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Membranes of vacuoles, the lysosomal organelles of Saccharomy-
ces cerevisiae (budding yeast), undergo extraordinary changes
during the cell’'s normal growth cycle. The cycle begins with a
stage of rapid cell growth. Then, as glucose becomes scarce,
growth slows, and vacuole membranes phase separate into
micrometer-scale domains of two liquid phases. Recent studies
suggest that these domains promote yeast survival by organizing
membrane proteins that play key roles in a central signaling path-
way conserved among eukaryotes (TORC1). An outstanding ques-
tion in the field has been whether cells regulate phase transitions
in response to new physical conditions and how this occurs. Here,
we measure transition temperatures and find that after an
increase of roughly 15°C, vacuole membranes appear uniform,
independent of growth temperature. Moreover, populations of
cells grown at a single temperature regulate this transition to
occur over a surprisingly narrow temperature range. Remarkably,
the transition temperature scales linearly with the growth temper-
ature, demonstrating that the cells physiologically adapt to main-
tain proximity to the transition. Next, we ask how yeast adjust
their membranes to achieve phase separation. We isolate vacuoles
from yeast during the rapid stage of growth, when their mem-
branes do not natively exhibit domains. Ergosterol is the major
sterol in yeast. We find that domains appear when ergosterol is
depleted, contradicting the prevalent assumption that increases in
sterol concentration generally cause membrane phase separation
in vivo, but in agreement with previous studies using artificial and
cell-derived membranes.
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patial organization of cellular components is essential for

their biological function. One way that cells may achieve this
organization is through spontaneous demixing of components
into coexisting liquid phases. For example, three-dimensional
subcellular condensates or droplets contain proteins and/or RNA
at concentrations that differ from the rest of the solution
(reviewed in refs. 1-5). Similarly, two-dimensional, micrometer-
scale domains in model membranes contain lipids in ratios that
differ from the rest of the membrane, independent of whether
the membranes are composed of very few lipid types or are
derived directly from cells (6, 7).

To date, yeast (Saccharomyces cerevisiae) are the only unper-
turbed, living cell system in which reversible, micrometer-scale
phase separation of a membrane has been observed. Specifi-
cally, domains disappear in individual yeast vacuoles above a
characteristic temperature (7,;x) and reappear below that tem-
perature. Moreover, domains merge with one another on time
scales characteristic of liquid membranes (8). This phase sepa-
ration had been hypothesized (9, 10) and appears to regulate
the cell’s metabolic response to nutrient limitation through the
TORCI (Target of Rapamycin Complex 1) pathway that is a
central regulator of protein synthesis, autophagy, docking of
lipid droplets, and many other processes (10-14). Depletion of
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nutrients from the growth medium induces yeast to transition
from exponential growth (called the logarithmic or “log” stage)
to a stage in which cell division slows and the density of the cell
culture plateaus (called the stationary stage; Fig. 1). When
yeast enter the stationary stage, domains that segregate lipids
and proteins appear on vacuole membranes, as observed by
both freeze-fracture electron microscopy (15, 16) and fluores-
cence microscopy (10, 13). Immunogold labeling proves that
domains seen by the two methods are the same (17).

The clear connection between membrane domains and
growth stage makes yeast an ideal system to investigate in order
to answer significant open questions about phase separation.
Here, we focus on two outstanding questions. First, do yeast
cells physiologically adapt to maintain membrane phase separa-
tion under new physical conditions? Second, is phase separa-
tion induced or eliminated through manipulation of sterol
levels?

It is reasonable to expect that yeast should actively remodel
their vacuole membranes to achieve phase separation because
domains appear and disappear with growth stage and because
yeast adjust to a wide range of environmental conditions (18,
19). More broadly, it is known that many cell types alter their
lipid compositions and membrane behaviors in response to
changes in cell cycle (20-25), activation (26, 27), disease
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Fig. 1. (A) Growth curve for S. cerevisiae (adapted with permission from

ref. 8), where ODgq is the optical density at . = 600 nm plotted on a log
scale. In the logarithmic stage of growth, yeast vacuole membranes appear
uniform, in a single liquid phase. Late in the log stage, vacuoles fuse so that
most cells contain only one large vacuole. In the stationary stage, the vacu-
ole membrane demixes into two liquid phases with compositionally distinct
domains. (B) The phase boundary between mixed (one-phase) and demixed
(two-phase) states can be reversibly crossed by changes in temperature and/
or membrane composition. Tnix the temperature at which membrane
domains appear or disappear, changes with membrane composition. Micro-
graphs show representative images of membranes with and without
domains (and are not all from the same vacuole).

(28-30), and environmental stress (31). Changes in growth tem-
perature are particularly compelling to investigate because they
are experimentally tractable and because they trigger active
membrane remodeling in organisms ranging from bacteria to
vertebrate animals (32-35).

If liquid-liquid membrane phase separation is a functionally
relevant property, a clear prediction is that the membrane’s
Tmix should be regulated by the cell in response to the ambient
temperature. There is some precedent for this. Giant plasma
membrane vesicles that are shed from zebrafish cells exhibit
fluctuating domains indicative of a miscibility critical point, and
the T values of these cell-free membranes vary with the
growth temperature of the cells that shed them (35). However,
there are key differences between plasma membrane vesicles
and yeast vacuoles, beyond the fact that one is cell-free and the
other is in a living cell. To date, the T}, of all plasma mem-
brane vesicles has been found to be below the cells’ growth
temperature (7). In these vesicles, an offset between Tp,x and
the growth temperature is hypothesized to set the size of sub-
micrometer membrane fluctuations, which could, in turn, influ-
ence channel activities and cytoskeletal compartmentalization
(36-38). In contrast, the T, in living yeast vacuoles is well
above the growth temperature (8), such that vacuole mem-
branes partition into micrometer-scale domains under normal
conditions. In yeast, it is less clear why a specific offset would
be worth regulating: Any Ty,;x above the growth temperature
should produce large domains in vacuole membranes. How-
ever, by regulating an offset, yeast might avoid “burning their
bridges,” facilitating a return to a uniform membrane.

