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ABSTRACT Maintaining proper tension is critical for the organization and function of the
plasma membrane. To study the mechanisms by which yeast restores normal plasma mem-
brane tension, we used a microfluidics device to expose yeast to hyperosmotic conditions,
which reduced cell volume and caused a ∼20% drop in cell surface area. The resulting
low tension plasma membrane exhibited large clusters of negatively-charged glycerophos-
pholipids together with nutrient transporters, suggesting phase segregation of the mem-
brane. We found that endocytosis was blocked by the phase segregation and thus was not
involved in removing excess membrane. In contrast, rapid recovery of plasma membrane
tension was dependent on 1) eisosome morphology changes that were able to absorb
most of the excess surface area and 2) lipid transport from the plasma membrane to the
endoplasmic reticulum (ER), where lipids were shunted into newly formed lipid droplets.

SIGNIFICANCE STATEMENT

� Cells often have to rapidly change the surface area. How the plasma membrane maintains
proper function under these changing conditions is poorly understood.

� Using hyperosmotic treatment, the authors showed that cells respond to shrinking and the
resulting low plasma membrane tension by change in surface morphology and by lipid trans-
port from the plasma membrane to the ER.

� The study identifies mechanisms that are involved in maintaining proper membrane tension,
a parameter that affects all aspects of plasma membrane–associated functions.
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INTRODUCTION
The plasma membrane (PM) contains numerous proteins that func-
tion in nutrient uptake, environmental sensing, and cell signaling.
PM physical properties, such as thickness and fluidity, can dramat-
ically affect the organization and activity of these PM-associated
proteins. Therefore, it is important that the cell maintains PM prop-
erties within a physiological range, even when exposed to rapidly
changing environments. One key parameter the cell uses to control
fluidity and thickness is membrane tension (Le Roux et al., 2019;
Sitarska and Diz-Munoz, 2020). The PM experiences a constant
tension that is generated by turgor pressure. The inflow of water
molecules (osmosis), exerts an outward force on the PM, which in
turn causes membrane tension (Roffay et al., 2021). This tension in-
creases lipid fluidity and lowers organization of lipids and proteins
in the PM. Low PM tension is detrimental to the cell and has been
shown to affect cell signaling, nutrient transport, and lipid organi-
zation of the PM (Riggi et al., 2018; Appadurai et al., 2020; De Belly
et al., 2021).

Saccharomyces cerevisiae is particularly well suited for study-
ing PM tension homeostasis, as yeast in the wild accommodates
harsh environments with temperature drops and exposure to high
concentrations of osmolytes. For example, exposure to salts or
high-solute environments draws water out of cells via aquaporins.
The result is a decrease in cell volume and PM tension caused by
the increased surface area/volume ratio. In response to this hyper-
osmotic stress, MAPK signaling pathways up-regulate the synthe-
sis of the osmolyte glycerol to reestablish osmotic balance. Glyc-
erol draws water back into the cell to restore normal cell size and
thus recover PM tension (Saito and Posas, 2012). Another mech-
anism that supports the recovery from loss of membrane tension
relies on TORC2 inhibition. Low membrane tension causes phase
segregation of the PM, which results in the clustering of the lipid
phosphatidylinositol 4,5-bisphosphate (PIP2). The PIP2 clusters se-
quester and inhibit TORC2 activity. As a consequence of TORC2
inhibition, sphingolipid synthesis at the endoplasmic reticulum (ER)
is impaired, preventing the delivery of long-chain lipids that might
further decrease fluidity (Riggi et al., 2018).

The MAPK- and the TORC2-mediated stress responses require
changes in metabolic pathways, both of which are slow responses.
In contrast, yeast eisosomes are able to immediately respond to
changes in PM tension. Eisosomes are membrane furrows ∼50 nm
deep and ∼300 nm long. These membrane folds are formed in part
by a polymer of the BAR domain proteins Pil1 and Lsp1 (Douglas
and Konopka, 2014). Changes in PM tension have been shown to
affect the size of the eisosomes. High tension causes the flatten-
ing of the eisosomes whereas low tension increases both depth
and length of these membrane structures (Kabeche et al., 2015;
Appadurai et al., 2020; Ng et al., 2020; Lemiere et al., 2021). There-
fore, eisosomes seem to provide or absorb cell surface area in order
to maintain proper PM tension.

Our study focused on the acute phase (seconds to minutes) of
hyperosmotic shock and its effect on the organization and function
of the PM. We found that the acute loss of PM tension resulted
in an endocytosis block and in the clustering of lipids and pro-
teins in large eisosome-derived structures (LEDS). Recovery from
this membrane stress involved PM morphology changes and lipid
transfer from the PM to the cortical ER.

RESULTS
To better understand how yeast responds to loss of PM tension,
we analyzed the morphology and organization of the PM after

the addition of 1M sorbitol to the growth medium. Sorbitol is a
sugar that raises the osmolarity of the medium without affecting
ion gradients or the cell’s metabolism. To observe the immediate
consequences of hyperosmotic shock, we visualized yeast by fluo-
rescence microscopy in a microfluidics chamber that maintains op-
timal growth conditions and allows for quick changes in the en-
vironment. Most importantly, using the microfluidics system, we
observed the same cells before and after treatment, eliminating
some of the problems caused by cell-to-cell variability. To visualize
the PM, cells expressed a mutant form of the GFP-tagged nutri-
ent transporter Fur4 that lacks the N-terminal ubiquitination sites
and, therefore, remains stable at the PM (Fur4�N-GFP; Keener and
Babst, 2013). Using the GFP signal as the boundary of the cell, we
measured the diameter of the cell to determine cell size changes at
different timepoints. These data indicated that cells shrink rapidly
during hyperosmotic shock (0M>1M sorbitol), reducing their sur-
face area within the first 2 min by 22% (median; surface calculation
assumes a spherical cell; Figure 1, A and B). This observation was
consistent with previous observations that hyperosmotic shock in-
duced excretion of water via aquaporins (Pettersson et al., 2005).
After 20 min, the cell surface area recovered to ∼40% of the ini-
tial size, likely due to cell adaptation by the synthesis of osmolytes
such as glycerol (Blomberg, 2022). Consistent with this idea, we
observed that cells that were depleted for nutrients 3 min before
the hyperosmotic shock and therefore were not able to synthesis
osmolytes, did not recover in size (SD minus glucose and amino
acids; Figure 1A).

