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Transmembrane distribution of sterol in the human erythrocyte 
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The trausbilayer cholesterol distribution of human erythrocytes was examined by two independent teehuiqms, 
quenching of dehydroergosterol fluorescence and fluorescence plaetobleachiug of NBD-ehotesteroL Debydroerges- 
terol in conjuncfien with leaflet selective quenching showed that, at equilibrium, 75% el' I!~ sterol was localized In 
the inner leaflet of resealed erythroc,j~ ghosts. NBD-ehelesterol and fluoreseeuce pbetebJeacbing displayed two 
diffusion values in both resealed ghosts and intact er,j thruc~s. The fractional contribution of II1¢ fast and slew 
diffusion constants of NBD-Inbelled cholesterol represent its Inner and outer leallet distrlbetiea. At teem 
temperature the plasma membrane inner leaflet of erythrocyte ghosts as well as intact erythre~tes cells contained 
78% of the plasma membrane sterol. The erythrocyte membrane transbUwjer distdlmttoa of  sterol was lndclpeudeut 
of temlmrature. In oumcluslon, dlehydreergosteroi and NBD-cholesterol data are ¢oMldent with an earkhntent of 
cholesterol in the inner leaflet of the human e r y t h ~ .  

Introduction 

it has been well-established that phospholipids are 
asymmetrically distributed in biological membranes (for 
reviews, see Refs. I and 2). In contrast, th::re is little 
agreement in the literature on the transbilayer distri- 
bution and migration of cholesterol in biological mem- 
bram, s [3-6]. The human erythrocyte membrane has 
been extensively examined and transhilayer migration 
rates of sterols ranging between seconds to hours and 
nearly opposite cholesterol transbilayer distributions 

Abbreviations: dehydroerg~rerol &s~?'°tk2Z-ergostatctraene-3~-oh 
diphenylhexatriene, 1,6-diphenyl-l,3,5-hexatrien¢; POPC, 1-1mlmi- 
|o,jI-2-ol,~oy[phosphatid!dcholinc; NBD-cholesterol, 25-NBD-26- 
aoreholesterol; modulated fringe pattern photobieaching, fluores- 
cence photobleachia8" SUV, small unilaraellar vesicle: TrqBS, trini- 
trobenzenesulfonic ackL 

COrrespondence: W.G. Wood, VA Medical Center, GRECC I IG, I 
Veterans Drive, Minneapolis, MN 55417, U.S.A. 

have been reported (for review, see Re[. 3). A prima~j 
difficulty in determining cholesterol transbilaycr migra- 
tion rate and distr~ution has been the lack of ade- 
quate method.~ For example, recently cholesterol oxi- 
dase and exchange were used to ccmc[ude that choles- 
terol is enriched in the inner (cytofacial) lent'let of the 
human erythrocyte membrane [7], a f'mding opposite to 
that of some others (for review, see Ref. 3). Whether 
the cholesterol oxidase method correctly established 
the transbilayer cholesterol distribution in rrythroc~es 
is difficult to evaluate since cholesterol oxidase appar- 
ently can perturb the membrane and enhance sterol 
transbilayer migration rate [8,9]. Thus, it is still unclear 
whether cholesterol is enriched in the outer or inner 
leaflet of the erythrocyte. 

Herein, two independent methods, fluorescence 
quenching by Fofster energy transfer and fluorescence 
photobleaching, are used to determine transbilayer dis- 
tribution of sterol in human ex~hrocyte membranes. 
The fluorescent sterols dehydroergosterol and 25- 
NBD-26-norcholesterol (NBD-cholesterul) are used to 
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examine the transhilaycr migration rate and the trans- 
bilayer distribution of sterol. The advantages of the use 
of these sterols as cholesterol analogues 1o determine 
transbilaycr cholesterol distribution were recently re- 
viewed D]. These sterols differ in that the fluorophore 
of dehydroergosterol is an intrinsic part of the cy- 
clopcntanophenanthrene ring structure of the sterol 
nucleus and is sensitive to the sterol mieroenvironment 
closer to the polar/hydrocarbon interface as compared 
to NBD-cholesterol [[0]. in contrast, NBD-cholesterol 
has an extrinsic fluorophore reporter group that is 
linked to the alkyl side chain of the sterol. This NBD is 
deeply buried in the interior of the membrane bilaycr 
[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 transbilaycr distribution of sterol in crythrocyt¢ 
membranes. 

