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Thermotropic phase-transition properties of the aqueous dispersions of several diacylphosphatidylcholesterol 
(DRCh) analogs are examined. The aqueous dispersions of their calcium salts exhibit characteristic 
endothermic thermotropic transitions due to a change in the conformation of acyl chains. These dispersions 
consist of osmotically intact liposomes that trap ions, and at the transition temperature there is anomalous 
increase in the ion leakage. Wide-angle electron diffraction studies of DPCh • Ca monolayers also exhibit a 
transition from a sharp 4.25 A band to a broad one centering at 4.7 ~,, reflecting an order-disorder transition 
in the acyl chains. The long-range order in the organization of acyl chains of DRCh molecules could arise 
from intermolecular interactions between the cholesterol moieties to form a functional dimer, and such 
dimers are apparently cross-linked by Ca 2 ÷ to form a long-range interacting lattice of acyl chains. Evidence 
for this model is adduced from the fluorescence properties of the dispersions of dimyristoylphosphatidylcho- 
lesta-5,7,9-trienol. The phase-transition properties of DRCh are an ideal illustration of calcium-induced 
isothermal phase transition. 

Introduction 

Dipalmitoylphosphatidylcholesterol (DPCh), a 
covalent analog of an equimolar mixture of di- 
palmitoylphosphatidic acid and cholesterol, forms 
bilayer-enclosed liposomes in aqueous dispersions 
[1,2]. In the presence of calcium ions, the DPCh 
bilayers exhibit a sharp endothermic transition 
which is accompanied by a change in the anisot- 
ropy of polarization of diphenylhexatriene [2]. The 
phase-transition temperature and the enthalpy of 
this transition depend upon acyl chain-length, 

Abbreviations: DRCh, diacylphosphatidylcholesterol; DPPC/ 
DMPC, dipalmitoyl/dimyristoylphosphatidylcholine; 
DRChene, diacylphosphatidylcholesta-5,7,9-trienol; R ~ M, 
myristoyl; P, palmitoyl; S, stearoyl; Hepes, 4-(2-hydroxyethyl)- 
1-piperazineethanesulfonic acid. 

that is, they decrease with decreasing chain-length. 
In contrast, the bilayer formed by equimolar non- 
covalent mixtures of diacylphospholipids and 
cholesterol do not exhibit phase transitions analo- 
gous to those observed in DPCh bilayers [3-5]. 

The cooperativity of the thermotropic transition 
in the much studied diacylphosphatidylcholine dis- 
persions implies that there exists a long-range in- 
teraction between the acyl chains in these bilayers. 
In the present work, we have examined the conse- 
quences of such an ordered state of the acyl chains 
in bilayers of several analogs and homologs of 
DRCh. The wide-angle electron diffraction stud- 
ies, the thermotropic phase transition and the ion- 
permeability characteristics of their aqueous dis- 
persions exhibit a thermotropic dependence that is 
consistent with a high cooperativity of the interact- 
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ing state of the acyl chains. This implies that there 
should be considerable intermolecular interaction 
between cholesterol moieties, since such an inter- 
action is required for the long-range interaction 
between acyl chains in DPCh and its analogs. 
Evidence for an interaction between the cholestane 
moieties is described in this paper. 

Materials and Methods 

DRCh was synthesized as previously described 
[6]. Diacylphosphatidylhexadecanol, diacylphos- 
phatidyloctadecanol and diacylphosphatidylcyclo- 
dodecanol were prepared from the respective al- 
cohols by a similar procedure [6]. Diacylphospha- 
tidylcholesta-5,7-diene-3fl-ol and diacylphospha- 
tidylcholesta-5,7,9-triene-3fl-ol (DRChene) were 
synthesized as described [7]. The preparation of 
cholesta-5,7,9-triene-3fl-ol phosphate has also been 
described [8]. According to the usual criteria, the 
fluorescent derivatives used in this study have no 
detectable impurities [6-8]. Other phospholipids 
were purchased from Calbiochem, and judged to 
be homogeneous by thin-layer chromatography. 

