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cerevisiae defective in the late steps of ergosterol biosynthesis are viable but
accumulate structurally altered sterols within the plasma membrane. Despite the significance of pleiotropic
abnormalities in the erg mutants, little is known about how sterol alterations mechanically affect the
membrane structure and correlate with individual mutant phenotypes. Here we demonstrate that the
membrane order and occurrence of voids are determinants of membrane rigidity and hypersensitivity to a
drug. Among five ergΔ mutants, the erg2Δ mutant exhibited the most marked sensitivity to cycloheximide.
Notably, measurement of time-resolved anisotropy indicated that the erg2Δ mutation decreased the
membrane order parameter (S), and dramatically increased the rotational diffusion coefficient (Dw) of 1-[4-
(trimethylamino)pheny]-6-phenyl-1,3,5-hexatriene (TMA-DPH) in the plasma membrane by 8-fold, provid-
ing evidence for the requirement of ergosterol for membrane integrity. The IC50 of cycloheximide was closely
correlated with S/Dw in these strains, suggesting that the membrane disorder and increasing occurrence of
voids within the plasma membrane synergistically enhance passive diffusion of cycloheximide across the
membrane. Exogenous ergosterol partially restored the membrane properties in the upc2-1erg2Δ strain. In
this study, we describe the ability of ergosterol to adjust the dynamic properties of the plasma membrane,
and consider the relevance of drug permeability.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The eukaryotic plasma membrane is a complex structure consist-
ing of thousands of different lipids with numerous embedded
membrane proteins. Experimental evidence from a variety of studies
indicated the heterogeneity of lateral organization of the plasma
membrane lipids [1]. The emerging concept of floating entities in the
plasma membrane known as “rafts” has received a great deal of
attention because rafts are believed to be involved in cellular
regulation and functions such as signal transduction, endocytosis,
membrane trafficking and in pathogenesis [2–5]. The widely used
operational description of rafts is based on the fractionation of
detergent-resistant membranes (DRMs) obtained by the extraction of
living cell membranes with cold nonionic detergents. DRMs in the
yeast Saccharomyces cerevisiae are enriched in ergosterol, sphingoli-
pids, and a variety of specific membrane proteins [6]. Despite the lack
TMA-DPH, 1-[4-(trimethyla-
rrelated single-photon count-
e; rs, steady-state anisotropy;
ional correlation time; S, order
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of clarification of the role of lipid rafts in yeast, ergosterol plays an
essential role in bulk membrane function, affecting membrane
rigidity, fluidity, and permeability [7]. Many of the most successful
antifungal agents in the medical and agrochemical fields interfere
with sterol biosynthesis or function [8], and thus drug permeability of
the plasma membrane is one of the major targets of pharmaceutical
development. In S. cerevisiae, genes encoding proteins that catalyze
the final five steps in ergosterol biosynthesis are nonessential, and the
viable ergosterol (erg) mutants accumulate altered sterols that are
structurally distinct from ergosterol [9,10]. The changes in sterol
composition caused by erg mutations confer pleiotropic hypersensi-
tivity to a broad range of compounds such as LiCl, NaCl, ethanol,
cycloheximide, anthracyclines, dactinomycin, and brefeldin A [11–15].
The viability of erg mutants enables us to analyze whether specific
structural ergosterol motifs are required for specific cellular processes.
The hypersensitivity of the erg6Δ mutant to cycloheximide has been
accounted for by two distinct mechanisms [15,16]. First, the
membrane bilayer of the erg6Δ mutant is permeable to small
molecules. Second, sterol alteration in the erg6Δ mutant decreases
the activity of a multidrug efflux pump, Pdr5, and thereby cyclohex-
imide is accumulated in the erg6Δ cells. The results of Emter et al.
supported the first mechanism showing that Pdr5 was functional in
the erg6Δ mutant and that deletions for ERG6 and PDR5 enhanced
drug accumulation in an additive fashion [15].
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Specific sterols are required for receptor-mediated endocytosis,
fluid-phase endocytosis [17–19], and trafficking of the tryptophan
permease Tat2 [20,21]. ELO3 encodes a protein required to produce a
very long-chain fatty acid (C26) in sphingolipids and is synthetically
lethal with mutations in ERG6 [22]. In a conditional elo3Δerg6ts

double-mutant, the plasma membrane H+-ATPase Pma1 fails to
associate with rafts and is rerouted to the vacuole for degradation
[22]. Ergosterol is also required for actin cytoskeletal organization
when the endosomal protein complex Cdc50-Drs2 is lost [23]. In yeast
mating, ergosterol depletion inhibits pheromone signaling and
plasma membrane fusion [24]. Accordingly, ergosterol is clearly
important for membrane integrity and diverse cellular functions in
yeast. Nevertheless, little attention has been paid to how sterol
alterations mechanically correlate with membrane properties. High
hydrostatic pressure packs lipid bilayers and low temperature reduces
the thermal motion of the acyl chains, and thereby act toward
ordering the membranes. In our genome-wide functional screening
using a yeast deletion library, we found that ergosterol was required
for growth under high pressure of 25MPa (approximately 250 kg/cm2)
and low temperature of 15 °C [25]. This implies that ergosterol but not
altered sterols allows the plasma membrane and/or membrane
proteins to fulfill functions when the membrane is highly ordered.
However, no theory has been proposed to describe the phenotypic
abnormalities of the five erg mutants consistent with changes in
membrane properties.

