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The s o l u ~  ~ ~ e s t e ~ !  ole~te ~ ~ n i c a t ~  p~sph~dylchol i~  ~ c [ e s  ~ n ~  ~ n  0 ~ d  
~ m o ~  cholesterol w ~  s ~  ~ ~ N M R  u s i ~  i s o ~ l ~  ~ r i c ~ d  [~rbonyl-~3C]chol~l ~ 
The c ~ n y l - ~ C  c h e ~ c ~  ~fft  from cho~s~ff l  ~ e ~ e  ~ ~ e  phospholipid/cholesterol ~ was 
~ f f ~  ~wnfield from ~ ~ r  c h o l ~ l  ole~e ~ ~ ~ ~ a s e  ~ d  ~ e  ~ ~¢& relafi~ ~ ~ ~ 
t ~  phospholi~d c a r ~ n ~  w ~  ~ ~ ~ r ~  ~ s ~ u b i ~  ~ ~ e  ~ The e ~  s~ubiH~ ( ~  
~spect ~ phospholipi~ ~ ~ e  ~ o s p h o l ~ d  b i l ~  ~ o u t  c ~ s t e r o l  ~ 9  m~%) w ~  o~y m ~ e ~ y  
~ d u c ~  (to Z3 m~%) ~ ~olesterol ~vds ~ ~ ~ m~% ~ t  show~ a mo~ m ~ k ~  r e d u ~  ~ 1A m~% 
~ ~ m~% choles~roi ~ 1~ m~% ~ ~ m~% ~ m L  S ~  ~ e  ~ d ~  c ~ t a i ~  ~ m~% 
~ r o l  w~e  i ~ r  ~ ± 152 ~ ~ame~O ~ ~ o ~  ~ no c h ~ m l  ~91 ± ~ A  ~ame~O, we 
m e ~ u r ~  ~ e  s~u~f i~  ~ c h o l ~ f f l  ~eate ~ ~ e  v e ~ d ~  ~ no c h ~ e ~ ,  prepaid by ~trusion 
t ~ o u ~  ~ l y ~ r ~  membr~e ~ ~ d  ~ d  ~ ~ r ~  ~ ~ ~ sm~i, ~ n i c a t ~  ~ c l e s  ~ ~ 
c h ~ m l .  Therefore, ~ e  i~ger ~ze ~ v e ~ d ~  w ~  n ~  t ~  f ~ r  ~ s ~ n ~ e  ~ r  the ~ c ~  c h o l ~ f f l  
~eate s~ubifi~ ~ ~ chol~terol coning .  A mo~ ~ r ~ t  effeO ~ c h ~ e ~  ~ e ~ o ~ d  whe~ ~ e  
ester becomes ~ s ~  to dee~r ~ o n s  of ~ e  ~ e ~  

C h ~ r ~  e~ers, incorpor~ed wit~n fpopro- 
teins, ~e  the m~n chemic~ form ~ w~ch 
c h ~ r ~  is ~anspor~d wit~n the body. These 
rdafivdy non-polar f ~ d s  readily form separate 
pha~s in the presence of phosphofi~ds and are 
~rgdy excluded from orga~zed structures of these 
p~a~ a m p ~ p ~ c  s p e ~  [1-3]. Howeve~ ~ e  
fi~te s ~ u ~ f ~  that c h ~ r ~  esters and other 
n e u ~  f ~ d s  exhi~t ~ thee  arrays of p~ar l i p , s  
~ f k d y  to be of m ~ a b ~  imponanc~ ~nce it 
will de~rmine thor access to phospholi~d surfaces 
of lipoproteins and, to some degre~ thor ~ r a ~  
fions wi~ ~asma membrane. 

In p ~ o u s  ~3C-NMR ~ u ~  ~-6]  t~s lab~r~ 

tory has utilized the effects of polar interactions 
on fpid carbonyl groups to distinguish, via chem- 
ical shift, neugal fpids that are located in phos- 
phatidylcholine (PC) bilayers from neuual fipids 
in an oil-rich or excess phase. It has been posfible 
to determine in a rigorous manner the solubilities 
in PC veficles of triolein [4], cholesteryl oleate [5] 
and both these fipids in combination [6]. These 
studies also alluded to a configuration of the 
solubilized neural fpid that placed the carbonyl 
groups quite dose to the aqueous surface, forcing 
the rest of the molecule to fie parallel to the acyl 
chains of the phospholipid molecules. Howeve~ 
the exi~ence of natural fpid structures comprised 
entirely of phospholipid is rather rare. Since 
cholesterol is present as a principal component in 
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most naturN membranes and surfaces of ~rculat- 
ing fipoprot~n~ it became important to extend 
these earlier stud,s [4-6] to include the effects of 
cholesterol on bilayer solubifization of the neu~N, 
weakly polar fipids. 

