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The lipid composition and transbilayer distribution of plasma membrane isolated from primary tumor
(L-929, LM, A-9 and C;H) and nine metastatic cell lines cultured under identical conditions was examined.
Cultured primary tumor and metastatic cells differed two-fold in sterol / phospholipid molar ratios. There
was a direct correlation between plasma membrane anionic phospholipid (phosphatidylinositol and phos-
phatidylserine) content and plasma membrane sterol /phospholipid ratio. This finding may bear on the
possible link between oncogenes and inositol lipids. The fluorescent sterol, dehydroergosterol, was incorpo-
rated into primary tumor and metastatic cell lines. Selective quenching of outer monolayer fluorescence by
covalently linked tinitropbenyl groups demonstrated an asymmetric transbilayer distribution of sterol in the
plasma membranes. The inner monolayer of the plasma membranes from both cultured primary and
metastatic tumor cells was enriched in sterol as compared with the outer monolayer. Consistent with this, the
inner monolayer was distinctly more rigid as determined by the limiting anisotropy of 1,6-diphenyl-1,3,5-
hexatiene. Dehydroergosterol fluorescence was temperature dependent and sensitive to lateral phase
separations in phosphatidylcholine vesicles and in LM cell plasma membranes. Dehydroergosterol detected
phase separations near 24°C in the outer monolayer and at 21" C and 37°C in the inner monolayer of LM
plasma membranes. Yet, no change in transbilayer sterol distribution was detected in ascending or
descending temperature scans between 4 and 45°C. Alterations in plasma membrane phospbolipid polar
head group composition by choline analogues (N,/N-dimethylethanolamine, /V-methylethanolamine, and
ethanolamine) also did not perturb transbilayer sterol asymmetry. Treatment with phenobarbital or prilocaine,
drugs that selectively fluidize the outer and inner monolayer of LM plasma membranes, respectively, did not
change dehydroergosterol transbilayer distribution.

Introduction branes and in the development of disease states.
For example, cholesterol increases membrane mi-
croviscosity and the packing density of phos-
pholipids [1,2], influences lateral lipid phase sep-
arations [3], and affects transbilayer fluidity gradi-
ents [4,5]. Moreover, cholesterol modulates the

Cholesteral plays a significant role in determin-
ing the structure and function of biologicall mem-
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expression of surface membrane antigenic de-
terminants [1,2], the activity of membrane-bound
enzymes [6], the K4 and B,,, of drug receptors
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[7-10], membrane contour {11] and membrane
permeability [12,13]. In addition, sterol content
has been correlated with altered plasma mem-
brane structure and physical properties as well as
with metastatic ability in mouse and rat tumor
cells [14-17]. Increasing evidence also indicates
that there is an asymmetric distribution of sterol
across the surface bilayer of many biological
membranes including viral membranes [18,19],
mycoplasmal [20] and eukaryotic plasma mem-
branes from rat sciatic nerve myelin [21], human,
rat, and mouse erythrocytes [4,5,22,23], tumori-
genic mouse fibroblasts [4,5], guinea pig sperm tail
[24] and insect Kc cells [25]. However, the signifi-
cance of transbilayer sterol asymmetry with re-
spect to the above structure-function relation-
ships, and the exact mechanisms involved in the
maintenance of transbilayer sterol asymemtry re-
main to be elucidated. Herein, we examined the
stability of transbilayer sterol asymmetry in plasma
membranes from cultured tumorigenic mouse
fibroblasts. In particular, highly metastatic mouse
tumor cells had distinctly lower sterol carrier pro-
tein content and plasma membrane sterol/
phospholipid molar ratios as compared with
primary tumor cell lines [16]. Therefore, it was of
interest to determine whether or not primary and
metastatic cells had different transbilayer sterol
distributions. In addition, charged anesthetics such
as phenobarbital (anionic) and prilocaine (cat-
ionic) are believed to selectively intercalate into
and fluidize the outer and inner monolayers of
plasma membranes due to the asymmetric enrich-
ment of neutral (zwitterionic) and acidic phos-
pholipids, respectively [26--28]. Moreover, these
drugs have been used to demonstrate that some
membrane-bound enzymes which are asymmetri-
caly distributed across the bilayer are sensitive to
selective modulation of individual monolayer
fluidity [27,28]. The ateration of individua mono-
layer fluidity by charged anesthetics might perturb
transbilayer sterol distribution. Similarly, the
manipulation of phospholipid polar head-group
composition distinctly alters plasma membrane
structure and function {29-34] and may thereby
aso dter the transhilayer sterol distribution.
Herein, the effects of genetic variation resulting
in atered plasma membrane sterol/phospholipid
molar ratio, phospholipid polar head-group

manipulation (choline analogues), lateral phase
separation (temperature), and alterations of indi-
vidual monolayer structure (charged anesthetics)
on transbilayer sterol distribution are reported.
Fluorescence probe molecules (dehydroergosterol
and diphenylhexatriene), trinitrobenzenesulfonic
acid quenching, and differential polarized phase
fluorometry were used to examine the effect of
selective perturbation of the normal biophysical
and biochemical integrity of the membranes.

A portion of this work was presented as an
abstract at the annual FASEB meeting, Anaheim,
CA. Fed. Proc. (1985) 44, 1350 (abstr. 5494).

Materials and Methods

Reagents and fluorescence probe molecules

The fluorescent sterol dehydroergosterol (DHE)
(A>790D22 ergostatetraen-38-0l) was synthesized
and purified as described previously [35]. High-
performance liquid chromatography of dehydro-
ergosterol and comparison with dehydroergosterol
standards purchased from Frann Scientific, Inc.
(Columbia, MO) confirmed the purity of DHE.
Trinitrobenzenesulfonic acid (picrylsulfonic acid)
and phenobarbital were obtained from Sigma
Chemical Co. (St. Louis, MO). The fluorescence
probe molecule 1,6-diphenyl-1,3,5-hexatriene,
choline, N, N-dimethylethanolamine, N-mono-
methylethanolamine and ethanolamine were
purchased from Eastman Chemical Co. (Roches-
ter, NY). Prilocaine was a generous gift from
Astra Pharmaceuticals (Sodertilje, Sweden, and
Worcester, MA, U.SA)). Palmitoyloleoylphospha-
tidylcholine (POPC), dimyristoylphosphatidylcho-
line (DMPC) and distearoylphosphatidylcholine
(DSPC) were obtained from Avanti Polar Lipids,
Inc. (Birmingham, AL, USA). 4-Cholesten-3-one
and 5-cholesten-38,78-diol were purchased from
Sterdoids (Wilton, NH).

