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PKA (cAMP-dependent protein kinase) activity, as well as that of
other AGC members, is regulated by multiple phosphorylations
of its catalytic subunits. In Saccharomyces cerevisiae, the PKA
regulatory subunit is encoded by the gene BCY1, and the catalytic
subunits are encoded by three genes: TPK1, TPK2 and TPK3.
Previously, we have reported that, following cAMP/PKA pathway
activation, Tpk1 increases its phosphorylation status. Now, in vivo
genetic and in vitro experiments indicate an autophosphorylation
mechanism for Tpk1. Using array peptides derived from Tpk1,
we identified Ser179 as a target residue. Tpk1 is phosphorylated on
Ser179 in vivo during glucose stimulus. Reduction of the activation
loop Thr241 phosphorylation increases Ser179 autophosphorylation.
To evaluate the role of phosphorylation on Ser179, we made strains
expressing tpk1S179A or tpk1S179D as the sole PKA kinase source.

Our results suggest that Ser179 phosphorylation increases the
reactivity towards the substrate without affecting the formation
of the holoenzyme. Phenotypic readout analysis showed that
Ser179 phosphorylation increases in vivo PKA activity, reducing
cell survival, stress and lifespan. Ser179 phosphorylation increases
Tpk1 cytoplasmic accumulation in glucose-grown cells. These
results describe for the first time that an autophosphorylation
mechanism on Tpk1 controls PKA activity in response to glucose
availability.

Key words: cAMP-dependent protein kinase (PKA), phosphoryla-
tion, Saccharomyces cerevisiae, Tpk1.

INTRODUCTION

Protein kinases have a conserved kinase core which is regulated
by tails and linker segments which can differ in each kinase.
Post-translational modifications, such as phosphorylation, can
modulate the entire structure and function of a kinase protein.
Phosphorylation can operate as an electrostatic switch or
regulate protein–protein interactions affecting macromolecular
signalling complex assembly [1]. Within the AGC family of
protein kinases, PKA (cAMP-dependent protein kinase) has
been studied extensively. The mammalian catalytic subunit of
PKA is assembled by two distinct phosphorylation events: an
initial intramolecular co-translational autophosphorylation of
Ser338 in the C-terminal tail, followed by an intermolecular post-
translational phosphorylation of Thr197 in the activation loop [2].
Phosphorylated catalytic subunits bound to either type I or II
regulatory subunits, and therefore are maintained in an inactive
conformation. There is no direct evidence indicating whether
Thr197 phosphorylation occurs via autophosphorylation or via
PDK1 (3-phosphoinositide-dependent protein kinase 1)-mediated
phosphorylation [3,4].

In Saccharomyces cerevisiae, PKA is a heterotetramer formed
by two regulatory (R) subunits (encoded by the BCY1 gene) and
two catalytic (C) subunits (encoded by three partially redundant
TPK1, TPK2 and TPK3 genes). Recently, it has been shown
that Pkh1 (homologue of mammalian PDK1) phosphorylates the
activation loop of Tpk1 (Thr241) in vitro, and Pkh1–Pkh3 are
required for in vivo Thr241 phosphorylation in newly synthesized

Tpk1 [5]. Lack of Thr241 phosphorylation reduces the interaction
of Tpk1 catalytic subunit with the regulatory subunit Bcy1 without
affecting PKA specific activity [6].

In S. cerevisiae, PKA signalling plays a key role in the
nutrient response. In yeast growing on a non-fermentable carbon
source (non-repressed cells) such as glycerol or acetate, the
addition of glucose triggers a rapid and transient increase in
cAMP levels, initiating a phosphorylation cascade mediated by
PKA [7]. Glucose addition activates adenylate cyclase through
two different G-protein systems: Gpr1/Gpa2/Rgs2 GPCR (G-
protein-coupled receptor) system which senses extracellular
glucose and the Cdc25/Sdc25-Ras1/2-Ira1/Ira2 system that
senses intracellular glucose through glucose catabolism in
glycolysis [8]. The Krh1/Krh2 kelch repeat proteins mediate a
cAMP-independent pathway triggered by the glucose-sensing
GPCR system. Krh1/Krh2 bind directly to Tpk subunits,
thereby stimulating Tpk–Bcy1 association [9,10]. Upon glucose
limitation, Krh1/Krh2 bind Bcy1, protecting it from PKA
phosphorylation and consequent protein degradation [11,12].
PKA itself contributes to the negative-feedback loop on
cAMP levels by regulating the activity, protein abundance and
localization of low- and high-affinity phosphodiesterases (Pde1
and Pde2 respectively) [13,14].

Besides glucose, different essential nutrients can trigger rapid
activation of the PKA pathway, such as the amino acid addition
to nitrogen-deprived cells, through a mechanism not associated
with an increase in cAMP [15,16]. This pathway is involved
in the maintenance of fermentative metabolism and requires a
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kinase 1; PKA, cAMP-dependent protein kinase; Pkh1, homologue of mammalian PDK1; PKI, protein kinase inhibitor; SD, synthetic dropout; TAP, tandem
affinity purification; TCA, tricholoroacetic acid.
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fermentable carbon source and a complete growth medium for its
sustained activation, it is known as the ‘FGM (fermentable growth
medium)-induced pathway’ [17].

Subcellular localization of PKA subunits is strongly regulated
by nutrient availability and stress conditions. This provides an
additional level of PKA activity regulation. In exponentially
growing cells of glucose, Bcy1 and Tpk2 localization is
mainly nuclear, whereas Tpk1 and Tpk3 show nucleocytoplasmic
distribution [18]. The nuclear accumulation of Tpk1 seems to
be dependent on its interaction with Bcy1 [18]. Inactivation of
Sch9 protein kinase promotes Bcy1 nuclear accumulation and
Tpk cytoplasmic localization, which results in a high-activity
PKA phenotype [19]. Stationary phase or glucose-starved cells
show relocalization of all PKA subunits towards the cytoplasm,
where Tpk2 and Tpk3, in particular, are accumulated in RNP
(ribonucleoprotein) granules [20,21].

We have reported previously that, concomitant with cAMP–
PKA activation evoked by glucose addition on glycerol-
growing cells, Tpk1 changes its phosphorylation status towards
hyperphosphorylated isoforms. This process is dependent on
cAMP levels and on PKA activation through the GPCR pathway.
This change in the phosphorylation status of Tpk1 is fully
dependent on the presence of an active version of Tpk1. As
a consequence, Tpk1 increases its specific activity towards
kemptide [22]. The precise phosphorylation site(s) target of
Tpk1 phosphorylation as well as its molecular mechanism has
not yet been studied. In the present study, we have elucidated
the mechanism of glucose-evoked Tpk1 phosphorylation and
identified one target residue as well as its role in the
regulation of PKA activity. We describe for the first time an
autophosphorylation mechanism of Tpk1 on Ser179 during the
transition from respiratory to fermentative metabolism. Ser179

phosphorylation of Tpk1 promotes an increase in its kinase
activity, contributing to fully sustain the fermentative metabolism.
Our findings identify a novel mechanism of PKA activity control
by phosphorylation of its catalytic subunit in response to nutrient
availability.

EXPERIMENTAL

Yeast strains, plasmids, media and growth conditions

Yeast strains and plasmids used in the present study are described
in Supplementary Tables S1 and S2 (http://www.biochemj.
org/bj/462/bj4620567add.htm) respectively. Yeast strains were
transformed using the lithium acetate method [23], and
transformants were selected on SD (synthetic dropout) medium
lacking the appropriate amino acid supplement.

