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ABSTRACT We present a combined atomic force microscopy and fluorescence microscopy study of the behavior of a ternary
supported lipid bilayer system containing a saturated lipid (DPPC), an unsaturated lipid (DOPC), and ergosterol in the presence
of high ethanol (20 vol %). We find that the fluorescent probe Texas Red DHPE preferentially partitions into the ethanol-induced
interdigitated phase, which allows the use of fluorescence imaging to investigate the phase behavior of the system. Atomic force
microscopy and fluorescence images of samples with the same lipid mixture show good agreement in sample morphology and
area fractions of the observed phases. Using area fractions obtained from fluorescence images over a broad range of com-
positions, we constructed a phase diagram of the DPPC/DOPC/ergosterol system at 20 vol % ethanol. The phase diagram
clearly shows that increasing unsaturated lipid and/or ergosterol protects the membrane by preventing the formation of the inter-
digitated phase. This result supports the hypothesis that yeast cells increase ergosterol and unsaturated lipid content to prevent
interdigitation and maintain an optimal membrane thickness as ethanol concentration increases during anaerobic fermentations.

Changes in plasma membrane composition provide an important survival factor for yeast cells to deter ethanol toxicity.

INTRODUCTION

Ethanol, a naturally occurring and biologically important
metabolite, can have numerous effects on the function of
fermenting microorganisms such as yeasts, as it can impact
nutrient metabolism, protein function and biosynthesis,
small molecule transport, and membrane structure (1-3).
These broad effects may be due partly to the amphiphilic
nature of this short-chain alcohol. Although most organisms
cannot tolerate high levels of alcohol, certain yeasts (e.g.,
Saccharomyces cerevisiae) are able to maintain viability in
the presence of up to 15-20 vol % ethanol. Through natural
and directed evolution, yeasts have developed many strate-
gies, also known as survival factors, to deal with ethanol
toxicity (1). One important survival factor is to modify
plasma membrane composition by increasing the content
of unsaturated lipids and ergosterol (1,2,4,5). Sterols such
as ergosterol (Fig. 1), a cholesterol analog and the pre-
dominant sterol in yeast, induce the formation of a
liquid-ordered (L,) phase (6,7) and play an important role
in modulating membrane dynamics (8,9), structure
(10,11), and mechanical properties (12—15) of model mem-
branes. The chemical structure of ergosterol differs from
that of cholesterol by the presence of two additional double
bonds (at positions C7 and C22) and a methyl group at C24
of the side chain (see Fig. 1). It has been proposed that
changes in the plasma membrane composition of yeast cells
in response to ethanol toxicity increase membrane fluidity to
compensate for the disruption caused by ethanol (1,2).
However, it is unclear how the fluidity of the membrane is
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affected by these changes in composition, as sterols are
known to increase order and condense the membrane
(6,8,11), whereas unsaturated lipids are likely to have the
opposite effect.

It is generally accepted that short-chain alcohols partition
to the lipid-water interface with the hydroxyl group facing
the solvent and the hydrocarbons positioned next to the lipid
tails (16—19). However, changes in the membrane induced by
ethanol can vary depending on the type of lipid and the pres-
ence of sterols (20-25), as illustrated in Fig. 2. In the case of
membranes composed of unsaturated lipids (i.e., the liquid-
disordered phase, L,), ethanol and other short-chain alcohols
reduce the interfacial tension in a concentration-dependent
manner, which results in progressive bilayer thinning accom-
panied by lateral expansion (26,27). Saturated lipids below
the transition temperature (i.e., the gel phase, Lg") show little
structural change until an alcohol threshold is reached,
where a phase transition to the interdigitated Lg/ phase takes
place (28-30). The Ll phase has a gel-like structure (29,31)
with significantly reduced thickness (Lg/ phase is 1.9-2.0 nm
lower than the Lg' phase in 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) (23,32,33)) and therefore a large
area/molecule (see Slater and Huang (34) for a review of
lipid interdigitation). Sterols modulate the formation of
the interdigitated phase (21-23). Rowe and co-workers
showed that cholesterol gradually reduces the area fraction
of Lgl-phase DPPC in 12 vol % ethanol and completely elim-
inates interdigitation at 20 mol % cholesterol (22). In pre-
vious work, we quantified this behavior over a large range
of DPPC, sterol, and ethanol concentrations by developing
the first, to our knowledge, lipid/sterol/ethanol phase
diagrams (21). Phase boundaries were determined through
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FIGURE 1 Structure of the sterols ergosterol and cholesterol.

