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The ellect of putative cholesterol "precursors' on model nlcmbrancs has been studied by deuterium nuclear magnetic resonance 
(aH.NMR) spectroscopy. Oriented bilayers were prepared from I-myristoyl-2-[2H,7]myristoyl-sn-glyccro-3-phosphocholinc 
(DMPC-dw) and tricyclohexaprcnols or octaprenediols. Order parameter profiles were determined and showed that tricyclo 
hcxaprcnols and octaprcnediols increase the acyl chain order in DMPC bilaycrs, but to a smaller extent than cholesterol. The 
order parameter increases, depending on the chain position, from 5% to 7% in the presence of ditertiary octaprenediol, and 
from 16% to 21% in the presence of tricyclohexaprcnol-Z,Z. Aqueous multilamellar dispersions of DMPC-d,7 and of DMPC-d.~ 7 
containing 30 mol% trieyclohexaprenoi-E,E were prepared, and the first moments calculated from ZH-NMR spectra over the 
temperature range 5-55°C. TricyclohexaprenoI-E,E almost abolishes the phase transition of DMPC. Thus, as predicted, 
tricyclohcxaprcnols and octaprenediols have a cholesterol-like behaviour in lipid membranes; however their effect on the model 
DMPC system is weak. On the contrary, isoarborinol has no effect on the lipid chain order in the liquid-crystalline phase of 
DMPC bilaycrs. -'H-NMR spectra of aqueous dispersions of DMPC-d,7 and 30 mol% isoarborinol between 25 and 60°C showed 
the coexistence of two lamellar phases over a wide temperature rangc, which was confirmed by differential scanning calorimetl~y 
(DSC) and 3~ P-NMR spcetroscopy. This absence of ordering effect of isoarborinol might be related to some inherent structural 
features. 

Introduction 

A general theory of the molecular evolution of 
biomembrane constituents was developed in 1979 by 
Ourisson and co-workers Ill. It was postulated that 
various polyterpenoids could be reinforcers of bacterial 
membranes, and could have the same mechanical role 
in lipid bilayers as cholesterel in eucaryotes. We have 
developed methodologies to study the incorporation 
and the reinforcing effect of these molecules in lipid 
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vesicles; the osmotic swelling oL vesicles al!ows the 
evaluation of the elasticity of bilayers and their water 
permeability [2,3]. We have thus demonstrated that 
a,to-dihydroxylated carotenoids do stabilize DMPC 
model membranes [3,4], as well as bilayers composed 
of the bacterial iipids of Halobacterium [5]. The rein- 
forcing effect of hopanoids has also been shown [6-9]. 

We are now interested in studying the effect of 
other molecules postulated to be phylogenetic precur- 
sors of cholesterol [10] (Fig. l). They are all polyiso- 
prenoids, i.e. they are built from C5 isoprenic units. 
Tricyciohexaprenols I and 2 and isoarborinol 5 have 
the molecular dimensions, amphiphilic nature and par- 
tial rigidity which could make them good surrogates of 
cholesterol. TricyclohexaprenoI-E,E 1 and tricyclo- 
hexaprenoI-Z,Z 2 could be the products of a simple 
cyclization of hexaprenols. Isoarborinol 5 may be 
viewed as an intermediate structure between hopanoids 
and lanosterol, a precursor of sterols. Octaprenediols 3 
and 4 could be a,to-dihydroxylated carotenoid surro- 
gates, with their molecular dimensions and amphiphilic 
nature. The ditertiary oetaprenediol 4 may b~ the 
product of an acid-catalyzed hydration of the tail-to-tail 
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Fig. I, Structure of tile 'cholesterol precursors' ,,tudicd: i, tricy¢lo- 
hcxaprcnol-I',',E; 2, tricyclollcxaprcnoI-Z,Z; 3, diprimary octaprcnco 

diol; 4, tlitcrtii~ry octaprcncdiol; 5, isoarborinol. 

dimerization product of gcranyigeraniol. The diprimary 
oetaprenediol 3 could be obtained by the head-to-head 
dimerization of geranylgeranioi, a reaction that could 
be the first step of the biosynthesis leading to archae- 
bacterial C4, lipids. Compound 4 would still require 
dehydrogenations to become a carotenoid, and com- 
pound 3 would require hydrogenations to bccome a 
fragment of an archaebacterial lipid. 