The role played by lipid molecules in the function and structure of
biological membranes has been widely analyzed using a variety of
physical techniques. Fluorescence depolarization techniques are
particularly suitable for this purpose. Two lipophilic molecules, 1,6-
diphenyl-1,3,5-hexatriene (DPH) and 1-[4-(trimethylamino)pheny]-
6-phenyl-1,3,5-hexatriene (TMA-DPH), are commonly utilized in such
experiments [26–28]. Measurement of the steady-state anisotropy of
DPH is the most common technique to estimate macroscopic
membrane rigidity. Importantly, it evaluates equally fluid and less-
fluid regions of the membrane [29]. In model lipid membranes,
cholesterol and ergosterol are generally thought to have packing
effects on bilayer acyl chains in the liquid-crystalline phase and
disordering effects in the gel phase [30,31]. However, in intact
mammalian cells, a major problem in using DPH is that the dye
accumulates both in the plasmamembrane and organellemembranes,
thus characterizing the total membrane apparatus rather than the
plasma membrane alone [32]. In S. cerevisiae, Parks and colleagues
performed anisotropy measurement with purified plasma membrane
and showed that membrane rigidity was lost in sterol auxotrophs [33].
However, it has been established that DPH exhibits a bimodal
orientational distribution, i.e., perpendicular to the bilayer plane
near the center of the membrane and parallel to it within the acyl-
chain tails, making interpretation complex [34]. TMA-DPH is a
derivative of DPH. Due to its cationic moiety, it is anchored with the
charged headgroup at the lipid–water interface and thereby reflects
only the interfacial region of the membrane [27]. In mammalian cells,
it remains localized randomly in the plasma membrane [32]. It was
reported that the erg mutants lost rigidity of the plasma membrane
[35]. However, steady-state anisotropy is insufficient to describe
precisely the dynamic membrane properties because they are a
function of various parameters such as probe motion, fluorescence
lifetime, lipid composition, and hydration.

Time-resolved fluorescence spectroscopy based on time-corre-
lated single-photon counting (TCSPC) enables us to determine the
principal parameters such as the rotational correlation time, mem-
brane order parameter, limiting anisotropy, and fluorescence lifetime
in a single measurement [28]. Additionally, the possibility of
characterizing membrane heterogeneity using this technique could
be important to improve our knowledge of membrane structure and
dynamics and their physiologic implications. Nevertheless, this
technique has not been extensively employed in yeast cell biology.
To elucidate the mechanistic role of ergosterol in membrane
properties, we introduced this optical technique into the investigation
of ergosterol biosynthetic mutants in an attempt to determine the
relevance of that role based on the physiologic traits of yeast. In this
study, we demonstrate important parameters that characterize the
dynamics of the plasma membrane of five erg mutants and indicate a
link to cycloheximide susceptibility.

2. Materials and methods

2.1. Yeast strains and culture conditions

The wild-type strains BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0
ura3Δ0) and BY4741 (MATa his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0), and the
erg2Δ::kanMX4, erg3Δ::kanMX4, erg4Δ::kanMX4, erg5Δ::kanMX4,
erg6Δ::kanMX4, and pdr5Δ::kanMX4 mutants were obtained from
the EUROSCARF yeast-deletion library (cat. no. 95400.H3, Invitrogen,
Carlsbad, CA, USA) [36]. Strain WPY361 (MATa upc2-1 ura3-1 his3-11,
-15 leu2-3,-112 trp1-1) was kindly provided by W.A. Prinz of the US
National Institutes of Health (Bethesda, MD, USA) [37]. Cells were
grown in synthetic complete (SC) medium with slight modification
[38] with vigorous shaking at 25 °C. The optical density at 600 nm
(OD600) was measured after appropriate dilution of the samples.
Cycloheximide, rhodamine 6G, ergosterol (Wako Pure Chemical
Industries Inc., Osaka, Japan), and Tween 80 (Sigma-Aldrich Inc., St.
Louis, MO, USA) were used as additives in the growth medium.
Ergosterol was dissolved in Tween 80-ethanol solution to give a stock
solution of 50 mM as described previously [37].

2.2. Cycloheximide sensitivity

Exponentially growing cells were diluted in SC medium at 0.001
OD600, and the cells were exposed to various concentrations of
cycloheximide in 96-well plates at 25 °C for 48 h. The OD600 was
measured using an MTP-450 plate leader (Corona Electric Co., Ltd.,
Hitachinaka, Japan).

2.3. Genetic manipulation

To confer tryptophan prototrophy on strain WPY361, an EcoRI–
SphI fragment from plasmid pJJ280 containing TRP1 was introduced
into the cells, giving strain FAS421 (MATa upc2-1 ura3-1 his3-11,-15
leu2-3,-112). To create the erg2Δ::kanMX4 mutation in strain FAS421,
PCR-based gene disruption was carried out using the primers ERG2a
(ATCGAACCACGGCCCTCGTATAAGCCGC) and ERG2b (CACCGCTTT-
CAAAGAATTGAAGATTGAG) and genomic DNA purified from the
erg2Δ::kanMX4 mutant as a template, giving strain FAS415 (MATa
erg2Δ::kanMX4 upc2-1 ura3-1 his3-11,-15 leu2-3,-112). Deletion of
ERG2 was confirmed by PCR amplification of the genomic DNA using
the primers ERG2a700 (TAACTGCGAGAGGCCGGGTTTTTAAAGG) and
kanC-b (ATTACGCTCGTCATCAAAATCA).

