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The bipolar lipid fractions extracted from the thermophilic archaeobacterium Su!rolohus solfataricus have different chemical 
structures and geometrical shapes. The conditions which lead to the formation of vc~;iclc,'; were investigated in order to study the 
self-assembly of these molecules. Such conditions arc fulfilled when an appropriate mixture of two different molecular species 
(both bipolar or bipolar and monopolar) is used. According to the theory intror_uced by ]sraelachvili and co-workers, lipid 
self-assembly results from the balance of interaction free energy, entropy and molecular geometry. We have shown that this 
theory can be extended (o bipolar lipids, in spite of their more complex nature, and the experimental results obtained combining 
~H-NMR, light scattering and entrapped volume techniques closely match theoretical expectations. To carry out calculations, it 
was necessary to introduce hypotheses about the disposition of bipolar molecules in the vesicle membrane. These hypotheses 
have been tested indirectly by measuring the transport properties mediated by carriers or channels, whose transport mechanism 
can be considered t~ be a probe of the membrane structure. 

Introduction 

The polar lipid extract (PLE) of the membrane of 
the thermophilic archaeobacterium Sul folohus solfatar- 
icus is composed of several bipolar fractions, la~.',elcd 
PI, GL, SL and P2. Glycerol dialkyl glycerol tetraether 
(GDGT) and glycerol dialkyl nonitol tetraether 
(GDNT) constitute the backbone of all these fractions, 
which can be divided into two classes, the mono- and 
the bi-substituted molecules [1]. in the former (PI, GL, 
SL) a hydroxyl hydrogen is replaced by a polar group; 
in the latter (P2) hydroxyl hydrogens on both sides of 
the molecule are replaced by polar groups (see Fig. !). 
It has been demonstrated that bisubstituted lipids from 
Sulfolobt~s acidocaldarius [2] can form liposomes in 
aqueous media. However, vesicles are not easily formed 
when large amounts of monosubstituted molecules are 
present, or when the hydrolitic fractions GDGT and 
GDNT are used [3,4]. Mixing egg phosphatidylcholine 
(egg PC) above a critical ratio with GDNT allows 
closed structures to be formed [3,4]. These vesicles are 
shown to be closed by ~H-NMR spectra. In fact, the 
proton spectrum of choline-containing lipids exhibits 
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resonances belonging to the headgroups and the hydro- 
carbon regions of the lipid molecules. The addition of 
paramagnetie ions to the external medium of the vesi- 
cles separates the interior and the exterior headgroup 
signal [5-7]. Thus, in binary mixtures, it is possible to 
monitor the formation of vesicles whose diameter has 
been deduced by light scattering or entrapped volume 
experiments, in the present work similar investigations. 
have been carried out on several mixtures of monopo- 
lar with bipolar lipids. Moreover, it has been found 
that it is possible to obtain vesicles with pure bipolar 
lipids by increasing the amount of bisubstituted 
molecules (P2) in PLE. 

In monopolar lipid systems the thermodynamic the- 
ory introduced by Israelachvili ct al. [8] to predict the 
formation of vesicles and to prescribe their radius can 
be applied to pure lipids and to binary mixtures. How- 
ever, in bipolar lipids, the fact that the chains have a 
double l~ead imposes new constraints on the system. 
We have shown that in spite of the more complex 
nature of the molecules this theory still applies to 
bipolar lipids as well as monopolar-bipolar lipid sys- 
tems and offers predictions that closely match the 
experimental results. 

To apply the theory the molecular arrangement of 
bipolar lipids in the vesicles must be assigned, In fact, 
these molecules might assume three different configu- 
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Fig. I. Structure of isoprenoid ethers, backbone of complex lipids of 
thermophilic archaeobaetcria. For GDGT R I = Rz = H. for GDNT 
R~= R4 = H. The polar lipid extract (PLE) is composed of PI 
(7.8%); GL 09.5%); P2 (62.3%); SL 00.4%), where: PI is a deriva- 
tive of GDGT with R i = inositol P. R, = H; GL is a mixture of." 70% 
derivative of GDNT with R 3 = H. R 4 = fi-glcp and 30~ derivative of 
GDGT with R I = H, R, =~8-glcp-/Lgalp; P2 is a mixture of 90% 
derivative of GDNT with R:~ = inusitoI-P and R 4 =/3-glcp, and 10% 
derivative of GDGT with R l = inositoI-P. R z =/3-glcp-fl-galp; SL is 
a derivative of GDNT with R ~ = H, R4 =/3-glcp-sulfate. The inset 
illustrates the different geometrical arrangements of molecules in a 
membrane. The small black circlcs indicate the unsubstitutcd glye- 
erols (R I = H) while the big circles represent all other polar heads. 

rations, as sketched in Fig. i: fully extended,  with the 
two polar  heads on the two opposite surfaces of the 
membrane  (a), assuming the shape of an arch (U- 
shaped configuration) (b) or the poorly hydrophilic 
polar  head (the glycerol of Fig. 1) might  part i t ion in 
the apolar  core (c). These different  packing character-  
istics confer  different t ransport  propert ies  to the vesi- 
cles. We have tested them using ionophores which are 
known to act as carriers or as channels  in the mem- 
brane,  in particular,  it will be shown that  transport  
media ted  by a carr ier  formed by a single molecule is 
slightly sensitive to the packing characterist ics of the 
lipid, while when the carr ier  is formed by self-assembly 
of several molecules, the packing characterist ics be- 
come extremely important  so that  these molecules can 
be regarded as probes of the membrane  structure. 

