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For cells of the yeast Saccharomyces cerevisiae, heat shock causes a transient inhibition of the cell
cycle-regulatory step START. We have determined that this heat-induced START inhibition is accompanied by
decreased CLN1 and CLN2 transcript abundance and by possible posttranscriptional changes to CLN3
(WHI1/DAF1) cyclin activity. Persistent CLN2 expression from a heterologous promoter or the CLN2-1 or
CLN3-1 alleles that are thought to encode cyclin proteins with increased stability eliminated heat-induced
START inhibition but did not affect other aspects of the heat shock response. Heat-induced START inhibition
was shown to be independent of functions that regulate cyclin activity under other conditions and of
transcriptional regulation of SWI4, an activator of cyclin transcription. Cells lacking Bcyl function and thus
without cyclic AMP control of A kinase activity were inhibited for START by heat shock as long as A kinase
activity was attenuated by mutation. We suggest that heat shock mediates START blockage through effects on

the G, cyclins.

Cell proliferation by the budding yeast Saccharomyces
cerevisiae is regulated primarily at a central control step in
G, named START. Performance of START requires activa-
tion of a highly conserved protein kinase that, for S. cerevi-
siae, is encoded by the CDC28 gene (28). The product of the
CDC28 gene, termed p34 kinase, is activated when com-
plexed with other proteins termed G, cyclins, the products
of a functionally redundant family of genes, CLNI1, CLN2,
and CLN3 (WHII/DAFI) (117, 31, 36, 53). The absence of
CLN gene expression leads to the arrest of cell proliferation
at START as a consequence of failure to activate the p34
protein kinase (7, 37).

START is also affected by an abrupt transfer of prolifer-
ating wild-type cells to an elevated growth temperature. This
thermal shock induces a variety of cellular responses, re-
ferred to collectively as the heat shock response (27). Among
these responses is a transient inhibition of START (24, 42)
that causes heat-shocked wild-type populations to accumu-
late transiently as unbudded cells (24). These cells then
spontaneously recover, even under heat shock conditions,
so that START is performed and the cells resume prolifera-
tion. We have demonstrated that heat shock blocks START
without removing cells from the mitotic cell cycle (11).

In the course of other studies, we noticed that heat shock
results in decreased transcript abundance for a number of
genes, including the CLN1 and CLN2 genes that encode two
of the G, cyclins described above (38). We have now more
thoroughly investigated these transcriptional effects and
show here that the characteristic inhibition of START by
heat shock is affected by altered cyclin expression. We have
also assessed the effect of altered cyclin protein stability (17,
31, 36) on the heat shock response and the involvement of
known regulators of G, cyclin expression on heat-induced
cell cycle blockage.

* Corresponding author.
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MATERIALS AND METHODS

Strains and plasmids. The yeast strains used are listed in
Table 1. Plasmids YCpG2-CLN2 (53), containing the wild-
type CLN2 gene under the control of the GAL1 promoter,
and Bd824, containing the SWI4 gene under GAL control,
were provided by C. Wittenberg and L. Breeden, respec-
tively. The CLN3 (WHII/DAFI1) gene was disrupted by
using plasmid pWJ310 (31), provided by B. Futcher, and the
disruption was confirmed by Southern analysis. For each
analysis, the behavior of mutant strains was compared with
that of an appropriate wild-type control strain.

Culture conditions and assessment of cellular parameters.
Cells were grown in YMI1 complex liquid medium supple-
mented with 2% glucose or in YNB defined liquid medium
supplemented with 2% glucose, amino acids (40 pg/ml), and
nucleotide bases (20 pg/ml) as required to satisfy auxotro-
phies (18, 22). Cell concentration was determined with an
electronic particle counter (Coulter Electronics Inc.), and
cell morphology was assessed by direct microscopic inspec-
tion (19). Routinely, proliferating cells were subjected to
heat shock at cell concentrations of approximately 5 x 10°
cells per ml. Before assessment of cellular parameters, cells
were fixed in Formalin and sonicated briefly to disrupt any
clumps (19), and at least 200 cells were scored for each
determination. Acquired thermotolerance was assessed as
described before (2).

