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The interaction between gbcolgnorin and a spin-labeled cholesterol analogue has been tmestigated ~ EPR spee- 
4recopy. In vesicles which were ¢econsti~ted by the freeze and thaw teelmique, ditcher evidenee was obtalned for a 
reorgamsatlon el the membcane at low protein content {protein/lipid ratio le~ than ! ,300). From the sign exchange 
interaction we were able to show a ~otem-indneed clustering of the steroid in fluid and tn gel state membranes, Tryptic 
cleavage of the complete N-termlnus of glycophorin vanishes the effect Whereas the removal el the s, alk aeal residues 
by nearandnidase digest had no influence on the EPR spectra. The [meraction seems to be eholes~ne spin label specific 
slnce i t  was not ot~.~rv~l with an androstane spin-label 

Inlrcnluchon 

The arrangement of membrane pcotems wltlun lipid 
bdayer membranes and the interaction of these protmns 
vath chff¢r¢nt classes of hptds has been investigated 
mtenSlvely m the last decade [1,2] The hptds that make 
up these bdayers vary from membrane to membrane 
and also from one organism to the other Sterols are 
w~despread membrane constituents m tughe[" orgamsm 
whereby cholesterol, the most common sterol, ts mainly 
concentrated m plasma membranes However. its exact 
role rom0ans elusive. In erythrocyte membranes 
cholesterol amounts to nearly 30% of the hptd content 
It ts known to aher the mechameal viscoelastic proper- 
ties of these hpld btlayer membranes [3] Moreover, 
cholesterol is heheved to be associated w~th protons 
like bands 1, 2 and 5 [4,5] Borochov et at [6} clearly 
demonstrated that changes m ¢rythrocyte membrane 
cholesterol alters the availabtht2f of protein sulflaydryi 
groups at the membrane surface which ts mterpreted by 
a cholesterol induced decrease m the hpid-protem in- 
teraction and correspondingly by an increased protein- 

Abhee, aattons DMPC 1.2-dtmyn:,toyIpho~phartdylehohne, choles- 
tanc-SL 3-d xylchole:stane, EPR, electron paramagnehc rcaoue.nce 
X~. wstcular molar proton to hpld zati0. XCh molar ftactmn of 
~holest©rol or spm-labele~fl chole~tane 
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water mterachon Band 3 ~luch Js the an,on transport 
protein of er~throcyte membranes possesses a lugh- 
affimty steroid binding rote which ,s proposed to be an 
mhabttory s~te of the amen transport ['7] Klugermann et 
al [8] suggest that the level of cholesterol in the erylh- 
rocyte membrane influences the conformation of band 
3 

A specttlC effect of cholesterol on protein rmaetton ts 
not restricted to erythrocyle membranes Reconstitntton 
of the acetylchohne receptor from Torpedo cahforntca 
requires the presence of cholesterol [9] Without 
cholesterol hpo~omes did not form The acetylehohne 
receptor rich membrane contmns two pools of cholester- 
ol [10] One is an easdy depleted fraction that mflue~lces 
only the bulk viscosity, whereas the second is a tlghfl~ 
bound fraction wluch perhaps surrounds the acetylcho- 
hn¢ receptor ohgomer 

Capping of surface lg on murme lymFhocytes ts 
another example for a cholesterol controlled process 
[lll The protein revolved in capping ts located in 
gel-hke hpnl domains Tins gd-hke nature of the bdayer 
membrane ts restored by cholesterol Removal of 
cholesterol iILhlbits capping by makang the hpld domain 
less gel-|lke Similar effects of cholesterol in d~ermmmg 
the lateral orgamzatton of proteins in a membrane have 
been reported earlmr [12] and strong evidence exists 
that cholesterol plays a keyrole m promoting viral infec- 
tivity [13] The orgamzanon of the (3 protein of vesicu- 
lar stomatitas virus, which is an externally oriented 
~lyeoprotem, ts strongly affected by cholesterol 
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in the present paper we report a str,3.ng interaction 
between a spin-labeled cholestane and glycophorm 
isolated from erythrocyte membranes Spin-labeled 
eho]estane seems to be separated from the bulk hp.d 
phase thus forming e heat stable proteln-bteroJd domain 
to. the surrounding fluid bllayer membrane 

