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ER-plasma membrane contact sites deliver ER lipids
and proteins for rapid cell surface expansion

Madison Smith'®, Lincoln Gay'®, and Markus Babst'®

As a consequence of hypoosmotic shock, yeast cells swell rapidly and increase the surface area by ~20% in 20 s.
Approximately, 35% of this surface increase is mediated by the ER-plasma membrane contact sites, specifically the tricalbins,
which are required for the delivery of both lipids and the GPI-anchored protein Crh2 from the cortical ER to the plasma
membrane. Therefore, we propose a new function for the tricalbins: mediating the fusion of the ER to the plasma membrane
at contact sites. This proposed fusion is triggered by calcium influx via the stretch-gated channel Cchl and is supported by the

anoctamin Ist2.

Introduction

Unlike organelle membranes, the plasma membrane (PM) of
eukaryotic cells is under substantial tension because of turgor
pressure and mechanical forces that exert lateral tension on the
membrane (e.g., interactions with the extracellular matrix in
tissue) (Pontes et al., 2017; Le Roux et al., 2019). This membrane
tension has to be maintained within physiological range to en-
sure proper function of the PM and its associated proteins. High
tension affects membrane properties by decreasing lipid packing
and thus increasing fluidity. As a consequence, membranes be-
come thinner, less organized, and show partial loss of the barrier
function. This increase in lipid fluidity of the high-tension PM
partially mimics the effects observed by the presence of sur-
factants or high temperatures. High PM tension can occur as a
consequence of an imbalance in secretion and endocytosis or
changes in cell surface-to-volume ratios. Examples are de-
formations caused by mechanical stress or cell migration and
changes in osmolarity. Cells are able to adjust membrane tension
by adding or removing lipids and proteins from the cell surface
or by changing cytoplasmic osmolarity. Therefore, tension is a
controllable parameter that allows cells to counteract the envi-
ronmental effects on PM fluidity that are beyond the control of
the cell (e.g., surfactants and temperature).

Even though PM tension is recognized as a key parameter
that affects most PM-associated functions, the sensing of PM
tension and the mechanisms for maintaining proper tension
are mostly unknown. Current knowledge is mainly limited to
specialized mammalian cell types that repeatedly undergo
large surface area changes, like muscle cells that use caveolae
as PM reservoirs (Parton, 2018), and umbrella cells of the
uroepithelium that house specialized vesicles that can

provide or store membrane (Apodaca, 2004). In unicellular
organisms such as the yeast Saccharomyces cerevisiae, where
PM tension control is particularly important to adjust to rapid
and dramatic environmental changes, surprisingly little is
known about how these cells maintain physiological PM
tension.

One system that has been implicated in the regulation of
yeast PM tension utilizes eisosomes, which are ~50 nm deep and
~300 nm long furrows of the PM that have functional similar-
ities to caveolae in vertebrates (Douglas and Konopka, 2014).
Eisosomes respond to high membrane tension by flattening
(Appadurai et al., 2020), which can provide some surface area to
counter the high tension. Furthermore, eisosome-localized Slm1
and Slm2 proteins redistribute during high PM tension and bind
to the TORC2 kinase complex. As a consequence, TORC2 acti-
vates a signaling pathway that leads to an upregulation of
sphingolipid synthesis in the ER. This eisosome-Slm1/2-TORC2
signaling pathway is proposed to maintain PM homeostasis
(Berchtold et al., 2012). However, this system requires transport
of newly synthesized sphingolipids via the secretory pathway to
the PM and therefore is not able to respond rapidly to changes in
PM tension.

Previously, we observed rapid swelling of hypoosmotic-
treated yeast, which resulted in an increase in surface area by
~20% (Appadurai et al., 2020). Eisosome flattening and
stretching of the existing PM can only account for approxi-
mately half of this cell surface expansion. Therefore, we started
the search for an additional mechanism that would allow the cell
to respond to high PM tension and rapidly expand without
losing cell integrity. Interestingly, we found that high PM
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tension causes the rapid delivery of cortical ER lipids and pro-
teins to the PM, which suggests a membrane fusion mechanism.

Results

In a previous study, we visualized yeast under different stress
conditions using a microfluidics chamber combined with fluo-
rescence microscopy (Moharir et al., 2018). This chamber
maintains optimal growth conditions during the imaging of
yeast and allows for rapid change of environmental parameters.
Most importantly, microfluidics chambers allowed us to follow
the same cells over time, which eliminated cell-to-cell variability
issues. One surprising result from these experiments was that
most environmental stress conditions resulted in rapid cell size
changes (Appadurai et al., 2020). This indicated that the yeast
cell wall is not a rigid structure, but allows for cell volume
changes. As a consequence of these volume adjustments, the cell
surface area changes, which begs the question: how does yeast
maintain proper PM function, particularly during acute swelling
of the cell?

To answer this question, we exposed yeast to a hypoosmotic
shock by growing the cells in the presence of 1 M sorbitol and
then switching these cells in the microfluidics system to a
growth medium without sorbitol. In the presence of 1 M sorbitol,
yeast adjusts its intracellular osmolarity by synthesizing and
storing glycerol. When switched to a sorbitol-free medium, the
high intracellular osmolarity will cause water influx through
aquaporins, causing the swelling of the cell. This osmotic stress
opens the aquaglyceroporin Fpsl and causes the subsequent
release of the stored glycerol into the environment (reviewed in
Hohmann [2002]). As a result of both water influx and glycerol
efflux, the turgor pressure of the cell rapidly returns to normal.

The wild-type yeast strain used for the hypoosmotic stress
experiments expressed a cytoplasmic mCherry-pHluorin fusion
protein that allowed us to visualize both the cell size change and
the changes in cytoplasmic pH by fluorescence microscopy.
Because yeast acidifies the growth medium to ~pH4, a loss in cell
integrity would be indicated by a dramatic drop in pHluorin
signal, whereas mCherry fluorescence would not be affected. We
took pictures of ~100 cells before and after 2-3 min of hypo-
osmotic shock. Using these images, we determined the cell size
changes of the mother cells by measuring the short and long
diameters of the ellipsoid cells. We also measured the size
changes of the growing bud in cases where the bud was at least
1.5 pm in diameter. These measurements showed that swelling
increases both axes of the mother cells similarly, resulting in a
median increase in cell surface area of ~19% (Fig. 1, A and B).
Budding cells swelled similarly, exhibiting a median surface
increase of ~17% (Fig. 1 B). These dramatic increases in cell size
occurred in most cases without loss of cell integrity. Out of 109
cells total, we observed only 1 dramatic loss of pHluorin signal,
indicating cell lysis (“lysed” in Fig. 1 C). Furthermore, only two
other cells were found to have ruptured both the PM and the cell
wall, resulting in the leaking of cytoplasm (loss of both pHluorin
and mCherry signal; “ruptured” in Fig. 1 C). In summary, these
data indicated that yeast is able to rapidly increase cell surface
area with only minor loss of cell integrity.

Smith et al.

ER-plasma membrane fusion at contact sites

TR
(: k(J
IV

The ER-PM contact sites are involved in rapid cell expansion
To gain insight into the mechanism supporting the rapid cell
surface expansion, we took a candidate approach by measuring
the surface area changes of a set of yeast mutants that might be
defective in maintaining PM integrity. As before, we switched
these cells in the microfluidics system from a growth medium
containing 1 M sorbitol to a growth medium without sorbitol.
For simplicity, we only measured a randomly chosen diameter
for each mother cell and assumed a spherical shape for the
surface calculations. For the wild-type cells, these simplified
measurements indicated a surface increase of ~16%, slightly less
than the ~19% determined with the previous method (compare
Fig. 1 D with Fig. 1 B). As an additional control, we measured
the cell size increase of fpslA, a strain deleted for the aqua-
glyceroporin that functions in the rapid secretion of glycerol
during hypoosmotic shock (Luyten et al., 1995). Without glycerol
secretion, the cells experience a stronger turgor pressure when
shifted to a low osmolarity medium. As a consequence, after
2 min of hypoosmotic shock, fpsIA cells exhibited a cell surface
increase larger than observed with wild type (18.3% versus
16.1%; Fig. 1 D). Furthermore, the lack of glycerol secretion also
affected the survival of hypoosmotic-shocked cells: the number
of lysed or ruptured cells increased to 25% from 3% in wild-type
cells (Fig. 1 C).

We expected that loss of eisosomes would affect cell surface
expansion since a previous study observed flattening of the ei-
sosomal membrane furrows under high PM tension (Appadurai
et al., 2020). Consistent with this idea, we found that loss of the
eisosome component Pill reduced cell surface expansion by ~5%
(pillA in Fig. 1 D).

