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Here, biophysical properties of membranes enriched in three metabolically related
sterols are analyzed both in vitro and in vivo. Unlike cholesterol and ergosterol,
the common metabolic precursor zymosterol is unable to induce the formation of
a liquid ordered (o) phase in model lipid membranes and can easily accommodate
in a gel phase. As a result, Zym has a marginal ability to modulate the passive
membrane permeability of lipid vesicles with different compositions, contrary to
cholesterol and ergosterol. Using fluorescence-lifetime imaging microscopy of an
aminostyryl dye in living mammalian and yeast cells we established a close parallel
between sterol-dependent membrane biophysical properties in vivo and in vitro.
This approach unraveled fundamental differences in yeast and mammalian plasma
membrane organization. It is often suggested that, in eukaryotes, areas that are sterol-
enriched are also rich in sphingolipids, constituting highly ordered membrane regions.
Our results support that while cholesterol is able to interact with saturated lipids,
ergosterol seems to interact preferentially with monounsaturated phosphatidylcholines.
Taken together, we show that different eukaryotic kingdoms developed unique solutions
for the formation of a sterol-rich plasma membrane, a common evolutionary trait that
accounts for sterol structural diversity.

Keywords: ergosterol, cholesterol, zymosterol, fluorescence lifetime imaging microscopy, fluorescence
spectroscopy, plasma membrane, lipid-lipid interactions, sterol-rich domain

INTRODUCTION

Ergosterol (Erg) and cholesterol (Chol) are the major sterols in yeast (fungi) and mammalian
(animal) cell membrane, respectively. These two sterols share several properties, namely
the ability to increase the order of fluid model membranes and to induce the formation
of ordered domains when mixed with certain lipids, such as phosphatidylcholines (PCs)
with either one or two saturated acyl chains (Ipsen et al, 1990; Vist and Davis, 1990;
De Almeida et al, 2003; Silva et al, 2006; Hsueh et al., 2007). Zymosterol (Zym) is
a biosynthetic precursor of both Chol and Erg in the Bloch pathway (Megha et al,
2006). Notably, all three molecules have very small structural differences (Scheme 1).
Zym is, by proportion, only the fourth main sterol present in the plasma membrane
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of Saccharomyces cerevisiae wild-type (wt) cells (Pedroso et al.,
2009) but is known to accumulate in certain S. cerevisiae mutant
strains, such as erg6 A and erg2Aerg6 A cells (Munn et al., 1999;
Guan et al., 2009), where its levels raise several-fold becoming
a major sterol (Munn et al., 1999; Heese-Peck et al., 2002;
Valachovic et al., 2006; Dupont et al., 2011). Despite the changes
in sterol profile, the total sterol content in plasma membrane
extracts remains essentially unchanged in erg6 A cells (Daum
et al., 1999; Abe and Hiraki, 2009; Dupont et al., 2011). Erg
and Chol are known to regulate cell membrane permeability
(Subczynski et al., 1989; Mukhopadhyay et al., 2002). Yeast
cells with deletions in Erg biosynthesis-related genes frequently
exhibit increased membrane permeability (Kaur and Bachhawat,
1999; Mukhopadhyay et al., 2002; Folmer et al., 2008) when
compared to wt cells, which has been attributed to modifications
in the sterol profile (Kaur and Bachhawat, 1999), and the
consequent altered membrane fluidity (Abe and Hiraki, 2009), or
instability of ordered domains (Mukhopadhyay et al., 2002). In
fact, Erg and Chol have been considered crucial for the formation
of a subset of membrane lipid domains described as being in
a liquid ordered (I,) phase, due to their ability to establish
tight interactions with sphingolipids (Simons and Vaz, 2004;

Klose et al., 2010). Although both Chol and Erg form [, phases,
their respective two kingdoms present fundamental differences in
their membrane lipid organization, namely the transient nature
and nanoscopic scale of the lipid domains in mammalian cells
(Sezgin et al., 2017) versus stable large membrane compartments
in yeast (Malinsky and Opekarova, 2016; Athanasopoulos et al.,
2019; Zahumensky and Malinsky, 2019). Another distinctive
feature is the leaflet distribution of either Chol or Erg: whereas
for Chol the literature is not consensual in the evidence for
its preferential location in the outer/inner leaflet or its even
distribution (Steck and Lange, 2018), regarding Erg interleaflet
partition recent results point toward a possible preferential
location in the inner leaflet (Solanko et al., 2018). Such feature
possibly relates with the presence of sphingolipid-enriched gel-
like domains, under physiological conditions, in the plasma
membrane of yeast (Aresta-Branco et al., 2011). So far, the ability
of Zym to form an I, phase has not been directly assessed and its
biophysical properties are still poorly understood, both in vitro
and in vivo. Yet, it is known that yeast strains defective in Erg
biosynthesis, e.g., erg2A, erg6 A, or erg2Aerg6 A are sensitive to
weak organic acids (Mollapour et al., 2004) and a wide variety
of drugs (Kaur and Bachhawat, 1999; Emter et al, 2002) to
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SCHEME 1 | Structure of the sterols (A), phospholipids and dyes (B) used in this work. Zymosterol is a biosynthetic precursor of both cholesterol, the major sterol in
the plasma membrane of animal cells, and ergosterol, the major sterol in the plasma membrane of fungi.
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which increased passive diffusion across the plasma membrane
is, most likely, determinant (Emter et al., 2002). Consequently,
a comprehensive characterization of Zym biophysical properties
can help understanding the underlying causes for Erg and Chol
selection as the major sterols, respectively, in fungi and animals.
The present work aimed at assessing the ability of
metabolically related sterols (Chol, Erg, and Zym) to form
I, lipid domains and at gaining further insight into the lipid
composition of such domains in living cells. We found that,
unlike Chol and Erg, Zym can be incorporated to similar extents
in both gel and fluid phase PC bilayers without significantly
compromising gel-phase dense packing, as shown by the
maintenance of a very low permeability, and its inability to
efficiently form an [, phase. Thus, we hypothesize that [, phase
formation ability of fungi and mammalian sterols is a convergent
evolutionary trait that results in their selective enrichment over
Zym (and possibly other sterol precursors). However, whereas
in mammalian cells there is a clear biophysical similarity to
sphingomyelin (or saturated PC)/chol model membranes, it
seems that in S. cerevisiae cells sterol-enriched membrane
domains bear more resemblance with monounsaturated PC/Erg
model mixtures. This might explain fundamental differences
between mammalian and fungal cell membrane organization.

MATERIALS AND METHODS

Chemicals and Yeast Strains

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),

and N-(lissamine Rhodamine B sulfonyl)-1,2-dioleoyl-sn-3-
phosphatidylethanolamine (Rhod-DOPE) were purchased
from Avanti Polar Lipids (Alabaster, AL, United States). Chol,
Erg, Ludox (colloidal silica diluted to 50 weight% in water),
CCCP (carbonyl cyanide m-chlorophenyl hydrazine), FCCP
(carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone)
and pyranine were purchased from Sigma-Aldrich (St. Louis,
MO, United States). Zym was purchased from Avanti or
from Steraloids, yielding the same results. Di-4-ANEPPS was
purchased from Invitrogen (Madrid, Spain). Valinomycin
was purchased from EMD Chemical Inc. (San Diego, CA,
United States). Yeast extract, bactopeptone, yeast nitrogen base,
and agar were obtained from Difco (Detroit, MI, United States).
Solvents for lipid and probe stock solutions were spectroscopic
grade. Other reagents were of the highest purity available.

