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Abstract 
The budding yeast Saccharomyces cerevisiae serves as an effective model organism for many cel-
lular pathways including phosphate transport, accumulation, and storage. In S. cerevisiae, phos-
phate is actively transported across the plasma membrane via several phosphate carriers and is 
then transported into the acidic vacuole (roughly equivalent to the mammalian lysosome with de-
gradative functions but with additional storage functions, such as calcium) where it is synthesized 
into volutin, a storage form of polyphosphate, found in many organisms. We have been studying 
volutin granule formation in wild type cells to determine the physiological requirements for for-
mation and in mutants to determine the pathway by which the volutin biosynthetic proteins are 
transported to the vacuole. Undertaking an analysis of volutin formation in yeast vacuoles by 
blocking vacuole function with pharmacological agents, such as ionomycin and CCCP, we see that 
vacuole pH as well as vacuolar calcium seems critical for volutin formation. Different blocks in 
vacuolar protein sorting have differential effects on volutin granule accumulation, with volutin 
granule formation seen in all mutant strains thus far tested, except for vps33, a mutant cell strain 
lacking all vacuolar structure. Our data are consistent with pleiotrophic effects of vacuolar physi-
ological function blocks leading to a decrease in volutin formation. 

 
Keywords 
Saccharomyces cerevisiae, Vacuole, Volutin, Polyphosphate 

 
 

1. Introduction 
Phosphate is an essential inorganic molecule required for diverse cellular functions including nucleotide anabol-
ism, bone remodeling and growth, and phosphorylation of a variety of substrates for function or augmentation of 
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activities. Phosphate is required for life and thus a wide variety of mechanisms have evolved to acquire, store, 
and regulate phosphate metabolism. 

The budding yeast Saccharomyces cerevisiae has served as an effective model organism for many cellular 
pathways, phosphate transport, accumulation, and storage is no exception [1]. Phosphate is actively transported 
across the plasma membrane via several phosphate transporters and is then transported into the vacuole (roughly 
equivalent to the mammalian lysosome but with additional metabolite storage functions) where it is formed into 
storage polyphosphate [2] [3]. Investigators have determined proteins required for polyphosphate accumulation 
and storage using DNA microarray technology [4] and mutant screening [5]. Polyphosphate accumulation in 
Saccharomyces cerevisiae is correlated to the growth phase [5] and the regulation of polyphosphate accumula-
tion and breakdown has been analyzed [4].  

Phosphate storage in the form of the volutin granule has been well-characterized in a variety of microorgan-
isms. Volutin was first identified in the early 1900s by its ability to be differentially stained by basic dyes in 
both bacterial cells and yeasts [6]. Later it was determined that these volutin granules contained polyphosphate 
in the form of linear polyphosphate chains of several to over 100 phosphates, covalently joined via high-energy 
phosphoanhydride bonds. Volutin is found not only in bacteria and yeasts, but also eukaryotes, such as trypano-
somes, malaria parasites, Chlamydomonas reinhardtii, and Dictyostelium discoideum [6]. In certain eukaryotes, 
the volutin granule is a membrane-bound storage organelle for calcium as well as polyphosphate. This organelle 
was found to be acidic; this type of organelle is now called the acidocalcisome [6]. 

Phosphate storage and accumulation in Saccharomyces cerevisiae is tightly controlled. Cells sense phosphate; 
and when the nutrient is low, transcription of many genes is upregulated through Pho4p, a transcription factor, 
and Pho2p, its regulator. Phosphate itself is transported into the cells via several transporters, including Pho89p, 
Pho84p, Pho87p, and Pho90p. When the intracellular phosphate level is high, the high affinity transporter 
Pho84p is targeted for degradation at the vacuole, and Pho4p is phosphorylated and excluded from the nucleus, 
and cells do not transcribe genes necessary for phosphate storage and accumulation [7]-[9]. When intracellular 
phosphate is low, Pho84p remains active; Pho4p binds to DNA and transcribes its target genes, and cells upre-
gulate a myriad of genes necessary for phosphate storage and accumulation. When phosphate is low, several 
vacuolar proteins, Vtc1p, Vtc2p, Vtc3p, and Vtc4p, move from around the secretory membranes such as the en-
doplasmic reticulum to the vacuole [10] are necessary for polyphosphate formation [7]-[9], with Vtc4p being the 
polyphosphate polymerase [11]. Polyphosphate in the vacuole has been well characterized biochemically in wild 
type and mutant strains under a wide variety of conditions [12]-[19].  

