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Null mutations in the gene YAK1, which encodes a protein with sequence homology to known protein kinases,
suppress the cell cycle arrest phenotype of mutants lacking the cyclic AMP-dependent protein kinase (A
kinase). That is, loss of the Yak1 protein specifically compensates for loss of the A kinase. Here, we show that
the protein encoded by YAKT has protein kinase activity. Yak1 kinase activity is low during exponential growth
but is induced at least 50-fold by arrest of cells prior to the completion of S phase. Induction is not observed
by arrest at stages later in the cell cycle. Depending on the arrest regimen, induction can occur either by an
increase in Yak1 protein levels or by an increase in Yak1 specific activity. Finally, an increase in Yak1 protein
levels causes growth arrest of cells with attenuated A kinase activity. These results suggest that Yak1 acts in a
pathway parallel to that of the A kinase to negatively regulate cell proliferation.

The cyclic AMP-dependent protein kinase (A Kkinase)
pathway is required for cell cycle progression in the yeast
Saccharomyces cerevisiae. In the absence of A kinase
activity, cells cease to grow and arrest in G, in a manner
similar to that observed following starvation of cells for
essential nutrients (21, 24, 30). In contrast, mutations yield-
ing elevated or unrestricted A kinase activity prevent cells
from arresting in G, following nutrient starvation or heat
shock (8, 38). In addition, such mutations cause loss of
carbohydrate reserves, sporulation deficiency, and sensitiv-
ity to heat shock or to prolonged starvation for nutrients.
These phenotypes have been taken as evidence that A kinase
participates in the cell’s decision to enter a quiescent G,
state. High activity precludes access to G, and low activity
promotes exit from the mitotic cycle and entry into G, (for a
review, see reference 13).

The activity of A kinase is regulated by an elaborate
process mediated by the yeast homologs of mammalian ras
genes (2). The yeast RASI and RAS2 products (referred to
hereafter as Ras), like mammalian ras proteins and a large
family of structurally related proteins, are GTP-binding
proteins that possess an intrinsic but weak GTPase activity.
When bound to GTP, Ras stimulates adenylate cyclase, the
product of the CYRI locus (22, 35). The primary if not
exclusive role of cyclic AMP in the cell is regulation of the A
kinase. The A kinase is composed of two regulatory sub-
units, encoded by BCYI, and two catalytic subunits, en-
coded redundantly by three genes, TPK1, TPK2, and TPK3
(8, 36). Binding of cyclic AMP to the Bcyl1 protein alleviates
Bceyl inhibition of the catalytic subunit and thereby reveals
kinase activity.

The precise mechanism by which the A kinase influences
the cell’s decision between quiescence and growth is not
known. Targets of the A kinase include enzymes involved in
metabolism of storage carbohydrates, enzymes situated a
strategic points in the glycolytic/gluconeogenic pathway,
enzymes required for phospholipid metabolism, transcrip-
tion factors associated with expression of specific genes, and
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proteins involved in production of cyclic AMP itself (10, 29,
34, 39). However, whether A kinase regulation of these
known targets can account for the decision to continue
growing or to exit the mitotic cycle remains unclear (7).

To examine how A kinase influences cell proliferation, we
previously conducted a genetic screen to identify novel
components that might act downstream of the A kinase. By
isolating revertants of strains diminished in A kinase activ-
ity, we identified a gene, YAKI, that exhibited significant
sequence homology to known protein kinases (16, 18). We
observed that null mutations of YAK! allowed strains com-
pletely deficient in A kinase to grow; tpkl tpk2 tpk3 YAKI™
strains are inviable, but tpkl tpk2 tpk3 yakl strains grow.
That is, viability is restored to strains lacking the A kinase by
elimination of yet another kinase, Yak1.

The properties of yakl strains led us to propose that Yakl
acts specifically to inhibit cell growth (16). Yakl could
directly mediate the A kinase growth control by serving as a
negative regulator of cell growth that could be inactivated by
phosphorylation by the A kinase. Alternatively, Yak1l could
participate in a pathway parallel to that of the A kinase, with
overlapping targets but antagonistic effects. Here we provide
confirmation of this latter hypothesis. We show that Yakl
functions as a negative regulator of cell growth. In addition,
our results suggest that Yakl protein and the A kinase are
components of parallel, interdependent pathways.