The single-site mutants of Tpk1 in which Ser179 was
replaced with an alanine or aspartate residue were obtained
using conventional PCR-based methods, using complementary
mutagenic oligonucleotide primers and pTD45-Tpk1 construct
as the template (TOP Gene Technologies). All constructs
were sequenced. Epitope tagging was constructed using the
cellular repair machinery to incorporate the PCR fragment
into a gapped plasmid via gap repair [24] or into the
genomic locus [25]. A fragment containing the C-terminal
coding region of the TPK1 gene fused to a GFP or TAP
(tandem affinity purification) epitope carrying the HIS3 selectable
marker was amplified by PCR from genomic DNA using the
primers 5′-TTGTTAAGGAAAGCCCAAAGATTTCCCAAC-3′

(forward) and 5′-GATTCCGACCTTGTTTGGAGC-3′ (reverse).
Fragment for epitope tagging of Bcy1 was generated using
the primers 5′-AGACCATGATTATTTCGGTG-3′ (forward)
and 5′-GTAGTAACAGCAGTAGTAGA-3′ (reverse) employing

genomic DNA from SC288C Bcy1-GFP strain. The DNA
sequence was confirmed by sequencing, and the expression of
tagged protein was monitored by Western blotting.

Strains CS-S179, CS-S179A and CS-S179D were constructed
by deletion of the TPK2 gene. The strain W303
tpk3::tpk1::KanMx4 was transformed with pTD45-Tpk1, pTD45-
tpk1S179A or pTD45-tpk1S179D. A deletion cassette, generated by
PCR, containing the URA3 gene from S. cerevisiae flanked by
a 50-bp region of the TPK2 gene was transformed into each of
these yeast strains. Transformants were selected on plates without
uracil. Deletions in each strain were verified by PCR.

Strains were grown in rich medium containing 2% (w/v) Bacto
peptone, 1% (w/v) yeast extract and 2% (w/v) glycerol (YPGly),
2% galactose (YPGal), 2 % glucose (YPGlu) or 2% ethanol
at 30 ◦C. Synthetic medium contained 0.67% yeast nitrogen
base without amino acids, 5% ammonium sulfate and 2%
glucose (SDGlu) or 2% glycerol (SDGly), plus the necessary
additions to fulfil auxotrophic requirements and to maintain
selectable plasmids. Solid medium contained 2% agar. Carbon
source-derepressed cells were grown on SDGly to exponential
phase as indicated. Cells were collected by centrifugation at
4 ◦C, washed once with ice-cold 25 mM Mes/KOH (pH 6) and
incubated for 15 min in fresh YPGly, before glucose (100 mM
final concentration) addition. Aliquots were taken at different
times and processed according to each determination. The zero
time point always corresponds to samples taken immediately
before glucose addition.

SDS/PAGE, native gel electrophoresis, 2D-gel electrophoresis and
Western blotting

Samples of purified preparations or crude extracts were separated
by SDS/PAGE (10% gels). For native gel electrophoresis, the
pelleted cells were disrupted in an appropriate buffer with glass
beads and the lysate was clarified and mixed with native sample
buffer (0.015 M Tris/HCl, pH 9, 5% glycerol and 0.0125%
Bromophenol Blue). Gels were prepared essentially as described
for SDS/PAGE, but SDS was omitted and the upper buffer was
prepared with 0.15 M Tris/HCl (pH 9) [22]. For two-dimensional
gel electrophoresis, a crude extract of tpk1w1 + GFP–HA3–Tpk1
strain was mixed with an equal volume of 20 % (v/v) TCA
(tricholoroacetic acid) in acetone with 20 mM DTT and incubated
for 45 min at − 20 ◦C before centrifugation for 15 min at 15000 g
at 4 ◦C. The pellet was washed with ice-cold acetone with 20 mM
DTT, incubated for 1 h at − 20 ◦C, centrifuged, dried and finally
solubilized in lysis solution (50 μl/mg of dried pellet) for 2–4 h.
The lysis solution contained 8 M urea, 2% (w/v) Nonidet P40,
20 mM DTT, 0.01% Bromophenol Blue and 0.5% IPG buffer
(GE Healthcare). The samples were used immediately or stored
at − 80 ◦C until use. Protein samples of 125 μl (50 μg) were
transferred into 7 cm IPG strips (pH 3–10) (GE Healthcare) for
15 h for rehydration. Isoelectric focusing was carried out at 20 ◦C
with the Multiphor II system (GE Healthcare) at 500 V for 2 h,
1000 V for 2 h or 8000 V for 2 h. The strips were equilibrated
in equilibration buffer (6 M urea, 20 mM DTT, 50 mM Tris/HCl,
pH 8.8, 30% glycerol, 2% SDS and 0.01% Bromophenol Blue)
for 15 min, and subjected to second-dimension SDS/PAGE.

The gels were blotted on nitrocellulose membranes.
Blots were probed with anti-TPK1, anti-BCY1, anti-
HA (haemagglutinin), anti-GFP (Santa Cruz Biotechnology)
or anti-pSer179 phosphospecific polyclonal antibody. The
anti-pSer179 antibody was generated against the synthetic
phosphopeptide CSLLRKpS179QRFPNPVAK manufactured by
Pacific Immunology. Anti-pThr241 antibody was generously

c© The Authors Journal compilation c© 2014 Biochemical Society

http://www.biochemj.org/bj/462/bj4620567add.htm
http://www.biochemj.org/bj/462/bj4620567add.htm


Glucose-dependent phosphorylation of Tpk1 catalytic subunit 569

provided by Professor Johan Thevelein [5]. The blots were
developed with chemiluminescence luminol reagent, and
immunoreactive bands were visualized by autoradiography and
analysed by digital imaging using a Bio-Imaging Analyzer BAS-
1800II (Fujifilm). To quantify Western blots, short exposures of
two independent experiments were scanned and quantified using
Image Gauge 3.12 software.

Purification of catalytic subunits and holoenzymes

Purification of HA-tagged proteins

Strains expressing HA-fused proteins were grown in SDGlu
medium at the temperatures indicated in each Figure. Cells
were subsequently lysed by disruption with glass beads using
the appropriate buffer [26]. Cell debris was pelleted by
centrifugation at 15000 g for 5 min, and the crude extract
was used to immunoprecipitate HA-tagged proteins. The
immunoprecipitation procedure was performed as described
previously [26] using anti-HA antibody.

Purification of TAP-tagged proteins

Yeast cultures were grown to a D600 of 0.6. TAP-affinity
purification was carried out on the cell lysates as described
previously [27]. Holoenzyme purification was performed by
one purification step: binding to IgG–Sepharose 4B through
the Protein A IgG-binding domains of the ORF. This source
of immobilized holoenzyme was used for PKA activation
experiments. Catalytic subunit purification was performed
following the holoenzyme protocol. After extensive washing of
the immobilized holoenzymes on IgG–Sepharose 4B, the free
catalytic subunits Tpk1, tpk1S179A or tpk1S179D were eluted with
50 mM cAMP. These sources of pure enzyme were immediately
used for phosphorylation experiments as described below.

Kinase assay, holoenzyme activation and kinetic parameter
determination

The kinase activity of purified Tpk1, tpk1S179A and tpk1S179D

subunits were performed under standard assay conditions except
for the Nth1-1 peptide GRQRRLSSLSEF used as substrate [28].
The reaction was started by mixing the samples with assay
mixture. After 30 min at 30 ◦C, aliquots of 70 μl were processed
using the phosphocellulose paper method [29]. Protein kinase
assays were linear with time and kinase amount. Kinetic data were
applied to the Michaelis–Menten equation. For the holoenzyme
activation assays, immobilized purified PKA holoenzymes were
used for measurement of kinase activity at various cAMP
concentrations as described above using Nth1-1 substrate and
calculating the A0.5 value for cAMP under each condition.

Peptide array

The peptide array was designed by scanning all of the sequences
in Tpk1 containing a serine or threonine, between 11 and 12
amino acids in length, with the phosphorylatable amino acid
around the middle of the sequence. In cases where more than
one phosphorylatable amino acid is present in the sequence,
an additional version with a replacement of each one of the
amino acids with alanine was included. Cellulose-bound peptide
arrays were automatically prepared according to standard SPOT
synthesis protocols by using a SPOT synthesizer (Abimed
Analysentechnik) by Susan Taylor’s laboratory, Department of
Chemistry and Biochemistry, University of California at San

Diego. The phosphorylation reaction was performed in an
incubation mixture containing 0.2 mg/ml BSA, 100 μM ATP,
200 μCi of [γ -32P]ATP and 150 pmol of Tpk1 subunits for 1 h
at 30 ◦C [28]. The membrane was rinsed, dried and subjected to
digital image analysis (Bio-Imaging Analyzer BAS-1800II and
Image Gauge 3.12, Fujifilm).

