stress employed. 
The two pathways seem to interact in a complex network where 
signaling from one pathway can affect the signaling of the other 
and vice versa.

Results

Fission yeast Tor proteins are not involved in the Gcn2-
dependent, UVC-induced phosphorylation of eIF2α

We have demonstrated that irradiating fission yeast cells with 
UVC leads to a Gcn2-dependent phosphorylation of eIF2α 
and downregulation of translation.18 How Gcn2 is activated in 
response to such stress is, however, not known. Since Tor sig-
naling was found to be involved in negative regulation of Gcn2 
under some conditions in both budding and fission yeast, we set 
out to explore whether the fission yeast Tor kinases are involved 
also in regulation of the Gcn2-eIF2α-pathway after UVC 
irradiation.

If TORC1 can inhibit the Gcn2-eIF2α pathway after UVC 
irradiation, a high Tor2 activity would be 
expected to reduce the Gcn2-dependent phos-
phorylation of eIF2α. To examine the effect 
of high Tor2 activity on the UVC-induced 
phosphorylation of eIF2α, we used a strain 
in which the tor2 gene was overexpressed and 
driven by an inducible nmt1 promoter. The 
strain was grown for 26 h without thiamine 
to induce the expression of Tor2. The cells 
were then irradiated with UVC and com-
pared with irradiated cells grown in the pres-
ence of thiamine, with the nmt1 promoter 
turned off. Samples were collected imme-
diately after UVC irradiation and the level 
of eIF2α phosphorylation was assessed by 
immunoblotting, using an antibody specific 
for the phosphorylated form of eIF2α. UVC 
irradiation induced phosphorylation of eIF2α 
regardless of whether Tor2 was overexpressed 
or not (Fig. 1A). Surprisingly, eIF2α phos-
phorylation was also induced in the non-irra-
diated samples overexpressing Tor2 (Fig. 1A), 
although not to the same extent as after UVC 
irradiation. We conclude that the overpro-
duction of Tor2 leads to phosphorylation 
of eIF2α, indicating that Tor2 can promote 
eIF2α phosphorylation.

To further test whether the Tor proteins 
regulate the UVC-induced phosphorylation 
of eIF2α, we performed a similar experiment 
in a strain lacking Tor2 activity. Since Tor2 
is an essential protein, we used a tempera-
ture-sensitive (ts) mutant grown at restrictive 
temperature. In this strain, eIF2α was phos-
phorylated in the unirradiated control cells, in 

Figure 1. tor signaling is not involved in UVC-induced eIF2α phosphorylation. For all experi-
ments, the cells were growing exponentially in eMM at 25 °C, except where noted. (A) nmt.
tor2+ cells were cultured without thiamine (nmt.tor2+ on) for 26 h to induce expression of tor2 
(right) or in the presence of thiamine (nmt.tor2+ off; (left) before exposure to UVC. Samples 
were collected immediately after UVC irradiation. Unirradiated cells were used as control 
(lanes marked C). (B) Wild-type (wt), tor1Δ, tor2ts, and tor1Δtor2ts cells were UVC-irradiated 
or left unirradiated and samples collected immediately after irradiation. (C) Wild-type cells 
treated as in (B) to show phosphorylation levels of Rps6. In all panels cell extracts were run 
on SDS-pAGe and subjected to immunoblotting in order to detect Ser52-phosphorylation of 
eIF2α and/or phosphorylation of Rps6. tubulin was used as loading control.
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agreement with earlier data,23 and phosphorylation was further 
induced upon UVC irradiation (Fig. 1B). Furthermore, UVC-
induced phosphorylation of eIF2α was also seen in cells lack-
ing Tor1 activity (Fig. 1B). To address the possibility that both 
Tor1 and Tor2 are involved in UVC-induced phosphorylation 
of eIF2α, we constructed a tor1Δtor2ts double mutant. Also in 
this strain, where both Tor proteins are nonfunctional, UVC-
induced phosphorylation of eIF2α was observed (Fig. 1B). We 
conclude that the activities of Tor2 and Tor1 are not essential 
for the induction of eIF2α phosphorylation in response to UVC 
irradiation.

