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In budding yeast, cAMP-dependent protein kinase
(PKA) plays a central role in the nutritional control of
metabolism, cell cycle, and transcription. This study
shows that both the regulatory subunit Bcy1p and the
catalytic subunit Tpk1p associated with it are predom-
inantly localized in the nucleus of rapidly growing cells.
Activation of nuclear PKA by cAMP leads to fast entry of
a significant part of Tpk1p into the cytoplasm, while the
regulatory subunit remains nuclear. In contrast to rap-
idly proliferating cells, both Bcy1p and Tpk1p are dis-
tributed over nucleus and cytoplasm in cells growing on
a nonfermentable carbon source or in stationary phase
cells. These results demonstrate that at least two differ-
ent mechanisms determine the subcellular localization
of PKA; cAMP controls the localization of Tpk1p, and the
carbon source determines that of Bcy1p. The N-terminal
domain of Bcy1p serves to target it properly during
logarithmic and stationary phase. Studies with Bcy1p
mutant versions unable to concentrate in the nucleus
revealed that cells producing them are less viable in
stationary phase than wild type cells, display delayed
reproliferation following transfer to fresh growth me-
dium, and, as diploids, exhibit reduced efficiency of
sporulation.

In all classes of living cells, extracellular signals regulate
intracellular processes via signal transduction pathways. Nu-
merous such pathways have been identified, and this raises
important questions about cross-talk, timing, and specificity of
signaling. One level of control to ensure signal specificity is to
localize proteins involved in signaling to specific subcellular
compartments. Differential compartmentation has been dem-
onstrated for a growing number of transcription factors and
protein kinases that translocate from the cytoplasm to the
nucleus or vice versa in response to extracellular signals (1, 2).
Signaling complexes have been identified that are specifically
localized by means of scaffold or anchor proteins, respectively.
Scaffold proteins bind different components of a signaling path-
way, simultaneously ensuring specificity and efficiency of sig-
naling. Ste5p is an example of a scaffolding system in yeast,
which coordinates the mitogen-activated protein kinase cas-

cade involved in the mating type response (3). Proteins func-
tioning as anchors may target signaling molecules to specific
subcellular sites. In mammalian cells, A-kinase anchor pro-
teins (AKAPs)1 function as adaptor proteins targeting RII type
cAMP-dependent protein kinase (PKA) to various specific in-
tracellular structures (4, 5). Detailed analysis revealed that
these proteins are in fact multivalent platforms for association
not only of PKA but also of other signaling molecules (4–6).

This study deals with the intracellular localization of PKA in
the yeast Saccharomyces cerevisiae. PKA holoenzyme is a tet-
ramer consisting of a homodimer of two regulatory subunits
(encoded by the gene BCY1 (4–8)) and two catalytic subunits
(encoded by the genes TPK1, TPK2, and TPK3 (9)). Activation
of PKA takes place by binding of two cAMP molecules to each
regulatory subunit, resulting in dissociation and thereby acti-
vation of the catalytic subunits (8, 10, 11). The only well estab-
lished extracellular trigger of the Ras/adenylate cyclase path-
way, the signaling cascade responsible for production of the
second messenger cAMP (12), identified so far is glucose. The
addition of this sugar to derepressed cells leads to a transient
increase in cAMP levels (13) and consequently to activation of
PKA. This transient activation is supposed to facilitate the
transition from respiratory to fermentative growth (14, 15).
Studies with mutants with high or low PKA activity, respec-
tively, confirm the role of this protein kinase in nutritional
signaling. For instance, bcy1D mutants, which display a con-
stitutive high activity of PKA, do not accumulate reserve car-
bohydrates, cannot grow on carbon sources other than glucose,
are stress-sensitive, do not sporulate, and have very low via-
bility in stationary phase. Most of these phenotypes are re-
versed to the opposite extreme in mutants with constitutive low
PKA activity (16). A subset of these phenotypes is explained, at
least partially, by defective regulation of gene transcription in
the respective PKA mutants. Most notably, transcription of
stress-induced genes bearing stress response elements in their
promoter region is repressed by PKA activity (17, 18). These
cis-acting elements are occupied only under stress conditions
by at least two functionally redundant transcription factors,
Msn2p and Msn4p, which mediate stress-induced transcription
(19). Recently, regulation of the localization of these factors by
PKA was described. Low PKA activity allows entry of Msn2p
and Msn4p into the nucleus, while high PKA activity stimu-
lates export and inhibits import (20).

Here we describe the localization of both regulatory and
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catalytic subunits of PKA in budding yeast. We found that the
localization of Bcy1p is regulated according to the nutritional
status of yeast cells and have identified the N-terminal domain
of this protein as sufficient for proper targeting. Mutants with
constitutively cytoplasmic PKA are less viable in stationary
phase than wild type cells and are delayed in the reentry into
the cell cycle upon resuspension in fresh growth medium.

