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Abstract

Vacuoles in plants and fungi play critical roles in cell metabolism and osmoregulation. To
support these functions, vacuoles change their morphology, e.g. they fragment when these
organisms are challenged with draught, high salinity or metabolic stress (e.g. acetate accu-
mulation). In turn, morphology reflects an equilibrium between membrane fusion and fission
that determines size, shape and copy number. By studying Saccharomyces cerevisiae and
its vacuole as models, conserved molecular mechanisms responsible for fusion have been
revealed. However, a detailed understanding of vacuole fission and how these opposing
processes respond to metabolism or osmoregulation remain elusive. Herein we describe a
new fluorometric assay to measure yeast vacuole fission in vitro. For proof—of—concept, we
use this assay to confirm that acetate, a metabolic stressor, triggers vacuole fission and
show it blocks homotypic vacuole fusion in vitro. Similarly, hypertonic stress induced by sor-
bitol or glucose caused robust vacuole fission in vitro whilst inhibiting fusion. Using wortman-
nin to inhibit phosphatidylinositol (PI) -kinases or rGyp1-46 to inactivate Rab—GTPases, we
show that acetate stress likely targets Pl signaling, whereas osmotic stress affects Rab sig-
naling on vacuole membranes to stimulate fission. This study sets the stage for further
investigation into the mechanisms that change vacuole morphology to support cell metabo-
lism and osmoregulation.

Introduction

Morphology of most organelles is determined by membrane fusion and fission (also called
fragmentation). These include mitochondria, chloroplasts, the Golgi apparatus, peroxisomes
and organelles of the endocytic pathway including endosomes and metazoan lysosomes, or
vacuoles in yeast and plants [1-5]. These opposing processes drive changes in organelle size,
number and shape for cellular responses to environmental changes or signaling events or for
organelle inheritance during cell division. Endosomes, lysosomes and vacuoles rely on cycles
of heterotypic fusion and fission for anterograde and retrograde membrane trafficking
through the endocytic pathway [4, 6]. Large numbers of endosomes, lysosomes or vacuoles
generated through fission produce enough to be deposited throughout the cell as required for
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diverse functions, including cell signaling, plasma membrane repair and intra-organelle com-
munication [7, 8]. Enlargement of lysosomes and vacuoles rely on fusion to accommodate
autophagy, synchronized with changes in amino acid metabolism by TOR (Target Of Rapamy-
cin) signaling-a key regulator of cell metabolism [9]. Whereas other metabolic perturbations
correlate with vacuole fission such as accumulation of acetate, a key intermediary metabolite
and conjugate base of acetic acid [10, 11]. In plants and yeast, vacuoles also act as water reser-
voirs for cytoplasmic osmotic homeostasis required for survival when challenged with high
salinity or draught [12]: Vacuoles fill with water, swell and fuse when environmental water is
abundant (hypotonic) and release water, shrink and fragment-undergo fission-when water is
scarce (hypertonic conditions).

Most knowledge of the molecular machinery underlying organelle membrane fission and
fusion was gleaned by studying the budding yeast lysosomal vacuole as a model. Saccharomyces
cerevisiae cells typically contain 2-5 vacuoles that undergo regulated cycles of membrane fission
and fusion [2, 13]. Because they are relatively large (0.5-3 um diameter) and can be exclusively
stained with many vital dyes (e.g. FM4-64), vacuole morphology is easily assessed by fluorescence
microscopy [14]. Vacuoles are easily purified permitting further biochemical study of organelle
membrane fusion and fission in vitro [15]. Yeast is a genetically tractable model system, permit-
ting genetic analysis as well [16]. Using this system, it was discovered that the mechanisms under-
pinning these opposing processes are highly coordinated, as one must dominate to effectively
change and retain morphology, e.g. to increase copy number, fission is stimulated whilst fusion is
blocked, e.g. [17-19]. The basis of homotypic vacuole fusion has been resolved with incredible
molecular precision [20]. However, vacuole or organelle fission is less understood.

Within live yeast cells, vacuoles fragment during the cell cycle and in response to hypertonic
stress, oxidative stress, or TOR signaling stimulated by ER stress [2, 17, 21, 22]. Through in
vivo and in vitro analysis, it was shown that vacuole fission is a two-step asymmetrical process
that requires phosphoinositol-3,5-diphosphate (PI-3,5-P,) generated from phosphoinositol-
3-phosphate (PI-3-P) on the cytoplasmic face of the vacuole lipid bilayer by Fab1, a PI-3-P5
kinase (or PIKfyve in mammals), in complex with Vacl4, Vac7 and Fig 1 [10, 21, 23, 24]. Also
implicated in this process is the H*-electrochemical gradient maintained by the V-type H'-
ATPase [10, 21, 22, 25], which likely occurs downstream of Fabl as its activity is supported by
PI-3,5-P, [26, 27]. The process is thought to culminate with lipid bilayer scission by the dyna-
min-like GTPase Vpsl in coordination with the PROPPIN Atg18, which binds to the Fab1--
complex and responds to PI-3,5-P, [25, 28-30].

A decrease in lumenal volume is also necessary to accommodate perimeter membrane col-
lapse and constriction at sites of scission. Currently, it is not entirely clear how this occurs, but
insight has been gleaned by experimentally applying hypertonic stress, to drive water out of
the vacuole lumen. From these studies, it was revealed that Vac14 is required for activation of
Fabl in response to a decrease in organelle volume induced by hypertonic stress [21]. Recently,
Ivyl, an inhibitor of Fabl, inverted BAR (I-BAR) protein and effector of the Rab-GTPase Ypt7
was also implicated in this response [31]: When Ypt7 is inactivated by hypertonic stress [32],
fusion is halted and it disengages Ivyl. By also possibly sensing a change in membrane lipid
packing or lateral tension induced by loss of lumenal volume, Ivyl then releases Fab1, activat-
ing it to generate PI-3,5-P, and drive fission. Thus, the coordination of PI signaling and Rab-
GTPase activity seems important for balancing vacuole fission and fusion. However, how these
molecular mechanisms respond to osmotic or metabolic stressors to drive changes in vacuole
morphology important for cell physiology remains largely elusive.

