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In Saccharomyces cerevisiae the subcellular distribution of Bcy1 is carbon source dependent. In glucose-grown
cells, Bcy1 is almost exclusively nuclear, while it appears more evenly distributed between nucleus and cyto-
plasm in carbon source-derepressed cells. Here we show that phosphorylation of its N-terminal domain directs
Bcy1 to the cytoplasm. Biochemical fractionation revealed that the cytoplasmic fraction contains mostly phos-
phorylated Bcy1, whereas unmodified Bcy1 is predominantly present in the nuclear fraction. Site-directed
mutagenesis of two clusters (I and II) of serines near the N terminus to alanine resulted in an enhanced nu-
clear accumulation of Bcy1 in ethanol-grown cells. In contrast, substitutions to Asp led to a dramatic increase
of cytoplasmic localization in glucose-grown cells. Bcy1 modification was found to be dependent on Yak1 kinase
and, consequently, in ethanol-grown yak1 cells the Bcy1 remained nuclear. A two-hybrid screen aimed to isolate
genes encoding proteins that interact with the Bcy1 N-terminal domain identified Zds1. In ethanol-grown zds1
cells, cytoplasmic localization of Bcy1 was largely absent, while overexpression of ZDS1 led to increased cyto-
plasmic Bcy1 localization. Zds1 does not regulate Bcy1 modification since this was found to be unaffected in
zds1 cells. However, in zds1 cells cluster II-mediated, but not cluster I-mediated, cytoplasmic localization of
Bcy1 was found to be absent. Altogether, these results suggest that Zds1-mediated cytoplasmic localization of
Bcy1 is regulated by carbon source-dependent phosphorylation of cluster II serines, while cluster I acts in a
Zds1-independent manner.

Throughout the eukaryotic kingdom cyclic AMP (cAMP)-
dependent protein kinases (PKAs) play important and diverse
roles in signal transduction (for reviews, see references 2, 7,
and 28 and references therein). Structurally, PKAs are con-
served, consisting of two catalytic subunits that bind, in their in-
active configuration, to a regulatory subunit homodimer. Bind-
ing of cAMP to the regulatory subunit results in dissociation,
and thereby activation, of the catalytic subunits (7, 28). The
multitude of intracellular PKA substrates and their different
subcellular distribution raises important questions about the
specificity, timing, and substrate targeting of PKA-mediated
signaling. One regulatory level to ensure proper signal trans-
duction is specific targeting of signaling components to subcel-
lular compartments. In multicellular eukaryotes A-kinase an-
chor proteins (AKAPs) have been identified that target type I
or type II (RI or RII) PKA-regulatory subunits to their effector
substrates localized in various subcellular compartments (for
recent reviews, see references 5 and 6 and references therein).
AKAPs possess a site for constitutive avid binding of RI or RII
and a targeting domain that complexes with subcellular struc-
tures. Directing PKA to specific microenvironments facilitates
phosphorylation of colocalized effector molecules.

In contrast to cells from multicellular organisms, yeast cells
possess one isoform of the PKA regulatory subunit, Bcy1,

which controls three catalytic subunits which are functionally
partly redundant. Bcy1 responds to glucose, the only extracel-
lular signal identified so far, that triggers an increase in cAMP
levels (8, 31). Yeast Tpk proteins control a wide variety of
important intracellular processes at both the transcriptional
and the posttranscriptional levels (for a recent review, see
reference (29) and references therein).

Localization studies on the budding yeast PKA catalytic sub-
unit Tpk1 and the regulatory subunit Bcy1 revealed that the
subcellular localization of both types of subunits is regulated
(12). cAMP, whose production is controlled by glucose, affects
the subcellular distribution of Tpk1. The localization of Bcy1
was also found to be dependent on the available carbon source.
In glucose-grown cells the regulatory subunit is strongly con-
centrated in the nucleus. In carbon source-derepressed cells,
however, it is present in both the nuclear and the cytoplasmic
compartments. The increased cytoplasmic localization of Bcy1
in such cells might be important for the proper regulation of
cytoplasmic substrates, e.g., metabolic enzymes that are regu-
lated by PKA. Characterization of mutants with mislocalized
Bcy1 revealed that proper localization of Bcy1 is important for
efficient sporulation, viability in the stationary phase, and the
rapid reproliferation of stationary-phase cells (12).

Although Bcy1 has an architecture characteristic for type II
PKA-regulatory subunits (31), structural yeast AKAP homo-
logs do not seem to exist (5; unpublished results) suggesting
that different mechanisms control the subcellular distribution
of Bcy1. Considering the wide variety of PKA-controlled sub-
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strates, their different subcellular distribution and the carbon
source-dependent localization of PKA in budding yeast, we
surmise that the subcellular targeting of Bcy1, as for RI and
RII, provides an additional level of regulation of intracellular
signaling. The present study concentrates on the molecular
mechanisms of Bcy1 localization. We provide evidence that the
subcellular distribution of Bcy1 is regulated by Yak1-depen-
dent phosphorylation of its N-terminal domain and that Zds1
is required for proper cytoplasmic localization of Bcy1 in car-
bon source-derepressed cells.

MATERIALS AND METHODS

Growth media, growth conditions, yeast strains, and plasmids. Yeast media
were prepared as described elsewhere (22). Cells were grown in synthetic com-
plete (SC) medium supplemented with adenine, uracil, and amino acids as
appropriate but lacking essential components to select for plasmids. For all of the

experiments, cells were precultured in selective media and then inoculated in
complete media. Carbon source-derepressed cells used for the experiments de-
scribed in this study were grown on yeast extract - peptone - ethanol (YPE), YPA
(acetate), or YPG (glycerol) until the cultures reached an A600 of 4 to 5. To
obtain cells in stationary phase, these were cultured in YPD (dextrose) for at
least 2 days.

Yeast strains used in this study are listed in Table 1. Deletion of YAK1 in
strains GG101 and GG102 was achieved by transforming W303-1A and Wmsn2/4
with plasmid pGS136B (a gift of S. Garrett, New Jersey Medical School, Newark)
after being digested by SmaI and HindIII. Leu1 transformants were checked for
correct integration of the yak1::LEU2 deletion fragment using PCR. PA4036-2A
and PA4036-2C were obtained by sporulation of DY4036 (a gift from D. Still-
man, University of Utah Health Sciences Center, Salt Lake City) and subsequent
isolation of spores (derived from a tetrad that yielded four viable spores) that
contained zds1::LEU2 or zds2::TRP1, respectively.