Another set of factors we identified with the candidate ap-
proach as being important for cell expansion were proteins of
the ER-PM contact sites (EPCS). In yeast, most of the ER is found
in close proximity to the PM where it underlies ~40% of the PM
(West et al., 2011). This cortical ER (cER) is physically linked to
the PM by EPCS proteins which keep the two membranes within
a ~22 nm distance (Fernandez-Busnadiego et al., 2015). EPCS
proteins are anchored in the ER membrane and connect to the
PM by binding either to anionic lipids or to proteins of the PM
(Eisenberg-Bord et al., 2016; Gatta and Levine, 2017). Key pro-
teins of the EPCS are the three tricalbins Tcb1/2/3 (also referred
to as extended synaptotagmins), the proposed calcium-regulated
chloride channel Ist2 and the two homologous VAPs (VAMP
Associated Protein) Scs2 and Scs22. The EPCS proteins are
evolutionarily conserved and thus are likely to perform similar
functions in all eukaryotes. However, what these important
functions are is not well understood. Studies both in yeast as
well as in mice have shown that loss of the three tricalbins re-
sulted in mild to no observable phenotypes, respectively (Sclip
et al., 2016; Tremblay and Moss, 2016; Thomas et al., 2022).
However, the hypoosmotic stress assay indicated that the EPCS
mutants tcb2/3A and ist2A showed a 5-6% reduction in cell sur-
face expansion (Fig. 1 D; the tcb2/3A double mutant causes a loss
of tricalbin function), a phenotype that was additive with the
pillA defect (tcb2/3ApillA; Fig. 1 D). The remaining ~5% of the cell
surface increase of the tcb2/3ApillA mutant was likely provided
by stretching of the existing membrane (Le Roux et al., 2019).
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Figure 1. Hypoosmotic shock causes rapid cell swelling and surface
expansion. (A and B) Wild-type cells expressing pHluorin-mCherry (SEY6210
containing pMB517) were grown in SD_yga+1 M sorbitol, flushed into a mi-
crofluidics chamber, and shifted to a growth medium without sorbitol. Fluo-
rescence microscopy pictures from cells before treatment and the same cells
2 min after hypoosmotic shock were used to measure changes in the maximal
and minimal diameter of the ellipsoidal cells (A). The resulting calculated
changes in surface area are shown in B. (C) Wild type, tcb2/3A, ist2A, and
fpsIA cells expressing pHluorin-mCherry (SEY6210, MTY18, MTY2, and LGY83
containing pMB517) were exposed in a microfluidics chamber to a hypo-
osmotic shock (1 M sorbitol > 0 M sorbitol), and the observed changes in
morphology and pHluorin/mCherry fluorescence were used to determine the
number of lysed cells (loss of pHluorin signal, indicating loss of PM integrity)
and ruptured cells (loss of pHluorin and mCherry signal, indicating ruptured
cell wall and PM). (D) Strains expressing Ncel02-mCherry (AMY4, MTY81,
MTYS5, MTY52, MTY83, MTY47, and MTY68) were hypoosmotic-shocked in a
microfluidics chamber and the cell surface change was determined based on
changes of a specified diameter. For the EGTA treatment, the growth medium
contained 10 mM EGTA. To deplete ATP, 5 mM NaNs3 and 5 mM NaF were
added to the cells 5 min before treatment (WT -ATP). The graphs in A, B, and
D are box-and-whisker plots, indicating the mean.
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Tricalbin mutants exhibit increased cell lysis during
hypoosmotic shock

We performed a detailed analysis of the tcb2/3A mutant com-
pared with the wild type. During the time-lapse imaging of
hypoosmotic shocked cells, we monitored changes in the cyto-
plasmic pH and cell size. Fig. 2, A-C shows representative ex-
amples of the observed changes and Fig. 2 D summarizes the
quantification of 20 movies. After an ~30 s delay, which was the
time it took for the hypoosmotic growth medium to reach
the cells, wild type showed rapid cell surface expansion of ~1%/s
(blue line in Fig. 2 A). Halfway through cell swelling, the cyto-
plasmic pH showed a small drop indicated by a slightly lower
pHluorin/mCherry ratio, followed by a temporary increase in
pH (green line in Fig. 2 A; quantified in Fig. 2 D). Since the
pHluorin/mCherry measurements were not calibrated, we are
not able to directly convert these values into pH changes.
However, previous flow cytometry experiments using the same
pH sensor showed that the drop from pH7 to pH6 was accom-
panied by a ~35% loss in pHluorin/mCherry ratio (Moharir
et al., 2022), suggesting that the observed fluctuations were <1
pH unit. The reason for these pH changes is not obvious and will
be discussed below.

In comparison with wild type, the tcb2/3A mutant strain ex-
hibited a large cell-to-cell variability in cell expansion (three
different examples are shown in Fig. 2 C). Although surface
expansion kinetics were similar to wild type (~1%/s), the extent
to which these cells expanded varied more dramatically than
observed in wild type (Fig. 2 D). Furthermore, whereas wild type
mostly maintained its size at the level of the maximal extension
(~2% drop at 100 s), the cell surface area of tch2/3A shrunk on an
average by 6% after reaching its peak (Asurface; Fig. 2, C and D).
This collapse of cell size can explain the ~5% reduced cell ex-
pansion observed with tcb2/3A ~2 min after hypoosmotic shock
(Fig. 1 D). It should be noted that because of these size changes,
we extended the analysis to 120 s for each of the mutants.
However, to stay consistent with wild type, the Asurface values
were all measured at 100 s.

Unlike wild type, the tcb2/3A mutant cells showed a much
more pronounced pH drop during acute hypoosmotic shock
(Fig. 2, C and D). Because the pH of the growth medium is ~4, we
suggest that the observed drop in cytoplasmic pH is caused by a
partial loss of PM barrier function in these mutant cells. Fig. 2 C
shows two examples of cells where after an initial pH drop and
partial recovery, the cells exhibited a collapse of the pHluorin
signal, which suggested lysis of the PM. Consistent with this
idea, we observed a concomitant reduction in cell size (see ar-
rows in Fig. 2 C), suggesting a sudden drop in turgor pressure.
Surprisingly, lysed cells were able to restore normal cytoplasmic
pH within <5 min (as shown for the third example of Fig. 2 C),
which suggested that these cells were able to repair the lysed PM
and remain viable. We confirmed this observation using a
simple viability assay on agar plates. The colony count of the
cells before and after a hypoosmotic shock indicated no obvious
loss of viability of tcb2/3A (Fig. 2 E).

Quantification of ~100 cells indicated that ~16% of the tcb2/
3A mutants lysed (Fig. 1 C; loss of pHluorin signal as shown in
two examples in Fig. 2 C). In addition, ~6% of tcb2/3A cells
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Figure 2. During hypoosmotic swelling, tricalbin mutants lose cell integrity. (A-C) Using time-lapse imaging, wild type and mutant strains expressing
pHluorin-mCherry (SEY6210, MTY2, and MTY18 containing pMB517) were observed during exposure to hypoosmotic conditions (1 M sorbitol > 0 M sorbitol).
The resulting movies were analyzed for cell surface changes and changes in cytoplasmic pH (pHluorin/mCherry ratio). Downward arrows in C mark cell lysis
events. (D) Quantification of the data obtained by the time-lapse imaging presented in box-and-whisker plots (line indicates the mean). The first panel in C
explains the measured parameters. (E) Wild type (SEY6210) and tricalbin mutant (MTY18) cells were either moved to the same sorbitol-containing medium (1 M
sorbitol > 1 M sorbitol) or exposed to a hypoosmotic shock (1 M sorbitol > 0 M sorbitol) at 30°C. 5 min after treatment, the cells were plated and colonies were
counted after 2 days of growth.
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ruptured (loss of both pHluorin and mCherry; Fig. 1 C), and these
cells did not recover. However, the plate assay shown in Fig. 2 E
seemed not sensitive enough to capture this small percentage of
cell loss. In comparison, wild type exhibited only 2-3% loss of
cell integrity (Fig. 1 C). This phenotype of the hypoosmotic
treated tcb2/3A mutant was similar in severity to the phenotype
observed with a strain deleted for Fpsl, the aquaglyceroporin
that allows for the rapid release of glycerol (Fig. 1 C).

Together, the microfluidics analyses suggested that during
hypoosmotic shock, wild-type yeast cells rapidly swell and
maintain this enlarged size. We hypothesize that the cells are
able to maintain this size because of the added membrane to the
cell surface. In contrast, tcb2/3A cells seem to be defective in
membrane addition and thus these cells experience lysis during
the swelling and cell shrinking after normal turgor pressure has
been restored. This rather dramatic phenotype of the tcb2/3A
mutants was intriguing and suggested a specific role for the
tricalbins in response to acute membrane stress.

