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Requires Threonine Phosphorylation at Its Activation Loop
and Is Dependent on PDKI
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ABSTRACT

Phosphoinositide-dependent protein kinase 1 (PDK1) plays a central role in cellular signaling by phos-
phorylating members of the AGC family of kinases. This family includes protein kinase C (PKC), protein
kinase B (PKB), p70/p90 ribosomal S6 kinases (RSK and S6K), and the catalytic subunit of cAMP-dependent
protein kinase (PKA). Although PDKI phosphorylates and activates PKC, PKB, and RSK in vivo, PDKI1
regulation of PKA remains controversial. We isolated ksgl, the fission yeast ortholog of mammalian PDKI,
as a suppressor of growth defects caused by loss of the stress-activated MAP kinase, Spcl. Here, we
demonstrate that Ksgl is required for activation of PKA. Cells containing the ksgl.12 thermolabile allele
exhibit pleiotropic phenotypes, including the failure to arrest in G, and an inability to conjugate. The
ksgl.12 allele strongly suppresses defects associated with unregulated PKA. Pkal, the catalytic subunit of
cAMP-dependent protein kinase, is phosphorylated in vivo at Thr-356, which is located in the activation
loop of the kinase and corresponds to Thr-197 in mammalian PKA. Phosphorylation of Thr-356 is required
for in vivo activation of Pkal and is dependent upon Ksgl. These data provide experimental evidence

that PKA is a physiological substrate for PDKI.

Arecurrent theme in biological systems is regulation
of signal transduction cascades by protein phos-
phorylation. Diverse mechanisms regulate kinase activ-
ity and protein kinases are themselves often controlled
by phosphorylation.

All eukaryotic protein kinases are related through a
conserved catalytic core that has a bilobal composition.
The smaller amino-terminal lobe is responsible for nu-
cleotide binding; the large lobe participates in substrate
binding and catalysis. The large lobe contains an activa-
tion segment. Kinase activity is often regulated by an
upstream kinase that phosphorylates specific amino acid
residues in the activation segment. Phosphorylation likely
positions the loop for substrate recognition and for cataly-
sis (HAGOPIAN et al. 2001; PRowsE and LEw 2001).

cAMP-dependent protein kinase (PKA) is the structural
prototype for members of the kinase family (TAYLOR et
al. 1993). The PKA catalytic subunit is an active enzyme
held in an inactive state by association with a regulatory
subunit. cAMP binding to the regulatory subunit frees and
activates the catalytic subunit. The PKA catalytic subunit
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prepared from animal tissues is phosphorylated on both
Thr-197 and Ser-338 (SHOJI et al. 1979, 1983; YONEMOTO
et al. 1993). Ser-338 phosphorylation does not contrib-
ute to catalytic activity but full activation depends upon
phosphorylation of Thr-197 (STEINBERG et al. 1993;
Apams et al. 1995). The phosphothreonine-deficient
form of the catalytic subunit has reduced affinities for
ATP analogs and for its inhibitor peptide; it also has ele-
vated Kms for both ATP and peptide substrates (STEIN-
BERG ¢t al. 1993). The kinase responsible for phosphory-
lation of Thr-197 is controversial but may be PDKI
(CAUTHRON et al. 1998; CHENG et al. 1998; MOORE et al.
2002).

PDKI activates members of the AGC family of serine/
threonine kinases by activation loop phosphorylation
(BELHAM et al. 1999; PETERSON and SCHREIBER 1999;
ToxkeRr and NEwTON 2000; ALESsT 2001). The AGC fam-
ily includes all isoforms of protein kinase C (PKC), pro-
tein kinase B (PKB), p70/p90 ribosomal S6 kinases (S6K
and RSK, respectively), and the catalytic subunit of PKA.
Members of this family are structurally related and contain
a highly conserved activation loop phosphorylation site,
known as the T-loop residue (HANKS and HUNTER 1995).
For PKA, the T-loop residue corresponds to Thr-197.

In vitro phosphorylation studies identified PDKI as a
kinase capable of phosphorylating and activating PKB in
the presence of insulin and other growth factors (ALESSI
et al. 1996, 1997). Subsequent studies revealed that a
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number of kinases are in vitro substrates for PDKI1, in-
cluding PKC (DuTiL et al. 1998), S6 kinase (PULLEN et al.
1998), and PKA (CHENG et al. 1998). Thus, PDKI has
broad substrate specificity for the threonine in the acti-
vation loop of members of the AGC family of protein
kinases.

The functional significance of PDKI phosphorylation
was investigated using mouse embryonal stem (ES) cells
devoid of PDKI (WiLLiAMS et al. 2000). Surprisingly, the
cells were viable and grew with rates similar to wild-type
cells, even though S6K, RSK, and PKB were not acti-
vated. PKA was active and contained a phosphorylated
T-loop residue in PKD17/~ cells. PDKI knockout mice
revealed that PDKI is required for embryonic develop-
ment and viability (LAWLOR et al. 2002). Consistent with
findings in ES cells, these studies showed that PKB, S6K,
and RSK were neither phosphorylated at the conserved
threonine nor activated. Phosphorylation and activation
of PKA was not affected by the lack of PDKI. These
studies have cast doubt on the physiological significance
of PDKI1-dependent phosphorylation of PKA. PKA dif-
fers from other members of the AGC kinase family in
that it autophosphorylates its T-loop residue (SHOJI et
al. 1979, 1983; YONEMOTO ¢t al. 1993). In vitro, this phos-
phorylation is inefficient and may be caused by the high
concentrations of kinase used in the in vitro reactions.
An activity capable of phosphorylating the catalytic sub-
unit on Thr-197 was purified from protein kinase
A-deficient lymphoma cells (CAUTHRON ef al. 1998).
This, together with the finding that PDKI expressed in
mouse cells phosphorylates recombinant PKA (CHENG
et al. 1998), suggests that a heterologous kinase phos-
phorylates Thr-197 in vivo and is likely PDK1. However,
the significance of PDKI phosphorylation of PKA re-
mains unclear.