Saccharomyces cerevisiae BY4741 (wt) cells (genotype MATa
his3A1 leu2A0 met15A0 ura3A0) and erg6A cells (BY4741;
MATa his3A1 leu2 AO met15A0 ura3A0 YML008c:kanMX4) were
obtained from EUROSCAREF (Frankfurt, Germany). Chinese
Hamster Ovary (CHO)-K1 cells were obtained from American
Type Culture Collection.

Media and Growth Conditions

Saccharomyces cerevisiae cells were cultured as described
previously (Aresta-Branco et al., 2011). Briefly, cells were grown
overnight at 30°C in synthetic complete medium (SC) containing

2% (w/v) glucose, 0.68% (w/v) yeast nitrogen base and amino
acids as indicated in Pedroso et al. (2009). Cells were inoculated
at an Aggo of 0.15 and, after incubation for 5-6 h, cells in
mid-exponential phase were harvested at an Agpp = 0.6.

CHO-K1 cells were grown in Dulbecco’s modified Eagle’s
medium (PAN Biotech, Aidenbach, Germany) without phenol
red and supplied with 2 mM L-Glutamine, 10% FBS and 5% PS
(complete medium) and incubated at 37°C and 5% CO,. About
48 h prior to experiment cells were plated into 35 mm Matek
dishes till 80-90% confluence.

Cell Preparation

Harvested yeast cells (wt, erg6 A) were washed twice with sterile
water and then suspended in 100 mM sodium dihydrogen
phosphate, 100 mM sodium chloride, 1 mM EDTA, pH 7.4 buffer
solution (fluorescence buffer). The probe di-4-ANEPPS was
added from a concentrated methanol stock solution to the cells at
a final concentration of 1 wM and incubated for 5 min, at room
temperature (24°C). After incubation, the cells were centrifuged
and resuspended in the fluorescence buffer. For CCCP treatment,
cells were incubated with CCCP [20 wM (Grossmann et al., 2007)
in buffer] throughout imaging.

CHO-K1 cells were washed twice in fluorescence buffer
prior to imaging and treatments. The probe was diluted
10x in fluorescence buffer. Cell staining with 0.1 pM di-
4-ANEPPS was then carried out for 5-40 min at 24°C. To
allow for intracellular membrane staining the treatment was
prolonged to 90 min. Cells were then washed twice with
fluorescence buffer prior to imaging. For methyl-B-cyclodextrin
(MBCD) treatment, before staining CHO cells were incubated
with MBCD (5 mM) for 1 min at 4°C, which removes
approximately 12 mol% of Chol from the plasma membrane
(Scolari et al., 2009).

Vesicles Preparation

Multilamellar vesicles (MLVs) containing the appropriate lipids,
as well as di-4-ANEPPS when used, were prepared by previously
described methods (Bastos et al., 2012). The lipid was hydrated
by the addition of 1 mL of HEPES buffer (10 mM, NaCl 150 mM
pH 7.4), previously heated above the main transition temperature
(Tyy) of the lipids. The MLV suspension was slowly cooled down
and kept in the dark at 4°C. Before measurement, the liposomes
suspension was slowly brought to room temperature. All the
procedures involving Erg and Zym were performed in the dark.
Large unilamellar vesicles (LUVs) with ca. 100 nm diameter were
obtained by MLV extrusion (Bastos et al., 2012).

Giant unilamellar vesicles (GUVs) were prepared by
electroformation in titanium chambers as previously described
(Stockl et al,, 2010; Marques et al., 2015). The lipid film in
the titanium chambers was hydrated with 700 pL of 250 mM
sucrose solution, with 15 mM NaNj3, 280 mOsm/kg in MilliQ
water, sealed and connected to the signal generator and
subjected to the sequence of signals described in Marques et al.
(2015). In case of DPPC-containing mixtures, the chambers
were equilibrated with a block heater at 60°C throughout
electroformation, and the sucrose buffer was previously heated
to that temperature. The vesicle suspension was kept at room
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temperature (24°C) in the dark until use. The osmolality of the
solutions used in GUV preparation/observation was checked
with a 3300 cryo-osmometer (Advanced Instruments, Norwood,
MA, United States).

DPPC, DOPC and POPC concentrations in stock solutions
(chloroform) were determined by phosphorus analysis
(McClare, 1971). Probe concentrations were determined
spectrophotometrically: & (Rhod-DOPE, Apax = 559 nm,
chloroform) = 95 x 10> M™! cm™!; e(di-4-ANEPPS,
hmax = 497 nm, methanol) = 42 x 10> M~! cm™!; e(t-
PnA, hmax = 300 nm, ethanol) = 89 x 10° M~! cm™!
(Johnson and Spence, 2010).

Sterol concentrations in stock solutions (chloroform) were
determined by gravimetry.

Confocal Fluorescence Microscopy of

GUVs

An aliquot (100 pL) of GUV suspension was added to a
chamber of an eight-well plastic plate with glass-like coverslip
bottom (Ibidi GmbH, Germany). A volume of 150 pL of
glucose buffer (250 mM glucose, 5.8 mM Na,HPOy, 5.8 mM
NaH,POy4) 300 mOsm/kg, pH 7.2, in MilliQ water was added,
forcing the GUVs to precipitate in the bottom of the chamber.
GUVs were observed with a Leica SP-E confocal inverted
microscope (Leica Microsistemas, Lisbon, Portugal) using the
488 nm excitation line at <20% laser intensity and operating
in the mode 1024 x 1024, 400 Hz. A x63 HCX PL APO
oil immersion (NA = 1.4) objective (Leica) was used. Thin
Z-optical sections (~ 0.6-0.8 pm thick) were acquired and 3D
projections of GUV hemispheres obtained using Leica software.
Rhod-DOPE was the probe used to label the GUVs and was
co-dissolved with the lipids at a probe/lipid ratio of 1:500. At
least three independent GUV preparations were used for each
mixture, showing consistent phase behavior among all GUVs and
between samples.

Absorption and Fluorescence

Measurements and Data Analysis
Spectrophotometric absorption measurements were performed
ona Jasco V-560 (Tokyo, Japan) double beam spectrophotometer.

Fluorescence measurements were carried out on a Horiba
Jobin Yvon Flurolog 3.22 spectrofluorometer at 24°C described
previously (Aresta-Branco et al., 2011).

The probe/lipid ratio used with di-4-ANEPPS was 1:500,
for a total lipid concentration of 0.4 mM and at least three
independent samples were analyzed. For steady-state spectra the
bandwidths were 4 nm in both excitation and emission. The
spectra representing the median are shown. Other details are
given with the results.

