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a,to-Dihydroxycarotenoids are postulated to play the rf le  of membrane reinforcers in certain procaryotes, 
like cholesterol in eucaryotes. In order to evaluate the rigidifying effect of these polyterpenoids on lipid 
bilayers, osmotic swelling of unilamellar vesicles has been followed by measuring the light scattering 
intensity changes in a stopped-flow apparatus. A model based upon the Rayleigh-Gans theory was 
developped. It  shows that the variation of light scattering intensity ( A l / l o )  is proportional to that of vesicle 
radius ( A R / R o )  for a given R 0 (initial vesicle radius). An emperical relationship between - A I / I  o and Z 
(dissymmetry measured by light scattering) was established: - A I / I  o is proportional to ( Z -  1). Therefore, 
the value - A I / ( I  o • ( Z -  I)) is independent of vesicle radius and can be used for the evaluation of bilayer 
rigidity. The water permeability was measured and it was shown that it is the limiting factor of the kinetics 
of swelling When incorporated into dimyristoyiphophatidylcholine vesicles, cholesterol and a,w-duhydroxy- 
carotenoids lower the water permeability and the value of - A l / ( l o . ( Z - 1 ) ) .  So, at least on model 
systems, a,o~-dihydroxycarotenoids exert on a phospholipid bilayer a reinforcement effect similar to 
cholesterol. 

Introduction 

Cholesterol is ubiquitous in eukaryot~c cells 
and is believed to play the r t le  of mechanical 
reinforcer of membranes Its effects on model 
membranes have been described by a variety of 
techmques (for a review, see Ref 1) In order to 
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Abbreviations DMPC, L-a-d~mynstoylphosphatndylchohne, 
Trls, 2-ammo-2-hydroxymethylpropane-l,3-dnol, SUV, small 
umlamellar veszcle, LUV, large umlamellar vesicle 

study the effect of various postulated procaryotlc 
cholesterol surrogates like hopanolds and a,~0-&- 
hydroxylated carotenolds [2], we have stu&ed re- 
cently the osmotic swelhng of vesicles [3] In this 
paper, we present new developments of this 
method and we study the influence of three dlhy- 
droxycarotenolds on the properties of a dl- 
mynstoylphosphattdylchohne bilayer These caro- 
tenolds are models of carotenoxds postulated to 
reinforce membrane bdayers of prokaryohc cells 
m a trans-membranal  manner [2] We have proven 
recently that they can be remcorporated m the 
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hydrophobtc core of lipid bllayers [4] (Fig 1) 
We have employed the stopped-flow light 

scattenng method to follow the osmotic swelhng 
of unilamellar vesicles This method has been often 
used previously several authors have been inter- 
ested in the initial swelhng rate taken to be a 
measure of water permeablhty [5], others have 
studied the permeation of the solute responsable 
for the osmotic pressure [6,7] However, the ampli- 
tude of the hght scattering change ( A I / I  o) has 
never been considered We have developped a 
model relating the amplitude of swelling to the 
elastic constants of the bdayer (unpubhshed data) 

It was shown that the relative radms change 
(AR/Ro) depends on the vesicle radius We now 
show the influence of the vesicle radius on the 
amplitude change (zaI/I o) and on the kinetics of 
swelhng We establish that the kmencs is Indeed 
controlled by the water permeabihty Finally, 
applying the Raylelgh-Gans theory, we discuss the 
relationship between A I / I  o and AR/Ro  

Experimental 

Materials (3S,3'S)-Decaprenoastaxanthm was 
prepared by the method described in Ref 4 
(3S,3'S)-Astaxanthin and (3R,3'R)-zeaxanthin 
were kindly provided by F Hoffman-La Roche 
(Basel) Cholesterol from Fluka AG (Buchs) L-a- 
Dlmyristoylphosphandylchohne (DMPC) from 
Avantx Polar Llpids Inc (Blrnungham), was kept 
at - 20°C in chloroform solutions m sealed tubes 
The purity of the hplds was checked by thin-layer 
chromatography on F254 silica gel plates (0 25 
mm thick) from Merck, Darmstadt (eluent 