Low PM tension impairs endocytosis
We predicted that the rapid cell shrinking we observed during
acute hyperosmotic shock would cause an excess of membrane
that would create low tension or membrane slack on the PM. En-
docytosis would be an obvious mechanism for removing the ex-
cess membrane from the cell surface. Furthermore, we expected
that low membrane tension would allow for easier deformation
of the PM and, thus, for faster formation of endocytic structures.
To our surprise, we found that hyperosmotic shock blocked en-
docytosis. For these experiments, we quantified the internaliza-
tion rate of the methionine transporter, Mup1, both under normal
growth conditions and during acute hyperosmotic shock. To trig-
ger Mup1 endocytosis, we switched the cells in the microfluidics
system from a growth medium without methionine to a medium
that contained 0.5 mg/ml methionine (Figure 1C). Quantification
of substrate-induced downregulation of Mup1 indicated that the
addition of 1M sorbitol delayed the endocytic response by 10 to
12 min (Figure 1D). This observation suggested that low PM ten-
sion blocks endocytosis and that endocytosis does not play a role
in the removal of excess membrane during the initial phase of hy-
perosmotic stress. Furthermore, this result highlighted the impor-
tance of maintaining proper membrane tension to allow for normal
PM-associated functions.

Hyperosmotic shock changes eisosome morphology
The yeast PM contains invaginated membrane furrows, referred
to as eisosomes, that share similarities with the mammalian cave-
olae. Eisosomes represent specialized membrane domains that
store APC-type nutrient transporters such as Fur4 (Moharir et al.,
2018). Furthermore, eisosomes have been implicated in regulating
the tension of the PM by changing their size and thus providing
or storing membrane (Appadurai et al., 2020). Because hyperos-
motic shock reduces PM tension, we analyzed potential changes
in eisosome morphology by visualizing the eisosome protein
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FIGURE 1: Hyperosmotic shock causes cell shrinking and a block in
endocytosis. (A) WT cells expressing Fur4(�N)-GFP (SEY6210
pJK30) were observed in a microfluidics chamber during the
hyperosmotic shock (addition of 1M sorbitol to the medium) and the
changes in cell surface area was determined by measuring the
diameter of mother cells at different timepoints (assuming a
spherical shape of the cells). These experiments were done either in
presence of SDcomp medium or 3 min after shifting cells to medium
lacking any carbon source (SD-nutrients). The data are presented as
a box-and-whisker plot, marking the mean. (B) Example of cells
before (control) and after hyperosmotic shock (0M>1M sorbitol). (C)
WT expressing Mup1-GFP (BWY3817) grown in absence of
methionine was observed in a microfluidics chamber after addition
of methionine (20 mg/l), either in presence or absence of 1M
sorbitol. (D) Quantification of the experiment shown in C. The dots
mark the median and the shaded areas indicate the quartiles and
extremes of the data set (box and whisker plot, n = 75).

Pil1-mCherry and the eisosome-associated protein Fur4�N-GFP.
As expected, the microscopy analysis showed that concomitant
with the initial rapid cell shrinking, eisosomes changed morphol-
ogy and increased in length (Figure 2A; see also Figure 3B). As a
consequence, the surface area occupied by Pil1-mCherry increased
1.6-fold in <10 min (number of Pil1-mCherry pixels; Figure 2B).

FIGURE 2: Hyperosmotic shock changes the morphology and size of
eisosomes. (A) Microfluidics-based analysis of hyperosmotically
treated WT cells expressing Fur4(�N)-GFP and Pil1-mCherry (AMY6
pJK30). Each timepoint shows a cross-section and a surface view of
the cells. Arrows indicate enlarged Fur4(�N)-GFP containing
membrane domains that only partially colocalize with the eisosomal
marker Pil1-mCherry. (B) Quantification of the pixels occupied by
Pil1-mCherrry before and after hyperosmotic shock. Because the
number of eisosomes does not change, an increase in pixels
indicated and increase in size of eisosomes. The dots mark the
median and the shaded areas indicate the quartiles and extremes of
the dataset (box and whisker plot, n = 40).

The membrane domain occupied by Fur4 also increased in size,
and many of these structures expanded beyond the Pil1-marked
eisosomes (see arrows in Figure 2A). As a result, the Pearson’s co-
efficient for Pil1-Fur4 colocalization was reduced 2 min after hy-
perosmotic shock (Figure 2A). Twenty minutes after hyperosmotic
shock, the cells not only recovered most of their size (Figure 1A),
but also Fur4 had restored localization to eisosomes (Figure 2A).
Eisosomes, however, did not return to their original size and
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FIGURE 3: Hyperosmotic shock causes rapid clustering of PIP2.
Time-lapse imaging (picture every 2 s) of WT cells expressing a
GFP-tagged PIP2-binding protein (SEY6210 pCS189) during
hyperosmotic shock. Three cells were chosen for quantification of
surface area (based on diameter indicated in 0 s picture) and number
of PIP2 dots.

remained enlarged (Figure 2B). Together, our observations were
consistent with the proposed role of eisosomes in membrane ten-
sion control. The increase in eisosome size allowed these furrows
to store more membrane and thus counter some of the membrane
tension loss.

