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X-Biman~iocholesterol ,  a new f luor~cem lipi& w ~  ~ n ~ i z e d  from t h i o c h ~ r o l  and manobromo~- 
man~ ~ u o ~ e n c e  e x ~ f i o n  and emission spec~a w e ~  measured ~ some orga~c s~vems and aher 
incorporation ~ u ~ m @ ~ r  lipid vef ide~ In the vef i~e~  e x ~ t ~ n  was at 389 nm and emotion w ~  at 
459 rim. V e ~  ~mi~r  vflues w ~ e  ~ e n  in m ~ h a n ~  and ~ wa~r c o m ~ n g  ~5% ~ / v )  TrRon X-100. T h e ~  
s p e c ~  p r o p e ~ s  suggested ~ ~ e  ~mane fluorophore w ~  ~cated ~ ~ e  lipid v e ~ d ~  in a po i~  
environmen~ d o ~  to the sudace. The m~ar extinction coefficiem at the excRafion wavden~h ~ m ~ h a n ~  
was 5400 M - t .  cm- ~. Up ~ 7 m~% co~d  be incorpo~ted w i ~ o ~  sdgquenc~ng  ~ ~ e  f l u o ~ e n c e .  The 
exchange of S-~man~thiocholesterol between v e f i d ~  w ~  demons~a~& w i ~  an app~em f i ~ o ~  ~ 
c o n s ~  ~ ~ 4 8  h-~. The extent ~ exchange ~ equfl~fium ~ c a ~ d  that ~ d  ~ a n s ~ r  was ~s tr i~ed  to the 
probe m~ecu~s  ~ the ou~r  ~a f l~ s  of the bflayer~ 

I ~  

Fluorescent ~pids are v~uable reagents for 
probing the structures and functions of b i d o ~ c ~  
and modal membranes [1-~. Although some lipids 
are intrinficMly fluorescent, many probes have 
been made by the chemic~ modification of natu- 
rMly-occurring membrane components to intro- 
duce a fluorescent group. This approach allows 
confiderable fle~bi~ty in defign, as the same fluo- 
rophore, such as 7-nitrobenzo-2-ox~l,3-diazol-4-~ 
(NBDg can be placed at dif~rent pofifions in the 
host molecul~ Thus, Pagano and his colleagues 
[3,~ have used NBD-lipids in many degant stud- 
~s of the mechanisms of phosphdipid ~ans~r 
and m~abol~m. 

Many of the properties of the NBD group 

* To whom ~ e ~ o n ~ n c e  ~ o u ~  ~ ~d~essed. 
** Present address: Depa~ment of In~rnM M ~ ,  

W ~ n ~ o n  U ~ v ~ f i ~  Me~cM ~hoC,  ~.  L o ~  MO 
631~, U~.A. 

w~ch make it so usefd are shared by the ~mane 
fluorophor~ d~covered by Kosow~ [5]. Bimane 
(3 ~ f l - t r i m e t h y ~ 4 - m e t h y ~ n ~ l  f i - d ~ z a b ~ y d o  
[ 3 ~ ] o c t a - 3 ~ - d ~ n ~ 2 , 8 - d i o n e ) ,  a small  
amphiphilic m ~ e c ~  is ~ghly fluorescent in water 
and in orga~c s~vents and the labd~ng ~ a ~ n  
is s ~ g h t  forward. By contrast to NBD, howeve~ 
~mane is refi~ant to hding during ~ra&afion in 
the fluorescence microscope [6]. 

We repo~ here the synthefis and some spe~r~ 
prop~t i~ of a novd ~mane-labelled 1 ~ ,  S-bi- 
m a n ~ t ~ o c h ~ r d .  It is shown that the probe 
may be ~ a ~  ~corpor~ed into u~hmdla r  lipid 
verities and that the probe ~ the outer ~afl~s of 
• e Nhye~  is rapi~y exchanged. 

