Brochimica et Biopitysica Acta, 1066 LT} 183-192
© 1991 Elsevier Science Publishers B.V. (005-2736,/91 /303.50
ADONIS 032736911275

BBAMEM 75284

183

Transmembrane distribution of sterol in the human erythrocyte
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The transbilayer cholesterol distribution of human erythrocytes was examined by two independent techniques,
quenching of dehydroergosterol fluorescence and fluorescence photobleaching of NBD-cholestero). Dehydroergos-
terol in conjunction with leaflet selective quenching showed that, at equilibrium, 75% of the sterol was localized to
the inner leaflet of resealed erythrocyte ghosis. NBD-chalestersl and fluorescence photobleaching displayed two
diffusion values in both resealed ghosts and intact erythrocytes. The fractional contribution of the fast and slow
diffusion constants of NBD-labelled cholesterol represent its inner and outer leaflet distribwtion. At room
temperature the plasma membrane inner leaflet of erythrocyte ghosts as well as intact erythrocytes cells contained
78% of the plasma membrane sterol. The erythrocyte membrane transbilayer distribation of sterol was independent
of temperature, In conclusion, dehydroergosterol and NBD-cholestervl data are consistent with an earichment of
cholesterol in the inner leaflet of the human erythrocyte.

Introduction

It has been well-established that phospholipids are
asymmetrically distributed in biological membranes (for
reviews, see Refs. 1 and 2). In contrast, thore is litile
agreement in the literature on the transbilayer distri-
bution and migration of cholesterol in biological mem-
brancs [3—-6). The human erythrocyte membrane has
been extensively examined and transbilayer migration
rates of sterols ranging between seconds to hours and
nearly opposite cholesterol transbilayer distributions

Abbreviations: dehydeoergosterol AN erpastatetracne-38-ol:
diphenylhexatriene, 1,6-diphenyl-1.3,5-hexatricne; POPC, 1-palmi-
toyl-2-aleoylphosphatidylcholine; NBD-cholesterel, 25-NBD-26-
norcholesterol, modulated fringe patiera photobleaching, fluores-
cence photobleaching; SUY. small unilamellar vesicle; TNBS, 1rini-
trobenzenesulfonic acid.
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have been reporied (for review, see Ref. 3). A primary
difficulty in determining cholesterol transbilayer migra-
tion rat¢ and distribution has been the lack of ade-
quate methods. For example, recently cholesterol oxi-
dase and exchange were used to conclude that choles-
terol is enriched in the inner {cytofacial) leaflet of the
human erythrocyte membrane [7), a finding opposite to
that of some others (for review, see Ref. 3). Whether
the cholesterol oxidase method correctly established
the transbilayer cholesterol distribution in erythrocytes
is difficult to evaluate since cholesterol oxidase appar-
ently can perturb the membrane and enhance sterol
transbilayer migration rate [8,91, Thus, it is still unclear
whether cholesterol is enriched in the outer or inner
leaflet of the ervthrocyte.

Herein, two independent methods, fluorescence
quenching by Forster energy transfer and fluorescence
photobleaching, are used to determine transbilayer dis-
tribution of sterol in human e¢rythrocyte membranes.
The fluorescent sterols dehydroergostero! and 25-
NBD-26-norcholesterol (NBD-cholesterol) are used to
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examine the transhilayer migration rate and the trans-
bilayer distribution of sterol. The advantages of the use
of these sterals as cholesteral analogues 10 determine
transbilayer cholesterol distribution were recently re-
viewed [3]. These sterols differ in that the fluorophore
of dehydroergosterol is an intrinsic part of the cy-
clopentanophenanthrene ring structure of the sterol
nucleus and is sensitive to the sterol microenvironment
closer to the polar/ hydrocarbon interface as compared
to NBD-cholesterol [(0]. Ia contrast, NBD-cholesterol
has an extrinsic fluocrophore rcporter group that is
linked to the alkyl side chain of the sterol. This NBD is
deeply buricd in the interior of the membrane bilayer
[11]. The NBD fluorophore attached to lipids or pro-
teins can be photobleached and has been extensively
used to examine lateral diffusion of molecules by fluo-
rescence photobleaching techniques [12]. These two
probe molecules in conjunction with fluorescence
quenching (by Forster energy transfer) and fluores-
cence photobleaching allow independent examination
of transbilayer distribution of sterol in erythrocyte
membranes.

Materials and Methods

Materials

1-Palmitoyl-2-oleoyiphosphatidyicholine {POPC) was
purchased from Avanti Biochemical Inc. (Birmingham,
AL). Dehydroergosterol was synthesised and purified
by high performance liquid chromatopraphy as de-
scribed previously [13,14]. Purity was confirmed by high
performance liguid chromatography, absorbance peak
ratios, and comparison with dehydroergosterol stan-
dard. 1,6-Diphenyl-1,3,5-hexatriene and NBD-choles-
terol were obtained from Molecular Probes Inc.
(Eugene, OR). [la,2a(n)-*Hkholesterol (46 mCi/
mmol) and cholesteryl [1-%Cloleate (57 mCi/mmol)
were obtained from Amersham, Arlington Heights, IL,
and from New England Nuclear, Boston, MA, respec-
tively. Purity of these lipids was confirmeéd by silica gel
G (Analtech, Newark, DE) thin-layer chromatography
developed with chloroform/ methanol (98:2, v/v}
Trinitrobenzenesulfonic acid and phospholipase A,
{Naja mocambique mocambique) were from Sigma
Chemical Co., 5t. Louis, MO.