MATERIALS AND METHODS

Media and growth conditions. Most media used (yeast rich
and minimal media and bacterial media) were prepared as
described previously (12). Nitrogen-poor medium (16) con-
tained 0.17% yeast nitrogen base without ammonium sulfate
or amino acids (Difco) and 2% glucose as a carbon source.
Cells were labelled with 32P; in yeast rich medium that had
been pretreated with ammonium sulfate to precipitate P;
(31). Nocodazole was added to a final concentration of 15
pg/ml as described previously (25). The mating pheromone
a-factor (Sigma) was stored as a 100 pM stock solution in
methanol and added to exponentially growing cells (MATa
barl::LEU2) to a final concentration of 1 wM. Cultures, with
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TABLE 1. Yeast strains

Strain Genotype Source or reference

SGP4 MATa leu2-3,112 trpl ura3-52 his3 ade8 rasl::HIS3 RAS2-URA3 16

SGP34 MATa leu2-3,112 trpl ura3-52 his3 ade8 rasl::HIS3 ras2-34(Ts)-URA3 16

SGP400 MATa leu2-3,112 trpl ura3-52 his3 ade8 yakl-1::LEU2 16

SGY41 SGP400/YEp24 This study
SGY42 SGP400/pGS127 This study
SGY43 SGP400/pGS161 This study
SGY95 MATa cyrl-1 ura3-52 This study
SGY15 MATa cdc28-1 leu2 lys2 his4A34 This study
SGY27 MATa cdc33-1 ura3 leu2 This study
SGY4 MATa cdc63-1 This study
SGY290 MATa ura3-52 his leu2-3,112 trpl ade2-101(Oc) lys2-810(Am)::lys2-GALI10-lacZ barl::LEU2 This study
H8C141 MATa his7 ural cdc8-1 Lee Hartwell
H15C2A2 MATa his7 ural cdcl5-2 Lee Hartwell
H20C1A1 MATa his7 ural cdc20-1 Lee Hartwell

or without added a-factor, were incubated at 30°C for 4 h and
then used to prepare extracts.

Strains and plasmids. Yeast strains are listed in Table 1.
Bacterial strains were MC1066 [A(lac)X74 galU galK strA
hsdR trpC9830 leuB6 pyrF::Tn5] and JM101 [A(lac-pro)
supE thilF' traD36 proAB lacI°Z AMI5] and have been
described elsewhere (9, 27). Phage mpG6 was constructed
by inserting the 2.0-kbp BamHI-HindIll fragment of YAK]/
(16) into the corresponding sites of mpll (27). The high-
copy-number yeast vector YEp24 has been described previ-
ously (4). The lacZ vector (pTRBO0) used to construct the
LacZ-Yakl1 protein fusions was made by T. Burglin and has
been described elsewhere (41).

DNA manipulations. Plasmid DNA was prepared from
Escherichia coli by the alkali lysis method (23). All enzymes
were used according to the specifications of the supplier
(New England BioLabs or Bethesda Research Laboratories
[BRL]), and cloning techniques were as described previ-
ously (23). The lysine (K) at position 398 was changed to a
tyrosine (Y) residue by site-directed mutagenesis according
to the procedure of Zoller and Smith (42). The oligonucleo-
tide S'-ATTGGCTGTATACGTGGTTAAAT-3' was hybrid-
ized to its complementary single-stranded sequence (mis-
matches are underlined) in phage mpG6. Plaques were
screened by hybridization with the labelled oligonucleotide,
followed by digestion of double-strand (replicative-form)
DNA with Accl. An Accl site is formed by the substitution
of both underlined nucleotides for A residues normally found
in those positions. The altered sequence was then cloned
into the appropriate vectors, using the naturally occurring
BamHI and Sall sites of YAKI.

Plasmid pGS127 consists of a 5.6-kbp Nhel-BgllI fragment
(YAKI™) from pGS100 (16) cloned into the corresponding
sites of the high-copy-number URA3 vector YEp24. The
variant pGS161 is the same plasmid containing the K398-to-
Y398 alteration. Plasmid pGS158 was constructed by replac-
ing the 700-bp BamHI-EcoRV fragment of the high-copy-
number vector YEpADES (provided by T. Toda and S.
Cameron) with the 5.6-kbp Bgl/II-Nhel YAKI fragment (the
Nhel site was first made blunt by a fill-in reaction).

The lacZ-YAKI fusion plasmid pGS141 was constructed
by digesting plasmid pTRBO with BamHI, filling in the §’
extensions with Klenow enzyme and the four deoxynucleo-
side triphosphates, digesting the plasmid with HindIII, and
then inserting the 1.1-kbp EcoRV-HindlIII fragment of YAKI
into the appropriate sites. The insertion of this sequence into
pTRBO created an in-frame fusion between most of B-galac-

tosidase and the complete C-terminal 219 amino acids of
Yakl. This region of the Yak1 protein does not contain any
of the conserved kinase domains.

Preparation of Yak1 antisera. Induction, purification, and
preparation of the LacZ-Yakl fusion protein for injection
into New Zealand White rabbits were done essentially as
described previously (41). Polyclonal antibodies were pre-
pared as described previously (19) and used without further
purification.

Labelling of cells. Yeast proteins were labelled in vivo with
[**SImethionine or 2P, according to published procedures
(12, 16, 37), and immunoprecipitations were conducted as
described previously (12) except for the addition of 0.5%
sodium dodecyl sulfate (SDS) in extracts where noted.

