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ABSTRACT 

The effect of cholesteryl sulfate, a natural membrane component, on the physical state of dipalmitoyl 
phosphatidylcholine multilamellar vesicles was investigated using fluorescence polarization and differential 
scanning calorimetry techniques. Cholesteryl sulfate increased the order of acyl chains for those 
temperatures higher than the gel-to-liquid crystalline transition temperature while it decreased the order for 
those temperatures below the phase transition temperature. At equimolar concentrations, cholesteryl sulfate 
suppressed the crystal liquid-to-gel phase transition of dipalmitoyl phosphatidylcholine. These data suggest 
that sterol sulfates may provide new tools for the elucidation of molecular mechanisms involved in sterol- 
lipid interactions. 
Lipids 19:474-477, 1984. 

INTRODUCTION 

Cholesteryl sulfate (Chol So4) is a membrane 
component  that is widely distributed in nature and 
its isolation has been reported from both inverte- 
brate (1) and mammalian tissues (2,3). Although it 
generally represents a small percentage of total 
membrane sterols, Chol SO4 has a protective effect 
against osmotic shock of the erythrocyte membrane 
(3) and may be involved in membrane modifications 
of the spermatozoa (4). Researchers have also 
suggested that Chol SO4 could be involved in ion 
transport (5). In contrast to the relationships 
between cholesterol and phospholipids (PL), which 
have been extensively studied (6-10), no data are 
available concerning the interaction of Chol SO4 
with PL. 

In the present study we have demonstrated, 
using fluorescence polarization and differential 
scanning calorimetry techniques, that Chol SO4 
suppresses the liquid-gel phase transition of syn- 
thetic dipalmitoyl phosphatidylcholine. 

MATERIALS AND METHODS 

L-c~-dipalmitoyl phosphatidylcholine (DPPC)  
was purchased from Sigma Chemical Co. (St. 
Louis, MO). Cholesteryl sulfate was synthesized 
and purified by chromatography as previously 
reported (1 l). Briefly, cholesterol was purified via 
the dibromide derivative and sulfurylated in dry 
pyridine and chlorosulfonic acid. Following parti- 
tion chromatography on celite, the ammonium salt 
of the sterol sulfate was twice crystallized from 
aqueous methanol (m.p. 198-201 C) (12), and 
solutions were prepared in ch loroform/methanol  
(1:2 V/V). Cholesterol (special grade) was obtained 
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ABBREVIATIONS 

DPH: 1,6-diphenyl-l,3,5-hexatriene; DPPC: L-a-dipalmitoyl- 
phosphatidylcholine; Chol SO4: cholesteryl sulfate; Chol: choleserol. 

from Applied Science Lab. (State College, PA). 
1,6-Diphenyl-l,3,5-hexatriene (DPH)  was pur- 
chased from Aldrich Chemicals (Milwaukee, WI). 
The purity of all compounds was verified by thin 
layer chromatography (TLC). 

Appropriate aliquots of stock solutions of D P P C  
and cholesterol in chloroform, or Chol SO4 in 
chloroform/methanol ,  were mixed in test tubes. 
The solvent was removed under a stream of 
nitrogen and then under high vacuum overnight. 
Some samples were also freeze-dried to monitor 
the possible occurrence of a phase separation 
during the sample preparation. Both preparations 
provided identical results. For  the fluorescence 
polarization experiments, DPH in a 2 mM stock 
solution in tetrahydrofuran was directly added to 
the mixtures before evaporation. The concentra- 
tion of D P H  was maintained constant at 1/1000 
relative to the PL concentration. Lipid suspensions 
were prepared either in distilled water or in 50 mM 
Na phosphate buffer, pH 7.2, as previously de- 
scribed (13). Measurements were performed on a 
SLM 4000 apparatus equipped with a 4-cell ther- 
mostated compartment  and a magnetic stirrer. A 
Nesslab temperature programmable circulatory 
bath was connected to the spectrofluorometer and 
the temperature was monitored with a thermolinear 
probe placed directly within the cell compartment.  
Light scattering was reduced to very low levels by 
the use of cut-off filters. In all conditions, the 
individual values obtained were the mean of at least 
4 successive measurements which, by themselves, 
were the average of l0 determinations. The results 
of the steady-state depolarization experiments are 
expressed in terms of fluorescence anisotropy r, 
with r=l ] t - I •  where 11[ and 12_ are the 
fluorescence intensity observed with the analyzing 
polarizer parallel and perpendicular to the polar- 
ized excitation beam. A correction factor, G, equal 
to I'• the primes indicating excitation polar- 
ized in a perpendicular direction, was used to 
correct for the unequal transmission of differently 
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polarized light. The lipid order parameter, S~>Pu, 
was calculated according to the method of Jahnig 
(14). 