Mater ia ls  and  M e t h o d s  

Materials 
Glycerol dialkyl glycerol te t raether  (GDGT),  glyc- 

e :ol  dialkyl nonitol te t rae ther  (GDNT),  polar lipid 
extract  (PLE) and the lipid fraction P2 were extracted 
from Sulfolobus solfataricus as described previously [9]. 
These lipids contain an average of 2.3 cyclopentane 
rings per  chain, and can be assigned an average molec- 
ular weight  of 1290, 1470, 1781 and 1872, respectively, 
for GDGT,  GDNT,  PLE and P2 (see Fig. i). Egg PC 
was purchased from Lipid Products (Redhil l ,  UK), 
praseodymium chloride (P rCI3-6HzO)  was obta ined 
from Lancaster  Synthesis (Lancaster,  UK), deuter ium 
oxide (ZH20,  99.8%) and the calcium ionol, hore 
A23187 were purchased from Aldrich Chemical  Com- 

pany (USA), sodium cholate and meli t t in (a channel  
former extracted from bee venom) were purchased 
from Sigma Chemical  Company (USA), and the chan- 
nel forming polypeptide alamethiein was a kind gift of 
Upjohn Company (Kalamazoo, MI, USA). 

Preparation of lipid t'esicles 
Vesicles were prepared  using sonication and dialysis 

[1~]. In the first case, vesicles were prepared  by pipet-  
t ing the required amounts  of egg PC and archaeobacte-  
rial lipids dissolved in organic solvents into a glass 
sonicating tube; GDNT,  G D G T  and egg PC were 
dissolved in chloroform, while PLE and P2 were dis- 
solved in a mixture  of  c h l o r o f o r m / m e t h a n o l /  
deuter ium oxide (65 :25 :4 ,  v / v / v ) .  The solvents were 
evaporated under  a s t ream of nitrogen and the last 
traces were removed by evacuating at  1 mmHg for 30 
rain. Since archaeobacter ial  lipids have a tendency to 
stick to the surfaces of the vessel, the sonicating tube 
was filled with nitrogen, sealed and shaken vigorously 
for a few hours to obtain a homogeneous  liposomal 
preparat ion.  A low power sonicating bath was some- 
t imes required to free the lipid f:~m lhe vessel surface. 
Unilamellar  vesicles were obta ined by sonication of the 
l iposomes for 15 rain at 60°C using a probe-type soni- 
cator (Ultrasonic Ltd., UK), while passing a s t ream of 
nitrogen. S.onication was interrupted for 10-20 s every 
2 - 3  rain to avoid overheating. The  vesicles were kept 
in a constant tempera ture  controlled water  bath at 
6O°C for 30 rain to complete  annealing.  The second 
technique,  which involves a s tandard procedure using 
the surfactant  sodium cholate, was performed with the 
dialysis appara tus  (Liposomat Dianorm, Miinchen). 
The ratio of lipid to de tergent  was 1 : 2 and the concen- 
t rat ion of lipid in disti l led water  was 3 m g / m l ,  The 
dialysis was cont inued for 10-12 h. The lat ter  vesicles 
were utilized only for light scat tering measurements  
and not for transport  studies since small residual traces 
of sodium cholate could act as an ionophore. 

Light scattering 
The d iameter  of the vesicles was measured through 

dynamic light scat tering using a laser beam at 488 nm 
connected to a 60-channel Malvern correlator. Vesicle 
d iameters  abow; room tempera ture  were measured us- 
ing a laser at 514 nm connected to a Brookhaven 
Ins t rument  BI 2030 digital correlator.  The sample tube 
contained one milli l i ter of vesicles solution (filtered 
using a 220 nm Millex-GV Millipore filter) and the 
sampling time was 15 min. 

IH-NMR 
The vesicular solution (0.5 ml) was pipet ted into a 5 

mm diameter  N M R  tube. tH-NMR spectra were ob- 
tained in a Varian FT N M R  spectrometer  operat ing at 
80 MHz, fitted with a cal ibrated temperature  con- 



troller. Typically between 50 and 80 transients were 
collected prior to Fourier transformation. In order to 
separate the signal originating from the inner and 
outer lipid head groups, a known volume of a stock 
solution of PrCl~ in ' H 2 0  was added to the extravesic- 
ular space to obtain the desired concentration of Pr 3+ 
ions. The shift of the external choline signal is caused 
by pseudo-contact interactions of Pr "~+ which ex- 
chanl;es rapidly between the 2H20 and the phosphate 
sites on the headgroups of the outer monolayer [7]. 
Transmembrane transport of Pr 3+ ions, initiating by 
adding the various ionophorcs, caused a time-depen- 
dent downfield shift of the NMR signal originating 
from the inner lipid hcadgroups. For A23187 a known 
volume of chloroform stock solution was added to an 
empty NMR tube, the solvent was carefully removed 
under a stream of nitrogen and the tube was evacuated 
at low plessure (I mmHg). The vesicular dispersion 
(0.5 ml) was then added and incubated for 30 min at 
5i)°C to allow partitioning of the ionophore in the 
membrane. The other ionophores (melittin, alame- 
thicin and sodium chelate)were dissolved in 2H,O, 
introduced in the vesicular dispersion in the NMR tube 
and then incubated at 50°C for 30 rain. 