The fluorescence measurements were done on 
an SLM4800 spectrofluorometer equipped with 
lifetime and phase-resolved spectrum modules. Ex- 
citation and emission slit-widths were 4 and 4, and 
4 and 8 nm for the steady-state and for the dy- 
namic measurements,  respectively. Standard 
software package for SLM4800S was used for data 
acquisition and processing. All the spectra re- 
ported here are uncorrected. The solutions for 
fluorescence measurements contained 190 #M 
DRChene with appropriate concentrations of ad- 
ditives in 100 mM KC1/10 mM Hepes /10  mM 
CaC12 (pH 8.0). Steady-state measurements were 
done in ratiometric mode. Lifetime measurements 
were done by using POPOP (,r---1.35 ns) as a 
reference standard [9]. Phase-sensitive spectra were 
obtained by modulating the detector phase angle 
at 6 and 30 MHz [10]. 

Dispersions of phospholipids were prepared by 
suspending a dry film of the phospholipids in 
aqueous buffer at about 70 o C. Occasionally, soni- 
cation in a bath-type sonicator was required for 
complete dispersal of the lipids. Lipids containing 
fluorescent analogs were dispersed in the buffer 
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saturated with nitrogen. For permeability studies, 
the dispersions were prepared and 22Na effluxes 
were measured as described elsewhere [11]. Dif- 
ferential thermal analysis or DSC studies were 
done on a Mettlar 2000B or Perkin-Elmer 1B 
calorimeter [1,2]. 

Electron-diffraction studies were done on 
monolayers. This method has two major ad- 
vantages: it can examine a single unsupported 
bilayer prepared by the monolayer method [12] 
and it can examine a small area (0.5/~m in diam- 
eter) to detect any local structural variation. The 
procedures of electron diffraction are described by 
Hui and He [13]. It should be pointed out that the 
electron diffraction experiments were carried out 
in an environmental stage within the electron mi- 
croscope [14] with the sample fully hydrated at 
controlled temperatures. 

Results 

The thermotropic phase-transition characteris- 
tics of several analogs of DRCh are summarized in 
Table I. The T m increases with increasing acyl 
chain-length. T m is also affected by the number of 
double-bonds in the cholesterol moiety. The re- 
placement of cholesterol by cyclod0decanol in 
these lipids lowers T m and broadens the transition 
profile considerably. On the other hand, di- 
acylphosphatidylhexadecanol and the homologous 
octadecanol give sharp transition. Thus, the transi- 
tion behavior is also affected by the structure of 
the second group of the phosphodiester. These 
observations demonstrate that the transition be- 
havior of these compounds is due to cooperative 
intermolecular interactions and conformational 
changes in the acyl chain regions. 

As demonstrated by freeze-fracture electron mi- 
croscopy and osmotic swelling, DPCh dispersions 
form osmotically sensitive liposomes [1] that are 
impermeable to ions. Fig. 1 shows that the trapped 
ions leak out more rapidly at the phase-transition 
temperature of these dispersions than above or 
below that temperature. This anomalous increase 
in ion leakage provides an independent confirma- 
tion of changes in the acyl chain organization 
during the thermotropic transition. The ion-per- 
meability profiles presented in Fig. 1 demonstrate 
that the temperature-dependent anomalous in- 
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TABLE I 

PHASE TRANSITION CHARACTERISTICS OF THE AQUEOUS DISPERSIONS OF DRCh AND ITS ANALOGS 

The values in the parentheses are for the aqueous dispersions of the sodium salt. In all other cases a transition could not be detected 
for the dispersions of the sodium salt. 

Compound (calcium salt) Tm( o C) A H 

(kcal/mol) 

Dilauroylphosphatidylcholesterol 
Dimyristoylphosphatidylcholesterol 
Dipalmitoylphosphatidyicholesterol 
Distearoylphosphatidylcholesterol 
Dipalmitoylphosphatidylcholesta-5,7-diene 
Dipalmitoylphosphatidylcholesta-5,7,9-triene 
Dimyristoyiphosphatidylcholesta-5,7,9-triene 
Dipalmitoylphosphatidylhexadecanol 
Dipalmitoylphosphatidyloctadecanol 
Dis tearoylphosphatidylcyclododecanol 

