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Yeast cells are keenly sensitive to the availability and quality of nutrients. Addition of glucose to cells
growing on a poorer carbon source elicits a cell cycle delay during G, phase and a concomitant increase in the
cell size. The signal is transduced through the R4S-cyclic AMP pathway. Using synchronized populations of G,
cells, we show that the increase in cell size required for budding depends upon CLN1 but not other G, cyclins.
This delay in cell cycle initiation is associated specifically with transcriptional repression of CLN1. CLN?2 is not
repressed. Repression of CLN1 is not limited to the first cycle following glucose addition but occurs in each cell
cycle during growth on glucose. A 106-bp fragment of the CLNI promoter containing the three Mlul cell cycle
box (MCB) core elements responsible for the majority of CLNI-associated upstream activation sequence
activity is sufficient to confer glucose-induced repression on a heterologous reporter. A mutant CLN2 promoter
that is rendered dependent upon its three MCB core elements due to inactivation of its Swi4-dependent cell
cycle box (SCB) elements is also repressed by glucose. The response to glucose is partially suppressed by
inactivation of SWI4, but not MBP1, which is consistent with the dependence of MCB core elements upon the
SCB-binding transcription factor (SBF). We suggest that differential regulation of CLN1 and CLN2 by glucose
results from differences in the capacity of SBF to activate transcription driven by SCB and MCB core elements.
Finally, we show that transcriptional repression is sufficient to explain the cell cycle delay that occurs in

response to glucose.

The ability to mount adaptive responses to environmental
changes is a fundamental property of living systems. This ca-
pacity is apparent at both the organismal and the cellular levels
and reflects the existence of signaling pathways via which en-
vironmental conditions are translated into cellular responses.
The stimuli provoking such responses are diverse, as are the
mechanisms through which those signals are transduced. Al-
though our understanding of machinery generating and trans-
ducing these signals is in many cases limited, it is clear that
many of these signals ultimately result in alteration of the
pattern of gene expression.

The availability and quality of nutrients comprise one of the
environmental conditions which cells must monitor and to
which they must respond. This is especially important to free-
living microorganisms, such as the budding yeast Saccharomy-
ces cerevisiae, which experience frequent dramatic changes in
nutrient conditions and as a result require reliable mechanisms
for coordinating growth with cell cycle progression. In those
cells the decision of whether and when to initiate a new cell
cycle occurs during the G, interval. When glucose, the favored
fermentable carbon source, becomes available to cells growing
on poorer carbon sources, they not only change the pattern of
expression of many genes involved in carbohydrate metabolism
(reviewed in reference 28) but also undergo an increase in cell
size (17, 19). That is, upon introduction of glucose the cells
transiently delay cell cycle progression during the G, phase and
so attain a larger size than cells growing on poorer carbon
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sources. This increase has been attributed to a resetting of the
minimal cell size required for budding (19).

Upon addition of glucose to the growth medium cells expe-
rience a transient spike in intracellular cyclic AMP (cAMP)
levels followed by a resetting of basal cAMP to a higher level
(4, 29, 35, 36). This increase in cAMP requires activation of
adenylate cyclase, which in yeast results from activation by
Ras-GTP (reviewed in reference 34). It is not clear whether the
spike, the increased basal level, or both are important for the
physiological responses to glucose. The only known target for
cAMP in yeast cells is cCAMP-dependent protein kinase. A
number of observations support the view that the adjustment
of cell size in response to glucose is induced via this pathway.
First, mutants with reduced Ras pathway activity or with re-
duced but unregulated cAMP-dependent protein kinase activ-
ity bud at a smaller cell volume on poor carbon sources and fail
to increase their size in response to glucose (1, 3, 36). Next,
cells expressing constitutively activated Ras2, which in yeast is
an activator of adenylate cyclase, display a large cell size when
growing on nonglucose carbon sources and fail to further in-
crease that size in response to glucose (1). Finally, artificially
elevating the level of intracellular cAMP (by applying high
levels of cAMP exogenously to cells compromised for cAMP
turnover) results in an increase in the minimal budding size of
cells growing on glucose (3, 36). It has not been possible to
evaluate whether cAMP can mimic the effect of glucose on the
size of cells growing on other carbon sources because exoge-
nous cAMP is lethal to cells under those conditions (29). Nev-
ertheless, these observations support a role for ;(AMP and, as
a consequence, for cAMP-dependent protein kinase as medi-
ators of the glucose-induced increase in the minimum budding
size.

Genetic analysis suggests that the G, cyclins are critical
targets for the glucose—-cAMP-induced increase in cell size (3,
36). This is consistent with the observation that cell volume at
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TABLE 1. Yeast strains used in this study

Strain Relevant genotype” Source or reference
15Daub MATa adel his2 leu2 trpl ura3Ans barl A 38
CWY228 MATa clnl::TRP1 38
CWY229 MATa cln2::LEU2 38
DSYS560 MATa cln3A adel his2 leu2 trpl ura3Ans This study
CWY227 MATa clnl::TRPI cln3::URA3 This study
DSY790 MATa cln2x/s cin3A LEU2::GALI-CLN3 This study
DSY12 MATa swi4::LEU2 32
DSY910 MATa mbpl::URA3 33
CWY762 MATa cln2::LEU2 TRPI1::CLN2p-CLN1 This study
CWY765 MATa cln2x/s cin3A LEU2::GALI-CLN3 TRPI1::CLN2p-CLN1 This study
CWY780 MATa clnl::TRP1 URA3::CLNIp-CLN2 This study
CWY785 MATa clnlA cln3A LEU2::GAL1-CLN3 URA3::CLN1p-CLN2 This study

“ All strains are derivatives of 15Daub and have the same genotype except as indicated.

budding is largely a reflection of the activity of G, forms of the
cyclin-dependent protein kinase Cdc28 and, consequently, of
the abundance of the G, cyclins (8, 15, 21). Of the three G,
cyclins, Clnl and CIn2 appear to be largely responsible for
promoting cell cycle progression, whereas Cln3 acts primarily
to promote transcription of CLN1 and CLN2 and other G-
specific genes (12, 33). Although all three G, cyclins are im-
portant in establishing the size at which cells initiate a new cell
cycle, CLNI and, to a lesser extent, CLN2 appear to be targets
of the cAMP signal (3, 36). Consistent with the results of that
genetic analysis, exogenously added cAMP strongly represses
expression of both CLNI and CLN2.