step changes in membrane mechanical properties and vesicle
appearance. The sloped Lg/-phase boundary indicates that
with higher amounts of ergosterol or cholesterol, higher
amounts of ethanol are required to form the Lgl phase and
to disrupt mechanical integrity (21).
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In this work, we use atomic force microscopy (AFM) and
fluorescence microscopy to study the behavior of ternary
model membranes composed of the saturated lipid DPPC,
the unsaturated lipid 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC), and ergosterol exposed to ethanol. Inclu-
sion of the unsaturated lipid provides a model system
that, in comparison to our previous studies (21,23), more
closely resembles a real yeast plasma membrane, which
contains a large number of unsaturated lipid species (35).
AFM has been widely used to study the effects of ethanol
(23,24,33,36) and other anesthetics (32,37,38) on model
supported membranes, as it provides high-resolution details
of both the morphology and the membrane thickness. How-
ever, the discrepancy in the amounts of ethanol (5-10 times
higher), long incubation periods, and reheating after bilayer
formation required to induce interdigitation in supported
versus unsupported membranes of a single saturated lipid,
due to the interaction with the support, presented a barrier
for this type of ethanol study (23,33,36). In a previous report
(23), we developed a sample-preparation methodology,
utilized here, that minimizes the influence of the support
on the observed effects of ethanol on the bilayer and elimi-
nates the discrepancy. Although this methodology is not
particularly complicated, mainly including ethanol and
buffer throughout the preparation process, beginning with

L

o
LR

FIGURE 2 Cartoon illustration of the effects of
ethanol on the L,, L,, and LB/ phases at low and
high ethanol concentrations. Lipids below the tran-
sition temperature (e.g., DPPC) are shown in
orange at left and middle, lipids above the transi-
tion temperature (e.g., DOPC) are shown in blue
at right, and sterols are shown as yellow ellipses.
In the case of the L, phase, ethanol reduces the
interfacial tension in a concentration-dependent
manner, resulting in progressive bilayer thinning
accompanied by lateral expansion. For the Lg
and L, phases, formation of the interdigitated Lg/
phase is induced above an ethanol threshold that
is modulated by sterol concentration. The Lg/
phase has a gel-like structure with significantly
reduced thickness and therefore a large area/
molecule.
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the resuspension of the dry lipids, it allowed us to reproduce
the phase boundaries observed in unsupported DPPC/
ethanol systems (21,23,28). Fluorescence microscopy has
also played an important role in understanding phase
changes caused by ethanol (20,22,30,39), although the fluo-
rescent probes have been used to sense changes in the lipid
environment and not to directly image samples. In this
report, we image supported lipid bilayers (SLBs) using
tapping-mode AFM to identify interdigitated Lgl-phase,
L,, and L, phases over a narrow composition range.
These images are then correlated with the observed probe
partitioning of Texas red 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (TR-DHPE) over the same composi-
tion range such that phases can be identified and their
area fractions quantified using fluorescence microscopy
of SLBs. Using measured area fractions of phases, we
develop a pseudo-ternary-phase diagram for DPPC/DOPC/
ergosterol membranes in 20 vol % ethanol. Based upon
this phase diagram, we propose what to our knowledge is
a new mechanism to explain how increases in unsaturated
lipid and ergosterol content improve ethanol tolerance in
yeast membranes.

MATERIALS AND METHODS
Materials

DPPC, DOPC, and 1-oleoyl-2-(6-((7-nitro-2-1,3-benzoxadiazol-4-yl)amino)
hexanoyl)-sn-glycero-3-phosphocholine (NBD-PC) were obtained from
Avanti Polar Lipids (Alabaster, AL). Ergosterol was purchased from
Sigma-Aldrich (St. Louis, MO). TR-DHPE was obtained from Invitrogen
(Carlsbad, CA). Phosphate-buffered saline (PBS) 10x powder concentrate,
HPLC-grade chloroform, and ACS-grade ethanol (99.5%) were purchased
from Fisher Scientific (Pittsburgh, PA). All materials were used without
further purification. All water used in these experiments was purified
in a Barnstead Nanopure System (Barnstead Thermolyne, Dubuque, 1A)
with a resistivity >17.9 MQ. PBS-ethanol buffer (137 mM NaCl, 2.6 mM
KCl, 9.7 mM Na,HPO,, 2.2 mM KH,PO,, and 20 vol % ethanol) was
adjusted to pH 7.4. Grade V2 muscovite mica was obtained from Ted Pella
(Redding, CA).