Cell lines and tissue cultures

L-929 cells (CCL1) and LM cdls (CCL1.2), a
subline of the L-929 cell, were tumorigenic mouse
fibroblasts obtained from the American Type Cul-
ture Collection (Rockville, MD). A-9 cells, another
derivative of the L-929 cell, were generoudly pro-
vided by Dr. H.P. Klinger, Albert Einstein College



of Medicine, New York. C;H primary tumor and
five lung metastasis cell lines were derived from
LM cells injected into C;H/Hen (MTV-) mice
(Charles River Lab., Wilmington, NJ) as described
elsewhere [16,36]. Nude mouse primary tumor and
four lung metastasis cell lines were similarly ob-
tained from LM cells injected into Balb/c, nu /nu
mice (Charles River Labs., Wilmington, NJ) [37)].
Cells were cultured in suspension at approxi-
mately 1-10° cells/ml in serum-free, chemically
defined medium at 37°C in 500 ml bottles (250
ml/bottle) as previously described [29]. Dehydro-
ergosterol (5 pg/ ml) was dissolved in ethanol and
added to cultures 72 h prior to treatment with
trinitrobenzenesulfonic acid and isolation of
plasma membranes. Ethanol did not exceed 0.5%
(v/v) final concentration, and did not adversely
effect cell growth.

Trinitrobenzenesulfonic acid labeling and plasma
membrane isolation

Cells were cultured with dehydroergosterol and
split into two aliquots, one which received no
treatment and one which was treated with tri-
nitrobenzenesulfonic acid under nonpenetrating
conditions (4°C) for 80 min in order to tri-
nitrophenylate outer monolayer amine moieties, or
under penetrating conditions (37°C) in order to
trinitrophenylate both monolayers [5,15,38]. The
reaction was stopped by the addition of ice-cold
Tris buffer (0.15 M, pH 7.0). Cells were washed
with phosphate-buffered saline (pH 7.4), resus-
pended in 0.25 M sucrose/1 mM triethanolamine
(pH 7.2), homogenized, and plasma membranes,
microsomes and mitochondria were isolated by
differential and sucrose gradient centrifugation as
previously described [29]. Treatment of cells with
buffer alone versus no treatment gave identical
results. Plasma membranes were also isolated from
cells cultured without dehydroergosterol as de-
scribed above for experiments with the fluorescent
probe 1,6-diphenyl-1,3,5-hexatriene. The per-
centage of membrane phosphatidylethanolamine
trinitrophenylated was determined as described
earlier [31].

Determination of sterol / phospholipid ratios
All organic solvents were glass distilled and all
glassware was washed with sulfuric acid/dichro-
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mate before use. Isolated plasma membranes were
suspended in 1.0 ml of phosphate-buffered saline
(pH 7.4) and 0.2 ml was removed for the de-
termination of protein by the method of Lowry et
al. [39]. Total membrane lipid was extracted from
the remaining 0.8 ml by the method of Bligh and
Dyer [40] as described by Ames [41]. Sterols and
phospholipids were separated by silicic acid col-
umn chromatography [29]. Phospholipid was de-
termined as described by Ames [42]. Sterol con-
tent and sterol composition were determined by
high-performance liquid chromatography (HPLC)
basically as described earlier [35] except for the
following modifications: neutral lipid fractions
were analyzed on a 4.8 X 150 mm, 3 micron oc-
tadecyl reverse-phase column and 3 cm guard
column containing the same material (Alltech As-
soc. Inc., Applied Science Labs, Deerfield, IL).
The solvent system used was HPLC grade (Fisher
Scientific, Pittsburgh, PA) 70% acetonitrile /30%
methanol at a flow rate of 2 ml/ min with a Series
4 HPLC (Perkin-Elmer Inc., Norwalk, CT). The
column eluant was monitored for absorbance at
215 nm using a 18 pl flow cell in a LC-95 ultra-
violet/ visible spectrophotometer detector
(Perkin-Elmer, Inc.,, Norwalk, CT). Retention
times of compounds were: dehydroergosterol, 12.5
min; desmosterol, 17.4 min; ergosterol (added as
internal standard), 19.5 min. Sterols were quanti-
tated using a 3390A Recording Integrator (Hewlett
Packard Inc., Palo Alto, CA). Peak areas were
corrected for different response factors of the
sterols at 215 nm.

Fluorescence measurements

Absorbance-corrected fluorescence intensity of
dehydroergosterol was determined for unlabeled
and trinitrophenylated plasma membranes using
the computer-centered spectrofluorimeter devel-
oped by Holland et al. [43] as described by
Schroeder [15]. Samples of membrane (50 pg pro-
tein/ml phosphate-buffered saline (pH 7.4)) con-
taining dehydroergosterol were excited at 324 nm
and emission was measured at 380 nm. The trans-
bilayer distribution of dehydroergosterol was de-
termined by the selective quenching of outer
monolayer dehydroergosterol fluorescence by tri-
nitrophenylated amine moieties in the outer
monolayer [5] resulting from trinitrobenzene-
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sulfonic acid labeling at 4°C as described above.

Fluorescence lifetime, steady-state polarization,
and differential polarized phase fluorometry of
diphenylhexatriene in isolated LM cell plasma
membranes was determined using a T format SLM
4800 subnanosecond spectrofluorimeter (SLM In-
struments, Champaign-Urbana, IL) as described
by Schroeder [15]. Narrow band passes in the
excitation monochrometer and cut-off filters in
the emission monochrometers were used to reduce
light scattering during steady-state polarization
( P) measurements. Fluorescence lifetimes (1) were
determined by the simultaneous measurement of
samples and a reference solution of 1,4-bis(2-
(4-methyl-5-phenyloxazolyl))benzene  (dimethyl
POPOP) dissolved in absolute ethanol [44] with
excitation polarized at 0°C and emission polarized
at 55°C to eliminate lifetime artifacts due to
Brownian motion. Excitation wavelength was 355
nm, while emission was measured above 430 nm
using cut-off filters (Schott Optical Co., Duryea,
PA).