Low PM tension causes the formation of LEDS
A previous publication observed that low PM tension caused the
clustering of lipid phosphatidyl-4,5-bisphosphate (PIP2), possibly
by lipid phase segregation (Riggi et al., 2018). We repeated these
experiments in the microfluidics system, using cells expressing a
GFP-tagged PIP2 sensor, and we observed the same clustering of
PIP2 after shifting the cells to hyperosmotic conditions (Figure 3).
PIP2 clustering started ∼4 s after the first indication of cell shrinking
(at ∼10% cell surface reduction) and was completed 8 s later. This
very rapid response to the loss of membrane tension was consis-
tent with the idea that the formation of PIP2 clusters was caused by
phase segregation. Following cells for 20 min after hyperosmotic
shock (Figure 4A), we observed the diffusion of the initially formed
PIP2 clusters. Quantification of the microscopy data showed that
the disappearance of the PIP2 clusters was faster than the cell
size recovery (Figure 4C). At 10 min of hyperosmotic conditions,
the cell surface area recovered only by 25%, whereas 65% of the
PIP2 clusters had dissolved at this timepoint. Similarly, at the 20
min timepoint, PIP2 clusters were almost all dissolved, whereas cell
size recovered by 50%. This observation suggested that membrane

tension recovery was not only mediated by glycerol-induced cell
swelling but also involved additional mechanisms.

To understand the localization of these lipid clusters, we colo-
calized PIP2 clusters with the eisosome marker Pil1-mCherry. The
observed PIP2 clusters partially colocalized Pil1-mCherry, and sim-
ilar to Fur4�N-GFP, extended beyond the eisosomes (see arrows
in Figure 4B). Colocalization studies using cells expressing the
mCherry-tagged PIP2 sensor and Fur4�N-GFP confirmed that af-
ter hyperosmotic shock, the two clusters overlapped but were not
identical in size and morphology (Figure 5A). The larger Fur4-GFP
clusters often bordered the PIP2 structures (see enlarged inset in
Figure 5A). We also tested the effect of hyperosmotic conditions on
the methionine transporter Mup1 that, similar to Fur4, transiently
associates with eisosomes (Moharir et al., 2018). After the hyper-
osmotic shock, Mup1-GFP showed almost perfect colocalization
with the PIP2 structures (Figure 5B). However, it should be noted
that a pool of Mup1-GFP remained diffusely distributed across the
cell surface. Similarly, the lipid phosphatidylserine (PS), which is en-
riched in the cytoplasmic leaflet of the PM, partially clustered dur-
ing hyperosmotic shock into structures that colocalized with the
PIP2 structures (Figure 5C).

In summary, the two negatively charged phospholipids of the
plasma membrane, PS and PIP2, assemble during acute hyperos-
motic shock with APC-type nutrient transporters into large mem-
brane domains that partially overlap with the eisosomal marker
Pil1. We propose that these lipid-protein clusters represent en-
larged eisosomal membrane domains, which we call LEDS. During
normal membrane tension, eisosome components dynamically ex-
change with the surrounding, more fluid membrane environment
and transiently localizing to eisosomes. However, loss of mem-
brane tension causes phase segregation of the PM and, as a re-
sult, the accumulation and expansion of the eisosomal membrane.
It is likely that even under normal growth conditions, PS and PIP2
are concentrated in eisosomes. However, this lipid enrichment is
not detectable because the eisosome-associated Pil1/Lsp1 poly-
mer that is known to bind to negative charged lipids blocks access
of the PS and PIP2 sensors to the lipids. This idea is consistent with
recent electron microscopy (EM)-based studies of eisosomes that
indicated an enrichment of PIP2 and PS in these membrane do-
mains (Kefauver et al., 2024; Tsuji et al., 2025).

The morphology of PM at low tension
We further analyzed the PM morphology of hyperosmotic-shocked
cells by transmission EM. In untreated wild-type (WT) cells, we
quantified an average of ∼29 eisosome-like structures per cell,
which were defined as ∼50 nm deep furrows in the PM (Figures 6,
A, F, and G). This number was generated based on the observed
number of structures per μm2, the average surface area of yeast
cells (68 μm2, based on light microscopy) and the estimated length
of eisosomes ∼300 nm (Stradalova et al., 2009). Most of these
structures are likely eisosomes, but we cannot exclude the possibil-
ity that some of these eisosome-like structures are endocytic pits.
The estimated number of eisosomes doubled in the first 5 min af-
ter hyperosmotic treatment (Figure 6G), which was consistent with
the fluorescence microscopy data that indicated an increase in the
surface area occupied by Pil1 (Figure 2B). After 10 min of hyper-
osmotic shock, we found another 1.6-fold increase in the number
of eisosome-like structures by EM that was not observed by fluo-
rescence microscopy (compare Figures 6G and 2B). We suspected
that this increase in eisosome-like invaginations might in fact rep-
resent the formation endocytic pits that form when endocytosis is
reactivated ∼10 min after treatment with sorbitol (see Figure 1D).
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FIGURE 4: Loss of membrane tension results in PIP2 clustering. (A) WT yeast expressing GFP-tagged PIP2 sensor and
Pil1-mCherry (AMY6 pCS189) was exposed in a microfluidics chamber to hyperosmotic conditions (addition of 1M
sorbitol to the medium). (B) Enlarged surface areas of a cell before and 2 min after hyperosmotic shock (see marked
areas in A). Arrows indicate large PIP2 clusters that partially overlap with eisosomes. (C) Quantification of the number of
PIP2 clusters (median, SD) and surface area change (mean).

Unlike the control samples (Figure 6A), cells treated with 1M
sorbitol for 1 min exhibited large structures that appeared to be
extracellular vesicles (arrows in Figure 6B). Based on the similar-
ity in staining, the vesicle-like structures appeared to contain cyto-
plasm. We also observed cortical ER in ∼60% of the structures (cER;
Figures 6D), suggesting that these structures were likely still con-
nected to the cell and not detached extracellular vesicles. Quan-
titative analysis of the EM micrographs indicated the formation of
∼29 vesicle-like structures per cell (1 min timepoint in Figure 6G),
which corresponded with the ∼24 PIP2 clusters observed by flu-
orescence microscopy (see Figure 4C). Both the vesicle-like struc-
tures and the PIP2-marked LEDS were short-lived, with at least half
of both LEDS and vesicle structures being resolved during the first
10 min of hyperosmotic shock (Figures 4C and 6G). These similar-
ities hinted that vesicle-like structures and LEDS might represent
the same PM structure.

