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ABSTRACT Giant vesicles formed of 1,2-dipalmitoylphosphatidylcholine (DPPC) and sterols (cholesterol or ergosterol) in
water and water/ethanol solutions have been used to examine the effect of sterol composition and ethanol concentration on the
area compressibility modulus (K,), overall mechanical behavior, vesicle morphology, and induction of lipid alkyl chain
interdigitation. Our results from micropipette aspiration suggest that cholesterol and ergosterol impact the order and
microstructure of the gel (L") phase DPPC membrane. At low concentration (10-15 mol%) these sterols disrupt the long-range
lateral order and fluidize the membrane (K, ~ 300 mN/m). Then at 18 mol%, these sterols participate in the formation of
a continuous cohesive liquid-ordered (L,) phase with a sterol-dependent membrane density (K, ~ 750 for DPPC/ergosterol and
Ka ~ 1100 mN/m for DPPC/cholesterol). Finally at ~40 mol% both cholesterol and ergosterol impart similar condensation to the
membrane (K; ~ 1200 mN/m). Introduction of ethanol (5—25 vol%) results in drops in the magnitude of K,, which can be
substantial, and sometimes individual vesicles with lowered K, reveal two slopes of tension versus apparent area strain. We
postulate that this behavior represents disruption of lipid-sterol intermolecular interactions and therefore the membrane
becomes interdigitation prone. We find that for DPPC vesicles with sterol concentrations of 20—25 mol%, significantly more
ethanol is required to induce interdigitation compared to pure DPPC vesicles; ~7 vol% more for ergosterol and ~10 vol% more
for cholesterol. For lower sterol concentrations (10—-15 mol%), interdigitation is offset, but by <5 vol%. These data support the
idea that ergosterol and cholesterol do enhance survivability for cells exposed to high concentrations of ethanol and provide
evidence that the appearance of the interdigitated (Lsl) phase bilayer is a major factor in the disruption of cellular activity, which
typically occurs between ~12 and ~16 vol% ethanol in yeast fermentations. We summarize our findings by producing, for the
first time, “elasticity/phase diagrams” over a wide range of sterol (cholesterol and ergosterol) and ethanol concentrations.

INTRODUCTION

Sterols are essential for the organization and function of
membranes in eukaryotic cells and the type of sterol present
is the product of a long biochemical evolution (1,2). Our
general understanding of the biophysical and physiological
roles of sterols comes mainly from studies of cholesterol, the
major sterol present in plasma membranes of higher
eukaryotes (for reviews see Bloom et al. and others (3-7)).
In fluid-phase lipids, cholesterol decreases membrane
fluidity whereas in gel-phase lipids, cholesterol increases
the membrane fluidity forming the so-called liquid-ordered
(L,) phase. The L, phase is characterized by very close inter-
molecular spacing (i.e., a highly condensed membrane with
high cohesion), a lack of long-range order (and resulting
reasonable lateral fluidity), and an increased distance be-
tween lipid headgroups as cholesterol is believed to act as
a spacer molecule. In heterogeneous model membranes, cho-
lesterol tends to partition with gel-phase lipids—forming
domains that are generally believed to be in the L, phase. In
living cells, these submicron-scale pools have been termed
““lipid rafts’” and experimental evidence points to their en-
richment in cholesterol and long-chain saturated sphingo-
and phosphatidylcholine (PC) lipids and specific proteins
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that are implicated in cell signaling and trafficking (for re-
views see Vereb et al. and others (8,9)).

Although higher eukaryotes contain cholesterol as their
major sterol component, the plasma membranes of lower
eukaryotes, such as certain protozoa, yeast, and other fungi,
and of insects such as Drosophila, contain ergosterol (1,2).
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). Recently, lipid rafts have been
isolated from organisms that have ergosterol as their major
sterol component such as the yeast Saccharomyces cerevi-
siae (10) and Drosophila (11). Although detailed bio-
physical characterization of the effect of cholesterol on
model and living membranes is well documented, the effect
of ergosterol on the organization, dynamics, and mechanics
of membranes has not been studied in detail, especially over
the relevant concentration range for organisms containing
ergosterol (~10-~25 mol%) (11-15) and in comparison to
cholesterol over this concentration range.

In addition to sterols, we are also interested in the
biophysical and physiological effects of ethanol on lipid
bilayers and mechanisms by which sterols might protect
membranes from the deleterious impact of ethanol. It is now
generally accepted that ethanol molecules adsorb to the polar
headgroups of the membrane’s lipid molecules, preferring
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FIGURE 1

Chemical structures of the sterols used.

the region of the headgroup nearest the tails (16-22). For
phosphatidylcholine lipids in the Lg" (gel) phase (see Table 1
for phase nomenclature), ethanol adsorption increases head-
group volume and disorders lipid chains (23). The headgroup
effect appears to dominate and leads to chain tilt, and then
finally complete chain interdigitation at ~12 vol% ethanol,
with resulting increased headgroup motion (20,23-30). In
live cells, ethanol has been observed to increase membrane
fluidity (31) and induce the Lgl (interdigitated gel) phase
(32,33). Biologically, the substantial thickness decrease
(e.g., 33%) and area expansion (e.g., 50%) that accompany
the Lg'-Lgl transition (for example, see Ly and Longo (34))
should strongly impact membrane and cellular functions.
Cholesterol appears to provide protection against the
deleterious biophysical effects of small solvent molecules
interacting with gel-phase lipid bilayers, in particular
interdigitation induced by ethanol (25,35,36). In model
membranes exposed to 12 vol% ethanol, it has been shown
that the ratio of Lgl phase to Lg' phase can be gradually
decreased by increasing the membrane concentration of
cholesterol, with the complete elimination of the Lgl phase
achieved at 20 mol% cholesterol (25). We know of no study
investigating interdigitation in a wide range of ethanol and
cholesterol concentrations. Therefore, it is unknown if larger
concentrations of ethanol can overcome the inhibitory effect
of cholesterol and by what mechanism this would occur.
Although there are a handful of studies on interdigitation
in cholesterol-containing model membranes, no studies on

TABLE 1 Phase nomenclature

Phase Nomenclature
Untilted liquid-ordered phase L,
Tilted gel phase Lg'
Interdigitated gel phase Lgl
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interdigitation in ergosterol-containing model membranes
exist to our knowledge. This is of particular interest in the
area of ethanol production by fermenting organisms where
ethanol concentrations typically reach ~14 vol% (37-40).
Potentially, fermenting cells, such as yeasts, have evolved
““‘survival factors’ into their membrane structure, which
allow the membrane to become ‘‘tolerant’” of ethanol in its
environment (37,41-43). These factors may help to protect
membranes from the deleterious effects of ethanol on
membrane microstructure and dynamics and include the
composition of membrane lipids with regards to headgroups,
chain lengths, saturation level, and sterol content. Whether
the presence of ergosterol in ‘‘normal levels’ present in
yeasts (~10-25 mol%) provides a significant protective
effect is an open question.

