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Yeast cells accumulate large amounts of arginine and polyphosphate in their vacuoles and utilize these compounds as 
endogenous nitrogen or phosphate sources under conditions of starvation. We examined a vacuoleless mutant, endl, 
and found that it stored virtually no arginine or polyphosphate when grown on a medium with arginine as the sole nitro- 
gen source. When starved of nitrogen or phosphate it stopped growing much faster than the wildtype. Unlike the wildty- 
pe, end1 showed no accumulation of polyphosphate and, concomitantly, of arginine after a period of phosphate starva- 

tion. The results support the concept that vacuoles contain the main reserves of nitrogen and phosphate in fungi. 
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1. INTRODUCTION 

Fungi store large pools of amino acids in the 
vacuoles [3,4,7,9,15,16,18]. Particularly basic 
amino acids rich in nitrogen, such as arginine, are 
accumulated in enormous amounts and play a cen- 
tral role as nitrogen reserves [3,6,7,9,17-191. 
Moreover, fungi also store their main P reserve in 
the vacuoles in the form of polyphosphate (poly- 
P), a linear polymer of orthophosphate linked by 
energy rich phospho-anhydride bonds [3,11,14]. 
These prominent vacuolar reserves of opposite 
charge frequently occur in almost equal amounts 
suggesting a relationship of mutual charge com- 
pensation. However, since the two reserves can be 
mobilized independently by yeast and Neurospora 
under conditions of P or N starvation alternative 
counterions must be available for charge compen- 
sation under these starvation conditions [3,6,9]. 

Considering the important homeostatic function 
of vacuoles as storage organelles for N and P 
reserves as well as for the ionic and osmotic rela- 

Correspondence address: A. Wiemken, Botanisches InStitut der 
Universitgt Basel, Abteilung Pflanzenphysiologie, Hebelstrasse 
1, CH-4056 Basel, Switzerland 

tionships in the cells [l&19], it was tempting so see 
how mutants lacking proper vacuoles [1,2,5,13] 
behaved under conditions of N or P starvation. We 
found that the vacuole-deficient mutant end1 (ap- 
parently an allelic mutation to the class c vptll 
mutation: [5,13]) contained virtually no arginine 
or poly-P. When starved for N or P it stopped 
growing much earlier than the wildtype strain. 

2. EXPERIMENTAL 

2.1. Organisms and cultivation 
Saccharomyces cerevisiae wildtype strain (X-2180-lA, a) and 

the end1 (1 lo-lA, (Y) mutant in the same background, both ob- 
tained from H. Riezman, were grown on a defined liquid 
medium containing arginine (10 mM) as the sole nitrogen 
source and glucose (l%, w/v) as carbon source; mineral salts, 
vitamins and trace elements were as before [6]. Cultures were 
grown in conical flasks on a rotary shaker (145 rpm) at 27°C. 

2.2. Phosphate and nitrogen starvation 
Cultures in the exponential phase of growth (17 x lo6 

cells/ml) were chilled on ice. Cells were collected rapidly by cen- 
trifugation (3000 rpm, 3 min), washed twice in cold distilled 
water (0°C) and resuspended in fresh, prewarmed (27°C) media 
lacking the P or N source. At different time intervals after in- 
itiating P starvation, 15 mM KHzPO., was added again. 

2.3. Analytical methods 
For measuring, poly-P cells were harvested from 10 ml of 
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culture by filtration (Whatman GF/C) and washed twice in 50 
mM citric acid (NaOH) buffer, pH 5.1, at 0°C. Cells were 
resuspended in 1 ml of the same buffer at 0°C and boiled for 
10 min. The cell suspension was used to determine poly-P as 
described [6]. For arginine measurements, cells were harvested 

wildtvceaeast strainE2l60 

2,5 

2,o 

185 

‘,O 

O,5 

0 

P 
+/- 

& 

)J 

+P 

: 

El.. .... 