C H C 1 S C H 3 O H / c o n c  ammoma, 65 25 4, v /v )  
Preparation of vesicles Small umlamellar 

vesicles (SUVs) were prepared by somcation [8] 
(Branson Sonlfier B-30, power setting 5) A solu- 
non of the lipid m chloroform was evaporated to 
dryness in vacuo without heating The desired 
amount of buffer (350 mM NaCI/1  mM EDTA- 
Na2 /5  mM NAN3/10 mM Tns-HCI (pH 8), 'Ul- 
trapure water' from Milhpore) was added and 
argon was bubbled through for 15 min The sam- 
ple was somcated slightly above 23°C (phase tran- 
SlnOn temperature of DMPC) for 2 h It was then 
centrifuged (10000 ×g ,  30 mm, 4°C) and the 
supernatant was collected and filtered through 
polycarbonate filters Large umlamellar vesicles 
(LUVs) were prepared by a modified procedure of 
the ether in]ecuon method [9,10] An ether-ethanol 
solution of the lipid was injected (lnjectton rate 
0 2 ml/mln), into 5 ml of buffer maintained at 
60°C The volume ratio of ether and ethanol, and 
the DMPC concentration in the rejected solution 
(1 mg/ml  to 20 mg/ml)  are varied to vary the 
vesicle radii The vesicle suspension was dialyzed 
against the buffer twice in 1 1 of buffer to remove 
the remaining solvent (3 h, then overnight at 4°C, 
dialysis tubing Spectrapor 2, Spectrum Medical 
Industries, Los Angeles) The samples was then 
filtered through polycarbonate filters (Nucleopore, 
DMF, 0 8 /~m, 0 4 ~m and 0 1 /tm filters, twice 
through each) This procedure gives vesicles of 
reasonable homogeneity as shown prewously by 
electron microscopy [4] The dissymmetry of the 
vesicles ( Z =  1(45°)/1(135°)) is determined by 
light scattering using a photogoniodlffUSlometer 
Flca 42000 eqmpped wtth a 5 mW He-Ne Laser 
vertically polarized (SA Optdas, France) 

Umlamellar vesicles were prepared from 
DMPC, or DMPC + 30% molar additive, with 
radn varying from 45 nm to 150 nm The smallest 
ones were obtained by sonicatlon Their gel filtra- 
tion on a Sepharose 4BCL column (Pharmacm 
France SA, Bois d'Arcy) showed only one peak 
corresponding to undamellar vesicles free of multi- 
lamellar structures [8] In the case of DMPC alone, 
the dissymmetry of scattered light was 1 35, corre- 
sponding to a radius of 45 nm When prepared by 
the same procedure, vesicles containing cholesterol 
or carotenoids were always larger than those with 
DMPC alone 



To get larger vesicles we have combined two 
known methods the ether rejection method [9] 
and its mo&ficatlon by Kremer et al [10] In this 
method the vesicle dlstnbut~on ~s affected by two 
parameters the solvent in which hp~ds are 
&ssolved (ethanol gwes smaller vesicles than 
ether), and the lipid concentration m the injected 
solution (tugher concentrations gwe larger vesicles 
[ l l  D Kremer et al have stu&ed the second 
parameter  in detad but they used only very low 
concentrations of hpld whxh  makes their method 
mconvement  By varying these two parameters we 
got vesicles w~th dlssymmetnes between 4 and 20 
(corresponding to a radms of 85 to 110 nm) m 
reasonable concentration 

Stopped-flow measurements The optical part of 
a Durrum-Glbson stopped-flow spectrophotome- 
ter was mo&fled (Fig 2) to measure the hght- 
scattering intensity at nght angle The hght beam 
is a 6 mW He-Ne vertically polarized laser of high 
amphtude stabd~ty (Model 120S SA, Spectra 
Physics, Les Uhs, France) beam amphtude noise 
(1-100 k H z ) <  0 5% rms, beam amplitude ripple 
(1-120 Hz) < 0 2% rms, wavelength 2, = 632 8 nm 
Before each experiment the photomult~pher volt- 
age ~s adjusted to get 200 mV output voltage w~th 
a toluene solution W~th the buffer alone the out- 
put tension ~s then 150 mV The scattering inten- 
sity w~th vesxle suspensions ~s typxal ly  between 2 
and 5 V Toluene is filtered through 0 5/.t m Teflon 
Falters (Mdlex SR, Mdhpore SA, France), vesicle 