Of course, yeast cells cannot regulate domain formation by
controlling their own temperature. Instead, they must alter the
molecules in their membranes. Asking whether yeast tightly
control their membrane’s T, is the same as asking whether
they tightly control their lipid and protein compositions in the
stationary stage (Fig. 1B). The detailed mechanisms by which
cells adapt their membrane compositions to invoke phase sepa-
ration in the stationary phase are unknown. In model mem-
branes, coexisting liquid phases appear at intermediate sterol
levels (rather than at low or high levels) (6, 39-43). In yeast
cells, there are many indications that sterol levels are impor-
tant. Experiments that alter genes encoding proteins involved
in sterol synthesis or transport (11-13, 17), that perturb lipid
droplets (which are rich in sterol esters) (13, 14), and that
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manipulate sterol metabolism (10, 44) all support the hypothe-
sis that sterols regulate the formation and maintenance of
membrane domains. However, it is largely unknown in which
direction sterols are being shuttled—to or from the vacuole
membrane.

In order to address some of these outstanding questions, we
investigated whether living yeast cells adjust the Ty« of their
vacuole membranes to scale with the growth temperature of
the cells, and we test whether vacuole domains appear or disap-
pear when ergosterol levels are changed in isolated vacuole
membranes.

Results

In previous experiments (8), we investigated a relatively small
number of individual vacuole membranes, both within and iso-
lated from living cells. Here, we investigate large populations of
cells. Three scenarios are possible. 1) If phase separation is
physiologically irrelevant, then we would predict that T,,;, is not
stringently regulated: Different cells within a population should
exhibit 7T, values that range widely above and below the
growth temperature. 2) If phase separation is functionally
important, and the only constraint is that the vacuole mem-
brane must phase separate in the stationary phase, then we
might predict that membranes from different cells should have
a wide range of T, values, as long as Ty, is usually higher
than the growth temperature. 3) However, if phase separation
is functionally important, and if the phase transition must be
easily reversed when nutrient conditions change, then we would
predict that Ty, is tightly regulated and that the distribution of
Tmix Values should exhibit low cell-to-cell variation across the
population.

Yeast Vacuoles Exhibit a Characteristic T Vacuoles in living
yeast cells were imaged as in Fig. 24. The bright areas of the
membranes are labeled with Vph1-GFP. Vphl localizes exclu-
sively to the vacuole membrane and is a transmembrane subu-
nit of the vacuolar-ATPase pump. We chose Vphl because it
preferentially partitions to liquid disordered domains in phase-
separated vacuoles (10, 17, 45). The protein’s function, which is
to pump protons into the vacuole lumen to generate an electro-
chemical gradient across the membrane, is not affected by the
probe (46). At temperatures below Ty, Vphl is unevenly dis-
tributed in vacuole membranes (marked with arrowheads in
Fig. 24), whereas above Ty, the membranes appear uniform.
To obtain the data in each experiment, multiple fields of view,
as in Fig. 24, were analyzed with a semiautomated, blinded
procedure. For a population of cells, Ty, is the temperature at
which the percent of vacuoles with domains is reduced by 50%.
For the single experiment in Fig. 2B, each data point represents
hundreds of vacuoles in living yeast cells grown at their optimal
growth temperature of 30 °C.

In turn, multiple experiments as in Fig. 2B were combined to
generate Fig. 2C. We find that the broad population of vacuoles
grown at 30 °C has a characteristic Ty (47.0 °C) with a low var-
iance (SD + 0.4°C). Because Ty, is a function of the mem-
brane’s composition, the sharp transition implies that there is
relatively little cell-to-cell variation in vacuole membrane com-
position with respect to molecules that control phase separa-
tion, even among different yeast cultures. The reproducibility
of this result rivals those of chemically defined artificial lipid
systems like giant unilamellar vesicles (43, 47). In summary,
yeast regulate their vacuole membrane composition to achieve
a common T, which is set above the ambient growth
temperature.

Growth Temperature Controls T,,;,. Next, we tested whether cells
actively tune Ty, of their vacuole membranes in response to
changes in ambient growth temperature. We chose the new

Leveille et al.
Yeast cells actively tune their membranes to phase separate at temperatures
that scale with growth temperatures



as temperature increases.
The fraction of vacuoles with domains decreases
g100f * e Toown | §100F . Taronth 501
E ®30°C é o 20°C slope2= 10.59 ;L 0.2
. == @ 25°C r<=0.
5 5 451
& 75r & 75r o ®30°C
2 2
.g .g 9 40+
S 50 s 50 32°C ra \é
< < ~ 351
= =
3 25 3 25F 30k
o o
3 3
3 3
>o o, L \ >o or , L L MR L 2 1 1 1
& 20 30 40 = 20 30 40 50 60 20 25 30

Temperature (°C) Temperature (°C) Tgrowth (°C)

Fig. 2. (A) Micrographs of vacuoles in living cells at 44 °C, 46 °C, 48 °C, and 50 °C in four different fields of view. At low temperatures, most vacuole mem-
branes are phase-separated, whereas at high temperatures, most membranes appear uniform. Arrowheads point to vacuoles with domains, which are
identified by contrast between bright and dark regions in the membrane. (B) Vacuole membranes in living cells have a characteristic miscibility transition
temperature, Thix. This plot represents a single experimental sweep with 2 °C steps for cells grown at 30 °C. The percent of vacuoles with visible domains
(small circles; n = 235 to 466) was scored by using a semiautomated blind procedure, normalized to a maximum of 100%, and fit to a sigmoidal curve
(Materials and Methods and SI Appendix, Fig. S5). The large black circle lies at Tnix = 46.9°C, the temperature at which the percent of vacuoles with
domains is reduced by 50%. The shaded region superimposed on the line indicates the 95% Cl for the fit. (C) Increases in growth temperature (20 °C,
25°C, and 30°C) result in increases in Ty (32.4 + 1.6°C, 40.1 + 0.8°C, and 47.0 + 0.4°C, where error bars are SDs). Each curve represents a different exper-
imental temperature sweep. (D) The relationship between T,,,x and the growth temperature is linear. The error in the slope is the 95% Cl for the linear
regression fit. Offsets (AT) between the three growth temperatures and Tix are 12.4 + 1.6°C, 15.1 + 0.8°C, and 17.0 + 0.4 °C. Optical densities were con-

trolled to account for changes in growth rate at different growth temperatures (S/ Appendix, Fig. S1 and Materials and Methods).

growth temperatures to be low (20°C and 25°C) rather than
high to avoid subjecting cells to chronic thermal stress. Yeast
grew robustly at all temperatures tested (SI Appendix, Fig. S1
and Materials and Methods).

