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Abstract

The cAMP-PKA pathway is the major glucose-sensing pathway that controls sexual
differentiation in Schizosaccharomyces pombe. Sequencing from the pkal locus of recessive sam
mutants, in which cells are highly inclined to sexual differentiation, led to the identification of
mutations in the pkal locus in sam5 (pkal-G441E) and sam7 (pkal-G441R). Rst2 and Stell
proteins were induced and localized to the nucleus of sam5 and sam7 mutants even under rich
glucose conditions, indicating that the function of Pkal was completely abolished by mutations.
Pkal-G441E and Pkal-G441R mutant proteins reside in the cytoplasm, even under glucose-rich
conditions, while wild-type Pkal resides in the nucleus, indicating that the functionality of Pkal is
important for its nuclear localization. This is supported by the observation that the Pkal-T356A
mutant, which partially lacks Pkal function, was localized to both the cytoplasm and the nucleus,
but an active phosphomimetic Pkal-T356D mutant prtotein was localized to the nucleus under
glucose-rich conditions. In addition to the basal phosphorylation of Pkal at T356,
hyperphosphorylation of Pkal was observed under glucose-starved conditions, and such
hyperphosphorylation was not observed in pkal-G441E, pkal-G441R, pkal-T356A or pkal-
T356D mutant. As these mutant proteins failed to interact with a regulatory subunit Cgsl,
hyperphosphorylation of Pkal mutant proteins was considered to be dependent on Cgsl interaction.
Consistent with a role for Cgsl in Pkal phosphorylation, we detected the formation of a Cgs1-Pkal
complex prior to Pkal hyperphosphorylation. Together, these results indicate that nuclear
localization of Pkal depends on its activity and hyperphosphorylation of Pkal depends on Cgsl

mteraction.
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Introduction

The fission yeast Schizosaccharomyces pombe undergoes sexual differentiation upon nutritional
starvation because such conditions induce the expression of genes that result in the enhanced
production of mating pheromones and their receptors. Cells recognize the pheromones secreted by
cells of the opposite mating type (4" or /") and elongate conjugation tubes toward each other. After
the fusion of mated cells, they proceed to karyogamy, pre-meiotic DNA synthesis, meiosis I,
meiosis I, and sporulation (Yamamoto 2003). Switching the cell cycle from mitosis to meiosis is
regulated by many factors with complex mechanisms. The cAMP-dependent protein kinase (PKA)
pathway is the major glucose-sensing pathway that regulates sexual differentiation through the
activation of PKA. The glucose signal is transferred from its receptor Git3 to a heterotrimeric
guanine nucleotide-binding protein (Gpa2, Git5 and Gitl 1) (Hoffman 2005; Welton and Hoffman
2000) by releasing o subunit Gpa2, which then activates adenylate cyclase (Cyrl) to generate
cAMP from ATP (Kawamukai et al. 1991). Cyr1 interacts with at least two associated proteins, Gitl
(Kao et al. 2006), which is required for glucose activation of Cyrl, and Capl, which assists Cyr1l
activity and also interacts with actin and 14-3-3 (Kawamukai et al. 1992; Zhou et al. 2000). The
cgsl gene of S. pombe encodes the regulatory subunit of PKA. Mutants defective in cgs/ are
partially sterile because of the constitutive activation of PKA. Intracellular cAMP levels positively
regulate Pkal activity (DeVoti et al. 1991), and cells with high Pkal activity are incapable of sexual
differentiation, whereas any manipulation that decreases the cAMP level or the PKA activity
propels cells toward sexual differentiation (Maeda et al. 1994). Sterility caused by higher cAMP
levels is reversed by the over-expression of mocl-moc4 genes, whose products are thought to
control Stell, a key transcription factor for meiosis, at the translational level (Goldar et al. 2005;
Kawamukai 1999; Paul et al. 2009; Yakura et al. 2006a). Under glucose-starved conditions, Pkal
resides in the cytoplasm, but it enters into the nucleus under nutrient-rich conditions (Matsuo et al.

2008) and phosphorylates the Zn-finger protein Rst2 that induces the expression of ste// (Higuchi
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et al. 2002; Kunitomo et al. 2000). In addition to the regulation of meiosis, PKA is involved in other
cellular processes including cell cycle control, cytoskeletal dynamics, metabolism, and
physiological stress responses (Mclnnis et al.). The cAMP-PKA pathway is known to be required
for the growth of cells in medium with high KCI (Yang et al. 2003).

PKA is a conserved serine or threonine kinase found among many organisms, including yeasts and
mammals. PKA is a heterotetramer formed by two regulatory (R) subunits and two catalytic (C)
subunits (Taylor et al. 1990). Binding of cAMP to the R subunit results in the release of C subunits.
When high glucose conditions allow the cAMP level to increase in fission yeast, the C subunit and
the R subunit both reside in the nucleus and are only diffusely present in the cytoplasm. When cells
are grown in a non-fermentable carbon source and the cAMP level is low, both subunits are largely
localized to the cytoplasm (Tudisca et al. 2010). In cells defective in cgs/, Pkal is concentrated in
the nucleus regardless of culture conditions, whereas in stationary phase, Pkal is distributed in the
cytoplasm (Matsuo et al. 2008).

PKA is synthesized as an inactive form that is activated by phosphorylation at amino acid residues
on an activation loop in mammals (Moore et al. 2002). The C subunit of mammalian PKA is
phosphorylated at two conserved amino acid residues, Thr-197 and Ser-338 (Yonemoto et al. 1997).
The Thr-197 residue is conserved in all known mammalian C-subunits and is analogous to the
fission yeast Thr-356 residue. However, the Ser-338 residue of the mammalian C-subunits is not
conserved in any of the yeast isozymes. Considering its homology with the mammalian protein, the
Thr-356 residue of the C-subunit from fission yeast was expected to be phosphorylated and is likely
phosphorylated by Ksgl (Tang and McLeod 2004). Substitution of alanine for Thr-356 resulted in
an unregulated Pkal phenotype (Tang and McLeod 2004), but the resulting substrate specificities or
catalytic activities have not been measured. It was recently shown that Pkal is hyperphosphorylated,
presumably at residue(s) other than Thr-356, when cells are either depleted of cAMP or grown

under glucose-limited conditions. Although Cgsl was shown to be required for this
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hyperphosphorylation (Mclnnis et al. 2010), the significance of Pkal hyperphosphorylation was not
clear.