suspensions are kept at 40°C, degased under 
vacuum, and filtered through 02  ~m poly- 
carbonate filters just before the experiment to 
hm~t no~se due to dust and bubbles The no~se of 
the measured s~gnal is about 1% of the s~gnal m 
the worst condmons (fast kinetics for which the 
use of an electronic filter ~s not allowed) Typical 
phosphohpld concentratton is 10 -4 M (007 
m g / m l  of DMPC) When temperature ts not 
spectfied, the experiment is run at 33°C 

Results and Discussion 

Light ~cattermg stopped-flow experiments and theo- 
retwal slmulatton 

Stopped-flow expertment Fig 3 shows the pro- 
portlonahty between scattered hght and vesicle 
concentration m the range typically used (0 2 
m g / m l  to 0 01 m g / m l  of phosphohpld) It shows 
that m th~s range the measured intensity corre- 
sponds only to hght scattered by the vesicles, and 
that there is no multiple scattering After rap~d 
m m n g  of a suspension of vesicles 0n 350 mM 
NaCI buffer) wLth the same volume of 50 mM 
NaC1 buffer, there ~s a decrease m scattered hght 
which corresponds to the swelhng of vesicles and 
to inflow of water into the vesicles (Fig 4) we 
have shown by dynamic hght scattering that under 
these condmons, the vesicle radms increases of 
about 1% to 5% depending on the mltlal radms 
(unpubhshed data) Furthermore, a decrease m 
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Fig 2 Light scattering stopped-flow apparatus The photomultlpher (PM) detects scattered hght at 90 ° from the Incident beam The 
beam ~s a 6 mW l-Ie-Ne laser vemcally polarized 
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Fig 3 Intensity of scattered light versus concentration of 
DMPC vesicles Z = 4 1, DMPC concentration c = 2 mg/ml ,  

lb~ffe, scattered hght by the buffer alone, /toluene scattered 
hght by toluene (as reference), 1 scattered hght by the vesmle 
solutton 

scattered hght when the vesmles swell can be 
antmlpated by the Rayle~gh-Gans theory of light 
scattering (see below) 

The scattered hght decreases exponentially with 
time (F~g 5), the kmetms can thus be char- 
actenzed by the reacnon half-time t~/2 Thxs can 
be affected by the polyd~sperslty of vesicles and 
an aggregation phenomenon The aggregation of 
vesicles gwes rise to an increase of scattered light 
and could be observed m the case of hxgh con- 
centrauons of salt (>  350 mM) and of phosphoh- 
pld (>  0 2 mg/ml)  It has a charactenstm time of 
several seconds 

The relatwe amphtude change A I / I  o = ( I ~  - 
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Fig 4 Recording of scattered light versus ume during vestcle 
swelling upon osmoUc pressure, NaCl reside 0 35 M, NaCl 
outside 0 2 M, ves,cles made of DMPC + 30% molar cholesterol, 
Z =17 
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Fig 5 - Ln(( I - I ~ ) / (  10 - l~))  versus time for the document 
of Fig 4 

I o ) / I  o xs independent of vesmle concentration, tt 
is proportional to Ac (reside minus outside salt 
concentranon), and therefore to the applied 
osmotic pressure 

LICI and NaCI gwe the same A I / I  o We have 
tried also molecular solutes (glucose, glycerol, eth- 
ylene glycol), all of whmh give rise to vesmle 
swelhng 

In the case of ethylene glycol, we observed a 
two step kmencs first a decrease of scattered hght 
(11/2 - - 3 0 0  ms for a DMPC + 30% molar 
cholesterol membrane) followed by an exponential 
mcrease, back to the initial intensity (t~/2 = 30 s), 
corresponding to the diffusion of ethylene glycol 
through the membrane 