EXPERIMENTAL PROCEDURES

Yeast Strains, Media, and Growth Conditions—Yeast strains used
are as follows: W303-1A (MATa ade2 can1 his3 leu2 trp1 ura3), MR1
(W303-1A bcy1::LEU2), JW1 (W303-1A bcy1::URA3), EI1 (W303-1A/
W303-1A bcy1::URA3 bcy1::LEU2), PA2F2 (W303-1A bcy1::LEU2
pde2::TRP1[313HBwt]), PA3F3 (W303-1A bcy1::LEU2 pde2::TRP1-
[313HBDN2]), and TH5 (MATa leu2–3 leu2–112 ura3–52 trp1–1 his3–
532 his4 cyr1::LEU2 CAM) (21). EI1 was generated by crossing MR1
and JW1. TH5 was a generous gift by W. Heideman. Yeast media were
prepared as described (22).

To obtain cells in stationary phase, cultures were grown in YPD
(supplemented with 60 mg/liter adenine sulfate) or SC medium (at
least) 5 days at 30 °C. For reproliferation experiments, cells were re-
suspended in fresh growth medium at A600 of 0.25. To achieve sporula-
tion, diploid cells were grown in YPD to A600 of 1.0; subsequently,
glucose was added to a final concentration of 10% (w/v), and cells were
grown for an additional 6 h. They were then inoculated in YP-acetate at
A600 of 0.1, grown overnight, washed, and resuspended in sporulation
medium. Sporulation efficiency was determined after 48 h of
incubation.

Construction of Plasmids—All plasmids used in this study are shown
in Table I. Plasmid 33pAGT was generated as follows. A PCR fragment
of TPK1 was generated using oligonucleotides 59-CTT CAG GAT CCG
TCG ACT GGC GGC CGC ACT GAA GAA CAA AAT GGA G-39 and
59-CAA GAG GAA TTC TTA CCC CCA CAT TCT AAT AAT AA-39 for a
PCR with yeast genomic DNA as template and was cloned in BamHI–
EcoRI in YCplac33 (23). This introduced a NotI site directly after the
start of the TPK1 coding region. Then a GFP NotI cassette (20) was
introduced in the NotI site, and subsequently a SpeI–HindIII fragment
from plasmid Ycp50-TPK1 (a generous gift from H. de Winde) corre-
sponding to the downstream part of TPK1 was inserted. Finally, the
ADH1 promoter was amplified from yeast genomic DNA as template
with primers 59-CTA AAC CGC GGA ATA TTT CGG GAT ATC-39 and
59-ACC ATG GTA TAT GAG ATA GTT GAT TGT ATG C-39. This PCR
fragment was cut with NcoI–HindIII and placed upstream of GFP-
TPK1, bringing the fusion gene under control of the ADH1 promoter.
Plasmid 33pAGHT was generated by introducing a triple copy of the HA
epitope (24) into the NotI site of 33pAGT directly downstream of GFP.
BCY1 was amplified by PCR using a plasmid-borne copy as template
with primers 59-GAC TGG ATC CAT GGT ATC TTC TTT GCC C-39 and
59-GAT GGA ATT CAT CGA TCT GTG TGG ATA GGGG-39, cut with
BamHI–EcoRI, and subcloned correspondingly in plasmid 33pAGHT
using a unique BamHI site directly after the second HA epitope and
thereby replacing TPK1 by BCY1. This resulted in plasmid 33pAGHB.
Deletions of BCY1 were made as follows. PCR fragments were gener-
ated using the forward primers DN1 (59-CGC GGA TCC AAG GCC AGG
GAG CCT G-39), DN2 (59-CGC GGA TCC ACT AGA GAA AAG ACA
TCA AC-39), and DN3 (59-CGC GGA TCC CGT AAT AAC TT CTG TTC
AA-39) and reverse primer 59-GAT GGA ATT CAT CGA TCT GTG TGG
ATA GGG G-39, resulting in DNA fragments corresponding to deletions

