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Abstract 

The membrane raft has been a focus of intensive research for the past two decades. 

Liquid-ordered domains form in artificial liposomes containing sterol and saturated 

lipids, but their presence in living cell membranes has been controversial. The yeast 

vacuole is exceptional in that micron-sized raft-like domains form in the stationary 

phase and under several other conditions. The sterol content of the vacuole in the log 

phase is much lower than that of liposomes showing liquid-ordered domains, suggesting 

that sterols may need to be supplied to the vacuole for the raft-like domain formation. 

We will discuss how lipids and lipid domains are organized in the vacuolar membrane 

and examine whether evidence is strong enough to conclude that the observed micron-

sized domains are rafts.  

 

 

Abbreviations list  

ILV, intralumenal vesicle; IMP, intramembrane particle; Ld, liquid-disordered; Lo, 

liquid-ordered; LD, lipid droplet; MVB, multi-vesicular body; NPC, Niemann-Pick type 

C; NVJ, nuclear–vacuolar junction; PI(3)P, phosphatidylinositol 3-phosphosphate; 

PI(3,5)P2, phosphatidylinositol 3,5-bisphosphate; PI(4)P, phosphatidylinositol 4-

phosphosphate; V-ATPase, vacuolar-type H+-ATPase; vCLAMP, vacuole–

mitochondria patch  
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Introduction 

Membrane domains enriched with specific lipids may form via mechanisms involving 

protein–lipid and lipid–lipid interactions. The raft hypothesis proposes that sterols and 

saturated lipids, such as sphingolipids, make clusters and generate membrane domains 

of a higher order than surrounding membrane areas, to which proteins having affinity 

concentrate. Micron-sized domains showing the property of liquid-ordered (Lo) phase 

were observed in giant unilamellar liposomes [1] and giant plasma membrane vesicles 

[2]. No such domain, however, has been observed in live cell samples, although the 

plasma membrane of mammalian cells, which contains abundant cholesterol and 

sphingolipids, was scrutinized using a variety of microscopic methods [3]. Thus, it is 

now generally thought that rafts in living cell membranes have only a short life span 

(e.g., within milliseconds) and are too small to be resolved by diffraction-limited 

microscopy [4]. Various conditions that do not exist in artificial membranes, such as 

presence of abundant membrane proteins and continuous perturbation of membranes 

(by endocytosis and exocytosis, for example), are thought to preclude formation of 

stable micron-sized rafts in living cell membranes.  

 In contrast to the above explanation, the vacuolar membrane of budding yeast 

(Saccharomyces cerevisiae) shows formation of micron-sized domains, which seem to 

have Lo phase-like properties. The observation is intriguing, especially considering that 

the sterol content of the vacuolar membrane in log-phase yeast is much lower than that 

of the mammalian plasma membrane. In this article, we will summarize what is known 

about lipids and lipid domains of the vacuole and discuss whether and how Lo-like 

domains form.     

Lipids in the vacuole membrane 

The vacuole corresponds to the lysosome in mammalian cells and harbor a variety of 

digestive enzymes in an acidic internal milieu [5, 6]. Biochemical analysis of 

subcellular fractions showed that the vacuole contains only a low level of ergosterol and 

other sterols [7-9]; the ratio of ergosterol to proteins (mg/mg) and that of ergosterol to 

phospholipids (mol/mol) in the vacuole were reported to be 1/8 and 1/18 of those of the 

yeast plasma membrane, respectively [9]. The phospholipid composition is also vastly 

different between the vacuole and the plasma membrane of yeast: the vacuole contains 

phosphatidylcholine most abundantly (46.5%), followed by phosphatidylethanolamine, 
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phosphatidylinositol, and phosphatidylserine, whereas the plasma membrane contains 

phosphatidylserine most abundantly (33.6%) [9]. The percentage of saturated fatty acids 

in phospholipids is significantly lower in the vacuole than in the plasma membrane [7]. 

Additionally, microscopic methods showed the presence of phosphatidylinositol 3-

phosphate [PI(3)P] [10, 11], phosphatidylinositol 3,5-bisphosphate [PI(3,5)P2] [12], and 

phosphatidylinositol 4-phosphate [PI(4)P] [13]. For sphingolipids, the vacuole contains 

inositolphosphorylceramide most, whereas the plasma membrane is relatively enriched 

with more complex mannosylinositolphosphorylceramide and 

mannosyldiinositolphosphorylceramide [14].       

 Consistent with the low ergosterol content, the vacuolar membrane in log phase 

shows properties of non-raft, liquid-disordered (Ld) phase. Compared with the plasma 

membrane, which contains abundant ergosterol and sphingolipids, lipid mobility 

estimated by measuring the fluorescence anisotropy with trimethylammonium 

diphenylhexatriene was higher [9], whereas the membrane thickness estimated using 

electron microscopy was lower [7].  