Methods
Supported lipid bilayers

Supported lipid bilayers were formed using the vesicle deposition method.
Briefly, lipid mixtures (multicomponent mixtures containing DPPC, DOPC,
and ergosterol with or without a fluorescent probe) in chloroform were
dried under nitrogen and desiccated under vacuum for 30 min. Multilamel-
lar vesicles were then created by resuspending the dry lipids with PBS-20
vol % ethanol buffer heated to 65°C to achieve a lipid concentration of
0.5-1 mg/mL. Vesicle solutions were then sonicated using a tip sonicator
(Branson sonifier 250, Branson Ultrasonics, Danbury, CT) at medium
power for 30 s, then at low power for 30 s, to create small unilamellar vesi-
cles. A 200- to 400-uL aliquot of the small unilamellar vesicle solution was
immediately deposited on freshly cleaved mica and allowed to incubate for
10 min. After incubation, the samples were submerged in PBS-20 vol %
ethanol buffer at 65°C and rinsed within the solution with a pipette to
remove any unfused vesicles. All solutions were maintained in tightly
sealed containers during sample preparation, including heating, to prevent
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evaporation of the ethanol in solution. Samples were allowed to cool at
room temperature over a period of 1.5-2 h.

Atomic force and fluorescence microscopy

Tapping-mode AFM (TM-AFM) imaging was carried out using a Veeco
Dimension 3100 AFM equipped with a Closed Loop Hybrid XYZ scanner
head (Veeco Metrology, Santa Barbara, CA) at 23°C. MSNL cantilevers
(silicon nitride levers with sharp silicon crystal tips of radius <2 nm)
with spring constants 0.1-1.0 N/m were also purchased from Veeco.
Samples imaged with TM-AFM contained no fluorescent probes. Fluores-
cence imaging of samples containing either 0.5 mol % NBD-PC or
0.5 mol % TR-DHPE was carried out with a Nikon Eclipse 400 fluores-
cence microscope (Nikon, Melville, NY) equipped with fluorescence filter
cubes that match the emission spectra of NBD-PC and TR-DHPE and a
60x water immersion lens. Images were captured with a high-resolution
Orca digital camera (Hamamatsu, Japan). Samples for fluorescence imag-
ing were maintained at 22°C + 1°C using a custom-made temperature-
controlled sample holder to prevent changes in the phase behavior caused
by heating from the illumination.

RESULTS AND DISCUSSION

Identification of L,, L,, and Lg/ phases—
comparison of TM-AFM and fluorescence data

A ternary lipid membrane composed of DPPC, DOPC, and
ergosterol can form up to three phases: a DOPC-rich L,
phase, a DPPC-rich L, phase, and a DPPC-rich gel Lg'phase.
In the presence of ethanol, both the L, and Lg' phases can
become interdigitated (Fig. 2), forming the Lg/ phase at
a sterol-dependent concentration (21,23). To reduce the
possible number of lipid phases to three, L,, L, and Lg/
(Fig. 2, High Ethanol), and therefore reduce the complexity
of the system, all supported bilayers presented in this work
were prepared in PBS-20 vol % ethanol buffer using the
vesicle-fusion method at high temperature (65°C), allowed
to cool over a period of 1.5-2 h, and imaged at room temper-
ature (22°C = 1°C) also in PBS-20 vol % ethanol buffer.
We have previously used this methodology to study
DOPC/1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)/
cholesterol systems, and were able to reproduce area frac-
tions, upper critical point, and two-phase to three-phase tran-
sition compared to giant unilamellar vesicles (GUVs) (40).
Samples were maintained in closed containers throughout
preparation and before imaging to prevent evaporation
of ethanol. However, the covers of the containers were
removed for TM-AFM and fluorescence imaging, and there-
fore, ethanol concentration may have changed during
imaging, although sample morphology was not observed to
change over the imaging period. At 20 vol % ethanol in
PBS buffer, any membrane regions in the Lg phase are
expected to be completely interdigitated, in agreement with
the behavior of lipid vesicles, as we showed in our previous
work (21,23).

A combination of height and tapping-phase AFM
imaging was used to characterize the morphology, relative
heights, and general viscoelastic behavior of each of the
three phases. For this initial work, a narrow compositional
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range was selected where it was likely that the three phases,
L,, Ly, and Lgl, would coexist. TM-AFM height images
generated sufficient contrast to observe three different
phases, as shown in Fig. 3. Equilibration and micron-scale
domain formation of solid phases may sometimes require

