>
o
@
-l
@
o
-l
-l
L
(&
LL
@
-l
<
2
a
=
(@
-
Ll
I
—

Repor

Direct imaging reveals stable, micrometer-scale lipid
domains that segregate proteins in live cells

Alexandre Toulmay and William A. Prinz

Laboratory of Cell and Molecular Biology, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, MD 20892

t has been proposed that membrane rafts, which are

sterol- and sphingolipid-enriched liquid-ordered (L)

domains, segregate proteins in membranes and play
critical roles in numerous processes in cells. However,
rafts remain controversial because they are difficult to ob-
serve in cells without invasive methods and seem to be
very small (nanoscale) and short lived, leading many to
question whether they exist or are physiologically rele-
vant. In this paper, we show that micrometer-scale, stable
lipid domains formed in the yeast vacuole membrane in

Introduction

The raft hypothesis proposes that the affinity of sterols for lipids
with saturated acyl chains, particularly sphingolipids, drives the
formation of liquid-ordered (L,) microdomains that coexist
with liquid-disordered (L4) portions of membranes. These do-
mains are thought to organize proteins in membranes and have
been suggested to regulate numerous processes in cells, includ-
ing protein trafficking, intracellular signaling, and viral budding
(Simons and Ikonen, 1997; Pike, 2006; Lingwood and Simons,
2010). Rafts are proposed to form primarily in compartments
enriched in sterols and sphingolipids, such as the plasma mem-
brane (PM).

Studies using giant unilamellar vesicles (GUVs) suggest
how rafts may form in cells (Schroeder et al., 1994). GUVs com-
posed of cholesterol and two phospholipids, one of which has sat-
urated acyl chains, form stable, micrometer-sized L, domains that
coexist with L, regions of the membrane (Baumgart et al., 2003;
Veatch and Keller, 2003; Morales-Penningston et al., 2010).

One major criticism of the raft model has been that inva-
sive methods have been necessary to visualize them in cells. Re-
cent studies using super resolution microscopy have suggested
that rafts may be small (5-200 nm) and short lived (Eggeling
et al., 2009; Owen et al., 2012b). What prevents these small
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Abbreviations used in this paper: GUV, giant unilamellar vesicle; Ly, liquid disor-
dered; L, liquid ordered; MBCD, methyl-B-cyclodextrin; NVJ, nuclear-vacuolar junc-
tion; PM, plasma membrane; SC, synthetic complete; Stat, stationary growth; WT,
wild type.
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response fo nutrient deprivation, changes in the pH of the
growth medium, and other stresses. All vacuolar mem-
brane proteins tested segregated to one of two domains.
These domains formed quasi-symmetrical patterns strik-
ingly similar to those found in liposomes containing coex-
isting L, and liquid-disordered regions. Indeed, we found
that one of these domains is probably sterol enriched and
L. Domain formation was shown to be regulated by the
pH-responsive Rim101 signaling pathway and may also
require vesicular trafficking to vacuoles.

domains from coalescing into large domains similar to those
seen in GUVs is not known.

Here, we show that stable, large raftlike lipid domains re-
markably similar to those found in GUVs can form in live cells
without invasive methods.

Results and discussion

The yeast vacuole performs many of the same functions as mam-
malian lysosomes and also regulates intracellular pH and os-
motic pressure. Growing Saccharomyces cerevisiae cells often
contain multiple vacuoles that have multilobed shapes, but as
cells enter stationary growth (Stat) phase, they usually contain
one large, spherical vacuole (diameter = 1-5 um) that occupies
most of the cell (Li and Kane, 2009; Armstrong, 2010). To visu-
alize the vacuole membrane, we used the well-established pro-
tein marker Vphl, a component of the vacuole proton pump
ATPase. In growing cells, Vph1-GFP is homogeneously distrib-
uted on the vacuole membrane but is excluded from regions of
the vacuole that are closely apposed to the nucleus called the nu-
clear—vacuole junction (NVJ; Kane, 2006; Martinez-Mufioz and
Kane, 2008; Dawaliby and Mayer, 2010).

This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No
Mirror Sites license for the first six months after the publication date (see http://www.rupress
.org/terms). After six months it is available under a Creative Commons License (Attribution—
Noncommercial-ShareAlike 3.0Unportedlicense, asdescribedathttp://creativecommons.org/
licenses/by-nc-sa/3.0/).

