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Summary
TOR (Target Of Rapamycin) signalling coordinates cell

growth and division in response to changes in the

nutritional environment of the cell. TOR kinases form two

distinct complexes: TORC1 and TORC2. In mammals, the

TORC1 controlled S6K1 kinase phosphorylates the ribosomal

protein S6 thereby co-ordinating cell size and nutritional

status. We show that the Schizosaccharomyces pombe AGC

kinase Gad8 co-immunoprecipitates with the ribosomal

protein S6 (Rps6) and regulates its phosphorylation status.

It has previously been shown that Gad8 is phosphorylated by

TORC2. Consistent with this, we find that TORC2 as well as

TORC1 modulates Rps6 phosphorylation. Therefore, S6

phosphorylation in fission yeast actually represents a read-

out of the combined activities of TORC1 and TORC2. In

contrast, we find that the in vivo phosphorylation status of

Maf1 (a repressor of RNA polymerase III) specifically

correlates with TORC1 activity.

� 2012. Published by The Company of Biologists Ltd. This is

an Open Access article distributed under the terms of the

Creative Commons Attribution Non-Commercial Share Alike

License (http://creativecommons.org/licenses/by-nc-sa/3.0).
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Introduction
The eukaryotic TOR protein kinases are highly conserved and

couple cell growth and cell size with the nutritional context of the

cell (Wullschleger et al., 2006). In all cell types, TOR kinases

participate in two different complexes; TOR Complex 1 (TORC1)

and TOR Complex 2 (TORC2). In TORC1, TOR kinase binds to

Raptor, whereas in TORC2, Raptor is replaced by Rictor

(Wullschleger et al., 2006). In most eukaryotes, TORC1 is

thought to be under nutrient control and inhibited by the drug

rapamycin (Jacinto et al., 2004; Loewith et al., 2002; Wullschleger

et al., 2006). In contrast to mammals, S. cerevisiae and S. pombe

have two TOR kinases. In S. pombe, Tor2 is the main component of

TORC1 and Tor1 is the main component of TORC2 (Alvarez and

Moreno, 2006; Hayashi et al., 2007; Matsuo et al., 2007).

Furthermore, only TORC1 is essential for cell growth in fission

yeast (Shinozaki-Yabana et al., 2000; Weisman and Choder, 2001).

The Rheb GTPase activates mTORC1 in mammals and Rheb

activity, in turn, is regulated by the TSC1-TSC2 complex (Long et

al., 2005; Smith et al., 2005). This upstream control of TORC1 is

conserved in S. pombe (Matsumoto et al., 2002; Urano et al., 2007;

Uritani et al., 2006; van Slegtenhorst et al., 2004). Control of cell

growth by mTORC1 involves direct phosphorylation of a number

of targets, including Ribosomal S6 kinase (S6K) and MAF1

(repressor of RNA polymerase III) (Michels et al., 2010;

Wullschleger et al., 2006). mTORC2 is less well characterized;

however, AKT1 and PKC are direct targets of mTORC2, the latter

controlling cytoskeletal organisation (Sparks and Guertin, 2010). In

S. pombe, TORC2 has been shown to phosphorylate the AGC

kinase Gad8, and both Gad8 and TORC2 are required for survival

after exposure to stress (Matsuo et al., 2003). Gad8 is believed to be

a homologue of the mTORC2 controlled AKT1 kinase.

The conservation of TSC1/2 and Rheb dependent TORC1

regulation makes fission yeast an excellent model organism for

studying TOR signalling. Ribosomal protein S6 (Rps6)

phosphorylation is believed to be TORC1 specific (Nakashima et

al., 2010) and has therefore been used to quantify TORC1 signalling in

fission yeast. We previously established that fission yeast Tor1 and

Gad8, but not TORC2 components Ste20 (Rictor) or Sin1, are required

to control cell size after nutrient stress (Hartmuth and Petersen, 2009).

These data indicate that TORC2 independent Gad8 functions exist in

S. pombe and that the control of Gad8 kinase activity is not fully

understood. We have therefore extended the characterisation of the

Gad8 kinase and have identified a role for Gad8 in the phosphorylation

of Rps6. Gad8 co-immunoprecipitates with Rps6 and regulates its

phosphorylation. We find that both TORC1 and TORC2 modulate

Rps6 phosphorylation. Therefore changes in Rps6 phosphorylation

represent an integration of both TORC1 and TORC2 signalling. In

contrast, we show that the phosphorylation status of Maf1 specifically

correlates with TORC1 activity; its phosphorylation therefore offers

an excellent alternative to Rps6 phosphorylation in the in vivo

assessment of TORC1 signalling in S. pombe.