Lipid transport to the vacuole 

Lipid synthesis is not likely to occur in the vacuole except for PI(3,5)P2, so lipids in the 

vacuolar membrane need to be supplied by vesicular and non-vesicular pathways 

(Figure 1). Major vesicles coming in to the vacuole are multi-vesicular bodies (MVB), 

the AP-3 vesicles, and autophagosomes, including the cytoplasm-to-vacuole (Cvt) 

vesicles. For sterol, which is necessary for Lo domain formation, mammalian data 

suggest that the limiting membrane of MVB and autophagosomes contains only low 

levels of sterol [15, 16], whereas the intralumenal vesicles (ILVs) of MVB are enriched 

with sterol in both yeast and mammalian cells [15, 17]. Ergosterol released from 

digested ILVs is thought to be transferred to the vacuolar membrane by the Niemann-

Pick type C (NPC) protein homologs, Ncr1 and Npc2 [17]. Contribution of AP-3 

vesicles and even less well-characterized Vid vesicles to vacuolar lipids is not known 

[18, 19].  

 Two membrane contact sites, the nucleus–vacuole junction (NVJ) and the 

vacuole–mitochondria patch (vCLAMP), are engaged in non-vesicular lipid transport. 

Ltc1/Lam6, a StART-like domain-containing protein showing sterol transfer activity in 

vitro, distributes in NVJ and mediates transport of ergosterol to the vacuolar membrane 
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[20, 21]. Osh1, a member of the oxysterol-binding protein, is likely to exchange 

ergosterol and PI(4)P at NVJ [22]. NVJ also contains Nvj2, a synaptotagmin-like-

mitochondrial-lipid binding protein, which is implicated for ergosterol transport [23], 

and Mdm1/Snx13 and Nvj3, which may play some role in lipid transfer [24]. vCLAMP 

is thought to be an apparatus to transport lipids from the ER to mitochondria across the 

vacuolar membrane [25, 26]. The effect of vCLAMP on vacuolar lipids, especially 

ergosterol, is currently unclear.  

Vacuolar membrane domains in the stationary phase 

When nutrients in a medium are exhausted, yeast enters the post-diauxic phase and then 

the stationary phase, during which a metabolic shift from fermentation to respiration 

occurs [27]. In accordance with the change, vacuoles fuse each other, forming a large 

vacuole that occupies a large portion of the cell. Because of the size, the spherical 

shape, and a lucent lumen, the vacuole can be clearly observed under differential 

interference contrast or phase contrast microscopes. The large vacuole in stationary 

phase yeast is no longer a smooth sphere but often takes a polyhedral shape. An early 

electron microscopic study investigated the morphological change using freeze-fracture 

and showed that intramembrane particles (IMPs) that largely represent transmembrane 

proteins are lined along the edge of polygons, thus making the polygonal face portion 

IMP-deficient [28].  

 Toulmay and Prinz revisited the phenomenon and showed that Vph1, a 

multispanning protein constituting the vacuolar ATPase complex, takes a similar 

polygonal distribution as IMPs (Figure 2). They also showed that filipin, a fluorescent 

polyene antibiotic binding to sterol, labels the Vph1-deficient area of the vacuolar 

membrane, whereas FAST diI, a carbocyanine dye bound to an unsaturated lipid (18:2) 

that preferentially assimilates to the Ld phase [29], is enriched in the complementary 

Vph1-positive area [30]. Together with the observation that inhibition of ergosterol 

synthesis or extraction of sterol suppressed the biased distribution of Vph1, the Vph1-

deficient membrane area was suggested to be a raft-like Lo domain [30]. More recently, 

the Vph1-deficient domains were shown to merge upon collision with each other and to 

also form and dissolve reversibly upon temperature changes, further supporting the idea 

that the domain is an Lo membrane induced by phase separation [31].   
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 The low content of ergosterol and saturated lipids in the log phase vacuole 

membrane does not favor formation of an Lo membrane. In the stationary phase, 

however, the vacuolar domain formation and lipophagy, i.e., engulfment of lipid 

droplets (LDs) by the vacuolar membrane, proceed in a feed-forward manner, indicating 

that ergosterol released from digested LDs is inserted to the vacuolar membrane and 

supports continual Lo domain formation [32]. We showed an increase of ergosterol in 

the stationary phase vacuole and further found that Ncr1 and Npc2 are essential for the 

increase of ergosterol, domain formation, and lipophagy [17]. The domain formation 

was deficient in yeast lacking the core autophagy machinery or several other proteins 

[30, 32], and in many of these cases, Ncr1 and Npc2, which normally distribute in the 

membrane and the lumen of the vacuole, respectively, showed mislocalization [17], 

suggesting that the NPC protein-mediated pathway plays a dominant role for 

transporting ergosterol to the vacuolar membrane in the stationary phase.   

 Along with the increase of ergosterol content, acyl chains of phosphatidylcholine 

in the vacuolar membrane were reported to be more saturated and longer in the 

stationary phase than in log phase [33]. Thus, the vacuolar membrane in stationary 

phase yeast has a lipid composition consistent with Lo domain formation. Considering 

the lipid composition alone, other membranes, including the mammalian plasma 

membrane, may be also opt for Lo domain formation. However, micron-sized domains 

have been observed only in the stationary phase vacuole so far.   

