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To investigate the speciﬁc target of PKA in the regulation of cell cycle progression and cell size we developed a new
approach using the yeast strain GG104 bearing a deletion in adenylate cyclase gene and permeable to cAMP ( cyr1D,
pde2D, msn2D, msn4D). In this strain the PKA activity is absent and can be activated by addition of cAMP in the
medium, without any other change of the growth conditions. In the present work we show that the activation of PKA
by exogenous cAMP in the GG104 strain exponentially growing in glucose medium caused a marked increase of cell
size and perturbation of cell cycle with a transient arrest of cells in G1, followed by an accumulation of cells in G2/M
phase with a minimal change in the growth rate. Deletion of CLN1 gene, but not of CLN2, abolished the transient G1
phase arrest. Consistently we found that PKA activation caused a transcriptional repression of CLN1 gene. Transcription
of CLN1 is controlled by SBF and MBF dual-regulated promoter. We found that also the deletion of SWI4 gene abolished
the transient G1 arrest suggesting that Swi4 is a target responsible for PKA modulation of G1/S phase transition. We
generated a SWI4 allele mutated in the consensus site for PKA (Swi4S159A) and we found that expression of Swi4S159A
protein in the GG104-Swi4D strain did not restore the transient G1 arrest induced by PKA activation, suggesting that
Swi4 phosphorylation by PKA regulates CLN1 gene expression and G1/S phase transition.

Introduction
In the budding yeast Saccharomyces cerevisiae the coordination
between cell growth and cell cycle mostly takes place at a control
step in the late G1 phase known as Start. 1 Start execution and
entrance into S phase require synchronous transcriptional activation of several hundred genes, the so-called G1/S regulon.2 Genes
of the G1/S regulon have been grouped according to the presence
of binding sites for the transcription factors SBF (Swi4/Swi6),
MBF (Mbp1/Swi6) or both. Both transcription factors are activated through Cln-dependent phosphorylation. Cln-Cdk-dependent phosphorylation of either 4 specific sites on Whi5 - out of
12 total Cdk phosphorylation sites - or phosphorylation of 4 sites
on the Swi6 subunit of SBF3,4 is required to trigger transcription
of the SBF-controlled genes of the G1/S regulon. Activation of
MBF also requires Cdk1 activity, likely through phosphorylation
of Swi6.5 At later times, MBF activity is down-regulated by the
product of the NRM1 gene, encoding a protein related to
Whi5.6,7 In early G1 cells Whi5 binds to SBF, inhibiting transcription. This complex regulatory mechanism results in an accurate timing of transcriptional activation of each gene. In different

experimental conditions, CLN1 is the earliest activated gene,
CLN2, being activated a few minutes later.2
At Start a critical cell size ( protein content per cell, Ps) is
required for budding and entering S phase. 8 In S. cerevisiae, Ps
increases proportionally with ploidy and is modulated by
nutrients 9-12 and by the activity of the Ras/cAMP/PKA signaling
pathway. 13-15 Hyper-activation (the RAS2Val-19 mutation) or a
partial inhibition (the cdc25–1 temperature-sensitive mutation)
of the Ras/cAMP/PKA pathway causes a marked adjustment of
the critical cell mass required to enter into a new cell division
cycle.13 Consistently, addition of cAMP to the medium of unperturbed exponentially growing yeast populations largely increases
Ps and the cell size. 16 Indeed cAMP is able to influence also the
exit from mitosis through the inhibition of the activation of APC
and of the onset of anaphase,17 suggesting a regulatory role also
for the cell size at mitosis. 18-20
The only known target for cAMP in yeast is the cAMP-dependent protein kinase A (PKA). The PKA is a hetero-tetramer composed of 2 catalytic subunits, redundantly encoded by TPK1,
TPK2 and TPK3 and 2 regulatory subunits, encoded by BCY1.
21,22
cAMP is produced by adenylate cyclase (product of the
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CYR1 gene) that in turn is regulated by the small G-proteins
Ras1 and Ras2. cAMP activates PKA by binding to the regulatory
subunit, which results in the release of active catalytic subunits
that then phosphorylate target proteins including enzymes of glycolysis and gluconeogenesis, transcriptional factors activated in
stress condition, proteins for ribosomal biogenesis and enzymes
involved in the metabolism of trehalose and glycogen. 23,24
Besides, the cAMP level in the cell is regulated also at the level of
degradation by the low- and high-affinity phosphodiesterases,
encoded by PDE1 and PDE2 respectively, which constitute a
major feedback mechanism in the pathway. 25-28
Interestingly, the Ras/cAMP/PKA signaling pathway modulates the dependency of G1 cyclins on growth, explaining the previously described cAMP effect on critical cell size. In particular,
there are evidences that PKA represses the transcription of CLN1
and CLN2, but not of CLN3 in yeast. 14,29,30 As a consequence,
the Ras/cAMP/PKA pathway is involved in the control of cell
cycle progression at G1 to S transition modulating the critical cell
size required for entry into the S phase, although the molecular
basis of the mechanism by which the increase in cAMP represses
G1 cyclins are not known.8
Since cAMP and PKA activity are also normally required for
growth, to better understand how PKA modulates cell cycle,
avoiding the influence related to the general control of growth,
we used the strain GG104 (cyr1D msn2D msn4D pde2D ), 31 in