Nine sam (skips starvation for mating) mutants that entered sexual differentiation in the absence of
nutritional starvation were previously reported (Katayama et al. 1996). Among these, sam4 was
identified as carrying a nonsense allele of rad24 (Oowatari et al. 2009). Two RNA binding proteins,
Msal and Msa2, which negatively regulate sexual differentiation, were isolated as suppressors of
saml (Jeong et al. 2004a; Jeong et al. 2004b). Through analysis of sam3 and sam9, slal was
identified as an inducer of sexual differentiation and zds/ as shown to be involved in both sexual
differentiation and CaCl, tolerance (Tanabe et al. 2003; Tanabe et al. 2004).

In this paper, both sam5 and sam7 mutants are demonstrated to carry missense alleles of pkal. A
point mutation in the conserved amino acid residues of the pkal locus of sam5 and sam7 mutants
caused the downregulation of Pkal biological activities and defects in both Pkal
hyperphosphorylation and its interaction with a regulatory subunit, Cgsl. In addition, it was found
that the Thr-356 residue of the activation loop of Pkal is important for its nuclear localization,
binding to Cgs1 and that the binding of Cgsl is required for the hyperphosphorylation of Pkal. We
demonstrate here that the activity of Pkal is important for nuclear localization of Pkal and Pkal is

hyperphosphorylated after binding with Cgs1.

Materials and methods

Media and genetic manipulations

Standard yeast culture media and genetic manipulations were used as described previously (Alfa et
al. 1993). The S. pombe strains were grown in YES medium (0.5% yeast extract, 3% glucose, and
225 mg/liter adenine, histidine, leucine, uracil, and/or lysine hydrochloride), YES glucose-poor

medium (only glucose concentration (0.1%) is different from YES) or Pombe Minimum (PM)
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medium (0.3% potassium hydrogen phthalate, 0.22% sodium phosphate, 0.5% ammonium chloride,
and 2% glucose, vitamins, minerals, and salts), supplemented with 0.0075% adenine, leucine,
and/or uracil when necessary. PMAU contains adenine and uracil in PM. Nitrogen-free PM
medium (1% glucose without ammonium chloride) was used to culture S. pombe when the mating
efficiency was measured. Electroporation was used to transform yeast cells (Prentice 1992).
Escherichia coli DH50. was grown in Luria-Bertani (LB) medium (1% polypeptone, 0.5% yeast
extract, 1% sodium chloride, pH 7.2) and was used as a host for all plasmid manipulations using

standard methods as described (Sambrook et al. 1989).

Plasmid construction

The pSLF372(L)-pkal plasmid was constructed by amplifying the pkal gene with the PkalF-Bg/ll
and PkalR-Norl primers listed in supplementary Table 1. The PCR product was then digested with
Bg/ll and Nofl and inserted into pSLF372(L) plasmid, which has an nmt81 promoter and three
copies of the HA epitope in its C-terminal region. To construct pSLF172 (L)-pkal plasmid, the
pkal gene from the plasmid pSLF372(L)-pkal was digested with the restriction enzymes Bg/Il and
Notl. The digested fragment was cloned into the Bg/ll and Nofl sites of pSLF172 (L) that are
located in the downstream of nmtl promoter region. The nucleotide sequences of the constructed

plasmids were verified by restriction digestion and DNA sequence analysis.

Strain construction

The S. pombe strains used in the study are listed in Table 1. Tag-integrated versions of pkal-13Myc,
cgs1-3HA, rst2-3HA, gpd1-3HA and stell-GFP genes were generated by a PCR-based method
(Krawchuk and Wahls 1999). To construct the sam5-pkal -13Myc and sam?7-pkal-13Myc strains,
the pkal locus of wild-type strain SP870 covering the mutation site was amplified using the primers

Pkal-W/Pkal-X. Similarly, the pkal(G13224)-13Myc and pkal(G13214)-13Myc strains were
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constructed by amplifying the pkal locus from sam5(G13224) and sam7(G13214) mutants,
including the mutation site, using the primers Pkal-W/Pkal-X. The amplified fragments were
attached to the end of the kanMX6 module by PCR using pFA6a-13Myc-kanMX6. The wild-type
strain SP870 was transformed with the tagged DNA fragments from each of the second PCR
products and G418-resistant transformants were selected. Proper integration was verified by
western blotting and DNA sequencing. The resulting strains were named DRG15 and DRG17. The
Pkal-T356A and Pkal-T356D mutants were constructed by amplifying the 500 bp of pkal gene
from the 3’ region of pSLF172L-pkal™”*" and pSLF172L-pkal™”*, which carries the T356A and
T356D mutations, using the respective primers. The downstream fragment of the pkal gene was
amplified as for DRG15 or DRG17 mutants. Both fragments were attached to the kanMX6 module

by PCR using pFA6a-13Myc-kanMX6.

Mating and sporulation efficiency assay
The mating and sporulation efficiency was calculated using the following equation: Mat (%) = (2Z
+ 24 + 0.58)/(H + 2Z + 24 + 0.5S), where Z stands for the number of Zygotes, 4 for the number of

asci, S for the number of free spores, and H for the number of cells that failed to mate.

Western Blotting

Protein extraction for western blotting was performed by the alkali-SDS method (Matsuo et al.
2006) and the boiling SDS-glass bead method (Yakura et al. 2006b). Mouse monoclonal anti-HA,
and anti-Myc, and rabbit polyclonal anti-PSTAIRE (Cdc2) antibodies were purchased from Santa

Cruz Biotechnology (Santa Cruz, CA).