35 5 
38 7 
47 8 
50 9.5 
55 8.5 
43 8 
35 6.8 
47 (70) 12.4 (8.7) 
51 (75) 15.3 (10.0) 
22 6. 
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Fig. 1. Permeability profiles for DPCh as a function of temper- 
ature. The phospholipid was only available in the form of its 
calcium salt for these experiments. (a) Vesicles dispersed in 5 
mM NaC1/5 mM Tris-HCl/20 mM EDTA/150 mM 
glueose/22NaCl (pH 7.5) by sonication with a probe-type 
sonicator at 0 o C. (b) Vesicles dispersed in 5 mM NaC1/5 mM 
Tris-HCl/20 mM EDTA/50 mM CaC12/22NaCI (pH 7.5) by 
sonication with a probe-type sonicator at 0 o C. (c) Unsonicated 
vesicles dispersed in 5 mM NaC1/5 mM Tris-HCl/20 mM 
EDTA/150 mM glueose/22NaC1 (pH 7.5). (d) Unsonicated 

c rease  in p e r m e a b i l i t y  is seen  o n l y  in the  p r e sence  

o f  c a l c i u m  ions  on  o n e  o r  b o t h  sides o f  the  b i layer .  

W e  c o n s i d e r e d  the  poss ib i l i ty  tha t  the  a n o m a l o u s  

p e a k  in 2 : N a  ef f lux  ra te  for  D P C h  d i spe r s ions  in 

the  p r e s e n c e  o f  c a l c i u m  ions  c o u l d  be  s e c o n d a r y  to  

a g g r e g a t i o n  a n d  s u b s e q u e n t  fus ion  o f  vesic les  a n d  

n o t  d u e  to a t rue  c h a n g e  in pe rmeab i l i t y .  Ves ic le  

a g g r e g a t i o n  was m e a s u r e d  by  a b s o r b a n c e  a t  450 

nm.  A b s o r b a n c e  r e m a i n e d  c o n s t a n t  t h r o u g h o u t  the  

t i m e  p e r i o d  o f  e f f lux  m e a s u r e m e n t s .  Th i s  obse rva -  

t ion  was  t rue  for  all  the  t e m p e r a t u r e s  at wh ich  

22Na ef f luxes  were  e x a m i n e d .  

W e  also m e a s u r e d  the  p e r m e a b i l i t y  versus  t em-  

p e r a t u r e  p rof i l es  for  d i spe r s ions  f o r m e d  f r o m  di-  

p a l m i t o y l p h o s p h a t i d y l h e x a d e c a n o l  o r  d i s tea roy l -  

p h o s p h a t i d y l c y c l o d o d e c a n o l  ( d a t a  n o t  shown) .  T h e  

f o r m e r  d i sp l ayed  a c a l c i u m - d e p e n d e n t  p e r m e a b i l -  

i ty  m a x i m u m  at a b o u t  50 o C, whe rea s  the  ba r r i e r  

p r o p e r t i e s  o f  d i s t e a r o y l p h o s p h a t i d y l c y c l o d o -  

d e c a n o l  were  i n d e p e n d e n t  o f  ca lc ium.  

T h e  t e m p e r a t u r e  d e p e n d e n c e  o f  w i d e - a n g l e  

e l e c t r o n  d i f f r a c t i o n  pa t t e rn s  o f  D P C h  was  m e a -  

sured .  E v e n  as the  e l ec t ron  b e a m  d i a m e t e r  was 

r e d u c e d  to 1 # m  to  e x a m i n e  a n y  loca l ly  o r i en t ed  

d o m a i n s  o f  acyl  chains ,  no  a z i m u t h a l  a s y m m e t r y  

vesicles prepared as in (c) but with calcium chloride then added 
to the outside of the performed vesicles. Each experimental 
point represents a separate experiment performed in triplicate. 
Datum points are means and error bars that have been added 
to some of the points to illustrate the range of values obtained. 
The ordinate refers to the percent loss of initial trapped 22Na 
in 180 min. 
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Fig. 2. The temperature dependence of the electron diffraction 
intensities of DPCh-Ca monolayer: (A) peak position, D, and 
(B) peak half-width, 14:. 

of diffraction pattern was observed. This is in 
contrast to the mixtures of DMPC and cholesterol 
which show a two-field symmetric pattern sugges- 
tive of a unidirectional alignment of acyl chains in 
local area [13]. Fig. 2 shows the temperature de- 
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pendence of the wide-angle electron diffraction of 
the calcium salt of DPCh. The result is markedly 
different from that of the calcium-free DPCh (data 
not shown). At T < 40 ° C, the calcium salt shows 
a gradual increase in diffraction spacing and peak 
width, IV, with increasing temperature. At 40 °C 
< T < 47 o C, two wide-angle reflections co-exist, a 
sharp one at 4.25 A and a broad one centering at 
47 ,~. This is typically a phenomena of solid/f luid 
phase separation. The phase separation lasts until 
the temperature reaches 47°C when only one 
broad reflection at 4.7 A remains, signalling that 
the phase transition is completed. Again no 
azimuthal asymmetry is detected at any temper- 
ature range. 