Northern (RNA blot) analysis. Cells were grown at 23°C to
a concentration of 4 X 10° to 6 X 10° cells per ml before a
portion of the culture was shifted to 37°C and incubated
further. Total RNA was extracted as described before (35,
41). Equal amounts of RNA (usually 20 pg per lane) were
denatured and resolved electrophoretically through formal-
dehyde-agarose gels (29). RNA was transferred to a nylon
membrane (NEN Research Products) and cross-linked by
UV irradiation with a model 2400 cross-linker (Stratagene).
Hybridization with restriction fragments was done as de-
scribed before (45).
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TABLE 1. S. cerevisiae strains

Strain Relevant genotype?® Source® (reference)
GR2 his6 ural DYL (22)
LDW6A his CLN3-1 DYL (49)
21R adel leu2-3,112 ura3-52 J. E. Hopper
JHY627 adel his3 leu2-3,112 trpl ura3 C. Wittenberg
JHY629 adel his3 leu2-3,112 trpl ura3 cinl::URA3 C. Wittenberg
JHY631 adel his3 leu2-3,112 trpl ura3 cln2::LEU2 C. Wittenberg
JHY633 adel his3 leu2-3,112 trpl ura3 cinl::URA3 cin2::LEU2 C. Wittenberg
GCY24 adel his3 leu2-3,112 trpl ura3 CLN2-1° C. Wittenberg
CWY231 adel his3 leu2-3,112 trpl ura3Ans C. Wittenberg
CWY229 adel his3 leu2-3,112 trpl ura3Ans cin2::LEU2 C. Wittenberg
BF338-2a adel his3 ura3 B. Futcher
BF338-2a whi::URA3 adel his3 ura3 cin3::URA3 B. Futcher
FC279 Aura3 his2 adel trpl leu2 barl::LEU2 F. Chang and 1. Herskowitz (6)
FC280 Aura3 his2 adel trpl leu2 barl::LEU? farl::URA3 F. Chang and I. Herskowitz (6)
L3999 ura3-52 trplAl leu2-3,112 lys2-801 J. Brill and G. Fink (13)
LA4645¢ ura3-52 trplAl leu2-3,112 lys2-801 fus3-6::URA3 J. Brill and G. Fink (13)
RS13-7C-1 his3 leu2 ura3 trpl ade8 tpkl::URA3 tpk2*! tpk3::TRPI bcyl::LEU2 M. Wigler (33)
RS58Ac3 his3 leu2 ura3 trpl ade8 tpk1™’ tpk2::HIS3 tpk3::TRP1 bcyl::LEU2 cin3::URA3  This study

@ All strains are MATa.
® DYL, Dalhousie Yeast Laboratory.
¢ The CLN2-1 mutant gene is integrated at the TRPI locus.

4 Strains 1.3999 and 14645 were previously named EEX171-13B and EY419 (13), respectively (3a).

Restriction fragments used to visualize transcripts. The
CLNI1 probe was a 1.6-kbp Ndel-BamHI fragment carried on
plasmid pRK171, and the CLN2 probe was a BamHI frag-
ment from pUC10-CLN2, both provided by C. Wittenberg.
The CLN3 probe was a 1.6-kbp EcoRI-Xhol fragment from a
plasmid containing the CLN3 gene, provided by F. Cross.
The specificity of each cyclin probe was confirmed by
Northern analysis of RNA from cyclin-disrupted strains
(data not shown). The ACTI probe was a 1-kbp HindIII-
Xhol fragment from pRS208, a gift from R. Storms. The
SWI4 probe, provided by L. Breeden, was a 3.1-kbp PstI-
BamHI fragment from pIC19R, and the SSA3 probe was a
750-bp Rsal fragment from pUC9-SSA3.

RESULTS

Heat shock inhibits cyclin gene expression and START.
Cells proliferating at 23°C were transferred to 37°C, and
samples were removed at intervals for assessment of bud
morphology. (For this yeast, the presence of a bud reflects
the cell cycle position: cells in the G, interval of the cell
cycle are unbudded [20].) As expected (24), wild-type cells
responded to this heat shock by transiently accumulating in
the unbudded (G,) interval of the cell cycle, at the regulatory
step START (Fig. 1A). The heat-induced inhibition of
START is only temporary, and cells soon resume prolifera-
tion even when maintained at the elevated temperature (24)
(data not shown). We determined the abundance of cyclin
transcripts for these heat-shocked cells. As shown in Fig.
1B, CLNI and CLN2 transcript abundance was decreased
by 20 min after the transfer to 37°C. Like the effect of heat
shock on START, the effect of heat shock on CLNI and
CLN?2 transcript abundance was also transient. Within 40 to
60 min after the transfer to 37°C, the levels of CLNI and
CLN2 transcripts increased (Fig. 1B). Thus, upon heat
shock the inhibition of cyclin expression occurs prior to the
inhibition of START, and the recovery of cyclin transcript
levels occurs prior to the performance of START. Because
cyclin gene expression is necessary for the performance of
START (37), it is reasonable to infer that heat shock could

inhibit START, at least in part, by decreasing cyclin expres-
sion.