In vitro Tpk1 phosphorylation reaction

Aliquots of 350 μl of purified Tpk1–TAP and tpk1d–TAP fusion
proteins were incubated in 400 μl of 50 mM Tris/HCl (pH 7.4),
10 mM NaCl, 1 mM DTT, 10 mM MgCl2, 25 μM ATP, 45 μCi
of [γ -32P]ATP (4.5 Ci/mmol) (PerkinElmer Life Science) and
15 μg/ml PKI (protein kinase inhibitor) amide fragment 6–
22, when added. The reaction was stopped after 30 min at
30 ◦C by precipitation with 25% TCA. The samples were
rehydrated with 20 μl of appropriate buffer plus 5 μl of Laemmli
loading buffer (4×) and boiled for 5 min. The proteins were
separated by SDS/PAGE (10% gels). After silver staining, the
gel was dried and exposed to X-ray film. To dephosphorylate the
phosphorylated Tpk1–TAP protein, the 32P-labelled Tpk1–TAP
proteins were processed as described below.

Alkaline phosphatase treatment of catalytic subunit

Samples containing 80 μg of total protein or purified Tpk1 and
tpk1d samples were incubated at 37 ◦C for 15 min in a total volume
of 40 μl with 0.1 M Tris/HCl (pH 9.5), 50 mM MgCl2, 0.1 M
NaCl and 100 units of alkaline phosphatase (Sigma). The reaction
was stopped by the addition of phosphatase inhibitors. Samples
treated with phosphatase or untreated samples were separated by
native gel electrophoresis or SDS/PAGE.

Fluorescence microscopy

Cells used for fluorescence microscopy were grown to early
exponential phase, fixed with 7.4 % formaldehyde, washed with
PBS and resuspended in 0.05% Nonidet P40 plus 1 μg/ml DAPI
for 30 min to stain the nuclei. Microscopy was performed using an
epifluorescence microscope (Nikon Eclipse E600W). The images
were processed using ImageJ (NIH) and Adobe Photoshop CS2
software.

Phenotypes analysis

Glycogen accumulation was detected by the brown colour
produced by staining with iodine, analysed in situ by inversion of
a plate over I2 crystals in a chromatography tank [30]. For heat-
shock-resistance determination, yeast strains were pre-grown in
appropriate medium until reaching 106 cells/ml. Heat shock was
performed in a water bath at 56 ◦C for 8 min and cell viability was
assayed by spot assay on SDGlu medium. CLS (chronological
lifespan) was determined by measurement of cell viability of 12-
old-day culture by spot assay on SDGlu [31]. Cell viability was
assessed by spot assay and incubated for 48 h at 30 ◦C before
photography. Glucose concentration in medium was determined
using the Trinder method (Sigma).

Reproducibility of results

All experiments were repeated several times (indicated in each
Figure) with independent cultures and enzyme preparations.
Subcellular localization and glucose consumption was analysed
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using ANOVA with Bonferroni’s post-hoc test. Kinetic results
were analysed using ANOVA with Tukey’s HSD (honest
significant difference) test.

RESULTS

Tpk1 changes its phosphorylation status by an autophosphorylation
mechanism during the reconfiguration of respiratory to
fermentative metabolism

Previously, we have shown that the phosphorylation status of
Tpk1 changes towards more phosphorylated isoforms during the
metabolic transition from respiratory to fermentative metabolism.
The change in phosphorylation of Tpk1 occurs after a cAMP
peak produced by glucose addition, and depends on the activation
of cAMP/PKA pathway through a GPCR system. Furthermore,
we did not observe changes in the phosphorylation status of
Tpk1 when using an attenuated activity mutant tpk1w1, suggesting
that an active molecule is required for the increase in Tpk1
phosphorylation [22].

To analyse the mechanism responsible for this phosphorylation,
we evaluated the phosphorylation state of Tpk1 during glucose
stimulus on glycerol-growing cells using strains harbouring a
chromosomally deleted TPK1 gene, but expressing Tpk2 and
Tpk3 (tpk1� TPK2 TPK3 BCY1) complemented with active Tpk1
or tpk1d kinase-dead mutant (tpk1K116R). We also the analysed
phosphorylation status of Tpk1, employing strains harbouring a
tpk1w1 weak kinase allele mutant (tpk1w1 tpk2� tpk3� BCY1)
transformed with active versions of Tpk2 and Tpk3 isoforms.
Tpk1 phosphorylation status before and after glucose addition
was evaluated by native gel electrophoresis and Western blotting
using anti-Tpk1 antibodies as described previously [22].

Immunoblot analysis (Figure 1A) of crude extracts from
tpk1�+ Tpk1 glycerol-growing cells (t = 0) showed two
principal Tpk1 isoforms with a change in their relative abundance
towards more phosphorylated isoforms 5 min after glucose
stimulus (t = 5). Alkaline phosphatase treatment of samples of
glucose-stimulated cells eliminated the faster-migrating isoforms,
indicating that the modification in the migration pattern is
due to phosphorylation (t = 5, − and + Ppase lanes). These
results also confirm that Tpk1 from episomal expression has the
same phosphorylation pattern as observed previously for Tpk1
expressed from genomic locus [22].

Interestingly, Tpk1 phosphorylation analysis in tpk1�+ tpk1d

cells showed one principal isoform without any change upon
glucose addition (t = 0 compared with t = 5). To verify the
activation of the cAMP/PKA pathway in tpk1� + tpk1d strain,
we determined in situ PKA activity measured in permeabilized
cells [22] and trehalose mobilization levels [32] on glycerol-
growing cells stimulated by glucose (Figure 1C, upper panels).
Upon glucose addition, both tpk1�+ Tpk1 and tpk1�+ tpk1d

strains showed a transient increase in endogenous PKA activity
indicating cAMP/PKA pathway activation. Consistent with the
absence of Tpk1 catalytic subunit, endogenous activation exerted
by Tpk2 and Tpk3 isoforms during glucose stimulus reached half
of PKA activity levels in a tpk1�+ tpk1d strain compared with a
tpk1�+ Tpk1 strain. The measurement of trehalose mobilization
levels, as a readout of PKA activity (Figure 1C), showed a decrease
in response to glucose addition, as expected.

Similarly to what we observed for the tpk1d inactive version, the
tpk1w1 attenuated mutant did not change its phosphorylation status
upon glucose stimulus (Figure 1A). Additionally, tpk1w1 strain
co-expressing a plasmid encoding either Tpk2 or Tpk3 isoforms
did not increase tpk1w1 phosphorylation (Supplementary Fig-
ure S1 at http://www.biochemj.org/bj/462/bj4620567add.htm).

Complementation with Tpk2 showed an increase in in situ
PKA activity and glycogen and trehalose mobilization upon
glucose stimulus, whereas complementation with Tpk3 showed
reduced cAMP/PKA pathway activation possibly due to Tpk3 low
expression (Supplementary Figure S1A). These results indicate
that Tpk1 phosphorylation induced by glucose stimulation of
the cAMP/PKA pathway is not exerted by Tpk2 or Tpk3 trans-
phosphorylation.