2.4. Labeling of cells with DPH and TMA-DPH

Cells were grown in SC medium at 25 °C at 0.5–1.0 OD600 (∼0.5–
1.0×107 cells ml−1). The cells were collected by centrifugation, washed
twice with TE buffer (10 mM Tris–Cl, 1 mM EDTA, pH 7.0) and labeled
with DPH or TMA-DPH (Invitrogen) at 25 °C for 10 min in the dark.
Unless otherwise specified, DPH and TMA-DPH were used at
concentrations of 5.0 μM and 0.5 μM, respectively. After washing
twice, the cells were resuspended in TE buffer at 0.25 OD600 and
placed on ice until use. The cell suspensions were warmed at 25 °C for
4 min prior to subsequent measurements. The leakage of fluorescent
dyes from the labeled cells was negligible during the storage on ice,
prewarming, and anisotropy measurements judging from the fluor-
escence intensity of labeled cells.



745F. Abe, T. Hiraki / Biochimica et Biophysica Acta 1788 (2009) 743–752
2.5. Preparation of DMPC vesicles

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC; Wako Pure
Chemical Industries Inc.) was dissolved in chloroform, and the solvent
was removed under a vacuum for 10 min. It was suspended in TE
buffer at a concentration of 200 μM with a vortex and sonication. The
membranes were allowed to swell in TE buffer at 30 °C for 1 h and
subsequently labeled with 0.5 μM TMA-DPH at 30 °C for 1 h in the
dark.

2.6. Steady-state anisotropy measurement

An RF-5300PC spectrofluorometer with a xenon arc lamp and
polarizing device (Shimadzu Co., Kyoto, Japan) was used for the
measurement of the steady-state anisotropy of TMA-DPH. The
excitation and emission wavelengths were 358 nm and 430 nm,
respectively. The measurement was carried out at 25 °C. To avoid
photobleaching of the dye, labeled cells were excited for 0.25 s. The
steady-state anisotropy (rs) was calculated from polarized intensities
according to the equation:

rs = IVV−G IVHð Þ= IVV + 2G IVHð Þ ð1Þ

where I is the fluorescence intensity of TMA-DPH-labeled cells after
subtraction of that of unlabeled cells. The subscript VV indicates
measurements with both polarizers positioned vertically, while the
subscript VH indicates measurements with the excitation polarizer in
the vertical and the emission polarizer in the horizontal position. G
stands for the G-factor, IHV/IHH, for this instrument. The subscripts HV
and HH indicate the positions of polarizers opposite VH and VV,
respectively. Data are expressed as means with standard deviations
from more than three independent experiments.

2.7. Time-resolved fluorescence spectroscopy

A FluoroCube (Horiba Ltd., Kyoto, Japan) capable of performing
TCSPC was used for the measurement of time-resolved fluorescence
anisotropy of TMA-DPH. The instrument was equipped with a
polarizing device and a 375-nm laser diode (NanoLED 375 L, Horiba
Ltd.) operated with a pulse frequency of 1 MHz. Because the laser
power is extremely low (6–7 μW), photobleaching of the dye is
negligible. TMA-DPH-labeled cells were placed in a quartz cuvette
at 0.4 OD600. Fluorescence was emitted at 460 nm at 25 °C. The
time (t) axis ranging from 0 to 228 ns was split into 2048 channels.
IVH(t) and IVV(t) were measured sequentially in cycles between IVH
(t) and IVV (t). The G-factor was determined by measuring IHH(t)
and IHV(t) for 1 min each. The instrumental response function was
obtained by measuring the Rayleigh scattering light from the cell
samples at 375 nm. Parameters describing the fluorescence intensity
decay and anisotropy decay were determined by convolving IVH(t)
and IVV(t) and the instrument response function. Data were
analyzed using the DAS6 decay analysis software, version 6.3
(Horiba Ltd.). The simplest model of the restricted motion of
fluorochromes in the membrane, based on the Brownian diffusion
of the label in a cone with a wobbling diffusion constant, leads to
the following single exponential approximation of the anisotropy
decay with time, r(t) [26]:

r tð Þ = r0−r∞ð Þd exp −t=θð Þ + r∞ ð2Þ

where r0 stands for the maximum anisotropy, r∞ for limiting
anisotropy, and θ (ns) for rotational correlation time. The order
parameter (S) is calculated to obtain the structural information on the
membrane according to the following equation:

S = r∞=r0ð Þ1=2 ð3Þ
The rotational (wobbling) diffusion coefficient (Dw) was calculated to
obtain the dynamic nature of the membrane according to the
following equation:

Dw = r0−r∞ð Þ=6θr0 ð4Þ

2.8. Fluorescence microscopy

An FV500 confocal laser microscope equipped with a 405-nm UV
laser (Olympus Corporation, Tokyo, Japan) was used to visualize DPH
and TMA-DPH labeling of the cells.