Choles~rol can be stably incorporated into 
phosphofipid bilayers up to a molar ratio of 1 : 1 
[2,7-9]. Furthe~ the occurrence of cho~s~rol 
levds approaching this saturation vNue in naturM 
membranes is certNnly not uncommon [1~. In a 
pre¼ous study [11], it was predicted ~om a de- 
t ~ d  compo~tion~ anMysis cf modal hpid sys- 
tems con~sting of triolon, PC and cholesterol, 
that the surface solubility of the n e u ~  hpid was 
not greatly diminished by increa~ng cholesterol 
content. Howeve~ this an~y~s was not ide~ly 
suited for measuring the low triolon solubilities, 
and cholesterol levds at the particle surfaces were 
wall bdow saturation. 

In the current study, ~3C-NMR was used to 
monitor directly the solubil~ation of [carbony# 
~3C~ho~ste~yl oleate in son~ated PC veeries 
containing between 0 and 50 mol% cholesterol. 
The effect of verde ~ze was ~so examined by 
using larger v e ~ e  preparations obt~ned by ex- 
truding fipid suspen~ons through polycarbonam 
membrane fiRers. We report that choles~rol has 
marked effects on cholesteryl oleate solubifization 
when approaching its saturation ~vds in phos- 
pholipid brayers. 

MaSt i f f s  ~ d  M ~ h ~ s  

Egg yolk PC (Grade I) was obt~ned ~om 
Lipid Products (Nufle~ U.K.L choles~rol (greater 
than 99% pur~ from Nu Chek Prep, Inc. (Elyfia~ 
MN), and [carbony#13f]chNesteryl olea~ was 
synthesized in our laboratory by e~erification of 
c h o ~ e r N  with N~c and enriched to 90% ~3C in 
the carbon~ poNfion (MSD Isotopes, Ottow~ 
Canada). All fipids were confirmed to be grea~r 
than 99% pure by thin-layer chromatography 
(TLC). Radiolabded [1-~4C]cholesteryl oleate was 
purchased ~om Amersham Corp. (Arlington 
HNgh~, IL). 

L~id Dispersmns. BHayer verities, saturated 
with [carbony#~3C]choles~ryl oleme, were pre- 
pared by the cosonication procedure introduced 
pre~ouNy [5] and d~N~d bdow. An M~rnatNe 

method of ex~ufion through polycarbonate mem- 
brane fil~rs was employed for generating ~rge PC 
verities saturated with choles~ryl ~eate and is 
Mso described here. 

Lipid mixtures were fi~t dried to a thin film by 
evaporating a chloroform solution in a ~ream of 
ni~ogen and then ~ea~d under low vacuum ove~ 
night. Lipid films were suspended under nitrogen 
in about 1.5 ml of 0.56% w/v KC1 s~ution at 
52± I°C (above the phase ~anfifions of neat 
choles~r~ oleat~ ReL 12), with brief vortex mix- 
ing, to ~ d d  a concen~afion of 60-100 mg. m1-1 
of lipid. M~tures of PC with up lo 33 mol% 
choles~r~ cont~ned 4 wt.% [carbony#~3C]cho - 
les~ryl oleate, with respect to PC. Mixtures of PC 
with 40 mol% choles~rN and 2, 3 or 4 wt.% 
[carbony#~3C]cholester~ Neate, with respect to 
PC, showed that the lower choles~ryl Meate con- 
centration was suffiNent to ensure maximum in- 
corporation in this cas~ based on NMR peak 
intensities. This reduced concentration of 
choles~r~ oleate was used for samples with 50 
mol% chNes~rN to prevent interference from ex- 
cess chNes~ryl oleate in the routine anMyfis of 
samples by NMR. 