To test this idea, we stained cells with the membrane dye FM4-
64, which fluoresces when intercalated into the outer leaflet of
the PM. Because the vesicle-like structures add two additional lay-
ers of membranes to the cell surface (see morphology in Figure
6D), we expected that FM4-64 would label these structures up
to 3x brighter when compared with the rest of the PM. Indeed,
hyperosmotic-treated cells showed the rapid formation of FM4-
64 structures at the cell surface that were in average 2.2x brighter
than the surrounding membrane (Figures 7, A–C). These FM4-64
spots partially overlapped with Pil1 (Figures 7, A and B) and colo-

calized with PIP2 (Figure 7D), suggesting that they labeled LEDS.
Cells deleted for pil1� and stained with FM4-64 showed aber-
rant plasma membrane structures before the hyperosmotic shock
(Figure 7E), which is consistent with the previously reported eiso-
some remnants in this mutant strain (Walther et al., 2006). After
the hyperosmotic shock, the eisosome remnants of pil1� were en-
larged. Some additional structures were observed, but most did
not match the morphology of LEDS (arrows in Figure 7E). Notably,
there was a lack of even distribution of FM4-64 clusters, further sup-
porting the model that LEDS are eisosome-derived structures. To-
gether, the FM4-64 data were consistent with the by EM observed
morphology and thus suggested that the vesicle-like structures ob-
served by EM corresponded to the LEDS identified by fluorescence
microscopy.

Figure 8A explains our model for the formation of LEDS. We
propose that loss of membrane tension causes the rapid expansion
of the raft-like eisosome membrane domain, thereby increasing the
clustering of negatively charged lipids and APC transporters. As a
result, the eisosome expands inward and bends back toward the
PM, either because of contacts between eisosomes and the cER
(Ng et al., 2020) or because the eisosome membrane domain ex-
pands asymmetrically, accumulating new lipids mainly on one side
of the furrow. The expanding furrow then contacts and fuses with
the PM, forming a membrane tube. This PM tube is surrounded by
extracellular space where the open space of the furrow expanded.
The resulting morphology can be best described as a “recessed
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FIGURE 5: Hyperosmotic-induced clustering of nutrient transporters
with negatively charged lipids. The experiments were performed in a
microfluidics chamber and pictures were taken before and 2 min
after addition of 1M sorbitol to the growth medium. (A) WT cells
expressing Fur4(�N)-GFP and RFP-tagged PIP2 sensor (SEY6210
pJK30 p1776). (B) WT cells expressing Mup1-GFP and RFP-tagged
PIP2 sensor (SEY6210 pPL4146 p1776). (C) WT cells expressing
GFP-tagged PIP2 sensor and RFP-tagged PS sensor (SEY6210
pCS189 pLACT2C2).

handle” (Figure 8C). As a result of the membrane fusion, the Pil1
polymer that originally localized to the tight bend of the eisosome
is now positioned at the edge of the LEDS and forms a new and
extended eisosome (Figures 8, A and B). This model is supported
by the presence of other PM structures observed by EM of hyper-
osmotically treated cells. For example, Figure 6C shows deep in-
vaginations of the PM that might represent an intermediate mor-
phology in the LEDS formation process. The PM structure in Figure
6E might show a longitudinal section through the proposed mem-
brane tube of LEDS. This type of structure was only found twice
among ∼40 cross-sections of hyperosmotically treated yeast but
was not observed in the controls (untreated). The rarity of these
structures can be explained by the elongated morphology of the
membrane tubes, which, in most cutting angles, will result in circu-
lar/oval cross-sections in EM imaging. Together, our model of LEDS
formation is consistent with the observations we obtained both by
fluorescence and EM.

In summary, we propose that the loss of PM tension caused
a rapid expansion of the eisosomal furrows, both in length and
depth. The fusion of these extended and bent eisosomes with the
PM results in the formation of membrane tubes or LEDS. These
morphology changes of the PM allow the cell to temporarily reor-
ganize excess membrane. Based on our EM observations, we es-
timated that LEDS, together with the enlarged eisosomes, store
∼15% additional surface area (assuming the transformation of 30
eisosomes into 30 LEDS). Additional surface area might be stored
in the deep invaginations we observed in the hyperosmotically
treated cells (Figure 6, C and F), the identity of which is discussed
below.

Endocytosis mutants exhibit PM tension problems
The EM analysis of WT cells identified deep invaginations of the
plasma membrane that formed within the first minute of hyperos-
motic shock (Figure 6C). Some of these structures might be ex-
tended eisosomes that did not fuse to the plasma membrane and
thus did not form LEDS, whereas other structures might repre-
sent endocytic sites that increased in size because of the slack
membrane and/or the block in endocytosis. Consistent with the
latter idea, endocytosis mutants have been previously shown to
form cargo-containing, deep endocytic structures (Wendland et al.,
1996). To test whether these deep invaginations could represent
stalled endocytic structures, we visualized an end3� mutant strain,
which lacks a nonessential subunit of the endocytic coat that helps
initiate the actin cytoskeleton at endocytic pits (Benedetti et al.,
1994). EM analysis of this strain showed a large number of the
deep invaginations even before hyperosmotic shock, supporting
the idea that most of these structures are indeed aberrant endo-
cytic pits (Figure 9A). Furthermore, the EM analysis of the end3�
mutant identified an increased number of eisosome-like structures
(∼1.4-fold over WT; Figure 9B). Together, these observations sug-
gested that the end3� cells have reduced PM tension even under
normal growth conditions.

Sorbitol treatment of end3� cells showed the rapid formation
of LEDS, that by EM were more commonly observed in the mutant
cells than in WT (∼1.6 over WT; Figure 9C). However, 10 min af-
ter the hyperosmotic shock, the number of both LEDS and deep
invaginations were similar to that of WT (Figure 9, C and D), sug-
gesting that in end3� the stress response system restored PM ten-
sion to normal levels, beyond the starting conditions.