Glucose is the physiologically relevant inducer of this response
which resets the cell volume required for budding. Using synchro-
nized populations of G, daughter cells, we confirm that CLNI is
the primary target for the glucose-induced size increase. We show
that the glucose-induced increase in cell size is exerted, largely,
through repression of CLNI expression, that this repression oc-
curs during each cell cycle when cells are growing on glucose, and
that repression occurs at the level of the promoter. Swi4-depen-
dent cell cycle box (SCB)-binding transcription factor (SBF)-de-
pendent upstream activation sequence (UAS) elements of CLNI
are probable targets for this repression. In contrast, neither the
SBF-dependent gene CLN2 nor the Mlul cell cycle box (MCB)-
binding transcription factor (MBF)-dependent gene RNRI is
transcriptionally repressed in response to glucose. Both are
strongly repressed by exogenously added cAMP. Our data sup-
port the view that differential regulation of CLNI and CLN2
results from differences in their cis-acting binding sites for SBF.
Finally, we show that regulation of the CLNI promoter is suffi-
cient and, at least in part, necessary for modulation of cell size in
response to glucose. Thus, although CLNI and CLN2 are coor-
dinately regulated under many conditions (40), the present study
provides one condition in which differential transcriptional regu-
lation of these genes leads to a physiological response.

MATERIALS AND METHODS

Strains and plasmids. The yeast strains used in this study were all congenic
with 15DaubA, a barlA ura3Ans derivative of BF264-15D (MATa adel his2
leu2-3,112 trpI-1?) (27). The relevant genotypes of individual strains used in this
study are provided in Table 1.

The episomal CEN4 CYCl-lacZ reporter gene plasmids described in this
report are all derivatives of pCZA (6). Constructions of plasmids pCLN2-lacZ
(pAS5'728) and pCLN2Ascb-lacZ (pAscb) were as described previously (32). For
the plasmid pCLNIp-lacZ, the Xhol/AfIII fragment (—683 to —267) containing
the CLN1 promoter was ligated to Xhol and Xbal linkers, respectively, digested
with the appropriate enzyme, and cloned into a Xhol/Xbal-digested pCZA plas-
mid. The plasmid pCLNI(UAS)-lacZ contains a 106-bp fragment of the CLN1
promoter (—633 to —527) driving CYCI-lacZ. This fragment was obtained by
annealing four oligonucleotides containing this sequence and EcoRI and Sall

sites at the 3’ and 5’ ends, respectively. The fragment was cloned into the EcoRI
and Sall site of pCZA.

To generate pCLN2p-CLN1, the Sall/BamHI fragment of pA5’'728 was cloned
into YIplac204. The resulting plasmid, YIplac204-CLN2p, was then digested with
Xhol, blunted with T4 polymerase, ligated to a KpnlI linker, and digested with
Sacl and Kpnl. The Kpnl/Sacl fragment of CLN1 (—333 to 456) was ligated into
Sacl/Kpnl-digested Ylplac204-CLN2p. The resulting plasmid, YlIplac204-
CLN2p-CLNI, was linearized with Spel and transformed into yeast. Transfor-
mants having the appropriate genomic structure were identified by PCR.

To generate pCLNIp-CLN2, the Fspl/Spel fragment of CLN2 (—341 to 489)
was ligated to Kpnl linkers, digested with Kpnl, and ligated into Kpnl/Xbal-
digested YlIplac211, resulting in YIplac211-CLN2. A Kpnl fragment of CLNI
(—673 to —334) was ligated into the Kpnl-digested plasmid YIplac211-CLN2.
The resulting plasmid, YIplac211-CLNIp-CLN2, was linearized with X#ol and
transformed into yeast. Transformants with the appropriate genomic structure
were identified by PCR.

Culture conditions, cell synchronization, and cell size analysis. All strains
were grown in standard culture media: yeast extract-peptone-dextrose, minimal
complete medium, or minimal medium lacking uracil. The carbon source was
were either 2% glucose or 2% glycerol-1% ethanol.

Synchronous populations of small G, cells were obtained by centrifugal elu-
triation. Cells were inoculated into 2 liters of minimal medium containing glyc-
erol-ethanol as a carbon source and grown overnight at 30°C to an optical density
at 600 nm of 0.5. Centrifugal elutriation was performed as described by Stuart
and Wittenberg (33). The elutriated population of G, cells was concentrated by
centrifugation and divided into two aliquots which were resuspended in 200 ml
of prewarmed minimal medium containing either glucose or glycerol-ethanol.
Samples were taken for cell size analysis, determination of budding index, and
RNA analysis at 20-min intervals for a period of 3 to 9 h.

Cell size analysis was performed with a Coulter Channelyzer. Statistical anal-
ysis was performed with software developed by Stefan Lanker and C.W. Approx-
imately 1.5 X 10° cells were diluted into 20 ml of physiological saline, and the
mean cell volume in femtoliters was determined.

For determination of budding index, 200 formaldehyde-fixed cells were
counted and the proportion of budded cells was determined for each time point.

For RNA analysis from asynchronous cultures, cells were grown at 30°C to an
optical density at 600 nm of 0.2 on minimal complete medium containing either
2% glucose or 2% glycerol-1% ethanol. Cells were harvested, and RNA was
isolated as described below.