Matefifls and Methods 

T h ~ c h ~ r ~ ,  ~ e o ~ p h o s p h ~ y ~ h ~ e  
and ~ u m  ~ e  we~ pu~ha~d  from ~gma. 
M o n o b m m ~ i m ~ e  ~ e  MB) was ~ p p l i ~  
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by CNbiochem-Behrin& Egg phosphafidic add 
was ~om Lipid Product~ [la,2a(n)-3H]Cholester - 
ol (1.7 GBq/~mol), choles~ryl [1-14C]oleate (79 
MBq/#mol) and sodium [carboxyl-~aC]cholate 
(2.06 GBq/mmol) were obtNned ~om Amersham. 
Spectrophotometfic grade dioxane and heptane 
were purchased ~om Aldrich. Spec~ophotometric 
grade octan-l-ol was from Fisons. Other solvents 
were anNyticN grade and were dried and di~illed 
before use. Sihca gel preparative layer chro- 
matography (PLC) plates (Merck 5717) and thin- 
layer chromatography (TLC) sheets (Merck 5735) 
were supphed by B.D.H. Sephadex G-50 (fin~, 
Sepharose CL-4B and DEAE-Sephacd were 
PharmaNa products. 

Absorption spectra were recorded with a Per- 
kin-Elmer Lambda 3 spec~ophotome~ Fluores- 
cence exNtafion and emNsion spec~a (unco~ 
reded) were recorded on a Perkin-Elmer LS3 
spec~ofluofimeter. All measurements were made 
at 22 ± I°C. 

Radioacti~ty was counted in a Packard Tri- 
Carb 300 liquid-scintillation specUomete~ Co~e~ 
fions for quenching and for channd overlap were 
appl~d. The sNntiHation fluid was Pico-fluor 30 
suppled by Packard. Aqueous samp~s up to 0.6 
ml in volume were misdble with 4 ml of fluid. 

S y n N ~  of S-bimanylthmcholes~rol 
MonobromoNmane (30 mg, 0.11 mmN), 

thiocholesterM (50 rag, 0.12 mmM) and NaHCO 3 
(10 m~ 0.12 mmd) w~e ~ o N e d  in cNoroform/ 
mmhanM/wm~ (6 ml, 2: 3:1, by vM.). A~er 
stirring for 19 h at 21°C ~ the dark, the mixture 
was N~md with ~ h ~  ether (50 ml) and ex- 
tracted with 10% ( w / ~  dtric add (50 ml), 
saturamd NaHCO 3 (50 ml) and saturated NaCI ~ 
times 25 roD. The e~er was dried (MgSO4) and 
evapora~d at 30°C ~ vacuo. The reddue was 
• ~N~ed in cNoroform (2 ml), apN~d at a PLC 
plato (20 cm × 20 cm) and devdoped with cNoro- 
form/acetone (5 : 1, v / ~ .  The mNcr yd~w band 
(Rf 0A8-¢6~ was ~raped off and dumd with 
acetone (10 ml). The solid mmNNng a~er 
evaporat~n was ~ M v e d  m cNoroform and 
filtered to ~move dl~a. A~er ~crystall~ation 
from hot aceton~ S-Nman~tNochM~rM (48 
mg, 74%) had m.p. 192-193°C and was homog~ 
neous by TLC (Rf 0.48 cNoroform/aceton~ 9 : 1, 

v/v). Calculated composition for C37Hs6N202S 
(M~ = 592.9) : C = 74.95, H = 9.52, N = 4.72%. 
Found: C = 74.76, H = 9.64, N = 4.84%. 

S-Bimanylthio[ ~H]cholesterol 
TN~3H]chM~terM w~  p~p~ed  ~om [la, 

2 a ( ~ - 3 H ~ h N ~ r N  02 m~ 0.34 MBq/~mol) as 
described [7] and made to react wi~ mono- 
bmmoNman~ A~er two PLC runs, S-bi- 
man~thi~3n]chM~terM ~.9 M~q, 13%) mn ~ 
one fluorescent spot on TLC, wNch contained 
97% of the r a N o a c t i ~ .  