0 nm I 4 nm -15° I 20°

FIGURE 3 TM-AFM (A-D) and fluorescence (E and F) images of sup-
ported DPPC/DOPC/ergosterol (4:1 DPPC/DOPC, 20 mol % ergosterol)
bilayers deposited in PBS-20 vol % ethanol buffer, imaged at room temper-
ature. (A and C) Height data (lighter color indicates increased height), with
the L, phase having the tallest features, followed by the Lg/ and L, phases.
(B and D) Tapping-phase data corresponding to the height images in A
and C, respectively. (E) Fluorescence image of sample with 0.5 mol %
NBD-PC. (F) Fluorescence image of sample with 0.5 mol % TR-DHPE.
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long incubation and/or cooling times (see Blanchette et al.
(41) and references therein). However, the observed large-
scale phase separation (100-200 um) indicates that our
cooling rate (~20°C/h) was adequate to observe a near-
equilibrium distribution of the three phases. In addition,
the lipid bilayer, in 20 vol % ethanol, delaminated from
the substrate over long periods of time (>12 h, data not
shown), limiting the cooling times to a few hours. Lipid
bilayers in 20 vol % ethanol have drastically lowered
bending moduli (27), accounting for delamination as part
of relatively rapid shape remodeling toward an equilibrium
distribution of membrane shapes.

The phase with the thickest lamellae formed circular
domains (5-20 wum in size), as demonstrated in Fig. 3, A
and C, which shows a sample with 4:1 DPPC/DOPC,
20 mol % ergosterol. This phase was identified as the L,
phase of DPPC, because the L, phase has been observed
to have a higher bilayer thickness compared to both the L,
and Lgl phases (~0.65-1.0 nm larger than the L, phase
(42,43) and 1.9 nm larger than the Lgl phase (23) as
measured by AFM). Two TM-AFM scans are presented in
Fig. 3 to show the large variability of the height data in
different scans, as well as to provide a more complete
picture of sample morphology. Because of the higher vis-
cosity of the 20 vol % ethanol environment, cantilever oscil-
lation was heavily dampened, requiring the use of shorter,
stiffer cantilevers (0.1-1.0 N/m) with 2—10 times higher
spring constants than used previously (23). High stiffness
of the cantilevers, which results in high imaging force, in
addition to some remaining cantilever noise resulted in large
variability of the observed height of the lower two phases.
Furthermore, high imaging force may have reduced the
apparent height of the soft L, phase. To the best of our
knowledge there are no lamellar thickness measurements
of DOPC at 20 vol % ethanol (or similar concentrations)
with techniques other than AFM, which further limits the
use of height data to identify the L, and Lgl phases, as it
is not clear what the relative thickness difference is between
these two phases. For all these reasons, height data could not
be used to directly distinguish the L, from the Lg/ phase.
One of the two thinner L, and Lg/ phases formed radial
fingerlike domains that could extend for hundreds of
micrometers, as demonstrated in Fig. 3, A and C.

In an attempt to differentiate the L, and Lgl phases, we
turned to tapping-phase data collected simultaneously
with the height data. Tapping-phase data obtained from
TM-AFM measures an angular phase shift in the tip oscilla-
tion as an indication of surface viscoelastic properties.
Tapping-phase imaging (Fig. 3, B and D) indicated that the
radial fingerlike domains had a markedly different tapping
phase compared to the other two lipid phases. Previous
observation (32) showed that interdigitated domains interact
much more strongly with the oscillating AFM tip than do
noninterdigitated areas, and therefore, it is likely that these
areas corresponded to Lgl domains. The third interdomain
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phase, which appears to have the lowest height in Fig. 3, A
and C, is expected to be the L, phase.

Large-scale (100-200 um) phase separation makes
the characterization of the composition-dependent phase
behavior of this supported bilayer system well suited for
fluorescence microscopy, a more high-throughput technique
in comparison to TM-AFM. In addition, fluorescent probe
partitioning can give further verification as to the identity
of each of the three phases. Although it would be tempting
to switch to GUVs for the production of a phase diagram
using fluorescence microscopy, similar to what was done
in the work of Veatch et al. (44,45), we have shown in
previous work that GUVs collapse into multilayer stacks
when interdigitated phase forms (21). An attempt to form
GUVs in the three-phase (L,, Lo, and Lgl) region here also
was not successful (data not shown). To examine the probe
partitioning behavior we employed two commonly used
fluorescent probes, NBD-PC and TR-DHPE at 0.5 mol %,
in three-phase (L,, L,, and Lgl) supported lipid bilayers.
Both of these probes have been shown to preferentially
partition into the L, phase (46,47) when L, or Lg'phases
are also present. However, their partitioning behavior in
the presence of Lgl phase was, to our knowledge, hitherto
unknown. As demonstrated in Fig. 3 E, fluorescence
imaging of NBD-PC (4:1 DPPC/DOPC, 20 mol % ergos-
terol) shows that the probe only partitioned into one of the
three lipid phases and both the radial fingerlike and circular
domains showed minimal fluorescence intensity. This result
provides further evidence that the radial fingerlike domains
are indeed interdigitated regions, as it is known that the Lg/
phase has a gel-like structure (29,31) and that therefore, the
NBD-PC molecule will preferentially avoid this phase.