Materials and Methods 

Materials Dtmynstoylphoephat]dylchohnc and cho- 
lesterol were obtained from Fluke (Nou-Ulm, F R G ) 
Spin-labeled cholestane (3-doxyleholestaaxe) and andros- 
tane (3-doxylandrostanol) ~ere from Aldrich (Stem- 
heJm, F R G ) Giyeophorm was isolated and purified 
from human erythroeytes as described earher [14] fol- 
lowing the procedure of Verporte [1~] and Kapitra el al 
[16] The purity of the isolated protein was checked by 
smhc acid dctermmauon using the resoremol method of 
Svennetholm [17] Remmmng llp]ds were quantified by 
phosphate deterrmnatmn [18~ Trypsin from bowne pan- 
creas and neuranumdase from Clostr~dlum p¢rfrmgens 
,,,ere from Boehnnger (Mannhetm, F R G ) 

Rat o-st~lutton Glyeophorm-contatmng vesicles were 
prepared by successive freezing and thawing of sore- 
cared samples [19] Dried hpld films contatmng the 
spin-label probe were snmfied m a I0 mM aqueous 
Tns-HCI buffer (pH 7 2) m the presence of glyeophorm 
with a Branson heather (2 minutes, power 30 roW) until 
a clear suspension ,~as formed The hptd concentration 
was 1 mg/ml  The obtained suspensaons of small um- 
lamellar vesicles were slowly frozen groin 40C to 
- 2 0 ° C  m a refrigerator and thawn again at a tempera- 
ture above the hptd phase transition temperature Tlus 
cycle was repeated three limes yteldmg fused vestries 
wath an average dmmeter of 100 nm [19] The obtained 
vesicles were freed from surface-adsorhed glycophona 
by repchtwe centnfugataon and resuspenston The pel- 
leted vesle-Aes were assa~,ed for phosphate and slalle 
amd The analytical values were corrected for the re- 
mmmng mtermedmte volume between the vesicles as 
was described earlier [14] Enzymauc dlgestt0n of hp~d. 
protein sediments was performed w~th 50 ixg trypsin 
within 5 tmn and with 0 1 mg neurarmmdase within 30 
ram, both at 37 ° C and at pH 7 2 

E P R  measurements EPR measurements were per- 
formed w~th a computer controlled Vanan FA spec- 
trometer Samples were transferred rote 0 8 mm quartz 
tubes an'l cenmfu~ed at 13000×~  The supematant 
was d~sc trded Temperature control ( + 0  I ° C )  and re- 
cording , ff spectra was performed automaueally by the 
AT-PC l~robe eoncentrahons ~ere vaned and are gwen 
m Result ~ 

Results 

Reconsn utton 

Glyecphorm-contmmng vestries were prepared by 
freezing and thawing small umlamellar vestele~ obtained 
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added fraet=on of protein [ 10 -z ] 
with respect to hp=d 

Fig I Inoorporatton of glyeophonn rain vestcles prepared by the 
freeze and they, techmque The molar vesmular protein 1o hpld retie 
X G is gwen as [urv:-hon of the irattal molar protein fraction Y~ added 
T0 the vesicle suspensloll before the ft~e.ez¢ and thaw cycl©s An 
increased X~ for a gwen XG ° w~ oblataed in the preserice of 5 molt 
ehol~teml or choleslane spin label (o o) The lower curv~ 