 The reason that micron-sized Lo domain occurs in the vacuolar membrane, but not 

in other membranes, remains unknown, but there may be several possible factors to 

explain the uniqueness of the vacuole. The first factor is the relative paucity of 

membrane perturbation. Endocytosis and autophagy decrease in stationary phase yeast 

[34], suggesting that vesicular trafficking to the vacuole may be far less frequent than 

that of the mammalian plasma membrane. Second is a low protein-to-phospholipid ratio 

in the vacuolar membrane [7]. This ratio counts the V-ATPase complex that has a large 

peripheral V1 sector (ca. 500 kDa) and exists in large numbers; thus, if only 

transmembrane proteins are counted, the protein-to-phospholipid in the vacuolar 

membrane may be much lower than in other membranes. Third, ergosterol is more 

efficient than cholesterol in promoting the lipid-ordered state [35]. This difference 

between sterols may explain why the stationary phase vacuole does not show the 

domain separation when ergosterol is substituted with cholesterol [30]. 
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 The Lo domain in the stationary phase vacuole was shown to be enriched with an 

EGO complex component, Gtr2, and an inverse BAR protein, Ivy1, that interacts with 

the EGO complex [30]. TORC1 and the SEAC subcomplex, which inhibits TORC1 

signaling, also localize to a Vph1-deficient domain induced under a different setting, 

suggesting that the domain may function to inactivate TORC1 [36]. Atg6 and Atg14, 

constituents of PI 3-kinase complex I, were also shown to distribute in the Lo domain of 

the vacuole, but its functional meaning is not known [32, 37]. 

 The Lo domain in the stationary phase vacuole is engaged in lipophagy by 

adhering closely to LDs and bulging toward the lumen [17]. Ivy1, an I-BAR protein, 

localizes to the Lo domain [38], but whether it is indispensable for the process is not 

known. On the other hand, the Lo domain may have an endogenous propensity for 

inward budding [39]. In the stationary-phase vacuole, however, only the Lo domain 

adhering to a cargo shows bulging toward the lumen and its area expands considerably 

to enclose a LD of more than 0.5 µm in diameter [17]. This result suggests the presence 
of an inductive mechanism: that is, tight binding of an Lo domain with a cargo imposes 

inward curvature, which then recruit Npc2 preferentially, facilitating further expansion 

of the domain. It is not clear whether a similar Lo domain-mediated process is involved 

in lipophagy that occurs under different conditions [37, 40, 41].          

Domains induced by hyperosmotic stress 

Hypertonic stress is known to induce a rapid increase of PI(3,5)P2 [42] and 

fragmentation of the vacuole within approximately 10 min [43]. The vacuolar 

fragmentation is a process that requires PI(3,5)P2 [44, 45], and Atg18, recruited to the 

vacuolar membrane through binding to PI(3,5)P2 and PI(3)P, plays a critical role 

through its scission activity [46]. 

 The vacuolar membrane undergoing fragmentation was shown to form IMP-

deficient domains, in which Vph1 is also deficient, and that PI(3,5)P2 as well as PI(3)P 

distribute in a higher density than in IMP-rich domains [12] (Figure 2). Formation of 

the IMP-deficient domain in hyperosmotic condition requires PI(3)P, whereas PI(3,5)P2 

and Atg18 are dispensable. However, in the absence of PI(3,5)P2 or Atg18, the IMP-

deficient membrane expands and generates aberrant structures [12].  

 The IMP-deficient membrane induced by hyperosmotic stress looks similar to the 

Lo domain in stationary phase, but whether the membrane contains rich ergosterol is not 
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known. However, the vacuolar membrane that constitutes NVJ is also IMP-deficient, 

expands drastically by hyperosmotic stress [12], and harbors Vac8, a palmitoylated 

protein resistant to detergent extraction [47], suggesting a possibility that rapid 

ergosterol transport to the vacuole might be occurring. Moreover, the electrochemical 

gradient that is increased by enhanced assembly of V0 and V1 sectors of V-ATPase 

under hyperosmotic stress [48] is thought to increase membrane order [49, 50]. 

Transmembrane osmosis that was shown to induce phase separation in giant unilamellar 

liposomes [51] may also work additively. A combination of these factors may be 

sufficient to induce Lo membrane formation under hyperosmotic stress, but experiments 

to directly examine lipids and lipid order may be necessary for confirmation. 

 

Domains observed in other conditions 

The Vph1-deficient domain also forms after 3 hours of glucose starvation, 

cycloheximide treatment, and weak acid stress [30] (Figure 2). The domain formation 

caused by glucose starvation and cycloheximide is suppressed in Ltc1/Lam6-deficient 

cells, whereas that in weak acid stress is not suppressed [21]. However, expression of an 

Ltc1/Lam6 mutant, which is made to distribute only in NVJ but not in ER–mitochondria 

contact, induces Vph1-deficient domain formation [21]. These results suggested that 

ergosterol transport performed by Ltc1/Lam6 at NVJ plays a critical role in forming the 

Vph1-deficient domains in many, but not all, instances.  

 Nitrogen starvation for several hours also induces the Vph1-deficient domain, 

which is deficient in IMP and executes lipophagy in a similar manner as in the 

stationary phase [17] (Figure 2). Domain formation and lipophagy in nitrogen starvation 

are suppressed in the absence of NPC proteins, indicating that they are also engaged in 

ergosterol transport to the vacuolar membrane under this condition [17]. The source of 

ergosterol to induce the vacuolar domain formation in nitrogen starvation is intraluminal 

vesicles of MVB, the formation of which are enhanced acutely under this condition 

[52].   

