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Cholesterol, stillmastanol, and stillmastanyi-pl~pburykheliae (ST-PC} were inco~l~'at.-d into model nmMmmet 
composed of l.palmiteyl-2-olt~l.~-IIb, eero-3-pl~phaehelim (POPC) or 1,2-diok~l.~-gb, cem.3-pllmldlL~ldlm 
(DOPE). POPC and ST-PC were deuterotM at the lipid hendllrOUp, DOPC at the c/s-doable bonds. ~ i d m a o e  M 
the three stcrols on the marten and ¢oafonmtioa of the lil~l headlF~pa and t k  I ~ I r o c a ~  ¢haim~ m 
monitored with =H- and 3t P-~iMR. All t ~ ' ~  ~[~i~s wkre ~ m[~tll~ witil ~1~ ~ ~ JR ¢olKe.~ttrallklS d ' ~  
to 50 tool% without iadudng phase separatlom or ~ structures. Hewever, the mokcul~ exert 
different efkcts oa the phospholipid bila.ver. Cboksteml and stillmastom] are ~ buried ia the hydkecadJm 
part of the membrane, dlstinctJ~ restricting the flexing motions of the fatty 8¢~1 chains whereas the eomfbrmatimt of 
the phospholipid hendllroaps is little affected. In contrast, ST-PC is ucbored wit~ its heidlreup in tim b~er el' 
phosphotlpid dipoles, preventing 81 extensive penetration of the sterol dug into the lmlrecarbeu l a i r .  Hemce 
ST.IN~ has aimost no ~ on the bydrocarbun chains but induces n eheractedstk cmformatiomd chan~ of the 
phmpholipid hendgroups. Tlhe ~H- and 3tP.NMR spectra of mixed plmsphelil~l/S'i'-PC membrues I~ffmr 
demonstrate that ~he PC bendlmap of ST-PC bits a similar orlentotioa as the surrounding plmspbaqfd34cbdue 
headgroups. For both types of meleml~ the -P.N ÷ dipole b essentia~ parallel to the membrane mrface. 
of ST-PC induces a small retotlen of the POPC lumdlroep towards Ihe water phase. 

Introduction 

Cholesterol plays an important role in the t am-  
marian organism, be it as a building stone of mem- 
branes, or be it via its involvement in different hor- 
monal and other metabolic pathways. 

Cholesterol is supplied to the human body either by 
biosynthesis, mostly taking place in the liver, or by 

Abbreviations: 2H-NMR, deuterium nuclear magnetic resonance; 
3tP.NMR, phosphorus n,clear magnetic resonance.; POPe, I-palmi- 
toyl-2-oteoyl.sn-gtycero-3.phosphocholine; DOPC, 1,2-dialeoyl-m- 
glycero-3.phosphocholine; I~ILV, multilamellar vesicles; ST-PC, stig- 
mastan~l-ph~pho~lcholine,~O.[hydrox~5a-sti~mastan-3O-yloxy)- 
pho~phinylkho!ine hydroxide i,ner satt. 

Correspondence: J, Se-.tig, Departn~nt of Biophysical Chemistry, 
B'qcenter of the University of [~asel, Klinllelber~trasse 70, CH-~56 
Basel, Switzerland. 

uptake from the gastrointestinal tract. Medical inter- 
vention to diminish the blood cholesterol level in the 
case of hypcrcholesterolemia can be attempted by inhi- 
bition of de novo ~ynthesis as well as by decreased 
absorption of b;,'iar7 and dietary cholesterol from the 
gastrointestinal t.act. Aithough presently they seem to 
be quite safe, iong-ten• ad.,.,inistration of d~diIs which 
interfere directly with cholesterol synthesis in the liver 
were expected to cause problems, avd efforts have 
therefore been directed towards the development of 
extra-systemic drugs which decrease the b l . ~  cglo.Ves - 
terol level by inhibiting intestinal cholesterol uptake. 

