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Abstract

Living cells have developed a set of complex signaling responses, which allow them to withstand different environmental
challenges. Signaling pathways enable the cell to monitor external and internal states and to articulate the appropriate physi-
ological responses. Cellular signal transmission requires the dynamic formation of spatiotemporal controlled molecular
interactions. One of the most important signaling circuits in Saccharomyces cerevisiae is the one controlled by cAMP-Protein
Kinase A (PKA). In budding yeast, extracellular glucose and a plethora of signals related with growth and stress conditions
regulate the intracellular cAMP levels that modulate PKA activity which in turn regulates a broad range of cellular pro-
cesses. The cAMP-PKA signaling output requires a controlled specificity of the PKA responses. In this review we discuss
the molecular mechanisms that are involved in the establishment of the specificity in the cAMP-PKA signaling pathway in

S.cerevisiae.

Keywords cAMP-PKA - Specificity - Signal transduction - Anchoring proteins - Bcy1 - TPK - Transcription-P-bodies -
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Introduction

Cells sense extracellular stimuli to adjust intracellular pro-
cesses appropriately to changes in the environment and
to maintain cellular homeostasis. Therefore, the key is to
ensure that the signals must be specific and subjected to
strict control of the regulatory response (Li and Qian 2003;
Hynes et al. 2013; Lee and Yaffe 2016). In most cases, cells
respond to the environmental changes by signaling through
the action of enzyme cascades. Spatial and temporal control
of signal transduction is frequently achieved by compart-
mentalization of intracellular effectors through adaptors or
anchoring proteins (Pawson and Scott 2010).

In many cases, the signal recognized by a receptor trig-
gers the synthesis of a second messenger which in turn con-
trols the activity of kinases. These kinases phosphorylate
their downstream substrates. A widely known example of a
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second messenger is cCAMP, which activates cAMP-depend-
ent protein kinase (PKA) (Taylor et al. 2005, 2013).

PKA in Saccharomyces cerevisiae is a tetramer com-
posed of two regulatory subunits and two catalytic subu-
nits. The cAMP binding regulatory subunit is encoded by a
single gene BCY I, while the catalytic subunits are encoded
by the TPK1, TPK2 and TPK3 genes (Toda et al. 1987). In
the absence of cAMP, the Beyl dimer binds two catalytic
subunits (Tpk) and the enzyme is in the inactive state. The
cAMP-PKA signaling in S.cereviciae (Thevelein et al. 2008;
Conrad et al. 2014) controls a variety of essential cellular
processes associated with fermentative growth, the entrance
into stationary phase, stress responses and developmental
pathways (Palecek et al. 2002; Santangelo 2006; Gancedo
2008). Two major stimuli induce cAMP synthesis in yeast:
extracellular fermentable sugars and intracellular acidifica-
tion. (Thevelein and Winde 1999). The increase of cAMP
levels mediates the consequent PKA activation (Fig. 1).

Considering the pleiotropic role of the cAMP-PKA
signaling pathway in S. cerevisiae a major question is how
specificity is attained and how the cell ensures the phos-
phorylation of the right substrate in response to different
stimuli that trigger the production of cAMP as single sec-
ond messenger. Although the three Tpk isoforms demon-
strated to be functionally redundant for cell viability, specific
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functions have been described for each one (Robertson and
Fink 1998; Robertson et al. 2000; Pan and Heitman 2002;
Chevtzoff et al. 2005; Palomino et al. 2006). The substrate
specificity for Tpkl, Tpk2 and Tpk3 does not seem to rely
on sequence determinants around the phosphorylation site
nor on a difference in the turnover number (Kcat) for each
isoform although the substrate has an important role in the
activation of the holoenzyme (Galello et al. 2010; Mok et al.
2010). Therefore, other cellular strategies must contribute to
the specificity of PKA-signaling in S. cerevisiae. This review
will focus on discussing these strategies, and although we
will center around the current knowledge in yeast as model
organism, whenever pertinent we will refer to the mamma-
lian counterparts for comparison.

PKA tethering through Bcy1 interacting proteins

The regulatory subunit (R) is a modular protein with two
highly conserved cAMP binding domains at the C-terminus
and a more variable N-terminus domain involved in dimeri-
zation and docking (DD) (Taylor et al. 2012). In mammals,
there are two forms of the PKA holoenzyme, PKAI and
PKAII, which contain RI or RII subunit isoforms (subclas-
sified in Rla, RIB, RIla, and RIIP, subtypes) (Brandon et al.
1997; Taylor et al. 2004; Zhang et al. 2015). The R subu-
nits target the holoenzyme to defined subcellular compart-
ments through interaction of their DD domain with AKAPs
(A Kinase Anchoring Proteins) (Calejo and Taskén 2015;
Torres-Quesada et al. 2017). Mammalian AKAPs bind with
high affinity to a hydrophobic surface of a helix bundle on
the dimeric DD domains through an amphiphatic a-helix
(14-18 residues) (Gold et al. 2006; Kinderman et al. 2006).
AKAPs are normally subdivided into three classes: RI-, RII-
or dual-specific (Jarnaess et al. 2008). AKAPs were first
described to bind to the RII subunit (Carr et al. 1991) and
although PKAI holoenzymes are usually in the soluble frac-
tion of the cell, however, they may be bound to RI-AKAPs
or AKAPs with dual specificity. More detailed accounts on
the mechanisms involved to spatially and temporally restrict
PKA phosphorylation events in mammals can be found in
excellent reviews (Calejo and Taskén 2015; Gold 2019;
Torres-Quesada et al. 2017).

