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The c-Jun-like transcriptional activator Gcn4p controls biosynthesis of translational precursors in the yeast
Saccharomyces cerevisiae. Protein stability is dependent on amino acid limitation and cis signals within Gcn4p
which are recognized by cyclin-dependent protein kinases, including Pho85p. The Gcn4p population within
unstarved yeast consists of a small relatively stable cytoplasmic fraction and a larger less stable nuclear
fraction. Gcn4p contains two nuclear localization signals (NLS) which function independently of the presence
or absence of amino acids. Expression of NLS-truncated Gcn4p results in an increased cytoplasmic fraction
and an overall stabilization of the protein. The same effect is achieved for the entire Gcn4p in a yrb1 yeast
mutant strain impaired in the nuclear import machinery. In the presence of amino acids, controlled destabi-
lization of Gcn4p is triggered by the phosphorylation activity of Pho85p. A pho85� mutation stabilizes Gcn4p
without affecting nuclear import. Pho85p is localized within the nucleus in the presence or absence of amino
acids. Therefore, there is a strict spatial separation of protein synthesis and degradation of Gcn4p in yeast.
Control of protein stabilization which antagonizes Gcn4p function is restricted to the nucleus.

In the yeast Saccharomyces cerevisiae, a large number of
genes encoding enzymes of different biosynthetic pathways are
coregulated by a genetic network known as the general control
system of amino acid biosynthesis (23). Starvation for a single
amino acid results in an increased expression and stability of
the transcriptional activator Gcn4p, which subsequently up-
regulates the transcription of multiple target genes in various
biosynthetic pathways for translational precursors. Like mam-
malian c-Jun, Gcn4p belongs to the bZIP family of transcrip-
tion factors. Gcn4p expression is regulated at the level of
translation initiation and protein stability. Four short upstream
open reading frames (ORFs) prevent an efficient translation of
the GCN4 mRNA under nonstarvation conditions (14). In
addition, GCN4 mRNA translation is repressed by nitrogen
starvation (10). When cells are starved for amino acids, un-
charged tRNA molecules bind to the tRNA synthetase domain
of the kinase Gcn2p. As a consequence, the kinase becomes
activated and phosphorylates the �-subunit of eukaryotic ini-
tiation factor eIF-2 (8, 34). Phosphorylation inhibits eIF-2B,
which normally exchanges eIF-2-bound GDP for GTP. This
results in a reduced amount of active eIF-2 that is available for
translation initiation (19, 33). The diminished overall transla-
tion efficiency is counteracted by increased expression of
Gcn4p, because the modified translational apparatus allows
the utilization of the GCN4 start codon. A strain lacking the
kinase Gcn2p is not able to turn on the general control of
amino acid biosynthesis in response to amino acid limitation.

Whereas translational regulation of the GCN4 mRNA has
been studied for many years, the regulation of Gcn4p stability
is a more recent research field. Gcn4p is a highly unstable

protein with a half-life of about 5 min. Starvation for specific
amino acids increases the half-life of the protein (17). Rapid
degradation of Gcn4p depends on phosphorylation by cyclin-
dependent protein kinases such as Pho85p. Amino acid residue
Thr165 has been identified as one of the crucial phosphoryla-
tion sites. Another cyclin-dependent protein kinase which was
recently identified to be involved in Gcn4p stability is Srb10p
(5). Correspondingly, a pho85� or a srb10� mutation results in
Gcn4p stabilization (18, 5). Phosphorylated Gcn4p subse-
quently serves as substrate for ubiquitinylation by the SCFCdc4

ubiquitin ligase complex.
S. cerevisiae cells are subdivided into the typical eukaryotic

compartments which separate different cellular processes. The
Gcn4 protein is synthesized in the cytoplasm and has to be
transported into the nucleus to fulfill its transcriptional activa-
tion function. To analyze whether Gcn4p stability is regulated
at the level of its subcellular localization, we investigated the
localization of Gcn4p and Pho85p in living yeast cells under
various conditions. Gcn4p is predominantly localized in the
nucleus in the presence or absence of amino acid limitation
due to two nuclear localization signals (NLS). Nuclear local-
ization of Gcn4p does not require a functional general control
system. Pho85p, which triggers Gcn4p degradation by initial
phosphorylation, is also predominantly localized within the
nucleus, independently of the availability of amino acids. Nei-
ther functional Pho85p nor a functional Srb10p are required
for Gcn4p transportation into the nucleus. Gcn4p stability is
regulated within the nucleus in response to the amount of
available amino acids. Correspondingly, Gcn4p can be stabi-
lized by preventing its entering into the nucleus. Our results
show that the regulation of Gcn4p synthesis and the regulation
of Gcn4p stability are two independent compartment-specific
processes. Amino acid limitation as initial stimulus increases
the synthesis of Gcn4p in the cytoplasm and increases the
stability of the protein within the nucleus.