Elements of the mammalian PKA pathway are con-
served in Schizosaccharomyces pombe (YOUNG et al. 1989;
DEvVOTI et al. 1991; IsSHIKI et al. 1992; MAEDA et al. 1994;
Fujita and YaAMamoTo 1998). In this yeast, PKA has a
role in growth, stationary phase, meiosis, and gluconeo-
genesis. In general, conditions that cause unregulated
PKA repress meiosis (DEVOTI et al. 1991; MOCHIZUKI
and YAMAMOTO 1992) and gluconeogenesis (Horrman
and WINsTON 1991) and cause cell death upon entry
into the G, stationary phase (COSTELLO et al. 1986;
Devorr et al. 1991). Regulation of yeast PKA is similar
to that in higher eukaryotes. Its association with the
regulatory subunit inactivates the catalytically active C
subunit. cAMP binds the regulatory subunit causing dis-
sociation from and activation of the catalytic subunit
(DEvVOTI et al. 1991).

The ksgl gene encodes the fission yeast ortholog of
mammalian PDKI (NIEDERBERGER and SCHWEINGRUBER
1999). We previously isolated a temperature-sensitive allele
of ksgl (ksgl.12) in a screen to identify genetic suppressors
of the gluconate growth defect of spcl mutants (our
unpublished data). Spcl is a fission yeast stress-activated

protein kinase (MILLAR ef al. 1995; SHiozAKI and Rus-
SELL 1995). Pkal is also involved in gluconate utilization.
In this report, we present genetic and biochemical evi-
dence indicating that the fission yeast ortholog of PDK1
activates PKA in vivo through phosphorylation of its T
loop residue, Thr-356.

MATERIALS AND METHODS

Strains, media, and plasmids: S. pombe strains are listed in
Table 1. The pkal::pkal-3XFLAG ura4" alleles were derived by
integration of ura4 plasmids containing the 3’ coding region of
pkal fused in-frame with a C-terminal 3X FLAG tag. T356A,
T356D, and T356F are single amino acid substitutions in the
Pkal protein.

Yeast cells were cultured in rich medium (YEA) or minimal
medium (EMM) containing 2% glucose (ALFA et al. 1993).
Staurosporine sensitivity was tested by growing cells on EMM
agar supplemented with the indicated amounts of stauro-
sporine. When required, 2% gluconate was substituted for
glucose in EMM agar. SPA medium was used to measure conju-
gation and sporulation (MORENO et al. 1991).

Flow cytometery: Wild-type (SPB193) or ksgl.12 cells
(S12.5) were grown at 25° in EMM medium to 1 X 107 cells/
ml and shifted to EMM-N medium for the indicated times. A
total of 1 X 107 cells were fixed and stained in 2 pg/ml
propidium iodide (MORENO et al. 1991).

Cell viability in stationary phase: Cells were cultured at 25°
to a density of 1 X 10°. Incubation was continued for 6 days.
Cell viability was determined by plating a portion of each
culture on YEA agar, incubating for 25° for 3 days, and count-
ing colonies.

Conjugation and sporulation: A total of 1 X 107 cells of
opposite mating type (S12.4 and S12.5) were mixed in 100 .l
water. Twenty-microliter cells were spotted onto SPA medium.
Incubation at 25° was continued for 2 days. Conjugation was
scored as “total conjugating cells = 2X zygotes + % spores.”
Sporulation was examined in diploid cells formed by mating
S12.8 and S12.17. Sporulation was scored as “total asci forming
cells = 2X zygotes with asci + % spores.” To measure conjuga-
tion and sporulation of cells expressing either wild-type or
mutant pkal alleles, SP870a, SP870b, SP870c, and SP870d cells
were cultured in YEA to the indicated densities.

Spore germination: Individual spores were isolated using
glusulase (Sigma, St. Louis) treatment. Following extensive
washes the spores were counted using a hemocytometer and
plated on rich medium (YEA).

Quantitative RT-PCR: RNA was isolated using glass bead
breakage and an RNeasy kit (QIAGEN, Valencia, CA). Total
RNA was purified using the DNA-free kit (Ambion, Austin,
TX). Quantitative PCR reactions were carried out as described
(PENG et al. 2003).

Mutagenesis: The pkal alleles T356A, T356D, and T356E were
created using a Quickchange site-directed mutagenesis kit (Stra-
tegene, La Jolla, CA). Primers were: T356A, 5° CGTCTCTACTA
GCAACTGTTGCGCGCTTTGTGGTACCCCC 3'; T356D, 5" CG
TCTCTACTAGCAACTGTTGTGATCTTTGTGGTACC
CCC 3’; T356E, 5" CGTCTCTACTAGCAACTGTTGTGAGCTC
TGTGGTACCCCC 3'.