Szveral plant sterols, e.g./$-sitostmoi, were found to 
inhibit intestinal cholesterol uptake and to lower 
plasma cholesterol more or less efficiently [12]. ~t. 
Sitosterol has the disadvantage that relatively high 
doses must be prescribed and that/~-sitos[erol i ~ l f  is 
ab~rbed to some ext~nt (3-4%) by the organism [3]. 
stigmastanol (.B-sitost~aol), the fully hydrogenated ann- 
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log of sitostcrol, seems to b¢ much less absorbed [4], to 
be excreted more rapidly [5], and to be more effective 
in lowering plasma cholesterol concentrations [4,6]. 

Recently the sterol-phospholi[,id hybrid stigmas- 
tanyl-phosphorylcholine (ST-PC; systemic name: O-[hy- 
dro .xy(5a-stigmastan-3/~-yloxy)phosphinyl]choline hy- 
droxide im~cr salt), in which the ,8-stigmastanol hy- 
droxyl group is csterified with phosphoryleholine [7], 
was proposed as a cholesterol-Iowcring drug. In a 
number of animal species ST-PC could reduce the 
intestinal cholesterol absorption by up to 90%. The 
chenficai structures of cholesterol, stigmastano[, and 
stigmastanyi-phosphorylcholine arc summarized in 
Structures below. 

The precise mechanism by which stigmastanol and 
stigmastanyl-phosph,~,Treholinc inhibit cholesterol ab- 
so.rp;~a is as yet unknown but probably involves struc- 
tural changes in the micslles/vesicles involved in 
cholesterol absorption, in order to obtain more refor- 
mation, we have studied the interaction uf the two 
compounds with model bilayer systems. We have used 
multilamcilar vesicles (MLV) composed of either l-pal- 
mitoyl-2-oleoyI-sn-glycero-3-phosphocholine (POPC) or 
1,2-dioie6yl-s,-glycero-3-phosphocholine (DOPCk 
POPC is the most abundant na'.u~aI lipid in egg-yolk 
lecithin (= 70 wT% POPC). The gel-to-liquid crystal 
phase transition t¢~mperaturc is -5°C for PGPC and 
-22°C for DOPC. While the presence of the first 
cis-doubl¢ bond induces a considerable increase of 
about 10 ,~,2 in the surface area, ~-s compared to the 
fully saturated lipid 1,2-dipalmltoyl-sn-glycero-3-phos- 
phocholin¢, onty minor effects are noted upon the 
incorporation of fllrther double bonds [8]. POPC and 
DOPC have also similar bilayer properties, and the 
i'ea~n o1" studying both membranes simultaneously was 
the availability of different sdectively deuteratcd ,',na- 
lo,,ues nf POPC and DOPC. POPC and ST-PC were 
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selectively deuterated at both methylene segments of 
the choline moiety and ser,,'ed as probes to monitor the 
headgroup region of the membrane. DOPC was selec- 
tively deutera'ted at the cis-double bonds of both oleic 
acid chains, and the ;H-NMR spectra consequently 
provided insight into the hydrocarbon layel' oi the 
membrane. For both membrane systems the content of 
stigmastanol and ST-PC was continuously varied in the 
range of 0-50 tool%. The data were further compared 
with those obtained for membranes containing differ- 
¢,nt concentrations of cholesterol. 

Materials and Methods 

3"o simplify the discussion, the following nomencla- 
ture is used for the location of the deuterium label,', at 
the ditterent choline methylene segments: 

o 
ll + 

--OPOCH zCt I ,N(Ct-!.~).~ 
I 
O , /3 

The or- and/~-methylene groups of POPC were scion:- 
tiveiy deutcrated as described by Harbison and Griffin 
[9]. The C9 and Ci0 segment (cis-double bond) of 
DOPC (both cht~ins) was deuterated according to Seelig 
and Waespe-Sa~,~,evic [10]. Cholesterol was purchased 
from Fluka AG, Switzerland and used without further 
purification./t-Stigmastanol was prepared by catalytic 
hydrogenation of stigmasterol (Fluka) and the struc- 
ture was confirmed by high resolution nmr. ST-PC, 
unlabeled or deuterated at the a- and B-position was 
synthesized as follows: 2 g (4.8 mmoD stigmastanol was 
reacted in 40 ml methylene chloride containing 0.8 ml 
chinoline with 0.6 ml (6.4 mrnol) phosphoroxyehloride 
at 20 C for 3 h. To this solution ~,as added 2 g (8.6 
retool) choline iodide (unlabeled or dideuterated at the 