The fact that D P C h - C a  shows phase transi- 
tion, whereas calcium-free DPCh or mixture of 
DPPC and cholesterol do not, indicates the lin- 
kage between the calcium, diacylglycerolphosphate 
and covalently bonded cholesterol favors a long- 
range cooperative organization of these molecules. 
Moreover, the fact that a definite phase-separation 
range exist in DPCh.  Ca suggests that larger do- 
mains of strong molecular order, similar to that in 
a gel-phase lipid, exist in these dispersions. This 
effect of calcium on DPCh is analogous to the 
effect of the same cation on phosphatidylserine 
[15]. It is interesting to note that as the temper- 
ature rises, the sharp reflection at 4.2 A of DPCh.  
Ca is gradually broadened to the onset of the 
phase-separation region, then it is sharpened 
abruptly. If the line-broadening is due to the ther- 
mal disorder, this observation indicates that as the 
temperature rises, the packing of the acyl chains in 
the calcium salt is generally loosened and the 
molecules are more free to move until phase sep- 
aration occurs. 

From the thermotropic phase change in bilayers 
of the calcium salt of DRCh, we infer that there 
could be significant intermolecular interactions be- 
tween the cholesterol moieties in these compounds 
in such a way as to permit a long-range lateral 
interaction between acyl chain with the conse- 
quent high cooperativity of the transition. To 
scrutinize this effect we have studied the fluores- 
cence properties of aqueous dispersions of 
DRChene. Rogers et al. [16] have already studied 
the properties of diacylphosphatidylcholine bi- 
layers containing cholesta-5,7,9-triene-3fl-ol and 
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ergosta-5,7,9-triene-3fl-ol.  Their  results  show that  
the proper t ies  of  b i layers  conta in ing  these fluo- 
rescent  analogs are  very s imilar  to those of  di-  
acy lphospha t idy lcho l ine  bi layers  conta in ing  chol-  
esterol.  

T h e  a b s o r p t i o n  s p e c t r a  o f  d i m y r i s t o y l -  
( D M C h e n e )  and  d ipa lmi toy lphospha t idy lcho les -  
ta t r ienol  (DPChene)  in hexane  are very s imilar  to 
the spect ra  of  choles ta t r ienol  and  its d ihydrogen  
phospha te  in the same solvent;  these spect ra  had  
peaks  at 286, 312, 331 and  346 nm. Similar  values 
were ob ta ined  for  D M C h e n e  in hexane  te t rahydro-  
furan and  anhydrous  ch lo roform (da ta  not  shown). 
Exci ta t ion  at any of  these wavelengths  gives the 
same f luorescence emission spect ra  the intensi t ies  
of  which are  app rox ima te ly  in the same p ropo r t i on  
as the absorp t ion  intensit ies.  Fig. 3, shows the 
emiss ion f luorescence spec t ra  of  D M C h e n e  in 
hexane  and  in aqueous  d ispers ions  with peaks  at  
abou t  370 and  390 nm. The  exact  pos i t ion  of  these 
peaks  and their  abso lu te  and relat ive intensi t ies  
d e p e n d  upon  the exact  condi t ions ,  inc luding tem- 
perature ,  presence of  d iva lent  ions and o ther  add i -  
tives in the d ispers ions  as can be seen f rom Tab le  
II .  The  rat ios  of  the two emiss ion peaks  are in- 
dependen t  of  the wavelengths of  the exci ta t ion  
peaks.  F o r  all the studies repor ted  in this paper ,  an 
exci ta t ion wavelength  of  326 nm was used. Al-  
though not  shown, essent ial ly  ident ica l  results  were 
ob t a ined  with  DPChene .  In  all cases, we observed 
tha t  the abso lu te  and  relat ive intensi t ies  of  the two 
emiss ion peaks  are  very sensit ive to bo th  the 
aqueous  env i ronment  and  the env i ronment  in the 
b i layer  itself. I t  m a y  be po in ted  out  that  the emis- 
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Fig. 3. Excitation and emission spectra of 190 t~M DMChene 
in (a) hexane, (b) aqueous dispersions containing calcium and 
(c) aqueous dispersions containing no calcium. Excitation at 
326 nm, slit-widths at 4 nm for both excitation and emission 
monochromators. 

s ion spect ra  of  choles ta t r ienol  and  choles ta t r ienol  
phospha te  exhibi t  on ly  a single b r o a d  peak.  Thus,  
the two peaks  in D R C h e n e  spect ra  in solut ion as 
well as in d ispers ions  could  be  due to the aniso-  
t ropic  env i ronment  induced  by  the acyl  chains.  