To test the effects of continued transcription of cyclin
genes, we heat-shocked cells that were expressing the wild-
type CLN2 gene from a heterologous promoter, the GALI
promoter (37). As shown in Fig. 1G and H, for these cells
growing in medium with galactose as the carbon source, the
levels of CLN2 transcript expressed from the GALI pro-
moter remained high during heat shock, and there were no
signs of START inhibition (no accumulation of unbudded
cells). This aberrant cell cycle response to heat shock was
not simply the result of inhibition of progress through
another stage of the cell cycle, because heat-shocked cells
expressing high levels of CLN2 transcript continued to
proliferate, with kinetics indistinguishable from those of the
isogenic wild-type control cells (data not shown). Persistent
CLN?2 transcription during heat shock therefore suppresses
the inhibition of START.

Expression of the CLN2 gene from the inducible GAL1
promoter results in greater transcript abundance than ex-
pression from the endogenous CLN2 promoter (Fig. 1 leg-
end). We therefore also determined the effect of lower levels
of persistent CLN2 expression on the heat shock response.
Low concentrations of glucose have been shown to decreasc
but not abolish expression from GAL promoters (1), and we
found that addition of 0.25% glucose to cells proliferating in
2% galactose decreased GALI-regulated CLN2 transcripts
to a level only slightly higher than that of the endogenous
CLN?2 transcript (Fig. 11, and data not shown). (This exper-
iment was performed with a GALI-CLN2 transformant
harboring a chromosomal c/n2 null mutation [Table 1], so
that the only detectable CLN2 transcript was GAL! regulat-
ed.) As shown in Fig. 11, after heat shock the CLN2
transcript persisted at the same level as the endogenous
CLNZ2 transcript in proliferating control cells. This persistent
but low-level GALI-CLN2 expression also markedly de-
creased the cellular response to heat shock (Fig. 1G, and
data not shown). Thus, persistent CLN2 expression at
physiological levels during heat shock prevents the inhibi-
tion of START.
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FIG. 1. Responses of START and transcription to heat shock. Wild-type (WT) cells of strain 21R (A, B, and C) and the same wild-type
cells transformed with the pGAL-CLN?2 plasmid (G and H) were transferred to 37°C at time zero and incubated for the times indicated.
Likewise, cells of the wild-type strain JHY627 and the CLN2-1 mutant strain GCY24 (D, E, and F), and the Acin2 strain CWY229 transformed
with the pGAL-CLN2 plasmid (G and I) were grown at 23°C and transferred to 37°C at time zero. Strain CWY229 was grown in defined
medium lacking uracil to maintain the pPGAL-CLN2 plasmid and supplemented with 2% galactose to express the GAL-regulated CLN2 gene.
Before heat shock, glucose was added to a final concentration of 0.25%, and cells were allowed to proliferate for at least three generations.
Note that the CLN?2 transcript levels displayed in panel H for cells harboring the pGAL-CLN2 plasmid growing in 2% galactose alone were
higher than those in untransformed wild-type cells, which in this exposure were barely detectable (data not shown). (A, D, and G) Cell
morphology. O, wild type; @, mutant or transformed; A, pGAL-CLN2-transformed Acin2 cells; (B, E, and H) CLN1, CLN2, CLN3, and
ACT]I transcript levels; (C and F) SS43 and ACTI transcript levels; (I) CLN2 and ACTI transcript levels.