We have been studying volutin granule formation in wild type cells, in cell strains lacking the ability to traffic 
some or all proteins to the yeast vacuole (termed vacuolar protein sorting or vps mutants) [20], and in cells 
treated with a variety of pharmacological agents. Intriguingly, several strains carrying a vps mutant are still able 
to make volutin and cells treated with inhibitors of vacuolar function are also able to form volutin.  

2. Materials and Methods 
2.1. Deletion Strain Analysis 
All deletion analysis was performed in the parent strain BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0, ob-
tained from the Yeast Genome Deletion Project) [21] or in deletion strains of BY4742 obtained from the Yeast 
Gene Deletion Collection (Invitrogen) with each gene, as indicated, replaced with KanMX. Cells were grown 
overnight at 30˚C in low phosphate YPD (made by precipitating out the majority of the phosphate using ammo-
nium treatment followed by filtration, with an approximate concentration of phosphate of 0.01 to 0.03 mM) [22] 
and then were transferred into regular YPD media (1% yeast extract, 2% peptone, 2% dextrose, containing be-
tween 1 - 10 mM inorganic phosphate), and aliquots of cells were taken as indicated, harvested by centrifugation, 
stained for volutin [23], and analyzed by microscopy with differential interference contrast optics. Volutin 
staining was accomplished by adding 100 μl volutin stain (4 ml aqueous toluidine blue, 20 ml formaldehyde and 
0.6 ml glacial acetic acid) to the cells pellet [23], vortexing, and allowing them to incubate for at least an hour 
before microscopic analysis. The t = 0 time point was taken before the media transfer. Pictures are representative 
of cells seen and correspond to experiments repeated at least three times. Magnification is 100X. 

2.2. Quantitative Volutin Assessment 
Wild type SEY6210 Saccharomyces cerevisiae (MATα his3Δ200 leu2-3, 112 lys2-801 trp1-Δ901 ura3-52 suc2- 
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3Δ9 GAL) [24] were grown overnight in low phosphate YPD [22] and then back diluted into low phosphate 
YPD to be grown for several more hours. A sample of cells was removed before any treatment and termed t = 0. 
It was centrifuged, the low phosphate media decanted and then volutin dye was added [23]. Cells grown in low 
phosphate media were centrifuged, transferred into high phosphate YPD (regular YPD) and were treated with 
the appropriate treatment. Ionomycin, cyclohexamide, concanamycin, and carbonyl cyanide m-chlorophenyl 
hydrazine (CCCP) were all obtained from Sigma and resuspended in DMSO and then added immediately at the 
indicated concentrations. Aloquits were removed at the indicated times of the time courses, cells were harvested 
by centrifugation and were stained for volutin [23]. Cell analysis was performed by light microscopy. The 
amount of volutin seen in the vacuole was scored: empty (none), low (up to 25%), medium (25% - 50%), or high 
(greater than 50%). Approximately 100 cells were counted per analysis. Statistical significance was performed 
by Chi-Square analysis. 

3. Results and Discussion 
3.1. Deletion Strain Analysis 
We have been studying volutin granule formation in wild type cells and in cell strains lacking the ability to traf-
fic some or all proteins to the yeast vacuole (termed vacuolar protein sorting or vps mutants). We have been able 
to induce volutin granule formation by growing the cells overnight in low phosphate media [22] and then 
switching the cells to high phosphate media [25] and staining with toluidine blue [23]. Volutin can be detected at 
the earliest time point we can stain (30 seconds) and continues to accumulate, reaching a peak after about 30 
minutes and then slowly declining (data not shown). Volutin is not seen if cells grown in low phosphate media 
are reinoculated into low phosphate media, nor when cells are grown continuously in high phosphate media (da-
ta not shown). Volutin granules are seen exclusively in the vacuole of wild type cells (Figure 1). We were in-
terested in determining the pathway by which volutin granule proteins are trafficked to the vacuole, and so un-
dertook volutin granule staining in a series of vps mutants (Figures 2-6). Extensive volutin granule formation is 
seen in all mutant strains, except for Δvps33, a mutant cell strain lacking all vacuolar structure.  