and washed as described above, but resuspended in 1 ml of 80% 
ethanol. Arginine and other amino acids were extracted by in- 
cubating the suspension at 60°C for 15 min. The extract was 
centrifuged and the supernatant was brought to dryness under 
a stream of air at 50°C. Dry samples were dissolved in 
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Fig.1. Transfer of Saccharornyces cerevisiae wildtype strains (A,C,E) and of the vacuoleless mutant end1 (B,D,F) from a complete 
medium (arginine as the nitrogen source) to a medium lacking phosphate (P + / - , at 0 h). After the time intervals indicated (+ P) ali- 
quots of the cultures were withdrawn and phosphate (15 mM KHaPO.+) was added again. Contents of poly-P (A,B) and arginine (C,D) 

per protein. Growth (protein) of the cultures (E,F). Open symbols (0 A) give the parameters after addition of phosphate. 

134 



Volume 254, number 1,2 FEBS LETTERS August 1989 

methanol/Hz0 1:l before analysis. Arginine and other or- 
thophthalaldehyde derivatized amino acids were determined 
fluorometrically by reverse-phase HPLC (C-18 column, Hyper- 
sil ODS, 5 pm, 250 x 4.6 mm) essentially according to Jones et 
al. [8]. Protein was measured according to Peterson [12] using 
BSA as a standard. 

had to compensate the charge of the arginine under 
these conditions. 

Addition of phosphate after P starvation induc- 
ed rapid accumulation of poly-P (fig.lA). The 
concentration finally reached, exceeded by far that 
present in the cells before P starvation. This is a 
well-known phenomenon called poly-P over- 
compensation or poly-P overplus occurring in 
many unicellular organisms storing poly-P [l 11. 
The overcompensation only occurred if the period 
of P starvation was long enough to deplete the 
poly-P reserves in the cells (fig.lA). It is 
remarkable that the poly-P overcompensation was 
accompanied by an arginine accumulation in com- 
parable amounts (fig.lB), which indicates that in 
this case storage of these two vacuolar reserves of 
opposite charge is related. 

3. RESULTS AND DISCUSSION 

Saccharomyces cerevisiae (X-2180) grown on 
arginine as the sole nitrogen source accumulated 
large quantities of poly-P (1.8 mmol Pi equivalents 
of poly-P/g protein) and arginine (2.1 mmol 
arginine/g protein). After transferring the culture 
to a medium lacking P, poly-P was mobilized 
(fig.lA) and growth continued for more than 5 h 
(fig.lE). The mean generation time (g) increased 
only slightly from 2.5 h before starvation to 3.7 h 
thereafter. The arginine pool was also reduced 
slightly (fig.2C). Hence anions other than poly-P 

The vacuole-deficient mutant (endl) behaved 
quite differently under the same conditions. Grown 
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Fig.2. Transfer of Succharomyces cerevisiae wildtype strain (AC) and the vacuoleless mutant end1 (B,D) from a complete medium 
(arginine as the sole nitrogen source) to a medium lacking the nitrogen source (N + / - at 0 h). Amounts of arginine (0) and poly-P 

(A) per protein (A,B). Growth (protein) of the cultures (C,D). 
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on arginine, it contained almost no poly-P or 
arginine (fig. 1B and D). Considering the lack of the 
main P reserve, it was not surprising to find that 
the mutant stopped growing after 1 h of P starva- 
tion, allowing an increase of protein of about 30% 
only (fig.lF). Moreover the mutant did not show 
the phenomenon of poly-P and arginine over- 
compensation (fig.lB and D). 