 The vertex ring that forms in vacuoles undergoing homotypic fusion is enriched 

with ergosterol as well as PI(3)P, phosphatidylinositol 4,5-bisphosphate, and 

diacylglycerol [53]. Vph1 is neither enriched nor excluded from the boundary 

membrane in fusing vacuoles in live cells, but when the homotypic fusion was 
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reconstituted in vitro in an acidic condition, Vph1 was excluded from the boundary 

membrane (although this in vitro result was observed after samples were cooled on ice) 

[54].  

 In many of the above instances, Vph1 is used as a sole marker of the vacuolar 

domain formation. Vph1 is a subunit of the vacuolar-type H+-ATPase (V-ATPase) V0 

sector, and thus, when the expression is driven by an endogenous promoter, its 

distribution is likely to reflect that of the entire V0 sector, a complex of integral 

membrane proteins that has a total molecular mass of about 250 kDa. The V0 sector 

undergoes reversible assembly and disassembly with the peripheral V1 sector, the 

process of which is controlled by several extracellular stimuli [55]: low glucose and low 

extracellular pH induce disassembly [56] [57] [58], whereas high salt causes assembly 

[48], probably through direct binding between PI(3,5)P2 and Vph1 [59]. When 

assembled, distribution of the V0 sector may be affected by actin that binds to the V1 

sector; requirement of microtubules for the V0–V1 disassembly suggests they might also 

bind to a V-ATPase component [60]. Curiously, ergosterol and sphingolipids are 

required for the V-ATPase activity [61] [62], and mammalian V-ATPase that has a 

structure similar to a yeast counterpart was shown to be concentrated in detergent-

resistant membranes [63]. The discrepancy between this last observation and the 

preferential distribution of Vph1 in the Ld membrane in the stationary phase vacuole is 

not clear. Overall, considering that many factors can affect distribution of Vph1, 

exclusion of Vph1 alone may not be sufficient to judge the state of the membrane.            
 IMP deficiency also is not decisive evidence for Lo membrane. IMP is thought to 

represent most, if not all, transmembrane proteins [64], so that local deficiency of IMP 

may occur in a phase-separated membrane. With regards to the vacuolar membrane, 

however, in which the V-ATPase complex may be a major transmembrane protein, the 

same caution that was discussed above for Vph1 deficiency is necessary in using IMP 

deficiency as a criterion. 

 

Concluding remarks 

Various data indicate that the Vph1-deficient domain in the stationary phase vacuole is 

likely to be Lo membrane, whereas for domains observed in other conditions, more data 

on lipids and membrane state are necessary before drawing a conclusion. 

Notwithstanding, the yeast vacuole will continue to be a fascinating structure to analyze 
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physiological functions of micron-sized domains, which should involve proteins sensing 

the membrane nature and translating it for signaling [65]. It may also be interesting to 

study whether and why stable micron-sized domains are necessary for yeast survival, 

whereas transient and nanometer-sized domains appear to be sufficient for signaling in 

the mammalian plasma membrane [4]. We hope that technical advancements will 

clarify ambiguities and provide a clearer picture of the vacuolar membrane domains in 

the near future.   

  

Acknowledgements 

The authors thank Sho Takatori (The University of Tokyo) for critical reading of the 

manuscript. This study was supported by Grants-in-Aid for Scientific Research from the 

Ministry of Education, Culture, Sports, Science, and Technology of the Government of 

Japan to Takuma Tsuji (17K15544) and Toyoshi Fujimoto (15H05902, 18H04023). 

 

Declarations of interest 

The authors declare that there are no competing interests associated with this 

manuscript. 

 

Author contribution statement  

Conceptualization, writing, funding acquisition: T.T. and T.F.  

  



 11 

References 
1 Veatch, S. L., and Keller, S. L. (2003) Separation of liquid phases in giant vesicles 

of ternary mixtures of phospholipids and cholesterol. Biophys J 85, 3074-3083  

https://dx.doi.org/10.1016/S0006-3495(03)74726-2. 
2 Baumgart, T., Hammond, A. T., Sengupta, P., Hess, S. T., Holowka, D. A., Baird, 

B. A., and Webb, W. W. (2007) Large-scale fluid/fluid phase separation of proteins 

and lipids in giant plasma membrane vesicles. Proc Natl Acad Sci U S A 104, 

3165-3170  https://dx.doi.org/10.1073/pnas.0611357104. 
3 Klotzsch, E., and Schutz, G. J. (2013) A critical survey of methods to detect 

plasma membrane rafts. Philos Trans R Soc Lond B Biol Sci 368, 20120033  

https://dx.doi.org/10.1098/rstb.2012.0033. 
4 Sezgin, E., Levental, I., Mayor, S., and Eggeling, C. (2017) The mystery of 

membrane organization: composition, regulation and roles of lipid rafts. Nat Rev 

Mol Cell Biol 18, 361-374  https://dx.doi.org/10.1038/nrm.2017.16. 
5 Armstrong, J. (2010) Yeast vacuoles: more than a model lysosome. Trends Cell 