Recently, wc have shown that two of the,,~e 
molecules, tricyclohexaprcnol-E,E I and the ditertiary 
octaprenediol 4, can act as weak membrane reinforcers 
[11]. They are well incorporated in lipid membranes; 
they do not have a marked effect on the clasticity of 
the bilayer but they do lower the water permeability 
through the membrane. We now intend to gain new 
insights into the effect of such substances on a lipid 
membrane and to compare in more detail all these 
postulated cholesterol precursors. 'H-NMR provides 
an excellent method to investigate lipid chain dynamics 
in bilayers [12,13]. By using oriented bilayers, the sensi- 
tivity of this technique is greatly increased [14]. 

The hydrocarbon skeletons of tricyciohexaprenols 
and isoarborinoi have been found in sediments, where 
they might originate from microorganisms [15]. How- 
ever, tricyclohexaprenols and octaprenediols are still 
unknown in living organisms, lsoarborinol is present in 
small amounts in a few higher plants [16], but has 
never been identified in bacteria. Thus, the choice of 
phospholipids to be used for mt:morane :,t~adies is 
largely arbitrary. We decided to study all these 
"cholesterol precursors' in l-myristoyl-2-[ 2H27]myris- 
toyi-sn-glycero-3-phosphocholine (DMPC-d27); we have 
already used extensively DMPC with various mem- 
brane reinforcers, which will allow us to compare all 
these substances in the same model system. 

Experimental 

Materials 
The tricyclohexaprenols werc a gift from Dr. D. 

Heissler [15]. Octaprenediols were a gift from Dr. B. 
Chappe [17]. Isoarborinol e..,etate was a gift from Prof. 
S. Natori. it was hydrolyzed with potassium hydroxide 
in l-propanoi/water (10: 1, v/v). lsoarborinol was re- 
crystallized from chloroform/ethanol. 

2-Lysomyristoyiphosphatidylcho!ine w~s purchased 
from Sigma. Deuterium-depleted water and 4-pyrroli- 
dinopyridine were purchased from Aldrich. 

Synthesis of I-myristoyl-2-/ "H e r ]myristo),l-sn-glycero-3- 
phosphocholine (DMPC-d , r) 

Perdeuterated myristic acid was preparcd by cat- 
alytic exchange with D,O as previously described [18]. 
Thc deuteration level was 98% as measured by mass 
spectroscopy. DMPC-d,7 was synthesized by ~lcyl~ltion 
of 2.1ysomyristoylphosphatidylcholine by [-' H .~,~ ]myristic 
anhydride in presence of 4-pyrrolidinopyridine as de- 
scribed by Perly et al. [19]. DMPC-d~7 was chromato- 
graphed on silica gel and further purificd by HPLC 
(Waters) on a silica gel column packed with Partisil 1(} 
(25(} × 9.4 ram) from Whatman. The mobile phase ,:oii- 
sisted of a gradient of hcxane/2-propanol/water, from 
39:52 : 6 (by vol.) to 39:52:8.5 (by vol.). The flow rate 
was 3 ml/min. The purity of DMPC-d27 was checked 
by TLC on F2.~ 4 silica gel plates (0.25 mm thick from 
Merck; eluent: chloroform/mcthanol/water (6" 8 "0.4, 
v/v). 

IH-NMR (21}{I MHz, CDCI3): ~ 5.19 (m, IH, gl:/c- 
crol CH), 4.41} and 4.12 (m, 2H, glycerol CH,OC'J) ,  
4.36 (m, 2H, choline CH2OP), 3.97 (m, 2H, gly .'rol 
CH,OP), 3.88 (m, 2H, 
3.11 (broad, residual H 
(m, 2H, CH 2CH :CO), 
3H, CH 3 .)7-- 

MS (FAB +): re~z, 

CH:N),  3.39 (s, 9H, N(CH3)3), 
20), 2.28 (m, 2H, CH 2CO), 1.57 
i.25 (m, 20H, (CH2),), I).87 (t, 

705.6 (MH+), 224.1; ( F A B )  
m/z ,  689.6 (M-CH~) ,  644.5, 618.5, 254.3 (perdcu- 
tcratcd acyl chain), 227.2 (non-dcutcrated acyl chain). 

