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The yeast transcription factor Gcn4 is regulated by amino acid starvation at the levels of both protein
synthesis and stability. Gcn4 degradation depends on the ubiquitination complex SCFCDC4 and requires
phosphorylation by the cyclin-dependent kinase Pho85. Here, we show that Pcl5 is the Pho85 cyclin specifically
required for Gcn4 degradation. PCL5 is itself induced by Gcn4 at the level of transcription. However, even when
PCL5 is constitutively overexpressed, Pho85-associated Gcn4 phosphorylation activity is reduced in starved
cells and Gcn4 degradation is decreased. Under these conditions, the Pcl5 protein disappears because of rapid
constitutive turnover. We suggest that, by virtue of its constitutive metabolic instability, Pcl5 may be a sensor
of cellular protein biosynthetic capacity. The fact that PCL5 is transcriptionally induced in the presence of
Gcn4 suggests that it is part of a homeostatic mechanism that reduces Gcn4 levels upon recovery from
starvation.

Protein phosphorylation, a major mechanism of posttrans-
lational regulation of protein activity, can also modulate the
destruction of the modified protein. In particular, ubiquitina-
tion of proteins by SCF-type ubiquitin ligases, which leads to
their degradation, is often induced by phosphorylation of the
substrate (9, 42). Gcn4 is a yeast transcriptional activator in-
volved in biosynthesis of amino acids and purines (13, 16) that
regulates a significant proportion of the yeast genes (33). Star-
vation for amino acids leads to an increase in Gcn4 translation
(10) by a mechanism that involves phosphorylation of the gen-
eral translation initiation factor eIF-2� by the kinase Gcn2 (6;
reviewed in reference 12). In addition, Gcn4 is degraded ex-
tremely rapidly but is stabilized under conditions of amino acid
limitation or partial inhibition of protein synthesis (21, 26).
Degradation of Gcn4 depends on its phosphorylation at a
specific residue, Thr165 (26), and on its ubiquitination by the
ubiquitin-conjugating enzyme Cdc34 (21) in conjunction with
the ubiquitin ligase SCFCDC4 (4, 26). Two cyclin-dependent
kinases (CDKs), Pho85 (26) and Srb10 (4), are involved in
Gcn4 degradation. On the basis of the phenotype of the re-
spective deletion mutants, Pho85 is solely involved in regula-
tion of Gcn4 degradation by starvation (4, 26).

CDKs absolutely require binding of an ancillary subunit, the
cyclin, for their activity (30). A single CDK can be activated by
a number of different cyclins; for example, at least 10 different
cyclins are known to bind Pho85 (25). The function of the
cyclin subunit in activation of the kinase is well established
(18), but it is likely that specific cyclins also participate in
targeting of the kinase to specific substrates (17, 38, 43; re-
cently reviewed in reference 27). The role of the cyclin in
conferring substrate specificity is probably best established in
the case of Pho85. The different functions of Pho85 in meta-
bolic regulation can be explained by targeting of the kinase by
specific Pho85 cyclins (Pcls) to specific substrates. The role of

Pho85 in phosphate assimilation depends on its targeting to
the transcription factor Pho4 by the Pcl Pho80 (14, 20),
whereas its role in glycogen synthesis depends on its targeting
to the glycogen synthase Gsy2 by Pcl8 and Pcl10 (17, 43). The
ancillary role of Pho85 in cell cycle progression (7, 24) may be
due, in part, to targeting to the CDK inhibitor Sic1 by Pcl1 (34)
and possibly also to interaction between Pcl2 and the transcrip-
tion factor Swi5 (23).

Gcn4 degradation depends on the CDK Pho85 in vivo. In
vitro, Pho85, in conjunction with the cyclin Pcl1, is able to
phosphorylate Gcn4 at the critical residue for degradation,
Thr165 (26). However, deletion of PCL1 did not affect Gcn4
degradation, suggesting that, in vivo, either additional Pcls, or
altogether different Pcls, fulfill this function. Here, we show
that a single Pcl, Pcl5, is required for the function of Pho85 in
the degradation of Gcn4. The regulation of Gcn4 degradation
by starvation can be explained by the effect of starvation on
Pcl5 levels.

MATERIALS AND METHODS

Strains and culture conditions. Strain L4210 (a ura3-52 leu2-2 bas1-2 bas2-2)
was described before (21). Strains W303-1A (a ura3-1 can1-100 leu2-3,112 trp1-1
ade2-1 his3-11,15) and W303-1B (same but �) are originally from R. Rothstein.
Strain KY795 (a ura3-1 can1-100) is a W303 derivative. The PCL5 open reading
frame was deleted precisely from strain KY795 by using plasmid KB1125 to
generate KY797 (a ura3-1 can1-1 pcl5�::hisG-URA3-hisG). KY798, a Ura� de-
rivative of KY797, was isolated by selection on 5-fluoroorotic acid. KY827 (a
ura3-1 can1-100 leu2-3,112 trp1-1 ade2-1 his3-11,15 pcl5�::hisG) was derived
from a cross between KY797 and W303-1B, followed by selection on 5-fluoroo-
rotic acid. KY846 was derived from a cross between DY5335 (pcl1�::ADE2
pcl2�::URA3 pcl9�::HIS3 pho80�::LEU2), kindly provided by David Stillman,
and KY685, a lys2 derivative of W303-1A, to generate KY690 (� ura3-1 can1-100
leu2-3,112 trp1-1 ade2-1 his3-11,15 lys2 pcl1�::ADE2 pcl2�::URA3 pcl9�::HIS3).
The URA3 marker was subsequently converted to LYS2 by homologous recom-
bination to generate KY846 (� ura3-1 can1-100 leu2-3,112 trp1-1 ade2-1 his3-
11,15 lys2 pcl1�::ADE2 pcl2�::LYS2 pcl9�::HIS3). Strains were grown either in
yeast nitrogen base (YNB; Difco), in yeast extract-peptone-dextrose medium
(39), or in synthetic complete (SC) medium as previously described (39), with the
difference that the SC was supplemented with 100 �g each of every amino acid,
adenine, and uracil per ml.