Biol 20, 580-585  https://dx.doi.org/10.1016/j.tcb.2010.06.010. 
6 Li, S. C., and Kane, P. M. (2009) The yeast lysosome-like vacuole: endpoint and 

crossroads. Biochim Biophys Acta 1793, 650-663  

https://dx.doi.org/10.1016/j.bbamcr.2008.08.003. 
7 Schneiter, R., Brugger, B., Sandhoff, R., Zellnig, G., Leber, A., Lampl, M., 

Athenstaedt, K., Hrastnik, C., Eder, S., Daum, G., Paltauf, F., Wieland, F. T., and 

Kohlwein, S. D. (1999) Electrospray ionization tandem mass spectrometry (ESI-

MS/MS) analysis of the lipid molecular species composition of yeast subcellular 

membranes reveals acyl chain-based sorting/remodeling of distinct molecular 

species en route to the plasma membrane. J Cell Biol 146, 741-754   
8 Zinser, E., Paltauf, F., and Daum, G. (1993) Sterol composition of yeast organelle 

membranes and subcellular distribution of enzymes involved in sterol metabolism. 

J Bacteriol 175, 2853-2858   
9 Zinser, E., Sperka-Gottlieb, C. D., Fasch, E. V., Kohlwein, S. D., Paltauf, F., and 

Daum, G. (1991) Phospholipid synthesis and lipid composition of subcellular 

membranes in the unicellular eukaryote Saccharomyces cerevisiae. J Bacteriol 

173, 2026-2034   
10 Cheng, J., Fujita, A., Yamamoto, H., Tatematsu, T., Kakuta, S., Obara, K., Ohsumi, 



 12 

Y., and Fujimoto, T. (2014) Yeast and mammalian autophagosomes exhibit 

distinct phosphatidylinositol 3-phosphate asymmetries. Nat Commun 5, 3207  

https://dx.doi.org/10.1038/ncomms4207. 

11 Obara, K., Noda, T., Niimi, K., and Ohsumi, Y. (2008) Transport of 

phosphatidylinositol 3-phosphate into the vacuole via autophagic membranes in 

Saccharomyces cerevisiae. Genes Cells 13, 537-547  

https://dx.doi.org/10.1111/j.1365-2443.2008.01188.x. 
12 Takatori, S., Tatematsu, T., Cheng, J., Matsumoto, J., Akano, T., and Fujimoto, T. 

(2016) Phosphatidylinositol 3,5-Bisphosphate-Rich Membrane Domains in 

Endosomes and Lysosomes. Traffic 17, 154-167  

https://dx.doi.org/10.1111/tra.12346. 
13 Tomioku, K. N., Shigekuni, M., Hayashi, H., Yoshida, A., Futagami, T., Tamaki, 

H., Tanabe, K., and Fujita, A. (2018) Nanoscale domain formation of 

phosphatidylinositol 4-phosphate in the plasma and vacuolar membranes of living 

yeast cells. Eur J Cell Biol https://dx.doi.org/10.1016/j.ejcb.2018.03.007. 

14 Hechtberger, P., Zinser, E., Saf, R., Hummel, K., Paltauf, F., and Daum, G. (1994) 

Characterization, quantification and subcellular localization of inositol-

containing sphingolipids of the yeast, Saccharomyces cerevisiae. Eur J Biochem 

225, 641-649   
15 Mobius, W., van Donselaar, E., Ohno-Iwashita, Y., Shimada, Y., Heijnen, H. F., 

Slot, J. W., and Geuze, H. J. (2003) Recycling compartments and the internal 

vesicles of multivesicular bodies harbor most of the cholesterol found in the 

endocytic pathway. Traffic 4, 222-231   
16 Punnonen, E. L., Reunanen, H., Hirsimaki, P., and Lounatmaa, K. (1988) Filipin 

labelling and intramembrane particles on the membranes of early and later 

autophagic vacuoles in Ehrlich ascites cells. Virchows Arch B Cell Pathol Incl Mol 

Pathol 54, 317-326   

17 Tsuji, T., Fujimoto, M., Tatematsu, T., Cheng, J., Orii, M., Takatori, S., and 

Fujimoto, T. (2017) Niemann-Pick type C proteins promote microautophagy by 

expanding raft-like membrane domains in the yeast vacuole. Elife 6 

https://dx.doi.org/10.7554/eLife.25960. 
18 Cowles, C. R., Odorizzi, G., Payne, G. S., and Emr, S. D. (1997) The AP-3 adaptor 

complex is essential for cargo-selective transport to the yeast vacuole. Cell 91, 



 13 

109-118   
19 Giardina, B. J., and Chiang, H. L. (2013) The key gluconeogenic enzyme fructose-

1,6-bisphosphatase is secreted during prolonged glucose starvation and is 

internalized following glucose re-feeding via the non-classical secretory and 

internalizing pathways in Saccharomyces cerevisiae. Plant Signal Behav 8 

https://dx.doi.org/10.4161/psb.24936. 