Materials and Methods 

Mateeials 
l-Palmitoyl-2-oleoylphosphatidylcholine (POP(?) was 

purchased from Avanti Biochemical inc. (Birmingham, 
AL). Dehydroergosterol was synthesised and purified 
by high performance liquid chromatography as de- 
~ribed previously [13,14]. Purity was confirmed by high 
performance liquid chromatography, absorbance peak 
ratios, and comparison with dehydroergosterol stan- 
dard. 1,6-Diphenyl-l,3,5-hexatrien¢ and NBD-choles- 
terol were obtained from Molecular Probes Inc. 
(Eugene, OR). [la,2a(n)-'~H]cholesterol (46 raCi/ 
mmol) and cholesteryl [l-laC-']olcate (57 mCi/mmol) 
were obtained from Amersham, Arlington Heights, ll.., 
and from New England Nuclear, Boston, MA, respec- 
tively. Purity of these ]ipids was conf:.,~mcd by silica gel 
G (Analtech, Newark, DE) thin-layer chromatography 
developed with chloroform/methanol (98:2, v/v). 
Trinitrobenzcnesulfonic acid and phospholipas~ A 2 
(Naja mocambique mocambique) were from Sigma 
Chemical Co., St. Louis, Me.  

Preparation of liposomes 
Small unilamctlar vesicles (SUV) were prepared as 

previously de~ribed [14-17]. The following lipids were 
dissolved in chloroform, dried with N2, and sonieated 
to provide SUV in 4 ml Tris (50 raM, pH 7.3): POPC 
(2.8 rag), debydroergosterol (0.t59 me), 5 t~Ci 
[~H]cholestgrol, and 1/~Ci cholesteryl [14C]oleate. The 
lipid composition of the resultant SUV was determined 
also as described previously [l~,-17]. 

Erylhroepte trinitrobenzenesulfonic acid labelling and re- 
sealed ghost isolation 

Human erythroeytes fiom healthy volunteers were 
collected in tubes containing heparin anticoagulant. 
The erythrocytcs were scdimentcd at 1000 × g for 10 
min and washed three times with 6 ml of isotonic Tris 
buffer (172 raM, pH 7.6). Aliquots (400 /zl) of packed 
erythrocytes were resuspended in 10 ml buffer (40 mM 
NaCt, 120 mM NaHCO3 (pH 8.5)) at 4°C  without or 
with 8 mM trinitrobenzenesulfonic acid. The erythro- 
cytes were incubated for 45 rain at 4°C. The trinitro- 
phenylation reaction was terminated by addition of 10 
rat 1% bovine serum albumin in phosphate buffered 
saline 037  mM NaC1, 2.7 mM KCI, 6.5 mM Na~PO 4, 
6.5 mM KH2PO a, (pH 7.3)). Erythrocytes were sedi- 
raented at 4°C  at 1000xg for l0 rain and washed 
three times with buffer (40 ra[ NaCI, 120 mM NaHCO~ 
(pH 8.5)). The washed el'ythrocytes were resuspended 
in 30 ml of hypotonic lysis buffer (5 mM Tris, 1 mM 
EDTA (pH 8.5)). The ghosts were sedimented at 
40 000 × g for 30 rain. 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 [tB]. The reseated ghosts were resus- 
pended in 1 mi of phosphate-buffered saline (pH 7.3). 

Erythrocyte phosphatidylethanolaraine transbilayer dis- 
tribution 

Trinitrobenzenesulfonic acid and phospholipase A z. 
Human erythroeytes were treated with trinilrobenzene- 
sulfonic acid as described above, The % of plasma 
membrane phosphatidylethanolamine trinitropheny- 
luted was determined as described earlier [19-21]. The 
exposure of phosphatidylethanolamine in the outer 
leaflet of erythrecytes was also determined with phos- 
pholipase A 2 as fo[Iows: Packed erythrocytes (250 tzl) 
were suspended in glyoTlglycine, buffer (100 raM KCI, 
50 raM NaCI, 0.25 mM MgCI2, 44 mM sucrose, 10 mM 
glycylglycine, and 0.25 raM CaC! 2 (pH 7.4)). Phospho- 
lipase A 2 (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 "Iris (0,172 M, pH 7.6). The final pallet 
was lysed in distilled water. Lipids were extracted with 
isopropanol and chloroform [22]. Phospholipids and 
lysophospholipids were resolved using two-dimensional 
thin-layer chroraatography on silica gel H and com- 
pared to standards (Analteeh, Newark, N J), The first 
direction consisted of chloroform/ raethanol/ 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]. 
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Incorporation of dehydroergosterol into trinitropheny- 
lated a,~d control resealed erythrc~'yzes. A 0.5 ml aliquot 
of POPC/dehydroergosterol SUV (90:10 reel%) was 
mixed with 0.4 ml of resealed erythrocyte ghosts (40-45 
/zg protein) to provide a 1 : 10 ratio of donor:acceptor 
membrane lipid. The mixlure was incubated in a shak- 
ing water bath at 37 ~ C. Samples (100 ~1 aliquots) were 
removed at 0, 5, 15, 30, 60, 90, and 120 rain. SUV and 
erythroeyte ghosts were separated by sedimentation in 
a 200 txI polyethylene or polyallomer tube for 4 rain at 
63000 × g  with a Beckman Airfuge (Beckman Instr., 
Fullerton, CA). The supernatant containing SUV was 
removed. The pellet containing erythroeytc ghosts was 
resuspended in "Iris buffer (50 raM, 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 multifrequen~ 
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 t 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 (3H and 14C) was measured by a Beck- 
man 7000 (Fullerton, CA) beta counter. 

