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The high affinity CAMP phosphodiesterase. encoded by PDEZ. 1s an Important component of the CAMP-dependent protein kinase srgnahng system 
m Saccharomgces cerrwiue An unexpected phenotype of p&Z mutants is sensittvity to external CAMP. This trait has been found independently 
for real mutants and has been used to momtor the effects of CAMP on several biologtcal processes. We demonstrate here that RCA1 is tdenttcal 
to PDE2. Further analysis of the phenotype of p&2 delettons reveal that exogenously added CAMP results in an Increase m the internal level of 
CAMP. This increase slows down the rate of cell dtvrsron by increasing the length of the G, phase of the cell cycle and leads to Increased cell volume. 
Also. cells wrth a disrupted PDE2 gene prevtously arrested by nutrient starvation raptdly lose thermotolerance when Incubated wrth exogenous 
CAMP. From these observations we propose that a role of the PDE?-encoded phosphodresterase may be to help insulate the internal CAMP pools 
from the external environment This protective role might also be important in other eukaryotlc organisms where CAMP is a key second messenger. 

Cyclic AMP; Phosphodiesterase: Yeast: Growth control 

1. INTRODUCTION 

In Saccharomyces cerevisae, CAMP is a second mes- 
senger that modulates the activity of CAMP-dependent 
protein kinase, which in turn influences many biological 
processes. The activity of CAMP-dependent protein ki- 
nase regulates carbohydrate metabolism and storage, is 
involved in nitrogen metabolism, controls cell growth 
and division and, regulates mitochondrial functions and 
responses to nutritional and heat stresses (reviewed by 
Broach and Deschenes [ 11). The activity of the adenylyl 
cyclase, encoded by CDC35iCYR1, is regulated by two 
Ras proteins. Ras is itself under the positive control of 
the CDC2.5 gene product, which acts as a guanine nucle- 
otide exchange factor, and under negative control by 
the IRA1 and IRA2 gene products, which enhance the 
GTPase activity of Ras. Although the signal or signals 
mediated by Ras are not well understood glucose has 
been shown to modulate the activity of adenylyl cyclase 

[ll. 
Two CAMP phosphodiesterases have been identified 

in yeast. One with low affinity is encoded by PDEl [2] 
and the other with high affinity is encoded by PDE2I 
SRAS [3,4]. Defects in either or both of these. however, 
do not lead to a dramatic increase in CAMP. and under 
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most conditions thepde mutants have nearly a wild-type 
phenotype. The insensitivity of CAMP levels to muta- 
tions in pdel and pde2 is primary evidence for a strong 
feedback control mechanism exercised by CAMP-de- 
pendent protein kinase on CAMP levels [5]. The precise 
mechanism of the feedback control is not well under- 
stood, but both Ras [6] and Cdc25 [7] have been shown 
to be phosphorylated in vivo. 

Mutations in pde2 allowed cells lacking both rasl and 
ras2 to grow on rich media in the presence of exogenous 
CAMP [4]. This unexpected phenotype lead us to further 
investigate the role of the high-affinity phospho- 
diesterase in the cellular response to exogenous CAMP. 
The same phenotype has been reported for real, a reces- 
sive mutation allowing CAMP to rescue the growth de- 
fect of cdc25 and cdc3.5 mutations [8,9]. In this report 
we prove that PDE2 and RCA1 are the same gene. We 
show that in contrast to wild-type strains, the level of 
internal CAMP is increased in pde2 strains after the 
addition of external CAMP. We also demonstrate that 
the addition of CAMP to pde2 strains slows the division 
rate and results in a larger cell size. Strains previously 
arrested by nutritional stress become heat-shock sensi- 
tive when exposed to exogenous CAMP. These results 
lead us to propose that one role for the high-affinity 
phosphodiesterase could be to protect the CAMP signal- 
ing pathway from interference by the extracellular envi- 
ronment which would alter growth and metabolism. 
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2. MATERIALS AND METHODS 