Increased cyclin stability prevents heat-induced START
inhibition. All three G, cyclins have been inferred or dem-
onstrated to be unstable proteins (7, 36, 37, 48, 53). De-
creased cyclin transcript abundance might therefore be
expected to cause a rapid depletion of cyclin proteins (37).
Thus, the inhibition of cyclin gene transcription that we
observe after heat shock may affect START in part by
depleting the supply of functional Clnl and Cln2 cyclins.
Conversely, cyclin proteins that persist because of increased
stability might prevent the heat shock-induced START inhi-
bition. To test this idea, we took advantage of the CLN2-1
allele, thought to encode a hyperactive and/or hyperstable
form of the CIn2 cyclin protein (17, 36). The mutant cyclin
protein encoded by CLN2-1 lacks the C-terminal portion of
the Cln2 protein, implicated in targeted cyclin degradation
(17, 36).

The CLN2-1 allele prevented the typical transient accu-
mulation of unbudded cells after heat shock (Fig. 1D). As for
heat-shocked cells expressing the CLN2 gene from the
heterologous GAL promoter, the failure of CLN2-1 mutant
cells to accumulate as unbudded cells was not simply the
result of blockage elsewhere in the cell cycle; heat-shocked
mutant cells continued to proliferate, with kinetics indistin-
guishable from those of the isogenic wild-type control cells

(data not shown). Furthermore, the ability to see an accu-
mulation of unbudded cells after heat shock was not simply
obscured by the unusually low proportion of unbudded cells
in CLN2-1 mutant populations (17); heat-shocked wild-type
cells proliferating in medium containing low concentrations
of the S-phase inhibitor hydroxyurea to decrease the propor-
tion of unbudded cells in the starting population (43) still
displayed a dramatic and transient accumulation of unbud-
ded cells (data not shown). Thus, the CLN2-1 allele prevents
the transient START inhibition after heat shock.

The lack of START inhibition in heat-shocked CLN2-1
mutant cells was not reflected by CLN transcript levels;
mutant cells still displayed the usual transient decrease in
abundance of CLN1 and CLN2 (CLN2-1) transcripts after
heat shock (Fig. 1E). Thus, the ability of the CLN2-1 allele
to prevent the heat-induced inhibition of START most likely
resulted from the persistence of Cln2 activity rather than
from continued Cln2 synthesis.

CLN2-1 mutant cells display other heat shock responses.
The inability of CLN2-1 mutant cells to respond to heat
shock by transiently inhibiting START does not reflect a
more general inability of mutant cells to respond to the stress
imposed by heat shock. As another measure of the heat
shock response, cells were assayed for the heat-inducible
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FIG. 2. Cln3 inactivation is necessary for heat-induced START
inhibition. Cells of wild-type strain JHY627 and cinl::URA3
cin2::LEU2 double-disrupted strain JHY633 (A and B), and wild-
type strain GR2 and CLN3-1 mutant strain LDW6A (C and D) were
heat shocked as described in the legend to Fig. 1. (A and C) Cell
morphology. O, wild type; ®, mutant. (B and D) Transcript levels.
N/A, not applicable.

SSA3 gene transcript levels (51, 52). As shown in Fig. 1F,
CLN?2-1 mutant cells displayed a pattern of SSA3 induction
like that of wild-type cells. Heat-shocked cells are also able
to survive a subsequent exposure to otherwise lethal tem-
peratures, a property referred to as acquired thermotoler-
ance (21, 30); transfer of wild-type cells to a temperature of
37°C (heat shock) allows these cells to then survive brief
incubation at temperatures as high as 52°C. When CLN2-1
mutant cells were incubated at 37°C and then transferred to
52°C, they displayed the same degree of acquired thermotol-
erance as did heat-shocked congenic wild-type cells (data
not shown). Thus, CLN2-1 mutant cells are suppressed only
for certain aspects of the heat shock response, including
heat-induced START inhibition.

Heat shock may inhibit CIn3 cyclin activity posttranscrip-
tionally. Genetic studies have shown that any one of the
three G, cyclin proteins supports the performance of
START. This functional redundancy among members of the
cyclin gene family implies that the transcriptional inhibition
of CLN1 and CLN?2 expression by heat shock might not be
sufficient for the START inhibition that is seen and that the
activity encoded by the CLN3 gene may also have to be
inhibited. We noted that heat shock had little effect on CLN3
transcript levels (Fig. 1B), suggesting that if CIn3 protein
activity is involved, it would have to be inhibited at a
posttranscriptional level.