Samples prepared for differential scanning calo- 
rimetry were hydrated with 80% water or Na 
phosphate buffer. These solutions were preheated 
to 10 C above the theoretical phase transition of the 
pure PL, transferred to standard aluminum sample 
pans and scanned at least twice at a rate of  5 C or 
10 C/ra in  using a DSC-IB Perkin-Elmer instru- 
ment. The extent of hydrolysis of the sterol sulfate 
during the course of the experiments was verified 
by the addition of 14C-cholesteryl sulfate as internal 
standard. Following TLC and the assay of radioac- 
tivity~ the degree of hydrolysis was (ound to be less 
than I%. 

R E S U L T S  A N D  D I S C U S S I O N  

Because D P H  does not partition strongly in 
favor of  domains of different lipid composit ion or 
physical state (10), the measurement of its steady- 
state fluorescence anisotropy provides a rapid and 
sensitive index of the average of  changes in the 
order of membrane lipids (14). 

In lipid suspensions composed of DPPC-Chol  
SO4 at various molar ratios, Chol SO4 increased 
the anisotropy of DPH,  i.e., the order of acyl 
chains for those temperatures higher than the gel- 
to-liquid crystalline phase transition temperature, 
%n (Fig. 1). The reverse is true for temperatures 
below T~. At equimolar concentration, Chol SO4 
suppressed the liquid-gel phase transition of DPPC.  

Although cholesteryl sulfate, like cholesterol 
(6,8,10) decreased the order for T < Tin, increased 
the order for T >Tm and suppressed the transition 
for molar  ratios of  I: 1, examinat ion of the aniso- 
tropy vs temperature curves for different molar 
ratios (Fig. 2) revealed that the interactions in the 
Chol SO4-DPPC systems were not identical to 
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FIG. 1. Effect of increasing amounts of Chol SO4 on 

the fluorescence anisotropy of DPH in DPPC suspen- 
sions. The solid line corresponds to pure DPPC. Molar 
concentrations of Chol SO4 were (o) 5%, (e) 15%, (~) 
25%, (A) 33% and (el) 50%. 
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FIG. 2. Comparative effects of Chol SO~ and choles- 
terol on the fluorescence anisotropy of DPH in DPPC 
suspensions. Molar concentrations of Chol SO4 (full line) 
or cholesterol (dashed line): a: 15%, b: 25%, c: 33%, d: 
50%. Note: the thickness of the lines are larger than the 
standard deviations of the determinations. 

those found for the ChoI -DPPC mixtures. Thus, 
the increase in order for T >Tm was less pronounced 
than that observed with cholesterol. In particular, 
one does not observe the marked change that 
occurs between 15 - 25 tool % with cholesterol (Fig. 
3a [10]). The increase in order obtained with Chol 
SO4 exhibited an almost linear relationship to the 
fraction of the ester in the suspension. Using the 
same technique, other cholesterol esters, e.g., cho- 
lesteryl phosphorylcholine (15), cholesteryl hemi- 
succinate, cholesteryl betainate (16) and cholesteryl 
phosphate (17), have also been shown to increase, 
although to a lesser extent than cholesterol, the 
degree of order of egg PC liposomes or of lipids 
from the red blood cell. The use of D P P C  enables 
us to demonstrate that for temperatures below the 
Tin, Chol SO4 also decreased the order of acyl 
chains. However, for Chol S O ~ / D P P C  molar 
ratios higher than 15%, its effect was significantly 
more pronounced at 30 C than that of cholesterol 
(Figs. 2,3b) whereas the reverse was true at 20 C 
(Figs. 2,3c). Finally, Chol SO4 caused a progressive 
shift in the transition temperature,  which decreased 
from 41.6 C for pure D P P C  to 40.4 C, 39 C, 36.3 C, 
and 35 C for Chol S O 4 / D P P C  molar  ratios of 5%, 
15%, 25% and 33%, respectively. Simultaneously, 
the transition broadened but remained detectable 
at 33% extending from 25 C to 45 C (Fig. 2c). The 
differential scanning calorimetry recording (Fig. 4) 
confirmed that, in contrast to cholesterol, for 
which very little change occurs in the midpoint 
temperature of the transition at increasing concen- 
trations (6,9), Chol SO4 produced a large down- 
ward shift in Tin. For  both Chol SO4-DPPC and 
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FIG. 3. Comparative effects of Chol SO4 and choles- 
terol on the DPH lipid order S~p,. Temperatures: 50 C 
(3a), 30 C (3b) and 20 C (3c); (I): Chol SO4, (o)  
cholesterol. 