The results, shown in Fig. 2 C and D, indicate that yeast
maintain a linear relationship between Ty, in vacuole mem-
branes and the growth temperature. An increase in the ambient
temperature of ~15°C causes membrane components to mix
into a single phase. Taken together, the low cell-to-cell variation
of Thix and the linear relationship between Ty,;x and the growth
temperature strongly support the conclusion that vacuole mem-
brane demixing is stringently regulated and, therefore, physio-
logically important. Yeast would achieve a shift in 7,,;, through
a change in the vacuole’s composition.

Membranes Require Long-Term Changes in Temperature to Remodel.
Next, we investigated the time scales over which temperature
changes regulate domain formation. Previous results indicated
that the relevant window falls between 5 min and 3 h. The
shorter time scale derives from our previous report that
domains do not reappear in vacuoles held above T}, for 5 min
(8). The longer time comes from the observation that domains
eventually appear in log-stage vacuoles subjected to 3 h of
acute heat stress (10). We grew cells at low temperature (20 °C)
until they reached stationary stage and their vacuoles exhibited
domains (Fig. 3). We then raised the temperature slightly above
Tmix (35°C). We maintained the cells at this new temperature
for 1 h. Within this period, vacuole membranes did not return
to a phase-separated state. Therefore, the time required for
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significant remodeling of the membranes is >1 h. We designed
our experiment to avoid heat stress by choosing an initial low
temperature (20°C), which resulted in a low Tp,x (324 +
1.6°C). At the conclusion of the experiment, cells were cooled
back to 20 °C, and domains reappeared on vacuoles that origi-
nally exhibited them (SI Appendix, Fig. S2). We previously
showed that miscibility transitions in vacuoles are reversible
after acute changes in temperature on time scales of seconds
(8). Here, we show that the transition is also reversible on a
long time scale, suggesting that T}, is regulated in response to
a time-averaged growth temperature, rather than via rapid cel-
lular responses to acute temperature fluctuations.

Logarithmic-Stage Vacuoles Do Not Phase Separate, Even at Low
Temperature. As yeast progress from the log stage to the sta-
tionary stage, their vacuole membranes demix into two phases.
This transition must be driven by a change in the membrane
composition, but what is the magnitude of that change? If log-
stage yeast require only a small change in the composition of
their vacuole membranes to phase separate, then only a small
drop in temperature should have the same effect. In Fig. 3B,
we find that even a large drop in temperature (from 30°C to
5°C) does not cause log-stage vacuole membranes to phase
separate, implying that the membranes undergo a large change
in composition from log to stationary phase. For this experi-
ment, we used isolated vacuoles that were fused to ~4 pm
diameter because phase separation can be difficult to identify
in smaller (~1 to 2 pm) in vivo log-stage vacuoles and because
isolation does not appear to perturb phase separation (8-10).
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(A) Cells adapt T,ix of their membranes on time scales longer than 1 h in response to temperature changes. Cells were grown at low temperature

(~20°C) until they reached the stationary stage, where vacuole membranes exhibited domains. Temperature was then quickly raised to 35°C (slightly
above Tp,ix), and domains disappeared. Cells were maintained at this new temperature for 1 h; domains did not reappear within this period. Images in
steps 1 and 4 show the same vacuoles; S/ Appendix, Fig. S2 shows a time lapse. (B) Membranes of free-floating vacuoles isolated from cells in the log stage
do not phase separate, even at low temperature. Cells were grown at 30°C to the log stage (ODgoo = 1). Vacuoles were isolated from these cells and
imaged. When the vacuoles were cooled from 30°C to 5°C, domains did not appear in the membranes. Images in steps 3 and 4 show two different

vacuoles that are representative of the population.

We imaged vacuoles that were free-floating, rather than resting
on the coverslip, because it is known that contact between
membranes and surfaces can promote membrane phase separa-
tion (48-50). Indeed, contact between isolated vacuoles and
glass surfaces occasionally caused domains to appear in very
cold (5 °C) membranes (SI Appendix, Fig. S3).

Depletion (Not Addition) of Ergosterol Causes Domains in Log-
Stage Vacuole Membranes. In model membranes, coexisting liquid
phases form when the membranes contain moderate amounts of
sterol. If the sterol content is low, solid (gel) domains appear; if
the sterol content is high, the membrane is uniform (6, 39-43).
Given that no domains appear in membranes of log-stage
vacuoles, one reasonable hypothesis is that their sterol content is
too high to support phase separation. In this scenario, a decrease
in the sterol content of log-stage vacuole membranes would cause
coexisting liquid phases to appear. In yeast, the predominant
sterol is ergosterol; it constitutes roughly 7 to 15 mol% of lipids
in mid- or late-log-stage vacuolar membranes (51, 52). In S/
Appendix, Table S1, we show that depleting ergosterol in model
membranes of giant unilamellar vesicles can indeed increase
Tmix, Whereas supplementing ergosterol can decrease Ty

We tested our hypothesis by decreasing or increasing the
amount of ergosterol in isolated log-stage vacuoles fused to ~4
pm diameter. To directly tune the membrane’s ergosterol content,
we used methyl-B-cyclodextrin (MBCD) as a molecular shuttle to
remove and add ergosterol. We found that a decrease in mem-
brane ergosterol caused domains to appear in ~40% of log-stage
vacuoles, whereas an increase in ergosterol had no effect (Fig. 4).
The result is robust across several ratios of MBCD:ergosterol,
showing that both gentle and stringent methods of ergosterol
depletion are effective. Contact between membranes and surfaces
can promote membrane phase separation (48-50), and when
vacuoles rested on glass, domains nucleated at that surface if
ergosterol was depleted, but not if ergosterol was supplemented.