To examine the possibility that heat shock inhibits the
activity encoded by the CLN3 gene, we characterized the
effects of heat shock on cells lacking both CLNI1 and CLN2
(see Materials and Methods). These Acinl Acin2 double-
mutant cells are kept alive (and able to perform START) by
the activity of the CLN3 gene (37). We found that these
Acinl Acin2 cells also became transiently blocked at START
after heat shock (Fig. 2A). In these double-mutant cells, as in
wild-type cells, CLN3 transcript abundance was not de-
creased by heat shock (Fig. 2B). The inhibition of START in
Acinl Acin2 cells, for which the CLN3 gene is essential,
suggests that Cln3 activity may be inhibited, but the main-
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FIG. 3. Each cyclin can mediate( START) performance after heat
shock. Wild-type cells of strains JHY627 (A and C) and BF338-2a
(E) and cells of strains JHY629, JHY631, and BF338-2a whi::URA3,
harboring the clnl::URA3 (A and B), cln2::LEU2 (C and D), or
cin3::URA3 (E and F) disruption, respectively, were heat shocked
as described in the legend to Fig. 1. (A, C, and E) Cell morphology.
O, wild type; @, mutant. (B, D, and F) Transcript levels.

tenance of normal CLN3 transcript levels in these mutant
cells shows that any such inhibition does not occur at the
transcriptional level.

To determine whether a hyperstable CIn3 protein could
eliminate heat-induced START inhibition, we assessed the
heat shock response of cells harboring the CLN3-1 mutant
allele (WHI1-1 [44]), which encodes a truncated, hyperstable
ClIn3 protein (31, 48) and in this sense is analogous to the
CLN2-1 allele described above. As found for CLN2-1, the
CLN3-1 allele had no effect on the usual transient decrease
in CLNI and CLN?2 transcript levels after heat shock (Fig.
2D) but prevented the transient inhibition of START (accu-
mulation of unbudded cells) (Fig. 2C). CLN3-1 mutant cells
also continued through the cell cycle after the temperature
shift, with kinetics similar to those of the wild-type control
population (data not shown). The prevention of heat-induced
START inhibition by the CLN3-1 allele is consistent with a
requirement for decreased CIn3 protein activity, mediated
posttranscriptionally, to bring about START inhibition by
heat shock.

Cyclin proteins are individually dispensable for heat-in-
duced START inhibition and decreased transcription. In other
situations, the transcription of the CLNI and CLN2 genes
has been found to be influenced by the activity of the Cln3
protein (8, 10), raising the possibility that the heat shock
effects on CLN1 and CLN?2 transcript levels could be medi-
ated by an inhibition of CIn3 protein activity. However, we
found that Acin3 mutant cells, without Cln3 activity, also
exhibited decreased CLN1 and CLN2 transcript levels after
heat shock (Fig. 3, and data not shown). Furthermore,
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FIG. 4. Regulators Farl and Fus3 are unnecessary for heat-
induced START inhibition. Wild-type cells of strains FC279 (A) and
L3999 (C) and cells of strains FC280 and 14645, harboring farl (A
and B) or fus3 (C and D) mutations, respectively, were heat shocked
as described in the legend to Fig. 1. (A and C) Cell morphology. O,
wild type; @, mutant. (B and D) Transcript levels.

single-mutant cells lacking CInl or CIn2 protein activity also
showed normal transcriptional responses to heat shock (Fig.
3) despite the somewhat lower initial cyclin transcript levels
in the Aclnl mutant cells. These heat-induced decreases in
transcript abundance for each single-mutant strain demon-
strate that the transcriptional response to heat is not medi-
ated by any single cyclin. Similarly, each single-mutant
strain devoid of one of the G, cyclin proteins still showed the
usual heat-induced inhibition of START (Fig. 3).

In some cases, including the Acln3 experiment (Fig. 3F),
we have noted prolonged decreases in CLNI transcript
abundance. This variant CLNI response to heat shock was
in each case also seen in closely related wild-type cells (data
not shown). The delayed restoration of CLNI transcript
abundance does not affect recovery from heat shock, since
both wild-type and mutant cells proliferated after heat shock
(data not shown).