C h o I - D P P C  (in c o n t r o l  e x p e r i m e n t s )  no  f u r t h e r  
p h a s e  t r a n s i t i o n  was  de tec ted  w h e n  the  re la t ive 
c o n c e n t r a t i o n  o f  the  s tero l  a t t a i ned  33 mol%.  T h i s  
va lue  agrees  wi th  t ha t  o b s e r v e d  by mos t  inves t iga-  
to rs  u s i n g  s imi l a r  e q u i p m e n t  w h e r e  de t ec t i ng  the  
p r e sence  o f  b r o a d  p e a k s  is d i f f icul t  (9). 

T h e  a p p r o x i m a t e l y  l inear  r e l a t i onsh i p  b e t w e e n  
the  Cho l  SO4 c o n t e n t  o f  the  vesicles  a n d  the  
dec r ea se  in t r a n s i t i o n  t e m p e r a t u r e  as  well as the  
b r o a d e n i n g  o f  the  t r a n s i t i o n  s u g g e s t s  t ha t  par t  o f  
the  effects  o f  C h o l  SO4 m a y  be caused  by n o n s p e -  
cific i n t e r ac t ions .  In  acco rd  wi th  c lass ical  t h e r m o -  
d y n a m i c  t h e o r y  (18), sma l l  mo lecu le s ,  e.g. ,  ane s -  
the t ics  (19) a n d  a l coho l s  (20), c an  b r o a d e n  as well 
as lower  the  t r a n s i t i o n  t e m p e r a t u r e  o f  a pure  lipid. 
O n  the  o t h e r  h a n d ,  this  f ac to r  w o u l d  no t  a c c o u n t  
for  b o t h  the  f lu id iz ing  (T < Tin) a n d  r ig id i fy ing  
(T  > Tin) effects  o f  C h o l  SO4. T h e  fact  t ha t  
e q u i v a l e n t  a m o u n t s  of cho les te ro l ,  cho les te ry l  su~- 
fa te  a n d  5 - a - c b o l e s t a n - 3 - o n e  (20,21) a re  r equ i r ed  
to s u p p r e s s  c o m p l e t e l y  the  gel - l iquid  t r a n s i t i o n  
w o u l d  a lso  s u p p o r t  the  i m p o r t a n c e  o f  t he  s tero l  
n u c l e u s  a n d  o f  t he  V a n  de r  W a a l ' s  force  b e t w e e n  
this  n u c l e u s  a n d  t he  acyl  c h a i n s  in th is  s u p p r e s s i o n .  
Th i s  agrees  wi th  t he  recen t  w o r k  o f  B i t t m a n  et al. 
(22) i nd i ca t i ng  t h a t  no  specif ic  or  direct  i n t e r ac t i on  
o f  the  P C  head  g r o u p  wi th  cho le s t e ro l  occurs .  

In  c o n c l u s i o n ,  t hese  s tud ies  d e m o n s t r a t e d  t ha t  
choles teryl  sul fa te ,  a na tu ra l ly  occu r r i ng  choles tery l  
ester ,  can  s u p p r e s s  the  l iquid-gel  t r a n s i t i o n  o f  
D P P C .  It a lso inc reased  the  o rde r  o f  l ipids for  
t e m p e r a t u r e s  a b o v e  t h e  t r a n s i t i o n  t e m p e r a t u r e  a n d  
dec reased  th i s  o rde r  for  t e m p e c a t u r e s  below.  Al-  
t h o u g h  f u r t h e r  i nves t i ga t i on  is i nd ica ted  to  c lar i fy  
the  n a t u r e  o f  the  i n t e r a c t i o n  b e t w e e n  cho les te ry l  
su l fa t e  a n d  D P P C ,  ou r  resu l t s  sugges t  t ha t  s te ro l  
su l f a t e s  m a y  r ep re sen t  new tools  for  t he  e l u c i d a t i o n  
o f  m o l e c u l a r  m e c h a n i s m s  invo lved  in s te ro l - l ip id  
in t e rac t ions .  
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FIG. 4. DSC recordings of the effects of increasing 

amounts  of Chol SO4 on the transition of DPPC (heating 
scans). Heating rate 5 CJmin.  Molar concentration of 
Chol SO4 (%): a: 0.0, b: 5.0, c: 13, d: 25, e: 33. 
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