Theorettcal stmulatton of  veswle swelhng It Is 
important to known the relationship between the 

i 
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Fig 6 Model of hpld vesicle structure, n o Is the refractwe 
mdex of the solution outside of the vesicle, nt is the refractwe 
index of the solution reside of the vesicle, n 2 is the refractive 
index of the hpid bdayer, R is outer radius of the vesicle, e(R 
is tuner radius of the vesicle 



in tens i ty  change and the radius  change in the 
exper iment  Several au thors  [5,6,11], fol lowing 
Bangham et al [12] have assumed that  the tu rb id-  
l ty ~" is rec iprocal ly  p ropo r t i ona l  to the volume of  
the hposomes  Yosh lkawa  et al [13], however,  
have app l ied  to theory  of  Mle  to large mul t t lamel-  
lar  vesicles and  have shown that  ~- is recaprocally 
propor taonal  to V 2/3. V being the total  volume of  

the vesicles 
W e  have app l ied  the Ray le lgh -Gans  theory to 

un i lamel la r  spheres of  radius  R The mode l  we use 
as descr ibed  in F ig  6 The  in tens i ty  of scat tered 

l ight is p ropo r t i ona l  to 

l( e) - I f f  e,(r ) smhr/hr 4¢rr2dr] 2 (1) 

where h = (4~rno/X) s in (8 /2 ) ,  X is the incident  
wavelength  in vacuum, 0 is the angle of  observa-  
t ion measured  f rom the incident  beam,  and g(r)  
as 

g ( r ) -  [ n e ( r )  - n ~ ]  

F o r  the model  of  Fig 6, we get 

(2) 

2 2 i ( 0 ) -  [(.,~-.o~)(s,nh.R- h,.Rcosh.R) + ( . 2 - . o )  

X(smh R - hRcosh R - slnh aR + haRcosh aR )] 2 

[(3/h3)]  2 (3) 

where  n o IS the refract ive index of  the solut ion 
outs ide  the vesicle, n I is the refract ive index of  the 
solut ion inside the vesicle, n 2 is the refract ive 
index of  the l ipid bi layer ,  R is the outer  rad ius  of  
the vesicle, and  aR is the inner  r adms  of  the 
vesicle 

The  first term in brackets  (Eqn 3) cor responds  
to light scat tered by  the aqueous  in ter ior  of  the 
vesicle, when not  of  the same refract ive index as 
the outs ide  medium,  and the second term corre-  
sponds  to light scat tered by  the m e m b r a n e  The 
scat ter ing fac tor  P( O)= I( O)/I(O) is 

P(O)  - I ( O ) / [ ( n ~ -  n2o)a3R 3 + (n~ - 0 2 ) ( 1 -  a3)R3] 2 

(4) 

TABLE I 

DISSYMMETRY (Z=I(45°)/I(135°)) vs RADIUS(R) 
FOR UNILAMELLAR VESICLES OF DMPC 

This table was computed using Eqn 3 taking wavelength 
~, = 632 8 nm, bdayer tluckness = 3 nm 

R (nm) Z R (nm) Z R (nm) Z 

10 1 01 70 2,12 97 5 7 93 
20 1 06 75 2 84 100 9 34 
30 1 15 77 5 3 09 102 5 11 1 
35 1 21 80 3 39 105 13 6 
40 1 29 82 5 3 74 107 5 16 9 
45 1 39 85 4 15 110 21 6 
50 151 875 464 1125 285 
55 1 67 90 5 23 115 39 3 
60 1 86 92 5 5 95 120 91 9 
65 2 11 95 6 83 129 7 oo 

that  of Seufert  [14] and  of Chong  and  Co lbow 
[15] In the condi t ions  of  the swelling expenmen t s  
we have shown numer ica l ly  that  both  therms are 
impor t an t  

Star t ing from Eqn 4 with n 1 = n 0 ,  we have 
c o m p u t e d  tables of  d i s symmet ry  Z = I ( 4 5 ° ) /  
I (135 °) versus radius,  for  ~ = 632 8 nm, taking 3 
nm for the b l layer  thickness (Table  I) 

Radn  es t imated  by  this me thod  and  by  the 
classical  me thod  of  the Z l m m  plo t  are in reasona-  
ble agreement  as long as the d i s symmet ry  is not  
too high ( Z <  10) F o r  example,  for Z =  1 57, a 
rad ius  of  59 nm was found  by  the Z l m m  plot  and  
of  52 nm accord ing  to Eqn 3 F o r  larger vesicles 
the po lydlspers i ty  has a more  p ronounc e d  effect 
and  cannot  be neglected for our  p r e p a r a n o n s  