Farl and Fus3 regulatory proteins do not mediate heat-
induced START inhibition. START inhibition and concurrent
negative regulation of cyclin gene expression are also
brought about by treatment of haploid yeast cells with
mating pheromone. In that situation, two negative regulators
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of CLN expression have been identified. The FARI gene is a
negative regulator of CLN2 transcription during mating-
pheromone treatment (6), while the FUS3 gene (13) is
necessary to inhibit both the activity of the CIn3 protein and
the transcription of the CLNI and CLN2 genes (12). We
found that the absence of Farl or Fus3 activity did not affect
the heat-induced inhibition of START and the heat-induced
decreases in abundance of the CLN1 and CLN2 transcripts
(Fig. 4). Other forms of regulation must therefore inhibit
cyclin gene expression during the heat shock response.

Heat shock decreases SWI4 expression. Positive regulation
of cyclin activity involves two Swi4-mediated events: tran-
scriptional activation of CLN1 and CLN2, and activation of
the CIn3 protein (32, 34). The SWI4 gene is essential for
robust cyclin gene expression and continued cell prolifera-
tion after heat shock (34). Therefore, one possibility is that
decreased CLNI and CLN2 transcript abundance may be
mediated by heat-induced inhibition of Swi4 activity. As
shown in Fig. 5A, the abundance of SWI4 transcripts
showed a modest transient decrease after heat shock, which
paralleled the decreases in CLN transcript abundance. This
SWIA4 transcript decrease, coupled with the short half-life of
Swi4 protein (3), raises the possibility that heat shock may
lead to decreased Swi4 levels.

To assess any involvement of Swi4 protein in heat-induced
CLN transcriptional effects, strains were constructed in
which SWI4 gene expression was regulated by a GAL
promoter and therefore largely unaffected by heat shock (3)
(Fig. 5C). Cells transformed with a pGAL-SWI4 plasmid
were grown on galactose to express SWI4 from the heterol-
ogous GAL promoter. Heat-shocked cells carrying this
pGAL-SWI4 construct still showed decreased CLNI and
CLN?2 transcript abundance (Fig. 5C). The heat-induced
effects on cyclin gene expression may therefore be modu-
lated by a mechanism that is independent of SWI4 transcrip-
tional regulation, although we cannot exclude posttranscrip-
tional modulation of Swi4 upon heat shock.

Heat-shocked cells expressing the GAL-SWI4 gene also
accumulated as unbudded cells (Fig. 5B), showing that this
response to heat shock is also not abrogated by increased
SWI4 expression.

Heat-induced START inhibition does not require cAMP
control of A kinase. Many features of the heat shock re-
sponse, including acquired thermotolerance and accumula-
tion of storage carbohydrates, are mediated by a cyclic AMP
(cAMP)-mediated signal transduction pathway that modu-
lates the activity of cAMP-dependent protein kinase (A
kinase) (4). For S. cerevisiae, the BCY] gene encodes the
regulatory subunit of A kinase (46); the absence of Bcyl
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FIG. 5. SWI4 transcript levels are decreased by heat shock. Wild-type cells of strain 21R with (C and B, @) or without (A and B, O) the
pGAL-SWI4 plasmid were heat shocked as described in the legend to Fig. 1. (B) Cell morphology. (A and C) Transcript levels.
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FIG. 6. Modulation of A kinase activity by cAMP is unnecessary
for heat-induced START inhibition. Cells harboring the bcyl::LEU2
disruption were heat shocked as described in the legend to Fig. 1. (A
and C) Morphologies of cells of strains RS13-7C-1 and RS58Ac3,
respectively; (B and D) transcript levels in cells of strain RS13-7C-1.

function leads to A kinase activity unbridled by cAMP (33).
A mutation in the BCYI gene has been reported to eliminate
the transient accumulation of unbudded cells brought about
by heat shock. This finding suggests that cCAMP regulation of
A kinase activity may be involved in START inhibition after
heat shock (42).

We determined the heat shock response of bcy! mutant
cells completely lacking the Bcyl regulatory activity be-
cause of disruption of the BCYI gene. Each Abcy! cell also
contained only a single version of the three redundant
cAMP-dependent protein kinase (TPK) catalytic subunits
(33, 47), with catalytic activity attenuated by a fpk™ mutation
(33) (Table 1). The Abcyl tpkI™ and Abcyl tpk2” mutant cells
with attenuated kinase activity still underwent transient
START inhibition after heat shock (Fig. 6A, and data not
shown), and Abcy! tpk™ Acin3 cells were similarly inhibited
(Fig. 6C). The behavior of the Abcy! tpk” cells shows that a
heat-induced inhibition of START can take place without
cAMP modulation of A kinase activity.