Herein we developed a new in vitro vacuole membrane fission assay and test effects of ace-
tate or osmotic stress. Wortmannin to target PI signaling or rGyp1-46 to target Rab-GTPase
activity were applied to begin understanding the basis of vacuole morphology regulation.
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Fig 1. Working model of vacuole morphology affected by metabolic or osmotic stress. Illustration depicting
molecular potential interactions between Rab-GTPase and phosphatidylinositol signaling underlying vacuole fission

and fusion triggered by acetate or hypertonic stress. Acetate likely inhibits a PI4-kinase whereas hypertonic stress
targets Rab-GTPase inactivation to promote vacuole fission over fusion.
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Results and discussion
A new assay to measure vacuole membrane fission in vitro

Researchers currently rely on fluorescence microscopy-based, semi-quantitative assays to esti-
mate numbers of vacuole fission products formed. For example, the number of BODIPY
FL-DHPE-stained small (< 0.6 pm diameter), medium (0.6-1.5 um) and large (> 1.5 pm) vac-
uoles are manually counted using micrographs of in vitro vacuole fission reactions and the
fraction of small vacuoles is reported as a fragmentation index [10]. As an alternative, we
designed a new assay that involves separating smaller products of fission from larger vacuole
precursors using low-velocity differential centrifugation (Fig 2A). To eliminate the need to
stain vacuole membranes for detection (with FM4-64 or BODIPY FL-DHPE for example), we
isolated vacuoles from yeast cells expressing GFP-tagged Vphl, the stalk domain of the V-type
H*-ATPase. Vph1-GFP is uniformly distributed on vacuole membranes [33, 34], and thus
should decorate fission precursor and product membranes at equal density. Using a plate-
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Fig 2. A new, simple cell-free vacuole membrane fission assay. (A) Cartoon depicting new fluorometric in vitro vacuole membrane fission assay. S,
supernatant; P, Pellet. (B) Homotypic fusion or fission of isolated vacuoles in the presence of increasing concentrations of KAc in place of KCL.
Means + S.E.M. shown and P < 0.05 (*) as compared to standard conditions (125 mM KCl). (C) Micrographs of fission reactions containing vacuoles
isolated from Vph1-GFP expressing yeast cells conducted in the presence of 125 mM KAc or KCl. Supernatants (containing fission products) and
pellets (containing large vacuoles) are shown. Means + S.E.M of vacuole diameters measured by quasi-elastic light scattering are indicated for each
fraction.

https://doi.org/10.1371/journal.pone.0271199.g002

reading fluorometer, we measured GFP fluorescence in the supernatant and report the ratio of
background-subtracted supernatant fluorescence over total fluorescence (recorded from reac-
tions spared from centrifugation) as a measure of vacuole fission in vitro.

We first conducted this new assay under conditions previously shown to drive vacuole fis-
sion in vitro: Freshly isolated vacuoles were incubated at 27 °C for 30 minutes, ATP added as
an energy source, and KAc added in place of KCI [10]. As expected, gradually replacing KCI
with KAc stimulates vacuole fission in vitro (Fig 2B), whereby complete replacement induced
a 2.7-fold increase in fission, consistent with previous findings obtained by using a micros-
copy-based assay (see Fig 2B in [10]). However, purified cytosol was not required for robust
vacuole fission in our hands, suggesting the underlying machinery co-purifies with the organ-
elles. Membrane fusion and fission are opposing mechanisms [17]. Thus, for organelle frag-
mentation to persist as observed, we hypothesized that vacuole fusion must be inhibited by
KAc. To test this hypothesis, we used a lumenal content mixing assay and found that homoty-
pic vacuole fusion was inhibited by KAc replacement in vitro (Fig 2B), confirming that when
fission is stimulated, fusion is blocked.

To verify that we separated smaller from larger vacuoles, we imaged pellets and superna-
tants by HILO microscopy in the presence of 125 mM KCI, when fission is inhibited, or 125
mM KAc when fission is stimulated (Fig 2C). As expected, large vacuoles were observed in the
pellet and smaller vacuoles in the supernatant. This was confirmed by measuring vacuole size
by quasi-elastic light scattering, whereby vacuole diameter was 4.6 times smaller in the super-
natant than in the pellet (Fig 2C). The diameter of the fission products (0.452 + 0.004 pm) was
consistent with a previous estimate (0.45 + 0.27 um) obtained from electron micrographs of
vacuole fission reactions [10]. When we counted puncta using micrographs of these samples,
we found 2.84 £ 0.16 (n > 7) times more GFP-positive vesicles in the supernatant of reactions
conducted in the presence of KAc as compared to KCl, consistent with data acquired by fluo-
rometry (Fig 2B). In all, these results validate use of this assay to measure vacuole membrane
fission in vitro. We also replicate findings demonstrating that replacing chloride ion with ace-
tate is sufficient to tip the balance towards vacuole fission in vitro.
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Hypertonic shock stimulates vacuole fission in vitro

Like plants, S. cerevisiae use their vacuoles as cellular water reservoirs for cytoplasmic osmotic
homeostasis, ensuring survival when exposed to high salinity [12]. This hypertonic environ-
mental stress draws water from lumen of vacuoles and stimulates membrane fission in live
yeast cells [17]. However, this was not replicated in vitro when mild hypertonic stress was
applied by increasing sorbitol, a sugar alcohol and nonionic osmolyte, from 200 mM to 300
mM in the fission reaction buffer [10]. On the other hand, higher concentrations of sorbitol
were reported to block homotypic vacuole fusion in vitro, mimicking cell physiology [32].
Thus, we tested effects of increasing sorbitol concentrations up to 1 M on vacuole fission in
the presence of KCl using this new in vitro assay. We found that fission increases proportion-
ally with sorbitol concentration (Fig 3A), whereby 1 M sorbitol shows a 5.6-fold increase in fis-
sion as compared to isotonic conditions (200 mM sorbitol, 125 mM KCl). We also confirmed
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Fig 3. Effects of KAc and hypertonic stress on vacuole fission. (A) Homotypic fusion or fission of isolated vacuoles in the
presence of KCl and increasing concentrations of sorbitol added to standard, isotonic conditions (which already contains 0.2
M sorbitol). (B, C) Fission of isolated vacuoles in the presence of either glucose or added sorbitol and 125 mM KClI (B) or
KAc (C). Means + S.E.M. shown and P < 0.05 (*) as compared to standard, isotonic conditions (125 mM KCI, 200 mM
sorbitol). (D) Micrographs of fission reactions containing vacuoles isolated from Vph1-GFP expressing yeast cells conducted
under hypertonic conditions (0.4 M added sorbitol) in the presence of 125 mM KAc or KCI. Supernatants (containing fission
products) and pellets (containing large vacuoles) are shown.