Preparation of NMR sampk, s 
To prepare oriented samples, I() mg of DMPC-d27 

and the appropriate amount of the additive were dis- 
solved in 2-propanol, or in chloroform in the case of 
isoarborinol. The organic solution was applied drop- 
wise on microscope cover glasses (45 to 50 plates, 
2() x (6-9) x I}.15 mm) and dried under vacuum 
overnight. The plates were stacked in a 10-mm (o.d.) 
NMR tube. To hydrate the lipids, about 5(1 p,I of 
deuterium-depleted water was added, and the samples 
were allowed to stay at 35°C at least for 3 h; then the 
tube was sealed. It was shown that a preliminary hydra- 
tion with water vapour at 40°C did not improve the 
quality of the samples. 



Aqueous multihmlelhu" dispersions for :H- or ~'P- 
NMR were prepared as fifllows: DMPC-d27 and the 
additive were dissolved in chl,~roform and tl~e mivent 
was ewlporated. The lipid film was hydrated with 3()() 
#1 of deuterium-depleted water and heated to 40°C 
with vortex-mixing to homogeneity. Tt, e sample was 
then lyophilizcd and rehydrated. This procedure was 
repeated twice in the case of DMPC-d27 + 31) tool% 
isoarborimfl to obtain a honaogeneous dispersion. The 
liposomcs wcrc transferred to a 5-ram (o.d.) NMR 
tube. 

NMR ,sTmctroscoi~y 
All NMR measurements were can'ried otnt on a 

13rukcr MSL-3()() spectrometen'; 211 s p e c t r a  were 
recorded at 46.053 MHz with the quadn'upolar echo 
sequence: 9()~-t-9{),-r-acquire, with t = 25 p.s and a 0() ° 
pulse of about 7 #s (1(| mm coil) m 4/as  (5 mm coil). 
The recycle time was I s unless otherwise stated. A 
spectral width of 25() kHz was u.,;c~', for oriented sam- 
pies, and of 500 kHz for liposomes. 

The observed quadrupolar splitling ol' a C-D bond 
having an axially symmetric motion is given by: 

Al't, = (3/2) ' (e:qQ/h) 'S t • I)'(3 cm:O- I)/2 

with: eeqQ/h the static quadrupolar coupling constant 
(168 kHz for aliphatic C-D bond), St..]) the C-D bond 
order parameter and O the angle between the symme- 
try axis for the motion and the magnetic field directkm. 

it has been shown that the bilayer ]mrmai is the 
dh'cctor of motional averaging for ]ipids in various 
memeJranes, especially in DMPC bilayers [20]. in these 
experiments the bilayer normal was set perpendicular 
to the magnetic field (0 = 9()°), by positioning nlantnally 
the NMR-tube into the probe. The estimated accuracy 
of the anguhir settings was +2 ° as determined by 
multiple settings of the 90 ° orientation. 

A segmental order p : l r a n l e t e r  S,,,,,i can be assigned 
to each labelled position and is expressed as [12,21]: 
S I i , ¢ / [  " -"  - -  2 S(..:nn for the methylene groups, 
S,,,,,~ = - 6  St...j~ for the terminal methyl group. 