FPreparation of liposomes

Small unilamellar vesicles (SUV) were prepared as
previously described [13-17]. The following lipids were
dissolved in chloroform, dried with N,, and sonicated
ta provide SUV in 4 ml Tris (50 mM, pH 7.3): POPC
(2.8 mg), dehydroergosterol (0.159 mg), 5 uCi
[“Hichalesterol, and 1 uCi cholesteryl [*Cloleate. The
lipid composition of the resultant SUV was determined
also as deseribed previously {14-171.

Ervifiroeyte trinitrobenzenesulfonic acid labelling and re-
sealed ghost isolation

Human erythrocytes from healthy volunteers were
collected in tubes containing heparin anticoagulant.
The erythrocytes were sedimented at 1000 x g for 10
min and washed three times with ¢ ml of isotonic Tris
buffer (172 mM, pH 7.6). Aliquots (400 x1) of packed
erythrocytes were resuspended in 10 ml buffer (40 mM
NaCl, 120 mM NaHCO, (pH 8.5)} at 4° C without or
with 8§ mM trinitrobenzenesulfonic acid. The erythro-
cytes were incubated for 45 min at 4°C. The trinitro-
phenylation reaction was terminated by addition of 10
m! 1% bovinc serum albumin in phosphate buffered
saline (137 mM NaCl, 2.7 mM KCI, 6.5 mM Na,PQ,,
6.5 mM KH,PO,, (pH 7.3)). Erythrocytes were sedi-
mented at 4°C at 1000 Xg for 10 min and washed
three times with buffer (40 ml NaCl, 126 mM NaHCO,
(pH 8.5)). The washed erythrocytes were resuspended
in 30 ml of hypotonic lysis buffer (3 mM Tris, 1 mM
EDTA (pH 8.5)). The ghosts were sedimented at
40000 % g for 30 min. The lysis process was repeated
three or more times until the ghosts were clear of
hemoglobin. The ghosts are resealed right-side-out as
described earlier {18]. The resealed ghosts were resus-
pended in 1 mi of phosphate-buffered saline (pH 7.3),

Erythrocyte phosphatidylethanolamine transhilayer dis-
tribution

Trinitrobenzenesulfonic acid and phospholipase A.
Human erythrogytes were treated with trinitrobenzene-
sulfonic acid as described above. The % of plasma
membranc phosphatidylethanolamine trinitropheny-
lated was determined as described earlier [19-21), The
exposure of phosphatidylethanolamine in the outer
leaflet of erythrocytes was also determined with phos-
pholipase A, as follows: Packed erythracytes (250 pl)
were suspended in glycylglycine, buffer (100 mM KCl,
50 mM Nadl, 0.25 mM MgCl,, 44 mM sucrose, 10 mM
glycylglycine, and 0.25 mM CaCl, (pH 7.4)). Phospho-
lipase A, {50 U) was added and the samples were
incubated at 37°C in a shaking water bath. At varying
time points a sample was removed, the reaction stopped
with 90 mM EDTA, and placed on ice. An aliquot of
the supernatant was removed to determine extent of
hemolysis. Erythrocytes were then washed two times
with isotonic Tris (3,172 M, pH 7.6). The final pellet
was lysed in distilled water. Lipids were extracted with
isopropanol and chloroform [22). Phospholipids and
lysophospholipids were resolved using two-dimensional
thin-layer chromatography on silica gel H and com-
pared to standards (Analtech, Newark, N]), The first
direction consisted of chloroform,/ methanol/ glacial
acetic acid/water (50:25:8:4, v/v); second direction
consisted of chloroform/ methanol/ water (5:10:1,
v/v). Spots were visualized with iodine, scraped, and
phosphorus assayed {23].



Incorperation of dehydreergosterol into trinitropheny-
lated asd control vesealed erythrocytes. A 0.3 ml aliquot
of POFC/ dehydroergosteral SUV (90: 10 mol%) was
mixed with 0.4 ml of resealed erythrocyte ghosts (40-45
(g protein) to provide a 1:10 ratio of donoracceptor
membrane lipid. The mixiure was incubated in a shak-
ing water bath at 37 ° C. Samples (100 w1 aliguots) were
removed at 0, 3, 15, 30, 60, 20, and 120 min. SUV and
ervthrocyte ghosts were separated by sedimentation in
a 200 ul polyethylene or polvallomer tube for 4 min at
63000 x g with a Beckman Airfuge (Beckman Instr.,
Fullerton, CA). The supernatant containing SUY was
removed. The pellet containing erythrocyte ghosts was
resuspended in Tris buffer (50 mM, pH 7.3), removed
from the tube and diluted to 2 ml with Tris buffer.
Fluorescence intensity was measured with a SLM 4800
fluorometer updated to 1-250 MHz multifrequency
phase and modulation capability {155 Instr., Cham-
paign, IL). Fluorescence intensity was corrected for
light scatter, usually less than 5% of signal, when
necessary. After fluorescence intensity measurement,
each 2 ml sample was extracted with 1 ml hexane/
diethyl ether (1:1, v/v). The organic {upper) phase
was removed, placed into a glass scintillation vial,
solvent was evaporated, and 10 ml ACS scintillation
cocktail {(Amersham, Arlington Heights, IL) was added.
Radioactivity (*H and '*C) was measured by a Beck-
man 7000 {Fulterton, CA) beta counter.