https://doi.org/10.1371/journal.pone.0271199.g003

PLOS ONE | https://doi.org/10.1371/journal.pone.0271199  July 14, 2022

5/12


https://doi.org/10.1371/journal.pone.0271199.g003
https://doi.org/10.1371/journal.pone.0271199

PLOS ONE

Vacuole fission by acetate or osmotic stress

that fusion is inhibited by increasing sorbitol concentrations (Fig 3A), again demonstrating
that these processes are inversely regulated.

To demonstrate that this effect was caused by hypertonic stress, as opposed to other
chemical properties of sorbitol, we repeated the experiment with glucose, a sugar, key
metabolite and organic osmolyte shown to accumulate in the cytoplasm of plant and yeast
cells exposed to high salinity [35]. Like sorbitol, increasing amounts of glucose stimulated
vacuole fission in vitro in the presence of KCI (Fig 3B). Equimolar concentrations of glucose
or sorbitol elicited similar responses (P > 0.13 at each concentration studied), suggesting
chemical composition is unimportant and changes in osmolarity are responsible. In support,
we observed similar effects when KCl was replaced with KAc (Fig 3C) but noticed that ace-
tate significantly diminished effects of fission only under extreme hypertonic stress (0.8 M
glucose). We imaged some of these fission reactions by HILO microscopy (Fig 3D) to con-
firm that these conditions were not causing vacuole lysis or permitting larger vacuoles to
contaminate the supernatant. Of note, this response is organelle-autonomous suggesting
that changes in vacuole morphology observed in vivo may not require canonical signaling
mechanisms found in the plasma membrane and cytoplasm that sense and respond to envi-
ronmental osmotic stressors, e.g. the Hogl pathway [36]. Although speculative, the most
likely explanation for this observation is that hypertonic stress drives water efflux from the
vacuole lumen, which in turn reduces organelle volume perhaps needed to reshape the
membrane prior to fission.

Acetate and hypertonic stress target different fission mechanisms

Both acetate and hypertonic stress trigger net fragmentation of vacuoles. However, when
stressors were applied simultaneously, we noticed that the effect of glucose on fission was sup-
pressed by acetate at high concentrations when compared to chloride (0.8 M; Fig 3C). This
observation suggests that (1) chloride ion is needed to optimize vacuole fission is response to
hypertonic stress, consistent with its established role in cell volume regulation; and (2) these
two stressors may target different fission mechanisms. To further investigate the latter, we tar-
geted PI signaling and Rab-GTPase activity as both are implicated to function in the early
stages of fusion and fission [37-39].

We first examined PI signaling by acutely inhibiting PI-4-P synthesis in vitro using the PI-
kinase inhibitor wortmannin. Although it blocks mammalian PI3-kinase activity, the yeast
type III PI3-kinase Vps34 (the only PI3-kinase in S. cerevisiae) is insensitive to this drug [40].
Rather, it has been reported to block PI-4-P synthesis by the type IT PI4-kinase Stt4 [41], and is
thought to target orthologous PI4-kinases including Lsb6 found on vacuole membranes [42].
This inhibitor was used instead of a genetic approach, i.e. knocking out STT4, because of antic-
ipated pleiotropic effects given that PI-4-P and PI-4,5-P, are important lipids for signaling at
the plasma membrane and influence other vacuole functions [37, 43-45]. We find that increas-
ing concentrations of wortmannin have no effect on fission stimulated by KAc (Fig 4A), sug-
gesting that perhaps a PI4-kinase is already inhibited under these conditions rendering
wortmannin ineffective. Importantly, we show that the concentrations of wortmannin used
are bioactive as it further stimulated fission in the presence of glucose and KCl (Fig 4A). How-
ever, adding wortmannin to reactions without applying a stressor did not significantly affect
vacuole fission (under isotonic, KCl conditions; Fig 4A). These results suggest that hypertonic
stress does not likely target PI-4-P to induce fission, consistent with previous reports, e.g. [21].
However hypertonic stress facilitates fission by wortmannin perhaps by priming fission mech-
anisms and/or disengaging the fusion machinery [32]. In all, we conclude that acetate, but not
hypertonic stress, likely affects PI signaling to stimulate vacuole fission.
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Fig 4. Effects of wortmannin or rGyp1-46 on vacuole fission triggered by acetate or hypertonic stress. Fission of isolated vacuoles in
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Hypertonic stress induced by sorbitol was shown to block homotypic vacuole fusion in
vitro by inactivating the Rab-GTPase Ypt7 [32]. Rab-GTPase inactivation was reported to pro-
mote fission by disrupting the interaction between the I-BAR protein Ivyl and Ypt7 [31]. But
it remains unclear if effects of hypertonic stress on vacuole fission are mediated by Ypt7 inacti-
vation. To assess this possibility, we added rGyp1-46 —a recombinant, purified fragment of the
Rab-GTPase Activating Protein (Rab-GAP) Gyp1 that inactivates Ypt7 by promoting GTP
hydrolysis [32]-to vacuole fission reactions containing either KAc, KCl or KCI with 0.8 M glu-
cose (Fig 4B). We found that increasing concentrations of rGyp1-46 had no effect on fission
triggered by hypertonic stress, suggesting that Ypt7 was already inactivated under these condi-
tions. In contrast, rGypl-46 stimulated fission in presence of KAc, but had no effect on fission
under isotonic conditions with KCI. These results suggest that (1) unlike hypertonic stress, ace-
tate does not likely inactivate Ypt7 to promote fission, and (2) inactivating Ypt7 alone is inca-
pable of triggering fission. The latter shows that fission and fusion can be independently
regulated, suggesting that observed increases in fission likely reflect direct stimulation rather
than the outcome of this process being unopposed when fusion is blocked. Notably, in vitro
vacuole fission in response to KAc is blocked by recombinant Gdil protein, a Rab-GTPase
chaperone that extracts Ypt7 from membranes [10]. Although this seems like a conflicting
result, as extraction terminates Rab signaling, both observations support the existing idea that
inactive Ypt7 must be present on membranes to engage and coordinate the machinery that
mediates both fusion and fission, e.g. Ivy1 [31].