Cell extract preparation, immunoprecipitation, and West-
ern blot: Total cell protein was extracted from 2 X 10 cells
in a denaturing buffer (10 mm Tris HCI, 0.1 m NaH,PO,, 8
M urea, pH 8.0) using glass bead breakage. Total cell extract
(1 mg) was incubated with 20 wl ANTI-FLAG M2 agarose
affinity gel (Sigma) for immunoprecipitation of FLAG-tagged

Pkal. For some experiments, immunoprecipitates were
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TABLE 1

S. pombe strains

Strains Genotype Source’
SPB173 It Lab stock
SPB193 h~ Lab stock
SPB229 k™ leul-32 pck2::Leu2 T. Toda
SPB231 I~ lewl-32 ura4-D18 pckl:: ura4* T. Toda
SPB54 I lewl-32 ade6M-216 git6-261 C. S. Hoffman
SPB56 h™ leul-32 ade6M-210 his7-336 git6-261 C. S. Hoffman
SPB330 h™ wra4-D18 cgsl:: wra4*

SP870a 1" ade6-M216 leul-32 wra4-D18 pkal::pkal-3XFLAG ura4*

SP870b 1" ade6-M216 leul-32 wra4-D18 pkal::pkal(T356A)-3XFLAG ura4”

SP870c 1" ade6-M216 leul-32 ura4-D18 pkal::pkal(T356E)-3XFLAG ura4*

SP870d 1" ade6-M216 leul-32 ura4-D18 pkal::pkal(T356D)-3XFLAG ura4*

S12.4 I" ksgl.12

S12.5 k™ ksgl. 12

S12.8 I ade6-M216 ksgl.12

S12.17 k™ ade6-M210 ksgl.12

S12.32 I~ wra4-DI18 ksgl. 12 cgsl:: ura4*

“ Except those indicated, all strains were constructed in this study.

treated with 0.2 units threonine/serine phosphatase PP1 (New
England Biolabs, Beverly, MA). Immunoprecipitates were ex-
amined by a Western blot developed with anti-FLAG M2 anti-
body (Sigma).

RESULTS

Identification of PKA and PKC as potential substrates
for Ksgl: ksgl.12was identified in a screen designed to
obtain suppressors of the inability of spcl::ura cells to
grow on medium containing gluconate as a sole carbon
source. This analysis identified 12 suppressors defining
four complementation groups. ksgl.12was initially cho-
sen for further study because it displayed a temperature-
sensitive phenotype. Genetic analysis of the remaining
suppressors will be presented elsewhere.

ksgl encodes the fission yeast ortholog of mammalian
PDK1 (NIEDERBERGER and SCHWEINGRUBER 1999). Fis-
sion yeast Ksg1 exhibits 46% overall identity with human
PDKI. It contains an N-terminal kinase domain that
displays 56% identity with the kinase domain of mamma-
lian PDKI1. In common with its mammalian and Drosophi-
lia counterparts, fission yeast Ksgl contains a predicted
C-terminal PH domain (NIEDERBERGER and SCHWEIN-
GRUBER 1999; see Figure 1A).

All substrates for mammalian PDKI have two highly
conserved regions (CHENG et al. 1998; MOORE et al. 2002).
One region, within the activation loop, contains the
phosphoacceptor threonine. The other is a short, hy-
drophobic F-X-X-F motif, found at the C terminus of
PDKI substrates (Figure 1B). Substitutions in the F-X-
X-F motif abolish substrate function (MOORE et al. 2002).
To identify potential substrates for Ksgl, we interro-
gated the fission yeast genome, which has been entirely
sequenced (Woob et al. 2002), using both conserved

motifs. This analysis identified five potential substrate
proteins (Figure 1B). Each is a known kinase. Three
(Pkal, Sckl, and Sck2) are highly related to protein
kinase A (Fujita and YAMAMOTO 1998). The remaining
two (Pckl and Pck2) are isoforms of protein kinase C
(Topa et al. 1993). Recently, it was reported that Gad8
kinase is a member of the AGC family and an in vitro
substrate for Ksgl (MaTsuo et al. 2003). Inspection of
Gad8 shows that the activation loop is conserved with
respect to PDKI substrates but the protein does not

A Catalytic PH
domain domain

PDK1 (Hs) — -
DSTPK61 (Dm) —ilER— 1—
Pkh1 (Sc) —l—
Pkh2 (Sc) — -
Ksg1 (Sp) ——
B
Pkal TLCGTPDYLAPEIT...vvvvvevrenne FKDF

+:+++ 2 r4+++e + +
Sckl TEFCGTTEYLAPEVL..veneesenneen FRGF
Sck2 TFCGTTDYLAPETL... FKGF
Pckl TFCGTPEFMAPETL... .FRGF
Pck2 TFCGTPEFMAPETIL..cvieeereneen FEGF

FIGURE 1.—(A) A schematic of PDKl-related proteins. The
solid box indicates the conserved catalytic domain sequences.
The open box shows conserved PH domain sequences. (B)
Sequence alignment of the activation loop of putative Ksgl
substrates in fission yeast. (+) identical amino acids; (:) similar
amino acids. The accession numbers for the indicated proteins
are Pkal, BAA04891 (MAEDA et al. 1994); Sckl, S55694 (Jin
et al. 1995); Sck2, CAA93901 (Fujrta and YaAmamoTo 1998);
Pckl, P36582 (YoNEMOTO et al. 1993); and Pck2, P36583
(YoNEMOTO et al. 1993).
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FIGURE 2.—ksgl. 12 cells
exhibit pleiotropic pheno-
types. (A) ksgl.12 cells are
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contain an FXXF motif. It is not known if Gad8 is a
physiological substrate for Ksgl.