Co-immunoprecipitation

S. pombe cells were grown in YES and/or YES glucose-starved (0.1% glucose) medium to the mid-
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logarithmic phase, and then harvested (2x10° cells) by centrifugation and washed once with ice-
cold stop buffer (150 mM NaCl, 50 mM NaF, 10 mM EDTA, and 1 mM NaN3, pH 8). The cells
were then lysed in 100 pL ice-cold lysis buffer [SO mM Tris, 150 mM NaCl, 0.8% Nonidet-P40, 5
mM EDTA, 10% glycerol, 1 mM phenylmethanesulfonyl fluoride (PMSF), and protease inhibitor].
The samples were vortexed vigorously with 0.5 mm diameter zirconia/silica beads using a bead
homogenizer at 2,500 rpm for 3 min. After centrifugation (10,000-x g for 15 min at 4 C), the
protein concentration in the supernatant was estimated. Co-immunoprecipitation was carried out as

previously described (Paul et al. 2009).

Indirect immunofluorescence

Indirect immunofluorescence was performed by fixing the cells in 3.7% formaldehyde, as
described previously (Matsuo et al. 2011). Cell walls were digested with 0.3 mg/ml zymolyase
100T (Seikagaku) at 37°C for 30~40 minutes. Cell pellets were permeabilized using 1.0% Triton X-
100 and then incubated with the first antibody (anti-HA or anti-Myc) overnight at 30 C and,
subsequently, with the secondary antibody (Alexafluor 488 goat anti-mouse I1gG). To visualize the

nucleus, cells were stained with 0.1% DAPL

Fluorescence microscopy

Fluorescence microscopy was performed using a BX51 microscope (Olympus, Tokyo, Japan).
Images were captured using a digital camera DP70 (Olympus).

Results

Identification of sam5 and sam?7 mutants carry mutations of pkal alleles
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All nine sam mutants were growth inhibited on medium containing 1 M KCl and underwent sexual
differentiation despite the presence of a high glucose concentration in the medium (Oowatari et al.
2009). Because the cAMP-PKA pathway is required for the survival of S. pombe cells under high-
salt conditions (Yang et al. 2003), and a pkal deletion mutant showed a hyper mating tendency in
the nutrient-rich medium (Maeda et al. 1994), it is possible that one or more of the sam mutants
carry a mutant allele of pkal. Genomic DNAs were isolated from the recessive sam mutants and
the pkal locus was amplified using a set of primers used for sequencing pkal. Both sam5 and sam7
mutants contained a single nucleotide change at the pkal locus that changed the codon for amino
acid glycine 441. A G to A transition at base pair 1322 was found in the pkal gene of the sam5
mutant that changed a glycine to glutamic acid (G441E), and a G to A transition at base pair 1321
nucleotide mutation was found in the pkal gene of the sam7 mutant that changed a glycine to

arginine (G441R).

Suppression of sam5 and sam7 mutants by pkal

To test whether the pkal mutations found in sam5 and sam7 mutants were the cause of the
phenotypes observed, pkal was expressed from a plasmid to determine if it suppressed the
phenotypes of sam5 and sam7 mutants. The sam5 and sam?7 mutants that expressed pkal grew well
on PMAU containing 1.0 M KCl, whereas the same cells harboring a control plasmid did not (Fig.
1A). Expression of pkal lowered the mating efficiency of sam5 and sam7 mutants and cells
became elongated upon expression of pkal (Fig. 1 B and C). The phenotypes were typical for high-
levels of expression of pkal. Next, the pkal loci of sam5 and sam7 mutants were replaced with
wild-type pkal”. Consequently, the KCl sensitivity and hyper mating phenotypes were reversed in
strains DRG25 (pkal") and DRG27 (pkal") (Fig. 2 A and data not shown), indicating that the sam5

and sam7 phenotypes were caused by mutant pka/ alleles.
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Pkal protein was synthesized in sam5 and sam7 mutants

To determine whether the Pkal protein was synthesized in samJ5 and sam7 mutants, the pkal loci of
sam5 and sam7 mutants were introduced into the wild-type background using a PCR-mediated
method and, concomitantly, the Pkal C-termini were tagged with 13Myc. Wild-type S. pombe cells
containing Pkal-G441E or Pkal-G441R mutations were growth inhibited on medium with 1 M
KCI (Fig. 2 A). The mating efficiencies of the DRG15 (pkal-G441E) or DRG17 (pkal-G441R)
strains growing on YES rich medium were measured by counting the cells using a microscope.
Unlike the wild-type cells, pkal-G441E or pkal-G441R mutant cells conjugated and sporulated at a
high frequency like other sam mutants (Fig. 2 B). To examine the Pkal protein expression of the
newly constructed mutants, crude protein was extracted from the wild-type, DRG15 (pkal-G441E)
and DRG17 (pkal-G441R) strains and analyzed using a 10% SDS-polyacrylamide gel. An anti-
Myc antibody was used to detect the Pkal protein, which was found to be present in crude extracts
from both mutants as well as the wild type (Fig. 2 C). Thus, the pkal mutations sam5 and sam?7 did

not affect Pkal protein synthesis but somehow altered protein function.

Stel1 is constitutively expressed in pkal-G441E and pkal-G441R mutants

Stell is the key transcriptional factor for the onset of meiosis in fission yeast. Stell shuttles
between the cytoplasm and the nucleus, and it is present in the cytoplasm under nutritionally-rich
conditions (Higuchi et al. 2002; Kunitomo et al. 2000). The mating pheromone and nutrient
starvation induce the expression of Stell and trigger its accumulation in the nucleus (Qin et al.
2003). To determine Stell expression and localization in pkal mutants, Stell was tagged with

GFP at its C-terminus in wild-type, samJ5, and sam7 mutants. In wild-type cells growing on rich
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medium, Stell was found in the cytoplasm and the GFP signal was weak. In sam5 and sam7
mutants, Stell accumulated in the nucleus, even in nutrient-rich medium, and showed a strong GFP
signal. However, under starved conditions, all 3 strains showed a nuclear GFP signal
(supplementary Fig. 1 A). In sam5 and sam7 mutants GFP signals were stronger than in wild type,
which led us to test Stell protein levels. Cells were grown on nitrogen-free medium to induce
mating and samples were collected at different times to examine the expression of Stell protein in
wild type, sam5, and sam7. Stell expression was induced at a higher level in sam5 and sam7
mutants, even at 0 hour of nitrogen starvation, than in wild-type cells (supplementary Fig. 1 B).
Thus, in sam5 and sam7 mutants, Pkal inactivation resulted in a higher expression of Stell even
under nutrient-rich conditions, providing additional evidence that Pkal is non-functional in sam5

and sam7 mutants.