Ct~:~les*.e ro l  S'~ Lqmas~.anol : 

~ . l  i t 

S ° igr.',o,.'.anyl- p~osphory l¢ l  ,oh n~ 

St  f ~.~;Itlte$ 



a- or 18-position) and I ml pyridine. After 5 days, this 
reactiort mixture was reacted with 2 g sodium bicarbon- 
ate in 10 ml water, and extracted with a mixture of 60 
ml chlorofor..~,, 80 ml methanol and 100 ml water. The 
organic phase was washed with 100 ml 1 M HCI, then 
w,.'.qt l~fl m! water and evaporated to dry~.css. The 
residue was dissolved in 60 ml chloroform/methanol 
(1 : 1, v/v), and treated with 50 g amber!ire MB3 for 
one day. After filtration, the solution was evaporated 
and the residue crystailiscd from a mixture of chioro- 
form-methanol-dioxane, giving 0.32 g (yield I1%) of 
the target compounds. 

Sample preparation. Ail measurements were carried 
out in buffer ( 10 mM Tris, 100 mM NaCI at pH 7.4). In 
tht- case of ZH-NMR measurements, the buffer was 
prepared with deuterium depleted water in order to 
minimize the isotropic signal due to natural abundance 
of 2H in water. 

The dry lipids and sterols were dissoivecl in appro- 
priate amounts of CHCIs/McOH (65:30, v/v) and 
mixed. The solvent was removed under a stream of 
nitrogen and the sample wa~ dried under high vacuum 
over ~ O  5 for several hours. Buffer was added to yield 
a final lipid/buffer ratio of 1:2 (wt%:voi%). After 
sealing the sample tube, the mixture was dispersed by 
extensive vortexing. 

NMR-tect,niques. All spectra were recorded on a 
Bruker-Speetrospin MSL 400 spectrometer operating 
at a frequency of 61.4 MHz for 2H-NMR and 162 MHz 
for 3ip-NMR. For the deuterium NMR measurements 
the quadrupole echo technique [11] was employed with 
full ~has¢ cycling. The 90°-pulse was in the range of 3.5 
to ,t Its, the interpuise delay was = 42-45 Its and the 
recycle delay about 250-4CI0 /~s. The spectral width 
was 50 kHz for headi¥oup studies and 12~ kHz for 
studies of the hydrocarbon region. 

The 31 P-spectra were recorded using the Hahn-echo 
sequence with gated proton decoupling and phase cy- 
cling [12]. The 90°-pulse wi~s 2.7 its, the echo spacing 
=40 to 45 ~ts, the recycle delay 1 to 5 s, and the 
spectral width 50 kHz. 

The chemical shielding anL,,otropy was measured 
b,-.tween the edges of the spectrum at half height of the 
low-field shoulder. The error was estimated to be + I 
ppm. 

All measurements were performed at 305 K. 

Results 

Cholesterol and st,gmastanoi yield qualitatively and 
quantitatively fimiiar results. The lipid-sterol hybrid 
ST-PC b~:uaves differently from the pure sterols and its 
effect on the hycrocarbon chains and ,'he !ipid he:'.~ 
groups will thus be. pres~.nt,~.d s~partLtely. 
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Fig. I. Effect of choleslerol and stigmastanol on the hydrocarbon 
chains. 2H-NMR spectra of [9'.I0'-2H2]DOPC. Pure DOPC mem- 
branes: (A) and (D). Mixtures with cholesterol: :B) 20.1 rnol% and 
C) 51,3 mole/~. Mixtures with stig~asianol (E) 24,2 mol% and (F) 

51.1 moi£~. 