The data we obtained from microfluidics microscopy ex-
periments were supported by flow cytometry analyses of wild
type and mutant cells expressing the same pHluorin-mCherry
construct. We grew the cells in the presence of 1 M sorbitol and
switched them either to the same growth medium (1M >1 M) or
to a medium lacking sorbitol (1 M > 0 M sorbitol). We analyzed
~200,000 cells of each treatment by flow cytometry and de-
termined the pHluorin/mCherry ratio of each cell (Fig. 3). To
simplify the data analysis, we defined two groups of cells. One
group was defined by having a pHluorin/mCherry ratio <I,
which suggested a very low cytoplasmic pH and thus was labeled
“lysed.” The second group was defined by having a pHluorin/
mCherry ratio >1 but smaller than the 95% line set by the control
sample (Fig. 3 A). This group of cells exhibited an obvious pH
drop possibly caused by partial loss of PM barrier function, but
they did not lose cell integrity and thus was labeled “low pH.”
Because the gating of the flow cytometry data removed cells
with low mCherry signal, we were not able to quantify the
number of ruptured cells (cells that spilled their cytoplasm).
Using this data analysis, we observed with hypoosmotic shocked
wild type an increase in the number of low pH cells from 4%
(con) to ~20% (Fig. 3 D), which likely corresponded to the small
pH drop observed by the microfluidics experiments in Fig. 2 A.
Furthermore, we found a slight increase from ~0.5% to 3% in the
lysed-cell population (Fig. 3 D). In contrast, the tcb2/3A cells
exhibited dramatic increases in both the lysed and the low-pH
groups. Combined, close to 90% of these mutant cells showed a
clear acidification phenotype (Fig. 3, C and D), a phenotype that
was more severe than observed for the fpsIA mutant (Fig. 3, B
and D). Together, the flow cytometry experiments supported the
notion that in the absence of the tricalbins, yeast is not able to
expand the PM safely and thus experiences loss of cell integrity
during hypoosmotic shock.

Ist2 is not essential for rapid cell surface increase during
hypoosmotic stress

In contrast to the tricalbin mutant, deletion of the EPCS protein
Ist2 resulted in a much less severe phenotype. Although the
defect in hypoosmotic cell expansion of ist2A was similar in
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severity to that observed with tcb2/3A (Fig. 1 D; and Fig. 2, B and
D), we observed no increase in cell lysis during hypoosmotic
stress (Fig. 1 C) and no pronounced pH drop during the acute
phase of cell swelling (Fig. 2, B and D). Similarly, the flow cy-
tometry analysis indicated only a minor increase in the ist2A
population with a low pHluorin/mCherry ratio (Fig. 3 D). We
were able to explain the difference between the two EPCS mu-
tants by the observation that unlike tcb2/3A, ist2A mutants were
able to slowly increase in cell size during hypoosmotic stress
(Fig. 4). This observation suggested that Ist2 is not essential for
the EPCS-mediated cell expansion but might play a role in the
efficiency of this stress pathway.

Microscopy of the VAP double mutant, scs2Ascs22A, showed
dramatic cell morphology phenotypes (elongated cells with de-
fective budding patterns; not shown), which indicated defects in
polarized secretion and cell wall synthesis. This pleiotropic
phenotype can be explained by the broad functions of the VAPs
at various membrane contact sites (Scorrano et al., 2019). Be-
cause of these complications, we decided not to include the VAP
mutants in our analyses.

In summary, the data so far indicated that the tricalbins play
an important role in rapid cell expansion and the survival of
yeast during hypoosmotic stress. This phenotype of the tricalbin
mutants is not linked to the tethering function of these proteins
since the loss of Ist2, a protein that plays a more dominant role in
cER-PM tethering (Manford et al., 2012), exhibited only minor
defects. Instead, we propose that during acute hypoosmotic
stress, the tricalbins provide membrane to the PM, which allows
the cell to safely swell to its full extent without jeopardizing cell
integrity.

The cortical ER provides membrane for the rapid expansion

of spheroplasts

The hypoosmotic-induced expansion of the cell surface is lim-
ited by the cell wall and reached a median of ~16-19% (Fig. 1, B
and D). Curiously, the maximum observed surface expansion
was much higher at 38% (Fig. 1 B). To push the system and de-
termine if the yeast PM could expand even further without
losing cell integrity, we spheroplasted yeast cells expressing an
ER-localized superfolder pHluorin (ER-pHluorin) and a tagged
eisosome marker, Ncel02-mCherry. The eisosome marker al-
lowed us to identify the properly spheroplasted cells (spher-
oplasts exhibit large eisosomes; see arrow in Fig. 5 A) and the
observed loss of eisosome structures served as an indicator for
high PM tension. The removal of the cell wall was performed at
pH 6.5 and in the presence of 0.4 M sorbitol to minimize turgor
pressure. These spheroplasts were then flushed into the mi-
crofluidics chamber and imaged by fluorescence microscopy
before and after shift to 0.1 M sorbitol. This hypoosmotic shock
caused the spheroplasts to expand dramatically, resulting in a
median increase in surface area of ~54% (Fig. 5, A and C). Time-
lapse imaging of the spheroplast expansion indicated a rate of
~1% surface area increase per second, which was similar to the
expansion rate of walled cells (compare Fig. 5 B with Fig. 2 A; see
Video 1). During expansion, the ER-pHluorin signal declined
only slightly (see Video 1 and micrographs in Fig. 5 B), sug-
gesting that cell integrity remained intact. However, ~9% of the
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Figure 3. Flow cytometry-based analysis of cell integrity
after hypoosmotic shock. Wild-type and mutant strains ex-
pressing pHluorin-mCherry (SEY6210, LGY83, MTY18 containing
pMB517) were grown in the presence of 1 M sorbitol. The cells
were either switched to a new medium containing sorbitol
(control; 1 M sorbitol > 1 M sorbitol) or to medium without sor-
bitol (hypoosmotic shock; 1 M sorbitol > 0 M sorbitol) and within
~1 min analyzed by flow cytometry. (A-C) The plots show the
distribution of the pHluorin/mCherry ratio of ~200,000 cells
(readout of cytoplasmic pH). (D) Quantitative analysis of the flow
cytometry data collected from wild-type and mutant strains ex-
pressing pHluorin/mCherry (MTY93, MTY89, SEY6210, MTY7,
MTY2, MTY86, MTY91, MTY11, STY11, LGY83, and MTY18 con-
taining pMB517). “Lysed” cells were defined as cells with a
pHluorin/mCherry ratio <1 (indicating loss of PM integrity),
whereas “low pH” cells showed a pHluorin/mCherry ratio that
was <95% of the control cells but >1 (see panel A). Based on this
analysis, the controls of all strains were very similar (shown as
“con”). (E) Wild-type and mutant yeast strains expressing
pHluorin-mCherry (SEY6210, MTY18, MTY89, STY1l, MTY9l,
MTY86 containing pMB517) were monitored during hypoosmotic
shock (1 M sorbitol > 0 M sorbitol) in a microfluidics chamber to
determine the percentage of cell lysis (loss of pHluorin signal,
indicating loss of PM integrity) and cell rupture (loss of pHluorin
and mCherry signal, indicating ruptured cell wall and PM; see
Fig. 1 C). The wild type and tcb2/3A data are identical to those
shown in Fig. 1 C.
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Figure 4. Deletion of IST2 resulted in delayed cell expansion.
Hypoosmotic-induced changes in cell surface area were measured from wild-
type and mutant strains (AMY4, MTY47, MTY52) as described in Fig. 1 D (the
2 min time points are the data set shown in Fig. 1 D).

wild-type spheroplasts ruptured during these experiments
(Fig. 5 D).

During spheroplast swelling, the ER exhibited rapid move-
ment and morphology changes (see Video 1). After hypoosmotic
shock, most of the cER sheets were lost and the remaining cER
appeared mainly tubular (Fig. 5, A and F). In total, we determined
that the cER lost ~35% of its surface area (Fig. 5 G; based on the ER
changes observed at the spheroplast surface closest to the mi-
croscope objective, as shown in Fig 5, A and F). We also observed
changes in the nuclear membrane. In spheroplasts containing two
connected nuclei (mother and daughter nuclei of G2 cells), the
nuclei fused back together and formed a single structure with
reduced surface area (see nuclear membrane in Fig. 5 A). This
observation suggested that these spheroplasts not only lost cER
but also membranes from other parts of the ER network. To-
gether, the data indicated that most of the membrane required for
the dramatic spheroplast expansion was provided by the ER (cER
has approximately the same surface area as the PM; [Manford
et al,, 2012]). In addition, eisosome flattening and PM stretching
likely supported some of the surface expansion.

As observed with walled cells, spheroplast expansion during
hypoosmotic conditions was dependent on the tricalbins. 75% of
tcb2/3A spheroplasts did not expand but ruptured during the
hypoosmotic shock (recognized by reduced cell size, collapsed
cER, and extracellular PM remnants; Fig. 5 E). The remaining
25% that survived the hypoosmotic shock exhibited a wide range
of expansion, resulting in cell surface changes from as little as
10% to as much as 100% (compared to 39-66% in wild type; Fig. 5
C). Overall, the median of the surface area changes of the sur-
viving tcb2/3A spheroplasts was half of that observed with
wild-type cells (Fig. 5 C). However, the few surviving tcb2/3A
spheroplasts we were able to analyze (sufficiently expressed ER-
pHluorin) showed ~40% loss of cER, which was similar to the
loss observed for wild-type spheroplasts (Fig. 5 G). Together, our
observations indicated that the tricalbins are important for the
large, hypoosmotic-induced delivery of cER membrane to the
surface of spheroplasts, even though some mutant cells seem to
be able to bypass this requirement.
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On average, the ist2A mutant spheroplasts expanded their
surface area to a similar extent as wild type (~51%, Fig. 5 C),
supporting the idea that Ist2 is not essential for the rapid cell
expansion. However, the measurements also indicated that the
extent of spheroplast swelling was not as consistent as observed
with wild type and the loss of cER was less severe in ist2A
(Fig. 5 G), suggesting problems with the cER-to-PM membrane
transfer.