All plasmids used in this study are listed in Table 2. Plasmids 313pBHB1–416,
313pBHB125–416, and 33AGHB1–124 are identical to plasmids 313HBwt,
313HBDN2, and 33pAGHBDC1, respectively, described earlier (12). 313pB(NLS)
HB1–416 was created by introducing a double-stranded oligonucleotide obtained
by annealing oligonucleotides 59-C ATG CCA AAG AAG AAG AGA AAG
GTC ATG CAT GC-39 and 59-CAT GGC ATG CAT GAC CTT TCT CTT CTT
CTT TGG-39, which encode the Simian virus 40 nuclear localization signal (SV40
NLS), in the NcoI site of 313pBHB1–416. Plasmid 33AGHB(1–124, Ser cluster II Ala)

was created as follows. Two PCR fragments were generated by using a plasmid-
borne copy of BCY1: one DNA fragment using forward primer 59-GAC TGG
ATC CAT GGT ATC TTC TTT GCC C-39 (named BCY1-G-F) and reverse
primer 59-GCTA CTA GCT AGC TTG AGC TTG AGC TGC TTG AGG TCT
GGA AAA TGA CTC CTC TGG-39 (containing mutations that substitute
Ser74, Ser77, and Ser79 by Ala and bearing an NheI site at the 59 end [under-
lined]) and the second DNA fragment using forward primer 59-CAC TAG TCT
AGA GCC AGA GCC GCT GTT ATG TTC AAA TCC CCT TTT GTG AAC
G-39 (containing mutations that substitute Ser81, Ser83, and Ser84 by Ala and
bearing a XbaI site at the 59 end [underlined]) and reverse primer 59-GAT GGA
ATT CAT CGA TCT GTG TGG ATA GGG G-39 (named BCY1-G-R). In
several steps these were subsequently subcloned in 33pAGHBwt (12), using
BamHI and EcoRI and with the NheI and XbaI sites of the two PCR-generated
fragments fused, resulting in plasmid 33AGHB(Ser cluster II Ala) containing full-
length BCY1 bearing cluster II Ser-to-Ala substitutions. Subsequently, this plas-

TABLE 1. Strains used in this study

Strain Genotype Source or
reference

W303-1A MATa ade2-1 trp1-1 can1-100 leu2-3,112
his3-11,15 ura3-1

30

MR1 W303-1A MATa bcy1::LEU2 12
Wmsn2/4 W303-1A MATa msn2::HIS3 msn4::TRP1 18
GG101 W303-1A MATa yak1::LEU2 This study
GG102 W303-1A MATa msn2::HIS3 msn4::TRP1

yak1::LEU2
This study

DY 4036 W303-1A/W303-1A ZDS1/zds1::LEU2
ZDS2/zds2::TRP1

D. Stillman

PA4036-2A W303-1A MATa zds1::LEU2 This study
PA4036-2C W303-1A MATa zds2::TRP1 This study
PJ69-4A MATa trp-901 leu2-3,112 ura3-52 his3-200

gal4D gal80D GAL2-ADE2 LYS2::GAL1-
HIS3 met2::GAL7-lacZ

15

TABLE 2. Plasmids used in this study

Plasmid Description

pRS313 CEN ARS HIS3 vector (26)
313pBHB1–416 Expresses a HA-BCY1 fusion, encoding HA-tagged wild-type Bcy1p, using the BCY1 promoter in vector pRS313;

plasmid 313HBwt in Griffioen et al. (12)
313pBHB125–416 313pBHB1–416 derivative encoding Bcy1 deleted for amino acids 1 to 124; plasmid 313HBDN2 in Griffioen et al. (12)
313pB(NLS)HBwt 313pBHB1–416 derivative encoding Bcy1 fused with SV40 NLS
YCplac33 CEN ARS URA3 vector (10)
33AGHB1–124 Expresses a HA-BCY1 fusion, encoding HA-tagged Bcy1 N terminus (amino acids 1 to 124) using the ADH1 promoter

in vector YCplac33
33AGHB(1–124, Ser cluster I Ala) 33AGHB1–124 derivative encoding Bcy1 bearing S3A, S4A, and S9A substitutions
33AGHB(1–124, Ser cluster II Ala) 33AGHB1–124 derivative encoding Bcy1 bearing S74A, S77A, S79A, S81A, S83A, and S84A substitutions
33AGHB(1–124, Ser cluster I1II Ala) 33AGHB1–124 derivative encoding Bcy1 bearing S3A, S4A, S9A, S74A, S77A, S79A, S81A, S83A, and S84A

substitutions
33pBGHBwt Expresses a GFP-HA-BCY1 fusion, encoding wild-type Bcy1 fused with GFP-HA, using the BCY1 promoter in vector

YCplac33
33pBGHB(Ser cluster I Ala) 33pBGHBwt derivative encoding Bcy1 bearing S3A, S4A, and S9A substitutions
33pBGHB(Ser cluster II Ala) 33pBGHBwt derivative encoding Bcy1 bearing S74A, S77A, S79A, S81A, S83A, and S84A substitutions
33pBGHB(Ser cluster I1II Ala) 33pBGHBwt derivative encoding Bcy1 bearing S3A, S4A, S9A, S74A, S77A, S79A, S81A, S83A, and S84A substitutions
195A2 2mm, ADE2 vector (this study)
195A2-pBGHBwt Expresses a GFP-HA-BCY1 fusion, encoding wild-type Bcy1p fused with GFP-HA, using the BCY1 promoter in vector

195ADE2
195A2-pBGHB(Ser cluster I Asp) 195A2-pBGHBwt derivative encoding Bcy1 bearing S3D, S4D, and S9D substitutions
195A2-BGHB(Ser cluster II Asp) 195A2-pBGHBwt derivative encoding Bcy1 bearing S74D, S77D, S79D, S81D, S83D, and S84D substitutions
195A2-pBGHB(Ser cluster I1II Asp) 195A2-pBGHBwt derivative encoding Bcy1 bearing S3D, S4D, S9D, S74D, S77D, S79D, S81D, S83D, and S84D

substitutions
pRS316 CEN URA3 vector (10)
316pADH1-ZDS1 Expresses ZDS1, using the ADH1 promoter, in vector pRS316
pGBT9 Two-hybrid expression vector with GAL4 DNA-binding domain (DBD) (15)
T9-BCY1wt BCY1 inserted in pGBT9; expresses Ga14-DBD fused Bcy1
T9-BCY1125–416 T9-BCY1wt derivative encoding Bcy1 deleted for amino acids 1 to 124
T9-BCY11–179 T9-BCY1wt derivative encoding Bcy1 deleted for amino acids 180 to 416
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mid was used as a template for generating a DNA fragment by PCR using
forward primer BCY1-G-F and reverse primer 59-TTT CTG CAG TTA ATG
CTG TTG TTC TTC CTG-39 (named BDC1) that was subcloned with PstI and
BamHI in plasmid 33pAGHBwt (12).