Plasmids. The GAL::GCN4 intermediate expression plasmids pDAD-GCN4
(KB161) and pDAD-GCN4(T105A) (KB170) have been described before (21,
26). pDAD-GCN4(T165A) (KB1211) was constructed by substituting the Hin-
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dIII-XbaI fragment of KB854 (26) for the homologous fragment in plasmid
KB161. The GPD-HAxPHO80 plasmid (EB92) was obtained from E. O’Shea
(University of California, San Francisco), and the pGAL-GST-PHO85 wild-type
and mutant plasmids were obtained from M. Nishizawa (Keio University).
KB537 (GAL1::EF1A) is from our laboratory collection. For the other plasmid
constructions, PCR cloning methods (2) were used. The GAL1::GCN4 high-
expression plasmid p414GAL1-GCN4 (KB843) was constructed by cloning an
EcoRI-XhoI fragment of GCN4 generated by PCR into plasmid p414GAL1 (31)
digested with the same enzymes. p414GAL1-GCN4 T105A (KB1105) and
p414GAL1-GCN4 T165A (KB1155) were constructed by similarly cloning the
indicated GCN4 mutant forms into p414GAL1. The GAL1::PCL5 plasmid
KB1093 was constructed by cloning a PCR-generated MfeI-XhoI PCL5-contain-
ing fragment into p416GAL1 (31) digested with EcoRI and XhoI. The other
GAL1::PCL plasmids, KB1237 (PCL1), KB1238 (PCL2), KB1239 (PCL9), and
KB1240 (CLG1), were similarly constructed by inserting a PCL-containing
EcoRI-XhoI fragment into p416GAL1 (31) digested with the same enzymes. The
PCL5 deletion plasmid KB1125 was generated by cloning the 5� and 3� noncod-
ing regions of PCL5 adjacent to the hisG-URA3-hisG “gene blaster” cassette (1).
For recombinant protein expression, a hexahistidine-tagged version of Pcl5 was
constructed by inserting a BamHI-XhoI PCL5 fragment generated by PCR into
the bacterial expression vector pRSETA (Invitrogen), and a hexahistidine tagged
version of Pcl1 was constructed by introducing it into the expression vector
pQE60 (Qiagen) as a BamHI-NcoI fragment. The glutathione S-transferase
(GST)-Pho85 wild-type and mutant expression vectors were obtained from M.
Nishizawa (34). Construction of the GST-Gcn4 (residues 62 to 202) wild-type
and T165A mutant expression vectors was described previously (26); the T105A
and T105A T165A mutant expression vectors were constructed similarly.

Degradation assays. Pulse-chase experiments were performed essentially as
previously described (21). Briefly, overnight cultures were diluted in 10 ml and
grown to mid-log phase in dropout medium, washed once with YNB medium
containing all of the essential amino acids, concentrated to 0.3 ml, pulse-labeled
for 5 min with 750 to 900 mCi of [35S]methionine (Express; NEN), pelleted
again, and chased in growth medium containing 10 mM methionine and 10 mM
cysteine. For the starvation studies, cells were harvested by centrifugation and
grown in SD medium (39) plus adenine for 15 to 45 min before labeling and
chased in the same medium plus methionine and cysteine. At various times
during the chase, an aliquot of the culture was removed and incubated for 15 min
on ice with 0.35 M NaOH–1.5% 2-mercaptoethanol, followed by precipitation
with 6% trichloroacetic acid. The protein precipitate was resuspended by boiling
in 2.5% sodium dodecyl sulfate (SDS)–5 mM EDTA, and equal amounts of
trichloroacetic acid-precipitable radioactivity were immunoprecipitated in at
least 10 volumes of buffer A (15) containing protein A-Sepharose (Pharmacia).
The immunoprecipitates were run on SDS-polyacrylamide gels, and the protein
bands were quantitated with a Fujix Bas 2000 bio-image analyzer (Fuji). The
antibodies used were either rabbit anti-�-galactosidase (Cappel) or anti-Gcn4 or
anti-Pcl5 custom rabbit antibodies raised against recombinant proteins.