Summary and conclusions

In sum, we justified use of a new sedimentation-based assay to study vacuole fission in vitro
and find that acetate stress likely targets PI signaling whereas hypertonic stress likely inacti-
vates Ypt7 to trigger fission while blocking homotypic fusion. However, inhibiting vacuolar
PI-kinase(s) or Rab activity alone was insufficient to trigger vacuole fission in vitro, suggesting
that engagement of multiple mechanisms by stressors is likely required to coordinate effects
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on organelle fission and fusion. Both stressors triggered fission of isolated vacuoles in the
absence of cytosol and other cellular compartments, suggesting that all molecular machinery
needed to sense and respond to acetate or osmotic stress is present on vacuole membranes.
However, the identity of these mechanisms remains unresolved. Because acetate is a key inter-
mediate of cellular metabolism [11], it is difficult to speculate but others have proposed that
elevated levels may ultimately activate TOR signaling, which in turn supports vacuole frag-
mentation by possibly affecting PI signaling [10, 22]. As acetic acid, acetate may also impact
compartmental pH and the activity of the V-type H"-ATPase that has been implicated in vacu-
ole fission and fusion [25]. As for hypertonic stress, we speculate that it simply drives water
efflux from the vacuole lumen leading to collapse of the membrane which would support scis-
sion. However, the precise mechanisms that mediate osmosis (e.g. a vacuolar aquaporin) and
direct inactivation of Ypt7, to presumably engage the scission machinery, are unclear. Because
this new fission assay can be easily scaled up to accommodate high-content screening experi-
ments, it sets the stage for future studies that aim to test these hypotheses and further reveal
the mechanisms underlying organelle fission and morphology in molecular detail.

Materials and methods
Yeast strains and reagents

We used the S. cerevisiae strain SEY6210 pep4A Vphl-GFP [MATa leu2-3 ura3-52 his3-A200
trp1-A901 suc2-A9 lys2-801 pep4::HIS3 VPHI-GFP (TRP1)] for the fluorescence-based in vitro
fission assay and vacuole membrane detection by fluorescence microscopy [34]. BY4742
pep4A (MATo leu2-3 ura3-52 his3-A200 lys2-801 pep4:NEO) or pho8A (MATa leu2-3 ura3-52
his3-A200 lys2-801 pho8:NEO) S. cerevisiae strains purchased from Invitrogen (Carlsbad, CA,
USA) were used for the in vitro fusion assay. All yeast growth media was purchased from Bio-
Shop Inc. (Burlington, ON, Canada). Buffer ingredients and reagents were purchased from
Sigma Aldrich (St. Louis, MI, USA) with the exception of ficoll from GE Healthcare (Tokyo,
Japan) and ATP from Roche (Indianapolis, IN, US). Recombinant Gyp1-46 protein and oxaly-
ticase were expressed in E.coli and purified by affinity chromatography as previously described
[32]. All proteins or reagents added to in vitro fusion or fission reactions were diluted in or
buffer exchanged into PS buffer (20 mM PIPES, 200 mM sorbitol), aliquoted, flash frozen in
liquid nitrogen and stored at -80 °C until use.

Yeast vacuole isolation

Yeast cultures were grown in a shaking incubator overnight at 30 °Cin 1 L YPD medium to a
density of 1.4-1.8 OD600,,,,,/mL. Cells were then harvested by centrifugation (3,000 g for 10
minutes at 4 °C), washed (10 minutes at 30 °C) with 50 mL buffer containing 100 uM DTT
and 50 mM Tris-HCI pH 9.4, sedimented (3, 500 g for 5 minutes at room temperature), resus-
pended in 15 mL spheroplasting buffer (25 mM potassium phosphate pH 6.8 and 200 mM sor-
bitol in 1:20 YPD medium diluted in water) containing 1-2 pug/mL purified oxalyticase, and
incubated for 30 minutes at 30 °C. Spheroplasts were collected by centrifugation (1,250 g for 2
minutes at 4 °C), resuspended in 2 mL ice-cold PS buffer (20 mM PIPES, 200 mM sorbitol)
containing 15% ficoll, and treated with 0.2-0.4 pg/mL DEAE dextran for 3 minutes at 30 °C to
disrupt the plasma membrane. Permeabilized spheroplasts were then transferred to an ultra-
centrifuge tube on ice, 8%, 4% and 0% ficoll layers were added on top, and samples were sub-
jected to high-speed centrifugation (125,000 g for 90 minutes at 4 °C) to isolate vacuoles from
other cell components. Vacuoles were then collected from interface between 4 and 0% ficoll
layers and placed on ice until use. Vacuole protein concentrations were determined by Brad-
ford assay.
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In vitro vacuole fission assay

To quantify vacuole membrane fission in vitro, we prepared 30 pL fission reactions by adding
6 ug of vacuoles isolated from SEY6210 pep4A Vph1-GFP cells to standard fission reaction
buffer (PS buffer containing 5 mM MgCl,, 125 mM KCI, 10 mM CoA, and 1 mM ATP to stim-
ulate fission; see [10]) and then incubated them at 27 °C for 30 minutes. Where indicated,
increasing concentrations of glucose, sorbitol, wortmannin or recombinant Gyp1-46 protein
were added, or KAc was replaced with KCI, prior to incubation. Reactions were then subjected
to centrifugation (3,000 g for 3 minutes at 4 °C) to separate small vacuoles (present in the
supernatant) from larger vacuoles (present in the pellet). After collecting the supernatant, pel-
lets were resuspended in 20 pL fission reaction buffer and both samples were then transferred
to a black conical-bottom 96-well microplate. GFP fluorescence (Ao, = 485 nm, A, = 520 nm)
was then measured using a Synergy H1 multimode microplate reader (BioTek Instruments
Inc., Winooski, VT, USA), values were background subtracted and the ration of supernatant
over total fluorescence was calculated as a measure of vacuole membrane fission in vitro. Data
shown was normalized to the value obtained under control (no treatment), isotonic condi-
tions. Reaction buffer osmolarity was confirmed using a Vapro 5520 vapor-pressure osmome-
ter (Wescor, Logan, UT, USA). Vacuole diameter was measured using a Brookhaven 90 Plus
Particle Size Analyzer (Brookhaven Instruments Cooperation).

