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The spontaneous interbilayer transfer of dehydroergosterol, a fluorescent cholesterol analog, was examined using small 
unilamellar phospholipid vesicles. The kinetic data were best fit by an equation of the form Aexp ( - k t ) +  B. 
Qualitatively, the general trend of the half-time for transfer and the base values (B)  obtained for  dehydroergasterol 
resemble the corresponding values obtained in the earlier studies of cholesterol transfer. However, quantitative 
differences, which reflect the molecular structure of the sterol, were observed. Acrylamide quenching performed on the 
donor vesicles at  different stages of the transfer indicated that a time-dependent organization of D H E  within the 
vesicles oecms .  

We have been studying the organization of cholesterol 
in bilayers by following the spontaneous exchange and  
net transfer of this steroi between bilayer membranes 
[1,2]. Previous kinetic studies of  the spontaneous ex- 
change and  net transfer of [3HI cholesterol between 
small unilameilar vesicles comprised of 1-palmitoyl-2- 
oleoylphosphatidylcholine (POP(:) demonstra ted that 
about  20% of the total cholesterol is neither exchangea- 
ble nor  transferable in the 8-h t ime frame of the experi- 
ment  [1]. The size of  the nonexchangeable pool varies 
with temperature and  with the type of phospholipid 
[1,2]. The physical nature of this pool is, however, not 
clear due to the difficulty in observing cholesterol di- 
rectly by spectroscopic methods. This problem can be 
overcome in par t  by  the use of  a suitable fluorescent 
cholesterol analog which, when inserted into mem- 
branes,  mimics the physical and  biological behavior of 
cholesterol. Several reports suggest that  D H E  ~s an  
excellent cholesterol mimic [3,4]. 

In this study we examine net transfer of DHE,  from 
small unilamellar vesicles composed of either POPC or 
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bovine brain sphingomyelin SPM. We demonstrate  that  
not all the D H E  in the donor  vesicles is transferable in 
the 8-h time frame of the experiment and  that the size 
of this nontransferable D H E  pool varies with tempera- 
ture and the type of phosphotipid matrix. These results 
are comparable  to those obtained for cholesterol and 
thus strengthen the previous assertion that  Di' iE resem- 
bles eholestet'ol in its physical chemical properties [4-6]. 
Based on the idea that D H E  is a good cholesterol 
mimic, we use the fluorescent properties of this mole- 
cule to examine certain characteristics of the nontrans- 
ferable pool. 

Trans f e r  exper imen t s .  D H E  transfer was followed by 
monitoring the decrease in fluorescence intensity at  39g 
nm as a function of time in small unilamellar donor  
vesicles. Fluorescence intensity measurements were 
made with a SLM 4800 fluorometer. The excitation and  
emission wavelengths were 324 nm and  398 nm, respec- 
tively. No  excitation or emission polarizers were used. 
Light scattering and  photobleaching were minimized by 
using dilute samples and narrow band  widths in the 
excitation and emission monochromators .  The small 
Ulfilamellar vesicles were made by sonication as de- 
scribed elsewhere [1]. Except in special experiments 
discussed later, two populat ions of vesicles were used: 
neutral donors  and negatively charged accepters. The 
donor  vesicles contained DHE,  phospholipid and  also 
traces of [14C]cholesterol oleate which served as a non- 
exchangeable marker  used to moni tor  vesicle recovery 
and to normalize fluorescence intensity. Accepter  
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vesicles were present  in !0-fold  excess over  donors.  
They  contained the s a m e  phosphol ip id  as the dono r  
vesicles plus 15 mol% phosphat idylglycerol  but  no  D H E .  
Af te r  the incubat ion  period,  the charged  acceptor  
vesicles were separa ted  f rom the neutral  donors  on a 
pre-equil ibrated,  DEAE-Sephace l  ion exchange  co lumn 
(Pharmac ia  F ine  Chemicals)  by  a procedure  s imilar  to 
that used in previous  work  [1,2]. Typically,  less than 1% 
of  the charged vesicles and  90-95% of  the  neutral  
vesicles were  recovered in the e'.aate at all t ime  intervals  
examined.  