In our previous work, we demonstrated that short-chain
alcohols (methanol, ethanol, propanol, and butanol) can
significantly decrease the elastic moduli and increase the area
per molecule of fluid-phase PCs (44,45). Here, we provide
the first study of the area compressibility behavior and
interdigitation state of gel-phase PCs over a wide range of
cholesterol and ergosterol membrane concentrations, and
ethanol solution concentrations. This study covers the full
physiological concentration range of sterols and the range of
ethanol pertinent to fermenting organisms (and beyond). We
have chosen 1,2-dipalmitoylphosphatidylcholine (DPPC) as
the gel-phase lipid component. Here, as in our previous
study, we utilize micropipette aspiration (MPA) of giant
unilamellar vesicles (GUVs). For a general review and the
theoretical framework of the technique, see Needham and
Zhelev (46,47). Unlike other techniques (e.g., x-ray diffrac-
tion or neutron diffraction) that average over a large popu-
lation of multilamellar vesicles, the MPA technique provides
a unique opportunity to probe the structural and mechanical
properties of the single bilayer of individual giant vesicles
directly. MPA has been applied successfully to measure the
mechanical and viscous properties of natural and synthetic
systems (i.e., red blood cells (48), egg lecithin vesicle (49),
diblock copolymers (50), and multicomponent lipid systems
(51)). MPA has been used to observe adsorption of small
molecules into the bilayer and the accompanying area ex-
pansion (e.g., the influenza hemaglutinin fusion peptide
(52-54), lysolipid (55), and low molecular weight polymer
surfactant (56)). In addition to MPA, we visually inspected the
vesicles to assist in identification of fluidity and the presence
of the Lgl phase in the membranes. We discuss our results
with respect to: concentration-dependent changes in Lg’ and
L, domain organization and intermolecular distance; the dif-
ferential roles and physiological concentrations of ergosterol
versus cholesterol in plasma membranes of eukaryotic organ-
isms; inhibition of interdigitation by sterols (and suggest
a mechanism for ethanol to overcome the inhibitory effect);
and the potential that ergosterol provides significant protec-
tion against interdigitation in fermenting organisms. More-
over, we create ‘‘elasticity diagrams’’ and overlay suggested
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‘‘phase diagrams’’ based on discontinuities in area com-
pressibility modulus, general mechanical behavior (liquid
versus gel), and visual appearance of vesicles.

MATERIALS AND METHODS
Materials

DPPC and cholesterol (>98% purity) were obtained from Avanti Polar
Lipids (Alabaster, AL). Ergosterol (98% purity) and high-performance
liquid chromatography grade chloroform and methanol were purchased from
Fisher Scientific (Fairlawn, NJ). Glucose and sucrose of ultragrade were
obtained from Sigma-Aldrich (St. Louis, MO). Bovine serum albumin
(fraction V, low heavy metals) was purchased from Calbiochem (San Diego,
CA). Ethanol (200 proof) was acquired from Gold Shield Chemical
(Hayward, CA). Deionized water was purified to a resistivity of 18.1 MQ-cm
by a Barnstead Nanopure water system (Dubuque, IA).

Sample preparation
Preparation of giant unilamellar vesicles

Giant unilamellar vesicles were produced using the electroformation method
(57). Stock solutions of all lipids were diluted to 0.5 mg/mL in a mixed
solvent of 2:1 (vol/vol) chloroform to methanol. These new solutions were
combined in various mol/mol ratios, depending on the vesicle composition
needed for experimentation. Using a syringe, 50 uL of the appropriately
combined solution was coated evenly onto two parallel platinum wires,
separated by 3 mm. The wires were housed in an open rectangular center of
a Teflon block. The solvent was evaporated using a light stream of nitrogen
gas. The remaining solvent was removed by placing the wires under vacuum
for at least 2 h. The open center of the block was sealed into a chamber by two
SurfaSil (Pierce Biotechnology, Rockford, IL) coated glass coverslips using
vacuum grease. The chamber was filled with a 100 mM sucrose aqueous
solution that had been preheated to ~50°C, i.e., above the 41°C phase
transition temperature of DPPC (58). The chamber was then submerged in
a preheated sucrose solution and placed in a ~50°C oven. A series of sine
waves (3 volts peak to peak) were applied across the wires at 10 Hz for 30
min, 3 Hz for 15 min, 1 Hz for 7 min, and 0.5 Hz for 7 min using a function
generator (Tenma, Centerville, OH). The temperature of the solution in
which the chamber was submerged was carefully monitored throughout
the electroformation process to make sure it did not fall below 49°C.
When finished, GUVs ranging in size from 10-60 wm were formed. The
chamber was slowly cooled to room temperature (~24°C) and the
vesicles were harvested in Eppendorf vials. These GUVs were used within
2 days.

Preparation of glass micropipettes

Capillary glass tubing (Fredrick & Dimmock, Millville, NJ) was drawn into
a constant diameter shaft using a glass puller (David Kopf Instrument,
Tujunga, CA) and fractured cleanly with a microforge (Stoelting, Wood
Dale, IL) for inner diameters between 6 and 8 wm. The inner diameter was
measured by inserting a probe pipette with a known diameter profile
(characterized by scanning electron microscopy). The pipette was then
coated with 1 vol% solution of SurfaSil in chloroform.

Methods
Micropipette aspiration

A chamber was constructed consisting of two parallel SurfaSil-coated glass
coverslips, separated by spacers of ~2-mm thickness and ~1.5 cm apart and
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sealed with vacuum grease. To allow easy access of the micropipette, the
chamber was left open on two sides. The chamber was placed on the
microscope stage of an inverted Nikon Diaphot 300 microscope (Nikon,
Melville, NY) equipped with a 40X Long Working Distance Hoffman
modulation contrast objective (Modulation Optics, Greenvale, NY), a high-
resolution charge-coupled device camera (Dage MTI, Michigan City, IN),
and a Super VHS recorder (Sony SVO-9500MD, Tokyo, Japan). The
chamber was filled with a glucose solution in water or water/ethanol and
GUVs were added at room temperature (~24°C). The concentration of
ethanol in water ranged from 0 to 25% (vol/vol). The concentration of the
glucose was adjusted to optimize the initial projection length and ranged
from 92 to 105 mM. A micropipette was filled with the same solution as
found in the chamber plus 0.2 wt% bovine serum albumin and connected to
amicromanipulator (model MHW-3, Narishige, Tokyo, Japan) to control the
pipette’s position in the chamber. The micropipette was connected to a water
chamber through a length of thin water-filled tubing. Suction was created by
adjusting the height of the chamber using a slider and micrometer (Velmex,
Bloomfield, NY) below the height of the micropipette tip and used to
aspirate individual GUVs into the micropipette (Fig. 2). The aspiration
pressure, AP, was measured by an attached Acu-Rite ENC 150 linear
encoder (Acu-Rite, Jamestown, NY) connected to a digital readout box and
video overlay box (Polvision, Perth, Australia). Aspiration of GUVs and
overlaid time and pressure data were recorded to S-VHS videotape.
Digitized pictures with a resolution of 300 nm/pixel were taken at different
pressures to determine the geometrical deformation of the vesicles. Image
analysis was performed using the ATI Multimedia Center TV program (ATI
Technologies, Markham, Ontario, Canada). Data treatment was performed
as described below.