RNA analysis. Total RNA was obtained from frozen cell pellets as described
previously (32). RNase protection analysis was performed on 10 ug of total RNA
with CLN2, ACTI, and lacZ riboprobe as described previously (32). The tem-
plate for the CLNI riboprobe consisted of a 190-bp fragment from the 5’ end of
the CLNI gene starting with the start codon. This fragment was cloned into
pSP72 (Promega), and antisense riboprobes were synthesized from the RNA
polymerase T7 promoter.

Northern blot analysis of 10 pg of total RNA was performed according to
standard protocols (30). Probes were prepared from 1.6-kb CLNI and CLN2
open-reading-frame, 1.6-kb ACT1 (BamHI/HindIII) and 2.6-kb RNRI (EcoRI)
fragments by random priming (Random Primed DNA Labeling Kit; Boehringer
Mannheim).

Quantitation of the RNase protection and Northern blot data was performed
with a PhosphorImager (Molecular Dynamics).

RESULTS

Glucose induces an increase in the minimum budding size
of cells growing on poorer carbon sources. Yeast cells undergo
an increase in the minimal volume required for budding when
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FIG. 1. The percent change in minimum budding size of wild-type and CLN-
deficient strains following a shift from glycerol-ethanol to glucose-containing
medium. Synchronous populations of unbudded G, daughter cells prepared by
centrifugal elutriation from cells growing on glycerol-ethanol-containing medium
were either reinoculated into fresh glycerol-ethanol-containing medium or inoc-
ulated into medium containing glucose. Samples were then taken at 20-min
intervals and analyzed for cell size and budding index. Minimum budding size
(MBS) is defined for the purpose of this study as the cell volume at which the
budding index of a synchronous population of G, daughter cells achieves 50% of
its maximal level. A representative experiment is presented for each strain. The
percent change is defined as follows: % change in MBS = [(MBS on glucose —
MBS on glycerol-ethanol)/MBS on glycerol-ethanol] X 100.

shifted to glucose from a poorer carbon source (17, 19). This is
best observed by evaluating the mean cell volume at budding in
synchronous populations of small G, daughter cells obtained
by centrifugal elutriation. A population of small G, cells was
prepared from cells growing on a nonfermentable carbon
source (2% glycerol-1% ethanol) and reinoculated either into
the same medium or into 2% glucose; samples were then
collected at 20-min intervals for analysis of cell volume and of
the proportion of budded cells as an indicator of cell cycle
initiation. An increase of ~40% in the cell volume required for
budding was observed in the glucose-grown cultures relative to
those maintained on glycerol-ethanol medium (Fig. 1 and Fig.
2A, top panel). A similar adaptation has been shown to occur
upon shift into glucose from a number of other carbon sources
(19, 31). It should be noted that although the growth rate of the
cells inoculated into glucose greatly exceeds that of cells rein-
oculated into glycerol-ethanol medium, the glucose-grown
cells initiate budding at a later time than the glycerol-ethanol-
grown cells. Thus, the size increase is not simply due to the
increase in growth rate but results, at least in part, from a delay
in the capacity of cells to initiate a new cell cycle. The terms
cell size increase and cell cycle delay are used interchangeably
throughout this study.

The glucose-induced G, delay is mediated primarily
through CLNI. To investigate the importance of specific G,
cyclins in effecting the delay we have carried out the same
analysis shown in Fig. 2A using a series of isogenic yeast strains
carrying single and double mutations in the CLNI, CLN2, and
CLN3 genes. The change in minimum budding size of each of
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these strains following a shift from glycerol-ethanol to glucose-
containing media (Fig. 1) demonstrates that CLN! is of pri-
mary importance in effecting the cell cycle delay. Cells lacking
functional CLNI did not undergo an increase in minimum
budding size. Furthermore, cells with CLNT as their only func-
tional CLN gene (see Fig. 5B) reached a cell volume prior to
budding that was almost twice that of cells growing in glycerol-
ethanol-containing medium. This finding is in agreement with
previous studies with glucose or exogenous cAMP (2, 36). This
more extensive analysis establishes that the capacity of glucose
to induce a G,-phase delay is unaffected by the characteristic
cell size of the strain. That is, the extent to which cells are
affected by glucose appears not to be related to the relative
capacity of their functional cyclins to promote cell cycle pro-
gression but instead depends upon whether the specific cyclin
that remains functional is a target for that regulation. For
example, CLN3-deficient cells, which are substantially larger
than wild-type cells when growing on either carbon source,
undergo a comparable delay upon shift into glucose. In con-
trast, cells deficient in CLNI are comparable in size to wild-
type cells but fail to undergo a significant size increase in
response to glucose. Finally, cells ectopically expressing CLN2
during early G, phase (under control of the CLN3 promoter)
bud at an exceedingly small cell size (33, 38) but still undergo
a substantial delay in response to glucose (7). The delay in
those cells remains dependent upon a functional CLNI gene.

Glucose differentially regulates CLN1 and CLN2 transcrip-
tion. The relatively greater importance of CLNI over CLN2 in
mediating the cell cycle delay in response to glucose is consis-
tent with the effect of glucose on accumulation of the CLNI
and CLN?2 transcripts. The abundance of those transcripts in
RNA prepared from cells responding to a shift from glycerol-
ethanol into glucose was analyzed by an RNase protection
assay (Fig. 2A). As suggested by previous analysis with asyn-
chronous populations (36), the accumulation of CLNI tran-
scripts in small G, daughter cells is strongly repressed in re-
sponse to glucose relative to its level in cells maintained on
glycerol-ethanol-containing medium. In contrast, the accumu-
lation of a number of G,-specific transcripts, including CLN2,
RNRI (Fig. 2A), and SWI4 (14), is not repressed. Despite the
differences in their expression level, all of these G;-specific
transcripts, including CLNI, are delayed in response to glu-
cose. The differential effect of glucose contrasts with the strong
repression of all of these genes that is observed in response to
exogenously applied cAMP (2, 36).