Ervthrocvte and erythrocyte ghost preparation for fluo-
rescence photobleaching

Human blood was obtained from healthy volunteers
or from a local blood bank (Centre National de Trans-
fusion Sanguine). Blood collected on EDTA was stored
at 4°C and used within 5 days. Erythrocytes were
obtaired by four washes of blood (1000 x g for 5 min)
with the following buffer: 20 mM Hepes (pH 7.4), 145
mM NaCl, § mM KCl, 0.1 mM EGTA, 1 mM MgdQ,,
10 mM inosine, 10 mM glucose. Pink reseali:d ghosts
comtaining 3 mM ATP and a regencrating system
(creatine phosphate and creatine kinase) were pre-
pared as described earlier [24].

Erythrocyte and resealed erythrocyte ghost labelling with
NBD-chalesterol for fluorescence photobleaching recou-
ery

Red cell labelling was carried out according to Avig-
nan [25] as modified by Jonas [26]. Briefly, the fluores-
cent NBD-cholesterol was fixed on Celite; Celite was
then incubated with high density lipoprotein-3 (HDL ;).
The lipoproteins labeled with NBD-cholesterol were
afterwards incubated with intact crythrocytes or re-
sealed ghosts [27).

Celite 545 {Frolabo, Paris) was washed with diluted
HCIl (1 M), with water, with methanaol, and finally dried
overnight under vacuum. NBD-cholesterol in chioro-
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form was incubated with Celite (4% w/w). The mix-
ture was then dried under vacuum.

HDL, was prepared by ultracentrifugal flotation
[28]. Dialysis for 24 h against buffer (20 mM Hepes
(pH 7.4), 0.1 mM EGTA) was utilized to climinate
potassium bromide. Lecithin: cholesterol acyl-trans-
ferase activity was denatured by 30 min incubation at
56°C, followed by 30 min centrifugation at 13000 rpm.

Celite {50 mg) with NBD-cholesterol was incubated
with | ml of HDL; (I mg protein/ml) for 20 h at
37°C. Celite was eliminated after the incubation pe-
riod by centrifugation and filtration. Approximately
10% of the NBD-cholesterol initially on Celite was
incorporated in the HDL,. The erythrocytes or re-
sealed ghosts (30 xl pelleted erythrocytes or ghosts)
were incubated with 160 g1 HDL .-NBD-cholesterol {1
mg /mi of protcin) and 160 g1 NaCl (300 mM) in water
for 20 min at 37°C, followed by sedimentation to
separate cells and lipoprotein.

Fiuorescence measurements

Fluorescence lifetime measurements, nonlinear
least-squares analysis, and Lorentzian continuous dis-
tributional analysis were performed as described car-
iier [10,16,17,29]. Forster energy transfer distances were
measured as described eardier [29,30). Fluorescence
photobleaching experiments were carried out as de-
scribed earlier by using the modulated fringe pattemn
photobleaching technique [12,31). The very rapid
bieaching of NBD was controlled as described therein
and in more detail in Davoust {32}, The observed decay
curves were fitted by multi-exponentials using the
method of Pade-Laplace [33].

Results

Sidedness selectivity of trinitrophenylation in the erythro-
cyte

The degrec of trinitrobenzenesulfonic acid penetra-
tion through the erythrocyte membrane (leakiness) was
carefully monitored to assure that under noapenetrat-
ing conditions the reagent is not labeling both sides of
the erythrocyte plasma membrane. Several control pro-
cedures were used.

First, phosphatidylethanolamine is localized primar-
ily in the inner leaflet of the cell membrane and
phosphatidylserine is almost exclusively an inner leaflet
phospholipid [1,2,34]. The degree of phosphatidyl-
ethanolamine and phosphatidylserine trinitrophenyla-
tion reflects the degree of cell membrane inner leaflet
labelling by trinitrobenzenesulfonic acid. When intact
cells were trinitrophenylated at 4°C, 8.1 + 1.2% and
0% of membrane phosphatidylethanolamine and phos-
phatidylserine were trinitrophenylated, respectively
(Table 1). When intact cells were incubated with trini-
trobenzensulfonic acid at 37°C, 31.8 + 2.6% of phos-
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phatidylethanclamine was trinitrophenyiated as was
4.3% of phosphatidylserine. The possibility that trini-
trophenylated phosphatidylethanolamine migrated
across the erythrocyte membrare under the conditions
used herein was ruled out since further cxposure of
phosphatidylethanolamine was not observed.

Second, thc above observations with TNBS and
transhilayer distribution of aminophospholipids were
confirmed with phospholipase A, When the infact
erythrocytes were exposed to phospholipase A,, 10+
1% of phosphatidylethanolamine was accessible to
phospholipase A, hydrolysis (Table 1). None of the
phosphatidvlserine was hydrolyzed under these condi-
tions (Table I).

Third, the flucrophore diphenylhexatriene partitions
equally across membrane bilayers and between fluid
and solid lipids. This property has, in conjunction with
selective quenching by covalently linked trinitrophenyl
groups, proven extremely useful in monitoring sided-
ness of the TNBS-membrane reaction [20,35]. Under
conditions in which TNBS does not label the inner
leaflet aminophosptolipids, about 40% of diphenylhex-
atriene fluorescence is quenched by TNBS (Fig. 1). In
contrast, under conditions where aminophospholipids
in both leaflets are trinitrophenylated about 87% of
diphenylhexatriene is guenched (Fig. 1).