First moments ( M , ) o f  the 2H-NMR spectra were 
calculated using the expression: 

M I = [ . ,  f (  ,o ) tl,,, f (  ~ ) d to 
) " i '  

where j'(w)is the spatial intensity at fl'¢quency to. 
3~p spectra were obtained at 121.496 MHz, using a 

Hahn echo pulse sequence and inverse gated broad- 
band proton decoupling {decoupling power: 7 W). The 
pulse spacings in ~he echo sequence were 50 ms, with a 
9{) ° pulse of 1{).7 /.ts; the recycle time was 3 s. A 
spectral width of 50 kHz was used. 
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Differemial seam#rig calorimem., (DSC) 
DS(" measurements were performed on a Perkin- 

Elmer DSC-4 instrtnment. The heating rate was ().2 
C°/min over the temperature range of Itl°C to 6()°C. 

Results 

:tt-NMR spulies of tricvclohexaprenols and octaprem, tfi- 
ols hz DMPC-d :7 bihtyers 

The tricych)hcxaprenoI-E,E and the ditertiary ac- 
taprenediol can be incorporated into lipid bilayers in 
high concentration: respectively 30 tool% in DMPC 
and 25 tool% in the pohlr lipids ,)f ltalohacterium 
halol)ium [I !]. These inc(,'poration ratios were used to 
pn'epare the oriented samples, i.e. to DMPC-d27 was 
added either 30 111o1% of tricyclollexaprermI-E,E, or 
-Z,Z, or 25 tool% of the diterliary or diprimary o¢- 
taprenediol. Fig. 2 slmws the 21-I spectra of these 
systems ;it 400( ", compared to the spectrum of pure 
I)MP('-d27 bilayers, i! must be pointed OUt that ori- 
ented samples allow a good resolulion of the !abeiled 
positions along the phospholipid chain, and thal a good 
signal-to-noise ratio is obtained with a moderate num- 
ber of transients, although the amount of DMPC-d27 is 
small. 

Order parameter profiles are plotted in Fig. 3. The 
peak assigments of the oriented spectra were made on 
the basis of peak intensity and on the assumption that 
S,,,,~ decreases monotonically from position 3 to the 
terminal methyl group as is the ca~;e in pure I)MPC 

,'%, , ~ ~LAj I R 
................ ,' v ~ J % J k . J k ~ ,  

j,/ C 

. . . . . . . . . . . . . . . . . . . . . . . . . .  r ; T 

10 -10 
kHz 

Fig. 2. 211-NMR spectra of 90" oriented multibilayers of: A. DMP('- 
d27; B. DMPC-d:7 + 31) tool% tricydohexapren(fl-Z.Z; ('. DMP('-d27 
+ 311 mole/~ trieyclohexaprenol-E.E; D, l)MI)C-d27 + 25 mol:J dipri- 
mary octaprenediol; E, DMPC-d:7 + 25 mol~ dilerliary o¢laprellC- 

{v • 
diol. Number of scans, 120110: recycle time, I s: lemperalurc. 4 I ( .  
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Fig, 3. ()='tier parameter profiles fi~r the various systems: e, I)MP('- 
d~  +3(| molq; tricyclohexaprcnoI-Z,Z; +, I)MP('-d:7 +30 mol"~; 
tricyclohcxaprenol.l,:,l-: o ,  I)MPC'.d,~ + 25 mol~'~ diprimary oc- 

taprcncdiol; l i ,  DMP('-d,7 + 25 rooF:; dilcrtiary oclaprcncdiol: c), 
DMPC-d=.7, The segmental order parameter S,.,,i wits calcuhttcd 

fron) the spcctl'a of the q(|" oriented multibihtycrs at 40°( ". 

bilayers [12,22]. All the products studied have a weak 
ordering effect on DMPC bilayers : the presence of any 
of these 'cholesterol precursors' increases S,,,,,~ for all 
the positions along the chain, in the sequence tricyclo- 
hexaprenoI-Z,Z > tricyciohexaprenoI-E,E > diprimary 
octaprencdiol > ditcrtiary octaprenediol. Nevertheless, 
their effect is much smaller than that of cholesterol 
[22,23]: the order of the plateau region is increased by 
7% by the ditertiary octaprenediol, and by 16% by the 
tricyclohexaprenol.Z,Z whereas S,,., I of the terminal 
methyl group increases by 5¢,~ to 21% Ior the same 
products. When incorporated at 30 rooFS,, cholesterol 
increases S,,,~ by 78% to 13{|% for the plateau region 
and the terminal methyl group, respectively [23]. 