which PKA can be activated by exogenous cAMP without any
change in the growth conditions. In this strain PKA activity is
absent and is not required for growth, since the lack of adenylate
cyclase, caused by deletion of CYR1 gene, does not allow cAMP
synthesis. The deletion of genes encoding the transcription factors Msn2 and Msn4 allows this strain to bypass the lethality
caused by deletion of CYR1 and to grow in absence of cAMP.
Finally the deletion of PDE2 gene permits the use of exogenous
cAMP to activate PKA.
In this paper, we show that the activation of PKA by
exogenous cAMP in the cyr1D msn2D msn4D pde2D strain
exponentially growing in glucose medium causes a marked
increase of cell size and perturbation of cell cycle with a transient arrest of cells in G1, followed by an accumulation of
cells in G2/M phase with a minimal change in the growth
rate. Through deletion of several of the G1 regulatory genes,
we found that the transient G1 arrest caused by PKA activation requires the expression of the CLN1 gene and that addition of cAMP causes an inhibition of CLN1 gene expression
with a limited effect on CLN2 expression. Also the deletion
of SWI4 abolished the transient G1 arrest as well as the
mutation of the Swi4 protein in the consensus site for PKA
phosphorylation (Swi4S159A), indicating that Swi4 is a major
target of PKA-mediated cell size modulation in the G1/S
transition.