The  fract ion of  D H E  remain ing  in the uncharged  
donor  vesicles at t ime  t, is g iven  by: 

x, = ( F / ' aC) , / (  F/taC)~ . . . .  

where  ( F / ~ a C ) ,  is the rat io  of  the f luorescence in tensi ty  
to []aC]cholesterol oleate in the  eluate at  t ime  t, and  
(F//14C)donor s is the  rat io  of  the  f luorescence in tensi ty  
to [1at]cholesterol  oleate in the  donors  a f te r  co lumn 
elution at t = 0. Kinet ic  da ta  were  f i t ted to a single- o r  a 
two-exponent ia l  funct ion and  one  value for t = oo us ing  
an iterative,  non- l inear  least-squares  analysis  p r o g r a m  
en  a Control  D a t a  Corp.  Cyber  730 c o m p u t e r  [7]. 

Typica l  D H E  t ransfer  da t a  be tween  P O P C  vesicles 
are shown in Fig. 1. The  kinet ic  d a t a  for D H E  net  
t ransfer  f rom both P O P C  and  S P M  vesicles are  best fit  
by a s ingle-exponential  funct ion  and  a base  value  for  
the percent  o f  f luorescence in tensi ty  r ema in ing  in the  
donor  vesicles. T h e  kinet ic  p a r a m e t e r s  ob ta ined  for  
t ransfer  to a 10-fold excess of  negat ively  charged  accep-  
tor  vesicles as a funct ion  of  D H E  concent ra t ion  and  
t empera tu re  are s u m m a r i z e d  in Tab le  I. Also  in  Tab le  I, 
for  compar i son ,  are value  in parenthes is  ob ta ined  for  
cholesterol net  t ransfer  under  the s a m e  condi t ions  [1]. 
In  all cases  it was  a s sumed  in ca lcula t ing these p a r a m e -  

ters that  a t  equi l ibr ium D H E  is homogeneous ly  dis t r ib-  
uted be tween donor  and  acceptor  vesicles. T h e  expected  
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Fig. 1. Typical curves for dehydroergosterol transfer at three tempera- 
tures from neutral POPC donor vesicles at two different concentra- 
tions of DHE; open symbols, t0 molto DHE; filled circles, 1 mol$ 
DHE. The dashed line represents the expected value for the percent of 
label remaining in the donors when DHE equilibrium is established 

between the two vesicle populations. (For details see text). 

base  value  is then 9.09%. I t  can  be seen in Tab l e  I that  
the base  values  calculated us ing  the  f i t t ing p rocedure  
are substant ia l ly  larger  in all exper iments .  I t  is also 
appa ren t  in bo th  P O P C  a n d  S P M  vesicles that  the  
nont rans fe rab le  base  va lues  decrease  wi th  inc reas ing  
t empera tu re  as  do  the  ha l f - t imes  for  t ransfer .  I t  is c lear  
f r o m  the  d a t a  in Tab l e  I a n d  Fig.  1 tha t  the genera l  
t rends  of  D H E  t rans fe r  ra ther  closely resemble  those  of  
cholesterol  t ransfer .  Even  though  the  ha l f - t imes  for  

D H E  t ransfer  are  subs tant ia l ly  smal le r  t han  the  va lues  
ob ta ined  for cholesterol  t ransfer ,  the  non t rans fe rab le  
pools  are  of  c o m p a r a b l e  size. Moreover ,  as  p rev ious ly  
repor ted fo r  cholesterol  transfer, D H E  t ransfer  f r o m  
P O P C  is faster and the base values smal ler  than fo r  
t ransfer  f r o m  S P M  vesicles at  equ iva lent  temperatures. 
I t  also is appa ren t  that  inc reas ing  the  D H E  concen t ra -  
tion f r o m  I to 10 tool% increases  the  ha l f - t ime  for  

TABLE I 

Temperature and concentration effects on the kinetic parameters of D H E  transfer from SU I /  

Phospholipid b m01 7o Incubation tt/2 (rain) Base value 
matrix DHE = temperature (%) 