Fluorescence imaging using the probe TR-DHPE showed
three distinct phases, with the brightest fluorescence in-
tensity displayed by the radial fingerlike Lgl phase, as shown
in Fig. 3 F. Although TR-DHPE typically partitions into
liquid-disordered phases, partitioning of this probe into
the Lgl phase is not completely unexpected, as we hypothe-
size that the large area expansion caused by interdigitation
(31,37), illustrated in Fig. 2, can accommodate the large
hydrophobic headgroup of the probe. Initial fluorescence
intensity of both L, and Lgl phases was very similar,
although the TR-DHPE probe bleached significantly faster
in the L, phase (data not shown) and also appeared to fre-
quently accumulate at the edges of the Lg/ domains. Due
to this clear difference in the fluorescence intensity of
the three lipid phases, we used TR-DHPE fluorescence
imaging to develop the phase diagram presented in the
following section. The morphology and size of domains
(Fig. 3, A-F), in addition to measured area fractions from
multiple images (Table 1), show agreement within error
(~=*=0.04) between 4:1 DPPC/DOPC, 20 mol % ergosterol
samples that contain a fluorescent probe (either NBD-PC
or TR-DHPE), as imaged by fluorescence microscopy, and
those that do not, as imaged by TM-AFM.
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TABLE 1 Area fractions of TM-AFM and fluorescence images
for DPPC/DOPC/ergosterol samples

Ar Ly ArL, ArLgl
TM-AFM* 0.39 = 0.05 0.21 = 0.03 0.40 = 0.07
TR-DHPE! 0.39 + 0.04 0.15 + 0.02 0.46 + 0.05
NBD-PC! 0.39 = 0.03 0.61 = 0.03*

DPPC/DOPC/ergosterol ratio was 4:1 DPPC/DOPC, 20 mol % ergosterol,
in PBS-20 vol % ethanol buffer.

*Average of four images. Samples contained no fluorescent probe.
fAverage of 10 images, 0.5 mol % fluorescent probe

1A for L, + Lgl.

Although there are clear advantages for both TM-AFM
and fluorescence microscopy, both techniques have limita-
tions and may have affected the observed phase behavior
of the supported bilayers. In the case of TM-AFM in 20
vol % ethanol, the need to use shorter, stiffer cantilevers
may pose multiple problems due to the high imaging force,
for example, reduction in the apparent bilayer thickness
(particularly for the soft L, phase) and partial reversal of
interdigitation (high imaging force has been reported to
revert interdigitation (37)). In addition, the long imaging
times (20-30 min/scan) made samples susceptible to evapo-
ration of ethanol, which may have caused changes in the
phase behavior over time. Although no visible changes of
sample morphology were observed during continuous scan-
ning, the TM-AFM data presented here need to be consid-
ered with some caution. The fast imaging and larger scan
areas in fluorescence microscopy (2.5 times larger than in
TM-AFM) minimize evaporation effects and provide better
statistics due to the large lengthscale of phase separation in
samples displaying Lzl domains. However, these advantages
come at the cost of possible changes in the phase behavior
from the presence of the fluorescent probe. Recent experi-
mental (48,49) and computational (50) reports indicate
that small amounts (0.05-5 mol %) of fluorescent probe
can affect the mechanical properties and miscibility bound-
aries in lipid bilayers. Fluorescent probes may also affect the
phase behavior of the system due to light-induced lipid
peroxides, which may induce domain formation particularly
at phase boundaries (51,52). We expect that this may perturb
the phase boundaries (coexistence regions may appear
larger) discussed in the following section, yet it should not
change the general behavior of the system. Independent of
the perturbations caused by each technique, the good agree-
ment in sample morphology and area fractions supports the
use of fluorescence microscopy to study the phase behavior
of the system, and the large-scale phase separation ensures
that this lower-resolution technique is adequate for ob-
serving the phase-separation boundaries.