Characterization of the ksgl temperature-sensitive al-
lele: A previous study demonstrated that ksg! is essential
and that cells containing conditional ksgl alleles display
defects in growth; stationary phase induced cell cycle
arrest and the ability to conjugate and sporulate
(NIEDERBERGER and SCHWEINGRUBER 1999). We con-
ducted a detailed examination of cells containing
ksgl.12with respect to those and other phenotypes. This
analysis revealed previously undescribed phenotypes.

ksgl.12 cells fail to form colonies when incubated at
35°. The cells do not die at the high temperature, but
return to growth when the culture is shifted to 25° (Fig-
ure 2A). Twenty-five degrees is only a semipermissive
temperature for ksgl.12 because, although the cells
grow at this temperature, they display mutant pheno-
types. At 25°, ksgl.12 cells grow more slowly than wild-
type cells (doubling times of 4.5 and 3.0 hr, respec-
tively). Also, ksgl.12 cells consistently enter G, at a lower
density than wild-type cells (Figure 2B).

In fission yeast, meiosis is preceded by conjugation
and, together, the two processes are considered sexual
differentiation. Differentiation requires limiting nutri-
ents and pheromone signaling. Loss of pkal bypasses the
starvation requirement but not the need for pheromone
signaling (MAEDA et al. 1994). In contrast, unregulated
PKA activity prevents conjugation and sporulation
(DEvOTI et al. 1991). As previously reported (NIEDER-
BERGER and SCHWEINGRUBER 1999), ksgl is required
for efficient conjugation (Figure 3A, top). Interestingly,
and in contrast with the results of others (NIEDERBE-
RGER and SCHWEINGRUBER 1999), ksgl.12 diploid cells
sporulate nearly as efficiently as wild-type cells (~50%
vs. ~65%), Figure 3A, bottom). The ksg! alleles used in
this and the published study were isolated indepen-
dently of one another and the difference in sporulation
capability may be allele specific.

To define the ksgl-mediated pathway that regulates
conjugation, the cell cycle distribution of starved ksgl.12
cells was examined. Growing cells have a Gy DNA con-

—e—ksg1.12
—-—WT

sensitive to high tempera-
ture. Cells were plated for
single colonies and incu-
bated at 25° or at 36° for 3
days. At that time, the plate
incubated at 36°, which
showed no growth, was
transferred to 25°. Incuba-
tion was continued for 3

0 3 6 912 1518 2124 27 30 36 42(h)

days prior to photography.
(B) A growth curve of wild-
type (WT; SPB173) and
ksgl.12 (S12.4) cells grown
in complete medium at 25°.

tent but arrest in G; when deprived of nitrogen (NURSE
and BisseTT 1981). We found that ksgl is required for
efficient G, arrest induced by nitrogen starvation (Fig-
ure 3B). Conjugation requires G, arrest as well as tran-
scription of a set of developmental genes that are regu-
lated by an HMG-box protein, Stel1p (SucimMoTo et al.
1991). Transcription of stell (data not shown) and its
direct target, mei2 (Figure 3C), is derepressed by nitro-
gen starvation in ksgl.12 cells. Thus, the inability of
ksgl.12 cells to conjugate is not likely caused by a failure
to activate developmental gene expression but by a fail-
ure to accumulate in G, in nutrient-limited medium.
Cells containing activated PKA are unable to activate
expression of stel I (SUGIMOTO et al. 1991). These results
indicate that, although loss of ksgl and activation of
pkal share phenotypes related to differentiation, ksgl.12
only superficially mimics activated PKA. The molecular
mechanisms used by each to regulate sexual develop-
ment are different.

Fission yeast contains two protein kinase C-related
genes, pckl and pck2, which share an overlapping essen-
tial function (Topa et al. 1993). Two-hybrid assays indi-
cate that Ksgl interacts with PCK1 (GRAUB et al. 2003).
Thus, we examined growth of ksgl.12 cells on stauro-
sporine, a potent inhibitor of protein kinase C. ksgl.12cells
are more sensitive to staurosporine than cells containing
mutations in either pckl or pck2 alone (Figure 4).

The above observations indicate that ksgl has func-
tions in common with both the PKA and the PKC path-
ways. The pleiotropic phenotypes displayed by ksgl.12
cells are consistent with the hypothesis that Ksgl has
multiple molecular targets that regulate growth and dif-
ferentiation. Absence of PKA or PKC activity causes cells
to become very sick or to die. Thus, the extent to which
ksgl.12 cells mimic the phenotype of cells devoid of
PKA or PKC activity cannot be determined.