Erythrocyte and erFthrocyte ghost preparation fez 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. Erythrc~-'ytes were 
obtained by four washes of blood (1000 × g for 5 rain) 
with the following buffer: 20 raM Hepes (pH 7.4), 145 
mM NaCI, 5 mM KCI, 0.1 mM EGTA, 1 mM MgSO~, 
10 mM inosine, 10 mM glucose. Pink rescaled ghosts 
containing 3 mM ATP and a regenerating system 
(creatine phosphate and creatine kinase) were pre- 
pared as described earlier [24]. 

Erythrocyte and re_sealed er~throcyte ghost labelling with 
NBD.cholesterol for flEtorescence photobleaching recur'- 
cry 

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 llpoprotein-3 (HDL3). 
The lipoproteins labeled with NBD-eholesterol were 
afterwards incubated with intact crythrocytes or re- 
scaled ghosts [27]. 

C¢lit¢ 545 (Frolabo, Paris) was washed with diluted 
HCI (1 M), with water, with methanol, and finally dried 
overnight under vacuum. NBD-cholesterol in chloro- 

form was incubated with Celite (4% w/w). The mix- 
ture was then dried ~:nder vacuum. 

HDL3 was prepared by ultracentrifugai flotation 
[28]. Dialysis for 24 h against buffer (20 mM Hepes 
(pH 7.4), 0.1 mM EGTA) was utilized to eliminate 
potassium bromide. Lecithin: cholesterol a~l-trans- 
ferase activity was denatured by 30 rain incubation at 
56°C, followed by 30 rain centrifugation at 13000 rpm. 

Celite (50 rag) with NBD-cholestero] was incubated 
with 1 mt of HDL 3 (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-eholesterol initially on Celite was 
incorporated in the HDL 3. The erythroeytes or re- 
sealed ghosts (30 Ill pelleted erythrocytes or ghosts) 
were incubated with 160 gl HDL3-NBD.cholesterol (! 
mg/ml  of protein) and 160/tl  NaCI (300 raM) in water 
for 20 rain at 37°C, followed by sedimentation to 
separate cells and lipoprotein, 

t'.~uore~celqce nt~:Lasuremellt$ 

Fluorescence lifetime measurements, nonlinear 
least-squares analysis, and Lorentzian continuous dis- 
tributional analysis were performed as described ear- 
i ier [ 10,16,17,29]. Forster energy transfer distances were 
measured as described earlier [29,30]. Fluorescence 
photobleaehing experiments were carried out as de- 
scribed earlier by using the modulated fringe pattern 
photobleaching technique [12,31]. The very rapid 
bleaching 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 selecti~'ily of trinitrophenylarion in the erythro. 
cyte 

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

First, phosphatidylethano[amine 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 trinitrophere~'Ia- 
tion reflects the degree of  cell membrane inner leaflet 
labelling by trinitrobenzenesalfonic acid, When intact 
cells were trinitrophenylated at 4°C,  8.t :!: 1.2% and 
0% of membrane phosphatidylethanolaminc and phos- 
phatidylserine were trinitrophenylatexl, respectively 
(TabIe I). When intact cells were incubated with trini- 
trobenzensulfonic acid at 37 ° C, 31.8 +_ 2.6% of phos- 
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phatidylethanolamine was trinitrophenylated as was 
43% of phosphatidylserine. The possibility that trini. 
trophenylated phosphatidylethanolamine migrated 
across the erythrocyte membrane under  the conditions 
used herein was ruled out since further exposure of 
phosphatidylethanolamine was not observed. 

Second, the above observations with TNBS and 
transbiiayer distribution of aminophospholipids were 
confirmed with phospholipase A t .  When the intact 
erythrocytes were exposed to phospholipuse A 2, 10 + 
t% of phosphatidylethanolamine was accessible to 
phospholipase A z hydrolysis (Table i). None of the 
phosphatidylserinc was hydrolyzod under these condi- 
tions (Table I). 

Third, the fluorophore diphenyihexatriene 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 aminophospb.olipids, about 40% of diphenylhex- 
atriene fluorescence is quenched by TNBS (Fig. l). In 
contrast, under  conditions where aminophospholipids 
in both leaflets are trinitrophenylated about 87% of 
diphenylhexatriene is quenched (Fig. 1). 