Fourth, trinitrophenyl groups in close proximity to
diphenylhexatriene quench fluorescence by Forster
nonradiative enery transfer [20,35). This energy trans-
fer should reduce the fluorescence lifetime of
diphenylhexatriecng in trinitrophenylated erythrocyte
membrane leaflets. The fluorescence lifetime of
diphenylhexatriene in control red blood cell plasma
membranes was examined both by nonlinear least
squares and Lorentzian distributional analysis and de-
termined to best fit (x? of 19 to 2.2) for two compo-
nents with the major one near 1i.1 ns representing
more than (.98 fractional fluor¢scenee (Fig. 2). A mi-

TABLEI

Envthrocyte membrane leaflet selectivity of trinitrobenzencsulfonic acid
(TNBS} and phospholipase A,

Erythrocytes were treated with trinitrobenzenesulfonic acid or phos-
pholipase A; at the indicated temperature as described in Methods.
Values represent the means +S.E. {(n = 3). n.d., none detected.

Reagent Temp. % phospha- % phospha-
(°C} tidylethanal- tidylserine
amine Irinitro-
trinitro- phenylated
phenyiated or hydrolyzed
or hydrolyzed
TNRBS 4 Bl1+12 nd.
37 J18+26 4311
Phaspho-
lipase A, 37 10.011.0 n.d.
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Fig. |. Effect of trinitvophenylation on diphenylhexatricne fluores-
cence itn resealed erythrocyte ghosts. Human erythrocytes were
treated with buffer with or without TNBS under penetrating {37 °C)
or nonpenetrzting (4°C) conditions as described in Materials and
Methods. Noa-trinitrophenylated and trinitrophenylated resealed
erythrocyle ghosts were prepared, diphenylhexatriene was incorpo-
rated {1:1000 miolar ratio to erythrocyte ghost lipid) and fluores-
cence inlensity was determined also as described in Malerials and
Methods. Values represent the average of 1-3 determinations with a
range less than 5% from the average.

nor companent near 3 ns represented less than (.02 of
the fluorescence and is am artifact [36] unaltered by
trinitrophenylation. Fitting the data to a single compo-
nent or o more components either increased the x* to
17 or did not significantly improve x?, respectively.
Treatment of erythrocytes with TNBS at 4° C resulted
in two major lifetime components near 11.9 and 6.4 ns,
fractional fluorescence of 0.71 and 0.29, respectively
(Table 11). When the fractional fluorescence values are
comverted to mole fractions, 57% and 43% of the
dipl.enylhexatriene were localized in the outer and
inner leaflets of the ervthrocyte plasma membrane,
respectively. When both leaflets were trinitropheny-
lated (37°C), only the lifetime component near 6 ns
appeared. Quenching of as little as 10% of the fluores-
cent probe molecules present on the inner membrane
leaflet by TWNBS labelled molecules present on this
same surface, would have resulted in a significant
reduction of the fluorescence lifetime of diphenylhexa-
triene. The data show that this was not the case.

Energy transfer from deliydroergosterol to trinitrophenyl
groups in ervthrocyte plasma membranes

The trinitrophenyl quenching methed was applied to
examine the transbilayer sterol distribution in erythro-
cyie plasma membranes. This procedure is an exten-
sion of the same method applied to determine transbi-
layer stevol distribution in cultured cell {19,37-40] and
brain synaptic plasma membranes [21]. Several condi-
tions in addition to those described in the preceding
sections must be met in order that the quenching by
trinitrophenyl groups be maximal.
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Fig. 2. Lorentzian distributional analysis of diphenylhexatriene life-
time, Fluorescence lifetime of diphenylhexatriene in nontrinitro-
phenylated and trinitrophenylated (4 ° C) reseated ervibrocyte ghosts
was determined by phase and mw dulation {1-250 MHz) at 14 differ-
ent different modulation frequencies and the rzsuhs were fitted to
one or lwo components both by nonexponential least-squares fit and
continuous distributional fit to one or two Lorentzian distributions.
In either case the y? were significantly improved by two component
fits. The centers of lifelime distribution shown in the figure were
nearly identical to tlic two lifetime values obtained from two compo-
nent nonlinear least-squares Fit (Table 1).

First, the surface density of trinitrophenyl acceptor
groups must be sufficiently large for maximal energy
transfer efficiency [41]. Trinitrobenzenesulfonic acid
trinitrophenylates free amino groups on both proteins
and aminophospholipids. When intact erythrocytes
were labelled under nonpenetrating conditions, trini-
trophenyl groups atiached to plasma membrane pro-
teins were measured by the difference in absorbance at
434 nm (wavelength of maximal absorbance of cova-

TABLE il

Analysis of the fluorescence emission decay af diphenylhexatriene in
resealed human erythracyre ghosts
C, W, and F refer 1o the lifetime, width of distribution, and frac-

tional contribution, respectively. The subscripis refer to component 1
or 2, respectively.

Reagent Analysis (NLS or LD)

Ci{ns) W, {ns) F, C,ins) W,(na) x*
Nonlinear least squares
None 12.1 - 093 43 - 19
Lorentzian distribution
None 111 0.05 098 3t 0.05 2.2

TNBS, 4°C 119 0.05 071 64 0.09 2.2
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lently linked trinitrophenyl groups) between the intact
membranes and the extracted lipids. Approximately 10
times as many trinittophenyl groups were attached to
membrang proteins as compared to aminophospho-
lipids. Both protein and aminophospholipid linked
trinitrophenyl groups cam act as fluorescence
quenchers. The erythrocyte membrane surface density
of trinitrophenylated phosphatidylethanolamine alone
is 0.04. When the protein attached trinitrophenyl
groups are taken into account, the trinitropheny! ac-
ceplor group surface density is in in excess of 0.3. The
acceptor density of trinitrophenylated phosphatidyl-
ethanolamine alone is sufficient 10 account for a greater
than 90% transfer efficiency (when R, the distance
for half maximal transfer efficiency is about 30
dngstrom} of the dehydroergosterol/ trinitrophenyl
donor / acceptor pair [42]. As shown below, the R, for
this pair was 28 Angstrom.