Results

Figure 1. Effect of cAMP on growth and cell size in cyr1D msn2D msn4D pde2D mutant. Asynchronous culture
of the GG104 strain growing exponentially (1.7–2 £ 106 cells/ml) in YPD medium was splitted into 2 fractions
and 2mM cAMP was added to one of them (&), while the other was the untreated control (^). The black
arrows indicate the time of cAMP addition. Samples were harvested every 30 minutes to measure the cell
number (panel A), the absorbance at 600 nm (panel B), the percentage of budded cells (panel C) and the
mean cell size (panel D).
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Addition of cAMP caused a
marked increase in cell size and a
transient G1/S arrest in the
GG104 strain
In order to develop an experimental model that allows to discriminate
between
the
requirement of a basal level of
cAMP for cellular growth and a
specific effect of PKA on cell size
and on cell cycle progression, we
used GG104 strain in which the
activity of PKA is specifically
dependent on the addition of
extracellular cAMP. 31 First of all,
we investigated the effect of exogenous cAMP on the growth parameters. Kinetic analyses showed that
immediately after addition of
2mM cAMP to cells growing
exponentially in YP medium supplemented with 2% glucose (cell
density about 1.7–2 £ 106 cells/
ml) the increase in cell number
was faintly affected, while a slight
reduction was observed after
2 hours
(Fig. 1A).
cAMP
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treatment induces a massive increase in cell size (Fig. 1D and Sup- Table 1 Growth and Cell cycle parameters for GG104 strain growing without
plementary Fig. S1) and causes a transient decrease in the percent- cAMP and 5 hours after addition of cAMP.
age of budding cells (37%, while the control showed a budding
¡cAMP
CcAMP
index of 60%), followed by an increase to a value higher than the
K(h-1)
0.35
0.39*
untreated culture (Fig. 1C). A small increase in growth rate was %G1
32
17
indeed observed when the accumulation of biomass was followed %B
60
76
by the measurement of the OD at 600 nm (Fig. 1B). In fact while TB(min)
80
95
251
472
the doubling time (DT) for control culture was of 119 min (k D P(channel)
216
363
0.35 h¡1), the DT calculated after cAMP addition in the same Ps
Pm
346
639
¡1
experiment of Fig. 1 was of 105 min ( k D 0.39 h ).
The increase in cell size was directly related to an increase *The exponential growth rate constant ( k, h¡1) was calculated from the
of protein content per cell, as demonstrated by protein distri- increase of OD at 600 nm between 1 and 7 hrs after cAMP addition. The %
bution analyzed by flow cytometry (Fig. 2, upper panel). The of G1 cells was calculated from histograms of DNA distributions acquired by
with Propidium iodide, using a software based
effect of cAMP on the cell cycle progression was also detected ﬂow-cytometry after staining
49
phase was calculated
from DNA distribution analysis (Fig. 2,lower panel). Shortly on the method of Slater. TB, the length of budded
using the formula TB D DT £ log(FBC1) / log2.9 P (channel number) is the
after PKA activation a small increase of cells in G1 was evi- average of the protein distributions acquired by ﬂow cytometry after staindent, followed by an accumulation of cells in the G2CM ing with Fluoresceine isothiocyanate.9 Ps, the relative protein content (chanphase. When a new steady state was reached (after 5 hrs), a nel number) at budding, was estimated knowing the relevant cell cycle
yeast population and a softlarge fraction of cells was in SCG2 phase, in agreement with parameters of the population using a model for
9,32
the 75–80% of budded cells. From flow cytometry data we ware previously developed in our laboratory, while the value of Pm (protein content at cell division) was calculated with the formula: Pm D Ps ( 1C
calculated the percentage of cells in G1 phase and the average F ).50
B
protein content/cell expressed as channel number (Table 1).
Besides, using a model for age distribution of budding yeast
population, developed several years ago in our laboratory, 9,32 In conclusion, using our experimental model in which PKA is
we also estimated the length of budded phase, (TB) of the activated “on demand” and its activity is not required for
population, as well as the protein content at budding (Ps) growth, we confirmed that PKA modulates the dependence on
growth of cell cycle events increasing the growth required to
and the protein content at cell division (Pm) (Table 1).
A direct determination of cell size at budding (Vs) and at trigger both S and M-phase events, as expected for the CLN
cell division (Vm) was also performed after staining of cells repression 14 and for the inhibition of G2CM cell cycle step by
with DAPI (Fig. 3A), as described in the Materials and PKA activation. 15,17-19
Method section. In fact the cell
size at budding can be estimated by the size of mothers
with small buds, while the cell
size at division can be measured
on binucleate or mitotic cells.
As shown in Fig. 3B, the size at
budding increased immediately
after addition of cAMP, while
the cell size at cell division
started to increase with a delay
of at least 30 min. The cells
size at budding reached a new
steady-state value after 90 min,
while the cell size at division
continued to increase and
reached a steady state value after
210 min (3 hrs and half).
When a new steady-state was
reached the cell size at budding
increased 2 fold, while the size
Figure 2. Protein and DNA distribution of GG104 cells. Histograms of protein and DNA distributions of control
at cell division increased a little
cultures and of cultures treated with 2 mM cAMP collected at the indicated time after cAMP addition. Yeast
more than 2 fold, in good
cells were collected ﬁxed with 70% ethanol, stored at 4 C, and subsequently processed for ﬂow cytometry,
using
a Becton Dickinson FACStarPlus. Fluorescein isothiocianate (FITC) for protein staining and Propidium
agreement with the increase of
Iodide
(PI) for DNA staining were used. Approx 30.000 events were analyzed for each sample. Plot generation
Ps and Pm values calculated
and analysis were performed with WinMDI2.9 software.
from protein distributions.
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(GFD2, REX4, TOD6, FAF1). Interestingly, our data suggest
that a new negative feedback mechanism operating at a transcriptional level might regulate the Ras/cAMP/PKA pathway. In particular, besides the down regulation of the cAMP-dependent
protein kinase catalytic subunit TPK1, our transcriptional analysis showed a down regulation of GPG1, reported to code for a
gamma subunit of the heterotrimeric G protein Gpa2 33 and an
up regulation of RGS2, a negative regulator of glucose-induced
cAMP signaling mediated by Gpa2, 34,35 suggesting a down regulation of the Gpr1/Gpa2 system.

Figure 3. Evaluation of cells size at budding (Vs) and at cell division (Vm).
GG104 cells exponentially growing were treated with 2 mM cAMP,
stained with DAPI and photographed with a ﬂuorescence microscope.
Panel A: sample image of the cells growing without cAMP and after
3.5 hr of cAMP treatment. The image is taken in light transmission
merged with DAPI ﬂuorescence. Panel B: Cell size at budding (Vs) and at
cell division (Vm) measured on the photographs taken at different times
after cAMP addition. The average size of at least 30 cells with small buds
(Vs) and of at least 30 binucleate cells (Vm) is reported. Error bars indicate
Standard Deviation. *p < 0.05, **p < 0.01 is related to a comparison
with the preceding mean value.