Immune complex reactions. Immune complex reactions
were done with a total of 500 pg of protein per immunopre-
cipitation and, except where noted, with 1 pl of undiluted
polyclonal antibody. Cells (50 ml) were harvested during
exponential phase or after 3 to 5 h under conditions for
arrest, washed in sorbitol wash buffer (12), and then dis-
rupted by vortexing in 1 ml of sorbitol lysis buffer (sorbitol
wash buffer with 1 mM phenylmethylsulfonyl fluoride, 10 U
of aprotinin per ml, and 50 mM NaF) and glass beads.
Extracts were clarified by centrifugation twice in a mi-
crofuge at 13,000 rpm, 15 min each time. Clarified extracts
were then used directly or stored at —80°C. After incubation
of the antibody with the extracts at 4°C for 1 h, 20 ul of
protein A agarose (BRL) was added to the reaction mix and
incubation was continued for an additional hour at 4°C. The
immune complex was then washed three times with Her-
mann’s buffer (1% Nonidet P-40, 0.5% deoxycholate, 100
mM NaCl, 10 mM Tris, 1 mM EDTA, pH 7.2) and twice with
100 mM NaCl-10 mM Tris, pH 7.4, and then resuspended in
25 pl of reaction buffer, which consisted of 10 mM Tris (pH
7.4), 50 mM NaF, 200 pg of casein per ml, 10 mM cold ATP,
1 mM MgCl,, and 400 uCi of [y->2P]JATP (ICN) per ml. After
10 min at room temperature, the reactions were stopped by
adding gel loading buffer and boiling for S min. To visualize
Yakl and casein phosphorylation, samples were separated
on 7.5 or 10% polyacrylamide gels.

A kinase phosphorylation of Yakl. In vitro phosphoryla-
tion of Yakl by bovine A kinase was carried out after
immunoprecipitation of Yak1 or Yak1¥3°8Y from extracts. A
kinase catalytic subunit (1 U; Sigma) was added to the
immune complex along with either unlabelled ATP (10 mM)
or [y->2P]JATP (400 pnCi/ml) and, where indicated, A kinase
inhibitor (10 pg/ml; Sigma) and casein (200 pg/ml). Reaction
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FIG. 1. Identification of Yakl protein by immunoprecipitation.
Extracts of [**S]methionine-labelled cells were prepared as de-
scribed in Materials and Methods and mixed with preimmune (Pre)
or anti-Yakl (Ab) serum. Immunoprecipitates were collected and
washed as described in Materials and Methods and then separated
on a 7.5% polyacrylamide gel. Immunoprecipitations were per-
formed in 500-pl aliquots, using 1 pl of polyclonal serum (with the
exception of lane 7, in which 3 pl of serum was used). Strains were
SGY41 (yakl), SGY42(YEpYAK1), and SGP4 (YAKI). The stan-
dards used in all figures to determine molecular sizes (positions
indicated in kilodaltons here and in Fig. 2, 3, and 6) were prestained
high-molecular-weight markers from BRL (in Fig. 4 and 5, the
positions of the standards are not marked).

mixtures were incubated for 20 min at 30°C, and the reac-
tions were stopped by boiling in loading buffer. When the
effect of A kinase phosphorylation on Yakl activity was
monitored, reactions were terminated by several washes
with reaction buffer, and then the mixtures were incubated
with casein and [y-3?P]ATP as described above.

Immunological techniques. For Western immunoblot anal-
ysis, extracts (500 ng) were fractionated by SDS-polyacryl-
amide gel electrophoresis (PAGE) and transferred to rein-
forced nitrocellulose by electrophoresis (19). The filter was
incubated with anti-Yak1l antibody at a 1/300 dilution, fol-
lowed by either goat anti-rabbit antibody conjugated to
alkaline phosphatase (Sigma) or goat anti-rabbit antibody
conjugated to biotin. In the latter case, the filter was then
incubated with alkaline phosphatase conjugated to avidin
(BRL).

RESULTS

Yak1 is a protein kinase. The nucleotide sequence of YAK/
predicts that it encodes a 97-kDa protein with extensive
homology to known protein kinases. Over a 280-amino-acid
region, the YAKI sequence is 32% identical to the catalytic

domains of the S. cerevisiae Cdc28 and Schizosaccharomy- .

ces pombe Cdc2 protein kinases (16). In particular, those
amino acid sequences strictly conserved among known
protein kinases (18) are present within the predicted YAK/
sequence. This sequence similarity led us to examine
whether Yakl is a protein kinase.