In Figures 1-6, cells were incubated in low phosphate media overnight at 30˚C, centrifuged and the low  
 

 
Figure 1. Wild type cells. 

 

 
Figure 2. Δvps21 cells. Vps21p is required for trafficking to the late endosome via 
both the early secretory pathway and also endocytosis [26]. 

 

 
Figure 3. Δvps15. Vps15p regulates Vps34p, a PI3 kinase required for vacuolar pro-
tein sorting [27]. 
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Figure 4. Δvps27. Loss of VPS27 leads to formation of an exaggerated late endosome 
compartment and loss of traffic out of the late endosome [28]. 

 

 
Figure 5. Δatg8. Atg8p is required for the formation of autophagosomal membranes 
and cytoplasm-to-vacuole targeting [29]-[31]. 

 

 
Figure 6. Δvps33. Loss of VPS33 leads to a phenotype of total loss of vacuolar 
structure and function [32]. 

 
phosphate media decanted. Dye was added and then the t = 0 time point was taken. For the remainder of the time 
points, high phosphate media was added, and then the cells were incubated at 30˚C for the indicated time pe-
riods. The cells were harvested by centrifugation, the media decanted, and volutin staining was performed [23], 
and cells were viewed under differential interference contrast with a magnification of 100X. 

Different blocks in vacuolar protein sorting seem to have differential effects on volutin granule accumulation. 
In vps33 cells, which lack all vacuolar structure, there is no granule formation (Figure 6). In vps21 cells (as well 
as vps9 [33] and vps45 [34], data not shown), which have a block in protein sorting to the late endosome, gra-
nule formation is extensive (Figure 2). In cells lacking the protein serine-threonine kinase Vps15p, and thus the 
activity of the Vps34p PI3kinase, volutin accumulation is less than is seen in wild type (Figure 3), but is still 
markedly present. In vps27 cells blocked in their ability to traffic out of the prevacuolar compartment (PVC), 
volutin accumulation occurs, but to a lesser extent than wild type or vps21 cells (Figure 4). Due to the fact that 
there are large accumulations of volutin in the vacuole of vps21 mutant cells, we propose that proteins necessary 
for volutin accumulation are not trafficked through the secretory pathway via the endosome to the vacuole and 
must partake of a different route to the vacuole.  

We had hypothesized this route is the cytosol-to-vacuole pathway (CVT) [31]. Proteins, such as aminopepti-
dase I (API), are trafficked directly from the cytosol to the vacuole in a membrane bound form (CVT) and orga-
nelles and cytosol are also transported to the vacuole for recycling under starvation conditions (autophagy) [29] 
[30]. We reasoned that perhaps low phosphate would trigger transport of proteins via autophagosome formation. 
Vps15p is required for API maturation in the CVT pathway and in a vps15 mutant all API sorting is blocked 
[35]; and thus we would expect in the vps15 mutant the cytosol-to-vacuole pathway would be blocked and volu-
tin would not accumulate. However, in Figure 3, in a vps15 mutant volutin still accumulates in the vacuole. Ad-
ditionally, in Figure 5, volutin granules are still formed in an atg8 mutant, which is required for autophagy and 
cytoplasm-to-vacuole targeting [29]-[31].  
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An alternative hypothesis is that the decrease in volutin formation is a pleiotropic effect due to an intrinsic 
physiological change in the vacuole, similar to what is seen when vacuoles are treated with an agent that raises 
vacuole pH [36], mutations that perturb energy balance [5], or vacuolar physiology [37]. This alternate hypothe-
sis explains our data, as volutin granules are formed in all mutants tested.  

3.2. Pharmacological Agent Analysis 
We were also interested in looking at the morphology of the granule after cells were treated with several phar-
macological agents. There have been several recent reports of polyphosphate accumulation in yeast cells treated 
with agents targeting vacuolar function [13] [14] [17] [18] and these reports have implicated vacuolar physiolo-
gy, such as the action of the ATPase. These reports analyze total polyphosphate accumulation biochemically. 
We sought to correlate cells treated with several agents with microscopic morphology of the volutin granule. 
Thus we undertook analysis of cells treated with cyclohexamide, carbonyl cyanide m-chlorophenyl hydrazine 
(CCCP), concanamycin A, or ionomycin, analyzing the formation of the volutin granule in the cell. Cells were 
scored as to the size of the dyed accumulation, as empty (none), low (5% - 25%), medium (25% - 50%), or high 
volutin (50%+) accumulation and graphed (Figures 7-11). 