Discussion

Phase Separation in Living Cells. Cells expend energy to maintain
molecular fluxes and concentration gradients far from equilibrium.
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A common question that arises about phase separation is how it
can apply to living cells, given that it is a classic equilibrium phe-
nomenon. The apparent contradiction is reconciled if there is a
clear separation of time scales. As an analogy, consider a 1-L
aqueous solution in an open beaker on a benchtop. Imagine
that reactions in the aqueous solution reach equilibrium quickly
(e.g., <1 min). If we make a change to the solution on a simi-
larly short time scale (e.g., a temperature jump from 25°C to
37°C), then we can approximate that the solution will reach a
new equilibrium position within about a minute. We can confi-
dently apply equilibrium concepts to our system over intermedi-
ate measurement periods (e.g., 1 h), even though we are aware
that if we continued to observe the solution over days, the equi-
librium position would continue to very slowly change due to
evaporation.

Vacuole membranes exhibit this same separation of time
scales, which means that we can apply equilibrium concepts to
the membranes over appropriate periods of time. Phase separa-
tion reversibly occurs on short time scales, within seconds of
the temperature crossing Toix (8). In contrast, the membrane’s
Tmix (or, equivalently, its composition) remains constant over
time scales exceeding an hour, within measurement uncertainty
(Fig. 34). If we continued to observe vacuole membranes over
longer times, we would expect the equilibrium position to
change due to membrane remodeling. Other examples in which
equilibrium phase transitions are applied to living cells include
subcellular condensates of proteins and/or RNA, which also
exhibit a separation of time scales (1, 2, 4, 5).

Time scales are also invoked in the classification of mem-
brane domains. “Lipid rafts” are typically described as small
(nanometer-scale), short-lived, dynamic platforms in plasma
membranes (53-57), unlike the large (micrometer-scale), long-
lived domains seen in vacuole membranes. Of course, phase
separation could underlie features attributed to rafts, such as
segregating membrane components or influencing protein sort-
ing and function (54, 58-60).

The Role of Sterols in Membrane Phase Separation. Here, we
probed membrane composition by altering levels of ergosterol,
the major sterol in yeast. We changed sterol levels while
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Fig. 4. (A) In wild-type conditions, log-stage vacuoles do not exhibit
domains (Fig. 1B). Depletion of ergosterol from vacuoles isolated from
log-stage yeast triggers membrane phase separation, whereas supplemen-
tation of ergosterol has no effect. For each condition, 75 to 141 vacuoles
were evaluated. (B) Micrographs show dark domains in isolated vacuoles
in which ergosterol was depleted by introducing an excess of empty MBCD
(as a 10:1 ratio of MBCD:ergosterol). Additional images are in S/ Appendix,
Fig. S4. (C) Micrographs show a lack of micrometer-scale domains in iso-
lated vacuoles in which ergosterol was supplemented by introducing
loaded MBCD (as a 1:2 ratio of MpBCD:ergosterol).

keeping all other lipids constant by using MPCD and by isolating
vacuoles from other types of membranes that could act as sour-
ces or sinks of sterols. We discovered that depletion of ergosterol
causes log-stage vacuole membranes to phase separate.

Our experiments with vacuoles are consistent with results
from artificial membranes. For many ratios of lipids in model
three-component membranes, decreasing the sterol concentra-
tion is equivalent to traveling left along the horizontal arrow in
Fig. 1B: Domains nucleate, and T}, increases (e.g., refs. 6, 41,
and 42). A higher Ty, implies that a broader range of lipid
compositions produces coexisting liquid phases (Fig. 1B). In
vitro studies with cell-derived giant plasma membrane vesicles
yield similar results: Decreasing sterol levels increases T ix (35,
61). In vitro experiments with whole-cell lysates are more chal-
lenging to interpret. For example, Toulmay and Prinz (10)
reported that domains appear on log-stage vacuoles in lysates
exposed to MBCD. Although their result agrees with ours, they
surmised that MBCD was transferring sterols from other mem-
branes in the lysate to vacuoles. Likewise, they found that
MBCD caused domains to disappear from stationary-stage
vacuoles (10), but it was not known if ergosterol was being
transferred to or from the vacuoles.

Experiments that allow several lipid types to vary at once are
similarly challenging to interpret. The list of lipids in yeast
membranes is long and diverse, and changes in ergosterol levels
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could work in concert with (or against) changes in the rest of
the lipidome to form membrane domains (62, 63). Most in vivo
experiments imply that ergosterol levels in vacuoles increase as
yeast enter the stationary stage. For example, Tsuji et al. (17)
report that filipin staining of sterols in stationary-stage mem-
branes is higher than in log stage, with the caveat that staining
was relative to the plasma membrane rather than absolute. Sim-
ilarly, genetic impairment of sterol synthesis and transport
(11-13, 17), perturbations to lipid droplets [which are rich in
sterol esters (13, 14)], and the application of drugs to manipu-
late sterols (10, 44) can prevent the formation or maintenance
of domains. However, in many of these processes, the net direc-
tion in which sterols are being transferred is unknown. Any
proof that vacuole phase separation in intact cells follows an
increase in ergosterol would be consistent with the observation
that maintenance of phase separation requires lipophagy, which
is expected to mobilize esterified sterols stored in lipid droplets
(13, 14, 17, 64). Sterol transport may also occur at sites where
vacuole makes contact with the endoplasmic reticulum or other
organelles (44). We are currently conducting experiments with
purified vacuole membranes to learn how their lipidome
remodels over the cellular growth cycle.