Sonkaao~ Sonicated verities were prepared 
ufing a Branson 350 Sonifier as pre~ou~y de- 
scribed [6] except that ul~asonic ~eatment was 
conducted at 52 ± 1°C for these s a m p ~  Only 
trace amounts of degradation products 0ess than 
1% with respect to totN fipid) were d e ~ a b l e  (by 
TLC) a~er the longest sonication ~eatment of 60 
min. Sonicated preparations were ul~acentrifuged 
at 190000×g for 1 h, and a small amount of 
undispe~ed fipid was asp~ated from the samp~ 
surface. The vesicle suspen~on was removed for 
NMR anNyfi~ ~a¼ng a pellet contNning par- 
ticks ~om the titanium ul~asonic probe. Typi- 
cNly, no undispersed fipid matefiN was apparent 
in the pallets. 

Membrane filter extrusion. Co~rse lipid disper- 
sions of PC and choles~ryl oleate were extruded 
through Nudeopore polycarbonate membrane 
fi~ers (Nudeopore Corp., Pleasantom CA) to gen- 
erate large ve~des [13]. Samples were inuoduced 
into an uluafil~ation unit (Amicon Corp., 
Danver~ MA) fit~d with the polycarbona~ mem- 
brane filer and Mlowed to equilibra~ at 52 ± I°C 
under n~rogen. Ex~ufion was then accomplNhed 



by applying po~five ni~ogen pressure (30-50 
~ / i n  2) above the sample. S a m ~  were first 
passed twice through a membrane with a 400 nm 
pore ~z~ f ~ w e d  by two passages through a 100 
nm pore ~ze membran~ 

NMR ana~s~ Proton-decoupled 13C-NMR 
spe~ra were obt~ned at 50.3 MHz with a Bruker 
WP200 spec~om~er as pre~ous~ described [~. 
Data were recorded over 16384 or 32768 time 
d o m i n  p~n~  u~ng a p~se interv~ of 8.0 s to 
obt~n eq~hbfium rdaxation con~tion~ based on 
p ~ o u s  spin-l~tice rd~xation time ( ~ )  measu~- 
ments [5]. A hn~broade~ng of 1.5-3.0 Hz was 
applied ~ the data ~ a n d o r m ~ n  to improve 
signal-to-noise ratio& Chenfic~ shifts and Hne- 
widths were measu~d as before [~ with c h e m ~  
shihs b~ng ~ r e n c e d  to a v~ue of 14.10 ppm 
(from ~ t r a m ~ h g ~ h n ~  for the ~ tU ac~ termin~ 
meth9 peak. Peak inten~ties were measu~d u ing  
the Aspe~ integration program and bilayer s~u- 
biHfies were c ~ c ~ e d  from eqiHbrium inten~ty 
measu~ments u~ng the formda ~ven p~¼ou~y 
[5]. Nuclear Overhauser enhancement was de- 
termined by comparing peak ~ n ~ t i e s  from spec- 
tra acq~red under continuous or ga~d proton 
decouphng [1~. A m~ecdar  w~ght of 770 was 
de~rmined for egg PC from the fatU ac~ an~y~s 
performed by HPLC. Samp~ ~mper~ure was 
controlled to ± I ° C  with a Bruker B-VT-1000 
variab~ ~ m p ~ u ~  unit and measu~d ex~rnally 
u~ng a thermocoup~. 

Electron m~roscopy. V ~  sam~es we~ mixed 
with an equ~ v~ume of 5% w/v ammoium 
m~ybd~e s~ution at pH 7.0 to Add a hpid 
concentration of 1-5 mg. m1-1 and applied im- 
medi~dy to 400 mesh copper grids covered with 
carbon-coated Formvar. Coa~d grids had been 
su~ec~d to low-vacuum, ~ow-discharge treat- 
ment within 2 weeks of use. In ad~fiom carbon- 
coated Formvar grids for membran~exwuded 
ve~d~  were briefly p r ~ e a ~ d  with a 0.1 mg- 
m1-1 sdufion of bacitradn (U~ohn Compan~ 
K~am~zoo, MD to improve sp~a~ng of stun 
and spedmen. Samples were ~ w e d  to adsorb to 
the films for 30 s befo~ rumoring excess s~utiom 
Spedmens were then ~ d r i e d  before examin~ion 
with a Hitachi 11-C de~ron microscope. 
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R e s d ~  and D i ~ u ~ n  