02 1:3) stands for proteohposomcs without ~le~o,ds 

by ultrasomcaUort m the presence of glycophonn In 
accordance w~th our eorher observahons [14] the amount 
of glycophonn incorporated rote the bflayer vesicles 
(XG) was almost independent from the tmual amount 
of gly¢ophonn (Xo o) added to the preformed veswles m 
a molar fraction range between 5 10 -3 and 2 10 -2 
(Fig 1) The molar amount of vesicular protein with 
respect to the hpJd ranged from 1 10 -3 to 2 10 -3 

Glycophonn m¢orporauon was increased ff choles- 
terol or cholesterol denvatwes were present A hnear 
dependence from the tmtml glyeophonn content was 
observed up to 4 10 -a of the added protein fraction 
although the certainty of different preparations is low 
Compared to other techmques the freeze and thaw 
techmque has the advantage re be a solvent-free and a 
detergent-free method 

EPR measurements 
Spin-labeled eholestano was used to mvesUgate a 

glycophonn-cholesterol mteractmn Complete tempera- 
ture scans for DMPC samples doped wtth a molar 
fraetmn of eholestane-gL of XCh = 0 01 are gtven m Fig 
2 m the presence of glycophonn (Xo = 2,71.10 -3 wtth 
respect to the hptd) This very low protem content 
causes a strong hne broademng at all temperatures 
below and above the hpld phase transttaon temperature 
The local eoneentratlo~, of the probe is obviously drash- 
eally increased m the presence of glycophonn which 
could be lmerpret~ by a phase separation, 

A summary of these results is gt~en m Fig 3 where 
the EPR spectra of samples contammg Xch = 0 0 1  
cholestane-SL are collated m the presence of different 
amounts of glyeophmm wttlun the membrane The tem- 
perature of T =  36"C Is well above the hpld phase 
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Fag 2 Temperature dependence of the EPR spectra of  ',pro-labeled 
chole, stane zn PMPC-veslcle~ ¢oetalalltg dlft~t~l amoonls or glyco- 
phorm The pro~ ¢(~ne~ritt~attoa ts Xc~=001 wnh respect to the 
btmd The mole fmetton of membrane bound g[ycophonn as Ca 

x,.; = 2 71 10 -~ 

Fern aeraDure [°E] 

Fig- 4 Temperature del~endence, of the P_PR-spectga of spin bb~l~l 
ch01~tar~ m DMPC-vcstcles centmmz~g ddfcx'ent amounts of glyco- 
phonn The proI~c oanccnlratton ~s Idc~ - 0 DS ruth m~'pect to tim 

hpzd The #ycophonn content ~ ¥c = 2.9($ 10 3 

tranmtlOn tempe~rature The three-hne spectrum hrst 
broadens and is convened men a broad one-hne spec- 
trum at a glycophonn content of X G = 3 6 10 -3 Tlus 
effect is o v ~  more pronounced at a cholestane-gL 
content of Xch = 0 05 ( F t ~  4 and 5) 

The observed formation of cholestane--SL-nch do- 
mares could be reversed by trypttc protein dtgestton 
{Fig. 6). The broadened EPR spectrum of DMPC 
vestcles eontmnm[~ Xch = 0 05 cholestane-SL and  X G 
1 2 10 -4 # y c o p h o n n  (Fig 6a) becomes partzally re- 
structured after t reatment  with trypsin (Flg~ 6b) Note  
that  trypsin ts added to the preformed vesicles and thu~ 
could only act on that protein which protrudes to the 

~2, " ~ 6  ~ a3o 3~,2 33¢ 3~s 

B e [ m T ]  
Fag. 3 EPR ~,'pcctm u~ spm-labcl~l chol~iaae m DMPC membran~ 
contanung &fferent amounts of glycopbonn The pmhe concentraUon 
iS J['c~" 00[ The sl~'¢lra wc~ tak~ at 36°C Tlxe mote fractions of 
membrane bound $lycophorm are (s) X G ffi O, (b) X c - 0 5 10- ~, (c) 
X'o =1") 1.O -3, (d) Xo~2"/ 10 -2", (e) XO~3610 -3 The miC~lSl- 

tees of spectra (a) and (b) are reduced b) a faclc¢ of two 

outrode of  the veszcles Apphca tmn of a short somcatmn 
wlueh allows the tr'ypsm to enter the vesicles results m a 
three hne spectrum (Fig. 6c) which m tdentical to the 
one m the absence of glycophonn Somcauon ,n the 
absence of trypsin dad not ¢ffc.ct the spectral ~hape 