DN1, DN2, and DN3 (see Fig. 3A). These were cut with EcoRI and
BamHI and cloned in plasmid 33pAGHB. Similarly, PCR fragments
were made using reverse primers DC1 (59-TTT CTG CAG TTA ATG
CTG TTG TTC TTC CTG-39), DC2 (59-TTT CTG CAG TTA GAT CGA
TTT TTC CAG TCT TTG-39), and DC3 (59-TTT CTG CAG TTA CTT
GAG GAA CGC TCT CTG-39) with forward primer 59-GAC TGG ATC
CAT GGT ATC TTC TT GCC C-39, resulting in DNA fragments corre-
sponding to DC1, DC2, and DC3 (see Fig. 3A). These were cut with PstI
and BamHI and cloned in plasmid 33pAGHBwt. To bring the GFP-
HA2-BCY1 fusion under control of the authentic BCY1 promoter, this
region was amplified from yeast genomic DNA as template using oligo-
nucleotide primers 59-AGA TGA TCG ATG CAT GCC ACC ACG AC-59
and 59-CCG GAA TTC CAT GGA TCC CGT TTA TTC TTA CTG TTG
TC-39, cut with EcoRI and ClaI, and cloned in pRS313 (25). Then a
double-stranded linker oligonucleotide 59-CATG GGC GGC CGC GAA
TTC GAG CT-39 and 59-CCG CCG GCG CTT AAG C-39 was inserted
(NcoI–SacI) directly downstream of the BCY1 promoter region, result-
ing in plasmid 313pBL. Subsequently, the NcoI–EcoRI DNA fragment
containing GFP-HA-BCY1 from plasmid 33pAGHBwt was subcloned in
313pBL, resulting in plasmid 313GHBwt. Plasmids 313HBwt,
313HBDN1, and 313HBDN2 were generated by subcloning the NotI–
EcoRI fragments from the corresponding 33pAGHB deletion series in
313pBL. In 313GHBwt, a double-stranded oligonucleotide obtained by
annealing oligonucleotides 59-ATG AAT GAA TTA GCC TTG AAA TTA
GCA GGT CTT GAT ATC AAC AAG ATG CAT GC-39 and 59-CAT GGC
ATG CAT CTT GTT GAT ATC AAG ACC TGC TAA TTT CAA GGC TAA
TTC ATT-39, which encode the cAMP-dependent protein kinase inhib-
itor nuclear export signal (NES) flanked by sequences required for
cloning and determination of orientation, was inserted in the NcoI site.
This resulted in plasmid 313NES-HBwt, in which the NES is placed at
the N terminus of the HA tag.

GFP Fluorescence Microscopy—Cells were used for fluorescence mi-
croscopy directly without fixation. Nuclei were stained by the addition
of 5 mg/ml 4,6-diamidino-2-phenylindol (DAPI) to the cell suspension.
All cells were viewed using a Zeiss Axioplan 2 fluorescence microscope.
Images were taken with a Quantix CCD camera using IP LAB software,
processed in Adobe Photoshop 4.0, and printed on an Epson Stylus
Photo printer.

Indirect Immunofluorescence—Fixation and staining was carried out
as described by Nasmyth et al. (26). HA-tagged Bcy1p was detected by
anti-HA antibodies (12CA5 mouse IgG), and indirect immunofluores-
cence was achieved by using goat anti-mouse IgG CYC3-conjugated
secondary antibodies (Sigma).

Flow Cytometric DNA Analysis (FACS)—Samples were drawn con-
taining about 107 cells and fixed immediately in 70% ethanol. Cells
were washed and resuspended in 50 mM Tris-HCl, pH 7.8, and treated
with RNase (0.4 mg/ml) for 4 h at 37 °C. Then cells were resuspended in
0.5 ml of 5 mg/ml pepsin dissolved in 55 mM HCl, and incubated for 30
min at 37 °C with shaking. DNA was stained by resuspending the cells
in a buffer containing 180 mM Tris-HCl, pH 7.5, 190 mM NaCl, 70 mM

MgCl2, and 50 mg/ml propidium iodide and sonicated briefly. For each
time point taken, 10,000 cells were measured for DNA content with a
Becton Dickinson FACScan using LysisII software.

RESULTS

In Rapidly Growing Cells the Regulatory Subunit Bcy1p Is
Nuclear, while the Localization of the Catalytic Subunit Tpk1p
Is Regulated by cAMP—To study the localization of PKA in

TABLE I
Plasmids used

Plasmid Description

33pAGT GFP-TPK1 fusion under control of a truncated ADH1 promoter in CEN,ARS,URA3 vector YCplac33
33pAT TPK1 under control of a truncated ADH1 promoter in CEN, ARS, URA3 vector YCplac33
33pAGHBwt GFP-HA-BCY1 fusion under control of a truncated ADH1 promoter in CEN,ARS,URA3 vector YCplac33
33pAGHBDN1 Plasmid 33pAGHBwt with Bcy1p deleted for amino acids 1–48
33pAGHBDN2 Plasmid 33pAGHBwt with Bcy1p deleted for amino acids 1–124
33pAGHBDN3 Plasmid 33pAGHBwt with Bcy1p deleted for amino acids 1–179
33pAGHBDC3 Plasmid 33pAGHBwt with Bcy1p deleted for amino acids 49–416
33pAGHBDC1 Plasmid 33pAGHBwt with Bcy1p deleted for amino acids 125–416
33pAGHBDC2 Plasmid 33pAGHBwt with Bcy1p deleted for amino acids 180–416
313GHBwt GFP-HA-BCY1 fusion under control of the BCY1 promoter in CEN,ARS,HIS3 vector pRS313
313HBwt HA-BCY1 fusion under control of the BCY1 promoter in CEN,ARS,HIS3 vector pRS313
313HBDN1 Plasmid 313HBwt with Bcy1p deleted for amino acids 1–48
313HBDN2 Plasmid 313HBwt with Bcy1p deleted for amino acids 1–124
313NES-HBwt Plasmid 313HBwt with the PKI NES fused to HA-BCY1
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living cells, we fused GFP to the N termini of the regulatory
subunit Bcy1p and one of the catalytic subunit isoforms,
Tpk1p. These fusion proteins were found to be functional, since
GFP-Bcy1p produced in a bcy1D strain restored the ability of
this mutant to grow on carbon sources other than glucose.
GFP-TPK1 expressed in a tpk1 tpk2 tpk3 triple deletion strain
complemented the otherwise lethal phenotype of such a strain
(data not shown).