To investigate whether Tpk1 phosphorylation is mediated by
trans-phosphorylation between Tpk1 molecules, we employed
strains co-expressing tpk1w1 and an active tagged version
GFP–HA3–Tpk1. Both versions of Tpk1 can be identified
through their differential electrophoresis motilities. As shown
in Figure 1(A), tpk1w1 did not change its phosphorylation
status upon glucose addition when expressed alone or when
co-expressed with the active version GFP–HA3–Tpk1. The
fusion protein GFP–HA3–Tpk1 (denoted with asterisk in the
anti-TPK1 blot and reblotted anti-HA membrane shown in
Figure 1A) efficiently changed its phosphorylation pattern as
observed when analysed via two-dimensional electrophoresis
(Figure 1B). The phosphorylated isoforms of GFP–HA3–Tpk1-
tagged version were poorly resolved in native gels probably due
to its increase in molecular mass. The cAMP/PKA activation in
tpk1w1 strain complemented with GFP–HA3–Tpk1 was verified
through its transient increase in endogenous PKA activity and
subsequent decline in trehalose levels induced by glucose addition
to glycerol-growing cells (Figure 1C). Overall, these results
suggest that tpk1w1 cannot be trans-phosphorylated by other Tpk1
molecules.

To analyse the catalytic activity requirement for Tpk1
phosphorylation in vitro, we performed a phosphorylation assay
using a purified preparation of Tpk1 and [γ -32P]ATP (Figure 2).
The incorporation of 32P into Tpk1 observed in the first lane of
Figure 2 was abolished in the presence of PKI and reversed by
alkaline phosphatase treatment (Figure 2, second and third lanes).
Similar amounts of the purified kinase-dead version, tpk1d, did
not incorporate 32P, indicating that only active Tpk1 molecules
could be subjected to phosphorylation.

Identification of phosphorylation target site(s) in Tpk1

To identify the putative target residue(s) of autophosphorylation,
we performed a peptide array screen. Taking into account our
previous results that showed Tpk1 autophosphorylation, we
synthesized a 10-mer peptide array containing all serine and
threonine putative target residues from the Tpk1 protein sequence,
with the phosphorylated amino acid centred in the sequence. To
discriminate the target residue of phosphorylation, serine and
threonine residues in peptides with more than one of these residues
were replaced by alanine. Phosphorylation of kemptide peptide
was used as positive control. The peptide array was incubated
with purified Tpk1 plus [γ -32P]ATP (Figure 3; see Supplementary
Figure S2 at http://www.biochemj.org/bj/462/bj4620567add.htm
for an image of the whole array). Figure 3(A) shows that the main
phosphorylated peptide by far was L175LRKSQRFPNP, containing
Ser179. To validate the results from the peptide array screen, we
performed an in vitro kinase assay including peptides derived
from negative spots and kemptide as positive control (Figure 3B).
Three different sources of PKA were used, mammalian catalytic
subunit (Cα), purified Tpk1 and permeabilized cells from TPK1
tpk2� tpk3� bcy1� strain which has high and unregulated PKA
activity. The L175LRKSQRFPNP peptide was phosphorylated by
the three PKA sources, suggesting that Ser179 (in bold) could be a
target of Tpk1 autophosphorylation.
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Figure 1 In vivo phosphorylation of tpk1 mutants evoked by glucose stimulus

(A) Cells from tpk1�+ Tpk1, tpk1�+ tpk1d, tpk1w1 and tpk1w1 + GFP–HA3–Tpk1 strains were grown to exponential phase on SDGly. At time zero, 100 mM glucose was added. Samples were
taken at time zero (before glucose addition) and at 5 min (after glucose addition). Equal amounts of protein from crude extracts were resolved by native gel electrophoresis and Tpk1 isoforms were
detected using anti-Tpk1 or anti-HA antibody. An aliquot of the sample taken at 5 min from tpk1�+ Tpk1 strain was treated with alkaline phosphatase (Ppase) before native gel electrophoresis.
The fusion protein GFP–HA3–Tpk1 is denoted with an asterisk in blot in the anti-TPK1 and the reblotted anti-HA membrane. (B) Aliquots from tpk1w1 + GFP–HA3–Tpk1 strain were subjected to
two-dimensional gel electrophoresis and the Tpk1–HA isoforms were developed using the anti-HA antibody. Arrowheads from left to right indicate lower and higher phosphorylated Tpk1. (C) In
situ PKA activity measured in permeabilized cells (left-hand panels) and trehalose levels (right-hand panels) measured at variable times after 100 mM glucose addition to the cells. Results are
means +− S.D. from three independent experiments.

It has been postulated that in order to evaluate the consequences
of a phosphate group on a residue, mutation to alanine of residues
corresponding to the consensus PKA site surrounding the target
site is a better choice than mutating the phosphorylation site itself
to alanine [2]. However, due to the fact that a catalytic subunit
mutant tpk1R177A or tpk1K178A with mutations on either of the two
consensus amino acids were defective in Tpk1–Bcy1 interaction
[33], we chose the more classic approach and constructed a TPK1

mutant in which Ser179 was replaced by alanine or aspartate.
Before constructing the Tpk1 mutants, we evaluated the possible
effects of a Ser179 mutation on the Tpk1 structure. Mutants were
generated by FoldX 3.0 [34] which enables mutation to standard
and phosphorylated residues and evaluation of changes in protein
stability. We observed that Ser179 is situated at the end of the
αD helix and that it is exposed to the solvent (Figure 3C).
An available crystal structure of the catalytic subunit form S.
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Figure 2 In vitro phosphorylation of Tpk1 is dependent on an active catalytic
subunit

Equal amount of purified Tpk1–TAP and tpk1d–TAP from glycerol-growing cells, were
incubated with [γ -32P]ATP for 30 min at 30◦C. PKI fragment peptide 6–22 was added to
the phosphorylation reaction as indicated. An equivalent sample of 32P-labelled Tpk1–TAP
was incubated with alkaline phosphatase for 60 min at 30◦C. Samples were resolved by 10 %
SDS/PAGE. Autoradiogram (upper panel) and silver staining (lower panel) of the same gel are
shown.

cerevisiae (PDB code 1FOT) was used as a template to generate
phosphorylated Ser179, S179A and S179D mutants. All three
mutants gave marginal destabilization values (within 0.3 kcal/mol;
1 kcal = 4.184 kJ), thus concluding that neither mutation nor
phosphorylation significantly affects the protein stability.

Tpk1 phosphorylation on Ser179 occurs during the transition from
respiratory to fermentative metabolism

To investigate whether Ser179 is a target residue of phosphorylation
of Tpk1 in vivo, we employed phosphospecific antibodies
developed against pSer179. Specificity of anti-pSer179 antibody
was verified by ELISA assay using synthetic phosphorylated and
unphosphorylated peptides containing Ser179 (results not shown).
We analysed the antibody specificity against Tpk1 proteins
purified from cells grown in glucose; the antibody recognized
purified wild-type Tpk1, but not the tpk1S179A mutant version in
which the serine residue was mutated to alanine (Figure 4A).
Figure 4(B) shows that Tpk1 is phosphorylated on Ser179 during
exponential growth on glucose, but its phosphorylation decreases
significantly when cells are grown on glycerol or have reached
stationary phase.

We next determined whether Tpk1 phosphorylation on Ser179

changes during PKA activation evoked by glucose stimulus
on glycerol-growing cells. Exponentially growing cells on
glycerol showed a low Ser179 phosphorylation, whereas glucose
addition led to a rapid Ser179 phosphorylation within 5 min of
stimulus (Figure 4C). At 90 min after stimulus, the degree of
phosphorylation on Ser179 continued to be stable in levels similar
to those observed in cells growing exponentially on glucose
(Figure 4B, glucose lane). In cells expressing an attenuated Tpk1
version (tpk1w1), phosphorylation of Ser179 after glucose stimulus
was completely lost; even glycerol-growing cells showed no
phosphorylation in this mutant weak version of Tpk1 (Figure 4C).
These results indicate that Ser179 of Tpk1 is a target residue of
glucose induced phosphorylation on active Tpk1 molecules.