In vitro homotypic vacuole fusion assay

Homotypic vacuole fusion in vitro was measured using a colorimetric assay that relies on mat-
uration of the alkaline phosphatase Pho8 [32]. In brief, 30 yL fusion reactions were prepared
by adding 3 ug of vacuoles isolated from BY4742 pho8A cells and 3 pg of vacuoles isolated
form BY4742 pep4A cells to standard fusion reaction buffer (PS buffer containing 125 mM
KCl, 5 mM MgCl,, 10 uM CoA and 1 mM ATP to simulate fusion) and then incubated at 27
°C for 90 minutes. Where indicated increasing concentrations of sorbitol were added or KAc
was replaced with KCl, prior to incubation. Upon membrane fusion, lumenal content mixing
permits immature Pho8 (within vacuoles from cells missing Pep4) to be cleaved by the prote-
ase Pep4 (within vacuoles from cells missing Pho8) to activate the enzyme. Pho8 activity is
then measured by adding 500 puL development buffer (250 mM Tris-HCI pH 8.5, 10 mM
MgCl,, 0.4% triton X-100) containing 1 mM paranitrophenolphosphate, a Pho8 substrate, and
incubated for 5 minutes at 30 °C. The phosphatase reaction was terminated with 500 pL stop
buffer (100 mM glycine pH 11) and the absorbance of the yellow product, paranitrophenol,
was measured at 400 nm using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). A4oonm values were background subtracted and normalized to val-
ues obtained under control, isotonic conditions (125 mM KCl).

Fluorescence microscopy

Using HILO (Highly Inclined and Laminated Optical sheet) microscopy, images of fission
reactions containing vacuoles isolated from SEY6210 pep4A Vphl-GFP cells were acquired
using a Nikon Eclipse TiE inverted microscope outfitted with a TIRF (Total Internal Reflection
Fluorescence) illumination unit, Photometrics Evolve 512 EM-CCD camera, CFI ApoTIRF
1.49 NA 100x objective lens, and 50 mW 488 nm solid-state laser operated with Nikon Ele-
ments software (Nikon Canada Inc., Mississauga, ON, Canada). Images were acquired 1 um
into the sample. Micrographs shown were adjusted for brightness and contrast, inverted and
sharpened with an unsharpen masking filter using Image J (National Institutes of Health,
Bethesda, MD, USA) and Photoshop CC software (Adobe Systems, San Jose, CA, USA).
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Data analysis and presentation

All quantitative data was processed using Microsoft Excel software (Microsoft Corp., Red-
mond, WA, USA). Data was plotted using Kaleida Graph v.4.0 software (Synergy Software,
Reading, PA, USA) and figure panels were prepared using Illustrator CC software (Adobe Sys-
tems, San Jose, CA, USA). Means * S.E.M. are shown and Student’s two-tailed t-tests were
used to assess significance (P < 0.05). Micrographs shown are best representatives of 5 biologi-
cal replicates (each replicate represents a sample prepared from a separate yeast culture on dif-
ferent days), imaged at least 5 times each (technical replicates) whereby each field examined
contained > 83 vacuoles. Fission and fusion data shown represent 3 or more biological repli-
cates (each replicate represents a sample prepared from a separate yeast culture on different
days) conducted in duplicate (technical replicates).

Acknowledgments

We thank Andrew Chapman for use of his osmometer and Jack Kornblatt for use of his parti-
cle size analyzer.

Author Contributions

Conceptualization: Dipti Patel, Christopher Leonard Brett.
Data curation: Zeynep Derin Gokbayrak, Dipti Patel.

Formal analysis: Zeynep Derin Gokbayrak, Dipti Patel.
Funding acquisition: Christopher Leonard Brett.

Investigation: Zeynep Derin Gokbayrak, Dipti Patel.
Methodology: Dipti Patel.

Project administration: Christopher Leonard Brett.
Supervision: Christopher Leonard Brett.

Writing - original draft: Dipti Patel, Christopher Leonard Brett.
Writing - review & editing: Zeynep Derin Gokbayrak, Christopher Leonard Brett.

References

1. ShorterJ, Warren G (2002) Golgi architecture and inheritance. Annu Rev Cell Dev Biol 18: 379-420.
https://doi.org/10.1146/annurev.cellbio.18.030602.133733 PMID: 12142281

2. Weisman LS (2003) Yeast vacuole inheritance and dynamics. Annu Rev Genet 37: 435-460. https:/
doi.org/10.1146/annurev.genet.37.050203.103207 PMID: 14616069

3. Friedman JR, Nunnari J (2014) Mitochondrial form and function. Nature 505: 335-343. https://doi.org/
10.1038/nature 12985 PMID: 24429632

4. Luzio JP, HackmannY, Dieckmann NM, Griffiths GM (2014) The biogenesis of lysosomes and lyso-
some-related organelles. Cold Spring Harb Perspect Biol 6: a016840. https://doi.org/10.1101/
cshperspect.a016840 PMID: 25183830

5. Knoblach B, Rachubinski RA (2016) How peroxisomes partition between cells. A story of yeast, mam-
mals and filamentous fungi. Curr Opin Cell Biol 41: 73-80. https://doi.org/10.1016/j.ceb.2016.04.004
PMID: 27128775