Since Tor2 inactivation in itself leads to eIF2α phosphoryla-
tion, we investigated whether Tor2 activity is reduced in response 
to UVC irradiation, which could, in turn, result in the UVC-
induced eIF2α phosphorylation that we have observed.18 To this 
end, we made use of an antibody recognizing the phosphory-
lated form of Rps6, a substrate in the Tor signaling pathway. The 
phosphorylation status of Rps6 was not changed in a wild-type 
strain after UVC irradiation (Fig. 1C), indicating that the Tor2 
signaling pathway is not affected by UVC irradiation.

We conclude that the Tor proteins are not involved in the 
regulation of UVC-induced phosphorylation of eIF2α in fis-
sion yeast, implying that Gcn2 can be fully activated without a 
change in Tor activity. However, we find that both overexpres-
sion and inactivation of Tor2 lead to phosphorylation of eIF2α in 
unirradiated control cells, arguing that Tor2 is involved in regu-
lating eIF2α kinase activity.

Rps6 as a readout of Tor2 activity
Our assay for measuring Tor2 activity relies on monitoring 

the phosphorylation of Rps6. Phosphorylation of this substrate 
has been shown, under some circumstances and to a marginal 
extent, to depend on the activity of Tor1.24 In our hands, Rps6 
phosphorylation was not detectable in a tor2ts mutant incu-
bated at the restrictive temperature (Fig. 2A), confirming that 
Rps6 phosphorylation is mainly a measure of Tor2 activity. 
Furthermore, Rps6 is not a direct substrate of the Tor proteins 
and its dephosphorylation most likely depends on both reduced 
Tor activity and the action of phosphatase(s). This may introduce 
a time lag from actual Tor2 inactivation to a reduction in Rps6 
phosphorylation, which would pose a difficulty when comparing 

Figure 2. Gcn2 is not the sole kinase activated upon tor2 inactivation. (A and B) tor2ts, and gcn2Δ and gcn2Δ hri1Δ hri2Δ in a tor2ts background were 
incubated at the permissive (25 °C) or the restrictive (36 °C) temperature and samples collected at the indicated time points. (C) nmt.tor2+gcn2Δ cells 
were cultured without thiamine (on) for 26 h to induce expression of tor2 (right) or in the presence of thiamine (off; left) (the figure is a composite image 
deriving from different parts of the same blot). Immunoblotting was performed as in Figure 1, except for the use of Cdc2 as a loading control in (C).
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the kinetics of Tor2 inactivation and eIF2α phosphorylation. 
However, when the tor2ts mutant was shifted to the restrictive 
temperature, reduced phosphorylation of Rps6 coincided with 
increased phosphorylation of eIF2α (Fig. 2A). Since the 2 events 
coincide under a condition where phosphorylation of eIF2α is 
most likely a response to Tor2 inactivation (ref. 23; Fig. 2A), 
Rps6 phosphorylation appears to be a good measure of Tor2 
activity and was used as such throughout this work.

Different kinases are activated upon Tor2 inactivation and 
overexpression

Gcn2 has been shown to be the major kinase responsible for 
phosphorylation of eIF2α upon Tor2 inactivation.23 Here we 
confirmed this result in a strain where gcn2 had been deleted 
in the tor2ts background (Fig. 2B). However, in a tor2ts gcn2Δ 
strain the phosphorylation of eIF2α after inactivation of Tor2 
was not abolished, only reduced (Fig. 2B). In a strain where all 
3 eIF2α kinase genes were deleted the phosphorylation of eIF2α 
was completely abolished (Fig. 2B), suggesting that in addition 
to Gcn2, Hri1 and/or Hri2 contribute to eIF2α phosphorylation 
when Tor2 is inactivated. We also explored whether Gcn2 is the 
main kinase responsible for phosphorylation of eIF2α when Tor2 
is overexpressed. For this purpose, we used a strain where gcn2 
had been deleted in the nmt.tor2+ background. The strain was 
cultivated for 26 h without thiamine to induce the expression of 
Tor2. The phosphorylation of eIF2α upon high Tor2 expression 
was similar in the gcn2+ and gcn2Δ strains (compare Fig. 1A to 
Fig. 2C), showing that Gcn2 is not responsible for eIF2α phos-
phorylation in these cells.

We conclude that Gcn2 plays a major role in phosphorylation 
of eIF2α when Tor2 is inactivated, but it is not responsible for the 
phosphorylation when Tor2 is overexpressed.