Fi~ 1A shows the 13C-NMR spe~ra at 37°C 
from PC veeries prepared by sonicating PC with 
excess [carbony#13C]choles~ryl oleat~ Except for 
the cholesteryl ~eate peak in the carbon~ re~o~ 
the spectrum is t y p ~  for PC in verde disper- 
~ons [~. Fi~ 1B shows that with 50 mol% 
choles~rol, most of the phospholipid resonances 
broadened. Contributions from the natur~ abun- 
dance 13C of choles~rol are only discernab~ as 
broad shoulders on the downfidd ~de of the 
meth~ene envdope (approx. 35-45 ppm). These 
e f ~  as well as the contrastin~y sm~l changes 
in the choline m~hylene and m~h~  resonances 
and differenti~ broadening of ~ycerol backbone 
peaks (60-75 ppm) are in good agreement with 
the observations for choles~r~ in PC veeries 
made by other workers [15]. The carbon~ re~ons 
of these spe~ra are expanded in Fig. 2 with equiv- 
~ent re~ons of spe~ra obt~ned from u~ng inter- 
media~ ~vds of choles~rol. 

The spectrum of veeries with ch~es~ryl oleate 
and no choles~rol (Fi~ 2A) was essentially identi- 
c~ to that reposed pre~oufly [5] and showed a 
wdlqesoNed peak for c h o ~ e r ~  oleat~ upfidd 
from the PC carbon~ resonance~ This resonance 
at 171.9 ppm arises ~om bilayerosolubilized 
choles~ryl olea~. As prefiou~y ~epo~ed [5], bi- 
layer-solubi~zed ch~es~ryl oleate does not ex- 
hibit phase ~an~fions characteristic of neat 
choles~r~ oleate or choles~ryl oleate in the core 
of an emul~on particle and appears downfidd in 
the carbon~ r e ,  on from ~gphase choles~ryl 
o~at~ presumably because of exposure of the 
carbon~ group to the polar en~ronmen~ at the 
bilayer surface. As shown in Fi~ 2B-E, ~ee 
cholester~ produced appre~ab~ quantative e~ 
fects on the choles~ryl oleate carbon~ resonance 
only when exceeding 33 mol% in the verities. Here 
the bflayer-solubi~zed cho~s~ryl oleate peak de- 
creased in i n a n i t y  rdafive to the PC carbon~ 
peak and broadened fignificanfly at 50 mol% 
choles~rol. There was ~so a small, progresfive 
upfidd shi~ in the b~aye~s~ubfl~ed chCes~ryl 
oleate resonance ~om 171.9 ppm to 171.6 ppm 
with increafing choles~rol concentration. 

These carbon~ spe~r~ recorded at 37°C, do 
not show any interference ~om nonqncorpora~d 
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Fi~ l. Proton decou~ed ~C-NMR spec~a at 50.3 MHz and 37°C of veeries prepared from (A) PC, and (B) PC with 50 m~% 
c h ~ e s ~ r d  (CH) by coso~cafiQn with excess [carbony#~3C]chdesteryl ~eate (CO). Spectra were obt~ned from 2000 (A) and 7000 
(B) accum~afions ufing 16384 time dom~n p~nt~  a recycle time of 8~ s and a 10000 Hz spe~ral wide. The chemic~ s ~  sc~e ~ 
~ ppm downfield ~om ~ a m e t h ~ s i l a n ~  ufing an ~ t e rn~  r e d , n e e  v~ue of 14.10 ppm for the termin~ fat~ ac~ m ~ h ~  peak 
Peaks for ~rmin~ fat~ ac~ methyl (~methyl), choline m e ~ ,  olefinic and carbonyl carbons are ~ c ~ e d .  

cholesteryl oleatm which appears at a chemicM 
shift dose to oil-phase chole~eryl oleate (171.3 
ppm). The exi~ence of this refidu~ cholesteryl 
oleate is however demons~ated by a more thor- 
ough examination of the sys~m with 50 tool% 
cholesterol as described bdow. 