Pkal-G441E and Pkal-G441R mutations affect the phosphorylation and localization of Rst2 under

nutrient-rich conditions

Rst2 is a transcription factor that is required for the expression of ste// under glucose-starved
conditions. Pkal negatively regulates Rst2 by causing it to be excluded from the nucleus, thereby
inhibiting the expression of ste//. The Rst2 protein becomes hyperphosphorylated under de-
repressed conditions and Pkal inhibits this hyperphosphorylation (Higuchi et al. 2002). The Rst2
phosphorylation state of pkal-G441E and pkal-G44IR mutants under glucose starvation was
analyzed. Rst2 from Apkal cells, as well as pkal-G441E and pkal-G441R mutants grown on
glucose-rich medium, was phosphorylated, whereas Rst2 from wild-type cells was not
(supplementary Fig. 2A). Under glucose-starved conditions, Rst2 was hyperphosphorylated in all
strains, including the wild type. Indirect immunofluorescence was used to determine the sub-

cellular localization of Rst2 under nutrient-rich and nutrient-poor conditions. Under nutrient-rich
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conditions, Rst2 was localized to the cytoplasm in wild-type cells; however, in pkal-G441E and
pkal-G44IR mutants, Rst2 was localized to the nucleus, as found for the Apkal strain
(supplementary Fig. 2B). Rst2-3HA from all strains was localized to the nucleus under nutrient-
starved conditions (data not shown). Thus, Rst2 expression and localization in the pkal-G441FE and
pkal-G441R mutants displayed a pattern similar to that in Apkal cells, which again suggests that
pkal is non-functional in pkal-G441E and pkal-G441R mutants and that the changed amino acids

are critical for Pkal function.

Pkal protein remains in the cytoplasm in pkal-G441E and pkal-G441R mutants under nutrient-

rich conditions

Cells growing in high glucose medium generate cAMP, which causes nuclear import of Pkal
(Matsuo et al. 2008). The localization of Pkal-G441E and Pkal-G441R proteins was analyzed
using indirect immunofluorescence microscopy. The cells were fixed with formaldehyde and
stained with DAPI and anti-Myc antibodies directed against the wild type, pkal-13Myc, pkal-
G441E-13Myc, and pkal -G441R-13Myc strains. The fluorescence of Pkal-13Myc from the wild-
type cells was concentrated in the nucleus under nutrient-rich conditions. However, the Pkal-
13Myc fluorescence was detected throughout the cytoplasm in pkal-G441E-13Myc and pkal-
G441R-13Myc strains under the same conditions (Fig. 3A) When the wild-type cells were starved
for glucose, Pkal protein showed a cytoplasmic distribution. The results demonstrated that Pkal-
G441E and Pkal-G441R mutations affect the nuclear localization of Pkal protein even under
glucose-rich conditions and suggested that the activity of Pkal is important for its nuclear

localization.

Pkal-G441E and Pkal-G441R mutations affect the phosphorylation of Pkal
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Pkal is hyperphosphorylated under conditions of glucose starvation (data not shown and Mclnnis
et al. 2010). To learn whether these mutations affect the hyperphosphorylation of Pkal-G441E and
Pkal-G441R, the phosphorylation states of Pkal in pkal-G441E and pkal-G441R mutants were
examined. Cells were cultured on YES medium containing 0.1% glucose and protein extracts were
prepared at different times and analyzed by SDS-PAGE. The Pkal-G441E and Pkal-G441R
proteins were not hyperphosphorylated under glucose starvation even after a long incubation time,
whereas the wild-type Pkal became phosphorylated under the same conditions (Fig. 3B). Thus, the

inactivation of Pkal by G441 mutation abolished the phosphorylation of Pkal.

Involvement of the Pkal-T356 residue in Pkal function and phosphorylation

Mammalian C subunits of PKAs are regulated by the phosphorylation of T197 residue on the
activation loop. In fission yeast, the phosphorylation of Pkal-T356 corresponding to mammalian
T197 was identified by wide-range mass spectrometric analysis (Seidler et al. 2009). Substitution of
Thr-356 with alanine was previously shown to inactivate Pkal function (Tang and McLeod 2004).
The role of Thr-356 in Pkal function was reexamined by creating pkal-7356A4 and pkal-T356D
mutants. The pkal-T3564 mutant conjugated on rich medium with a higher mating efficiency than
that found for wild-type cells (9.34% versus 1.03% on glucose-rich medium). Conversely, the
pkal-T356D mutant (to mimic a constitutively phosphorylated site) showed vegetative growth in
glucose-rich medium and had a slightly lower mating efficiency than the wild type on glucose-rich
medium (Fig. 4A and B). The growth of the pkal-7T3564 mutant was inhibited on medium
containing 1.2 M KCl, whereas the pkal-T356D mutant was resistant to KCl in medium containing
1.6 M KCl (Fig. 4C), which confirmed the importance of the phosphorylation state of T356 in the

control of Pkal function.

12
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To test whether this mutation also affected the hyperphosphorylation of Pkal that is induced by
glucose starvation, wild-type, pkal-T3564, and pkal-T356D strains were grown on YES medium
to mid-log phase and then shifted to YES medium containing 0.1% glucose to induce glucose
starvation. Samples were collected after six hours and the phosphorylation of proteins was
determined by SDS-PAGE and western blotting. The Pkal protein was not shifted at O hr of
starvation (Fig. 4D) but after 6 hr it was shifted to a higher molecular weight, while Pkal-T356A
and Pkal-T356D were not. This finding suggested a role for T356 in the starvation-induced
hyperphosphorylation of Pkal.

As shown in Fig. 3A, inactive Pkal was found largely in the cytoplasm. The localization of Pkal-
T356A and Pkal-T356D proteins was then assessed using indirect immunofluorescence
microscopy with an anti-Myc antibody and DAPI staining. Pkal-13Myc fluorescence was detected
throughout the cytoplasm and in the nucleus in the pkal-73564 mutant when cells were grown
under glucose-rich conditions. Interestingly, the fluorescence of Pkal-13Myc in the pkal-T356D
mutant was concentrated in the nucleus when cells were grown under glucose-rich conditions and it
showed a cytoplasmic distribution under glucose-starved conditions. The localization of Pkal-
T356D resembled that of wild-type Pkal (Fig. 4E). The results showed that T356 is a critical amino
acid residue for the regulation of Pkal and that the activity of Pkal is important for its nuclear

import but not for export upon starvation.