Transcriptional response to PKA activation
To study the early response to activation of PKA, a transcriptome analysis of GG104 strain was performed one hour after
addition of cAMP. The experiment was carried out as described
in the Materials and Methods section and data handling with
AMDA software showed that a few genes were significantly modulated by PKA. In particular, 55 genes were downregulated,
while 30 genes were up-regulated in a statistically significant way
(p < 0.05). Among these, none of the main G1/S transition regulators appeared to be significantly affected. Most of the genes differentially regulated by addition of cAMP can be classified for
their involvement in glucose metabolism and signaling, lipid
metabolism, mitochondrial function, heat-shock stress and transcriptional regulation (Tables S1 and S2).
Transcription factor analysis of the down-regulated genes
brought us to identify 2 major clusters: the first, regulated by
Hsf1 and counting HSP26, HSP12, XBP1, TMA10; the second,
regulated by Adr1/Cat8 and including genes involved in glucose
metabolism and respiration (HXT5, HXK1, GLK1, FBP1).
Among upregulated genes, some were controlled by Fkh1, such
as CHA1, HXT1 and JJJ3, while others, implicated in rRNA
processing and ribosome biogenesis, were controlled by Fhl1
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CLN1 mediates the cAMP-induced G1/S transient arrest
With the aim to identify specific molecular targets operating
downstream PKA, we analyzed the effect of cAMP addition in
yeast mutants made in the GG104 background, carrying deletions in genes coding for proteins regulating the progression of
Start. We deleted the G1 cyclin genes, CLN1, CLN2, CLN3 or
the transcriptional repressor WHI5 gene. 36,37 All strains carrying
a different gene deletion grew with a comparable rate in glucose
medium, but as expected they showed differences in cell size and
in the fraction of budded cells (Table S3). The growth kinetics,
budding index and cell size were also evaluated after addition of
cAMP. Our results showed that only when CLN1 gene was
deleted, the G1/S transient arrest observed in the control strain
after addition of cAMP was abolished, as clearly indicated by the
lack of the decrease in the fraction of budded cells (Fig. 4A).
This lack of response was confirmed by direct measurements of
Vs and Vm in cln1D strain after cAMP addition (Fig. 5), where
it is evident that the increase of cell size was caused mainly by the
increase of Vm. In fact an increase of cell size was still present in
cln1D strain but in a reduced amount in comparison with the
control GG104 strain (an increase of 42% after 5 hrs of cAMP
addition in comparison with 87% of control) and could be
related to an effect of PKA activity on mitosis. 17 Most interestingly, although CLN1 and CLN2 encode proteins that are highly
homologous to each other and are often considered to be co-regulated, the loss of Cln2 did not cause a different response to addition of cAMP in comparison with the control strain (Fig. 4B).
Consequently, Cln1, but not Cln2, appears to be a specific target
of the Ras/cAMP/PKA pathway. No relevant difference was
found in the response to addition of cAMP for the other deletion
mutant strains, as shown for cln3D and whi5D strains (Figs. S2
and S3).
To further characterize PKA-mediated control on CLN1, we
performed a real-time PCR. GG104 cell were grown to exponential phase and samples were harvested before and after addition
of cAMP. Our data showed that cAMP (and consequently PKA
activity) regulated CLN1 expression at the transcriptional level,
since a 50% reduction of Cln1 mRNA was measured 30 minutes
after addition of cAMP and lasted for at least 2 hours. Instead,
CLN2 mRNA level appeared to be less influenced 30 minutes
after addition of cAMP and recovered faster at longer times
(Fig. 6), in agreement with results shown above indicating that
transient G1 arrest was only dependent upon the presence of the
CLN1 gene.