A simple approach to the fractton of  clustered 
cholestanu-SL '~as made  by spectral subtraction at a 
g~ven giycophonn concentrauon The spectrum taken in 
the absence of glycoponn was subtracted from the one 
obtained m its presence Membrane preparations wtth 
Xch = 0 5 cholestaaxe-SL ~¢re analyzed (Fa~ 7) The  
fracuon of  clustered chclestane-SL increases from 0 5 to 
1 m a glycophonn concentration range between X~ = 5 

1 0 - "  and 4 10 ~J Enzymatic digest]on with t [ypsm 
from the outrode of the veslcle~ reduces the fractaon of  
clustcrc,d cholestane-SL by about 0 35 [f we analyze the 

~ a 

f 

B e [ m T ]  

Ftg 5 EPR spectra of spin.labeled cholestan¢ (Xck=O05}  taken at 
36°C m DMlaC-membran~. o0mawang d, fftmnt amounts of g]yco- 
phottn (a} Absence ot glycophonn (b) Xc, = 0 5 10 -3, (c} 0 9 10 -3  

(d)l 3 10 -3 [e)t '? 10-3,{f ')3 10 -~ 
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content  of  intact  g lycophonn  af ter  t rypsmaUon a n d  
relate the fraetton of clustered cholestane-SL ~o tlms 
value, an excellent agreement  was  observed va th  the 
original  curve before t rypsin t rea tment  Tlus  clearly 
demonst ra tes  that  t rypsm-dtgested g l y c o p h o n n  affects 
the d t s tnbu t ton  of  the eho]estane-SL m D M P C  mem-  
branes  Enzymat tc  dagesuon w=th neuramlmdase  whaeh 
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F=g 6 The effect or trypttc dtgestion on the EPR. spectra of DMPC- 
vesicles contaimng cholestane spm labd (Xcs"  0 05) and f, ly¢ophonn 
(Xa -1  2 10 3) Spectra were taken at T = 3 6 ° C  (a) ]mttal spec- 
trum (It) Spectntm after mcub,dtoo of the vesicles with a trypSllt 
solution Only external protean fragments were cleaved (e) Spectrum 
after 'rvptlc digest and treatment v,'llh ultrasomc pulses Exlenm[ as 

well as mtern~ prolean fragments are cleaved 

N 
o c  
~ o  (]5 

vemcular prot.eln to lipid ratio [ 10 -= 

Fig 7 The fraction or segregated ¢holestane spin labd ]s glvcn as 
fuacttoa of the membrane glycophon~ contem EPR spectra were 
analyzed by spectral bubtraLIaon of the nat'row 3-b.ne spectrum oh- 
tamed m the absence of glycophonn from the broadened spectrum 
obtained m the preface of glyeophorm Vesicles were doped wuh 
Xck = 005 (o o) cholestane spm label Tt'yptl¢ thgesttmt of 
the vcslclc outside reduces the amotmt of segregated cholesterol 
(A .e,) The ¢orFespondm 8 X o value=, for the tnattgles re-~l~esent 
the ]mb_il un@ge~ted glyoopbonn content Slalm amd d c t e m U o n  
performed after extetaal en.zymatl¢ dlg~t gives the mole fre~tlon of 
glycophorm wbere the N-terrmnus ts oriented ttyaards the msmde of 
the vesicles and ~hlch is therefes¢ not oleaved Curve taX] c3) 
wo~ obtained by taking X o as the mole traction o| glycophorm wdh 
lnta=t N-telmmltUS This ctLr'Fe I$ a]lllOst Identt¢al to the one obtained 
before enzymalte dzgest With addzttonal ultrasorucahoa the fra¢llO n 
of segregated cholestane siren label approaches zero at all 81ycophonn 

colle21]tratlons 

cleaves the slah¢ ac td  restdues dtd  n o t  c h a n g e  the spec- 
t r um of  eholes tane-SL m g l 3 c o p h o n n - c o n t  ,atmng m e m -  
b ranes  