Since cells growing continuously on glucose are larger and
have a larger minimum budding size than cells grown on
poorer carbon sources, it seemed possible that repression of
CLNI expression occurred during each cell cycle in glucose-
grown cells. We have examined that hypothesis in two ways.
First, small G, cells were prepared by centrifugal elutriation
from an asynchronous population growing on glucose. The G,
population was then reinoculated into glucose and subjected to
the same analysis as performed previously. To assess the rela-
tive level of expression, the CLNI and CLN2 transcripts were
analyzed with the same preparation of RNA probe as used for
the analysis presented in Fig. 2A. The level of the CLNI and
CLN?2 transcripts was then normalized to the maximal level
accumulated on glycerol-ethanol medium (Fig. 2B). This ex-
periment clearly shows that the level of the CLNI transcript is
reduced in each cell cycle during growth on glucose relative to
the level in glycerol-ethanol-grown cells, whereas the level of
the CLN2 transcript is unaffected. That observation predicts
that CLN1 expression should be reduced in asynchronous pop-
ulations of cells growing continuously on glucose compared to
those growing on glycerol-ethanol. To test that prediction we
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FIG. 2. (A) Glucose differentially regulates the accumulation of CLNI and CLN2 transcripts. A synchronous culture of small G, cells (15Daub) pregrown on
minimal complete medium containing glycerol-ethanol was prepared by centrifugal elutriation and inoculated into fresh medium containing either glycerol-ethanol (O)
or glucose (W) as a carbon source. Samples were taken at 20-min intervals over a period of 3 h and evaluated for cell volume, budding index, and CLNI, CLN2, and
RNRI transcript levels. The budding index is plotted relative to cell volume (top graph). CLN1, CLN2, and RNRI transcript levels (normalized to ACT]I transcript level
and then presented as the proportion of the maximal level of that transcript achieved on glycerol-ethanol-containing medium) were plotted as a function of cell volume
(lower three graphs). Primary data from RNase protection assays for CLNI, CLN2, and ACT! and Northern blots for RNRI and ACT]I are presented in the lower part
of panel A. (B) CLNI transcription is repressed in cells maintained on glucose during each cell cycle. A synchronous culture of small G, cells (15Daub) was pregrown
on glucose, elutriated, and then reinoculated into glucose. CLNI (m) and CLN2 (OJ) transcripts were analyzed as described for panel A with the same preparations
of probe. The transcript levels are presented as values relative to the maximal level achieved on glycerol-ethanol medium. The budding index is plotted relative to cell
volume (A) in the same graph. Primary data from RNase protection assays for CLNI, CLN2, and ACT]I are presented in the lower part of panel B. (C) Comparison
of CLNI and CLN2 levels in asynchronous cultures during continuous growth on glycerol-ethanol or glucose. Cells were grown to log phase on either glycerol-ethanol-
or glucose-containing medium, and the level of CLNI (gray bars) and CLN2 (black bars) transcript was evaluated relative to that of ACTI by Northern blot analysis
(left panel). The ratio of CLNI to CLN2 transcript level under each condition is also presented (right panel). Primary data from the Northern blot analysis are presented
in the lower part of panel C.
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analyzed the level of CLNT transcript accumulating in unper-
turbed asynchronous populations growing on each carbon
source (Fig. 2C). Both the absolute level of the CLN! and the
CLN?2 transcripts and the ratio of the CLNT transcript to the
CLN2 transcript under each condition are presented. The ratio
of CLNI to CLN?2 is utilized to eliminate the potential contri-
bution of differences in cell cycle distribution between the two
populations, which are doubling at different rates. Again, even
in populations containing both mother and daughter cells, the
repression of CLNI by glucose is easily detectable. Thus, it is
likely that repression of CLNI occurs during the G, phase of
each cell cycle and contributes to the larger size of glucose-
grown cells.

Glucose-induced repression of CLNI transcription is ex-
erted through the major CLNI UAS. Experiments were next
undertaken to establish whether the specific repression of
CLNI observed in the previous experiments occurred at the
level of transcription initiation. To address this issue a UAS-
deficient CYC1 promoter fused to the lacZ open reading frame
(6) was placed under control of either the CLNI promoter or
the CLN2 promoter and introduced into a wild-type yeast
strain. Expression of lacZ from that construct was analyzed by
RNase protection in a synchronous culture of G, daughter
cells undergoing a shift from glycerol-ethanol to glucose ac-
cording to the same experimental regimen described previ-
ously (Fig. 3). The behavior of the lacZ transcript expressed
from these promoters was found to be identical to the behavior
of the endogenous CLNI1 and CLN2 transcripts. The CLNI
promoter was repressed in response to glucose, whereas the
maximal activity of the CLN2 promoter was essentially un-
changed. Thus, the CLNI promoter is sufficient to confer glu-
cose-induced repression upon the CYCI-lacZ reporter. We
conclude that regulation of CLNI by glucose is exerted at the
level of transcription initiation as opposed to transcript stabil-
ity.

The coordinate expression of CLNI and CLN2 during the
cell cycle has been presumed to be a consequence of the
presence of SCB elements (9, 22, 23, 32) in both promoters.
SCB elements are target sites for SBF (reviewed in reference
5), one of the primary mediators of G;-specific transcription.
However, recent findings of Partridge et al. (24) demonstrate
that the major UAS activity associated with the CLNI pro-
moter is confined to a 106-bp fragment which lacks recogniz-
able SCB elements and that the SCB elements which can be
recognized have no associated UAS activity. Instead, the major
CLN1 UAS has multiple sequences related to MCB elements,
the target site for MBF (reviewed in reference 5) (Fig. 4A), a
second G,-specific transcriptional activator. That study further
showed that these MCB core elements are responsible for
approximately 75% of G,-specific expression of CLNI and that
they act as binding sites for SBF in vitro. We therefore con-
sidered the possibility that these sequences were the targets for
negative regulation of CLNT transcription by glucose.