In order to determine if the treatments were statistically significant from each other, we performed Chi-Square 
analysis on each treatment end point (t = 30, final accumulation where we saw the highest accumulation percen-
tages) comparing to the no treatment control. Only in the 1 μM concanamyacin A treatment there was no statis-
tical difference between the treatment and control. In all the other treatments at the 30 minutes time point, 
Chi-Square analysis revealed a statistically significant difference (5 μg/ml cyclohexamide P < 0.001; 50 mM 
and 100 mM CCCP P < 0.001; 0.2 μM ionomycin p < 0.05; 0.4 μM ionomycin p < 0.001; 2 μM concanamycin 
A P< 0.05; 4 μM concanamycin A P < 0.001). Thus, all treatments decreased volutin accumulation over time. 

In cells not treated with any agent, volutin staining increases over a 30-minute time course (Figure 7). How-
ever, when cells are treated with other agents, volutin accumulation decreases compared to the no treatment con-
trol. For example, in Figure 8, when cells are treated with cyclohexamide, a potent protein synthesis inhibitor, 
 

 
Figure 7. Cells were transferred from low phosphate media to 
YPD and volutin accumulation was monitored microscopi-
cally. 

 

 
Figure 8. Cells were transferred from low phosphate media to 
YPD with 5 μg/ml cyclohexamide and volutin accumulation 
was monitored microscopically. 
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(a)                                                       (b) 

 
(c) 

Figure 9. Cells were transferred from low phosphate media to YPD with concanamycin A ((a) 1 μM, (b) 2 μM, and (c) 4 
μM) and volutin accumulation was monitored microscopically. 
 

 
(a)                                                       (b) 

Figure 10. Cells were transferred from low phosphate media to YPD with CCCP ((a) 50 mM, (b) 100 mM) and volutin ac-
cumulation was monitored microscopically. 
 

 
(a)                                                       (b) 

Figure 11. Cells were transferred from low phosphate media to YPD with ionomycin ((a) 0.2 μM, (b) 0.4 μM) and volutin 
accumulation was monitored microscopically. 

0

20

40

60

80

100

0 3 5 10 15 20 30

Pe
rc

en
ta

ge
 %

Time in Minutes

Concanamycin A 1µM

empty

low

med

high 0

20

40

60

80

100

0 3 5 10 15 20 30

Pe
rc

en
ta

ge
 %

Time in Minutes

Concanamycin A 2µM

empty

low

med

high

0

20

40

60

80

100

0 3 5 10 15 20 30

Pe
rc

en
ta

ge
 %

Time in Minutes

Concanamycin 4µM

empty

low

med

high

0

20

40

60

80

100

0 3 5 10 15 20 30

Pe
rc

en
ta

ge
 %

Time in Minutes

CCCP 50mM

empty

low

med

high 0

20

40

60

80

100

0 3 5 10 15 20 30

Pe
rc

en
ta

ge
 %

Time in Minutes

CCCP 100mM

empty

low

med

high

0

20

40

60

80

100

0 3 5 10 15 20 30

Pe
rc

en
ta

ge
 %

Time in Minutes

Ionomycin 0.2µM

empty

low

med

high 0

20

40

60

80

100

0 3 5 10 15 20 30

Pe
rc

en
ta

ge
 %

Time in Minutes

Ionomycin 0.4µM

empty

low

med

high



P. A. Marshall et al. 
 

 
471 

less stained volutin is seen in the time course; however, there is still volutin made. This potentially indicates that 
protein synthesis plays a small role in generating protein players for polyphosphate accumulation after cells have 
been incubated for many hours in low phosphate medium. In cells treated with agents that directly inhibit vacu-
olar physiology, volutin staining is decreased as well. Concanamycin A is an inhibitor of the vacuolar ATPase; 
CCCP is a protonophore that will raise the pH of the vacuole of treated cells and obliterate the proton gradient; 
and ionomycin is an ionophore that allows calcium release from the vacuole. Each treatment decreased volutin 
staining over time in the treated cells. Each treatment changes one aspect of the vacuolar ion physiology. How-
ever, in each case volutin formation decreased.  