JCB 35

g
=
3
o
©
a
@
a
=
o
3
=
=3
°
<
=
c
k]
0
@
1723
@
<}
2
Q
=
[}
g
o
=
[=)
P
°
a
=
N
=]
]
=
=
)
Q
=
a
©
S
=
@
a
=
Q
©
N
=]
=2
@
S
=
o
@
©
°
a
=3
o
<
Q
c
@
(2]
@
o
=1
o
IS
-
o)
o
g
c
5]
3
N
=1
]
=



36

We observed that when cells enter Stat-phase, Vphl-GFP
was not evenly distributed on the vacuole membranes in most
cells and instead formed several striking patterns (Fig. 1, A and B;
and Video 1). We classified the domain patterns into three groups:
(1) partial domains, which show a few gaps in Vphl-GFP distri-
bution, (2) quasi-symmetrical domains, and (3) coalesced do-
mains (Fig. 1 A). Remarkably, we found that all vacuole membrane
proteins tested segregate into microdomains when cells reached
Stat-phase. 12 proteins showed a similar distribution to Vphl-
GFP, whereas two proteins (Gtr2p and Ivylp), exhibited the
reciprocal distribution on vacuolar membranes (Fig. S1). Coex-
pression of Ivyl-mCherry and Vphl-GFP in live cells in Stat-
phase confirmed that Ivy1-mCherry segregates from Vphl-GFP
when domains form (Fig. 1 C). Time-lapse imaging revealed that
the domains were stable over many minutes but evolved slowly
over the course of the 3-h experiment (Video 2 and Fig. S2 A).
These results indicate that during starvation, vacuolar membrane
proteins segregate into either of two visible microdomains that
can coalesce to form different patterns. We ruled out that cells
with vacuolar domains are dying by showing that they recover
from Stat-phase (Fig. S2 B).

The patterns of vacuolar membrane proteins found here in
live cells (Fig. 1) are strikingly similar to the patterns of lipid
phases observed in artificial membranes (Morales-Penningston
et al., 2010). Membrane domains in GUVs containing coexist-
ing L, and L4 phases form patterns such as dots, stripes, quasi-
symmetrical shapes, and large coalesced domains (Baumgart et al.,
2003; Veatch and Keller, 2003) that resemble the domains we
found on vacuole membranes in live cells. The patterns of domains
on GUVs depend on many parameters, including the type and con-
centration of lipids, presence of proteins, osmotic pressure, pH,
and temperature (Morales-Penningston et al., 2010). We deter-
mined whether the microdomains we found on vacuoles are lipid
domains by using the vacuole-specific lipophilic dye FM4-64
(Vida and Emr, 1995). This dye displayed patterns similar to Vph1-
GFP (Fig. 2 A) and colocalized with the Vphl-GFP domain
(Fig. S3 B, control). This finding suggests that the domains we
observed on vacuoles are indeed lipid domains.

We wondered whether the lipid domains on vacuolar mem-
branes are, like rafts, enriched in sterols. It has previously been
shown that sterols are ~7 mol percent of the lipids in vacuoles
(Schneiter et al., 1999) and are known to be important for several
vacuolar functions (Kato and Wickner, 2001; Fratti et al., 2004,
Dawaliby and Mayer, 2010). To assess the localization of sterols
in vacuoles, we added the sterol-binding dye filipin to vacuoles
obtained from cells expressing Vphl-GFP. When filipin was
added to vacuoles with domains, it stained discrete regions that
segregated from portions of the membrane that contained Vphl-
GFP (Fig. 2 B). In contrast, no visible domains were formed
when filipin was added to intact vacuoles without domains,
which were obtained from growing cells (unpublished data).
These findings suggest that the portions of the vacuolar mem-
brane that lack Vphlp (which contain Ivylp and Gtr2p) are en-
riched in sterols, although we cannot rule out that filipin induces
domain formation.