6. Gautreau A, Oguievetskaia K, Ungermann C (2014) Function and regulation of the endosomal fusion
and fission machineries. Cold Spring Harb Perspect Biol 6: a016832. https://doi.org/10.1101/
cshperspect.a016832 PMID: 24591520

7. PuJ, Guardia CM, Keren-Kaplan T, Bonifacino JS (2016) Mechanisms and functions of lysosome posi-
tioning. J Cell Sci 129: 4329—-4339. https://doi.org/10.1242/jcs. 196287 PMID: 27799357

PLOS ONE | https://doi.org/10.1371/journal.pone.0271199  July 14, 2022 10/12


https://doi.org/10.1146/annurev.cellbio.18.030602.133733
http://www.ncbi.nlm.nih.gov/pubmed/12142281
https://doi.org/10.1146/annurev.genet.37.050203.103207
https://doi.org/10.1146/annurev.genet.37.050203.103207
http://www.ncbi.nlm.nih.gov/pubmed/14616069
https://doi.org/10.1038/nature12985
https://doi.org/10.1038/nature12985
http://www.ncbi.nlm.nih.gov/pubmed/24429632
https://doi.org/10.1101/cshperspect.a016840
https://doi.org/10.1101/cshperspect.a016840
http://www.ncbi.nlm.nih.gov/pubmed/25183830
https://doi.org/10.1016/j.ceb.2016.04.004
http://www.ncbi.nlm.nih.gov/pubmed/27128775
https://doi.org/10.1101/cshperspect.a016832
https://doi.org/10.1101/cshperspect.a016832
http://www.ncbi.nlm.nih.gov/pubmed/24591520
https://doi.org/10.1242/jcs.196287
http://www.ncbi.nlm.nih.gov/pubmed/27799357
https://doi.org/10.1371/journal.pone.0271199

PLOS ONE

Vacuole fission by acetate or osmotic stress

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

Cabukusta B, Neefjes J (2018) Mechanisms of lysosomal positioning and movement. Traffic https://doi.
org/10.1111/tra.12587 PMID: 29900632

Perera RM, Zoncu R (2016) The Lysosome as a Regulatory Hub. Annu Rev Cell Dev Biol 32: 223-253.
https://doi.org/10.1146/annurev-cellbio-111315-125125 PMID: 27501449

Michaillat L, Baars TL, Mayer A (2012) Cell-free reconstitution of vacuole membrane fragmentation
reveals regulation of vacuole size and number by TORC1. Mol Biol Cell 23: 881-895. https://doi.org/10.
1091/mbc.E11-08-0703 PMID: 22238359

Lyssiotis CA, Cantley LC (2014) Acetate fuels the cancer engine. Cell 159: 1492—1494. https://doi.org/
10.1016/j.cell.2014.12.009 PMID: 25525870

Zhang C, Hicks GR, Raikhel NV (2014) Plant vacuole morphology and vacuolar trafficking. Front Plant
Sci 5: 476. https://doi.org/10.3389/fpls.2014.00476 PMID: 25309565

Li SC, Kane PM (2009) The yeast lysosome-like vacuole: endpoint and crossroads. Biochim Biophys
Acta. 1793: 650-63. https://doi.org/10.1016/j.bbamcr.2008.08.003 PMID: 18786576

Conibear E, Stevens TH (2002) Studying yeast vacuoles. Methods Enzymol 351: 408—432. https://doi.
org/10.1016/s0076-6879(02)51861-9 PMID: 12073360

Conradt B, Shaw J, Vida T, Emr S, Wickner W (1992) In vitro reactions of vacuole inheritance in Sac-
charomyces cerevisiae. J Cell Biol 119: 1469-1479. https://doi.org/10.1083/jcb.119.6.1469 PMID:
1334958

Struhl K (1983) The new yeast genetics. Nature 305: 391-397. https://doi.org/10.1038/305391a0
PMID: 6353245

LaGrassa TJ, Ungermann C (2005) The vacuolar kinase Yck3 maintains organelle fragmentation by
regulating the HOPS tethering complex. J Cell Biol 168: 401—-414. https://doi.org/10.1083/jcb.
200407141 PMID: 15684030

Durchfort N, Verhoef S, Vaughn MB, Shrestha R, Adam D, Kaplan J, et al. (2012) The enlarged lyso-
somes in beige j cells result from decreased lysosome fission and not increased lysosome fusion. Traf-
fic 13: 108—119. https://doi.org/10.1111/j.1600-0854.2011.01300.x PMID: 21985295

Alpadi K, Kulkarni A, Namjoshi S, Srinivasan S, Sippel KH, Ayscough K| et al. (2013) Dynamin-SNARE
interactions control trans-SNARE formation in intracellular membrane fusion. Nat Commun 4: 1704.
https://doi.org/10.1038/ncomms2724 PMID: 23591871

Wickner W (2010) Membrane fusion: five lipids, four SNAREs, three chaperones, two nucleotides, and
a Rab, all dancing in a ring on yeast vacuoles. Annu Rev Cell Dev Biol 26: 115-136. https://doi.org/10.
1146/annurev-cellbio-100109-104131 PMID: 20521906

Bonangelino CJ, Nau JJ, Duex JE, Brinkman M, Wurmser AE, Gary JD, et al. (2002) Osmotic stress-
induced increase of phosphatidylinositol 3,5-bisphosphate requires Vac14p, an activator of the lipid
kinase Fab1p. J Cell Biol 156: 1015-10128. https://doi.org/10.1083/jcb.200201002 PMID: 11889142

Stauffer B, Powers T (2015) Target of rapamycin signaling mediates vacuolar fission caused by endo-
plasmic reticulum stress in Saccharomyces cerevisiae. Mol Biol Cell 26: 4618-4630. https://doi.org/10.
1091/mbc.E15-06-0344 PMID: 26466677

Dove SK, Cooke FT, Douglas MR, Sayers LG, Parker PJ, Michell RH (1997) Osmotic stress activates
phosphatidylinositol-3,5-bisphosphate synthesis. Nature 390: 187-192. https://doi.org/10.1038/36613
PMID: 9367158

Zieger M, Mayer A (2012) Yeast vacuoles fragment in an asymmetrical two-phase process with distinct
protein requirements. Mol Biol Cell 23: 3438-3449. https://doi.org/10.1091/mbc.E12-05-0347 PMID:
22787281