Phase boundaries of ternary DPPC/DOPC/
ergosterol membranes in 20 vol % ethanol

A membrane composed of DPPC, DOPC, and ergosterol in
the presence of 20 vol % ethanol can exhibit up to three lipid
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phases, L., L,, and Lgl, depending on composition. To
systematically develop a pseudo-ternary-phase diagram,
we performed fluorescence microscopy on a broad spectrum
of supported lipid bilayer compositions ranging from 1:4 to
1:0 DPPC/DOPC lipid ratios and from 0 to 55 mol % ergos-
terol containing 0.5 mol % TR-DHPE in PBS-20 vol %
ethanol buffer. L, domains were identified by their circular
morphology and their minimal fluorescence intensity, and
interdigitated Lgl domains were identified by the radial
fingerlike domain morphology, in addition to having the
highest fluorescence intensity. Area fractions (Ay) of each
phase measured from these images are presented in Table 2.
Using the area fraction data, phase boundaries were defined
by the appearance/disappearance of a phase and, in the
case of the upper and lower L, 4+ Lgl coexistence bound-
aries, by estimating the mole fractions, as discussed in the
following paragraphs. In the phase diagram as presented
in Fig. 4, each composition that was imaged is displayed
as a pie chart showing the measured area fraction of each
phase. As discussed in the previous section, the presence
of a fluorescent probe may perturb the presented phase
boundaries, yet the general behavior of the system should
not be affected.

With the Lgl phase completely replacing the Lg' phase, the
DOPC/DPPC/ergosterol phase diagram in the presence of
high ethanol (Fig. 4) shares features with known ethanol-
free DOPC/DPPC/cholesterol phase diagrams (53,54). The
phase diagram presents two regions of gel-fluid coexistence

TABLE 2 Area fractions of DPPC/DOPC/ergosterol samples in
PBS-20 vol % ethanol buffer with 0.5 mol % TR-DHPE

DPPC/DOPC  Erg (mol %) AL, AL, ArLgl
1:4 0 1.00 — —
1:4 10 1.00 — —
1:4 30 1.00 — —
2:3 0 0.75 + 0.08 — 0.25 + 0.08
2:3 10 0.90 + 0.02 0.05 + 0.01 0.05 + 0.02
2:3 20 0.95 + 0.01 0.05 + 0.01 —
2:3 30 0.93 + 0.01 0.07 + 0.01 —
3:2 0 0.42 + 0.10 — 0.58 = 0.10
3:2 10 0.53 = 0.13 0.04 = 0.03 043 = 0.15
3:2 20 0.57 = 0.12 0.12 + 0.04 031 + 0.16
3:2 30 0.73 + 0.04 026 + 0.05 0.01 + 0.02
3:2 45 0.68 = 0.02 0.32 + 0.02 -
3:2 55 0.73 + 0.02 0.7 + 0.02 —
4:1 10 029 =+ 0.08 0.03 = 0.02 0.68 + 0.09
4:1 20 0.39 + 0.04 0.15 + 0.02 046 + 0.05
4:1 30 0.38 + 0.06 027 + 0.03 035 + 0.08
9:1 0 0.25 + 0.15 — 0.75 + 0.15
9:1 10 0.16 + 0.03 0.07 = 0.01 0.77 + 0.04
9:1 20 0.22 + 003 0.16 + 0.02 0.62 + 0.05
9:1 30 0.19 + 0.03 0.39 = 0.04 042 + 0.04
9:1 45 0.23 + 0.04 0.77 + 0.04 —
1:0 10 — 0.10 = 0.01 0.90 = 0.01
1:0 20 — 0.23 + 0.03 0.77 = 0.03
1:0 30 — 042 + 0.02 0.58 = 0.02

Area fractions averaged from 10-15 images obtained from two to four inde-
pendent samples. Error estimates are the standard deviation from the mean.
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FIGURE 4 Phase diagram of DPPC/DOPC/ergosterol bilayers in PBS-20
vol % ethanol buffer, 22°C. Shaded areas in each circle indicate the area
fraction for each phase. Black, gray, and white represent the liquid ordered
(L,), liquid disordered (L,), and interdigitated (Lgl/) phases, respec-
tively. This diagram shares common features with known DOPC/DPPC/
cholesterol phase diagrams (53,54) in the absence of ethanol near room
temperature: two regions of gel-fluid coexistence (L, + Lgl and L, + Lgl)
that extend to the axes, a three-phase triangle (L, + L, + Lgl), and a region
of fluid-fluid (L, + L,) coexistence. The dotted line to the left of the L, + L,
coexistence region indicates an approximate boundary where ergosterol
has reached a solubility limit. Images for vertical points highlighted in
blue are shown in Fig. 5, A-E, and images for horizontal points highlighted
in yellow are shown in Fig. 5, F-J.