To investigate the role of sterols in vacuolar domain for-
mation, we reduced the amount of sterols in cells by treating
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them with the ergosterol biosynthesis inhibitor fenpropimorph
(Marcireau et al., 1990). Fenpropimorph-treated cells had fewer
visible domains on vacuole membranes than untreated cells
(Fig. 2 C). It should be noted that fenpropimorph slowed but did
not prevent cell growth and that cultures treated with fenpropi-
morph reached the same cell density as untreated ones (unpub-
lished data). We also assessed the function of sterols in domain
formation by treating vacuoles with methyl-B-cyclodextrin
(MBCD), a cyclic oligosaccharide that extracts sterols from
membranes. When MBCD was added to vacuoles that contained
domains (obtained from Stat-phase cells), it dramatically de-
creased the percentage of vacuoles with domains (Fig. 2 D). In
contrast, vacuolar domain formation was induced by MBCD
addition to vacuoles that lacked domains (obtained from grow-
ing cells; Fig. 2 D). This was probably caused by the ability of
MBCD to transfer sterols between membranes (Zidovetzki and
Levitan, 2007); MBCD was added to crude cellular lysates that
contained other membranes in addition to intact vacuoles and
probably moved sterols from other membranes to vacuoles, in-
ducing domain formation. Although we cannot exclude that
MBCD transfers a lipid other than a sterol (Zidovetzki and
Levitan, 2007), we think it is most likely that it is the ability of
MBCD to bind sterols that allows it to induce vacuolar domain
formation or dissipate vacuolar domains. Interestingly, we also
found that ergosterol but not cholesterol supported domain for-
mation. Cells lacking Ergl cannot synthesize sterols and require
exogenous sterol to grow. They grow at the same rate with ei-
ther exogenous ergosterol or cholesterol (unpublished data).
We found that erglA cells contained vacuolar domains when
they were grown with ergosterol but not cholesterol (Fig. 2 E).
Together, these findings suggest that one of the vacuolar mem-
brane domains is sterol enriched, that sterols are necessary for
domain formation, and that ergosterol, but not cholesterol, sup-
ports domain formation.

If one of the vacuolar domains is sterol enriched, it may be
more ordered than the other domain. To assess this, we used the
lipophilic dye FAST Dil, which has higher affinity for L, than L,
domains (Hammond et al., 2005; Sezgin et al., 2012). We found
that this dye colocalized with the Vph1-GFP—containing domain
(Fig. 3 A), suggesting the reciprocal domain, which is probably
sterol enriched, is more ordered. Another indication that there is
a difference in the order of the two vacuolar domains is that
membrane bending was observed at the junctions of the domains
both in live cells and in vitro (Fig. 3, B and C). In GUVs with
two phases, line tension between the domains causes membrane
bending (Baumgart et al., 2003). Thus, there may be line tension
between the two vacuolar domains, perhaps caused by a differ-
ence in membrane order. To obtain further evidence that vacuole
membranes contain ordered regions, we incubated purified vacu-
oles and other organelles with Laurdan, a membrane ordering—
sensitive dye (Fig. 3 D, left; Kaiser et al., 2009, 2011; Sezgin
et al., 2012). We found that PM-derived membranes were more
ordered than microsomes (Fig. 3 D, right), consistent with previ-
ous findings (Kaiser et al., 2011). Vacuoles from both growing
cells and from cells in Stat-phase were more ordered than mi-
crosomes, consistent with the hypothesis that vacuoles contain
ordered domains.
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Figure 1. Vacuole membrane proteins segregate into domains in Stat-phase. (A) Cells expressing Vph1-GFP, in Stat-phase, were visualized live at room

temperature by fluorescence microscopy focusing on either the top or middle of the vacuole. Three types of microdomains are shown: partial, quasi-symmetri-
cal, and coalesced. (B) Cells expressing Vph1-GFP were grown in SC medium. The percentage of cells with the indicated vacuolar domain patterns and
the ODgoonm (black line) were determined (n = 100-300 cells/time). (C) Cells expressing Vph1-GFP and Ivy 1-mCherry, in Statphase, were visualized by
fluorescent microscopy. Bars, 5 pm.