Regulation of T, Our finding that the T, of yeast vacuole
membranes is tightly regulated in response to ambient growth
temperature is consistent with the hypothesis that phase sepa-
ration is functionally important. This leads to an important
question: What downstream biological activities depend on the
formation of phase-separated domains at the vacuole? Domains
in vacuole membranes segregate protein complexes of the TORC1
nutrient-sensing pathway, which regulates autophagy (10-12). In
addition, vacuole domains appear to be necessary for the docking
and consumption of lipid droplets, a process called lipophagy
(13, 14, 17, 64). Both autophagy and lipophagy are essential for
helping cells survive periods of nutritional limitation. The pro-
posed role of membrane phase separation in the TOR signaling
pathway may be especially significant, as the TORC1 pathway is
conserved in yeast and humans.

Moreover, our findings imply that new mechanisms of regu-
lating the composition of yeast vacuoles may await discovery.
Signaling pathways that could control phase separation in vacu-
ole membranes in response to changes in temperature are, at
best, only partially characterized. In a candidate-based screen
for mutants whose membranes cannot phase separate, Toulmay
and Prinz (10) identified genes in at least three signaling path-
ways: the Rim system, which responds to pH; the Fabl (also
called PikFYVE) phosphatidylinositol-3-phosphate 5-kinase,
which responds to osmotic gradients and other stresses; and the
SIt2 (Mpk1l) MAP kinase, also involved in osmotic and mem-
brane stress responses. At least two of these systems are also
important for cellular responses to temperature. Mutant fablA
cells exhibit severe growth defects at elevated temperature,
demonstrating that Fabl activity is indispensable for cellular
thermotolerance (65). Similarly, genes encoding proteins in the
Slt2 pathway are mutated under selection for thermotolerance
in experimental evolution studies, and this pathway becomes
constitutively active during mild heat stress (66, 67). Moreover,
we previously found that both phospholipid acyl chain composi-
tion and plasma membrane fluidity are regulated through the
Rhol-Protein Kinase C-Slt2 signaling pathway (68).

Phase separation in the yeast vacuole, first observed half a
century ago, has re-emerged as the most robust and tractable
model for understanding membrane phase separation in an
intact cell system. Recent results from several groups show that
essential processes for domain formation include lipophagy,
sterol metabolism, and probably phospholipid metabolism (10,
13, 14, 17, 44). Our results reveal an unexpectedly tight thermo-
static regulation of the vacuole membrane’s biophysical
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properties. Going forward, major challenges include dissection
of the mechanisms underlying this thermostat and tests of the
downstream functional consequences of membrane phase sepa-
ration. Unresolved biophysical questions include the mecha-
nisms that facilitate or impede the merging of many small
domains into a few large domains in yeast vacuoles and the
roles of transmembrane osmotic gradients and membrane ten-
sion in domain formation and structure.

Materials and Methods

Yeast Cell Culture. S. cerevisiae BY4742 (69) harboring a Vph1-GFP transla-
tional fusion was used in all experiments (MATa his3AT lys2A0 ura3A0 leu2A0
VPH1-GFP::HIS3). The Vph1 fusion is 1 of 14 endogenous protein markers and
3 lipid probes found by Toulmay and Prinz (10) to partition to only 1 of the 2
membrane phases of vacuole membranes in the stationary stage. Cultures
were grown in a shaking incubator at 225 rpm using synthetic complete
medium containing 0.4% dextrose. For log-stage experiments, cultures (1 L)
were grown to an optical density @ 600 nm (ODgqo) of 1.0 (~17 h at 30°C).

For stationary-stage experiments, cultures (10 mL) were incubated at 20 °C,
25°C, or 30°C. Yeast were harvested after 72 h of growth at similar cell densi-
ties (ODggo ~ 6). Cultures at 20°C grow at a slower rate and therefore were
started at a higher concentration to reach the same optical density (a proxy
for growth stage) in an equivalent amount of time. We prioritized cell density
because it has been shown to influence transition temperatures in cell-derived
membranes (25, 26). Incubator temperature was monitored with a Fisher-
brand TraceableLIVE Wi-Fi Datalogging Thermometer (0.25°C accuracy). This
monitoring renders phase-transition temperatures in this work more accurate
than reported previously (8).

Temperature Experiments. Cells were diluted for imaging in an isosmotic solu-
tion of conditioned medium from the grown culture. To make conditioned
medium, 1 mL of culture was centrifuged at 3,400 x g. The supernatant was
collected and centrifuged again at 3,400 x g to remove remaining cells. To
decrease refractive index mismatch (70), 200 uL of OptiPrep (60% OptiPrep
Density Gradient Medium; Sigma catalog no. D1556) was added to 800 pL
of medium and vortexed. Coverslips were coated with 3 uL of 1 mg/mL
concanavilin-A (EPC Elastin Products Co. catalog no. C2131) in buffer (50 nM
Hepes [pH 7.5], 20 mM calcium acetate, and 1 mM MnSO,]. Immediately prior
to use, the coverslips were washed with MilliQ water and dried with air.
Samples of 3 pL of cells were diluted into 3 pL of conditioned medium contain-
ing 12% OptiPrep and placed onto the concanavalin-A—coated coverslip. Cells
were sandwiched with a top coverslip and allowed to adhere to the coated
coverslip for 10 min before imaging.

Images were acquired on a Nikon TE2000 frame by using a Blackfly 2.3 MP
Mono USB3 Vision or Teledyne Photometrics Prime 95BSI camera. Fluoro-
phores were excited with an X-Cite 110 light-emitting diode light source fil-
tered through an infrared cut filter to prevent aberrant heating of the sample
from the optics. A temperature cuff (Harvard Biosciences Inc.) on the oil-
immersion objective (100x, 1.4 numerical aperture [NA]) was used to prevent
the microscope from acting as a heat sink. Thermal grease (Omega OT-201)
was used to keep the sample in thermal contact with the home-built, temper-
ature-controlled stage (Omega Engineering). The sample temperature was
measured by using a thermistor probe (0.2 °C accuracy; Advanced Thermoelec-
tric). Temperature was adjusted stepwise in 2 °C increments, starting at the
growth temperature and increasing until domains were no longer observed.
Temperature sweeps were done quickly, and only at high temperature for
3 to 5 min, to limit cellular thermal stress. We previously verified that yeast
cells are viable following acute exposure to 50 °C (8). Micrographs were taken
at each 2°C interval and were used to quantify the fraction of vacuoles with
domains at each temperature.