2.1. Yeast strums 
Haploid stdrains RW300 (MATa) and RW301 (MATa t& 

pde2::TRPl) are isogenic and were derived from RW245-18A (MATa 
trpl) by transformation. RW245-18A was transformed wrth TRPI on 
the 1.45 kb EcoRI fragment of plasmid pJH-Wl (kindly provided by 
John Hill) to obtain RW300. All 88 spores from 22 tetrads derived 

from a cross between RW300 and RW257 (MATa leu2 u&2 lru3 /y.? 
rus2-530) were Trp’, Indicating that the TRPl gene m RW300 inte- 
grated at the TRPI locus. PDE2 was disrupted by transforming 
RW245-18A with the 6.0 kb BumHI-SstI fragment of pW6 [4], which 
contains the TRPI gene inserted at the EcoRl site in the open reading 
frame of PDE2. to obtain RW301, The restriction map ofpde2; TRPl 
(formerly svcr5~. TRPl). derived by Southern analysis of RW301, is 
consistent with replacement of the wild-type allele by the disruption 
(data not shown). In addition, all 71 spores derived from a cross 
between RW30l and RWl39-15B (MATa trpl ura3 letr2 ly~2 
pde.?..TRPZ) were Trp’ and displayed the phenotypes previously de- 
scribed for PDE2-dlsrupted strains [4]. OL520-1 (bf.4Ta c&25-5 rcuZ 
wu3 km2 hls3 trpl) results from a cross between OL97-l-1lB (A4I1Tz 
cdc?5-5 ura3 lrzr2 h1s3 lus7) and OL5 12-2A (MA Ta rcul ura3 lru2 l1rs3 
trpl). OL521-3 (MATa c&25-5 udel(undlori_’ his7 urg4 trpl 
pde2. TRPI) results from a cross between D12BR19 (MATa cde25-5 
udeel urg4 l1rs7 trpl) and RW301. 

2.2. Media 
Complete rich medium (YEPD) contained I % yeast extract, 2% 

Bacto-Peptone, and 2% glucose; complete minimal medium (MIN) 

and mmimal nitrogen-free medium (MIN-N) have been described 
previously [lo]. The effect of CAMP was followed by adding 4 mM 
CAMP to the different media Suppression of the thermosensitlve 
phenotype of the ctic2.5-5 allele by CAMP was tested at 36°C. 

2.3. DN.4 maniptrlutions 
Procedures for DNA manipulations [l I]. yeast transformations [l?]. 

and yeast DNA preparation [13], have been described previously. 

2 4. Crll cout~ts und .xe determmutions 
Cell counts and size determinations were made with a Coulter 

Counter model ZM and Channelyzer model 256 (Coulter Electronics) 
after brief sonication to dissociate cell aggregates. 

2.5. Heat shock 
Cells grown to mid-log phase (1 x 10’ cells/ml) m MIN medium at 

30°C with shakmg were transferred to an equal volume (2 ml) of 
prewarmed MIN medium at 48°C in a rotary-bath shaker. Samples 
were removed at various times mto ice-cold sterile water. After brief 
somcation to dissociate cell aggregates, appropriate dllutlons were 
plated on YEPD agar and incubated at 3O’C for 24 days. For heat 
shock of nutrient-arrested cells. mid-log phase cultures grown in MIN 
medium at 30°C with shaking were washed twice with MIN-N and 
resuspended m MIN-N at 30°C in a rotary-bath shaker. After 2 days, 
cells were resuspended in either MIN-N or MIN-N+4 mM CAMP 
(Boehringer-Mannhelm Blochemlcals) at 30°C in a rotary-bath 
shaker; 6 h later, 1 ml was transferred to an equal volume of the same 
medium prewarmed to 48°C m a rotary-bath shaker Samples were 
removed and vlabllitles determmed as above for log-phase heat shock. 

2.6. CAMP deterrninutions 
Cells grown to mid-log phase m MIN medium at 30°C with shaking 

were suction-filtered on glass filters. rapidly washed with cold 
MIN+O.I NaCl. and suspended in 3 ml of 0.5 M perchloric acid. The 
cells were disrupted by vortexing m the presence of glass beads, fol- 
lowed by centrifugation to remove Insoluble material. The Isolation 
of CAMP from the supernatanl was performed usmg the alumina- 
dowex purification system [14,15]. CAMP content was determined by 
the modified radioimmunoassay procedure of Harper and Brook [16]. 