Stigmastanol and cholesterol. Hydrat'arbon chain region 
The behavior of the fatt~ acid residues of DOPC 

upon addiiion of cholesterol or stigmastanol was rno~i- 
tared with -'H-NMR spectmseo~. Both chains of 
DOPC ~¢rc selectively deutera*cd at the C-~ and C-10 

• ,..4~.. T~ positrons, i.e. at the ci~-u,,,b,~ bond. The membranes 
were in the liquid-crystallint bilayer phase at the mea- 
suring temperature of 305 K. In pure DOPC mem- 
branes three different quadrupole splitfings can be 
distinguished with separations of 12.5 kHz, 6.0 kHz, 
and 2.1 kHz, respectively (Fig. IA). The assignment of 
these resonances is as follows [13]: The two C-9 
deuterons give rise to identical splittings with a value 
of 12.5 kHz, the two smaller spiittings stem from the 
C-10 deuterons, indicating slightly different orienta- 
tions of the two cis-double bonds in the DOPC -nero- 
brant. Upon incorporation of cholesterol all three 
split+.ings increase considerably (cf. Figs. IB and IC). 
At a cht~lesterol content of about 50 real%, the three 
split*.i.ngs have almost doubled (cf. Table i). This re.suit 
is in agreement with the weAl-known stiffening effect of 
cholesterol on lipid bi!ayers (cf. Refs. 14 and 30). The 
presence of the rigid sterol ring decreases the fie'ring 
motioas of the neighbouring hydrocarbon chains and 
produces a more extended trans-conformation. At the 
highest cholesterol concentration measured (-~ .50 
mul% cholesterol) th," fatty acyl chains adopt an almost 
rigid all.irans conformatior~ [15]. 

Mixtures of stigniasii~.~o~ with DOPC bilayers show 
similar effects as all three quadrupole splittings in- 
crease with increasing stis~nastanol concentration up to 
25 real% (Figs. ID, E). At higher stigmastanol levels 
ira further increase can be observed (Figs. 1 E, F). "l'his 
is demonstrated more clearly in Fig. 2 for the C-9 
deuterons of the DOPC membrane. For cholesterol: 
~,:e. (=-9 splitting varies linearly with the cholesteroi 
c(:ncentration up to 50 real% cholestertfl Addition of 
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TABLE ! 
Quadrupolc .qdit:iugs .le tkllz) of [~'.IO'.~II:/DOPC in mixtures 
with drdestt'rol, stigmastanol, and ST-PC rcspt,ctirely, measured h~ 
buffer at 305 K 

Stcrol Ouadrupok: splitting (kHz) 

conch. A~,t Av 2 -.~t,~ 
(mal~;) 

Pure [t)'.l(l'- 2 H2]DOPC [t 2,1 6.0 12,5 

Cholesterol 11).4 2.7 6.7 13.9 
21].1 3.5 7.1 15.5 
31Y. 4.4 8.2 18 3 
51.3 5.8 8.9 22.8 

Sligmastanoi 10.1 2,3 6,4 13.6 
t7A 2.~ 7,[) 14.7 
24.2 3.4 7.4 t 56 
28.5 3 A 7.3 15.5 
42.7 3.4 7.2 15.6 
51.1 3,1 7.0 15.q 

ST-PC ~'.s 1.8 ~.1 12.7 
2t.8 1.5 6.i) 13.l| 
4t~,3 I.t * 5.11 13.1 
5{i.8 I.i * 5.5 t3.1 

* Single peak, width at ha!f-t;cight, 

stigmastanol induces a slightly smaller variation of 
cholesterol up to a cowtcentrafion of 25 mol%. Above 
this concentration stign ;,~ta.ol has no further effect on 
the hydrocarbon chains. 