Second, the relative contribution of trinitrophenyl
groups attached to aminophospholipid and protein re-
sponsible for quenching Auorescence of dehydroergos-
terol incorporated inio erythrocyte membranes was
determined. Both protcin and aminophospholipid
linked trinitrophenyl groups can act as fluorescence
quenchers. Under conditions in which both sides of
membranes were exposed to {rinitrophenyl groups: (2)
in lipid vesicles containing dehydroergostero! and trini-
trophenyl groups inside and outside the vesicle, trini-
trophenyl groups maximally quench 81% of dehydroer-
gostero! fluorescence and (b} in unsealed membrane
ghosts (hoth aminophospholipids and proteins trinitro-
phenylated) the quenching was 96%. Thus, under both
nonpenetrating and penetrating conditions an excess of
trinitrophenyl acceptor groarps is present in the trini-
traphenylated erythrocyte membranes.

Third, quenching of dehydroergosieral in one leaflet
by acceptor trinitrophenyl groups in the opposite leaflet
must not occur. For the dehydroergosterol/ trinitro-
phenyl donor/ acceptor pair the Forster R, the dis-
tance at which the transfer efficiency is 50%, was
determined to be 28 Angstrom. The distance between
the dehydroergosterol and trinitrophenyl groups, R,
was calculaied from the R, and the transfer efficiency
(96%) as described earlier [29,30,42] and found to be
16 Angstrom. The conjugated iriene fluorophore of
dehydrocrgosterol is localized in the B/C rings of the
sterol cyclopentanophenanthrene ring structure, about
3 Sngstrom from the aqueous interface of membrane
bilayers with a width of approx. 40 dngstrom. Transbi-
layer distances between trinitropheny!l groups in one
leaflet and dehydroegosterol fluorophores in the oppo-
site leaflet would be in excess of 37 &ngstrom. Energy
transfer from dehydroergosterol in the inner leaflet to
trinitrophenyl groups localized in the exofacial leaflet
of the membrane will not be significant because the
transfer efficiency varies as 1/R®.



188

[n] cholesisret cpme 10%

o

o 40 80 120 160
Time (min)

Fig. 3. Incorporation of [*H]cholesterol into trinitraphenylaled and
nan-trinitrophenylated rescaled erythrocyte ghosts. Human eryihro-
cyles were treaied with buffer with or without trinitrobenzenesul-
fonic acid under non-penetrating conditions (4°C) and resealed
erythrocyte ghosts were isolaled as described in Methods. The re-
sealed ghosts were incubated with POPC/dehydroergasterol SUV
{1: 10 molar ratio of SUV:ghost lipid) conlaining trace amounts of
|"Hkchotesteral and cholesteryl [1-'*Cloleate as described in Meth-
ods. Exchange of {*Hkholesteral into the resealed control (o) and
trinitrophenylated (0O} resealed ghosis was measured al:o as de-
scribed in Methods. As determined by the presence of the non-ex-
changeable marker, cholesteryl [1-*Cloleale, less than 5% of the
radiouctivity incorporated into the resealed ervthrocyte ghosts was
due to sticking or fusion with SUV,

Transbilayer distribution and transhilayer migration rate
of fluorescent dehydroergosterol in erythracyte mem-
branes

The transhilayer distribution of sterol in erythrocyte
membranes was examined by exchange of fluorescent
dehydroergosterol into erythrocyte ghosts without or
with covalently attached trinitrophenyl groups in the
outer monolayer. It is essential that: (1) trinitropheny-
lation not affect sterol entry into erythrocyte mem-
branes; (2) fluorescent dehydroergosterol mimic the
exchange of cholesterol into the erythrocyte mem-
branes; (3) self-quenching of dehydroergosterol not
occur, and (4) that fusion of erythrocyte membranes
with SUV not occur. These criteria are met as follows:

The cxchange curves of [*Hlkcholesterol from SUV
to erythrocyte ghosts and to trinitrophenylated erythro-
cyte ghosts were nearly identical (Fig. 3). The
["Hlcholesteral exchanged into control and trinitro-
phenylated ghosts with half-times of 34.9 and 33.5 min,
respectively.

The exchange of [*Hlcholesterol (Fig. 3) and dehy-
droergosterol (Fig. 4, top curve) from SUV ta ghosts
were very similar, The [*H]cholesterol and dehydroer-
gosterol exchanged into the ghosts with half-times of
34.9 and 34.0 min, respectively. Dehydroergosterol ex-
change mimics cholesterol exchange between SUV and
erythrocyte ghosts.

Above © mol% self-quenching of dehydroergosterol
occurs [10,15,16], Under the conditions used herein, a1

equilibrium less than 2% of erythrocyte ghost acceptor
lipid is dehydroergosterol.

A non-exchangeable marker, cholesteryl [1-¥Clole-
ate, was incorporated into the SUV to monitor SUV
adherencc to or fusion with acceptor ghosts. In all
cases, less than 5% of the radioactivity of
{*Hkholesterol or fiuorescence of dehydroergosterol
could be accounted for by SUV adherence or fusion of
SUV with ghosts.