Sterotd d u s t e n n g  was  only  observed r u t h  cholestarm- 
SL b u t  could  no t  be  a sce r t amed  with the and ros t ane -SL  
wtuc, h lacks the  h y d r o c a r b o n  cha in  a n d  whtch  ts or i -  
en ted  mverse ly  w t t h m  the m e m b r a n e  

Diseass ion 

N u m e r o u s  m m n s a c  prote ins  show a prefcrent tdl  m-  
teractaon for some  class of  hptds ,  whtch  whenever  i t  
exxsts has  a re lauve weak  specificity Marsh  et al [20,21] 
repor ted  tha t  ey toehrome  oxtdase  or  N a ÷ / K + - A T P a s e ,  
for  example,  have  oMy a 5-fold  h tgher  r d a t w c  a f h m t y  
c o n s t a n t  fo r  c a r d t o h p m  over  phosphaUdy lchohne  Dif-  
ferent spin- labeled hptds  have  widely been  used  to 
charac ter ize  such  a h p l d - p r o t e m  in terac t ion  [22] b y  
a n a l y ~ n g  their  E P R  spect ra  Jos t  et M [23] were the 
h r s t  w h o  d e m o n s t r a t e d  the coextstence of  two c o m p o -  
nents  m the E P R  spec t ra  of  sptn- labeled hp tds  m p ro -  
t em-con t a tmng  m e m b r a n e  systems A mo tmna l ly  re- 
s tnc t ed  c o m p o n e n t  was  a t t r ibu ted  to  the hp tds  mter -  
a c t m g  d t recdy  with the  m t e r m e m b r a n o u s  protean 
surface,  whereas  the second m o h d e  componen t  repre- 
sea ts  the fired b d a y e r  h p t d s  The n u m b e r  of  p r o t e m - m -  
tcractan$ hptds  bears  a fixed stotchzometry with respect  
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to the amount of proteins and correlatc~ rough b ,~th 
their intramembranous protein perimeter [24 I 

Long-range lnteracuons at very low protein contents 
have been described recemly m glycophonn-contaimng 
membranes [14.] The functional tmlflications of the 
hpid-protem interactions, however, are still unclear as 
well. as the role of the hrst shell hpids which ~ay rumply 
ensure good seahng of the protein rote the fluid hpid 
envtronmem 

Matching of hptd chain length w~th the |ength of the 
hydrophobte protean core is sufficient to result in a 
preferential mteractmn [251 Ltplds of a given chain 
length may thus adapt the protein to the hptd bdayer 
Another candidate for such an adaptation process is 
cholesterol Setgneur~ et al [26] incorporated the spin- 
labeled cholesterol analogue 25-doxylcholestanol into 
intact erythrocyte membranes and obtained clear ew- 
dence for the existence of an tmmobthzed spectral com- 
ponent The authors postulate domains of cholesterol 
and band 3 Interestingly tlus domain formation was 
reduced after extraction of the cytoskdetal proteins and 
it disappeared completely upon proteolysls of mtrmsl¢ 
proteins by chymotrypsm A possible role of cholesterol 
in regulatmg associations betv, ecn ,ntegral membrane 
proteins was suggested by Muhlebaeh and Cherry [27] 
Decreasing the cholesterol content of erythrocyte ghosts 
r~ulted m an increased rotational moblhty o~ band 3 
However, this effect could only be observed after com- 
plete removal of the cytoskelelal proteins and after 
partial prot~olysts wtih trypsin which clearly demon- 
strates the modulating role of these proteins Another 
example for the involvement of chotest~erol tn a 
lipid-protein mteractaon m the CaZ--ATPase Choles- 
terol ts trapped m protean/protean mterfaces in A'rPase 
ohgomers which is then not aocessthle to external phos- 
phobplds [28] To summarize cholesterol seems to be 
an important factor that controls hptd-protem as well 
as protein-protein lntt raetmn 