The bflayer solubi~fies of cholesteryl oleate 
c~cula~d from the rdafive intenfities of the bi- 
laye~solubil~ed cholesteryl oleate and PC car- 
bonyl peaks are given in Table I, ~ong with 
hnewidths for the bHaye~solubi~zed cholesteryl 
oleate and choline methyl resonances. Nuclear 
Overhauser enhancement v~ues for the PC and 
cholesteryl oleate carbonyl resonance decreased 
from 1.8 and 1.6, respectively, in PC verities with 
no choles~rol to 1.5 and 1.3 for verities cont~n- 
ing 40 tool% cholesterol. These changes at high 
choles~rol ~vds  are greater than expefiment~ 

TABLE I 

CHOLESTERYL OLEATE SOLUBILITIES MEASURED IN 
PC VESICLES WITH 0-50 m~% CHOLESTEROL AND 
LINEWIDTHS (~½) FOR CHOLESTERYL OLEATE 
CARBONYL AND PC CHOLINE METHYL RESO- 
NANCES 

Data show average v~ues and ranges obt~ned ~om three 
sam~es ~ each case except at 50 m~% ch~es~r~  where 
measuremen~ are ~om seven sam~es. 

mol% Choles~ryl u~/2 (H~ 

choles- oleate chdes~ryl cholin~ 
terol solubility ole~e Me 

mol% of PC 

0 Z 9 ± ~ l  12±2 8±1 
20 Z 5 ± ~ 2  9±2  8±1 
33 Z 3 ± ~ 2  10±2 8±1 
40 1 ~ ± ~ 2  10±2 9±1 
50 1 ~ ± ~ 2  21±4 9~1 
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173.9 
174.0 

D. 4 0  m ~ e  %CH ~ 50 m ~ e  % CH 

Fi& 2. The carbon~ re,on from spec~a of sonicated PC 
verities cont~ng 0-50 m~% c h ~ r o l  (CH~ as ~ c ~ e d ,  
show~g bilaye~solubilized [carbonylJ~C]cholesteryi ~ e ~  
(CO~ The peaks lab~ed Po and ~ cow,pond ~ PC carbon~ 
groups on He outer and inner ~afl~s of the bilaye~ ~spec- 
fivd% and are dearly di~ernab~ o~y ~ spectrum A ~ m~% 
CH). Spectra we~ obt~ned at 37°C after 2000 (A); 3000 (B); 
2000 (C and D) and 7000 (E) accumulations; other accum~ 
fion conditions were as ~ Fi~ 1. 

error (about 10%), whereas the ratio of these vM- 
ues (cholesteryl oleate to PC carbonyl) was not 
Mgnificanfly Mtered. Consequenfl~ the value of 
0.89 for this ratio ~om veeries without cholesterol 
was used in the cMculation of solubi~ty at all 
cholesterol Mve~. The solubility of cholesteryl 
oleate without cholesterol (2.9 mol%) ~ the same 
as that reposed previou~y for cholesteryl oleate 
in PC veeries prepared at ~mperatures greater 
than 50°C ~]. The data show a very moderate 
decrease in cholesteryl oleate solubi~ty with re- 
spect to bflayer PC upon increaMng cholesterol 
Mvds to 33 mol%. Over the range 33-50 mol% 
cholesterol, howeveL the cholesteryl oleate solubi~ 
ity with respect to PC was reduced by about hML 

The pfindpM effect of increaMng cholesterol 
from 40 to 50 mol% in the veMdes was a broad- 
ening of the bilayer-solubil~ed cholesteryl oleate 
carbonyl resonance, accompan~d by a small de- 
crease in intenMty with respect to the PC carbonyl. 
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Because of the unce~Mnfi~ inherent in quantitat- 
ing such a weak, broad ~gnal, as well as the 
d i f f icdt i~  in determining reliable Nuclear Over- 
hauser enhancement vMues at the highest 
c h ~ r d  Mvd, radi~abded ch~esteryl ~eate 
was introduced ~ t o  some sampl~ with 50 m~% 
cholesterol to profide an M~rnmNe means of 
measuring ch~es~ryl  ~ e a ~  uptak~ These mea- 
surements ~ d d e d  ch~es~ryl  ~eate Mvds of b ~  
tween 1.8 and 2.4 m~% with respe~ to PC, de- 
pending Mrgdy upon the totM amount of 
c h o l ~ r y l  ~eate  ofi#nally present (2.4-3.5 
m~%). Thus, the r a ~ a b d  up~ke was Mg~fi- 
cant~  gremer than that measu~d by NMR. The 
source of t~s  ~ r e p a n c y  is apparent from ob- 
serving ~mp~mu~-dependen t  changes in the 
carbon~ r e , o n  of the spectrum of these sampM~ 
as ~ u ~ r a ~ d  in Fig. 3. At temp~Mu~s of 40°C 
and ~gheL an ad~tionM na~ow resonance at 