Cell Cycle
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Two promoter elements are
reported to activate G1/S –specific
transcription in S. cerevisiae. SCB
elements (Swi4,6 cell cycle box;
CACGAAA) are activated by the
Swi4-Swi6 complex and MCB
elements (MluI cell cyle box;
ACGCGTNA) are activated by
the Mbp1-Swi6 complex. 2 However, the major UAS activity associated to CLN1 promoter is
limited to a 106-bp fragment containing 3 MCB-like core elements, depending primarily upon
Swi4 for maximal expression and
responsible for approximately
75% of G1-specific expression of
the controlled gene.38 Conversely,
SCB-like sequences within the
CLN1 promoter play little or no
role in transcription of the gene.
38
In addition also the regulation
of cell size by glucose was found
to be specifically exerted via
repression of the CLN1 promoter
through the fragment containing
the 3 MCB-like elements 39 and it
is known that cAMP treatment
activates the elements of the Ras/
cAMP/PKA pathway that plays
the prominent role in responding
to changes in glucose availability.
The response to glucose was
indeed partially suppressed by
inactivation of SWI4 gene.39
Figure 4. CLN1 but not CLN2 is required for G1 delay induced by cAMP addition. Asynchronous cultures of

the GG104 cln1D (A) and GG104 cln2D (B) strains growing exponentially (1.7–2 £ 106 cells/ml) in YPD
Swi4-DNA binding protein is
medium
were splitted into 2 fractions and 2mM cAMP was added to one of them (&), while the other was
a specific PKA target at G1/S
the untreated control (^). Samples were harvested every 30 minutes to assay cell number, cell size and budtransition
ding index.
To elucidate the involvement
of the DNA binding protein
Swi4 in the regulation of CLN1 gene expression exerted by sequence of Swi4, on serine 159. To study whether CLN1 represPKA, we deleted the SWI4 gene in the GG104 strain and we sion determined by PKA was mediated by the Swi4 phosphorylainvestigated the effect of exogenous cAMP addition on the tion, we generated a SWI4 allele mutated in the consensus site
growth parameters. Kinetic analysis performed on the strain for PKA phosphorylation where serine residue at position 159
lacking the Swi4 protein showed similarities with GG104 was replaced by alanine (Swi4S159A). Then a centromeric vector
cln1D strain (Table S3) and when treated with 2mM cAMP YCplac111 bearing either the non-phosphorylable SWI4S159A
the profile of budding cells fraction revealed the loss of G1/S allele or the wild-type SWI4 gene was used to transform the
transient arrest normally associated with the drop of the bud- GG104 swi4D strain. Cells expressing Swi4S159A that could not
ded cell fraction (Fig. 7A).
be phosphorylated by PKA exhibited only a very small transient
Since G1/S-specific transcription of CLN1 requires Swi4 and G1/S arrest when cAMP was added. In fact, only a small decrease
its deletion causes the absence of the cAMP-induced transient of budded cells was observed 2 hours after cAMP addition (from
arrest in late G1, we considered the hypothesis that Swi4 might 66 to 63%) (Fig. 7B). On the other hand, the expression of the
be a target of PKA. Notably, PhosphoGRID (http://www.phos- wild-type Swi4 re-establishes a marked cAMP-mediated effect on
phogrid.org/), a database of experimentally verified in vivo phos- budding and on the increase of cell size (Fig. 7C). These results
phorylation sites, indicates a PKA phosphorylation site in the support our hypothesis that Swi4 protein phosphorylation on the
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Figure 5. Cell size at budding and at cell division for cln1D strain. GG104
cln1D cells exponentially growing were treated with 2 mM cAMP,
stained with DAPI and photographed with a ﬂuorescence microscope.
Cell size at budding (Vs) and at cell division (Vm) were measured on the
images taken at different times after cAMP addition. The average size of
at least 30 cells with small buds (Vs) and of at least 30 binucleate cells
(Vm) is reported. Error bars indicate Standard Deviation. * p < 0.05, ** p
< 0.01 is related to a comparison with the preceding mean value.

serine 159 is one of the key mechanism by which PKA controls
CLN1 expression.

Discussion
In yeast the cAMP signaling pathway is involved in the control of cell cycle progression at G0/G1 and G2 phase 17,40,41 and
in nutritional modulation of the critical cell size (Ps) required for
entry in the S phase. 2,13,42,43 Baroni et al. 14 and Tokiwa et al.29
showed that upon either glucose or cAMP addition, transcription
of the G1 cyclin CLN1 (and to a lesser extend CLN2) is inhibited,
whereas CLN3 transcription is unaffected. Later, Flick et al.39
mapped this inhibition to the CLN1 promoter. Inhibition of