(Lo + Lgl and L, + Lgl) that extend to the axes, a three-phase
triangle (L, + L, + Lgl), and a region of fluid-fluid (L, + L)
coexistence. At the bottom axis, corresponding to 0 mol %
ergosterol, the L, + Lgl coexistence region is bounded
between 25 and 95 mol % DPPC approximately. The
morphology of this region was characterized by bright
fingerlike domains of Lgl phase and a darker L, phase, as
shown in Fig. 5 A (3:2 DPPC/DOPC, 0 mol % ergosterol).
The lower boundary of the three-phase triangle is located
slightly below 10 mol % ergosterol. This location was
chosen because at 10 mol % ergosterol, a small fraction of
L, domains (0.03-0.07 Af L,), characterized by being the
darkest phase, as shown in Fig. 5 B, coexisted with Lg/ and
L, phase from 2:3 to 9:1 DPPC/DOPC.

A rather large three-phase triangle (L, + L, + Lgl) exists
with this system because of large gel-fluid coexistence
regions on both axes. The left boundary of the three-phase
triangle was identified by the disappearance of the bright
interdigitated phase, as demonstrated in the transition
from Fig. 5 C to Fig. 5 D (3:2 DPPC/DOPC, 20 mol %
ergosterol and 30 mol % ergosterol, respectively). Our
data indicate that a large fluid-fluid (L, + L,) coexistence
region exists above this boundary, indicated by the presence
of coexisting dark (L,) and lighter (L,) regions, as shown in
Fig. 5 D, even at 45 mol % ergosterol (Table 2). Increasing
the ergosterol content to 55 mol % had little effect on the
observed area fractions and sample morphology compared
to the same DPPC fraction at 45 mol % ergosterol, except
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FIGURE 5 Fluorescence images of supported bilayers deposited in
PBS-20 vol % ethanol buffer and various DPPC/DOPC/ergosterol
(0.5 mol % TR-DHPE) ratios, imaged at 22°C. (A—E) DPPC/DOPC ratio
is fixed at 3:2 and ergosterol is increased from O to 55 mol %. (F-J) Ergos-
terol concentration is fixed at 30 mol % and DPPC/DOPC ratio is varied
from 1:0 to 1:4. (E and J) Formation of ergosterol monohydrate crystals
(white dashed outline) due to an ergosterol solubility limit.

for the appearance of ergosterol monohydrate crystals
(Fig. 5 E) due to limited solubility.

At the right axis, corresponding to 0 mol % DOPC, the
L, + Lgl coexistence region is placed approximately within
5 and 50 mol % ergosterol (+5-10%). To obtain these
boundaries, the lever rule was applied to estimated mole
fractions of the two phases for three imaged compositions
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on the right axis. Although the area/molecule of the inter-
digitated phase is not well known, this value can be esti-
mated from the lamellar thickness reduction assuming
conservation of volume of the lipid bilayer. In the case of
DPPC, the reduction in the lamellar thickness is 30-40%
(16,23,31,33), which results in the area/molecule of the
Lgl phase being 1.4-1.7 times that of the Lg’ phase. Relative
mole fractions can then be estimated from the DPPC and
DPPCl/ergosterol area fractions by using this ratio. The
morphology of the L, + Lgl coexistence region was charac-
terized by bright fingerlike Lgl-phase domains coexisting
with dark L, regions, as shown in Fig. 5 F. The upper
boundary of the L, + Lgl coexistence region at 50 mol %
ergosterol is in good agreement with a change in mechanical
properties at 20 vol % ethanol and 40 mol % ergosterol of
GUVs (21). In our previous work, we correctly identified
the transition as a loss of the Lgl phase, but because we
lacked structural data at the time, we incorrectly labeled
this transition as a three-phase to two-phase transition (21).
The right boundary of the three-phase (L, + L, + Lgl)
coexistence triangle is placed close to the right axis,
indicating a narrow L, + Lgl coexistence region. This was
done because a relatively large area fraction of L, phase
(0.16-0.25 Ay consistently exists at 9:1 DPPC/DOPC within
the three-phase region, as demonstrated in Fig. 5 G (9:1
DPPC/DOPC, 30 mol % ergosterol). Decreasing DPPC and
increasing DOPC content introduced more L, area fraction
and further decreased interdigitated areas of the three-phase
region, as shown in the transition from Fig. 5 G to Fig. 5 H
(4:1 DPPC/DOPC, 30 mol % ergosterol).

The left boundary of the L, + L, coexistence region
between 10 and 30 mol % ergosterol is placed to the left
of 2:3 DPPC/DOPC where a large area fraction (0.9 to
0.95 Ap of L, phase in comparison to L, is present, as
demonstrated in Fig. 5 1. At low DPPC (1:4 DPPC/DOPC
(Fig. 5 J)), a uniform L, phase was observed, independent
of ergosterol concentration, although ergosterol solubility
was limited, as indicated by the formation of ergosterol
monohydrate crystals at 30 mol %. The dotted line on
the left of the L, 4+ L, coexistence region delineates the
boundary where the ergosterol solubility limit is observed
in two compositions.