Plasmid 33AGHB(1–124, Ser cluster I Ala) and 33AGHB(1–124, Ser cluster I1II Ala)

were constructed as follows. A PCR fragment was generated using a plasmid-
borne copy of BCY1 and 33AGHB(Ser cluster II Ala), respectively, and forward
primer 59-CG CGC GGA TCC ATG GTA GCC GCC TTG CCC AAG GAA
GCC CAA GCC GAA TTG CAA CTG-39 (containing mutations that substitute
Ser3, Ser4, and Ser9 by Ala; named MUT1-F) and reverse primer BDC1. These
PCR fragments were subcloned with BamHI and PstI in plasmid 33pAGHBwt
(12). Plasmids 33AGHB(Ser cluster I Ala) and 33AGHB(Ser cluster I1II Ala) were
generated as described above for plasmids 33AGHB(1–124, Ser cluster I Ala) and
33AGHB

(1–124, Ser cluster I1II Ala)
but using reverse primer BCY1-G-R instead of

BDC1. The PCR fragments were subcloned with BamHI and EcoRI.
33pBGHBwt was created by subcloning GFP-HA-BCY1 with EcoRI and SalI

from plasmid 313GHBwt (12) in YCplac33 (10). 33pBGHB(Ser cluster I Ala),
33pBGHB

(Ser cluster II Ala)
, and 33pBGHB(Ser cluster I1II Ala) were made by sub-

cloning the corresponding BCY1 fragment from 33AGHB(Ser cluster I Ala),
33AGHB

(Ser cluster II Ala)
, and 33AGHB(Ser cluster I1II Ala), respectively, in

33pBGHBwt using NotI and EcoRI.
Plasmid 195A2 was generated by replacing URA3 of YEplac195 (10) by ADE2.
195A2-pBGHB(Ser cluster II Asp) was created as follows. A PCR fragment was

generated using a plasmid-borne copy of BCY1, forward primer 59-GTT CTA
TTT CCG GAA CCA GAG GAG TCA TTT TCC AGA CCT CAA GAC GCT
CAA GAC CAA GAC AGA GAC AGA GAC GAC GTT ATG TTC AAA
TCC CCC TTT GTG-39 (containing mutations that substitute Ser74, Ser77,
Ser79, Ser81, Ser83, and Ser84 by Asp) and reverse primer BCY1-G-R. It was
cloned in 33pBGHBwt using BstEI and EcoRI. From the resulting plasmid
[33pBGHB

(Ser cluster II Asp)
] a PvuII fragment containing GFP-HA-BCY1 under

control of the BCY1 promoter was inserted in 195A2.
Plasmid 195A2-pBGHB(Ser cluster I Asp) and 195A2-pBGHB(Ser cluster I1II Asp)

were constructed as follows. PCR fragments were generated using a plasmid-
borne copy of BCY1 and 33pBGHB(Ser cluster II Asp), respectively, forward primer
59-CG CGC GGA TCC ATG GTA GAC GAC TTG CCC AAG GAA GAC
CAA GCC GAA TTG CAA CTG-39 (containing mutations that substitute Ser3,
Ser4, and Ser9 by Asp) and reverse primer BCY1-G-R. These PCR fragments
were subcloned with BamHI and EcoRI in plasmid 33pAGHBwt. From the
resulting plasmids GFP-HA-BCY1 was subcloned in 33pBGHBwt using EcoRI
and NotI. Subsequently from the resulting plasmids, a PvuII fragment containing
GFP-HA-BCY1 under control of the BCY1 promoter was inserted in 195A2.

T9-BCY1wt was created as follows. First, the NcoI-EcoRI fragment from
33pAGHBwt containing GFP-HA-BCY1 was subcloned correspondingly in
pAS2-1 (Clontech). From the resulting plasmid the fragment encoding a fusion
of Bcy1 with the Gal4 DNA-binding domain was inserted in pGBT9 (Clontech)
using XhoI-EcoRI.

T9-BCY1125–416 and T9-BCY11–179 were made by subcloning the NotI-EcoRI
fragments from plasmids 33pAGHBDN2 and 33pAGHBDC2 (12) in T9-BCY1wt.

316pADH1-ZDS1 was made as follows. A PCR fragment was generated using
forward primer 59-C CCA GAA TCC GGC GGC CGC GGA TCC ATG TCC
AAT AGA GAT AAC GAG-39 and reverse primer 59-A AAA CTG CAG CTC
GAG GTC GAC ATC TTC GTA CTAG-39 and subcloned in a derivative of
pADH1-MSN2-GFP in plasmid pRS316 (11) (containing a NotI site directly after
the start codon) using NotI and SalI.

Western blot analysis. Yeast cell cultures were grown at 30°C (see above). All
subsequent steps were carried out at 4°C. Cells were harvested by centrifugation
and washed in sterile water, and the pellets were resuspended in extraction buffer
containing 10 mM Tris-HCl (pH 8.0), 150mM NaCl, 0.05% Tween 20, 10%
glycerol, 5 mM EDTA, 5 mM NaF, 60 mM glycerol-2-phosphate, 1 mM dithio-
threitol, 1 mM EGTA, and a mixture of protease inhibitors (Complete; Roche
Molecular Biocemicals). Cells were disrupted by vortexing them for 5 min in the
presence of glass beads. The resulting suspension was spun down in a microfuge
at maximum speed, and this step was repeated once with the supernatant. Part
of the resulting supernatant was taken up in sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) loading buffer, separated by SDS-PAGE
(16), and blotted onto nitrocellulose. Immunodetection of proteins was carried
out using anti-hemagglutinin (HA) monoclonal antibody (12CA5 mouse immu-
noglobulin G [IgG], generous gift from T. Gartner). The secondary antibody
used was anti-mouse IgG conjugated with horseradish peroxidase purchased
from Amersham Pharmacia Biotech. Proteins were visualized using SuperSignal
(Pierce) according to the manufacturer’s instructions. Phosphatase treatment of
protein extracts was carried out with l phosphatase (New England Biolabs, Inc.)
essentially according to the manufacturer’s instructions. Then, 20 mM ortho-

vanadate and 50 mM NaF were used for the inhibition of l phosphatase activity.
Cytoplasmic and nuclear fractions were obtained by differential centrifugation as
previously described (1). The pellet and supernatant were used for Western
analysis as nuclear and cytoplasmic fraction, respectively.

Green fluorescence protein (GFP) fluorescence microscopy. Cells were used
for fluorescence microscopy directly without fixation. Nuclei were stained by
addition of 5 mg of DAPI (49,69-diamidino-2-phenylindole) per ml to the cell
suspension. Cells were viewed using a Zeiss Axioplan 2 fluorescence microscope.
Images were taken with a Quantix charge-coupled device camera using IP LAB
software and then processed in Adobe Photoshop 4.0.

Two-hybrid screen. T9-BCY11–416 was transformed into reporter strain PJ69-
4A (15), and the resulting strain was transformed individually with each of three
yeast genomic DNA fusion libraries, Y2HL-C1, Y2HL-C2, and Y2HL-C3 (15).
Transformation mixtures were plated on medium lacking adenine, and positive
transformants were tested for growth on SC-histidine medium supplemented
with 2 mM 3-aminotriazole. From the remaining positives, plasmids containing
the genomic DNA inserts were isolated and tested for their inability to interact
with T9-BCY1125–416 (lacking the Bcy1 N-terminal domain). Finally, plasmids un-
able to confer growth were tested for interaction with T9-BCY11–179 (N-terminal
domain of Bcy1) on SC-histidine medium supplemented with 10 mM 3-amino-
triazole. For plasmids that also met this latter requirement, part of their genomic
DNA inserts were sequenced to identify the corresponding gene (fragment).
b-Galactosidase activity was assayed essentially as described previously (19).