Dur ing  the osmot ic  swelhng experament,  the 
value of  n o is de te rmined  by  the external  
concentra tzon Just  af ter  imxlng, n~ is the value 
co r re spond ing  to the salt  concen t ra t ion  c o of  the 
p repa ra t ion  (350 raM) Assuming  that,  dur ing  
swelling, the b l layer  volume remains  constant ,  one 
can calculate  the evolut ion of R, a and  n~ from 
the init ial  values R0, a0 and f rom the relat ive 
change  in volume A V / V  o 

R 3 ( 1 -  a 3) = R 3 ( 1 -  ag)  (5) 

R3= R~o(I + aV/Vo) (6) 

When  n I is equal  to n o, the result  agrees with where R o and  V 0 are ini t ial  values (before  swell- 



TABLE II 

RELATIONSHIP BETWEEN RELATIVE LIGHT SCATTERING INTENSITY C H A N G E  ( A l / l o )  AND RELATIVE RADIUS 

C H A N G E  ( A R  / R o )  

Swelhng of DMPC vesicles (m 350 mM NaCI) after mixing with the same volume of 50 mM NaC1, mmal  vesicle radius R o = 40 nm, 
wavelength )~ = 632 8 nm, scattering angle 0 = 90 ° 

I O O A R / R  o 01 0 2  05  1 2 5 10 

- 100 A 1 / l  o 0 067 0 133 0 333 0 667 1 34 3 39 6 91 

rag) of R and V (V is the total volume of the 
vesicle) 

~3 = ( ,~3 + aV/Vo)/( 1 + aV/Vo) 

propornonahty constant k is 0 67 for R o = 40 nm 
But the sensitivity k depends on the radius 

n~ - nZo = ( n, + n o ) (  C -  Gx t )dn  / d ~  

(7) a l / l o = - k ( R o )  aR/ao  (10) 

(8) 

where d n / d c  is the refractive index increment of 
sodium chloride ( d n / d c  = 0 1 cm3/g), Cex t lS the 
external sodmm chloride concentratmn, and c Is 
the internal sodium chloride concentratmn (func- 
non of time) 

c - Cex t = c o a3o/( a3o + A V / V o )  - ce,,t (9) 

Supposing n 2 is constant dunng the swelhng and 
equal to 1 46 [14,16], n o IS also constant for ddute 
solutions of vesicles 

Using Eqns 3 and 7-9  it xs possible to get 
numerically the change of scattered hght for a 
given set of R o, R, ccx t, c,.t For example, for 
vesmles of radms R 0 = 40 nm, we have computed 
the relationship between relatwe radius change 
( A R / R o )  and relanve hght scattering change 
( A I / Io )  (Table II) 

Several conclusmns can be drawn from these 
results 

(0 This model pre&cts correctly the order of 
magmtude and the sign of the light scattering 
change for A R / R  o positive, A I / I  o is negative 

(n) It shows that for small changes of R, A I / I  o 
is proportional to A R / R  o, and the value of the 

Table III shows the values of k calculated by a 
slmdar procedure for each radius 

When R 0 ~s small, k tends to be 0, and th~s ~s 
the ongm of the point (Z  = 1, A1/10 = 0) m Fig 
7 

In the case of an exponentml change 

l ( t ) -  t o = a i (1 -exp ( -  t /r))  (11) 

Eqns 10 and 11 ~mply that 

R ( t ) -  R0 = aR(a -exp( -  t/~)) (12) 

The functions I ( t )  and R(t )  have the same rime 
constant ( r )  Therefore, the measured time con- 
stant ~s the time constant of swelhng To our 
knowledge th~s ~s the first demonstration of th~s 
frequently used assumption 

This simulation clearly shows that the sensmv- 
~ty of thxs method depends on vesicle radius It 
was confirmed by the following experimental re- 
sults 

Influence of the vesicle ra&us on the amphtude 
change of hght scattermg 

The amphtude change is related to the elastic 
properties of the btlayer However. ~t is not a 