One  of  the ma jo r  effects of  the presence of  
ca lc ium in the aqueous  envi ronment  is a decrease  
in the intensi t ies  of  bo th  the emission peaks,  while 
the ra t io  of  their  intensi t ies  remains  the same 
(Table  II).  The  ra t io  of  the intensi t ies  in the dif- 
ference spec t rum is also the same. The  Sca tchard  
p lo t  of  the decrease  in in tens i ty  with the con- 
cen t ra t ion  of  ca lc ium in the medium,  is shown in 
Fig.  4. I t  exhibi ts  two b ind ing  processes of  K d 0.1 

TABLE II 

EMISSION SPECTRAL PROPERTIES OF DMChene UNDER VARIOUS CONDITIONS 

Unless stated otherwise, all solutions contained 190 ~tM DMChene. The aqueous buffer comprised 100 mM KCI/10 mM Hepes/10 
mM C a C I  2 (pH 8.0). Excitation at 326 nm, slit-widths at 4 nm for both excitation and emission monochromations. 

Conditions Peak 1, nm Peak 2, nm Ratio (11/12) 
(intensity) (intensity) 

Hexane, 25 °C 369 (0.2324) 390 (0.2211) 1.051 
Buffer, 25 °C 374 (0.5017) 394 (0.5526) 0.9079 
Buffer, 38 °C 374 (0.2985) 394 (0.3044) 0.9806 
Ca-free buffer, 25 °C 374 (0.7379) 393 (0.8143) 0.9062 
Ca-free buffer, 38 °C 374 (0.5337) 394 (0.5511) 0.9684 
Codispersed with DMPC, 25 o C 374 (0.8928) 393 (0.8906) 1.0024 
Codispersed with DMCh, 25 o C 374 (0.7289) 394 (0.7047) 1.034 
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Fig. 4. Scatchard plot of decrease in fluorescence intensity 
(-AI) of DMChene at 394 nm as a function of calcium 
concentration. Other conditions are givenin the legend of Fig. 
3. 

and  1.3 mM.  The  s ignif icance of  which is not  c lear  

to us at  this stage. 
The  ca lc ium- induced  decrease  in f luorescence 
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Fig. 5. Increase in fluorescence intensity of (I)  of DMChene 
(190 /tM) at 3904 nm in dispersions containing varying mole 
fractions (X) of DMPC (O) and DMCh (@). All solutions 
contained 10 mM CaCl 2. Other conditions are given in the 
legend to Fig. 3. Plots of the emission intensifies at 373 nm 
gave virtually identical plots. 
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in tens i ty  is p r e suma b ly  due to sel f -quenching 
b rough t  abou t  b y  in te rmolecu la r  b r idg ing  b y  
ca lc ium b o u n d  to the phospha t e  groups.  This  is 
bes t  i l lus t ra ted b y  an  increase  in the f luorescence 
in tens i ty  of  D M C h e n e  dispers ions  on surface di lu-  
t ion with o ther  l ipids.  As  shown in Fig. 5, 
codispers ions  of  D M C h e n e  with  vary ing  mole  
f ract ions  of  D M C h  or  D M P C  lead to an increase  
in the f luorescence intensi ty.  By ex t rapo la t ion  of  
the l inear  region,  it  can be ca lcula ted  that  the 
f luorescence in tens i ty  of  comple te ly  unquenched  
D M C h e n e  at  inf ini te  d i lu t ion  would  be  abou t  
3.5-t imes more  than  that  of  the D M C h e n e  vesicles. 
Whi le  the f luorescence in tens i ty  increases  l inear ly  
at  low mole  f ract ions  of  the nonf luorescent  add i -  
tives, it  decreases  at  higher  mole  f rac t ion of  the 
addit ives.  W e  bel ieve that  this decrease  in in tens i ty  
is due  to tu rb id i ty  f rom the higher  to ta l  l ip id  
concen t ra t ion  used for surface di lut ion.  In  these 

X ( DMPC ) 
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! ! i i 
1.02 

0.98 38 ° 

0 . 9 4  

0 . 9 0  25=  

1.02 

0 . 9 8  3 8 %  

0 . 9 4  

2 5 "  
0.90 

! I I I 

1.0 0 .6  0 .2  
X ( DMCh ) 

Fig. 6. Change in 1(373)/I(394) ratio of the emission intensi- 
fies of DMChene (190/~M) containing varying mole fractions 
of DMPC (top) and DMCh (bottom) at the temperatures 
indicated. 
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measurements, the probe concentration is kept 
constant while varying its mole fraction. 