Together, the spheroplast analysis identified cER as the main
membrane source for PM expansion and further supported the
importance of the tricalbins in preventing cell lysis/ruptures
during the acute phase of hypoosmotic stress.

cER-PM membrane transfer causes phosphatidylserine (PS)
exposure

At the PM, the negatively charged phospholipid PS localizes
exclusively to the cytoplasmic leaflet, whereas at the ER, PS is
found in both leaflets (Tsuji et al., 2019). Therefore, the cER-PM
membrane transport might disrupt PS asymmetry at the cell
surface. We tested this idea by spheroplasting yeast expressing
the eisosome marker Ncel02-mCherry and exposed these
spheroplasts to a hypoosmotic shock. After 2 min at low
osmolarity, we added fluorescently labeled PS-binding pro-
tein annexin-V to the swollen spheroplasts and visualized these
cells by fluorescence microscopy. It should be noted that these
experiments were not performed in a microfluidics system and
thus the hypoosmotic stress conditions had to be adjusted
(switch spheroplasts from 0.8 to 0.1 M sorbitol in a test tube).
The images of these experiments showed that hypoosmotic
shock caused a dramatic increase in annexin-V staining of the
spheroplasts, suggesting that the cER-PM membrane transfer
disrupted PS asymmetry at the PM (Fig. 6 A; quantified in Fig. 6
C). Unlike cell debris, the swollen but intact spheroplasts ex-
hibited punctate annexin-V staining, which suggested a clus-
tering of the surface-exposed PS in these spheroplasts (compare
Fig. 6 A with Fig. 6 B). The reason for this PS clustering is
not known.

After hypoosmotic shock, the ist2A mutant spheroplasts also
exposed PS on the surface, although to a lesser degree (Fig. 6, A
and C). This finding fit to the other phenotypes observed with
this mutant, which suggested not a block but a delay or ineffi-
ciency of the cER to PM membrane transfer. The fact that de-
letion of IST2 does not block PS exposure is particularly
interesting since Ist2 belongs to the family of TMEMI16/anocta-
min proteins that have been implicated in the loss of PS asym-
metry during platelet activation (blood coagulation) and apoptosis
(Falzone et al., 2018).

Calcium influx plays an important role in the EPCS-mediated
membrane transfer

Published data suggested that calcium is a likely regulator for the
CER-to-PM membrane transfer. The tricalbins contain calcium-
binding C2 domains that regulate their interactions with the PM
(Schulz and Creutz, 2004) and Ist2 is predicted to be a calcium-
regulated chloride channel (Kunzelmann et al., 2016). We found
that mutations of the PM calcium channel Cchl impair cell
expansion (Fig. 1 D). Furthermore, it has been shown that
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Figure 6. Hypoosmotic swelling of spheroplasts causes PS exposure.
(A) Wild-type and ist2A cells (AMY4, MTY47) were spheroplasted in presence
of 0.8 M sorbitol. After hypoosmotic shock in 0.1 M sorbitol medium, the
spheroplasts were stained with annexin-V that binds to surface exposed PS.
(B) Example of cell remnants stained with annexin-V. (C) Quantification of
the annexin-V staining.

hypoosmotic shock causes a spike in intracellular calcium
(Batiza et al., 1996), an observation we confirmed using yeast
expressing GCaMP (Fig. 7 A). Deletion of CCHI resulted in a re-
duced calcium response to the hypoosmotic shock (Fig. 7 A),
implicating other calcium sources in the response, such as the
vacuole and mitochondria. However, based on the reduced cell
expansion of cchIA (Fig. 1 D), we propose that calcium influx via
Cchl is locally triggering the EPCS-mediated membrane transfer
and that other calcium sources are not relevant for this
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response. In support of this idea, we found that chelating ex-
tracellular calcium with EGTA reduced hypoosmotic cell surface
expansion (Fig. 1 D).

Cchl belongs to the family of voltage-gated calcium channels,
and the voltage sensor seems to be conserved. In fact, Cchl
mediates a calcium influx as a result of pH increase of the ex-
tracellular medium from ~4 (optimal pH for yeast growth) to
~7.5 (addition of Tris buffer; Fig. 7 B). This pH increase is ex-
pected to depolarize the negative membrane potential of the
yeast PM, thereby triggering the Cchl-dependent influx of cal-
cium. We observed a reduced calcium response in cchlA cells
after Tris treatment, indicating that depolarization indeed trig-
gers Cchl-mediated influx of extracellular calcium (remaining
calcium likely originates from the vacuole). The maximal
GCaMP signal was on average ~1.5-fold lower in cchlA cells
compared with wild type (quantifications in Fig. 7, A and B).

Concomitant with the calcium influx, we found that the Tris
treatment also resulted in a cell surface increase of ~10% (Fig. 7
C), suggesting that the calcium signal is sufficient to cause cER-
to-PM membrane transfer even in the absence of a hypoosmotic
shock. Similar to the hypoosmotic-induced cell surface increase,
high-pH induced cell surface increase also required the tri-
calbins (Fig. 7 C). In summary, Cchl seems to function both as a
stretch- and voltage-gated calcium channel that is important for
the rapid cell surface expansion during stress conditions.

Both tcb2/3A and ist2A mutants exhibited changes in the
calcium response to hypoosmotic shock (Fig. 7 A). The response
curve showed a much sharper peak compared with wild type,
which might either be the result of the higher PM tension pre-
dicted in these mutants after hypoosmotic shock or caused by
calcium influx through small ruptures of the PM. In addition,
ist2A mutants also exhibited a blinking GCaMP fluorescence,
indicating that hypoosmotic stress in this strain produced
multiple calcium waves (Fig. 7 A). This finding was consistent
with the observed slow cell size increase of this mutant (Fig. 4),
indicating multiple rounds of calcium-triggered cER-PM mem-
brane transfer events. Cchl is known to exhibit calcium-
mediated feedback inhibition (Muller et al., 2001), which can
explain why the prolonged membrane tension in hypoosmotic-
stressed ist2A does not result in a single, prolonged calcium
signal but causes repeated calcium waves.

What is the mechanism for cER-to-PM membrane transport?

With both spheroplasts and walled cells, we observed a surface
increase of ~1% per second, which corresponds to a transfer rate
of ~4 x 10° lipids/s (0.4 nm? per lipid; 1% of surface area = 8 x 10°
nm?; 2 lipid layers). This lipid transfer seems to occur without
energy input since depletion of ATP by the addition of NaN; and
NaF 5 min before treatment did not affect the surface expansion
rate during hypoosmotic shock (Fig. 1 D; addition of NaN;/NaF
causes ATP loss within <1 min; [Moharir et al.,, 2018]). The
current models of EPCS function would suggest that this transfer
is accomplished by lipid transport proteins. The tricalbin pro-
teins contain SMP domains that have been shown to bind and
transport lipids at a rate of <1 lipid/s (in vitro rate; [Yu et al.,
2016]). Since there are ~25,000 Tcb1/2/3 proteins per cell
(Wong et al., 2017), each tricalbin would have to transfer ~160
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Figure 7. High membrane tension or loss of membrane potential causes Cchl-mediated calcium influx. (A) GCaMP-expressing cells (LGY36, MTYS5,
MTY21, MTY69) were exposed in a microfluidics chamber to a hypoosmotic shock (1 M sorbitol > 0 M sorbitol), and the changes in GCaMP fluorescence were
monitored with time-lapse imaging. The red arrow marks the start of cell expansion for all experiments. (B) In a microfluidics chamber, cells expressing GCaMP
were treated with a medium containing 40 mM Tris pH8 (resulting pH~7.5), and the GCaMP signal was monitored by time-lapse imaging. (C) Change in cell
surface area caused by the addition of 40 mM Tris pH8 (LGY36, MTY21). The box-and-whisker plots indicate the mean.

lipids/s, >160-times faster than the observed in vitro rate.
Therefore, the SMP domains of the tricalbins are unlikely can-
didates for the massive lipid transfer necessary during hypo-
osmotic shock. However, we acknowledge the fact that most
lipid transfer rates measured in vitro underestimate the true
in vivo rates.
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A different family of proteins that have been shown to be able
to transport ~200 lipids/s are the Vpsl3-like proteins. Three of
these have been localized to the EPCS (Hob2, Csfl, Fmp27;
[Neuman et al., 2022; Toulmay et al., 2022]). However, these
proteins are rather low expressed and add up to only ~2,000
copies per cell (Wong et al., 2017). As a consequence, the
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available Vps13-like proteins would only be able to accommodate
~10% of the necessary lipid transfer rate. Nevertheless, we de-
cided to test the hob2A, csflA, and fmp27A mutants for potential
cell expansion defects. Because the most obvious phenotype we
observed with the tcb2/3A mutant cells was the cytoplasmic pH
drop during acute cell expansion (loss of PM barrier function),
we performed flow cytometry analysis with yeast expressing the
pH sensor pHluorin-mCherry. The resulting data showed that
mutations in the Vpsl3-like proteins had either no phenotype
(hob2A, hob2Afmp27A; Fig. 3 D) or phenotypes weaker than those
observed in fpslA (fmp27A and csflA; Fig. 3 D). Vpsl3-like proteins
likely play a role in maintaining proper PM lipid composition,
which could explain some of the observed phenotypes.