TABLE III 

RELATIONSHIP BETWEEN INITIAL RADIUS(R0)  AND SENS1TIV1TY(k(Ro)) A l / 1  o = - k (  Ro)  A R / R  o 

Values of k ( R  o) were computed from Eqns 3 and 7-9  

R o (nm) 10 20 30 40 50 60 70 80 90 100 110 120 
k ( R o )  011 025 043 067  097 133 177 23 29  37 48  63  
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F~g 7 Influence of vesicle radms on the relatwe hght scatter- 
mg amphtude change (A I / 1  o ) Vesicles made of DMPC + 30'~ 
molar cholesterol, prepared m buffer + 350 mM NaCI Rapid 
mixing with NaCI 50 mM 

direct measure of the elastic constants because it 
depends also on the initial radius We have mea- 
sured A I / I  o for vesicles (made of DMPC + 30% 
molar cholesterol) of different sizes The results 
are presented in Fig 7 It establishes an empirical 
relationship between - - A I / I  o and Z, the dissym- 
metry measured by light scattering - A I / I  o is 
proportional to ( Z  - 1) for Z < 15 

Since we know the relationship between A I / I  o 
and A R / R  o for a given R 0 (Table III)  and the 
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Fig 8 Relationship between relative radms change ( A R / R o )  
and mltml vesicle radms (Ro) m the range of radms expera- 
mented These data show that A R / R  o is proportional to R~ 
( A R / R  o -  R~), with n between 3 and 4 hnear 
regression over all points (n = 3 9), - -  - -  - -  hnear regression 
excluding data for large Z (2 points) (n = 3 4) 

relationship between Z and R (Table I), we can 
plot the results as In A R / R  o vs In R (Fig 8) 
Despite the scattenng of the points, it appears 
that the radius change could be described by a 
power law A R / R  o ~ R" with n between 3 and 4 
More accurate measurements are requested to 
draw more precise conclusions 

However, as - A I / ( I  o ( Z -  1)) is independent 
of the vesicle radius, it can be taken as a measure 
of membrane rigidity For example 

for DMPC bllayers 

- A I / ( I  o ( Z - 1 ) ) = 3 7  

for DMPC + 30% molar cholesterol 

- a I / ( I  o ( Z - 1 ) ) = 1 4  

Results obtained by this more empirical ap- 
proach will be discussed in the following para- 
graphs 

Water permeablhty of DMPC-eholesterol bdayers 
The permeability coefficient values obtained 

for planar bllayers by a method using osmotic 
shocks are different from those obtained with the 
highly curved bllayers of somcated vesicles by 
exchange of isotopes [17] Is this due to curvature 
effects or to the method employed'~ Indeed, in the 
case of the osmotic shock method, the presence of 
the osmotic pressure could affect the bllayer prop- 
erties In order to discriminate between these two 
effects, we have tried two different methods on the 
same preparation of vesicles The first method is 
the method developped by Lawaczeck [18] by 
rapid m~xing of vesicles prepared in an H 2 0  buffer, 
with a similar isotonic solution prepared in 2H20, 
one gets an experimental signal (change of 
scattered light), corresponding to the exchange 
between H 2 0  inside and 2H20 outside the vesicle. 
The rate constant is a measure of water permeabil- 
ity through the membrane We have tried thin and 
the osmotic shock method, on DMPC + 30% molar 
cholesterol vesicles This series of experiments was 
run only for vesicles of large size ( Z  = 14, 15, 18) 
as, for smaller sizes, the signal in the 2H20 experi- 
ment is too small The half-time of the kinetics 
found by either method is the same tt/2 = 200 to 
250 ms 

This shows that, in the case of swelling upon 



osmottc pressure the water permeabdtty ~s the 
hmmng factor 

Furthermore, It appears that the water permea- 
bdlty is affected by vesicle size (see Table IV, the 
results for D M P C +  30% molar cholesterol of 
various s~zes) 