RESULTS

Bcy1 is phosphorylated in its N-terminal targeting domain.
Recent studies have established that the localization of Bcy1 is
carbon source dependent (12). In cells growing rapidly on
glucose, Bcy1 is predominantly nuclear. In carbon source-de-
repressed cells it is distributed over the nucleus and cytoplasm.
Previously, it had been shown that in stationary-phase cells
Bcy1 was extensively modified (35). We investigated a possible
functional link between the modification and localization of
Bcy1. We studied these parameters both in ethanol-grown cells
and in stationary-phase cells since these two physiological con-
ditions appeared to have differential effects. Western blot anal-
ysis (Fig. 1A) of extracts of stationary-phase cells expressing
full-length Bcy1 (HA-Bcy11–416) revealed the presence of sev-
eral isoforms migrating more slowly than HA-Bcy11–416 de-
tected in extracts of cells grown on glucose, a finding similar to
what has been reported previously regarding Bcy1 modification
in a different strain background (35). Also, in cells that were
grown on various nonfermentable carbon sources, slower-mi-
grating isoforms of Bcy1 were detected (Fig. 1B), although the
nature of the modification appeared to be different compared
to the situation in stationary-phase cells since fewer isoforms
were observed. In cells expressing HA-Bcy1125–416 lacking its
targeting domain, most of these isoforms were absent (Fig. 1A
and B), demonstrating that the N-terminal domain is neces-
sary for modification. We note that a minor isoform of HA-
Bcy1125–416 is still detectable in carbon source-derepressed
cells, most likely the result of autophosphorylation of Ser145
(35). To determine whether the N terminus is not only neces-
sary but also sufficient for modification, we expressed the N-
terminal part of Bcy1 in stationary-phase cells (Fig. 1C, lanes 4
to 6). In such cells the first 124 amino acids were sufficient to
result in one or more isoform(s) migrating significantly slower
than the form(s) detected in extracts from cells grown on
glucose (Fig. 1C, lanes 1 to 3). This indicates that modification
takes place near the Bcy1 N terminus. Upon phosphatase
treatment of HA-Bcy11–124 from glucose grown cells, no
change in migration was observed (Fig. 1C, lanes 1 to 3). The
same fragment from stationary-phase cells migrated faster af-
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ter phosphatase treatment (Fig. 1C, lanes 4 to 6), though
migration was still slower than that observed for HA-Bcy11–124

detected in extracts from glucose-grown cells. This suggests
that the slower migration of HA-Bcy11–124 is partly due to
phosphorylation but presumably is also caused by a second,
as-yet-unidentified type of modification. Also, in ethanol-
grown cells expressing HA-Bcy11–124 the presence of at least
one slower-migrating isoform was detected (Fig. 1D). After
phosphatase treatment this isoform was almost undetectable,
suggesting that also in ethanol-grown cells at least part of Bcy1
is phosphorylated. In contrast to the situation in stationary-
phase cells, we note that in extracts of ethanol-grown cells no
isoforms were observed that migrated significantly slower than
HA-Bcy11–124 from glucose-grown cells after phosphatase
treatment (data not shown).

Bcy1 isoforms are differentially localized. We reasoned that
modification in the N-terminal domain of Bcy1 in carbon
source-derepressed cells might be required for its cytoplasmic
localization. To obtain evidence for this assumption, we per-
formed fractionation experiments. Western analysis of cyto-
plasmic and nuclear fractions (Fig. 2A) showed that HA-Bcy1
is mostly found in the nuclear fraction of glucose-grown cells
(lanes 1 and 4). In the cytoplasmic fraction of ethanol-grown
cells (lane 2), a predominant slower-migrating isoform and
very little of a faster-migrating form of HA-Bcy1 were de-
tected. In the corresponding nuclear fraction, both slower- and

FIG. 1. Western analysis of extracts from yeast cells producing wild-type and mutant versions of HA-tagged Bcy1. (A) Extracts of strain MR1
transformed with 313pBHB1–416 and 313pBHB125–416 grown to stationary phase after growth on glucose. Samples were drawn at various cell
densities as indicated by their optical densities at 600 nm. (B) Extracts isolated from the strains as referred to in Panel A grown on YP medium
supplemented with glucose (D), acetate (Ac), ethanol (Et), or glycerol (Gl). (C) Extracts from strain W303-1A transformed with 33AGHB1–124.
Samples were drawn from cultures grown logarithmically on YPD (D, lanes 1 to 3) and from stationary-phase cultures (STAT, lanes 4 to 6). Some
extracts were treated with phosphatase in the presence or absence of inhibitors before loading on the gel. PPase, l phosphatase; Inh, l phosphatase
inhibitors (20 mM vanadate and 50 mM NaF). (D) Phosphatase treatment of extracts isolated from the strains referred to in panel C grown on
YP-ethanol (Et).

FIG. 2. Subcellular fractionation of cells grown on glucose (D)-
and ethanol (Et)-based media. (A) Strain MR1 transformed with
313pBHBwt (WT) and 313pB(NLS)HBwt (WT-NLS). In lanes 1 to 3,
the cytoplasmic fraction (CP) and in lanes 4 to 6, the nuclear fraction
(N) were loaded. (B) Phosphatase treatment of the sample loaded in
lane 2 of panel A.
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faster-migrating isoforms were found (lane 5). Although this
suggests that these are both nuclear, it cannot be completely
ruled out in this case that detection of the slower-migrating
isoform(s) is due to contamination of this fraction with the
cytoplasmic fraction. It is evident, however, that unmodified
Bcy1 is preferentially nuclear, irrespective of the carbon source
used for growth, while virtually only modified Bcy1 is detected
in the cytoplasm. To control the effectiveness of the fraction-
ation procedure used, cells were tested expressing a fusion of
HA-Bcy1 with the constitutive SV40 NLS. As expected, this
fusion protein was detected exclusively in the nuclear fraction
(lanes 3 and 6). Phosphatase treatment of HA-Bcy1 derived
from the cytoplasmic fraction of ethanol-grown cells (sample
from Fig. 2A, lane 2) resulted in an increase of migration (Fig.
2B), showing that cytoplasmic Bcy1 is phosphorylated.

Serine residues located in the N-terminal domain of Bcy1p are
important for modification and proper subcellular localization.
Since modification, partly through phosphorylation of the N-ter-
minal domain, correlated well with localization, we wished to
clarify whether phosphorylation of Bcy1 is necessary for cytoplas-
mic targeting. Inspection of the N-terminal domain revealed two
clusters (I and II) which are particularly serine-rich. Cluster I is
located near the N terminus, and cluster II is located between
serines 68 and 84. We studied the effects on the modification
and localization of serine-to-alanine substitutions in both
clusters (affected amino acid residues are indicated in Fig.
3A). The wild-type N-terminal domain (Bcy11–124) from
YPE-grown cells produced two major bands, representing at
least two isoforms (Fig. 3B). The upper form (more slowly
migrating) of these two isoforms disappeared when the serines
in cluster II were mutated to alanines, while the lower form
(more rapidly migrating) was unaffected. In contrast, substitu-
tion of the serines in cluster I to alanines had little effect on the
upper isoform, while the migration of the lower isoform was
somewhat increased. The combination of cluster I and cluster
II serine-to-alanine substitutions caused an additive effect on
observed isoforms, with the upper form disappearing and the
lower form migrating more rapidly. These biochemical obser-
vations provide strong evidence that cluster II serines are phos-
phorylated but provide weaker evidence that cluster I is phos-
phorylated.