Fourth, trinitrophenyl groups in dose  proximity to 
diphenylhexatriene quench fluorescence by Forster 
nonradiative enery transfer [20,35]. This energy trans- 
fer should reduce the fluorescence lifetime of 
diphenylhexatriene in trinitrophenylated erythroeyte 
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 z of 1.9 to 2.2) for two compo- 
nents with the major one near 11.1 ns representing, 
more than 0.98 fractional fluorescef~c¢ (Fig. 2), A mi- 

TABLE I 

Er~thracyt¢ membrene leaflet selectlt,ity o f  trinitrobenzenesn!~onic acid 
(TNBS) and pho~¢pholipase A 2 

Erythrocytes were treated with Irinitrobt:nzt:ncsulfonic acid or phns- 
pholipase A z at the indicated temperature us described in Methods. 
Values represenl the means±S.E.  (n = 3). n.d., none detected. 

Reagent Temp. 
(~C} 

% phospha- % phospha- 
tid:clcthanol- lidylserin¢ 
amine Irinitro- 
trinilro- phenylated 
p h e n ¥ i a t e d  o r  h y d r o l y z e d  

o r  h y d r o l y z e d  

TNBS 4 8.1~1.2 hA. 
37 31.8~2.6 4.3±1.1 

Phospho- 
lipaseA z ~ 10.O±l.ll n.d. 

100 g ! ~ ' ' I 

!'° 
40 o~.....~ 

,o//,' 
0 I t i i 

2 4 6 8 10 
Tflnilrobenzenesuffoni¢ Acid 

(raM) 

Fig. 1. Effect of trinitrophenylatina on diphenylhexatriene fluores- 
cence in resealed erythmcyte ghosts. Human erythrocytes were 
treated with buffer wilh or without TNBS under penetrating (37 ~ C) 
ur nonpenetrzting (4~C) conditions as described in Matcriah and 
Methods. Noa-trinitrophenylated and trinitrophenylated resealed 
erylhrocyl¢ ghosts were prepaeed, diphenylhexatriene was incorpo- 
rated 11:1000 n~olar ratio to ¢~throcyte gho~l 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 component near 3 ns represented less than 0.02 of 
the fluorescence and is an artifact [36] unaltered by 
trinitrophenylation. Fitting the data to a single compo- 
nent  or to more components either increased the X 2 to 
17 or did not significantly improve X z, respectively. 
Treatment  of erythrocytes with TNBS at 4 o C resulted 
in two major lifetime components near 11.9 and 6,4 ns, 
fractional fluorescence of 0.71 and 0.29, respectively 
(Table II). When the fractional fluorescence values are 
converted to mole fraetions, 57% and 43% of the 
dipLenylhexatriene were localized in the outer and 
inner leaflets of the erythrocyte plasma membrane, 
respectively. When both leaflets were trinitropheny- 
luted (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 TNBS 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 ease, 

Energy transfer from dehydroergosterol to trgnitrophenyl 
groups in erythroeyte plasma membranes 

The trinitrophenyl quenching method was applied to 
examine the transbilayer sterol distribution in crythro- 
cyte plasma membranes. This procedure is an exten- 
sion of the same method applied to determine transbi- 
layer sterol 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, Fluore..~cence lifetit~e o f  dipheuylhexatriene in nontrinilro= 
phenylated and trinitrophenylated (46C)  t~.sealed e~thruc',~le gtmst~, 
was determined by phase and rrk'dulation (1-2.50 MHz) at 14 differ- 
ent different modulation frequencies and the resu]Is were fitted to 
one or two components both by nonexponcntial least-squares fit and 
continuous distributional fit to one or two Lorenlzian distributions. 
In either case the X 2 were significantly improved by two component 
fits. The centers of lifetime distribution shown in the figure were 
nearly identical to the two lifetime values obtaiued from two eoml3o- 

nent nonlinear least-squares fil (Table ll). 

First, the surface density of trinitropheny] accepter 
groups must be sufficiently large for maximal energy 
transfer efficiency [41]. Trinitrobenzenesuifonic acid 
~*rinitrophenylates free amino groups on both proteins 
and amin0phospholipids. When intact erythmcytes 
were labelled under nonpenetrating conditions, trini- 
trophenyl groups attached to plasma membrane pro* 
teins were measured by the difference in absorbance at 
434 nm (wavelength of ma.~mal absorbance of cove- 

TABLE il 

Analysis of the fluorescence emissWn decay of diphenylhexatvietw in 
resealed humnn ergthrocyre ghost~ 

C, IV, and F refer to the lifetime, width of distribution, and free- 
lionel contribution, respectively. The subscripts refer to component 1 
or 2, res~etively. 