2.9. Estimation of free sterol levels

Free sterol contents in crude membrane extracts were prelimina-
rily estimated using a kit. A P13 membrane fraction was prepared as
described previously with slight modification [38]. Briefly, 4×108 cells
were collected by centrifugation andwashed twice with TE buffer. The
cells were broken with glass beads. Unbroken cells and debris were
removed by centrifugation at 500 ×g for 2 min. The whole-cell extract
was centrifuged at 13,000 ×g for 10 min to collect the P13 membrane
fraction. The resulting P13 membrane was suspended in 104 μl of
water. Four microliters of the membrane fraction was subjected to
determination of total protein contents using a Bio-Rad Protein Assay
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The remaining solution
was mixed with an equal volume of 20% Triton X-100 (SigmaUltra,
Sigma-Aldrich Inc.), and the mixture was kept at 25 °C for 30 min to
solubilize the membranes. Fifty microliters of the membrane solution
was subjected to the detection of free sterols using a kit (Free
cholesterol E-test, Wako Pure Chemical Industries, Inc.) based on the
enzymatic detection of hydrogen peroxide generated from oxidizing
free sterols with cholesterol oxidase. In our estimation, cholesterol
oxidase in the kit catalyzed ergosterol (ergosterol standard, purity
N98%, Wako Pure Chemical Industries Inc.) at an efficiency of 78±12%
(n=3) to the cholesterol standard substrate provided in the kit,
allowing us to estimate free sterol levels in the P13 membrane
fractions. The catalytic efficiency for various structurally altered
sterols in the erg mutants remains to be defined, and thus we provide
data as preliminary results.

3. Results

3.1. ergΔ mutants exhibit varying cycloheximide sensitivity

Fig. 1A illustrates the final five steps in ergosterol biosynthesis
catalyzed by Erg proteins. We examined whether cycloheximide
sensitivity had been conferred on the five viable ergΔ mutants
isogenic to strain BY4742. A known drug-sensitive mutant, pdr5Δ, was
used as a reference [15,16]. Consistent with previous reports [15,16],
most viable ergΔ mutants exhibited hypersensitivity to cyclohex-
imide, except for the erg5Δ mutant that exhibited greater resistance
than the wild-type strain (Fig. 2A). The erg5Δ mutant has not
previously been examined for cycloheximide sensitivity. The erg2Δ
mutant exhibited the most marked sensitivity. The order of cyclohex-
imide resistance was erg2Δ b erg6Δ b erg3Δ, erg4Δ b pdr5Δ b wild-
type b erg5Δ. Structures of ergosterol and altered sterols accumulated
in the erg2Δ mutant [18] are shown in Fig. 1B and C. Heterozygous
diploids formed with ergΔ mutants and the wild-type strain BY4741
exhibited cycloheximide resistance similar to the homozygous wild-
type diploid strain, indicating that the mutant phenotype is recessive
(Fig. 2B). The hypersensitivity to cycloheximide is likely attributable to
enhanced passive diffusion of this lipophilic compound across the
plasma membrane when the sterol composition is altered. The erg6Δ
mutation is known to enhance passive diffusion of rhodamine 6G
across the plasma membrane [15]. Consistent with this, we have



Fig. 1. Ergosterol biosynthetic pathway in S. cerevisiae. (A) The final five steps in
ergosterol biosynthesis. (B) Structure of ergosterol. (C) Structure of altered sterols
accumulated in the erg2Δ mutant as reported by Heese-Peck et al. [18].
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confirmed that rhodamine 6G is highly accumulated in erg2Δ and
erg6Δ mutants under energy-deleted conditions (data not shown).

3.2. Rigidity of the plasma membrane analyzed with steady-state and
time-resolved fluorescence spectroscopy

To examine whether cycloheximide sensitivity in ergΔ mutants
was attributable to the loss of rigidity of the plasma membrane, we
Fig. 2. Cycloheximide sensitivity of ergΔ mutants. Cells of (A) haploid and (B) heterozygo
cycloheximide for 48 h. The erg2Δ mutant exhibits the most marked hypersensitivity. Data a
experiments.
performed anisotropy measurements on cells labeled with the
lipophilic fluorescence probes DPH and TMA-DPH. Cell growth was
not compromised with either dye at high concentrations of up to
50 μM in SC medium (data not shown). However, we found that DPH
molecules formed aberrant granules predominantly occurring in the
cytoplasm rather than localizing to the plasmamembrane in the wild-
type and erg2Δ cells (Fig. 3) even though DPH was used at a low
concentration of 0.5 μM (data not shown). The DPH-positive granules
are unlikely to be endosomes because FM4-64 [39] did not overlap
with the granules, and the granules were still observed when labeling
was performed in the presence of NaN3 (data not shown). The DPH-
positive granules also occurred in other ergΔ mutants (data not
shown). To avoid this irrelevance, we did not use DPH for further
analyses. In contrast, TMA-DPH clearly localized to the plasma
membrane in the cell, and the distribution appeared nearly uniform
throughout the plasma membrane (Fig. 3). Due to its cationic moiety,
this dye is anchored only in the outer leaflet of the plasma membrane.
It was unlikely that internalization of TMA-DPH by endocytosis
occurred because the dye still localized only to the plasma membrane
evenwith an extended labeling time of N2 h in growthmedium, while
FM4-64 accumulated in the vacuole within 30 min of labeling (data
not shown). Therefore, TMA-DPH was used for further anisotropy
measurements.We found that the fluorescence intensity of TMA-DPH-
labeled cells increased with increasing dye concentration, and the
trend was more marked in erg2Δ, erg3Δ, and erg6Δ mutants (Fig. 4A).
Critically, although the steady-state anisotropy rs was constant up
to thefluorescence intensity of 450 arbitrary units (a.u.), it decreased in
highly labeled cells (fluorescence intensity N500 a.u.) (Fig. 4B). To avoid
possible artifacts, we fixed the dye concentration in labeling at 0.5 μM
to maintain the fluorescence intensity of the labeled cells between
200 to 450 a.u. throughout the study. We found that erg2Δ, erg4Δ,
and erg6Δ mutants had lower rs values compared with the wild-type
strain (Table 1). This result is generally consistent with a previous
report that examined erg2Δ, erg3Δ, and erg6Δ mutants [35]. How-
ever, the degree of steady-state anisotropy cannot give an appropriate
us diploid were cultured in SC medium in the presence of various concentrations of
re represented as mean OD600 values with standard deviations from three independent



Fig. 3. Localization of DPH and TMA-DPH in the cells. Cells of the wild-type strain and
erg2Δ mutant were labeled with DPH or TMA-DPH in TE buffer for 10 min. The labeled
cells were visualized under an FV500 confocal laser microscope. In both strains, DPH
formed aberrant granules in the cells, while TMA-DPH localized solely to the plasma
membrane.