Results and Discussion
Gad8 co-immunoprecipitates with the ribosomal protein S6

Gad8 is phosphorylated by TORC2 and both are required for

survival after stress (Matsuo et al., 2003). However, because we
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previously established that Gad8 has TORC2 independent roles

(Hartmuth and Petersen, 2009), we decided to characterise it

further. To identify Gad8 interacting proteins, the kinase was

immunoprecipitated from large-scale cultures and subjected to

mass spectrometric analysis to identify interacting molecules.

The immunocomplexes were subjected to mild washing

conditions (0.2% Tween 20) in an attempt to preserve weak

interactions (Fig. 1A). A wild type untagged strain was used as a

control. Co-purifying candidates that were found only in the

Gad8 immunoprecipitates were considered good candidates to be

Gad8 specific interacting proteins (Fig. 1B). Interestingly,

proteins involved in metabolic pathways, such as Gpd3 and

Idh1, specifically co-purified with Gad8. In addition, several

ribosomal proteins including the fission yeast homologue of the

S6 protein (Rps602) immunoprecipitated with Gad8 (Fig. 1B).

Ribosomal S6 phosphorylation is Gad8 and Tor1 dependent

Since phosphorylation of ribosomal S6 is thought to be specific

to TORC1 signalling, we decided to look further into its

phosphorylation. It has previously been demonstrated that the

anti-PAS antibody, which recognises phosphorylation of the [R/

K]X[R/K]XX[S/T] consensus motif in mammalian S6K1 and

other AGC kinase substrates (Manning et al., 2002; Pearson

and Kemp, 1991) (Cell Signalling Technology), detects

phosphorylation of fission yeast Rps6 serine 235 (Nakashima et

al., 2010). Ribosomal S6 is encoded by two genes in fission

yeast: rps601 and rps602. It is Rps6 expressed from rps602 (co-

purifying with Gad8) (Fig. 1B) that is responsible for the

majority of the Rps6 phosphorylation signal (Nakashima et al.,

2010). Ribosomal proteins are very abundant in the cell; therefore

to improve linearity and avoid saturation when detecting Rps6

phosphorylation, gels were loaded with very low levels of total

protein. Furthermore, secondary alkaline phosphatase coupled

antibodies were used, which have a wider linear range compared

to their horseradish peroxidase ECL detected counterparts. In

both a gad8 deletion strain (gad8D) and a mutant in which gad8

has been mutated to generate a catalytically inactive Gad8 kinase

(gad8.KD), the level of Rps6 phosphorylation was reduced in

glutamate grown cells (Fig. 2A). This Gad8 dependent

phosphorylation of Rps6 was seen in cells grown in minimal

medium with either ammonium or glutamate as the nitrogen

source (Fig. 2A). As previously shown, we found that Gad8 is

phosphorylated by TORC2 (Matsuo et al., 2003) (Fig. 2B). The

main TOR kinase found in S. pombe TORC2 is Tor1 (Alvarez

and Moreno, 2006; Hayashi et al., 2007; Matsuo et al., 2007). We

therefore asked whether Rps6 phosphorylation was reliant upon

Tor1 activity. In contrast to previous reports (Nakashima et al.,

2010), we find that under conditions in which the detection of

Rps6 phosphorylation is linear, there is a major reduction in

phosphorylation of Rps6 in the tor1D strain (Fig. 2C).

Importantly, the signal is not completely abolished by the

removal of Tor1, accounting for the previous reports of a

persistence of Rps6 phosphorylation in tor1D cells (Nakashima et

al., 2010). Furthermore, a very weak anti-PAS signal was still

detected in gad8 deficient strains. It is therefore likely that one or

more kinases act alongside Gad8 to control Rps6 phosphorylation

levels. The S. pombe genome contains three kinases that are

closely related to Gad8; Psk1, Sck1 and Sck2 (Bimbó et al.,

2005). We find that, like Gad8, Psk1 also contributes to Rps6 anti-

PAS phosphorylation levels (Fig. 2E). Thus S6 phosphorylation

in fission yeast depends on two AGC kinase homologues Gad8

and Psk1. When comparing wild type cells grown in minimal

Fig. 1. Rps6 co-immunoprecipitates with Gad8.