Tor2 is required for phosphorylation of eIF2α upon amino-
acid starvation

Gcn2 is activated by amino-acid starvation,17 and Tor2 is 
involved in sensing the levels of amino acids.23 This prompted 
us to investigate whether Tor2 affects the Gcn2-dependent phos-
phorylation of eIF2α during amino-acid starvation.

Cells auxotrophic for leucine were grown in minimal medium 
(EMM) supplemented with leucine. To induce starvation, the 
cells were washed and resuspended in EMM with no leucine, 
and samples were collected at different time points afterwards. In 
wild-type (gcn2+) cells phosphorylation of eIF2α occurred at 60 
min after withdrawal of leucine (Fig. 3A). In a similarly treated 
gcn2Δ mutant eIF2α phosphorylation did not occur (Fig. 3A), 
demonstrating that Gcn2 is the sole kinase responsible for the 
phosphorylation response. In the same samples, we measured the 
phosphorylation of Rps6 to study the kinetics of Tor2 activity. 
In wild-type cells at the time of eIF2α phosphorylation (60 min) 
the level of Rps6 phosphorylation was the same as in non-starved 
cells, and it was not reduced until 1 h later (Fig. 3A), indicating 
that Tor2 activity is not reduced at the time of Gcn2 activation. 
Thus, in leucine-starved cells, the activation of Gcn2 is not cou-
pled to Tor2 inactivation. Interestingly, the decrease in phosphor-
ylated Rps6 seen in wild-type cells was not detectable within the 
time range of the experiment in the gcn2Δ mutant (Fig. 3A), sug-
gesting that phosphorylation of eIF2α or a yet unknown func-
tion of Gcn2 is required for downregulation of the Tor2–Rps6 
pathway in response to leucine starvation.

To investigate the effect of loss of Tor2 activity on the leu-
cine-starvation response, we incubated a tor2ts leu1–32 strain at 
the restrictive temperature for 4 h before removing the leucine. 
The culture was kept at the restrictive temperature, and samples 

were collected at different time points. 
Incubation at the restrictive tem-
perature induced phosphorylation of 
eIF2α due to Tor2 inactivation, but 
a further increase in phosphorylation 
as a response to leucine starvation was 
not observed (Fig. 3B). In the same 
strain grown at permissive tempera-
ture, eIF2α was phosphorylated to 
the same extent and followed the same 
kinetics as in wild-type cells (Fig. 3B). 
We conclude that the phosphorylation 
of eIF2α in response to leucine starva-
tion is absolutely dependent on both 
Gcn2 and Tor2.

Phosphorylation of eIF2α in 
response to nitrogen starvation coin-
cides with Tor2 inactivation

Amino-acid starvation and nitro-
gen depletion are thought to be quite 
similar stress types, since depletion 
of nitrogen eventually will result in 
amino-acid starvation. Thus, one 
would expect cells to respond in a sim-
ilar way upon withdrawal of nitrogen 

Figure 3. phosphorylation of eIF2α in response to leucine starvation is dependent on both Gcn2 and 
tor2. Leucine-auxotroph cells were grown in the presence of leucine, washed 3 times by filtering with 
medium lacking leucine, resuspended in leucine-free medium (no leu) and samples collected at the 
indicated time points. Cells grown in the presence of leucine (+leu) were used as control. (A) Wild type 
and gcn2Δ (the figure is a composite image deriving from different parts of the same blot). (B) tor2ts 
cells were cultured at the restrictive temperature (36 °C) for 4 h or at the permissive temperature (25 °C) 
before shift to medium without leucine. Cultures were kept at their respective temperatures after 
medium shift. Immunoblotting was performed as in Figure 1.
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sources and amino acids. However, the response to leucine star-
vation (above) is quite different from that previously reported for 
nitrogen starvation.12,23 Therefore, we re-examined the relation-
ship between Tor2 inactivation and eIF2α phosphorylation upon 
nitrogen depletion to ascertain that the observed differences are 
due to the different treatments rather than experimental or strain 
differences. Wild-type cells cultured in EMM with NH

4
Cl as 

a nitrogen source were harvested by filtration, washed 3 times 
with EMM with or without NH

4
Cl, resuspended in the same 

medium, and samples were collected at different time points after 
the medium change. Phosphorylation of Rps6 was dramatically 
reduced at 60 min after withdrawal of the nitrogen source, due to 
reduced Tor2 activity, and this coincided with a small and tran-
sient increase in eIF2α phosphorylation (Fig. 4A). Thus, a reduc-
tion in Tor2 activity upon nitrogen starvation correlates with a 
weak and transient phosphorylation of eIF2α. These results are 
consistent with those previously reported12,23 and confirm that 
the different responses after leucine and nitrogen starvation does 
not derive from experimental or strain differences.