Stigmastanol and cholesterol. Phospholipid headgroup 
region 

-'H- and -~IP-NMR studies were perlormed with 
POP[  deuterated at !,he a-and //-choline segments, 
again v~rying the sterol content of the mcmt)ran¢, 
Typicai "H-NMR results obtained with stigmastanol 
are summarized in Fig. 3. The: a-splitting of the choline 

o Io 20 1o ~o so ~ 

8~st~nce ¢oncentr4Llion [mo~ g2 

Fig. 2. F-ff©cl ~f d~,d,,sZcrol and sfiSm~t~tanol on ~!~c hydrocarbon 
chains. (~)mparison of ~hc outer quvdrup fie splittings in membranes 
composed of I9'.I0'-:H zlDOPC/~ holestcrol and [9',10'- 
-'HlDOPC/stigmastanol. Above 25 molg;, stigmastanoI the 

qua~rupol¢ splittings level off. r~, Sfigmas'anol; o, cholesterol. 

[ , - ~ .  , . , . , - - r - - - , . - - , - - - , -  7 
! . 1  s.7 o . _ _ . _ ~  ° 

~4.2 

3.g l I , I , I .... 4 . . . . .  1 . . . .  ,. . . . .  L .  ' ~  

0 5 15 25 35  45  S$ 

cencentration stlgmestanol [mole ~2 
Fig. 3. Influence of stigmas|anol on Ihe a- and/3-det.;,r'*:cd mvthy- 
lane segmcn~ of the phosphocholi'~e hea0group o',' POPC mem- 
branes. Variation of the 2H-NMR q~adrupole splitfings o," :he choline 
headgroup segments with sleroL ¢.ncentration, Q. p-segment; o. 

a.segraenl. 

moiety remains practically constant, the p-splitting de- 
creases linearly with increasing stigmastanoi concentra- 
tion. The measurement of the phosphorus chemical 
shielding anisotropy reveals a small increase from 
-49.5 ppm for 9ur¢ POPC to - 4 8  ppm for POPC 
with 50% stigmastanol. Taken together, these results 
demonstrate only a small influence of stigmastanol on 
the phosphocholin¢ headgroup whic;, is izi distinct con- 
trast to its effect on the hydrocarbon chains. As an 
aside it may be noted that the ~8-quadrupol¢ splitting 
exhibits no plateau value at 25% .qigmastanol (as ob- 
served for the hydrocarbon chains) but decreases con- 
tinuously up to 50 tool% stigmastaaol. 

The influence of cholesterol an the POPC head- 
group has been studied before [!6,17] and is qualiia- 
tively similar to that of stigmastanol, i.e. the presence 
of cholesterol has only a small effect on ~he motion and 
thr," orientation of the phospholipid h,~aogroup. 

Stigmastanyl-phosphorylcholine. Hydrocarb6.sl chain re. 
gion 

STPC exhibits qaite different pronertie.s it, mixture 
with POPC and DOPC biiayers. For the hydrocarbon 
chain region this is mos! obvious by inspection of Table 
1 which demonstrates that ST-PC has omy a minor 
effect on the fatty acyl chains. The C-9 quadrulx,le 
splitting of the DOPC bilayer increa.~es by at most 400 
Hz, those of the two C-10 deuterons even decrease 
slightly, A comparison of ST-PC with the other stezols 
is given in Fig. 4 demonstrating that the hydrocarbon 
chain stiffening effect decreases in the order choles- 
terol > stigmastanol ~ ST-PC. 

S'igmaslanyi phosphorylcholine. Headgroup r-'gion 
,ST-PC has a distinct effect on the orientation of the 

-P..N + dipole in POPC membranes as is demonstratecl 
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Fig. 4. Variatign of the three quadrupole splittings of [9' 10'- 
:H2JDOPC when mixed with cholesterol, stigmastanol, and YJT-PC, 
respectively. The mole fractions o f  the slerols are given in the figure. 

by the ZH-NMR spectra of Fig. 5. Addkk, n of about 5 0  

tool% ST-PC decreases the quadrupole splitting of the 
a-choline segment of POPC from 5.9 kHz to 3.9 kHz 
( -  34% change) and increases the (J-splitting from 4.q 
kHz to 7.9 kHz ( + 6. -:'~ change). 