For determinations of CAMP concentrations m nutrient--arrested 
cells. mid-log phase cultures grown in MIN medium at 30°C with 
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shaking were washed twice with MIN-N and resuspended in MIN-N 
at 30°C wrth shaking. After 2 days, the cells were resuspended m either 
MIN-N or MIN-N+4 mM CAMP at 30°C with shakmg; 6 h later, 
the cells were suction filtered on glass filters. rapidly washed with cold 
MIN+O. I M NaCl. and suspended m 0.5 M perchloric acid. The cells 
were disrupted. and CAMP content was determined as described above 
for log-phase cells. Protein concentrations were determined by centri- 
fuging an aliquot from the cultures used for CAMP determinations, 
washing once with water, and resuspending m a buffer composed of 
2 mM phenylmethylsulfonyl fluoride. 50 mM Tns-HCI. pH 6.8. 10 
mM MgCI,. and 1 mM 2-mercaptoethanol. The cells were disrupted 
by vortexing in the presence of glass beads, followed by centrifugation 
to remove insoluble material. Protein concentrations in the superna- 
tant were determined by the method of Bradford [17], with bovine 
serum albumin as the standard 

2.7. Determmut~on of budded und unhudded cells 
Small ahquots of cultures were briefly sonicated to dissociate cell 

aggregates and examined under a microscope. To determine the pro- 
portion of unbudded cells at least 600 cells were examined. 

2.8. Determination oj‘ G, Iength 
The length of the G, period was calculated from mid-log phase 

cultures at 30°C with shaking. according to the equation described by 
Rlvm and Fangman [18]: G, = T,( I-log(2-F,,,,,)llog2). m which T, 
is the mean doubling time and Funhud IS the fraction of unbudded cells. 

3. RESULTS 

3.1. Allelistn betbreen PDE? and RCA1 
A number of mutant yeast strains have been isolated 

in which exogenous CAMP exerts a pronounced biolog- 
ical effect. The cwz strains isolated by Matsumoto et al. 
[19] are affected by PM CAMP concentrations and are 
demonstrably permeable to CAMP, however, the in- 
creased permeability phenotype is polygenic and is 
therefore difficult to transfer to other strain back- 
grounds. pde2 [4] and rcnl [S] mutations have also been 
reported to allcw exogenous CAMP to exert physiolog- 
ical effects. To determine allelism between pde2 and 
rcul we constructed two strains containing, respec- 
tively, the rcul mutation and the pde2:: TRPI gene dis- 
ruption in the presence of the cdc25-5 mutation. 
OL520-1 (real cdc25-5) and OL521-3 @deL?::TRPl 
cdc25-5) are unable to grow at 37”C, the restrictive 
temperature for the cdc25-5 mutation, but can be res- 
cued by exogenously added CAMP. The diploid strain 
resulting from the mating between these two strains is 
thermosensitive and can also be rescued by CAMP, in 
contrast to diploid strains homozygous for cdc25-5 but 
heterozygous for real or pde2:: TRPl. real and pde2 are 
therefore in the same complementation group. Allelism 
between real and pde2 is further supported by close 
genetic linkage between the two mutations, as shown by 
the analysis of the progeny from seven tetrads produced 
by sporulation of the rcalIpde2 diploid. All ascosporal 
clones were thermosensitive but were able to grow at the 
restrictive temperature in the presence of CAMP. 

