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The mteraction between plycophorin and a spin-labeled cholesterol analogue has been mvestigated by EPR spec-
troscopy. In vesicles which were reconstituted by the freeze and thaw technique, divect evidence was ebtnined for a
reorgamsation of the membrane at low protein content {protemn /lipid ratio less than 1:300). From the spin exchange
interaction we were able to show a protem-induced clustering of the steraid in fluid and 1n gel state membranes. Tryptic
cleavage of tiie complete N-terminus of glycophorin vanishes the effect Whereas the remioval of the sialic acrd residues

by neuraminidase digest had wo influence on the EPR spectra. The interaction

since it was not observed with an androstane spin-label

Introduction

The arrangement of membrane protens wathun hpad
bilayer membranes and the interaction of these protemns
with different classes of lipids has been investigaied
mtensively in the last decade [1,2] The hipuds that make
up these bilayers vary from membrane to membrane
and also from one orgamsm to the other Sterols are
widespread membrane constituents i higher orgamsm
whereby cholesteral, the most common sterol, 15 mamiy
concentrated 1n plasma membranes However, uts exact
role remams elusive. In  erythrocyte membranes
cholesterol amounts to nearly 30% of the lipid content
It 15 known to alter the mechamical viscoelastic proper-
ties of these hpid bilayer membranes [3] Moreover,
cholesterol 15 believed 1o be assocated with protemns
like bands 1, 2 and 5 [4,5] Borochov et al {6} clearly
demonstrated that changes 1 erythrocyte membrane
cholesterol alters the avadability of proten sulfhydryl
groups at the membrane surface which 1s interpreted by
a cholesterol induced decrease 1n the hpid—protein m-
teraction and correspondingly by an increased protemn—

Abbreviations DMPC  1,2-dunynistoylphosphaudylchaling, choles-
tane-SL 3-d wylcholestane, EPR, eleciron paramagnelic resonance
X¢;» vesicular molar proten to bipid rauo, Xc, molar fracton af
cholesterol or spin-labeled cholestane
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water mteraction Band 3 which 1s the amon transport
protein of erythrocyte membranes possesses a high-
affimty sterord binding, site which 15 preposed to be an
mhibitary wite of the amon transport [7] Klugermann et
al [8] suggest that the level of cholesterol in the eryth-
rocyte membrane influences the conformation of band
3

A specitic effect of cholesterol on protemn [unction 15
not restricted to erythrocyle membranes Reconstitution
of the acetylchohine receptor from Torpedo californica
requires the presence of cholesterol [9] Without
cholesterol liposomes did not ferm The acetyichohine
receptor nch membrane contans two pools of cholester-
ol [L0] One 15 an easily depleted fraction that influences
only the bulk wiscosity, whereas the second s a iightly
bound fraction which perhaps surrounds the acetylcho-
hine receplor ohgomer

Capping of surface Ig on munne lymphocytes is
another example for a cholesterol controlled process
{11] The protein nvolved mn cappmg s located m
gel-ike hprd domains Thes gel-hke nature of the bilayer
membrane 15 restored by cholesterol Removal of
cholesterol mhubils capping by making the hpid doman
less gel-hike Simlar effects of cholesterol in determmmng
the lateral organizauon of protemns 1a a membrane have
been reported earher [12] and strong evidence exists
that chelesterol plays a keyrole 1 promoting viral infec-
uvity [13] The orgamzation of the G protein of vesicu-
lar stomatits virus, which s an externally omented
glycoproten, 1s sirongly affected by cholesterol
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in the present paper we repotl a sirong nteraction
between a spin-labeled cholestane and glycophorin
isolated from erythrocyte membranes Spin-labeled
cholestane seems to be separated from the buik hp.d
phase thus fornung 2 heat stable protem-sterond domawn
mn the surrounding flwd hlayer membrane