* Corresponding author. Mailing address: Institute of Microbiology
and Genetics, Georg-August-University, Grisebachstrasse 8, D-37077
Göttingen, Germany. Phone: 49-551-393771. Fax: 49-551-393820. E-
mail: gbraus@gwdg.de.
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MATERIALS AND METHODS

S. cerevisiae strains and growth conditions. Yeast strains used in this study are
either congenic to S. cerevisiae S288c (RH1347, RH1376, and RH1408) or the
W303 genetic background. Details of the yeast strains used in this study are given
in Table 1. Standard methods for genetic crosses and transformation were used
and standard yeast culture yeast extract-peptone-dextrose (YPD) and yeast ni-
trogen base (YNB) media were prepared as described elsewhere (11).

Plasmids. The plasmids used in this study are described in Table 2. Plasmids
pME2126, pME2127, pME2128, pME2129, pME2134, and pME2135 expressing
different green fluorescent protein (GFP)-Gcn4p derivatives from the MET25
promoter were obtained by amplifying the different GCN4 fragments with Pfu
polymerase and introducing them via SmaI/HindIII into p426MET25 (21) or a
low-copy-number GFP-N-Fus vector (23). A BglII site was introduced in front of
the coding region for insertion of a 750-bp BglII fragment encoding the GFP-uv
variant of GFP that was amplified from plasmid pBAD-GFPuv (Clontech, Hei-
delberg, Germany).

Plasmids pME2130, pME2131, pME2132, pME2133, pME2136, pME2137,
and pME2138 expressing GFP-Aro7p and GFP-Aro7p fused with different
Gcn4p fragments driven from the MET25 promoter were constructed similarly to
the GFP-Gcn4p plasmids. GCN4 fragments were fused via EcoRI/ClaI to the 3�
end of ARO7. PHO85 was introduced as a SmaI/ClaI fragment into p426MET25,
and GFP-uv was inserted as a BglII fragment at the PHO85 5� end.

Plasmids KB294 and pME2140, expressing a triple myc epitope-tagged version
of either wild-type Gcn4 or Gcn4aa1-169 under the control of the GAL1 promoter,
were obtained by insertion of a 120-bp BamHI fragment carrying the triple myc
epitope (myc3) into a BglII restriction site after the fourth amino acid. Plasmids
pME2316 and pME2317 express a GFP-tagged GCN4aa1-169 SmaI/HindIII frag-
ment in a high-copy vector from a GAL1 promoter without and with the inserted
NLS2aa215-249 between GFP and GCN4aa1-169, respectively.

GFP fluorescence microscopy. Yeast strains harboring plasmids encoding GFP
fusion proteins were grown to exponential phase in selective minimal medium.
Cells from 1 ml of the cultures were harvested by centrifugation and immediately
viewed in vivo on a Zeiss Axiovert microscope by either differential interference
contrast (DIC) microscopy or fluorescence microscopy using a GFP filter set
(AHF Analysentechnik AG, Tübingen, Germany). 4�,6-Diamidino-2-phenylin-
dole (DAPI) staining was used for visualization of nuclei using standard DAPI
filter sets. Cells were photographed using a Xillix microimager digital camera
and the Improvision Openlab software (Improvision, Coventry, United King-
dom).

Protein analysis. Preparation of whole yeast cell extracts were performed as
described previously (31). Routinely, 10 �g of crude protein extracts was sepa-
rated. After separation on sodium dodecyl sulfate gels, proteins were transferred
to nitrocellulose membranes. Proteins were visualized using ECL technology
(Amersham) after incubation of membranes with polyclonal mouse anti-Myc or
mouse anti-GFP antibodies and a peroxidase-coupled goat anti-mouse secondary
antibody.

RESULTS

The transcription factor Gcn4p is targeted to the yeast nu-
cleus in the presence or absence of amino acids. The transcrip-
tional activator Gcn4p has to be imported into the nucleus to
fulfill its function. Gcn4p is an unstable protein which can be
stabilized in response to amino acid limitation (17). In the
presence of sufficient amounts of amino acids, only small
amounts of the Gcn4 protein are synthesized. Amino acid
limitation results in increased translation of GCN4 mRNA. We
asked whether Gcn4p stability correlates with its subcellular
localization. The localization of Gcn4p was monitored in vivo
by expressing the coding region of the GFP variant GFP-uv (7),
which was fused to the 5� end of the GCN4 ORF. The chimeric
gene was analyzed in yeast strain RH1408 (ura3 gcn4�) by
fluorescence microscopy. The N-terminal half of Gcn4p carries
the transcriptional activation domain, whereas the C-terminal
part includes the bZIP region for DNA binding and dimeriza-
tion. The GFP-GCN4 hybrid ORF on a low- and also on a
high-copy vector was driven from the MET25 promoter, which

TABLE 1. Strains used in this study

Strain Genotype Source

RH1347 MATa aro7 ura3-52 Our collection
RH1376 MATa ura3-52 Our collection
RH1408 MATa gcn4-103 ura3-52 gal2 Our collection
RH1479 MAT� gcn2 ura3-52 Our collection
W303 MATa ade2-1 trp1-1 can1-100

leu2-3,112 his3-11,15 ura3
22

EY0140 W303 pho85�::LEU2 24
RH2663 W303 yrb1-51 1
RH2713 W303 srb10�::KANr Our collection