We propose that the physiology of the vacuole itself, and the pH as well as the calcium content, are necessary 
for optimal volutin formation. In the case of the vps mutants small or large perturbations of the vacuolar milieu 
may be causing the volutin phenotype we see, rather than having a direct effect on the formation. Indeed, dis-
turbing phosphate homeostasis leads to marked increases in calcium in Saccharomyces [38]. Future work should 
include analysis by additional assays [39] [40] and in many more vps strains, as well as additional pharmacolog-
ical agents, such as wortmannin, an inhibitor of phosphoinositide 3-kinases. 

References 
[1] Lenburg, M.E. and O’Shea, E.K. (1996) Signaling Phosphate Starvation. Trends in Biochemical Sciences, 21, 383-387.  

http://dx.doi.org/10.1016/0968-0004(96)10048-7 
[2] Urech, K., Durr, M., Boller, T., Wiemken, A. and Schwencke, J. (1978) Localization of Polyphosphate in Vacuoles of 

Saccharomyces cerevisiae. Archives of Microbiology, 116, 275-278. http://dx.doi.org/10.1007/BF00417851 
[3] Saito, K., Ohtomo, R., Kuga-Uetake, Y., Aono, T. and Saito, M. (2005) Direct Labeling of Polyphosphate at the Ultra-

structural Level in Saccharomyces cerevisiae by Using The Affinity of the Polyphosphate Binding Domain of Esche-
richia Coli Exopolyphosphatase. Applied and Environmental Microbiology, 71, 5692-5701.  

[4] Ogawa, N., DeRisi, J. and Brown, P.O. (2000) New Components of a System for Phosphate Accumulation and Poly-
phosphate Metabolism in Saccharomyces cerevisiae Revealed by Genomic Expression Analysis. Molecular Biology of 
the Cell, 11, 4309-4321. http://dx.doi.org/10.1091/mbc.11.12.4309 

[5] Freimoser, F.M., Hurlimann, H.C., Jakob, C.A., Werner, T.P. and Amrhein, N. (2006) Systematic Screening of Poly-
phosphate(poly P) Levels in Yeast Mutant Cells Reveals Strong Interdependence with Primary Metabolism. Genome 
Biology, 7, R109.  

[6] Docampo, R., de Souza, W., Miranda, K., Rohloff, P. and Moreno, S.N. (2005) Acidocalcisomes—Conserved from 
Bacteria to Man. Nature Reviews Microbiology, 3, 251-261.  

[7] Persson, B.L., Lagerstedt, J.O., Pratt, J.R., Pattison-Granberg, J., Lundh, K., Shokrollahzadeh, S. and Lundh, F. (2003) 
Regulation of Phosphate Acquisition in Saccharomyces cerevisiae. Current Genetics, 43, 225-244.  
http://dx.doi.org/10.1007/s00294-003-0400-9  

[8] Secco, D., Wang, C., Shou, H. and Whelan, J. (2012) Phosphate Homeostasis in the Yeast Saccharomyces cerevisiae, 
the Key Role of the SPX Domain-Containing Proteins. FEBS Letters, 586, 289-295.  
http://dx.doi.org/10.1016/j.febslet.2012.01.036  

[9] Secco, D., Wang, C., Arpat, B.A., Wang, Z., Poirier, Y., Tyerman, S.D., Wu, P., Shou, H. and Whelan, J. (2012) The 
Emerging Importance of the SPX Domain-Containing Proteins in Phosphate Homeostasis. New Phytologist, 193, 842- 
851. http://dx.doi.org/10.1111/j.1469-8137.2011.04002.x 

[10] Uttenweiler, A., Schwarz, H., Neumann, H. and Mayer, A. (2007) The Vacuolar Transporter Chaperone (VTC) Com-
plex Is Required for Microautophagy. Molecular Biology of the Cell, 18, 166-175.  