Multilamellar liposomes were prepared from either 
pure DMPC-d27 or DMPC-d.,7 + 30 tool% tricyclo- 
hexaprenoI.E,E in excess deuterium-depleted water, 
and their "H-NMR spectra were recorded at various 
temperatures between 5°C and 60°C. Fig. 4 shows the 
thermal variation of the spectral first moment M~ for 
the two systems. DMPC 4,:, presents a marked phase 
transition at T~, = 23°C. below 22°C, spectra are char- 
acteristic of a gel phase whereas, above 25°C, axially 
symmetric powder spectra are obtained, which indi- 
cates that the DMPC-d,,v bilayers arc in a liquid-crys- 
talline state. M~ follows this course: it decreases slightly 
from 5 to 22°C then drops during the phase transition 
by about a factor 2, and finally decreases with a weak 
slope. The presence of tricyclohexaprenol-E,E in the 
bilayers almost abolishes the phase transition and in- 
duces a gradual gel to liquid-,'~,~tal evolution. The 
liquid-crystalline bilayers show higher values of M n 

than the pure DMPC-d27 bilayers: this indicates that 
tricyelohexaprenol-E,E increases the order of lipid 
chains, as M n of an axially symmetric -~H-NMR powder 
pattern spectrum is proportional to the mean 
quadrupolar splitting [13]. in the gel phase, the M n 
value for DMPC-d_~ 7 + 30 mol% tricyclohexaprenol-E, E 
is smaller than fi~r pure DMPC-d:7; this indicates a 
perturbation of the lipid chain packing, which results in 
a very gradual transition toward the liquid-crystalline 
state with increasing temperature. This behaviour is 
similar to that observed for various phospholipid- 
cholesterol systems (see for example, Ref. 24, for a 
detailed study of DPP('-d~,2-cholcsterol mixtures) with 
the already mentioned difference that cholesterol in- 
creases much more efficiently the order of lipid chains 
in the fluid phase, and abolishes the phase transition to 
a greater extent. 

DMPC-d., 7 + 30 tool% isoarborinol 
Because of the small amount of this compound 

available to tts (15 rag), we studied directly systems 
containing high molar ratio (30 tool%) of isoarborinol 
in DMPC-d, 7, with the intent to observe the maximum 
effect, if any, of this product on bilaycrs. Oriented 
bilaycrs were prepared following the procedure ah'eady 
described, and a : H-NM R spectrum was recorded (data 
not shown). It appeared that the phospholipids were 
poorly oriented, and the powder type spectrum pre- 
sented nearly the same quadrupolar splittings as pure 
DMPC-d:7. 

As it could be possible that isoarborinol formed 
precipitates excluded from the phospholipid bilayers, 
aqueous multilamellar dispersions containing 3(1 mol% 

4 

N 

f f  10 

6 

0 60  10 20  30  40  50  

Temperature, °C 
Fig. 4. Variation of the first moment M u with temperature for 
liposomes of: ©, DMPC-d:7: e, DMPC-d27+30 mol% tricyclo- 

hexaprenoI-E, E. 
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isoarborinol in DMPC-d27 were prepared in an at- 
tempt to optimize the mixing of both products. DSC 
measurements done with these liposomes showed a 
very broad and dissymmetrical transition, with an onset 
temperalure of 14°C, a maximum at 20°C, and a com- 
pletion temperature of about 42°C. No sharp peak at 
23°C could be detected. This demonstrates that there is 
an effective mixing between isoarborinol and DMPC- 
d ,  7 and at least a partial miscibility below the phase 
transition. 