Kinase assay. Recombinant proteins were expressed and purified in accor-
dance with standard protocols. The GST-Pho85 wild-type and mutant proteins
were expressed in bacteria from plasmids pGEX-PHO85 and pGEX-
PHO85(E53A), kindly provided by M. Nishizawa (34), bound to a glutathione-
agarose resin (Sigma), and eluted with reduced glutathione. The Gcn4 (residues
62 to 202) fragments were expressed from the pGEX-4T-1 vector (Amersham
Pharmacia Biotech) and bound to glutathione-agarose, and the Gcn4 moiety was
cleaved from GST by overnight incubation of the beads with 10 �g of thrombin
(Sigma) per ml. Cleavage with thrombin yielded protein fragments that included,
in addition to Gcn4 residues 62 to 202, the vector-derived N-terminal extension
Gly-Ser-Pro-Glu-Phe. The hexahistidine-tagged Pcl1 and Pcl5 proteins were
expressed in bacteria and affinity purified by binding to a nickel-agarose column
(Qiagen), followed by elution with increasing concentrations of imidazole. A
centrifugal ultrafiltration device was used for buffer exchange and concentration
of the proteins. For in vitro kinase assays, 10 ng of GST-Pho85, 10 ng of His6-Pcl5
or His6-Pcl1, and 0.5 �g of substrate were incubated at 30°C for 30 min with 1
�Ci of [�-32P]ATP and 0.1 mM cold ATP in 10 �l of kinase assay buffer (50 mM
Tris, 10 mM MgCl2, 2 mM EDTA, 1 mM dithiothreitol, pH 7.5). The kinase
reactions were terminated by addition of 10 �l of protein loading buffer, and the
reaction mixtures were subjected to SDS–12% polyacrylamide gel electrophore-
sis. Immunoprecipitation (IP)/kinase assays were carried out essentially as de-
scribed previously (26), except that the extract buffer contained 20 mM Tris (pH
7.5), 20 mM NaCl, 5 mM EDTA, 0.5% Triton X-100, phosphatase inhibitors (1
mM Na-pyrophosphate, 1 mM �-glycerophosphate, 1 mM NaF, and 0.3 mM
NaVO3), protease inhibitors (2 mM phenylmethylsulfonyl fluoride, tosylsulfonyl
phenylalanyl chloromethyl ketone [TPCK] at 50 �g/ml, and N�-p-tosyl-L-lysine
chloromethyl ketone [TLCK] at 50 �g/ml), and a 1:500 dilution of an antipro-

tease cocktail containing leupeptin, pepstatin, and chymostatin, each at 10 mg/ml
of dimethyl sulfoxide. For each IP reaction, 200 �g of protein extract was reacted
with 0.5 �g of anti-GST monoclonal antibody (Santa Cruz Biotechnology).

RESULTS

PCL5 is induced by Gcn4. A report by Jia et al. (19) showed
that the Pcl-encoding gene PCL5 is among the genes induced
in a Gcn4-dependent manner by sulfometuron, an inhibitor of
amino acid biosynthesis. To test more directly the induction of
PCL5 by Gcn4, we ectopically expressed Gcn4 from the induc-
ible GAL1,10 promoter. As shown in Fig. 1, the PCL5 tran-
script levels were strongly increased following induction of
Gcn4. Quantitation of the PCL5 signal normalized to the
EF1A signal yielded a 10-fold increase within 1 h of induction
of GCN4 by galactose, corroborating the suggestion that PCL5
is a target of Gcn4. Analysis of the sequence upstream of PCL5
revealed two potential Gcn4 binding sites, with nearly perfect
homology to the Gcn4 consensus binding sequence (TGAG/
CTCA), at positions �548 and �495.

Pcl5 suppresses Gcn4 activity. The fact that PCL5 is a target
of Gcn4 suggested that it might contribute, like many other
Gcn4 targets, to the resistance of cells to amino acid starvation.
Alternatively, since Pho85 suppresses Gcn4 activity (26), it was
possible that Pcl5 is likewise antagonistic to Gcn4 activity. To
distinguish between these two possibilities, we first tested the
effect of the pcl5 deletion on Gcn4 activity. A LacZ construct
regulated by a HIS4 promoter fragment that is completely
dependent on Gcn4 for expression yielded 2.5 times more
�-galactosidase activity in pcl5� cells than in PCL5 cells (Fig.
2A), indicating that Gcn4 is more active in the pcl5� mutant.
We also tested how an increase in Pcl5 levels would affect
resistance to 3-aminotriazole (3-AT), a competitive inhibitor
of the HIS3 gene product imidazole glycerol phosphate dehy-
dratase. Cellular resistance to 3-AT is mediated by Gcn4,
which activates the HIS3 gene (11). As shown in Fig. 2B,
overexpression of PCL5 led to an increased sensitivity of wild-
type cells to 3-AT. The concentration of half-maximal inhibi-
tion of growth was increased twofold, from 3 to 6 mM in YNB
medium and from 6 to 12 mM in SC medium. Since Gcn4

FIG. 1. PCL5 is induced following overexpression of GCN4. Strain
W303-1A carrying either the vector plasmid or plasmid KB843 (pGAL-
GCN4) was grown on raffinose and shifted to galactose. At the indi-
cated times after the shift to galactose, samples of the culture were
removed and subjected to Northern blot analysis. For the PCL5 and
EF1A probes, we used the inserts of plasmids KB1093 and KB537,
respectively.
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activity is required for 3-AT resistance, this result also suggests
a negative effect of Pcl5 on Gcn4 activity.

As an alternative way to measure Gcn4 activity, we used its
overexpression toxicity. Gcn4, when highly overexpressed, in-
hibits cellular growth, possibly by interfering with other tran-
scriptional activation pathways (40). In a pho85� mutant, even
moderate overexpression of Gcn4 is inhibitory (26). We found
that, similar to a pho85� mutant, the pcl5� mutant is hyper-
sensitive to Gcn4 moderately overexpressed from the GAL
promoter of plasmid pDAD (Fig. 3A). In contrast, a pcl1�
pcl2� pcl9� triple mutant was not more sensitive to Gcn4
overexpression than the wild-type strain (Fig. 3A). In a com-
plementary experiment, we found that, in a wild-type back-
ground, the toxicity of GCN4 highly overexpressed from the
p414GAL1 plasmid could be suppressed by concomitant over-
expression of PCL5 but not by that of the Pcl gene PCL1,
PCL2, PCL9, CLG1, or PHO80 (Fig. 3B). Taken together,
these data indicate that Pcl5 is specifically responsible for in-
hibiting Gcn4 function in vivo.