TABLE 2. Plasmids used in this study

Plasmid Description Reference

p426MET25 pRS426 containing MET25 promoter and CYC1 terminator 20
pME2232 pGFP-N-Fus 23
pME2231 MET25prom-GFP-GCN4 fusion in pGFP-N-Fus This study
pME2126 MET25prom-GFP-GCN4 fusion in p426MET25 This study
pME2127 MET25prom-GFP-GCN4aa1-249 fusion in p426MET25 This study
pME2128 MET25prom-GFP-GCN4aa1-221 fusion in p426MET25 This study
pME2129 MET25prom-GFP-GCN4aa1-169 fusion in p426MET25 This study
pME2130 MET25prom-GFP-ARO7 fusion in p426MET25 This study
pME2131 MET25prom-GFP-ARO7-GCN4aa167-200 fusion in p426MET25 This study
pME2132 MET25prom-GFP-ARO7-GCN4aa221-281 fusion in p426MET25 This study
pME2133 MET25prom-GFP-ARO7-GCN4aa231-249 fusion in p426MET25 This study
pME2134 MET25prom-GFP-GCN4S214A, S218A, S224A fusion in p426MET25 This study
pME2135 MET25prom-GFP-GCN4S214D, S218D, S224D fusion in p426MET25 This study
pME2136 MET25prom-GFP-ARO7-GCN4aa167-249 fusion in p426MET25 This study
pME2137 Like pME2136 but using GCN4S214A, S218A, S224A This study
pME2138 Like pME2136 but using GCN4S214D, S218D, S224D This study
pME2139 MET25prom-GFP-PHO85 fusion in p426MET25 This study
KB294 GAL1prom-myc3-GCN4 fusion in URA3-marked2�m vector D. Kornitzer
pME2140 GAL1prom-myc3-GCN4aa1-169 fusion in URA3-marked2�m vector This study
pME2316 GAL1prom-GFP-GCN4aa1-169 fusion in URA3-marked2�m vector This study
pME2317 GAL1prom-GFP-NLSaa215-249-GCN4aa1-169 fusion in URA3-marked2�m vector This study
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allows for downregulation by adding methionine to the me-
dium.

Expression of GFP-Gcn4p was verified by Western analysis
of S. cerevisiae cell extracts using polyclonal anti-GFP antibod-
ies. GFP signals of the expected size could be visualized in cells
expressing GFP-Gcn4p (Fig. 1) and were compared to the
expression levels of the unregulated housekeeping gene ARO7
(29), which was used as a control. The GCN4-deficient yeast
strain RH1408 is unable to grow under amino acid starvation
conditions because the amino acid biosynthetic genetic net-
work cannot be induced by the transcriptional activator Gcn4p.

The GFP-Gcn4p fusion protein was able to complement the
gcn4� phenotype. Transcription factor function was tested in
vivo by inducing amino acid starvation conditions using the
analogue 3-aminotriazole (3AT), which acts as a competitive
inhibitor of the HIS3 gene product (16) and therefore prevents
growth without functional Gcn4p-induced gene expression.

Localization of Gcn4p was examined by fluorescence mi-
croscopy in cells grown in the absence of amino acid limitation,
which were compared to cells starved for histidine by adding
the analogue 3AT. Gcn4p was clearly concentrated in the yeast
nucleus, which was visualized by DAPI staining (27). Low
amounts of GFP-Gcn4p derived from a centromere plasmid as
well as higher amounts derived from a 2�m vector were effi-
ciently transported into the nucleus independently of the ab-
sence or presence of 3AT (Fig. 2). The nuclear localization of
Gcn4p in 3AT-starved cells was corroborated by testing yeast
starved for tryptophan or leucine. Starvation for tryptophan
was induced by adding the analogue 5-methyl-tryptophan to
the medium (30). Leucine starvation was analyzed without the
use of amino acid analogues in a leucine auxotrophic mutant
strain (W303) (Table 1) which was transferred from leucine-
containing medium to minimal medium lacking leucine. The
fluorescence of the GFP-Gcn4p fusion protein of tryptophan-
or leucine-starved yeast cells was similar to that of histidine-
starved cells and strictly correlated with the DAPI staining of

FIG. 1. Expression of the GFP-Gcn4p fusion protein in S. cerevi-
siae. For Western hybridization analysis, polyclonal anti-Gcn4p and
anti-GFP antibodies were used. As loading control, expression levels
of Aro7p were measured in the same yeast extracts by using a poly-
clonal anti-Aro7p antibody. Crude protein extracts were prepared
from yeast strains RH1376 (GCN4 wild type) and RH1408 (gcn4-103)
expressing GFP-Gcn4p from a MET25 promoter on a 2�m plasmid
(GFP-Gcn4). The antibodies used are indicated, illustrating the ex-
pression of GFP-Gcn4p.