[11] Hothorn, M., Neumann, H., Lenherr, E.D., Wehner, M., Rybin, V., Hassa, P.O., Uttenweiler, A., Reinhardt, M., 
Schmidt, A., Seiler, J., Ladurner, A.G., Herrmann, C., Scheffzek, K. and Mayer, A. (2009) Catalytic Core of a Mem-
brane-Associated Eukaryotic Polyphosphate Polymerase. Science, 324, 513-516.  
http://dx.doi.org/10.1126/science.1168120  

[12] Vagabov, V.M., Trilisenko, L.V., Shchipanova, I.N., Sibel’dina, L.A. and Kulaev, I.S. (1998) Change in Inorganic Po-
lyphosphate Chain Length Depending on the Stage of Saccharomyces cerevisiae Growth. Mikrobiologiia, 67, 188-193. 

[13] Vagabov, V.M., Trilisenko, L.V. and Kulaev, I.S. (2000) Dependence of Inorganic Polyphosphate Chain Length on the 
Orthophosphate Content in the Culture Medium of the Yeast Saccharomyces cerevisiae. Biochemistry (Mosc), 65, 349- 
354.  

[14] Trilisenko, L.V., Andreeva, N.A., Kulakovskaya, T.V., Vagabov, V.M. and Kulaev, I.S. (2003) Effect of Inhibitors on 
Polyphosphate Metabolism in the Yeast Saccharomyces cerevisiae under Hypercompensation Conditions. Biochemi-
stry (Mosc), 68, 577-581.  

http://dx.doi.org/10.1016/0968-0004(96)10048-7
http://dx.doi.org/10.1007/BF00417851
http://dx.doi.org/10.1091/mbc.11.12.4309
http://dx.doi.org/10.1007/s00294-003-0400-9
http://dx.doi.org/10.1016/j.febslet.2012.01.036
http://dx.doi.org/10.1111/j.1469-8137.2011.04002.x
http://dx.doi.org/10.1126/science.1168120


P. A. Marshall et al. 
 

 
472 

[15] Vagabov, V.M., Trilisenko, L.V., Kulakovskaya, T.V. and Kulaev, I.S. (2008) Effect of a Carbon Source on Poly-
phosphate Accumulation in Saccharomyces cerevisiae. FEMS Yeast Research, 8, 877-882.  
http://dx.doi.org/10.1111/j.1567-1364.2008.00420.x  

[16] Trilisenko, L., Tomashevsky, A., Kulakovskaya, T. and Kulaev, I. (2013) V-ATPase Dysfunction Suppresses Polypho- 
sphate Synthesis in Saccharomyces cerevisiae. Folia Microbiologica (Praha), 58, 437-441.  
http://dx.doi.org/10.1007/s12223-013-0226-x 

[17] Trilisenko, L.V., Kochetkova, O.Y., Vagabov, V.M. and Kulaev, I.S. (2010) Effect of Cycloheximide, Iodoacetamide, 
and Antimycin A on Inorganic Phosphate Synthesis in Saccharomyces cerevisiae VKM Y-1173. Microbiology, 79, 23- 
29. http://dx.doi.org/10.1134/S0026261710010030 

[18] Vagabov, V.M., Trilisenko, L.V., Kochetkova, O.Y., Ilchenko, A.P. and Kulaev, I.S. (2011) Effect of m-Carbonyl Cya- 
nide 3-Chlorophenylhydrazone on Inorganic Polyphosphates Synthesis in Saccharomyces cerevisiae under Different 
Growth Conditions. Microbiology, 80, 15-20. http://dx.doi.org/10.1134/S0026261711010176 

[19] Breus, N.A., Riazanova, L.P., Suzina, N.E., Kulakovskaia, N.V., Valiakhmetov, A.I., Iashin, V.A., Sorokin, V.V. and 
Kulaev, I.S. (2011) Accumulation of Inorganic Polyphosphates in Saccharomyces cerevisiae under Nitrogen Depriva-
tion: Stimulation by Magnesium Ions and Peculiarities of Localization. Mikrobiologiia, 80, 624-630.  
http://dx.doi.org/10.1134/S002626171105002X 

[20] Rothman, J.H. and Stevens, T.H. (1986) Protein Sorting in Yeast: Mutants Defective in Vacuole Biogenesis Mislocal-
ize Vacuolar Proteins into the Late Secretory Pathway. Cell, 47, 1041-1051.  
http://dx.doi.org/10.1016/0092-8674(86)90819-6 

[21] Brachmann, C.B., Davies, A., Cost, G.J., Caputo, E., Li, J., Hieter, P. and Boeke, J.D. (1998) Designer Deletion Strains 
Derived from Saccharomyces cerevisiae S288C: A Useful Set of Strains and Plasmids for PCR-Mediated Gene Dis-
ruption and Other Applications. Yeast, 14, 115-132.  