Matenals and Methods

Matertals Dhmynistoylphosphatidylcholine and cho-
lesterol were obtamed from Fluka (Neu-Ulm, FRG)
Spin-labeled cholestane (3-doxylcholestane) and andros-
tane (3-doxylandrostaaoly were from Aldrich (Stein-
heim, FR G) Glveophonn was 1solated and punfied
from human erythrocytes as descnibed earlier [14] fol-
lowing the procedure of Yerporte [15] and Kapitza et al
[16] The punty of the isolated protemn was checked by
stalic acid delermination using the resoranol method of
Svennerholm [17] Remaining hpids were quantified by
phosphate determination [18] Trypsin from bovine pan-
creas and nearanumdase from Clostridium perfringens
were from Boehninger (Mannheim, FR G)

Re: p=stitrtrton  Glycophorm-contaiung vesicles were
prepared by successive freczing and thawing of soms-
cated samples [19] Dned Iymd films contamng the
spin-label probe were sonufied m a 10 mM agueous
Tns-HCI bufier (pH 7 2) 1n the presence of glycophonn
with a Branson somfier (2 nunutes, power 30 mW) untd
a clear suspension was formed The lipid concentration
was 1 mg/ml The obtaned suspensions of small um-
lamellar vesicles were slowly frozen from 4°C to
—20°C 1n a refngerator and thawn again at a tempera-
ture above the lipid phase transition temperature Ths
cycle was repeated three times yielding fused vesicles
with an average diameter of 100 nm [19] The obtained
vesicles were freed from surface-adsorbed plycophorin
by repetitive centrifugation and resuspension The pel-
leted vesicles were assayved for phosphate and sialic
acid The analytical values were corrected for the re-
mamng wilermediate volume between the vesicles as
wzs described earher [14] Enzymatic digestion of lipid-
protemn sediments was performed with 50 pg trypsin
within § minn and with 01 mg neuramumdase within 30
nun, both at 37°C and at pH 72

EPR measurements EPR measurements were per-
formed with a computer controlled Vanan E4 spec-
trometer Samples were transferred mnto 0 8 mm quartz
tubes and centnfuged at 13000 Xg The supernatant
was discirded Temperature control (+01°C) and re-
cording «f specira was performed automaucally by the
AT-PC ’robe concentrations were vaned and are given
n Resulis

Results

Reconsti utron
Glycephonn-contaimng vesicles were prepared by
freezing and thawing small umlamellar vesicles obtamed

: TR T RS
added fraction of Frotem‘; 10-2 ]
with respect to lips
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vesicular proten to Ipid rotie [ 107 ]

Fig 1 Incorporaton of glycophonn imnto vesicles prepared by the

freeze and thaw techmgue The molar vesicular protem 1o hipid rato

Xg 15 gven as function of the iniial molar protemn fracion Xg, added

10 the vesicle suspension before the freeze and thaw cycles An

increased X for a given X2 was ablained in the presence of 5 mol%

cholesterol or cholestane spin label (0 ©) The lower curve
f(ul 00) stands for proteoliposomes withoul steroids

by ultrasorucation in the presence of glycophonn In
accordance wath our earher observations [14] the amount
of glycophorn ncorporated into the bilayer vesicles
{Xg) was almost independent from the tmtial amount
of glycophorin ( X2) added to the preformed vesicles in
a molar fraction range between § 1077 and 2 1072
(Fig 1) The molar amount of vesicular proten with
respect 1o the lipid ranged from 1 107 102 1077

Glycophonin ncorporanon was mncreased if choles-
terol or cholesterol derivatives were present A linear
dependence from the mital glycophorin content was
observed up to 4 1077 of the added protein fraction
although the certamnty of different preparations 15 low
Compared 10 other techmques the freeze and thaw
techmque has the advantage 1o be a solvent-free and a
detergent-free method

EPR measurements

Spin-labeled cholestane was used to investuigate a
glycophorin—cholestercl 1nteraction Complete tempera-
ture scans for DMPC samples doped with a molar
fraction of cholestane-SL of X, = 001 are given m Fig
2 1n the presence of glycophonn (Xg =2.71-107% with
respect to the hpid) This very low protemn content
causes a strong lhne broademing at all temperatures
below and above the hpid phase transibon temperature
The local concentratio. of the probe 1s obviously drast-
cally increased m the presence of glycophorin which
could be interpreted by a phase separation.