3.2. E.uogenous CAMP raises intracellular CAMP levels 
itr pde2 strains 

The addition of CAMP to the media of pde2lrcul 
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Table I 

Effects of exogenous CAMP on intracellular CAMP levels” 

Stram 

RW300” 
RW301b 
RW301’ 

Medium 

MIN 
MIN 

MIN-N 

Supplement 

None 4 mM CAMP 

2.1* 1 .4d 
o.9d 57.2 
3.c 51.3 

a Levels were determined as described in section 2 and are expressed 
as IO-” M CAMP per mg soluble protein. 

b The RW300 (PDB) and RW301 (PdeZ) cells were in mid-log phase. 
’ Mid-log phase RW3Ol @de2) cells were arrested in MIN-N for 2 

days after which CAMP was added for 6 h. 
’ These levels are not significantly different from each other 

strains causes physiological changes similar to those 
caused by mutation that increase the activity of CAMP- 
dependent protein kinase. The most obvious explana- 
tion for these effects is that exogenous CAMP raises 
intracellular CAMP levels in pde2/rcal mutants. We 
therefore measured intracellular CAMP levels in expo- 
nentially growing cultures of RW301 (MATcl trpl 
pde2::TRPl), and the congenic wild-type RW300 
(MATa), by radioimmunoassay (see section 2). The in- 
tracellular levels of CAMP in the wild-type strain 
(RW300) were not significantly affected by the addition 
of 4 mM CAMP to the medium (Table I). In the 
pde2::TRPl strain (RW301), however, 4 mM ex- 
ogenous CAMP significantly raised intracellular CAMP 
levels (Table I). Exogenous CAMP also raised intracel- 
lular CAMP levels in RW301 (pde2::TRPl) cells previ- 
ously arrested for 2 days by nitrogen starvation (see 
section 2). Six hours after 4 mM CAMP was added to 
the medium, intracellular CAMP levels were more than 
15-fold higher than in control cells (Table I). 

3.3. Elevated intracellular CAMP levels prolong G, and 
increase cell volume, dry weight and protein content 

We measured the doubling times of RW300 (PDEZ) 
and RW301 (pde2:: TRPI) in complete minimal medium 
(MIN) with and without 4 mM CAMP. The doubling 
time of RW300 was not affected by the addition of 4 
mM CAMP. In contrast, the doubling time of RW301 
(pde2::TRPl) increased from 3.8 to 4.4 h with the addi- 
tion of 4 mM CAMP to the media (Table II). By deter- 
mining the fraction of unbudded cells in the cultures, we 
found that the increased doubling time of RW301 (pde2) 
in MIN+4 mM CAMP was due to an increase in the 
length of the G, phase of the division cycle (Table II, 
see section 2). The effects of exogenous CAMP are prob- 
ably not due to increases in intracellular AMP. When 
we substituted 4 mM AMP for 4 mM CAMP, doubling 
times of both RW300 and RW301 were unchanged 
from those in MIN medium alone (data not shown). 

We determined the diameter, dry weight, and protein 
content of mid-log phase RW300 (PDEZ) and RW301 

(pde2) cells in MIN medium, with and without 4 mM 
CAMP (see section 2). All three parameters of growth 
were significantly increased in RW301 (pde2) cells in 
MIN+4 mM CAMP (Table II). Dry weight and protein 
content of thepde2 cells in the presence of 4 mM CAMP 
increased by over 100%. 

The elevated levels of intracellular CAMP in the pde2 
strains could be due to either increased uptake of CAMP 
conferred by the pde2 mutant, increased stability of the 
CAMP, or stimulation of adenylate cyclase by ex- 
ogenous CAMP. We have measured CAMP uptake in 
RW300 and RW301 in MIN medium and observed no 
measurable difference in uptake under the conditions 
we used. From this we can only conclude that thepde? 
mutation does not confer a measurable increase in up- 
take. Our observation that mM concentrations of 
CAMP are required to raise internal concentrations at- 
tests to the inefficient uptake of CAMP in yeast. 

