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Abstract 

In this study we have characterized the monolayer behavior of analogues of cholesterol having different side-chain structures 
and their interaction with phosphatidylcholines in mixed monolayers and small unilamellar vesicles (SUVs). Two series of 
side-chain analogues of cholesterol were synthesized, one with an unbranched side chain (the n-series, from 3 to 7 carbons in 
length), and the other with a single methyl-branched side chain (the iso-series, from 5 to 10 carbons in length). The length and 
conformation of the sterol side chain markedly influenced both the mean molecular area of the pure sterols and their monolayer 
stability (i.e., collapse pressure). Shorter side chains gave smaller mean molecular areas and decreased monolayer stability. Thc 
sterols from the n-series also had smaller mean molecular areas than the corresponding sterols in the iso-series. In mixed 
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/sterol monolayers (equimolar ratio; at 22°C), all of the sterols tested 
decreased the monolayer stability as judged by the lower collapse pressure with sterol than without sterol. A similar trend was 
observed in mixed monolayers containing 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC), except that sterols from the 
iso-series with a chain length of 8 or 10 carbon atoms actually stabilized the monolayer compared with the sterol-free SOPC 
monolayer. The ability of the sterols to condense the molecular packing of DPPC was similar with all sterols (3-5% condensation 
at 10 mN/m),  irrespective of the length or structure of the side chain. 5-Androsten-3/3-ol, however, which lacks the side chain, 
did not at all condense the monolayer packing of DPPC. With SOPC mixed monolayers, all side chain containing sterols caused a 
18-20% condensation (at 10 mN/m)  of monolayer packing. The condensing effect of 5-androsten-3/3-ol on SOPC packing was 
again much smaller (about 10%) compared with that of the side-chain sterols. The rate of sterol oxidation by cholesterol oxidase 
(at 37°C) in DPPC-containing SUVs increased as a function of increasing the side-chain length (iso-series). With sterols from the 
n-series, the same trend was seen, except that the n-C7 analogue was oxidized much slower than the n-C4, n-C5, and n-C6 
analogues. With SOPC SUVs, a similar side-chain dependent oxidation pattern was observed. Our results support and extend 
previous knowledge about the importance of the sterol side chain in determining sterol-sterol and sterol-phospholipid 
interactions, both in mono- and bilayers. 
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1. Introduct ion 

Cholesterol  is an ubiquitous structural and func- 
tional componen t  of  most  eukaryotic  plasma mem- 
branes.  The  structure of  cholesterol  has most  likely 
evolved in order  to allow for an optimal interaction of  
the sterol with various phospholipids and proteins in 
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the membranes  [1,2]. The  tetracyclic ring structure 
gives the cholesterol molecule its necessary rigidity, 
whereas the 3/3-hydroxy group provides an important  
amphiphilic function [2]. In addition, cholesterol has an 
eight-carbon branched  side chain, which may give the 
molecule unique properties.  It is well known that  
cholesterol,  bearing the isooctyl side chain at C-17, can 
reduce  the solute permeabil i ty of  phosphat idylcholine 
(PC) liposomes, whereas  a sterol analogue lacking a 
side chain (5-androsten-3/3-ol) cannot  [3]. The  effect of  
cholesterol on the order  pa ramete r  in phospholipid 
bilayers is also very dependen t  on the isooctyl side 
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chain, since both shorter and longer side-chain-con- 
taining sterols are less effective as rigidifiers than 
cholesterol [4-6]. The side-chain structure of a sterol 
has further been shown to markedly affect the rate of 
intestinal absorption [7-9]. Although the mechanistic 
explanation for the effects of the side-chain structure 
on rates of sterol absorption is still unresolved, Kan 
and Bittman [10] have shown that the rate of sitosterol 
desorption from PC bilayers is markedly lower than 
that of cholesterol. Furthermore,  the side-chain struc- 
ture of the sterol affects the rate of transbilayer move- 
ment across the membrane bilayer of growing my- 
coplasma cells [11]. The rates of interactions of sterols 
with the polyene antibiotics amphotericin B and filipin 
in SUVs were also dependent  on sterol side-chain 
structure [12]. 