Since cAMP is known to cause dissociation of Tpk1p and
Bcy1p, we determined whether intracellular cAMP levels reg-
ulate the localization of these fusion proteins. The strain TH5
used for this experiment allows manipulation of intracellular
cAMP levels due to a deletion of the adenylate cyclase gene
(CYR1). It bears an additional mutation (CAM), allowing up-
take of cAMP (21). GFP-Bcy1p was found nuclear both in the
presence and absence of cAMP (Fig. 1A). Although GFP-Bcy1p
production in this experiment was driven by a truncated ADH1
promoter (up to position 2410 relative to the transcription
start, lacking its main upstream activating sequence (27)), a
similar localization of this fusion protein was detected when it
was produced from its own promoter in cells grown on glucose
(Fig. 2A).

In the case of GFP-Tpk1p, expression from the authentic
TPK1 promoter was too weak for us to observe fluorescence
(data not shown). To increase expression, the GFP-TPK1 fusion

was expressed under control of a similar truncated ADH1 pro-
moter as for GFP-Bcy1p, resulting in a moderate overexpres-
sion. When cells expressing this construct were briefly starved
for cAMP, GFP-Tpk1p was found predominantly localized in
the nucleus, but subsequent addition of cAMP led to redistri-
bution of Tpk1p throughout the cell within about 10 min (Fig.
1B). This effect is independent of de novo protein sythesis, since
it occurs also in the presence of cycloheximide (Fig. 1C). Fig. 1D
shows that autofluorescence of cells studied is very low, indi-
cating that the observed fluorescence is derived specifically
from the GFP derivatives.

The results summarized in Fig. 1 show that, under the ex-
perimental conditions used here, catalytically inactive PKA
holoenzyme resides in the nucleus. On the other hand, when
the catalytic Tpk1p subunit is released from the regulatory
subunit upon activation by high intracellular cAMP, it does
partly enter the cytoplasm.

The Localization of Bcy1p Is Determined by the Carbon
Source Used—We followed the subcellular localization of a
GFP-Bcy1p fusion, making use of the native BCY1 promoter,
under different physiological conditions. Similar to the situa-
tion shown in Fig. 1, GFP-Bcy1p was found predominantly
nuclear in wild type cells (W303-1A) grown on glucose (Fig. 2A).
However, in cells grown on ethanol (or on various other non-
fermentable carbon sources) a significant portion of the fusion
protein was found extranuclear, an effect that became even
more pronounced in stationary phase cells (Fig. 2A; data ob-
tained for the other carbon sources not shown). The fluores-
cence observed is derived specifically from GFP fusion protein,

FIG. 1. Subcellular localization of GFP-Bcy1p and GFP-Tpk1p
in the absence and presence of cAMP. Strain TH5 (cyr1 CAM) cells
transformed with the GFP-Bcy1p-encoding plasmid 33pAGHBwt (A),
with the GFP-Tpk1p-encoding plasmid 33pAGT (B and C) or with a
control plasmid 33pAT (D) were pregrown to logarithmic phase on
glucose-based synthetic medium supplemented with 3 mM cAMP. Cells
were washed with medium without cAMP, and pictures were taken
after 10 min (2cAMP). Subsequently, cAMP was added to a final
concentration of 3 mM, and pictures were taken after 10 min (1cAMP).
The experiment shown in C was carried out in the presence of 100 mg/ml
cycloheximide added 40 min before the withdrawal of cAMP.

FIG. 2. Subcellular localization of GFP-Bcy1p (A) or HA-Bcy1p
(C) in cells grown on glucose or ethanol and in stationary phase
cells. Fluorescence microscopy was carried out with strain MR1 trans-
formed with GFP-Bcy1p-encoding plasmid 313GHBwt (A) or with con-
trol plasmid 313HBwt (B) grown to logarithmic phase on YPD or YPE
and to stationary phase on YPD. C, indirect immunofluorescence of
MR1 cells transformed with 313HBwt, using anti-HA antibody.
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since the levels of autofluorescence were found to be very low in
logarithmic and stationary phase cells (Fig. 2B). The observa-
tions made with GFP-Bcy1p were confirmed by indirect immu-
nofluorescence of fixed cells using a HA-tagged Bcy1p (Fig. 2C).
Also with this method, we found that in glucose-grown cells
HA-Bcy1p is predominantly nuclear and distributed over nu-
cleus and cytoplasm in cells grown on ethanol (this method did
not allow us to study stationary phase cells, since such cells
could not be spheroplasted). The cytoplasmic localization of
Bcy1p observed seemed to be a specific growth phase and/or
carbon source effect, since treatment of glucose-grown cells
with stress agents (salt or ethanol), starvation for nitrogen
overnight, or mating factor arrest did not have any influence on
nuclear localization (data not shown). These observations rule
out the possibility that cytoplasmic localization of Bcy1p is
caused by a decrease of general metabolic activity or by a cell
cycle arrest per se. In summary, the results obtained demon-
strate that Bcy1p is predominantly nuclear in rapidly growing
cells but is distributed over nucleus and cytoplasm in cells
grown on ethanol and in stationary phase cells.