POPC 10 16°C 61 +14 45.44- 3.6 
POPC l 2S°C 154- 3 20.84- 2.0 
POPC 10 25°C 27:k 1(213+55) ~ 21.1+ 5.0(32.4_8) ~ 
POPC !0 37°C 144- 4(  65+ 5) ~ 21.34- 5.0(19.7+2) ~ 
Bovine brain SPM tO 37°C 1774-21 76.84- 4.0 
Bovine brain SPM 10 45°C 102+19 60.8+ 6.5 
Bovine brain SPM 10 50 ° C 88 4- 21 47.0 + 10.0 

* ,~5,7,9,(ll),22-ergostatelraen.3fl.ol (dehydroergosterol or DHE) was obtained from Fran Scientific Inc. (Cincinnati, OH), purified by HPLC [10] 
and stored under nitrogen at - 70 o C. DHE concentration was determined using an absorption coefficient equal to 10600 M - i. em - t at 326 nm 
in dioxane [11]. 

b The phospholipids POPC, POPG and SPM were supplied by Avanti Polar Lipid, Inc. (Birmingham, AL) and were used without further 
purification. For more details, see text. 

The numbers in parenthesis are the kinetic parameters for cholesterol net transfer under the same experimental conditions [l]. 



transfer, but  does not affect the base vahJe of nontrans- 
ferable D H E  as was the case for cholesterol exchange 
[H. 

Previous studies of lipid transfer and exchange [1] as 
well as this study of D H E  transfer suggest that the 
rate-limiting step in transfer is desorption of DHE i'~om 
the donor  vesicle. Since desorption involves partit ion 
from the l ip id /wa te r  interface into water, the water 
solubility of the transferring amphiphilic molecule is 
reflected in the rate of desorption so that the rate of 
transfer increases with increasing water solubility of the 
lipid. Because of the additional double bonds in DHE,  
this sterol is expected to be more polar  and therefore 
more soluble in water than is cholesterol. As the water 
solubility increases, the activation energy barrier for 
desorption decreases and  therefore the rate of exchange 
of D H E  is less temperature dependent than the 
cholesterol rate. This is seen in the activation energy of 
12.8 kca l /mol  calculated for D H E  desorptioo from 
POPC vesicles, compared with the cholesterol activation 
energy of 22 kca l /mol  in POPC vesicles [2]. 

An experiment was carried out  to see if a nontrans-  
ferable pool of D H E  is present in the accepter  popula-  
tion after  the transfer of D H E  SPM was chosen as the 
phospholipid matrix since it has the largest nontransfer- 
able D H E  pool. Neutral  SPM accepter  vesicles contain- 
ing D H E  were prepared by transferring D H E  from 
negatively charged SPM donors  containing DHE.  The 
negatively charged donors  were separated from the 
accepters  after  3 h of transfer using our  s tandard ion 
exchange column [1,2]. These accepters were then used 
as donors  to a new populat ion of negatively charged 
accepters  in a second transfer experiment and  transfer 
as a function of time was followed in the usual manner,  
but  under  two sets of conditions. (1) An aliquot of the 
new donors  was incubated with accepter  vesicles im- 
mediately after  separation. (2) An  aliquot was used in a 
transfer experiment after  24 h storage at 5 0 ° C .  The 
results are shown in Fig. 2 where the filled circles are 
da ta  obtained in the immediate second transfer experi- 
ment,  and the open circles are transfer data  obtained 
following storage at  5 0 " C .  It is quite clear that im- 
mediately after  preparat ion by transfer, the new donors 
are able to transfer out essentially all the DHE.  How- 
ever, after  24 h storage at 500C,  the 50% non-exchange- 
able pool is regenerated in these vesicles and  they 
become indistinguishable from the original donor  
vesicles prepared by  sonication (Table I). 