The Abcyl tpk” cells were similar to wild-type cells in
decreases in CLN1 and CLN?2 transcript abundance (com-
pare Fig. 6B with Fig. 1B). Thus, the heat shock regulation
of CLN1 and CLN2 transcript levels is unaffected by this
cAMP-independent A kinase activity.

Heat shock gene induction is not affected by cAMP-indepen-
dent A kinase activity. In addition to showing normal heat
shock decreases in CLNI and CLN?2 transcript abundances,
Abcyl mutant cells behaved like wild-type cells in heat
induction of the SSA43 heat shock gene (Fig. 6D). Thus, in
bcyl mutant cells many transcriptional aspects of the heat
shock response remain intact.

DISCUSSION

Heat shock induces a variety of changes in yeast cells,
including altered gene expression and a transient inhibition
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of the cell cycle-regulatory step START. The altered gene
expression after heat shock includes the inhibition of expres-
sion of many genes (16, 40, 50, 51). We show here that two
additional genes whose transcript abundance decreases after
heat shock are the G, cyclin genes CLN1 and CLN2. A third
cyclin gene, CLN3, was unaffected in transcript abundance
by heat shock.

Based on the finding that G, cyclin proteins are rate
limiting for START (26), it is reasonable to assume that the
inhibition of START caused by heat shock may necessitate
the inactivation of G, cyclins. We have shown that heat
shock does in fact decrease expression of the CLNI and
CLN?2 genes, so that CInl and Cln2 protein levels may also
be affected by these decreases. The situation for CIn3 is
different, because CLN3 transcript levels are maintained
during heat shock. Indirect evidence is consistent with
posttranscriptional inhibition of CIn3 activity by heat shock.
This suggestion is supported by the recent identification of
different roles for the G, cyclins in the performance of
START. The mode of yeast reproduction results in an
asymmetric growth pattern, in which a newly produced
daughter cell arises as a bud on the surface of a mother cell.
Different G, cyclins are implicated in the performance of
START in mother and daughter cells; the Clnl and Cln2
cyclins are necessary for the normal timing of START in
daughter cells, while the Cln3 cyclin has a significant role for
START in mother cells (26). We have found that both
mother and daughter cells accumulate as unbudded cells
after heat shock (25), suggesting that the CIn3 activity that is
necessary for START in mother cells may be inhibited by
heat shock.

The supposition that decreased Cln2 activity is necessary
for heat-induced START inhibition is supported by the
findings that both the presence of the CLN2-1 allele and
expression of the CLN2 gene from a heterologous promoter
prevented the inhibition of START by heat shock. Likewise,
inactivation of Cln3 activity by a posttranscriptional mech-
anism is consistent with the effects of the CLN3-1 allele,
encoding a stabilized CIn3 protein (48), and with the heat-
induced START inhibition, without decreased CLN3 tran-
script abundance, in cells lacking functional Clnl and Cln2
proteins. Although other explanations are possible, includ-
ing heat shock inhibition of activities downstream of the G,
cyclins, a simple model is that heat-induced inhibition of
START is mediated through effects on cyclins.

The transient inhibition of START is distinct from other
aspects of the heat shock response, since even in CLN2-1
and CLN3-1 mutant cells that were not inhibited for START,
heat shock still resulted in acquired thermotolerance and in
transcriptional alterations, such as increased expression of
the SSA43 heat shock gene and decreased abundance of the
CLN1 and CLNZ2 transcripts. Thus, the involvement of
cyclins during heat shock is limited to effects on START.

For cells to display the effects of a temporary inhibition of
START (seen as a transient accumulation of unbudded cells)
after heat shock, the heat-shocked cells must be able to
complete cell cycles that were in progress at the time of heat
shock. For all cases examined here, including situations in
which mutant cells did not undergo a transient accumulation
of unbudded cells, progress through the post-START cell
cycle continued after heat shock, and heat-shocked cells
continued to proliferate. Thus, in each case, the absence of
an accumulation of unbudded cells was the result of contin-
ued START activity.

The heat-induced decreases in CLN transcript abundance
seen here are analogous to the effects of the pheromone
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response pathway. Like heat shock, pheromone signalling
also leads to decreased transcript abundance for CLNI and
CLN2 but not for CLN3. The effects of the pheromone
response pathway are achieved in part by the negative
regulatory proteins Farl and Fus3, acting at a transcriptional
level (6, 12, 13). We show here that neither the CLN
transcriptional effects after heat shock nor the heat-induced
START inhibition involves Farl or Fus3 activity. These
results indicate that additional regulatory factors account for
decreased CLNI and CLN?2 transcription after heat shock.