For time-resolved measurements by the single photon
counting technique, a nanoLED N-460 (Horiba Jobin Yvon)
was used for the excitation of di-4-ANEPPS, and the emission
wavelength was set to 610 nm with a bandwidth of 15 nm.
Other conditions were as described in Bastos et al. (2012). Data
analysis was performed as previously described (Bastos et al.,
2012; Khmelinskaia et al., 2014).

Briefly, a normalized fluorescence intensity decay is described
by a sum of exponentials, i.e.,

I(t) = Zaiexp (—t/t) (D

i=1

where o; and 1; are the normalized amplitude and the lifetime
of component i, respectively. The (intensity-weighted) mean
fluorescence lifetime is given by

<tT>= Zaitf/z T (2)

and the amplitude-weighted average lifetime is defined as

1= Z Ty (3)

Two exponentials were required to describe di-4-ANEPPS
decays (plus a scattering factor). All the data represents the
mean = standard deviation of at least three independent samples.

Confocal Microscopy and FLIM of Living
Cells Labeled With di-4-ANEPPS

Intensity images as well as fluorescence lifetime imaging
microscopy (FLIM) measurements were taken in the confocal
mode using an Olympus Fluoview, 1000 (Olympus, Tokyo,
Japan) equipped with a time-resolved LSM upgrade kit
(PicoQuant GmbH, Berlin, Germany) and a x60 (1.35 N.A.)
UPlanSApo oil immersion objective (Olympus). Di-4-ANEPPS
was excited at 488 nm using the corresponding line of a multiline
argon laser and was detected in the range of 565-665 nm. Images
with a frame size of 512 x 512 pixels were acquired. For FLIM
measurements, di-4-ANEPPS was excited at 440 nm using a
pulsed-laser diode. Fluorescence was detected by a single photon
avalanche photodiode (SPAD) and a 620 £ 30 nm bandpass
filter was used. Further details of the experimental settings and
data analysis can be found in Supplementary Note 3. For every
single cell the average lifetime <t> and the amplitude weighted
lifetime T were calculated using equations 2 and 3. The values
reported in Table 2 are the average of 30-100 cells of at least three
independent experiments. The fluorescence lifetime of the probe
was independent of the incubation time. The quality of the fitting
was judged by the distribution of the residuals and the %2 value.

Water Permeability Assay

For the water permeability studies, unlabeled MLVs were
prepared in Tris-HCl 5 mM, pH 7.0, 100 mM sucrose buffer
(isotonic buffer). The liposomes contained an additional 4 mol%
of dicetylphosphate (Sigma-Aldrich), to stabilize the suspension
(Bittman and Blau, 1976).

Isotonic MLV suspensions were diluted approximately 1/20
(0.123 mL added to 2.5 mL) in hypotonic buffer (Tris-HCl 5 mM,
pH 7.0). The transfer of MLV's from an isotonic sucrose solution
into a hypotonic solution, accompanied by a reduction of the
suspension turbidity, was monitored overtime by measuring the
time dependence of absorbance at 550 nm (Bittman and Blau,
1976) for 5 min (Jasco V-560, Easton, MD, United States). All
the data represents the mean =+ standard deviation of at least
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TABLE 1 | Zym is unable to regulate the passive permeability of lipid bilayers in contrast to Erg and Chol.

A(1/A 550 nm)/min

IF510nm (a.u.)/min

Sterol DPPC DPPC/DOPC DPPC/DOPC

- 0.022 + 0.001 0.187 £ 0.011 —0.263 4 0.035
Erg 0.120 + 0.001 0.081 £0.012 —0.091 4 0.031
Zym 0.023 + 0.005 0.155 £ 0.012 —0.157 +0.028
Chol 0.062 + 0.001 0.082 £ 0.007 —0.074 4+ 0.021

Passive permeability to water is expressed as a variation of MLV suspension absorbance at 550 nm [A(1/A 550 nm)/Min] when transferred to hypotonic buffer. Passive
permeability to potassium/proton is expressed as a variation of pyranine fluorescence intensity at 510 nm over time [IF 510 nm(@.u.)/min]. Each sterol was added in equimolar

proportion to the lipid mixture.

three independent samples. For more details see Supplementary
Note 1 and Supplementary Figure S2.

K*/H* Exchange Assay
LUV of equimolar DPPC/DOPC and DPPC/DOPC/sterol
mixtures were prepared in HEPES 20 mM, K,SO4 100 mM, pH
7.4 with 0.5 mM pyranine (K-Pyr-buffer). The excess pyranine
was removed by gel filtration in a Sephadex G-25 column
equilibrated in K-buffer (HEPES 20 mM, K,SO4 100 mM, pH 7.4
buffer) and the LUV's with encapsulated pyranine were collected.
The effect of sterol on the potassium permeability of the
lipid vesicles was monitored by measuring the variation in
fluorescence intensity of membrane impermeable pyranine, as
described elsewhere (Coutinho et al., 2004). Further experimental
details can be found under Supplementary Note 2 and
Supplementary Figure S3. For a quantitative comparison
between sterols, the initial slope of the curves was calculated,
as a measure of bilayer permeability to potassium (Table 1).
All the data represents the mean + standard deviation of at
least four independent samples. Only samples with the same
final gradient were selected for analysis, i.e., with the same
qualitative behavior of fluorescence intensity and similar final
relative emission intensity.

RESULTS

Zym Is Unable to Support Liquid
Ordered/Liquid Disordered Phase

Coexistence
In order to directly evaluate the ability of Zym to induce
the coexistence of liquid/liquid domains, Erg or Zym were
incorporated into GUVs containing equimolar ratios of the
saturated lipid DPPC and the unsaturated lipid DOPC, and
their behaviors were compared to that of the DOPC/DPPC
binary mixture. DOPC/DPPC/Chol system labeled with the
same fluorescent lipid analog, Rhod-DOPE, has been previously
studied in detail (De Almeida et al, 2007). This probe has
been shown to preferentially label the liquid disordered (Ig)
phase versus gel (De Almeida et al., 2007), Chol-induced I,
(De Almeida et al.,, 2005), and Erg-induced [, (Bastos et al,
2012) domains.

For the binary equimolar mixture of DPPC and DOPC,
the confocal microscopy images showed a Rhod-DOPE
distribution with bright, unsaturated lipid-enriched and

dark, saturated lipid-enriched domains (Figure 1A). In this
binary mixture the domains observed correspond to gel
(dark) and I4 (bright) phase coexistence, with relative areas
in agreement with the phase diagram for this mixture (De
Almeida et al, 2007). The domains are irregularly shaped,
as characteristic for gel/fluid coexistence, in contrast to Ig/l,
phase coexistence which leads to round-shaped domains
(Dietrich et al, 2001). In addition, if Chol is added to
form a ternary 1:1:2 (molar ratio) mixture, the vesicles
are completely in [, state, whereas for the 1:1:1 equimolar
proportion it is well known that I3/l, phase separation occurs
(Supplementary Figure S1A) (Veatch and Keller, 2003;
De Almeida et al., 2007).