Loss of Ksgl reverses defects caused by unregulated
PKA activity: Clearly, phosphorylation is critical for acti-
vation of PKA and the PKA catalytic subunit is an effi-
cient in vitro substrate for PDK1 kinase. However, there
are no reports that definitively identify PDKI as the in
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vivo activating kinase for PKA. In addition to activation
loop phosphorylation, PKA is regulated by association with
a regulatory subunit. The Pkal regulatory subunit in fis-
sion yeast is ¢gsl. In the absence of ¢gsl, Pkal activity is
not regulated by cAMP and cells display severe defects in
sexual differentiation and in survival during G, (DEvoTI
et al. 1991). We reasoned that, if Ksgl is required to
fully activate Pkal, then defects caused by loss of cgsl
ought to require Ksgl. To investigate this, a ksg.112
cgsl::ura4 strain was constructed. Phenotypes displayed
by the double mutant were examined with respect to those
displayed by cells carrying single mutations in either gene.

High Pkal activity has a negative role in transcription
of genes required for gluconeogenesis or for sexual
development (Horrman and WINsTON 1991). Thus, cgs!
cells fail to derepress gluconeogenic enzymes and are
unable to utilize gluconate as a carbon source (CASPARI
1997). As shown in Figure 5A, both ksgl.12 cells and
the pkal™ mutant, git6-261 (BYRNE and Horrman 1993;
JiN et al. 1995), utilize gluconate as well as wild-type cells.
In contrast, cgsi::ura4 cells fail to grow on gluconate.

OmM 0.25mM 0.5mM ImM 2mM

B WT
Ohr ‘
jugation and sporulation frequencies
6 hr for wild-type (WT) and ksgl.12 cells.

ksg1.12

s

FIGURE 3.—Sexual development
phenotypes of ksgl.12 cells. (A) Con-

Cells were examined microscopically
following incubation at 25°. Conjuga-
tion was scored by examination of 2”
ksgl.12 cells following incubation of
SPA medium to determine the num-
ber that had formed zygotes or asci.
Sporulation was measured by count-
ing asci formation in h* ksgl.12/h~
ksgl.12 diploid cells incubated on
SPA medium. (B) Flow cytometery of
nitrogen-starved cells at 25°. (C)
Quantitative PCR analysis of mei2
mRNA from nitrogen-starved cells.
Strains are WT (SPB193) and ksgl.12
(S12.5). Cells were grown at 25° to
midlog growth and then shifted to
nitrogen-free medium and incubated
for the indicated times.

Significantly, loss of ksgl reverses this phenotype and
cgsl::ura4™ ksgl.12 cells grow well on gluconate.

To determine if ksgl.12 suppresses other transcrip-
tion defects of cgsl:-ura4 cells, we examined nitrogen-
starvation-induced mei2 expression. As shown in Figure
3, ksgl.12 cells fail to conjugate but undergo meiosis in
response to nitrogen starvation. Meiosis requires expres-
sion of mei2, which is transcriptionally activated by starva-
tion through inactivation of the cAMP-PKA pathway
(WATANABE et al. 1988). c¢gsl::ura4 cells fail to express
mei2 when starved (DEVOTTI el al. 1991). ksgl.12 restores
met2 expression to c¢gsl::ura4 cells (Figure 5, B and C).
Significantly, the basal level of mei2 mRNA in pkal”
(git6-261), ksgl. 12, and cgsl::ura4 ksgl.12 cells was equiv-
alent to that measured in wild-type cells starved of nitro-
gen for 2 hr. Together, these results demonstrate that,
in the absence of the regulatory subunit, activation of
Pkal requires ksgl with respect to its role in regulation
of gene expression.

cgsl::ura4 has only a minor effect on cell growth until
nutrients become limiting and cells enter stationary phase.

FIGURE 4.—ksgl.12 cells are hypersensitive to
staurosporine. WT (SPB173), ksgl.12 (S12.4)
pckI™ (SPB231), and pck2™ (SPB229) cells were
plated with the indicated amounts of stauro-
sporine. Photographs were taken after 5 days
incubation.
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Compared with ksgl.12 or wild-type cells, c¢gsi::ura4 cells
become highly elongated as they approach stationary
phase (DEVOTI et al. 1991). Loss of ksgl reverses the elon-
gated c¢gsI-phenotype (Figure 5D). G, cells are character-
ized by long-term survivability (COSTELLO et al. 1986).
Gy survival of double-mutant cells (ksgl.12, cgsl::ura)
was compared with that of c¢gsl::ura4 cells. To accom-
plish this, cells were cultured to stationary phase in three
different media, which varied in the amount of carbon
source (glucose). At daily intervals, the viability of cells
from each culture was determined by plating a portion
of each onto fresh medium. Consistent with previous

Cell viability

Cell viability

Cell viability
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10° 1:5 1:25 1:125

e s

10+
0.2% glucose
1- i
c 1 3 6
Days after entry into stationary phase
1008
10|
2% glucose
1 : ;
0 8
Days a?ter entry irﬁo stationary phase
100 X — X
10+