Our findings suggest that one of the vacuolar domains were not resistant to cold Triton X-100 extraction (unpub-
may be raftlike; it is sterol enriched and more ordered lished data), a hallmark of raft association (Simons and
than the other domain. Interestingly, proteins in this domain Ikonen, 1997).
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Figure 2. Role of sterols in vacuolar domain formation. (A) WT cells were grown in medium with FM4-64 to Stat-phase and visualized live by fluores-
cence microscopy. (B) Intact vacuoles from Stat-phase cells expressing Vph1-GFP were incubated with filipin for 30 min and imaged by fluorescence
microscopy. Fluorescence intensities of filipin and GFP around the vacuole (arrows) were plotted. (C) 5 pM fenpropimorph or vehicle (DMSO) was added
to growing cells expressing Vph1-GFP, and the cells were visualized after 16 h when they had reached Stat-phase. (D) Intact vacuoles from cells express-
ing Vph1-GFP were incubated with 10 mM MBCD for 30 min and imaged by fluorescence microscopy. Stat, Stat-phase; log, logarithmic growth phase.
(E) Percentage of erg 1A cells expressing Vph1-GFP that contained vacuoles with membrane domains when grown in YPD with ergosterol or cholesterol.
The percentage of domains was calculated from 100-300 cells or vacuoles from two independent experiments. Error bars show means + SD. Bars:

(A, C, and D) 5 pm; (B) T pm.

We next investigated conditions that induced domain forma-
tion or caused existing domains to dissipate. Depleting cells of
ATP did not cause domains to form in vacuoles that lacked do-
mains (Fig. 4 A) or cause domains that had already formed to dissi-
pate (not depicted), indicating that energy is not required for either

JCB « VOLUME 202 « NUMBER 1 « 2013

process. Because it has been shown that actin and other proteins
associated with the cytosolic face of the PM can drive domain for-
mation (Kusumi et al., 1993; Douglass and Vale, 2005), we deter-
mined whether cytosolic proteins are necessary to maintain
or inhibit domain formation on the vacuole. We found that the

920z Ateniga 20 uo 1senb Aq Jpd 6£010€1L0Z A9l/SEL08S L/SE/L/20Z/pd-81o1e/qol/Bio ssaidny//:dny wouy pepeojumoq



>

FAST-Dil

Vph1-GFP

Vph1-GFP  Ivy1-mCherry

0.4

Figure 3. Membrane ordering in the vacuolar domains. (A) Intact vacuoles from cells expressing Vph1-GFP were incubated with Fast Dil for 30 min and imaged
by fluorescence microscopy. (B) Images of live cells expressing Vph1-GFP and Ivy 1-mCherry (shown in Fig. 1 C). (C) Images of isolated vacuoles from cells express-
ing Vph1-GFP and strained with filipin. In B and C, arrows indicate inward bending of sterol-enriched domains. (D) Generalized polarization (GP) of liposomes
(left) and cellular membranes (right] incubated with Laurdan for 1 h at 30°C (means + SD, n = 4-5 independent experiments). chol, cholesterol; DOPC, dio-
leoylphosphatidylcholine; SM, sphingomyelin; vac, vacuole. Where indicated, a two-ailed ttest was used to calculate p-value. Bars: (A) 2 pm; (B and C) 1 pm.
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Figure 4. Stresses that induce domain formation in vacuolar membranes. (A) Growing cultures of cells expressing Vph1-GFP were washed and resus-
pended in SC, H,O, SC lacking nitrogen (SD-N), or SC lacking glucose (SC-glc), and the indicated compounds were added (Rapa, rapamycin; 2DG,
2-deoxyglucose; CHX, cycloheximide). The percentage of cells with vacuolar domains was measured after 3 h. (B-D) The cultures in A were grown to
Stat-phase (18 h), and the percentage of cells with vacuolar domains (B), the final ODgoonm (C), and pH (D) of the cultures were determined (n = 100-300
cells from at least two independent experiments; means = SD). (E) pH-dependent dissipation of vacuolar domains; cells expressing Vph1-GFP were grown
to Stat-phase, and the percentage of cells with vacuolar domains was determined. A portion of the cultures was pelleted, and the medium was replaced
with 100 mM Tris, pH 9.3. After 75 min of incubation at 30°C, the half of the culture in Tris was pelleted and resuspended in used SC medium. Means

SD; two independent experiments.

addition of Proteinase K to vacuoles in vitro did not induce or dis-

To better understand how the entrance into Stat-phase in-

rupt lipid domains on vacuole membranes (Fig. S3). Thus, cytosolic
proteins and the cytosolic portions of vacuolar membrane proteins
may not play a significant role in vacuolar domain formation.