Baars TL, Petri S, Peters C, Mayer A (2007) Role of the V-ATPase in regulation of the vacuolar fission-
fusion equilibrium. Mol Biol Cell 18: 3873-3882. https://doi.org/10.1091/mbc.e07-03-0205 PMID:
17652457

Li SC, Diakov TT, Xu T, Tarsio M, Zhu W, Couoh-Cardel S, et al. (2014) The signaling lipid P1(3,5)P»
stabilizes V4-V(0) sector interactions and activates the V-ATPase. Mol Biol Cell 25: 1251-1262. https://
doi.org/10.1091/mbc.E13-10-0563 PMID: 24523285

Ho CY, Choy CH, Wattson CA, Johnson DE, Botelho RJ (2015) The Fab1/PIKfyve phosphoinositide
phosphate kinase is not necessary to maintain the pH of lysosomes and of the yeast vacuole. J Biol
Chem 290: 9919-9928. hitps://doi.org/10.1074/jbc.M114.613984 PMID: 25713145

Efe JA, Botelho RJ, Emr SD (2005) The Fab1 phosphatidylinositol kinase pathway in the regulation of
vacuole morphology. Curr Opin Cell Biol 17: 402—408. https://doi.org/10.1016/j.ceb.2005.06.002
PMID: 15975782

Takeda K, Cabrera M, Rohde J, Bausch D, Jensen ON, Ungermann C (2008) The vacuolar V1/V0-
ATPase is involved in the release of the HOPS subunit Vps41 from vacuoles, vacuole fragmentation
and fusion. FEBS Lett 582: 1558—1563. https://doi.org/10.1016/j.febslet.2008.03.055 PMID: 18405665

PLOS ONE | https://doi.org/10.1371/journal.pone.0271199  July 14, 2022 11/12


https://doi.org/10.1111/tra.12587
https://doi.org/10.1111/tra.12587
http://www.ncbi.nlm.nih.gov/pubmed/29900632
https://doi.org/10.1146/annurev-cellbio-111315-125125
http://www.ncbi.nlm.nih.gov/pubmed/27501449
https://doi.org/10.1091/mbc.E11-08-0703
https://doi.org/10.1091/mbc.E11-08-0703
http://www.ncbi.nlm.nih.gov/pubmed/22238359
https://doi.org/10.1016/j.cell.2014.12.009
https://doi.org/10.1016/j.cell.2014.12.009
http://www.ncbi.nlm.nih.gov/pubmed/25525870
https://doi.org/10.3389/fpls.2014.00476
http://www.ncbi.nlm.nih.gov/pubmed/25309565
https://doi.org/10.1016/j.bbamcr.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/18786576
https://doi.org/10.1016/s0076-6879%2802%2951861-9
https://doi.org/10.1016/s0076-6879%2802%2951861-9
http://www.ncbi.nlm.nih.gov/pubmed/12073360
https://doi.org/10.1083/jcb.119.6.1469
http://www.ncbi.nlm.nih.gov/pubmed/1334958
https://doi.org/10.1038/305391a0
http://www.ncbi.nlm.nih.gov/pubmed/6353245
https://doi.org/10.1083/jcb.200407141
https://doi.org/10.1083/jcb.200407141
http://www.ncbi.nlm.nih.gov/pubmed/15684030
https://doi.org/10.1111/j.1600-0854.2011.01300.x
http://www.ncbi.nlm.nih.gov/pubmed/21985295
https://doi.org/10.1038/ncomms2724
http://www.ncbi.nlm.nih.gov/pubmed/23591871
https://doi.org/10.1146/annurev-cellbio-100109-104131
https://doi.org/10.1146/annurev-cellbio-100109-104131
http://www.ncbi.nlm.nih.gov/pubmed/20521906
https://doi.org/10.1083/jcb.200201002
http://www.ncbi.nlm.nih.gov/pubmed/11889142
https://doi.org/10.1091/mbc.E15-06-0344
https://doi.org/10.1091/mbc.E15-06-0344
http://www.ncbi.nlm.nih.gov/pubmed/26466677
https://doi.org/10.1038/36613
http://www.ncbi.nlm.nih.gov/pubmed/9367158
https://doi.org/10.1091/mbc.E12-05-0347
http://www.ncbi.nlm.nih.gov/pubmed/22787281
https://doi.org/10.1091/mbc.e07-03-0205
http://www.ncbi.nlm.nih.gov/pubmed/17652457
https://doi.org/10.1091/mbc.E13-10-0563
https://doi.org/10.1091/mbc.E13-10-0563
http://www.ncbi.nlm.nih.gov/pubmed/24523285
https://doi.org/10.1074/jbc.M114.613984
http://www.ncbi.nlm.nih.gov/pubmed/25713145
https://doi.org/10.1016/j.ceb.2005.06.002
http://www.ncbi.nlm.nih.gov/pubmed/15975782
https://doi.org/10.1016/j.febslet.2008.03.055
http://www.ncbi.nlm.nih.gov/pubmed/18405665
https://doi.org/10.1371/journal.pone.0271199

PLOS ONE

Vacuole fission by acetate or osmotic stress

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

44,

45.