Preparation of lipM ~eskles 
UNlamdhr v ~ s  were made wi~out soNc> 

t~n by gd fil~ation of mixed chMate-h~d micellm 
[8]. BfieflN ~deo~phosphatid~choline (15 rag, 
19 ~md  in 0.75 ml chloro~rm) was mixed wi~ 
S-biman~tNochd~terd (8.2 mM ~ toluene), S- 
Nman~thi~3H]chd~terd (16 kBo0 and pho> 
phafi~c add (7.3 mM ~ cNoroform/me~anM, 
1 : 1, v / ~  to Nve ~e  mq~md mohr ~atio~ Some 
preparations contNned a trace ~.04 mM%, 4 kB~ 
of chd~mryl [~4C]oleate. The sNven~ were re- 
moved at 35°C ~ vacuo and the fip~s were 
dispersed in 10 mM Tris-HC1 buf~r (pH 7.3) 
contNNng 0.1 M NaCl and 0.02% NaN 3 (1 ml). 
Suffident so,urn chdam ~.8 M ~ w a ~  was 
added to ~ve a dear sdufion, w~ch was appfied 
to a cdumn (1.5 cm × 26 cm, 46 ml) of Sephadex 
G-50 and dumd with buffer (12 m l / ~ .  A portion 
~.1 ml) of each fraction (1 ml) was taken for the 
counting of ra&oactififf. Fractions co~esponding 
to the peak of S - b i m a n ~ t ~ H ] c h d ~ t e r d  were 
assayed for phospholip~ [9]. A~er dution of the 
reticle& the cdumn was w~hed wi~ 1% ( v / ~  
Triton X-100 (50 ml) and reequilibrated wi~ the 
buf~r (150 ml). The verities were characterized by 
gd p~meafion chrom~ography on a cdumn (1.5 
cm × 27 cm, 48 ml) of Sepharose CL-4B duted 
wi~ ~e  Tris-HC1 buffer under the same con~- 
tions. 

~ & ~  ~ ~ ~ ~ e ~  ~ m ~  

Exchange was me~u~d  b~ween donor and 
a~eptor veeries that ~ f ~ d  ~ ~ r  content of 
# o ~ h ~ c  add [1~. Donor veeries w~e made 
~ t h  ~ # ~ # ~ @ ~  (19 ~m~), p ~  



phatidic acid and S-biman~thi~3H~hCes~rol 
(16 kBq) in the molar ratio 97.5 : 1.5 : 1.0 and ~so 
cont~ned a trace (0~4 mol%, 4 kBq) of the non- 
exchangeable marker choles~ryl [t4C]oleate. 
Acceptor verities were made with dioleo~phos- 
phatid~choline, phosphatidic add and S-biman- 
~thiocholesterol i~ the molar ratio 92.6:6.4:1.0. 
The concen~ations of S-bimanylthiocholesterol in 
the donor and acceptor po~s were measured by 
fluorescence, after dilution into 0.5% (v/v) Triton 
X-10~ EquM amoun~ (16 nmol) of the probe in 
donor and acceptor verities were mixed at 37°C 
in 12.5 mM phospha~ buffer (pH 7.4) cont~ning 
0.02% NaN 3 (7.5 ml). At i n ~ r v ~  portions (0.8 
ml) of the mixture were applied to columns (0.6 
cm × 2 cm, 0.6 ml) of DEAE-Sephacd ~nd rapidly 
duted (0.8 ml/min) with 5 ml of the phosphate 
b u f ~  containing 0.1 mg/ml of bo~ne serum 
~bumin. Fractions (0.6 ml) were collect& scintil- 
lation fluid was added and the 3H ~nd ~4C radio- 
activities were counted. 