One of the important differences in the emis- 
sion spectrum of the surface-diluted DMChene 
vesicles and that of the undiluted vesicles is that 
the relative intensities of the peaks at 372 and 394 
nm are different. By using the polarizing and the 
cut-off filters, by changing the slit-width, and by 
using a mixture of the dispersions to increase the 
turbidity without surface dilution, it was estab- 
lished that the change in the ratio of the intensities 
of the two peaks is not an artifact of scattering of 
the excitation beam by the turbid solutions. In 
fact, as summarized in Table II, the 1(373)/1(394) 
ratio is 1.051 in hexane and 0.9079 in aqueous 
dispersions of 190 /~M DMChene and both of 
these solutions had no noticeable turbidity. As 
shown in Fig. 3, the absolute intensities are also 
quite different. Based on such controls, and other 
experiments described below, we believe that the 
ratio of the intensities at 373 and 394 nm is a 
useful measure of the intermolecular interaction 
between DMChene molecules in a bilayer, and this 
ratio does not suffer from many of the artifacts 
that influence the fluorescence intensity values. As 
shown in Fig. 6, the 1(373)/1(394) ratio increases 
with increasing mole fraction of DMCh or DMPC 
in the mixed codispersions with DMChene at 25 
and at 38°C. While the intensity ratio increases 
linearly with the mole fraction of the additive 
lipid, a somewhat anomalous behavior is observed 
at 38 o C with the codispersions containing DMPC 
+ DMChene. Little or no change in the intensity 
ratio is seen at low mole fractions of DMPC, 
suggesting that in these bilayers, the affinity of 
DMChene for itself is greater than it is for DMPC. 
This could lead to lateral phase separation. The 
linearity of the other three curves in Fig. 6 suggests 
an ideal mixing of the two lipid components under 
these conditions. 

Insight into the mechanism of self-quenching of 
DMChene in a bilayer can be obtained by the 
measurement of fluorescence lifetimes. Both the 
pulse method and the phase method suggest fluo- 
rescence lifetime heterogeneity [17,19,20]; there- 
fore, these results should be taken only as a quali- 
tative guide. As summarized in Table III ,  the 
lifetime of DMChene in hexane obtained by the 
phase-shift method, %, is about 0.43 ns, which 

TABLE III 

F L U O R E S C E N C E  LIFETIME OF DMChene  AT 25 o C 

Conditions % (ns) em (ns) 

30 6 30 6 
MHz MHz MHz MHz 

In hexane 0.43 0.72 2.45 7.9 
In buffer without Ca 1.58 1.89 2.53 4.9 
In buffer  + Ca 1.77 2.3 3.64 7.7 
Codispersed Ca + D M C h  (1 : 3) 1.88 2.6 3.41 7.4 
Codispersed C a +  DMPC (1 : 3) 1.77 1.80 2.46 3.5 

compares favorably with the value of 0.53 ns ob- 
tained by the pulse method. A difference in the ~'m 
and ~'p values at 30 and 6 MHz, as well as the 
decay curve in the pulse method show the presence 
of two or more components.  In the aqueous dis- 
persions of DMChene, the lifetimes increase to 
about ~'p = 1.5-1.8 ns. It  should, however, be em- 
phasized that the lifetimes of DMChene in the 
various aqueous dispersions are much closer to 
each other than their fluorescence intensities. Such 
a lack of correlation between the fluorescence l ife- 
times and the fluorescence intensities, suggests that 
the self-quenching of DMChene is due to forma- 
tion of a complex between the quencher and the 
fluorophore in the excited state [17]. Since both 
the quencher and the fluorophore are the same 
moieties in this case, it would imply that the two 
cholesterol moieties should be able to come in 
contact with each other during the lifetime of the 
excited state. Use of other membrane-localized 
quenchers could lead to further characterization of 
this complex. 
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Fig. 7. Plot of  1(373)/1(394) ratio vs. 1 / tempera ture  for 
aqueous dispersions of DMChene  (190 /tM) without calcium 
(e)  and with calcium (C)), and codispersed with DMPC (Q). 
Other conditions are given in the legend to Fig. 3. 