20 Gatta, A. T., Wong, L. H., Sere, Y. Y., Calderon-Norena, D. M., Cockcroft, S., 

Menon, A. K., and Levine, T. P. (2015) A new family of StART domain proteins 

at membrane contact sites has a role in ER-PM sterol transport. Elife 4 

https://dx.doi.org/10.7554/eLife.07253. 
21 Murley, A., Sarsam, R. D., Toulmay, A., Yamada, J., Prinz, W. A., and Nunnari, J. 

(2015) Ltc1 is an ER-localized sterol transporter and a component of ER-

mitochondria and ER-vacuole contacts. J Cell Biol 209, 539-548  

https://dx.doi.org/10.1083/jcb.201502033. 
22 Manik, M. K., Yang, H., Tong, J., and Im, Y. J. (2017) Structure of Yeast OSBP-

Related Protein Osh1 Reveals Key Determinants for Lipid Transport and Protein 

Targeting at the Nucleus-Vacuole Junction. Structure 25, 617-629 e613  

https://dx.doi.org/10.1016/j.str.2017.02.010. 

23 Toulmay, A., and Prinz, W. A. (2012) A conserved membrane-binding domain 

targets proteins to organelle contact sites. J Cell Sci 125, 49-58  

https://dx.doi.org/10.1242/jcs.085118. 

24 Henne, W. M., Zhu, L., Balogi, Z., Stefan, C., Pleiss, J. A., and Emr, S. D. (2015) 

Mdm1/Snx13 is a novel ER-endolysosomal interorganelle tethering protein. J 

Cell Biol 210, 541-551  https://dx.doi.org/10.1083/jcb.201503088. 

25 Elbaz-Alon, Y., Rosenfeld-Gur, E., Shinder, V., Futerman, A. H., Geiger, T., and 

Schuldiner, M. (2014) A dynamic interface between vacuoles and mitochondria 

in yeast. Dev Cell 30, 95-102  https://dx.doi.org/10.1016/j.devcel.2014.06.007. 

26 Honscher, C., Mari, M., Auffarth, K., Bohnert, M., Griffith, J., Geerts, W., van der 

Laan, M., Cabrera, M., Reggiori, F., and Ungermann, C. (2014) Cellular 

metabolism regulates contact sites between vacuoles and mitochondria. Dev Cell 

30, 86-94  https://dx.doi.org/10.1016/j.devcel.2014.06.006. 
27 Werner-Washburne, M., Braun, E., Johnston, G. C., and Singer, R. A. (1993) 

Stationary phase in the yeast Saccharomyces cerevisiae. Microbiol Rev 57, 383-



 14 

401   
28 Moeller, C. H., and Thomson, W. W. (1979) An ultrastructural study of the yeast 

tomoplast during the shift from exponential to stationary phase. J Ultrastruct Res 

68, 28-37   
29 Baumgart, T., Hunt, G., Farkas, E. R., Webb, W. W., and Feigenson, G. W. (2007) 

Fluorescence probe partitioning between Lo/Ld phases in lipid membranes. 

Biochim Biophys Acta 1768, 2182-2194  

https://dx.doi.org/10.1016/j.bbamem.2007.05.012. 
30 Toulmay, A., and Prinz, W. A. (2013) Direct imaging reveals stable, micrometer-

scale lipid domains that segregate proteins in live cells. J Cell Biol 202, 35-44  

https://dx.doi.org/10.1083/jcb.201301039. 
31 Rayermann, S. P., Rayermann, G. E., Cornell, C. E., Merz, A. J., and Keller, S. L. 

(2017) Hallmarks of Reversible Separation of Living, Unperturbed Cell 

Membranes into Two Liquid Phases. Biophys J 113, 2425-2432  

https://dx.doi.org/10.1016/j.bpj.2017.09.029. 

32 Wang, C. W., Miao, Y. H., and Chang, Y. S. (2014) A sterol-enriched vacuolar 

microdomain mediates stationary phase lipophagy in budding yeast. J Cell Biol 

206, 357-366  https://dx.doi.org/10.1083/jcb.201404115. 

33 Klose, C., Surma, M. A., Gerl, M. J., Meyenhofer, F., Shevchenko, A., and Simons, 

K. (2012) Flexibility of a eukaryotic lipidome--insights from yeast lipidomics. 

PLoS One 7, e35063  https://dx.doi.org/10.1371/journal.pone.0035063. 

34 Vasicova, P., Lejskova, R., Malcova, I., and Hasek, J. (2015) The Stationary-Phase 

Cells of Saccharomyces cerevisiae Display Dynamic Actin Filaments Required 

for Processes Extending Chronological Life Span. Mol Cell Biol 35, 3892-3908  

https://dx.doi.org/10.1128/MCB.00811-15. 
35 Cournia, Z., Ullmann, G. M., and Smith, J. C. (2007) Differential effects of 

cholesterol, ergosterol and lanosterol on a dipalmitoyl phosphatidylcholine 

membrane: a molecular dynamics simulation study. J Phys Chem B 111, 1786-

1801  https://dx.doi.org/10.1021/jp065172i. 
36 Murley, A., Yamada, J., Niles, B. J., Toulmay, A., Prinz, W. A., Powers, T., and 

Nunnari, J. (2017) Sterol transporters at membrane contact sites regulate TORC1 

and TORC2 signaling. J Cell Biol 216, 2679-2689  

https://dx.doi.org/10.1083/jcb.201610032. 