Calculation o f  parameters for self-assembly 
The theory of lipid self-assembly has been devel- 

oped and discussed by I~raelachvili and co-workers 
[8,11]. The equations u:;cd in this work arc briefly 
summarized below. 

The minimum free energy of a single molecule in a 
self-aggregated structure is p,',~, = 2ya,, where y i:~ the 
interfacial energy and a,, is the optimal area per 
molecule. An amphipathic molecule may be able to 
pack into a variety of structures in which the molecular 
area remains close to a,,. In this case, the entropy term 
of the free energy will favour structures with the small- 
est aggregation number N. In tu:n, packing constraints 
due to molecular shape will determine the possible 
structures so that the molecular area leads to the 
lowest possible/.t'~,, which implies the lowest N at the 
same time. The critical packing condition is given by: 

r 

where r is the hydrocarbon volume and I~ is the 
maximum hydrocarbon length of the molecule. Bilayer 
vesicles arc formed when 0.5 ~<Pc ~ 1. In a vesicle 
system containing two components A and I~, the lower 
limiting value from the outer vesicle radius, R c, is 
given by the relationship: 

q , + ~ ]  
R~= 6 [ I -  r / ~ l J  (2) 
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where 

~= .l(,,aa-F (I - Xolall (3) 

is the mean outer monolayer lipid surface area, 

P = Xj,A + ( I -  X,~)r n (4) 

is the mean outer  monolayer l ipid hydrocarbon volume 
and 

A,, 
x,, = - -  is) 

A,, + B,, 

is the molar fract ion o f  l ipid A in the outer  monolayer. 
The theory indicates that vesicles radii have a 

Gaussian distribution around the mean value R~ with 
standard deviation 

R,,/~T 
,rt~) ic V~r8 v 16) 

where k and T have their usual meanings. 

Results and Discussion 

We have tested the applicability of the above theory 
to bipolar and monopolar/bipolar lipid systems. Geo- 
metrical parameters for egg PC were obtained from 
data found in the literature [12]. 

For bipolar lipids, the lengths of the aeyl chains 
have been obtained from X-ray diffraction data [13,14] 
while the cross-sectional areas per polar head have 
been estimated comparing ,'(-ray diffraction experi- 
ments and surface pressure-area isotherms [15]. The 
hydrocarbon volumes have been chosen according to 
the scheme in Fig. 2a. All dimensional parameters are 
given in Table !. 

For one-component systems the critical packing pa- 
rameter P~ can be evaluated just from the geometric 
data r, a, ,  I~. On the contrary, when binary mixtures 
are considered, a knowledge of X o (Eqn. 5) is also 
required in order to calculate ~ and i~. Moreover, in 
those cases in which the two components had a differ- 
cnt chain length I c, thc mean value ]~ was used. X o 
was determined through I H-NMR experiments and /o r  
using simplifying assumptions about the disposition of 
the two molecular components. These assumptions have 
been suggested by analogies with X-ray diffraction 
data, or other experimental evidences and have been 
tested indirectly by transport measurements. When 
possible the error on P~ has also been evaluated. In all 
the other cases the theoretical results must be consid- 
ered as estimates which, however, are good enough to 
match the experimental data, when the calculated vesi- 
cle radius R c is compared with the experimental radius 
r,. The standard deviation of the radii distribution 
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Fig. 2. Ca) A bil~)lar lipid molecule can be divided into several parts 
in order to calculate the hydrocarbon volume: I. the non-cyclic core; 
2. the cydopentane core; 3. the glycerol. (modified from Ref. 12). 
The proposed molecular arrangement of.. GDG'I/PC (b). P2/PC (c). 

GDNT/PC (d) and PLE/P2 tel. 

(Eqn. 6) has been evaluated assuming T =  3111) K and 
y --- 50 d y n e / e r a  [11]. The results are given below and 
summarized in Table  I!, while detai led calculations can 
be found in the Appendix.  

G D G T  
When inserted in a membrane,  a G D G T  molecule 

can, in principle, adopt  e i ther  a U-shaped or a straight 
configuration, in the former case the molecule would 
be bent, both polar  ends being on the same side, while 
in the lat ter  case the molecule spans the entire mem- 
brane thickness, in both configurations Pc is greater  
than one (1.13 5: 0.03~. These results agree with our  
experimental  finding that  it is impossible to obtain 
closed structures only with G D G T  molecules. 