The essential Cdc68 protein, which maintains CLNI and
CLN?2 transcript levels (38), is unlikely to be a regulatory
factor mediating the heat shock effects on these transcripts.
Heat shock does not affect CLN3 transcript abundance (Fig.
1B), whereas decreased Cdc68 function leads to decreased
transcript abundance for CLN3 in addition to CLNI and
CLN?2. On the other hand, the Swi4 protein, which is another
positive regulator of CLN1 and CLN2 gene expression,
could be involved in regulation of CLN transcript levels
during heat shock (32, 34). The absence of Swi4 protein can
impose a temperature-sensitive phenotype, so that swi4
mutant cells accumulate as unbudded cells at 37°C (34). The
same temperature also induces the heat shock response.
Indeed, heat shock causes a transient but limited decrease in
SWI4 transcript levels, which, through instability of the Swi4
protein (3), could result in decreased Swi4 protein levels.
Decreased abundance of this transcription activator may be
sufficient to account for the decreased abundance of the
CLN1 and CLN?2 transcripts after heat shock. However,
persistent high-level SWI4 gene expression from the GAL
promoter did not prevent the heat-induced decrease in CLN1
and CLN2 transcript abundance. Therefore, the heat-in-
duced decreases in SWI4 transcript levels may contribute to
decreased CLN1 and CLN?2 transcript abundance, but heat
shock must also inhibit CLNI and CLN2 expression in a
manner independent of SWI4 transcription.

The regulation of cyclin transcription includes a positive
feedback loop in which increased cyclin activity stimulates
transcription of the CLNI and CLN2 genes, presumably
through indirect activation of the Swi4 transcription complex
(8, 34). Heat-shocked cells are unresponsive to this positive
feedback mechanism, since the presence of hyperstable
and/or hyperactive cyclins in CLN2-1 and CLN3-1 mutant
cells had little effect on heat-induced decreases in CLNI or
CLN?2 transcript abundance. Thus, heat shock must override
any positive feedback on CLN gene transcription caused by
increased cyclin activity.

Our finding that altered A kinase regulation in Abcy! tpk™
mutant cells does not affect heat-induced START inhibition
is especially informative in light of an earlier observation
that cells harboring a bcy! point mutation fail to show
START inhibition after heat shock (42). We also find that
heat-shocked cells harboring bcyl point mutations (5) fail to
show START inhibition and continue to proliferate and that
Abcyl cells with one intact TPK gene behave similarly (25).
Therefore, high levels of TPK-encoded A kinase activity
unregulated by cAMP override the heat shock regulation of
START, while attenuated levels of #pk*-encoded A kinase
activity do not. The ability of unbridled A kinase activity to
provoke prompt performance of START after heat shock is
not due to altered CLN transcriptional regulation; CLN1 and
CLN?2 transcript levels still decrease in heat-shocked Abcy!
mutant cells with an intact TPK gene, while CLN3 transcript
levels remain unaffected (39). Instead, high levels of A
kinase activity may influence the activity of a Cln protein or
a downstream regulator. The involvement of Cln3 is unnec-
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essary, because high levels of unbridled A kinase prevented
heat-induced START inhibition even in Acin3 cells (25). The
CDC28 protein kinase functions downstream of the Cln
proteins but is unlikely to be a direct target of A kinase,
because the Cdc28 protein (28) does not contain an A kinase
consensus phosphorylation site (9).

The inhibition of START by heat shock is not seen without
some restraint of A kinase by mutation or cAMP-mediated
control. The finding that heat shock can inhibit START in
the absence of cAMP modulation of A kinase activity points
to an effect of heat shock that opposes the effects of A kinase
activity, or perhaps to a cAMP-independent modulation of A
kinase itself. An example of a regulatory activity that works
in opposition to A kinase is that of the Yak1 protein kinase,
which is a negative regulator of growth and antagonizes the
effects of A kinase (14, 15). The Yak1 kinase is unlikely to be
involved in heat-induced START inhibition, however, be-
cause mutant cells without Yakl activity still show heat
shock inhibition of START (25).
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