Since the above controls validate the use of trinitro-
phenylated erythrocyte ghosts to determine the transbi-
layer distribution with dehydroergosterol, the equilib-
rium transbilaycr distribution of dehydroergosteral and
transbilayer migration rate of dehydroergosierol can be
measured. At equilibrium, 256 + 3.19% of the dehy-
droergosterol fluorescence intensity is gquenched in the
red cell ghosts with trinitrophenvlated outer leaflet
(Table 11I). When both leaflets are trinitrophenylated,
quenching was 96% (Table III), The transhilayer mi-
gration rate of sterol in erythrocyte ghosts was also
determined with dehydroergostercl. Appearance of de-
hydroergosteral in the outer monolayer of resealed
ervihrocyte ghosts and fluorescence signal are simulta-
neous. In contrast, in the trinitrophenylated ghosts the
fluorescence of dehydroergosterol in the outer leaflet
is quenched, Only after the dehydroergosterol has mi-
grated from the outer to the inner monolayer of the
trinitrophenylated ghost is the fluorescence detectable,
Thus the fluorescence versus time curve in trinitro.
phenylated ghosts is shifted to longer time (Fig. 4). The
half-time of this shift, the transbilaver migration rate
was 6 £ 2 min (Table III).

Fluorescence photobleaching experiments of NBD-
cholesterol in human erythrocytes and erythrocyte ghosts

In the modulated fringe pattern photobleaching
technique, the contrast between the fluorescence in-
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Fig. 4. incorporation of dehydroergosierol into trinitrophenylated

and non-trinitrophenylaled rescaled erythrocyle ghusts. Al condi-

tions were as described in Methods, Dehydroergosierol fluorescence
intensity was determined in the acceptor resealed red cell ghosts.



TABLE I1

Enythrocyvie ghose transbilayer sterol diseribution and aigration time:
quenching of defedroengosteral

Dre hydroergosterol was incorporated inle resealed erythsocyle ghosts
from erythrocytes pretreated withoutl and with trinitroberzenesul-
fonic acid (TNBS) under nonpenetrating conditions (47 C), Dehy-
droergosterol was incorparated into the resealed ghosts by exchange
from POPC/dehydroergosterol SUV. At equilibrium, the mol®r of
sterol represepted by dehydroergosterol in the rescaled ghosts was
less than 2 mal?s . The rescaled ghost steral sphispholipid ratio was
unaliered by incorporation of dehydroergosierol. Values represent
the means +5.E, (r=3)

Parameter TNBS labelling ¢ Fluorescence fps
temperature (°C)  guenched {min}
Transbilayer
distribution + 25631 ~
37 9604 3.0 -
Transhilayer
migration 3 - b+ 2

tensity of bleached regions and unbleached regions
determined by the fringe pattern, is analyzed as a
function of time. The decay of the contrast follows a
simple exponential law in the case of a single diffusion
constant [31,33]. Thus, a semilogarithmic transforma-
tion of the contrast curve gives a straight line for a
single diffusion. Fig. 5 shows the resuit of the accumu-
lation of several fluorescence contrast curves obtained
in different areas of the same microscope slide contain-
ing erythrocytes labelled with NBD-cholesterol. In spite
of the sensitivity of the modulated fringe pattern tech-
nigue, 10 to 20 accumulations are necessary 10 obtain a
good signal to noise ratio because of the light absorp-
tion by hemoglobin. Very similar curves were obtained
with pink resealed ghosts, the number of accumula-
tions necessary for good signal to noise ratio being less
in the latter case (from | to 4). Fig. 5A is the direct
accumulated recording, while Fig. 5B is the semiloga-
rithmic transformation. The curve in Fig. 5B shows
clearly that the contrast curve cannot be accounted for
by the diffusion of an homogencous population of
fluorescent molecules, that is, with a single diffusion
constant. In fact all samples (erythrocytes and ghosts,
at any temperature) corresponded to a multi-exponen-
tial decline, which after analysis revealed that the fast
component always accounts for 75 + 3% of the fluores-
cent molecules. Table 1V shows the actual percentage
of fast component obtained at diffcrent temperatures
in the ghosts and at 22°C in intact erythrocytes. The
values of the diffusion constants are also indicated.
These diffusion values are remarkably similar to the
two diffusion constants of NBD-labelled phospholipids
in the same cells as determined by Morrot et al. [12). In
these previous experiments the fast diffusion was at-
tributed to phospholipids in the inner monotayer, while
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Fig. 5. Ducay of the Ruorescence contrast after photobleaching
(second hurmonic of the modulation) for NBD-choelesierol in human
ervihrocytes. Experiments were carried ot at 22°C. Interfringe
spucing was .67 pm; bleaching time was 50 ms, (A} Accumulation of
20 bleaches on the same microscope slide. direct recording; {B}
Semi-logarithmic transformation showing bi-exponential behavior.

the slow diffusion was atiributed to phospholipids in
the outer manolayer [12,43]. Thus, it is likely that the
two components of cholesterol diffusion represent also
NBD-cholesterol in the inner and outer monolayers,
respectively. The immobilized Ffraction of NBD-
cholesterol varied from sample to sample but never
exceeded 10% of the probes. The significance of this

TABLE 1V

Ervthirocyte membrane transhilayer sterol disiribution:  ffeorescence
phetobledching experiments of NBD-chiolesterol

At cach temperature several cusves were accumulated and then
analyzed. The uncertainty in the diffusion value is approximately
1%, due to ¢rrors in the measurement of (he interfringe and in the
simulution of the bicxponential curves. The S fast component is
determined with and sccuracy of +57F of the mobile fraction of

NBD-cholesterol.