However, the effect of cholesterol on the main tran- 
sition enthalpy of a series of PCs was reported to not 
depend on the presence of a side chain, since 5- 
androsten-3/3-ol was equally effective as cholesterol in 
removing the main phase transition of PC in bilayers 
over a similar range of sterol content [13,14]. However, 
infrared studies indicated that the acyl chains of DPPC 
are more disordered in bilayers containing 5-andros- 
ten-3/3-ol than in those containing cholesterol [15]. 
Although monolayer studies have shown that a sterol 
needs a side chain in order to condense the lateral 
packing of PC, the length of the side chain appears to 
be less critical [5]. The aim of this study was to com- 
pare the monolayer stability of various sterol analogues 
with side chains of differing length and structure, both 
in pure and mixed PC-containing monolayers. This 
study also utilized the enzyme cholesterol oxidase as a 
probe for sterol oxidizability in SUVs prepared either 
from saturated (DPPC) or mono-unsaturated (SOPC) 
phospholipids. 

2. Experimental procedures 

Materials. Cholesterol, DPPC, and SOPC were ob- 
tained from Sigma. Each compound gave a single spot 
on thin-layer chromatography, and cholesterol was 
judged to be 99% pure by gas chromatography (see 
below). Cholesterol oxidase (Streptomyces sp.) was ob- 
tained from Calbiochem. The water used was purified 
by reverse osmosis, followed by passage trough a MilliQ 
UF plus purification unit, to give a resistivity of less 
than 15 MJ2/cm. 

Synthesis of sterols with l~arious side chains. All of the 
sterols (see Fig. 1 for the structures of sterols used), 
except the iso-C5 compound, were synthesized using 
the method described by Morisaki et al. [16]. In this 
method,  22-tosyloxybisnorchol-5-en-3/3-ol tetrahy- 
dropyranyl ether (1) was used as the key intermediate. 
The latter was prepared from bisnorcholenic acid by 
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Fig. 1. Structures of the sterols used. The following abbreviations are 
used for the synthetic sterols: n-C3, 20(R)-methyl-5-pregnen-3/3-ol; 
n-C4, 20(R)-ethyl-5-pregnen-3/3-ol; n-C5, 20(R)-n-propyl-5-pregnen- 
3/3-ol; n-C6, 20(R)-n-butyl-5-pregnen-3/3-ol; n-C7, 20(R)-n-pentyl-5- 
pregnen-3/3-ol; iso-C5, 20(R)-isopropyl-5-pregnen-3/3-ol; iso-C6, 
20(R)-isobutyl-5-pregnen-3/3-ol; iso-C7, 20(R)-isopentyl-5-pregnen- 
3/3-ol; iso-C8, 20(R)-isooctyl-5-pregnen-3/3-ol (cholesterol); iso-Cl0, 
20(R)-isoheptyl-5-pregnen-3/3-ol. The number in the code name (e.g., 
iso-C10) refers to the total number of carbon atoms in the group 
attached to C-17 of the sterol. 

THP etherification of the C-3 hydroxyl group, reduc- 
tion of the carboxylic acid group with lithium alu- 
minum hydride in THF and tosylation of the resulting 
primary alcohol. From the 22-tosylate 1, the sterols 
(except the n-C3 and iso-C5 compounds) were ob- 
tained by copper-catalyzed coupling reaction with dif- 
ferent alkylmagnesium bromides in the presence of 
Li2CuCI 4, followed by acid-catalyzed hydrolysis of the 
THP ether (Scheme 1). 

The n-C3 compound was obtained in 96% yield by 
hydrogenolysis of the 22-tosylate using lithium alu- 
minum hydride (Scheme 2). 

The iso-C5 compound was prepared directly from 
bisnorcholenic acid by action of methyllithium to ob- 
tain the methyl ketone, Wittig reaction to yield the 
22-methylene derivative, and specific reduction of the 
side-chain double bond by catalytic hydrogenation 
(Scheme 3). 

The sterols were purified by flash chromatography 
and recrystallization from methanol. All of the com- 
pounds were fully characterized by ~H-NMR spec- 
troscopy. 
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Scheme 3. Synthesis of the iso-C5 sterol via the22-keto intermediate. 
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Scheme 1. Synthesis of sterols via copper-catalyzed Grignard cou- 
pling reaction, a Yields were reported based on bisnorcholenic acid 
as the starting material. 

General procedures. THF was distilled over lithium 
aluminum hydride and stored over type 3A molecular 
sieves. Silica gel TLC plates of a 0.25-mm thickness 
from Analtech, Newark, DE, were used to monitor 
reactions, and compounds were detected by spraying 
with 10% sulfuric acid in ethanol. E. Merck silica gel 
60 (230-400 ASTM mesh) was used for flash chro- 
matography. ~H-NMR spectra were recorded on a 200- 
MHz Brucker spectrometer. 