17~ 

1713 

171.6 

c. ~ ~171~ 

Fi~ 3. The carbon~ re,on of He ]3C-NMR spectrum of PC 
verities with 50 m~% ch~es~rol and ~corpora~d [carbony~ 
~3C]ch~esteryl oleate as a fun~n  of ~mpermur~ as ~ -  
cated. All spectra are dismayed over the same chemicfl s ~  
range and sc~ed to the same PC carbon~ peak h~ghL These 
spe~ra show exce~ ch~es~ryl ~eate appearing as an incom- 
~ y  res~ved peak at 171.3 ppm at temperatures of 40°C 
and abov~ Spectra were obt~ned as in Fi~ 1. except for the 
number of accum~afions: (A) 7500; (B) 7000; (C) 2500; (D) 
1500; and (E) 4000. 
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171.3 ppm was detected. This resonance has ~- 
most the same chemic~ shi~ as neat cholesteryl 
olea~ [5] and can be assumed to arise ~om 'mdt- 
in~ at 40-42°C within a separate choles~ryl 
oleate-rich phas~ Howeve~ this 'excesg cholesmryl 
oleate is not suffidently resolved ~om the 
bilayer-solubilized cholesteryl oleate peak (171.6 
ppm) in these s p e ~ a  Io demon~ra~ condu~vdy 
the exis~nce of separa~ ch~es~ryl oleate phases. 
In the absence of choles~rol, howeve~ the 
bilaye~solubilized choles~ryl oleate peak is shined 
suffidently downfield so as to be entirdy resolv~ 
ble from excess choles~ryl olea~, as shown pre~- 
ou~y [5]. 

Fig. 4 shows that the tot~ choles~ryl oleate 
peak inten~ty in the Fig. 3 spe~ra increased 
abruptly between 40 and 42°C to ~ve a ~miting 
v~ue equiva~nt to the cholesteryl olea~ uptake 
measured with radiolabd~d choles~ryl oleat~ 
Thus, the i n a n i t y  of the choles~ryl oleate peak 
at T<  40°C represen~d only the bilayer-solubb 
l~ed choles~ryl oleate and at T>  40°C repre- 

• 

Z 100 
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~ 4 ~  

~ ~ 

~ ~ 
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0 / 0 

I I I I I i ~ ~ 
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T E ~ R ~  ~ 

~ g  & H ~  ~ o w ~ g  ~ e  amou~  ~ [ ~ o ~ 3 ~ c h ~ e s t ~  
~ e a ~  exhibit~g a d ~ e  ~gh  ~sduf ion  ~gn~ ~ a p~-  
~ n ~  ~ the ~ t ~  de~rmined by ~ a b e l l e d  ~ over the 
~ m p ~ a ~  ~ n ~  ~ - 4 6 ° ~  V~tes  determined ~om ~ 3 
s p ~ t ~  by ~ e  ~fio ~ c h ~ l  d e ~ e  ~ PC peak ~ i t i e s .  
Note that bdow 42°C o~y a ~acfion of the tot~ ~ 1  
~ (CO) ~ a high resdution ~ t ~ m .  

sented both bihyer and exces~phase choles~r~ 
~eat~ The good agreement b~ween the NMR 
results and the radiolabd assay at T > 40°C dem- 
onstrates the app~cabi~ty of the NMR quanfi- 
tation procedure for these sys~ms. These resul~ 
~so exemp~fy the v~ue of this ~chnique in ~low- 
ing a particular state of a chemic~ entity to be 
measured while co-e~sfing with other states which 
are indisfinguishab~ by convention~ chemicM 
an~ysi~ 

The excess choles~ryl ~eate detected in the 
spe~ra ~om verities with 50 mol% choles~rol 
(Fig. 3) exhibi~ converfion to an iso~op~ state 
at around 8°C lower than that observed for pure 
choles~r~ oleate [12]. We note that an equiv~ent 
depres~on in this ~an~fion for ch~es~r~ olea~ 
can be achieved by incorporating as ~tt~ as 7 
m~% choles~rol in the ester phase [16]. A ~milar 
phase ~an~fion beha~or has ~so been noted for 
choles~r~ oleate microemulsions prepared by ex- 
~n~ve sonication with PC [17]. It is ~kdy that 
both PC and choles~rol contribute to the char- 
acter and p r o p e ~ s  of excess choles~r~ oleate 
within the sys~m. 