FIGURE 2 Video micrograph of a giant unilamellar vesicle (80 mol%
DPPC/20 mol% ergosterol) in 10 vol% ethanol during aspiration dem-
onstrating the increase in projection length, L, as the membrane tension, 7, is
adjusted from (4) 2.5 mN/m to (B) 5.8 mN/m.

Biophysical Journal 89(4) 2481-2493
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MPA calculations

The area compressibility (or elastic) modulus of each GUV aspirated was
calculated using the method developed by Evans and others (reviewed in
Evans and Needham (59)). The suction pressure, AP, applied to the vesicle
produces a uniform membrane tension, 7, which can be described as shown
below by a relation between the pipette radius, R, and the vesicle radius, R,.

APR

—— P (1)
2(1 _Rv>
Rv

Fig. 2 shows that as suction pressure inside the pipette builds (and the
membrane tension increases), the projection length of the GUV inside the
pipette, L, increases in length. The change in the projection length, AL, can
directly give the overall area increase of the membrane, AA, by subtracting
the membrane area at the initial tension, A, from the membrane area, A, at
each interval measured. Assuming the volume of the vesicle is fixed, the
apparent area strain, «, can be calculated using the following approximation:

LMo (Rp>2 (Rp>3 AL )
A 2| \R, R,) (R,

The area compressibility modulus (K,) was calculated using measure-
ments taken in the high-tension range (>0.5 mN/m) of the vesicle
membrane. In this regime, increases in « are almost entirely due to an
increase in the area per molecule of the membrane. The contribution to « by
damping of thermal undulations can be estimated and is quite small for K,
values above 350 mN/m, but not negligible for lower values; therefore, our
reported K, values below 350 mN/m should be viewed as apparent K,
values. After a preliminary increase in suction pressure to remove any excess
membrane folds, tubes, or vesicles, and to check the vesicle for reversibility
of projection length, the suction pressure inside the pipette was increased in
steps. At each step, the membrane was allowed to come to equilibrium
before measurements were taken. The 7 of each successive step was plotted
against its calculated «.. This plot was linear for most of the data (see Fig. 3)
and its slope is equal to the area compressibility modulus, K, (i.e., K, ~ 7/a).

T =

RESULTS AND DISCUSSION

Tables 2 and 3 summarize the impact of membrane sterol
content and ethanol solution concentration on the mechan-
ical behavior and visual appearance of giant unilamellar
DPPC vesicles at 24°C, studied here. In the majority of the
conditions shown, these vesicles appeared spherical and
behaved elastically upon micropipette aspiration. For each of
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FIGURE 3 Measurements of tension, 7, are plotted versus apparent area
strain, «, for an aspirated GUV (75 mol% DPPC/ 25 mol% ergosterol).
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these conditions, the area compressiblity modulus was
measured and is noted in the tables. For some vesicles,
plots of the tension versus apparent area strain exhibited
a discontinuity at a critical tension, resulting in two distinct
slopes. This behavior is noted with an asterisk and both
slopes are reported. For vesicles that did not behave as
reasonably cohesive fluids when aspirated, identification of
physical characteristics was carried out by visual inspection.
These vesicles were labeled as ‘‘Gel”’, ‘‘Interdigitated’’,
““Gel-like’’, or ‘‘Fragile’’.

TABLE 2 Area compressibility modulus, K,, values for
membranes of giant unilamellar vesicles of different DPPC/
cholesterol (CHOL) compositions in environments of varying
ethanol concentrations

Ethanol No. of Second linear
concentration (vol%) K, (mN/m) vesicles slope (mN/m)
Pure DPPC

0 Gel
5 Gel/interdigitated
10 Interdigitated
12 Interdigitated
95 mol% DPPC/5 mol% CHOL
0 Gel
12 Interdigitated
90 mol% DPPC/10 mol% CHOL
0 407.6 = 130.2 7
10 Gel-like
85 mol% DPPC/15 mol% CHOL
0 348.0 = 974 22
5 2674 £124.3 9
10 168.4 * 47.8* 8 72.3 [1]
15 Interdigitated
25 Interdigitated
82 mol% DPPC/18 mol% CHOL
0 1116.2 = 187.1 12
80 mol% DPPC/20 mol% CHOL
0 1155.1 = 276.4 10
5 919.3 = 168.9 17
10 666.6 + 58.4 10
15 482.6 = 190.2* 7 79.2 = 42.5 [5]
20 Fragile/interdigitated
75 mol% DPPC/25 mol% CHOL
0 1149.8 = 119.9 11
10 1089.1 = 178.8 10
15 714.7 + 193.8 9
20 781.8 = 241.6* 9 204.8 = 181.8 [4]
25 Interdigitated
70 mol% DPPC/30 mol% CHOL
15 657.9 = 123.0 10
60 mol% DPPC/40 mol% CHOL
0 1281.2 = 140.8 21
10 1120.4 = 178.5 11
20 1099.7 = 168.6 8
25 1054.2 = 115.7 8

Observation of a second linear slope is indicated by an asterisk. The
numbers in brackets for these values represent the number of vesicles where
this occurred.
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TABLE 3 Area compressibility modulus, K, values for
membranes of giant unilamellar vesicles of different DPPC/
ergosterol (ERG) compositions in environments of varying
ethanol concentrations

Ethanol No. of Second linear
concentration (vol%) K, (mN/m) vesicles slope (mN/m)
90 mol% DPPC/10 mol% ERG

0 245.7 * 35.1 10
5 216.7 = 30.3 10
10 Gel-like
15 Interdigitated
85 mol% DPPC/15 mol% ERG
0 344.1 = 60.6 12
82 mol% DPPC/18 mol% ERG
0 780.7 £ 142.3 10
80 mol% DPPC/20 mol% ERG
0 746.0 £ 258.7* 11 238.3 £ 18.7 [7]
5 775.1 £ 151.2% 8 403.1 = 125.9 [4]
10 221.4 * 49.3%* 12 81.1 = 46.4 [2]
15 Gel-like
20 Interdigitated
75 mol% DPPC/25 mol% ERG
0 691.4 + 1253 10
5 908.2 = 125.9 9
10 831.1 = 237.5 12
15 Gel-like
20 Interdigitated
60 mol% DPPC/40 mol% ERG
0 1162.5 = 299.8 7
5 1142.0 = 204.2 10
10 1111.2 = 244.6 9
15 747.6 = 109.8 9
20 879.2 + 123.7 10

25 Fragile

Observation of a second linear slope is indicated by an asterisk. The
numbers in brackets for these values represent the number of vesicles where
this occurred.