To evaluate the involvement of the major CLNI UAS in
glucose-induced repression of CLN! transcription, a 106-bp
fragment of the CLNI promoter containing the MCB core
sequences was placed upstream of the CYCI-lacZ fusion in
pCZA and introduced into a wild-type yeast strain. This strain
was then subjected to the same experimental regimen as that
utilized in the previous experiments, and the accumulation of
lacZ transcripts was analyzed (Fig. 4B). As in the previous
experiment in which the intact CLN1 promoter was used, the
accumulation of lacZ transcripts was repressed when cells were
transferred from glycerol-ethanol to glucose. This repression
correlated with the G; delay induced by glucose. Thus, the
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FIG. 3. Glucose-induced repression of CLNI occurs at the level of the pro-
moter. Wild-type cells (15Daub) carrying either CLNIp-CYClI-lacZ or CLN2p-
CYCl-lacZ in the centromeric plasmid pCZA (6) were subjected to the same
regimen as described for Fig. 2A. The lacZ and ACT]I transcripts were quanti-
tated by RNase protection assay, and the values from cells growing in glycerol-
ethanol (O)- or glucose (m)-containing medium were plotted relative to the
maximal level achieved on glycerol-ethanol-containing medium (top graph). The
budding index is plotted versus the cell volume (bottom graph). Primary data
from the RNase protection assays for lacZ and ACT1 are presented below. Low
points in CLN2p-lacZ samples at 80 min on glycerol-ethanol and at 100 min on
glucose resulted from degradation of high-molecular-weight RNA in those sam-
ples.

106-bp fragment carrying the major CLNI UAS was sufficient
to confer G,-specific repression on CYCI-lacZ.

Since this small fragment of the CLNI promoter, which
contains three MCB core elements, was sufficient to explain
glucose repression of CLNI expression, we considered the
possibility that repression was exerted through those elements.
The presence of active MCB core elements in the CLN2 pro-
moter allowed us to test this hypothesis (22, 23, 32) (Fig. 4A).
In contrast to their primary role in the CLNI promoter, the
MCB core elements of the CLN2 promoter contribute less
than half of its UAS activity (32). Thus, mutational inactivation
of all three SCB elements yielded a promoter (CLN2Ascb) that
drives cell cycle-dependent transcription to approximately 30%
of the wild-type level, the majority of which can be attributed
to the MCB core elements (32). Cells carrying the CLN2Asch
promoter fused to CYCI-lacZ in pCZA were subjected to the
same synchrony and carbon source shift regimen as in the
previous experiments, and the accumulation of the lacZ re-
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FIG. 4. (A) Diagram of relevant features of the CLNI and CLN2 promoters. Open arrows indicate the position of SCB elements. Closed arrows indicate the
position of MCB core elements. The solid black bars represent the transcribed regions, and the open bars represent the nontranscribed promoter sequences. The gray
regions represent the sequences surrounding the TATA element that are conserved between the CLNI and CLN2 promoters. The scale is designated below in base
pairs. (See references 9, 23, 24, and 32.) (B) Glucose-induced transcriptional repression of CLNI is conferred by the major CLNI UAS. The effect of glucose upon
the expression of the CYCI-lacZ reporter of pCZA driven by a 106-bp fragment containing the major CLNI UAS (24) was analyzed in synchronized G, cells and plotted
relative to cell volume as described in the legend to Fig. 3 (top graph). The budding index is plotted as a function of cell volume (bottom graph). Cells were grown
in medium containing either glycerol-ethanol (O) or glucose (m) as a carbon source. Primary data from RNase protection assays for lacZ and ACTI are presented in
the lower part of panel B. The 80-min sample from the glycerol-ethanol-grown culture is not plotted because in that sample there was significant degradation of
high-molecular-weight RNA (see lower panel). (C) The effect of glucose upon the expression the CYCI-lacZ reporter in pCZA driven by a CLN2 promoter deficient
in SCB elements, pCLN2Ascb (32), was analyzed in synchronized G, cells and plotted relative to cell volume as described in the legend to Fig. 3 (top graph). The
budding index is plotted versus cell volume (bottom graph). Cells were grown in medium containing either glycerol-ethanol (O) or glucose (m) as a carbon source.
Primary data from RNase protection assays for lacZ and ACT1 are presented below. Data from 20 through 160 min are represented on the graph. (D) Effect of swi4A
and mbpI A mutations on the glucose-induced increase in minimum budding size. Cell volume at budding was determined in synchronous cultures of swi4A and mbplA
cells either growing on glycerol-ethanol medium or shifted to glucose medium. The percent change in minimum budding size is presented. A representative experiment
is presented for each strain. All values were determined as described for Fig. 1 and in Materials and Methods.

porter transcript was then analyzed (Fig. 4C). In striking con- ther directly through those elements or through elements that

trast to the wild-type CLN2 promoter, the CLN2Ascb pro-
moter is strongly repressed in response to glucose. The extent
of repression is similar to that observed with the CLNI pro-
moter driving the same reporter. Although this experiment
does not directly assign that repression to the MCB core ele-
ments, these results are consistent with regulation exerted ei-

depend upon MCB core elements for their repressive activity.
The failure of the wild-type promoter to be significantly re-
pressed under the same conditions (Fig. 3) demonstrates that
SCB elements are not targets for this regulation.