 15 

37 Seo, A. Y., Lau, P. W., Feliciano, D., Sengupta, P., Gros, M. A. L., Cinquin, B., 

Larabell, C. A., and Lippincott-Schwartz, J. (2017) AMPK and vacuole-

associated Atg14p orchestrate mu-lipophagy for energy production and long-term 

survival under glucose starvation. Elife 6 https://dx.doi.org/10.7554/eLife.21690. 
38 Numrich, J., Peli-Gulli, M. P., Arlt, H., Sardu, A., Griffith, J., Levine, T., 

Engelbrecht-Vandre, S., Reggiori, F., De Virgilio, C., and Ungermann, C. (2015) 

The I-BAR protein Ivy1 is an effector of the Rab7 GTPase Ypt7 involved in 

vacuole membrane homeostasis. J Cell Sci 128, 2278-2292  

https://dx.doi.org/10.1242/jcs.164905. 

39 Hamada, T., Miura, Y., Ishii, K., Araki, S., Yoshikawa, K., Vestergaard, M., and 

Takagi, M. (2007) Dynamic processes in endocytic transformation of a raft-

exhibiting giant liposome. J Phys Chem B 111, 10853-10857  

https://dx.doi.org/10.1021/jp075412+. 
40 Oku, M., Maeda, Y., Kagohashi, Y., Kondo, T., Yamada, M., Fujimoto, T., and 

Sakai, Y. (2017) Evidence for ESCRT- and clathrin-dependent microautophagy. J 

Cell Biol 216, 3263-3274  https://dx.doi.org/10.1083/jcb.201611029. 
41 van Zutphen, T., Todde, V., de Boer, R., Kreim, M., Hofbauer, H. F., Wolinski, H., 

Veenhuis, M., van der Klei, I. J., and Kohlwein, S. D. (2014) Lipid droplet 

autophagy in the yeast Saccharomyces cerevisiae. Mol Biol Cell 25, 290-301  

https://dx.doi.org/10.1091/mbc.E13-08-0448. 
42 Dove, S. K., Cooke, F. T., Douglas, M. R., Sayers, L. G., Parker, P. J., and Michell, 

R. H. (1997) Osmotic stress activates phosphatidylinositol-3,5-bisphosphate 

synthesis. Nature 390, 187-192  https://dx.doi.org/10.1038/36613. 
43 Zieger, M., and Mayer, A. (2012) Yeast vacuoles fragment in an asymmetrical 

two-phase process with distinct protein requirements. Mol Biol Cell 23, 3438-

3449  https://dx.doi.org/10.1091/mbc.E12-05-0347. 
44 Bonangelino, C. J., Nau, J. J., Duex, J. E., Brinkman, M., Wurmser, A. E., Gary, 

J. D., Emr, S. D., and Weisman, L. S. (2002) Osmotic stress-induced increase of 

phosphatidylinositol 3,5-bisphosphate requires Vac14p, an activator of the lipid 

kinase Fab1p. J Cell Biol 156, 1015-1028  

https://dx.doi.org/10.1083/jcb.200201002. 
45 Efe, J. A., Botelho, R. J., and Emr, S. D. (2007) Atg18 regulates organelle 

morphology and Fab1 kinase activity independent of its membrane recruitment 



 16 

by phosphatidylinositol 3,5-bisphosphate. Mol Biol Cell 18, 4232-4244  

https://dx.doi.org/10.1091/mbc.E07-04-0301. 
46 Gopaldass, N., Fauvet, B., Lashuel, H., Roux, A., and Mayer, A. (2017) 

Membrane scission driven by the PROPPIN Atg18. EMBO J 36, 3274-3291  

https://dx.doi.org/10.15252/embj.201796859. 
47 Peng, Y., Tang, F., and Weisman, L. S. (2006) Palmitoylation plays a role in 

targeting Vac8p to specific membrane subdomains. Traffic 7, 1378-1387  

https://dx.doi.org/10.1111/j.1600-0854.2006.00472.x. 
48 Li, S. C., Diakov, T. T., Rizzo, J. M., and Kane, P. M. (2012) Vacuolar H+-ATPase 

works in parallel with the HOG pathway to adapt Saccharomyces cerevisiae cells 

to osmotic stress. Eukaryot Cell 11, 282-291  

https://dx.doi.org/10.1128/EC.05198-11. 

49 Grossmann, G., Opekarova, M., Malinsky, J., Weig-Meckl, I., and Tanner, W. 

(2007) Membrane potential governs lateral segregation of plasma membrane 

proteins and lipids in yeast. EMBO J 26, 1-8  

https://dx.doi.org/10.1038/sj.emboj.7601466. 
50 Schaffer, E., and Thiele, U. (2004) Dynamic domain formation in membranes: 

thickness-modulation-induced phase separation. Eur Phys J E Soft Matter 14, 

169-175  https://dx.doi.org/10.1140/epje/i2003-10147-x. 
51 Oglecka, K., Rangamani, P., Liedberg, B., Kraut, R. S., and Parikh, A. N. (2014) 

Oscillatory phase separation in giant lipid vesicles induced by transmembrane 

osmotic differentials. Elife 3, e03695  https://dx.doi.org/10.7554/eLife.03695. 
52 Muller, M., Schmidt, O., Angelova, M., Faserl, K., Weys, S., Kremser, L., 

Pfaffenwimmer, T., Dalik, T., Kraft, C., Trajanoski, Z., Lindner, H., and Teis, D. 