To easily identify trends in mechanical and morphological
behavior and propose possible ‘‘phase diagrams,’’ in Fig. 4,
A and B, we have created *‘elasticity diagrams’’, i.e., placing
our findings at their coordinates for mol% sterol and vol%
ethanol. We have shaded in regions where the K, values are
so close in magnitude as to be indistinguishable as indicated
by a student’s #-test. Each K, value in Fig. 4 A that was found
to be statistically indistinguishable from the K, value at the
same sterol and ethanol concentrations in Fig. 4 B is
indicated by a box around the data point. Proposed phase and
microstructural behavior and approximate phase boundaries
in Fig. 4, A and B, will be discussed below.

DPPC/sterol vesicles in 0 vol% ethanol solution:
mechanical behavior and visual appearance

in relation to intermolecular interactions and
phase behavior

For comparison to DPPC vesicles containing ergosterol and
cholesterol, we first examined pure DPPC vesicles that are

2485
A T
i
4 LM
2 1281 L ’uﬂlﬂ ® 0 ®1osms P
Hhe
e
S B0-pooooe  continuousb®—————> =
@ . - - - -
@ ol +Ly dﬂme‘ -
° 1150 10&9%5_—‘?\)?’,, L ® ntordig.
= o Do
[&] 919 BT — *
) 20 ‘1‘15:55 . jﬂ’:—f’“a.l‘mf -Fragileﬂnterdig.
= - -
[=] -
= “IB.“‘ d(:ll'l'l.afl?lfi ’."GG‘ f’lmardig_ . Interdig.
10 ¢ + Ly domains/ o 7 Lgl+L,
408 4 _Gellike
aar Lot ,’L % B |nterdig.
g ?
i ey Lr?‘rd‘lg, | | Lyl ;
0 e b e | 1 T
Gellinterdig. 10 Interdig. 20 30
B L7 7 7
S _77_?I /
0 1’1152 L 1142 .1111 % L4 Fragile
continuous L, ——— e ,,
5 30 FHlgidemmie————~ y
5] ’
@
El’l /7 Interdig.
= °
= Interdig.
=]
= Lyl+L,
/ @ Interdig.
LI
0 ¢ g : :
Gelllnterdig 10 'Mterdig. 20 30
Vol% Ethanol
FIGURE 4 “‘Elasticity/phase diagrams’’ for DPPC/sterol membranes in

water and water/ethanol solutions as characterized by MPA and visual
observation. Membranes of GUVs contained (A) cholesterol and (B)
ergosterol. The numbers correspond to area compressibility modulus (K,)
values. Values labeled with an asterisk displayed two slopes in tension
versus area strain as listed in Tables 2 and 3. K, was not determined for
nonfluid vesicles, rather their mechanical behavior was identified as Gel,
Gel-like, Interdig., and Fragile. We have shaded in regions where the K,
values are so close in magnitude as to be indistinguishable as indicated by
a Student’s #-test (two-tailed test table, p = 0.05) (exceptions are listed
below). Each K, value in panel A that was found to be significantly the same
as the K, value at the same sterol and ethanol concentrations in panel B is
indicated by a box around the data point. The phases are labeled as follows:
Lg', tilted gel phase; L,, untilted liquid-ordered phase (an analogous *‘L,-
like’” phase in the case of ergosterol); Lgl, interdigitated gel phase.
Boundaries between regions are suggested based on the groupings of area
compressibility moduli and general mechanical behavior as discussed in the
text. In the striped shaded region, we postulate that the L, phase is less
condensed in comparison to L, phase in the shaded gray region as indicated
by a comparison of K, values. Exceptions to statistical groupings of
K, values are: in panel A, 1155 was found not to be statistically different
from 1281, 267 was found to be statistically different from 408; in panel B,
691 and 748 were found to be statistically different from 908 and 879, 1162
was not found to be statically different from 908.

known to be in the Lz" phase. Pure DPPC GUVs displayed
a distribution of morphologies but were mainly oblong (Fig.
5 A), with a smaller number of GUVs appearing spherical or
ruffled (not shown). As expected for the rigid Lg" phase

Biophysical Journal 89(4) 2481-2493
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FIGURE 5 Video micrographs showing (A) pure DPPC oblong vesicle in
the Lg" phase and (B) vesicle composed of 85 mol% DPPC/15 mol%
cholesterol in 15 vol% ethanol exemplifying the highly ruffled visual
appearance associated with interdigitation.

(a tilted gel phase) of DPPC, the surfaces of the GUVs
appeared rigid and did not appear to thermally fluctuate at
room temperature. Application of suction resulted in slow
growth of the projection and the projection length did not
decrease if the suction was decreased. If the GUV was
ejected out of the pipette, the projection remained. We did
not measure K, for GUVs of pure DPPC and 95 mol%
DPPC/5 mol% cholesterol that displayed these character-
istics that are peculiar to crystalline bilayer phases of long-
range lateral order (for example, see Fig. 6 and Evans and
Needham (59)). Instead, in Tables 2 and 3 and Fig. 4, A and
B, we label this behavior as Gel (LB’). In Fig. 4, A and B, we
assigned Lg’ phase to the region in the bottom left corners
where Gel behavior was observed.