Pcl5 can direct Gcn4 phosphorylation and degradation.

Since Pcl5 was shown to interact with Pho85 (25), the simplest
explanation for Pcl5’s effect is that it is involved, with Pho85, in
the inhibitory phosphorylation of Gcn4. Pho85 was previously
shown to phosphorylate Gcn4 at residue Thr165, which is es-
sential for degradation of the protein (26). We first tested
whether Pcl5 is able to directly promote Gcn4 phosphorylation
by Pho85 in vitro. Since we had previously shown that Pcl1 was
able to promote Gcn4 phosphorylation in vitro (26), we per-
formed a side-by-side comparison of the two cyclins, both ex-
pressed in bacteria and affinity purified with a hexahistidine
tag. As the substrate, we used a recombinant Gcn4 fragment,
spanning residues 62 to 202, that includes three potential CDK
targets: two native sites (threonine followed by proline at co-
ordinates 105 and 165 of the Gcn4 sequence) and one expres-
sion vector-derived site (serine followed by proline at position
2 of the recombinant fragment). As shown in Fig. 4A, recom-
binant Pho85 was able, in the presence of Pcl5, to phosphor-
ylate Gcn4, indicating that Pcl5 functions as a bona fide Pcl.
The pattern of phosphorylation bands indicates that Pho85/
Pcl5 phosphorylated the Gcn4 fragment on two residues,
Thr165 and Thr105: whereas the wild-type substrate migrated
as two distinct phosphorylated species, the single mutants mi-
grated as single bands and the double mutant was unphosphor-
ylated. With Pcl1, phosphorylation of the Gcn4 fragment was
also obtained; however, the banding pattern of the various
mutants indicated that at least one additional site was phos-

FIG. 2. Pcl5 represses Gcn4 activity. (A) Expression of His4-LacZ
from a HIS4 promoter derivative that is exclusively dependent on Gcn4
for activity (deletion no. 203 [32]) in KY795 (PCL5) and KY798
(pcl5�) cells. Overnight cultures were diluted and grown for 6 h to
early log phase, and the �-galactosidase activity of the cultures was
measured as previously described (5). The error bars indicate the
standard deviation of four independent assays. (B) PCL5 overexpres-
sion increases sensitivity to 3-AT. Yeast strain KY795 containing ei-
ther the vector plasmid (filled symbols) or plasmid KB1093
(GAL1::PCL5) (open symbols) was grown in YNB medium (squares)
or in SC medium (triangles) containing increasing amounts of 3-AT.
The optical density at 600 nm (O.D.600) of the cultures was measured
after overnight incubation at 30°C.

FIG. 3. (A) The pcl5� mutant is hypersensitive to moderate over-
expression of Gcn4. Fivefold dilutions of the W303-1A, KY846 (pcl1�
pcl2� pcl9�), and KY827 (pcl5�) strains containing the indicated plas-
mids were spotted on galactose plates to induce expression of GCN4.
The plates were incubated for 2 days at 30°C. (B) Pcl5 suppresses the
overexpression toxicity of Gcn4. Strain W303-1A containing plasmid
p414GAL1-GCN4 and, in addition, a Pcl-expressing plasmid, as indi-
cated, was spotted on galactose plates to induce expression of GCN4
and the Pcl. The plates were incubated for 2 days at 30°C. The Pcl
constructs are p416GAL1 (vector), KB1093 (CEN GAL1::PCL5),
KB1237 (CEN GAL1::PCL1), KB1238 (CEN GAL1::PCL2), KB1239
(CEN GAL1::PCL9), KB1240 (CEN GAL1::CLG1), and EB92 (2�m
GPD::PHO80). WT, wild type.
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phorylated as well because two bands were visible with the
T105A mutant and the T105A T165A double mutant was still
efficiently phosphorylated by Pho85/Pcl1.

We next asked if phosphorylation of Thr105 and Thr165 by
Pho85/Pcl5 in vitro is functionally significant in vivo by testing
whether the toxicity of the Gcn4 T165A and T105A mutants is
still subject to suppression by Pcl5. We first tested the relative
toxicity of these Gcn4 mutants in the absence of PCL5 over-
expression. Since high-level overexpression of even wild-type
GCN4 from the p414GAL1 plasmid completely inhibits growth
(Fig. 3B), we used the moderate-overexpression pDAD vector
for this control. As shown in Fig. 4B (top), in the absence of
PCL5 overexpression, the T105A and T165A mutants are sig-
nificantly more toxic than the wild type and the T165A mutant
is marginally more toxic than T105A. In contrast, in the pres-
ence of PCL5 overexpression, the toxicity of the wild type and
the T105A mutant overexpressed from the strong promoter of
the p414GAL1 vector was efficiently suppressed but the T165A
mutant was refractory to suppression by PCL5 (Fig. 4B, bot-
tom). Thus, these data suggest that, in vivo, Pcl5 directs the
phosphorylation by Pho85 of—at least—residue Thr165 of
Gcn4, thereby leading to suppression of Gcn4 activity.