Rotational relaxation time in ns (6R)™! and
limiting anisotropy (r_) of 1,6-diphenyl-1,3,5-
hexatriene in LM cell plasma membranes were
determined by differential polarized phase fluo-
rometry using the methods of Weber [45] and
Lakowicz et al. [46] and described by the equa-
tion:

ro=r+(r—ry)/6Rt (1)

where r, is the limiting anisotropy, r is the
steady-state anisotropy, r, is the anisotropy in the
absence of rotational motion, R is the rotation
rate (radians/s) and 7 is the fluorescence lifetime.
(6R) ! represents the rotational relaxation time in
ns. The value of r, for 1,6-diphenyl-1,3,5-
hexatriene is 0.3920 [46]. Steady-state anisotropy,
r, can be calculated from steady-state polarization
(P) by:

r=2P/(3~P) (2)

R, the rotational rate in radians/s, can be de-
termined by differential polarized phase measure-
ments [45,46] according to the equation:

(m tan A)(2R7)’+ (¢ tan A — A)(2R7)

+(DtanA-B)=0 (3)

where:
A=3B=wr(ry—r)
C=(1/3)(2r—4r +2)
D= (1/9)(m+mowr?)
m=(1+2r)(1~r)

and A is the phase shift angle and w is the
circular modulation frequency.

Calculations of outer monolayer physical prop-
erties were based on Weber’s law of anisotropy
additivity [47] which requires intensity weighting
for the addition of fractional anisotropies.

Arrhenius plots of absorbance-corrected fluo-
rescence intensity of dehydroergosterol in LM cell
plasma membranes were accomplished with an
Exocal 100, Endocal 850, and ETP-3 Temperature
Programmer system (Neslab Inst., Portsmouth,
NH). The temperature of samples was increased
from 4 to 45°C then decreased from 45 to 4°C at
1 Cdeg/ min, and was monitored with a WR-700
Digital Thermometer (Kernco Instruments, El
Paso, TX) and a thermocouple placed directly
above the lightpath in the sample cuvette.

Chemical and drug treatments

The absorbance-corrected fluorescence and dy-
namic physical properties of dehydroergosterol in
LM cell plasma membranes with or without tri-
nitrobenzenesulfonic acid treatment were de-
termined. Samples were exposed to phenobarbital
(0.5 mM) or prilocaine (1 mM). These concentra-
tions were chosen because they optimally fluidized
the outer versus inner monolayer (phenobarbital)
and fluidized the inner versus the outer monolayer
(prilocaine) [27]. All samples were incubated at
37°C for various periods of times (described in
legends to tables and figures), and fluorescence
properties determined at 37°C as described above.

Preparation of liposomes

Small unilamellar vesicles (SUV) were prepared
as follows: dehydroergosterol (0.5 mol%) and the
indicated phospholipid were dissolved in chloro-
form or ethanol. Samples were placed in solvent-
cleaned glass tubes, evaporated under N,, and
trace amounts of solvents were removed in vacuo



for 24—48 h. Sufficient buffer (10 mM Pipes/0.02%
NaN,; (pH 7.4)) was added at 24°C to provide a
final lipid concentration of 4 mM. The samples
were vortexed and sonicated for 3 min with a
Sonogen bath sonicator (Cole-Parmer Instrument
Co., Chicago, IL) to remove the lipid from the
sides of the tube and yield a milky suspension of
multilamellar vesicles. This suspension was then
further sonicated in three 10 min bursts with a
titanium microtip and Sonic Dismembrator, Model
300 (Fisher Scientific, Inc., Pittsburgh, PA) set at
33% maximum output. Sonication was always per-
formed under N, and above the phase transition
temperature of the matrix phospholipid. The re-
sulting SUV were separated from large vesicles
and multilamellar liposomes by differential ul-
tracentrifugation for 2 h with a 40 Ti rotor and
L6-65 ultracentrifuge (Beckman Instruments,
Fullerton, CA) as described earlier [48]. The yield
of POPC SUYV in the supernatant in the presence
of dehydroergosterol was approx. 60%.

Results

Incorporation of dehydroergosterol in LM cell
plasma membranes

Cholesterol is the endogenous sterol found in
cell surface membranes of most eukaryotic cells.
However, LM cells lack the enzymes required to
convert desmosterol to cholesterol and therefore
their membranes contain desmosterol rather than
cholesterol [4]. The fluorescent sterol dehydro-
ergosterol (A>7*1D22_ergostatetraen-38-ol) is very
similar in structure to the nonfluorescent choles-
terol and desmosterol. Dehydroergosterol contains
a highly fluorescent conjugated triene system in
the B and C rings. Spectral analysis of dehydro-
ergosterol fluorescence in LM cell plasma mem-
branes showed excitation maxima near 315 nm,
324 nm and 340 nm, while emission maxima were
observed near 360, 380 and 405 nm.

The mol% sterol and phospholipid in plasma
membranes from LM cells cultured with dehydro-
ergosterol (5 pg/ml medium) are presented in
Table I. Total sterol (dehydroergosterol + desmos-
terol) comprised 29 mol% of total lipid in the
whole membrane. The mol% sterol in the inner
monolayer was 3.3-fold greater than in the outer
monolayer as determined by fluorescence quench-
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TABLE 1

MOL% STEROL AND PHOSPHOLIPID IN LM CELL
PLASMA MEMBRANES

Plasma membranes were isolated from LM cells cultured and
prepared as described in the legend to Fig. 2. Values represent
the average of two determinations. The range in values was less
than 5%.

Lipid mol% of total lipid
whole outer inner
membrane monolayer monolayer
Total sterol 29.1 124 40.4
Dehydroergosterol 6.4 2.74 8.9
Desmosterol 22.7 9.70 31.5
Total phospholipid  70.9 87.6 59.6

ing (see below). Dehydroergosterol represented
22% of total sterol content in both monolayers
(representing 2.7 mol% and 8.9 mol% of total lipid
in the outer and inner monolayers, respectively).
Phospholipid content was 71 mol% of total lipids
in the plasma membrane (representing 88 mol%
and 60 mol% in the outer and inner monolayers,
respectively). This low content of dehydro-
ergosterol in both monolayers assured that dehy-
droergosterol-dehydroergosterol interactions re-
sulting in self-quenching did not occur. In ad-
dition, dehydroergosterol supplementation did not
alter the total sterol content, sterol/phospholipid
ratio, phospholipid composition, or phospholipid
fatty acid composition of the plasma membranes.