Qualitatively, our results for the mechanical behavior and
appearance of DPPC GUVs with increasing cholesterol con-
centration agree with the K, measurements that exist for DMPC
GUVs containing cholesterol (12.5, 33, and 50 mol%) at
similar temperatures with respect to the main transition
temperature (60). We made the same two observations when
we added a small amount of cholesterol (~10 mol%): this
percentage fluidized the lipid bilayer (compared to its pure
state) and the K, measured was low (~400 mN/m); see Table
2 and Fig. 4 A. Specifically, at low cholesterol (10-15

FIGURE 6 Video micrograph of a GUV (90 mol% DPPC/10 mol%
cholesterol) in 10 vol% ethanol after being ejected from a pipette im-
mediately after aspiration. The still visible projection is a clear indication of
“‘Gel-like”’ bilayer properties. Gel vesicles also exhibit this behavior.
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mol%), DPPC GUVs were uniformly spherical except for
visible thermal fluctuations. When aspirated into the micro-
pipette, these GUVs behaved as liquids with no surface shear
rigidity. Tension versus apparent area expansion behavior
was linear and reversible and the slope yielded relatively low
average K, values (~350—400 mN/m). The ‘‘fluid’’ nature
and low K, values support experimental evidence that at ~10
mol% cholesterol, submicron-scale domains of the Lg" gel
phase lipid coexist with submicron-scale liquid-ordered (L,,)
domains (36,60—65). The larger intermolecular spacing in
the boundary regions between domains (compared to the
intermolecular spacing in the bulk L’ phase) and the lack of
long-range order could account for the observed mechanical
behavior. Therefore, at a concentration between 5 and 10 mol%
cholesterol, we denote an approximate phase boundary
between the Lg’ phase and coexisting L, domains + Lg'
domains in Fig. 4 A.

It is clear from other studies that a substantial change in
cohesiveness and overall structure occurs in saturated PC
membranes between ~10 and ~25 mol% cholesterol
(60,61,66). The nature of the transition in area compress-
ibility modulus (smooth versus abrupt) may reveal infor-
mation about the overall microstructure and thermodynamics
in this coexistence region, but it was unknown until this
study. We find that there is a clear discontinuity in the
magnitude of K, between 15 and 18 mol% cholesterol and its
value more than doubles from ~350 to ~1100 mN/m; see
Table 2 and Fig. 4 A. Such a dramatic increase suggests that
the area fraction of the cohesive L, phase domains has
increased just enough to form a continuous network. In
support of this scenario, freeze fracture imaging by Lentz
etal. (61) revealed that the membrane of DPPC multilamellar
vesicles incorporating 24 mol% cholesterol near room
temperature contained a planar network, ~100-nm wide,
“‘higher’’ than the surrounding lipid, indicating a continuous
network of the untilted L, phase surrounding domains of the
tilted L’ phase. This morphology is reported to arise at ~20
mol% cholesterol, in close agreement with the concentration
at which we detect the massive increase in K,. Based on our
results, at a concentration between 15 and 18 mol% cho-
lesterol, in Fig. 4 A, we denote an approximate phase bound-
ary between coexisting L, domains + L' domains and
continuous L, + Lg" domains.

Experimentally, no evidence of L' phase lipid exists at
>25 mol% cholesterol (62,67-69) and presumably the
membrane contains only L, phase. Therefore, at a concentra-
tion of ~25 mol% cholesterol, we denote a phase boundary
between continuous L, + L’ domains and L, phase in Fig. 4
A. The DPPC vesicles continued to act as liquids as the
concentration of cholesterol was increased to 40 mol%. At
40 mol% cholesterol, K, had increased to 1281 mN/m com-
pared to 1150 mN/m at 25 mol% cholesterol, a small but sta-
tistically significant rise; see Table 2 and Fig. 4 A.

By comparing the mechanical behavior and visual
appearance of DPPC GUVs containing cholesterol (Table
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2; Fig. 4 A) with DPPC GUVs containing ergosterol (Table 3;
Fig. 4 B), a general similarity in the effect of these sterols on
the cohesive behavior is noted. Inclusion of 10 mol%
ergosterol or cholesterol fluidized the DPPC vesicles and
aspiration revealed a low K, value ~300 mN/m. In addition
for both sterols, a sharp increase in K, of DPPC vesicles
occurs between 15 and 18 mol% sterol. At 40 mol% sterol,
the K, values were statistically indistinguishable for DPPC
vesicles containing cholesterol or ergosterol. The strikingly
similar impact of these two sterols on the general mechanical
behavior of the DPPC lipid bilayer is an indication that they
are causing very similar changes in phase behavior and
microstructure. In the case of cholesterol, it is fairly well
established that the phase behavior is a result of the
formation of L, phase, which increases in area fraction as
the cholesterol content increases. Although it has not been
established yet, whether the L, phase exists in lipid bilayers
containing ergosterol or other sterols, we hypothesize that, in
the case of ergosterol, a phase exists that can nominally be
called ‘‘L,-like”’. Like the L, phase, associated with
cholesterol, our results show that this L,-like phase imparts
a greatly increased lateral fluidity in comparison to the Lg'
phase and an increased stiffness as the sterol content is
increased, while maintaining fluidity. Differences exist in the
magnitude of the K, values, indicating that ergosterol may
induce a looser packing of the bilayer in comparison to
cholesterol as will be discussed in the paragraph below. We
place the phase boundaries between the Lg' phase, Lg’
domains + L, domains, and continuous L, + Lg" domains at
roughly the same place for both ergosterol- and cholesterol-
containing DPPC membranes (Fig. 4, A and B). Previous
studies have not conclusively shown the ergosterol concen-
tration at which the Lg’ phase is no longer present. We did
not place the transition to pure L, phase at ~25 mol%, the
known transition for cholesterol, but instead place it at ~40
mol%. Here, the K, values in Fig. 4, A and B, are
indistinguishable and the phase is pure L, for DPPC vesicles
containing cholesterol.

Interestingly, a distinct decrease in the slope of 7 vs. «
occurred above a critical tension (Fig. 7) for some ergosterol-
containing GUVs that are approximately on the phase
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000 T T T 1
0.000 0.010 0.020 0.030

Apparent Area Strain

2" slope

Tension (mN/m)

FIGURE 7 Tension-strain plot of a 80 mol% DPPC/20 mol% ergosterol
vesicle. At a tension of ~6 mN/m, the transition between the two slopes
becomes apparent.
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boundary between continuous L, + Lg' domains and L,
domains + Lg" domains (Fig. 4 B, points with asterisks). We
believe the change in slope corresponded to a rearrangement
of the continuous L, network caused by aspiration, such that
for a portion of the membrane, the network was no longer
continuous. Similar, although more erratic, changes in slope
were observed previously (51) for membranes containing
coexisting gel phase network and intervening fluid phase and
were attributed to a similar phenomena. The first slopes (746
and 775 mN/m), corresponds to stretching of the continuous
phase and we believe, based on the range of second values
(~200-400 mN/m), that the second slopes correspond to
stretching of regions where the L, phase is not continuous.