4% glucose

14
Dgys a?ter entry in3to stationary phgse
—o—WT
—— ksg1.12
—r—cgsT

——cgs1 ksg1.12

F1GURE 5.—Loss of ksgl
reverses phenotypes im-
parted by loss of the PKA reg-
ulatory subunit. (A) Photo-
graph of WT (SPB193), cgs1.:
wra4  (SPB330), ksgl.12
(S12.17), ksgl.12 cgsl::ura4
(512.32), or pkal ™ (git6.261;
SPB54) cells following growth
at 25° on EMM/glucose or
EMM/gluconate medium. (B
and C) Quantitative PCR
analysis of mei2 mRNA from
nitrogen-starved  (top) or
growing (bottom) cells.
Strains and conditions cor-
respond to those used in A.
(D) Photomicrographs of
the indicated cells (de-
scribed in A) grown to late
log phase and stained with
Hoechst 33324. (E) Cells
were grown to stationary
phase (1 X 108 cells/ml) at
25°. Incubation was contin-
ued for the indicated num-
ber of days, and at each time
point, a portion of the cul-
ture was removed, counted,
and plated onto complete
medium to determine the
number of viable cells.

results (DEVOTI et al. 1991), the long-term survivability
of c¢gsl::ura4 cells decreases as cells remain at Gy to an
extent that depends on the composition of the medium.
In contrast, continuing survivability of both ksgl.12 and
cgsl::ura4 ksgl.12was excellent in all three media tested
(Figure 5E). Taken together, these results indicate that
ksgl is epistatic to ¢gsl. Formally, then, ksgl functions
either downstream of ¢gs! or on a separate, convergent
pathway. These data do not establish the epistatic rela-
tionship between ksgl and pkal. However, studies of the
mammalian PDKI show that optimal activation of PKA
requires phosphorylation of Thr-197 and this may be
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TABLE 2

Cell growth rate analysis

Strain Relevant genotype Doubling time (hr)
SP870a 1 ade6-M216 leul-32 ura4-D18 3.9 * 0.1
SP870c 1 ade6-M216 leul-32 ura4-D18 pkal::pkal(T356E)-3XFLAG ura4* 41 =* 04
SP870d 1 ade6-M216 leul-32 ura4-D18 pkal::pkal(T356D)-3XFLAG ura4* 42 0.2
SP870b 1" ade6-M216 lewl-32 ura4-D18 pkal::pkal(T356A)-3XFLAG ura4* 5.1 £0.2
SPB54 1" ade6M-216 leul-32 git6-261 48 0.2

Cells were grown in minimal medium to a density of 2 X 10°/ml and counted every 3 hr for 12 hr. Values
are means *=SE for the doubling time of two independent cultures per strain.

accomplished by PDKI. This, together with the above
genetic data, is consistent with the hypothesis that Ksgl
is upstream of Pkal.

Phosphorylation of Pkal-Thr-356 is required for its
in vivo activation and is dependent on Ksgl: To deter-
mine if activation loop phosphorylation might be a
mechanism by which Pkal activity is downregulated in
ksgl.12 cells, we used a Western blot to examine the
phosphorylation state of Pkal and Pkal variants. Thr-
356 in fission yeast Ksg1 corresponds to Thr-197 in mam-
malian PKA (Figure 1). Strains were constructed to ex-
press Pkal proteins containing substitutions of Thr-356
with alanine (to mimic a nonphosphorylatable site) or
aspartic acid or glutamic acid (to mimic constitutive phos-
phorylation). To detect the Pkal proteins, each was C-ter-
minally tagged with a triple FLAG epitope.

The density of cells growing in defined medium was
measured atvarious times (Table 2). Cells containing pkal-
T36E (SP870c) or pkal-T356D (SP870d) alleles have a
doubling time similar to wild-type cells (SP870a). In
contrast, the doubling time of cells containing the pkal-
T356A allele (SP870b; doubling time = 5.1 hr) is more
similar to that of cells containing a loss-of function pkal
allele (git6-261; doubling time = 4.8 hr). Extracts were
prepared from the cells and used for immunoprecipita-
tion of the FLAG-tagged Pkal proteins. An immunoblot
of the precipitated material was developed with anti-
FLAG M2 antibody. Two Pkal-FLAG bands were de-
tected (Figure 6A, lane 2). This pattern resembles that
of mammalian PKA on SDS-PAGE. Phosphorylation of
mammalian PKA1 at Thr-197 causes a characteristic re-
duction in the mobility of the protein in SDS-PAGE
(STEINBERG et al. 1993; YONEMOTO et al. 1993). To deter-
mine if the shift represents phosphorylated Pkal, the
immunoprecipitated material was treated with phospha-
tase prior to SDS-PAGE. The upper band disappeared
after PP1 treatment and the density of the lower band
increased (Figure 6A and data not shown). Thus, the
slowly migrating protein is likely modified by phosphory-
lation. The band shift is dependent on Ksgl because it
is not observed when Pkal is immunoprecipitated from
ksgl.12 cells (Figure 6A; compare lane 7 with lanes 2
and 3). The upper band was also not detected when
extract was prepared from cells containing pkal-T36E,

pkal-T356D, or pkal-T356A alleles (Figure 6A lanes 4—
6). Thus, the band shift is dependent on both ksgl
and the presence of threonine at position 356. These
findings suggest that Ksg1 regulates Pkal through phos-
phorylation of Thr-356 in vivo.