FIG. 2. Localization of GFP-Gcn4p in yeast. Yeast cells (RH1408) expressing wild-type GFP-Gcn4p fusion protein from the MET25 promoter
on a low-copy plasmid (pME2231) and on a 2�m plasmid (pME2126) were grown to early log phase in selective medium at 30°C and analyzed
by DIC microscopy (right column) and fluorescence microscopy (left column, GFP; middle column, DAPI). Nuclear localization of wild-type
GFP-Gcn4p (pME2126) was also determined in gcn2� (RH1479) mutant cells.

VOL. 1, 2002 CORRELATION OF Gcn4p LOCALIZATION AND STABILITY 665
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the nucleus. These data imply that most Gcn4p is immediately
transported into the nucleus subsequent to translation and that
therefore the majority of Gcn4p is localized within the nucleus
in both the unstable and stable state.

Translation of GCN4 mRNA is regulated by the general
control regulatory network. We next asked whether an intact
general control system is required for nuclear import of Gcn4p.
The kinase Gcn2p senses amino acid starvation and is activated
by an increasing concentration of uncharged tRNA molecules
in response to limiting amounts of amino acids. Phosphoryla-
tion of eIF-2 by Gcn2p leads to an increased translation of the
GCN4 mRNA (13). Gcn4p localization was analyzed in a
gcn2� mutant strain which is unable to induce increased GCN4
mRNA translation. In this strain Gcn4p is also predominantly
localized in the nucleus, suggesting that the kinase Gcn2p is
not required for its trafficking to the nucleus (Fig. 2).

In summary, these results indicate that Gcn4p transport
from the cytoplasm into the nucleus depends on neither the
presence or absence of amino acids nor on an intact general
control system. These data suggest that the stabilization of
Gcn4p in response to amino acid limitation has to be regulated
within the nucleus or during a very narrow time window be-
tween translation in the cytoplasm and immediate targeting to
the nucleus.

Gcn4p nuclear import is triggered by two functional NLS
motifs. We constructed yeast strains mislocalizing the protein
to distinguish the Gcn4p population synthesized in the cyto-
plasm from the bulk of Gcn4p localized in the nucleus. We
initially performed deletion and heterologous transfer experi-
ments to identify sequences required for nuclear localization of
Gcn4p. Different C-terminal truncations of the GFP-Gcn4p
fusion protein were constructed by deleting the corresponding
parts of the gene. Mutant proteins were analyzed by fluores-
cence microscopy. In addition, we verified putative NLS by
testing whether they could mislocalize a cytoplasmic protein
into the nucleus.

Our results showed that Gcn4p transport into the nucleus
does not require the leucine zipper which mediates the dimer-
ization (Fig. 3, pME2127). Even truncated Gcn4p lacking the
DNA binding domain and leucine zipper was still predomi-
nantly localized in the nucleus (Fig. 3, pME2128), whereas the
169 N-terminal amino acids of Gcn4p were not sufficient to
enter the nucleus. The corresponding GFP fusion protein sig-
nificantly accumulated in the cytoplasm (Fig. 3, pME2129),
suggesting the existence of an NLS motif between Gcn4p
amino acids 170 and 221. It is known that the activities of the
human bZIP proteins c-Jun and c-Fos depend on phosphory-
lation and dephosphorylation of serine and threonine residues

FIG. 3. Localization of C-terminal-truncated Gcn4p fused to GFP in yeast. S. cerevisiae cells (RH1408, gcn4-103) expressing different GFP-
Gcn4p derivatives from the induced MET25 promoter were grown to early log phase in selective medium at 30°C and analyzed by DIC microscopy
(right column) and fluorescence microscopy (left column, GFP; middle column, DAPI). Localization of GFP-Gcn4p derivatives lacking either the
leucine-zipper amino acid residues 250 to 281 (pME2127), the leucine zipper and the DNA-binding domain from position 221 to 281 (pME2128),
or the 112 C-terminal amino acids of Gcn4p (pME2129) are shown. Fusing back NLS2 from position 215 to 249 to the N terminus of truncated
Gcn4p (pME2129) enabled the protein to enter the nucleus again (pME2317). The N-terminal amino acids of Gcn4p fused to GFP are indicated.
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N-terminal of the basic region. While phosphorylation of these
residues leads to a deactivation of the protein, their dephos-
phorylation results in an increased DNA binding activity (3).
These serine and threonine residues of the c-Jun protein are
conserved in S. cerevisiae Gcn4p.

The putative phosphorylation sites, serines 214, 218, and
224, are not involved in Gcn4p nuclear import. This was shown
by comparing the localization of wild-type Gcn4p and two
Gcn4p mutant derivatives where the three serine residues were
either mutated to alanine in order to mimic a constitutive
dephosphorylation or to aspartic acid in order to mimic a
constitutive phosphorylation at these positions. Nuclear import
of Gcn4p was never compromised (data not shown).