A summary of these results 15 given n Fig 3 where
the EPR spectra of samples contmmung Xo, =001
cholestane-SL are collated 1n the presence of different
amounts of glycophoiin within the membrane The tem-
perature of T=36%C 15 well above the hpid phase
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Fig 2 Temperature dependence of the EPR spectra of spin-labeled

hal n DMPC les contamming different amounts of glyco-

phorin The probe concentration 15 Xcp =001 with respect to the

bpmd The mole fraction of membrane bound glycophonn 1 G
X;=27110"

transition temperature The three-line spectrum Ffirst
broadens and 15 converted mto a broad one-hne spec-
trum at a glycophorn content of Xg=36 107* Ths
effect 15 even more pronounced at a cholestane-SL
content of X, =005 (Figs 4 and 5)

The observed formation of cholestane-SL-nich do-
mams could be reversed by trypuc protein digestion
(Fig. 6). The broadencd EPR spectmum of DMPC
vesicles containing X, = 005 cholestane-SL and A =
12 10™* glycophorin (Fig &a) becomes parnally re-
structured after treatment with trypsm (Fig. 6b) Mote
that irypsin 15 added 1o the preformed vesicles and thus
could only act on that protemn which protrudes to the

324 325 328 330 332 334 336
B, fmT]
Fig. 3 EPR spectra of spin-labeled cholestane m DMPC membranes
o dufferent of glycophonn The probe concentrauon
13 Xep, =001 The spectra were taken at 36°C The mele fractions of
membrane bound glycophonn are (n) Xg=0,{(b) Xg=05 1073 (c}
Xg=17 1073 (d) X5=27 107, (e) X5=36 10" The wntens-
ties of spectra (a) and (b) are reduced by a factor of twe
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Fig. 4 Temperature dependence of the EPR-spectra of spun labeled

cholestane in DMPC-vesicles contaiung dhiferent amounts of glyco-

phonn The probe concenirziton 1s ¥, = 005 vath respect o the
lipid The glycophonin content 15 ¥ = 2.96 1073

outside of the vesicles Apphcation of a short somication
which allows the trypsin 1o enter the vesicles results in a
three line spectrum (Fig. 6c) which 1s identical to the
one mn the absence of glycophonn Sonication m 1he
absence of trypsin did not effect the spectral shape
A simple approach to the fraction of clustered
cholestane-SL. was made by spectral subtraction at a
given glycophonin concentration The spectrum taken 1n
the absence of glycoporn was subtracted from the one
obtained 1n 1s presence Membrane preparations with
Xcen=05 cholestane-SL were analyzed (Fig. 7) The
fraction of clustered cholestane-SL increases from 0 5 to
1 1n a glycophorin concentration range beiween X =5
10* and 4 107" Enzymatic digestion with irypsin
from the outside of the vesicles reduces the fraction of
clustered cholestane-SL by about 0 35 I we analyze the

_,—"\\A/’_
v_F/d_//\\\—»:/:

324 326 328 330 332 354 336
B, [mT]

Fig 5 EPR spectra of spin-labeled cholestane ( X¢y, = 005} laken at

36" C 1n DMPC-membranes contarung different amounts of glyce-

phonn (a Absence of glycophonn {b) ¥, =05 1073, () 0% 1073,

131072 ()17 107%tH3 1077
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content of intact glycophomn after trypsination and
relate the fraction of clustered cholestane-SL to this
value, an excellent agreement was observed with the
ongnal curve before trypsin trealment This clearly
demonstrates that trypsin-digested glycophonn affects
the distrnbution of the cholestane-SL in DMPC mem-
branes Enzymatic digestion with neurarmmdase which
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Fig & The effect of tryptic digestion on the EPR spectra of DMPC-