Reagent Analysis {NLS or  LD) 

Cz(as )  Wttns)  F I C z(ns)  W z(ns}  X -~ 

Nonlinear least squares 
None 12.1 '- 

Lorentzian distribution 
None l ].l 0.05 
TNBS, 4'~C i].9 0.05 

0.93 4.3 - 1.9 

0,98 3.i 0,05 2.2 
0,71 6,4 0.09 2.2 

lently linked trinitrophenyl group~) between the intact 
membranes and the extracted lipJds, Approximately 10 
times as many trinitrophenyl groups were attached to 
membrane proteins as compared to aminophospho- 
lipids. Both protein and aminophospholipid linked 
trinitrophcnyl groups can act as fluorescence 
quenchers. The erythrocyte membrane surface density 
of trinitrophenylaled phosphatidylethanolamine alone 
is 0.04. When the protein attached trinitrophenyl 
groups are taken into account, the trinitrophenyl ac- 
cepter group surface density is in in excess of 0.3, The 
accepter density of trinitrophenylated phosphatidyl- 
ethanolamin¢ alone is sufficient to account for a greater 
than 90% transfer efficiency (when R u, the distance 
for half maximal transfer efficiency is about 30 
~ngstrom) of the dchydrocrgosterol/trinitrophenyl 
donor/accepter  pair [42]. As shown below, the R a for 
this pair was 28 ~ngstrom. 

Second, the relative contribution of trinitrophenyl 
groups attached to aminophospholipid and protein re,= 
sponsibie for quenching fluorescence of dehydroergos- 
terol incorporated into erythrocyte membranes was 
determined. Both protein and aminopbespholipid 
linked trinitrophcnyl groups can act as fluorescence 
quenchers. Under conditions in which both sides of 
membranes were exposed to trinitrophenyl groups: (a) 
in lipid vesicles containing dehydrocrgosterol and trini- 
tropbenyi groups inside and outside the vesicle, trini- 
trophenyl groups maxiltlally quench 81% of delrydroer- 
gestural fluorescence and (b) in unsealed membrane 
ghosts (both aminophospbolipids and proteins trinitro- 
phenylated) the quenching was 96%. Thus, under beth 
nonpenetrating and penetrating conditions an exce, s of 
trinitrophenyl accepter groups is present in the trini- 
trophenylated erythrocyte membranes. 

Third, quenching of dehydrocrgoslerol in one leaflet 
by accepter trinitrophenyl groups in the opposite leaflet 
must not occur, For the dchydroergosterol/trinitro- 
phenyl donor/accepter pair the Forster Ro, the dis- 
tance at which the transfer efficiency is 50%, was 
determined to be 28 ~ngstrom. The dislance between 
the dehydroergosteroI and trinitrophenyI groups, R, 
was calculated from the Ro and the transfer efficiency 
(96%) as described earlier [29,30,42] and found to be 
16 [[ngstrom. The conjugated triune fluorophore of 
dchydrocrgostcrol is localized in the B / C  rings of the 
sterol ~¢]opentanophenanthrene ring structure, about 
3 ~ngstrom from the aqueous interface of membrane 
bilayers with a width of approx. 40 ~Ingstrom. Transbi, 
layer distances between trinitrophenyl groups in one 
leaflet and debydroegosterol fluorophores in the oppo- 
site leaflet would be in excess of 37 #mgsttom. Energy 
transfer from dehvdroergosterol in the inner leaflet to 
trinitrophenyl groups localized in the cxofacial leaflet 
of the membrane will not be significant because the 
transfer efficiency varies as I /R* .  
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Fig, 3. Incorporation of [~H]chnlestcrol into trinitrophenylaled and 
rmn-trinitfopheny|nted re~ealed e~throcyte ghosts. Human ¢~lhrO- 
cytes were treated with huffer with or without Irinitrohenzcneaut- 
funie acid under non-penetrating conditions f4°C) and resealed 
erythrocyte ghosts were isolated as described in Methods. The rt:- 
~ealod ghosts were incubated with POPC/dehyd~oergosterol  SUV 
( l : 10  molar ratio of SUV:ghosl  lipid) containing trace amounts of 
I~H]¢hotesterol and cho|©steq~l II-I~C"]Oleate as described in Meth- 
ods. Exchange o f  { ' tHjcholcsterol  in to  the res~aled control  ( o )  and 
t r in i t rophenylated (1:3) r,'sealed ghosts wa~ measured al to as de- 
scribed in Methods. As determined hy the presence of the non-ex- 
changeable marker, eholesteryl [1-t=C]oleate. less than 5% of  the 
radioactivity incorporated into the resealed ewthrooste ghost~ was 

due to sticking or fusion with SUV. 