In the case of Erg, our results also indicate a clear l4/], phase
coexistence for the lipid composition DOPC/DPPC/Erg (1:1:1,
molar ratio) (Figure 1B and Supplementary Figure S1B), as a
single dark round I, domain is observed. Indeed, GUVs with
similar proportions of DOPC/DPPC/Erg have previously been
reported to present a bright I3 phase, rich in unsaturated lipid
(DOPC), coexisting with dark I, domains, rich in saturated lipid
(DPPC) and Erg (Beattie et al., 2005).

For the DOPC/DPPC/Zym (1:1:2, molar ratio) (Figure 1C
and Supplementary Figure S1D), non-round gel phase domains,
similar to those found in DOPC/DPPC vesicles (Figure 1A),
were clearly observed. This indicates that Zym, unlike Chol
and Erg, does not have the ability to promote the formation of
coexisting l3/l, phases from a pre-existing l4/gel situation. Since
an estimation of the gel area fraction from visual inspection of
several GUVs reveals no marked differences on the fraction of
gel and Ig phases with or without Zym, the partition of this
sterol among the two phases seems to be similar. Analogous

DOPC/DPPC/Erg 1:1:1

DOPC/DPPC/Zym 1:1:2

FIGURE 1 | Zym does not promote the formation of coexisting /4//o liquid
phases. Confocal microscopy images of GUVs of (A) DOPC/DPPC (1:1 molar
ratio), (B) DOPC/DPPC/Erg (1:1:1 molar ratio), (C) DOPC/DPPC/Zym (1:1:2
molar ratio) at 23°C, labeled with Rhod-DOPE (0.2 mol%). Scale bar = 5 um.
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results were obtained for equimolar mixtures (1:1:1 molar ratio)
of DOPC/DPPC/Zym (Supplementary Figure S1C).

Zym Is Unable to Affect the Passive
Permeability of Lipid Bilayers

One major difference between gel and I3 phase with direct and
vital biological significance is membrane passive permeability,
which is known to be modulated by sterols (Scheidt et al., 2013).
Thus, passive permeability to water (Supplementary Note 1
and Supplementary Figure S2) and to ions (Supplementary
Note 2 and Supplementary Figure S3) was studied in lipid
vesicles formed by binary and ternary mixtures containing
each of the metabolically related sterols (DPPC/sterol 2:1 and
DPPC/DOPC/sterol 1:1:1 molar ratio, respectively).

A higher permeability to water is expressed as a higher rate of
increase of liposomal volume (Table 1). DPPC and DPPC/DOPC
(I:1 molar ratio) show opposite behavior: while the highly
organized DPPC (gel phase) is quite impermeable to water, the
presence of a DOPC-rich fluid phase and the associated packing
defects at the interface between coexisting gel and I3 domains
(Clerc and Thompson, 1995) in DPPC/DOPC (1:1 molar ratio)
mixtures at room temperature lead to the highest permeability of
all the MLV tested.

The incorporation of Erg or Chol increased the water
permeability of the DPPC bilayer (Supplementary Figure S2A
and Table 1). Erg had a stronger effect than Chol on bilayer
permeability, while Zym had a negligible effect. This typical
behavior of Chol and Erg is assigned to the formation
of the I, phase which, although ordered, has a higher
fluidity than the gel phase and a higher passive permeability
(Bittman and Blau, 1976).

An opposite effect was observed for DPPC/DOPC mixtures —
the incorporation of an equimolar proportion of sterol reduces
the water permeability of the bilayer (Supplementary Figure S2B
and Table 1). The effect was higher for Erg and Chol in
comparison to Zym. Although for binary mixtures the intrinsic
bulk permeability of the DPPC-rich phase became higher in
the presence of sterol, we found that overall the permeability
significantly decreased for DPPC/DOPC membranes containing
Chol or Erg. By fluidizing gel domains (Figure 1), the interaction
between lipids at the domain interface is facilitated and the
mismatch between ordered and disordered phases is reduced,
resulting in a decrease of lipid bilayer permeability relatively to
gel/l4 domain interfaces (Cordeiro, 2018; Kirsch and Bockmann,
2019). More specifically, an equimolar proportion of Chol in
DPPC/DOPC bilayers corresponds to a Ig/l, phase coexistence
(De Almeida et al., 2007) and the interface between two liquid
phases is much less prone to packing defects than that between a
gel and [j phase, that would be present in the absence of sterol.
The same explanation holds for the observation of a similar effect
on permeability when Erg is present in DPPC/DOPC vesicles and
is consistent with the I4/], phase coexistence observed in GUV's
(Figure 1). Thus, permeability of domain interfaces is a crucial
factor for the total passive permeability in ternary mixtures.
The small effect of Zym, as it is incapable of fluidizing the
gel phase through I, formation, supports that it accommodates

well between the tightly packed phospholipids, most probably by
adopting a highly planar structure.

Comparable results to those obtained for water permeability
were observed for the bilayer permeability to monovalent cations
reported by the fluorescence intensity kinetics of the pH-sensitive
probe pyranine (Table 1 and Supplementary Figure S3). In
DPPC/DOPC mixtures, the incorporation of an equimolar
proportion of sterol reduced the Kt/HT exchange rate, but
the effect of the I,-promoting sterols, Chol and Erg, was much
stronger when compared to Zym.

Overall, these results support that the formation of [, domains
promoted by Erg and Chol is directly related to the control
of membrane passive permeability in highly heterogeneous
membranes. Additionally, our experiments highlight that I,
domains, with properties halfway between I3 and gel, are
important for reducing passive permeability at the interfaces
between membrane domains.

Erg, Chol and Zym Distinctly Affect the
Dielectric Properties of Phospholipid
Bilayers

Sterols, in particular Chol, are known to increase the membrane
dipole potential when mixed with phospholipids (Haldar et al.,
2012). Hence we tested the effect of each sterol on the membrane
dipole potential and its connection to [, phase. Due to its
complex photophysics, di-4-ANEPPS is responsive to changes
in polarity or membrane potential and hydration (Loew et al.,
1992; Loew, 1996; Amaro et al,, 2017). The well-established
excitation ratiometric method (Haldar et al., 2012) with this dye
was thus used to assess the membrane dipole potential in binary
systems (Figure 2A). Representative excitation and emission
spectra of di-4-ANEPPS incorporated into the different systems
under study are shown in Supplementary Figure S4.

When added to fluid POPC, neither Erg nor Zym had
pronounced effects on the dipole potential, whereas Chol induced
a modest but noticeable increase (Figure 2A). For Erg and Chol
the results are in full agreement with a study performed using a
similar probe, di-8-ANEPPS (Haldar et al., 2012). In the presence
of a DPPC gel phase, Erg had the lowest effect on membrane
dipole potential, whereas Chol affected it the most. Despite
differing in the induced membrane potential, both Chol and Erg
are consensual [,-forming/“raft-promoting” sterols. Thus, a very
high membrane dipole potential is a particular feature of Chol-
enriched domains but cannot be directly related to the [, phase
forming ability of sterols.