Gopaldass N, Fauvet B, Lashuel H, Roux A, Mayer A (2017) Membrane scission driven by the PROP-
PIN Atg18. EMBO J 36: 3274-3291. https://doi.org/10.15252/embj.201796859 PMID: 29030482

Malia PC, Numrich J, Nishimura T, Gonzalez Montoro A, Stefan CJ, Ungermann C (2018) Control of
vacuole membrane homeostasis by a resident PI-3,5-kinase inhibitor. Proc Natl Acad SciU S A 115:
4684-4689. https://doi.org/10.1073/pnas.1722517115 PMID: 29674454

Brett CL, Merz AJ (2008) Osmotic regulation of Rab-mediated organelle docking. Curr Biol 18: 1072—
1077. https://doi.org/10.1016/j.cub.2008.06.050 PMID: 18619842

Wang L, Seeley ES, Wickner W, Merz AJ (2002) Vacuole fusion at a ring of vertex docking sites leaves
membrane fragments within the organelle. Cell 108: 357—369. https://doi.org/10.1016/s0092-8674(02)
00632-3 PMID: 11853670

McNally EK, Karim MA, Brett CL (2017) Selective Lysosomal Transporter Degradation by Organelle
Membrane Fusion. Dev Cell 40: 151-167. https://doi.org/10.1016/j.devcel.2016.11.024 PMID:
28017618

Burg MB, Ferraris JD (2008) Intracellular organic osmolytes: function and regulation. J Biol Chem 283:
7309-7313. https://doi.org/10.1074/jbc.R700042200 PMID: 18256030

Brewster JL, Gustin MC (2014) Hog1: 20 years of discovery and impact. Sci Signal 7: re7. https://doi.
org/10.1126/scisignal.2005458 PMID: 25227612

Audhya A, Foti M, Emr SD (2000) Distinct roles for the yeast phosphatidylinositol 4-kinases, Stt4p and
Pik1p, in secretion, cell growth, and organelle membrane dynamics. Mol Biol Cell 11: 2673-2689.
https://doi.org/10.1091/mbc.11.8.2673 PMID: 10930462

Stroupe C, Collins KM, Fratti RA, Wickner W (2006) Purification of active HOPS complex reveals its
affinities for phosphoinositides and the SNARE Vam7p. EMBO J 25: 1579-1589. https://doi.org/10.
1038/sj.emboj.7601051 PMID: 16601699

Mima J, Wickner W (2009) Phosphoinositides and SNARE chaperones synergistically assemble and
remodel SNARE complexes for membrane fusion. Proc Natl Acad SciU S A 106: 16191-16296.
https://doi.org/10.1073/pnas.0908694106 PMID: 19805279

Stack JH, Emr SD (1994) Vps34p required for yeast vacuolar protein sorting is a multiple specificity
kinase that exhibits both protein kinase and phosphatidylinositol-specific Pl 3-kinase activities. J Biol
Chem 269: 31552-31562. PMID: 7989323

Cutler NS, Heitman J, Cardenas ME (1997) STT4 is an essential phosphatidylinositol 4-kinase that is a
target of wortmannin in Saccharomyces cerevisiae. J Biol Chem 272: 27671-27277. https://doi.org/10.
1074/jbc.272.44.27671 PMID: 9346907

Han GS, Audhya A, Markley DJ, Emr SD, Carman GM (2002) The Saccharomyces cerevisiae LSB6
gene encodes phosphatidylinositol 4-kinase activity. J Biol Chem 277: 47709-47718. https://doi.org/
10.1074/jbc.M207996200 PMID: 12361950

Tabuchi M, Audhya A, Parsons AB, Boone C, Emr SD (2006) The phosphatidylinositol 4,5-biphosphate
and TORC2 binding proteins SIm1 and SIm2 function in sphingolipid regulation. Mol Cell Biol 26: 5861—
5875. https://doi.org/10.1128/MCB.02403-05 PMID: 16847337

Garrenton LS, Stefan CJ, McMurray MA, Emr SD, Thorner J (2010) Pheromone-induced anisotropy in
yeast plasma membrane phosphatidylinositol-4,5-bisphosphate distribution is required for MAPK sig-
naling. Proc Natl Acad SciU S A 107: 11805—-11810. https://doi.org/10.1073/pnas.1005817107 PMID:
20547860

Wang K, Yang Z, Liu X, Mao K, Nair U, Klionsky DJ (2012) Phosphatidylinositol 4-kinases are required
for autophagic membrane trafficking. J Biol Chem 287: 37964—-37972. https://doi.org/10.1074/jbc.
M112.371591 PMID: 22977244

PLOS ONE | https://doi.org/10.1371/journal.pone.0271199  July 14, 2022 12/12


https://doi.org/10.15252/embj.201796859
http://www.ncbi.nlm.nih.gov/pubmed/29030482
https://doi.org/10.1073/pnas.1722517115
http://www.ncbi.nlm.nih.gov/pubmed/29674454
https://doi.org/10.1016/j.cub.2008.06.050
http://www.ncbi.nlm.nih.gov/pubmed/18619842
https://doi.org/10.1016/s0092-8674%2802%2900632-3
https://doi.org/10.1016/s0092-8674%2802%2900632-3
http://www.ncbi.nlm.nih.gov/pubmed/11853670
https://doi.org/10.1016/j.devcel.2016.11.024
http://www.ncbi.nlm.nih.gov/pubmed/28017618
https://doi.org/10.1074/jbc.R700042200
http://www.ncbi.nlm.nih.gov/pubmed/18256030
https://doi.org/10.1126/scisignal.2005458
https://doi.org/10.1126/scisignal.2005458
http://www.ncbi.nlm.nih.gov/pubmed/25227612
https://doi.org/10.1091/mbc.11.8.2673
http://www.ncbi.nlm.nih.gov/pubmed/10930462
https://doi.org/10.1038/sj.emboj.7601051
https://doi.org/10.1038/sj.emboj.7601051
http://www.ncbi.nlm.nih.gov/pubmed/16601699
https://doi.org/10.1073/pnas.0908694106
http://www.ncbi.nlm.nih.gov/pubmed/19805279
http://www.ncbi.nlm.nih.gov/pubmed/7989323
https://doi.org/10.1074/jbc.272.44.27671
https://doi.org/10.1074/jbc.272.44.27671
http://www.ncbi.nlm.nih.gov/pubmed/9346907
https://doi.org/10.1074/jbc.M207996200
https://doi.org/10.1074/jbc.M207996200
http://www.ncbi.nlm.nih.gov/pubmed/12361950
https://doi.org/10.1128/MCB.02403-05
http://www.ncbi.nlm.nih.gov/pubmed/16847337
https://doi.org/10.1073/pnas.1005817107
http://www.ncbi.nlm.nih.gov/pubmed/20547860
https://doi.org/10.1074/jbc.M112.371591
https://doi.org/10.1074/jbc.M112.371591
http://www.ncbi.nlm.nih.gov/pubmed/22977244
https://doi.org/10.1371/journal.pone.0271199