The mechanism of PKA localization in S. cerevisiae
seems to be different to the one described for mammals. In
contrast to mammalian PKA, the localization of Bcyl, is
dynamic and responsive to environmental nutritional condi-
tions (Griffioen et al. 2000; Tudisca et al. 2010). Recently
it has been reported that Beyl exists as a homotetrameric
R subunit, an oligomeric state that has never been reported
before in other organisms (Gonzalez Bardeci et al. 2016).
However, the N-terminus of Bcyl exhibits the classical
helix-turn-helix motif and the key residues for dimerization
present in a canonical RIla-like DD domain are conserved.
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(Griffioen and Thevelein 2002; Gonzalez Bardeci et al.
2016).

Several Bcyl N-terminal dependent interacting proteins
have been described. The first reported was Zds1, identified
in a yeast two-hybrid screen, using the N-terminal domain of
Bceyl as bait. It was shown that Zds1 regulates the cytoplas-
mic localization of Bey1 (Griffioen et al. 2001). The phos-
phorylation of two clusters of serine residues located at the
N-terminal region of Bcy1 has been reported to be required
for its cytoplasmic localization when cells are deprived of
glucose (Griffioen et al. 2001). In fact, the phosphorylation
of serines cluster II increased the affinity of the Beyl-Zds1
interaction, resulting in the retention of Bcyl in the cyto-
plasm (Griffioen et al. 2001).

Subsequently, Eno2 (enolase II), Hsp60 (mitochondrial
chaperonin), and Ira2 (RAS GTPase-activating protein)
were identified as Bcyl-interacting proteins using a mass
spectrometry-based proteomic analysis and a bioinformatic
approach (Galello et al. 2014). The physiological relevance
of Ira 2 and Hsp60 interactions with Bcyl were demon-
strated. Ira2 mediates tethering of PKA to the Ras complex,
known to regulate cAMP levels in yeast (Thevelein 1994)
while the chaperone Hsp60 facilitates localization of PKA to
the mitochondria and provides stability to the catalytic subu-
nits (Galello et al. 2014) (Fig.1A). The interaction domain
in Bey1 binding proteins was predicted using bioinformatic
analysis and. Peptides designed from the predictions showed
to bind Bey1 and display different molecular characteristics
than canonical AKAP domain. In a classical DD-AKAP
interaction hydrophobic residues are essential (Newlon et al.
2001; Gold et al. 2006; Kinderman et al. 2006; Sarma et al.
2010). However, in the interaction peptide Ira2-Bcyl1 only
positively charged amino acids were required (Galello et al.
2014). The structural analysis of the tetrameric DD domain
diffracting crystals from Bcy1 provides not only insights into
the determinants of oligomerization of these subunits but
also allow to infer which negatively charged residues on the
surface of Beyl could participate of its interaction with Ira2
peptide (Gonzalez Bardeci N., personal communication).

Subcellular localization of the Tpk1, Tpk2 and Tpk3
catalytic isoforms

The human genome encodes three different catalytic subu-
nits (C), a, p and y isoforms that are differentially expressed
in different organs and tissues. In addition to subcellular
localization of C by interaction with anchored RI or RII
(via AKAPs), targeting of C subunits to various specific
binding proteins at the cell membrane, nucleus and cyto-
sol, named C-KAP (Catalytic Kinase Anchoring Proteins)
have also been described (Sgberg and Skalhegg 2018). In
the classical view, the PKA holoenzyme is size-excluded
from the nucleus and when cAMP levels increase, the free
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C subunit is then able to move to the nucleus by passive
diffusion (Harootunian et al. 1993). However, contrary to
this dogma, the existence of a resident pool of nuclear PKA
holoenzyme has been demonstrated (Sample et al. 2012; Haj
Slimane et al. 2014; Clister et al. 2019).

In S. cerevisiae, both Beyl and Tpk2 are mainly local-
ized to the nucleus in actively growing cells in the pres-
ence of glucose, whereas Tpkl and Tpk3 show a nuclear-
cytoplasmic localization (Tudisca et al. 2010). However,
during exponential growth on glycerol or in stationary
phase after glucose has been consumed, both Bey1 and all
three Tpk subunits display mostly cytoplasmic localization
(Tudisca et al. 2010). Significant progress has been made
in understanding the mechanisms involved in the localiza-
tion of yeast PKA subunits. Under exponential growth on
glucose, a different p-karyopherin facilitates the nuclear
import of Tpkl, Tpk2 and Bcy1 (Baccarini et al. 2015). In
silico analysis of PKA subunits protein sequences did not
unveil a nuclear localization signal (NLS) (Marfori et al.
2011), thus the reason that allows their nuclear transport
had to be established experimentally. Nuclear Bey1 deter-
mine Tpkl localization, indicating inactive holoenzyme
can be found inside the nucleus (Fig.1A). When cAMP
levels increase, Tpk1-Bcyl holoenzyme dissociates and
Tpkl translocates to the cytoplasm (Griffioen et al. 2000).
In addition, several post translational modifications on
Tpk1 have been described affecting its nuclear-cytoplas-
mic localization (Haesendonckx et al. 2012; Solari et al.
2014). The mechanism of Tpk3 nucleus-cytoplasmic local-
ization has not been widely studied due to the low levels
of Tpk3 protein expression.