Kineac ana@s~ 
Kinetic data were anMysed by assuming an 

exchange reaction of the type 

A X + D X  * ~ AX* + D X  

where A represents the acceptoL D the donoL X 
the unlabelled species and X* the labelled species. 
According to this schem~ the fractional ~ansfer 
of label at time t, X~, is given by [11,12] 

~ = ~ [ ~ -  ~ / ~ ) ]  (1) 

where X~ is the fraction~ ~ansfer at equifibrium 
and k ~ the frequency of ~ans~r of a fipid 
molecule from a donor bilayer to an acceptor 
vefid~ X, was c~culated as 1 -  ~3H/14C) of 
donor verities after incubation/(3H/~4C) of in- 
cubation mixture]. Data (42 p~r~ five experi- 
ment~ were fitted to Eqn. 1 by non-finear regres- 
fion, ufing the program devdoped by Dug~eby 
[13]. It was assumed that the apparent v~ue of t, 
the independent variable, was in error by an un- 
known constant increment. At, which represen~d 
the sampfing and separation time. The an~yfis 
gave the best estima~s of k, At and X~. 
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R e s ~  and Discus~on 

Spectral properties 
The structure of S-bimanylthiocholes~rol is 

shown in Fig. 1. The compound was highly fluo- 
rescent under long wavdength ul~aviol~ fight 

. (365 nm) and as little as 10 ng was dete~ab~ on 
TLC sheet~ Fluorescence exaltation and emission 
wavdengths in some organic solven~ are ~ e n  in 
Table I. The molar extinction coeffiden~ at the 
exaltation wavdengths are ~so ~ven. Due to in- 
solubility, v~ues in water could be obt~ned only 
in the presence of d~ergent or after incorporation 
into vefide~ Apart from the ~iphatic hydro- 
carbon solvent, the exaltation wavdength was 
rdafivdy unaffected by solvent polarity, ~though 
it tended to increase slightly in the more polar 
solvents. A more marked trend was observed in 
the emission wavdength~ which had the highest 
v~ues in the most polar solvent. The molar ex- 
tinction coeffiden~ tended to decrease with in- 
creafing solvent polarity. The wavdengths of fluo- 
rescence emissioo from S-bimanylthiocholes~rol 
in m~hanol, in unilamdlar verities and in 0.5% 
(v/v) Triton X-100 were very fimilar. These re- 
sults sugges~d that the membran~bound fluo- 
rescent moiety, was in a polar en~ronment, but 
that it was not fully exposed to the aqueous phase. 
The thiol group of thiocholesterol in fipid verities 
ties dose to the surface of the bilayer [1~ and the 
spectr~ properties of S-bimanylthiocholesterol 
suggest that this preferred orientation is un~tered 
by bimane labelling. 

~ o m ~  ~W ~ilamellar v~%les 
When mixed micd~s of diol~ylphosphati- 

dylcholi~, ~ N m a n ~ t ~ 3 H ] ~ e s t e r o l  and so- 
dium c h ~ e  were duted on Sephadex G-50, a 
p ~ k  ~ m ~ o ~ t i ~  and pho~holi~d w~ d u ~ d  

~g.  1. Structure of ~ m ~ t ~ h d e ~ d .  
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TABLE I 

SPECTRAL PROPERTIES OF ~BIMANYLTHIOCHO- 
LESTEROL 

Solvent Didectric X~ X~m Molar 
constant " (nm) (nm) extinction 

coeffident b 
( M - L c  m 1) 

Heptane 1.9 358 412 6,100 
Cydohexane 2.0 358 412 6,100 
Dioxane 2.2 384 427 5,500 
Carbon 
tetrachloride 2.2 382 420 6,000 
Toluene 2.4 384 427 5,800 
Chloroform 4.8 387 436 5,400 
Ethyl acetate 6.0 382 426 5,600 
Dichloromethane 9.1 387 436 5,500 
Octan-l-ol 10.3 387 447 5,600 
Butan-l-ol 17.8 387 449 5,500 
Ethanol 24.3 387 452 5,600 
Methanol 32.6 388 459 5,400 
Triton X-100 ~ 389 459 n.d. a 
Lipid ve~cles 389 459 n.d. 