Yeast chorismate mutase (EC 5.4.99.5) was used as a re-
porter protein to verify putative Gcn4p NLS motifs by fusing
different GCN4 fragments to its C terminus. This protein,
which is involved in the biosynthesis of the aromatic amino
acids tyrosine and phenylalanine, is encoded by the ARO7 gene
in S. cerevisiae, and its expression is independent of Gcn4p
(29). The GFP ORF was fused to the 5� end of ARO7. The
resulting fusion protein was localized exclusively in the cyto-
plasm when analyzed by fluorescence microscopy (Fig. 4,
pME2130). The protein was also functional, which was shown
by its potential to complement an aro7� phenotype. Heterol-
ogous transfer experiments were carried out to verify the find-

ings of the Gcn4p deletion experiments. A Gcn4p stretch of
the 34 amino acid residues from position 167 to 200 fused to
the C terminus of Aro7p was able to mislocalize yeast choris-
mate mutase to the nucleus (Fig. 4, pME2131) and therefore
functions as NLS motif 1 (NLS1). The amino acids 221 to 281,
consisting of the DNA binding domain and the leucine zipper
of Gcn4p, were also able to cause nuclear import of the cyto-
plasmic chorismate mutase (Fig. 4, pME2132), indicating the
existence of a second NLS motif within the 60 C-terminal
amino acids of Gcn4p. The second NLS motif (NLS2) was
narrowed down to 19 amino acids (amino acids 231 to 249)
which are sufficient to mistarget a chimeric chorismate mutase
to the nucleus instead of the cytoplasm (Fig. 4, pME2133).
NLS2 was further verified by its capability to target the trun-
cated cytoplasmic Gcn4p1-169 back into the nucleus when fused
to its N terminus (Fig. 3, pME2317).

NLS2 of Gcn4p resembles a classical bipartite NLS motif,
consisting of two basic clusters separated by a 10-amino-acid
spacer region. The first cluster is formed from two basic amino
acids, whereas the second cluster consists of seven amino acids
including four basic residues.

The entire C-terminal amino acid residues 167 to 249 of
Gcn4p, containing NLS1 and NLS2 interrupted by a stretch
including the three serine residues, were also fused to the C
terminus of chorismate mutase. The nuclear localization of this

FIG. 4. NLS motifs of Gcn4p target the cytoplasmic Aro7 protein to the nucleus. Yeast cells (RH1347) expressing different GFP-Aro7p
constructs from the induced MET25 promoter were grown to early log phase in selective medium at 30°C and analyzed by DIC microscopy (right
column) and fluorescence microscopy (left column, GFP; middle column, DAPI). Localization of GFP-Aro7p (pME2130) was compared with that
of GFP-Aro7p fused with either Gcn4p amino acids 167 to 200 (pME2131), 221 to 281 (pME2132), or Gcn4p amino acids 231 to 249 (pME2133).
Bars illustrate the different GFP constructs, and the fused Gcn4p amino acids are indicated.
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GFP-Aro7p-Gcn4p chimera was indistinguishable from the
GFP-Gcn4 protein when analyzed by fluorescence microscopy
(data not shown).

These results suggested two functional NLS motifs located
within Gcn4p. There is no hint that phosphorylation of the
conserved serine residues 214, 218, and 224, which are located
between NLS1 and NLS2, is required for Gcn4p translocation
(Fig. 5). The identification of Gcn4p NLS motifs allowed the
construction of mislocalized mutant proteins to compare the
stability of cytoplasmic and nuclear Gcn4p.

Mislocalization of Gcn4p in the cytoplasm stabilizes the
protein. The Gcn4 protein of unstarved yeast cells is an unsta-
ble protein (17). We wondered whether the stability of Gcn4p
varies depending on the cellular compartment where it is lo-
calized. Therefore, we analyzed whether mislocalization of
Gcn4p affects protein stability. The myc-tagged Gcn4p lacking
the identified NLS motifs was shown to be unable to enter the
nucleus (Fig. 3, pME2129). A promoter shut-off experiment of
the fusion gene revealed a stabilization of the resulting mutant
protein when compared to Gcn4p carrying wild-type NLS1 and
NLS2 expressed from the same promoter (Fig. 6A). Therefore,
efficient proteolysis of Gcn4p correlates with nuclear localiza-
tion. No additional protein stabilization of the truncated cyto-
plasmic Gcn4p could be observed in response to amino acid
limitation (Fig. 6A). We also tested protein stability of the
truncated Gcn4p (amino acids 1 to 169) where nuclear import
was restored by fusing Gcn4p amino acids 215 to 249 to its N
terminus (Fig. 4, pME2317). In accordance with the previous
data, a more-efficient degradation of the again nuclear protein
could be observed (Fig. 6B).