Trinitrophenylation of fibroblast plasma membranes

In order to accurately determine the transbi-
layer distribution of fluorescent sterols and the
individual monolayer structure of fibroblast
plasma membranes, selective quenching tech-
niques utilizing trinitrobenzenesulfonic acid were
used. For this purpose it was essential that the
extent and nature of the trinitrophenylation reac-
tion was similar in the various cell systems. In-
deed, when a variety of cultured primary (LM,
A-9, C,H and L-929) or cultured C;H mouse lung
metastasis cell lines were exposed to trinitroben-
zenesulfonic acid under non-penetrating condi-
tions (4°C), the quantity of phosphatidyl-
ethanolamine that was trinitrophenylated was es-
sentially similar (Fig. 1). The percentage of tri-
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Fig. 1. Transbilayer distribution of phosphatidylethanolamine
in plasma membranes from primary and metastatic mouse
tumor cells. Cells were cultured in same chemically defined
medium and incubated in the absence or presence of trinitro-
benzenesulfonic acid under nonpenetrating conditions (4°C).
Plasma membranes were isolated and the percentage phos-
phatidylethanolamine trinitrophenylated was determined as
described in Materials and Methods. Primary tumor cell lines
(a) are to the right and metastatic cell lines (®) are to the left
of the vertical dashed line. Results are given as the mean +S.E.,
n=3-5.

nitrophenylphosphatidylethanolamine ranged be-
tween 2 and 6%. These values were maximal, since
extending the incubation time did not increase the
percentage of trinitrophenylation. In addition, ap-
proximately twenty times as many protein amino
groups as phospholipid amino groups were tri-
nitrophenylated in the outer monolayer. Most im-
portant, if the trinitrobenzenesulfonic acid had
penetrated into the cell, extensive trinitrophenyla-
tion of intracellular organelles (microsomes or
mitochondria) would have occurred. This did not
occur. Microsomal and mitochondrial phosphati-
dylethanolamine were typically trinitrophenylated
only to the extent of 0.7 and 2.4%, respectively. In
contrast, under penetrating conditions (37°C)
plasma membrane, microsomal, and mitochondrial
phosphatidylethanolamine were 90, 89 and 91%
trinitrophenylated, respectively. Last, since the ex-
tent of trinitrophenylation varied neither with cell
type nor plasma membrane sterol content, the
efficiency of fluorescence probe quenching is ex-
pected to be similar in all the cell types investi-
gated.

Homogenization potentially could cause reloca-
tion of originally exofacial trinitrophenylphospha-
tidylethanolamine to the cytofacial leaflet, thereby

quenching cytofacial fluorescence. Differences of
the sterol asymmetry between plasma membranes
in vivo and isolated plasma membranes are also
conceivable. Neither possibility can be rigorously
excluded by the data presented here. However,
the fraction of dehydroergosterol fluorescence
quenched in exofacially trinitrophenylated, iso-
lated plasma membrane versus isolated phago-
somes (inside-out membranes) trinitrophenylated
on the cytofacial leaflet was nearly opposite [5],
suggesting no difference in sterol asymmetry and
no rearrangement of trinitrophenylated phos-
pholipid, despite the differences in forces acting
on the two membranes during homogenization.

Asymmetric transbilayer distribution of dehydro-
ergosterol in tumorigenic mouse fibroblasts

Trinitrophenylation of plasma membrane outer
monolayer amine moieties by trinitrobenzene-
sulfonic acid quenches the fluorescence of dehy-
droergosterol in that monolayer [4,5]. The degree
of quenching reflects the content of dehydro-
ergosterol in the outer monolayer only if tri-
nitrophenylation of both the outer and inner
monolayers results in complete quenching. Indeed,
when LM fibroblasts and the other cultured cell
lines were grown in the presence of dehydro-
ergosterol and then treated with trinitrobenzene-
sulfonic acid under penetrating conditions (37°C)
then dehydroergosterol fluorescence was quenched
96 + 2%.

The distribution of dehydroergosterol across
the bilayer of plasma membrenas isolated from
cultured primary (L-929, LM, A-9, and C,H) and
cultured nude mouse or cultured C;H mouse lung
metastasis tumor cell lines was constant, despite
large variation in plasma membrane sterol/
phospholipid molar ratio (Fig. 2). The mean val-
ues of primary tumor cell line (n=4) sterol/
phospholipid molar ratio and of the percentage of
dehydroergosterol fluorescence quenched by outer
monolayer trinitrophenylation were 0.43 + 0.05
mol/mol and 19.1 + 3.0%, respectively. The mean
sterol / phospholipid molar ratio of the metastatic
cell lines (n = 5) was 52.8% lower (P < 0.005) than
that of primary tumor cell lines cultured under
identical conditions. Since sterols are known to
move rapidly and spontaneously between the in-
ner and outer monolayers of membranes, the
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Fig. 2. Transbilayer distribution of sterol in plasma membranes
from primary and metastatic mouse tumor cells as a function
of sterol /phospholipid molar ratio. Cells were cultured in the
presence of 5.0 pg/ml 47922 ergostatetraen-B-ol (DHE) at
37°C for 3 days, incubated in the absence or presence of
trinitrobenzenesulfonic acid under nonpenetrating conditions
(4°C), homogenized, plasma membranes isolated, and the
molar ratio of total sterol/phospholipid and absorbance-cor-
rected fluorescence intensity of dehydroergosterol determined
as described in Materials and Methods. Quenched dehydro-
ergosterol fluorescence represents dehydroergosterol in the
outer membrane monolayer. Primary tumor cell lines (4) are to
the right and metastatic cell lines (®) are to the left of the
vertical dashed line. Results are given as mean+ S.E., n = 3-5.

negative results may appear surprising. The pre-
sent results would be more secure if positive con-
trols were provided. Therefore, plasma membranes
isolated from LM fibroblasts cultured with dehy-
droergosterol and treated with or without tri-
nitrobenzenesulfonic acid as above were exposed
to 107> M 4-cholesten-3-one or 5-cholesten-
38,7B8-diol for 30 min at 37°C. The percentages of
dehydroergosterol fluorescence quenched after
treatment with 4-cholesten-3-one or S5-cholesten-
3B,78-diol were 6 and 40%, respectively. Thus, the
transbilayer sterol distribution can be altered by
the oxidized sterols but not by changes in plasma
membrane sterol / phospholipid ratio.