We also investigated whether a gradual depletion of the nitro-
gen source, a scenario that is more likely in nature, has a more 
severe effect on eIF2α phosphorylation than a sudden depletion. 
To gradually deplete the cells of their nitrogen source, we per-
formed the experiment as described above, but instead of wash-
ing and resuspending the cells in EMM without NH

4
Cl, we used 

EMM containing 5, 50, or 500 μM NH
4
Cl. In the cultures 

shifted to medium with the lowest concentrations of ammonium 
chloride, phosphorylation of Rps6 was reduced within 60 min (5 
μM) or 120 min (50 μM), and this coincided with a weak and 
transient increase in eIF2α phosphorylation (Fig. 4A and B). 
No change in phosphorylation of either protein occurred upon 
a shift to medium with 500 μM NH

4
Cl (Fig. 4B). These data 

suggest that there is no significant difference in the 
response whether the nitrogen source is depleted rap-
idly or gradually. We also note that as little as 500 μM 
of NH

4
Cl in the growth medium was enough to keep 

Tor2 signaling high, suggesting that standard minimal 
medium (94 mM NH

4
Cl)25 contains nitrogen source in 

vast excess.
Gcn2 activation in response to oxidative stress 

occurs in the presence of active Tor2
The Gcn2 and the Tor signaling pathways both 

respond to oxidative stress. Treatment with high concen-
trations of H

2
O

2
 (1–5 mM) leads to Gcn2-dependent 

phosphorylation of eIF2α17,19,20 and to inactivation of 
Tor2.12 However, the 2 events have never been investi-
gated in the same study, and therefore a potential cross-
talk between the pathways has not been revealed. We 
set out to investigate a potential interaction by examin-
ing the phosphorylation kinetics of eIF2α and Rps6. If 
Tor2 inactivation is a prerequisite for Gcn2 activation in 
response to oxidative stress, a tight correlation between 
reduced Tor2 activity and phosphorylation of eIF2α 
is expected. Wild-type cells were treated with 5 mM 
H

2
O

2
 for different periods of time, and the phosphory-

lation of eIF2α and inactivation of Tor2 were measured 

by immunoblotting using the phosphospecific eIF2α and Rps6 
antibodies. A rapid and robust phosphorylation of eIF2α was 
observed after treatment with H

2
O

2
 (Fig. 5A), as described pre-

viously.17,19,20 Oxidative stress also led to a reduction in Rps6 
phosphorylation (Fig. 5A). However, this response occurred at 
least an hour after the increase in eIF2α phosphorylation. Taken 
together, these data suggest that phosphorylation of eIF2α upon 
oxidative stress is not dependent on inactivation of Tor2.

Since the reduction in phosphorylated Rps6 upon oxidative 
stress is slow compared with the observed increase in phosphory-
lation of eIF2α, we asked whether Tor2 activity is required for 
eIF2α phosphorylation. A culture of the tor2ts strain incubated at 
the restrictive temperature for 4 h was treated with 5 mM H

2
O

2
, 

further incubated at the restrictive temperature, and samples 
collected at different time points. Exposure to H

2
O

2
 led to an 

increase in eIF2α phosphorylation beyond that induced by Tor2 
inactivation, although slightly less than that observed in the con-
trol at permissive temperature (Fig. 5B). This indicates that Tor2 
signaling is not required for eIF2α phosphorylation in response 
to oxidative stress.