The quadrupote splittings vary approximately linear 
wiff, the ST-PC concentration (Fig. 6) indicating a 
stric.'ly correlated, counterdirectional variation of the 
two quadrupole splittings. Linear regression analysis of 
the data of Fig. 6 yields: 

-h,,, = 5.07-4.03XI,  (kHz) 

.it,# = 4.7+ 6.[)! X h (kHz)  

where X b (mole/mole) denotes the mole fraction of 
ST-PC in the membrane. Elimination of )(h leads to a 
linear relationship between A% '~nd A=,~ 

Avp = 13,74- ].49,iv,, 

mine % mo le  % 
S'i PC ST -PC 

J2_ :  

f¢~ I~NZ "tO k l4z 

Ct - POPC 13 - POFC 

Fig. 5. 21I-NMR spectra of the a-  and /3-beadgroup .-,c~.r,:,:~:: ot 
POPC in mixture with ST-PC. The spectra {A) and (C) repre.~en~ "he 
pure POPC membrane spectra. (B) and (D) correspond to the 

membranes with about 50 tool% ST-PC'. 
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conce,.tratIen ST-PC [mole %3 

Fig. 6. Variation of the ,~- and ~-spliW~gs of tl~c POP(" hcadgroup 
with the ST-P(" conctmtratior...:, a-:~t'gment: n .  ~-~gnl~nt. 

3~ P-NMR spectra of the same POPC samples are 
oisplayed in Fig. 7. The pure POPC bilayer is chara¢. 
terized by the typical powder-type pattern with a single 
chemical shielding anisotropy [18]. As more and more 
ST-PC is added, the chemical shielding :misotropy in- 
creases in maenitudc by 10% from -5,0.5 ppm (pro;: 
POPC ~. :~, about -55 ppm (50% ST-PC). At the same 
time a new resonance of reduced width appears, the 
intensity of which is directly correlated to the amount 
9f ST-PC in the membrane. Since the :H-NMR spectra 
indicate only a single ZH-NMR quadrupo!e splitting, a 

m o l e  % 

_ ,i 

- . . J  

50 f.pm 

Fig. 7. -~IP-NMR spectra nf membralzes composed of POPC/ST-PC. 
W2*.h ;ncreasing ST-PC concentration a second sign;:! cnk~rg=s which 

rot:st be ascribed to the ST-PC headgroup. 
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TABLE l !  
Quadmpole splillings Av (ktlzJ and plwzphorotL~ chemical shielding 
anismrolo' ,4o" (ppm) of membranes composed of st(¢mastanyl.phos. 
FSoryleholbw and POP(." 

Stcrol J,- or Art Aa -a  

Cohen. dr. POPC ST-Off 
(mol~;) [kllz] [ppm] [pore!: 

a - P O P C / S T -  PC cl 5.9 

9.3 5.6 

14.4 " .6  

19.5 5 . 4  

21.1 5.3 
3631 4.7 
5~).8 3.9 
52.1 3.~ 

~.-POPC/ST-PC (I 4.9 
t).~ 5.3 

21.0 5.7 
29. ! 6.2 
4 1 1 . 3  7.2 
50.6 7.9 

POPC/a.ST-PC 9.q 9.5; 
21LI 9.5: 
29.9 q.5: 
40.4 9.4; 
50.0 9.4; 

POi'C//3-ST-PC 10.1 5.5 
2(I.2 5.0 
2q,g 6.4 
411.2 o.q 
511.5 7.5 

1(I.9 
111.9 
II.i 
11.3 
11.5 

- 5O.5 
-- 

-52.5 
- 52.5 

- 

- 52.5 
- 55.0 

-25 

--25 
- 2 2 / -  27 

- 5 0 , o  - 

- 5iL5 - 
-51.5 -23 
- 3 3 . 0  - 26 
- 54.5 - 25 
- 5 4 . ( 1  - 24 

phase separation can be excluded, We theretore at- 
tribute the second phosphorus signal to the PC head- 
group of ST-PC "D~e numerical values of the phospho- 

. j  . 