The Tpks show a subcellular localization that is also
isoform specific during several stress conditions, including
glucose starvation, heat shock, osmostress, and quiescent
arrest. In response to osmostress, Tpkl accumulates in the
nucleus, while Tpk2 and Bcyl show no changes in their
localization (Baccarini et al. 2015). However, during glucose
starvation, heat stress and quiescent arrest, Tpk1 and Bcy
remain diffusely distributed throughout the cytoplasm and,
while Tpk2 and Tpk3 condensate to stress induced mRNPs
like PBs (P-bodies) and SGs (Stress Granules) (Tudisca et al.
2010, 2012; Shah et al. 2013, 2014; Barraza et al. 2017).
Although the precise mechanism that controls the differen-
tial Tpk2 and Tpk3 localization on cytoplasmic foci is not
fully understood there are studies that have demonstrated
that the catalytic domains and an intrinsically disordered
region of Tpk2 play a role in this process. Kinase dead
mutant of Tpk?2 localizes into PBs under glucose starvation
conditions, but remains diffusely distributed throughout the
cytoplasm in cells exposed to thermal stress (Tudisca et al.
2012; Barraza et al. 2017). A prion like domain, exclusively
present in the N-terminus of Tpk2, is involved in the target-
ing of this subunit to PBs and SGs in response to glucose

starvation, heat stress and after quiescent arrest (Barraza, C
to be published elsewhere). Tpk3 kinase activity is required
for its condensation into PBs induced by glucose starvation
whereas this activity is not required for Tpk3 localization
on SGs evoked by heat stress (Tudisca et al. 2012; Barraza
et al. 2017).

The cause-effect relationship between isoform specific-
ity and subcellular localization has been probed in response
to stress. During osmostress, the gene expression response
is dependent on the proper nuclear localization of PKA
subunits and their physical interaction with chromatin.
Both Tpkl and Tpk?2 subunits are recruited to the coding
regions of osmoinducible genes while only Tpk?2 is recruited
to the promoter regions of ribosomal protein genes (Pok-
holok et al. 2006; Baccarini et al. 2015). Tpk2 localization
into PB and SG positively regulates their condensation but
reduces PDCI1, ENO2 and TIF1 mRNA upon glucose star-
vation. Tpk2 promotes PBs formation that correlates with
the long-term cell survival of quiescent cells (Barraza, C to
be published elsewhere). Altogether, the evidence supports
a model in which, in response to changes in the environ-
ment, specific subcellular localization allows the interaction
of each catalytic isoform of PKA with a complex network of
distinct protein and potential substrates (Fig.1B).

Transcriptional regulation of the protein kinase
A subunits in Saccharomyces cerevisiae

In mammals, the expression levels of R and C subunits are
regulated by hormones and mitogenic signals acting through
G-protein coupled receptor (Oyen et al. 1988; Landmark
et al. 1993) or tyrosine kinases associated receptors (Skal-
hegg et al. 1994). It has been demonstrated that Ca, Cp, Rl
RIp, RIla, and RIIP isoforms have tissue specific, develop-
mental and differentiation stages expression patterns. (Oyen
et al. 1988; Cadd and Mcknight 1989; Cummings et al.
1996; Reinton et al. 1998). Several studies demonstrated that
cAMP has transcriptional and post-transcriptional effect on
mRNA as well as on the isoforms protein stability after dis-
sociation of the holoenzyme (Houge et al. 1990; Knutsen
et al. 1991; Tasken et al. 1993; Dahle et al. 2001).

In S. cerevisiae, it is well established that TPK1, TPK2,
TPK3 and BCYI gene expression is upregulated in response
to heat shock and saline stress, with evidence coming mostly
from high throughput transcriptomic studies (Rep et al.
2000; Posas et al. 2000; Gasch et al. 2000; Causton et al.
2001; Yale and Bohnert 2001; Castells-Roca et al. 2011).
High PKA activity in yeast is associated with several phe-
notypes, one of them being low stress resistance due to the
repression of genes under the control of stress response ele-
ment (STRE) (Estruch 2000). Apparently, there is a contra-
diction since transcription of PKA subunits is stimulated in
response to stress, but higher PKA activity leads to a lower
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Fig. 1 Subcellular localization A
of the PKA in Saccharomyces
cerevisiae. A. In exponential
growing cells on glucose as car-
bon source, PKA holoenzyme
(Bcy1-Tpks) shows nuclear-
cytoplasmic localization. Bey1
and Tpk2 are mainly localized
into the nucleus while Tpk1 and
Tpk3 show a nuclear-cytoplas-
mic localization (to simplify

the figure, all the possible
localization of the Tpk isoform
were not depicted, see the text
for details). In cytoplasm, Ira2
mediates tethering of PKA to
Ras complex. In response to
glucose, Ras complex and het-
erotrimeric G protein-coupled
to Gprl receptor regulate the
adenylate cyclase (Cyrl) activ-
ity and the production of cAMP.
In the presence of cAMP, PKA
dissociates into Bcy1 dimer and
two Tpk subunits which are free
to phosphorylate the substrates.
Other interaction of Beyl is
with Hsp60 which facilitates
the localization of PKA to the
mitochondria. B. Under stress
or quiescent, Tpk2 and Tpk3
accumulate into cytoplasmic
foci and localize with PBs and/
or SGs. Prion like domain
present in the N-terminal of
Tpk2 (Q-rich domain) is involve
in its localization into PB.

Tpkl1 and Bey1 show a diffuse
cytoplasmic localization. Inside
the nucleus, Tpk1 and Tpk2
interacts with stress-responsive
genes like TPK1 promoter

stress resistance. This suggests a complex mechanism regu-
lating the expression of PKA subunits.