G D G T / e g g  PC mixtures were considered in order  
to investigate whetl~er the addit ion of monopolar  lipids 

TABLE I 

Lipid molecular I~rameters 

The parameters a,,, I~. r are deduced from data in Ihe liler:4turc 
lll-13}. For bipolar lipids I¢ is half the value of the total length of 
the chains, while t' has been calculated according to Fig. 2a. Vol- 
umes corresl~md to the average chemical composition. 

Lipid a o (,A:) I,, (,~,) r (.~?) 
PC 71.75:0.1 17.5_+0.1 111635:1 
GDGT 54 ±1 16.55:1).1 2(VI+V,)=2017.65:0.4 
GDNT 60 5:1 17.15:0.6 2(Vt+V2)+Va=2106.'J_+0.5 
PI. GL. SL 80 +1 18.55:a.I 2(Vt+V,)+V3=2106.65:0.5 
P2 80 5:1 15.4_+11.1 (Vt+V,i=IIIQS,8-1-_0.2 

TABLE II 

Critical packblg parameter P, and t'esich' radius 

The theoretical vesicle radius. Rc is compared with the experimental 
value R,. When Pc > I no formation (n.f.) of vesicles occurs. For 
cases (a) and (b) of GDNT/PC see the text. 

Lipid P, R~ (nm) R, (nm) 

GDGT > I n.f. n.f. 
GDNT > I n.f. n.f. 
PLE > I n.f. n.f. 
GDGT/PC 1:6 tl.q3 265:3 25 _+4 
GDNT/PC 1:41a) (I.q0 22~5 16.4_+0.3 
GDNT/PC 1:4 (b) ().g2 21_+6 16.4_+11.3 
GDNT/PC 1:8 (a) 11.87 155:4 15.25:1).3 
GDNT/PC 1:8(b) 11.89 15_+4 15.2_+1).3 
PLE/P2 I:1 a.q6 41)_+4 45 5:6 
PLE/PC 1:4 - 57 5:6 

might give rise to closed s:ructures.  We defined egg PC 
as component  A and G D G T  as component  B. It has 
already been fi)und from ~H-NMR spectra that  
G D G T / e g g  PC in the molar  ratio 1 :4  do not form 
closed structures [3]. We found that  closed vesicles 
were obtained when the PC content  was increased to 
produce a i :6  G D G T / P C  molar  ratio. In fact, it was 
possible to shift the signal of the outer  monolayer 
choline headgroups of egg PC downfield, which indi- 
cates that  vesicles are closed and are indeed imperme- 
able to cations. The downfield peak remained un- 
shifted for ten hours after  adding Pr ~+. The  ratio of 
the outer  to the inner choline resonance A o / A  i mea- 
sured from N M R  spectra was found to be 1. These 
results indicate that  only a l imited amount  of G D G T  
can be accepted in closed vesicles, provided that  the 
molecules bend and are mainly located on the outer  
monolayer (see Fig. 2b). Therefore,  if we assume B i = 0, 
we get Xo = 0.75. The critical packing parameter  Pe is 
less than one (0.93) and the theorctical  radius of vesi- 
cles Re is 26 + 3 rim, which agrees with R~ = 25 + 4 
nm obtained by light scattering experiments.  

G D N T  

Self-assembly of molecules in aqueous dispersions of 
this compound could occur in two different ways: with 
molecules in U-shaped or straight configurations. How- 
ever, in both cases, the parameter  Pc would be greater  
than one indicating that  it is impossible to form vesi- 
cles wi;h G D N T  alone, as demonstra ted also by experi- 
ments. 

Mixing egg PC (coml.,onent A) with G D N T  (compo- 
nent  B) above a critical ratio [3,4] allows vesicles to be 
formed, in this case, since there is no direct  informa- 
tion about the disposition of G D N T  molecules, X o was 
calculated considering two limiting situations. 

(a) G D N T  molecules assume the configuration 
sketched in Fig. 2d. Nonitol heads are mainly located 



in the outer layer due to curvature [4], while glycerols 
partition in the apohtr core (as found, for instance, in 
the hexagonal phase of GDNT [13]). A GDNT/PC 
1:4 molar ratio generates X,=0.69,  P~=0.90 and 
R~ = 22 4-5 nm. A similar calculation for GDNT/PC 
1:8  gives X+, = 0.85, P~ = 0.89 and R~ = 15 + 4 nm. 

(b) GDNT molecules assume a U-shaped configura- 
tion and are located in the outer vesicle layer due to 
curvature. For GDNT/PC ! :4, X o = 0.69, P~ = 0.92 
and R¢ = 21 4. 6 nm. while for GDNT/PC 1 : 8, X o = 
0.85, Pc == 0.87 and R~ = 15 +- 4 nm. in both cases the 
results obtained agree with the experimental radii of 
16.4+_0.3 nm (GDNT/PC 1:4) and 15.2+0.3 nm 
(GDNT/PC ! :8) measured by the entrapped volume 
technique [4]. This finding indicates that both configu- 
rations are consistent with thermodynamical and geo- 
metrical constraints, and might coexist together. 