In the case of csflA, the main phenotype was an increase in
the “lysed cells” population, which might include cells that
ruptured and lost cell wall integrity. However, our gating of the
flow cytometry data removed cells with very low mCherry
fluorescence and thus might have also removed the ruptured
cells. Therefore, we analyzed hypoosmotic-shocked cells ex-
pressing the pH sensor pHluorin-mCherry by fluorescence mi-
croscopy (using the microfluidics system as in Fig. 2).
Quantification of these hypoosmotic-shock experiments con-
firmed that the main phenotype of csflA cells was not the loss of
PM barrier function (labeled as lysed cells) but the rupturing of
cells (Fig. 3 E), which suggested that csflA cells exhibit a weakened
cell wall. Consistent with this finding, a recent study implicated
Csfl in the synthesis of GPI-anchored proteins that play an im-
portant role in cell wall formation/maintenance (Toulmay et al.,
2022). Consistent with the flow cytometry analysis, the micros-
copy of hob2A and fmp27A indicated no or only minor defects in
hypoosmotic stress response (Fig. 3 E). In summary, loss of the
Vpsl3-like proteins does not phenocopy the cell expansion defects
observed with mutations in the tricalbins, suggesting that these
lipid transfer proteins are not required for the delivery of cER
membrane to the PM during rapid cell expansion.

Recent cryo-EM analysis of yeast identified membrane peaks
in cER sheets, and the presence of these peaks required the
tricalbins (see model in Fig. 10 B; [Collado et al., 2019; Hoffmann
et al.,, 2019]). The peaks shorten the distance between cER and
PM from ~22 to ~7 nm, and their presence was shown to be
important in maintaining cell integrity during heat shock
(Collado et al., 2019). Therefore, it was speculated that the peaks
represent sites of enhanced tricalbin-mediated lipid transport.
With only ~150 peaks per cell, the cER peaks are rather rare
structures (Collado et al., 2019). If these peaks are indeed the
main sites of lipid transfer during hypoosmotic shock, we would
estimate a rate of ~27,000 lipids/s/peak, a transfer rate that
could only be accomplished by a direct fusion of the two mem-
branes and not by transfer of individual lipids.

The 7-nm distance between the cER peaks and the PM could
be bridged by SNARE proteins, and therefore we considered the
possibility that the membrane transfer is accomplished by a
SNARE-mediated fusion reaction. Because the PM SNAREs Ssol/
2 and the ER SNARE Sec22 have been shown to interact at the
EPCS (Weber-Boyvat et al., 2021), we decided to test for cell
expansion phenotypes of strains deleted for 5501, SSO2, or both
S§S02 and SEC22. Flow cytometry and microscopy of these
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Figure 8. During cER to PM membrane transport, Ist2 does not get
delivered to the cell surface. Wild-type cells expressing GFP-Ist2 and the ER
marker ER-RFP (SEY6210 pMT1 pMT10) were spheroplasted, flushed into the
microfluidics chamber, and exposed to hypoosmotic shock (0.4 M sorbitol >
0.1 M sorbitol). (A and B) Subpart (A) shows fluorescence microscopy pic-
tures of the surface and cross section of one of these spheroplasts and (B)
shows the surface of two additional examples. The star marks cell debris (not
part of the analyzed cell).

mutant cells expressing the pH sensor showed no increase in cell
lysis, no increase in cell ruptures, or decrease in cytoplasmic pH
(Fig. 3, D and E), suggesting that these SNAREs are not involved
in the proposed fusion reaction or that other SNARES are able to
compensate for the deletions. Alternatively, the fusion could be
mediated by a SNARE-independent mechanism.

EPCS-mediated protein transport

Fusion of the cER to the PM would not only provide rapid lipid
transport but might also allow for the delivery of proteins from
the ER to the cell surface. Because of the large cell expansion,
this potential protein transport should be particularly obvious in
the case of spheroplast swelling where we observed >50% sur-
face increase. Ist2 is an ER transmembrane protein and is pre-
dicted to be in close proximity to the cER peaks. Therefore, we
tested if membrane transfer during spheroplast expansion
would move a portion of GFP-Ist2 from the cER to the cell
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surface. Spheroplasts expressing both GFP-Ist2 and a lumenal ER
marker, ER-RFP, showed partial colocalization of these two
proteins (Fig. 8 A, additional examples in Fig. 8 B). ER-RFP
marked cER colocalized with GFP-Ist2, but some GFP-Ist2-la-
beled cER sheet exhibited no or very low ER-RFP staining. After
the hypoosmotic shock, the expanded spheroplasts had lost the
cER sheets (as observed before with ER-pHluorin; see Fig. 5 A)
and the two ER markers showed almost perfect colocalization to
the tubular cER network (Fig. 8, A and B). This observation was
not consistent with an efficient transport of GFP-Ist2 to the cell
surface which would have resulted in a more diffuse distribution
of this protein at the cell periphery/surface (standard microcopy
is not able to visualize cER and PM as discrete structures). In
contrast, the data were more consistent with a model in which
during spheroplast expansion the lipid transport from the cER to
the PM causes the concentration of ER transmembrane proteins
into tubular structures.

We considered the possibility that the postulated cER-PM
fusion pore might not allow for large multispanning trans-
membrane proteins, such as Ist2, to be delivered to the cell
surface. Therefore, we focused on GPI-anchored proteins, which
are translocated as a soluble protein into the lumen of the ER but
become attached to the inner leaflet of the ER membrane by the
GPI modification. After trafficking to the cell surface via
the secretory pathway, most GPI-anchored proteins function in
the synthesis and maintenance of the cell wall (Pittet and
Conzelmann, 2007). It is important to note that efficient ER
exit of GPI-anchored proteins requires the remodeling of the
GPI-anchor (Castillon et al., 2011). These remodeling reactions
might allow the cell to regulate ER exit and thus maintain an ER
pool of the GPI-anchored proteins.

To test if hypoosmotic shock causes the rapid delivery of GPI-
anchored proteins to the cell surface, we constructed a fusion
protein that replaced the enzymatic domain of the GPI-anchored
protein Crh2 (chitin transglycosylase) with the HaloTag. Halo-
Tag is an enzyme that covalently attaches dyes that contain a
chloroalkene linker. Depending on the hydrophobicity of the
dye, this reaction can be limited to the extracellular surface of
the cell (Alexa dyes) or the reaction can occur throughout the
cell (membrane permeable TMR dye). HaloTag-based surface
labeling of yeast is hampered by the low pH of the growth me-
dium (pH < 4), which required us to buffer the medium to
~pH6.5. In contrast, we found that labeling of the intracellular
pool of Crh2-HaloTag with the TMR ligand was only possible at
pH~4, a pH at which the carboxy group of the TMR dye is
protonated, which allows for easier transmembrane diffusion
but inhibits surface labeling. Fig. 9 A shows two examples of
cells expressing Crh2-HaloTag that were first labeled with TMR
ligand followed by labeling with Alexa488 ligand. Consistent
with previously published data (Rodriguez-Pena et al., 2000),
the results showed a highly polarized localization for both the ER
(TMR labelled) and the surface pool (Alexa488) of the GPI-
anchored protein. Cells that were in the G2 phase of the cell
cycle showed Crh2-HaloTag localization to the growing bud
(intra- and extracellular pool), whereas during cytokinesis, the
main pool of Crh2-HaloTag was localized to the site of cell di-
vision. In addition, the ER pool of the fusion protein showed
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Figure 9. Hypoosmotic shock causes the delivery of a GPl-anchored
protein to the cell surface. (A) Wild-type yeast expressing a Crh2-
HaloTag fusion protein (SEY6210 pLG42) were first stained for 30 min at
pH4 (standard growth medium) with the membrane-permeable TMR ligand
and were then stained for 5 min at pH6.5 with the hydrophilic Alexa488
ligand. The pictures show examples of cells at two different stages of the cell
cycle. (B) Cells expressing Ncel02-mCherry (cell surface marker) and Crh2-
HaloTag (AMY4 pLG42) were grown in the presence of 0.6 M sorbitol, flushed
into a microfluidics chamber, and stained with Alexa488 HaloTag ligand for
10 min (first row of pictures). After the switch to hypoosmotic conditions, the
cells were stained again with Alexa488 ligand for 5 min (second row of
pictures). (C) Quantification of the experiments shown in B (AMY4 pLG42,
MTY52 pLG42).

localization to the region that likely marked the site for the next
budding event (see arrows in Fig. 9 A).