The compartment-specific stability of Gcn4p was verified by
mislocalizing an intact protein in a yeast strain impaired in
nuclear transport. YRB1 (yeast Ran BP1) is the yeast homo-
logue of the mammalian Ran BP1 (4, 26). Temperature-sen-
sitive mutants of YRB1 show defects in nuclear import at their
restrictive temperature (28). The nuclear import of Gcn4p in
yrb1-51 mutant cells was inhibited in response to the yrb1
defect after cells had been shifted to their restrictive temper-

ature. Simultaneously, an accumulation of GFP-Gcn4p in the
cytoplasm could be observed by fluorescence microscopy
(Fig. 7). As an additional control for nuclear import in the
cell, the localization of the chimeric GFP-Aro7-Gcn4aa231-249

(pME2133) fusion protein was analyzed in the yrb1-51 mutant
strain, confirming the defective nuclear transport machinery
(Fig. 7).

The stability of intact cytoplasmic Gcn4p in the yrb1-51 mu-
tant was analyzed by a promoter shut-off experiment and West-
ern hybridization. Wild-type and temperature-sensitive yrb1-51
cells were transformed with a plasmid containing a GAL1-
promoter-controlled gene construct expressing a myc-tagged
Gcn4 protein. The GCN4-containing gene fusion was tran-
siently expressed in exponentially growing wild-type and yrb1-
51 mutant cells. This experiment showed that cytoplasmic
Gcn4p in yrb1-51 cells is stabilized compared to the nuclear
Gcn4p of the control (Fig. 6A).

Taken together, these data suggest that the stability of
Gcn4p depends on the compartment of the cell where it is
localized. Whereas the cytoplasmic Gcn4p is relatively stable,
the nuclear Gcn4p is highly unstable in unstarved yeast cells
where sufficient amounts of amino acids are present.

Destabilization of Gcn4p is secured by the nuclear localiza-
tion of Pho85p protein kinase. Efficient degradation of the
transcription factor Gcn4p requires its phosphorylation by cy-
clin-dependent kinase Pho85p. A pho85� mutation results in
Gcn4p stabilization (18). Phosphorylated Gcn4p is a substrate
for the SCFCdc4 ubiquitin ligase complex, which labels the
protein for degradation by the proteasome. Pho85p phosphor-
ylates Gcn4p at Thr165, which targets it to the SCFCdc4 com-
plex. The F-box protein Cdc4p is exclusively nuclear (2). We
asked whether phosphorylation by Pho85p kinase as the initial
step leading to Gcn4p instability is a compartment-specific
process. Therefore, we examined the localization of Pho85p in
S. cerevisiae by using a GFP-Pho85p fusion protein. The kinase
Pho85p was detected predominantly inside the nucleus in the
presence or absence of amino acid limitation. Therefore,
Pho85p colocalized with the large unstable fraction of the

FIG. 5. Scheme of the two Gcn4p NLS motifs. The positions of the two identified NLS motifs within the amino acid sequence of the
transcription factor Gcn4p are shown schematically. The two Gcn4p NLS motifs NLS1 and NLS2 consist of the amino acids 167 to 200 and 231
to 249, respectively. Thr165 is the phosphorylation site of Pho85p (18). The activation domain (AD) consists of an N-terminal activation domain
(NTAD) and a central acidic activation domain (CAAD). DB and LZ are the DNA binding domain and the leucine zipper of Gcn4p. The
conserved serine residues 214, 218, and 224 regulate the DNA binding activity in the mammalian c-Jun (3).
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Gcn4 protein within the nucleus of unstarved yeast cells, which
corresponds to the findings of preceding investigations (15)
(Fig. 8). Promoter shut-off experiments confirmed the previ-
ously described Gcn4p stabilization in response to the pho85�
mutation (Fig. 6A). A pho85� mutation leads to Gcn4p stabi-
lization without affecting its localization in the nucleus. This
was shown by the GFP-Gcn4p fusion in a pho85� mutant strain
which was not affected in Gcn4p nuclear import (Fig. 8). In
addition, we tested Gcn4p localization in a srb10 mutant strain,
since the kinase Srb10p was also shown to be involved in
Gcn4p degradation. Gcn4p nuclear import is not impaired in
an srb10 mutant strain (Fig. 8).

We conclude that the cytoplasmic Gcn4p is relatively stable,
whereas destabilization of Gcn4p is spatially separated and
restricted to the nucleus. The localization of the Pho85p kinase
in the nucleus suggests that the degradation of Gcn4p is initi-
ated within this compartment. The nuclear localization of
Cdc4p suggests that also the second step in the degradation
pathway is performed in the nucleus. Therefore, the yeast cell
strictly separates regulation of Gcn4p synthesis and regulation
of Gcn4p stability by restricting them to two different cellular
compartments.