Complex lipids 
PLE is a mixture composed of the lipid :ractions P I, 

GL, SL and P2 (Fig. 1). P1, GL, SL (monosubstituted 
compounds, defined as componen~ A) have an unsub- 
stituted glycerol headgroup, while P2 (component B) 
has two polar heads. The geometrical parameters of 
these fractions are shown in Table l. The molar frac- 
tion X~, (Eqn. 5) has been calculated using the follow- 
ing assumptions, in a hypothetical PLE vesicle P2 
molecules, endowed wi~,h big polar Ileadgroups, should 
reasonably span the membrane. The number of polar 
heads is the same in the inner and outer layer, there- 
fore we assume B, = B i =B. it is more likely that 
monosubstituted molecules should be: oriented with 
their polar head on the outer side of the vesicle due to 
curvature, and their unsubstituted glycerols partition in 
the apolar core (as found by X-ray diffraction experi- 
ment:; in the lamellar phase of PLE [13]). Then we 
suppose a i = 0. Knowing the molar ratio A / B  = 0.70 
+0.01, we get X,,=0.41 +0.01 and Pc = 1.11 +0.0b. 
Therefore, closed vesicles are not supposed to form 
using PLE alone, a prediction which has been con- 
firmed by our experiments. 

On the other hand, closed vesicles were obtained by 
adding PC at a molar ratio PC/PLE 4:1 and 2:1. 
However, in these cases Pc cannot be calculated since 
the system is a three-component mixture and there is 
no information about the composition of the external 
layer and the arrangement of asy:rnmetric molecules in 
the vesicle. 

A mixture of PLE and P2 in the molar ratio 1:1 
produces vesicles whose radius is R s = 45 + 6 nm (light 
scattering results). Since there is no egg PC in this lipid 
mixture, we used electron microscopy techniques, in- 
stead of IH-NMR, to monitor vesicle formation [16]. 
The c:tlculation of Pc in this case is analogous to the 
previous one for PLE; the only change is in the molar 
ratio monosubstituted molecules/P2, which now is 0.26. 
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Therefore, X o = 0.21, Pc = 0.96 and R c = 40 + 4 nm, 
which agrees with the experimental value. 

lonopho,,es as probes o f  membrane structure 
It may be possible to obtain further information 

about raembrane lipid organization from transport 
properties in the presence of ionophorcs. 

The addition of the lanthanide Pr 3 + to the external 
vesicular medium shifts the 1H-NMR ~+ignal from the 
outer choline headgroup downfield [7]. In the absence 
of ionophores the signals from the inner and outer 
choline headgroups are unaffected up to several days, 
indicating that the vesicles remain impermeable to the 
probe ion Pr 3+. However, in the presence of an 
ionophore, a time-dependent downfield shift of the 
inner choline peak is observed and indicates that hcili- 
tated transport of the ion across the vesicle bilayer is 
taking place. The plot of the inner peak shift against 
time is linear before the outer and inner peak appre- 
ciably merge. Shifts in the inner signal can be con- 
verted into intravesicular Fr 3+ concentrations using 
calibration graphs [17]. This procedure is not needed in 
the present case. in fact, we are interested in the 
comparison of the transport properties through mixed 
and pure PC vesicles. The rate of transport with refer- 
ence to PC can be simply derived from the ratios of the 
slopes of the time-dependent sltifis in the linear region. 
These ratios are collected in Table II! and summarize 
the transport results which will be analyzed in the 
discussion below. 

A23187 is an antibiotic containing a carboxylic group 
C2~H37N30¢~ (Fig. 3b). This molecule binds bi-trivalent 
ions and transports them across the bilayer [18]. It has 
been shown that Pr 3+ ions are carried in the mem- 
brane by a single ionophore molecule as a I:1 com- 
plex. Pr "~+ transpoct across vesicles made of P2/PC 

TABLE Ill 
lonophore mediated resicle la.nneahility to Pr'* + 

P/P~b is the peJmeability ratio with respect to PC. The molar ratio 
(m.r.) of the lipid mixtures is indicated. 

Ionophore Lipid mixture m.r. T P/P ,  

A23187 GDGT/PC 1:0 60°C -. 0 
(carrier) GDNT/PC 1:4 60°C 0.2 

P2/PC I : 2 60°C 0.2 
P2/PC 1:4 60°C t),8 
PLE/PC 1:4 4tPC 0.6 
PLE/PC ! :4 5(}°C 0.7 
PLC/PC 1:4 ~}°C I 

Na chelate GDGT/PC 1:6 6{}°C .~ 0 
(carrier) GDNT/PC 1:4 6{}°C ~ 0 

PLE/PC 1:4 fdtoc ~ 0 
P2/PC 1:2 40°C 0.2 

Alatoethicin PLE/PC 1:4 60°C 0.7 
(channel forming) 
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Fig. ~,, {A )  The downfield shift, &, of the i'mer choline restlnance 
representing A23187-medialed Pr ~' transport in P2/PC 1:4 ( • )  
and 1:2 l i t  molar ratio compared with pure PC (it vesicles. 
T = 6It*C. In all figures the dashed line has been drawn only to make 

it easier to read the graph. (B) The chemical structure of A23187. 