It has been described that Tpk1 is phosphorylated by Pkh1
in vivo on the activation loop at Thr241 and its phosphorylation
occurs during or immediately after Tpk1 synthesis. This
phosphorylation was independent of nitrogen or glucose
availability [5]. We have shown that Pkh1 inactivation reduces
the interaction between Tpk1 and the regulatory subunit Bcy1
without affecting the specific kinase activity [6]. To assess
the interrelationship between Thr241 and Ser179 phosphorylation,
we first evaluated the phosphorylation state of Thr241 in Tpk1,
tpk1S179A and tpk1S179D (Figure 4D, left-hand panel). Purified wild-
type and mutant catalytic subunits from mid-exponential glucose

cultures were subjected to Western blot analysis using anti-pThr241

antibody. Tpk1 protein showed similar levels of pThr241 signal
independently of the presence of a negative charge on Ser179,
suggesting that the phosphorylation status of Ser179 did not affect
the phosphorylation of Thr241 by Pkh1 kinase. Secondly, we
analysed the phosphorylation state of Ser179 in a pkh1ts pkh2�
pkh3� strain (Figure 4D, right-hand panel) in which we have
already shown that pThr241 is decreased [6]. We found an increased
pSer179 signal in Tpk1 purified from the Pkh1 inactive strain.
Consistent with previous data, this strain presents a reduced level
of pThr241 and a decrease in the interaction between Tpk1 and
Bcy1.

Collectively, these results indicate that a reduced phosphoryla-
tion state of Tpk1 on Thr241 reduces the inhibition performed by
Bcy1 over Tpk1, and consequently the catalytic activity increases.
This positively influences the phosphorylation status of the residue
Ser179 in vivo. These results reinforce the observation that the
extent of phosphorylation of Ser179 is dependent on Tpk1 catalytic
activity.

Role of tpk1S179A and tpk1S179D mutants on cAMP/PKA
pathway-controlled phenotypes

To evaluate the in vivo relevance of Tpk1 phosphorylation on
Ser179, we analysed several PKA readouts. Phenotypic behaviour
analysis was performed by phenotypic comparison of mutant
yeast strains expressing Tpk1, tpk1S179A and tpk1S179D as the sole
source of PKA activity (Figure 5). First, we analysed the growth
profile on fermentative and respiratory carbon sources of wild-
type and mutant strains and we observed that all of the strains
showed similar growth kinetics (Supplementary Figure S1B). In
order to evaluate whether the mutation on Ser179 altered Tpk1
and Bcy1 protein expression levels, we analysed samples derived
from crude extracts by Western blotting, and concluded that
none of the PKA subunit levels were affected in cells growing
exponentially using different carbon sources, even after cells
reached quiescence (results not shown). Figure 5(A) shows that
the amount of glucose remaining in the medium during culture
of the tpk1S179A mutant strain was slightly higher than in the case
of Tpk1 and tpk1S179D strains, indicating less efficiency in glucose
metabolism in tpk1S179A mutant strain. Since glycogen levels are
very sensitive to PKA levels, we assessed the glycogen content
of mutants and wild-type strains by iodine staining in cells grown
on fermentable (glucose) and respiratory carbon sources (glycerol
and ethanol). Mutant strain tpk1S179D accumulated less glycogen
when compared with mutant strain tpk1S179A, whereas wild-type
cells presented an intermediate glycogen accumulation levels
(Figure 5B). The presence of rapamycin in the culture promoted
greater accumulation of glycogen in the three strains, indicating
that all three versions of Tpk1 were able to reduce PKA activity
by increasing the Tpk1–Bcy1 interaction upon TORC1 (target of
rapamycin complex 1) inhibition [35].

High PKA activity correlates with a decrease in heat-stress
survival and is a suitable readout to reflect PKA activity.
Exponential-phase cultures of Tpk1, tpk1S179A and tpk1S179D were
subjected to heat stress, and cell survival was assayed by spot
assay. Figure 5(C) shows that tpk1S179D showed a reduction in heat-
stress tolerance, suggesting high PKA activity in these mutant
cells.

Reduction of cAMP/PKA signalling promotes CLS extension
[36,37]. To study the effects of Tpk1 mutation on CLS, wild-
type and mutant cells were cultured until reaching stationary
phase. Survival was measured by spot assay after cells entered
stationary phase (Figure 5D). tpk1S179D exhibited a reduction
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Figure 3 Identification of Ser179 target phosphorylation site in Tpk1

(A) 11-mer peptides derived from the Tpk1 sequence arrayed on cellulose membrane were incubated with purified Tpk1 as kinase source and radiolabelled with ATP. The sequences of the
peptides in each spot are indicated; kem, peptide kemptide; NP, no peptide. A section of the autoradiogram of the peptide array is shown (for the full image, see Supplementary Figure S2 at
http://www.biochemj.org/bj/462/bj4620567add.htm). (B) In vitro and in situ PKA kinase assay using 0.3 and 1 mM of the following peptides: L175LRKSQRFP (containing Ser179), T318RDLSQRLG
and Q366GDTSQFDKK (as negative controls), kemptide LRRASLG (as positive control), mammalian catalytic subunit Cα or Tpk1 as enzyme source and TPK1 tpk2� tpk3� bcy1� permeabilized
cells for the in situ assay. In vitro kinase activity is expressed as pmol of phosphate incorporated/min and in situ kinase activity as pmol of phosphate incorporated/min per 106 cells. Results are
means +− S.D. from two independent experiments. (C) Ribbon representation of Tpk1 subunit. The protein backbone is presented in grey. Thr241 and Ser179 and ATP are shown as sticks. Activation
loop and D helix are shown in red and the Mg2 + ion is shown as a green sphere.

in CLS compared with wild-type cells; conversely, tpk1S179A

showed an extension of CLS. The results shown in Figure 5
indicate that a phosphomimetic mutation of Ser179 to aspartate
had as a consequence that cells containing this mutation showed
a phenotypic behaviour towards higher PKA activity, whereas
cells containing alanine rather than Ser179 had a phenotypic
behaviour related to a lower PKA activity. Wild-type cells showed
a phenotype severity intermediate between the two mutants,
suggesting that Ser179 is partially phosphorylated in vivo.

Taken together, these results are consistent with a model in
which Tpk1 phosphorylation on Ser179 increases Tpk1 catalytic
activity in vivo.

Nucleocytoplasmic distribution of Tpk1 is dependent on the
negative charge on Ser179

To investigate whether the phosphorylation status of Ser179

has an impact on Tpk1 localization, we performed subcellular
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Figure 4 Phosphorylation of Tpk1 on Ser179 occurs on active Tpk1 molecules and glucose availability

(A) Purified Tpk1 and tpk1S179A from glucose-growing cells were subjected to Western blot analysis with anti-pSer179, antibody stripped and further developed with anti-Tpk1 antibody. (B) The strain
expressing GFP–HA3–Tpk1 was grown to exponential phase either on glucose or glycerol or to stationary phase. Aliquots containing equal amount of immunopurified GFP–HA3–Tpk1 were subjected
to immunoblot analysis with anti-pSer179 antibody. The regulatory subunit associated with each purified GFP–HA3–Tpk1 was detected by immunoblotting using anti-Bcy1 antibody. The total amount
of the catalytic subunit loaded was detected with anti-HA antibody. The arrows indicate Bcy1 isoforms with variable degree of phosphorylation. (C) Strain expressing tpk1w1 + GFP–HA3–Tpk1 was
grown to exponential phase on glycerol (time zero) and subjected to glucose stimulus. At different times (as indicated) equivalent aliquots were taken and GFP–HA3–Tpk1 was immunopurified with
anti-HA antibody (top two rows) and tpk1w1 was immunopurified with anti-Tpk1 antibody (bottom two rows). Ser179 phosphorylation was detected using anti-pSer179 antibody and the total amount
of catalytic subunits tpk1w1 or GFP–HA3–Tpk1 was detected with anti-Tpk1 or anti-HA antibody respectively. (D) Left-hand panel: purified Tpk1, tpk1S179A or tpk1S179D from glucose-growing cells
were subjected to Western blot analysis with anti-pThr241 antibody, stripped and developed further with anti-Tpk1 antibody. Right-hand panel: wild-type (WT) and pkh1ts pkh2� pkh3� strains
expressing GFP–HA3–Tpk1 were grown to exponential phase at 24◦C and then shifted to 37◦C or kept at 24◦C as a control for 3 h. GFP–HA3–Tpk1 was immunopurified from cell extracts and
Thr241 phosphorylation was analysed by immunoblotting with anti-pThr241 antibody. The regulatory subunit associated with purified GFP–HA3–Tpk1 was detected by immunoblotting with anti-Bcy1
antibody. The total amount of the catalytic subunit loaded was determined by immunoblotting using anti-HA antibody. The phosphorylation status of Ser179 was evaluated with anti-pSer179 antibody.