Since Pho85 activity and phosphorylation of the threonine

residue at position 165 are required for degradation of Gcn4 in
vivo (26), we next tested whether deletion of PCL5 would
similarly affect Gcn4 degradation. A pulse-chase assay indi-
cated that Gcn4 degradation was strongly inhibited in the
pcl5� mutant, with a half-life (t1/2) increasing from 2.5 to 20
min (Fig. 5A). This experiment also indicated that Pcl5 affects
the phosphorylation of Gcn4 in vivo. Indeed, in the wild-type
background, at least four electrophoretic species of Gcn4, most
probably representing different phosphorylation states of the
protein, can be distinguished; in contrast, the migration pat-
tern of Gcn4 expressed in the pcl5� mutant lacked the slowest-
migrating band. Furthermore, the migration pattern of the
stable T165A mutant was unchanged, whether it was expressed
in the wild-type or the pcl5� background, and was similar to
the migration pattern of the wild-type protein expressed in the
pcl5� background (Fig. 5A). Taken together, these observa-
tions indicate that, in vivo, Pcl5 directs phosphorylation of
Gcn4 at Thr165, leading to its degradation.

The fact that the same effects on Gcn4 phosphorylation and
degradation were previously demonstrated for the pho85� mu-
tant (26) and the facts that Pcl5 was isolated as a Pho85-
interacting protein (25) and was shown here to act as a Pcl in
vitro (Fig. 4A) strongly suggest that Pcl5 functions as a Pcl in

FIG. 4. (A) In vitro kinase assay with Pho85/Pcl5 or Pho85/Pcl1 on a Gcn4 fragment spanning positions 62 to 202, either wild type (WT) or
mutated at potential phosphorylation sites, as indicated. E53A is an inactive mutant form of Pho85. In the Pcl row, the number 5 or 1 indicates
that Pcl5 or Pcl1, respectively, was added to the reaction mixture. A minus sign indicates a no-cyclin control. (B) Pcl5 is unable to suppress the
overexpression toxicity of GCN4 mutant T165A. (Top) Serial dilutions of W303-1A cells expressing either wild-type GCN4, mutant T105A, or
mutant T165A from the moderate-expression vector pDAD were spotted on galactose (inducing) or glucose (repressing) medium, as indicated,
and incubated for 2 days at 30°C. (Bottom) W303-1A cells expressing either wild-type GCN4, mutant T105A, or mutant T165A from the
high-expression vector p414-GAL1, together with PCL5 from the p416-GAL1 plasmid, were spotted and grown as described above.
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vivo. If Pcl5 functions uniquely as a Pho85 cyclin, i.e., if it is
unable to target additional CDKs to Gcn4, then in a pho85�
background, deletion of PCL5 should not stabilize Gcn4 any
further. As shown in Fig. 5B, the pho85� pcl5� strain displayed
no further stabilization of Gcn4 (but rather, perhaps, a slight
acceleration of Gcn4 degradation) compared to the pho85�
PCL5 strain. This observation provides further confirmation of
the role of Pcl5 as a Pho85-specific cyclin.

Role of Pcl5 in the regulation of Gcn4 degradation. Regu-
lation of Gcn4 turnover occurs under conditions of profound
starvation brought about by removal of an essential amino acid
from an auxotrophic strain (21) or by addition of growth-
inhibitory levels of cycloheximide (26). The mechanism of this
regulation is unknown, but stabilization of Gcn4 correlates
with underphosphorylation of Gcn4 at Thr165 (26) and is, in
large part, abolished in a pho85� mutant (4; our unpublished
results). To test whether Pcl5 plays a role in the pathway of
Gcn4 stability regulation, we tested the effect of starvation on
Gcn4 degradation in the pcl5� background. As shown in Fig.
6A, whereas in the wild-type background, Gcn4 was signifi-
cantly stabilized in starved versus sated cells (t1/2 of 10 versus
2.5 min), in the pcl5� cells, no difference in the rate of degra-
dation was detected (t1/2 of 20 min), consistent with the in-

volvement of Pcl5 in the mechanism of Gcn4 stability regula-
tion.

If the stabilization of Gcn4 by starvation is due to regulation
of the levels of Pcl5 protein synthesis, then ectopic expression
of Pcl5 under the control of a strong promoter should override
this stabilization. To test this, we measured Gcn4 turnover in
starved cells with or without concomitant overexpression of
PCL5 from the GAL1 promoter. As shown in Fig. 6B, Gcn4
was significantly stabilized in starved cells in either the pres-
ence or the absence of the GAL-PCL5 plasmid, although deg-
radation was accelerated in the PCL5-overexpressing cells (t1/2

of 10 versus 20 min in the control starved cells), indicating that
overexpression of PCL5 only slightly reduces, but does not
abolish, the stabilization of Gcn4 by starvation.