Assessment of purity. The purity of the synthetic 
sterols was assessed by gas-liquid chromatography on a 
Rtx-1 capillary column (100% dimethyl polysiloxane; 
Restec, PA, USA). The sterols were silylated before 
analysis [17]. The temperature program used was from 
260°C to 280°C at 5C°/min,  the injector temperature 
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Scheme 2. Synthesis of the nn-C3 sterol by hydride displacement of 
the 22-tosylate 1. 

was 260°C, and the FID detector was maintained at 
300°C. All of the synthetic sterols were found to be 
more than 98% pure. 

Quantitation of sterol stock solutions. Stock solutions 
of sterols in hexane/2-propanol  were matched against 
a calibrated cholesterol stock solution by a cholesterol 
oxidase assay, essentially as described by Heider and 
Boyett [18]. 

Force-area isotherms in pure and mixed monolayers. 
Force-a rea  isotherms were determined for pure and 
mixed sterol/phospholipid (DPPC or SOPC) monolay- 
ers using a KSV 3000 Surface Barostat (KSV Instru- 
ments, Helsinki). The isotherms were run in a rectan- 
gular teflon trough (450 mm × 60 mm) on water at 
22°C. Stock solution of the lipids were prepared in 
hexane/2-propanol  (3:2 v/v),  and were stored at 
-20°C.  The lipid solution was spread on the aqueous 
surface, and the monolayer was allowed to stabilize for 
5 min before it was compressed at a barrier speed not 
exceeding 6 ,~2/molecule per min. Data were sampled 
every 2 s. At least two different runs were performed 
at each lipid composition, and the reproducibility was 
better than + 2%. The extent of phospholipid conden- 
sation by the sterols in mixed monolayers was assessed 
and calculated as described previously [19]. 

Preparation of SUVs. Small unilamellar vesicles were 
prepared from different sterols and either DPPC or 
SOPC, dissolved in absolute ethanol, by injection into 
the reaction buffer (Dulbecco's phosphate-buffered 
saline, containing 5 U / m l  of horseradish peroxidase, 
and 0.15 m g /m l  of p-hydroxyphenylacetic acid). The 
sterol/phospholipid molar ratio was 1.25:1. The 
ethanol injection was performed with a spring-loaded 
Hamilton syringe (the speed of the ejection was in the 
order of 0.1 s), and the final ethanol concentration was 
less than 1 vol% in the final SUV preparation. The 
resulting SUV suspension was optically clear, and was 
used 60-90 min after preparation (this time period was 
used to equilibrate the SUV preparations at 37°C). A 
size distribution characterization (using a Malvern laser 
light scattering equipment [20]) of ethanol-injected 
SUV : s indicated that the average diameter was smaller 
than 40 nm in diameter (data not shown). 
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Oxidation of sterol by cholesterol oxidase in SUVs. 
The SUVs containing different sterols and either DPPC 
or SOPC were prepared in a complete reaction buffer 
(Dulbecco's phosphate-buffered saline, 0.15 mg /m l  of 
p-hydroxyphenyl acetic acid, 5 U / m l  of horseradish 
peroxidase) minus cholesterol oxidase. A 1.5-ml aliquot 
(which was kept at 37°C protected from ambient light) 
was transferred to a quartz cuvette, which was in turn 
placed in a Hitachi F2000 spectrofluorometer ther- 
mostatted to 37°C. The excitation wavelength was 325 
nm, and the emission was read at 415 rim. To initiate 
the oxidation, cholesterol oxidase was added to a final 
concentration of 133 mU/ml .  The oxidation reaction 
was followed during a 10-min recording, with continu- 
ous mixing (200 rpm) in the cuvette. The interpretation 
of the resulting oxidation curve is given in Fig. 5. 

3. Results 

Monolayers of pure sterols 
Force-a rea  isotherms or pure sterol analogues were 

obtained on water at 22°C. A typical sterol isotherm 
(e.g., cholesterol) is shown in Fig. 2, and the values 
(i.e., the mean molecular area at zero surface pressure, 
A0; the maximal surface pressure before collapse of 
the monolayer, ~-~; and the equilibrium collapse pres- 
sure observed upon continuous collapse of the mono- 
layer, 7r~2) derived from the various isotherms are 
defined in this Figure. The A 0 values for each sterol 
are given in Table 1. It can generally be noted that the 
A 0 value is smaller for sterols with shorter side chains 
compared with those having longer side chains. It also 
appeared that the branched side-chain analogues (iso- 
series) were larger than the unbranched side-chain 
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Fig. 2. Force-area isotherm of cholesterol. Similar force-area 
isotherms were obtained for all of the sterols, and the extracted data 
are presented in Table 1. A 0 is the extrapolated mean molecular 
area ar zero surface pressure. ~el is the maximal obtainable surface 
pressure, at which the monolayer starts to collapse, whereas ~r~2 is 
the equilibrium collapse pressure, upon continued compression of 
the monolayer. 