We raised polyclonal antibodies against a -galactosidase—
Yak1 fusion protein purified from E. coli. As shown in Fig.
1, this serum recognizes a 97-kDa protein from extracts of a
YAKI™ strain that is absent from extracts of an isogenic yak/
strain. The amount of this protein is present at increased
levels in extracts of a strain harboring a multicopy plasmid
carrying YAKI (lane 4). These results demonstrate that the
serum contains antibodies that recognize Yakl and that
Yakl is the 97 kDa protein specifically precipitated by the
serum.
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FIG. 2. Evidence that Yakl catalyzes autophosphorylation in
vitro. (A) Extracts of [>**SImethionine-labelled cells were prepared
and treated as described in the legend to Fig. 1. Immunoprecipitates
were fractionated on a 7.5% polyacrylamide gel. (B) Protein extracts
from unlabelled cells were immunoprecipitated as in panel A with
preimmune (Pre) or anti-Yakl (Ab) antibody. Immunoprecipitates
were incubated with [y->?P]JATP as described in Materials and
Methods, washed, and then fractionated by PAGE. Strains were all
constructed by transforming SGP400 (yak!) with YEp24 containing
the YAKI allele indicated in parentheses: SGY41 (yakl), SGY42
(YAK]I), and SGY43 (yak1*%®).

To assess whether Yakl has protein kinase activity, we
determined whether Yakl could phosphorylate itself in
vitro. We immunoprecipitated Yakl from an extract of an
unlabelled YAK! strain and incubated it with [y-3>P]ATP.
This procedure resulted in phosphorylation of a 97-kDa
protein (Fig. 2B). To eliminate the possibility that in vitro
Yak1 phosphorylation was catalyzed by a protein kinase that
coprecipitates with Yakl, we examined the in vitro auto-
phosphorylation activity of an ATP-binding-deficient yakl
mutant. We introduced a mutation in YAK/ to convert lysine
398 to tyrosine. This lysine residue corresponds to the
conserved lysine shown to be required for ATP binding and,
accordingly, kinase activity of a variety of known protein
kinases (18). The resulting mutant YAK/ gene, yak]®3%%Y,
fails to complement yak! mutations (data not shown), even
though the 97-kDa, Yak1-specific protein is present in strains
carrying the mutant allele (Fig. 2A, yak13%%). Incubation of
[y-3?PJATP with an immunoprecipitate obtained with our
anti-Yak1 serum and an extract of a yak/®>8Y strain failed
to yield any detectable phosphorylation of a 97-kDa protein
(Fig. 2B). This result confirms that in vitro phosphorylation
of the Yakl protein results from an autocatalytic reaction
and, accordingly, that Yakl is a protein kinase.

We also examined whether Yak1 protein could phosphor-
ylate various exogenous substrates. Immunoprecipitates of
Yak1 were unable to phosphorylate histone H1 or enolase.
However, casein could be efficiently phosphorylated by
immunoprecipitates of Yak1 protein (see, for example, Fig.
5). Phosphorylation activity required either Mg?>* or Mn?*
as a divalent cation; neither Ca2* nor Zn>* could substitute.

Yak1 is phosphorylated in vivo by other protein kinases.
One model to account for the behavior of yak/ mutants
postulates that Yakl serves to inhibit cell growth but that
Yak1 activity can be attenuated by phosphorylation by the A
kinase. This model was prompted in part by the presence of
four A kinase consensus phosphorylation sites within the
nonconserved amino half of Yakl. To test this model, we
examined whether Yakl1 is phosphorylated in vivo and, if so,
what effects this phosphorylation has on Yak1 protein kinase
activity.
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FIG. 3. Phosphorylation of Yak1 by itself and by other kinases in
vivo. Extracts from strains labelled with 2P; were immunoprecipi-
tated with preimmune (Pre) or anti-Yakl (Ab) antibody. Immuno-
precipitates were fractionated on a 7.5% polyacrylamide gel. Strains
were SGY42 (YAKI) and SGY43 (yakI>®®) (see Fig. 2).

As the first step in this analysis, we determined that Yak1
is phosphorylated in vivo both by itself and by other cellular
kinases. Exponentially growing YAK! and yak1®¥3°®Y strains
were labelled with 32P,. Yak1 was immunoprecipitated from
extracts of labelled cells and fractionated by SDS-PAGE. As
shown in Fig. 3, Yakl protein from a YAKI/ strain is
extensively phosphorylated in vivo, while Yak1¥3%®Y from
the yak1®3%8Y strain is also phosphorylated in vivo, but to a
lesser extent than seen for Yak1 (Fig. 2A shows the relative
amounts of the two proteins). As is evident from the [*°S]
methionine-labelled cultures, the steady-state level of
Yak1¥3%8Y g significantly lower than that of wild-type Yak1l
protein.

We interpret these results to indicate that Yak1 undergoes
extensive autophosphorylation in vivo. Since the mutant
protein, which is unable to catalyze autophosphorylation, is
phosphorylated in vivo, Yakl must also serve as a substrate
for other protein kinases in the cell. Finally, to a first
approximation, the extent of in vivo phosphorylation of
Yak1¥3%8Y appears to be equivalent. The diminished amount
of phosphorylated Yakl protein in yakl¥3%8Y versus YAK!
strains reflects primarily a diminished level of Yak1 protein
as well as the absence of autophosphorylation in the mutant
strain.