Effect of starvation on Pho85/Pcl5-associated kinase activ-
ity. In order to directly assay Pcl5-associated Gcn4 kinase ac-
tivity, we attempted to perform an IP/kinase assay with
epitope-tagged Pcl5. However, no kinase activity was obtained
with a number of different tags (data not shown). We therefore
used a GST-Pho85 fusion previously used by Nishizawa et al.
(34) with an anti-GST antibody. As a control, we used a cata-
lytically inactive mutant, E53A, of Pho85 that we confirmed to
be inactive in an in vitro kinase assay (Fig. 4A) and unable to

FIG. 5. (A) Gcn4 is underphosphorylated and stabilized in a pcl5� mutant. Degradation of the Gcn4 protein expressed from plasmid KB843,
or of the Gcn4(T165A) mutant expressed from plasmid KB1155, and transformed into strain W303-1A (PCL5) or KY827 (pcl5�) was assayed by
pulse-chase analysis. The star indicates a Gcn4 species visible in the wild type (WT) but not in the pcl5� mutant. For the control, lane C, an extract
from a gcn4� strain was used. The graph indicates quantitation by phosphorimager of the gel shown. (B) Degradation of the Gcn4 protein
expressed from plasmid KB843 in a pho85� strain in the presence or absence of PCL5. The graph indicates quantitation by phosphorimager of
the gel shown.
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complement a pho85� mutant for Gcn4 down-regulation (data
not shown). We used the same substrate as for the experiment
shown in Fig. 4A, a Gcn4 fragment spanning residues 62 to
202. Immunoprecipitated GST-Pho85 was able to phosphory-
late this substrate; however, only a single phosphorylated spe-
cies was visible (Fig. 7A, lane 2), although this fragment con-
tains two phosphorylation sites (Fig. 4A). Furthermore, this
phosphorylation was Pcl5 independent (lane 1) and strong
kinase activity was detected even with the inactive mutant
(E53A) Pho85 protein (lane 3), indicating that a nonspecific
kinase coimmunoprecipitates with GST-Pho85. Nonetheless,
when GST-Pho85 was immunoprecipitated from cells overex-
pressing PCL5, a second, slower-migrating phosphorylation
band appeared (lane 7), indicative of phosphorylation at
Thr165 (Fig. 4A; compare with lane 6, where the same extract
was used with the T165A mutant form as a substrate). This
Pcl5-dependent phosphorylation at Thr165 disappeared when
the cells were subjected to starvation or incubated with cyclo-
heximide (lanes 8 and 9), indicating that these treatments
reduce Pho85/Pcl5-associated Gcn4 kinase activity even when
Pcl5 is ectopically expressed from the GAL promoter. Since
the effect of starvation or cycloheximide on Pho85/Pcl5 activity
could, in principle, be due to a decrease in Pho85 levels, the
levels of the GST-Pho85 protein were measured in the extracts
used for the IP/kinase assay. As shown in Fig. 7B, no significant
decrease in GST-Pho85 levels was observed.

The Pcl5 protein disappears in starved cells because of

rapid turnover. The data shown above indicate that Pcl5-asso-
ciated Pho85 activity is sensitive to starvation even when PCL5
is expressed from the heterologous GAL1 promoter, suggest-
ing that PCL5 activity is regulated posttranscriptionally. To
test the effect of starvation on Pcl5 protein levels, cells express-
ing Pcl5 from the GAL1 promoter were subjected to starvation
or cycloheximide treatment and the Pcl5 levels were assayed by
Western blotting. As shown in Fig. 8A, Pcl5 levels were
strongly reduced after a short period of starvation or inhibition
of protein synthesis. The simplest explanation for this rapid
disappearance of the protein is rapid proteolysis. Indeed,
pulse-chase analysis indicated that the overexpressed Pcl5 pro-
tein was degraded with a t1/2 of 2.5 min, both under normal
growth conditions and in starved cells (Fig. 8B). To ascertain
that this instability was not due to overexpression of the pro-
tein, we also monitored the degradation of the endogenous
Pcl5 protein by pulse-chase analysis (Fig. 8C). Although the
low signal levels precluded accurate quantitation of band in-
tensity, the fact that the Pcl5 band, clearly visible at the zero
time point, had disappeared 5 min into the chase, indicated
that the endogenous Pcl5 protein is at least as rapidly degraded
as the overexpressed protein.

DISCUSSION

Pcl5 and regulation of Gcn4 degradation. Gcn4 is a central
regulator of the response of yeast to starvation for amino acids

FIG. 6. (A) Gcn4 degradation is not regulated in the pcl5� mutant. Pulse-chase analysis was performed on Gcn4 expressed from plasmid KB161
(pDAD-GCN4) in strain W303-1A (PCL5) or KY827 (pcl5�) in regular YNB medium supplemented with all amino acids (Sated) or in YNB
medium lacking all amino acids and supplemented only with adenine, after 30 min of preincubation in this medium (Starved). For the control, lane
C, an extract from a gcn4� strain was used. The graph indicates quantitation by phosphorimager of the gel shown. (B) Overexpression ofPCL5 does
not abolish regulation of Gcn4 degradation. Pulse-chase analysis was performed on Gcn4 expressed from plasmid KB161 (pDAD-GCN4) in strain
W303-1A containing either the vector p416GAL1 (Vector) or plasmid KB1093 (GAL1::PCL5) in starvation medium (YNB medium lacking all
amino acids and supplemented only with adenine) after 30 min of preincubation in this medium. The graph indicates quantitation by phospho-
rimager of the gel shown. kD, kilodaltons.