3.4. Elevated intracellular CAMP levels reduce thermo- 
tolerance 

We tested the effect of elevated intracellular CAMP 
levels on the thermotolerance of both log-phase and 
nutrient-arrested cells. Mid-log phase RW301 
(pde2::TRPZ) cells in MIN medium were shifted to 
48°C and the loss in viability was determined over time 
(see section 2). The results are shown in Fig. 1. All but 
about 0.1% of the cells lost viability in the first 30 min 
after the shift to 48°C; the remaining cells were more 
thermotolerant and most remained viable after 240 min 
at 48°C (open circles). The addition of 4 mM CAMP to 
the medium (filled circles) did not dramatically affect 
the large fraction of thermosensitive cells, but the more 
thermotolerant fraction (again - 0.1%) lost viability 
more rapidly. The wild-type strain, RW300, showed a 
thermotolerance profile similar to RW301 in MIN me- 
dium irrespective of the presence of CAMP in the me- 
dium (data not shown). 

Yeast cells starved for many essential nutrients ac- 
quire thermotolerance. To test the effect of elevated 
intracellular CAMP levels on the maintenance of ther- 
motolerance of nutrient-arrested cells, we transferred 
mid-log phase cells to minimal, nitrogen-free medium 
(MIN-N) for 2 days, at which point greater than 80% 
of the cells remained viable after incubation at 48°C for 
60 min. CAMP was then added to the arrested cells. 
After 6 h we shifted the cells to 48°C and determined 
viability loss over time (see section 2). RW300 (PDE2) 
cells remained completely viable after 60 min at 48°C 
with or without exogenous CAMP (Fig. 2). In contrast, 
as CAMP was increased, the thermotolerance of RW301 
(pde2) cells decreased (Fig. 2). After 6 h in 4 mM CAMP 
less than 5% of the cells remained viable at 48°C for 60 
min. The fraction of unbudded cells, determined both 
before and after the addition of CAMP, was greater than 
97%, indicating that increasing intracellular CAMP did 
not cause cells to re-enter the cell cycle. 
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Table II 

Effects of Increased intracellular CAMP levels on doubling time, the G, phase, and cell growth 

Strain” Medium” Unbudded cells 

(%) 
i-p< th) G,” th) S + G1 + Diameter Dry weight tmg/lO’ Protem (pd/lO’ 

M (h) I,um ) cells) cells) 

RW300 MIN 55 3.50 f 0.10 1.6 1.9 4.0 1 150.1 46.1 k 9.0 
RW300 MIN + CAMP 51 3.48 + 0.18 1.5 2.0 4.0 1 5 + 0.2 51.8 + 6.9 
RW301 MIN 53 3.83 2 0.37 1.7 3.1 4.2 7.5 * 0.4 53.2 2 5.1 
RW301 MIN + CAMP 67 4.40 f 0.03 2.6 1.8 3.7 5 8 i 0.3 1’52k 19.3 

d The RW300 (PDE-7) and RW301 @de?) cells were in mid-log phase. 
’ Exogenous CAMP was added, when mdicated, to a concentration of 4 mM. 
’ T,,, doubling time: the 95% confidence Intervals were derived from three separate experiments 
d The 95% confidence Intervals are < 0 2 h m all cases 

4. DISCUSSION 

Strains lacking the high-affinity CAMP phospho- 
diesterase behave normally under most laboratory con- 
ditions. Traits that are associated with very high intra- 
cellular CAMP levels, such as extreme heat-shock sensi- 
tivity, starvation intolerance and the inability to sporu- 
late, are not observed for p&2 or real mutants. These 
observations. as well as the fact that CAMP levels either 
do not increase or increase only slightly [3], indicates 
that this enzyme is not the unique component that buff- 
ers CAMP in cells. It has been reported that a strong 
feedback loop regulates CAMP production. The inter- 
ruption of the feedback loop, such as that which occurs 
in cAPK mutants with low but constitutive levels of 

10’ 1 

10° I 

10’ 

1o-5 I 1 

0 100 200 300 

Minutes 

Fig. 1. Effect of elevated mtracellular CAMP levels on the thermotol- 
erance of exponentially growing cells. RW301 (p&,?) cells m mid-log 
phase were shifted to 48°C and removed to determme viabihty at the 
times indicated (see section 2). The 95% confidence Intervals were m 
most cases approximately the size of the plot symbols, each of which 
represents the average of two repetitions of the experiment. ~I~. MIN 

medium: l , MIN+4 mM CAMP. 

cAPK activity (tpk” mutants), results in a several hun- 
dred-fold increase in CAMP levels irrespective of the 
presence of phosphodiesterase [5]. 