Fluorescence quenching experiments. The quenching 
of D H E  fluorescence by acrylamide [8] was used to 
examine the characteristics of the non-exchangeable 
pool in donor  vesicles. Quenching measurements were 
car~ie,:l out on donor  vesicle dispersions at the begin- 
ning and  the end of a transfer experiment. To do  this, 
20 p.I port ions of a 5 M acrylamide stock solution were 
added serially to a 1.5 ml sample of donor  vesicles in 
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Fig. 2. Net transfer of DHE at 50°C from SPM vesicles. SPM 
vesicles containing DHE were made by exchange for 3 h between 
negatively charged donor vesicles contaimng DHE to vesic!es contain- 
ing SPM only. Filled circles show the transfer experiment using the 
accepter vesicles as donors immediately after the first transfer was 
interrupted and the two populations separated. The open circles show 
the transfer experiment using another aliquot of the same accepter 

vesicles but after 24 h storage at 50 ° C. (For details see text). 

final concentrat ion range of 0-0 .5  M. DHE fluores- 
cence lifetimes were also determined at the beginning 
and end of the transfer experiments, as described in 
Table I1. Fluorescence intensity was determined at the 
same temperature as the transfer experiments and were 
corrected for volume changes and background so that 
apparent  Stern-Volmer constants, Ksv, were calculated 
[9]. 

Table 11 summarizes the results for acrylamide 
quenching of D H E  fluorescence in SPM donor  vesicles 
at 37°C .  Ouenching was examined in donor  vesicles 
containing initially 10 mol% D H E  at zero time (Do), 
immediately at the end of the transfer experiment ( D~ ), 
then after 48 h (D.~, 48) and  72 h (D~, 72) of storage at 
37°C .  The value of ( k * )  the biomolecular quenching 
rate constant  obtained immediately at the end of the 
transfer is significantly smaller than the initial value of 
k* and the values of k*  obtained after 48 and 72 h 
storage. This result shows that the accessibility of dehy- 
droergosterol to acrylamide (which presumably resides 
in the aqueous media} is less in the non-exchangeable 
pool than it is in the exchangeable pool. However, after 
incubation the increase in k*  suggests that dehydro- 
ergosterol spontaneously rearranges in the vesicle bi- 
layer to an organization similar to that at zero time. A 
plot of the In k* versus time for SPM donor  vesicles 
(Table II) is a straight line indicating that reorganiza- 
tion is a first order  process with a half-time o1 roughly 
24 h. 

In order to determine whether  this reorganization 
produces ? fresh population of transferable DHE,  a 
second transfer at 5 0 ° C  was carried out  with fresh 
accepters using SPM donor  vesicles collected at the end 
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TABLE II 

Lifet imes and  acrylamide quenching constants for  D H E  in S P M  donor 
vesicles at 37 ° C 

Do a D~ ~ D',48 b D",72 b 

¢0 (as) ~ 0.887 0,937 0.922 0.922 
k* (M-Lns- I )  d 0.28 0.06 0.12 0.21 

D,~ and D~ designate data nb!~ine~ wJlh dnnor vesicles separated 
from acceptor vesicles by ion exch.n&¢ chromatography at the 
beginning and immediately at the end of the transfer experiment, 
respectively. 

i, D~,48 and D~.72 designate data obtained with donor vesicles 
separated from acceptor vesicles by ion exchange chromatography 
at the end of the incubation period, followed by 48 h and 72 h 
storage, respectively. For details, see text. 

c Fluorescence lifetime of dehydroergnsteroL ¢o. in vesicles was de- 
termined by means of mullifrequency phase-modulation fluorome- 
try [12], The instrument was a SLM 4800 fluorometer (Urbana. IL), 
The l;ght source was a He-Cd laser (Liconix, Inc.. Sunnyvale. CA) 
with a 325 nm excitation wavelength. The excitation polarizer was 
set at 35 ° with respect to the vertical plane. A suspension of 
glycogen in water was used as the scattering reference signal. Phase 
and modulation data were determined using modulation frequen- 
cies ranging from S MHz to 2O0 MHz and the data were fitted 
either with the conventional multi-exponential decay law or with 
the Lorentzian distribution function [13]. using a non-finear least 
square procedure developed by ISS, Inc. Both fitting procedures fit 
equally well to a single lifetime made with X 2 near 1. 