To determine the role of the A kinase in Yakl phosphor-
ylation, we examined the ability of the A kinase to phos-
phorylate Yak1¥398Y both in vitro and in vivo. Incubation of
immunoprecipitated, SDS-treated Yakl* protein with bo-
vine protein kinase A (Sigma) and [>>P]ATP led to extensive
phosphorylation of the Yakl protein (Fig. 4A). Similar
results were obtained with native or denatured Yak1¥3%8Y
protein. This finding indicates that A kinase phosphorylates
Yakl in vitro. To determine whether it actually does so in
the cell, we immunoprecipitated Yakl protein from 32P;-
labelled yakl®3%8Y TPK* and yakI®3°%Y tpkl tpk2 tpk3
strains. We observed phosphorylation of Yak1 protein from
both strains, although the level of Yak1l phosphorylation in
the A kinase-deficient strain varied considerably with each
experiment (data not shown). While this variation may be
due to the considerably slower growth of the zpk strain, it has
made it impossible to determine unequivocally whether
Yakl protein is a substrate of the A kinase in vivo. Never-
theless, these results suggest that if Yak1 is phosphorylated
by the A kinase, it serves as a substrate for at least one other
kinase as well.

To address the significance of A kinase phosphorylation of
Yakl, we examined the kinase activity of Yakl protein
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FIG. 4. Evidence that Yakl protein is a substrate for the A
kinase in vitro. (A) Extracts from unlabelled cells were prepared as
described in Materials and Methods. Immunoprecipitation with
anti-Yak1 antiserum was performed on native extract or on extract
denatured by addition of 0.5% SDS, as indicated (the presence of
0.5% SDS does not inhibit immunoprecipitation of Yak1 protein by
the anti-Yak1 antiserum). Immunoprecipitates were incubated with
[>’P]ATP and casein and either with no further additions, with A
kinase, or with A kinase plus A kinase inhibitor, as indicated. (B)
Yak1 protein was immunoprecipitated with anti-Yak1 antibody from
an extract of strain SGP4 (YAK), prepared from asynchronous cells
following starvation of the strain for nitrogen as described in
Materials and Methods. Identical immunoprecipitated samples were
incubated with unlabelled ATP and either with no further additions,
with A kinase, or with A kinase plus A kinase inhibitor, as indicated.
The samples were washed extensively, incubated with casein, A
kinase inhibitor, and [*>P]JATP, and then fractionated on a 10%
polyacrylamide gel.

before and after treatment with bovine A kinase in vitro. As
seen from the results presented in Fig. 4B, the ability of
Yak1 to phosphorylate casein is undiminished by preincuba-
tion with bovine A kinase. Results similar to those shown in
Fig. 4B have been observed with use of Yak1 isolated from
ras(Ts) and nutrient-starved cells (data not shown). Thus, in
this context, phosphorylation by A kinase in vitro has little
effect on the kinase activity of Yakl.

Yak1 kinase activity is induced by arrest early in the cell
cycle. If Yak1 acts as a negative regulator « f growth, then we
might anticipate that Yakl activity should increase coinci-
dent with cessation of cell growth. Accordingly, we used the
Yakl immune complex assay described above, monitoring
casein phosphorylation as a measure of Yak1 kinase activity,
to examine Yakl activity under various conditions causing
growth arrest. These experiments were conducted with
strains in which YAK] was present at single copy at its
normal chromosomal location. The results of this analysis
are presented in Fig. 5.

We first examined the effects on Yak1 activity of arresting
growth in G,. As shown in Fig. 5A, YAKI cells arrested in
G, by nitrogen starvation exhibit a significant increase in
Yakl-catalyzed casein phosphorylation. Enhanced casein
kinase activity is Yakl specific, since an isogenic
yakl::LEU2 strain fails to yield immune complexes with
appreciable casein phosphorylation activity under the same
conditions. Preimmune serum also fails to precipitate an
activity from nitrogen-starved YAKI cells capable of phos-
phorylating casein (data not shown).