Exogenous CAMP is able to activate most of the 
CAMP-dependent events in pddlrcul cells, in contrast 
to wild-type cells which are insensitive to CAMP. The 
addition of CAMP bypasses the essential requirement 
for CDC25. RASI and RAS2, and adenylyl cyclase 
(CDC35ICYRl) and induces physiological changes sim- 
ilar to those found in strains with hyperactive cAPK. 
Addition of CAMP to the medium causes p&G mutant 
strains to lose viability when starved for nitrogen and, 
as reported here, causes nutritionally arrested cells to 
lose thermotolerance. These results imply that CAMP 
increases within the cell. This phenotype was observed 
independently for rcwl mutants and was attributed to 
changes in permeability of the cell to CAMP [S]. From 
genetic crosses presented above it is clear that rcul and 
p&2 are allelic, therefore the internal increase of CAMP 
has to be re-interpreted. The measurement of CAMP in 
the p&2 deletion strain shows a real increase after ex- 
ogenous CAMP addition despite the fact that an in- 
crease in direct uptake could not be detected. The sim- 
plest explanation is to assume that the yeast membrane 
is slightly permeable to CAMP; when the cell is chal- 
lenged to high concentrations. the permeability barrier 
is insufficient to prevent leakage sufficient to activate 
the cAPK. 

The pde2lrcal mutations thus allow the use of CAMP 
as a pharmacological agent to manipulate endogenous 
CAMP levels from the outside without temperature 
shifts which are known to affect the stress response, 
thermotolerance, sporulation, and carbohydrate accu- 
mulation. Bissinger et al. [30] and Baroni et al. [21] have 
used the real mutation to demonstrate CAMP-depend- 
ent control of catalase T transcription and the cell cycle, 
respectively. Francois et al. (221 used the p&G mutation 
to investigate the role of CAMP on trehalose biosynthe- 
sis. The p&2 mutation also has an advantage over the 
use of the polygenic cam genotype [19], because a pcle2 
null allele can be introduced directly into any strain 
background by transformation. Using a prle-3 strain, we 
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Fig. 3 Effects of elevated intracellular CAMP levels on the thermotol- 
erance of nutrient-arrested cells. Exponentially growmg RW300 
(PDE.?) and RW301 (p&2) cells m mid-log phase were arrested for 2 
days in MIN-N medium. transferred to MIN-N medtum plus ex- 
ogenous CAMP for 6 h. and then shifted to 48°C and removed to 
determine viabihty at the times indicated (see section 2). n. RW300 
(PDEZ) m MIN-N+4 mM CAMP; CJ, RW30I (p&2) m MIN-N: 
n . RW301 (p&2) in MIN-N+7 mM CAMP; l , RW301 ($2) m 

MIN-N+4 mM CAMP. 

raised intracellular CAMP levels in cells previously ar- 
rested by starvation and found that, as with an real 

strain [8], thermotolerance was rapidly lost. The acqui- 
sition of thermotolerance has been hypothesized to be 
characteristic of yeast cells in the G,, state [23-251. If this 
is true, then our results demonstrate that low intracellu- 
lar CAMP is required to maintain the G, state. 

In spite of a very poor permeability to CAMP. at very 
high external CAMP concentrations the high-affinity 
phosphodiesterase may play a protective role. Based on 
similar evidence, such a role for the CAMP phospho- 
diesterase in coliform bacteria has been hypothesized 
[26,27]. A wide variety of microorganisms, ranging from 
coliform bacteria [28,29] to Dictyosteliunz [30] and yeast 
[31], secrete CAMP. In the case of E. coli, greater than 
99% of the CAMP synthesized is found in the culture 
medium [28]. We hypothesize that S. cerevisicze, to avoid 
the deleterious effects of extracellular CAMP, has devel- 
oped a safety system composed of a membrane barrier. 
active extrusion, and the high-affinity phospho- 

diesterase. 
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