1 chol spin label { Xy, = 0 05) and glycophenn

(Xe=12 1077y Spectra were taken at T=36°C (a) Intial spec-

trum (b) Spectrum afler meubabion of the veskles with a trypsin

solution Omly exlernal protemn fragments were cleaved {c) Specium

after 'ryptic digest and treatment with ulirasonic pulses Extemnal as
well as internal proten fragments are cleaved
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Fig 7 The fracuon of segregated cholestanz spm label 15 given as
function of the membrane glycophonn content EPR spectra were
analyzed by spectral sublravtion of the narrow 3-kne spectrum ob-
tamned n the ah of gly m from the broadened spectrum
obtaned in the presence of glycophorin Vesicles were doped with
X =005 (O ©) cholestane spin label. Tryptic digestion of
the vesicle outside reduces the amount of segregated cholesterol
(& A) The corresponding X values for the triangles represent
ihe 1mtial undigested glycophonn content Siakc acd determnation
performed after external enzymatic digest gaves the mole fraction of
glycophorin where the N-termunus 15 oriented towards the mside of
the vesicles and which 1s therefore not «l d Curve (D =}
was obtaned by takmg Xg as the mole Fraction of glycophormn with
intact N-termunus This curve 1s almost identical to the one oblamed
before enzymauc digest With additional ultrasorucation the fraction
of segregated chalestane spin label approaches zero at all glycophonn
concentrations

cleaves the sialic acid residues did not change the spec-
trum of cholestane-SL m glycophonn-contazming mem-
branes

Steroid clustering was only observed with cholestane-
SL but could not be ascertamed with the androstane-SL
which lacks the hydrocarbon chain and which 1s on-
ented mversely within the membrane

Discussion

Numerous mtansic protemns show a preferential -
teraction for some class of hpids, which whenever 1t
exsts has a relauve weak specifieity Marsh et al [20,21]
reported that cytochrome oxidase or Na* /K *-ATPase,
for example, have only a 5-fold lugher relative affiuty
constant for cardiohpin over phosphatidylcholine Daf-
ferent spin-labeled hpids have widely been used to
charactenize such a hipid—protein interaction [22] by
analyzing their EPR spectra Jost et al [23] were the
first who demonstrated the coexistence of two compo-
nents mn the EPR spectra of spin-labeled hipids i pro-
tem-contaimng membrane sysiems A motionally re-
stricted component was attributed to the Lipids inter-
acting directly with the mtermembranous protem
surface, whereas the second mohmle component sepre-
sents the flud bdayer ipids The number of protemn-in.
teracting lipids bears a fixed stoichiometry with respect



to the amount of protemns and correlates roughly with
therr intramembranous protein perimeter [24]

Long-range mteractions at very low protein contents
have been desenibed recenily in glycophorin-contamning
membranes [14] The functional implications of the
ipid—protemn nteractions, however, are still unclear as
well as the role of the first shell ipids which ray simply
ensure good seahing of the proten into the flud lipd
environment