The N Terminus of Bcy1p Is Necessary and Sufficient for
Localization—As a first step toward identification of the mo-
lecular mechanism of control of Bcy1p localization, we decided
to identify the protein domain responsible for subcellular tar-
geting. It has been reported previously (8) that Bcy1p exhibits
high sequence conservation to the C-terminal cAMP binding
pockets and to the catalytic subunit association domain (or

hinge region) of its mammalian counterparts (Fig. 3A). The
yeast N terminus, however, does not exhibit any homology and
is longer than that of mammalian RII regulatory subunits (8).
Moreover, the extreme N terminus of mammalian RII interacts
with AKAPs that localize this protein to various subcellular
locations (28). We therefore carried out a deletion analysis of
the Bcy1p part of a GFP-Bcy1p fusion. Removal of the N-
terminal extension (DN1) led to a significant decrease of nu-
clear accumulation of Bcy1p, but deletion of the whole noncon-
served N terminus (DN2) resulted in an almost even
nucleocytoplasmic distribution of fluorescence in logarithmic
cells (Fig. 3B). An even more extended deletion, including the
hinge region (DN3), gave results similar to those obtained with
the DN2 deletion (data not shown). We then tried to address
whether the N-terminal domain is sufficient for proper target-
ing by determining the subcellular location of C-terminal dele-
tions of Bcy1p (DC1–C3). Fusion of the first 48 N-terminal
amino acids to GFP (DC3) was sufficient for nuclear accumu-
lation although somewhat less efficient than in the case of
full-length Bcy1p. When the whole N-terminal region was
fused to GFP (DC1) or when the hinge region was also present
(DC2), efficient nuclear concentration was observed (Fig. 3B
and data not shown). Moreover, GFP fusions containing only
the Bcy1p N-terminal domain are also distributed over nucleus
and cytoplasm upon transition into stationary phase (Fig. 3C).
Based on these results, we conclude that the first 124 N-
terminal amino acids of Bcy1p are necessary and sufficient for

FIG. 3. Identification of the nuclear localization domain of Bcy1p. A, schematic representation of Bcy1p and its deletion derivatives. The
localization in logarithmic (LOG) or stationary phase (STAT) cells determined by fluorescence microscopy of the different deletions fused at their
N terminus with GFP is indicated. N, predominant nuclear fluorescence; N/C, nucleocytoplasmic distribution of fluorescence with no or weak
nuclear accumulation; n.d., not determined. B, fluorescence microscopy of W303-1A cells transformed with 33pAGHBwt (wild type GFP-Bcy1p),
33pAGHBDN1 (DN1), 33pAGHBDN2 (DN2), 33pAGHBDC3 (DC3), or 33pAGHBDC1 (DC1). Cells examined were grown to logarithmic phase on
glucose-based synthetic medium. C, fluorescence microscopy of stationary phase W303-1A cells transformed with 33pAGHBwt (WT) and
33pAGHBDC1 (DC1).
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proper nutrient-regulated subcellular targeting.
Bcy1p Directs Nuclear Localization of Tpk1p—In wild type

cells growing on glucose, GFP-Tpk1p was found to be concen-
trated in the nucleus, with a significant portion being present
in the cytoplasm (Fig. 4A). The fact that GFP-Tpk1p is concen-
trated in the nucleus (although cAMP levels are supposed to be
relatively high under these conditions) probably indicates that
a subpopulation of GFP-Tpk1p is still bound to Bcy1p, since the
latter protein is exclusively nuclear under these conditions
(Figs. 1 and 2). Importantly, in stationary phase, when Bcy1p is
evenly distributed through the nucleus and cytoplasm, this
nuclear concentration of GFP-Tpk1p is not observed (Fig. 4A).
To study whether the nuclear accumulation of GFP-Tpk1p is
indeed dependent on nuclear Bcy1p, we created two strains,
PA2F2 and PA3F3, which are deleted for chromosomally en-
coded BCY1 but express a plasmid-borne copy of full-length
BCY1 (strain PA2F2) and a mutant allele of BCY1 expressing
an N-terminal truncated version of Bcy1p (DN2; strain PA3F3),
respectively. Both strains were transformed with a plasmid
encoding GFP-Tpk1p. As shown in Fig. 4B, strain PA2F2 (with
wild type Bcy1p) displayed nuclear accumulation of GFP-
Tpk1p. In contrast, in strain PA3F3 (Bcy1DN2), GFP-Tpk1p
has lost most of its nuclear accumulation. These results dem-
onstrate that nuclear concentration of GFP-Tpk1p in rapidly
growing cells is dependent on correspondingly localized Bcy1p.
If nuclear concentration of GFP-Tpk1p is dependent on associ-
ation with nuclear Bcy1p, then this would be abolished by high
intracellular cAMP levels comparable with what is shown in
Fig. 1A, where nuclear accumulation of GFP-Tpk1p is lost after
the addition of cAMP. Strain PA2F2 (with full-length Bcy1p)
used in the experiment shown in Fig. 4B bears a deletion of
PDE2. This makes it responsive to extracellular cAMP. The
addition of 3 mM cAMP to this strain abolished nuclear accu-
mulation of GFP-Tpk1p, resulting in a nucleocytoplasmic dis-
tribution of GFP-Tpk1p (results not shown), similar to the