We also investigated whether Gcn2 affects Tor2 signaling in 
response to oxidative stress. A strain lacking gcn2 was treated with 
H

2
O

2
 as described above, and the phosphorylation of eIF2α and 

Rps6 was measured by immunoblotting. In the absence of Gcn2, 
the early and robust phosphorylation of eIF2α, observed in wild-
type cells, was absent (Fig. 5A). Tor2 activity was reduced, but 30 
min later than what was observed in gcn2+ cells (Fig. 5A). Some 
phosphorylation of eIF2α could be detected at later time points 
(Fig. 5A), probably due to the activation of Hri2.20

In summary, we find that under oxidative stress phosphoryla-
tion of eIF2α and the activity of Tor2 are not coupled. Neither 
the presence nor the inactivation of Tor2 is required for eIF2α 

Figure 4. Inactivation of tor2 in response to nitrogen starvation coincides with a 
small and transient increase in eIF2α phosphorylation. (A and B) Wild-type cells 
were harvested on filter, washed 3 times with equal volumes of medium lacking 
or supplemented with 5, 50, or 500 μM NH4Cl and resuspended in washing media. 
Samples were collected at the indicated time points. Cells washed and resus-
pended in standard minimal medium were used as control (+N). Immunoblotting 
was performed as in Figure 1.
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Table 1. Strains used in this study

Strain Genotype of the strain Source

214 leu1–32 h- p Nurse

489 cdc10-M17 p Nurse

1136 SPBC 36B7.09 gcn2::ura4+ leu1–32 ura4-D18 h- R Wek

1138 gcn2::ura4+ cdc10M-17 ura4-D18 h- this study

1257 tor1::kanMX6 h- S Moreno

1258 kanMX6-P3nmt.tor2+ h+ S Moreno

1259 tor2–51:ura4+ ura4-D18 h+ S Moreno

1279 tor2–51:ura4+ gcn2::ura4+ ura4-D18 h+ this study

1305 tor2–51:ura4+ ura4-D18 leu1–32 this study

1384 tor1::kanMX6 tor2ts:ura4+ ura4-D18 leu1–32 this study

1812 gcn2::hphMX6 tor2–51:ura4+ ura4-D18 hri1::ura4+ hri2::ura4+ leu1–32 h- this study

Figure  5. oxidative stress leads to rapid phosphorylation of eIF2α and precedes inactivation 
of tor2. (A) Wild-type and gcn2Δ cells were treated with H2o2 at a final concentration of 5 mM. 
Samples were collected at the indicated time points and untreated cells (−) were used as control. 
(B) tor2ts cells were cultured at restrictive temperature (36 °C) for 4 h or permissive temperature 
(25 °C) and treated as in (A), then kept at their respective temperatures. Immunoblotting was per-
formed as in Figure 1.

phosphorylation, and Gcn2-dependent phosphorylation of 
eIF2α is not required for Tor2 inactivation.

Inhibition of Tor by rapamycin coincides with phosphoryla-
tion of eIF2α

To explore how phosphorylation of eIF2α is affected by yet 
another treatment repressing Tor activity, we exposed fission 
yeast cells to rapamycin, a well-known inhibitor of Tor pro-
teins.26-28 Both Tor proteins in fission yeast are inhibited by 
rapamycin,12,29,30 although rapamycin-treatment of fission yeast 
cells does not result in the same phenotype as mutating tor1 and 
tor2.7,31

Wild-type cells were treated with rapamycin, and the phos-
phorylation status of eIF2α was compared with that found in 
untreated cells. After 15–30 min of rapamycin treatment, eIF2α 

became phosphorylated, and this was closely followed by a drop 
in Tor2 activity (Fig. 6). These results, taken together with the 
fact that inactivation of Tor2 is sufficient to induce eIF2α phos-
phorylation, indicate that phosphorylation during rapamycin 
treatment is a result of reduced Tor2 activity.

In a gcn2Δ mutant strain the rapamycin-induced phosphor-
ylation of eIF2α was abolished (Fig. 6), showing that Gcn2 is 
responsible for the drug-induced phosphorylation in wild-type 
cells.

These results suggest that rapamycin treatment of fission 
yeast results in a phenotype that shares features with, but is not 
equivalent to, that of the temperature-sensitive tor2 mutant. Both 
treatments induce a weak eIF2α phosphorylation, but, unlike 
in rapamycin, phosphorylation is not completely dependent on 

Gcn2 in the tor2ts strain (compare Fig. 6 to 
Fig. 2B). Also, after rapamycin treatment 
the phosphorylation of eIF2α seems to fol-
low Tor2 inactivation more closely in time 
than it does in the tor2ts (compare Fig. 6 to 
Fig. 2A).