Next, the physiological consequence of Pkal-T356
phosphorylation was examined. Unlike wild-type cells,
cells lacking Pkal conjugate in rich media and the fre-
quency of conjugation and sporulation is cell density de-
pendent (MAEDA et al. 1994; FujiTAa and YAMAMOTO 1998).
Conjugation and sporulation of cells containing pkal-
T36A, pkal-T356D, or pkal-T356L alleles were compared
with wild-type cells (Figure 6B). This experiment re-
vealed that the pkal-T356A allele caused cells to conju-
gate and sporulate in a density-dependent manner on
rich medium. In contrast, few conjugating or sporulat-
ing cells were observed in the wild-type culture (<0.2%).
Cells containing pkal-T356D or pkal-T356F alleles dis-
played a marginally elevated level of differentiating cells
compared with wild-type cells. These data demonstrate
that Thr-356 is essential for in vivoactivation of Pkal and
that substitution of this residue with an alanine inactivates
Pkal. In contrast, pkal-1356D and pkal-T356F are par-
tially functional. This is consistent with findings from
an in vitro study showing that the catalytic efficiency of
mammalian PKA1-T197D and PKA1-T197A mutants is
reduced 53-fold and 490-fold, respectively (ADAMS et al.
1995).

Spore germination is a transition from a quiescent
state to a proliferative one and requires Pka activity
(HAaTANAKA and SHiMODA 2001). We compared spore
germination of cells containing substitutions of Thr-356
with that of either wild-type cells or cells containing a
loss-of-function pkal™ (git6.261) allele (Figure 6C). In
complete, rich medium (YEA), spore germination is high
(between 85 and 95%) in wild-type cells, pkal™ cells, and
all three pkal-Thr-356 substituted alleles. However, in
minimal defined medium (EMM) differences between
the strains becomes apparent. Compared with wild-type
spores, germination of spores containing either pkal.261
or pkal-T356A alleles is reduced by >50%. Significantly,
spores derived from cells containing mutations that
mimic constitutive phosphorylation of T356 (pkal-
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T356L and pkal-T356D) have rates of spore germina-
tion similar to spores derived from wild-type cells.
These results establish the physiological significance
of phosphorylation of Pkal at Thr-356 within the activa-
tion loop of the kinase. In addition, they support the
identification of Ksgl as the kinase that phosphorylates
and activates Pkal in vivo. These data provide a founda-
tion for establishing a mechanistic role for the Thr-356
phosphorylation in activation of PKA.

DISCUSSION

The major finding reported here is that ksgl, the
fission yeast ortholog of mammalian PDKI, is a compo-
nent of the cAMP-regulated pathway. ksg! is an essential
gene and all mutant alleles isolated thus far are thermo-

FIGURE 6.—Activation loop phosphorylation of
PKA is dependent on Ksgl. (A) Cell extracts were
prepared from control cells (lane 1) or cells con-
taining FLAG-tagged Pkal (lanes 2 and 3), FLAG-
Pka-T356D (lane 4), FLAG-Pka-T356A (lane 5),
FLAG-Pka-T356E (lane 6), or FLAG-tagged Pkal
and ksgl.12 (lane 7). Cells were grown at 25°. The
immunoprecipitated sample shown in lane 3 was
treated with protein phosphatase I prior to SDS-
PAGE. Epitope-tagged Pkal proteins were visual-
ized using a Western blot developed with anti-
FLAG antibodies. The partial amino acid se-
quence of fission yeast Pkal and human PKA is
shown below to indicate the threonine phosphor-
ylated by Ksg1/PDK. (B) Conjugation and sporu-
lation was measured in wild-type h* cells or A”
cells containing alanine (A), aspartic acid (D), or
glutamic acid (E) substitutions for the threonine
at position 356. Cells were grown to the indicated
density in YEA and conjugating pairs or asci were
quantitated using a microscope. (C) Spore germi-
nation was determined as described in MATERIALS
AND METHODS. The relevant yeast strains are WT
(SP870), Pkal™ (SPB56), Pkal T356A (SP870b),
Pkal T356D (SP870d), and Pkal T356E (SP870c).
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labile. Cells containing the ksgl.12 allele exhibit pleio-
tropic phenotypes, including the failure to arrest in G,
and an inability to conjugate. However, diploid ksgl.12/
ksgl.12 cells sporulate, indicating that only some re-
quirements for sexual differentiation are inoperative in
ksgl.12 cells. ksgl.12 cells do not die when incubated
for periods of time at the restrictive temperature but
resume growth when downshifted to a temperature per-
missive for growth. Phenotypes associated with the ksgl.12
allele differ somewhat from those isolated and character-
ized by the Schweingruber group. In those studies, cells
containing a thermolabile ksg! allele lyse and die at the
restrictive temperature. Additionally, the cells are unable
to form spores (NIEDERBERGER and SCHWEINGRUBER
1999; GrAUB et al. 2003). These differences may be allele
specific. Alternatively, they may be due to differences
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under the experimental growth conditions employed by
both studies.

An important phenotype exhibited by cells con-
taining ksgl.12is that they enter a quiescent state when
raised to 36°. At the restrictive temperature, the cells do
not grow or divide but remain viable. This state superfi-
cially resembles the G, stationary phase. Fission yeast cells
exit the cell cycle and enter G, when deprived of nutri-
ents. The cells acquire long-term viability, become resistant
to various stresses, and express Gyspecific genes (Cos-
TELLO et al. 1986; DiMmiTROV and SAzeEr 1998). Whether
quiescence induced by inactivation of ksg! is accompanied
by these characteristics remains to be determined.