Wild-type Pkal cannot restore the function of mutant forms of Pkal

The findings that inactive Pkal-G441E/G441R mutant proteins were localized to the cytoplasm
and the active Pkal-T356D mutant protein was localized to the nucleus led us to test the possibility
of whether wild-type Pkal could reverse the nuclear localization of G441E/G441R. Wild-type Pkal
was exogenously expressed in the DRGI1S (pkal-G441E-13Myc) and DRG17 (pkal-G441R-

13Myc) strains that endogenously expressed 13Myc-tagged mutant Pkal proteins. Indirect
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immunofluorescence revealed that exogenously supplied wild-type Pkal was unable to change the
nuclear localization of Pkal mutant proteins under glucose-rich conditions. Mutant Pkal proteins
were distributed throughout the cytoplasm (Fig. SA). The same transformants were cultured on
PMAU medium, shifted to PMAU medium containing 0.1% glucose, and samples were collected.
As shown in Fig. 5B, the mutant Pkal proteins were not hyperphosphorylated even after expressing
wild-type Pkal. Note that the expression of wild-type Pkal in these mutants restored their
phenotypes, as in Fig. 1. These observations indicated that G441/G441R were inactive forms
regardless of the presence of active Pkal and also suggested that Pkal is not the kinase that

hyperphosphorylates Pkal.

Interaction of the regulatory subunit with the catalytic subunit in mutant strains

The catalytic subunit of PKA binds with its regulatory subunit when cAMP is absent or under
glucose-starved conditions. Pkal and Cgsl should interact with each other in cells grown on
glucose-limited medium. To observe the effect of Pkal mutations on Pkal interaction with the
regulatory subunit, a co-immunoprecipitation experiment was performed. Cell extracts were
prepared from DRG21C (pkal-13Myc, cgsi-3HA), DRG356DC (pkal-T356D-13Myc, cgsi1-3HA),
DRG356AC (pkal-T356A4-13Myc, cgsl-3HA), DRG15C (pkal-G441E-13Myc, cgsl-3HA), and
DRGI7C (pkal-G441R-13Myc, cgsl-3HA) strains, which were grown on YES medium until mid-
log phase and then shifted to YES medium containing 0.1% glucose. The wild-type Pkal-13Myc
protein co-immunoprecipitated with Cgs1-3HA in wild-type cells but not in any of the pkal
mutants (Fig. 6A). In a reverse experiment, the Cgs1-3HA protein was coimmunoprecipitated with
the wild-type Pkal-13Myc protein but not with any of the Pkal mutant proteins, which shows that
the hyperphosphorylation of Pkal and its interaction with Cgsl1 is interrelated.

To further confirm the requirement of Cgsl binding for the hyperphosphorylation of Pkal, we

performed the coimmunprecipitation experiment in Pkal-13Myc, Cgs1-3HA doubled tagged strain
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at different time points after glucose starvation. As shown in Fig. 6B the hyperphosphorylated Pkal
protein was found after 3 hr of glucose starvation and the coimmunprecipitation with Cgsl was
observed after 1 hr of glucose starvation. In a reverse experiment, the coimmunprecipitation of
Pkal with Cgsl was observed after 1 hr of glucose starvation (Fig. 6B), prior to Pkal
hyperphosphorylation. Thus, these studies clearly demonstrate that the formation of a Pkal-Cgsl
complex precedes the hyperphosphorylation of Pkal. All results consistently indicate that the

hyperphosphorylation of Pkal occurs after Pkal- Cgs1 complex formation.

Discussion

Identification of pkal mutants.

The cAMP-PKA pathway plays a central role in the transmission of glucose signals to the
expression of genes under the control of transcription factor Stell in S. pombe Pkal (Hoffman
2005; Maeda et al. 1994), the catalytic subunit of cAMP-dependent protein kinase, is a tightly
regulated enzyme that has multiple roles in growth regulation, transcription and metabolism
(Gibson and Taylor 1997). Disruption of pkal slows cell growth but is not lethal in S. pombe;
whereas, at least one of three C subunits of PKA variants in S. cerevisiae is required for survival
(Toda et al. 1987). This difference makes S. pombe more tractable for the functional analysis of
PKA. From the analysis of sam mutants, which do not need to undergo starvation for mating
(Oowatari et al.; Oowatari et al. 2009), non-functional pkal mutations in sam5 and sam7 mutants
were identified (Fig. 1). Despite the importance of the role of Pkal in fission yeast, mutational
analysis of pkal has not been extensively pursued. The finding that sam5 and sam?7 mutants possess
a missense allele (G441E and G441R) of pkal has provided a way to study the regulation of Pkal.
Since the same amino acid is altered in sam5 and sam?7, glycine 441 must be important for Pkal
function. When the pkal locus was replaced with either a pkal-G441E or a pkal-G441R mutant

gene in wild-type cells, the phenotypes were indistinguishable from those of sam mutants,
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confirming that samJ5 and sam7 phenotypes are caused by mutations in pkal (Fig. 2). In sam5 and
sam7 mutants, Stell and Rst2 were localized to the nucleus, even under glucose-rich conditions,
and Rst2 was hyperphosphorylated. These results were consistent with the results obtained with a
pkal deletion mutant (Higuchi et al. 2002) and indicated that Pkal activity should be very low in
pkal-G441F and pkal-G441R mutants.