Recently published evidence supports the differential
expression of PKA subunits during different conditions
as growth in the presence of glucose or glycerol as carbon
sources (Galello et al. 2017). Protein expression levels of
each Tpk is different and changes from low levels under
fermentative metabolism to higher levels during the switch
to non-fermentative metabolism associated with stationary
phase (Tudisca et al. 2010).

@ Springer

NORMAL GROWTH CONDITIONS

Pautasso et al. have demonstrated that the promoters of
all genes coding for PKA subunits, TPK1, TPK2, TPK3 and
BCYI are negatively regulated by PKA activity in a mecha-
nism isoform dependent. Each catalytic subunits have nega-
tive effect on the activity of all the subunit promoters. How-
ever, Tpk2 is the isoform with higher inhibitory effect on
TPK1 and TPK3 promoters but lacks inhibition towards its
own promoter (Pautasso and Rossi 2014).

During stress conditions, heat shock and osmostress, the
TPK]I promoter is the only one of the PKA subunit pro-
moters that is upregulated. This promoter presents three
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positioned nucleosomes that are evicted upon heat stress
or osmostress, in correlation with promoter activation and
upregulation of TPK1 mRNA levels (Pautasso and Rossi
2014; Reca et al. 2020). It was demonstrated that the kinase
Rim15 and the transcription factors Msn2/4, Gis1, and Sok2
are involved in TPK1 upregulation during heat shock (Pau-
tasso and Rossi 2014). The remodelers RSC and INO8O
are necessary for nucleosome positioning, contributing to
repression of TPK1 under normal growth conditions while
SWI/SNF plays a role in the eviction of nucleosomes and
activation after heat stress (Reca et al. 2020). The recruit-
ment of SWI/SNF complex upon heat shock is Msn2/4-
dependent. Interestingly, the recruitment of Tpk1 and Tpk2
subunits to the TPKI promoter was also unveiled in this
study, and they were recruited in opposite temporal patterns
upon heat shock (Reca et al. 2020). Furthermore, while Tpk1
catalytic activity is necessary for chromatin remodeling on
the TPK1 promoter, Tpk2 (and Tpk3) activities maintained
a repressive chromatin conformation inhibiting promoter
activity (Reca et al. 2020). The results of this study revealed
an intricate mechanism of feedback regulation of the differ-
ent Tpk subunits on the TPK1 promoter (Fig. 1B).

Summary

Specificity in cAMP-PKA signaling is key for the accurate
response to a determined stimulus. The recognition of one
specific substrate is achieved through the dynamic, con-
certed, and cooperative interrelation of different levels of
control. In yeast, one cellular strategy is to restrict the locali-
zation of each Tpk subunit in subcellular compartments
defined by their interaction with the Bcyl, which in turn
interacts with tethering proteins. Although this mechanism
resembles the one described for mammalian R subunits, the
yeast tethering proteins are different from canonical AKAPs.
Another strategy relates to Tpk localization in different sub-
cellular compartments through the interaction with specific
protein complexes independently of Bcyl. This is the case
for the association of different catalytic isoforms with PBs
and SGs in response to nutrient availability, quiescent stages
and stress. Finally, regulation of the expression of each PKA
subunit probed to be differential during growth phases, in
fermentative versus respiratory growth conditions and dur-
ing stress conditions as heat shock or saline stress. We have
just started to unveil the molecular details on how the com-
bined effect of each of these levels of control, operating
simultaneously, provide fine-tuning and specificity to the
response of the cAMP-PKA signaling.

Acknowledgements We thank Dr. Vanina Zaremberg and Dr. Silvia
Moreno for English editing and critical comments on the manuscript.

This work was supported by grants from the Agencia Nacional de
Promocién Cientifica y Tecnoldgica (PICT-2018-03708, PICT-2017-
2240) and from the University of Buenos Aires (UBA 2016-2018,
20020150100035BA).

References

Baccarini L, Martinez-Montaiiés F, Rossi S et al (2015) PKA-chro-
matin association at stress responsive target genes from Saccha-
romyces cerevisiae. Biochim Biophys Acta Gene Regul Mech
1849:1329-1339. https://doi.org/10.1016/j.bbagrm.2015.09.007

Barraza CE, Solari CA, Marcovich I et al (2017) The role of PKA in the
translational response to heat stress in Saccharomyces cerevisiae.
PLoS ONE. https://doi.org/10.1371/journal.pone.0185416

Brandon EP, Idzerda RL, McKnight GS (1997) PKA isoforms, neural
pathways, and behaviour: making the connection. Curr Opin Neu-
robiol 7:397-403. https://doi.org/10.1016/s0959-4388(97)80069
-4

Cadd G, Mcknight GS (1989) Distinct patterns of CAMP-dependent
gene expression in mouse. Brain 3:71-79

Calejo Al, Taskén K (2015) Targeting protein-protein interactions in
complexes organized by A kinase anchoring proteins. Front Phar-
macol 6:192. https://doi.org/10.3389/fphar.2015.00192

Carr DW, Stofko-Hahn RE, Fraser ID et al (1991) Interaction of the
regulatory subunit (RII) of cAMP-dependent protein kinase with
RII-anchoring proteins occurs through an amphipathic helix bind-
ing motif. J Biol Chem 266:14188-14192

Castells-Roca L, Miihlenhoff U, Lill R et al (2011) The oxidative stress
response in yeast cells involves changes in the stability of Aftl
regulon mRNAs. Mol Microbiol 81:232-248. https://doi.org/10.
1111/j.1365-2958.2011.07689.x

Causton HC, Ren B, Koh SS et al (2001) Remodeling of yeast genome
expression in response to environmental changes. Mol Biol Cell
12:323-337