In the stationary phase, as judged from the strong decrease in
migration of the wild-type Bcy1 N-terminal domain, modification
was more extensive than in the YPE-grown cells. However, also
under these conditions Ala substitutions in cluster II resulted in a
strongly increased migration, while cluster I substitutions caused
a slight increase in migration. It is noteworthy that, although the
migration shift in stationary phase was found to be only partly
phosphatase sensitive (Fig. 1C), modification appeared to be
completely abolished by a combination of Ala substitutions in
both clusters I and II. This suggests that the serines substituted
are important not only as targets of phosphorylation but also for
mediating a putative additional modification.

Fluorescence microscopy of GFP-Bcy1 versions bearing Ser-
to-Ala substitutions was carried out in both clusters to study
their effects on localization (Fig. 3C and D). When cells were
grown on YPE medium, GFP-Bcy1wt was found to be evenly
distributed over the nucleus and cytoplasm in most cells as
described previously (12). Substitution of Ser by Ala in either
cluster I or cluster II alone [GFP-Bcy1(Ser cluster I Ala) and

GFP-Bcy1(Ser cluster II Ala), respectively] did not have a strong
impact on localization (Fig. 3D). However, GFP-Bcy1 mutated
in both clusters [GFP-Bcy1(Ser cluster I1II Ala)] led to increased
nuclear accumulation, suggesting that phosphorylation of clus-
ter I and II serines is important for proper localization (Fig. 3C
and D). In stationary-phase cells, all cluster substitution mu-
tant versions of GFP-Bcy1 were distributed over the nucleus
and cytoplasm, similar to GFP-Bcy1wt, indicating that mecha-
nisms independent of the serines mutated are important for
cytoplasmic localization in the stationary phase (data not shown).

To support the conclusion that the phosphorylation of clus-
ters I and II serines is important for cytoplasmic localization,
we studied the effects of Ser-to-Asp substitutions. Replace-
ment of the serine residues by negatively charged amino acids
supposedly mimics phosphorylated serines. In Fig. 3E and F,
the effects of these substitutions on localization in cells growing
on glucose are shown. Asp substitutions in cluster I led to a
strong increase of cytoplasmic fluorescence compared to GFP-
Bcy1wt. A similar observation was made when cluster II serines
were substituted by aspartic residues, although the effect was
somewhat less pronounced. Substitutions of Ser to Asp in both
clusters led to an even more dramatic increase of cytoplasmic
localization in glucose-grown cells and strongly resembles the
localization pattern of wild-type Bcy1 in carbon source-dere-
pressed cells. It should be noted that the Ser-to-Asp substitu-
tions did not cause Bcy1 exclusion from the nucleus. This
indicates that nuclear translocation per se is not blocked by the
mutations. In conclusion, mimicking constitutive phosphoryla-
tion of the Bcy1 N-terminal domain by substitution of the
serines in cluster I or II by aspartates is sufficient for cytoplas-
mic localization but does not exclude nuclear localization.

GFP-Bcy1 is accumulated in the nuclei of mutants with
reduced modification of the Bcy1 N terminus. The protein
kinase Yak1 has previously been identified to be involved,
directly or indirectly, in modifying Bcy1 (35). Furthermore,
Yak1 kinase activity acts antagonistically to PKA (9). Its ex-
pression is dependent on Msn2 and Msn4, two transcription
factors negatively regulated by PKA (27). Deletion of either
YAK1 or MSN2 plus MSN4 can suppress the lethal phenotype
of a simultaneous deletion of TPK1, TPK2, and TPK3, encod-
ing different isoforms of PKA catalytic subunits (32).

We wished to determine whether the Yak1-dependent mod-
ification of Bcy1 reported earlier is observed in the genetic
background of our strains and under our experimental condi-
tions. The results of Western analysis of extracts from the
different mutants isolated from cells grown on ethanol or from
stationary-phase expressing the N-terminal domain of Bcy1 are
shown in Fig. 4A. As judged from the migration patterns, all of
the mutant strains tested here, particularly the yak1 mutants,
exhibit reduced modification compared to the wild type, both
in ethanol-grown and in stationary-phase cells. Similar to what
has been observed previously (35), we note that the levels of
HA-Bcy11–124 in the mutant strains, especially in ethanol-
grown cells, appear to be lowered. To rule out the possibility
that slower-migrating isoforms are not detected because of the
reduced overall levels of HA-Bcy11–124 (Fig. 4A, left upper pa-
nel), exposures are shown that exhibit the main HA-Bcy11–124

band at equal intensities (Fig. 4A, lower panel). It is obvious
from these exposures that the relative levels of the slower-
migrating isoform is significantly reduced or even not detect-
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able in the mutants. Moreover, the migration of the main HA-
Bcy11–124 band isolated from the mutant cells (especially from
the msn2 msn4 yak1 cells) was slightly enhanced. The relative
levels of slower-migrating isoforms are also significantly re-
duced in mutants grown to stationary phase (Fig. 4A, right
panel). We investigated whether localization of Bcy1 is affected
in strains with compromised Yak1 activity grown on ethanol
(Fig. 4B and C). We observed in an msn2 msn4 deletion strain
an increased nuclear localization of GFP-Bcy1wt. This effect
appeared to be mainly dependent on Yak1 since a similar
increase of nuclear accumulation was observed in a yak1 de-

letion strain. In a msn2 msn4 yak1 triple mutant, the extent of
nuclear accumulation was further increased, suggesting that,
apart from Yak1, other factors, whose expression is dependent
on msn2 msn4, might be involved in controlling Bcy1 localiza-
tion. In the stationary phase, however, these genomic dele-
tions, as in the case of the Ser-to-Ala substitutions of clusters
I and II, did not result in a different localization of GFP-Bcy1wt

(data not shown), indicating that mechanisms independent of
the activity of Msn2 and Msn4 or Yak1 are also involved in
cytoplasmic localization. Importantly, in the msn2 msn4 yak1
strain grown on ethanol, GFP-Bcy1(Ser cluster I1II Asp) was

FIG. 3. Characterization of cluster I and II substitution mutants. (A) Schematic representation of the domain structure of Bcy1. Residues 1 to
124 comprise the targeting domain necessary and sufficient for nutrient-controlled localization. The catalytic subunits associate with the hinge re-
gion; two cAMP-binding domains are present in the C-terminal region. “I” and “II” indicate the location of clusters I and II. The primary structure
of the cluster I and II serine-rich regions is shown. The serines replaced in cluster I and cluster II are indicated with numbers in subscript. (B)
Western analysis of extracts from yeast strain W303-1A transformed with 33AGHB1–124, 33AGHB(1–124, Ser cluster I Ala), 33AGHB(1–124, Ser cluster II Ala),
and 33AGHB(1–124, Ser cluster I1II Ala) designated by WT, cluster I, cluster II, and cluster I1II, respectively. Cells were harvested from
cultures growing on YP medium supplemented with glucose (D) or ethanol (Et) or grown on YPD to stationary phase (STAT). (C)
Fluorescence microscopy of ethanol-grown MR1 cells transformed with 33pBGHBwt and 33pBGHB(Ser cluster I1II Ala) encoding GFP-Bcy1wt
and GFP-Bcy1(Ser cluster I1II Ala), respectively. (D) Quantification of the localization pattern of MR1 cells transformed with 33pBGHBwt,
33pBGHB