An intermolecular interaction between the 
cholestatriene moieties in DMChene dispersions is 
also modified by temperature. As shown in Fig. 7, 
only the dispersions of DMChene.  Ca exhibit a 
sharp increase in the 1(373)/1(394) ratio at 33°C, 
that is, at the same temperature at which the 
transition is seen by calorimetry (see Table I). 
Interestingly, such a transition is not seen with 
DMChene in the absence of calcium or in the 
codispersions of DMChene + DMPC in the pres- 
ence of calcium. 

Discussion 

In this paper, we have supplemented our earlier 
observation [1,2] that the aqueous dispersions of 
the calcium salt of DRCh exhibit an endothermic 
phase transition. This system is of considerable 
theoretical interest because a transition of acyl 
chains is seen in a bilayer in which cholesterol and 
acyl chains are packed in 1 : 2 mole ratio. Also the 
fact that the transition is seen only in the presence 
of calcium ions, makes it an ideal example of 
solute-induced isothermal phase transition. In all 
other known examples of isothermal phase transi- 
tion, a solute simply shifts the phase-transition 
profile. 

The enthalpy and the temperature of this transi- 
tion depend upon the acyl chain-length, suggesting 
that the endotherm is due to a cooperative order- 
disorder transition of the acyl chains. This hy- 
pothesis has now been directly corroborated with 
the electron diffraction measurements on the 
monolayer of DMCh.  Ca. The high cooperativity 
of this transition raises several questions concern- 
ing the lateral organization of the acyl chains in 
the plane of the bilayer. One of the possibilities we 
suggested earlier is that an extensive interaction 
between the acyl chains, leading to a highly coop- 
erative transition, is attained by one-dimensional/  
linear organization of the acyl chains. Such an 
arrangement implies an interaction between the 
cholesterol moieties. The fluorescence properties 
of DMChene unequivocally demonstrate that an 
interaction between the cholestatriene moieties 
does indeed lead to self-quenching. The change in 
the 1(373)/1(394) ratio as a function of surface 
dilution and temperature suggests that the orienta- 
tion and motional freedom of the dipoles of the 
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fluorophore are somehow involved in this phe- 
nomenon. 

The self-quenching of DMChene is not accom- 
panied by a significant decrease in the fluores- 
cence lifetime; therefore, the static self-quenching 
of DMChene in the dispersions must be due to 
intermolecular interaction during the excited state. 
This implies that the fluorophores are probably 
very close to each other so that they can interact 
during the lifetime of the excited state. A precise 
arrangement of the DMCh molecules in the bilayer 
cannot be described yet. However, it should be 
noted that while formation of the calcium complex 
leads to the self-quenching without a change in the 
1(372)/1(394) ratio, the effect of the surface dilu- 
tion is exerted both on the absolute and relative 
intensities of the two peaks. It appears that the 
relative intensities of the two peaks arise from the 
dipole along one face of the cholestatriene moiety, 
whereas the change in the absolute intensity could 
be due to the interactions along one of the other 
faces of cholesterol a n d / o r  rotational freedom of 
the molecules. 

It may be appropriate at this stage to relate the 
significance of our observations to the state of 
cholesterol in phospholipid bilayers. Several 
laboratories have reported specific cholesterol- 
cholesterol and cholesterol-lipid interaction in 
bilayers. This is necessary, not only because of the 
geometrical constraints of packing beyond 30 mol% 
cholesterol in codispersions with diacylphospholi- 
pids, but also because there is substantial evidence 
that cholesterol tends to duster  in stoichiometric 
ratios with diacylphospholipids even when it is 
present at low mole fractions in codispersions 
[16,21-26], cf. discussion in Ref. 22). Several mod- 
els have been invoked to account for such inter- 
molecular interactions and the lateral organization 
of the components of these mixed bilayers 
[16,21-26]. For example, linear packing arrange- 
ment of cholesterol molecules has been proposed 
to interpret data from a variety of techniques. 
These models imply significant long-range chain- 
chain interaction. We have obtained direct evi- 
dence for such chain interactions by demonstrat- 
ing thermotropic phase transition in aqueous dis- 
persions of calcium salts of DRCh and its analogs, 
and from their fluorescence properties. 
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