Since MCB core elements, as well as SCB elements, are
targets for SBF (reviewed in reference 5), we would predict
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that the inactivation of SBF but not MBF would suppress the
effect of glucose on cell size. To test this hypothesis we evalu-
ated the effect of mutational inactivation of SWI4 and MBPI,
the DNA binding components of SBF and MBF, respectively,
on the ability of glucose to induce an increase in the minimal
cell volume at budding. Strains containing disrupted alleles of
either SWI4 or MBPI were subjected to the carbon source shift
regimen previously described and the cell volume at budding
was determined (Fig. 4D). As predicted, whereas mbplA mu-
tants exhibited a substantial increase in cell size in response to
glucose, that response was largely eliminated in swi4A mutants.
Thus, SBF is required to achieve a glucose-induced delay in
cell cycle progression equal to that of the wild type.

Transcriptional repression is sufficient and, at least in part,
necessary for the glucose-induced increase in the size at bud-
ding. The previous experiments demonstrate that the MCB
core elements of the CLNI promoter are sufficient to explain
the behavior of the CLNI transcript in response to glucose. To
address the importance of transcriptional repression by glu-
cose in delaying cell cycle initiation, the CLNI gene was placed
under control of the CLN2 promoter, which is not repressed in
response to glucose. This was accomplished by fusing the
CLN2 promoter to the CLNI gene just upstream of their
highly conserved TATA elements (Fig. 4A). The CLNI gene in
this construct was truncated within the open reading frame.
When integrated at the CLN1 locus by homologous recombi-
nation, this construct results in a hybrid gene (CLN2p-CLNI)
that has all of the known UAS activities of the CLN2 promoter
yet retains the transcriptional start site and the transcribed
sequences of the CLNI gene. The integrated fusion gene was
shown to be functional based upon its ability to complement a
deficiency of all three CLN genes (data not shown). Another
useful consequence of this integration was that the native
CLNI promoter was left driving a nonfunctional truncated
gene, producing an RNA transcript (c/nl”) that was detectable
with the CLNI probe.

The CLN2p-CLNI construct was introduced into both a
cIn2A strain and a cln2A cIn3A strain to evaluate its effect on
the extent of the glucose-induced delay in cell cycle initiation.
The cln2A strain carrying this construct was also analyzed to
evaluate the effect of glucose on the expression of CLN/ tran-
scripts. Northern blot analysis with the full-length CLNI open
reading frame as a probe enabled us to detect transcripts
expressed from both the native CLNI promoter (c/nl”) and
the CLN2 promoter (CLN2p-CLNI) (Fig. 5A). Two important
observations can be made from this experiment. First, CLN2p-
CLNI is not repressed in response to glucose, whereas the
truncated CLNI transcript continues to be repressed. This
demonstrates that regulation at the level of the promoter is not
only sufficient but also necessary for glucose repression of
CLNI transcript accumulation. Second, failure to repress the
CLNI transcript results in partial suppression of the glucose-
induced increase in budding size. This is most easily observed
by comparing the strains carrying the CLN2p-CLN1 construct
to equivalent strains having either a wild-type CLNT or a wild-
type CLN2 gene (Fig. 5B). That comparison reveals that ex-
pression of CLNI under control of the CLN2 promoter elim-
inates a portion of the increase in cell size that is observed in
the comparable strains having wild-type CLNI. Thus, tran-
scriptional regulation of CLNI accounts for approximately
one-half of the increase in budding size observed in response
to glucose. Posttranscriptional mechanisms are likely to ac-
count for the remainder of the delay.

The experiment described above shows that posttranscrip-
tional mechanisms can contribute to the repression of CLN/ in
response to glucose. However, a similar analysis of CLN2 ex-
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pressed under control of the CLNI promoter (CLNIp-CLN2)
suggests that such mechanisms are not necessary. The CLN1p-
CLN?2 fusion was constructed essentially as described above for
CLN2p-CLNI and integrated into either c/niA or clnlA cln3A
strains. These strains, in which the CLNIp-CLN2 construct
replaces CLN2, were analyzed by the same regimen described
previously, and the cell volume at budding was established
(Fig. 5B). Unlike the CLN2p-CLN1 strains, these strains ex-
hibited an increase in budding size in response to glucose that
was either similar to or more dramatic than the equivalent
strain expressing CLNI under control of its own promoter. In
contrast, when CLNZ2 is expressed under control of its own
promoter, little or no size increase is observed. We conclude
that transcriptional repression of the CLNI promoter is suffi-
cient to account for the cell cycle delay observed in response to
glucose.

DISCUSSION

The G, cyclins Clnl and ClIn2 in conjunction with the Cdc28
cyclin-dependent protein kinase act to promote cell cycle ini-
tiation (reviewed in reference 26). Their activity during the cell
cycle is regulated primarily at the level of protein abundance,
which is a consequence of periodic transcriptional activity (re-
viewed in reference 5) coupled with regulated protein instabil-
ity (11, 18, 39). The expression of these critical cell cycle reg-
ulators has been shown to be coordinately regulated both
during the cell cycle and in response to environmental regula-
tors of cell proliferation, including mating pheromone and
nutrient limitation (40). Coordinate expression is predicted by
their common mode of transcriptional regulation. Both genes
are targets of SBF and are dependent upon CLN3 and CDC28
for activation (reviewed in reference 5).

However, genetic analysis of CLN mutants has suggested that
these genes are, in some circumstances, independently regulated.
Inactivation of CLNI, but not of other G, cyclin genes, suppresses
the glucose-induced increase in minimum size required for entry
into a new cell cycle, suggesting that CLN/ is a specific target for
negative regulation by glucose (36). In this study we have used
synchronized populations of G, daughter cells to confirm that
CLN1 is required for glucose to effect an increase in the minimum
size for cell cycle initiation. We extend previous studies by estab-
lishing here that CLNI transcription is specifically repressed in
glucose-grown cells. Neither CLN2 nor other G,-specific tran-
scripts are repressed in response to glucose. CLNI repression is
not a transient response to a shift to glucose from poorer carbon
sources, since it occurs during each cell cycle when cells are
growing continuously on glucose. This suggests that repression of
CLNI1 transcription is a consequence of the higher basal level of
cAMP observed in cells maintained on glucose (4, 29) and is not
solely a response to the glucose-induced spike of cCAMP.