• ~P-NMR spectra were obtained as a function of 
temperature. Fig. 5B shows the proton-decoupled 3~p 
spectrum of DMPC-d_,7+30 mol% isoarborinol at 
25°C. it is identical with the spectrum of pure DMPC 
at 30°C (Fig. 5A), i.e. it is an axially symmetrical 
spectrum characteristic of a lamellar organization of 
phospholipids, with a chemical shil't anisotropy A~r = 46 

ppm (measured as the frequency separation between 
the nlain peak and the low-field shoulder) and an 
estimated lincwidth at hail-height o1" 500 Hz. Similar 
spectra were obtained at 40°C and 61)°C for ~hc 
DMPC-isoarborinol liposomes, with A{r slightly de- 
creasing to 42 ppm at 60°C. 

Deuterium NMR spectra of the same liposomes 
were recorded as a function of temperature between 
25°C and 60°C, and are shown in Fig. 6. The most 
striking feature of tile spectrum at 25°C (F'ig. 6a) !s the 
occurrence of two distinct superimposed patterns. The 

a 25°C  

e / d~ ~ 4 3 ° C  

A 

5 kHz 
I I 

Fig. 5. Prolon-decoupled 31P-NMR specha of mullilamellar disper- 
sions of: A, DMPC-d27 1251) mg) at 31)°C: B, DMPC-~30 mol% 
isoarborinol (25 mg DMPC-d27) al 25°C. Number of scans, 300 for 

(A), 1200 for (B): recycle time, 3,s, iinc broadening, 150 Hz. 

m l  

' ' C) ' 4'0 40  
kHz 

Fig. 6. "Femperalure-dependenl 2tt-NMR speclra of liposomes of 
DMPC-d,? + 31) mol~A, isoarborinol. Number of scans: %01) for a, b, 
c, e, L 5801)0 for d, 4hOt) for g and 2100 for h; recycle lime, 51)1) ms: 

line broadening, 150 llz. 

first one has a narrow central doublet (splitting--5.2 
kHz) and edges split by 32.5 kHz. The wider pattern 
shows a central doublet (splitting = 10.3 kHz) and edges 
split apart by 55 kHz. This wide pattern progressively 
disappears witi~ increasing temperatures: at 30°C the 



218 

position of the central doublet and of the edges can 
still be clearly identified (splittings 8.7 and 50 kHz, 
respectively), but from 34°C to 50°C these components 
appear as shoulders in the main spectrum. At 55°C and 
60°C, the spectra are characteristic of a single liquid 
crystalline phase. 

This complex thermal behaviour of isoarborinof 
DMPC-d., 7 mixtures will be discussed in more detail in 
the next section. 

Discussion 

The results obtained from -'H-NMR spectra of ori- 
ented bilayers show that tricyclohexaprenols and oc- 
taprenediols are completely miscible with DMPC, and 
have an ordering effect on the lipid chains. This effect 
is very weak for the ditertiat3, octaprenediol, as S.,,.,~ 
increases only by 5 to 8% depending on the carbon 
atom position, whereas it is slightly higher fl~r the 
diprimary octaprenediol, as S,,,,~ increases by !1| to 
13%. Octaprenediois could be considered as weak sur- 
rogates of a,~o-dihydroxylated carotenoids, which have 
been shown to reinforce membranes like transmem- 
brane 'rivets' [2,3]. However, octaprenediols do not 
have a rigid structure, contrary to carotenoids. Our 
previous study of the ditertiary octaprenediol [I !] as 
well as results obtained with the diprimary diol (unpub- 
lished results) indicate that both compounds lower the 
water permeability of bilayers, but less efficiently than 
carotenoids in the same bacterial lipid membrane. The 
present 'H-NMR study shows that octaprenediols do 
not order lipid chains significantly more than C,.  re- 
lated molecules, phytol and phytanic acid. Cushlcy and 
co-workers have indeed demonstrated that phytol or 
phytanic acid, incorporated at 21t mol~ in a mixture of 
I-palmitoyl-2.[-' H,a~]palmitoylphosphatidylcholine and 
I-stcaroyl-2-["H.a~]palmitoylphosphatidylcholine, in- 
crease the mean order parameter by 9% [25]. 