~ V~ues from Handbook of C h e m i ~  and Phy~cs (59th 
Edn.h pp. E-56-E-5Z CRC Pres~ 

b At ~e  exo~tion wavdeng~. 
~ 0.5% ( v / ~  ~ ~01 M Tfi~HC~ pH 7.4, c o ~ m n g  0.1 M 

NaCI. 
a Not determine& 

at the void volume. On the ~ading edge of this 
peak the ratio of radioactivity to phospholipid was 
constant and these ~acfions were presumed to 
cont~n  unilamdlar  verities. Fractions compfifing 
the ~ailing edge showed an increasing amount of 
radioacti¼ty, e speo~ ly  in those mixtures con- 
t~ning the highest ~ v d s  of S-bimanylthiocho- 
~s~rol .  The separation was not improved when a 
longer column (1.6 cm × 70 cm, 140 ml) of Sep- 
hadex G-50 was used. These fractions were dis- 
carded as we concluded that they cont~ned the 
fluorophore in cholate micelles. 

When verities made with 1 mol% S-bi- 
manyl thi~ ~ H~holes~rol  and a ~ace of cholesteryl 
[tnC]oleate were run on an column of Sepharose 
CL-4B, both radioactive markers were duted  in 
the same ratio over a s y m m ~ f i c ~  peak (Fig. 2), as 
would be expected for a unilamdlar  vefide pre- 
paration [8,15~ ~though a trace of radioactivity 
was duted  at the void volum~ probably as multi- 
hmel lar  liposomes. 
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F~. 2. ~ution profi~ on Sepharose CL-4B of di- 
~eoy~ho~hatid~choline verities c o m ~ n g  1.5 m~% pho~ 
ph~idic add, 1 m~% ~ m a n ~ t h i ~ 3 H ~ h ~ e s t ~  (~) and 
0~4 m~% c h ~ e s ~ l  [~C]olea~ (©). The arrow shows the 
dution position of Blue dex~an 2000. 

Lipid verities were also made with a trace of 
[~qcholate in order to measure the levd of deter- 
gent contamination. We found that up to 4 mol% 
of cholate remained associated with the vesicles. 
Brunner et al. [8] have reported that contamina~ 
ing cholate can be decreased to negligible levds by 
dialyfis or by preparation of the verities on a 
longer column of Sephadex G-5& but neither 
method reduced the cholate content of our vesicle 
preparation& This suggests that the refidual 
cholate may be present as micelles or entrapped 
within the ve~cle~ 

MeasuremenB of phospholipid and S-bi- 
manylthiocholesterol concentrations showed that 
only 60% of the fluorophore in the initial lipid 
mixture was incorporated into the veficles. The 
efficiency of incorporation was constant up to a 
levd of 7 mol% in the veficles. We were not able 
to measure the saturating levd of S-bimanyl- 
thiocholesterol, as at higher ratios the unincorpo- 
rated fluorophore became difficult to separate 
from the veficles, but 7 mol% may be about half 
of the saturating concentration. Up to 19 mol% of 
thiocholesterol can be incorporated into egg yolk 
phosphatidylcholine veficles [16] and Rando et al. 



[17] incorporated 15 mol% of an NBD-labelled 
cholesterol. The fluorescence of S-bimanylthio- 
cholesterol veficles was independent of the mole 
fraction incorporated (data not shown). 