Chevtzoff C, Vallortigara J, Avéret N et al (2005) The yeast cAMP pro-
tein kinase Tpk3p is involved in the regulation of mitochondrial
enzymatic content during growth. Biochim Biophys Acta Bioen-
erg 1706:117-125. https://doi.org/10.1016/j.bbabio.2004.10.001

Clister T, Greenwald EC, Baillie GS, Zhang J (2019) AKAP95 organ-
izes a nuclear microdomain to control local cAMP for regulat-
ing nuclear PKA. Cell Chem Biol 26:885-891.e4. https://doi.
org/10.1016/j.chembiol.2019.03.003

Conrad M, Schothorst J, Kankipati HN et al (2014) Nutrient sensing and
signaling in the yeast Saccharomyces cerevisiae. FEMS Microbiol
Rev 38:254-299. https://doi.org/10.1111/1574-6976.12065

Cummings DE, Brandon EP, Planas JV et al (1996) Genetically lean
mice result from targeted disruption of the RII beta subunit of pro-
tein kinase A. Nature 382:622—-626. https://doi.org/10.1038/38262
2a0

Dahle M, Knutsen H, Taskén K et al (2001) Cyclic AMP regulates
expression of the RI alpha subunit of cAMP-dependent protein
kinase through an alternatively spliced 5> UTR. Eur J Biochem
268:5920-5929. https://doi.org/10.1046/J.0014-2956.2001.02542
X

Estruch F (2000) Stress-controlled transcription factors, stress-induced
genes and stress tolerance in budding yeast. FEMS Microbiol Rev
24:469-486. https://doi.org/10.1016/S0168-6445(00)00035-8

Galello F, Portela P, Moreno S, Rossi S (2010) Characterization of
substrates that have a differential effect on Saccharomyces cer-
evisiae protein kinase A holoenzyme activation. J Biol Chem
285:29770-29779

Galello F, Moreno S, Rossi S (2014) Interacting proteins of protein
kinase A regulatory subunit in Saccharomyces cerevisiae. J Prot-
eomics 109:261-275. https://doi.org/10.1016/j.jprot.2014.07.008

@ Springer


https://doi.org/10.1016/j.bbagrm.2015.09.007
https://doi.org/10.1371/journal.pone.0185416
https://doi.org/10.1016/s0959-4388(97)80069-4
https://doi.org/10.1016/s0959-4388(97)80069-4
https://doi.org/10.3389/fphar.2015.00192
https://doi.org/10.1111/j.1365-2958.2011.07689.x
https://doi.org/10.1111/j.1365-2958.2011.07689.x
https://doi.org/10.1016/j.bbabio.2004.10.001
https://doi.org/10.1016/j.chembiol.2019.03.003
https://doi.org/10.1016/j.chembiol.2019.03.003
https://doi.org/10.1111/1574-6976.12065
https://doi.org/10.1038/382622a0
https://doi.org/10.1038/382622a0
https://doi.org/10.1046/J.0014-2956.2001.02542.X
https://doi.org/10.1046/J.0014-2956.2001.02542.X
https://doi.org/10.1016/S0168-6445(00)00035-8
https://doi.org/10.1016/j.jprot.2014.07.008

Current Genetics

Galello F, Pautasso C, Reca S et al (2017) Transcriptional regulation of
the protein kinase a subunits in Saccharomyces cerevisiae during
fermentative growth. Yeast 34:495-508. https://doi.org/10.1002/
yea.3252

Gancedo JM (2008) The early steps of glucose signalling in yeast.
FEMS Microbiol Rev 32:673-704. https://doi.org/10.111
1/§.1574-6976.2008.00117.x

Gasch AP, Spellman PT, Kao CM et al (2000) Genomic expression
programs in the response of yeast cells to environmental changes.
Mol Biol Cell 11:4241-4257

Gold MG (2019) Swimming regulations for protein kinase A cata-
lytic subunit. Biochem Soc Trans 47:1355-1366. https://doi.
org/10.1042/BST20190230

Gold MG, Lygren B, Dokurno P et al (2006) Molecular basis of AKAP
specificity for PKA regulatory subunits. Mol Cell 24:383-395.
https://doi.org/10.1016/j.molcel.2006.09.006

Gonzalez Bardeci N, Caramelo JJ, Blumenthal DK et al (2016) The
PKA regulatory subunit from yeast forms a homotetramer: low-
resolution structure of the N-terminal oligomerization domain. J
Struct Biol. https://doi.org/10.1016/j.jsb.2015.12.001

Griffioen G, Thevelein JM (2002) Molecular mechanisms controlling
the localisation of protein kinase A. Curr Genet 41:199-207. https
://doi.org/10.1007/s00294-002-0308-9

Griffioen G, Anghileri P, Imre E et al (2000) Nutritional control of
nucleocytoplasmic localization of cAMP-dependent protein
kinase catalytic and regulatory subunits in Saccharomyces cer-
evisiae. J Biol Chem 275:1449-1456. https://doi.org/10.1074/
jbc.275.2.1449

Griffioen G, Branduardi P, Ballarini A et al (2001) Nucleocytoplasmic
distribution of budding yeast protein kinase A regulatory subunit
Bcey1 requires Zds|1 and is regulated by Yak1-dependent phospho-
rylation of its targeting domain. Mol Cell Biol 21:511-523. https
://doi.org/10.1128/MCB.21.2.511-523.2001

Haesendonckx S, Tudisca V, Voordeckers K et al (2012) The activation
loop of PKA catalytic isoforms is differentially phosphorylated
by Pkh protein kinases in Saccharomyces cerevisiae. Biochem J
448:307-320. https://doi.org/10.1042/BJ20121061