Table 1
Steady-state anisotropy of TMA-DPH in the wild-type strain and the ergΔ mutantsa

Genotype rs
b n

Wild-type 0.283±0.004 5
erg2Δ 0.278±0.003⁎ 5
erg3Δ 0.283±0.004 5
erg4Δ 0.275±0.005⁎ 5
erg5Δ 0.280±0.007 5
erg6Δ 0.272±0.007⁎ 5

rs, steady-state anisotropy; n, number of independent experiments.
a Measurements were carried out at 25 °C. Data are represented as means ± SD.
b Asterisks denote statistical significance with respect to the wild-type strain

(Pb0.05).

747F. Abe, T. Hiraki / Biochimica et Biophysica Acta 1788 (2009) 743–752
indication of the cycloheximde sensitivity of the cells because the
order of magnitude of rs, erg6Δ b erg4Δ b erg2Δ b erg5Δ b erg3Δ, wild-
type, did not sufficiently correspond to the degree of cycloheximide
sensitivity (see below).

To determine the parameters that characterize the rotational
motion of TMA-DPH, we performed time-resolved fluorescence
spectroscopy. Cells were labeled with TMA-DPH in the same way as
for steady-state anisotropy measurement. The DMPC artificial lipid
bilayer was used as a reference. It forms a lamellar gel (Lβ'), ripple gel
(Pβ'), and liquid crystalline (Lα) phase at 10, 20, and 30 °C, respectively.
Fig. 5 shows the anisotropic decays of TMA-DPH in the plasma
Fig. 4. Optimization of cell labeling with TMA-DPH. (A) Cells of the wild-type strain and ergΔ
accumulated abundantly in the erg2Δ, erg3Δ, and erg6Δ plasma membrane. (B) Steady-sta
significantly decreased at higher intensities. To avoid possible artifacts, we fixed the dye conc
between 200 to 450 a.u. throughout the study.
membrane and the DMPC bilayer. Strikingly, we noticed that the yeast
plasma membrane was far from fluid but very rigid, analogous to the
gel phases of the DMPC bilayer (Fig. 5C, Lβ' and Pβ' phases), and the
limiting anisotropy of TMA-DPH r∞ remained at higher values of
around 0.3 in the plasma membrane (Fig. 5A, B) in contrast to a lower
r∞ value of around 0.17 in the Lα phase in the DMPC bilayer (Fig. 5C).
This result indicates that the rotational motion of TMA-DPH is highly
restricted in the interfacial region of the plasma membrane. The r∞
value for TMA-DPH in the cells remained almost constant at
temperature ranges from 10 to 33 °C, in contrast to the temperature
dependency in TMA-DPH in the DMPC bilayer or DPH in the P13
membranes (our unpublished observation). The nonlinear fitting of
the decay after convoluting the instrumental response function gave
an r0 value of 0.328±0.007, r∞ value of 0.302±0.006, and rotational
correlation time θ value of 11.3±3.7 ns in the wild-type strain (n=15),
according to Eq. (2) (Table 2). The steady-state anisotropy (Table 1)
was expected to be intermediate in value between r0 and r∞, but it was
lower than r∞ for the unknown reason. We found that deletions for
ERG genes resulted in very complex changes in parameters that
characterized the membrane property (Table 2). Among ergΔ muta-
tions, erg2Δ exhibited the most remarkable effect on membrane
properties. It decreased the θ value to 2.6±1.9 ns (n=15), indicating
that the rotational motion of TMA-DPH is highly accelerated in the
erg2Δ membrane. Hence, the rotational diffusion coefficient Dw of
TMA-DPH (see Eq. (4)) dramatically increased from 1.3±0.3 (wild-
type, n=15) to 10.6±3.0 μs−1 (erg2Δ, n=12). The erg2Δ mutation
resulted in a decrease in the order parameter S of the plasma
mutants were labeled with various concentrations of TMA-DPH in TE buffer. TMA-DPH
te anisotropy was almost constant at lower fluorescence intensities in each strain, but
entration in labeling at 0.5 μM tomaintain the fluorescence intensity of the labeled cells



Fig. 5. Time-resolved anisotropy measurement of TMA-DPH in the membranes. Cells of the wild-type strain (A) and the erg2Δ mutant (B), and 200 μM DMPC lipid bilayer were
labeled with 0.5 μM TMA-DPH in TE buffer. The labeled samples were subjected to time-resolved anisotropy measurement at 25 °C (A, B), or at 10, 20, and 30 °C (C) as described in
Materials and methods. The parameters characterizing anisotropy decay are presented in Table 2.
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membrane, according to Eq. (3), from 0.958±0.006 (n=15) to 0.943±
0.011 (n=12) (Pb0.005) (Table 2). Analogous to erg2Δ, the erg6Δ
mutation caused an increase in Dw with a decrease in S, while the
erg3Δmutation increased Dw and S, and the erg4Δmutation increased
Dw without affecting S. The erg5Δ mutation had no measurable effect
on Dw and S. The parameters characterizing the pdr5Δ plasma
membrane were similar to those of the wild-type strain, which were
rs, 0.278±0.002 (n=3), S, 0.966±0.001 and Dw, 1.7±0.3 (n=5),
suggesting that the reason for the cycloheximide sensitivity of the
pdr5Δ mutant (Fig. 2) has little relevance to the physicochemical
membrane properties. Fig. 6 shows a plot of Dw as a function of S in
the wild-type strain and ergΔ mutants. There was no marked
correlation between Dw and S in the wild-type strain and the ergΔ
mutants.