[22] Warner, J.R. (1991) Labeling of RNA and Phosphoproteins in Saccharomyces cerevisiae. Methods in Enzymology, 194, 
423-428. http://dx.doi.org/10.1016/0076-6879(91)94033-9 

[23] Lindegren, C.C. (1949) The Yeast Cell, Its Genetics and Cytology. Educational Publishers, Incorporated, St. Louis.  
[24] Robinson, J.S., Klionsky, D.J., Banta, L.M. and Emr, S.D. (1988) Protein Sorting in Saccharomyces cerevisiae: Isola-

tion of Mutants Defective in the Delivery and Processing of Multiple Vacuolar Hydrolases. Molecular and Cellular Bi- 
ology, 8, 4936-4948.  

[25] Jacobson, L., Halmann, M. and Yariv, J. (1982) The Molecular Composition of the Volutin Granule of Yeast. Bioche- 
mical Journal, 201, 473-479.  

[26] Gerrard, S.R., Bryant, N.J. and Stevens, T.H. (2000) VPS21 Controls Entry of Endocytosed and Biosynthetic Proteins 
into the Yeast Prevacuolar Compartment. Molecular Biology of the Cell, 11, 613-626.  
http://dx.doi.org/10.1091/mbc.11.2.613 

[27] Stack, J.H., Herman, P.P., Schu, P.V. and Emr, S.D. (1993) A Membrane-Associated Complex Containing the Vps15 
Protein Kinase and the Vps34 PI Kinase Is Essential for Protein Sorting to the Yeast Lysosome-Like Vacuole. The 
EMBO Journal, 12, 2195-2204.  

[28] Piper, R.C., Cooper, A.A., Yang, H. and Stevens, T.H. (1995) VPS27 Controls Vacuolar and Endocytic Traffic through 
a Prevacuolar Compartment in Saccharomyces cerevisiae. The Journal of Cell Biology, 131, 603-617.  
http://dx.doi.org/10.1083/jcb.131.3.603 

[29] Suzuki, K. and Ohsumi, Y. (2007) Molecular Machinery of Autophagosome Formation in Yeast, Saccharomyces cere-
visiae. FEBS Letters, 581, 2156-2161. http://dx.doi.org/10.1016/j.febslet.2007.01.096 

[30] Xie, Z. and Klionsky, D.J. (2007) Autophagosome Formation: Core Machinery and Adaptations. Nature Cell Biology, 
9, 1102-1109. http://dx.doi.org/10.1038/ncb1007-1102 

[31] Lynch-Day, M.A. and Klionsky, D.J. (2010) The Cvt Pathway as a Model for Selective Autophagy. FEBS Letters, 584, 
1359-1366. http://dx.doi.org/10.1016/j.febslet.2010.02.013 

[32] Williams, R.L. and Urbé, S. (2007) The Emerging Shape of the ESCRT Machinery. Nature Reviews Molecular Cell 
Biology, 8, 355-368. http://dx.doi.org/10.1038/nrm2162 

[33] Hama, H., Tall, G.G. and Horazdovsky, B.F. (1999) Vps9p Is a Guanine Nucleotide Exchange Factor Involved in Vesi- 
cle-Mediated Vacuolar Protein Transport. The Journal of Biological Chemistry, 274, 15284-15291.  