Preventing ethanol-induced interdigitation—
cooperation of unsaturated lipid and ergosterol

The sequence of images presented in Fig. 5, in addition to
the phase diagram in Fig. 4, clearly shows that there are
three ways to minimize and eliminate the L/ interdigitated
phase: increasing ergosterol content (Fig. 5, A-E), in-
creasing the content of unsaturated lipid (e.g., DOPC,
Fig. 5, F-J), or increasing both. This result has important
implications for understanding membrane-related mecha-
nisms for ethanol tolerance in yeasts. As discussed in the
introduction, ethanol induces thinning of the membrane
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regardless of the lipid phase. However, the thickness
reduction due to interdigitation occurs drastically above an
ethanol threshold and is very large (a 30-40% reduction
in lamellar thickness compared to Lg or L, phases
(16,23,31,33)). On the other hand, ethanol-induced thick-
ness reduction due to lowering of the interfacial tension
in the L, phase takes place progressively, and even at
20 vol %, the thickness reduction is estimated to be 20%
(27). Thickness of the plasma membrane has been shown
to directly affect membrane-protein function, and the high-
est protein activity takes place at an optimal membrane
thickness (55-59). Sensitivity of membrane proteins to
membrane thickness is thought to be caused by the large
energy penalty generated by the hydrophobic mismatch
when the thickness is above or below an optimum value
(60-62). In this light, it is clear that yeast cells must com-
pensate for the ethanol-induced reduction of membrane
thickness to sustain viability. Our results support the hypoth-
esis that yeast cells increase the content of unsaturated
lipids and ergosterol to prevent ethanol-induced reduction
of thickness and interdigitation of the plasma membrane.
More recent studies indicate that the unsaturated lipid
content plays the more important role here (63—-65). Unsat-
urated lipid fatty acid chains are present up to 60 mol %, and
the longer unsaturated chains tend to increase in content
during ethanol fermentation in more alcohol-tolerant yeasts
(66). Ergosterol levels are often much lower, near 10 mol %,
although many studies have shown that increases in ergos-
terol confer enhanced ethanol tolerance in yeasts (67-69).
Through such changes in composition, yeast cells are able
to maintain an optimal membrane thickness and preserve
the activity of membrane proteins as ethanol concentration
increases; this idea puts forward a unifying concept for
the seemingly opposite effects that unsaturated lipids and
ergosterol have on membrane mechanical properties and
ordering.

CONCLUSIONS

Combining AFM and fluorescence microscopy, we are able
to better understand the important role that unsaturated
lipids and ergosterol may play in protecting the yeast plasma
membrane from ethanol-induced interdigitation. TM-AFM
data in addition to fluorescence imaging of DPPC/DOPC/
ergosterol bilayers in PBS-20 vol % ethanol buffer allowed
identification of the three observed lipid phases (L,, L,
and Lgl). Tapping-phase images provided by TM-AFM
played an important role in distinguishing the L/ domains,
as the large variability in the height data made height images
unsuitable for this purpose. TM-AFM also provided control
images of the morphology of the bilayers in the absence a
fluorescent probe. Fluorescence images showed interesting
behavior of the two commonly used fluorescent probes.
As expected, NBD-PC only partitioned in the liquid disor-
dered L, phase, with the other two phases showing minimal
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and indistinguishable fluorescence intensity. On the other
hand, fluorescent images of bilayers containing TR-DHPE
showed highest fluorescent intensity in the radial fingerlike
Lgl domains, which we hypothesize is due to the large area
expansion caused by interdigitation. The unexpected obser-
vation of partitioning of the fluorescent probe TR-DHPE
into the gel-like Lyl phase, which made it possible to dif-
ferentiate all three lipid phases by fluorescence intensity,
allowed us to use fluorescence imaging to statistically
analyze large-scale phase separation (100-200 um) over a
range of compositions. Area fractions obtained from the
fluorescence imaging permitted identification of phase
boundaries and the construction of the phase diagram. This
phase diagram shows our most important result: increasing
ergosterol and/or unsaturated lipid content reduces interdig-
itation. The importance of this result stems from the fact that
these two membrane components tend to have opposite
effects on the mechanical properties and ordering of model
membranes. Our results support the hypothesis that ergos-
terol and unsaturated lipids may act cooperatively to prevent
interdigitation and maintain an optimal membrane thickness,
which therefore can protect membrane-protein function in
the presence of ethanol.
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