The cAMP-regulated pathway has a major role in the
G stationary phase. Unregulated PKA activity, such as is
measured in ¢gsl::ura4 cells (¢gsl encodes the regulatory
subunit of PKA), causes cells to die in G,. The cells are
healthy and viable until they approach stationary phase.
At that point, the cells cease division but continue to
grow. Since fission yeast grows by length extension, the
cells are highly elongated. Eventually, the cells die and
are unable to form colonies when plated on fresh me-
dium (DEvoOTI et al. 1991). This indicates a role for the
cAMP-regulated pathway in fission yeast life span. In
budding and fission yeasts, life span is defined by the
methods used to measure it. Replicative life span quanti-
fies the total number of daughter cells generated by a
mother cell (MORTIMER and JOHNSTON 1959; BARKER
and WALMSLEY 1999). Chronological life span, on the
other hand, is measured by the ability of stationary cul-
tures to maintain viability over time (FABRi1Z1O e al. 2001).
Significantly, ksgl.12 reverses the inability of c¢gsl::ura4
cells to survive for periods of time at G, Additionally,
the elongated growth phenotype of cgsl::ura4 cells is
suppressed by ksgl.12. These results indicate a role for
ksgl in the chronological life span of fission yeast.

In Caenorhabditis elegans, PDKI1 is a central element of
the insulin/IGF-1-like pathway. This pathway controls
metabolism and determines whether animals grow re-
productively or hibernate. Hibernation (the dauer dia-
pause state) is induced by pheromone and is accompa-
nied by many morphological changes: growth is arrested,
metabolism is shifted to fat storage, and life span in-
creases. Isolation and characterization of long-lived
worm mutants show that those related to dauer forma-
tion have a marked ability to live longer. Consequently,
mutations in pdk-I resultin increased life span (PARADIS
et al. 1999). Thus, PDK1/Ksgl may be structurally and
functionally conserved between diverse species.

The relationship between ksgl and the cAMP-regu-
lated pathway extends to other cellular processes regu-
lated by Pkal activity. Inactivation of ¢gsI inhibits conju-
gation and sporulation, at least in part by preventing
expression of meiosis-specific genes (DEVOTI et al. 1991;
MAEDA et al. 1994; see STIEFEL el al. 2004 for a discussion
of ¢gsI~ phenotypes). cgsl::ura4 ksgl.12 cells conjugate
and express mei2, a gene that facilitates conjugation and

is essential for meiosis. Also, although cgsI::ura4 cells fail
to grow on gluconate as a sole carbon source (CASPARI
and URLINGER 1996), cgsi::ura4 ksgl.12 cells are fully
capable of growth on gluconate. These data indicate
that ¢gs1::ura4and ksgl are on the same genetic pathway.
This, along with the well-established observation that
mammalian PKAI is an in wvitro substrate for PDKI
(CHENG et al. 1998), led us to examine phosphorylation
of Pkal as a function of Ksgl activity.

Mammalian PKA1 is phosphorylated at Thr-197 in
its activation loop. Phosphorylation of PKAl by PDKI
produces a characteristic PKA1 band shift on SDS-PAGE
(CAUTHRON et al. 1998). Using a Western blot, we ob-
served a band-shifted version of Pkal in wild-type cells
that was absent in ksgl.12 cells grown at 25°. The band
shift is likely the result of phosphorylation because treat-
ment of cell lysate with phosphatase causes Pkal to
migrate as a single band on SDS-PAGE. PKA1 Thr-197
corresponds to Thr-365 in fission yeast Pkal. Substitu-
tion of Thr-365 with phosphomimetic or inactivating
mutations results in proteins that do not display the
upper-band-shifted version of Pkal. These results indi-
cate that fission yeast Pkal is phosphorylated on Thr-365
in a manner that is dependent on Ksgl.

In addition to PKAIl, mammalian PDKI activates
other members of the AGC family of serine/threonine
kinases by activation loop phosphorylation (BELHAM et
al. 1999; PETERSON and SCHREIBER 1999; TOKER and
NEwTON 2000; ALESST 2001). Other AGC family includes
PKC, AKT/PKB, and p70/p90 ribosomal S6 kinases
(S6K and RSK, respectively). The functional signifi-
cance of the in vivo role of PDKI1 was investigated in
PDKI knockout mouse embryonic cells. PDK1~/PDK1~
cells contain PKC and PKB that is not phosphorylated.
However, these studies showed that PKA was phosphory-
lated at Thr-365. Thus, the role of PDKI in phosphoryla-
tion of PKA is controversial. To assess the physiological
function of Pkal phosphorylation at its activation loop
in fission yeast, we integrated the Thr-365 phosphomi-
metic and inactivating mutations into the endogenous
pkal locus. Previous studies showed that loss of pkal
has minor effects on cell growth. However, pkal™ cells
are distinguished from wild-type cells by their density-
dependent ability to conjugate. Also, pkal defective
spores germinate poorly on defined media. Pkal-T365A,
but not Pkal-T365E, cells mimic pkal™ cells. These data
indicate that substitution of activation loop Thr-365
does notuniformlylead to reduced Pkal activity because
the phenotypes observed are dependent on the nature
of the pkal substitution. Taken together, these experi-
ments provide strong genetic evidence that Pkal is a
physiological substrate for Ksgl. In addition, they indi-
cate arole for Pkal and Ksgl in regulation of chronolog-
ical aging.
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