Haj Slimane Z, Bedioune I, Lechéne P et al (2014) Control of cyto-
plasmic and nuclear protein kinase A by phosphodiesterases and
phosphatases in cardiac myocytes. Cardiovasc Res 102:97-106.
https://doi.org/10.1093/cvr/cvu029

Harootunian AT, Adams SR, Wen W et al (1993) Movement of the
free catalytic subunit of cAMP-dependent protein kinase into and
out of the nucleus can be explained by diffusion. Mol Biol Cell
4:993-1002. https://doi.org/10.1091/mbc.4.10.993

Houge G, Vintermyr OK, Dgskeland SO (1990) The expression of
cAMP-dependent protein kinase subunits in primary rat hepato-
cyte cultures. Cyclic AMP down-regulates its own effector system
by decreasing the amount of catalytic subunit and increasing the
mRNAs for the inhibitory (R) subunits of cAMP-d. Mol Endo-
crinol 4:481-488. https://doi.org/10.1210/mend-4-3-481

Hynes NE, Ingham PW, Lim WA et al (2013) Signalling change: signal
transduction through the decades. Nat Rev Mol Cell Biol 14:393—
398. https://doi.org/10.1038/nrm3581

Jarnaess E, Ruppelt A, Stokka AJ et al (2008) Dual specificity A-kinase
anchoring proteins (AKAPs) contain an additional binding region
that enhances targeting of protein kinase A type 1. J Biol Chem
283:33708-33718. https://doi.org/10.1074/jbc.M804807200

Kinderman FS, Kim C, von Daake S et al (2006) A dynamic mecha-
nism for AKAP binding to RII isoforms of cAMP-dependent
protein kinase. Mol Cell 24:397-408. https://doi.org/10.1016/].
molcel.2006.09.015

Knutsen HK, Taskén KA, Eskild W et al (1991) Adenosine
3’,5’-monophosphate-dependent stabilization of messenger ribo-
nucleic acids (mRNAs) for protein kinase-A (PKA) subunits in
rat Sertoli cells: rapid degradation of mRNAs for PKA subunits is

@ Springer

dependent on ongoing RNA and protein synthesis. Endocrinology
129:2496-2502. https://doi.org/10.1210/endo-129-5-2496

Landmark BF, Oyen O, Skalhegg BS et al (1993) Cellular loca-
tion and age-dependent changes of the regulatory subunits of
cAMP-dependent protein kinase in rat testis. J Reprod Fertil
99:323-334

Lee MJ, Yaffe MB (2016) Protein regulation in signal transduction.
Cold Spring Harb Perspect Biol. https://doi.org/10.1101/cshpe
rspect.a005918

Li G, Qian H (2003) Sensitivity and specificity amplification in sig-
nal transduction. Cell Biochem Biophys 39:45-60. https://doi.
org/10.1385/CBB:39:1:45

Marfori M, Mynott A, Ellis JJ et al (2011) Molecular basis for specific-
ity of nuclear import and prediction of nuclear localization. Bio-
chim Biophys Acta 1813:1562-1577. https://doi.org/10.1016/j.
bbamcr.2010.10.013

Mok J, Kim PM, Lam HYK et al (2010) Deciphering protein kinase
specificity through large-scale analysis of yeast phosphorylation
site motifs. Sci Signal 3:ral2-ral2. https://doi.org/10.1126/scisi
gnal.2000482

Newlon MG, Roy M, Morikis D et al (2001) A novel mechanism of
PKA anchoring revealed by solution structures of anchoring com-
plexes. EMBO J 20:1651-1662. https://doi.org/10.1093/emboj
/20.7.1651

Oyen O, Sandberg M, Eskild W et al (1988) Differential regulation of
messenger ribonucleic acids for specific subunits of cyclic adeno-
sine 3’,5’-monophosphate (cAMP)-dependent protein kinase by
cAMP in rat Sertoli cells. Endocrinology 122:2658-2666. https
://doi.org/10.1210/endo-122-6-2658

Palecek SP, Parikh AS, Kron SJ (2002) Sensing, signalling and inte-
grating physical processes during Saccharomyces cerevisiae inva-
sive and filamentous growth. Microbiology 148:893-907

Palomino A, Herrero P, Moreno F (2006) Tpk3 and Snfl protein
kinases regulate Rgt1 association with Saccharomyces cerevisiae
HXK?2 promoter. Nucleic Acids Res 34:1427-1438. https://doi.
org/10.1093/nar/gkl028

Pan X, Heitman J (2002) Protein kinase A operates a molecular switch
that governs yeast pseudohyphal differentiation. Mol Cell Biol
22:3981-3993

Pautasso C, Rossi S (2014) Transcriptional regulation of the protein
kinase A subunits in Saccharomyces cerevisiae: Autoregula-
tory role of the kinase A activity. Biochim Biophys Acta Gene
Regul Mech 1839:275-287. https://doi.org/10.1016/j.bbagr
m.2014.02.005

Pawson CT, Scott JD (2010) Signal integration through blending, bol-
stering and bifurcating of intracellular information. Nat Struct
Mol Biol 17:653-658. https://doi.org/10.1038/nsmb.1843

Pokholok DK, Zeitlinger J, Hannett NM et al (2006) Activated sig-
nal transduction kinases frequently occupy target genes. Science
313:533-536. https://doi.org/10.1126/science. 1127677

Posas F, Chambers JR, Heyman JA et al (2000) The transcriptional
response of yeast to saline stress. ] Biol Chem 275:17249-17255.
https://doi.org/10.1074/jbc.M910016199