results shown in Fig. 1B. These findings illustrate that Tpk1p
does not possess an intrinsic capacity to concentrate in the
nucleus but that its accumulation in the nucleus is dependent
on interaction with Bcy1p localized correspondingly.

Regulated Localization of Bcy1p Is Required for Viability,
Efficient Sporulation, and Fast Reproliferation from Stationary
Phase—Strain MR1 (bcy1) transformants bearing a plasmid-
borne wild type BCY1 allele or BCY1 alleles deleted for the
N-terminal nuclear targeting region (DN1 and DN2) display
equal growth rates on both glucose and ethanol (Table II),
demonstrating that mislocalization of PKA does not have a
significant impact on culture growth under these conditions.
Transcription of a number of PKA-regulated genes was studied
in such cells by Northern analysis. The increase of mRNA
levels of several genes controlled via stress response elements
or similar elements (HXK1, HSP104, DDR2, SSA3) (29, 30)
was not affected in mutant cells grown into stationary phase.
The level of ribosomal protein L25 gene transcript, which is
positively controlled by PKA (31, 32), was also completely un-
affected in Bcy1p mislocalization mutants (data not shown).
Consistent with the data on stress response element-controlled
genes, we could not observe any difference in the subcellular
localization of an Msn2p-GFP fusion (20) under a variety of
conditions known to affect this subcellular localization (data
not shown). Since Bcy1p is evenly distributed between nucleus
and cytoplasm in stationary phase cells but is predominantly
nuclear in rapidly growing cells, we studied the effects of mis-
localized Bcy1p on culture growth under changing nutritional
conditions. To this end, we determined the kinetics of reprolif-
eration of stationary phase cells upon transfer to fresh growth
medium. Compared with wild type cells, cells with an N-termi-
nally truncated Bcy1p reached stationary phase with similar
kinetics (data not shown) but displayed a profound delay in
increase of cell number, as determined by measuring A600 when
transferred to fresh medium (Fig. 5A). This delay appears
specific for stationary phase, since when cells that were grow-
ing logarithmically were inoculated to fresh growth medium,
they did not display a significant delay in growth (Fig. 5B).
Also, the increase in growth rate upon the addition of glucose to
a culture growing on ethanol was not affected (data not shown).
In principle, this delay in regrowth could be explained by mu-
tant cells in stationary phase being delayed in leaving station-
ary phase and/or in entering the mitotic cell cycle. Alterna-
tively, such cells may exhibit reduced viability. The viability of
stationary phase cells was therefore determined using dyes
that allow staining of living and dead cells. This showed that
viability of mutant stationary phase cells is indeed decreased
3–4-fold (Table II). FACS analysis of cells reproliferating from
stationary phase, however, showed a delayed increase of mu-

FIG. 4. Subcellular localization of GFP-Tpk1p in cells bearing
wild type or an inappropriately localized Bcy1p. A, fluorescence
microscopy of W303-1A cells transformed with 33pAGT grown logarith-
mically on glucose or to stationary phase. B, fluorescence microscopy of
strain PA2F2 (bcy1D pde2D [313HBwt]) (WT) and PA3F3 (bcy1D pde2D
[313HBDN2]) (DN2) cells transformed with 33pAGT. Both strains were
grown to logarithmic phase on glucose (A600 5 1).

TABLE II
Characterization of strains with mislocalized Bcy1p

Relevant genotypea
m Viability in

stationary phaseb
Sporulation
efficiencyc

Glucose Ethanol

h21 % %

bcy1D[313HBwt] 0.22 0.07 36 6 4.5 33 6 5.4
bcy1D[313HBDN1] 0.22 0.07 NDc ND
bcy1D[313HBDN2] 0.21 0.06 13 6 1.5 6.1 6 3.2
bcy1D[313NES-HBwt] 0.21 0.07 9.3 6 3.8 10 6 3.9

a MR1 (bcy1) strain transformed with indicated plasmids. Cells were
grown on YPD (“Glucose” column) or on YPE (“Ethanol” column), re-
spectively. Values below represent the growth rate.

b Values are the mean percentage of viable cells 6 S.D. after 8 days
incubation.

c Values are the mean percentage of tetrads 6 S.D. obtained by
sporulation of diploid strain EI1 (bcy1/bcy1) transformed with the
plasmids indicated for MR1.