(A) Immunoprecipitation of Gad8.HA and wild type control
cultures. A western blot probed with anti-HA antibody
shows the specific Gad8.HA immunoprecipitation (left).

The Brilliant blue stained NUPAGE gel used for analysis
by mass spectrometry (right). Intense band indicated by
arrow shows Gad8.HA immunoprecipitate. (B) Mass
spectrometry data analysed by ScaffoldTM 3. The number of
unweighted spectra and unique peptides for each protein
are shown.
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medium with either glutamate or ammonium as the nitrogen

source, we detect increased Rps6 phosphorylation in cells relying

upon glutamate (Fig. 2D), possibly reflecting increased

TOR activity in this environment. In ammonium, Rps6

phosphorylation is slightly elevated when gad8 is deleted,

whereas in psk1D cells it is slightly elevated in glutamate

(Fig. 2F). We conclude that Gad8, Psk1 and Tor1 all regulate

Rps6 phosphorylation and that the particular nutrient

environment of the cell alters TOR activity and the regulation

of Rps6 phosphorylation.

Rps6 phosphorylation is both TORC1 and TORC2 dependent

TOR kinases are the target of the macrolide Rapamycin, which
efficiently inhibits the TORC1 complex and after prolonged

exposure disrupts the formation of TORC2 and therefore its
activity (Lamming et al., 2012; Wullschleger et al., 2006). When
Rapamycin was added to wild type cells, we observed a reduced

level of Rps6 phosphorylation (Fig. 2G). In addition, when
Rapamycin was added to tor1D cells, the low level of Rsp6
phosphorylation was completely abolished (Fig. 2G). This

dependency on TORC1 is in agreement with Nakashima et al.,
who reported that Rps6 phosphorylation is regulated by TORC1
(Nakashima et al., 2010). We previously found that amino-

terminal myc-tagged Tor1 can be incorporated into both TORC1
and TORC2 (Hartmuth and Petersen, 2009). Therefore, to address
whether regulation of Rps6 is by either TORC1 or TORC2 or
both, we examined its phosphorylation in mutants that impact

upon the function of each complex. Increasing the temperature to
37 C̊ in cultures of the temperature sensitive mutants of tor2.52

and mip1.310 (Raptor) inactivates TORC1, whereas TORC2

signalling is ablated in the deletion mutants of sin1 and ste20

(Rictor) (Alvarez and Moreno, 2006; Shinozaki-Yabana et al.,
2000; Tatebe et al., 2010). Rps6 phosphorylation was reduced in

all mutant backgrounds (Fig. 3A). Loss of the TORC2 specific
Rictor clearly has an impact upon Rps6 phosphorylation,
indicating that ribosomal S6 phosphorylation in S. pombe is not

a measure of TORC1 specific signalling as previously suggested;
rather it is a read-out of both TORC1 and TORC2 activities.
Interestingly, S6 phosphorylation is reduced but not absent in
cells derived from S6K1(2/2)/S6K2(2/2) mice (Pende et al.,

2004), raising the possibility that S6 phosphorylation in
mammalian cells is non-specific to TORC1 as well.
Significantly, it is the phosphorylation of the S6 kinase itself,

and not its substrate the S6 ribosomal protein, that is routinely
used as a TORC1 specific read-out in mammalian cells
(Magnuson et al., 2012).

Phosphorylation of S. pombe Maf1 is TORC1 specific

Both S. cerevisiae and S. pombe are popular model organisms for
characterising TOR signalling. In contrast to S. cerevisiae, the

Rheb and TSC1/2 dependent TORC1 regulation that is
characteristic of control of mammalian TORC1 is conserved in
S. pombe (Matsumoto et al., 2002; Urano et al., 2007; Uritani et

al., 2006; van Slegtenhorst et al., 2004), making fission yeast an
attractive model for particular aspects of TOR signalling. The use
of a specific substrate to differentiate between the in vivo activity

of either TORC1 or TORC2 in this organism is therefore
essential. For TORC2, the previously shown phosphorylation of
Gad8 on serine 546 is a good specific marker of its activity
(Fig. 3B) (Tatebe et al., 2010). Mammalian MAF1 (a repressor of

RNA polymerase III) was recently shown to be a direct mTORC1
specific substrate (Michels et al., 2010). Extensive
phosphorylation by mTORC1 on three conserved sites inhibits