Table 1 

Monolayer characteristics of sterols containing various side chains 

Side chain A 0 ~cl ~c2 A 

length (,~2), ( m N / m )  b ( m N / m )  c d 

40.7 47 38 9 
4O.2 49 44 5 

iso-C10 
iso-C8 
(cholesterol 
iso-C7 
n-C7 
iso-C6 
n-C6 
iso-C5 
n-C5 
n-C4 
n-C3 
H 

40.8 47 39 8 
39.9 43 34 9 
41.7 48 35 13 
40.2 44 34 l0 
41.6 41 23 18 
38.3 43 31 12 
38.3 41 32 9 
37.8 40 36 4 
38.7 35 35 0 

Force-area isotherms of pure sterols on water at 22°C were collected 
and analyzed as described in Fig. 2. Values are averages of three or 
four different isotherms for each sterol. 
a The limiting mean molecular area at zero surface pressure. 
h Maximal surface pressure before initiation of collapse. 
c Equilibrium collapse pressure. 
d Difference between ~cl and ~c2. 

analogues (n-series): iso-C7 had a 2.25% larger mean 
molecular area than n-C7, iso-C6 was 3.7% larger than 
n-C6, and iso-C5 was 8.6% larger than n-C6. 

All of the sterols displayed fairly condensed iso- 
therms, similar to that shown for cholesterol (Fig. 2), 
with compressibility values below 3 • 10 -3 m / r a N  (data 
not shown). The stability of the compressed monolayer 
was clearly dependent on the conformation and length 
of the sterol side chain (Fig. 3). The maximal surface 
pressure obtained before collapse of the monolayer 
(Tr d)  was highest with analogues having a branched 
side chain longer than or equal to 6 carbons (Fig. 3A). 
With unbranched side chains, the 7rcl value decreased 
almost linearly from side chains of 6 carbons down to 
zero (5-androsten-3/3-ol) (Fig. 3B). The difference be- 
tween 7r~1 and ~-c2 (Tr~z being the equilibrium collapse 
pressure) was also clearly dependent  on the side chain 
(Fig. 3C,D), so that monolayers of a sterol with a 
5-carbon side chain (both iso and n-series) displayed 
the largest difference between ~'~1 and ~'c2. With the n 
analogues, the difference between ~cl and ~~2 de- 
creased with decreasing chain length, and was zero for 
5-androsten-3CJ-ol. It should be observed that the col- 
lapse behavior of monolayers markedly depend on the 
compression rate applied (in our case about 6 
~,2/molecule, min). However, since the different sterol 
monolayers were compressed identically, the observed 
differences in collapse pressures are likely to be due to 
the variation in the molecular structure of the sterols. 

Monolayers of sterols and phospholipids 
Force-a rea  isotherms of mixed sterol/phospholipid 

monolayers were made in order to evaluate the con- 
densing effect of the various sterols on the packing 
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Fig. 3. Monolayer collapse properties of pure sterols at the water /a i r  
interface. The maximal obtainable lateral surface pressure (~'cl as 
defined in Fig. 2) is plotted against the side chain length (the 
iso-series in panel A, and the n-series in panel B). The difference 
between the maximal obtainable lateral surface pressure (~'d) and 
the equilibrium collapse pressure (~'c2) is plotted against the side- 
chain length (panel C for the iso-series, and panel D for the n-series). 
The filled dot represents cholesterol ('iso-C8'). 

Table 3 
Effects of sterol 
monolayers 

side-chain structure on SOPC packing in mixed 

Side chain A 10 mN/m A mix,,) mN/m % Conden- 
length (,~2) a (fit2) b sation ~" 

iso-C 10 40.1 45.9 19.2 
iso-C8 39.2 45.2 19.8 
(cholesterol) 
iso-C7 39.7 45.7 19.3 
n-C7 39.0 45.7 18.8 
iso-C6 41.2 46.9 18.2 
n-C6 39.9 45.2 20.3 
iso-C5 41.0 48.5 15.3 
n-C5 37.9 45.0 19.2 
n-C4 38.0 46.5 16.6 
n-C3 37.4 45.5 18.0 
H 37.8 50.2 9.8 