The weak effect of octaprenediols could indicate 
that they do not act as transmembrane 'rivets'. On the 
contrary, because of their flexibility they could adopt 
various conformations in bilayers. For instance both of 
their hydroxyl groups could be on the same side of the 
membrane (U-shaped conformation). The hydrophobic 
parts of octaprenediols are either primary or tertiary 
alcohols, i.e. groups of weak polarity compared to 
usual phospholipid polar heads. Such groups could 
even be embedded in part in the hydrophobic core of 
the lipid bilayer. The chain could then adopt a helical 
conformation, which seems to be of low energy, as seen 
by molecular modelling (Milon, A., unpublished data). 
it has indeed been shown that in C.,,, archaebacterial 
lipids which possess glycerol at one or both polar heads 
(like di(bisphytanyl) diglyceryl tetraether), the glycerol 
head groups are partly soluble in the hydrocarbon 
matrix [261. 

The occurrence of various contbrmations in the 
membrane could account for the observed difference 
between the two diols. As a tertial'y alcohol is less 
polar than a primary alcohol, arrangements with one or 
both heads in the lipidic phase could be made easier, 
thus leading to the very weak ordering effect of the 
ditertiary dioi, which is smaller than that of the dipri- 
mary diol. 

In contrast, tricyc!ol~exaprenols are molecules that 
possess a rigid tricyclic part and dimensions similar to 
those of cholesterol. However, the hydroxyl group is 
attached to the flexible part of these molecules, whereas 
it is attached to the rigid tetracyclic part of cholesterol. 
This situation can bc compared with that of hopanoids. 
The present work shows that tricyclohcxaprenols in- 
crease significantly the order of lipid chains, though to 
a smaller extent than cholesterol. Their effect can be 
compared to that of ce-tocophcrol [27]; whq:n incorpo- 
rated at 211 mol¢~ in lecithin bilayers, this substance 
increases the mean order parameter by 17C~. Depend- 
ing on the carbon atonl position, the segn)ental order 
parameter of DMPC-d27 bilayers containing 30 molU 
of tricyclohcxaprenoI-E,E increases by 12 to I~)C~, and 
with 30 molC~ of the Z,Z  isomer it increases by 16 to 
24¢~. 

The influence of tricyclohexaprcnoI-E,E on the 
phase transition ol' I)MPC-d.,7 is similar not only to 
that of cholesterol (vide infra) but also to what is 
observed in phytol-, phytanic acid- or t~-tocopherol- 
lecithin mixtures [25,27]. All these substances, because 
of their bulky structure, perturb the phospholipid pack- 
ing in tile gel phase, but tilcy do increase the order of 
the acyl chains in the fluid phase. 

Such a behaviour of polycyclic or branched am- 
phiphiles is radically different from what is observed 
for linear molecules like palmitic acid or tetradecanol 
[28,2t~1. Both have been shown to broaden and shift the 
phase transition of the host phospholipids to markedly 
higher temperatures. This demonstrates that these 
molecules stabilize the gel phase of phospholipids. In 
the liquid crystalline phase, tctradecanol at 33 tool% 
has no ordering effect on DMPC bilayers [2t/1. whereas 
palmitic acid, incorporated at 211 moi¢~.,increascs the 
average order parameter of DPPC-d,, by l(|C,,;. [28]. 
Finally, it must be mentioned that long-chain polyiso- 
prenols, i.e. Css undecaprenol or C,~ s dolichoi, seem to 
induce non-bilayer organization of phospholipids when 
incorporated into egg lecithin vesicles, as monitored by 
-'H-NMR and 31p-NMR [3(I]. 

As a conclusion, it appears that tricyclohexaprenols 
and octaprenediols can be considered as genuine 
"cholesterol surrogates', as their behaviour toward the 
water permeability of vesicles [11], the order parameter 
of lipid chains and the phase transition is cholesterol- 
like. However, it is now clear that these substances are 
not very efficient in ordering the lipid chains, at least 



"~19 

in our model systems. If tricyclohexaprenols are con- 
stituents of very primitive bacteria, they are adapted to 
the (unknown) structures of the polar lipids of these 
bacteria; their lew efficiency with DMPC bilayers may 
then be duc to a misfit with this cukaryotic phospho- 
lipid. This illustrates the difficulty in quantifying the 
structural requirements that make - or not - a 
molecule a good membrane reinforcer. 