For the hypoosmotic shock experiments, we grew cells ex-
pressing Crh2-HaloTag in the presence of 0.6 M sorbitol. These
cells were flushed into a microfluidics system and stained with
Alexa488 ligand at high concentrations (1 pM) for 10 min (sat-
urated staining). The cells were briefly washed and the control
microscopy pictures were taken (see 0.6 M sorbitol in Fig. 9 B).
We then performed a hypoosmotic shock and the cells were
stained with Alexa488 ligand for 5 min. After a brief wash, the
cells were analyzed again by microscopy (see 0 M sorbitol in
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Fig. 9 B). The comparison between the two sets of pictures
showed that >20% of the cells exhibited new surface staining of
Crh2-HaloTag that was not present before the hypoosmotic
stress (>2x increase in signal; Fig. 9 C). These new surface pools
localized to two distinct places: either a newly formed small bud
that rapidly expanded by the hypoosmotic stress or the site of
cell division (Fig. 9, B and C). These are also the sites where
Crh2-HaloTag was localized intracellularly (see TMR labeling in
Fig. 9 A). A control experiment in which we performed the same
labeling procedure but without the hypoosmotic shock showed
an approximately fourfold lower number of cells with new
Crh2-HaloTag surface labeling (Fig. 9 C), which most likely can
be attributed to new growth and secretion during the second
labeling period. Interestingly, deletion of the tricalbins TCB2/3
resulted in a similar reduction in new surface labeling as shown
for the control experiment. Together, the data indicated that
hypoosmotic shock is indeed able to rapidly deliver a new pool of
GPI-anchored proteins to the cell surface and that this protein
secretion requires the tricalbins. The fact that only a subset of
cells showed this secretion of Crh2-HaloTag might be explained
by the tight temporal and spatial control of this protein. Crh2 is
delivered to the cell surface only in certain phases of the cell
cycle and in certain locations where the cell wall is vulnerable to
rupture, which could aid in the repair of the stressed cell wall. In
any case, our observations with GPI-anchored proteins provide
strong support for the proposed cER-PM fusion at contact sites.

Discussion

Yeast osmotic regulation has been extensively studied. Changes
in extracellular osmolarity result in changed turgor pressure
that is sensed by the HOG and CWI pathways and leads to
adaptations by transcriptional regulation. Furthermore, yeast
adjusts internal to external osmolarity by either the synthesis or
efflux of glycerol, the latter is accomplished via the aqua-
glyceroporin Fpsl (Luyten et al., 1995). Fig. 10 A summarizes the
observations we made with the microfluidics system of
hypoosmotic-shocked cells. The shift of growth medium con-
taining 1 M sorbitol to medium without sorbitol (time = 0 s)
caused a rapid cell swelling (blue line, increase in cell surface
area), indicating that water influx into the cell resulted in in-
creased turgor pressure (black line; predicted, not measured).
With a delay of ~4 s, the cytoplasmic calcium concentration
increased, indicating the opening of the calcium channel Cchl
(and vacuolar channels; yellow line). 4 s after the calcium re-
sponse, we observed a transient drop in cytoplasmic pH, sug-
gesting increased proton influx from the acidic environment.
After ~20 s, the maximal surface area increase is reached. Be-
cause of glycerol release and water influx, turgor pressure is
predicted to drop to normal levels. It should be noted that this
timing of events is based on a limited set of carefully analyzed
examples and thus variations might be possible.

The hypoosmotic swelling of yeast occurred within ~20 s and
resulted in a ~20% increase in cell surface area, which begged the
question: how are cells able to add a large amount of membrane to
the cell surface within seconds? Our candidate approach identi-
fied the tricalbins, also referred to as extended synaptotagmins,
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as essential factors in the rapid cell surface expansion. Approxi-
mately 25% of hypoosmotic-treated tcb2/3A cells either lost PM
barrier function (lysed) or ruptured (loss of both PM and cell wall
integrity). An additional 55% of these mutant cells exhibited a
pronounced drop in cytoplasmic pH during cell swelling, indi-
cating a partial loss of PM barrier function (Fig. 10 A). Consistent
with the presence of defects in the PM, we also observed in these
cells a sharp calcium peak that started later during cell swelling
(concomitant with the pH drop) and reached higher concen-
trations than in wild type, which suggested that most of this
calcium influx might not have been mediated by Cchl but by
fractures in the PM. With the drop in turgor pressure, the tcb2/3A
mutants reduced their cell size, consistent with the idea that these
cells did not add membrane to the cell surface (Fig. 10 A).

The tricalbins are part of the EPCS and function as tethers that
keep cER within ~22 nm of the PM. Furthermore, the SMP do-
mains of the tricalbins have been shown to bind and transfer
lipids (Saheki et al., 2016; Yu et al., 2016). However, the pheno-
types of tricalbin mutants are generally minor and do not affect
cell growth or survival. In fact, mice with deletions in all three
tricalbin homologs (deletion of E-Syt1/2/3) exhibit no develop-
mental problems. Most of the phenotypes associated with the loss
of the tricalbins were only observed when combined with mu-
tations in other EPCS proteins, and these phenotypes could be
complemented by tricalbin constructs that lacked the lipid-
binding SMP domain but maintained the ER-PM tether func-
tion of the protein. These observations questioned the importance
of tricalbin-mediated lipid transfer. However, recent studies
found that tricalbins and their lipid transfer activity played an
important role in maintaining PM barrier function during heat
shock (Collado et al., 2019; Thomas et al., 2022), and we observed
dramatic defects in tricalbin mutants in hypoosmotic-induced cell
swelling. Both high temperature and high membrane tension
cause an increase in membrane fluidity of the PM that threatens
the barrier function. Therefore, we propose that the tricalbins act
as a stress response system that counters an acute increase in PM
fluidity by transferring membrane from the cER to the PM and
thus allowing the cell to maintain cell integrity. This membrane
transfer is highly efficient and enables yeast spheroplasts to in-
crease their surface area by >50% in less than a minute.

With regard to the mechanism of cER-to-PM membrane
transport, the most important observation was the hypoosmotic-
induced delivery of the GPI-anchored protein Crh2 to the cell
surface. This observation strongly supported the model that at
the EPCS, the cER was able to fuse with the PM and deliver both
lipids and proteins to the surface. The combined transport of
lipids and GPI-anchored proteins is physiological sensible since
cell expansion requires not only the addition of lipids to the PM
but also a remodeling of the cell wall by GPI-anchored enzymes
such as Crh2. It is important to note that we did not observe the
hypoosmotic-triggered transport of Ist2 to the cell surface,
suggesting that only a specific subset of ER proteins might be
able to pass the fusion pore.

A model for the cER-to-PM membrane transport
We proposed that the recently discovered tricalbin-mediated
cER peaks (Collado et al., 2019) are sites of stress-induced
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Figure 10. Summary and interpretation of our observations. (A) Microfluidics-based analysis of yeast hypoosmotic shock. Time O marks the time point at
which we observed the beginning of the cell surface increase (blue line). Based on this observed swelling, we predict that the turgor pressure increased shortly
before (black line). In wild type, the cytoplasmic calcium increase followed ~4 s after cell expansion started (yellow line) and another 4 s later the cytoplasmic
pH showed a small drop (green line). In contrast, tcb2/3A cells exhibited a calcium spike and a dramatic pH drop ~8 s after cell expansion started. Furthermore,
the increased cell size did not remain and when the turgor pressure dropped the mutant cells lost some of their surface expansion. (B) Model of the tricalbin-
mediated transport of cER membrane to the PM. At cER sheets, the tricalbins form a ring structure that deforms the membrane into ER peaks. High PM fluidity,
caused either by high tension or heat-shock, opens the calcium channel Cchl (step 1). The local influx of calcium (step 2) causes the tricalbins to shorten the
distance between the cER and the PM (step 3), thereby bringing the fusogenic ER peak into close proximity to the high-fluidity PM. As a result, the membranes
fuse, which allows rapid delivery of ER lipids and the GPI-anchored protein Crh2 to the cell surface (step 4). The tricalbin ring acts as a diffusion barrier for
transmembrane proteins and thus prevents the delivery of Ist2 to the cell surface. High-calcium concentrations activate the chloride channel Ist2, which after
fusion becomes part of the PM. The resulting secretion of chloride ions (step 5) lowers the membrane potential and as a consequence increases the calcium
influx via Cch1 at other fusion sites. Finally, the fusion pore collapses, leaving behind a cER with a reduced lipid/protein ratio and thus a changed morphology.
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membrane fusion between the cER and the PM (see model in
Fig. 10 B). The cER peaks are rather rare structures of cER sheets
(~150/cell; [Collado et al., 2019]) that shorten the distance be-
tween the cER and PM from ~22 to ~7 nm. Tcb1/2/3 assemble
into heterodimers and larger oligomers (Zanetti et al., 2016) and
thus the cER peaks might be formed by a circular arrangement
of tricalbins that locally deform the membrane. High PM tension
(high PM fluidity) causes an influx of calcium via Cchl (steps
1 and 2 in Fig. 10 B). High calcium concentrations stabilize the
interaction between the tricalbins and the PM, which have been
shown to further shorten the distance between the cER peaks
and the PM by another 2 nm (step 3, Fig. 10 B; [Collado et al.,
2019]). We predict that this narrowing of the cER-PM gap is the
trigger for the fusion reaction (step 4, Fig. 10 B).