(Ser cluster I Ala)
, 33pBGHB(Ser cluster II Ala), and 33pBGHB(Ser cluster I1II Ala) encoding the corresponding versions of Bcy1 as indicated. The

mean percentage of ethanol-grown cells with nuclear fluorescence stronger than cytoplasmic fluorescence was determined. Three independent
transformants were assayed at least three times each (at least 100 cells were counted for each determination). The error bars indicate the standard
deviation. (E) Fluorescence microscopy of glucose-grown W303-1A cells transformed with 195A2-pBGHBwt, 195A2-pBGHB(Ser cluster I Asp),
195A2-pBGHB(Ser cluster II Asp), and 195A2-pBGHB(Ser cluster I1II Asp) encoding the corresponding versions of GFP-Bcy1 as indicated. (F) Quanti-
fication of the localization pattern of W303-1A transformants shown in panel E. Three patterns of localization were distinguished. N1 (black bars),
cells with nuclear accumulation of GFP-Bcy1 with no detectable cytoplasmic fluorescence; N1/C (gray bars), cells with nuclear accumulation of
GFP-Bcy1 but with cytoplasmic fluorescence detectable; N/C (open bars), cells with fluorescence evenly distributed over the nucleus and cytoplasm.
Three independent transformants were assayed at least three times each (at least 100 cells were counted for each determination). The error bars
indicate the standard deviation.
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evenly distributed over the nucleus and cytoplasm (Fig. 4D).
This observation provides strong evidence that the nuclear
concentration of GFP-Bcy1wt observed in Yak1-deficient
strains is due to reduced modification of cluster I and/or cluster
II serines and not to indirect effects caused by deletion of the
genes.

Altogether, the data presented here show that modification
of Bcy1 is strongly dependent on Yak1 and that for this reason
Bcy1 is found preferentially in the nucleus of ethanol-grown
cells in the absence of Yak1 kinase activity. Other mechanisms
appear to play a role in stationary-phase cells.

Zds1 is required for cytoplasmic localization of GFP-Bcy1.
In mammalian cells, AKAPs have been identified that function
as adaptor molecules directing RI or RII regulatory subunits to
specific subcellular structures by interacting with their N-ter-

minal domains (5). We hypothesized that functionally related
proteins might exist that regulate the localization of Bcy1 in
budding yeast. To identify proteins that interact with the N-
terminal targeting region of Bcy1, we performed a two-hybrid
screen. In this way we isolated a gene fragment encoding the
C-terminal part (amino acids 781 to 942) of Zds2 (data not
shown). ZDS2 has a close homolog, ZDS1. Especially the C-
terminal part of Zds1 has very high homology to Zds2 (3, 36).
To determine whether Zds1 or Zds2 affect the localization of
Bcy1, we performed fluorescence microscopy with zds1 and
zds2 mutants producing GFP-Bcy1wt (Fig. 5A and B). In glu-
cose-grown cells, no effects of ZDS1 or ZDS2 deletion on the
localization of GFP-Bcy1wt were observed. In ethanol-grown
or in stationary-phase zds1 cells, however, GFP-Bcy1wt was
found concentrated in the nucleus with no or low levels of
cytoplasmic GFP-Bcy1wt present, indicating that Zds1 is in-
volved in the cytoplasmic targeting of Bcy1. It should be
pointed out that deletion of ZDS1 does not lead to a complete
absence of cytoplasmic GFP-Bcy1. Quantification of the local-
ization patterns of zds1 cells (Fig. 6B) revealed that in about
30% of the ethanol-grown or stationary-phase cells GFP-Bcy1
distribution was found to be unaffected, indicating that mech-
anisms independent of Zds1 also play a role in localization of
GFP-Bcy1. In zds2 cells the effect on localization was found to
be much weaker. Since zds1 zds2 double-deletion strains are
unable to grow on nonfermentable carbon sources, we could
not study the effect on localization of such a mutant in ethanol-
grown or in stationary-phase cells. Since the absence of Zds1
results in increased nuclear accumulation of GFP-Bcy1wt in
ethanol-grown cells, we tested whether Zds1 overproduction
would result in the opposite effect. To this end, we ectopically
expressed ZDS1, using the ADH1 promoter, in the mutant
strains studied in the experiment illustrated in Fig. 4. The
effects on GFP-Bcy1wt localization were determined (Fig. 5C).
Overproduction of Zds1 led to an increase in cytoplasmically
localized GFP-Bcy1wt, particularly in the msn2 msn4 strain
(Fig. 5C).

It is noteworthy that the efficiency of cytoplasmic localiza-
tion of GFP-Bcy1 as a consequence of ZDS1 overexpression
was found to be different in the mutants tested. The cytoplas-
mic localization of GFP-Bcy1 appears to be inversely corre-
lated to the extent of affected HA-Bcy1 modification in the
different mutant strains (Fig. 4A). This may suggest that phos-
phorylation of Bcy1 stimulates its Zds1-mediated cytoplasmic
localization (see also below). Consistent with this hypothesis,
in glucose-grown cells, a condition where Bcy1 is supposedly
not modified, no significant effect of ZDS1 overexpression on
GFP-Bcy1 localization was observed (data not shown).

Zds1-mediated cytoplasmic localization of GFP-Bcy1 is de-
pendent on cluster II serines. Above, we present evidence that
modification of the Bcy1 N-terminal domain is an important
requirement for cytoplasmic localization. Since Zds1 mediates
the cytoplasmic recruitment of Bcy1, we tested whether mod-
ification of Bcy1 is affected by deletion of ZDS1. However, no
migration differences of HA-tagged Bcy11–124 could be ob-
served between wild type and a zds1 mutant in both ethanol-
grown and stationary-phase cells (Fig. 6A), indicating that the
Zds1 effect on GFP-Bcy1wt localization is not caused by a
changed modification pattern. Furthermore, we investigated
whether the cytoplasmic targeting of the GFP-Bcy1 alleles

FIG. 3—Continued.
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bearing cluster I or II Ser-to-Asp substitutions is affected by
the deletion of zds1. We compared the localization patterns of
GFP-Bcy1(Ser cluster I Asp) and GFP-Bcy1(Ser cluster II Asp) in
glucose-grown wild-type and zds1 mutant cells (Fig. 6B and

C). Cytoplasmic localization of GFP-Bcy1(Ser cluster I Asp)

was found to be unaffected in zds1 mutant cells, but GFP-
Bcy1(Ser cluster II Asp) displayed enhanced nuclear accumulation
in zds1 mutant cells compared to wild-type cells. This result