(1:4 and 1:2 molar ratio) and pure PC have been 
investigated in the presence of this carrier at a lipid/ 
carrier molar ratio of 13110: ! and at 5 mM Pr 3+. The 
data are shown in Fig. 3. The downfield shift, 8, of the 
inner choline resonance is plotted as a function of time 
immediately after the a0dition of Pr 3÷. It can be 
observed that the rate of transport is higher in pure PC 
vesicles, while it decreases by increasing the bipolar 
litaid concentration. The deviation from linearity indi- 
cates that the system is reaching equilibrium. Fig. 4 
shows the transport induced in PLE/PC vesicles (1:4 
molar rat(n) and in pure PC by the same ionophore 
concentration. The experiments have been performed 
at three different temperatures ranging from 4(1 to 
60°C. it is it',teresting to observe that at 40°C there is a 
great difference in permeability of the two kinds of 
vesicles, while when increasing the temperature to 6(I°C, 
an almost identical kinetic behaviour is observed. Fig. 4 
also shows the permeability induced by this carrier in 
GDNT/PC vesicles (molar ratio 1:4) at 60°C. By con- 
trast no transport was induced in GDGT/PC vesicles 
(1:6 molar ratio). This behaviour indicates that an 
increase in the complexity of the lipid disposition, 
decreases the rate of transport mediated by this 
ionophore. For GDNT/PC vesicles the theory could 
not discriminate between the configuration Ca), shown 
in Fig. 2d, and the U-shaped configuration (b). Com- 
paring the transport results of GDNT/PC with those 
of GDGT/PC, in which the U-shaped configuration 

completely inhibits Pr 3~ transport, the (b) configura- 
tion appears rather unlikely. 

It is well known that the bile salt sodium cholate 
highly increases membrane permeability [19]. An ag- 
gregate of four molecules forms an inverted micelle 
which is incorporated in the lipid bilayer forming a 
hydrophilic cavity :or ions. In our experiments the 
molar ratio of lipid to carrier was constant in all 
preparations and equal to 12, while the number of 
Pr 3+ ions per choline polar group was 0.1. in contrast 
with the results obtained with the ionophore A23187, 
sodium cholate does not induce any Pr 3 + ion transport 
at 60°C in PLE/PC (I :4) vesicles. The same result has 
been obtained with GDGT/PC (1:6) and GDNT/PC 
(1:4). However, this bile salt has shown some Pr 3+ 
transport in P2/PC vesicles (molar ratio ! : 2) although 
at a lower rate compared with pure PC vesicles (Fig. 5). 
This behaviour may he due to the lower complexity of 
P2/PC lipid system. In fact, the molecular arrange- 
ment in these vesicles (Fig. 2c) is very similar to the 
usual bilayer structure. 

The channel-forming ionophores melittin [20] and 
alamethicin [21] were also employed to check transport 
properties. Melittin, a polypeptide with 26 amino acids, 
is the main component of bee venom. Its mechanism of 
action as an ionophore is not very well known. Studies 
on planar lipid bilayers [22] have shown that melittin, 
added to the aqueous phase, binds strongly to the 
interface, dipping into the lipid core without actually 
spanning it. This interaction lowers the energy barrier 
for permeation of hydrophilic ions. Pr 3+ transport 
induced by this ionophore in egg lecithin vesicles at a 
concentration of 600 v.g per 1 ml of egg PC vesicles (20 
/.tg/ml), is shown in Fig. 6, while no Pr 3+ ion transport 
has been observed in PLE/PC (1:4) vesicles. This 
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Fig. 4. The downfield shift, 6. o f  the inner choline resonance repre- 
seining A23187-mediaicd Pr ~+ transport at different temperatures 
in vesicles of PC (empty pninls) avd PLE/PC 1:4 molar ratio (filled 
points). ( o .  o)  4llOC, ( zx, • ) 50°C, (t~. • ) 60°C. ( * ) GDNT /PC  I : 4 

molar  rat io at 611°C. 



indicates the lack of any facilitated permeability pat- 
tern in the more complex PLE/PC system, 

In the case of alamethicin it is well known that 
channels are formed by several monomers spanning 
the entire membrane thickness [23]. Experiments on 
the conductivity of planar lipid membranes indicate 
that the higher-conducting alamethicin channels are 
formed by an increase in the average diameter which is 
determined by the number of monomers forming the 
channel. Studies on DPPC vesicles [24] have indicated 
the formation of narrow channels, with four ionophore 
molecules per channel. A slow rate of Pr 3+ transport 
was induced by alamethicin in PLE/PC (1:4) vesicles. 
Fig. 6 shows this result, together with that obtained in 
pure PC ve~icles. Since this ionophore spans the entire 
membrane thickness, transport properties are less sen- 
sitive to the packing characteristics of the lipids. Never- 
theless, Fig. 6 shows that in PLE/PC the transport 
occurs at a lower rate, compared to PC vesicles. This 
fact could be related to the negative charge carried on 
the lipid by the phosphomyoinositol groups and on the 
polypeptide by glutamic acid. 