It has been demonstrated that S and Dw are important determi-
nants of the diffusion of solutes across the bilayer of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC). The permeability of
Table 2
Exponential analysis of the anisotropy decay of TMA-DPH in the wild-type strain and the e

Genotype θ (ns) r0 r∞ Sb

Wild-type 11.3±3.7 0.328±0.007 0.302±0.006 0.95
erg2Δ 1.8±0.4 0.331±0.008 0.295±0.010 0.94
erg3Δ 3.0±1.2 0.340±0.007 0.319±0.011 0.96
erg4Δ 8.8±3.4 0.327±0.004 0.297±0.010 0.95
erg5Δ 8.3±2.2 0.329±0.006 0.305±0.010 0.96
erg6Δ 3.9±1.3 0.326±0.009 0.292±0.010 0.94

θ; rotational correlation time; r0, maximum anisotropy; r∞, limiting anisotropy; S, order par
a Measurements were carried out at 25 °C. Data are represented as means±SD.
b Asterisks denote statistical significance with respect to the wild-type strain (Pb0.005).
mannitol across the POPC membrane increases with decreasing S
and increasing Dw, and thus permeability depends on the presence
and size of voids and the frequency of lipid thermal motion [40]. We
considered the possibility of applying this model to explain the
cycloheximide permeability of the yeast plasmamembrane and hence
its toxicity. The 50% growth-inhibitory concentration (IC50) of
cycloheximide was plotted as a function of rs, S, Dw, and S/Dw. Judging
from the correlation factor by exponential approximations of the data,
we found that the IC50 values were moderately correlated with S and
Dw but closely correlated with S/Dw (Fig. 7). This result suggests that
decreasing S and increasing Dw synergistically act to enhance drug
permeability and result in the sensitivity of ergΔ mutants. We assume
that altered sterols in the ergΔ membranes have low ability to pack
the lipid bilayer tightly compared with ergosterol.

In artificial lipid bilayers, membrane rigidity is thought to be
influenced not only by the structural motifs of sterols but also by free
sterol content in the membrane [41]. Membrane rigidity generally
rgΔ mutantsa

Dw (μs−1)b S/Dw
b χ2 n

8±0.006 1.3±0.3 0.79±0.20 1.07±0.05 15
3±0.006⁎ 10.9±3.0⁎ 0.10±0.03⁎ 1.10±0.06 12
9±0.009⁎ 3.8±1.7⁎ 0.30±0.12⁎ 1.22±0.34 8
3±0.007 1.9±0.6⁎ 0.54±0.16⁎ 1.10±0.05 8
2±0.010 1.5±0.3 0.67±0.16 1.08±0.05 8
7±0.006⁎ 4.9±1.6⁎ 0.22±0.11⁎ 1.10±0.06 11

ameter; Dw, rotational diffusion coefficient; n, number of independent experiments.



Fig. 6. Plot of Dw as a function of S in the wild-type and ergΔ strains. Data are from
Table 2. There was no marked correlation between Dw and S in the wild-type strain and
the ergΔ mutants. Dw, rotational diffusion coefficient of TMA-DPH; S, order parameter
for TMA-DPH (see Materials and methods).
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increases with increasing sterol content. In our preliminary results
with an enzymatic sterol determination (see Materials and methods),
the erg3Δ and erg5Δmutations increased the free sterol levels 1.4-fold
compared with the wild-type strain. In contrast, other erg mutations
had no significant effect on the sterol levels (data not shown). The
increased sterol levels could account for the higher-order parameter of
themembranes of the erg3Δ and erg5Δmutants (Table 2). Considering
Fig. 7. Correlations of parameters describing the membrane properties and IC50 values for cyc
is a clear correlation between S/Dw and minimum inhibitory concentration. rs, steady-stat
TMA-DPH (see Materials and methods).
the loss of membrane rigidity (Table 2), sterols in erg2Δ and erg6Δ
membranes are insufficient to pack the lipid bilayer tightly due to
their specific structural changes. However, we cannot rule out the
possibility that the ratio of phosphatidylcholine to phosphatidyletha-
nolamine is altered in erg2Δ and erg6Δ mutants under our experi-
mental conditions, as reported by Sharma [35], and it may affect the
order parameter and the occurrence of voids within the plasma
membrane. Precise quantification of sterol and phospholipid contents
is required to account for the higher-order parameter of the erg3Δ and
erg5Δ membranes.