SOPC 73.5 

Force-area isotherms of pure sterols and SOPC, or mixed (1:1 
molar ratio) sterol and SOPC monolayers were collected on water at 
22°C. The mean molecular area at a surface pressure of 10 m N / m  
was determined for the pure and mixed monolayers, and the % 
condensation was calculated as described under Experimental proce- 
dures. Each value is the average of three or four isotherms. 
a Mean molecular area of the pure compound at 10 m N / m .  
b Mean molecular area of the equimolar s terol /SOPC mixed mono- 
layer at 10 m N / m .  
c Percent condensation relative to an ideal mixture. 

properties of the phospholipid. The results from such 
studies are presented in Table 2. With DPPC-contain- 
ing mixed monolayers (at 50 mol% each of the sterol 

Table 2 
Effects of sterol 
monolayers 

side-chain structure on DPPC packing in mixed 

Side chain Al0rnN/m Amix,10 mN/m % Conden- 
length (,~2) a (,~z) b sation c 

iso-C10 40.1 42.0 3.4 
iso-C8 39.2 41.0 4.8 
(cholesterol) 
iso-C7 39.7 42.0 3.0 
n-C7 39.0 41.0 4.5 
iso-C6 41.2 42.2 4.2 
n-C6 39.9 41.8 3.7 
iso-C5 41.0 43.2 1.7 
n-C5 37.9 40.2 5.2 
n-C4 38.0 40.8 3.9 
n-C3 37.4 40.2 4.6 
H 37.8 42.6 0 

DPPC 46.9 

Force-area isotherms of pure sterols and DPPC, or mixed (1:1 
molar ratio) sterol and DPPC monolayers were collected on water at 
22°C. The mean molecular area at a surface pressure of 10 m N / m  
was determined for the pure and mixed monolayers, and the % 
condensation was calculated as described under Experimental proce- 
dures. Each value is the average of three or four isotherms. 
a Mean molecular area of the pure compound at 10 m N / m .  
b Mean molecular area of the equimolar s terol /DPPC mixed mono- 
layer at 10 m N / m .  
c Percent condensation relative to an ideal mixture. 

and phospholipid), all side-chain-containing sterols dis- 
played the well-known condensing effect (3-5% area 
reduction; values given at 10 mN/m) .  The magnitude 
of the effect was similar with all sterols, except for the 
iso-C5 derivative, which showed a smaller effect than 
the other sterols tested. 5-Androsten-3~-ol, which lacks 
a side chain, had no condensing effect on the packing 
of DPPC in monolayers. 

Similar findings were observed with SOPC mixed 
monolayers (Table 3). The condensing effect of the 
sterols did not differ much (accounting to a 18-20% 
area reduction), except that iso-C5 and n-C4 appeared 
to have a smaller condensing effect than the others. 
Again, 5-androsten-3/3-ol gave the smallest condensa- 
tion of the packing density of SOPC. 

The influence of the sterol side chain on monolayer 
stability was also examined in mixed monolayers con- 
taining equimolar amounts of one of the sterols and 
either DPPC or SOPC. The degree of monolayer sta- 
bility was assessed from the collapse pressure of the 
monolayer. In mixed monolayers, only one collapse 
pressure was observed (corresponding to ~'cl), since the 
maximal obtainable lateral surface pressure at collapse 
was also the equilibrium collapse pressure (curve not 
shown). The variation of the collapse pressure versus 
side-chain length is given in Fig. 4. The collapse pres- 
sure of mixed monolayers containing sterols and DPPC 
was in all cases lower than the collapse pressure of the 
pure DPPC monolayer (dashed line in Fig. 4A,B). 
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Further, both with the iso and n-series, the collapse 
pressure decreased with decreasing side-chain length. 
The collapse pressure in equimolar mixed monolayers 
was always higher than the 'Wcl observed in pure sterol 
monolayers, indicating that the sterols were miscible in 
the phospholipid environment at this concentration. 

In SOPC mixed monolayers, the collapse pressure 
was also a function of sterol side-chain length, so that 
the collapse pressure decreased with decreasing side- 
chain length (Fig. 4C, D). The monolayers containing 
iso-C8 (cholesterol) and iso-C10 had slightly but repro- 
ducibly higher collapse pressures than pure SOPC, 
indicating that these sterols appeared to stabilize the 
monolayer compared with the pure SOPC monolayer. 