The plasma membrane sterol/ phospholipid
ratio did not correlate with the content of neutral
zwitterionic phospholipids (sphingomyelin, phos-
phatidylcholine, phosphatidylethanolamine) as
shown in Figs. 3 and 4. In contrast, the plasma
membrane sterol/ phospholipid ratio did correlate
with anionic phospholipid content (phosphati-
dylinositol and phosphatidylserine). Since all cell
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of the dashed line.

lines were cultured in chemically defined, serum-
free, lipid-free medium, the native sterol of all cell
lines was desmosterol, not cholesterol, which they
are unable to synthesize. In summary, the per-
centage of dehydroergosterol quenched was not
significantly different between primary and meta-
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phospholipid ratio and anionic phospholipid content. All con-
ditions were as described in legend to Fig. 3. Primary tumor
cell lines (a) are to the right and metastatic lines (®) are to the
left of the vertical dashed line.
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static cell lines. Thus, transbilayer sterol asymme-
try did not appear to be dependent on sterol/
phospholipid molar ratios in these cells.

Effect of phospholipid polar head-group manipu-
lation on transbilayer sterol distribution

The effect of phospholipid composition on
transbilayer sterol distribution in LM cell plasma
membranes was examined for two reasons. First, a
number of reports indicate that sterols may prefer-
entially interact with phosphatidylcholine and only
poorly with phosphatidylethanolamine (reviewed
in Ref. 3). Second, enrichment of LM plasma
membranes with phosphatidylethanolamine dra-
matically altered the transbilayer [49] but not bulk
[30] membrane fluidity. In order to assess the
effect of altered plasma membrane phospholipid
polar head-group composition on the transbilayer
distribution of sterol, LM cells were cultured in
the presence of choline or the choline analogues
N, N-dimethylethanolamine, N-methylethanola-
mine, or ethanolamine (Table II). The plasma
membranes of these cells contained 68% less phos-
phatidylcholine, which was replaced by analogue-
containing phospholipids. The presence of choline
analogue-containing phospholipids in the plasma
membranes did not perturb either the sterol/
phospholipid molar ratio or the transbilayer distri-
bution of dehydroergosterol in LM cells as de-
termined by trinitrophenyl quenching of outer

TABLE 11

monolayer fluorescence. Thus, the asymmetric
transbilayer distribution of sterol in plasma mem-
branes from cultured mouse fibroblasts was stable
to large alterations of phospholipid polar head-
group composition.

Effects of charged anesthetics on transbilayer sterol
distribution and dynamic properties of diphenyl-
hexatriene in LM plasma membranes

The effects of phenobarbital and prilocaine on
the absorbance-corrected fluorescence and tri-
nitrophenyl quenching of dehydroergosterol as a
function of time are presented in Fig. 5. None of
the treatments altered the absorbance-corrected
fluorescence intensity of dehydroergosterol (Fig.
5) or lifetime (data not shown) in unlabeled or
trinitrophenylated plasma membranes at any time
up to 20 min following drug addition. Therefore,
the extent of dehydroergosterol quenching by tri-
nitrophenyl groups remained constant at approx.
22% during all treatments.

The effects of the charged amphipathic
anesthetics phenobarbital (anionic) and prilocaine
(cationic) on the limiting anisotropy of the fluo-
rescence probe 1,6-diphenyl-1,3,5-hexatriene are
presented in Table III. Consistent with an asym-
metric transbilayer sterol distribution, untreated
plasma membranes exhibited a distinct transmem-
brane fluidity gradient as determined by selective
outer monolayer quenching of 1,6-diphenyl-1,3,5-

TRANSBILAYER DISTRIBUTION OF STEROL IN PLASMA MEMBRANES FROM LM CELLS WITH ALTERED PHOS-

PHOLIPID POLAR HEAD-GROUP COMPOSITION

Cells were cultured in the presence of 5 pg/ml dehydroergosterol and 40 pg/ml choline or the choline analogues N, N-dimethyl-
ethanolamine, N-monomethylethanolamine, or ethanolamine at 37°C for 3 days, incubated in the absence or presence of
trinitrobenzenesulfonic acid under nonpenetrating conditions (4°C), homogenized, plasma membranes isolated, and the molar ratio
of total sterol /phospholipid and the absorbance-corrected fluorescence intensity of dehydroergosterol determined as described under
Materials and Methods. Quenched dehydroergosterol fluorescence represents dehydroergosterol in the outer membrane monolayer,
while unquenched fluorescence represents dehydroergosterol in the inner monolayer. Results are given as mean+S.E., n =3 or 4.

Supplement Sterol /phospholipid % total dehydroergosterol fluorescence
(mol/mol) quenched unquenched

Choline 0.415 £ 0.049 20.0+3.0 80.0+3.0

N, N-Dimethylethanolamine 0.484 + 0.066 18.0+2.8 82.0+2.8

N-Methylethanolamine 0.441 +0.078 228+3.2 77.2+32

Ethanolamine 0.366 +0.051 184+22 81.6+2.2
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Fig. 5. Transbilayer distribution of sterol in LM cell plasma
membranes treated with charged amphipathic anesthetics. LM
cells were cultured and plasma membranes isolated as de-
scribed in the legend to Fig. 3. Isolated membranes were
incubated in the presence of 0.5 or 10.0 mM phenobarbital, or
1.0 mM or 10.0 mM prilocaine and dehydroergosterol fluo-
rescence determined as a function of time. A, absorbance-cor-
rected fluorescence of DHE in unlabeled ( ) and tri-
nitrophenylated (- - - - - - ) membranes treated with 0.5 mM (@)
or 10.0 mM (a) phenobarbital; B, % dehydroergosterol
quenched by trinitrobenzenesulfonic acid in membranes treated
with 0.5 mM (@) or 10.0 mM (a) phenobarbital; C, ab-
sorbance-corrected fluorescence of dehydroergosterol in un-
labeled ( ) and trinitrobenzenesulfonic acid labeled (- - -
- --) membranes treated with 1.0 mM (@) or 10.0 mM (a)
prilocaine; D, % DHE quenched by trinitrobenzenesulfonic
acid in the presence of 1.0 mM (®) or 10.0 mM prilocaine (a).