c ND, not determined.
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tant cells with G2/M DNA content, suggesting a delay in enter-
ing the mitotic cell cycle (Fig. 5C). To rule out any artifacts of
the FACS analysis due to differences in viability, the budding
index of only living stationary phase cells was determined after
resuspension in fresh growth medium. We found that living
cells with mislocalized Bcy1p display a delay in forming the
first bud after resuspension in fresh medium (Fig. 5D), a result
consistent with that of the FACS analysis. Considering these
results, we conclude that the lower increase in cell number
observed in Fig. 5A, although partly due to a decrease in cell
viability, is also caused to a significant extent by a delay of
living cells in entering S phase. Moreover, we found that dip-
loids with mislocalized Bcy1p displayed reduced sporulation
efficiency (Table II). A more detailed interpretation of this

observation requires further analysis.
In order to clarify whether the phenotypes observed in Bcy1p

mislocalization mutants are indeed a consequence of this mis-
localization or, alternatively, of some other effect of the N-
terminal deletion of Bcy1p, a fusion was made between the
NES of mammalian cAMP-dependent protein kinase inhibitor
(33) and full-length Bcy1p. To check whether this NES se-
quence is functional, we also made a fusion between NES-
Bcy1p with GFP. Fluorescence microscopy revealed that this
fusion protein was excluded from the nucleus of cells growing
logarithmically, and Western analysis demonstrated that NES-
Bcy1p and Bcy1p wild type proteins are produced at compara-
ble levels (results not shown). Characterization of strain MR1
producing NES-Bcy1p showed a normal growth behavior on

FIG. 5. Growth curve of stationary phase (A) or logarithmic (A600 5 1) MR1 (bcy1) cells (B) transformed with 313HBwt (WT;
diamonds), 313HBDN1 (DN1; squares), or 313HBDN2 (DN2; triangles). Optical density at 600-nm wavelength (A600) was determined at the
indicated times after transfer to fresh growth medium. C, FACS analysis of MR1 (bcy1) cells transformed with 313HBwt (WT) and 313HBDN2
(DN2). Stationary phase cells were resuspended in fresh growth medium. Samples were taken and fixed in 70% ethanol at the times indicated. D,
budding index of living stationary phase MR1 (bcy1) cells transformed with 313HBwt (WT; black bars), 313HBDN2 (DN2; open bars), and
313NES-HBwt (NES-Bcy1pWT; striped bars) after resuspension in fresh growth medium. Values shown by the bars represent the mean budding
index (S.D. is indicated by error bars). Samples were taken 1 h before the times indicated and were incubated for 1 h at 30 °C in the presence of
20 mM FUN-1 and 20 mM Calcofluor White M2R (Molecular Probes, Inc., Eugene, OR). Stained cells were detected and quantified by fluorescence
microscopy according to the instructions of the supplier. The budding index is the percentage of living budded cells relative to the total number
of living cells. E, budding index of living W303-1A (BCY1) cells transformed with the same plasmids as described for D; bars are assigned
correspondingly, and the budding index was determined as described for D.
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both glucose and ethanol but reduced sporulation efficiency,
decreased viability in stationary phase (Table II), and a delay
in the budding index of viable stationary phase cells resus-
pended in fresh growth medium (Fig. 5D). Thus, constitutive
cytoplasmic localization of Bcy1p as a consequence of either
fusing full-length Bcy1p to an NES or of removing the N-
terminal targeting region results in very similar phenotypes.
Wild type (W303-1A) cells producing Bcy1DN2 or NES-Bcy1p
from an additional plasmid-borne gene also display a delay in
budding index (Fig. 5E) and exhibit reduced viability in sta-
tionary phase (not shown). This demonstrates that aberrant
cellular distribution of PKA activity and its phenotypic conse-
quences occur irrespective of the presence of additional wild
type Bcy1p. Dominance of the phenotypes shown in this way
suggests that these are not due to decreased activity of the
Bcy1p mutant proteins as negative regulators of PKA activity.

DISCUSSION

Cellular Protein Kinase A Localization in Budding Yeast
Differs from That in Mammalian Cells—In mammalian cells,
PKA regulatory RII subunits are predominantly found in the
cytoplasm, and upon stimulation by cAMP, the released cata-
lytic subunits diffuse to the nucleus (34–36). Also, most AKAPs
identified in mammalian cells, which anchor regulatory sub-
units, have been reported to be extranuclear, although at least
one type (AKAP95) has been found to be nuclear. However, in
this case, interaction of AKAP95 with RII takes place only
during mitosis, a condition when the nuclear envelope of mam-
malian cells is broken down (37).