Distribution of Pkal

Activation of PKA is mediated by increases in the concentrations of cAMP that result in the release
of the catalytic subunit. PKA is then imported into the nucleus where it regulates the expression of
its substrates. It has been shown that, under glucose-limited conditions, both Pkal and Cgsl are
distributed in both the cytoplasm and the nucleus (Matsuo et al. 2008). In cells lacking Cgs1, Pkal
is primarily concentrated in the nucleus and displays only a diffuse staining pattern in the cytoplasm.
Similarly, under glucose-rich conditions, both subunits are concentrated in the nucleus, with a
diffuse distribution in the cytoplasm; however, the nuclear localization of Pkal is independent of
Cgsl. We found that the inactive Pkal-T356A protein resides in both the cytoplasm and the nucleus,
even under glucose-rich conditions (Fig. 4). Pkal-T356A retained some activity, as judged by the
phenotypes of its mutants, and its nuclear exclusion was incomplete. Conversely, the active Pkal-
T356D protein was completely localized to the nucleus. These observations suggest that Pkal
protein activity is important for its nuclear import and are consistent with the observation that the
G441E and G441R Pkal mutations block the nuclear localization of Pkal. However, how this is
controlled is not clear. Autoregulatory mechanisms of Pkal are unlikely because the expression of
wild-type Pkal did affect the localization of Pkal- G441R (Fig. 5).

Interaction of Pkal and Cgsl

Pkal interacted with Cgsl in wild-type cells grown under glucose-starved conditions. However,
Pkal-T356A, which lacks Pkal activity, did not interact with Cgsl. This defect could not be

ascribed to a defect in the interaction between Pkal and Cgsl, as Pkal-T356D, an active form, also
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failed to interact with Cgsl under conditions of glucose starvation. These results indicated that
phosphorylation at T356 is important for the interaction of Pkal with Cgsl. In S. cerevisiae,
interactions between catalytic and regulatory subunits of PKA depend on a conserved phospho-Thr-
241 in Tpkl when cAMP levels are low. A substitution of Thr-241 with alanine reduced binding
between catalytic and regulatory subunits, but substitution of Thr-241 with aspartate did not (Levin
and Zoller 1990). Although the fission yeast Pkal-T356D mutant is active as a kinase, it may not
completely mimic Pkal in its ability to bind to the R-subunit. The Thr-197 residue of the
mammalian C-subunit of PKA is located in region that makes contact with the R- subunit, and this
region is important for both the activity of the R-subunit and its interaction with the C-subunit. Our
results suggest that Thr-356 of Pkal is important for both its activity and interaction with Cgsl in
fission yeast; however, the loss of the interaction between the C and R subunits observed in the
Pkal-G441E and G441R mutant might require another explanation. The Pkal-T356D G441R
double mutant integrated at the chromosomal locus displayed a phenotype indistinguishable from
that of the Pkal-G441R mutant (data not shown), indicating that the G441R mutation at least did
not block the T356 site. Gly-441 in Pkal is part of the catalytic sub-domain XI, which is known as
a COOH terminal boundary region according to the classification of protein kinase superfamily
(Hanks and Hunter 1995). However, the function of this boundary domain is poorly defined. We
found that this region was important for both Pkal activity and its interaction with the R-subunit.
The corresponding residue (Gly-282) is conserved in mammalian C-subunits and the three
dimensional structure of mammalian PKA complex shows that sub-domain XI is located at the
interaction surface with the R-subunit (Kim et al. 2007). Sub-domain XI of the G441R mutant
might be too disordered to serve as a scaffold for the R-subunit.

Phosphorylation of Pkal

Tang and McLeod showed that the upper band shift of Pkal on an SDS-PAGE gel was abolished

in a ksgl mutant and also by the T356A mutation (Tang and McLeod 2004), demonstrating that
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Thr-356 of Pkal is phosphorylated by Ksgl (a phosphoinositide-dependent protein kinase).
Mclnnis et al. reported that Pkal was hyperphosphorylated in a cyr/ deletion mutant and that the
hyperphosphorylated form was even more abundant in cells grown under glucose-starved
conditions or in stationary phase (Mclnnis et al. 2010). They also found no band shift of Pkal in
cells grown on glucose rich medium. The results presented in the present study are consistent with
those of Mclnnis et al. A clear band shift of Pkal was observed in cells grown under glucose-
starved conditions, but not in cells grown under glucose rich conditions. We found that substitution
of Thr-356 with alanine abolished the band shift of Pkal in cells grown under conditions of glucose
starvation, and also we observed that the upper band shift of Pkal found after glucose stravations
was abolished in a ksg/ mutant (data not show), which confirms the results of Tang and McLeod
with the notable exception that they used glucose rich medium. If stationary phase cells had been
used, a Pkal band shift would have been observed in their experiments, but the interpretations of a
Pkal band shift would have been different. Our results indicate that the idea describing
phosphorylation of Thr-356 of Pkal by Ksgl was prematurely concluded by Tang and McLeod.
Since wide-range proteomic analysis identified the phosphopeptide containing Thr-356 (Wilson-
Grady et al. 2008) as the sole phosphopeptide in Pkal, Thr-356 is apparently the major
phosphorylation site of Pkal in fission yeast. However, our results and the results of Mclnnis et al.
suggested that the upper band shift of Pkal cannot be ascribed to phosphorylation of Thr-356 for
the reasons listed below. Under glucose-starved conditions, Pkal and Cgsl form a holoenzyme
complex in which Pkal is hyperphosphorylated, as indicated by the band shift and also the
hyperphosphorylation of Pkal occurs only after Pkal- Cgsl complex formation (Fig. 6). Deletion
of Cgsl results in a loss of its interaction with Pkal, and Pkal protein is not hyperphosphorylated
under this condition; however, it remains sufficiently active for the execution of its function as a
protein kinase. If the detected band shift is caused by the phosphorylation of Thr-356 and the lower

band is the dephosphorylated form, it would contradict the observed state of Pkal activity. The
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three dimensional structure of the PKA holoenzyme also predicts that Thr-356 is located on the
surface that makes contact with the R subunit (Kim et al. 2007). Furthermore, the Pkal mutant
proteins, such as G441R, G441E, T356A, and T356D that failed to interact with Cgsl were not
hyperphosphorylated under glucose-starved conditions. In mammals, Thr197 is constitutively
phosphorylated, but is not detected as an upper band shift during SDS-PAGE. Those obsevations
strongly suggest that the hyperphosphorylation of Pkal detected as an upper band shift after

binding with Cgs1 is an inhibitory phosphorylation of Pkal.