Temperuture Diffusion constant Fast component
ey o~ am? /5 i
D, D,

Ghuosts resealed with ATP

6 .56 ol Fll)
25 4,30 093 K]
n .40 1.40 72
Red blood cells
n 350 .86 78
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immobilized cholesterol fraction is not known, but its
variabilily suggests an experimental artifact, for exam-
ple a small fraction of trapped HDL; on the surface of
the erythrocytes.

Discussion

Two independent technigues, quenching of dehy-
droergosterol fluorescence and fluorescence photo-
bleaching of NBD-cholesterol, were used to determine
the transbilayer distribution of cholesterol analogues in
human erythrocytes. Both methods showed that ery-
throcyte sterol is localized primarily in the inner leaflet.

In the first method, dehydroergosterol was used as a
cholestero! analogue in conjunction with selective
leaflet quenching to determine resealed erythrocyte
ghost transbilayer sterol distribution. At equilibrium,
15% of the flucrescent dehydroergostere! was localized
in the inner leaflet of the erythrocyte plasma mem-
brane. This distribution is independent of whether the
THNBS-labelled ghast vesicles arc completely resealed,
since the intact cell was used to trinitrophenylate only
the outer monolayer of the erythrocyte membrane. The
validity of this approach depends on two factors: the
selectivity of the TNBS as a non-penetrating prabe and
the adequacy of using dchydroergasterol as an ana-
logue for cholestercl.

it should be noted that the term non-penctrating
used in conjunction with TNBS may not be most ap-
propriate, Certainly, in the present work the term
refers to TNBS labelling conditions in which very little,
if any, trinitrophenylation of the inner leaflet occurs.
This may not, however, be completely synonymous with
tack of penetration of TNBS in all circumstances. For
example, there appears to b¢ some uncertainty in the
literature with regard to calling TNBS a non-penetrat-
ing probe for erythrocytes. Unarguably, under certain
conditions, ¢.g. 37°C, TNBS can pcrmeate the ery-
throcyte membrane {44). However, at 4°C this pene-
tration is either much less [44] or insignificant [45-
47,19] in erythrocytes. Most important for the non-
penetrating conditions, even if a small amount of TNBS
penetrated the erythrocyte it preferentially reacts with
hemoglobin amino groups [45,47-49] and glutathione
sulfhydryl groups [44). TNBS and phospholipases have
both been used to determine the aminophospholipid
asymmetry in erythrocyte [46,41,50,51], platelet [51,52],
and sarcoplasmic reticulum [53} membranes, Although
the transbilayer distribution of erythrocyte and sarco-
plasmic reticulum membranes were nearly opposite, in
cither case the TNBS and phospholipase results indi-
cated essentially similar asymmetry. Last, in cultured
cells the results obtained with TNBS were confirmed
with both penetrating and non-penetrating acetimidate
derivatives [54]. Nevertheless, it is important for each
system in which TNBS is used that appropriate control

experiments be performed to assure that under non-
penetrating conditions the reagent did not label in
inner leaflet. The experiments performed herein with
TNBS were designed on the basis of the earlier work
on TNES labelling of erythroeytes and conditions were
chosen to minimize penetration of TNBS [45-47]. The
trinitroplienylation reaction was carefully monitored to
assure that the rcagent did not label both sides of the
membrane by using a serics of control procedures. The
same control procedures have been documented ear-
lier for the use of TNBS to [abel cultured fibroblasts
[5,20,55] and synaptosomes [35).

Dehydrocrgosterol is an excellent analogue of
cholesterol for studies of sterol domains as indicated
by a considerable body of medel and biological mem-
brane data from this and other laboratories (for re-
views, sece Refs. 3,4 and 56). Fluorescent sterols such as
dehydroergosierol and cholestatrienol codistribute with
cholesteral in membranes both laterally [10,15,57) and
transbilayerly (for reviews, see Ref. 3). In addition,
these sterols have similar desorption rates as choles-
terol as determined by exchange studies {4,16,58,59,56).
Probes that are structurally dissimilar from cholesterol
have significantly different desorption rates and are
therefore not useful for examining sterol domains (for
reviews, se¢ Refs. 3 and 56). Moreover, dehydroergos-
terol is nonperturbing since it: {1) is a natural product
comprising up to 20% of membrane sterols [33]; (2) is
binincorporated into ¢cultured cells without adverse ef-
fect [19,30,37-40).

The transbilayer distribution of cholesteral deter-
mined by dehydroergosterol (as well as NBD-
cholesterol) independently establishes that cholesterol
is enriched in the inner leaflet of the erythrocyte.
These data, taken together with cholestero] oxidase
results [7], indicate that three different methods consis-
tently show that the inner leaflet of the human erythro-
cyie is enriched in cholesterol. Moreover, the results
presented herein also substantiate that cholesterol oxi-
dase, when used appropriately [7] can be used to
determine transbilayer cholesterol distribution despite
the limitations of the latter method {8,9] Last, the
results with enrichment of etrythrocyte cholesterol in
the inner leaflet are also in line with the transbilayer
distribution of dehydroergosteral and other sterols re-
ported in eukarvotic cell surface membrangs and in
model membranes {for reviews, see Ref. 3).