It is interesting to note the accumulation of secretory vesicles
in the micrographs of end3� mutant cells (Figure 9A), consistent
with the idea that membrane tension also plays an important role
in the membrane fusion process (Kozlov and Chernomordik, 2015).
Therefore, end3� cells not only exhibit a defect in endocytosis, but
also in secretion (Rollenhagen et al., 2022). This PM tension–based
link between endocytosis and secretion might be the mechanism
by which the cell maintains homeostatic balance of these two op-
posing pathways.

Hyperosmotic shock causes the formation of lipid droplets
When we compared the EM micrographs of WT cells before and
after the addition of sorbitol (Figure 6, A and B), we noticed an
increase in the numbers of lipid droplets (LDs) in hyperosmotic-
treated cells. We confirmed this finding by fluorescence mi-
croscopy of BODIPY-stained cells. For these experiments, we grew
cells in medium with galactose as the carbon source, which in com-
parison to glucose-grown cells reduced the size and number of LDs
(all experiments in Figure 10 were using galactose-grown yeast).
These cells were either shifted to normal growth medium (control)

6 J. Phan et al. Molecular Biology of the Cell



FIGURE 6: Changes in PM morphology caused by low membrane tension. WT cells were visualized by transmission EM
before (A) or after addition of 1M sorbitol (B–E, 1 min treatment). Labels: N, nucleus; V, vacuole; L, lipid droplet; M,
mitochondria; E, eisosome; CW, cell wall; star marks cER; arrow heads mark LEDS. (F, G) Quantification of the by EM
observed structures (based on 40 cell sections of 50 nm thickness).

or to hyperosmotic conditions (growth medium +1M sorbitol) and
the number of LDs was quantified after 20 min using BODIPY stain-
ing. We counted the formation of ∼6 additional LDs per cell (from
∼9 to ∼15; WT in Figure 10A). Using Erg6-GFP as a marker for
LDs (Leber et al., 1994), we observed that hyperosmotic-induced
LD formation was rapid and that most of these newly formed LDs
were temporary. Maximal LD formation was reached at 5 min and

the number of ERG6-GFP puncta started to drop 20 min after the
stress (Figure 10B). Furthermore, the microscopy showed that the
newly formed LDs often localized to the periphery of the cell and
were smaller than most of the LDs in untreated cells (Figure 10C).

Given that we observed cER present at many LEDS ( Figure
6D) we tested whether formation of new LDs during hyperosmotic
shock was dependent on eisosomes or LEDS. Surprisingly it was
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FIGURE 7: FM4-64 marks the LEDS of hyperosmotically treated cells. (A, B) FM4-64 staining of WT expressing Pil1-GFP
(AMY10) in a microfluidics chamber, before and 5 min after addition of 1M sorbitol. (A) shows cross-sections, whereas
(B) shows the surface of the cells. (C) Quantification of the FM4-64 signal of LEDS compared with the signal of the
surrounding membrane. (D) FM4-64 staining in the microfluidics chamber of WT cells expressing a GFP-tagged PIP2
sensor. The pictures show the surface of the cells before and after sorbitol treatment. (E) FM4-64–stained pil1� mutant
cells (AMY42) were visualized in a microfluidics chamber, before and after hyperosmotic stress.

FIGURE 8: Model of the formation and morphology of LEDS. (A) Model of the transformation of eisosomes to LEDS
(SL, sphingolipids). (B) Explanation of the by fluorescence microscopy observed changes in eisosome morphology and
PIP2 localization. (C) Three-dimensional model of the proposed morphology of LEDS.
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FIGURE 9: Endocytosis mutants exhibit phenotypes of low PM tension. Cells mutated for END3 (BWY1346) were
analyzed by EM (50 nm sections). (A) Example of an end3� cell before sorbitol treatment (control). Arrows indicate
deep invaginations (labels: CW, cell wall; V, vacuole; N, nucleus; M, mitochondria; L, lipid droplet). (B–D) Quantification
of the observed structures based on 40 cell sections. The WT data are identical to the data shown in Figure 6.

not (see pil1� in Figure 10A), but it did require the membrane
contact site proteins Scs2/Scs22 (Figure 10A). At the ER-PM con-
tact sites, Scs2/22 function in the recruitment of Osh2 and Osh3,
two homologues lipid binding proteins that have been implicated
in the lipid transfer from the ER to the PM. Consistent with this,
deletion of either OSH2 or OSH3 resulted in a defect in osmotic
stress induced LD formation (Figure 10A), suggesting that during
hyperosmotic conditions Osh2/3 might function in the transport of

lipids from the PM to the cER where these lipids are subsequently
shunted into LDs. This postulated lipid transfer was specific for the
Scs2/22-Osh2/3 system and did not include the tricalbins, another
family of lipid transfer proteins localized to the ER-PM contact sites
(tcb1/2/3� triple mutant in Figure 10A; Qian et al., 2021).

Scs2/22 together with the Osh2/3 proteins are known to form a
complex that is predicted to deliver lipids from the cER to forming
endocytic pits under normal growth conditions. This lipid delivery
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FIGURE 10: Hyperosmotic shock causes the rapid formation of additional LDs. (A) The LDs of different yeast strains
before and after hyperosmotic shock were labeled with BODIPY and counted. The bar graph shows the average
number and the standard error. The following strains were used: JPY45 (tcb1/2/3�), JPY22 (dga1�), JPY47 (are1/2�),
SEY6210 (WT), AMY42 (pil1�), BWY1346 (end3�), JPY15 (scs2/22�), MTY42 (osh2�), MTY43 (osh3�), JPY23 (lro1�).
(B) WT expressing Erg6-GFP (JPY35) was treated in a microfluidics chamber with 1M sorbitol and the number of newly
formed LDs was monitored over time (graph shows median, ± standard error). (C) Microscopy pictures of WT cells
expressing Erg6-GFP and Pil1-mCherry (JPY38) observed in a microfluidics chamber before and after hyperosmotic
shock (single optical section). The arrows indicate newly formed LDs.

system aids in the polymerization of actin and the formation of en-
docytic vesicles (Encinar Del Dedo et al., 2017). The LD formation
we observed during acute PM slack seems to be mediated by the
same Scs2/22-Osh2/3 system. Consistent with this idea, we ob-
served a ∼2-fold reduction in hyperosmotic-induced LD formation
in end3� mutant cells (Figure 10A), which suggested a functional
link between the endocytic machinery and the proposed PM-to-
cER lipid transport. It is possible that the Osh2/3-mediated removal
of lipids at endocytic pits allows for a faster recovery of endocytosis
during hyperosmotic stress.