The PM SNAREs Ssol/2 and the ER SNARE Sec22 have been
shown to interact at the EPCS, making these SNAREs good
candidates for the proposed fusion reaction. However, our
analysis suggested that these SNARE proteins are not involved in
the membrane transfer reaction and thus we conclude that ei-
ther other SNAREs are involved or, our preferred model, that the
fusion reaction is SNARE independent. The tip of the cER peak is
a highly curved membrane (10 nm diameter, [Collado et al.,
2019]) and thus predicted to be unstable and fusogenic. Bring-
ing this highly curved membrane tip in close proximity to a PM
that is under high tension could provide a SNARE-independent
fusion mechanism.

The lipid-binding SMP domains of the tricalbins might fur-
ther promote a fusion reaction. In mammalian cells, the tricalbin
homologs (E-Syt1/2/3) have been shown to transport diacyl-
glycerol (DAG) from the PM to the ER (Saheki et al., 2016). Be-
cause of the lack of a headgroup, DAG is considered a fusogenic
lipid (Das and Rand, 1984). Therefore, SMP-mediated DAG
transport (under normal growth conditions) might cause local
enrichment of DAG both at the cER peaks and the adjacent PM,
which would further lower the fusion barrier. Finally, it has
been speculated that after calcium influx, the reduced distance
between cER peaks and the PM allows for fast SMP-mediated
lipid transfer between ER and the PM (Collado et al., 2019). This
fast, local lipid transfer might be able to bridge the remaining
gap between the membranes and facilitate the fusion of the cER
peaks with the PM.

Although our model of cER-PM fusion is speculative, it is the
model that best incorporates our observations and previously
published data. This model can also explain the role of Ist2 in the
cER-PM membrane transfer. Deletion of IST2 did not block but
delayed the membrane transfer from the cER to the PM (Fig. 4),
suggesting that Ist2 increases the efficiency of the transfer.
Based on sequence comparison, Ist2 has been proposed to
function as a calcium-regulated chloride channel (Kunzelmann
etal., 2016). Cells use the efflux of chloride ions to depolarize the
membrane potential. Our data in Fig. 7 indicated that the calci-
um channel Cchl is triggered both by tension and depolarization
of the membrane potential and thus Ist2 might function in
supporting the opening of Cchl. Consistent with this idea, we
observed that ist2A mutants exhibited a reduced hypoosmotic-
triggered calcium influx (Fig. 7 A). However, to be able to de-
polarize the PM, Ist2 has to be embedded in the PM. Since Ist2
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localizes to the cER, the fusion of cER to the PM would be es-
sential to allow Ist2 to lower the membrane potential and thus
further activate Cchl (step 5, Fig. 10 B).

A backup system that bypasses the tricalbins?

Based on our model, the loss of tricalbin function should elimi-
nate the cER-to-PM membrane transfer. Surprisingly, we found
a few cases where tcb2/3A spheroplasts were able to expand
during hypoosmotic shock without obvious loss of cell integrity.
Furthermore, these spheroplasts exhibited loss of cER, indicat-
ing that these few mutant cells were able to transfer membrane
from the ER to the PM without Tcb2 and Tcb3. It is possible that
Tcbl alone might maintain some functionality. Alternatively,
yeast might have a backup system that can bypass the need for
the tricalbins. The PM fractures that seem to form in tcb2/3A
during hypoosmotic expansion (dramatic cytoplasmic pH drop
and calcium spike) form membrane edges that are predicted to
be highly fusogenic. If the PM tension is not too high, these
edges can fuse back together, sealing the fracture. However,
when the high tension on the PM does not allow resealing, the
edges of the fracture might have the chance to fuse to the nearby
cER. This repair might not be efficient but it could represent an
emergency backup when other systems fail. In general, yeast is
surprisingly resilient to osmotic shocks. Even hypoosmotic-
treated tcb2/3A mutants that exhibited cell lysis and thus a cy-
toplasmic pH below 5 were able to restore normal pH within
~5 min and remained viable. Only cells that lost cell wall in-
tegrity (ruptured cells) also lost viability. Therefore, as long as
the cell wall remains intact, yeast is able to recover even after
complete loss of PM barrier function.

PS exposure and evolutionary conservation of the ER-PM
membrane transport

As a consequence of the cER-to-PM membrane transfer, we
observed the exposure of PS at the cell surface, a phospholipid
that exclusively localizes to the cytoplasmic leaflet of the PM
under normal conditions. Based on our model, we could predict
that this pool of surface-exposed PS originated from the lu-
menal leaflet of the cER membrane. An alternative explanation
is that the PS exposure would be the activation of scramblases
that might aid in the rapid cell expansion. Among the best-
studied scramblases are the mammalian TMEMI6 proteins,
which are homologs to yeast Ist2. TMEMI6F has been studied
extensively for its role in calcium-triggered PS exposure and
cell surface expansion, particularly in platelets (Yang et al.,
2012; Suzuki et al., 2010; Bricogne et al., 2019). Although the
proposed mechanisms by which TMEMI6F performs these
functions differ from our model, both of these roles of
TMEMIG6F fit well with our observed function of the EPCS in
cER-to-PM membrane transport. Therefore, it is possible that
analogous to Ist2, TMEMIG6F is involved in the delivery of ER
membrane to the cell surface, which would suggest that at least
part of the TMEMI6F-mediated PS exposure is not due to
scramblase activity but the surface exposure of ER membrane.
In the case of yeast, Ist2 was not essential for hypoosmotic-
triggered PS exposure (Fig. 6), supporting the notion that Ist2
is likely not a scramblase.
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Beyond platelet activation, there is additional published ev-
idence for the conserved function of the Ist2/TMEMI6 proteins
in ER-to-PM membrane transport. For example, in HEK293 cells,
the addition of a calcium ionophore or the activation of
mechanosensitive calcium channels causes within seconds
TMEMI16F-dependent expansion of the cell surface by >50% and
the concomitant exposure of PS (Deisl et al., 2021). In mouse lens
cells, TMEMI16A has been shown to secrete chloride ions in re-
sponse to a hypoosmotic shock (Ebihara et al.,, 2022). Fur-
thermore, the delivery of TMEMI6A to the cell surface and its
function as a chloride channel was found to be dependent on
the tricalbin-homolog E-Sytl (Lerias et al., 2018), suggesting
that in this case, the cER-PM fusion might deliver not only
membrane but also TMEMI6A to the cell surface. The mam-
malian system is clearly more complex, indicated by the ex-
pression of 10 different TMEMI16 proteins with different
locations. Some of the TMEMI6 proteins are mainly surface
localized (e.g., TMEMI6F), whereas others are found, similar to
Ist2, mainly in the ER and the EPCS (e.g., TMEMI16H; [Jha et al.,
2019]). In addition, compared with Ist2, TMEMI6F and other
proteins from this family seem to play a more dominant role in
the proposed ER-PM membrane transfer. Current literature
does not contain evidence for the role of the mammalian E-Syt
proteins in rapid cell expansion. However, studies in plants
identified the tricalbin-homolog SYT1 as an important factor in
maintaining cell integrity during acute PM stress, such as
freezing, osmotic, and mechanical stress (Ruiz-Lopez et al.,
2021; Schapire et al., 2008), suggesting a PM-protective role
similar to that of the tricalbins.

In summary, our analysis identified the EPCS proteins Tcb2/
3 and Ist2 as an important system that allows for large PM ex-
pansion in a timescale of seconds. EPCS activity counters the
acute PM tension that occurs during hypoosmotic shock by
transferring the membrane from the cER to the PM and thus
allowing the cell to maintain cell integrity. We propose that the
tricalbins mediate a direct fusion of the cER with the PM at ER
peaks, thereby allowing for rapid transfer of membrane and
certain proteins to the cell surface. The low number of ER peaks
compared with the large number of tricalbin proteins indicates
that most tricalbins are not involved in this proposed fusion
reaction but have additional functions, as described in previous
publications (e.g., [Saheki et al., 2016; Collado et al., 2019;
Hoffmann et al., 2019; Thomas et al., 2022]).

Materials and methods

Strains, media, and plasmids

Yeast strains were grown at 30°C in synthetic dextrose medium
(SD; yeast nitrogen base, 2% glucose), either in the presence of
all amino acids and essential supplements (SDcomp) or in case of
plasmid selection lacking certain amino acids/supplements. The
yeast strains and plasmids used in this study are listed in Table 1.
To induce expression from CUPI promoter-driven constructs we
added 0.1 mM CuSO, to the medium. Approximately 30 min
before the experiment we switched the strains to CuSO, free
medium to avoid any oxidative lipid damage. Chromosomal gene
tagging or deletion was performed by homologous recombination
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(Longtine et al., 1998). The modifications were confirmed by PCR
analysis.