Figure 6. cAMP addition caused a CLN1 repression. Quantitative RealTime-PCR assays on CLN1 (hatched bars) and CLN2 (white bars) mRNA
prepared from samples obtained during kinetic growth analysis, collected at the indicated time after cAMP addition. Graphic represents the
mean values of 3 independent experiments, error bars indicate standard
deviations.
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downstream G1 cyclin transcription was found not only during
transient size resetting, but also played a role during steady-state
growth on glucose. However the details of the connection
between PKA activity and G1 cyclins expression are not clearly
understood. 8 The matter is also complicated by the fact that
PKA is normally required for growth and its activity is influenced
by the growth conditions, and therefore it is difficult to put in
evidence a specific regulation mediated by PKA avoiding the
influence of growth condition and nutrient sensing.
To investigate the effects of PKA activation just on cell cycle
and on the modulation of the critical cell size, here we used an
experimental system in which cAMP addition does not affect the
metabolism or the growth conditions. We used the GG104 strain
(cyr1D pde2D msn2D msn4D) 31 in which the growth is no more
dependent upon PKA activity. In this mutant strain the activity
of PKA is close to zero (since there is no cAMP inside the cell)
and it can be activated by the addition of extracellular cAMP.
Indeed we have evidence that PKA is activated within few minutes after addition of cAMP (Martegani et al. unpublished
results). The addition of 2 mM cAMP to glucose growing cells
did not caused dramatic changes in gene expression, in metabolism and in the growth rate (measured as increase of OD of the
culture) and caused a small perturbation of the increase in cell
number. A transient drop of the fraction of budded cells is
observed following cAMP addition, to reach a new steady state at
a higher value after about 5 hrs. The average cell size of the population started to increase about 1 hr after the addition of cAMP,
reaching a new steady-state value after about 5 hrs, and this is
also related to a marked increase of the cell size both at budding
(calculated Ps and measured Vs) and at cell division (Pm and
Vm).
The increase of cell size during G1/S phase transition mediated by PKA activation is associated to a specific down-regulation
of CLN1. Deletion of CLN1, but not of CLN2, fully reverts the
effects of PKA on critical cell size at budding. In addition the
real-time PCR performed on samples collected after PKA activation shows a strong and long lasting repression of CLN1 gene
expression.
Consequently, despite the high sequence identity between
CLN1 and CLN2, this study describes a circumstance in which
these 2 genes are independently regulated and play a different
role. These data partially disagree with previous works relating
the inhibition of G1/S transition to G1 cyclins genes repression
14,29
, however the different complexity of the model system and
the different experimental conditions may explain the different
results. In addition, here we show that in a cln2D strain expressing only Cln1, that we indicate to be the cyclin subjected to PKA
regulation, the cell cycle control is more prominent: cln2D strain
presents a longer transient inhibition and larger cell size after
cAMP treatment than wild type.
Specific involvement of CLN1 in cell size control exerted by
glucose has been previously reported. 39 The promoter region
involved in glucose-dependent modulation of CLN1 expression
includes multiple sequence related to MCB-like elements, normally target sites for MBF, but indeed acting as binding site for
SBF and responsible for 75% of G1 specific expression of

Cell Cycle
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Figure 7. GG104 swi4D mutant does not show G1/S transient arrest after PKA activation. Asynchronous cultures of the GG104 swi4D growing in YPD
medium, GG104 swi4D [YCplac111-SWI4S159A], GG104 swi4D [YCplac111-SWI4] strains growing exponentially in selective medium were splitted into 2
fractions and 2mM cAMP was added to one of them (&), while the other was the untreated control (D). Samples were harvested every 30 minutes to
assay cell number, cell size and budding index.

CLN1.38,39 In agreement with this findings, also the deletion of
SWI4 gene abolished the transient G1/S arrest induced by cAMP,
indicating that Swi4 may be a target of PKA. We mutated the
single PKA phospho-acceptor site within the Swi4 DNA binding
protein to alanine. As shown in the present work, GG104 cells
expressing only Swi4S159A behave as a strain deleted in CLN1,
indicating that cAMP-induced transient inhibition of G1/S transition and increase of Ps are mediated largely by PKA phosphorylation of Swi4. The residual effect on cell size of Swi4S159A is
likely due to the well known effect of PKA on cell division 17-19
and is similar to that observed in cln1D and in swi4D strains. In
fact, while in GG104 cells the increase in cells size after 5 hrs of
cAMP is about 85% and a similar value was observed for mutants
with deletion in CLN3, CLN2, WHI5 genes, this increase was
reduce to 45% in mutants with a deletion in CLN1 or in SWI4
genes. As shown in Fig. 5 this increase is related only to a 45%
increase of size at cell division (Vm) at least when measured in a
cln1D strain.
The specific involvement of Cln1 and not of Cln2 in the
modulation of cell size at budding in response to PKA activation,
which has been shown to involve Swi4, is so far unexplained.