To identify the type of lipids that were stored in the newly
formed LDs after hyperosmotic shock, we tested strains deleted
for the known lipid acyltransferases. Yeast expresses two acyltrans-
ferases, Dga1 and Lro1, that convert diacylglycerol to triacylglyc-
erols, the main storage lipid in LDs. Furthermore, Are1 and Are2
are specific for the acylation of ergosterol, producing ergosterol-
esters that are also stored in LDs. The BODIPY staining of hyper-
osmotically treated mutants indicated that Lro1, one of the acyl-
transferases that produces triacylglycerols (Oelkers et al., 2000),
was necessary for formation of new LDs. In contrast, Dga1, Are1,
and Are2 were not involved in the PM stress–induced LD forma-
tion (Figure 10A). These results indicated that the newly formed
LDs were mainly composed of triacylglycerols, which could suggest

that the lipids transported from the PM to the ER during hyperos-
motic shock were mostly glycerophospholipids. However, it is also
possible that ergosterol is transported to the ER during PM stress
and the formation of triacylglycerol-containing LDs are the result
of lipid imbalance.

Deletion of PIL1 or OSH2 delays recovery of membrane
tension
The data so far suggested that hyperosmotically treated cells re-
cover their membrane tension by changing the morphology of
eisosomes and by lipid transport from PM to the cER. We tested
whether the loss of these stress response pathways affected the ki-
netics of restoring normal PM tension. Cell size measurements in
the microfluidics system indicated that loss of Pil1 or Osh2 did not
change the extent of cell shrinking or the kinetics of cell size re-
covery (Figure 11A), which suggested that these mutants were not
impaired in osmolyte production. In contrast, we observed that the
osh2� mutant strain exhibited a much higher number of PIP2 clus-
ters at 2 min after sorbitol addition and both osh2� and pil1�
showed a delay in dissolving PIP2 clusters (Figure 11, B and C),
indicating that both mutants were impaired in the recovery of nor-
mal membrane tension. Together, the mutant analysis supported
the idea that the formation of LEDS and lipid transport aid in the
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FIGURE 11: Eisosome and lipid-transfer mutants exhibit delayed
recovery of PM tension. (A) Cell surface changes as a consequence
of hyperosmotic shock were determined based on diameter
measurements of cells observed in a microfluidics chamber. The
following strains were used: WT (SEY6210 pJK30), pil1� (AMY42
pJK30), osh2� (MTY42 pJK30). The WT data are identical to those in
Figure 1A. (B) Strains (SEY6210, AMY42, MTY42) expressing
GFP-tagged PIP2 sensor (pCS189) were observed in a microfluidics
chamber and the number of PIP2 clusters was counted at different
time points after hyperosmotic shock (box-and-whisker blot
indicating mean). (C) The same data as shown in B are represented
relative to WT (WT = 1).

recovery of membrane tension, which plays an important role in
restoring normal functionality of the PM. However, it should be
noted that under nutrient-rich conditions (as used in our experi-
ments), 20–30 min after hyperosmotic shock glycerol synthesis will
restore cell size, which will also recover PM tension. Therefore, the
PM morphology and lipid transport mechanisms we observed likely
play an important role in restoring PM function faster, particularly
under nutrient limited conditions where glycerol synthesis is lim-
ited.

DISCUSSION
We used hyperosmotic shock to study the role of membrane ten-
sion on the organization of the PM and on its associated functions.
Figure 12A summarizes our observations. The addition of 1M sor-
bitol to the growth medium resulted in a rapid loss of cell size,
causing a ∼22% surface area reduction in <20 s. With ∼4 s delay
relative to the cell size changes, the PM lipid PIP2 started to clus-
ter, indicating phase segregation of the PM. This lipid clustering
was completed in <10 s. PIP2 is an essential factor for the forma-
tion of endocytic structures. Therefore, the sequestration of PIP2
into large membrane domains is a likely reason for the observed
block of endocytosis during the initial phase of the hyperosmotic
stress. However, within 10 min, PIP2 clusters dissolved and endo-
cytosis restarted, suggesting that PM tension was back in physio-
logical range. Finally, 20 min after the hyperosmotic shock, glycerol
synthesis had restored osmotic balance, which allowed the cells to
recover most of their size.

Because cell-size recovery was slow and endocytosis was im-
paired by the phase segregation of the membrane, other mecha-
nisms had to be responsible for the recovery of PM tension. One
mechanism we identified relied on morphology changes of eiso-
somes, membrane furrows that have been shown to be involved
in membrane tension regulation (Kabeche et al., 2015; Appadurai
et al., 2020; Ng et al., 2020; Lemiere et al., 2021). In less than 1 min,
hyperosmotically stressed cells formed LEDS and within 5 min Pil1-
marked eisosomes of the stressed cells doubled in length (Figure
12B). These morphology changes of the PM are predicted to ab-
sorb ∼70% of the excess membrane.