JCB « VOLUME 202 « NUMBER 1 « 2013

duces vacuolar domain formation, we investigated the role of
various stresses that occur in this growth phase: nitrogen starva-
tion, glucose starvation, osmotic stress, cell cycle G arrest, ATP
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Figure 5. Mutants that affect vacuolar domain formation or dissipation. (A) The Rim101 pathway. (B) WT or rim21A cells expressing Vph1-GFP were
grown fo Statphase, and the percentage of cells with vacuolar domains was determined. Portions of the cultures were pelleted, and the media were
replaced with 100 mM Tris, pH 9.3. (C) The indicated strains were grown as in B, and the percentage of cells with vacuolar domains was determined.
(D) Percentages of vacuolar domain types in cells expressing Vph1-GFP and with the indicated genotypes were determined in Statphase. (E) Midlogarithmic
growth—phase cultures were untreated (SC) or treated with 10 pg/ml CHX or 60 mM NaOAc, pH 5.2, for 3 h, and the percentages of cells with vacuolar
domains were determined. (F) WT or sec18-1 cells were grown at 24°C to midlogarithmic growth phase, and a portion of the cultures was shifted to 37°C
for 3 h. The percentage of cells with vacuolar domains was determined. Graphs show means of 100-300 cells + SD from two independent experiments.

CHX, cycloheximide; MVB, multivesicular body.

depletion, inhibition of translation, or altering the pH of the me-
dium. Only three of these conditions induced vacuolar domains
within 3 h of addition of the compounds (Fig. 4 A). One was
glucose starvation. A second was the inhibition of translation
with cycloheximide, which suggests that domain formation does
not require new protein synthesis but that stress signaling is
likely needed. The third condition was the addition of 60 mM
acetate at pH 5.2 to the medium. Interestingly, acetate at pH 7.7
did not induce domain formation (Fig. 4 A). Acetate at low pH
is known to induce weak acid stress (Mollapour et al., 2008). At
pHs near or below the pKa of acetate, pH 4.76, a significant frac-
tion of acetate is protonated and can diffuse into cells. Once in
the cytosol, the neutral pH causes acetate to dissociate and accu-
mulate in cells because the acid anion cannot diffuse across the
membrane, causing weak acid stress. This may be similar to
what occurs in Stat-phase cultures because the pH of the me-
dium becomes low and yeast exports acetate (Tohmola et al.,
2011). Consistent with this idea, we found that buffering the
medium of a growing culture to neutral pH blocked vacuolar
domain formation once the culture reached Stat-phase but did
not prevent cell growth (Fig. 4, B and C). We confirmed that

buffering the medium prevented the acidification of the medium
when cultures reached Stat-phase (Fig. 4 D), thus preventing the
acidification of the medium blocked vacuolar domain formation.

Because keeping the pH of growth medium near neutral
pH prevented domain coalescence, we wondered whether in-
creasing the pH of the medium of cells that contained vacuolar
domains would cause the domains to dissipate. To test this,
cells were grown to Stat-phase so that ~75% contained vacuo-
lar domains. Replacing the medium of the cells with 100 mM
Tris, pH 9.3, caused a rapid, dramatic decrease in the number of
cells with vacuolar domains, and most domains that remained
were partial (Fig. 4 E). Remarkably, replacement of the Tris
buffer with the original used medium from the cell cultures
caused domains to reform (Fig. 4 E). It should be noted that re-
placing the medium of a Stat-phase culture with H,O caused no
change in the percentage of cells with vacuolar domains (un-
published data). Thus, vacuolar membrane domain formation is
regulated by extracellular pH.

We wanted to determine whether pH directly affects vac-
uolar domain formation or whether a pH-responsive signaling
pathway is required. We found that incubating vacuoles in vitro
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with buffers ranging from pH 6.0 to 9 did not induce domain for-
mation or cause existing domains to dissipate (unpublished data).
Thus, changes in extracellular pH probably induce a signaling
event that regulates the domain formation. Consistent with this
possibility, we found that the alkaline pH-responsive Rim101
pathway (Fig. 5 A; Maeda, 2012) is necessary for the dissipation
of vacuolar domains when cells are in a medium with alkaline
pH (Fig. 5, B and C). Interestingly, Torl also plays a role.