Our present study provides strong evtdence that one 
of the main glycoprotems of erythrocyte membranes, 
glyeophntm, specifically bmds the cholestane spin label 
The proteohposome reconstitution is favoured by ttus 
steroid EPR spectroscopy dsrectly proves a cholestane 
spin label segregation reduced by glycophonn interac- 
tion The spm-labe~d sterol analogue is a well stated 
substitute for cholesterol due to its unchanged cross-sec- 
tional area and the preserved polarity The change m its 
spectral shape m the presence of glyeophorm can he 
interpreted unequivocally without computer simulation 
The strong increase of the spin exchange lnteracUon 
after mcorporattoa of glycophonn converts the three-itne 
EPR spectrum into a broad one.line spectrum which is 
only possible if the probe molecules approach each 
other by the s3ze of the latrine spacing of the hp~d 
bflayer [29,30] A glyeophonn-mduced increase in the 
diffuslonal rate m the fluid phase is excluded from 

earlla~ photoblcatAung ~ ~penm~nls [10 t Thus a I.onclu- 
stve interpretation of our EPR data is the formalion of 
glycophorm-cholesterol domains However, cholesterol 
exclusion from hpid-protem domains, as opposed to 
glycophonn-cholestero[ domain formaUon, cannot be 
dlsrm~sed but has not been conchisivel) shown by t'~e 
present expenments 

Most interestingly the observed effect could be re- 
versed by tTyptlc cleavage of the hydropinhe protein 
residues Cleavage of the protein segments on the out- 
side of the vesicle reduces the spin-spin interaction 
drastically and the fraction of segregated eholestaiae-SL 
decreases by about 35% (Fig 7) Stahc acid determma- 
ann alter enzymatic digest revealed, that about 65% of 
the glycophorm was oriented with its N-terrmnus to the 
vesicle outside I[ me take our experimental data for the 
fractton of segregated cholestane-SL and if we relate 
them to the remaining amount of glyeophonn with 
mta_t N-tetrmnus (squares m Fig 7) we nbtam an 
excellent fit with the original curve obtmned before 
enzymatic dtgestmn Values are tdentmal to those winch 
were obtained with a 65% reduced glvcophonn content. 
We thus conclude that the N-ternunus ts ~mportant for 
tins protein-eholestane-SL interaction Cleavage of the 
N-tern'anus may lead to art aggregation of the remarn- 
mg more hydrophobic protein segraents We assume 
that choleslan~SL is then *xcluded from the protein 
boundary and is partmllv d~spersed m the bdayer mem- 
brane The clustering was complelel~ reversed tf tryptte 
digestion was performed from both sides of the vesicles 
leaving the pure hydrophobtc ~egments within the bt- 
layer membrane wl'uch are g.nown to aggregate sponta- 
rteously 131] Cleavage of the siahe amd residues did not 
effect the EPR spectra 

The observed clustenng seems to be eholestane.SL 
specific Another steroid spin label, 3-doxylandrostane, 
winch lacks the hydrocarbon chain and wtuch ts re- 
versely oriented wttban the bilayer membrane dld not 
show any of the effects observed with cholestane-SL 
Tins may again be taken as an rod!cation for a hydro- 
phobic interactmn between cholesterol and glycophonn 
Such a protein-steroid interaction may well control the 
protem assembly between glycnphonn and Band 3, the 
amen transporter of the red blood cell, wbach is also 
known to brad cholesterol [7[ 
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