[34] Peterson, M.R., Burd, C.G. and Emr, S.D. (1999) Vac1p Coordinates Rab and Phosphatidylinositol 3-Kinase Signaling 
in Vps45p-Dependent Vesicle Docking/Fusion at the Endosome. Current Biology, 9, 159-162.  
http://dx.doi.org/10.1016/S0960-9822(99)80071-2 

[35] Wurmser, A.E. and Emr, S.D. (2002) Novel PtdIns(3)P-Binding Protein Etf1 Functions as an Effector of the Vps34 
PtdIns 3-Kinase in Autophagy. The Journal of Cell Biology, 158, 761-772.  

http://dx.doi.org/10.1111/j.1567-1364.2008.00420.x
http://dx.doi.org/10.1007/s12223-013-0226-x
http://dx.doi.org/10.1134/S0026261710010030
http://dx.doi.org/10.1134/S0026261711010176
http://dx.doi.org/10.1134/S002626171105002X
http://dx.doi.org/10.1016/0092-8674(86)90819-6
http://dx.doi.org/10.1016/0076-6879(91)94033-9
http://dx.doi.org/10.1091/mbc.11.2.613
http://dx.doi.org/10.1083/jcb.131.3.603
http://dx.doi.org/10.1016/j.febslet.2007.01.096
http://dx.doi.org/10.1038/ncb1007-1102
http://dx.doi.org/10.1016/j.febslet.2010.02.013
http://dx.doi.org/10.1038/nrm2162
http://dx.doi.org/10.1016/S0960-9822(99)80071-2


P. A. Marshall et al. 
 

 
473 

[36] Matsumoto, R., Suzuki, K. and Ohya, Y. (2013) Organelle Acidification Is Important for Localisation of Vacuolar Pro- 
teins in Saccharomyces cerevisiae. Protoplasma, 250, 1283-1293. http://dx.doi.org/10.1007/s00709-013-0510-2 

[37] Tomaschevsky, A.A., Ryasanova, L.P., Kulakovskaya, T.V. and Kulaev, I.S. (2010) Inorganic Polyphosphate in the 
Yeast Saccharomyces cerevisiae with a Mutation Disturbing the Function of Vacuolar ATPase. Biochemistry (Mos-
cow), 75, 1052-1054.  

[38] Rosenfeld, L., Reddi, A.R., Leung, E., Aranda, K., Jensen, L.T. and Culotta, V.C. (2010) The Effect of Phosphate Ac-
cumulation on Metal Ion Homeostasis in Saccharomyces cerevisiae. JBIC Journal of Biological Inorganic Chemistry, 
15, 1051-1062. http://dx.doi.org/10.1007/s00775-010-0664-8 

[39] Ryazanova, L., Andreeva, N., Kulakovskaya, T., Valiakhmetov, A., Yashin, V., Vagabov, V. and Kulaev, I.S. (2011) 
The Early Stage of Polyphosphate Accumulation in Saccharomyces cerevisiae: Comparative Study by Extraction and 
DAPI Staining. Advances in Bioscience and Biotechnology, 2, 293-297. http://dx.doi.org/10.4236/abb.2011.24042 

[40] Puchkov, E.O. (2010) Brownian Motion of Polyphosphate Complexes in Yeast Vacuoles: Characterization by Fluore- 
scence Microscopy with Image Analysis. Yeast, 27, 309-315. http://dx.doi.org/10.1002/yea.1754 

http://dx.doi.org/10.1007/s00709-013-0510-2
http://dx.doi.org/10.1007/s00775-010-0664-8
http://dx.doi.org/10.4236/abb.2011.24042
http://dx.doi.org/10.1002/yea.1754


Scientific Research Publishing (SCIRP) is one of the largest Open Access journal publishers. It is 
currently publishing more than 200 open access, online, peer-reviewed journals covering a wide 
range of academic disciplines. SCIRP serves the worldwide academic communities and contributes 
to the progress and application of science with its publication. 
 
Other selected journals from SCIRP are listed as below. Submit your manuscript to us via either 
submit@scirp.org or Online Submission Portal. 

 

    

    

    

    

mailto:submit@scirp.org
http://papersubmission.scirp.org/paper/showAddPaper?journalID=478&utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ABB?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AM?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AJPS?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/CE?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ENG?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/Health?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JCC?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JMP?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JEP?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AS?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/FNS?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/PSYCH?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/NS?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ME?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JCT?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AJAC?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper

	Analysis of Volutin Granule Formation in Saccharomyces cerevisiae
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Deletion Strain Analysis
	2.2. Quantitative Volutin Assessment

	3. Results and Discussion
	3.1. Deletion Strain Analysis
	3.2. Pharmacological Agent Analysis

	References