Our studies indicate that ergosterol may be more
disruptive of long-range cohesive packing of the Lg' phase
than cholesterol at very low concentrations (10 mol%) as
indicated by the reasonably small, but significant, difference
in average K, values of ~400 mN/m (cholesterol) and ~250
mN/m (ergosterol). Ergosterol also seems to be less efficient
at restoring long-range cohesive packing to this fluidized
bilayer. When the transition to a more cohesive bilayer
occurred between 15 and 18 mol% sterol, the area
compressibility moduli were ~750 and ~1100 mN/m for
ergosterol and cholesterol, respectively. This indicates that
the intermolecular spacing in the continuous L, phase was
larger (i.e., less condensed with lower van der Waals
interactions) for the membrane containing ergosterol in
comparison to cholesterol. We indicate this less condensed
continuous L, phase by the striped shading in Fig. 4 B. Very
little data exist concerning the differential behavior of
ergosterol and cholesterol at concentrations below 25 mol%
with respect to long-range order or cohesiveness of DPPC at
room temperature. In support of our results, DPH mean
fluorescence lifetime showed an initial decrease (from 0 to
10 mol%) for both cholesterol and ergosterol, attributed to
possible increased water penetration in the bilayer due to the
fluidization of the gel membrane (66). The magnitude of the
decrease was significantly larger for ergosterol in compar-
ison to cholesterol. The mean lifetimes showed an increase at
20 mol% sterol, attributed to a decrease in water penetration
as the bilayer became more cohesive. At 20 mol%, the mean
lifetime was less for bilayers containing ergosterol in
comparison to cholesterol. The differential behavior of
ergosterol and cholesterol with respect to restoring mem-
brane cohesiveness in saturated lipids at concentrations near
~20 mol% cholesterol bears similarity to the behavior
observed in unsaturated PC lipids. A handful of studies
indicate that both ergosterol and cholesterol increase
membrane density in unsaturated PC lipids, however the
effect of ergosterol plateaus at ~20 mol%, whereas
cholesterol further condenses the bilayer up to ~50 mol%
(13,66,70). In the case of the interaction of ergosterol with
unsaturated PC lipids, it has been hypothesized that its more
bulky alkyl chain (in comparison to cholesterol) does not
allow very close association of the two species.

Biophysical Journal 89(4) 2481-2493
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At 40 mol% sterol the K, values of DPPC membranes
containing cholesterol and ergosterol are statistically the
same, ~1280 and ~1160 mN/m, respectively. These data
indicate that the two sterols are condensing the bilayer to
a similar degree at 40 mol%, i.e., the bulky side chain of
ergosterol is no longer preventing close interaction between
the sterol group and lipid side chains in the L, phase. Our
results at this higher sterol percentage agree most closely
with an NMR study that observed the degree of order in the
entire chain of a saturated PC lipid (DMPC) at 30 mol%
sterol (13). In comparing cholesterol and ergosterol with
a related sterol, lanosterol, these investigators found that
ergosterol and cholesterol induced similar order on the alkyl
chains—indicating similar intermolecular distances (al-
though they found that ergosterol ordered the bilayer slightly
more than cholesterol). Additionally, Endress et al. per-
formed micropipette aspiration on DPPC GUVs containing
40 mol% ergosterol and 40 mol% cholesterol and found that
they had nearly identical lysis tension values, an indication
of similar cohesive properties (71). However, the K, value
obtained by Endress et al. (71) for DPPC GUVs containing
40 mol% cholesterol is much lower (740 mN/m) than any of
our measurements for DPPC GUVs containing 40 mol%
cholesterol including GUVs exposed to 25 mol% ethanol.

DPPC/sterol vesicles in 5-25 vol% ethanol
solution: mechanical behavior and visual
appearance in relation to intermolecular
interactions and phase behavior

For DPPC GUVs at most sterol concentrations discussed in
the previous section, we then examined their mechanical and
morphological behavior in ethanol solutions of increasing
concentration, in steps of 5 vol%. Generally, there was
a significant lowering in K,, or change in general mechanical
behavior, after addition of between 10 and 15 vol% ethanol.
To understand these changes in terms of phase and
microstructure, in Fig. 4, A and B, we grouped average K,
values together, by using the same shading, when they
belonged to the same population (by #-test). For nonfluid
vesicles we grouped by similar mechanical behavior and
appearance (Gel, Gel-like, Interdigitated). The assignment of
phase and microstructural behavior to these groups of K,
values in Fig. 4, A and B, is consistent with the previous
section, e.g., the groupings with K, values between 650 and
900 mN/m are ‘‘looser packed’’ continuous L, + Lg'
domains. Thus, as it can be seen in Fig. 4, A and B, the
lowering of K, by ethanol represents phase or microstruc-
tural changes. For example, for DPPC GUVs containing
25 mol% cholesterol, addition of 15 vol% ethanol lowers K,
from 1150 to 715 mN/m representing a transition from
continuous L, + Lg" domains (shaded gray) to the looser
packed continuous L, + Lg" domains (striped).

We do not believe that the mechanism for the lowering of
K,, for any of the vesicles containing only L, phase or the
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more tightly packed continuous L, phase, involved in-
terdigitation or even partial chain interdigitation. Similarly,
we believe that all GUVs that displayed only one K, value,
above 650 mN/m, did not contain interdigitated lipid. The
evidence for these assertions is a previous study (25) that
showed an absence of any interdigitation in DPPC bilayers
with a cholesterol content of 20 mol% in an ethanol
concentration of ~10 vol%. Under the same conditions,
we measured K, values of 667 mN/m, reduced from 1155
mN/m in the absence of ethanol. It could be argued that the
chains themselves were partially interdigitating. However, in
a number of studies, it has been shown that ethanol does not
induce partial chain interdigitation of ordered lipid phases.
Rather at a threshold ethanol concentration, an area fraction
of the bilayer becomes completely interdigitated (i.e.,
coexistence of interdigitated and noninterdigitated phases)
and the area fraction of interdigitated phase increases
steadily as the ethanol concentration is raised (20,72,73).
Because of this absence of Lgl phase, we have assigned the
entire top left corners of Fig. 4, A and B, as L, or continuous
L, + Lg' domains.

Interestingly, a large decrease in K, was noted as ethanol
volume percentage was increased to 10 vol% for 20 mol%
ergosterol GUVs. Here the K, value dropped from ~750
mN/m below 10 vol%, to ~200 mN/m at 10 vol%. We
believe this represents a transition from the coexistence of
continuous L, phase + L' domains (i.e., population with K,
values between ~650 and ~900 mN/m as discussed above)
to coexisting L, domains + Lg" domains (i.e., population
with K, values between ~200 and 400 mN/m) as indicated
by the phase boundary on Fig. 4 B. We cannot rule out the
possible appearance of a small amount of interdigitated lipid
as well; however, its presence is not necessary to explain the
result.