d The dynamic quenching rate constant, k*, can be calculated as- 
suming that only a dynamic quenching mechanism operates, by the 
following equation: F ° / F  = 1 + k *.  'ro[Q] where F ° / F  is the ratio 
between the fluorescence intensities in the absence of quencher and 
each quencher addition, corrected for volume changes in back- 
ground, ¢o is the lifetime of DHE in the absence of quencher and 
[Q] is the acylamide concentration. At least seven different con- 
centrations were used for each Stem-Volmer plot and the correla- 
tion coefficient of the linear regression was better than 0.95. 

of  the  initial t ransfer ,  bu t  then s tored for 24 h. As  a 
result  o f  the  50-fold di lut ion occur r ing  du r ing  sep-  

ara! ion  of  donors  and  acceptors  on  the  ion exchange  
column,  it was  diff icult  to ob ta in  accura te  in tensi ty  
measu remen t s  dur ing  the second t ransfer .  However ,  a 
s ignif icant  a m o u n t  of  t ransfer  was  detected (da ta  no t  
shown).  Thus  a t ransferable  popula t ion  of  D H E  was  
regenera ted  concomi tan t  with the  re turn of  normal  

quench ing  characterist ics .  The  same  behavior ,  that  is, 

the decrease in k *  in donor  vesicles at  the end of  the  
t ransfer  and  then the regenera t ion of  the  or iginal  
quench ing  character is t ics  o f  the donors ,  is also seen in 
P O P C  donor  vesicles bu t  at a m u c h  more  rap id  rate  
(da ta  not  shown).  It  thus  is clear that  the  rate  of  
reorganiza t ion  of  D H E  in the non-exchangeable  pool 
depends  on the type of  ma t r ix  phosphol ipid .  Th i s  is also 
the case  wi th  the D H E  t ransfer  rate  cons tan t s  and  the  
size of  the exchangeable  pools. Fo r  S P M  vesicles com-  
pared  to P O P C  vesicles under  s imilar  condit ions,  the  
t ransfer  rate  as well as the reorganiza t ion  rate  of  the 

non-exchangeable  pool  are  smaller ,  but  the size of  this 
pool is larger. The  d i f fe rences  in the  t ransfer  ra te  be-  
tween the  two phosphol ip ids  can  be explained,  as  in the 
case of  cholesterol,  as a consequence  of  the d i f ferences  
in the  lateral  pack ing  dens i ty  and  therefore  in the Van  
der  Waa l s  a t t rac t ive  in te rac t ions  be tween  the sterol  and  
the phosphol ip ids  ma t r ix  [14,15], whi le  the  d i f ferences  
in the nonexchangeab le  pool  are  a result  of  the  co-ex- 
istence of  a sterol-r ich and  a s terol -poor  d o m a i n s  as 
expla ined elsewhere [2]. 

The  da ta  presen ted  in this p a p e r  es tabl ish the  fact  
that  in phosphol ip id  vesicles con ta in ing  D H E ,  this sterol  
is o rganized  into  a readi ly  t ransferab le  pool  a n d  a 
second pool  that  in the  t ime  f r a m e  of  the  expe r imen t s  is 
non- t rans fe rab le  sugges t ing  a genera l  pa t t e rn  of  behav-  

ior  o f  sterol in bilayers.  In  S P M  vesicles in par t icu la r  
the in t raves icu lar  genera t ion  o f  one  pool  f r o m  the  o the r  
occurs  at  qui te  d i f fe ren t  rates.  T h e  genera t ion  of  the  
non- t ransferab le  pool  f r o m  the  t ransferab le  pool  ap-  
pears  to be  the  fas ter  o f  the  two processes.  The  exper i -  
men ta l  des igns  deve loped  in this  s tudy  will p e r m i t  us  to 

genera te  S P M / D H E  and  S P M / e h o l e s t e r o l  vesicles 
which have  only  a non-exchangeab le  o r  only  an  ex- 
changeable  pool  o f  sterol.  S tudies  are  also unde r  w a y  to 
evaluate  the  in te rac t ions  betwee,a D H E  and  cholesterol  
when  both  are presen t  in the  s a m e  bilayer.  

Th i s  s tudy  was  suppor t ed  by  P H S  N I H  G r a n t s  G M -  
14628 and  HL-17576.  
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