localization analysis of Tpk1–GFP, tpk1S179A–GFP and tpk1S179D–
GFP catalytic subunits. As reported previously [18,20], Tpk1–
GFP showed a partially nuclear localization during exponential
growth on glucose, whereas in glycerol-grown cells its
localization was mainly cytoplasmic. However, cells expressing
tpk1S179A–GFP showed nucleocytoplasmic distribution when
grown on either glucose or glycerol (Figure 5E), whereas cells
expressing tpk1S179D–GFP showed a predominant cytoplasmic
localization when grown on both carbon sources. These
observations indicate that a negative charge on Ser179 of Tpk1
promotes relocalization towards cytoplasm in cells growing on
glucose. Since in vivo (Figure 5B) and in vitro (Figure 6B) results
indicate that mutation on Ser179 does not affect the Tpk1–Bcy1
interaction, we can rule out that Tpk1 mislocalization in Tpk1
mutants is a consequence of a lack of interaction with Bcy1. We
then analysed whether mutation of Ser179 had any effect on Bcy1
localization. As shown in Figure 5(E), Bcy1–GFP localization
was predominantly nuclear in exponentially glucose-grown cells
expressing Tpk1 or tpk1S179A subunits. When these cells were
cultured in a medium containing glycerol, Bcy1–GFP showed a
cytoplasmic localization. However, in the tpk1S179D strain, Bcy1–
GFP localized in the nucleus when cells were grown either on
glucose or on glycerol.

Altogether, these results suggest that cells expressing tpk1S179D

have enhanced PKA activity by relocalization of Tpk1 towards
cytoplasm and nuclear accumulation of Bcy1.

Kinetic characterization of Tpk1 mutant on Ser179

The effect of the negative charge on Ser179 on Tpk1 over its
kinetic properties was measured by comparing tpk1S179A activity
with tpk1S179D activity using the peptide substrate NTH1-1 [28].
Figure 6(A) shows that tpk1S179D has a 25-fold increase in
Vmax, when using the peptide NTH1-1 as a substrate, when
compared with tpk1S179A. The Km, however, was not significantly
affected by the presence of a negative charge on Ser179.
Therefore the specificity (Vmax/Km) of tpk1S179D for a substrate was
significantly higher than that of tpk1S179A. We further assessed
cAMP-dependence of the holoenzyme activity in the presence
of saturating concentrations of kemptide as a substrate. The
activation curves shown in Figure 6(B) demonstrate similar A0.5

for cAMP, suggesting that the Tpk1–Bcy1 interaction was not
affected by the acidic nature of Ser179. These results suggest that a
negative charge on Ser179 increases the reactivity of Tpk1 towards
the substrate.

In order to predict whether there could be a structural correlation
to the effect a negative charge on Ser179 had on the catalytic
activity of Tpk1, we modelled the binding of the NTH1-1
substrate on the catalytic site of the crystal structure of Tpk1.
After a multiple alignment using MultiSeq [38] of all of the
crystallized complexes of mammalian Cα co-complexed with
different ligands, substrates and inhibitors, we chose the bovine
PKA catalytic subunit Cα (PDB code 1Q24) structure bound to a
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Figure 5 In vivo role of negative charge on Ser179 in Tpk1

Cells expressing Tpk1, tpk1S179A or tpk1S179D as the sole kinase source were used for several PKA readouts analyses. (A) Growth curve on glucose and glucose consumption during the diauxic shift.
Glucose consumption curves show means +− S.D. for three independent cultures. *P < 0.05 for tpk1S179A compared with Tpk1 and tpk1S179D at 2, 4 and 6 h. (B) Glycogen accumulation on different
carbon sources, tested by iodine staining of culture spotted and grown for 48 h. (Glu, SDGlu plates; Glu + Rapa: SDGlu plates containing 5 ng/ml rapamycin; Gly, SDGly plates; Ethanol, SD-ethanol
plates). The numbers under each spot indicates the quantification of iodine staining by densitometric analysis. (C) Heat-shock survival analysed by incubation of exponentially growing cells at 54◦C
for 8 min, serial dilution by a factor of 10, and growth on SDGlu plates, for 48 h at 30◦C before photography. (D) Lifespan of quiescent cells evaluated by spot assay of 12-old-day culture. Viability
of exponential cultures was used as control. (E) Subcellular localization of Tpk1–GFP, tpk1S179A–GFP, tpk1S179D–GFP, Tpk1 Bcy1–GFP and tpk1S179A Bcy1–GFP, tpk1S179D Bcy1–GFP in exponential
glucose- and glycerol-growing cells determined by fluorescence microscopy. Nuclei were stained with DAPI. Results are mean +− S.D. percentages of cells with nuclear fluorescence stronger than
cytoplasmic fluorescence for three independent cultures. *P < 0.05 for Tpk1–GFP compared with tpk1S179D–GFP on glucose; **P < 0.05 for Tpk1–GFP compared with tpk1S179A–GFP on glycerol;
***P < 0.05 for Tpk1–Bcy1–GFP compared with tpk1S179D–Bcy1–GFP on glycerol.

peptide representing the pseudosubstrate PKI, together with ATP
and Mg2 + as the best template to model the crystal structure
of Tpk1 (PDB code 1FOT) in which we introduced Asp179 as a
phosphomimetic analogue of phosphorylated Ser179 using FoldX
3.0 [34]. We got a first model of the complex aligning both 1FOT
and 1Q24 structures and mutating, by mean of FoldX, the bound
peptide to NTH1-1 sequence, to have an approximate peptide
docking in the context of the Tpk1 subunit. On bovine PKA
Cα structures, there is a displacement of the N-lobe domain

respect to the C-lobe domain. This is particularly evident in
a C-lobe region close to the ligand-docking site. Therefore,
to improve the alignment, we limited it to C-lobe (residues
169–361 for 1FOT and 125–370 for 1Q24). Given that our
modelling tool keeps the backbone rigid, the resulting model is an
approximation of how our peptide substrate could fit in the context
of Tpk1 subunit. In this context, we evaluated residues that could
interact with the peptide substrate and found that Asp179 is quite
close to arginine (P-5) on the NTH1-1 peptide [approximately
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Figure 6 Kinetic parameters of Tpk1, tpk1S179A and tpk1S179D

(A) Purified preparations of catalytic subunit mutant versions tpk1S179A and tpk1S179D from strains CS-S179A-BTAP or CS-S179D-BTAP were used to determine K m and relative V max using NTH1-1
synthetic peptide as substrate. Results are means +− S.D. for three independent enzymatic purifications; *P < 0.005. The amount of catalytic subunits used for the assay was quantified by Western
blotting using anti-Tpk1 antibody on aliquots of purified tpk1S179A and tpk1S179D (as shown below). (B) tpk1S179A–Bcy1 and tpk1S179D–Bcy1 purified holoenzymes were obtained from strains
CS-S179A-BTAP or CS-S179D-BTAP as described in the Experimental section. An equivalent amount of holoenzymes was incubated with increasing concentrations of cAMP for 10 min at 30◦C
with 100 μM [γ -32P]ATP and the peptide NTH1-1 (3-fold the K m value). Results are means +− S.D. for four independent holoenzyme preparations. PKA activity is represented relative to the activity
at 100 μM cAMP taken as 1. The amount of purified holoenzymes used in the assays was quantified by Western blotting with anti-Tpk1 and anti-Bcy1 antibodies on aliquots of enzyme preparations.
(C) Docking of NTH1-1 to Tpk1 yeast kinase. Close-up of the docking groove highlighting Arg15 (P-5) and Ser20 (phosphorylatable residue P0) from NTH1-1 peptide and Ser179 of Tpk1 as sticks.
The bulk of the substrate is depicted as transparent grey. ATP is depicted as sticks.