Image Analysis. To preserve the fidelity of the data, image manipulation was
limited to adjusting overall brightness and linear (y = 1) contrast enhancements,
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which were accomplished with Image) (https://imagej.nih.gov/ij/). To score mem-
branes as being either uniform or phase-separated, images were automatically
cropped and displayed to the user by using original Python code that has been
made available by public license at https:/github.com/leveillec/demixing-yeast-
vacuole. The user was blind to the growth and sample temperatures for each
image (SI Appendix, Fig. S5). The percent of phase-separated vacuoles at each
temperature was fit by using

% Phase Separated = 100 x {1 — [1/(1 + e~ (x-9/d))]},

Here, cis Tix the temperature at which the percent of vacuoles with domains
is reduced by 50%, and d is the rate of the sigmoid decay.

At all temperatures, at least some vacuole membranes appeared uniform,
as reported by others (9, 10, 13). Data were normalized by setting the maxi-
mum percent of phase-separated vacuoles to 100% for each experiment. The
experiments systematically undercounted vacuoles with domains because
micrographs captured only one plane of the vacuole, which may not intersect
with a domain. Our data also undercounted vacuoles in which domains were
too small to identify; excess area in the membrane can prevent domains from
merging (71). During the course of an experiment, domains can coalesce (Fig.
2A), rendering them easier to identify and leading to an increase in the appar-
ent percentage of vacuoles with domains as Tnx is approached from low
temperatures.

Vacuole Isolation Experiments. A 1-L culture was grown to ODggo = 1.0. Cells
were sedimented in a swinging-bucket rotor for 3,200 x g, 10 min, room tem-
perature; resuspended in 0.1 M Tris (pH 9.4) and 10 mM dithiothreitol; and
incubated for 10 min at 30 °C. The cells were again sedimented in a swinging-
bucket rotor (3,200 x g) for 5 min at room temperature and then resuspended
in spheroplast buffer (600 mM sorbitol, 50 mM potassium phosphate, pH 7.5,
and 8% growth medium). Lytic enzyme (Zymolyase 20T, Seikigaku; further
purified in-house by cation-exchange chromatography) was added, and the
cells were incubated for 25 min. The spheroplasted cells were sedimented in a
swinging-bucket rotor (3,200 x g) for 5 min at 4°C. For hypoosmotic lysis,
spheroplasts were resuspended in 15% Ficoll buffer (10 mM Pipes—KOH, pH
6.8, 200 mM sorbitol, and 15% weight/ivolume [wt/ivol] Ficoll), and
diethylaminoethyl-dextran was added to a final concentration of 0.005 to
0.01% wt/vol. Spheroplasts were incubated for 2 min on ice, then 3 min at
30°C. The resulting spheroplast lysates were added to a SW-41 ultracentrifuge
tube and overlaid with a step gradient of 8%, 4% ,and 0% Ficoll in PS buffer
(10 mM Pipes-KOH, pH 6.8, and 200 mM sorbitol). Ultracentrifugation in an
SW-41Ti rotor (Beckman) at 30,000 x g for 90 min at 4°C resulted in pure
vacuoles at the 4 to 0% Ficoll interface.

Images of cell-free vacuoles were collected by diluting 5 L of the isolated
vacuole prep in 45 pL of low-melt 0.8% agarose prepared in PS buffer and
mounted between a microscope slide and coverslip. The agarose immobilized
vacuoles during imaging and prevented them from “splatting” onto the cov-
erslip. Images were collected on an Olympus IX71 fluorescence microscope
with an Andor IXON electron-multiplying charge-coupled device camera,
using a 60x 1.45-NA oil immersion objective and a 1.5x tube lens.

Cyclodextrin:Ergosterol Complex. Ergosterol was dissolved in chloroform in a
glass test tube, and the solute chloroform was evaporated by using a gentle
stream of dry N, to create a thin film. The film was then rehydrated in 2.5 mM
MBCD in aqueous solution. The tube was vortexed and then sonicated in a
bath sonicator for 1 to 3 min. The solution was incubated in a 37 °C water
bath overnight and used the next day.

Data Availability. All data are included in the article and/or S/ Appendix.

ACKNOWLEDGMENTS. We thank Rachel Plemel, Tom Duan, and Scott Rayer-
mann for technical advice. This research was supported by NSF Grant MCB-
1925731 (to S.L.K.); NIH Grants R0O1 GM077349 and GM130644 (to A.J.M.); and
NIH Fellowship T32 GM008268 (to C.E.C.).

6. S. L. Veatch, S. L. Keller, Separation of liquid phases in giant vesicles of ternary
mixtures of phospholipids and cholesterol. Biophys. J. 85, 3074-3083 (2003).

7. T.Baumgart et al., 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
(2007).

8. S. P. Rayermann, G. E. Rayermann, C. E. Cornell, A. J. Merz, S. L. Keller, Hallmarks of
reversible separation of living, unperturbed cell membranes into two liquid phases.
Biophys. J. 113, 2425-2432 (2017).

9. C.H.Moeller, J. B. Mudd, W. W. Thomson, Lipid phase separations and intramembranous
particle movements in the yeast tonoplast. Biochim. Biophys. Acta 643, 376-386 (1981).

Leveille et al.
Yeast cells actively tune their membranes to phase separate at temperatures
that scale with growth temperatures


https://imagej.nih.gov/ij/
https://github.com/leveillec/demixing-yeast-vacuole
https://github.com/leveillec/demixing-yeast-vacuole
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116007119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116007119/-/DCSupplemental

0.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Le

. A. Toulmay, W. A. Prinz, Direct imaging reveals stable, micrometer-scale lipid
domains that segregate proteinsin live cells. J. Cell Biol. 202, 35-44 (2013).

. A. Murley et al., Ltc1 is an ER-localized sterol transporter and a component of
ER-mitochondria and ER-vacuole contacts. J. Cell Biol. 209, 539-548 (2015).