Reca S, Galello F, Ojeda L et al (2020) Chromatin remodeling and
transcription of the TPK1 subunit of PKA during stress in Sac-
charomyces cerevisiae. Biochim Biophys Acta Gene Regul Mech
1863:194599. https://doi.org/10.1016/J.BBAGRM.2020.194599

Reinton N, Haugen TB, @rstavik S et al (1998) The gene encoding
the C g catalytic subunit of cAMP-dependent protein kinase is a
transcribed retroposon. Genomics 297:290-297

Rep M, Krantz M, Thevelein JM, Hohmann S (2000) The transcrip-
tional response of Saccharomyces cerevisiae to osmotic shock.
Hotlp and Msn2p/Msn4p are required for the induction of sub-
sets of high osmolarity glycerol pathway-dependent genes. J Biol
Chem 275:8290-8300


https://doi.org/10.1002/yea.3252
https://doi.org/10.1002/yea.3252
https://doi.org/10.1111/j.1574-6976.2008.00117.x
https://doi.org/10.1111/j.1574-6976.2008.00117.x
https://doi.org/10.1042/BST20190230
https://doi.org/10.1042/BST20190230
https://doi.org/10.1016/j.molcel.2006.09.006
https://doi.org/10.1016/j.jsb.2015.12.001
https://doi.org/10.1007/s00294-002-0308-9
https://doi.org/10.1007/s00294-002-0308-9
https://doi.org/10.1074/jbc.275.2.1449
https://doi.org/10.1074/jbc.275.2.1449
https://doi.org/10.1128/MCB.21.2.511-523.2001
https://doi.org/10.1128/MCB.21.2.511-523.2001
https://doi.org/10.1042/BJ20121061
https://doi.org/10.1093/cvr/cvu029
https://doi.org/10.1091/mbc.4.10.993
https://doi.org/10.1210/mend-4-3-481
https://doi.org/10.1038/nrm3581
https://doi.org/10.1074/jbc.M804807200
https://doi.org/10.1016/j.molcel.2006.09.015
https://doi.org/10.1016/j.molcel.2006.09.015
https://doi.org/10.1210/endo-129-5-2496
https://doi.org/10.1101/cshperspect.a005918
https://doi.org/10.1101/cshperspect.a005918
https://doi.org/10.1385/CBB:39:1:45
https://doi.org/10.1385/CBB:39:1:45
https://doi.org/10.1016/j.bbamcr.2010.10.013
https://doi.org/10.1016/j.bbamcr.2010.10.013
https://doi.org/10.1126/scisignal.2000482
https://doi.org/10.1126/scisignal.2000482
https://doi.org/10.1093/emboj/20.7.1651
https://doi.org/10.1093/emboj/20.7.1651
https://doi.org/10.1210/endo-122-6-2658
https://doi.org/10.1210/endo-122-6-2658
https://doi.org/10.1093/nar/gkl028
https://doi.org/10.1093/nar/gkl028
https://doi.org/10.1016/j.bbagrm.2014.02.005
https://doi.org/10.1016/j.bbagrm.2014.02.005
https://doi.org/10.1038/nsmb.1843
https://doi.org/10.1126/science.1127677
https://doi.org/10.1074/jbc.M910016199
https://doi.org/10.1016/J.BBAGRM.2020.194599

Current Genetics

Robertson LS, Fink GR (1998) The three yeast A kinases have specific
signaling functions in pseudohyphal growth. Proc Natl Acad Sci
US A 95:13783-13787

Robertson LS, Causton HC, Young RA, Fink GR (2000) The yeast A
kinases differentially regulate iron uptake and respiratory func-
tion. Proc Natl Acad Sci 97:5984-5988. https://doi.org/10.1073/
pnas.100113397

Sample V, DiPilato LM, Yang JH et al (2012) Regulation of nuclear
PKA revealed by spatiotemporal manipulation of cyclic AMP.
Nat Chem Biol 8:375-382. https://doi.org/10.1038/nchembio.799

Santangelo GM (2006) Glucose signaling in Saccharomyces cerevisiae.
Microbiol Mol Biol Rev 70:253-282. https://doi.org/10.1128/
MMBR.70.1.253-282.2006

Sarma GN, Kinderman FS, Kim C et al (2010) Structure of
D-AKAP2:PKA RI complex: insights into AKAP specificity
and selectivity. Structure 18:155-166. https://doi.org/10.1016/j.
str.2009.12.012

Shah KH, Zhang B, Ramachandran V, Herman PK (2013) Processing
body and stress granule assembly occur by independent and differ-
entially regulated pathways in Saccharomyces cerevisiae. Genetics
193:109-123. https://doi.org/10.1534/genetics.112.146993

Shah KH, Nostramo R, Zhang B et al (2014) Protein kinases are asso-
ciated with multiple, distinct cytoplasmic granules in quiescent
yeast cells. Genetics 198:1495-1512. https://doi.org/10.1534/
genetics.114.172031

Skalhegg BS, Rasmussen AM, Taskén K et al (1994) Cyclic AMP sen-
sitive signalling by the CD28 marker requires concomitant stimu-
lation by the T-cell antigen receptor (TCR/CD3) complex. Scand J
Immunol 40:201-208. https://doi.org/10.1111/j.1365-3083.1994.
tb03451.x

Sgberg K, Skilhegg BS (2018) The molecular basis for specificity at
the level of the protein kinase a catalytic subunit. Front Endocrinol
(Lausanne) 9:538. https://doi.org/10.3389/fendo.2018.00538