The case of isoarborinol differs radically from the 
previous molecules, ;is it :~hows a complex thermal 
behaviour when mixed with DMPC-d., 7. The existence 
of two different -'H-NMR patterns at 25°C (Fig. 6a) 
must c.iginate from at least two phases which differ in 
their isoarborinol: DMPC ratio but which arc both 
lamelhu', as seen by the SIp-NMR spectrum at 25°( 7 
(Fig. 5A). However, it is not possible to know whether 
both phases are in a liquid-crystalline slate or not on 
the basis of aip-NMR alone, ;.is Cullis el ai. have 
clearly shown that the effective chemical s;llift 
anisolropy ..ltr is rehltively insensitive to the occur- 
rcncc of a phase transition between gel and liquid 
crystal [31,32]. These two phases, that coexist fronl 
25°C to 511°C, tire in slow exchange with respect to the 
-'H-NMR time-scale, and thus lead to distinct NMR 
signals. The wide NMR pattern presents splittings simi- 
hir to pure DMPC-tl, 7 in the gel phase just below the 
phase transition: the terminal methyl groups give a 
well-resolved doublet (splitting: I11 kHz in pure 
DMPC-d27 at 22°C), whereas the broad shoulders are 
characteristic of an asymmetric powder pattern (data 
not shown), in the DMPC-isoarborinol mixture this gel 
phase, wliich has probably a low content of isoarbori- 
nol, progressively disappears with increasing tempera- 
ture in favour ~lt" an isoarborinol-rich liquid crystalline 
phase, that shows a typical axially symmetric powder 

50  pattern. The existence of a single phase above , 11 C 
leads to an increased sensitivity of the NMR signal, as 
can be seen by the signal-to-noise ratio obtained at 
60°C (Fig. 6h) with 21(111 transients which is similar to 
the one obtained at 25°C (Fig. 6a) with 961111 transients. 
The low sensitivity below 5(I°C is probably responsible 

• ) ' for the appearance of an isotr~ pie signal (due to resid- 
ual HDO). However. the existence of a small amount 
of another phase which could explain this signal cannot 
be excluded. 

The stabilization of the gel phase well above the 
phase transition temperature of DMPC-d27 was com- 
pletely unexpected from such a bulky molecule. Such a 
behaviour has been observed for DPPC-dsl/palmitic 
acid mixtures, for which very similar spectra have been 
reported [28]. 

The isoarborinol-rich fluid phase has the same mean 
quadrupolar splitting as pure DMPC-d27, as the first 
moments of both systems are similar above 511°C (M~ = 
4.5 • 1(14 Hz for both at 55°C). This demonstrates that, 
even at high temperature where..., it is. r,,vv,,......, ,,,,.,,.,,-,,,.';"";r'v" with 

DMPC, isoarborinol has no ordering effect on the lipid 
chains and thus cannot bc considered as a cholesterol 
surrogate, at least in DMPC membranes. 

The example of isoarborinol clearly demonstrates 
that a rigid substance, the structure of which is close to 
sterols, may not order at all lipid chains in a mcm- 
brane. In this case, the numerous studies concerning 
sterols are very helpful in understanding such a result 
(see Rcf. 33 for a review), it has been well established 
that the presence of the 14a-mcthyi group in the 
lanosterol structure is the most crucial point that makes 
this molecule inefficient in membranes. This 14a- 
methyl protrudes from the sterol a-fiice and hinders 
the interaction with the adjacent acyl chains of phos- 
pholipids. Although isoarborinol is a pcntacyclic 
molecule, its general shape is conlparable to thai of 
hulosterol, as seen by X-ray crystallography [34]. 
Therefore, the same argunlcnts concerning the 14a- 
methyl group may apply to this inoleculc. Moreover, 
isoarboririol is shorter thari cholesterol or lariost,,,',,! 
[34], which could also ¢);plair~ its absence of effect on 
chains mobility. 
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