hextriene fluorescence by trinitrophenyl groups.
The limiting anisotropy (r,) of 1,6-diphenyl-
1,3,5-hexatriene in the inner monolayer was 30.2%
greater than in the outer monolayer. Treatment of
plasma membranes with 0.5 mM phenobarbital
significantly reduced r, of 1,6-diphenyi-1,3,5-
hexatriene in the outer monolayer by 8.0% but did
not alter inner monolayer r,.. Thus, 0.5 mM phe-
nobarbital increased the transbilayer fluidity dif-
ference. At a 20-fold higher phenobarbital con-
centration (10.0 mM), both the inner and outer
monolayers were significantly more fluid, based
on the reduced limiting anisotropy of 1,6-di-
phenyl-1,3,5-hexatriene in both monolayers, as
compared with untreated controls. In direct con-
trast to phenobarbital, prilocaine (1 mM) selec-
tively lowered the limiting anisotropy of 1,6-di-
phenyl-1,3,5-hexatriene in the inner monolayer
with respect to controls. Prilocaine at a concentra-
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tion of 10.0 mM decreased r, of 1,6-diphenyl-
1,3,5-hexatriene in both monolayers as compared
with controls and decreased the r_ in the inner
monolayer by 16% as comapred to no drug treat-
ment.

Thus, the treatment of plasma membranes with
phenobarbital and prilocaine can be used to selec-
tively modulate individual monolayer fluidity in
lipid domains detected by 1,6-diphenyl-1,3,5-
hexatriene, and to determine whether or not trans-
bilayer dehydroergosterol distribution is affected
by these perturbations.

Thermal properties of dehydroergosterol in LM cell
plasma membranes

In order to assess if dehydroergosterol under-
went lateral phase separation in LM plasma mem-
branes, if was first necessary to demonstrate
whether dehydroergosterol was sensitive to lateral
phase alterations in a model membrane system.
Therefore, 0.5 mol% fluorescent dehydroergosterol

1 1 [l 1
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Fig. 6. Arrhenius plots of dehydroergosterol fluorescence in
phospholipid membranes. Dehydroergosterol (0.5 mol%) was
incorporated into small unilamellar vesicles composed of POPC
(®); DMPC (a); or DSPC (m). Absorbance-corrected fluo-
rescence was measured as a function of temperature. only
ascending temperature scans are shown. Similar data are ob-
tained with descending temperature scans.
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TABLE 111

LIMITING ANISOTROPY OF DIPHENYLHEXATRIENE IN LM CELL PLASMA MEMBRANES TREATED WITH

CHARGED AMPHIPATHIC ANESTHETICS

LM cells were cultured without dehydroergosterol for 3 days at 37°C, labeled with trinitrobenzenesulfonic acid under nonpenetrating
conditions (4°C), homogenized, plasma membranes isolated, and limiting anisotropy of the exogenous fluorescent probe 1,6-di-
phenyl-1,3,5-hexatriene determined as described in Materials and Methods. Membranes were incubated with or without the indicated
concentrations of phenobarbital or prilocaine for 10 min at 37°C prior to the determination of limiting anisotropy. Limiting
anisotropy of trinitrobenzenesulfonic acid-labeled membranes represents inner monolayer anisotropy, and outer monolayer ani-
sotropy was calculated from trinitrobenzenesulfonic acid-labeled and unlabeled membranes according to Weber’s law of additivity of
anisotropy weighting by fractional intensities. Values represent mean+S.E., n=3.

Treatment Limiting anisotropy
whole membrane inner monolayer calculated outer
(untreated) (trinitrophenylated) monolayer
None 0.137+0.002 0.155+0.003 0.11940.003 °
0.5 mM phenobarbital 0.13240.004 0.154 +£0.003 0.110+0.002 **
10.0 mM phenobarbital 0.128 £0.001 * 0.145+0.002 * 0.111 +0.001 *°

0.128 +0.002 *
0.113+0.003 *

1.0 mM prilocaine
10.0 mM prilocaine

0.113+0.003 ®
0.096 + 0.002 *°

0.143+0.002
0.130+0.002 *¢

* Significantly less than untreated controls, P < 0.05.
® Significantly less than inner monolayer, P < 0.05.

¢ Significantly less than inner monolayer, +10 mM phenobarbital, P < 0.05.

was incorporated into phospholipid liposomes
composed of pure POPC, DMPC or DSPC. Ab-
sorbance-corrected fluorescence of the sterol was
measured as a function of temperature (Fig. 6).
over the temperature range 10-65°C, dehydro-
ergosterol was sensitive to the lateral phase sep-
aration of DMPC and DSPC occurring near 24°C
and 54°C, respectively, but no phase alteration
was detected in POPC vesicles. These results were
in excellent agreement with those obtained by
other investigators using differential scanning
calorimetry or fluorescence probe molecules such
as 1,6-diphenyl-1,3,5-hexatriene or pyrene-labeled
phospholipids [50-52]. Thus, dehydroergosterol
was sensitive to lateral phase separations in phos-
pholipid membrane vesicles.

The absorbance-corrected fluorescence of dehy-
droergosterol in LM cell plasma membranes was
determined as a function of temperature in order
to determine whether or not this sterol detected
temperature-dependent lateral phase separations
and to elucidate the effect of temperature and
phase transitions on the asymmetric transbilayer
distribution of sterols (Fig. 7). The fluorescence
intensity of dehydroergosterol was inversely pro-

TABLE IV

CHARACTERISTIC TEMPERATURES IN ARRHENIUS
PLOTS OF DEHYDROERGOSTEROL FLUORESCENCE
IN LM CELL PLASMA MEMBRANES

Characteristic temperatures were determined from breakpoints
in ascending Arrhenius plots of absorbance-corrected fluo-
rescence intensity of LM cell plasma membranes isolated from
cells cultured with dehydroergosterol (5 ug,/ml) for 3 days and
labeled with trinitrobenzenesulfonic acid under nonpenetrating
conditions (4°C) as described under Materials and Methods.
The concentration of phenobarbital and prilocaine was 0.5
mM and 1.0 mM, respectively. Samples were incubated at
37°C for 10 min with the respective drug, then cooled to 5°C
prior to starting ascending temperature scans from 5° to
45°C.