To identify other proteins that play a role in the vacuolar do-
main formation, we screened for mutants that fail to produce them
during starvation. We selected representative mutants lacking non-
essential genes with defects in the major functions of the vacuole
(autophagy, vesicular trafficking, pH maintenance, and NVJ for-
mation), lipid metabolism (sterols, sphingolipids, phospholipids,
and fatty oxidation), and quiescence (the target of rapamycin and
MAPK pathways). The results of the screen are shown in Table S1
and Fig. 5 D. Notably, mutants with defects in autophagy, NVJ
formation, and the vacuole proton pump ATPase did not prevent
domain formation (Table S1). Despite the important role of ergos-
terol in vacuolar domain formation, two mutants that contain er-
gosterol precursors as their primary sterols (erg5A and erg6A) did
not have a defect in domain formation. These sterols, unlike cho-
lesterol, are probably similar enough to ergosterol to allow domain
formation. We identified four mutants that had a strong decrease
in the percentage of cells with quasi-symmetrical domain pat-
terns on the vacuole. These mutants lacked proteins involved in
phosphoinositide biogenesis (FAB1), phospholipid homeostasis
(NEM1), signaling linked to quiescence via the PKC pathway
(MPK1), and vesicular trafficking to vacuoles (VPS4; Fig. 5 D).
All four mutants also failed to form vacuolar domains when ace-
tate, pH 5.2, was added to the medium (Fig. 5 E), confirming that
these mutants cannot form lipid domains on vacuole membranes.
Unexpectedly, mpkIA and nemIA still produced vacuolar lipid
domains when cycloheximide was added to the medium (Fig. 5 E).
Thus, weak acid stress and cycloheximide probably induce sterol-
enriched domain formation by different pathways.

The results of our genetic screen confirmed that lipids
(FABI and NEM1I) and signaling (MPKI and NEMI) play
important roles in the formation of domains on vacuole mem-
branes. Remarkably, the most profound defects in domain
formation were found in mutants with defects in vesicular traf-
ficking to vacuoles (FABI and VPS4). This finding suggests
that vesicular transport to vacuoles may alter the protein or lipid
composition of the vacuole membrane so that domain forma-
tion is compromised. We investigated this further by determin-
ing whether mutants lacking either of the vacuolar SNAREs
Vam3 and Vam7 had defects in domain formation. However,
the vacuoles in these strains were small, and it was not possible
to determine whether they contained domains (Table S1). In an
alternative approach, we tested whether Secl8, which is re-
quired for most if not all vesicular trafficking, was needed for
vacuolar domain formation. Sec18 is an essential protein, and
we determined whether domain formation was blocked when
cells with the conditional sec/8-1 allele were transferred from
permissive temperature (24°C) to restrictive temperature (37°C)
for 3 h. Surprisingly, we found that this heat stress induced do-
main formation in wild-type (WT) cells (Fig. 5 F). This finding

JCB « VOLUME 202 « NUMBER 1 « 2013

allowed us to easily test whether domain formation is blocked
in secI8-1 cells. When these cells were subjected to tempera-
ture shift, domain formation was significantly reduced, consis-
tent with the hypothesis that vesicular trafficking plays a role in
domain formation.

Together, our findings show that vacuolar membrane pro-
teins segregate into two large, stable membrane domains in live,
unperturbed cells. One of these domains is probably sterol en-
riched and may be more ordered than the other. This domain is
probably raftlike and similar to much smaller and more transient
domains in the PM (Eggeling et al., 2009; Owen et al., 2012b).
Stable lipid domains have been observed in endocytic compart-
ments (Mukherjee and Maxfield, 2004), and large L, domains
have been found in the PM of some mammalian cells (Owen
et al., 2012a), but it is not clear whether these domains are sterol
enriched or have the other properties of rafts. A recent study sug-
gested that most proteins in the yeast PM are enriched in a large
number of coexisting patches and networks that partially overlap
(Spira et al., 2012). In contrast, the yeast vacuole forms two well-
defined domains that have distinct protein and lipid compositions.
The dissimilarity of domains in the vacuole and in the PM may in-
dicate that in vacuoles, as in GUVs, sterol-sphingolipid interactions
provide the primary driving force for domain formation, whereas in
the PM, protein-lipid and protein—protein interactions result in a
much more complex mix of small, transient domains.

Two important questions about the vacuolar domains remain.
First, what changes in vacuolar lipid or protein composition cause
domain formation and dissipation? Second, what, if any, physiolog-
ical role do vacuolar domains play in the cell? Our findings suggest
that these domains are important for the cellular response to starva-
tion and pH stress, but further investigation is required.