5400 SHEMER ET AL. MOL. CELL. BIOL.



and purines (11, 35). Gcn4 is regulated at the level of transla-
tion by the kinase Gcn2 (41) and at the level of protein deg-
radation by the kinase Pho85 (26). Pho85 is a CDK, and the
data presented here indicate that Pcl5 is the specific cyclin that
assists Pho85 in phosphorylating Gcn4. Since Pho85 was iden-
tified as being in the pathway of the regulation of Gcn4 deg-
radation, it was logical to assume that regulation of Pcl5 might
be responsible for the stabilization of Gcn4 under starvation
conditions. In fact, our data indicate that Pcl5 is required for
the regulation of Gcn4 stability (Fig. 6). We were unable to
directly assay for Pcl5-associated kinase activity by the IP/
kinase method, but a similar assay with tagged Pho85 in cells
overexpressing Pcl5 indicated that stimulation of Gcn4 kinase
activity of Pho85 by Pcl5 was highly sensitive to starvation (Fig.
7). This, together with the fact that ectopic overexpression of
PCL5 could not override the regulation of Gcn4 degradation
(Fig. 6B), suggested that PCL5 activity must be regulated post-
transcriptionally by starvation. Consistent with this possibility,
we did find that even when it is overexpressed from a strong
heterologous promoter, Pcl5 is almost undetectable in starved

cells (Fig. 8A). This observation can be explained by the fact
that the protein is extremely unstable (Fig. 8B and C). Al-
though Pcl5 appears to be equally rapidly degraded under both
starved and sated conditions, we hypothesize that whereas
under sated conditions the steady-state level of Pcl5 is main-
tained by continued protein synthesis, in starved cells, the
sharp reduction in Pcl5 protein levels is due to reduced levels
of general protein biosynthesis; i.e., we suggest that Pcl5 may,
simply by virtue of its own instability, constitute a sensor of
cellular biosynthetic capacity. With regard to the regulation of
Gcn4 degradation by starvation, the drop in Pcl5 steady-state
levels in starved cells would, in turn, lead to stabilization of
Gcn4 (Fig. 9). This model predicts that expression of a stable
derivative of Pcl5 should override the regulation of Gcn4 deg-
radation. However, we have been unable to obtain a mutant
Pcl5 protein that is both stable and active (our unpublished
results). Thus, we cannot exclude the possibility of additional
mechanisms of regulation of Pho85/Pcl5 by amino acid starva-
tion, such as inhibition by a starvation-induced CDK inhibitor,
similar to the regulation of Pho85/Pho80 by Pho81 (37).

FIG. 7. Analysis of Pho85-associated Gcn4 kinase activity. (A) A GST-Pho85 fusion, either the wild type (wt) or the catalytically inactive mutant
E53A (lane 3), was expressed under the control of the GAL1 promoter and immunoprecipitated from pcl5� cells (lane 1), PCL5 wild-type cells
(lane 2), or wild-type cells overexpressing PCL5 from the GAL1 promoter (lanes 3 to 9). Cells were grown in YNB medium containing all amino
acids (lanes 1 to 7 and 9), starved for 30 min in medium lacking all amino acids (STARV; lane 8), or treated for 30 min with cycloheximide (CHX)
at 5 �g/ml (lane 9). The substrate was identical to that used in Fig. 4A; lane 5 is a no-substrate control, and lane 6 contains the T165A mutant.
Lane 4 is a no-antibody control. The arrow indicates the position of the Thr165 phosphorylation band. (B) Western blotting and immunodetection
of GST-Pho85 in the extracts used for lanes 7, 8, and 9 of the experiment shown in panel A (logarithmically growing cells, starved cells, and
cycloheximide-treated cells, respectively). kD, kilodaltons.
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Role of Pho85 versus that of Srb10 in Gcn4 degradation.
Gcn4 is regulated at the level of degradation not only by Pho85
but also by the RNA polymerase II-associated kinase Srb10
(4). However, even at low levels of Gcn4 expression, Pho85
activity plays a more prominent role in Gcn4 degradation than
Srb10 activity (4), and at high levels, Srb10’s role becomes
undetectable (4 and our unpublished observations). This sug-
gests that Srb10 is responsible for the degradation of a small
pool of possibly chromatin- or promoter-bound Gcn4 mole-
cules. In contrast, Pho85 would be responsible for degradation
of excess, non-chromatin-bound Gcn4 molecules. Regulation
of PCL5 at the level of protein stability ensures that Pho85
activity toward Gcn4 is held in check as long as cells are starved
and Gcn4 activity is required. However, when Gcn4 activity
becomes superfluous, e.g., when cells are overcoming an epi-
sode of starvation, synthesis of the Pcl5 protein resumes, caus-
ing excess Gcn4 to be degraded. The activation of PCL5 tran-
scription by Gcn4 ensures that, in the absence of starvation, a
tight homeostasis of Gcn4 activity is always maintained (Fig.
9).

Correlation between transcriptional activity and degrada-
tion of transcription factors. Regulation of transcription factor
activity can be achieved by a variety of mechanisms, including
degradation. Recent evidence suggests a tight correlation be-
tween transcriptional activity and instability of transcription
factors, at least in some instances (29, 36). One possible ex-
planation for this correlation is that there is an overlap be-
tween consensus degradation signals and transcription activa-
tion domains (29, 36). Alternatively, a degradation system
might exist that targets only the promoter-bound transcription
factor molecules or perhaps even only molecules having par-
ticipated in the process of transcription activation. This may be

FIG. 8. Pcl5 disappears rapidly in starved cells and is constitutively
unstable. (A) Western blot with 50 �g of extract from pcl5� cells or
from W303-1A cells overexpressing Pcl5 from plasmid KB1093 and
either grown in SC medium (LOG), shifted for 30 min to YNB me-
dium plus adenine (STARV), or incubated for 30 min with cyclohex-
imide at 5 �g/ml (CHX). The arrow indicates Pcl5; the star indicates a

FIG. 9. Schematic model of the Pcl5-Gcn4 regulatory loop. See text
for details.