(2015) The coordinated action of the MVB pathway and autophagy ensures cell 

survival during starvation. Elife 4, e07736  

https://dx.doi.org/10.7554/eLife.07736. 

53 Fratti, R. A., Jun, Y., Merz, A. J., Margolis, N., and Wickner, W. (2004) 

Interdependent assembly of specific regulatory lipids and membrane fusion 

proteins into the vertex ring domain of docked vacuoles. J Cell Biol 167, 1087-

1098  https://dx.doi.org/10.1083/jcb.200409068. 
54 McNally, E. K., Karim, M. A., and Brett, C. L. (2017) Selective Lysosomal 

Transporter Degradation by Organelle Membrane Fusion. Dev Cell 40, 151-167  



 17 

https://dx.doi.org/10.1016/j.devcel.2016.11.024. 
55 Parra, K. J., Chan, C. Y., and Chen, J. (2014) Saccharomyces cerevisiae vacuolar 

H+-ATPase regulation by disassembly and reassembly: one structure and multiple 

signals. Eukaryot Cell 13, 706-714  https://dx.doi.org/10.1128/EC.00050-14. 
56 Kane, P. M. (2000) Regulation of V-ATPases by reversible disassembly. FEBS 

Lett 469, 137-141   

57 Padilla-Lopez, S., and Pearce, D. A. (2006) Saccharomyces cerevisiae lacking 

Btn1p modulate vacuolar ATPase activity to regulate pH imbalance in the vacuole. 

J Biol Chem 281, 10273-10280  https://dx.doi.org/10.1074/jbc.M510625200. 

58 Diakov, T. T., and Kane, P. M. (2010) Regulation of vacuolar proton-translocating 

ATPase activity and assembly by extracellular pH. J Biol Chem 285, 23771-23778  

https://dx.doi.org/10.1074/jbc.M110.110122. 

59 Li, S. C., Diakov, T. T., Xu, T., Tarsio, M., Zhu, W., Couoh-Cardel, S., Weisman, 

L. S., and Kane, P. M. (2014) The signaling lipid PI(3,5)P(2) stabilizes V(1)-V(o) 

sector interactions and activates the V-ATPase. Mol Biol Cell 25, 1251-1262  

https://dx.doi.org/10.1091/mbc.E13-10-0563. 
60 Toei, M., Saum, R., and Forgac, M. (2010) Regulation and isoform function of 

the V-ATPases. Biochemistry 49, 4715-4723  

https://dx.doi.org/10.1021/bi100397s. 
61 Zhang, Y. Q., Gamarra, S., Garcia-Effron, G., Park, S., Perlin, D. S., and Rao, R. 

(2010) Requirement for ergosterol in V-ATPase function underlies antifungal 

activity of azole drugs. PLoS Pathog 6, e1000939  

https://dx.doi.org/10.1371/journal.ppat.1000939. 
62 Chung, J. H., Lester, R. L., and Dickson, R. C. (2003) Sphingolipid requirement 

for generation of a functional v1 component of the vacuolar ATPase. J Biol Chem 

278, 28872-28881  https://dx.doi.org/10.1074/jbc.M300943200. 
63 Yoshinaka, K., Kumanogoh, H., Nakamura, S., and Maekawa, S. (2004) 

Identification of V-ATPase as a major component in the raft fraction prepared 

from the synaptic plasma membrane and the synaptic vesicle of rat brain. Neurosci 

Lett 363, 168-172  https://dx.doi.org/10.1016/j.neulet.2004.04.002. 

64 Kuby, J. M., and Wofsy, L. (1981) Intramembrane particles and the organization 

of lymphocyte membrane proteins. J Cell Biol 88, 591-598   
65 Malia, P. C., Numrich, J., Nishimura, T., Gonzalez Montoro, A., Stefan, C. J., and 



 18 

Ungermann, C. (2018) Control of vacuole membrane homeostasis by a resident 

PI-3,5-kinase inhibitor. Proc Natl Acad Sci U S A 115, 4684-4689  

https://dx.doi.org/10.1073/pnas.1722517115. 

 

  



 19 

Figures 

Figure 1. Pathways that may transport sterol to the vacuolar membrane  

Sterol released from LDs and ILVs of MVB is inserted to the vacuolar membrane by 

NPC proteins. Ltc1/Lam6 and Osh1 transport sterol from the nuclear membrane to the 

vacuole via NVJ. The contribution of other pathways to sterol transport has yet to be 

defined.  

 

Figure 2. Vph1-deficient vacuolar domain 

Several different conditions induce formation of Vph1-deficient domains in the vacuole. 

The domain is well characterized for the stationary phase yeast, but it is less so in other 

instances. 

 

 