3.3. Exogenous ergosterol restores the rigidity of the upc2-1erg2Δ
plasma membrane

There was a possibility that the ergΔmutation exerted downstream
effects such as remodeling in transcription, translation, or cytoskeletal
organization, and these effects might cause marked changes in
membrane properties. To verify the significance of the role of ergosterol
in membrane integrity and dynamics, we examined whether the
exogenous addition of ergosterol restored the membrane properties of
the ergΔmutantwith respect tomembrane rigidity. Cells under aerobic
conditions do not take up substantial amounts of ergosterol from the
medium. A specific mutation, upc2-1, allows aerobically growing cells
to take up exogenous ergosterol [37,42]. Because of its significance, we
only focused on the erg2Δ mutation. The upc2-1erg2Δ mutant was
created to investigate the effects of exogenous ergosterol onmembrane
properties. Cells of the upc2-1 and upc2-1erg2Δ mutants were
loheximide in the wild-type and ergΔ strains. Data are from Fig. 2, Tables 1, and 2. There
e anisotropy; Dw, rotational diffusion coefficient of TMA-DPH; S, order parameter for



Table 3
Effects of exogeneous ergosterol on the anisotropy decay of TMA-DPH in the upc2-1 strain and upc2-1erg2Δ mutanta

Genotype θ (ns) r0 r∞ Sb Dw (μs−1)b S/Dw
b χ2 n

upc2-1 (+ vehicle alone) 7.8±0.9 0.325±0.005 0.302±0.006 0.963±0.004 1.6±0.08 0.62±0.03 1.07±0.04 5
upc2-1 (+50 μM ergosterol) 9.2±2.0 0.326±0.007 0.302±0.010 0.962±0.006 1.4±0.4 0.72±0.17 1.13±0.04 5
upc2-1 (+500 μM ergosterol) 9.6±0.5 0.328±0.006 0.304±0.008 0.962±0.003 1.3±0.1⁎⁎⁎ 0.74±0.06⁎⁎⁎ 1.11±0.03 5
upc2-1erg2Δ (+ vehicle alone) 1.3±0.8 0.335±0.013 0.302±0.015 0.949±0.011 15.4±7.4 0.08±0.06 1.14±0.08 4
upc2-1erg2Δ (+50 μM ergosterol) 5.2±1.8 0.331±0.011 0.306±0.014 0.961±0.007⁎ 2.8±1.3⁎⁎⁎ 0.40±0.16⁎⁎⁎ 1.10±0.03 4
upc2-1erg2Δ (+500 μM ergosterol) 5.5±3.1 0.332±0.010 0.306±0.012 0.960±0.006⁎⁎ 2.9±1.3⁎⁎⁎ 0.41±0.25⁎⁎⁎ 1.07±0.02 4

θ; rotational correlation time; r0, maximum anisotropy; r∞, limiting anisotropy; S, order parameter; Dw, rotational diffusion coefficient; n, number of independent experiments.
a Measurements were carried out at 25 °C. Data are represented as means±SD.
b Asterisks denote statistical significance with respect to the wild-type strain (⁎, Pb0.2; ⁎⁎, Pb0.1; ⁎⁎⁎, Pb0.05).
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incubated overnight in the presence of 50 or 500 μM ergosterol. Under
these conditions, the cells contain a mix of ergosterol and altered
sterols. Subsequently, the cells were labeled with TMA-DPH in the
absence of ergosterol. In the upc2-1 strain, exogenous ergosterol at
concentrations of both 50 and 500 μM did not measurably affect the
order parameter S and the rotational diffusion coefficient Dw, suggest-
ing that the sterol content had been optimized in the wild-type plasma
membrane (Table 3). Notably, exogenous ergosterol substantially
restored the rigidity of the plasma membrane in the upc2-1erg2Δ
mutant judging from the increase in S from0.949±0.011 (vehicle alone)
to 0.961±0.007 (50 μMergosterol) (Pb0.2), and the decrease inDw from
15.4±7.4 μs–1 (vehicle alone) to 2.8±1.3 μs–1 (50 μMergosterol) (Pb0.05)
(Table 3). We conclude that exogenous ergosterol fills voids within the
erg2Δ plasma membrane and that the specific structural motif of
ergosterol but not downstream effectors is a major determinant of the
rigidity of the plasma membrane. We next examined whether
exogenous ergosterol restores the growth defect of the upc2-1erg2Δ
mutant. Cells of the upc2-1 and upc2-1erg2Δ mutants were grown on
SC plates in the presence of cycloheximide and 50 μM ergosterol for
3 days. In support of our hypothesis, exogenous ergosterol restored the
growth of the upc2-1erg2Δ cells in the presence of 31 to 125 μM
cycloheximide (Fig. 8).
Fig. 8. Exogenous ergosterol restores growth defects in upc2-1erg2Δmutants. Cells of the upc
and 50 μM ergosterol for 3 days. CHX, cycloheximide.
4. Discussion

In this study, we focused on the role of ergosterol in the integrity
and dynamics of the yeast plasma membrane by comparing
parameters characterizing membrane properties between the wild-
type strain and ergΔ mutants. The main findings were: (i) The
interfacial region of the plasmamembrane is highly rigid, analogous to
the gel phase of the DMPC bilayer. (ii) The sterol alteration in the ergΔ
mutants, particularly in erg2Δ, compromises the rigidity of the
interfacial region of the plasma membrane, leading to enhanced
rotational motion of TMA-DPH. (iii) The altered sterols are likely to fail
to pack lipid acyl chains and thereby create voids within the plasma
membrane.