Solari CA, Tudisca V, Pugliessi M et al (2014) Regulation of PKA
activity by an autophosphorylation mechanism in Saccharomy-
ces cerevisiae. Biochem J 462:567-579. https://doi.org/10.1042/
BJ20140577

Tasken K, Skilheggs S, Tasken KA, et al (1993) Reciprocal Regulation
of mRNA and Protein for Subunits of CAMP-dependent Protein
Kinase (R h and Ca) by cAMP in a Neoplastic B Cell Line (Reh)*
hormones

Taylor SS, Yang J, Wu J et al (2004) PKA: a portrait of protein kinase
dynamics. Biochim Biophys Acta 1697:259-269. https://doi.
org/10.1016/j.bbapap.2003.11.029

Taylor SS, Kim C, Vigil D et al (2005) Dynamics of signaling by PKA.
Biochim Biophys Acta 1754:25-37. https://doi.org/10.1016/].
bbapap.2005.08.024

Taylor SS, Ilouz R, Zhang P, Kornev AP (2012) Assembly of allosteric
macromolecular switches: lessons from PKA. Nat Rev Mol Cell
Biol 13:646-658. https://doi.org/10.1038/nrm3432

Taylor SS, Zhang P, Steichen JM et al (2013) PKA: lessons learned
after twenty years. Biochim Biophys Acta 1834:1271-1278. https
://doi.org/10.1016/j.bbapap.2013.03.007

Thevelein JM (1994) Signal transduction in yeast. Yeast 10:1753-1790

Thevelein JM, De WJH (1999) MicroReview Novel sensing mecha-
nisms and targets for the cAMP + protein kinase A pathway in
the yeast Saccharomyces cerevisiae. Mol Microbiol 33:904-918

Thevelein JM, Bonini BM, Castermans D et al (2008) Novel mecha-
nisms in nutrient activation of the yeast protein kinase A pathway.
Acta Microbiol Immunol Hung 55:75-89. https://doi.org/10.1556/
AMicr.55.2008.2.1

Toda T, Cameron S, Sass P et al (1987) Three different genes in S.
cerevisiae encode the catalytic subunits of the cAMP-dependent
protein kinase. Cell 50:277-287

Torres-Quesada O, Mayrhofer JE, Stefan E (2017) The many faces of
compartmentalized PKA signalosomes. Cell Signal 37:1-11. https
://doi.org/10.1016/j.cellsig.2017.05.012

Tudisca V, Recouvreux V, Moreno S et al (2010) Differential locali-
zation to cytoplasm, nucleus or P-bodies of yeast PKA subunits
under different growth conditions. Eur J Cell Biol 89:339-348.
https://doi.org/10.1016/j.ejcb.2009.08.005

Tudisca V, Simpson C, Castelli L et al (2012) PKA isoforms coordinate
mRNA fate during nutrient starvation. J Cell Sci 125:5221-5232.
https://doi.org/10.1242/jcs. 111534

Yale J, Bohnert HJ (2001) Transcript expression in Saccharomyces
cerevisiae at high salinity. J Biol Chem 276:15996-16007. https
://doi.org/10.1074/jbc.M008209200

Zhang P, Kornev AP, Wu J, Taylor SS (2015) Discovery of Allostery in
PKA signaling. Biophys Rev 7:227-238. https://doi.org/10.1007/
s12551-015-0170-x

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1073/pnas.100113397
https://doi.org/10.1073/pnas.100113397
https://doi.org/10.1038/nchembio.799
https://doi.org/10.1128/MMBR.70.1.253-282.2006
https://doi.org/10.1128/MMBR.70.1.253-282.2006
https://doi.org/10.1016/j.str.2009.12.012
https://doi.org/10.1016/j.str.2009.12.012
https://doi.org/10.1534/genetics.112.146993
https://doi.org/10.1534/genetics.114.172031
https://doi.org/10.1534/genetics.114.172031
https://doi.org/10.1111/j.1365-3083.1994.tb03451.x
https://doi.org/10.1111/j.1365-3083.1994.tb03451.x
https://doi.org/10.3389/fendo.2018.00538
https://doi.org/10.1042/BJ20140577
https://doi.org/10.1042/BJ20140577
https://doi.org/10.1016/j.bbapap.2003.11.029
https://doi.org/10.1016/j.bbapap.2003.11.029
https://doi.org/10.1016/j.bbapap.2005.08.024
https://doi.org/10.1016/j.bbapap.2005.08.024
https://doi.org/10.1038/nrm3432
https://doi.org/10.1016/j.bbapap.2013.03.007
https://doi.org/10.1016/j.bbapap.2013.03.007
https://doi.org/10.1556/AMicr.55.2008.2.1
https://doi.org/10.1556/AMicr.55.2008.2.1
https://doi.org/10.1016/j.cellsig.2017.05.012
https://doi.org/10.1016/j.cellsig.2017.05.012
https://doi.org/10.1016/j.ejcb.2009.08.005
https://doi.org/10.1242/jcs.111534
https://doi.org/10.1074/jbc.M008209200
https://doi.org/10.1074/jbc.M008209200
https://doi.org/10.1007/s12551-015-0170-x
https://doi.org/10.1007/s12551-015-0170-x

	cAMP-PKA signal transduction specificity in Saccharomyces cerevisiae
	Abstract
	Introduction
	PKA tethering through Bcy1 interacting proteins
	Subcellular localization of the Tpk1, Tpk2 and Tpk3 catalytic isoforms
	Transcriptional regulation of the protein kinase A subunits in Saccharomyces cerevisiae

	Summary
	Acknowledgements 
	References