Conclusions 
We have shown that the lsraelachvili model [8] can 

be applied to water dispersions of bipolar and monopo- 
lar lipid mixtures. Electron microscopy has shown that 
l ip id dispersions exhibi t  complex morphologies when 
P~ > l [3,16]. When P~ < 1 vesicles are formed and the 
agreement between the theoretical and experimental 
results in predicting their average diameter is rather 
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Fig. 6. (A) The downfield shift, ~. of the inner choline resonance 
representing alamethiein-mediated Pr '~÷ transport across vesicles of: 
( • ) PC. and I : 4 molar ratio PLE/PC ( • ). Lipid/|mlypeptide molar 
ratio ~(X}: I, and Pr ~÷ concentration 5 raM. T = 6(PC. The transport 
mediated by melittin in PC vesicles (*) at 60°C is also shown. (B) 

The chemical structure of alamethicin. 

good, as shown in Table 11. Moreover, since bipolar 
lipids can assume several configurations, as indicated 
in Figs. 1 and 2, it is generally possible to assign a 
precise configuration to the molecules. 

Further information on the packing characteristics 
of the lipid molecules is obtained by the rate of trans- 
port of Pr '~+, mediated by carriers or channels. The 
results are summarized in Table Ill and indicate that 
the ionophores can be considered as probes of the 
membrane structure. In fact, it has been shown that 
whenever a single molecule is involved in facilitated 
transport, like in the case of A23187, a very important 
factor affecting the transport rate is the fluidity of the 
apolar chains. As a consequence, the Pr 3. transport 
rate increases by increasing the PC content or increas- 
ing the temperature, and at 61PC it may reach the 
value of egg PC (this is the case for PLE/PC and 
P2/PC) (! :4 molar ratio), However, the fluidity of the 
system is not the only parameter affecting transport, in 
fact, although ESR cxoerimcnts on GDNT have shown 
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that the mobility of the chains at T >/60°C is similar to 
that of egg PC in normal physiological eondmons [25], 
the rate of transport shown in Fig. 4 in GDNT/PC is 
nmch smaller than in pure PC or in PLE/PC vesicles. 
This probably occurs as the result of the more complex 
configuration of the glycerols head groups (partitioning 
in the apolar core as shown in Fig. 2d), which are 
present at a much higher percentage in GDNT/PC 
with respect to PLE/PC vesicles. Finally, when the 
structure of the lipid vesicle is extremely complex (as in 
the case of GDGT/PC of Fig. 2b), even a simple 
carrier molecule like A23187 is unable to induce trans- 
port. 

When the transport involves the aggregation of sev- 
eral molecules more severe restrictions on transport 
are observed. In this case, onl~ when the bipolar lipids 
assume a straight configuration, as in the case of 
P2/PC, the rate of Pr 3+ transport does not consider- 
ably differ from the one observed in a characteristic 
monopolar lipid vesicle, like egg PC. In all the other 
cases, when part of the lipid molecules are in a com- 
plex configuration, the transport is complctcly inhib- 
ited or extremely low (this is the case for GDGT/PC,  
(JDNT/PC, PLE/PC with Na-cholat¢ or PLE/PC 
with melittin). Only alamethicin, a channel spanning 
the entire thickness of the membrane, ¢loes not drasti- 
cally change its transport properties. This result is very 
interesting because it indicates that, provided the chan- 
nel is formed and in contrast to a carrier system, only 
minor modulations in transport are caused by the lipid 
environment. 

Appendix 

GDGT 
In the U-shaped configuration, v = .~.!(V, + I/:) and 

a o = 108 ,~: (the area occupied by two polar heads). 
Taking I c as in Table 1, Pc turns out to be greater than 
one (i.13 +0.03). Since the molecule is supposed to 
span the entire membrane thickness in *.he straight 
configuration, the calculation of the packing parameter 
must be performed considering just half of th~ molecule 
(c = V~ + V2, a0 and I¢ as in Table !). Therefore, also 
in this case, Pc = i.13 :i: 0.03. 

G D G T / P C  1: 6 
~H-NMR spectra of vesicles composed ot 

GDGT/PC 1:6 gave a ratio of the outer to the inner 
choline resonance Ao/A i equal to one. By simple 
geometrical arguments this means that GDGT 
molecules are mainly located in the outer vesicle layer; 
such a disposition is possible if molecules assume a 
U-shaped configuration. Therefore. assuming B~ = 0 
and observing that ( A o + A ~ ) / B o ~ 6 ,  we get Xo= 
A , , / ( A  o + B o) = 6/(7 + (Ai /A, , ) )= 0.75. Then, using 
data in Table 1, we obtain g = 80.8 ~,', V = 1301.7 .~3, 
]c = 17.3 A,, and finally Pc = 0.93 and R c = 26:1:3 nm. 