7 Å (1 Å = 0.1 nm) to the backbone, and 10 Å to the side
chain (Figure 6C)]. Given the charges in the residues involved
we hypothesize that allowing backbone flexibility (either in a
model or in solution), this distance could be reduced improving
the interaction. As a support for this prediction, it has been
reported that when the natural arginine residue at P-5 of Nth1-
1 was replaced by an acidic residue, the peptide showed lower
phosphorylation as determined by peptide array phosphorylation
assay [28].

DISCUSSION

We have demonstrated previously that cells growing on
non-fermentable carbon sources or stationary phase contain
less phosphorylated Tpk1 and that, upon stimulation with
glucose, the degree of Tpk1 phosphorylation is increased
[22].

Our results now suggest that during activation of the
cAMP/PKA pathway evoked by glucose, Tpk1 phosphorylation
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occurs via an autophosphorylation mechanism (Figure 1). We
have characterized Ser179 as a target site for Tpk1 phosphorylation
(Figure 3). Respiring or stationary-phase cells, which display low
PKA activity [39], show a reduced phosphorylation state of Ser179

of Tpk1. After glucose stimulation of the cAMP/PKA pathway,
an increase in the phosphorylation state of Ser179 was observed
only on active Tpk1 molecules (Figure 4), suggesting that Ser179

might be a target residue of Tpk1 autophosphorylation, ruling out
the possibility that a PKA-dependent kinase could be responsible
for the glucose-dependent phosphorylation on Ser179 of Tpk1.

The plethora of structural information on mammalian PKA
indicates that the role of protein dynamics in the communication
of substrate recognition with catalysis is prominent [40], therefore
a cis-phosphorylation mechanism could be possible. On the
other hand, analysis of intermolecular contacts between various
crystal forms of different conformational states of mammalian
Cα catalytic subunit shows that residues from the catalytic loop of
one molecule can interact with residues of the αD helix of another
molecule, suggesting that a trans-phosphorylation between two C
subunits of the same holoenzyme molecule could be possible [41].
However, experiments to elucidate a trans- or cis-phosphorylation
mechanism need to be investigated.

Both mammalian and yeast catalytic subunits are regulated by
post-translational modifications, but the molecular mechanism
seems to be different.

Recently, a mechanistic model has been proposed whereby
mammalian C subunit is assembled into an active molecule.
C subunit undergoes two phosphorylations events, the first one
is the co-translational cis-phosphorylation of Ser338, and the
second is the post-translational trans-phosphorylation of Thr197.
The kinase responsible for the trans-phosphorylation of Thr197

could be the C subunit itself or PDK1 [42,43]. Phosphorylated
C subunit is resistant to phosphatases and assembles into an
inactive holoenzyme by association with the regulatory subunit.
In the presence of high cAMP levels and oxidative stress, the C
subunit is sensitive to oxidation of Cys199 and can subsequently
be dephosphorylated by phosphatases [2].

In S. cerevisiae, it has been shown that Thr241 in the
Tpk1 activation loop is phosphorylated by Pkh1 immediately
after the catalytic subunit is synthesized [5]. Besides Tpk1,
an uncharacterized residue on Tpk2 and Thr242 in Tpk3 are
also phosphorylated in vivo by Pkh1 with different efficiency.
Pkh1 phosphorylation of each Tpk mainly affects the Tpk–
Bcy1 interaction [6]. In the present paper, we describe
a novel mechanism of regulation of Tpk1 subunit activity
by phosphorylation. This post-translational modification is
dependent on the nutritional state of the cell marking a difference
with Thr241 phosphorylation that is stable and independent of the
carbon source [5].

Importantly, kinetic analysis suggests that phosphorylation
of Ser179 of Tpk1 increases the catalytic efficiency of Tpk1
(Figure 6A), but does not affect the interaction with the regulatory
subunit (Figure 6B). Structure modelling shows that a negative
charge on an Ser179 is near to a positive charge on an arginine
(P-5) residue on the substrate supporting the results shown in
Figure 6(A).

Dephosphorylation of Ser179 seems not to be a target of glucose-
regulated serine/threonine protein phosphatases, PP2A and PP1
[44]; first, we observed that the phosphorylation of Ser179 increases
rapidly, within 5 min of glucose stimulus, and is sustained in cells
continuously growing on glucose, and, secondly, the reduction of
Ser179 phosphorylation was observed when cells were grown on
glycerol or in stationary-phase cells.

We have observed that the phosphorylation state of Ser179 does
not affect the phosphorylation of Thr241. In contrast, reduction

of Thr241 phosphorylation after Pkh1 inactivation increased
Ser179 phosphorylation. This result could be explained taking
into account that a reduction in the activation loop Thr241

phosphorylation reduces the Tpk1–Bcy1 interaction, and, as a
consequence, there are more active free Tpk1 molecules and
hence higher PKA activity that could promote an increase in
the phosphorylation state of Ser179 of Tpk1.

Sequence alignments between Tpk1, Tpk2 and Tpk3 showed
that Ser179 is conserved in all three Tpk isoforms. However,
two-dimensional electrophoresis analysis showed that Tpk1 and
Tpk3, but not Tpk2, changed mobility upon glucose stimulus,
suggesting that each Tpk isoform could be differentially regulated
during the transition from respiratory to fermentative metabolism
(results not shown). Mammalian C subunit showed a structurally
equivalent residue to Ser179 of Tpk1, Ser139, positioned at the
beginning of the E-helix. Ser139 phosphorylation was observed
in the recombinant enzyme, but has not been observed in the
mammalian enzyme. A mutant version of Ser139 has not shown
any functional consequences on its catalytic activity and on its
interaction with its physiological inhibitors [45].

Effect of phosphorylation of Ser179 of Tpk1 on in vivo PKA activity

In S. cerevisiae, PKA positively regulates the process associated
with rapid fermentative growth, while acting negatively over
processes associated with respiratory growth or stationary
phase [39]. Extracellular glucose sensing and signalling
is mediated by the cAMP/PKA pathway, affecting several
downstream targets, thereby allowing cells to make the necessary
adaptations for fermentative growth. These include the up-
regulation of glycolysis, the stimulation of cell growth and
cell cycle progression, the down-regulation of stress resistance
and gluconeogenesis, and the mobilization of the reserve
carbohydrate glycogen and the stress protector trehalose [17,46–
48]. Phenotypic analysis indicated that the acidic charge on Ser179

of Tpk1 promotes high PKA activity in vivo (Figures 5A–5D).
Typically, Tpk1 presents a partially nuclear accumulation

during exponential growth, whereas it translocates to cytoplasm
under glycerol or stationary phase [18,20]. Tpk1 nuclear
accumulation is dependent on Bcy1 interaction, either due to
low intracellular cAMP levels [49] or by an increment in the
Tpk1–Bcy1 interaction as a consequence of post-translational
modifications on Tpk1 [6] or Bcy1 [35]. Subcellular localization
analysis showed that an acidic charge on Tpk1 Ser179 promotes
its cytoplasmic localization when cells are grown on glucose,
whereas Bcy1 shows a predominantly nuclear accumulation
(Figure 5E). Cytoplasmic relocation of tpk1S179D seems not to
be a result from a lower affinity in the Tpk1–Bcy1 interaction,
since both purified tpk1S179A and tpk1S179D had similar A0.5 values
for cAMP (Figure 6B). The mechanism by which Ser179 mutation
affects the nucleocytoplasmic distribution needs to be clarified.

The cytoplasmic accumulation of more efficient Tpk1 catalytic
subunits could be a mechanism to increase PKA activity.
Accordingly, it has been described that Sch9 enhances PKA
activity through subcellular redistribution of Bcy1 and Tpk [19].