Similar results were obtained by incubating G;-specific,
temperature-sensitive cdc mutants at the nonpermissive
temperature (Fig. SB). For example, a ras! strain carrying a
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FIG. 5. Induction of Yak1 protein kinase activity by arrest early in
the cell cycle. Extracts of strains grown as indicated below were
incubated with anti-Yak1 antiserum. Immunoprecipitates were col-
lected, washed, and then incubated with casein and [*’P]ATP as
indicated in Materials and Methods. Reactions were terminated by
addition of sample buffer, and the samples were then fractionated on
10% polyacrylamide gels. The positions of migration of casein and
Yak1 protein are indicated. (A) Arrest by nitrogen starvation. Strains
were grown in synthetic complete medium to 10° cells per ml and then
shifted to nitrogen-poor medium supplemented (+) or not supple-
mented (—) with ammonium sulfate (nitrogen) as described in Mate-
rials and Methods. Cells were harvested 6 h after the shift. Strains
were SGP4 (YAK!) and SGP400 (yak!). (B) Arrest of Gy-specific cell
cycle mutants. Cultures of the indicated strains were grown at 23°C to
10° cells per ml and then divided into two cultures, one of which was
continued at 23°C and the other shifted to 35°C. Cells were harvested
3 h after the shift. Strains were SGP34 [ras(Ts)], SGP4 (RAS™), SGY4
(cdc63), and SGY9S5 (cyrl). (C) Arrest at stages other than G,
Temperature-sensitive strains were treated as in panel B. YAK! and
yakl strains were grown at 30°C in YEPD medium to 10° cells per ml,
and then incubation was continued for 3 h in the presence (+) or
absence (—) of nocodazole (25). Strains were SGY16 (cdc28), H8C141
(cdc8), H15C2A2 (cdcl5), SGP4 (YAKI), and SGP400 (yakl). (D)
Arrest by nitrogen starvation, pheromone addition, and heat shock.
Cultures were grown at 30°C and starved for N (as in panel A) or
arrested for 4 h by the addition of a-factor as described in Materials
and Methods. Strains were SGP4 (YAKI, N) and SGY290 (YAKI,
oF). For heat shock, cultures were incubated at 22°C and then shifted
to 38°C for the indicated times (minutes). Strains were SGP400 (yaklI)
and SGP4 (YAK]).
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temperature-sensitive ras2 allele (16) shows a substantial
increase in Yakl activity upon shift to the nonpermissive
temperature. This increase does not occur in an isogenic
RAS? strain, arguing that a temperature shift per se does not
stimulate Yak1 activity. Similarly, a strain carrying a tem-
perature-sensitive cyrl allele also exhibits an increase in
Yakl activity at the nonpermissive temperature. Induction
of Yak1 activity is not strictly dependent on inactivation of
the Ras/A kinase pathway, though. Two other mutant
strains, carrying cdc63 (17) and cdc33 (6) temperature-
sensitive alleles, respectively, exhibit G, arrest and also
show a significant increase in Yak1 activity upon shift to the
nonpermissive temperature (Fig. 5B and data not shown).
Finally, temperature shift and extended growth at 35°C do
not induce Yak1 protein activity (Fig. 5B).

Induction of Yakl1 activity can also occur by arresting cells
between G, and S phase but not by arresting cells after S
phase. As shown in Fig. 5C, cdc28 (late G, arrest; 26) and
cdc8 (early S-phase arrest; 30) strains incubated at the
nonpermissive temperature have enhanced Yak1 casein ki-
nase activity. However, mitosis-specific mutants cdcl5 and
cdc20 (data not shown) shifted to the elevated temperature
do not have enhanced activity (30). Similarly, arresting cells
at mitosis with the microtubule-depolymerizing drug no-
codazole (20) fails to elicit induction of Yak1 activity (note
that the autoradiographic exposure for this experiment is
considerably longer than that for the other experiments
shown in Fig. 5).

Temperature shift and nitrogen starvation have, to varying
degrees, been implicated in the stress response. Thus, one
interpretation of the results shown in Fig. 5A to C was that
the stress response, and not cell cycle arrest per se, was
responsible for the increase in Yakl activity. The results
presented in Fig. 5D argue against this possibility. Addition
of the mating pheromone a-factor to MATa cells elicits a
phenotype similar to that exhibited by a cdc28 strain incu-
bated at the restrictive temperature. It is clear from lanes 3
and 4 of Fig. 5D that a-factor results in an increase in Yakl1
activity that is comparable in magnitude to the induction
exhibited by cdc28 (Fig. SC) and N-starved (Fig. 5A and D)
cells. By contrast, conditions that elicit the heat shock
response (shift from 22 to 38°C for the times indicated; 33)
result in only a moderate and transient increase in Yakl
kinase activity (Fig. SD, lanes 7 to 11). This increase is
clearly insufficient to account for the activation observed on
nutrient deprivation or G, arrest.

Yak1 activity is induced through two different mechanisms.
Several different molecular mechanisms could account for
the increase in Yak1 activity seen in cells arrested early in
the cell cycle. These can be divided into two broad catego-
ries: (i) those that increase the activity of Yakl through
phosphorylation-induced activation, for example, and (ii)
those that increase the amount of Yak1, such as activation of
YAK]| transcription, stabilization or enhanced translation of
YAKI mRNA, or reduced Yakl turnover. To distinguish
between these two categories, we examined the level of
Yakl protein under the conditions used to examine Yakl
activity.