After being transferred to a medium lacking a N 
source, the wildtype strain continued to grow at a 
constant rate for nearly 2 h corresponding to about 
1 generation (fig.2C). The stored arginine was 
mobilized as an endogenous N reserve whereas the 
poly-P content remained virtually constant 
(fig.2A). The charge of poly-P had to be balanced 
by cations other than arginine under these condi- 
tions. In contrast, the vacuoleless mutant subjected 
to N starvation stopped growing within 1 h cor- 
responding to about 0.3 generations (fig.2B). The 
small arginine and poly-P pools present in the mu- 
tant changed only slightly (fig.2A). Microscopic 
observations showed that the mutant did not die 
after 6 h of P or N starvation. The results show that 
vacuole deficiency as induced by the end1 mutation 
and probably also by the allelic vpt 11 mutation 
[2,5,13] causes a deficiency of the storage pools for 
both N and P. It is interesting that a lysine-sensitive 
mutant deficient in basic amino acid storage pools 
(slpl) also turned out to be lacking proper vacuoles 
[lo]. In the natural habitats of many yeasts and 
molds, P and N are probably the nutrients whose 
supply is most often limited [20]. Therefore, it is 
certainly of great ecological importance for these 
fungi that they can increase phosphate and 
nitrogen stores rapidly in the vacuole when the 
nutrients are abundant in order to allow growth 
and metabolism during the frequently occurring 
periods of need. 

Acknowledgments: We thank H. Riezman for sending us strains 
and for reading the manuscript. This work was supported by the 
Swiss National Science Foundation. 

REFERENCES 

111 

14 

[31 

[41 
PI 
161 

Banta, L.M., Robinson, J.S., Klionsky, D.J. and Emr, 
SD. (1988) J. Cell Biol. 107, 1369-1383. 
Chvatchko, Y., Howald, I. and Riezman, H. (1986) Cell 
46, 355-364. 
Cramer, C.L., Vaughn, L.E. and Davis, R.H. (1980) J. 
Bact. 142, 945-952. 
Davis, R.H. (1986) Microbial. Rev. 50, 280-313. 
Dulic, V. and Riezman, H. (1989) EMBO 8, 1349-1359. 
Dilrr, M., Urech, K., Boller, T., Wiemken, A., Schwen- 
eke, J. and Nagy, M. (1979) Arch. Microbial. 121, 
169-175. 

171 

WI 

191 

Huber-Walchli, V. and Wiemken, A. (1979) Arch. 
Microbial. 120, 141-149. 
Jones, B.N., Ptibo, S. and Stein, S. (1981) J. Liq. 
Cromatogr. 4, 565-586. 
Kitamoto, K., Yoshizawa, K., Ohsumi, Y. and Anraku, Y. 
(1988) J. Bacterial. 170, 2683-2886. 

[lo] Kitamoto, K., Yoshizawa, K., Ohsumi, Y. and Anraku, Y. 
(1988) J. Bacterial. 170, 2687-2691. 

[l l] Kulaev, J.S. and Vagabov, V.M. (1983) Adv. Microbial. 
Phys. 24, 82-189. 

[12] Peterson, CL. (1977) Anal. Biochem. 83, 346-356. 
[13] Robinson, J.S., Klionsky, D.J., Banta, L.M. and Emr, 

S.D. (1988) Mol. Cell Biol. 8, 4936-4948. 
[14] Urech, K., D&r, M., Boiler, T. and Wiemken, A. (1978) 

Arch. Microbial. 116, 275-278. 
[IS] Wiemken, A. and Nurse, P. (1973) Planta 109, 293-306. 
[16] Wiemken, A. and Dtlrr, M. (1974) Arch. Microbial. 101, 

45-57. 
1171 Wiemken, A., Schellenbera. M. and Urech. K. (1979) 

ml 

1191 
ml 

Arch. Microbial. 123, 23-35: 
I . I 

Wiemken, A. (1980) in: Cell Compartmentation and 
Metabolic Channeling @lover, L., Lynen, F. and Mothes, 
K. eds) p. 225, Elsevier/North-Holland Biomed. Press, 
Amsterdam. 
Wiemken, A. (1982) Bull. Sot. Bot. Fr. 129, 121-130. 
Harder, W. and Dijkhuizen, L. (1983) Annu. Rev. 
Microbial. 37, l-23. 

136 