In f l uence  o f  b d a y e r  compos t t ton  

Table IV summanzes our results m the study of 
the influence of the bdayer composmon The first 
six hnes show how cholesterol influences bllayer 
ngl&ty - A I ( I  o ( Z  - 1)) and water permeabdlty 
( t l / 2 )  As expected, cholesterol apparently m- 
creases the bdayer ngl&ty - A I / ( I  0 ( Z - 1 ) )  is 
1 4 to 1 7, instead of 3 7 for DMPC alone The 
water permeabdlty of the DMPC bdayer increases 
of a factor 50 at the phase trans~tlon ( t~/2 is 40 ms 
at 33°C and 2000 ms at 15°C with DMPC vesicles 
hawng Z =  10) as was shown prevtously by 
Lawaczeck [19] It ~s interesting to note that w~th 
cholesterol (30%), the water permeability ( t~/2 = 

100 to 200 ms) is mterme&ate between that of 
DMPC alone, respecUvely, above (t~/2 = 20 ms 
and below t l /2  = 2000 ms) the phase transmon It 
fits well with the idea that cholesterol has an 
ordenng effect of DMPC above the phase transt- 
tlon 

Finally, the effect of these carotenolds (asta- 
xanthm, zeaxanthm, and decaprenoastaxanthm) 
on a DMPC bdayer have been compared As was 
shown m Fig 1, they enter the bdayer m a trans- 

membranal manner and they stabdlze both halves 
of the bdayer Therefore, one should compare 30% 
molar cholesterol to 15% molar carotenoid How- 
ever, it ts ~mposslble to incorporate more than 8% 
of the C40 carotenolds m a DMPC bdayer [4] 
They all have an effect s~mllar to cholesterol they 
lower the water permeablhty and have an effect 
on the swelhng amphtude corresponding to a 
ngldlficatlon 

This work shows that the stopped-flow hght 
scattering method is well adapted to the measure- 
ment of water permeabdlty and the evaluauon of 
bdayer rigidity The amphtude of the hght scatter- 
mg change, which had never been studied, was 
mterpretated by two &stmct approaches 

The theoretical s~mulatlon of the vesicle swell- 
mg makes ~t possible to compute radms change 
from the measured intensity change and allows 
further theoretical stu&es On the other hand, the 
cahbratlon curve (Ftg 7) allows direct comparison 
between vesicles of different radms This more 
empmcal approach has been used to compare the 
remforcmg effect of cholesterol and three carote- 
nolds on model membranes These compounds 
lower the water permeabdlty and the amphtude of 
swelhng These two parameters are m&cauons of 
membrane reinforcement So, at least on model 
systems, incorporated b~polar-caroteno~ds exert on 
the bdayer a mechamcal role stmdar to cholesterol 
[2] However, the solubthty of the carotenolds m 
DMPC bdayers ts hnuted [4], and we are currently 

TABLE IV 

SUMMARY OF THE EXPERIMENTAL DATA CONCERNING,  RELATIVE LIGHT SCATTERING AMPLITUDE CHANGE 
(A l / lo ) ,  WATER PERMEABILITY (t~/2) AND B1LAYER RIGIDITY ( A I / ( I  o ( Z - l ) ) ) ,  FOR VESICLES OF A GIVEN 
COMPOSITION AND DISSYMMETRY (Z),  AT A GIVEN TEMPERATURE 

Composition Temp Z - A 1/10 t l / 2  - -  z~ 1/( 1 o ( Z - 1)) 
(°C) (%) (ms) (%) 

DMPC 
DMPC 
DMPC + 30% molar cholesterol 

DMPC + 6% molar Cs0astaxanthm 
DMPC + 10% molar Cs0astaxanttun 
DMPC + 8% molar C~oastaxantlun 
DMPC + 8 5% molar C4oze, axanthm 

33 3 7 10 20 3 7 
15 10 21 2000 2 3 
33 4 2 5 5 70 1 7 
33 7 10 2 90 1 7 
33 9 11 5 115 1 4 
33 15 19 5 260 1 4 
33 4 3 10 25 3 
33 6 5 7 55 1 3 
33 8 16 5 45 2 4 
33 9 3 17 30 2 1 



s tudying the effect of  natural  bacter locarotenolds  

on d lphytanyl  l eo t tuns  bdayers  and stmtlar model  

systems closer to natural  bacterml membranes  
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