Discussion

We have investigated the crosstalk 
between 2 major pathways involved in 
translation regulation: the Tor signal-
ing network and the phosphorylation of 
the translation-initiation factor eIF2α. 
We show that the Tor pathway can affect 
eIF2α phosphorylation under some condi-
tions, consistent with earlier reports.22,23 
However, the interplay between the 2 path-
ways is more complex than previously pro-
posed and depends on the particular stress 
employed.

In S. cerevisiae, the activity of Gcn2 can 
be inhibited by phosphorylation on serine 
577. It has been demonstrated that both 
TOR kinases can inhibit dephosphoryla-
tion of this serine 577, TOR1 (Tor2 in 
S. pombe) being the main contributor. 
Furthermore, inactivation of the TOR 
kinases by rapamycin leads to activation of 
a phosphatase that removes the inhibitory 
phosphate on serine 577 of Gcn2.22 The 
only known mechanism for direct activa-
tion of Gcn2 is the binding of uncharged 
tRNAs, which accumulate during amino-
acid starvation.32 Under conditions that 
lead to dephosphorylation of serine 577, 
the activation of Gcn2 is still dependent on 
binding of uncharged tRNAs. However, 
removal of the inhibitory phosphoryla-
tion increases the affinity of Gcn2 for 
uncharged tRNAs.33 Therefore, it has been 
proposed that under types of stress where 
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the levels of uncharged tRNAs do not rise, activation of Gcn2 is 
dependent on dephosphorylation of serine 577.33 A similar mech-
anism of Tor activity (Tor2) being inhibitory to Gcn2 has also 
been shown in S. pombe.23

Our observations presented here, together with previously 
published results,12,23 demonstrate that reducing Tor2 signaling 
by 3 different strategies: nitrogen starvation, a temperature-
sensitive tor2 mutant, and exposure to rapamycin, all lead to 
phosphorylation of eIF2α in fission yeast. Under these condi-
tions, a reduction in Tor2 activity and eIF2α phosphorylation 
occur at about the same time, suggesting a causal relationship. 
Interestingly, serine 577 is not conserved in S. pombe or in mam-
malian cells, suggesting that a potential regulatory role of Tor2 
over Gcn2 activity is not fully conserved.

We show here that Tor2 is not inhibiting eIF2α phosphoryla-
tion under a number of conditions, and these results challenge 
a straightforward model for Tor2-dependent Gcn2 regulation. 
First, we show that Gcn2 can be fully activated by UVC and 
oxidative stress without any detectable change in Tor2 activity. 
Second, under leucine starvation the phosphorylation of eIF2α is 
dependent on maintained Tor2 activity rather than on Tor2 inac-
tivation. Third, both Tor2 overexpression and inactivation bring 
about eIF2α phosphorylation. Fourth, we find that eIF2α phos-
phorylation and Tor2 inactivation does not follow a consistent 
pattern, since both can precede the other, depending on the type 
of stress employed. Finally, we find that under leucine starvation 
the Gcn2 pathway seems to regulate Tor2 activity.

Gcn2 is activated in response to UVC and oxidative stress, 
conditions where uncharged tRNAs are unlikely to accumu-
late. Under these stresses, we find that Tor signaling is either left 
unchanged (UVC), or its downregulation does not precede the 
phosphorylation of eIF2α (H

2
O

2
), suggesting that the mecha-

nism proposed for S. cerevisiae does not apply to S. pombe.
In response to leucine starvation, the activation of Gcn2 

occurred without any detectable change in Tor2 activity. This is 
consistent with data from S. cerevisiae, showing that Gcn2 acti-
vation in response to histidine starvation is not dependent on 
dephosphorylation of ser577.22 More surprisingly, we find that 
instead of being inhibitory to Gcn2 activity, Tor2 signaling is 
required for starvation-induced phosphorylation 
of eIF2α. This seems paradoxical, since Tor2 is 
known to promote translation and therefore seems 
an unlikely candidate to induce eIF2α phosphory-
lation. Furthermore, it has been reported that high 
Tor activity suppresses eIF2α phosphorylation 
under amino acid-replete conditions.23 We propose 
that the major mechanism whereby Tor2 affects 
eIF2α phosphorylation in response to amino-acid 
starvation is through its effects on maintaining 
optimal translation levels. We suggest that ongoing 
translation might be a prerequisite for accumula-
tion of uncharged tRNAs and, thus, the activation 
of Gcn2.