GDNT 
In the straight configuration the molecule is sup- 

posed to span the entire membrane thickness. There- 
fore only half of the molecule has to be considered, 
and a hypothetical GDNT vesicle can be treated as a 
binaly mixture of mo w .'ules having either nonitol 
(component A) or glycerol (component B) as polar 
heads. The critical packing parameter Pc was calcu- 
lated for several values of X o. using v =  V~ + V 2 = 
1008.8 + 0.2 ~3, I~ = 17.1 +_ 0.6 A, a A and a a, respec- 
tively, the nonitol and glycerol areas (the former as- 
sumed to be equal to the area of GDNT, and the latter 
equal to the area of GDGT in Table !). We found that 
for 0.5 ~< X,, ~ 0.9 14 is in the range from 1.03 + 0.05 to 
0.99 + 0.05. Therefore, the higher the asymmetry, the 
lower the value of Pc although it i~; approximately 
equal to one. This fact indicates that it is possible to 
form planar bilayers using this compound, as it was 
found previously [26]. It is worth noting that the U- 
shaped configuration corresponds exactly to the case 
X,, = 0.5 in the straight configuration. 

G D N T / P C  1:4 
~H-NMR spectra of vesicles composed of GDNT/  

PC 1:4 gave a ratio of the outet to the inner choline 
resonance Ao/A i = !.3. In order to calculate X~, two 
different dispositions of GDNT molecules were consid- 
ered as limiting situations. 

(a) GDNT molecules are in the configuration 
sketched in Fig. 2d, the nonitol heads being located in 
the outer layer and the glyccrols partitioning in the 
apolar core, which means B i = 0 and B,, = 8. Observ- 
ing that ( A o + A I ) / B = 4 ,  one gets ) ( , , = 4 / ( ( 5 +  
(AJAo))--0 .69.  Then, assuming that I~ for GDNT 
molecules in the straight configuration is equal to 34.1 

[13], and taking other geometrical parameters as in 
Table I, we have 5 = 68.1 A 2, P --- 1386.5 Aa and l~ = 
22.6 .g.. "Vhcr~'~'ore, Pc = 0.90 and R c = 22 + 5 nm. 

(b) GDNT molecules are in a U-shaped configura- 
tion and arc located in the outer layer. The results for 
At,, is therefore the same as in (a). But now the geomet- 
rical parameters for GDNT are: a = 114 .~2 (the sum 
of the nonitol and glycerol areas) r = 2017.6 ~,'~ (since 
the glycerol is assumed to be in the polar moiety) and 
I~= 17.1 A. Since the parameters for egg PC are un- 
changed, ~ = 84.8 ,~, F ~ 1358.9 A~, ]c ~ 17.4 A and 
finally ~ = 0.92 and R¢ = 21 + 6 nm. 

G D N T / P C  I : 8 
In this case, the ratio Ao/A~ obtained from IH- 

NMR measurements is equal to 1.6. The calculations 
were carried out usln8 the , a ~  assumptions as in the 
case of GDNT/PC ! :4. The results obtained in the 
straight configuration Ca) at,', X o = 0.85, Pc = 0.87, R c 
= 15 + 4 nm, and in the U-shaped configuration (b) 
X,, = 0.85, Pc = 0.89, R~ = !5 + 4 nm. 



PLE 
The  wetght  composi t ion  o f  P L E  is (62.3 +_ 0.3)% P2 

and  (37.7 + 0.5)% monosubs t i tu ted  compounds ,  which 
means ,  (assuming  tha t  the molecu la r  weights  o f  P2 a n d  
the monosubs t i t a t ed  f ract ions  are ,  respectively, 1872 

a n d  1629), (Atj + Ai ) /B  = 0.70 + 0,01, Since P2 
molecules  are  supposed  to ex tend  th rough  the mem-  
brane ,  the n u m b e r  o f  P2 po la r  heads  is the same in the 
inner  and  the ou te r  layer. There fo re ,  B i = B o = B. To  
calculate  Pc we fu r the r  assume A i = 0, which means  
tha t  the  p o l a r  h e a d g r o u p s  o f  m o n o s u b s t i t u t e d  
molecules  are  found  on the  ou te r  side only, wh!le the  
unsubs t i tu ted  glycerols  par t i t ion in the  apo la r  core,  
With  these hypotheses ,  X o = A o / (  A o + Bo) = 0.41 + 
0.01. Using  da t a  in Tab le  I we ,get ~ = 80 + 1 .~2 
F = 1460 + 30 ~s,  j~ = 16.4 + 0.4 A a n d  finally P~ = 
1.11 + 0.06. 

PLE/P2 1:1 
in a mixture  P L E / P 2  ! : I the  mola r  ra t io  be tween  

a tonosubs t i tu ted  molecules  ( componen t  A)  a n d  P2 
( componen t  B ) i s  (A o +Ai) /B  = 0.26. Wi th  the same 
assumpt ions  used  above (A i = 0 a n d  B , ,=  B)  we get  
X,,=A,, /(A, ,+B)=0.21. From d a t a  in Table  i we 
have  ~ = 80 /~z, D = 1241} /~s, ~. = 16.1 .~: which  give 
P~ = 0.96 a n d  R~ = 40 5 :4  nm.  
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