Matching of hpad chain length wath the length of the
hydrophobic protein core 1s sufficient to result i a
preferential interaction [25] Lipids of a given chain
length may thus adapt the protein to the hpid bilayer
Another candidate for such an adaptation process 1s
cholesteral Seigneuret et al [26] incorporated the spin-
labeled cholesterol analogue 25-doxylcholestanol mto
intact erythrocyte membranes and obtamed clear ewi-
dence for the existence of an immobilized spectral com-
ponent The authors postulate domams of cholesterol
and band 3 Interestingly this demamn formation was
reduced after extraction of the cyloskeletal protens and
1t disappeared completely upon proteolysis of intnasic
proteins by chymotrypsin A possible role of cholesterel
mm regulating assccrations between integral membrane
protems was suggested by Muhlebach and Cherry [27]
Decreasmg the cholesterol content of erythrocyte ghosts
resulted mn an mcreased rotanonal mobibity of band 3
However, this effect could only be observed after com-
plete removal of the cytoskeletal protems and after
partial proteolysis with trypsin which clearly demon-
strates the modulating role of these protemns Another
example for the mvolvement of cholesterol mn a
hipid-protein ateraction 15 the Ca**-ATPase Choles-
terol 1s trapped 1n protein/ protein interfaces in ATPase
oligomers whech 15 then not accessible to external phos-
pholipids [28] To summarize cholesterol seems to be
1a mmportant factor that controls lpid-protemn as well
as protein—protem nt raction

Our present study provides strong evidence that one
of the man glycoprotemns of erythrocyte membranes,
glycophorin, specifically binds the cholestane spm label
The proteoliposome reconstituiton 15 favoured by this
steroid EPR spectroscopy directly proves a cholestane
spin label segregation induced by glycophonn inlerac-
tion The spin-labeled sterol analogue 15 a well swmted
substitute for cholesterol due 10 1ts unchanged cross-sec-
tional area and the preserved polanty The change 1n 1ts
spectral shape in the presence of glycophorin can be
interpreted uneguivocally without computer simulation
The strong increase of the spin exchange interaction
after incorporation of glycophonn converts the three-line
EPR spectrum nto a broad one-hne spectrum which 15
only possible 1f the probe molecules approach each
other by the size of the latuce spacing of the hpd
bilayer {29,30] A glycophotin-induced mcrease in the
diffusional rate i the flud phase 1s excluded from
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carlier photobleaclung ¢ «penments [16} Thus a conclu-
sive interpretation of our EPR data 15 the formation of
glycophonn-cholesterol domains However, cholesterol
exclusion from lLpid-protein domains, as opposed to
glycophonn-cholesterol domain formation, canact be
disrmssed but has not been conclusively shown by the
present expenments

Most interestingly the observed effect could be re-
versed by tryptic cleavage of the hydrophilic protein
residues Cleavage of the protein segments on the out-
side of the vesicle reduces the spia-spin interaction
drastically and the fraction of segregated cholestane-SL
decreases by about 35% (Fig 7) Sialic acid determina-
tion aiter enzymauc digest revealed, that about 65% of
the glycophonn was onented with 1ts N-terminus to the
vesicle outside If we take our expenimental data for the
fraction of segregated cholestane-SL and i»f we relate
them to the remaining amount of glycophonin with
mnta-i MN-terminus (squares m Fig 7) we obtain an
excellent fit with the onginal curve oblamned before
enzymatic digestion Values are identical to those whach
were obtamed with a 65% reduced glycophonn content.
We thus conclude that the N-terrmnus 15 impottant for
this protein—cholestane-SL interaction Cleavage of the
N.termunus may lead to an aggregation of the remam-
ing more hydrophobic protein segments We assume
that cholestane-SL 15 then =xcluded from the protein
boundary and 15 partially dispersed 1n the bilayer mem-
brane The clustenng was completely reversed if tryptic
digestion was performed from both sides of the vesicles
leaving the pure hydrophobic segments withun the bi-
layer membrane which are known to aggregalc sponta-
neousty {31] Cleavage of the siabe acid residues did not
effect the EPR spectra

The observed clustenng seems to be cholestane-SL
specific Another sterod spm label, 3-doxylandrostane,
which lacks the hydrocarbon chain and which 5 m-
versely onented within the bilayer membrane did not
show any of the effects observed with cholestane-SL
This may again be taken as an indwauon for a hydro-
phobic interaction between cholesterol and glycophonna
Such a protemn-steroid interaction may well control the
protein assembly between glycophorin and Band 3, the
amon transpoiter of the red blood cell, which 1s also
known to bind cholesterol [?7]
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