Surprisingly, nitrogen starvation, a type of stress 
that is thought to lead to amino-acid starvation, 
elicited quite a different response from leucine 

starvation. Gcn2 was activated by leucine starvation in a Tor2-
dependent manner, and Tor2 inactivation was detected 60 min 
after the increase in eIF2α phosphorylation, whereas after nitro-
gen starvation Tor2 was quickly inactivated, but only a transient 
and weak induction of eIF2α phosphorylation could be observed. 
These results indicate that regulation of the 2 pathways depends 
upon the type of starvation that the cells are subjected to. 
Similarly, in mammalian cells, the mTOR pathway is regulated 
by different upstream elements in response to different environ-
mental stimuli. The canonical pathway of mTORC1 regulation 
by insulin goes via the tuberous sclerosis complex 1 and 2 (TSC1/
TSC2-complex), which inhibits an mTOR activator named Ras 
homolog enriched in brain (Rheb).4,34,35 From studies in mam-
malian cells, it has been suggested that mTORC1 is not regulated 
through this pathway in response to amino acid deprivation, 
since in TSC2-knockout cells mTOR activity is still reduced.36,37 
This finding suggests the existence of an alternative or additional 
pathway. It has also been suggested that the alternative pathway 
for mTORC1 inhibition involves Gcn2.38 Interestingly, and in 
agreement with this model, we observed that in a gcn2 deletion 
mutant inactivation of Tor2 does not occur under leucine starva-
tion. In further support of this model, it was recently shown that 
leucine deprivation reduces mTOR/S6K1 signaling in mamma-
lian cells in a GCN2-dependent manner.39

The observation that overexpressing Tor2 can promote phos-
phorylation of eIF2α suggests that Tor2 activity is not exclusively 
inhibitory to the eIF2α kinases. However, it should be noted that 
an increase in Rps6 phosphorylation, which is our measure of 
Tor2 activity, could not be detected upon overexpression of Tor2. 
This might result from the fact that Rps6 phosphorylation is not 
a direct readout of Tor2 activity (see above). Alternatively, we 
cannot exclude the possibility that the overall activity of Tor2 
is not elevated in an overproducer, and that phosphorylation of 
eIF2α is a response to stress caused by overexpression per se, and 
not a response specific to Tor2 activity.

Our finding that eIF2α is phosphorylated in response to 
rapamycin treatment is in disagreement with some previously 
published results. In contrast to this work and Valbuena et al.,23 2 
other publications12,40 report that treatment of fission yeast with 

Figure 6. eIF2α is phosphorylated in a Gcn2-dependent manner in response to rapamy-
cin treatment. Wild-type and gcn2Δ cells in exponential phase grown in YeS at 25 °C 
were treated with rapamycin at a final concentration of 200 nM. Samples were collected 
at the indicated time points and cells treated with solvent only (−) were used as control. 
Immunoblotting was performed as in Figure 1.
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rapamycin does not bring about phosphorylation of eIF2α. The 
only obvious way their and our experimental procedures differ is 
the growth media employed. In the 2 experiments where rapamy-
cin treatment leads to induction of eIF2α phosphorylation, the 
cells were cultured in YES, as opposed to EMM, in the other 
2 papers. Since Tor2 activity and translation levels are likely to 
be higher in rich medium, inhibiting Tor by rapamycin in YES 
might bring about a more pronounced starvation-mimicking 
response than in EMM, including detectable changes in eIF2α 
phosphorylation.

A lot remains to be elucidated about how the pathways of 
eIF2α kinases and Tor signaling interact with each other in 
response to a number of different stresses. The current work 
demonstrates that there is no single mechanism for how the 2 
pathways interact that applies to all types of stress. We conclude 
that rather than operating in a linear pathway, the 2 mechanisms 
cooperate in a complex signaling network regulating translation.