Overall, this trend of decreasing area compressibility
modulus suggests that ethanol is disrupting intermolecular
attractive interactions within the membrane. Sterols interact
with saturated gel phase lipids mainly by attractive van der
Waals interactions (74), and possibly by hydrogen bonding
and/or water bridge formation between the lipid headgroups
and the alcohol groups on the sterols (75). Ethanol, which
adsorbs into the headgroup near the upper tail region (16,76),
will increase the polarity of this region. This increased
polarity makes interaction in the upper tail region with water
more favorable, resulting in increased intermolecular spacing
and thus decreased attractive interactions (decrease in K,) as
we have observed in previous work involving unsaturated
lipid bilayers (44,45). Moreover, ethanol can competitively
hydrogen bond with lipid headgroups (18,21), adding to the
disruption of sterol-lipid interactions. As the ethanol causes
the interaction between sterol and DPPC to become weaker,
the spacing between them increases (observed by us as
a decrease in K, of vesicles containing L, phase) and the
sterol-DPPC interactions become of similar magnitude to the
DPPC-DPPC interactions. The latter should result in
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a decrease in the area fraction of L, phase. For example, at
20 mol% ergosterol, we observe an abrupt decrease in K,
between 5 and 10 vol% ethanol, which we attribute to
a decrease in the area fraction of L, phase; i.e., a transition
from continuous L, phase + L' domains to coexisting L,
domains + Lg" domains.

Above a threshold ethanol concentration for each sterol
condition, the vesicles appearance changed dramatically.
This is noted by the label, ‘‘Interdigitated’’ in Tables 2 and 3
and Fig. 4, A and B. In these cases, the giant vesicles
uniformly did not have a rounded appearance. Instead, they
appeared multifaceted or deeply ruffled (see Fig. 5 B). By
comparison to a previous study (25), we found that DPPC
vesicles known to contain a large percentage of Lgl phase,
0 or 5 mol% cholesterol in 12 vol% ethanol, also appeared
multifaceted or deeply ruffled. The alcohol concentration
where we noted this interdigitated vesicle morphology
depended upon the sterol and its concentration. As the sterol
concentration increased, more ethanol was required for the
vesicles to change their appearance, and the transition
occurred at a higher ethanol concentration for cholesterol-
containing vesicles in comparison to ergosterol-containing
vesicles. As Lgl phase area fraction increases, the cholesterol
content should become enriched in the remaining L, phase.
Therefore, interdigitation resistant L, phase may persist even
for vesicles that appear to be interdigitated by visual
inspection. Based upon our observations, in Fig. 4, A and
B, the bottom right corners above sterol contents >~7 mol%
was assigned as Lgl + L, phases and below ~7 mol% sterol
as Lgl. Fragile vesicles also occurred within this region.
Specifically, for two conditions, we observed vesicles that
were so fragile (lysed at a low tension), that their behavior
could not be characterized by MPA. These vesicles, labeled
as ‘‘Fragile’’, appeared spherical and displayed surface
fluctuations. The behavior of these vesicles may represent an
occasional metastable lipid organizational state before
interdigitation.

Now we will discuss the diagonal regions in Fig. 4, A and
B, labeled as L, + Lg" + Lgl. In this region, L,, Lg’, and
Lgl phases coexist. This assignment is consistent with the
phases present on the left boundary (coexisting L, and Lg'
phases) and right boundary (coexisting Lgl and L, phases)
and the necessity for the existence of an intervening three-
phase region. For DPPC GUVs containing cholesterol, this
region was fairly narrow with a width of ~5 vol% ethanol,
between the observation of round fluid vesicles and severely
ruffled vesicles, making it difficult to characterize the
behavior of vesicles within the region at multiple cholesterol
and ethanol concentrations. However, we were able to
characterize one point, at 10 mol% cholesterol, 10 mol%
ethanol. Previously, Komatsu and Rowe (25) found that an
intermediate area fraction of Lgl existed under that
condition. For DPPC GUVs containing ergosterol, the
region was wider (5-10 vol%) and we were able to
characterize three points. All GUVs within this region
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behaved similarly and are labeled as ‘‘Gel-like’” in Tables 2
and 3 and Fig. 4, A and B. By micropipette aspiration, these
GUVs behaved similarly to pure DPPC GUVs in 0 vol%
ethanol; i.e., they displayed surface rigidity throughout
aspiration. In particular, upon application of suction, the
projection grew slowly. Upon reduction of tension, the
projection remained. If expelled from the pipette entirely,
the GUV would float away from the pipette with its
projection still intact (see Fig. 6). Interestingly, before
aspiration, these GUVs appeared spherical by interference
contrast microscopy and displayed some surface thermal
fluctuation. The assignment of the coexisting L, Lg’, and
Lgl phases is consistent with the observed mechanical
behavior, i.e., gel-like behavior upon aspiration as would be
expected for GUVs containing the ordered crystalline Lgl
phase, but generally round in shape and displaying a small
degree of thermal fluctuation as expected for fluidized
GUVs containing domains of L' phase + L, phase. On the
left boundary of this region, GUVs occasionally displayed
two distinct slopes of 7 vs. a (points with asterisks). Gen-
erally, the second slope, when present, was ~75 mN/m. This
second slope may actually represent a plastic transition
where the suction pressure is inducing interdigitation in a
small area fraction of the bilayer. In the future, we plan to
test for reversibility of the second slope; i.e., a lack of
reversibility would signal a plastic transition. The change in
slope generally occurred above 4.5 mN/m and reversibility
was only checked carefully for tensions below ~5 mN/m
during a prestretch.

It is known that the addition of cholesterol to saturated gel
phase PC lipid bilayers increases headgroup spacing, thus
relieving headgroup crowding present in pure Lg" phase PC
bilayers (25). Ethanol, on the other hand, increases head-
group volume when added to pure saturated gel phase PC
bilayers through adsorption into the headgroup region
(21,77). Subsequent ethanol-induced interdigitation in pure
gel phase bilayers results in increased headgroup spacing
needed for the ethanol-associated headgroup. Therefore, it
appears paradoxical that ethanol can induce interdigitation in
DPPC membranes containing large amounts of cholesterol
(e.g., 25 mol% cholesterol) where there is plenty of space for
the headgroup. Our results indicate that in the presence of
ethanol, DPPC-sterol interactions are weakened and thus the
number/frequency of interdigitation-prone DPPC-DPPC
interactions is increased. DPPC membranes containing
ergosterol interdigitated at lower ethanol concentration in
comparison to membranes containing cholesterol, reflecting
weaker ergosterol-DPPC interaction (i.e., lower K, values).
Also, we postulate that as the ethanol concentration is raised,
there will always be a region of L, domains + Lg" domains
between the region of continuous L, + L' domains and
L, + LB’ + Lgl. However, as the sterol concentration
increases, the region becomes very narrow and therefore, we
did not happen to pick the correct conditions to observe it
above 20 mol% sterol.