Next, we analyzed the sterol-induced spectral shift of di-
4-ANEPPS emission by Erg and Zym (Figure 2B), which
relates to the hydration layer and the solvent relaxation in
the vicinity of the lipid bilayer (Loew, 1996). For Chol,
the spectral shifts obtained are much larger for saturated
gel phase lipids, such as DPPC or sphingomyelin, than for
unsaturated I3 phase lipids, such as POPC or DOPC (Bastos
et al., 2012). When comparing Erg and Zym in POPC/sterol
mixtures, blue-shifts of emission are large even for low Zym,
whereas for Erg, the blue-shift is small when Iy phase still
persists (Erg < 30 mol%), increasing more steeply when the
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FIGURE 2 | The three sterols Erg, Chol, and Zym induce distinct biophysical changes in phospholipid bilayers. (A) Fluorescence excitation ratio, Rex, as a function of
sterol mole fraction in POPC and DPPC MLVs. Rex is defined as the ratio of fluorescence emission intensity of di-4-ANEPPS arising from excitation at 420 nm divided
by the one arising from excitation at 520 nm. (B) Influence of Erg and Zym on the polarity at the membrane/water interface expressed as the sterol induced shift of
the wavelength of maximum emission intensity of di-4-ANEPPS as a function of sterol mole fraction in POPC/sterol and DPPC/sterol binary mixtures. The values are
the mean + S.D. of at least three independent experiments. Probe:lipid ratio 1:500.
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system approaches the full I, state. This possibly derives from
Zym’s homogeneous distribution throughout the membrane,
affecting membrane properties globally, whereas the effect of
Erg on membrane hydration depends on its concentration
and hence the proportion of I3 to l,. Although the sterol-
induced spectral shift follows the same trend in DPPC mixtures
with Erg and Zym, the difference between the shifts in a
gel versus an Iy PC bilayer is larger in the case of Erg.
Moreover, the absolute magnitude of the emission blue-shift is
generally larger for Chol- than for Erg-containing lipid bilayers
(Bastos et al., 2012).

Zym Is Unable to Discriminate Gel and I4
Phases

In a previous study (Bastos et al., 2012) we have shown that di-
4-ANEPPS fluorescence properties respond specifically to sterol
type and levels, as well as to sterol-phospholipid interactions.
Similarly, the fluorescence lifetime of di-4-ANEPPDHQ, a probe
of the same family, is considerably higher in lipid vesicles
containing Chol (Amaro et al, 2017) and, in addition, the
removal of Chol from the plasma membrane of mammalian
cells with MBCD leads to the decrease of the lifetime of
this probe (Owen et al., 2006). Moreover, these fluorescent
probes can be very efficiently excited with visible light with
absorption maximum close to the wavelength of common
pulsed excitation lasers used in time-resolved fluorescence
microscopy, in opposition to other polarity and sterol sensitive
dyes e.g., of the family of Laurdan (Golfetto et al., 2013;
Mazeres et al., 2017).

To ensure that di-4-ANEPPS mainly reports on sterol
dependent properties, we analyzed its fluorescence intensity
decays in LUVs made of binary mixtures comprising a PC,
either the fully saturated 16:0 DPPC (gel phase forming) or
the mono-unsaturated 16:0,18:1A%¢ POPC (I4 phase forming),

and each sterol. The parameters obtained from the analysis of
such decays are shown in Table 2. Notably, intensity-weighted
mean fluorescence lifetime <t> of di-4-ANEPPS in saturated
lipid (DPPC) or unsaturated lipid (POPC) bilayers devoid of
any sterol was similar (= 1.8 ns and 1.9 ns, respectively)
[Figure 3 and Bastos et al. (2012)]. The results in Figure 3
show that all three sterols increase <t> of di-4-ANEPPS. This
indicates a higher quantum yield of the probe in sterol-enriched
phases. Moreover, the membrane/water partition coefficient of
di-4-ANEPPS previously determined for the POPC/Erg binary
system was higher (~ 2.1x) for an I, membrane than for
an I3 membrane (Bastos et al., 2012) and its quantum yield
was found to be larger when incorporated in the I, phase
(Khmelinskaia et al., 2014).

In the presence of Chol and Zym, <t> was longer than
for the same Erg mole fractions, in agreement with the
spectral emission blue-shifts previously discussed (Figure 2B).
However, when comparing the results obtained for DPPC and
POPC, it is obvious that Chol and Erg have a much stronger
effect in the gel phase lipid, since <t> of di-4-ANEPPS had
a higher increase in vesicles with DPPC than with POPC.
On the other hand, Zym showed a unique behavior since
<t> obtained in DPPC or POPC vesicles containing this
sterol largely overlapped. This observation, in good agreement
with the approximately equal surface area of each phase in
DOPC:DPPC:Zym and DOPC/DPPC GUVs (Figure 1 and
Supplementary Figure S1), suggests that Zym is not able to
discriminate gel and Iy phase phospholipids and seems to be
equally well accommodated in both phases. The behavior of
di-4-ANEPPS <t> (Figure 3), regardless of the maximum
value reached in each particular case, is similar for the Chol
and Erg mixtures with DPPC, reaching a plateau slightly
before the system is completely in I, phase (= 30 mol%
sterol) (Sankaram and Thompson, 1991; Hsueh et al., 2005;
Silva et al., 2006), which is consistent with a preference of
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TABLE 2 | The molecular environment reported by di-4-ANEPPS is comparable in living cell membranes and model systems containing the same major sterol in a similar

fraction.

Sterol System aq 11 (ns) o 12 (ns) T (ns) <t> (ns)

Erg S. cerevisiae wt PM 0.40 1.50 0.60 2.95 2.37 2.58
POPC/Erg (7:3) 0.41 1.53 0.59 2.77 2.26 2.42
# DPPC/Erg (7:3) 0.50 1.50 0.50 3.90 2.70 3.24

Zym S. cerevisiae erg6 A PM 0.60 1.79 0.40 3.60 2.47 2.76
DPPC/zZym (9:1) 0.65 1.70 0.35 3.51 2.33 2.64
DPPC/Zym (8:2) 0.50 2.21 0.50 3.86 3.03 3.25
POPC/Zym (9:1) 0.47 1.90 0.43 3.05 2.32 2.55
POPC/Zym (8:2) 0.46 2.02 0.54 3.45 2.81 2.98

Chol CHO-K1 PM 0.27 2.39 0.73 4.65 4.04 4.27
CHO-K1 IM 0.41 1.99 0.59 4.27 3.35 3.72
# DPPC/Chol (7:3) 0.23 2.09 0.77 4.50 4.01 4.22
# PSM/Chol (7:3) 0.24 1.75 0.76 4.74 4.03 4.43
# POPC/Chol (6:4) 0.43 2.02 0.57 3.57 2.92 3.12