Materials and methods

Strains, growth conditions, and materials

The strains used in this study are listed in the Table S2. The GFP collection
strains and mCherry plasmid were obtained from O. Cohen-Fix (National
Institutes of Health, Bethesda, MD). Unless otherwise noted, all strains were
grown at 30°C in synthetic complete (SC) media (2% glucose and 0.67%
nitrogen base completed with an amino acid mix). The erglA strain
(ATY587) was grown in YPD (1% yeast exiract, 2% peptone, and 2% glu-
cose) containing 200 pg/ml G418 (Invitrogen) and 20 pg/ml ergosterol
or cholesterol from a 2-mg/ml stock in Tween 80/ethanol (1:1). These cells
were visualized in Stat-phase after 2 d of growth. Strains containing p416-
IVY1-mCherry were grown in SC lacking uracil. SD-N medium contained
2% glucose and 0.67% nitrogen base completed without amino acid and
ammonium sulfate. Unless otherwise noted, all the chemicals used in this
study were obtained from Sigma-Aldrich.

Screen for conditions that induce domain formation

Growing cultures at an ODggonm of 0.4-0.6 were washed and resuspended
in SC, H,O, or SD-N, compounds were added, and the cultures were grown
for 3 or 18 h. The percentage of cells with vacuolar domains was deter-
mined by fluorescence microscopy. Compounds were added to the medium
at these concentrations: 200 ng/ml rapamycin (Enzo Life Sciences), 20 pM
afactor (Zymo Research Corp.), 10 mM NaN3, 10 mM 2-deoxyglucose,
10 pg/ml cycloheximide, and 60 mM NaOAc, pH 5.2 (Quality Biological),
60 mM KOAc, pH 7.7, and 100 mM Tris, pH 7.4.

Fluorescence microscopy

Cells were visualized live in growth media or H,O with a microscope
(BX61; Olympus), U Plan Apochromat 100x/1.35 NA lens, a camera
(Retiga EX; Qlmaging), and iVision software (version 4.0.5; BioVision Tech-
nologies). Imaging was performed at room temperature (~22°C). Images
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were cropped, and contrast and intensity were adjusted with Photoshop
(version 7.0.1; Adobe). The quantification of intensity was determined with
Image) software (version 1.38x; National Institutes of Health). It should be
noted that vacuolar structures did not visibly change when samples were
visualized at a range of temperatures from 20-55°C. For the time-lapse ex-
periments for Fig. S2 B, cells were grown on agarose pads (Anwar et al.,
2012). 2 pl of cell suspension was placed onto a 1-mm-thick pad made of
3% agarose and SC medium. The cells were covered with an 18-mm square
coverslip, excess SC-agarose was cut off, and the edges were sealed with
VALAP (equal parts Vaseline, lanolin, and paraffin) as described.

FM4-64 (Invitrogen) was used at 6 pg/ml (stock = 6 mg/ml in
DMSQ). Cells were added to medium with FM4-64 and grown >16 h until
Stat-phase. Cells were washed two times with water before visualization.

Isolation of intact vacuoles by gentle lysis
Cells were pelleted (3,000 g), resuspended in 0.1 M Tris, pH 9.4, and
10 mM DTT, and incubated for 10 min at 30°C. The cells were washed once
in spheroplast buffer (1.2 M sorbitol and 10 mM potassium phosphate,
pH 7.4) and resuspended in spheroplast buffer with 1 mg/ml Zymolyase
(Seikagaku) for 4 h (Stat-phase cells) or 1 h (logarithmic-phase cells) at 30°C.
The spheroplasts were pelleted (3,000 g) for 5 min at room temperature and
resuspended in lysis buffer (0.2 M sorbitol and 10 mM potassium phosphate,
pH 7.4) to induce a gentle lysis of the spheroplasts without disrupting the vac-
uoles. The extent of lysis was determined by microscopy.