DISCUSSION

Separation of various processes of gene expression into dif-
ferent subcellular organelles is a typical feature of eukaryotic
cells. Whereas transcription occurs inside the nucleus, the built
mRNA has to be exported into the cytoplasm in order to be
translated. Numerous proteins required for transcription have
to be transported into the nucleus after being synthesized in
the cytoplasm. We showed here that regulation of synthesis

FIG. 6. Stability analysis of S. cerevisiae Gcn4p. (A) Cytoplasmic
Gcn4p and nuclear Gcn4p are stabilized in the absence of Pho85p,
compared to wild-type Gcn4p. The isogenic yeast strains W303 (con-
trol [I]), RH2663 (yrb1-51 [II]), and EY0140 (pho85� [III]) were trans-
formed to express nontruncated GAL-myc-GCN4 on the high-copy-
number plasmid (KB294). In addition, cells of the leu2-deficient
control strain W303 that expressed GAL- myc-GCN4 lacking the two
Gcn4p NLS motifs (amino acids 169 to 281) on the high-copy-number
plasmid (pME2140) in the presence (IV) and absence (V) of leucine
were pregrown in selective minimal medium containing raffinose. A
2% galactose concentration was added to these cycling cultures to
express MYC-GCN4. Cells were collected by filtration and incubated in
minimal medium containing glucose. Samples were collected at the
indicated time points after the shift to glucose medium (0-min time
point). Levels of Myc-tagged Gcn4p were determined by immunoblot-
ting using Myc antibodies. The kinase Cdc28p was used as loading
control. The analyzed Myc-Gcn4p fusion proteins with (Myc-Gcn4p)
and without (Myc-Gcn4p–NLS) the NLS motifs are illustrated. Protein
half-lives were calculated based on the band intensities of at least three
independent experiments and are shown in parentheses. (B) Nuclear
localization correlates with efficient Gcn4p degradation in nonstarved
yeast cells. A control strain (W303) containing GAL-GFP-GCN4aa1-169
lacking the two NLS motifs and GAL-GFP-NLS-GCN4aa1-169 on
the high-copy-number plasmids pME2316 and pME2317, respectively,
were pregrown in selective minimal medium containing raffinose. A
2% concentration of galactose was added to these cycling cultures to
express GFP-GCN4. Cells were collected by filtration and incubated in
minimal medium containing glucose. Samples were analyzed at the
indicated time points after the shift to glucose medium (0-min time
point). Levels of GFP-tagged Gcn4p were determined by immunoblot-
ting, using GFP antibodies. Cdc28p was used as loading control. The
analyzed GFP-Gcn4p fusion proteins without (GFP-Gcn4aa1-169) or
with (GFP-NLS-Gcn4aa1-169) the NLS motif are illustrated. Protein
half-lives were calculated based on the band intensities of at least three
independent experiments and are shown in parentheses.
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and degradation of the yeast transcriptional activator Gcn4p
are spatially separated. Regulation of yeast Gcn4p synthesis is
on a translational level in the cytoplasm, whereas Gcn4p deg-
radation is regulated inside the nucleus to further modulate its
function as a transcription factor (Fig. 9).

Gcn4p in the presence or absence of amino acid limitation.
Expression and stability regulation of the yeast transcriptional
activator Gcn4p depend on the amount of available amino
acids (17) and on the amount of available nitrogen source (10).
In the presence of sufficient amounts of amino acids, Gcn4p is
a weakly expressed and unstable protein. GCN4 mRNA trans-
lation in the cytoplasm is repressed, and rapid protein degra-
dation is initiated in the nucleus. Gcn4p degradation starts by
phosphorylation at Thr165 by the protein kinase Pho85p and is
followed by ubiquitinylation by the SCFCdc4 ubiquitin ligase
complex (18), which targets it for degradation by the 26S pro-
teasome (12).

When cells are starved for amino acids, increased Gcn4p
expression in the cytoplasm is accompanied by protein sta-
bilization in the nucleus. Uncharged tRNA molecules are
recognized by the cytoplasmic sensor kinase Gcn2p, which is
localized at the ribosome and phosphorylates the general
translation initiation factor eIF-2�. Increased eIF-2�-P levels
are required to overcome the translational repression of the
GCN4 mRNA, resulting in increased amounts of Gcn4 protein
(8). The sensor kinase Gcn2p is only involved in regulating
Gcn4p synthesis but does not affect its stability (17). We
showed here that the cytoplasmic fraction of the Gcn4 protein
seems to be relatively small. Therefore, Gcn4p is predomi-
nantly a nuclear protein independent of the presence or ab-
sence of amino acid limitation. Nuclear import has to occur
immediately after the protein has been synthesized in the cy-
toplasm. Low amounts of Gcn4p are required for the basal
level transcription of genes including ADE4, ARO3, and LEU2
under nonstarvation conditions (20, 9). Therefore, even under
these conditions the transport of Gcn4p expressed under re-
pressed translational conditions into the nucleus seems to be
highly efficient.

We found no indication that nuclear transport of Gcn4p is
regulated, as is common for other yeast transcription factors.

The metabolic transcription factor Pho4p (25) is required for
induction of the PHO5 gene in response to phosphate starva-
tion. Pho4p was shown to be nuclear localized when yeast cells
were starved for phosphate and predominantly cytoplasmic in

FIG. 7. A yrb1-51 mutation impairs Gcn4p import into the yeast nucleus. Temperature-sensitive yrb1-51 mutant cells (RH2663) expressing
either Aro7p-Gcn4p/NLS-GFP (pME2133) or nontruncated Gcn4p-GFP (pME2126) were grown to early log phase in selective medium at the
permissive temperature of 23°C and then shifted to the restrictive temperature of 37°C. Samples were collected at the indicated time points after
shifting and analyzed by DIC microscopy and fluorescence microscopy.