Conclusions

This study demonstrates that Thr-356 phosphorylation in the activation loop of Pkal is important
for Pkal activity and that its activity is required for its nuclear localization. Pkal-Thr-356 is also
critical for binding of Pkal to its regulatory subunit Cgs1. The Gly-441 residue plays an important
role for both Pkal activity and its binding to Cgs1. Hyperphosphorylation of Pkal occurs after
complex formation with Cgsl. Fission yeast Pkal is regulated spatially and physically by glucose

signaling and phosphorylation.
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Figure legends

Fig. 1. Suppression of sam5 and sam?7 by the expression of pkal.

(A) The pkal gene was expressed in HS422 (sam5) and HS426 (sam7) mutants. Each strain
harboring pSLF172L (vector) or pSLF172L-pkal was grown under repressed and de-repressed
conditions and spotted on PMAU and PMAU containing 1 M KCI to assess KCl sensitivity. (B)
Transformants were observed under a microscope. (C) Mating efficiencies (%) of the same strains

were measured.

Fig. 2. Phenotypes of the pkal single mutant.

(A) KCl sensitivity of wild type and different pkal mutants was tested. Cells were streaked on YES
and YES containing 1 M KCI and incubated at 30C for5 days. (B) DRG21 (pkal-13Myc), DRG15
(pkal-G441E-13Myc) and DRGI17 (pkal-G441R-13Myc) strains grown under glucose-rich
medium were observed by microscopy and their mating efficiencies were measured. (C) The Pkal
protein in DRG21, DRG15, and DRG17 strains was detected by western blotting. Cell extracts
prepared from indicated strains were analyzed on a 10% polyacrylamide gel and the Pkal-13Myc

protein was detected using an anti-Myc antibody.

Fig. 3. Localization and phosphorylation of Pkal in wild type, sam5, and sam?7 mutants.

(A) DRG21 (pkal-13Myc), DRG15 (pkal-G441E-13Myc) and DRG17 (pkal-G441R-13Myc)
strains were grown on YES or glucose-depleted YES medium and indirect immunofluorescence
was performed with anti-Myc antibody as described in Fig. 4B. (B) Cell extracts were prepared
from DRG21 (WT pkal-13Myc), DRGI15 (pkal-G441E-13Myc), and DRG17 (pkal-G441R-
13Mpyc) strains at indicated time of glucose starvation and subjected to SDS-PAGE as described in
Fig. 4A. Pkal-13Myc protein was detected using an anti-Myc antibody. Anti-tubulin was used as

an internal loading control.
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Fig. 4. Phenotype, phosphorylation, and localization of Thr-356 residue of Pkal under
glucose starvation.

(A) Phenotype of Pkal-T356D and Pkal-T356D mutants. DRG21 (WT; pkal-13Myc), DRG356D
(pkal-T356D-13Myc) and DRG356A (pkal-T356A-13Myc) strains were grown on YES medium
plates and photographs were taken after two days of incubation. (B) Mating efficiency of the pkal
mutants. Cells were cultured on PMALU medium and then shifted to PMALU medium containing
1% glucose without nitrogen and incubated for 24 hours. Cells were fixed with formaldehyde and
mating cells were counted using a microscope. (C) KCI sensitivity. Cells were grown in YES
medium to mid-log phase, synchronized at 1 x 10’ /ml, spotted on YES plates containing different
concentrations of KCIl, and then incubated for 5 days. A sty/ mutant was included as a negative
control. (D) Phosphorylation of T356 under glucose starvation. Cell extracts were prepared from
DRG21 (WT; pkal-13Myc), DRG356D (pkal-T356D-13Myc) and DRG356A (pkal-T3564-
13Mpyc) strains and loaded on SDS-PAGE. Proteins were detected using an anti-Myc or anti-tubulin
antibody. (E) DRG356D (pkal-1356D) and DRG356A (pkal-T356A4) mutant cells were grown on
YES or YES containing 0.1% glucose medium and indirect immunoflourescence was performed

with an anti-Myc antibody.

Fig. 5. Effect of expressing wild type Pkal in pkal mutants.

(A) Localization of mutant Pkal proteins in RDG15 (Pkal-G441E) and DRG17 (Pkal-G441R)
strains expressing the wild type Pkal on a plasmid (pSLF172L-pkal). Localization of Pkal
proteins was observed by indirect immunofluorescence micrsoscopy using an anti-Myc antibody as
in Fig. 4B. (B) Phosphorylation of mutant Pkal proteins in cells expressing the wild type Pkal. Cell
extracts were prepared as described in Materials and methods and subjected to SDS-PAGE for

Western blot analysis.
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Fig. 6. Phosphorylation at T356 is important for interactions between catalytic and
regulatory subunits.

Cell extracts were prepared from DRG21C (pkal-13Myc, cgs1-3HA), DRG356DC (pkal-T356D-
13Myc, cgsl-3HA), DRG356AC (pkal-T356A4-13Myc, cgsl-3HA), DRGI5C (pkal-G441E-
13Myc, cgs1-3HA), DRG17C (pkal-G441R-13Myc, cgs1-3HA), and SP870 (wild-type). All strains
were grown in YES medium to mid log phase and then shifted to YES medium containing 0.1%
glucose. Cell extracts were incubated with an HA antibody and a Myc antibody. Protein G
Sepharose beads were added to the mixtures to co-immunoprecipitate Pkal, and protein A
Sepharose beads were added to coimmunoprecipitate Cgsl. The co-immunoprecipitated proteins
were analyzed by western blotting using an anti-Myc or an anti-HA antibody. (B) Cell extracts were
prepared from DRG21 strain at the indicated times and coimmunoprecipitation was performed as
described above. Proteins were detected by an anti-Myc or an anti-HA antibody. * indicates a

nonspecific background protein.
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Table 1. S. pombe strains used in the study.