Fluorescence intensity decay parameters of di-4-ANEPPS incorporated in yeast (S. cerevisiae) and mammalian (CHO-K1) cells, and in LUVs of different compositions
containing Chol, Erg or Zym, at 24°C. The fluorescence intensity decays measured both in cells by FLIM (30-100 cells in three independent experiments) and in
LUVs suspensions by fluorescence spectroscopy (at least three independent experiments) were described by the sum of two exponentials, with amplitudes o1 and a.»
and lifetimes t1 and t. T is the amplitude-weighted average fluorescence lifetime and <> is the intensity-weighted mean fluorescence lifetime (Egs. 1-3). *Values

from Bastos et al. (2012).
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FIGURE 3 | The /o-promoting sterols Erg and Chol induce clearly distinct changes in lipid properties in saturated (DPPC) versus unsaturated (POPC) phospholipids.
Mean fluorescence lifetime <t> of di-4-ANEPPS in binary mixtures of MLVs with Erg (A), Zym (B) or Chol (C) and DPPC (open symbols) or POPC (solid symbols), as
a function of sterol mole fraction, at 24°C. The values are the mean + S.D. of at least three independent experiments. Probe:lipid ratio 1:500.

the probe for the sterol-enriched I, phase. In contrast, the
trend of di-4-ANEPPS <t> is approximately linear in the
case of Zym, without reaching a clear plateau, indicating the
absence of a phase separation and of I, phase formation.
The linear trend up to 40/50 mol% Zym is indicative of
the efficient incorporation of this sterol into the membrane,
despite the lack of marked changes in domain organization
and membrane permeability shown above. It should be noted
that, in the case of Erg, the sterol solubility limit might
have been transposed, particularly when mixed with POPC.
Nonetheless, both DPH (1,6-diphenylhexatriene) fluorescence
anisotropy in POPC/Erg liposomes (Silva et al., 2006) and
the mean temperature of one broad endotherm component
of DPPC/Erg mixtures (Mannock et al, 2010) increase up
to 40 mol% of the sterol. Moreover, no Erg crystallites were
detected at molar proportions as high as 50 mol% in the same

DPPC/Erg mixtures (Mannock et al., 2010). The solubility of
Chol in both saturated and monounsaturated phosphocholine
bilayers, on the other hand, is unarguably higher than 50 mol%
(Huang et al., 1999).

Sterol Type and Fraction Dictate the
Molecular Environment Reported by
di-4-ANEPPS in Living Cell Membranes

Finally, we analyzed living systems naturally containing different
sterols in their plasma membrane: mammalian CHO-KI
cells (Chol-containing), wt (Erg-containing) and erg6 A (Zym-
enriched in comparison to wt; no Erg) S. cerevisiae cells.
The single mutant erg6A was used instead of the double
mutant erg6Aerg2A, with higher levels of Zym, since double
mutants in the Erg biosynthetic pathway have a slower
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growth rate and exhibit a lower total sterol content than
their progenitors (Barton et al, 1975). Cells were labeled
with di-4-ANEPPS and FLIM experiments were conducted
(Figure 4) to analyze both the plasma membrane and the
intracellular membranes of individual cells (Supplementary
Note 3, Supplementary Figures S5, S6 and Supplementary
Table S1). Importantly, since Erg seems to preferentially localize
in the inner leaflet (Solanko et al., 2018), di-4-ANNEPS is
suitable to probe these Erg-enriched regions not only because,
as di-4-ANEPPDHQ, its fluorescence properties are sensitive
to medium polarity, membrane potential and hydration, but
also because of its ability to flip flop and distribute across
both membrane leaflets as a non-charged and short-chained
probe, in comparison with the double positively charged di-4-
ANEPPDHQ. As the cellular environment is highly complex,
to better understand how sterol structure defines biophysical
properties of the plasma membrane in eukaryotes, and what
simple lipid mixtures may reflect sterol-dependent properties
as reported by di-4-ANEPPS fluorescence intensity decay
parameters, we compared the cellular results with those in
model membranes.

In CHO-K1 cells, a significant difference between the average
fluorescence lifetime <t> of di-4-ANEPPS in the plasma
membrane (4.27 4+ 0.09 ns) and intracellular membranes
(3.72 +0.20 ns) was observed (Figures 4A,D and Supplementary
Figures S5, S6A, S7D). As <t> of di-4-ANEPPS is sensitive
to sterol levels (see Supplementary Notes 4, 5), this difference
of <t> is most probably due to the lower content of Chol
in intracellular membranes than in the plasma membrane, a
general feature of mammalian cells (Simons and Vaz, 2004;
Owen et al., 2006). These results are in perfect concordance
with previous observations for di-4-ANEPPDHQ in HEK293
cells, where longer lifetimes were obtained in the plasma
membrane in opposition to intracellular membranes (Owen et al.,
2006). Similarly, the labeling of mammalian, Drosophila Kc and
Dictyostelium AX2 cells with Laurdan probes also revealed a
lower polarity of the plasma membrane lipid environment in
contrast to intracellular membranes (Mazeres et al., 2017).

Interestingly, in CHO-K1 cells <t> of di-4-ANEPPS was
much longer (about 63%) than in wt S. cerevisiae plasma
membrane (2.58 £ 0.07 ns), which is in very good agreement
with the previously measured value in living wt yeast cells

CHO-K1

wt S. cerevisiae

<t> di-4-ANEPPS (ns)

ergbA S. cerevisiae

<t> di-4-ANEPPS (ns)
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FIGURE 4 | Mean fluorescence lifetime <t> of di-4-ANEPPS unravels significant differences in lipid membrane organization between mammalian and yeast cells.
FLIM images of mammalian (CHO-K1, A), wt (B) and erg6A (C) S. cerevisiae cells. The inset color bars give the <t> range in ns used in the respective image. Scale
bar corresponds to 10 um for (A,B), 5 wm for (C). Frequency histograms of <t> (D-F) corresponding to the plasma membrane, PM (solid lines), or intracellular
membrane, IM (dashed lines), for each cell type are shown. The corresponding regions of interest can be found in Supplementary Figure S5.
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in mid-exponential phase in suspension (2.55 £ 0.06 ns)
(Santos et al, 2017; Figures 4B,E). This may be compared
with our observations in model membranes, where it was
shown that Erg had a smaller ability to increase di-4-ANEPPS
<t> than Chol (Table 2). Interestingly, membrane organization
as judged from <t> of di-4-ANEPPS in vesicles containing
either saturated PC or palmitoylsphingomyelin (PSM)/Chol
lipids resembled most that of CHO-K1 cells, while membrane
organization in POPC/Erg vesicles resembled that of S. cerevisiae
cells. These results point to a fundamental difference in how
to model sterol-enriched regions of mammalian and yeast
cell membranes.

To study the influence of sterol profile on membrane
properties reported by di-4-ANEPPS <t>, S. cerevisiae erg6 A
cells were also analyzed, in which Erg is absent and the
level of Zym is about four to seven-fold higher than in the
wt strain (Zinser et al., 1993; Pedroso et al., 2009; Dupont
et al., 2011). Despite the fact that Erg is no longer present,
and Zym becomes one of the major cellular sterols (Heese-
Peck et al, 2002; Guan et al, 2009; Dupont et al., 2011),
no significant differences have been found in the levels of
other major membrane lipids (Guan et al., 2009). At a first
glance, FLIM images (Figures 4B,C) suggest a similar di-4-
ANEPPS fluorescence lifetime in both wt and erg6A yeast
strains. However, the frequency histograms (Figures 4E,F) point
to a slightly longer <t> of di-4-ANEPPS in erg6A cells
(Supplementary Figure S4E; see also Supplementary Figure S7).
This slight increase may be related to the higher Zym content
of the mutant cellS’ plasma membrane, as mentioned above.
This would mean that in the presence of the main sterol of the
plasma membrane in this strain, the probe would present a <t>
value similar to the one in the presence of Erg. In fact, that
sterol is cholesta-5,7,24-trienol, which was found to accumulate
in membrane regions resistant to detergent extraction in Ergép
defective mutants, at levels identical to those of Erg in wt cells
(Eisenkolb et al., 2002).