Transbilayer dL~tribution and transbilayer migration rate 
of fluorescent dehydroergosterol in etythrocyte mem- 
branes 

The transbilayer 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: (l) trinitrophcny- 
tation not affect sterol entry into erythrocyte mem- 
branes; (2) fluorescent dehydrocrgosterol mimic the 
exchange of cholesterol into the erythroc~te mem- 
branes; (3) serf-quenching of dehydroergosterol not 
occur, and (4) that fusion of erythrocyte membranes 
with SUV not occur. These criteria are met as follows: 

The exchange curves of t-all]cholesterol from SUV 
to erythro~'te ghosts and to trinitrophenylatcd ¢rythro- 
eyte ghosts were nearly identical (Fig. 3). The 
[JHieholesterol exchanged into control and trinitro- 
phenylated ghosts with half.times of 34.9 and 33.5 men, 
respectively. 

The exchange of [3H]cholesterol (Fig. 3) and dchy- 
droergosterol (Fig. 4, top curve) from SUV to ghosts 
were yew similar. The ['XH]eholesterol and dehydroer- 
gosterol exchanged into the ghosts with half-times of 
34.9 and 34.0 men, respectively. Dehydroergosterol ex- 
change mimics cholesterol exchange between SUV and 
erythrocyte ghosts, 

Above 6 reel% ~lf-quenching of dehydroergos~erol 
occurs [10,15,16]. Under the conditions used herein, at 

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

A non-exchangeable marker, cholesteryl [1-t4C]ole. 
ate, was incorporated into the SUV to monitor SUV 
adherence to or fusion with accepter ghosts. In all 
cases, less than 5% of the radioactivity of 
[-~H]cholesterol or fluorescence of dchydroergosterol 
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 dehydroergosterol and 
transbilayer migration rate of dehydroergosteroi can be 
measured. At equilibrium, 25,6 + 3.1% of the dehy- 
droergosteroI fluorescence intensity is quenched in the 
red cell ghosts with trinitrophenylated outer leaflet 
(Table t]I). When both leaflets are trinitrophenylated, 
quenching was 90% (Table III). The transbilaycr mi- 
gration rate o f  s tcro l  in e ry th rocy tc  ghosts was also 
determined with dehydroergosterol. Appearance of de* 
hydroerRosterol in the outer monolayer of resealed 
e~throcyte ghosts and fluorescence signal arc simulta- 
neous. In contrast, in the trinitrophenylated ghosts the 
fluorescence of dehydroergostcrol in the outer leaflet 
is quenched. Only after the dehydroergosterol has mi- 
grated from the outer to the inner monolaycr of the 
trinitrophenylated ghost is the fluorescence detectable. 
Thus the fluorescence versus time curve in trinitro. 
phenyiated ghosts is shifted to longer time (Fig. 4). The 
half-time of this shift, the transbilayer migration rate 
was 6 + 2 men (Table liD. 

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

In the modulated fringe pattern photobleaching 
technique, the contrast between the fluorescence in- 

i I I i 

I 

t m I 
0 40 80 t20  1611 

T lmo (m in i  

Fig. 4. incorporat ion o f  dehydroergosterol in to t r in i tmpheny la ted  
and no,-rri~itrophenylaled rnsealed erylhrocyl¢ ghosts, All eondi. 
tJons were ~s described in Methods. Dehydroerg0stcrol fluorescence 

intensity wa~ detvrminod in the accepter resealed red ceU ghosts. 
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TABLE II[ 

Eryd:roo'l¢ '~o.st rra~sbiluyer sterol dh~ributltm +,~eld ~n'~rutio~t li~nC: 
qtw/tt ' / l i t lg of ddt)~lrt~erg,+s~'tera! 

Oehydroergosleml was incorporated inlo resgaled e~tht~.~l¢ ghosts 
frdm erythrc~ytes pP'lreatcd withnpl and with ttinilrobenzene~ul- 
tonic acid (TNBS) under fionpcnetrating c+.~dilions [-I.~(')+ Dchy- 
drocrgoslerol was inco~'porated into the resealcd ghosts by cxchaogc 
from POPC/dchydroergostetol SUV. At equilibrium, ehe mno]"+; of 
Slerol represented by dehydR~etgosterol in the ruscal~d ghosts was 
less than 2 mx, l~.;.. The rescal,:d ghost ' . terol/ph~phtflipid ratio was 
unallercd by incorp,sration of dehydrocrgoslerol. Values represent 
the mcans_+S.E+ (n = 3). 