. A. Murley et al., Sterol transporters at membrane contact sites regulate TORC1 and
TORC2ssignaling. J. Cell Biol. 216, 2679-2689 (2017).

. C.-W. Wang, Y.-H. Miao, Y.-S. Chang, A sterol-enriched vacuolar microdomain medi-
ates stationary phase lipophagy in budding yeast. J. Cell Biol. 206, 357-366 (2014).

. A.Y. Seo et al., AMPK and vacuole-associated Atg14p orchestrate p-lipophagy for
energy production and long-term survival under glucose starvation. eLife 6, 21690
(2017).

. H. Moor, K. Muhlethaler, Fine structure in frozen-etched yeast cells. J. Cell Biol. 17,
609-628 (1963).

. C.H. Moeller, W. W. Thomson, An ultrastructural study of the yeast tomoplast during
the shift from exponential to stationary phase. J. Ultrastruct. Res. 68, 28-37 (1979).

. T. Tsuji et al., Niemann-Pick type C proteins promote microautophagy by expanding
raft-like membrane domains in the yeast vacuole. eLife 6, €25960 (2017).

. H. Alexandre, I. Rousseaux, C. Charpentier, Relationship between ethanol tolerance,
lipid composition and plasma membrane fluidity in Saccharomyces cerevisiae and
Kloeckera apiculata. FEMS Microbiol. Lett. 124, 17-22 (1994).

. K. M. You, C.-L. Rosenfield, D. C. Knipple, Ethanol tolerance in the yeast Saccharomy-

ces cerevisiae is dependent on cellular oleic acid content. Appl. Environ. Microbiol.

69, 1499-1503 (2003).

S. Jackowski, Cell cycle regulation of membrane phospholipid metabolism. J. Biol.

Chem. 271, 20219-20222 (1996).

S. Spiegel, A. H. Merrill, Jr, Sphingolipid metabolism and cell growth regulation.

FASEB J. 10, 1388-1397 (1996).

G. E. Atilla-Gokcumen et al., Dividing cells regulate their lipid composition and locali-

zation. Cell 156, 428-439 (2014).

M. Ponec, A. Weerheim, J. Kempenaar, A. M. Mommaas, D. H. Nugteren, Lipid com-

position of cultured human keratinocytes in relation to their differentiation. J. Lipid

Res. 29, 949-961 (1988).

N. M. Gulaya, G. L. Volkov, V. M. Klimashevsky, N. N. Govseeva, A. A. Melnik, Changes

in lipid composition of neuroblastoma C1300 N18 cell during differentiation. Neuro-

science 30, 153-164 (1989).

E. M. Gray, G. Diaz-Vazquez, S. L. Veatch, Growth conditions and cell cycle phase

modulate phase transition temperatures in RBL-2H3 derived plasma membrane

vesicles. PLoS One 10, e0137741 (2015).

E. Cammarota et al., Criticality of plasma membrane lipids reflects activation state of

macrophage cells. J. R. Soc. Interface 17, 20190803 (2020).

M. J. Tisza et al, Motility and stem cell properties induced by the epithelial-

mesenchymal transition require destabilization of lipid rafts. Oncotarget 7,

51553-51568 (2016).

C. R. Santos, A. Schulze, Lipid metabolism in cancer. FEBS J. 279, 2610-2623 (2012).

R. G. Cutler et al., Involvement of oxidative stress-induced abnormalities in ceramide

and cholesterol metabolism in brain aging and Alzheimer’s disease. Proc. Natl. Acad.

Sci. U.S.A. 101, 2070-2075 (2004).

M. Maes et al., Fatty acid composition in major depression: Decreased w 3 fractions in

cholesteryl esters and increased C20: 4 w 6/C20:5 o 3 ratio in cholesteryl esters and

phospholipids. J. Affect. Disord. 38, 35-46 (1996).

R. Ernst, C. S. Ejsing, B. Antonny, Homeoviscous adaptation and the regulation of

membrane lipids. J. Mol. Biol. 428 (24 Pt A), 4776-4791 (2016).

K. Hunter, A. H. Rose, Influence of growth temperature on the composition and phys-

iology of micro-organisms. Environmental Control of Cell Synthesis and Function,

A. C. R. Dean, S. J. Pirt, D. W. Tempest, Eds. (Academic Press Inc., New York, 1972)

527-540.

M. Kates, R. M. Baxter, Lipid composition of mesophilic and psychrophilic yeasts (Can-

dida species) as influenced by environmental temperature. Can. J. Biochem. Physiol.

40, 1213-1227 (1962).

J. Farrell, A. Rose, Temperature effects on microorganisms. Annu. Rev. Microbiol. 21,

101-120 (1967).

M. Burns, K. Wisser, J. Wu, |. Levental, S. L. Veatch, Miscibility transition temperature

scales with growth temperature in a zebrafish cell line. Biophys. J. 113, 1212-1222

(2017).

B. B. Machta et al.,, Conditions that stabilize membrane domains also antagonize

n-alcohol anesthesia. Biophys. J. 111, 537-545 (2016).

B. B. Machta, S. Papanikolaouy, J. P. Sethna, S. L. Veatch, Minimal model of plasma

membrane heterogeneity requires coupling cortical actin to criticality. Biophys. J.

100, 1668-1677 (2011).

J. Ehrig, E. P. Petrov, P. Schwille, Near-critical fluctuations and cytoskeleton-assisted

phase separation lead to subdiffusion in cell membranes. Biophys. J. 100, 80-89

(2011).

M. E. Beattie, S. L. Veatch, B. L. Stottrup, S. L. Keller, Sterol structure determines

miscibility versus melting transitions in lipid vesicles. Biophys. J. 89, 1760-1768

(2005).

veille et al.

Yeast cells actively tune their membranes to phase separate at temperatures
that scale with growth temperatures

41.

42,

43.

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7

. A. V. Samsonov, I. Mihalyov, F. S. Cohen, Characterization of cholesterol-

sphingomyelin domains and their dynamics in bilayer membranes. Biophys. J. 81,

1486-1500 (2001).