The inability to separ~e excess choles~r~ 
o~ate comp~tely ~om ~ e ~ e s  with 50 mol% 
choles~rol by ul~acentrifugafion (see M~hods) 
could be attributable Io an increase in verde ~ze 
observable with increa~ng bilayer ch~es~rol; 
larger veeries might entrap excess ch~es~r~ 
oleate (microemulsions) within thor inmrn~ aque- 
ous ca¼tie~ more readily than small ve~de~ ~ze 
estimates from dectron microscopic examination 
of the sonicated veeries gave th~ f~lowing mean 
diameter ± ~andard de~afion in A: no choles~rol, 
291 ± 97; 33 mol% ch~es~r~, 410 ± 155; 50 m~% 
choles~rol, 520± 152, for samp~s s~es, n =  
130-250. A ~mi~r ef~ct of increa~ng choles~rol 
content on verde ~ze has been noted pre~ou~y 
[181. 

An increase in vesicle fize of the order de- 
scribed above is expec~d to result in a more rind 
packing of fatty ac~ chins  in the bilayer~ from a 
confiderafion of the geom~ric consequences of 
reduced surface curvature [19]. According to stud- 
ies of choles~r~ esters with polar lipids at an 
~ w a ~ r  interface [20,21], fatty ac~ c h i n  packing 
is critic~ in determining the miscibi~ty ~f the 
esters in these surfaces. It was therefore necessary 



to determine whether the increase in ve~cle size 
was respon~ble for the decreased cholesteryl oleate 
solubi~ty at high levels of cholesterol. For this 
purpose large ve~cles were prepared by extru~on 
of PC suspen~ons with an excess of [carbony# 
13C]cholesteryl oleate through the 100 nm pore 
~ze polycarbonate membrane filters (see Meth- 
od~. The diameters of extruded ve~cles were 
estimated from dec~on  micrographs as 1046 ± 366 
(n = 97), appreciably larger than sonicated vesicles 
containing 50 mol% cholesterol and about the 
same ~zes as previou~y reposed by other workers 
using this technique [13,22]. 