The second technigue, NBD-cholesterol and fluo-
rescence photobleaching showed that the cholesterol
analogue partitions in two different environments,
characterized by a different diffusivity. The two diffu-
sion values measured with NBD-cholesterol are re-
markably similar to the two diffusion values obtained
with fluorescent phospholipid in resealed ghosts or
intact erythrocytes [12). Since previous investigators
have shown thal cholesterol analogues diffuse like the



phospholipid in which they are embedded [6D-62], we
conclude that the NBD-cholesterol 15 distributed bhe-
tween the inner and outer monolayers of erythrocytes
with 75 + 5% in the inner monolayer which is the layer
associated with the fast diffusion. Due to the approxi-
mately 10% of immobilized fluorescent cholesterol, the
uncertainty in the asymmetry of the fluorescent choles-
terol analogue may be slightly larger. However, it can-
not be less than 65% in the inner monolaver. Thus, the
inner monolayer which has a higher lipid diffusivity
contains more cholesterol than the outer monolayer.
This conclusion may appear paradoxical. However. ina
recent study on model systems {43), we have shown that
a difference in cholesterol population cannot explain
the difference in diffusivity of the two erythrocyte
layers. The asymmetric *diffusivity’ must be due to the
difference in phospholipid composition between the
inner and outer monolayers of erythrocyte membranes.

The cholesterol transbilayer distribution has been
measured in plasma membranes from only a limited
number of biological tissues and species. Results with
human erythrocytes presented herein and with choles-
terol oxidase [7] provide data consistent with the con-
clusion that the inner leaflet of human red blood cell
membranes ts enriched with cholesterol. Transbilayer
cholesterol migration appears intimately involved in
the mechanisms of cholesterol desorption from mem-
brancs and spontaneous exchange between wmem-
branes. Fluorescence technigues provided a relatively
fast cholesterol transhilayer migration half-time near 6
min in human erythrocyte plasma membranes. It should
be noted that the erythrocyte ghosts may be slightly
leaky and the measured transbilayer migration half-time
would represent a maximal value. However, the data in
Fig. 4 show that the ghosts were not sigaificantly leaky
since a shift in the fluorescence curve was indeed
observed.

The results presented herein with regard to transbi-
[ayer steral distribution and migration rate may be
affected by at least two parameters. (1) If the transbi-
layer migration rate of sterol is slow, then measure-
ments of cholesterol transbilayer distribution and/oc
migration rates may not be correct (for reviews, sce
Ref. 56). Nevertheless, it now appears that the transbi-
layer migration rate of sterols is rapid {(data presented
herein and elsewhere, see reviews in Refs. 3 and 56).
Thus, it is unlikely that dehydroergosterol, added into
the red cell membrane by exchange, may not com-
pletely equilibrate across the bilayer. (2) The presence
of multiple cholesterol domains in the lateral plane of
the bilayer may complicate determination of choles-
terol transbilayer rates. Multiple lateral cholesterol
domains have been documented in phospholipid/
cholesterol vesicles {see reviews in Ref. 56). These
domains were similar in both leaflets of the model
membrane vesicles. In the case of erythrocytes, two
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exchangeable pools representing 15% and 85% of
cholesterol have been reported [63). Most important,
the same pools were observed in intact erythrocytes
and inside-out plasma membrane vesicles derived
therefrom. Similarly, two poals of exchangeable sterol
hiav2 been identified in L fibroblast plasma membranes
[3.56]. Again, essentially the same proportion of lateral
sterol domains appears to occur in each leaflet of the L
plasma membrane membrane (for reviews, see Refs. 3
and 56). Since the transbilayer migration rate is fast
and since the sterol pools are similar in both leaflets. it
seems very likely that the degree of equilibation of
sterol between pools within each leaflet is similar for
the outer and inner lcaflets of the erythrocyte mem-
brane. Thus, the presence of these stero! pools within
each membrane leaflet would not be expected alter the
transbilaver sterol distribution as measured with fluo-
rescent sterol probes.

in cunciusion, the resulis presented herein and by
others {7} indicate that the majority of cholesterol is
localized in the inner leaflet of the erythrocyte mem-
brane. Although individual phospholipid species are
also asymmetrically distributed across the human ery-
throcyte membrane. the overall distribution of the total
phospholipid between the two surfaces is approx.
50:50. The molar ratio of cholesterol / phespholipid in
erythrocytes is close to 1:1. Therefore. if 75% of the
cholesterol is present on the cytoplasmic surface of the
red cell membrarne, this would imply that the choles-
terol / phaspholipid ratio in the inner leaflet is 1.5, a
surprisingly high value. The role of such a high sterol /
phospholipid ratio in the inner leaflet on ceil function
is not known. However, the following observations may
be relevant. The cholesterol is segregated into choles-
terol rich and poor domains [3,56] Although most
proteins appear to reside in cholesterol poor domains,
a few such as the acetylcholine receptor reside in
cholesterol rich domains (for reviews, sce Ref. 56). It
has been postulated that the effects of cholesterol on
membrane proteins are not direct but rather are be-
cause phase separation of cholesterol promotes aggre-
gation of the transport protein or membrane protein,
where the active species is the aggregated protein or
transporter {see review in Ref. 56). Such aggregation
wonld be facilitated in the inner leaflet where the very
high cholesterol / phospholipid ratio would result in a
massive phase separation of cholesterol. In contrast,
the outer leaflet would have a lower steral / phospho-
lipid ratio which might facilitate lateral mobility of
receptor proteins.
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