This study shows that in yeast, localization of PKA is clearly
different from that observed in mammalian cells. Deprivation
of cAMP in rapidly growing yeast cells resulted in a pronounced
nuclear localization of GFP-Tpk1p, and the subsequent addi-
tion of 3 mM cAMP to such cells, presumably causing dissocia-
tion of the Bcy1p-Tpk1p complex, leads to rapid entry of the
catalytic subunits into the cytoplasm, while GFP-Bcy1p re-
mains nuclear. Cytoplasmic entry of GFP-Tpk1p is rapid (in
about 10 min, GFP-Tpk1p is almost equally distributed over
nucleus and cytoplasm) and independent of de novo protein
synthesis, suggesting that the effects observed are quite direct
and not mere indirect physiological consequences of changing
cAMP levels. These results allow the conclusion that the PKA
holoenzyme is nuclear in rapidly growing cells. Consistent with
such a model, GFP-Bcy1p, the kinase-inhibitory subunit, is
predominantly accumulated in the nucleus of rapidly growing
cells. In such cells, part of GFP-Tpk1p is found accumulated in
the nucleus, and this accumulation is dependent on nuclear
localization of Bcy1p (Fig. 4). However, also a significant part of
the GFP-Tpk1p fusion protein is found to be cytoplasmic, indi-
cating that, although the cAMP levels are supposed to be rel-
atively high in rapidly growing cells, still a portion of Tpk1p is
bound to the regulatory subunit, whereas liberated Tpk1p is
able to enter the cytoplasm.

In contrast to cells growing on glucose, GFP-Bcy1p is partly
cytoplasmic during growth on a nonfermentable carbon source
or in stationary phase. Also, the nuclear concentration of the
GFP-Tpk1p catalytic subunit, as observed in cells growing rap-
idly on glucose, is absent in stationary phase cells, a condition
where cAMP levels are low. Altogether, our results are in
agreement with a model in which Bcy1p determines the local-
ization of Tpk1p associated with it. Since synthesis of cAMP,
which affects localization of Tpk1p, is activated by glucose and
the localization of Bcy1p depends on the carbon source, this
demonstrates that nutritional signals control the localization of
both types of yeast PKA subunits by at least two different
molecular mechanisms.

The Bcy1p N Terminus, Which Is Not Conserved in Mamma-

lian RII Subunits, Is Involved in Localization of Bcy1p—Here
we show that the Bcy1p N terminus plays a crucial role in
Bcy1p localization, being both necessary and sufficient for lo-
calizing GFP-Bcy1p to the nucleus or cytoplasm in a growth
phase- and carbon source-dependent manner. Inspection of this
N-terminal region did not reveal an obvious cluster of basic
amino acids characteristic for typical nuclear localization sig-
nals (38). Since the N-terminal part of Bcy1p and mammalian
RII subunits are both determinants of subcellular localization,
it is an attractive working hypothesis that, as in the mamma-
lian case where the N terminus interacts with AKAPs, Bcy1p
localization might be determined via anchoring proteins.

The change in localization of Bcy1p may involve relocaliza-
tion of preexisting protein or be the consequence of the produc-
tion of a cytoplasmic form. Bcy1p levels increase considerably
during approach to stationary phase (39), hence not excluding
a mechanism of preferential cytoplasmic accumulation of
Bcy1p synthesized de novo.

Physiological Consequences of PKA Mislocalization—In bud-
ding yeast, PKA plays an important role in reconfiguring met-
abolic activities and expression patterns involved in carbon
source metabolism. Recently, it has been shown that activation
of PKA by glucose facilitates the transition from nonfermenta-
tive to fermentative growth (15). Consistent with this, cells
growing on glucose display higher basal levels of intracellular
cAMP (40), and mutant cells with constitutive high PKA activ-
ity are unable to grow on carbon sources other than glucose (7).
Therefore, in cells growing on a nonfermentable carbon source,
it may be advantageous to increase the cytoplasmic level of the
kinase-inhibitory subunit, Bcy1p, in order to adjust metabo-
lism properly for gluconeogenic growth.

The nuclear accumulation of Bcy1p in rapidly growing cells
and the cytoplasmic accumulation in slowly growing cells im-
plies that some aspects of PKA-controlled nuclear processes,
with the free catalytic PKA subunits not having to enter the
nucleus upon activation as would have been the case with a
cytoplasmic PKA holoenzyme, might be important for rapid cell
proliferation. This could be most important under changing
growth conditions, since stationary phase cells with mislocal-
ized Bcy1p display a delay in reentry into the mitotic cell cycle.
Although the underlying mechanism for this phenotype is elu-
sive, there might be a connection to the observations made by
Hubler et al. (41) that reentry of stationary phase cells into the
cell cycle requires a short and transient activation of PKA by
cAMP. The yeast cells used in this study (41) appeared respon-
sive to cAMP only after preincubation in fresh growth medium.
In terms of models, nuclear accumulation of Bcy1p upon trans-
fer to fresh growth medium might be required for efficient
reentry into mitotic growth. Alternatively, it might be impor-
tant to remove Bcy1p from the cytoplasm, since it could inter-
fere there with metabolic processes required for resumption of
rapid growth. Our observation that the delay in reproliferation
of mutant cells that are unable to concentrate Bcy1p into the
nucleus is a dominant phenotype might be an argument for the
second explanation.

Altogether, the data presented in this study suggest that
proper PKA localization provides a selective advantage for
yeast cells in their natural environment. There they are fre-
quently in stationary phase and have to reproliferate rapidly
when the growth conditions suddenly improve for a limited
period of time.
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