The 13C-NMR spectrum of the extruded PC 
ve~cles (Fig. 5) showed much poorer resolution 
than did PC in the sonicated ve~cles without 
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cholesterol (Fib 1A). The increased linewidths are 
indicative of the reduced molecular mobilit~s an- 
t idpa~d  for these large veficular sys~m~ The 
carbonyl region recorded at 30 ° C (Fi~ 5A) showed 
distinct carbonyl peaks for both choles~ryl oleate 
and PC, although these are not well separated in 
the spec~um. At higher temperatures the bilaye~ 
solubihzed choles~ryl oleate resonance narrowed, 
whereas the ~neshape for the PC carbonyl peak 
deteriorated to the extent that it was difficult to 
quanfitate rdative in~nfities of PC and choles~ryl 
olea~ peaks. The area of the bilayer-solubilized 
cholesteryl oleate peak could however be com- 
pared with that for the excess choles~ryl oleate 
which appeared in the spectrum at ~mperatures 
greater than 40°C and at tuned a hmiting inten- 
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Fi~  5. P r o ~ n - d e c o u ~ e d  13C-NMR spectra from verities prepared by e~ ru f ion  of a suspenfion of PC with 4 wt.% [carbonyA 
13C]ch~es~ryl ~eate ~rough a 100 nm pore fize po~carbona~ membrane ~ Spectrum A was obt~ned at 30°C after 6000 
accumulations and spe~rum B at 52°C after 1300 accum~ations. Other spe~r~ accum~ation conditions as in Fi~ 1, except ~ B 
was from a spectrum recorded over 32768 time dom~n pants. Inset C shows resolution of ~laye~s~ub~zed chdes~ryl ~e~e 
(CO~) and excess chdeste~l ~e~e (CO~) peaks obtained at hflf the ~ne broade~ng (1.5 H~ used for B. Verfic~ expansions ~r 
insets are scfled to approfimately ~e same h~ght ~r the c h ~ e  m~h~ resonance. 
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fity b~ween 48 and 52°C. The carbon~ region of 
the spectrum recorded at 52°C (Fig. 5B) showed 
good resolution of b~aye~solubilized choles~r~ 
olea~ and excess cholesteryl oleate peaks (Fig. 
5C) and a peak area ratio (bilayer-solubfl~ed 
choles~ryl oleate/excess ch~es~ryl oleate) of 1.1. 
Since the inififl PC and choles~r~ olea~ con- 
centrations were not fignificanfly ~ r e d  by the 
extrufion proces~ as de~rmined by phosphate 
and radiCabd assa~ respectively, the peak inten- 
~t~s could be rdated directly to the origin~ 
amoun~ ~f hpid used. Therefore, for an initi~ 
concen~ation of 4.7 mol% ch~e~er~ oleate in the 
extruded vefide sample, we estimate ~om the 
bilaye~solubifized chole~er~ olea~/excess cho- 
~s~ryl ~eate peak in~nfity ratio that 2.5 mol% 
cholesteryl ~eate were solubi~zed in the bilayers. 
Since Ibis v~ue is quite fimil~r to the cholest¢r~ 
oleam solubifity determined in sm~l sonicated PC 
verities (2.9 mol%), it may be concluded that the 
effects of v e s ~  fize on phospholipid organ~ation 
are not responfib~ for the reduction in ch~es~ryl 
~ea~  solubility observed at 50 mol% ch~esterol. 
We therefore auribu~ this ef~ct to a more spe~fic 
interaction or structur~ effect of cholesterol in the 
bilayer~ Fu~hermore, this resu~ can ~ o  be i n ~  
p~e~d ~s deviating from the choles~ryl olea~ 
beha~or described in in~ffadfl  films [20,21] 
which implied a svong dependence between 
cholesteryl olea~ incorporation and t~e molecular 
mobility of the phospho~pids. 

An increased vefide fize i~ howeve~ ~kdy to 
influence the NMR specva observed for verities 
containing high choles~rol ~vds. Reduced corre- 
lation times for tumbling of larger verities can 
broaden resonances for the more motionfl~ re- 
stricted groups in the bilayer [15]. In additio~ 
choles~rol will reduce bflayer fluidity, not only as 
a consequence of increafing reticle fize, but 
through a more direct interaction with the phos- 
pholipid [23]. It is fikdy that these e f ~  rather 
than any highly spe~fic interaction~ account for 
the observed broadening of the choles~ryl oleate 
carbon~ ~gn~ at high cholesterol ~vds. 

Effec~ of cholesterol on ~ru~urM ~atures [18] 
and molecular motions [24] of PC in verities have 
been noted to be much more pronounced at Mvds 
exceeding about 33 mol%. It was proposed that 
these observations reflect a change in the mode of 

interaction between cholesterol and PC for high 
cholesterol molar ratios. Such a change in the 
manner of cholesterol incorporation and its conse- 
quent effects on bilayer properties could well 
account for the more dramatic effects observed 
here at cholesterol ~vds greater than 33 mol%. 

A more comple~ account of these molecular 
events is not availab~ from the resul~ presented 
here. Howeve~ it is noteworthy that a progresfive 
upfidd shift in the cholesteryl okate carbonyl 
resonance was observed with increafing cho- 
~ e r o l .  This sugges~ that the ester was somewhat 
displaced from lhe polar surface by choles~rol 
interactions which are presumed to occur in this 
region [25,26] and ~ bong pushed deeper into the 
hydrophob~ brayer interior. Previous effo~s with 
spin-labelled [27] and deuterated [28] cholesterol 
este~ have described thor configuration and 
alignment w~h respect to the longitudin~ axes of 
bilayer phospholipids but have provided only indb 
rect evidence concerning thdr transverse location 
in the brayer. Addition~ ~udies are required for 
a more thorough description of the effects of 
cholesterol in phosphofipid brayers, reported here. 
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