MAF1. We therefore asked whether Maf1 would be a potential
candidate for a specific read-out of TORC1 activity in fission
yeast. We fused sequences encoding an epitope tag to the 39 end

of the maf1 open reading frame at the native locus to generate
maf1.pk. In a wild type background several forms of Maf1.pk
were observed (Fig. 3C). Interestingly, inhibition of TORC1 for

60 min with Rapamycin condensed all of the slower migrating
bands into one faster migrating form (Fig. 3D). This observation
suggested that fission yeast mimics mammals in relying upon

Fig. 2. Phosphorylation of Rps6 is Gad8 and Tor1 dependent. (A) WT,
gad8.KD and gad8D were harvested at early exponential phase in minimal
medium using glutamate or ammonium as the nitrogen source. The
phosphorylated Rps6 was probed by anti-PAS antibody. Total Rps6 was
detected by anti-S6 antibody, as a loading control. (B) Deletion of tor1 or the
Rictor homologue ste20 diminished the phosphorylation of Gad8. WT, tor1D
and ste20D strains were cultured in EMMG to early exponential phase. Gad8
was probed with anti-Gad8 antibodies and tubulin was used as loading control.
(C) gad8D and tor1D down-regulates Rps6 phosphorylation. Cells were
cultured in EMMG medium and the blots were probed as in (A). (D) Rps6
phosphorylation levels in WT cells were compared in glutamate and ammonium
containing medium. (E) Psk1, but not Sck1 or Sck2 regulate Rps6

phosphorylation. (F) gad8D and psk1D were grown in EMMG and EMM2 and
the Rps6 phosphorylation levels were compared. (G) Rapamycin inhibits Rps6
phosphorylation. WT and tor1D were grown in EMMG to early exponential
phase and treated with 0.3 mg/ml rapamycin for 30 min.
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TORC1 for Maf1 control. To assess whether Maf1

phosphorylation was TORC1 specific and had no input from

TORC2, we looked at Maf1 migration in mutants that

compromise the functions of both TORC1 and TORC2

(Alvarez and Moreno, 2006; Shinozaki-Yabana et al., 2000;

Tatebe et al., 2010) (Fig. 3C). Only TORC1 specific mutants

influenced Maf1 migration. In addition, no change in Maf1.pk

migration was observed in gad8D cells (Fig. 3E). When lambda

phosphatase was added to immunoprecipitated Maf1.pk the

slower migrating bands were absent and an increase in the faster

migrating non-phosphorylated Maf1.pk was observed (Fig. 3F).

Together this indicates that Maf1 phosphorylation may represent

a more specific read-out of TORC1 activity in fission yeast.

Conclusions

We find that several ribosomal proteins co-purify with the AGC

kinase Gad8. Given that Gad8 is phosphorylated by TORC2

(Matsuo et al., 2003) (Fig. 3B), it may be significant that active

mTORC2 co-purifies with ribosomes (Zinzalla et al., 2011),

raising the possibility that Gad8 may also be phosphorylated by

TORC2 on ribosomes. The TORC2 dependent regulation of Rps6

phosphorylation that we observed here was unexpected because

mTORC1 specifically phosphorylates the S6 kinase in

mammalian cells. However, because S6 phosphorylation is

reduced but not absent in cells derived from S6K1(2/2)/

S6K2(2/2) mice (Pende et al., 2004), this TORC2 dependent

regulation of S6 phosphorylation may be conserved in

mammalian cells. The conservation of TSC1/2 and Rheb

dependent TORC1 regulation has made fission yeast an

attractive model for particular aspects of TOR signalling. In

this organism S6 phosphorylation was considered to be TORC1

specific (Nakashima et al., 2010). However, as summarised in

Fig. 4, we find that TORC1, TORC2 and Gad8 all regulate Rps6

phosphorylation. This highlights the need for an alternative read-

out of TORC1 specific signalling in S. pombe. Maf1 appears to

represent an ideal candidate as its phosphorylation status shows a

direct correlation with in vivo TORC1 activity. In addition, as

previously shown (Tatebe et al., 2010), Gad8.S546

phosphorylation represents a TORC2 specific substrate in

fission yeast.

Materials and Methods
Strains and cell cultures
Strains used in this study are listed in supplementary material Table S1. Cells were

cultured at 28 C̊ in yeast extract medium (YES) or in EMM2 minimal medium –

using ammonium or glutamic acid (EMMG) as the nitrogen source (Fantes and

Nurse, 1977). Rapamycin was added to early exponential cultures at a final

concentration of 0.3 mg/ml.