Parameter TNBS lah¢lling r.: Fhmrescence t, _, 
temperature t o CI quenched (rain) 

Transbilaycr 
distribution 4 25.6£3.1 

37 qh.o ~ 3Jl 

"rransbilay¢ r 
migralion 4 b+ 2 

tens i ty  o f  b l e a c h e d  reg ions  and u n b l e a c h e d  reg ions  
d e t e r m i n e d  by the  fr inge pat tern ,  is ana lyzed  as a 

function of time. The decay of the contrast follows a 
simpk; exponential law in the case of a single diffusion 
constant [31,33]. Thus, a semi[ogarithmic transforma- 
tion of the contrast curve gives a straight line for a 
single diffusion. Fig. 5 shows the result of the accumu- 
lation of several fluorescence contrast curves obtained 
in different ureas of the same microscope slide contain- 
ing etythro~tes labelled with NBD-eholesterol. in spite 
of the sensitivity of the modulated fringe pattern tech- 
nique, 10 to 20 accumulations are necessary to 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 lalter case (from l 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 conlrasl curve cannot be accounted for 
by the diffusion of an homogeneous 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 ihe fast 
component always accounts for 75 _+ 5% of the fluores- 
cent molecules. Table IV shows the actual pcrcemagc 
of fast component obtained at different 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 NBI~labelled phospholipids 
in the same cells as determined I~ Mortar et al. [12], in 
these previous eapcriments the fast diffusion was at- 
tributed to phospholipids in the inner monolaygr, while 

1 0 0  

B 

t o . .  I r A  

! 2 21 

Time, see 
Fi~. 5. 12~:cay a |  the nuotescencc contrast aRer photobleachiag 
(~econd harmonic of lh~ modulation) far NBl~choleslerol in human 
e~lhroc~tes. Expcfimenls were carried out at 22~'C. Interffingc 
spacing was 1,67#rn; bk'aching time was J0 ms~ {A) Accumulation of 
2(1 bleaches on the same micrus¢opc slide, dnec! recording: {B} 

Semi-logarRhmic truasforraaliun showing hi-ex..Conenlial behavior. 

the slow diffusion was attributed to phospholipids in 
the outer monolaycr [12,43]. Thus, it is likeLy that the 
two components of cholesterol diffusion represent also 
NBD-cholesterol in the inner and oute~ monolayers, 
respectively. The immobilized fraction of NBD- 
cholesterol varied from sample to sample but never 
exceeded 10% of the probes. The ~ignificanc¢ of this 

TABLE IV  

Eo'ttlrocyte p~k'ttlhran¢ trmt~bilayer ~terol distribmitm: .tIuor~crnce 
ph¢}lobfetIcIPhl~ 4"rl~erlJ,t~nls of  Nt~l~cholestero! 

AI Bach lemp,¢rdturc f,¢'c~Tal cufves were accumulated and Ihe'n 
anah/~ed. The uncertainly ia the diffusion value is approximately 
IIF'.i~. due tO '~ITOI~ in the mcasuntmeat o1 Ihe inicrfring¢ and in rhe 
simululicn uf the biexponentiul carves. The ~ fast component is 
determined ~Rh and accuracy of ±5G- of the mobile fraction of 
NBD-choleslerol. 

Tempcrulurc DiffusiOn constant Fast e o m l ~ C n l  

DL D~ 
Ghosls resealed wilh ATP 
6 11,56 0. I I 70 

Z'~ 4.30 a.%~ 7K 
30 5.40 I +J(l 7_.2 

Red blood cells 
22 3.50 (I.X6 78 
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immobilized cholesterol fraction is not known, but ils 
variability suggests an experimental artifact, for exam- 
ple a small fraction of trapped HDL.~ on the surface of 
the erythrocytes, 

Discussion 

Two independent techniques, quenching of dehy- 
droergosterol fluorescence and fluorescence photo- 
bleaching uf NBD-eholesterol, 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 
cholesterol analogue in conjunction with selective 
leaflet quenching to determine resealed erythracyt¢ 
ghost transbilayer sterol distribution, At equilibrium, 
75% of the fluorescent dehydroergostero! was localized 
in the inner leaflet of the erythrooyte plasma mem- 
brane. This distribution is independent of whether the 
TNBS-labeiled ghost vesicles are completely resealcd, 
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 probe and 
the adequacy of using dehydroergosterol as an ana- 
logue for cholesterol 

It should be noted that the term non-penetrating 
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 
lack of penetration of TNBS in all circumstances. For 
example, there appears to be some uncertainty in the 
literature with regard to calling TNBS a non-penetrat- 
ing probe for erythrocytes. Unarguably, under certain 
conditions, e.g. 37°C, TNBS can permeate the e~-  
throeyte 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 er~throcyte 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 
a~ymmetry in erythroeyte [46,41.50,51], platelet [51,52], 
and sarcoplasmic reticulum [53] membranes. Although 
the transbilayer distribution of erythroeyte and sarco- 
plasmie reticulum membranes were nearly opposite, in 
either case the TNBS and phospholipasc results indi- 
cated essentially similar asymmetry. Last, in cultured 
cells the results obtained with TNBS were confirmed 
with both penetrating and non-penetrating acelimidate 
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- 
penetratln8 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 TNBS labelling of erythrocytes and conditions we're 
chosen to minimize penetration of TNBS [45-47]. The 
trinitrophenylation reaction was carefully monitored to 
assure that the reagent did not label both sides of the 
membrane by using a series of control procedures. The 
same control procedures have been documented ear- 
lier for the use of TNBS to label cultured fibroblasts 
[5,20,55] and synaptosomes [35]. 