In contrast to the rather specific effect of glucose on CLNT
expression, treatment of cells with exogenous cAMP, the pre-
sumed mediator of the glucose signal, results in dramatic re-
pression of CLN2, RNRI, and a number of other G,-specific
genes. Thus, although the effect of added cAMP is in many
ways similar to the effect of glucose, there are significant dif-
ferences. Whether this is simply due to a distinction between
the intracellular level of cAMP attained in response to glucose
and that attained by treatment of cells with cAMP or whether
it is instead a reflection of a qualitative difference between the
signals generated by these two stimuli is unclear. It is known
that elements of the RAS-cAMP pathway are required for the
glucose-induced increase in minimum budding size, and cAMP
treatment appears to mimic effects of hyperactivation of that
pathway.
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FIG. 5. Transcriptional repression of CLN1 is required for full induction of the glucose-induced increase in minimum budding size. (A) The effect of glucose upon
the CLNI transcripts expressed from a CLN2p-CLN1 fusion (CLN1) and from a truncated CLNI gene (c/nI”) under control of its own promoter was analyzed in
synchronized G, cells and plotted relative to cell volume as described in the legend to Fig. 3. Both forms of the CLNI transcript were detected by Northern blot analysis
with the CLNI open reading frame as a probe. The budding index is plotted versus cell volume (bottom graph). Cells were grown in medium containing either
glycerol-ethanol (O) or glucose (m) as a carbon source. Primary data from Northern blot analysis of CLNI, cIn1”, and ACT1 are presented at right. (B) Exchange of
the CLNI and CLN2 promoters reveals that transcriptional regulation is sufficient and, at least in part, necessary for the glucose-induced increase in budding size. Cell
volume at budding was determined in strains carrying a single integrated copy of CLN2p-CLN1 or CLN1p-CLN2 at the CLNI or CLN2 locus, respectively. Cells were
either grown continuously on glycerol-ethanol or shifted to glucose. A representative experiment is presented for each strain. Data for the relevant CLN-deficient strains
were either reproduced from Fig. 1 or determined as described for Fig. 1 and in Materials and Methods. The percent change in minimum budding size is presented.

CLNI is the only gene among those examined in this study
which undergoes substantial transcriptional repression in re-
sponse to glucose. In contrast, glucose induces a delay in the
accumulation of all G;-specific transcripts, including CLNI.
The source of this delay is not understood. One hypothesis to
explain this pattern of gene expression is that all G;-specific
transcription is initially repressed in response to glucose and

that cells are initially delayed during the G, phase. However,
under these conditions the CLN2 transcript continues to ac-
cumulate until it reaches a level equivalent to that observed in
cells growing on a poorer carbon source, thereby generating
sufficient cyclin-dependent kinase (CDK) activity to promote
cell cycle progression. This scenario holds that CLNI is more
effectively repressed than other G,-specific genes and, unlike
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those genes, never achieves the levels observed in cells main-
tained in medium without glucose. Several observations appear
to be at odds with this hypothesis. First, this hypothesis pre-
dicts that, like the CLN2 transcript in wild-type cells, the CLNI
transcript in CLN2-deficient cells would be delayed but would
ultimately reach the same level as that achieved in medium
lacking glucose. Yet, the kinetics of CLNI transcript accumu-
lation in c/n2A mutants is similar to that observed in wild-type
cells in being both delayed and repressed (7). Next, where it
has been examined the duration of the delay in G,-specific
transcripts appears to be equivalent to the duration of the
delay in budding (7). Since the timing of budding is a reflection
of the timing of expression of G, cyclins, the lack of a cell cycle
delay in CLN1-deficient cells suggests that in those cells there
is no delay in the program of G;-specific transcription. This
leaves us with the hypothesis that under the conditions of the
glucose-induced delay, CLNI not only influences the timing of
cell cycle initiation but also affects the timing of activation of
G,-specific transcription. Although that proposal appears in-
consistent with evidence that the activation of G,-specific tran-
scription is independent of the activity of CLN1 and CLN2 (12,
33), these genes have been shown to be capable of promoting
their own expression under some conditions (10, 13, 33). Res-
olution of this issue awaits further analysis.

To understand the basis for the differential regulation of the
CLNI and CLN2 promoters by glucose, we have attempted to
localize the cis-acting targets required for repression. We have
shown that a 106-bp fragment encompassing the major CLNI
UAS is sufficient to confer glucose-induced repression upon a
UAS-deficient reporter (Fig. 4C). The UAS activity associated
with this fragment is derived from three MCB core elements
(24). Related MCB core elements in the CLN2 promoter also
appear to be repressed by growth on glucose-containing me-
dium. However, this is only observed when the SCB elements,
the primary cis-acting elements of the CLN2 promoter, are
eliminated (32). Unexpectedly, the MCB core elements of both
the CLNI and CLN2 promoters depend primarily upon SWI4,
the DNA binding component of SBF, and not upon MBPI, the
DNA binding component of MBF, for maximal expression (24,
31, 32). Partridge and coworkers have shown that SBF binds
effectively to the MCB core elements from CLN! in vitro (24).
Consistent with the importance of SBF for activation of those
elements, inactivation of SWI4 but not MBPI partially suppresses
the extent of the glucose-induced increase in budding size.