As shown in Fig. 6, for every arrest regimen tested except
nitrogen starvation, much of the increase in Yakl casein
kinase activity can be accounted for by an increase in the in
vivo level of Yakl. Since we cannot detect, by Western blot,
uninduced levels of Yakl in single-copy YAK]I strains, we
cannot determine the absolute degree of Yakl induction.
However, the value is certainly commensurate with the fold
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FIG. 6. Analysis of Yakl protein levels under conditions of
induction of Yakl activity. Extracts were prepared from strains
grown as described in the legend to Fig. 5. Samples of the extracts
were fractionated on a 7.5% polyacrylamide gel, transferred to
nitrocellulose, and probed with anti-Yakl serum as described in
Materials and Methods. The position of migration of Yak1 protein is
indicated. The upper band in all lanes is seen by preimmune serum
and is not related to Yak1. Strains were as indicated in the legend to
Fig. S.

increase in casein kinase activity seen under the same
conditions.

In contrast to these results, induction of Yakl-specific
casein kinase activity upon starvation for a nitrogen source
is not accompanied by an increase in Yakl levels (Fig. 6).
This finding suggests that induction occurs by activation of
the protein, most likely through some posttranslational mod-
ification. Consistent with this observation, the extent of
Yakl in vitro autophosphorylation following nitrogen star-
vation is less than that seen with protein obtained prior to
starvation (Fig. SA). This suggests that Yak1 isolated post-
starvation contains fewer unphosphorylated sites than does
protein isolated prior to starvation.

Overproduction of Yak1 protein can inhibit cell growth. If
Yak1 participates in suppressing cell proliferation, then we
would predict that its overexpression should cause growth
arrest. Under certain circumstances, this prediction is ful-
filled. For instance, the growth of ras! strains carrying a ras2
temperature-sensitive allele are inhibited at the permissive
temperature by the presence of a high-copy-number YAK]/
plasmid. In the absence of YAKI, such strains are viable
under these conditions. Isogenic strains with a wild-type
RAS2* gene are not inhibited by the presence of either
plasmid. These results (Fig. 7) suggest that inhibition of
growth by Yakl is most pronounced in strains in which A

ras(ts)
YED wezz ras(ts)

YEpYAK1

RAS
YEpYAK1
¥ ras(ts)
YEpYAK1
RAS -
YEpYAK1

YEp

FIG. 7. Evidence that YAK! overexpression antagonizes growth
of strains with diminished A kinase activity. Strains were trans-
formed either with a high-copy-number vector (YEp; YEpADES) or
with a derivative containing the YAK! gene (YEpYAKI1; pGS158).
Individual colonies were then streaked for single colonies onto
selective minimal medium agar at the permissive temperature
(23°C). Strains were SGP4 (RAS) and SGP34 [ras(Ts)].
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kinase activity is diminished. By contrast, other cell cycle
defects are not similarly affected, since the growth of a
¢dc28(Ts) strain remains unaltered by the high-copy-number
YAK]I plasmid (data not shown). These results have been
confirmed in strains containing a GALI0-YAK]I fusion, in
which YAK| expression is under control of the galactose-
inducible GAL10 promoter. The GALI0-YAK]| fusion has no
observable effect on wild-type cells, but it imparts a galac-
tose-sensitive phenotype on strains with attenuated A kinase
activity (data not shown; 7). Finally, since Yakl1 activity was
induced in cells arrested in G, and S phase (e.g., cdc28,
cdc63, and cdc8), it seemed possible that at least a subset of
the mutant defects would be suppressed by the yak!I disrup-
tions. However, introduction of the yakl::LEU2 disruption
into mutant strains cdc28, cdc33, and cdc63 failed to allevi-
ate either the temperature-sensitive growth or cell cycle
arrest of any of these strains (data not shown).

DISCUSSION

Yak1 as a negative regulator of cell growth. On the basis of
our initial genetic analysis of YAKI, we proposed that Yakl
plays a critical role in regulating cell growth by functioning
as an attenuator of proliferation. We suggested that for the
cell to grow, Yakl activity has to be either suppressed or
overridden. This hypothesis arose from our observation that
inactivation of YAK allowed strains completely deficient for
the A kinase to grow.

The results presented here confirm and extend that hy-
pothesis. As predicted by the assumption that Yakl serves
as a growth inhibitor, we find that overexpression of YAKI
can attenuate cell growth. This effect is dramatic in strains in
which the A kinase levels are somewhat diminished, such as
rasl ras2(Ts) strains grown at the permissive temperature or
strains with attenuated A kinase activity (7). This observa-
tion reinforces the notion that A kinase activity and Yak1l
activity function in opposition. The A kinase promotes
growth, and the Yakl protein tends to inhibit it. The cell
balances these two activities, and the decision to continue
mitotic growth is determined by which way the scale tips.