Biophysical Journal 89(4) 2481-2493
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Significance with respect to cellular evolution
and ethanol tolerance

Taken from the perspective of cellular evolution, we find that
ergosterol is a better fluidizer at low concentrations (10-25
mol%) in comparison to cholesterol. Our results indicate that
ergosterol is quite disruptive of long-range gel-phase lateral
order at very low concentrations (~10 mol%) resulting in
a fluid membrane with cohesiveness similar to an un-
saturated PC bilayer. This cohesiveness is somewhat
restored at ~18 mol%, but the membrane is still fluid and
fairly pliable, as indicated by the relatively low K, value.
This supports a previous postulation that the alkylation in
ergosterol’s side chain has been chosen by yeast during
sterol evolution for enhancing membrane disorder as an
alternative to synthesis of unsaturated fatty acids (1). In
theory, the ergosterol concentration of a yeast’s plasma
membrane can be tuned between ~10 and ~25 mol% to
control the overall fluidity and cohesiveness of the bilayer
without ever attaining an extremely cohesive bilayer that
strays too much from the properties of unsaturated PC lipids
(i.e., the 18 mol% cholesterol bilayer). In addition, as
discussed above, ergosterol does not increase chain ordering
in unsaturated lipids at concentrations above ~25 mol%
ergosterol, so there is no need for ergosterol levels to ever
exceed 25 mol% in any organism. In higher eukaryotes,
cholesterol is present in the plasma membrane at percentages
close to 40 mol%. Therefore, it is interesting to compare the
K, values of DPPC bilayers containing cholesterol and
ergosterol at these higher proportions. At this concentration,
we find that cohesion in cholesterol- and ergosterol-con-
taining membranes are similarly high. Thus, the reason why
cholesterol was chosen over ergosterol in cellular evolution
in higher eukaryotes is not clear based upon the area com-
pressibility moduli measurements. Therefore, other param-
eters must be involved, such as high lipid and cholesterol
diffusion (78) or possibly a related lack of gel-phase domains
(71) in the case of saturated membranes containing high
percentages of cholesterol.

Our data show that inclusion of cholesterol or ergosterol in
DPPC membranes confers resistance to ethanol-induced
interdigitation. At the extreme end, DPPC bilayers contain-
ing 40 mol% cholesterol appears to be so cohesive (K, =
1281 mN/m) that 25 vol% ethanol only decreases K, to 1054
mN/m and no interdigitation is observed. For DPPC bilayers
of slightly less cohesiveness (K, ~ 1150 mN/m), ~15 vol%
ethanol is required to decrease the cohesiveness significantly
(K, ~ 450-800 mN/m) followed by clear signs of in-
terdigitation at ~20 vol% ethanol. Finally, for bilayers
containing ergosterol in the physiological upper concentra-
tion range for lower eukaryotes (~18-25 mol%), the bilayer
is cohesive enough (K, ~ 800 mN/m), that clear signs of
interdigitation only appear at ~15 vol% ethanol (compared
to ~7 vol% for pure DPPC). These ergosterol data support
the idea that ergosterol can enhance survivability for cells
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exposed to high concentrations of ethanol normally
experienced during wine fermentation (i.e., <15 vol%) or
industrial alcohol production by preventing interdigitation,
through enhanced cohesiveness and increased headgroup
spacing. For DPPC vesicles containing small amounts of
sterol (10-15 mol%) with K, values of ~300 mN/m, the
presence of the sterol does seem to provide some protection
against interdigitation as we detect a decreased percentage
of interdigitation when sterol was incorporated into the
membrane in the presence of 10 vol% ethanol, in comparison
to pure DPPC in the presence of 10 vol% ethanol, in
agreement with previous work (25). Potentially, the limited
solubility of sterol in DPPC Lg' phase domains offers some
protection through increased headgroup spacing and the
presence of L, domains provides protection. However, our
data suggest that the plasma membranes of yeast containing
these lower concentrations of ergosterol (<18 mol%) will
experience some degree of interdigitation initiating at an
ethanol concentration of ~10 vol%. Previous studies with
yeast under enological conditions have attributed ethanol
tolerance to compositional changes that increase membrane
fluidity, whereas others, in seemingly contradictory studies,
have observed increased membrane fluidity simply upon
introduction of ethanol to the cellular environment (31,79—
83). It is clear from the phase diagrams in Fig. 4 how both of
these observations might arise from experiments at various
levels of ethanol and membrane ergosterol content. How-
ever, it is also clear that the appearance of interdigitated, Lgl,
phase bilayer may be a major factor in disruption of alcoholic
fermentation and may explain partially the appearance of
disrupted ‘‘stuck’ fermentations that typically occur be-
tween 12 and 16 vol% ethanol (37,38,81), a phenomenon
that has yet to be implicated in previous studies.

CONCLUSIONS

The ‘‘elasticity/phase’” diagrams (Fig. 4, A and B) sum-
marize our main observations and conclusions: 1), DPPC
membranes containing ergosterol and cholesterol exposed
to ethanol solutions display similar overall mechanical and
phase behavior; 2), there is an abrupt change in K, value
at ~18 mol% sterol, which we relate to a change in
microstructure from coexisting Lg" domains + L, domains to
coexisting continuous L, + L' domains; 3), the K, values
for ergosterol-containing membranes are generally lower
than those for cholesterol-containing membranes at all
alcohol concentrations (this is especially evident for sterol
content =18 mol% and =25 mol% sterol, indicating larger
intermolecular spacing and supporting the postulate that
ergosterol serves as a replacement for unsaturated lipids in
many lower eukaryotes); 4), a reduction in sterol content and
increase in ethanol concentration decreases the bilayer K,
value through a decrease in lipid-sterol intermolecular attrac-
tions as required for induction of interdigitation; and 5), for
sterol concentrations of 20-25 mol%, ethanol-induced
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interdigitation is offset by ~7 and 10 vol% by ergosterol and
cholesterol, respectively. For lower sterol concentrations
(10-15 mol%), interdigitation is offset, but by <5 vol%.
These data support the idea that sterols do enhance sur-
vivability for cells exposed to high concentrations of ethanol.
Overall, for ‘‘normal’’ ergosterol contents (~10-25 mol%)
interdigitation should become a major disruptive factor at
~12-16 vol% ethanol according to our ‘‘phase diagram’’.
This concentration range corresponds well to ethanol con-
centrations at which fermentation activity is disrupted under
enological conditions and a ‘‘stuck’’ fermentation occurs.
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