We speculate that the differential effect of glucose upon
these two genes is explained by the difference in their cis-acting
targets for SBF. For instance, it is possible that cells respond to
glucose by altering the capacity of SBF to activate expression
of MCB core elements without affecting its activity toward SCB
elements. Alternatively, a lower affinity for MCB core elements
than for SCB elements may be an inherent property of SBF,
and glucose may simply act to lower its overall activity. It must
also be true that the activity of MBF is not similarly affected
since RNRI and other MBF-dependent genes are not re-
pressed by glucose. At present we cannot exclude the possibil-
ity that a cis-acting element distinct from the MCB core ele-
ments is responsible for the modulation of activity we observed
in response to glucose since the minimal CLNI promoter frag-
ment used in this study includes other sequences. However, if
such elements are present in the CLNI promoter, then similar
elements must also exist in the CLN2 promoter since the SCB-
deficient promoter is repressed by glucose. The recently de-
scribed Xbpl transcriptional repressor (20) is clearly not re-
sponsible for CLN1 repression since the Xbpl binding site is
absent both from the glucose-responsive 106-bp fragment of
the CLNI promoter and from the CLN2 promoter.
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Analysis of cells carrying CLNI expressed under control of
the wild-type CLN2 promoter, which is not repressed by glu-
cose, shows that posttranscriptional mechanisms can contrib-
ute to the cell cycle delay caused by glucose. Nevertheless, cells
carrying a complementary construct with CLN2 under the con-
trol of the CLNI promoter are very sensitive to glucose, sug-
gesting that transcriptional repression alone is sufficient. Since
the CLN1 and CLN2 promoters drive transcription at compa-
rable levels and with similar cell cycle timing, this experiment
eliminates several caveats associated with previous experi-
ments that used constitutive hyperexpression of CLN! (2, 36).
The high level of expression used in those experiments resulted
in full suppression of the cAMP-induced delay.

Our results suggest that posttranscriptional mechanisms can
contribute to this response. Although a number of regulatory
mechanisms are possible, the involvement of cAMP-dependent
protein kinase in this response (2, 3, 36) suggests a role for
protein phosphorylation. Phosphorylation of G, cyclins, in-
cluding Clnl, has been well documented (18, 37, 40). At least
some of those modifications are involved in inducing protein
turnover (18, 39, 41). However, analysis of the Clnl protein
expressed from the CLN2 promoter failed to reveal a decrease
in abundance in response to glucose (14). Furthermore, there
is still no evidence for direct phosphorylation of G, cyclins by
cAMP-dependent protein kinase. Alternatively, protein kinase
A may affect the activity of the Cln1-CDK complex. This issue
has yet to be investigated.

In contrast to the regulation of CLNI expression described
in this study, other cyclins appear to be induced on glucose.
CLN3 is one example. The addition of glucose to a culture
growing on a carbon-poor source increases the level of CLN3
expression as much as 10-fold (16, 31). Conversely, the number
of CLN3 transcripts decreases as cells deplete glucose and
undergo the diauxic shift (16). Surprisingly, this dramatic
change in CLN3 expression which occurs upon addition of
glucose fails to have a significant effect on the expression of
CLNI and CLNZ2. It is unclear whether this results from a
failure of the increase in CLN3 transcripts to result in a com-
mensurate increase in CIn3 protein due to translational regu-
lation (25) and/or CIn3-associated CDK activity or whether it
instead results from a greater requirement for ClIn3 to activate
CLNI and CLN?2 transcription on glucose. Yet, it is clear that
a deficiency in CLN3 has a dramatic effect on both the timing
and the extent of CLNI and CLN2 gene expression on both
glucose and poorer carbon sources (12, 33, 37). Therefore,
glucose and CLN3 must act independently to affect CLNI gene
expression and thereby the timing of cell cycle initiation.

The physiological relevance for the glucose-induced delay in
cell cycle initiation remains an enigma. It is likely to reflect an
important adaptation to the change in growth rate. For exam-
ple, it seems reasonable to suggest that cells growing on non-
fermentable carbon sources benefit from an increase in the
surface/volume ratio that is not necessary when cells are grow-
ing on fermentable carbon sources. However, this interpreta-
tion appears to be incorrect since the effect on cell size is
restricted to glucose and a few other carbon sources that sup-
port rapid growth. Other fermentable sugars, such as sucrose
and raffinose, fail to induce a cell size increase.

An explanation that is perhaps more trivial is that the in-
crease in cell size results solely from the inability of generation
time to keep pace with rapid growth. This hypothesis is sup-
ported by the observation that cells growing continuously in a
chemostat with glucose as a carbon source initiate budding at
a cell size characteristic of the age of the mother (number of
bud scars) when glucose is limiting (17). However, as the con-
centration of glucose increases and cells approach the mini-
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mum generation time their size at budding increases. The
magnitude of that increase is comparable to the increase ob-
served when cells were shifted to glucose in the present study.
This effect on cell size is related to growth rate and not glucose
per se since nitrogen limitation results in an increase in cell
cycle time and an accompanying decrease in cell volume at
budding (19). This explanation would be consistent with the
failure of the fermentable carbon sources that are incapable of
supporting rapid growth to cause a size increase.

Although the latter explanation is consistent with most ex-
perimental observations it is not without its inconsistencies.
Notably, Baroni et al. (3) have shown that in glucose-grown
cells a G, delay and an associated increase in cell size at
budding occur in response to exogenously added cAMP. Yet
cAMP fails to increase the biosynthetic capacity of those cells.
Furthermore, the apparent increase in the minimum size re-
quired for budding resulting from cAMP treatment can occur
in cells which are restricted from growth by starvation for
nitrogen (2). Thus, it appears that cAMP treatment can effec-
tively separate the effect of glucose on the growth rate from its
effect on the minimum size required for budding, suggesting
that the explanation for this finding is more complex. Further-
more, the observation that the response is associated with
alterations in gene expression that are sufficient to explain the
behavior indicates that it is unlikely to simply reflect a passive
effect of the relationship between growth rate and cell cycle
progression. We conclude that the ability of cells to increase in
size in response to glucose is either physiologically important
or a manifestation of a regulatory pathway that plays some
other physiologically important role.
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