SP870
HS422
HS426
17633
TK105
DRG15
DRG17
DRG21
DRG21C
DRG25
DRG27
DRG70
DRGI15R
DRG17R
DRG74
DRGS50
DRGS5
DRGS57
DRG15C
DRG17C
DRG356A
DRG356D

" ade6-210 leul-32 ura4-D18

h” ade6-216 leul-32 ura4-D18, sam5

h* ade6-216 leul-32 ura4-D18, sam?7

hP ade6-216 leul-32 ura4-D18 pkal:ura4

1 lewl-32 ura4-D18 styl -:urad

1" ade6-210 leul-32 ura4-D18 pkal-G441E-13Myc- kanMX6

1" ade6-210 leul-32 ura4-D18 pkal-G441R-13Myc- kanMX6

1" ade6-210 leul-32 ura4-D18 pkal-13Myc-kanMX6

1 ade6-210 leul-32 ura4-D18 pkal-13Myc-kanMX6 cgs1-3HA-hphMX6

1" ade6-216 leul-32 ura4-D18 sam5-pkal *-13Myc- kanMX6

1" ade6-216 leul-32 ura4-D18 sam7-pkal *-13Myc- kanMX6

1 ade6-210 leul-32 ura4-D18 rst2-3HA-hphMX6

1" ade6-210 leul-32 ura4-D18 pkal-G441E-13Myc-kanMXG6 rst2-3HA-hphMX6
1" ade6-210 leul-32 ura4-D18 pkal-G441R-13Myc-kanMXG6 rst2-3HA-hphMX6
1" ade6-216 leul-32 ura4-D18 pkal ::urad rst2-3HA-hphMX6

1" ade6-210 leul-32 ura4-DI8 stell-GFP-kanMX6

1" ade6-216 leul-32 ura4-DI8 stell-GFP-kanMX6 sam35

1 ade6-216 leul-32 ura4-D18 stell-GFP-kanMX6 sam7

1" ade6-210 leul-32 ura4-D18 pkal-G441E-13Myc-kanMXG6 cgsI-3HA-hphMX6
1" ade6-210 leul-32 ura4-D18 pkal-G441R-13Myc-kanMX6 cgsI-3HA-hphMX6
1 ade6-210 lewl-32 ura4-D18 pkal-T356A-13Myc-kanMX6

1 ade6-210 leul-32 ura4-D18 pkal-T356D-13Myc-kanMX6

DRG356AC 1™ ade6-210 leul-32 ura4-D18 pkal-T3564-13Myc-kanMX6 cgs1-3HA-hphMX6

DRG356DC  h” ade6-210 leul-32 ura4-DI8 pkal-T356D-13Myc-kanMX6 cgs1-3HA-hphMX6

M. Kawamukai
M. Kawamukai
M. Kawamukai
M. Yamamoto
T. Kato
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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Supplementary Table 1. List of primers

Sequencing primer

Pkal-F1 5’-CTTTGAAGGACTCAGAGTCG -3’
Pkal-F2 5’-TAGTAGCCAAAGCAGCCATC -3’
Pkal-FM1 5-GACCTTTTTGCCTCGACC-3’
Pkal-R1 5-ACGAGCCAGTGCCCAATG-3’
Pkal-R2 5’-CATCAGAGCAGGCTAATTGC-3’
Pkal-RM1 5’-AGGAACATACGGAACCTC-3’

Primers for plasmid construction

Pkal-F-Bglll 5’-ACATTAGATCT (Bg/ll) CATGGATACGACTGC-3’
Pkal-R-Notl 5’-CACGCGGCCGC (Notl) AAAAGTCCTTAAAGATAG-3’
Mutagenesis primers

PkalT356A-F 5’- CTACTAGCAACTGTTGTGCTCTTTGTGGTACCCCC-3’
PkalT356A-R 5’-GGGGGTACCACAAAGAGCACAACAGTTGCTAGTAG-3’
PkalT356D-F 5’- CTACTAGCAACTGTTGTGATCTTTGTGGTACCCCC-3’
PkalT356D-R 5’-GGGGGTACCACAAAGATCACAACAGTTGCTAGTAG-3’

Pkal tagging primers

Pkal-W 5’- TTGCCAAACGCGTCTCTAC-3’

Pkal-X 5’-GGGGATCCGTCGACCTGCAGCGTACGAAAAGTCCTTAAAGATAGAAG-3’
Pkal-Y 5’- GTTTAAACGAGCTCGAATTCATCGATGCGTTGAGCAACGAATGCC-3’
Pkal-Z 5’- TTTGGGAGCCTGTGCTTAG-3’

Rst2 tagging primers

Rst2-W 5’ TTCGATCCCTTCTGGATTGC-3’

Rst2-X 5’ GGGGATCCGTCGACCTGCAGCGTACGAAAATGAGGGCGGTTGATTC-3’
Rst2-Y 5’ GTTTAAACGAGCTCGAATTCATCGATAGGATTGATCTGAAGTTTTG-3’
Rst2-Z 5’AGATTCAGGG CAGTAAAC-3’

Restriction enzyme sites are underlined.
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Supplementary Fig. 1 Stell expression and localization in sam5 and sam?7 mutants under
nutrient-rich conditions.

(A) Localization of Ste11-GFP protein in DRG50 (WT; stell-GFP), DRGS55 (sam3, stell-GFP)
and DRGS57 (sam?7, stell-GFP) mutants. Cells were grown on PMALU medium with or without
nitrogen to early log-phase and GFP fluorescence images were observed using a fluorescence
microscope. (B) Stel1 expression in sam5 and sam7 mutants. DRG50, DRGS5S5, and DRG57 strains
were grown on PMALU medium to mid-log phase and then shifted to PMALU-nitrogen
containing 1% glucose. Samples were collected and subjected to SDS-PAGE. An anti-GFP
antibody was used to detect the Ste11-GFP protein. An anti-PSTAIRE (Cdc2) was used as a loading

control.

Supplementary Fig. 2. Phosphorylation and localization of Rst2 in sam5 and sam7 mutants
under nutrient-rich conditions.

(A) To determine the phosphorylation status of Rst2, extracts were prepared from cells grown in
YES containing 3% glucose and then half of the culture was shifted to YES medium containing
0.1% glucose and incubated for 2 hours. Proteins were analyzed using SDS-PAGE and western blot
analysis. (B) Indirect immunofluorescence of Rst2-3HA. DRG70 (WT; pkal®, rst2-3HA),
DRGI15R (pkal-G441E, rst2-3HA), DRG17R (pkal-G441R, rst2-3HA), and DRG74 (Apkal, rst2-
3HA) cells were grown on YES medium containing 3% glucose to early-log phase and fixed with
formaldehyde. Cells were stained with an anti-HA antibody and counterstained with DAPI to

visualize the nucleus.
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