Our previous observation that reduced Yakl activity
promotes cell growth in the absence of A kinase activity
argues either that it acts downstream of the A kinase or that
it functions in a parallel pathway. The results presented here
suggest that the latter is more likely. First, A kinase phos-
phorylation of Yakl has little effect on its casein kinase
activity. Certainly, this in vitro observation may reflect a
more complex effect of the A kinase on Yakl activity in
vivo, as is the case for epidermal growth factor receptor-
catalyzed phosphorylation of phospholipase Cy (1). None-
theless, the observation fails to lend support to the hypoth-
esis that A kinase and Yakl are in the same pathway.
Second, while increased Yakl levels coincide with dimin-
ished A kinase activity, induction of Yak1 kinase can also
occur independently of changes in A kinase activity. That is,
cell cycle arrest late in G, or early in S (events not mediated
by the A kinase) also yields enhanced Yak1 levels. Further,
activation of Yakl occurs on nitrogen starvation, a process
that has little effect on A kinase activity (15). Thus, we
suspect that Yakl and the A kinase constitute parallel,
interdependent pathways. Phosphorylation of Yak1 by the A
kinase may reflect a degree of cross-talk between these
pathways.

How might Yak1 inhibit cell growth? In part, Yakl influ-
ences expression of genes normally induced during transi-
tion to stationary phase. For instance, catalase gene expres-
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sion is induced 50-fold on entry into stationary phase (3, 32).
Strains with a multicopy YAK! plasmid show enhanced
levels of catalase expression during exponential growth, and
yakl strains fail to induce catalase following entry into
stationary phase. While Yakl-mediated transcriptional reg-
ulation of a variety of genes might account for Yak1 inhibi-
tion of cell growth, Yakl might also affect cell proliferation
directly. For example, Yakl could inactivate or repress
G;-specific cyclins encoded by CLN1, CLN2, and CLN3 (11,
28, 40). Whatever the actual mechanism, the role of the Yak1
kinase in mediating transition to stationary phase is strik-
ingly analogous to that of FUS3 in mediating transition from
mitotic growth to conjugation competence. FUS3 encodes a
protein kinase and is required to effect both pheromone-
induced arrest of cell growth and pheromone induction of
conjugation-specific genes (14).

Regulation of Yak1 activity. Consistent with the proposed
role of Yakl as an attenuator of growth, Yakl activity
increases coincident with growth arrest. This does not
necessarily establish that the increase in Yakl levels is
responsible for arrest under these conditions. However, the
fact that YAKI overexpression inhibits cell growth could
suggest that the increased expression of YAK/ under condi-
tions of growth arrest does play a role in shutting down the
cell.

The pattern of Yakl activation is complex. First, activa-
tion can occur both by increasing the absolute amount of
Yak1 protein and by increasing the specific activity of the
protein. Second, activation occurs by a variety of conditions
that lead to inhibition of cell growth. Thus, we cannot yet
define a simple causal mechanism for activation, although
several points regarding the induction pattern are worth
noting.

Yakl1-specific casein kinase activity can be enhanced in
vivo by a mechanism independent of increased synthesis.
The particular modification of Yak1 that causes its increased
specific activity is unknown. Yak1 specific activity, but not
Yak1 synthesis, is stimulated by nitrogen starvation, while
diminished A Kinase activity [in ras(Ts) and cyrI(Ts) strains]
causes an increase in Yakl levels but not apparently in its
specific activity. This presents further confirmation that
intracellular signalling prompted by nitrogen starvation pro-
ceeds independently of the Ras/A kinase pathway.

Increases in the absolute amount of Yakl protein in the
cell appears to be subject to cell cycle regulation. As shown
here, Yakl protein levels are induced by mutants that
promote entry into Gq (ras, cyrl, and cdc63; 6, 16, 17, 24)
and by mutants that arrest in G; (cdc28; 26) and early in S
phase (cdc8; 30). Levels are not increased by conditions
causing arrest later in the cell cycle. While the plethora of
conditions leading to increased levels may reflect multiple
signals for induction, a more economical explanation would
be that YAKI expression is cell cycle regulated. At first
blush, this hypothesis seems inconsistent with the fact that
little Yak1 activity is detectable during exponential growth.
However, at least two models can reconcile these observa-
tions. One possibility is that the early stages of the cell cycle
may simply represent a permissive state for induction, the
actual signal for which might be cessation of growth. This
would be similar to the situation for HO expression. HO
expression is restricted to the early stage of the cell cycle,
but superimposed on its cell cycle regulation, HO synthesis
also requires that the cell be haploid and have budded at
least once (5). A second possibility is that Yakl protein
levels may reflect a steady state between synthesis and
decay. The early stages of the cell cycle may favor synthesis
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of Yakl1 protein, while the later stages may favor its decay.
During normal mitotic growth, little accumulation would
occur. However, during arrest at an early stage in the cell
cycle, the prolonged pause would allow significant accumu-
lation of the protein. The period of accumulation of Yakl
protein is similar to that noted for G,-specific cyclins (40).
This coincidence, along with the fact that both are involved
in growth control, might suggest that expression of both G,
cyclins and Yak1 protein is regulated by a common mecha-
nism.
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