The fluorescence intensity decays of di-4-ANEPPS contain
more information than the average fluorescence lifetime <t>,
namely the pre-exponentials and the fluorescence lifetimes of
the two exponential components that describe each fluorescence
intensity decay. These parameters were collected from all
analyzed cells and the average values are given in Table 2.
A noticeable difference is found in the value of 1, between wt and
erg6 A, despite the small difference between <t> of the probe
in those yeast strains — T2+ = 2.95 ns and Taerg6a = 3.60 ns
(Figure 5). The mutant strain value is more similar to the
one obtained in model membranes containing Zym than Erg
(Table 2). Comparing the lifetimes measured in yeast to those
measured in CHO cells, both 1, and <t> were clearly longer in
the mammalian cells, as in the model systems containing Chol
compared to Erg and Zym.

Cell membranes are highly complex and dynamic, and their
large number of components could conceivably influence di-4-
ANEPPS measurements. Nevertheless, a good parallel could be
drawn between the measured fluorescence lifetime components
and amplitudes in mammalian and yeast cells of varied sterol
profile and the model systems of closer sterol composition.

DISCUSSION

Recent studies in both yeast and mammalian cells have
challenged the hypothesis that the main role of sterols is solely
to generate 4/, lateral membrane heterogeneity (Souza et al.,
2011). FLIM results and the high sterol content of eukaryotic
plasma membranes suggest that an [,-like phase may actually
correspond to a major area of the cell membrane (Owen et al,
2006; De Almeida and Joly, 2014; Kilin et al., 2015). These diverse
perspectives can be reconciled by hypothesizing that while not
all sterols are able to form I, phase, the ability to form such
phases in membrane model systems seems to be a common
underlying feature of the main sterols of eukaryotic organisms.
Here, we tested this hypothesis by a biophysical approach, in
which physiologically relevant membrane properties in model
systems containing the fungal and mammalian major sterols,
Erg and Chol, were assessed. The measurements obtained with
a probe suitable to report on sterol-dependent properties were
directly compared to those performed in cell membranes of
yeast and mammalian cells having different plasma membrane
sterol profiles. Moreover, we made a parallel study of the
last common biosynthetic precursor to Erg and Chol in the
Bloch pathway, Zym.

The formation of /, phase, a feature common to Erg and Chol,
is a determining factor in lateral lipid organization of model
membranes used in the present study. Previous observations
on lipid monolayers upon sterol incorporation showed a steep
increase of both DPPC and PSM monolayer condensation up to
~ 30 mol% Chol, after which a plateau is reached (Hac-Wydro
et al., 2014). At this composition, DPPC/Chol and PSM/Chol
bilayers are 100% in I, (Sankaram and Thompson, 1991; De
Almeida et al., 2003). The plateau is not a result of the sterol
solubility limit, i.e., for Chol in PC membranes this limit is much
larger than 30 mol% (Huang et al., 1999; Mannock et al., 2010).
For Zym, however, a slower and approximately linear increase in
condensation was observed along all the composition range, i.e.,
up to 50 mol%, which can be explained by the inability of Zym to
form a new phase analogous to the I, phase found in lipid bilayer
membranes. Those results for Zym-containing monolayers can
be paralleled to the approximately linear increase in the <t> of
di-4-ANEPPS up to ca. 50 mol% of this sterol in binary mixtures
with a fluid or gel PC presented in this work.

Crucial membrane biophysical features are imprinted by the
major sterol component, one of the most important being,
apparently, the ability to form an I, phase or the lack of this
ability. This feature has important consequences for biologically
relevant properties, such as membrane passive permeability
to water and univalent cations studied in this work. The
hypersensitivity of Erg biosynthetic mutant cells to stress
situations, such as dehydration (Dupont et al., 2011), univalent
metal cations (Welihinda et al., 1994; Pagani et al., 2007; Ruotolo
et al., 2008) and high saline conditions (Kodedova and Sychrova,
2015), could be related to the higher passive permeability of
their cell membrane compared to the Erg-containing wt cells.
In fact, increased permeability to small dyes such as Rhodamine
6G is a phenotypic feature of erg6 A cells (Mukhopadhyay et al.,
2002). Moreover, erg6 A cells exhibit higher plasma membrane
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FIGURE 5 | Long lifetime component 1o of the fluorescence decay of di-4-ANEPPS is highly sensitive to changes in sterol-dependent properties of membranes.
FLIM images of ROls of the plasma membrane (PM) of CHO-K1 cells (A), wt (B), and erg6A S. cerevisiae cells (C). The inset color bars give the long lifetime
component to range in ns used in the respective image. Scale bar = 10 wm. (D) Frequency histograms of t» corresponding to the FLIM images shown.
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permeability to H,O, and, thus, are more sensitive to this
molecule (Branco et al., 2004), which can, at least in part, be
explained by our observation that membranes lacking /,-forming
sterols are more permeable to water and ions.

Previously, it has been hypothesized that sterols and
sphingolipids have co-evolved to provide an optimal interaction
between the two lipid groups (Guan et al, 2009). Although
in mammalian cells sphingolipids and Chol are present in the
same plasma membrane leaflet, in yeast there is evidence that
Erg predominates in the inner leaflet whereas sphingolipids
accumulate in the outer one. Thus, while in mammalian plasma
membrane sphingolipid/Chol interactions are easily established
in order to dominate the global properties of the membrane,
in yeast plasma membrane Erg/sphingolipid interactions are
not as likely to occur and therefore their contribution for the
overall membrane properties seems more limited. Analysis of
the double mutant yeast strain elo3Aerg6 A, with defects both in
sphingolipid and sterol biosynthesis, revealed an important role
of the methyl group at carbon 24 of the side chain of Erg for
its interaction with sphingolipids (Eisenkolb et al., 2002). The
Erg precursor Zym lacks this methyl group, but interestingly so
does Chol. Thus, this methyl group should not be responsible
for the driving force conferring Erg (and Chol) the ability to