Molecular manipulations
To generate the gad8 kinase dead allele, the gad8 ORF was cloned into TOPO TA

Cloning vectors (Invitrogen) and mutated by the standard site directed mutagenesis

method. The ORF was sequenced and integrated into JP1295 by 5-FOA selection.

Strains were then backcrossed to remove pku70::kanMx and selective markers.

Generation of the genomic maf1.pk was achieved through PCR-based gene-tagging

(Bähler et al., 1998).

Fig. 3. Both TORC1 and TORC2 regulate Rps6 phosphorylation while

Maf1 phosphorylation is TORC1 specific. All cells were grown in EMMG

(A) Phosphorylation of Rps6 is TORC1 and TORC2 dependent. WT and
temperature sensitive TORC1 mutants mip1.310 (Raptor) and tor2.51 were
cultured to exponential phase at permissive temperature (28 C̊). The cells were
heat shocked at 37 C̊ for 2 hr (left). Deletion of tor1, ste20 (Rictor) or sin1

reduced the phosphorylation level of Rps6 (right). (B) Gad8 S546
phosphorylation is TORC2 specific. All strains were treated as in (A) and the

phosphorylated protein was detected by P-Gad8.S546 specific antibodies and
total Gad8 by anti-Gad8 antibodies. (C) Maf1 phosphorylation is TORC1 but
not TORC2 dependent. TORC1 and TORC2 mutants expressing Maf1.pk were
treated as in (A). Maf1.pk was detected by anti-pk antibodies. (D) Rapamycin
inhibits Maf1.pk phosphorylation. Cells were grown and treated with
rapamycin, and Maf1.pk was detected as previously described. (E) Gad8 is not
required for Maf1 phosphorylation. (F) Slower migrating Maf1.pk bands

represent phosphorylation. When l phosphatase was added to
immunoprecipitated Maf1.pk, only the faster migrating non-phosphorylated
Maf1.pk was observed.

Fig. 4. TORC dependent substrates. A schematic model of TOR signalling in
fission yeast. TORC1 specific control of Maf1 phosphorylation is shown in
green. TORC2 specific phosphorylation of Gad8 is shown in red. The ribosomal
protein S6 is regulated by both TORC1 and TORC2 and the AGC kinases Gad8
and Psk1.
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Western blotting
Total protein extracts were prepared by TCA precipitation (Caspari et al., 2000).
Gad8.HA was detected by anti-HA antibody (1:2000, Santa Cruz Biotechnology).
Gad8 was detected with antibodies raised to the first 60 amino acids of the N-
terminus of the protein, at 1:200 dilution. Phosphorylated Rps6 was detected by
Phospho-(Ser/Thr) Akt Substrate (PAS) Antibody (Cell Signalling) at 1:2000.
Total Rps6 was detected by anti-S6 antibody (Abcam) at 1:2000. Maf1.pk was
detected by anti-V5 antibody (AbDserotec) at 1:2000. Alkaline phosphatase
coupled secondary antibodies were used for all blots followed by direct detection
with NBT/BCIP (VWR) substrates on PVDF membranes. Phospho-Gad8.S546
antibodies were generated by Eurogentec.

Large scale native Gad8 IP for mass spectrometry
Cells were grown to 36106 cells/ml (20 litres) harvested and disrupted using a
Spex 6870 freezer mill in liquid nitrogen. The cell powder was thawed with IP
buffer (50 mM Tris pH 8.0, 1 mM EDTA, 20 mM sodium glycerol phosphate,
0.1 mM Na3VO4, 50 mM NaF, 1 mM PMSF, 150 mM NaCl, 0.2% Tween 20 and
Sigma protease inhibitor cocktail). The supernatant was incubated with Invitrogen
protein Dynabeads pre-coupled with anti-HA antibodies for 30 min at 4 C̊. Beads
were then washed three times with IP buffer and heated to 80 C̊ for 10 min to elute
the proteins. The samples were loaded on a NUPAGE Bis-Tris 4–12% gel
(Invitrogen). The gel was fixed with 7% acetic acid and 25% methanol and stained
by Brilliant blue. The entire lane was cut into small bands, before being sent for
protein identification. Mass spectrometry data were analysed by ScaffoldTM 3
software.
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