T. M. Konyakhina, J. Wu, J. D. Mastroianni, F. A. Heberle, G. W. Feigenson, Phase dia-

gram of a 4-component lipid mixture: DSPC/DOPC/POPC/chol. Biochim. Biophys. Acta

1828, 2204-2214 (2013).

S. L. Veatch, K. Gawrisch, S. L. Keller, Closed-loop miscibility gap and quantitative tie-

lines in ternary membranes containing diphytanoyl PC. Biophys. J. 90, 4428-4436

(2006).

S. L. Veatch, S. L. Keller, Seeing spots: Complex phase behavior in simple membranes.

Biochim. Biophys. Acta 1746, 172-185 (2005).

. A. Y. Seo et al., Vacuole phase-partitioning boosts mitochondria activity and cell

lifespan through an inter-organelle lipid pipeline. bioRxiv [Preprint] (2021).

https://www.biorxiv.org/content/10.1101/2021.04.11.439383v1 (Accessed 31 December

2021).

F.Spira et al., Patchwork organization of the yeast plasma membrane into numerous

coexisting domains. Nat. Cell Biol. 14, 640-648 (2012).

L. Wang, E. S. Seeley, W. Wickner, A. J. Merz, Vacuole fusion at a ring of vertex dock-

ing sites leaves membrane fragments within the organelle. Cell 108, 357-369 (2002).

C.E. Cornell et al., n-alcohol length governs shift in L,-Lg mixing temperatures in syn-

thetic and cell-derived membranes. Biophys. J. 113, 1200-1211 (2017).

J. Zhao, J. Wu, S. L. Veatch, Adhesion stabilizes robust lipid heterogeneity in super-

critical membranes at physiological temperature. Biophys. J. 104, 825-834 (2013).

V. D. Gordon, M. Deserno, C. M. J. Andrew, S. U. Egelhaaf, W. C. K. Poon, Adhesion

promotes phase separation in mixed-lipid membranes. EPL 84, 48003 (2008).

R. Lipowsky, T. Rouhiparkouhi, D. E. Discher, T. R. Weikl, Domain formation in

cholesterol-phospholipid membranes exposed to adhesive surfaces or environments.

Soft Matter 9, 8438 (2013).

R. Schneiter et al., 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 (1999).

E. Zinser, F. Paltauf, G. Daum, Sterol composition of yeast organelle membranes and

subcellular distribution of enzymes involved in sterol metabolism. J. Bacteriol. 175,

2853-2858 (1993).

E. Sezgin, I. Levental, S. Mayor, C. Eggeling, The mystery of membrane organization:

Composition, regulation and roles of lipid rafts. Nat. Rev. Mol. Cell Biol. 18, 361-374

(2017).

I. Levental, S. Veatch, The continuing mystery of lipid rafts. J. Mol. Biol. 428 (24 Pt A),

4749-4764 (2016).

M. L. Kraft, Sphingolipid organization in the plasma membrane and the mechanisms

that influence it. Front. Cell Dev. Biol. 4, 154 (2017).

S. Munro, Lipid rafts: Elusive or illusive? Cell 115, 377-388 (2003).

E. Klotzsch, G. J. Schiitz, A critical survey of methods to detect plasma membrane

rafts. Philos. Trans. R. Soc. Lond. B Biol. Sci. 368, 20120033 (2012).

K. Simons, D. Toomre, Lipid rafts and signal transduction. Nat. Rev. Mol. Cell Biol. 1,

31-39(2000).

K. Simons, M. J. Gerl, Revitalizing membrane rafts: New tools and insights. Nat. Rev.

Mol. Cell Biol. 11, 688-699 (2010).

D. Lingwood, K. Simons, Lipid rafts as a membrane-organizing principle. Science 327,

46-50 (2010).

I. Levental et al, Cholesterol-dependent phase separation in cell-derived giant

plasma-membrane vesicles. Biochem. J. 424, 163-167 (2009).

C. Klose et al., Flexibility of a eukaryotic lipidome—Insights from yeast lipidomics.

PLoS One 7,e35063 (2012).

T. Tsuji, T. Fujimoto, Lipids and lipid domains of the yeast vacuole. Biochem. Soc.

Trans. 46, 1047-1054 (2018).

C. H. Moeller, W. W. Thomson, Uptake of lipid bodies by the yeast vacuole involving

areas of the tonoplast depleted of intramembranous particles. J. Ultrastruct. Res. 68,

38-45(1979).

A. Yamamoto et al., Novel PI(4)P 5-kinase homologue, Fab1p, essential for normal

vacuole function and morphology in yeast. Mol. Biol. Cell 6, 525-539 (1995).

Y. Kamada, U. S. Jung, J. Piotrowski, D. E. Levin, The protein kinase C-activated MAP

kinase pathway of Saccharomyces cerevisiae mediates a novel aspect of the heat

shock response. Genes Dev. 9, 1559-1571 (1995).

C.-J. Huang, M.-Y. Lu, Y.-W. Chang, W.-H. Li, Experimental evolution of yeast for

high-temperature tolerance. Mol. Biol. Evol. 35, 1823-1839 (2018).

D. Lockshon et al., Rho signaling participates in membrane fluidity homeostasis. PLoS

One 7, €45049 (2012).

C. B. Brachmann et al., Designer deletion strains derived from Saccharomyces cerevi-

siae S288C: A useful set of strains and plasmids for PCR-mediated gene disruption

and other applications. Yeast 14, 115-132 (1998).

T. Boothe et al., A tunable refractive index matching medium for live imaging cells,

tissues and model organisms. eLife 6, €27240 (2017).

. C. E. Cornell et al., Tuning length scales of small domains in cell-derived membranes
and synthetic model membranes. Biophys. J. 115, 690-701 (2018).

PNAS | 70of7
https://doi.org/10.1073/pnas.2116007119

COMPUTATIONAL BIOLOGY

BIOPHYSICS AND


https://www.biorxiv.org/content/10.1101/2021.04.11.439383v1