Exchange of S-bimanylthiocholesterol between 
ves~les 

An important property of any fipid analogue is 
the extent to which it ~ansfers between mem- 
brane~ Both exchangeable and non-exchangeable 
markers have proved to be valuable tools [3,4]. 
For these experimen~ we synthesized S-bimanyl- 
thio[3H]cholesterol and used cholesteryl [~C]ole- 
ate as a non-exchangeable marker. Changes in the 
concentration of S-bimanylthiocholesterol were 
followed by dualqabel scintillation counting. Ex- 
change was measured between veeries that con- 
tained equal amounts of fluorophore, but differed 
in phosphatidic acid conten~ The difference in 
surface charge allowed the two populations to be 
separated on DEAE-Sephacel [10], only those 
ve~cles with the lowest surface charge b~ng eluted 
from the g~. In con~ol expefimen~ we found 
negligib~ leakage of the acceptor veficles. 

When dioleoylphosphafidylchofine verities con- 
taining S-bimanylthio[3H]cholesterol, cholesteryl 
[~4C]oleate and 1.5 mol% phosphatidic acid were 
mixed at 37°C with acceptor verities containing 
6.4 mol% phosphatidic acid, the ratio of 3H/~4C 
in the donors decreased over a period of 2.5 h. At 
this time about 25% of the 3Hqabdled fluoro- 
phore had been lost (Fig. 3). Experiments at longer 
time intervals suffered from poor recovery of the 
donor veficles, but there appeared to be no ad- 
ditional exchange. These data were fitted to Eqn. 
1 by non-finear regression [13] and gave X~ = 
0.248 ± 0.004 and k = 0.48 ± 0.03 h-~. The sam- 
pfing time error At was 0.052 ± 0.017 h. 

The exchange properties of S-bimanylthiocho- 
lesterol differ from those of cholesterol and 
thiocholesterol in two respect~ The rate of ex- 
change is sfightly faster (cf. ReL 12) and there is a 
marked difference in the equilibrium extent of 
exchange. Parkes et al. [16] found cholesterol and 
thiocholesterol to be fredy exchangeable and 
Dawidowicz and Backer demon~rated rapid rates 
of transbilayer movement (flip-flop) for both com- 
pounds [18,19]. If this were the case with S-bi- 
manylthiocholesterol, 50% would have been ex- 
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Fi~  3 S -B imany l th iocho~ero l  exchange between unilamellar 
vesicles at 37°C. Transfer of the 3H-~belled probe ~ o m  donor 
verities contorting cholesteryl [~C]oleate to an equ~  con- 
centration of acceptor verities was followed as described in the 
text. Each point ~ the m e a n ± K E ,  of five exper iment .  The 
data were fitted to Eqn. 1 by non-linear regression and the ~ne 
has been drawn with X~ = 0.248 and k = ~48 h-~.  The ap- 
parent sampling time was increased by 0.052 h to allow for the 
separation of the d o n o r .  

changed at equilibrium in our experiment. We 
observed half of that valu~ which indicated that 
exchange was fimited to the outer monolayers of 
the veficles. We presume that the hydrophi~c na- 
ture of the bimane moiety prevented its ~anfloca- 
tion, perhaps because of hydrogen-bonding to ad- 
jacent polar headgroups. It appeared that the 
cholate contamination of the veficles did not in- 
crease the rate of flip-flop. It is posfible, howeve~ 
that the  slightly enhanced rate of exchange com- 
pared to cholesterol reflected a solubflizing effect 
of cholat~ 

Applications 
S-Bimanylthiocholesterol was synthesised as a 

photostable fluorescent probe to allow the visuali- 
zation of cell-associated fiposomes in the fluores- 
cence microscope (Page-Thomas, D.P. and Knigh~ 
C.G., unpubfished observations). As observed by 
Kosower et al. [6], the fading of the fluorescence 
was ~ow provided the appropriate filters were 
used [20]. Recently, a bimane-labelled phosphati- 
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d~choline an~ogue was proposed as a resonance 
energy ~ans~r  probe [21], as the NBD absorption 
band overlapped the fluorescence emission band 
of the bimane group. S-Bimanylthiocholes~rol has 
fim~ar spectr~ properties and may profide an 
addifion~ tool for such studies. 
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