cross-reacting band. (B) Pulse-chase analysis of Pcl5 overexpressed
from the KB1093 plasmid either in normal (SC) medium or after a
shift for 30 min to YNB plus adenine (SD) medium. Note that the
same amount of total incorporated radioactivity was processed for
each time point; therefore, the signal strength at time zero is not
indicative of total cellular protein biosynthesis. (C) Degradation of
endogenous Pcl5. W303-1A cells were subjected to pulse-chase anal-
ysis after induction of PCL5 expression by Gcn4 expressed from the
KB843 plasmid. pcl5� strain KY827 was used as a control. The arrow
indicates the position of the Pcl5 band. kD, kilodaltons.
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the case for Gcn4, the degradation of which depends not only
on Pho85 but also, in part, on the RNA polymerase II-associ-
ated kinase Srb10 (4). Our observations provide yet another
model to explain some instances of correlation between tran-
scriptional activity and degradation of transcription factors.
Since Pcl5, by inducing Gcn4 phosphorylation, causes its deg-
radation, the transcriptional activity of Gcn4, by promoting
PCL5 expression, is indirectly responsible for its own degrada-
tion. A similar type of regulation has been shown in animal
cells: transcription factor p53 activates expression of the mdm2
gene, and the MDM2 protein, in turn, causes degradation of
p53 (8, 44).

Role of Pcl5 in substrate selection. Although the function of
the cyclin subunit in determining the substrate specificity of the
cell cycle CDKs has been controversial, it is now becoming
apparent that substrate selection is one of the central roles of
the cyclin (27). For Pho85, several substrates have been iden-
tified that depend on specific Pcls for phosphorylation—Pho4
depends on Pho80, and Gsy2 depends on Pcl8 and Pcl10. For
Gcn4, we had previously shown that Pcl1 could direct its phos-
phorylation in vitro and that, in addition, Pcl1-associated ki-
nase activity is reduced under the same conditions that lead to
Gcn4 stabilization, suggesting a role for Pcl1 in Gcn4 degra-
dation in vivo (26). However, a pcl1 deletion did not affect
Gcn4 degradation (our unpublished observations) or Gcn4
activity (Fig. 3A). In contrast, here we show that PCL5 is both
sufficient for Gcn4 phosphorylation in vitro (Fig. 4A) and nec-
essary for Gcn4 phosphorylation and degradation in vivo (Fig.
5). One possible explanation for this discrepancy is the differ-
ential regulation of these genes: for example, PCL1 is strongly
cell cycle regulated (25)—therefore, it would be unable to
direct Gcn4 phosphorylation throughout the cell cycle. How-
ever, this explanation is contradicted by our data. Indeed, if the
only reason that only PCL5 is necessary for Gcn4 degradation
in vivo were the periodic expression of PCL1, then placement
of PCL1 and PCL5 under the same regulation should yield
similar activities. This is not the case: when these PCL genes
are both expressed from the GAL1 promoter, only PCL5 can
suppress the overexpression toxicity of Gcn4 (Fig. 3B). An-
other possibility is that, in vivo, differential subcellular com-
partmentalization may affect whether a cyclin is able to direct
the phosphorylation of a given substrate. The transcription
factor Gcn4 is expected to be mainly nuclear, whereas genetic
interactions suggest that Pcl1 functions primarily in the cyto-
plasm (22, 28); however, no direct evidence is available for the
actual localization of either Gcn4, Pcl1, or Pcl5. A third expla-
nation is that reaction conditions in vitro may artifactually
reduce the substrate selectivity of the cyclin/kinase complex,
leading to phosphorylation of nonnatural substrates, as was
found for Pho85/Pho80 (reviewed in reference 3). In support
of this hypothesis, we found that the site specificity of the
Pho85/Pcl1 complex is relaxed compared with that of the
Pho85/Pcl5 complex, with Pcl1 being able to direct phosphor-
ylation of an additional, probably nonnative site(s) on a re-
combinant Gcn4 fragment (Fig. 4). Thus, both our in vivo and
our in vitro data point to Pcl5 as the unique Gcn4-specific Pcl.
The observation we had previously made (26), that Pcl1-asso-
ciated kinase activity is reduced under the same conditions that
lead to Gcn4 stabilization, is due to the fact that Pcl1, like Pcl5,

is an extremely unstable protein that disappears rapidly in
starved cells (our unpublished data).

Microarray analysis and identification of new regulatory
pathways. We were prompted to test for the involvement of
Pcl5 in Gcn4 regulation by a report suggesting that PCL5 may
be a target of Gcn4 (19). Jia et al. had investigated, by mi-
croarray hybridization, changes in global expression patterns in
yeast upon exposure to the amino acid biosynthesis inhibitor
sulfometuron and found that PCL5 is coregulated with other
Gcn4 targets. Microarray hybridization data published with a
second global expression study (33) also suggested that PCL5
is a target of Gcn4. Our finding that Pcl5 is, in fact, part of a
regulatory system that restricts Gcn4 activity attests to the
power of global expression assays to uncover new factors in-
volved in a specific physiological response. On the other hand,
our findings also underscore the fact that coexpression does
not imply similarity of function; although PCL5 transcription is
coregulated with the amino acid starvation response genes, the
Pcl5 protein, by repressing Gcn4 function, is antagonistic to the
amino acid starvation response. Proper modulation of the star-
vation response is achieved through posttranscriptional regu-
lation of Pcl5.
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