Fluorescence microscopy

For most of the fluorescence microscopy (Olympus deconvolu-
tion microscope, 100x objective, ORCA-Flash4.0 camera), we
used a microfluidics system (CellASIC ONIX; Millipore Sigma) at
30°C and with a constant flow of medium (4 psi). All cells were
imaged at mid-log phase (ODgo0 ~0.8). To minimize changes in
growth parameters, the medium for the microfluidics system
was obtained by centrifugation of the culture used for analysis
(conditioned medium). To quantify changes in cell diameter and
surface area from the mother and bud, Fiji was used to thresh-
old, binarize, and stack images taken before and 2 min after
hypoosmotic treatment (Schindelin et al., 2012). Regions of in-
terest were then targeted and measured by Fiji (Fig. 1, A and B).
Further cell surface quantifications were based on measured cell
diameters and the assumption that the yeast cells are spherical
(exception: Fig. 1, A and B; see text). Quantifications of pHluorin,
GCAMP, and mCherry signals were performed manually using
the Olympus microscope software. Changes in the size of the
cER were determined by quantifying the pixel number of ER-
pHluorin marked cER in a single optical section of the cell cortex
using the Adobe Photoshop magic wand tool.

Plating assay

Yeast cultures were grown at 30°C in SDcomp +1 M sorbitol
medium to an ODgoo of 1.0. The cells were harvested by cen-
trifugation (5 min at 7,000 rpm), resuspended in a prewarmed
medium containing either 1 M sorbitol (control) or in a medium
without sorbitol (hypoosmotic), and incubated at 30°C for 5 min.
The cells were serially diluted, spread on YPD plates using a
glass rod, and incubated at 30°C for 48 h before colonies were
counted.

Spheroplasting and annexin-V staining

For spheroplasting, a 5 ml yeast culture was harvested at mid-log
phase and then incubated in 1 ml softening buffer (100 mM Tris
pH9.4 + 10 mM DTT) at room temperature for 10 min. The cells
were centrifuged and resuspended in 1 ml spheroplasting me-
dium (SDcomp + 40 mM MES pH6.5 + sorbitol as indicated [0.8 or
0.4 M]) containing 10 pl of 50 mg/ml zymolyase. The cells were
spheroplasted for 45 min at 30°C. The spheroplasts were washed
with the spheroplasting medium and then either used for a
microfluidics experiment or for annexin-V staining. For the
annexin-V staining, the spheroplasts were pelleted and re-
suspended at 30°C in a labeling medium (spheroplast medium
+2 mM CaCl, +5 mM NaF +5 mM NaNj) containing either 0.8 M
sorbitol (control) or in a labeling medium with 0.1 M sorbitol
(hypoosmotic). The spheroplasts were incubated for 2 min at
30°C. At room temperature, the spheroplasts were then stained
with annexin-V conjugated to Alexa Fluor 488 (Thermo Fisher
Scientific) and imaged by fluorescence microscopy.

Flow cytometry
Yeast strains containing the plasmid pMB517 were grown to the
mid-log phase in a medium containing 0.1 mM CuSO, (to induce
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Strains Descriptive name Genotype or Reference or source
description

SEY6210 WT MATa leu2-3,112 ura3-52 his3-A200 Robinson et al. (1988)
trp1-A901 lys2-801 suc2-A9 GAL

MTY2 ist2A SEY6210, IST2::TRP1 This study

MTY18 tcb2/3A SEY6210, TCB2::HIS3, TCB3::TRP1 This study

AMY4 NCE102-mCherry SEY6210, NCE102-mCherry, KANMX6 Moharir et al. (2018)

MTY81 fps1A, NCE102-mCherry AMY4, FPS1::TRP1, NCE102-mCherry, This study
KANMX6

MTY55 pilIA, NCE102-mCherry AMY4, PIL1::TRPI, NCE102-mCherry, This study
KANMX6

MTY52 tcb2/3A, NCE102-mCherry AMY4, TCB3::TRP1, TCB2::HIS3, This study
NCE102-mCherry, KANMX6

MTY83 tcb2/3ApillA, NCE102- MTY52, PIL1:hphMX, TCB3::TRP], This study

mCherry TCB2::HIS3, NCE102-mCherry, KANMX6

MTY47 ist2A, NCE102-mCherry AMY4, IST2::TRP1, NCE102-mCherry, This study
KANMX6

MTY68 cchlA, NCE102-mCherry AMY4, CCHI1::TRP1, NCE102-mCherry, This study
KANMX6

AMY42 pillA SEY6210, PIL1::KANMX6 Moharir et al. (2018)

LGY83 fps1A SEY6210, FPS1::TRP1 This study

AMY56 cchlA SEY6210, CCHI::TRP1 This study

MTY89 hob2A SEY6210, HOB2::TRP1 This study

MTY7 $502A SEY6210, SSO2::TRP1 This study

MTY86 $s02Asec22A SEY6210, SSO2::TRP1, SEC22::HIS3 This study

MTY91 csflA SEY6210, CSF1::TRP1 This study

MTY11 ssolA SEY6210, SSO1::TRP1 This study

STY11 fmp27A SEY6210, FMP27::KANMX6 This study

LGY36 GCaMP SEY6210, ura3::GPDp-GCaMP3-ADH1t- This study
KANMX4

MTY5 ist2A, GCaMP SEY6210, IST2::TRP1, ura3::GPDp- This study
GCaMP3-ADHIt-KANMX4

MTY21 tcb2/3A, GCaMP SEY6210, TCB2::HIS3, TCB3::TRP1, This study
ura3::GPDp-GCaMP3-ADH1t-KANMX4

MTY69 cchl, GCamP SEY6210, CCHI::TRPI, ura3::GPDp- This study
GCaMP3-ADHt-KANMX4

MTY93 hob2Afmp27A SEY6210, FMP27::KANMX4, HOB2:: This study
TRP1

Plasmids

pMB517 P(CUP1)-sepHluorin- URA3 (pRS416) P(CUP1)-sepHluorin- Moharir et al. (2018)

mCherry mCherry

MRV66 ER-pHluorin p426MET25_SSKar2-sfpHluorin- Reifenrath and Boles (2018)
HDEL

pMT1 P(CUP1)-GFP-IST2 URA3 (pRS426) P(CUP1)-GFP-IST2 This study

pSAB366 GCaMP3 pRS306K-GPD1p-GCaMP3-ADH1t- Carbo et al. (2017)
KANMX4

pRS305-dsRED-HDEL dsRED-HDEL LEU2 (pRS305)-dsRED-HDEL Mike Henne

pMTI0 ER-RFP LEU2 (pRS415)-dsRED-HDEL This study

plG42 P(CUPI)-CRH2-HaloTag URA3 (pRS426) P(CUP1)- CRH2- This study
HaloTag
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the promoter) and 1 M sorbitol. To avoid lipid oxidation, 30 min
before the analysis, the cells were moved into a new growth
medium with 1 M sorbitol but lacking CuSO,. The cells were
harvested by centrifugation (45 s at 5,500 rpm) and resuspended
either in a medium containing 1 M sorbitol (control) or in a me-
dium without sorbitol (hypoosmotic). During resuspending, the
cells and the medium were kept at 30°C. Immediately after re-
suspending, the strains were analyzed using the CytoFlex S flow
cytometer (Beckman Coulter). The pHluorin and mCherry fluo-
rescence data of ~200,000 events were collected for each sample.
Events with mCherry fluorescence <550 units were discarded and
the data was analyzed using the CytExpert software package.

HaloTag experiments

The Crh2-HaloTag fusion construct contained the following el-
ements: CUPI promoter, 1-75 bp CRH2, HaloTag (Promega), 991-
end CRH2, 3' termination/polyA sequence. The resulting plasmid,
pLG42, was transformed into yeast, and the expression of the
Crh2-HaloTag fusion was induced by adding 0.1 mM CuSO, to
the growth medium. In case of staining with the membrane-
permeable TMR HaloTag ligane (Promega), we added the dye
at 200 nM to the growing cells for 30 min. For the staining with
the non-permeable Alexa488 ligand, we grew the cells in me-
dium buffered to pH6.5 (50 mM MES), flushed the cells into the
microfluidics chamber, and added the Alexa488 ligand at 1 uM in
pH6.5 medium for 5-10 min. The hypoosmotic stress experi-
ments with Alexa488 ligand were performed with a switch from
0.6 M sorbitol to no sorbitol in the medium. 0.6 M sorbitol was
chosen because 1 M sorbitol in combination with pH6.5 medium
resulted in very poor growth.

Online supplemental material

Video 1 in Supplemental Material shows time-lapse imaging (1
frame/3 s) of a spheroplast (AMY4 expressing MRV66) observed
by epifluorescence microscopy in the microfluidics chamber
during the switch from high to low osmolarity medium (1 M >
0 M sorbitol). The movie has been sped up 3x (actual duration is
120 s).

Data availability

Microscopy images that are the basis for the analyses shown in
Figs. 1, 2, 4, 5, 6, 7, 8, 9, and 10 are available from the corre-
sponding author upon reasonable request. The data underlying
Fig. 3 are available in the published article.
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Supplemental material

Video 1. Time-lapse imaging (1 frame per 3 s) of a wild-type spheroplast expressing Nce102-mCherry (red channel; PM marker) and ER-pHluorin
(green channel; ER marker) (AMY4 MRV66). The spheroplast was observed by epifluorescence microscopy in a microfluidics chamber that was switched
from a growth medium containing 0.4 M sorbitol to a medium with 0.1 M sorbitol (hypoosmotic shock). The video is sped up threefold (actual duration is 120 s).
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