L....--lt..-..-- --d 
0 10 20 

kHz 

Fig. 8. :H-NMR spc~zra of equhnu!~,r mixtures o| nondcut¢rated 
POPC and hcadgtoulpd©utcratcd ST.PC, measured at 305 K, (A) 

50.0 mol~ a-ST-PC, (B) 505 tool%/3-ST-PC. 

rus chemical shielding anisotropies are included in 
Table If. 

More detailed insight into the ST-PC headgroup 
conformation was obtained by employing headgroup 
deuterated ST-PC. Fig. 8 displays characteristic 2H- 
NMR spectra of a- and /3.deuterated ST-PC in 
equimolar mixture with nondeutcrated POPC. For the 
at-segment of ST-PC two quadrupole splittings of 9.4 
kHz and i !.5 kHz were observed, indicating .". small 
motionai inequivaIence of zhe two deuterons. For the 
/J-segment this incquivalence was smoothed out and a 
slngle L~litting of 7.5 kHz separation was d:ztected. The 
variation of the quadrupole splittings with the ST-PC 
content of the membrane are summarized in Table II. 
The a.splittin~ is only slightly dependt:nt on the com- 
position of the membrane, the /j-spliunng increases 
from about 5.5 kHz at 10% ST-PC to 7.5 kHz at about 
50% ST-PC. The behavior of the phosphocholine dipole 
when attached to stigmastano 1 is thus clearly different 
from that of the same headgroup in the neighboring 
phospholipid molecule. 

D i s c u s s i o n  

Cholesterol, stigmastaauL and stigmastanyl-phos- 
phorylcholine are freely miscible with POPC and 
DOPC bilayer membranes up to cnncentrations of at 
least 50 reel%. This follows from the observation that 
the 2H-NMR signals change homogeneously ove¢ the. 
whole concentration range and provide no evidence for 
a phase separation. This also holds thee for membrane 
systems containing ST-PC, even though the .~n P-NMR 
spectra of this system show different chemical shielding 
anisotropies for the phospholipid phosphorus and the 
ST-PC phosphol~s atom. 

In spite of their similar membrane miscibility, the 
three sterols have quite differenl effec:s on the mem- 
brane matrix: cholesterol and stigmastanol interact 
preferent[al!y at the level of the hydrocarbon chains 
with little effect on the phospholipid head g~oup; ST- 
PC exhibits just the opposite behavk, r modifying the 
phospholipid headgroups and leaving the hydrocarbon 
chains unaltered. 

From neutron diffraction studies with selectively 
dcuterated cholesterol it is known that the hydroxyl 
group of cholesterol is located at the lipid water inter- 
face in the vicinity of the li#d gl~cerol backbone [19]. 
"lhe rigid sterol frame is thus intercalated between the 
fatty aql  chains reducing considerably the segmental 
flexing motion, as has been established by quite a 
number of diff*,rent methods (cf. gefs. 14 and 20). 
Since the cholesterol OH-group is positioned below the 
layer of -P-N ÷ d~poles, the absence of any effects on 
the phospho~us ,rod the o-CH 2 choline segment is 
easily explaimtt. 



The similarity of the 2H- and 3'P-NMR spectra of 
stigmastanol and cholesterol suggests a similar average 
position for stigmastanol in the lipid matrix. Again the 
stcrol ring is buried in the hydrocarbon region of the 
m,:n~brane whereas the hydroxyl group must be an- 
chored ,;ear the fatty acid carbonyls. Stigmastanol has 
a smaller effc~:: on the hydrocarbon chain ordering 
than cholesterol, a finding whirl, is i~ agreement with 
related studies on precursors and derivatives of choles- 
terol [21.-23]. Among all steroids investigated, choles- 
terol c~:erts the largest stiffening effect on the mem- 
brane fatty acy! chains. Measured in terms of quad- 
rupole splittings, the maximum stiffening effect of stig- 
mastanol is only 50% of that of cholesterol. 