Oxidation of sterols in phospholipid SUVs 
In order to determine the degree of sterol-phospho- 
lipid interaction in SUVs, cholesterol oxidase was used 
as a probe. The activity of this enzyme at the water/ 
lipid interface is markedly affected by the degree of 
lipid packing density (and consequently surface pres- 
sure) of the substrate-containing membrane [19,21]. It 
has been postulated that the desorption of the sub- 
strate molecule from the membrane to the active site 
of the enzyme is the major rate-limiting step in the 
conversion of a 3/%AS-sterol to its 3-keto-A 4 product 
[22]. Since this desorption step is thought to be influ- 
enced by packing density and molecular interactions 
(i.e., sterol-sterol or sterol-phospholipid), the choles- 
terol oxidase reaction appears to be a good tool to 
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phospholipid, respectively) were obtained, and values are plotted 
against the side-chain length (the iso-series in panels A and C, and 
the n-series in panels B and D, for DPPC (A and B) and SOPC (C 
and D), respectively). 
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Fig. 5. Oxidation profile of a sterol in phospholipid (e.g., SOPC) 
vesicles. Vesicles of either DPPC or SOPC were prepared to contain 
125 nmol sterol per 100 nmol phospholipid. A total of 125 nmol 
sterol per ml of buffer was oxidized at 37°C by 133 m U / m l  choles- 
terol oxidase. The extracted data are presented in Table 4. The 
oxidation rate is given as the (a) tinitial, the time needed to obtain 
maximal oxidation as estimated from the tangent  to the initial rate, 
and (b) ts0 %, the time needed to give 50% of the maximal oxidation 
obtained after a reaction period of 600 s. 

probe for differences in sterol-lipid interactions in 
model membrane systems. 

SUVs containing either DPPC or SOPC (100 
nmol/ml) and one of the side-chain analogues (125 
nmol/ml) were prepared by ethanol injection, and 

Table 4 
Susceptibility of sterols containing various side chains to oxidation by 
cholesterol oxidase in SUVs prepared from either DPPC or SOPC 

Side chain DPPC vesicles a SOPC vesicles 
structure 

tinitia I (S) b ts0 % (S) c t initia I (S) ts0 ~ (S) 

iso-C10 29_+ 5 73_+ 8 36_+ 4 16+ 1 
iso-C8 245-+35 100-+ 5 15-+ 5 15_+ 2 
(cholesterol) 
iso-C7 240_+30 115+ 5 22_+ 3 10_+ 1 
n-C7 260-+10 120-+10 90_+10 55_+ 3 
iso-C6 55_+ 5 65_+ 5 120-+ 5 70+ 5 
n-C6 65+ 5 35+ 5 22_+ 3 17_+ 2 
iso-C5 170_+25 105_+ 10 400-+50 210+30 
n-C5 25_+ 1 45_+ 5 105+ 5 70_+ 5 
n-C4 50_+ 1 65_+ 5 177_+ 3 110_+10 
n-C3 235_+20 145+_15 260_+10 130_+ 5 
H 285_+15 185_+ 5 350+10  210_+20 

Small unilamellar vesicles of 125 n m o l / m l  sterol and 100 n m o l / m l  
phospholipid (either DPPC or SOPC) were prepared by ethanol 
injection (see Experimental procedures) into phosphate-buffered 
saline. The oxidation of sterol in SUVs was performed as described 
under  Experimental procedures. Each value is the average of three 
different experiments,  with at least two different preparations of 
SUVs. 

S t e ro l /DPPC or s t e ro l /SOPC vesicles with a s terol /phosphol ipid 
ratio of  1.25 to 1.0. 
b Reaction time to give maximal oxidation with initial kinetics. 
c Observed reaction time to give 50% of maximal oxidation (see Fig. 
3 and caption for definitions). 
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were equilibrated for 60-90 min before exposure of 
SUVs to cholesterol oxidase. The values collected from 
the oxidation studies are defined in Fig. 5. Based on 
each oxidation curve (collected during a 10-min reac- 
tion period), we calculated the time needed for maxi- 
mal oxidation based on initial r a t e s  ( t i n i t i a l )  , and the 
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Fig. 7. Relative times needed for oxidation of sterols in SOPC SUVs 
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side-chain lengths (panel A for the iso-series and panel B for the 
n-series), whereas the lower panels give the ts0 % values versus 
side-chain length (panel C for the iso-series and panel D for the n 

series). 