Materials and Methods

Fission yeast strains and media
All strains used were derived from the Schizosaccharomyces 

pombe L972h- strain and are listed in Table 1. The growth con-
ditions and media were as described in reference 25. The cells 
were grown in liquid Edinburgh minimal medium (EMM) (Cat. 
#2005, Sunrise Science products http://www.sunrisescience.
com/pages/ystmedia_sp_emm.html) containing the required 
supplements, or in yeast extract (YES) (Cat. #2009, Sunrise 
Science products http://www.sunrisescience.com/pages/ystme-
dia_sp_yes.html), at 25 °C, to a cell density of 3–5 ´ 106 cells/
ml (OD

595
 0.15–0.3). For Tor2 overexpression, cells cultured in 

EMM + 5 μg/ml thiamine (Cat. #T-1270, Sigma-Aldrich http://
www.sigmaaldrich.com/catalog/search?interface=All&term=T-
1270&lang=en&region=NO&focus=product&N=0+22000
3048+219853206+219853286&mode=match%20partialmax) 
were harvested by filtering, washed 3 times culture volume with 
EMM lacking thiamine, and resuspended in EMM lacking thia-
mine to induce expression from the nmt promoter for 26 h before 
experiments were performed and samples collected. For Tor2-
inactivation experiments, cells were grown in EMM at 25 °C, 
and shifted to 36 °C for 4 h, except where indicated.

Leucine starvation
Leucine-auxotroph cells were grown in the presence of leu-

cine in the appropriate minimal medium and washed 3 times, 
by filtering, with medium lacking leucine. The cells were then 
resuspended in washing medium, and samples were collected 
for immunoblot analyses at different time points after leucine 
removal.

Nitrogen starvation
Nitrogen starvation experiments were performed by harvest-

ing on filters cells exponentially growing in EMM. The filters 
were washed 3 times with equal volumes of EMM without 
NH

4
Cl (Cat. #2023, Sunrise Science products http://www.sun-

risescience.com/pages/ystmedia_sp_emm.html) or with reduced 

concentrations of NH
4
Cl and resuspended in EMM containing 

the same concentrations of NH
4
Cl as in the washing medium. 

Samples were collected by centrifugation for immunoblot analy-
ses at different time points after change of medium.

Oxidative stress
Cells grown in EMM were treated with 5 mM H

2
O

2
 (Cat. 

#216763, Sigma-Aldrich http://www.sigmaaldrich.com/catalog/
search?interface=All&term=216763&lang=en&region=NO&f
ocus=product&N=0+220003048+219853206+219853286&m
ode=match%20partialmax), and samples collected at different 
time points after addition of the oxidative agent for immunoblot 
analyses.

Rapamycin
Cells growing exponentially in YES medium were exposed to 

200 nM of rapamycin (Cat. #553210, EMD Millipore Corporation 
http://www.millipore.com/search.do?q=553210#0:0) and sam-
ples were collected for immunoblot analyses at different time 
points after addition of the drug.

UVC irradiation
Cells suspended in a thin layer (3 mm) of rapidly stirred liquid 

medium were irradiated at 20–25 °C with 254-nm UV light. The 
dose was measured with a radiometer (UV Products), and a dose 
of 1100 J/m2 was given at an incident dose rate of approximately 
250 J/m2/min. This dose results in >90% survival when log-
phase cells are irradiated and ca 20% survival when cells arrested 
in G

1
 are irradiated.

Immunoblots
Samples for immunoblotting were made by the trichloroacetic 

acid protein extraction method.41 A total of 100–200 μg protein 
extracts were run on 12.5% SDS-PAGE, transferred to a PVDF 
membrane (Cat. #IPVH00010, EMD Millipore Corporation 
http://www.millipore.com/catalogue/item/ipvh00010) and 
probed with the following antibodies: anti-phosphorylated eIF2α 
(Cat. #44-728G, Life Technologies http://www.lifetechnologies.
com/order/catalog/product/44728G?ICID=search-44728g) 
1:3000; anti-α-tubulin (Cat. #T-5168 Sigma-Aldrich, http://
www.sigmaaldrich.com/catalog/search?interface=All&term=T-
5168&lang=en&region=NO&focus=product&N=0+22000
3048+219853206+219853286&mode=match%20partialmax) 
1:30 000; and for the phosphorylation of Rps6, anti-Phospho-
(Ser/Thr) Akt Substrate (Cat. #9611, Cell Signaling Technology, 
http://www.cellsignal.com/products/9611.html) 1:2000.
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