The membrane domain associated with eisosomes is thicker
and more organized than the surrounding membrane (Grossmann
et al., 2007; Stradalova et al., 2009; Bharat et al., 2018). One func-
tion of this raft-like membrane is to store nutrient transporters in an
inactive state (Moharir et al., 2018). Our observations suggested
that loss of membrane tension caused the rapid expansion of the
eisosomal membrane domain, resulting in large clusters that se-
questered most of the PIP2, PS and nutrient transporters. This
clustering of the negatively charged lipids PIP2 and PS is consis-
tent with previously published studies that observed enrichment of
these lipids in eisosomes (Kefauver et al., 2024; Tsuji et al., 2025).
We postulate that the rapid expanding eisosomal membrane fuses
with the PM, resulting in the unusual morphology of LEDS (see
models in Figures 8 and 12B). Shortly after LEDS form, they start to
disappear, which is likely the consequence of the re-establishing of
PM tension. Because the formation of LEDS includes membrane fu-
sion, dissolving LEDS requires a membrane fission reaction, which
could be accomplished by ESCRT-mediated severing of the mem-
brane tube.

The clustering of PIP2 has been previously described, both in
hyperosmotically shocked cells and in cells exposed to the PM
intercalating compound palmitoylcarnitine, two treatments that
cause loss of PM tension (Riggi et al., 2018). Using EM, this study
also identified large PM invaginations, referred to as PES, that
seemed to correspond to the LEDS we observed. Furthermore, the
study showed that PIP2 clustering at the PES resulted in recruitment
and inactivation of TORC2, which ultimately inhibited sphingolipid
synthesis at the ER. Together, this previous study and our obser-
vations are in good agreement, highlighting the fact that the PM
itself senses and responds to the changes in tension.

In addition to the morphology changes of the PM, lipid trans-
port from the PM to the cER also aids in the recovery of PM ten-
sion after hyperosmotic stress. This statement is inferred from the
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FIGURE 12: Summary and model of the observed responses of yeast during acute hyperosmotic shock. (A) Summary of
the observed effects of hyperosmotic shock on PM morphology, lipid clustering, and LD formation (note the two
different time axes). (B) Model of the PM morphology changes and the lipid transfer caused by the acute
hyperosmotic-induced drop in PM tension.

observations that hyperosmotic shock caused the rapid (<5 min)
formation of new LDs at the cER and that this LD formation was
dependent on the lipid-transport proteins Osh2 and Osh3. Further-
more, LD formation required the membrane contact site proteins
Scs2 and Scs22 that function in the recruitment of Osh2/3 to ER-
PM contact sites, and the acyltransferase, Lro1. These observations
suggested that lipids from the low-tension PM were transported
by Osh2/3 via contact sites to the cER where they were modified
by Lro1 and shunted into LDs (see model in Figure 12B). Osh2/3
together with the VAPs Scs2/22 have been implicated in the trans-
port of ergosterol from the cER to sites of endocytosis. This sterol
transport was shown to be important for the actin polymerization
at the endocytic pit and for the efficient formation of endocytic
vesicles (Encinar Del Dedo et al., 2017). In contrast, low PM ten-
sion seemed to reverse the direction of Osh2/3-Scs2/22–mediated
lipid transport (Figure 12B), thereby removing lipids from endocytic
sites, which might help restore endocytosis. The fact that Lro1 was
required for hyperosmotic-induced LD formation indicated that
mainly glycerophospholipids and not sterols were shunted into the
newly formed LDs. Therefore, during hyperosmotic-induced lipid
transport, Osh2/3 might have changed their specificity from ergos-
terol to other lipids. Alternatively, the Osh2/3-mediated transport
of ergosterol from the PM to the cER might change the local ER
lipid composition in a way that promoted the formation of new
triacylglycerol-containing LDs.

In summary, our study showed that eisosomes and EPCSs are
part of an immediate response system that tries to restore PM ten-
sion by morphology change (forming LEDS) and by the transport of
PM lipids from endocytic sites to the cER. This stress response we
observed by the addition of 1M sorbitol is likely an extreme version
of the homeostatic mechanisms that maintain membrane tension
under all conditions. It is likely that eisosomes continuously change
their size to adjust for fluctuations in membrane tension. Similarly,
lipid transport in and out of endocytic sites might locally adjust
membrane tension to allow for efficient endocytosis. Losing these
mechanisms resulted in delayed recovery of PM tension from the
hyperosmotic shock, which likely represents a strong survival dis-
advantage in the dynamic environment of a wild yeast.

MATERIALS AND METHODS
Request a protocol through Bio-protocol

Yeast cultures, growth conditions, and plasmids
Yeast strains were grown at 30°C in synthetic dextrose medium
(SD; yeast nitrogen base, 2% glucose) in presence of all amino
acids and necessary supplements, except in case of plasmid se-
lection. The strains and plasmids used in this study are listed in
Table 1. Expression of constructs using the CUP1 promoter were
induced by the addition of 0.1 mM CuSO4. Deletion or tagging
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Strains Descriptive name Genotype or description Reference or source

SEY6210 WT MATα leu2-3,112 ura3-52 his3-�200
trp1-�901 lys2-801 suc2-�9 GAL

(Robinson et al., 1988)

AMY6 PIL1-mCherry SEY6210, PIL1-mCherry, KANMX6 (Moharir et al., 2018)
AMY42 pil1� SEY6210, PIL1::KANMX6 (Moharir et al., 2018)
MTY42 osh2� SEY6210, OSH2::TRP1 This study
MTY43 osh3� SEY6210, OSH2::KANMX6 This study
JPY47 are1�, are2� SEY6210, ARE1::KANMX6, ARE2::TRP1 This study
JPY23 lro1� SEY6210, LRO1::TRP1 This study
JPY15 scs2�, scs22� SEY6210, SCS2::KANMX6, SCS22::TRP1 This study
JPY22 dga1� SEY6210, DGA1::TRP1 This study
JPY35 ERG6-GFP SEY6210, ERG6-GFP, TRP1 This study
JPY38 PIL1-mCherry, ERG6-GFP AMY6, ERG6-GFP, TRP1 This study
JPY45 tcb1�, tcb2�, tcb3� SEY6210, TCB1:: KANMX6, TCB2::HIS3,