www.tandfonline.com

Although both CLN1 and CLN2 are SBF-MBF dual regulated
genes,2 they have distinct time course of activation,2 thereby indicating the presence of reproducible differences in their transcriptional regulation. It is possible that chromatin structure and
chromatin remodelling could play a significant role to explain
this different regulation.44
A cell size increase induced by a delay in the exit from mitosis
was observed also during a nutritional shift up from ethanol to
glucose.15 The 2 conditions share a common molecular mechanism, given that addition of glucose to cells growing in a poor
medium stimulates the increase of cAMP level that activates
PKA. 36,45 PKA activation plays a role in blocking the degradation of Securin (required to metaphase to anaphase transition)
and of Clb2 and Ase1 (required for mitotic exit). 17,20 In fact
PKA phosphorylates Cdc20 46 which, following this modification, inactivates APC thereby delaying the exit from mitosis,
which requires the degradation of Clb2 and Ase1. During this
delay the cellular growth continues, yielding a substantial increase
of cell size of newborn daughter cells.
According to this idea, our data reported in Fig. 3B suggest
that there should be a time window in which the daughter cells
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reach a size even bigger than mothers (between 1 and 1.5 hs after
cAMP addition). For example a mother cell that starts budding
just before cAMP was added (time zero) with a size of about 32
fL, will divide with a Vm of about 75–80 fL.

Channelyzer 256. Mean cell volume was calculated from the cell
volume distributions, calibrated with latex beads, using the formula Vm D ( Sni £ ci / Sni) F, where ni is the number of cells
contained in the ci channel and F is a calibration factor.9 A representative experiment is presented for each strain.

Materials and Methods

Flow cytofluorimetric analysis
A total of 2£107 cells collected at the indicated time before
and after addition of cAMP were fixed with 70% ethanol, stored
at 4 C, and subsequently processed for flow cytometry, using a
Becton Dickinson FACStarPlus equipped with a Argon ion laser
(488 nm emission). DNA and protein analyses were performed
essentially as described previously. 43 Samples were resuspended
in 1 ml of PBS, containing 2 mg/ml RNAse (Roche) and incubated over night at 37 C. Fluorescein isothiocianate (FITC) for
protein staining and Propidium Iodide (PI) for DNA staining
were used. 30.000 events were analyzed for each sample. Plot
generation and analysis were performed with WinMDI2.9 software (http://facs.scripps.edu/software.html). The fraction of cells
in G1 was estimated from DNA histograms using the method of
Slater et al.49 The value of PS (protein content at budding) was
estimated knowing the relevant cell cycle parameters of the population using a model for yeast population and a software previously developed in our laboratory,9,33 while the value of Pm
(protein content at cell division) was calculated with the formula:
Pm D Ps ( 1C FB).50

Strains, plasmids and growth conditions
Yeast strains used in this work are listed in Table 2. Deletion
and epitope tagging of yeast genes were made using polymerase
chain reaction (PCR)-based strategy as previously described.47
PCR were performed with REDAccuTaq (Sigma-Aldrich)
enzyme. All the primers used in this study are listed in Table S4.
The Swi4–9myc tagged protein was obtained by in-locus 30 ; inframe insertion of SWI4 gene with a 9myc-hphR epitope sequence
amplified from pYM20 plasmid (Euroscarf). To delete either
CLN1, or CLN2 or CLN3 or WHI5 a PCR-cassette containing
URA3 gene amplified from plasmid YCp50 was used. To delete
SWI4, a PCR-cassette containing URA3 gene from Kluyveromyces
lactis (KlURA3), which complements ura3 mutation in Saccharomyces cerevisiae, was amplified from plasmid pBKlURA3,48 (a
generous gift from Simonetta Piatti, University of MilanBicocca). Yeast strains were grown at 30 C in rich medium containing 1% yeast extract and 2% peptone (Biolife), supplemented
with 2% glucose (YPD). Selective medium was prepared with
Synthetic complete media (SD) contained 2% glucose, 6.7 g/L
YNB w/o aminoacids (Becton and Dickinson Italia, Buccinasco)
and the proper selective drop-out CSM (MP Biomedicals).
When required the culture was splitted into 2 parts and cAMP
(Sigma-Aldrich) was added at a final concentration of 2 mM to
one of them. Yeast growth was followed either by measuring the
cell/ml with a Coulter Counter (Coulter mod. Z2) or by measuring the absorbance at 600 nm with a spectrophotometer. The
population doubling time (DT) expressed in minutes was calculated as: DT D (ln2)/ k £ 60, where k (h¡1) is the constant of
exponential growth.9 The percentage of budded cells was determined by counting the number of cells with buds under a microscope (at least 300 cells) after a mild sonication. The length of
budded phase (TB) was calculated from the fraction of budded
cell (FB) by the formula TB D DT £ log(FBC1) / log2.9 Cell volume distributions were acquired with a Coulter Counter