Dehydroergosterol is an excellent analogue of 
cholesterol for studies of sterol domains as indicated 
by a considerable body of model and biological mem- 
brane data from this and other laboratories (for re- 
views, see Refs. 3,4 and 56). Fluorescent sterols such as 
dehydroergosterol and eholestatrienol eodistribute with 
cholesterol in membranes both laterally [10,15,57] and 
transbilayerly (for reviews, see Ref. 3). in addition, 
these stero|s 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, see Refs. 3 and 56), Moreover, dehydrocrgos- 
terol is nonperturbing since it: (i)  is a natural product 
comprising up to 20% of membrane sterols [33]; (2) is 
bioincorporated into cultured cells without adverse ef- 
fect [19,30,37-40]. 

The transbiiayer distribution of cholesterol deter- 
mined by dehydroergosterol (as well as NBD- 
cholesterol) independently establishes that cholesterol 
is enriched in the inner leaflet ot the erythrocyte. 
These data, taken together with cholesterol oxidase 
results [7], indicate that three different methods consis- 
tently show that the inner leaflet of the human erythro- 
cyte is enriched in cholesterol. Moreover, the resuhs 
presented herein also substantiate that cholesterol oxi- 
dose, 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 erythroc,/te cholesterol in 
the inner leaflet are also in line with the transbilayer 
distribution of dehydroergosterol and ether sterols re- 
ported in eukaryotic cell surface membranes and in 
model membranes (for reviews, see Pet'. 3). 

The second technique, 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-eholesterol are re- 
markably similar to the two diffusion values obtained 
with fluorescent phospholipid in resealed ghosts or 
intact erythrocyles [12]. Since previous investigators 
have shown that cholesterol analogues diffuse like the 



phospholipid in which they are embedded [60-62], we 
conclude that the NBD-eholesterol is dislributed be- 
tween the inner and outer monoIayers of erythrocytes 
with 75 + 5% in the bmer 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 sligktly larger, However, it can- 
not be less than 65% in the inner monolayer. Thus, the 
inner monolayer which has a higher lipid diffusivity 
contains more cholesterol than the outer monolayer. 
This conclusion may appear paradoxical. However. in a 
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 "diffusivit'f must be due to the 
differen:'e 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 is enriched with cholesterol. Transbilayer 
cholesterol migration appears intimately involved in 
the mechanisms of cholesterol desorption from mem- 
branes and spontaneous exchange between mem- 
branes. Fluorescence techniques provided a rclativeiy 
fast cholesterol transbi[ayer migration half-time near 6 
rain in human ervthrocyte plasma membranes. It should 
be noted that the ervthrocyte 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 significantly leaky 
since a shift in the fluorescence curve was indeed 
observed. 

The results presented herein with regard to transbi- 
layer sterol 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 a n d / o r  
migration rates may not be correct (for reviews, see 
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 debydroergosterol, 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 erjthroeytes, two 

191 

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 vesieles derived 
therefrom. Similarly, two pools of exchangeable sterol 
ha~e 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 gets. 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 leaflets of the erythrocyte mem- 
brane, Thus, the presence of these sterol pools within 
each membrane leaflet would not be expected alter the 
transbilayer sterol distribution as measured with fluo- 
rescent steroi probes. 

in conclusion, the results presented herein and by 
others [7] indicate that the maiorit'/ a[ cholesterol is 
localized in the inner leaflet of the erythrocyte mem- 
brane. Although individual phospholipid species are 
also asymmetrically distributed across the human ery- 
throc~te membrane, the overall distribution of the total 
phospholipid between the two surfaces is approx. 
50: 50. The molar ratio of cholesterol/phospholipid in 
erythrocytes is close to 1 : 1, Therefore, if 75% of the 
cholesterol is present on the cytoplasmic surface of the 
red cell membrane, this would imply that the choles- 
t e ro l /  phospholipid ratio in the inner leaflet is 1.5, a 
surprisingly high value. The role of such a high s te ro l /  
phospholipid ratio in the inner leaflet on cell 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 acetyleholine receptor reside in 
cholesterol rich domains (for reviews, see 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 
would be facilitated hl 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 s teml /phospho-  
lipid ratio which might facilitate lateral mobility of 
receptor proteins. 
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