Cell lysates were incubated with 10 mM MBCD (in lysis buffer) for
30 min at room temperature. Filipin Il (stock = 5 mg/ml in ethanol) was
added to lysates at 0.2 mg/ml for 30 min to 1 h at room temperature in the
dark. It should be noted that filipin stained a fraction of vacuoles immediately,
but longer incubations were used to obtain staining of a higher proportion
of vacuoles. Fast Dil (1,1'-dilinoleyl-3,3,3’,3"tetramethylindocarbocyanine,
4<chlorobenzenesulfonate; Invitrogen) was added to lysates at 5.0 pg/ml
(stock = 0.5 mg/ml in ethanol) and imaged immediately. 0.1 mg/ml Protein-
ase K (in lysis buffer) was added to lysates, which were incubated for 1 h at
30°C before visualization.

Screen for mutants with defects in vacuolar domain formation

Cultures of strains were started at an ODgoonm of 0.5 and grown for 8 h. The
cultures were washed with water, resuspended in water, incubated at 30°C
for 16 h, and visualized by fluorescence microscopy. The percentage of
cells with quasi-symmetrical domains was determined and compared with
that of WT cells. It should be noted that in these conditions, WT cells con-
tained large vacuoles that allowed easy visualization and quantification of
quasi-symmetrical domains and that ~25% of WT cells contained these do-
mains. In some cases, noted in Table S1, cells were not resuspended in
water but instead grown continuously fo Statphase in SC.

Determining membrane order with Laurdan

Liposomes were prepared by extrusion using a 0.1-ym membrane (Kaiser
et al., 2011). Microsomes and PM were isolated from WT cells express-
ing Vph1-GFP (Zinser and Daum, 1995). The purified membranes were
resuspended in liposome buffer (150 mM NaCl, 20 mM Hepes-KOH,
pH 7.3, and 1 mM EDTA). Purified vacuoles were prepared from 1,000
ODgoo units of cells. The cells were pelleted and resuspended in 25 ml of
1.2 M sorbitol, 40 mM KPO,, pH 7.4, 10 mM DTT, 10 mM 2-doxyglu-
cose, 10 mM NaN3, 10 mM NaF, 2 mM PMSF, and 15 mg Zymolyase
20T (Seikagaku) and incubated for 45 min at 30°C with gentle shaking.
The cells were pelleted (1,500 g for 5 min at 4°C), resuspended in 2 ml
of 0.2-M sorbitol, 40 mM KPO,, pH 7.4, and protease inhibitors (Roche),
and mixed with 3 ml of 15% Ficoll 400 in PS buffer (0.2 M sorbitol and
20 mM Pipes-KOH, pH 6.8). 5.5 ml of this mixture was overlayed with
2.5 ml of 8% Ficoll 400 in PS, 3.5 ml of 4% Ficoll 400 in PS, and 1 ml of
PS and centrifuged in a rotor (SW-40Ti; Beckman Coulter) at 30,000 rpm
for 1.5 h at 4°C. Purified vacuoles were extracted from between the 4 and
0% layers. The vacuoles were dialyzed against liposome buffer for 1 h at
4°C and then overnight with fresh buffer. The purified organelles were in-
cubated with 1 pM Laurdan (Sigma-Aldrich) at 30°C. Samples were ex-
cited at 385 nm using a photomultiplier (detector voltage set to 750 W;
model 814; Photon Technology), with a 75-W Xenon short arc lamp
(Ushio) as a light source. Data were collected and analyzed using the
FeliX 32 software (PTI). All readings were taken as 150-pl samples in a
3-mm quartz cell (Starna Cells). Emission was measured from 400 to 550 nm
in 5-nm increments, and generalized polarization (GP) was calculated:
GP = (l400-460 — lazo-530)/ (la00-a60 + lazo-s30) (Kaiser et al., 2011). The
background, calculated from buffer containing only Laurdan, was sub-
tracted from emission values.

Online supplemental material

Fig. S1 shows that all vacuolar membrane proteins tested segregate to one
of two domains when cells enter Statphase. Fig. S2 demonstrates that cells
containing vacuolar domains are viable. Fig. S3 shows that vacuolar domains
are not ablated or induced when isolated vacuoles are treated with protease.
Table S1 gives the results of the screen for mutants with decreased percentage
of cells with vacuolar domains in Statphase. Table S2 lists the strains used
in this study. Video 1 shows a stack of images of cells containing vacuolar
membrane domains. Video 2 shows timelapse imaging of cells containing
vacuolar membrane domains. Online supplemental material is available at
hitp://www.jcb.org/cgi/content/full/jcb.201301039/DC1.
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