induce the formation of an I, phase, but should be important
for the stability of the fungal membrane. Conversely, the double
bond at C-6 (Scheme 1), which is a common structural feature
between Erg and Chol and absent in Zym, would, according to
our results, likely be required for their /,-forming ability. On
the other hand, a saturated acyl chain is a distinctive feature
of Chol and could therefore be important for the significant
increase in membrane dipole potential that only Chol could
convey to the membrane (Figure 2). Thus, it appears that during
the evolutionary process a fine-tuning of the structure of sterols,
which confers e.g., variable tilt and orientation toward the acyl
chains of phospholipids (Rog and Pasenkiewicz-Gierula, 2003;
Rog et al., 2008), may have occurred, leading to the selection of
Erg as the sterol that could preferentially associate with lipids
present in yeast membranes, and Chol as the sterol that would
perform a similar function in mammals. The observation that a
yeast strain where Chol replaces Erg is even more sensitive to
weak organic acids than erg6 A (Souza et al., 2011) strengthens
the hypothesis formulated above. In further support, Erg does not
affect the di-4-ANEPPS <t> in mixtures with PSM, whereas the
longest <t> was achieved when Chol was mixed with this same
sphingolipid (Bastos et al., 2012), one of the most abundant in
mammalian cells but absent in fungi.
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Indeed, the probe di-4-ANEPPS is sensitive to sterol content
and type, more than to membrane fluidity (Amaro et al,
2017). Factors influencing the fluorescence decay of di-4-
ANEPPS include hydrogen bonds, both from hydration water
and others mainly in the region of the phospholipid headgroups,
which define the probe microenvironment (Loew, 1996; M’baye
et al., 2008). Although some photophysical parameters of di-
4-ANEPPS can be different between pure DPPC and POPC
environments, the factors that govern the average fluorescence
lifetime defined by the chemical environment of the probe
are relatively similar, as the fluorophore is accommodated
between the phosphocholine and the ester polar groups of the
phospholipids (Celli and Gratton, 2010; Golfetto et al., 2013;
Timr et al, 2014; Amaro et al, 2017). In fact, in PC/Chol
mixtures, the general polarization values of di-4-ANEPPDHQ do
not correlate with lipid packing as it is the case for Laurdan.
Instead, they are influenced by the presence of Chol (Amaro
et al, 2017). Thus, any changes in the di-4-ANEPPS <t>
in binary lipid bilayers of DPPC or POPC with increasing
sterol concentrations are mostly attributed to sterol structural
and dynamic features (Galvan-Hernandez et al., 2020) reflected
on the membrane biophysical properties which of course,
are also dependent on the lipid species interacting with the
sterol (Bastos et al., 2012). Altogether, these features suggest
that the probe reports preferentially the properties of sterol-
enriched domains in more complex environments, such as
that of a cellular membrane. In fact, the amplitude-weighted
average fluorescence lifetime of di-4-ANEPPS was shown to
correlate remarkably with the glycerophospholipid/Erg ratio
along germination of Neurospora crassa asexual spores (Santos
et al,, 2018). Our study showed that di-4-ANEPPS fluorescence
intensity decay parameters and <t> in living cells can be
recapitulated by membrane model systems of similar sterol
composition. This happens for Chol containing membranes and
CHO cells and for Erg-containing membrane and wt yeast
cells. Moreover, the differences between wt and erg6A yeast
cells can be related to the Zym ability to increase <t> of
the probe to a larger extent than Erg. However, these results
also indicate that a longer <t> of di-4-ANEPPS cannot be
directly associated to the presence of I, domains in yeast, as
Zym 1is unable to induce the formation of this phase. The
similarity between di-4-ANEPPS <t> in S. cerevisiae cells
and in POPC/Erg vesicles could indicate that the fraction
of I4-like domains is higher in yeast than in CHO-K1 cells.
However, several studies suggest that the plasma membrane
of S. cerevisiae is considerably ordered, containing both I,
and gel domains (Klose et al, 2010; Aresta-Branco et al,
2011; Malinsky et al., 2013). Therefore, an alternative depiction
of S. cerevisite membrane organization that conciliates its
ordered character with the relatively low di-4-ANEPPS <t>
is required. In multicomponent membranes, each domain type
is enriched in certain lipids, but also contains minor fractions
of other components. Thus, the [, domains in yeast may
contain a higher fraction of unsaturated phospholipids than
their mammalian counterpart. On one hand, this hypothesis is
consistent with the recent proposal that only ca. 20 mol% of
Erg is localized in the outer leaflet of the plasma membrane

(Solanko et al., 2018). Consequently, sphingolipids would be
mainly forming Erg-depleted domains, whilst Erg-containing
regions in the outer leaflet would largely correspond to a
POPC/Erg (ca. 70:30 mole fraction) mixture, which is in fair
agreement with the glycerophospholipid/Erg ratio in the outer
leaflet calculated from the composition reported for the plasma
membrane of S. cerevisiae, i.e., considering ca. 20 mol% Erg
in the outer leaflet (Solanko et al., 2018). On the other hand
this hypothesis also agrees with the fluorescence lifetime of
di-4-ANEPPS in CHO-K1 cells, which indicates that in these
cells sterol-enriched membrane regions are mainly formed by
saturated lipids (sphingomyelin) and Chol. Indeed, the average
lifetime <t> obtained in the plasma membrane of CHO-K1
cells is identical to the ones observed for either DPPC/Chol
or PSM/Chol (70:30 mole fraction), typical I, phase forming
mixtures, but not for POPC/Chol. In contrast, for wt S. cerevisiae
cells, the membrane properties as reported by di-4-ANEPPS
<t> present closer similarity with POPC/Erg vesicles, rather
than with DPPC/Erg. Consistently with these observations, the
anisotropy of DPH in wt yeast cells (<r> ~ 0.15) (Aresta-
Branco et al.,, 2011) is almost coincident with the one obtained
in POPC/Erg mixtures containing more than 20 mol% Erg (<r>
~ 0.14) (Arora et al, 2004) whereas the higher anisotropy
values determined in DPPC/Chol mixtures (Arora et al., 2004)
correlate with those measured in CHO cells (Carreira, 2019).
Taken together, these results support the seemingly different
microdomain organization in yeast and animal cells: in yeast, a
significant fraction of the saturated lipids are segregated into Erg-
depleted gel domains that may act as diffusion barriers, stabilizing
larger and less dynamic membrane compartments (Clay et al.,
2014; Marques et al., 2015), while the Erg-rich I, phase contains
a large fraction of monounsaturated lipids; in mammalians, such
gel domains, apart from cells with pathological levels of ceramide
or glucosylceramide (Varela et al., 2014, 2017), have never been
reported and saturated lipids are a major component of the
Chol-rich phase.

CONCLUSION

We compared the properties of Erg, Chol and Zym-containing
membranes both in living cells and model membranes. This
allowed us to extend our understanding of the importance
of sterol-dependent membrane biophysical properties in
eukaryotes. By establishing the ability to form I, phase as the
major common biophysical property of Erg and Chol that is not
shared by Zym, our results may provide a general framework to
a more insightful interpretation of observations both in model
systems and cellular membranes.

As Zym is a biosynthetic precursor of both Chol and Erg,
it is tempting to extrapolate our main conclusions to sterol
selection during organism evolution. We hypothesize that sterol
evolution in fungi and animals was divergent in terms e.g., of
solvent dynamics and dipole potential, but was convergent in
the I, phase promoting aptitude. This model can be a useful
framework for the interpretation of biological outcomes related
to membrane-sterol alterations.
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