FIG. 8. Nuclear localization of GFP-Pho85p in wild-type cells
(RH1376) and GFP-Gcn4p in pho85 (EY0140) and srb10 (RH2663)
mutant strains. GFP-Pho85p localization was identical in the presence
or absence of amino acid limitation. Yeast cells were grown to early log
phase in selective medium at 30°C and analyzed by DIC microscopy
and fluorescence microscopy.
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phosphate-rich medium. Amino acid starvation did not affect
the predominantly nuclear localization of the metabolic tran-
scription activator Gcn4p. Pho4p as well as Gcn4p activities
depend on the kinase Pho85p. The regulation of Pho4p local-
ization is triggered by phosphorylation by the Pho80p-Pho85p
cyclin–cyclin-dependent kinase complex, resulting in nuclear
export of Pho4p to the cytoplasm (25). In the case of Gcn4p,
the same protein kinase, presumably in combination with a
yet-undetermined cyclin, initiates a different cellular process by
initiating the Gcn4p protein degradation pathway within the
nucleus. The nucleus does not necessarily regulate protein
stability only for proteins which fulfill their function there.
Far1p is required in the cytoplasm to polarize the actin cy-
toskeleton along a morphogenic gradient (32). Far1p stability
is regulated in the nucleus and depends, as does Gcn4p, on
SCFCdc4 but has to be exported to the cytoplasm to fulfill its
function (2).

Specific protein degradation of Gcn4p within the nucleus.
The amount of Gcn4p is carefully regulated within the cell.
The signal transduction pathway resulting in a higher synthesis

rate of the protein in the cytoplasm depends on intracellular
sensing of the presence or absence of uncharged tRNAs re-
flecting the availability of protein precursors. It is yet unclear
whether uncharged tRNAs are also the signal which is per-
ceived by the nucleus and results in protein stabilization of
Gcn4p. In the presence of amino acids, protein destabilization
is triggered by at least two different protein kinases. One of
these protein kinases is Pho85p, which phosphorylates Gcn4p
at residue Thr165 and subsequently targets the protein to the
SCFCdc4 ubiquitin ligase complex. Accordingly, a deletion of
PHO85 leads to a stabilization of Gcn4p (18). In contrast to the
situation with the transcription factor Pho4p, Pho85p phos-
phorylation of Gcn4p does not change the nuclear localization
of the protein. It is unclear how amino acid availability regu-
lates Pho85p activity. We show here that Pho85p is predomi-
nantly localized in the nucleus in the presence or absence of
amino acid limitation and that a pho85� mutation does not
affect Gcn4p nuclear import. Furthermore recent studies show
evidence that Cdc4p is likewise exclusively nuclear (2). There-
fore, a signal monitoring the availability of protein precursors

FIG. 9. Gcn4p translational and stability control are spatially separated processes in yeast. In the presence of amino acids, GCN4 mRNA is
weakly translated and efficiently transported into the nucleus. The nuclear Gcn4p in unstarved yeast cells is highly unstable. The labeling for the
degradation pathway occurs primarily by phosphorylation by the kinases Pho85p or Srb10p and subsequent SCFCdc4-mediated ubiquitinylation.
Amino acid limitation results in increased GCN4 mRNA translation in the cytoplasm and in a more stable Gcn4p within the nucleus. A simple
hypothesis for increased stability postulates an inhibition mechanism for the nuclear kinase activities.
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seems to be transduced the nucleus to initiate or inhibit Gcn4p
phosphorylation as an initial step in the protein degradation
pathway. Regulation of Gcn4p stability is a highly complicated
process, because Pho85p is not the only protein kinase which
phosphorylates Gcn4p, resulting in protein destabilization.
The protein kinase Srb10p also phosphorylates Gcn4p and
thereby marks it for recognition by SCFCdc4 ubiquitin ligase
(5). Similar to that shown for Pho85p, Srb10p is predicted to be
a nuclear and DNA-associated protein (6). It remains to be
elucidated whether and how the kinase activities of both pro-
teins Pho85p and Srb10p are coordinated and whether they
respond to similar or different signals.

Since Gcn4p stabilization is exclusively regulated inside the
nucleus, the next task will be to identify the factors involved in
Pho85p and Srb10p regulation. In addition, there has to be a
sensor for amino acids. Gcn2p does not seem to be this sensor
for the nuclear degradation machinery. Additional factors
might be involved in the cross talk between cytoplasm and
nucleus.
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We are grateful to Tim Köhler and Silke Venker for critical reading
of the manuscript and all members of the Braus group for helpful
discussions. Special thanks to Hans-Ulrich Mösch, Erin K. O’Shea, and
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