FIG. 4. Localization and modification of Bcy1 in different yeast mutants. (A) Western analysis of extracts isolated from mutant cells trans-
formed with 33AGHB1–124. Prior to harvesting, cells were grown on ethanol (Et) or on YPD to stationary phase (STAT). Different exposures of
the Western blot carried out with extracts of ethanol-grown cells are shown. (B) Fluorescence microscopy of ethanol-grown cells transformed with
195A2-pBGHBwt. Relevant genotypes of the different strains are indicated at the left. (C) Quantification of the localization pattern of the different
strains shown in panel B. The percentage of ethanol-grown cells with stronger nuclear fluorescence compared to the cytoplasmic fluorescence was
assayed. Three independent transformants were assayed at least three times each (at least 100 cells were counted for each determination). The
error bars indicate the standard deviation. (D) Fluorescence microscopy of ethanol-grown msn2 msn4 yak1 mutant cells transformed with
195A

2
-pBGHB(Ser cluster I1II Asp).
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indicates that Zds1-mediated cytoplasmic localization of GFP-
Bcy1wt is dependent on the phosphorylation of cluster II
serines but not of cluster I serines.

The results of a two-hybrid analysis of an interaction be-
tween Bcy1 and Zds1 are consistent with these findings (data
not shown). Altogether, the data obtained indicate that Zds1-
mediated cytoplasmic localization of Bcy1 is regulated by clus-
ter II serines. Cluster I-dependent localization appears to be
independent of Zds1.

DISCUSSION

In previous studies, it has been demonstrated that the local-
ization of the S. cerevisiae PKA subunit Bcy1 is carbon source
regulated (12). Cytoplasmic localization of Bcy1 in carbon
source-derepressed cells appears to be correlated with exten-

sive modifications observed in such cells (35). In the present
investigation, we have studied the nature of these modifica-
tions, whether modification and cytoplasmic localization are
functionally linked, and which trans-acting factors are involved
in control of Bcy1 localization.

Phosphorylation of the Bcy1 N terminus regulates its local-
ization. The following experimental data suggest a causal re-
lationship between Bcy1 phosphorylation and its accumulation
in the cytoplasm. (i) A major part of the phosphorylation
observed in carbon source-derepressed cells can be localized to
its N-terminal 124 amino acid residues, which are necessary
and sufficient for proper nutrient-regulated localization (12).
(ii) Fractionation experiments demonstrated that modified and
unmodified Bcy1 are differentially localized. In the cytoplasmic
fraction, phosphorylated Bcy1 is predominantly found, while

FIG. 5. Localization of GFP-Bcy1 as a function of Zds1 or Zds2. (A) Fluorescence microscopy of zds mutants transformed with 195A2-
pBGHBwt. Fluorescence was determined from cells grown on YP plus glucose (YPD) or ethanol (YPE) and from cells in stationary phase (STAT).
The relevant genotypes of the different strains are indicated. (B) Quantification of the localization pattern of the different strains shown in panel
A. The percentage of ethanol-grown cells with stronger nuclear fluorescence compared to the cytoplasmic fluorescence was determined. Three
independent transformants were assayed at least three times each (at least 100 cells were counted for each determination). The error bars indicate
the standard deviation. (C) Quantification of the results of fluorescence microscopy with ethanol-grown cells transformed with 195A2-pBGHBwt.
Relevant genotypes of the different strains are indicated at the left. Cells were cotransformed with either control plasmid pRS316 (indicated by
vector, black bars) or plasmid 316pADH-ZDS1 (indicated by pADH-ZDS1, open bars), the latter encoding Zds1, whose production is regulated
by the ADH1 promoter. Three independent transformants were assayed at least three times each (at least 100 cells were counted for each
determination). The error bars indicate the standard deviation.
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unmodified Bcy1 is preferentially nuclear. (iii) Site-directed
mutagenesis led us to identify serine residues, located in two
different clusters, that are important for modification and sub-
cellular distribution of Bcy1. While Ser-to-Ala mutations en-
hanced nuclear localization in ethanol-grown cells, Ser-to-Asp
substitutions of cluster I and/or cluster II serines, presumably
mimicking phosphorylated serine residues, were sufficient for
cytoplasmic localization in glucose-grown cells.

Based on these data we propose a working model (Fig. 7)
that includes putative molecular mechanisms of regulated Bcy1
localization. Phosphorylation of Bcy1 may stimulate its nuclear
export (Fig. 7A), but it does not cause its nuclear exclusion
(Fig. 3E). Alternatively, phosphorylated Bcy1 synthesized de
novo might be retained preferentially but not exclusively in the
cytoplasm, or it may partly block its nuclear import (Fig. 7B).

PKA controls Yak1-dependent modification, and conse-
quently localization, of Bcy1. Bcy1 modification is dependent
on a functional YAK1 gene (35). Here we obtained evidence
that (i) YAK1-dependent modifications are localized in the
N-terminal Bcy1 domain and are dependent on the PKA-in-
activated transcription factors Msn2 and Msn4, which activate
YAK1 expression (27), and (ii) the Bcy1 modification defect in

msn2 msn4 and yak1 strains and in the respective triple mutant
is correlated with a defect in cytoplasmic Bcy1 localization in
ethanol-grown cells, whereas constitutive cytoplasmic localiza-
tion of the cluster I plus cluster II S-D mutant version of Bcy1
is not impaired in such mutants.

Overall, these data lend support to the model depicted in
Fig. 7, wherein PKA controls localization of its own regulatory
subunit Bcy1 by negative regulation of Msn2 and Msn4: low
PKA activity allows activation of Msn2 and Msn4, which will
lead to enhanced Yak1 expression (27). Experiments with mu-
tants with conditionally compromised PKA activity supported
this model: a decreased cAMP level in adenylate cyclase mu-
tants led to cytoplasmic localization of Bcy1 in glucose-grown
cells (unpublished results). Importantly, this increase in cyto-
plasmic Bcy1 after lowering cAMP-levels was found to be
dependent on Msn2 and Msn4. The underlying molecular
mechanism of the function of Yak1 in this process remains to
be established, but no evidence for the phosphorylation of the
Bcy1 N-terminal domain in vitro has yet been obtained (un-
published results). Yak1 may activate protein kinases or down-
regulate phosphatases controlling the phosphorylation state of
clusters I and II. Consistent with this notion, cluster I and II

FIG. 6. Functional interactions of Zds1 with Bcy1 versions mutated in their N-terminal domains. (A) Western analysis of extracts isolated from
wild-type and zds1 cells transformed with 33AGHB1–124. Prior to harvesting, cells were grown on ethanol (Et) or YPD to stationary phase (STAT).
(B) Fluorescence microscopy of glucose-grown W303-1A and zds1 cells transformed with 195A2-pBGHBwt, 195A2-pBGHB(Ser cluster I Asp), and
195A

2
-pBGHB(Ser cluster II Asp) encoding GFP fused to Bcy1, Bcy1(Ser cluster I Asp), and Bcy1(Ser cluster II Asp), respectively. (C) Quantification of the

localization pattern shown in panel B. The percentage of glucose-grown W303-1A (black bars) and zds1 cells (open bars) with stronger nuclear
fluorescence relative to cytoplasmic fluorescence was determined. Three independent transformants were assayed at least three times each (at least
100 cells were counted for each determination). The error bars indicate the standard deviation.