actual time needed for half-maximal oxidation (ts0~). 
Generally, the calculated t init ia I and the actual ts0 ~ 
values showed similar trends with regard to the side- 
chain structure (Table 4). With SUVs prepared from 
DPPC, the oxidation time increased with decreasing 
side-chain length, except for the iso-C6 analogue, which 
was oxidized faster than either iso-C7 or iso-C5 (Fig. 6 
A,C). With the analogues of the n-series, compounds 
with 4, 5, and 6 carbons in the side chain were oxidized 
markedly faster than the shorter (3 and zero carbons) 
or the longer (7 carbons) analogues (Fig. 6B,D). With 
SUVs prepared from SOPC, the oxidation susceptibil- 
ity of the sterols followed a similar pattern as described 
for the DPPC SUVs. The oxidation time (both t init ia 1 
and G0%) increased markedly with decreasing side- 
chain length, both with the iso- and the n-analogues 
(Fig. 7A,C and B,D). 

4. Discussion 

In this study we have examined the role of the 
cholesterol side chain in sterol-sterol and sterol-phos- 
pholipid interactions in monolayers and SUVs. As a 
measure of molecular interaction, we determined the 
collapse pressure in pure sterol monolayers (in part a 
measure of sterol-sterol interaction) and mixed phos- 
pholipid-containing monolayers (sterol-phospholipid 
interaction), and the extent of sterol-induced conden- 
sation of PC packing (sterol-phospholipid interaction). 
As a measure of sterol-phospholipid interaction in 
vesicles, we utilized cholesterol oxidase to probe the 
accessibility of the sterol 3/3-hydroxy group to the 
lipid-water interface. 

The collapse pressure (~'cl) of pure sterol monolay- 
ers was clearly dependent on the length and structure 
of the sterol side chain, suggesting a role for the side 
chain in stabilizing sterol-lipid interactions. Although 
the sterol side chain is flexible compared with the rigid 
tetracyclic sterol nucleus [23], it is still likely that the 
side chains can interact with neighboring aliphatic 
groups. Such van der Waals interactions between 
aliphatic segments become more pronounced the longer 
the interacting segments grow [24,25]. This readily ex- 
plains the clear side-chain-length dependency of the 
collapse pressure (~'cl). It was further observed that a 
iso-branched side chain gave stronger interlipid inter- 
actions compared with the corresponding straight-chain 
sterol analogue. The observation that branched side- 
chain analogues are more stable in monolayers than 
the non-branched analogues suggests how a sterol with 
a branched side chain (cholesterol) has evolved to 
become the ubiquitous sterol in most eukaryotic cell 
membranes [1]. 

Further characterization of the collapse phe- 
nomenon in pure sterol monolayers revealed a side- 
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chain dependent effect on the difference between the 
maximal obtainable pressure at collapse (Trc~), and the 
'equilibrium' collapse pressure (7rc2) observed upon 
continuous compression of the pure sterol monolayer 
during collapse. Both with the iso and the n-series, it 
was found that the C5 side-chain analogue displayed 
the greatest difference between 77"cl and ~r~2. The col- 
lapse of a sterol monolayer (particularly that of choles- 
terol) is characterized by a first stage of monolayer 
separation and nucleation of a three-dimensional 
phase, and a second stage of growth of the nuclei 
formed in the first stage [26]. Although we do not have 
an explanation for the anomalous collapse behavior of 
the C5 analogues (iso and n-series) in pure sterol 
monolayers, it is possible that this particular side chain 
minimized the activation energy needed for the second 
phase, the growth of collapse nuclei. 

The characterization of mixed sterol/phospholipid 
monolayers revealed clearly that all sterols, independ- 
ent of the side-chain structure, were miscible in DPPC 
and SOPC mixed monolayers (1:1 molar ratio) at 
22°C. This miscibility was evident both from the col- 
lapse behavior of the mixed monolayers and from the 
condensation effect of the sterols on the packing of the 
phospholipid molecules. First, the collapse pressure in 
equimolar sterol/phospholipid monolayers was always 
higher than the corresponding ~rcl observed in a pure 
sterol monolayer, indicating the presence of inter- 
molecular forces in the monolayer [27]. In addition, the 
collapse pressure of mixed monolayers was clearly a 
function of the sterol side-chain structure, as was ob- 
served for the pure sterol monolayers. This again sug- 
gests that longer side chains allow stronger intermolec- 
ular van der Waals forces to take place. The observa- 
tion that the collapse pressure of mixed s t e ro l /DPPC 
monolayers was markedly lower than the collapse pres- 
sure observed for a pure DPPC monolayer is in good 
agreement with the known randomizing effect that 
sterols have on phospholipids [2,28], since attractive 
van der Waals forces are expected to diminish when a 
gel state lipid (i.e., DPPC) is transformed to a liquid- 
crystal state (i.e., cholesterol /DPPC).  With SOPC 
mixed monolayers, sterols in the iso-series with side- 
chain lengths of 8 and 10 carbon atoms actually stabi- 
lized the membrane, probably because these sterols 
induced an ordering effect on the liquid-crystal (fluid) 
SOPC phase [2]. 