40 ,6-Diamidino-2-phenylindole (DAPI) staining
Cells were collected before and after addition of cAMP, fixed
with 70% ethanol, stained with 0.04 mg/ml of DAPI for
10 minutes, washed with distilled water and resuspended in 50%
glycerol solution. Images were acquired with a Nikon Eclipse
E600 fluorescence microscope using a DAPI filter, recorded digitally using a Leica DC 350F camera, and processed using Adobe
Photoshop (Adobe Systems, Inc.). The size of cells was obtained
by measurement of the lengths of major and minor axes of suitable cells on the digital images (using ImageJ software) and considering a yeast cell as a prolate spheroid. 51
RNA extraction and qReal-time PCR
5£108 cells/sample were collected by filtration and rapidly
frozen at ¡80 C. They were resuspended in LETS buffer

Table 2 Yeast strains used in this study
Genotype
Strains
GG104

MATa W303 with pde2::TRP1
cdc35::KanMX2 msn2::HIS3 msn4::TRP1

Source
Roosen et al.31

GG104 cln1D
GG104 cln2D
GG104 cln3D
GG104 whi5D
GG104 swi4D
GG104 Swi4–9myc
GG104 Swi4WT
GG104 Swi4S159A

GG104 cln1::URA3
GG104 cln2::URA3
GG104 cln3::URA3
GG104 whi5::URA3
GG104 swi4::KlURA3
GG104 SWI4–9myc::Hph
GG104 swi4D [YCplac111-SWI4WT]
GG104 swi4D [YCplac111-SWI4S159A]

This study
This study
This study
This study
This study
This study
This study
This study
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(200 mM LiCl, 20 mM EDTA, 20 mM Tris, 0.4% SDS) and
lysed with glass beads. RNA was prepared through phenol:chloroform:isoamyl alcohol extraction followed by precipitation with
NaCl (0.3 M) at ¡80 C. 40 mg of RNA were treated with 3
units of DNase I recombinant, RNase-free (Roche) for 1 h at
37 C, followed by a phenol:chloroform:isoamyl extraction.
Reverse transcription of 0.5 mg of mRNAs was carried out with
iScript cDNA Synthesis Kit (Bio-Rad). Quantitative Real-time
PCR for CLN1 and CLN2 gene expression was performed with
Sso Fast EvaGreen Supermix (Bio-Rad) using the following primers: CLN1-FW and CLN1-RE, CLN2-FW and CLN2-RE,
ACT1-FW and ACT1-RE (Table S4). Three technical replicates
for every sample of the 2 biological replicates were tested. The
obtained data were normalized on ACT1 reference gene and
organized with CFX Manager software (Bio-Rad).
Protein extraction and Western blot analysis
2£108 cells/sample were harvested, resuspended in ice-cold
Lysis buffer (200 mM Hepes, 5 M NaCl, 75 mM MgCl2, 10%
Nonidet) containing Complete EDTA-free Protease Inhibitor
Cocktail (Roche) and lysed with glass beads. Protein concentration was determined using the Bio-Rad protein assay. SDS–
PAGE was performed with 10% polyacrylamide gel. Western
blot was performed according to standard procedures using nitrocellulose membrane (Protran). c-Myc (9E11) mouse monoclonal
antibody (Santa Cruz Biotechnology) diluted 1:1000 and the secondary antibody conjugated to horseradish peroxidase (dilution
1:5000) were used. The signals were detected by chemioluminescence, using Protein Detection System (GeneSpin).
Site Directed Mutagenesis
Mutagenesis of Swi4 at codon 159 was performed using Phusion High-Fidelity DNA Polymerase (New England Biolabs) and
plasmid p2713 52 as template with the following PCR program:
2 min 98 C, 12 times [10 sec 98 C, 20 sec 68 C, 5,5 min
68 C], 10 min 68 C. Primers Swi4S159A-FW and Swi4S159ARE were used (Table S4). After PCR mutagenesis was verified by
sequencing analysis, SalI/PvuII mutated fragment was ligated to
PvuII/SacI fragment obtained from plasmid p2713 and subcloned into the yeast expression vector YCplac111 (YCplac111SWI4S159A). Plasmid expressing the wild type counterpart
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