Treatment Characteristic temperature ( °C)
whole inner outer
membrane  monolayer  monolayer
(calculated)
None 21+1 21+2 2442
3741 36+2
Phenobarbital 37+1 27+2 24+3
38+1
Prilocaine 2742 27+2 none




portional to temperature from 4 to 45°C in both
unlabeled and trinitrophenylated membranes.
Heating scans revealed characteristic temperatures
near 21 + 1°C and 37 + 1°C for dehydro-
ergosterol in both the whole membrane and the
inner monolayer (Fig. 7 and Table IV). The aver-
age slopes of Arrhenius plots of dehydroergosterol
in the inner monolayer were 0.590 (below 21°C),
0.870 (between 21 and 37°C), and 0.700 (above
37°C) fluorescence units/ (10°/K), respectively.
The thermotropic behavior of dehydroergosterol
fluorescence in the outer monolayer (calculated)
during heating scans demonstrated a characteristic
temperature at 24 + 2°C which, unlike the 21°C
transition detected in the inner monolayer, was
not evident in cooling scans. The slope in
Arrhenius plots below and above the 24°C transi-
tion was 0.320 and 0.900, respectively.
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Fig. 7. Arrhenius plots of dehydroergosterol fluorescence in
isolated LM cell plasma membranes. Cells were cultured with 5
pg/ml dehydroergosterol, trinitrobenzenesulfonic acid labeled
at 4°C, and plasma membranes isolated as described in
Materials and Methods. Absorbance-corrected fluorescence was
measured as a function of increasing temperature from 5 to
45°C.
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Fig. 8. Transbilayer distribution of sterol in LM cell plasma
membranes as a function of temperature. A, untreated mem-
branes; B, membranes treated with 0.5 mM phenobarbital for
10 min at 37°C prior to cooling to 5°C; C, membranes treated
with 1.0 mM prilocaine for 10 min prior to cooling to 5°C and
beginning scan. Data were obtained from ascending temper-
ature scans. For clarity, error bars have been eliminated on all
but three points which illustrate the range of standard error
values (n = 3).

The asymmetric transbilayer distribution of
dehydroergosterol was unaltered at temperatures
above or below phase transitions in untreated
membranes (Fig. 8A) or in membranes treated
with 0.5 mM phenobarbital (Fig. 8B) or 1.0 mM
prilocaine (Fig. 8C). Both of the drugs depressed
the breakpoint detected by dehydroergosterol in
the inner monolayer from 37°C to 27°C (Table
IV). In addition, in the outer monolayer both
drugs eliminated the breakpoint at 24°C and
caused a new breakpoint near 37-40°C. A slight
breakpoint at 24°C was also detected in the outer
monolayer of phenobarbital-treated samples. Thus,
transbilayer sterol asymmetry appeared to be sta-
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ble to large alterations in whole membrane struc-
ture due to temperature changes and lateral phase
separations of sterols in each monolayer.

Discussion

The regulation of transbilayer sterol asymmetry
in eukaryotic membranes in response to genetic
variations among cell sublines, large alterations in
sterol/ phospholipid ratio and membrane phos-
pholipid polar head-group composition, perturba-
tions of bilayer and individual monolayer fluidity
and lateral phase separations has not been previ-
ously reported. The results presented herein de-
scribe for the first time the stability and mainte-
nance of transbilayer sterol asymmetry using a
fluorescent sterol in plasma membranes isolated
from transformed mouse fibroblasts and subjected
to the above perturbations. The fluorescence probe
molecule, dehydroergosterol, is a close structural
analogue of native membrane sterols and is func-
tionally similar as determined by a variety. of
biochemical and biophysical techniques [3-5].
Moreover, dehydroergosterol was taken up by cul-
tured mouse fibroblasts entirely without de-
leterious effects, and quantitatively replaced na-
tive desmosterol up to 90% of total membrane
sterol [3-5]. Thus, dehydroergosterol is an excel-
lent, nonperturbing probe of membrane sterol mo-
tional properties and asymmetric distribution,
especially when used in concert with selective
quenching techniques such as trinitrophenylation
of the outer monolayer by trinitrobenzenesulfonic
acid under nonpenetrating conditions [3]. These
techniques have now been used to demonstrate the
response of transbilayer sterol asymmetry to a
variety of membrane perturbations.

The majority of plasma membrane sterol was
localized in the inner monolayer of primary tumor
cells (L-929 and the L-929 sublines LM, A-9 and
C,H primary), and metastatic derivative cell lines
(C,H and nude mouse lung metastasis cells) grown
in chemically defined, serum-free medium. The
genetic heterogeneity of tumor cell populations
has been well recognized [53,54] and is reflected in
lung metastasis cells obtained by injecting LM
cells into athymic (nude) mice and subsequently
cultured without serum, and in highly metastatic
B16-F10 melanoma cells, which demonstrated

markedly lower sterol carrier protein content and
plasma membrane sterol/ phospholipid molar
ratios as compared with primary or low metastatic
cell lines [16]. Thus, although cultured highly
metastatic cells were deficient in both sterol car-
rier protein and plasma membrane sterol, they
exhibited nearly 1dentical transbilayer sterol distri-
bution as compared with primary tumor cells.

It is interesting to note that some data obtained
with model membranes (reviewed in Ref. 3) indi-
cate that cholesterol may interact preferentially
with specific phospholipids in the order
sphingomyelin > phosphatidyicholine > anionic
phospholipids. The data obtained herein with bio-
logical membranes from a variety of L cell deriva-
tive cell lines is not consistent with model mem-
brane data. Likewise, despite large alterations in
phospholipid composition (choline analogues) in a
single cell line, the plasma membrane sterol/
phospholipid ratio and transbilayer sterol distri-
bution were unaltered.

The plasma membrane sterol/ phospholipid
ratio correlated with the anionic, not neutral zwit-
terionic, phospholipid content (Fig. 3 and 4). The
most prominent observation was a direct correla-
tion between plasma membrane phosphati-
dylinositol content and both sterol / phospholipid
ratio and malignancy. Tumor-promoting phorbol
esters have been reported to directly affect inositol
lipid kinases and / or phosphatase, thereby regulat-
ing the mass of polyphosphoinositides and phos-
phatidylinositol in human platelets [55]. Similar
observations have been made with diacylglycerol
[56]. More important, the pp60Y~°R¢ and UR2
p68Y RS oncogene products in transformed cells,
are involved in catalyzing polyphosphoinositide
formation [57,58]. The data presented herein thus
may bear on the possible link between oncogenes
and inositol lipids. The metastatic cells may be
considered to be more malignant cells than primary
tumor cells. One may therefore predict that the
lower phosphatidylinositol content of the meta-
static cells may correlate with increased mass
and/ or turnover of polyphosphoinositide-contain-
ing lipids.