Secondly, the miscibility of sterols with various 
side-chain structures in both DPPC and SOPC mono- 
layers (1 : 1 molar ratio) was evident from the condens- 
ing effect displayed by these sterols. The condensation 
of molecular packing (i.e., the deviation of the ob- 
served mean molecular area from that expected based 
on pure molecular area additivity [27,29-31] always 
indicate a real complete or partial mixing behavior, 
and consequently the existence of intermolecular forces 

in the monolayer [27]. However, the extent of sterol-in- 
duced condensation of DPPC mixed monolayers was 
significantly lower compared with the fluid SOPC mixed 
monolayer. The condensing effect of the different sterol 
analogues was not related to their side-chain length or 
structure, except for 5-androsten-3/3-ol and possibly 
the C5 analogues (both iso and n-series). 5-Androsten- 
3/3-ol, which lacks a side chain, did not condense the 
packing of DPPC, and its condensing effect on SOPC 
monolayers was only half of that observed with side- 
chain containing sterols. Similar and concordant results 
on the effect of the sterol side chain on the monolayer 
condensation of phospholipids were reported previ- 
ously [5]. These previous reports, together with our 
data, clearly establish the importance of the sterol side 
chain in sterol/phospholipid association. 

The rate of oxidation of membrane-associated 
cholesterol by cholesterol oxidase is known to be sensi- 
tive to the degree of lateral packing density of the 
membrane [19,21]. The lateral packing density is, on 
the other hand, mainly a function of existing inter- 
molecular forces (mostly van der Waals forces). There- 
fore, differences in rates of cholesterol oxidase-cata- 
lyzed sterol oxidation can be used to predict the rela- 
tive strength of molecular interactions in s terol /phos-  
pholipid membranes [19,32]. 

When sterol-enriched SUVs (125 nmol sterol per 
100 nmol phospholipid) were exposed to cholesterol 
oxidase at 37°C, it was generally found that within the 
iso-series, sterols were oxidized faster when the side- 
chain length increased. With sterols from the n-steries, 
the oxidation susceptibility was highest with intermedi- 
ate side-chain lengths (4-6 carbons), whereas shorter 
or longer side-chain sterols were oxidized at a markedly 
slower rate. This observation was also seen with SUVs 
of both DPPC and SOPC, indicating that the differ- 
ences in oxidation rates shown in Figs. 6A,C versus 
6B,D and 7A,C versus 7B,D reflect differences in 
sterol-phospholipid interactions in the vesicle mem- 
branes. In monolayers, however, the rates of choles- 
terol oxidase-catalyzed oxidation of cholesterol and 
5-androsten-3/3-ol are not significantly different [33]; 
also, we have observed that iso-C10 is oxidized with 
similar kinetics as cholesterol, when presented to the 
enzyme as a pure sterol monolayer (Slotte, Jungner, 
Vilchbze and Bittman, unpublished observation). 

In planar monolayers, the oxidation rate is mainly 
dependent  on both the sterol-to-colipid stoichiometry 
(especially if sterol-rich clusters are present) and on 
the lateral packing density [34]. However, the influence 
of curvature of SUVs (with radii in the range of 12-20 
nm) on the oxidation rates of sterols with various 
side-chain structures needs to be considered. A sterol 
with a short side chain has a smaller molecular volume 
than does a longer chain analogue. The van der Waals 
volumes of the different sterols were calculated using 
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computer modeling as described in ref. [35]. We esti- 
mated the molecular volumes of cholesterol and 5- 
androsten-3/3-ol to be 410.1 ~3 and 278.5 .&3, respec- 
tively. For each methylene group removed from the 
isooctyl side chain, a 4% reduction in molecular vol- 
ume occurs. In a highly curved membrane, it is there- 
fore possible that short-chain sterols (with reduced 
volumes) pack differently as compared to sterols having 
larger volumes, thus leading to changed interfacial 
packing density and cholesterol oxidase susceptibility. 

Taken together, the results of this work have clearly 
highlighted the importance of the sterol side chain on 
sterol-stcrol and sterol-phospholipid interactions in 
model membrane systems. 
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