520 GRIFFIOEN ET AL. MOL. CELL. BIOL.



serines differ dramatically in their sequence context, suggesting
that different kinases are responsible for the phosphorylation
of serine residues in the two clusters.

Zds1 is required for the cytoplasmic localization of Bcy1 in
carbon source-derepressed cells. Our data provide evidence
that Zds1 controls the subcellular localization of Bcy1. We
observed that Bcy1 is largely absent from the cytoplasm of
ethanol-grown zds1 mutant cells, in contrast to the situation in
wild-type cells. Consistent with a regulatory role of Zds1 in the
localization of Bcy1, the overproduction of Zds1 resulted in an
increase of cytoplasmic Bcy1. The cytoplasmic localization of a
Bcy1 version bearing S-D substitutions in cluster I appeared to
be unaffected in a zds1 mutant, whereas the cytoplasmic local-
ization of a cluster II S-D mutant version was found to be
dependent on Zds1. Altogether, our results are consistent with
a working model of Zds1-mediated recruitment of Bcy1 to the
cytoplasm controlled by the phosphorylation of cluster II
serines (Fig. 7). In this scenario, Zds1 may act as a cytoplasmic

retention factor for Bcy1. Consistent with such a model, sub-
cellular localization studies revealed that, apart from the con-
centration of Zds1 at the bud neck and bud tips reported
earlier (3), Zds1 is also found in the cytoplasm (data not
shown). In addition, two-hybrid analysis provided evidence for
a weak Bcy1-Zds1 interaction (data not shown).

Comparison of mechanisms of PKA localization in yeast
and in mammalian cells. In budding yeast, mechanisms of
PKA-regulatory subunit localization appear to be different
from those acting in mammalian cells. Here we show that Bcy1
responds to extracellular nutritional signals that regulate the
phosphorylation status of its N-terminal domain and conse-
quently its subcellular distribution. This is a mechanism for
controlling PKA-regulatory subunit localization not described
for other eukaryotes. We identified two distinct regions in the
Bcy1 N-terminal domain that control localization by different
molecular mechanisms, whereas in mammalian RI or RII,
principally one domain (the AKAP-binding region) is known

FIG. 7. Working model of localization of Bcy1 regulated by phosphorylation. Phosphorylation of cluster I or II serines is required for
cytoplasmic localization of Bcy1 and is regulated by Yak1. Phosphorylation may stimulate export of nuclear Bcy1 (model A). Alternatively,
phosphorylation of de novo-synthesized Bcy1 might trigger cytoplasmic retention or may inhibit its nuclear import (model B). Cluster II-mediated
cytoplasmic localization of Bcy1 requires Zds1. A functional interaction between Bcy1 and Zds1 is dependent on phosphorylation of cluster II
serines but not of cluster I serines. PKA (Bcy1-Tpk1) controls its regulatory subunit localization. Expression of Yak1 is activated by Msn2 and
Msn4, two transcription factors negatively regulated by PKA. In the presence of glucose, PKA activity is high, resulting in low YAK1 expression.
During growth on nonfermentable carbon sources, lower PKA activity allows enhanced expression of YAK1, presumably resulting in high Yak1
kinase activity, leading to Bcy1 phosphorylation. Abbreviations: CP, cytoplasm; N, nucleus; I, Bcy1 cluster I (amino acid residues 3 to 9); II, Bcy1
cluster II (amino acid residues 74 to 84); (P), phosphate; X, hypothetical factor interacting with phosphorylated cluster I.
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to be involved in localization. Moreover, no AKAP homo-
logues have been identified in yeast (5; unpublished results).

These differences seem to be reflected in the primary struc-
ture of the Bcy1 N-terminal domain. In RII, the first 23 resi-
dues form an AKAP-binding surface (21). Alignment studies
of Bcy1 with RII revealed that the region in Bcy1 correspond-
ing to the RII AKAP-binding domain is very poorly conserved,
and critical residues involved in RII-AKAP interaction (14)
are not present (unpublished observations). Despite the fact
that no proteins have yet been identified that may interact with
the extreme N-terminal domain of Bcy1 (factor X in Fig. 7),
previous genetic studies revealed that residues 1 to 48 are
(partially) sufficient for the nutrient-regulated localization of
Bcy1 (12). In the present study we show that Ser residues at the
extreme N-terminal domain (cluster I) are involved in this
process. Therefore, functionally equivalent but structurally dif-
ferent analogue(s) of AKAPs might exist in yeast.

Our findings indicate fundamental differences between the
molecular mechanism of AKAP-mediated RII localization and
that of Zds1-dependent cytoplasmic localization of Bcy1.
Zds1-mediated localization of Bcy1 is dependent on cluster II
serines (residues 74 to 84) and not on its extreme N-terminal
domain. In addition, a putative Zds1-Bcy1 interaction appears
to be weak (or perhaps indirect) but dynamic and regulated by
phosphorylation in response to extracellular nutritional signals,
whereas RII-AKAP interaction is avid and considered to be
constitutive (4, 5, 21). We therefore propose that Zds1 could
represent a novel type of PKA-targeting protein.

Concluding remarks. It has been described previously that
mislocalization of Bcy1 results in reduced viability in the sta-
tionary phase, decreased sporulation efficiency, and delayed
reproliferation of stationary-phase cells (12). The viability of
cluster substitution mutants described in the present study was
also found to be affected (data not shown), indicating that
phosphorylation of the cluster serines is involved in a normal
stationary-phase response. However, the underlying molecular
mechanisms concerning the role of Bcy1 phosphorylation and
localization and the function of Zds1 in these processes are not
understood and require further studies.

Zds1 and its paralogue Zds2 have been identified in a wide
variety of genetic screens, implying that these are multifunc-
tional proteins involved in a large number of seemingly unre-
lated intracellular processes (3, 17, 20, 23–25, 34, 36). The role
of Zds1 and Zds2 in transcriptional silencing might be the
best-characterized phenotype at present. Zds1 and/or Zds2
were found to interact with Rap1, Sir2, Sir3 and Sir4 (24)
(members of a nucleoprotein complex involved in transcrip-
tional silencing [13]), and the deletion or overexpression of
ZDS1 or ZDS2 affects transcriptional silencing (23). It remains
to be seen whether Bcy1 phosphorylation and a putative inter-
action with Zds1 are connected mechanistically to transcrip-
tional silencing or other Zds phenotypes. We note that, apart
from a functional interaction of Zds1 and Zds2 with the Sir
complex and Bcy1, Zds1 and Zds2 appear to interact also with
protein kinases Snf1 and Pkc1, respectively (3, 33). This might
be an interesting analogy with mammalian AKAPs, since some
of these not only interact with RII but also appear to be
multivalent platforms for a wide variety of signaling molecules.
By way of analogy, Zds1 might be part of a multiprotein com-

plex coordinating such cellular processes as signal transduction
and transcription.
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