LM celis cultured with choline analogues and
having large alterations in plasma membrane
phospholipid polar head-group composition [29]
had transbilayer sterol distributions that were the



same as control cells cultured with choline. Phos-
pholipid polar head-group manipulation of LM
cell plasma membranes induced a compensatory
redistribution of fatty acyl moieties among the
various phospholipids [30], changed membrane
surface charge and altered transmembrane acyl
chain and aminophospholipid asymmetry [31],
abolished transbilayer fluidity gradients {49], and
modulated adenylate cyclase activity [32], phago-
cytosis and pinocytosis [33], and concanavalin A
receptor-mediated homotypic and heterotypic ag-
glutination [34]. Despite these influences, the regu-
lation of transbilayer sterol distribution appears to
be independent of the structural alterations which
occur as the result of phospholipid polar head-
group manipulation by choline analogues.

The manipulation of individual monolayer
fluidity by low concentrations of charged
anesthetics, or both monolayers by either high
anesthetic concentrations or temperature, did not
perturb transbilayer sterol distribution of LM
plasma membranes. The results reported here con-
firm the selective fluidization of individual mono-
layers by charged anesthetics as determined by the
fluorescence probe 1,6-diphenyl-1,3,5-hexatriene.
Limiting anisotropy of diphenylhexatriene indi-
cated a distinctly more rigid inner monolayer as
compared to the outer monolayer in the absence
of drugs. This observation was consistent with
that obtained with steady-state anisotropy and the
Perrin equation [49]. However, unlike the present
work, the earlier data did not discriminate be-
tween dynamic and static aspects of probe motion.
Limiting anisotropy indicates that the resistance
to probe motion ro order, not just rate of motion,
differs significantly between outer and inner
monolayer lipids of the LM plasma membrane. In
contrast to the above observations with diphenyl-
hexatriene and anesthetics, in the presence of either
phenobarbital or prilocaine the outer monolayer
anisotropy of dehydroergosterol increased. In ad-
dition, prilocaine abolished the characteristic tem-
perature assigned to the inner monolayer of LM
cell plasma membranes detected by 1,6-diphenyl-
1,3,5-hexatriene ,while phenobarbital had no ef-
fect (unpublished observation). In contrast, both
drugs induced a new characteristic temperature of
dehydroergosterol in the outer monolayer and de-
pressed the characteristic temperature of dehydro-
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ergosterol in the inner monolayer. Other invesfiga-
tions have shown the induction of new character-
istic temperatures by these anesthetics [59]. These
results indicated quite clearly that the fluorescent
sterol detected membrane environments which
were distinctly different from those detected by
1,6-diphenyl-1,3,5-hexatriene. On the other hand,
dehydroergosterol detected asymmetric character-
istic temperatures across the bilayer which were
very similar to the characteristic temperatures in
each monolayer of LM cell plasma membrane
phagosomes as determined by Wisnieski and Iwata
[60] using a non-flipping glucosamine derivative of
the ESR probe glucosamine-12-nitroxystearic acid.
Both dehydroergosterol and glucosamine-12-
nitroxystearic acid detected characteristic temper-
atures in the inner monolayer near 22°C and
37°C as well as breakpoints in the outer mono-
layer near 24-28°C. Dehydroergosterol did not
detect the characteristic temperature near 13°C
that was detected by the ESR probe in the outer
monolayer of LM cell phagosomes, possibly be-
cause of small differences between phagosomal
membranes and the total plasma membrane, or
between the lateral partitioning of dehydro-
ergosterol and glucosamine-12-nitroxystearic acid
in the outer monolayer. Dehydroergosterol was
also sensitive to phase transitions in DMPC and
DSPC model membranes (small unilamellar
vesicles), indicating that the breakpoints in
Arrhenius plots of dehydroergosterol fluorescence
were likely due to lateral phase separations in
plasma membrane sterols. However, the possibil-
ity that temperature and charged anesthetics
altered dehydroergosterol fluorescence parameters
through changes in phospholipid-sterol interac-
tions including microdomains, clusters, hexagonal
phases and /or annuli should be considered.
Thus, none of the perturbations examined in
this investigation were capable of altering trans-
bilayer sterol distribution in LM cell plasma mem-
branes. In Mycoplasma gallisepticum, cholesterol
exists in two kinetic pools representing inner and
outer monolayer sterol, as determined by ex-
change experiments in which sterol flip-flop was
determined to be rate limiting [61]. When sterol /
phospholipid molar ratios were decreased from
0.36 to 0.25, there was a concomitant increase in
sterol exchange rate between the mycoplasmal and
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small unilamellar phospholipid vesicle mem-
branes. Since the translocation of sterol from the
inner to the outer monolayer was the rate-limiting
step, these experiments represent a change in the
rate of flip-flop, yet no change in the size of the
inner and outer pools was noted. The half-time of
flip-flop of cholesterol in the human erythrocyte
was determined to be extremely rapid — on the
order of 3 s [62]. In view of the effect of sterol on
membrane contour [11] and the short half-time of
transmembrane movement of sterol, it was sug-
gested that a rapid redistribution of sterol across
the bilayer might occur and thus modulate a
change in membrane contour [11]. Yet, our results
obtained from LM cell plasma membranes in a
variety of highly perturbed physicochemical states
indicated no net transbilayer reorientation of
sterol. In a related study, other investigators have
shown that major alterations in sterol/phospho-
lipid ratio (0.6 to 1.4) did not alter phospholipid
transbilayer distribution across monkey red blood
cell membranes [63]. The above observations on
the stability of transbilayer sterol distribution are
also consistent with results obtained with
cholesterol oxidase and vesicular stomatitis virus
membranes [18]. Cholesterol depletion had no ef-
fect on the transbilayer distribution of cholesterol
in the virus membranes.

Thus, the results presented herein demonstrate
for the first time that although fluorescent sterols
are sensitive to the induced changes in individual
monolayer and bilayer structure, the transbilayer
sterol asymmetry is remarkably stable to those
perturbations of the membrane lipid structure.
The mechanism(s) by which transbilayer sterol
asymmetry is/are regulated and maintained, and
the functional significance of sterol asymmetry
remain unclear, and certainly require further in-
vestigation in order to obtain a more precise un-
derstanding of sterol structure and function in
membranes.
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