TCB3::TRP1
This study

BWY1346 end3� SEY6210, end3� (Whitworth et al., 2014)
BWY3817 MUP1-GFP SEY6210, MUP1-GFP, TRP1 (Prosser et al., 2010)

Plasmids
pJK30 FUR4(�N)-GFP URA3 (pRS416) P(CUP1)-fur4(�N)-GFP (Keener and Babst, 2013)
pCS189 GFP-2xPH URA3 (pRS426) P(PRC1)-GFP-2xPH (Stefan et al., 2002)
pPL4146 MUP1-GFP LEU2 (pRS315) P(CUP1)-MUP1-GFP (Stringer and Piper, 2011)
pGFP-C2(Y) GFP-C2 URA3 (pRS426) P(PRC1)-GFP-Lactadherin

C2 (Bovine)
Mark Lemmon

pCG1 mCherry-2xPH URA3 (pRS426) mCherry-2xPH (Riggi et al., 2018)

TABLE 1: Strains and plasmid.

of chromosomal genes was performed by homologues recombina-
tion (Longtine et al., 1998). Genomic modifications were confirmed
by PCR.

Fluorescence microscopy
Cells were inoculated from a plate the day prior and grown
overnight into late log phase/early stationary phase in proper de-
fined media. In the morning, cells were then diluted to an optical
density at 600 nm (OD600) of 0.1 into 5 ml of media. Cultures were
then allowed to grow to midlog phase, OD600 = 0.8. For direct
imaging, 500 μl of the culture were concentrated by centrifugation
at for 1 min at 3000 × g. Media was aspirated down to 20–40 μl
of cell pellet. Of the concentrated cell suspension, 2 μl were then
added to a glass slide and spread with a coverslip. Imaging using
the microfluidics system (CellASIC ONIX, Millipore Sigma) was per-
formed at 30°C with constant flow of medium at 4 psi. An Olympus
deconvolution microscope with a 100x objective in immersion oil
was used to generate Z-stacks (0.3 μm). For staining with FM4-64,
the growth medium contained 40 mM MES pH5.5. The FM4-64 dye
was added at 10 μM to the medium in the microfluidics plate. The
microscopy pictures of the controls (before hyperosmotic shock)
were taken after ∼30 s of staining, before the cells were switched
into medium containing 1M sorbitol and 10 μM FM4-64. It should
be noted that the surface of the microfluidics chamber is hydropho-
bic and thus absorbs the FM4-64 dye. Therefore, the microfluidics
chamber has to be preflushed for 20 min with the dye-containing
medium before the experiment can be performed. Furthermore,
the concentration of the free dye in the medium of the chamber is
likely reduced.

To quantify Erg6-GFP structures, Z stacks were deconvoluted
and projected into whole cells. These images were then loaded
into Olympus Cellsens Dimension software. Cells were first labeled
as objects. These objects were then converted to regions of inter-
est (ROI’s) and copied from the images of positions before treat-
ment, to the appropriate plate position of timepoints after treat-

ment start. Erg6-GFP puncta were then masked using the Adaptive
threshold function. Then, Erg6-GFP puncta that were spatially too
close and counted as one object, were manually split. Finally, the
number of objects per ROI were counted using the “Count and
Measure” operation contained within Olympus Cellsens Dimen-
sion software. Quantification of PIP2 dots of deconvoluted and col-
lapsed Z stacks was done manually. Cell size measurements were
performed manually using the Olympus Cellsens Dimension soft-
ware.

Quantification of Mup1 internalization was performed on de-
convolved cross-sections (300 nm optical section trough the cen-
ter of the cell). The Magic Wand tool in the Photoshop software
package was used to outline the cells and to quantify the total flu-
orescence intensity of the cell. The intracellular signal, excluding
the PM, was obtained by retracting in Photoshop the cell outline
by 6 pixels (PM signal = total minus intracellular).

BODIPY staining of LDs and quantification
Cells were grown to midlogarithmic phase for 24–48 h in defined
medium containing 2% galactose as carbon source. Cells grown in
galactose have less LDs and thus are easier to analyze and quantify.
For treatment, 150 μl of culture, 50 μl of 4M sorbitol, and 2 μl of
200 μM BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) were
combined into an Eppendorf tube and incubated at 30°C for 20
min. For the control sample, 200 μl of cells and 2 μl 200 μM BOD-
IPY were incubated under the same conditions. Cells were then
concentrated and whole cell Z-stacks were imaged with fluorescent
microscopy on a slide. Images were deconvoluted, projected, and
imported into Fiji, TrakEM2. A circular mask was set as the object
diameter and the object was then placed over each LD of 50–60
cells for each treatment group. For larger BODIPY-stained areas of
incongruous shape, the presized LD marker, was used to fill in said
fluorescent area to account for LD number loss due to the limits of
light diffraction.
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EM
Overnight cultures were diluted in 10 ml of synthetic complete
medium to OD600 = 0.1 and grown to midlogarithmic phase (OD600

= 0.8). The hyperosmotically shocked samples were treated by the
addition 4M sorbitol to a final concentration of 1M sorbitol for vari-
ous timepoints. Upon reaching the timepoint, cells were chemically
fixed and 50 nm cryo-sections were obtained as described before
(Appadurai et al., 2020). For estimating the number of eisosome,
LEDS and large eisosome-like invaginations per cell, the average
number of these structures observed in 40 cell cross-sections was
divided by the surface area of the cross-sections (circumference x
50 nm). These numbers (structure/μm2) were multiplied by the av-
erage surface area of the cells hyperosmotically shocked cells ob-
served by fluorescence microscopy (data used for Figure 1A; t = 0
68 μm2, t = 1 min 54 μm2, t = 5 min 54 μm2, t = 10 min 55 μm2). Be-
cause eisosomes and their derived structures are estimated to be
∼300 nm in length (Stradalova et al., 2009), we divided the num-
bers by 6 (6x50 nm sections) to obtain our estimated number of
structures per cell.
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