The 2H- and 3ZP-NMR data obtained for ST-PC 
suggest a different membrane location for this 
molecule. The -P-N + dipole of the PC headgroup 
appears to be sufficiently polar to anchor the molecule 
in the surface layer ot the phospholipid -P-N + dipoles. 
The sterot ring of ST-PC is thus hindered in penett'at- 
ing deeply into the hydrophobic region. This is in 
agreement with the deuterium NMR s~ctra  of the 
c~s-double bonds of DOPC which remain virtually con- 
stant upon addition of ST-PC. On the other hand, the 
-P-N + dipole of ST.PC induces a conformational 
change of the neighboring phospholipid headgroups. 
The observed variations of the PC hcadgroup splittings 
(zh,~, decreases, zD a increases with increasing ST-PC) 
are qualitatively similar to those caused by the adsorp- 
tion of positive electric charges to the membrane sur- 
face [24-26]. The molecular mod¢i associated with this 
conformational change is a rotation of the -P-H + 
dipole with its positive end towards the water phase 
([25]; Caniparoli and Sculls, in preparation). Based on 
the analogy with positive electric surface charges we 
ther~:t'o,~ conclude that the addition of ST-PC to a 
POPC bilayer moves the phospholipid -P-N + dipoles 
out of the plan~ of the membrane into the waterphase. 

Due to the adsorption of water molecules at the 
membrane surface but also because of contributions of 
electric dipoles intrinsic to the lipids (headgrc,,ps, 
--C=O, -CH 3) even neutral ohospholipid n,embranes 
are characterized by a distinct dipole potential of 300- 
500 mV ~.membrane interior posith'e, cf. Ref. 27). The 
rotation of the PC headgroup of ST-PC creates a 
dipole component with the opposite polarity (+N end 
further in water phase than PC-  er.d) This headgroup 
dipole potential reduces the intrinsic membrane dipole 
potential which may have functional consequences. 

Two dhtinct differences between ST-PC and true 
surface charges should be pointed out. First, :he varia- 
tion of A% and A,,, a with the ST-PC concentration 
amounts to only 10-20% of what is typically observed 
with hydrophobic ions (cf. R(,'L 26). Second!y, the vari- 
ation a* the/~.segment is larger than that at the a-seg- 
ment (Ava -- --1.5 ,~,~). For positive electric surface 

charges, independent of the chemical nature of the ion, 
the corresponding relation is Ava--- -0.5 Av,. We 
have previously ~tudicd POPC membranes containing 
phloretin as a non-charged, be, strongly dil~dar mem- 
brane component [17]. The eonformational change of 
the PC headgroup was small and irt the same order of 
magnitude as reported here for ST-PC but of opposite 
polarity. The ,8-~plitting was again more affected than 
the ~-splitti~g, indicating that electric dipoles produce 
dfffercm ~ '  ~,..eis at merabrane surfaces than do true 
electric charges. 

Finally. we consider the headgroup of ST-PC itselL 
The characteristic parameters are Jo` = - ! 5  ppm, A% 
-= 10 kHz, and A~,~ = 6 kHz. A comparison with the 
existing literature reveals a close similarity of ST-PC 
with the phosphoeth.onolamine headgroup with /to,-- 
-37.5 ppm, ~v~,= 10.1 kHz, and j v a = 4 . 0  kHz 
(,neasured immediately above the liquid crystalline 
phase transition) [16,28]. Like the PC hcadgroup the 
phosphocthanolaminc headgroup is also extended par- 
allel to the membrane surface as deduced from the 
NMR parameters [28] and confirmed by neutron 
diffraction studies [29]. However, the torsion angles 
ci,aracterizing the rotation around the various single 
bonds are slightly different for PC and PE. Neverthe- 
less, it can be concludeo that the PC headgr.oup has 
sin:liar average orientations in both POPC and ST-PC 
and is oriented essentially parallel to the surface of the 
membrane. 
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