Therefore the overall results of the present study suggest
that during cAMP/PKA pathway stimulation evoked by glucose,
Tpk1 increases its phosphorylation state via an autocatalytic
mechanism on, at least, Ser179 of Tpk1. Phosphorylation of Ser179

of Tpk1 results in a more active Tpk1 catalytic subunit and
promotes its cytoplasmic accumulation. Thus glucose-dependent
autophosphorylation of Ser179 of Tpk1 may be a fine-tune
regulation of PKA activity by increasing the cytoplasmic level
of kinase activity in order to maintain fermentative metabolism.
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Figure S1 Analysis of glucose-induced phosphorylation dependence of inactive tpk1d on Tpk2 and Tpk3 activity

(A) Upper panel: tpk1w1 + Tpk2 and tpk1w1 + Tpk3 strains were grown on SD containing 2 % glycerol to exponential phase. Samples were taken before (0 min) and after (5 min) addition of 100 mM
glucose. Proteins in crude extracts were separated by native gel electrophoresis and Tpk1 isoforms were developed using anti-Tpk1 antibody. Black arrows indicate respectively higher and lower Tpk1
isoform. Lower panels: in situ PKA activity measured in permeabilized cells (left) and trehalose levels (right) measured at different times after 100 mM glucose addition. Results are means+−S.D.
from three independent experiments. (B) Growth kinetics on glucose, glycerol and ethanol of Tpk1, tpk1S179A and tpk1S179D.

1 To whom correspondence should be addressed (email pportela@qb.fcen.uba.ar).
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Figure S2 Peptide array scanning

11–12-mer residue peptides representing all serine or threonine residues in the primary
sequence of Tpk1. The putative phosphorylatable amino acid is in the middle of the peptide
sequence. For peptides containing more than one phosphorylatable amino acid (underlined on
the peptide sequence), an additional version with replacement of each of these amino acids
with alanine was included. The phosphorylation reaction was performed as described in the
Experimental section of the main text.
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Table S1 List of strains and nomenclature used in the present study

Strain name Genotype Nomenclature in the Figures Source

W303-1A Mat a leu2 his3 trp1 ade2 can1-100 ura3 GAL SUC W303 Thevelein laboratory [1]
S330 W303-1 A tpk3::tpk1::KanMx4 Irniger laboratory [2]
YMR 60 W303-1A tpk1::URA3 tpk1� Thevelein laboratory [1]
YMR 60 + Tpk1 W303-1A tpk1::URA3 + pTD45-Tpk1 tpk1�+ Tpk1
YMR 60 + tpk1d W303 1A tpk1::URA3 + pTD53-tpk1d tpk1�+ tpk1d

S18-1D Matα leu2 ura3 his3 trp1 ade8 tpk1w1 tpk2::HIS3 tpk3::TRP1 tpk1w1 Thevelein laboratory [1]
S18-1D + GFP-HA-Tpk1 S18-1D + Ycp50-GFP-HA3-Tpk1 tpk1w1 + GFP–HA3–Tpk1
S18-1D + Tpk2 S18-1D + pTD46-Tpk2 tpk1w1 + Tpk2
S18-1D + Tpk3 S18-1D + pTD49-Tpk3 tpk1w1 + Tpk3
CS-S179 W303 1A tpk3::tpk1::KanMx4 tpk2::URA3 + pTD45-Tpk1 Tpk1 The present study
CS-S179A W303 1A tpk3::tpk1::KanMx4 tpk2::URA3 + pTD45-tpk1S179A tpk1S179A The present study
CS-S179D W303 1A tpk3::tpk1::KanMx4 tpk2::URA3 + pTD45-tpk1S179D tpk1S179D The present study
CS-S179-BTAP W303 1A tpk3::tpk1::KanMx4 tpk2::URA3 BCY1-TAP-HIS3 + pTD45-Tpk1 Tpk1 Bcy1–TAP The present study
CS-S179A-BTAP W303 1A tpk3::tpk1::KanMx4 tpk2::URA3 BCY1-TAP-HIS3 + pTD45-tpk1S179A tpk1S179A Bcy1–TAP The present study
CS-S179D-BTAP W303 1A tpk3::tpk1::KanMx4 tpk2::URA3 BCY1-TAP-HIS3 + pTD45-tpk1S179D tpk1S179D Bcy1–TAP The present study
YJL164c BY4741 Mat a his3 leu2 met15 ura3 TPK1::KanMx4 tpk1� Euroscarf
YJL164c BY4741 Mat a his3 leu2 met15 ura3 TPK1::KanMx4 + pTD45-Tpk1-GFP Tpk1–GFP
YJL164c BY4741 Mat a his3 leu2 met15 ura3 TPK1::KanMx4 + pTD45-tpk1S179A-GFP tpk1S179A–GFP
YJL164c BY4741 Mat a his3 leu2 met15 ura3 TPK1::KanMx4 + pTD45-tpk1S179D-GFP tpk1S179D–GFP
CS-S179-BGFP W303 1A tpk3::tpk1::KanMx4 tpk2::URA3 BCY1-GFP-HIS3 + pTD45-Tpk1 Tpk1 Bcy1–GFP The present study
CS-S179A-BGFP W303 1A tpk3::tpk1::KanMx4 tpk2::URA3 BCY1-GFP-HIS3 + pTD45-tpk1 S179A tpk1S179A Bcy1–GFP The present study
CS-S179D-BGFP W303 1A tpk3::tpk1::KanMx4 tpk2::URA3 BCY1-GFP-HIS3 + pTD45-tpk1 S179D tpk1S179D Bcy1–GFP The present study
S288C TPK1-TAP Mat a his3�1 leu2�0 met15�0 ura3�0 TPK1-TAP-HIS3 Tpk1–TAP Open Biosynthesis
S288C TPK1-GFP Mat a his3�1 leu2�0 met15�0 ura3�0 TPK1-GFP-HIS3 Tpk1–GFP Invitrogen
S288C BCY1-GFP Mat a his3�1 leu2�0 met15�0 ura3�0 BCY1-GFP-HIS3 Bcy1–GFP Invitrogen
YMR 60 + tpk1d W303 1A tpk1::URA3 + pTD53-tpk1d-TAP tpk1d–TAP
Tpk1bcy1� Matα his3 leu2 ura3 trp1 ade8 tpk2::HIS3 tpk3::TRP1 bcy1::LEU2 Tpk1 bcy1� Thevelein laboratory [1]
pkh1tspkh2�pkh3� 15 Dau pkh1::PKH1D398G pkh2::LEU2 pkh3::KanMX pkh1tspkh2�pkh3� Thevelein laboratory [1]
15 Dau MAT a leu2 ura3 trp1 his2 ade1 WT Matsumoto laboratory [3]

Table S2 Plasmids used in the present study

Plasmid name Genotype Source

pTD45-Tpk1 LEU2, TPK1 prom-TPK1 Fox laboratory
pTD53-tpk1d LEU2, TPK1 prom-tpk1K116R Fox laboratory
pTD53-tpk1d-TAP LEU2, TPK1 prom-tpk1K116R-TAP-HIS3 The present study
GFP-HA3-Tpk1 URA3, ADH1-GFP-HA3-Tpk1 Thevelein laboratory
pTD46-Tpk2 LEU2, TPK2 prom-TPK2 Fox laboratory
pTD49-Tpk3 URA3, TPK3 prom-TPK3 Fox laboratory
pTD45-tpk1S179A LEU2, TPK1 prom- tpk1S179A The present study
pTD45-tpk1S179D LEU2, TPK1 prom- tpk1S179D The present study
pTD45-Tpk1-GFP LEU2, TPK1 prom-TPK1-GFP-HIS3 The present study
pTD45-tpk1S179D-GFP LEU2, TPK1 prom- tpk1S179D-GFP-HIS3 The present study
pTD45-tpk1S179A-GFP LEU2, TPK1 prom- tpk1S179A-GFP-HIS3 The present study
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