It has been demonstrated that S and Dw are important determi-
nants of the diffusion of solutes across the POPC bilayer and that
permeability depends on the presence and size of voids and the
frequency of lipid thermal motion [40]. Given the permeability of
drugs across the yeast plasmamembrane, our present results showing
decreasing S and increasing Dw values are relevant to the hypersensi-
tivity to cychloheximide of ergΔ mutants (Fig. 7D). Thus, our findings
highlight the importance of membrane thermodynamics in investiga-
tions of environmental responses in yeast physiology. The maximum
2-1 and upc2-1erg2Δmutants were grown on SC plates in the presence of cycloheximide
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anisotropy of TMA-DPH derived in this study (r0=0.328–0.330) (Table
2) was close to that obtained in the bovine adrenal cortex (r0=0.320)
[43] but lower than the theoretical value of 0.39 [27]. It is assumed
that this is partly because the absorption and emission of a TMA-DPH
molecule are not parallel [34], but mainly because it is very difficult to
derive r0 with a single exponential approximation of the initial time
derivative of the rapid anisotropy decay in the case of natural
membranes. In our calculation, a two-component exponential appro-
ximation yielded a mean r0 value close to 0.39, but the value varied
significantly with the experiment and was, for example, 0.381±0.033
(n=14) and 0.371±0.021 (n=14) in the wild-type strain and erg2Δ
mutant, respectively. Therefore, we adopted the single exponential
approximation in this study. In any case, the marked increase in the
rotational diffusion coefficient elicited by the erg2Δ mutation is
evident.

The altered sterols in the erg2Δ mutant are in some ways
structurally similar to cholesterol rather than to ergosterol with
respect to the lack of the C-7,8 and C-22,23 double bonds (Fig. 1B). A
molecular dynamic study indicated that the tilt angles of the sterol
ring system and sterol side chains are greater in cholesterol than in
ergosterol [44]. Consequently, cholesterol has less packing efficiency
of lipid acyl chains than ergosterol in lipid bilayers. Electron density
profiles of the simulated systems along the bilayer normally indicate
that the thickness of DMPC bilayer containing 25 mol% of ergosterol is
higher than that containing the same amount of cholesterol, and
hence ergosterol has greater ability to stiffen the bilayer than
cholesterol [44]. Such steric hindrance is assumed to interfere with
hydrogen bonding between lipid molecules within the erg2Δ plasma
membrane, leading to reduced membrane order. It has been
demonstrated that the side-chain methylation by Δ24 methyltrans-
ferase (Erg6) as well as appropriate B-ring desaturation in ergosterol is
required for efficient ligand-induced Ste2 internalization [18]. Our
finding indicates that the erg6Δ mutation diminished the rigidity of
the membrane less than the erg2Δmutation. In the erg6Δmutant, the
plasma membrane is known to be enriched in equivalent amounts of
zymosterol and cholesta-5,7,24-trienol [18]. Cholesta-5,7,24-trienol
but not zymosterol has a C-7,8 double bond. Thus, half of the sterols
with the C-7,8 double bond in the erg6Δ mutant likely contribute to
moderate packing of the plasma membrane. Altered sterols in the
erg3Δ mutant are also different from ergosterol with respect to the
lack of the C-5,6 but not the C-7,8 double bond. However, themutant is
more resistant to cycloheximide than the erg2Δ mutant. It is possible
that an increased amount of sterols compensates for the defect in
membrane rigidity in the erg3Δ mutant affecting S and Dw (Table 2).
In this respect, the hyperresistance to cycloheximide of the erg5Δ
mutant could also be accounted for by an increased amount of altered
sterols. It remains unknown whether specific structural motifs or the
overall structure of the ergosterol molecule is a prerequisite for the
bulk membrane properties.

A primarily important question to be answered is why the erg
mutants exhibit pleiotropic hypersensitivity. We have confirmed that
the ergmutants, particularly erg2Δ, exhibit pleiotropic hypersensitivity
to some compounds such as LiCl, NaCl, and ethanol (unpublished
observation). No matter how the erg2Δmembrane loses its rigidity, it is
unlikely to occur that passive influxof Li+ andNa+ is enhanced across the
lipid moiety of erg2Δ plasma membrane. Alternatively, it is more likely
that incorporationof the cations through ion channels is excessive in the
erg2Δmutant. Considering the high hydration force of the alkali cations,
we speculate that bound water molecules that stabilize the structure of
membrane proteins could be extracted when Li+ and Na+ are abundant.
Because the erg2Δ plasma membrane loses its rigidity (Table 2), this
situation is likely to becomemore prominent in the erg2Δmutant. Upon
extraction of bound water, ion channels might be destabilized allowing
excessive incorporation of Li+ and Na+ into the cytoplasm.

Ergosterol has more pronounced effects on domain formation in
the sphingomyelin/DPPCmodelmembrane than cholesterol according
to a study using fluorescence-quenching and detergent-insolubility
methods [45]. We are in the process of investigating the role of
sphingolipids in membrane dynamics in coordination with ergosterol
using time-resolved fluorescence spectroscopy. Membrane proteins
are surrounded by a shell of lipid molecules. The surface of a
membrane protein contains shallow grooves and protrusions to
which fatty acids and sterols conform to provide tight packing and
function (reviewed in [46,47]). Altered sterols in ergΔ mutants might
be deficient in the packing of some plasmamembrane proteins, which
have conformed to ergosterol for optimal functions. Macroscopic
segregation of Pma1 and the arginine permease Can1 was observed in
the plasma membrane [48]. Investigations are required to verify the
relevance of the lateral segregation of lipid molecules and the
physicochemical properties of membrane domains, and the associa-
tion of the proteins with DRMs. Our findings provide mechanical
insights into the role of ergosterol in a variety of cellular processes
such as endocytosis and membrane trafficking as well as bulk
membrane functions.
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