J. Membrane Biol. 82, 15-23 (1984)

The Journal of

Membrane Biology
¢ Springer-Verlag 1984

Effect of Gangliosides on Phospholipid Bilayers:
A Study with the Lipophilic Ions Relaxation Method

Cesare Usaif, Mauro Robelloi, Franco Gambalet, and Carla Marchetti$§

T Istituto di Cibernetica e Biofisica, Consiglio Nazionale delle Ricerche, 16032 Camogli., Genova. ltaly. * Istituto di Scienze
Fisiche, Universita di Genova, 16132 Genova, ltaly, and § FIDIA Research Laboratories. 35031 Abano Terme. Padova. ltaly

Summary. The presence of monosialoganglioside GM, in
dioleoylphosphatidyicholine black lipid membranes modifies the
transport properties of the hydrophobic ion tetraphenylborate
and the kinetics of relaxation of this ion after the application of a
voltage step. At zero applied voltage, the difference in the relax-
ation time constants between pure phospholipid and ganglioside-
phospholipid mixed membranes is large. This difference may
possibly rise from changes in the membranes fluidity since it has
been found that the two types of membranes do not show appre-
ciable difference in thickness. A uniform distribution of GM, in
the membrane seems to be more probable than the presence of
lateral phase separation phenomena. The partition coefficient of
tetraphenylborate between the bathing NaCl solution and the
membrane appears to depend on the ionic strength, which con-
trols the screening effect of the Na* ions on the COO~ charged
groups of the sialic acid of the ganglioside polar heads. Effects of
dipolar potentials on the partition coefficient can be excluded.
being the absorption plane of tetraphenylborate probably located
outside the dipolar layer of the membrane.
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Introduction

Gangliosides have been attracting great interest
since the late thirties. In those years Klenk (1942)
demonstrated the accumulation of glycosphingolip-
ids containing sialic acid in the ganglion cells of the
central nervous system in certain serious neurologi-
cal disorders. Indeed they are present in most mam-
malian cells (generally located at the outer surface
of the cytoplasmatic membrane), and particularly
abundant in the nervous tissue.

The presence of the sialic acid in the oligosac-
charide chain is the main distinctive feature of these
membrane glycoconjugates.

The monosialoganglioside GM, contains one
N-acetyl-neuraminic acid bound to the first galacto-

syl group (proximal galactose) of the oligosac-
charide chain:

GalB1—3GalNacB1—4Gal(3<2aNeuAc)Bl—
4GlcBl1—1Cer.

The whole chemical structure of the GM; is
shown in Fig. 1. the oligosaccharide moiety is
linked to ceramide, as an N-acyl derivative of a
sphingosine long-chain base.

In our case, 96.3% of the secondary hydropho-
bic chain consists of a saturated (18:0) fatty acid
residue.

Much experimental evidence has been reported
on the implication of gangliosides in biological pro-
cesses involving recognition at the cell surface, syn-
aptic function and neoplastic transformation (Hako-
mori & Jeanloz, 1970; Cuatrecasas, 1973a,b; Van
Heyningen, 1974; Fishman & Brady, 1975, 1976;
Wiegandt, 1975; Edelman, 1976; Porcellati, Cec-
carelli & Tettamanti, 1976; Redwood & Polefka,
1976; Mullin et al., 1978).

In spite of the amount of data, a detailed knowl-
edge of the role of gangliosides in the membrane
organization has not yet been established. Model
systems have proved to be a useful and popular tool
to approach the problem (Maggio, Cumar & Ca-
putto, 1978, 1980; Poss, Deleers & Ruysschaert,
1978; Tumanova, Badjinyan & Nalbandyan, 1978
Delmelle et al., 1980; Usai et al., 1983). In this pa-
per we study the influence of the incorporation of
GM;, on the structure and properties of dioleoyl-
phosphatidylcholine black lipid membranes. The
hydrophobic ion tetraphenylborate has been used as
a probe. In fact the study of the transport properties
of hydrophobic ions across the membrane gives in-
formation about the structure of the bilayer (Benz &
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Fig. 1. Monosialoganglioside GM1 (N-Stearoyl). Chemical
structure of GM,

Lauger, 1977; Benz & Cross, 1978; Benz & Gisin,
1978: Pickar & Benz, 1978; Benz & Conti, 1981;
Benz & Nonner, 1981).

ABBREVIATIONS

DOPC, dioleoylphosphatidylcholine; DPPC, dipalmitoyiphos-
phatidylcholine: NeuvAc, N-Acetyl-Neuraminic Acid; TPhB,
tetraphenylborate; GM,, II'NeuAc-GgOse,Cer; DPH, 1,6-di-
phenyl-1,3,5-hexatriene.

Theory

Detailed models for the transport of hydrophobic
jons through lipid bilayer membranes have been
proposed (Liberman & Topaly, 1968; LeBlanc,
1969; Ketterer, Neumcke & Léuger, 1971; Haydon
& Hladky, 1972; DeLevie, Seidah & Larkin, 1974;
Bruner, 1975; Benz, Liuger & Janko, 1976; Szabo,
1976; Lauger et al., 1981); therefore, according to
the theoretical approach of Andersen and Fuchs
(1975), we describe only the main points of the sub-
ject.

The transport of hydrophobic ions through lipid
bilayers occurs in distinct steps: absorption (and de-
sorption) of the ion at the interfaces between the
aqueous phase and the membrane, and transloca-
tion across the inner potential barrier of the mem-
brane. The application of a voltage jump V redistrib-
utes the ions between the interfaces. This results in
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a transient current /(V,f) which decays exponen-
tially with time:

I(V,t) = I[(V,0)e~ 7" )]

where I(V,0) is the initial current and #(V) the relax-
ation time constant. This time constant is strongly
dependent upon the applied voltage:

(V) = 1(0)exp{weV/kT)*}/cosh(aeV/2kT) (2)

where ¢ is the elementary charge, & the Boltzman
constant, T the absolute temperature, 7(0) the time
constant in the limit of zero applied voltage, wy a
parameter dependent on the membrane thickness d,
and « the fraction of the applied voltage influencing
the movement of tetraphenylborate.

The same parameters characterize the initial
conductance-voltage relationship:

2(v,0)/g(0,0)
= (2kT/aeV){sinh(aeV/2kT) explw (e VIKTY]} (3)

where g(V,0) is the nitial conductance, and g(0,0) 1s
the extrapolation of g(V,0) for V—0.

The zero voltage values, 7(0) and g(0,0), are
related to the rate constant of translocation &; across
the inner potential barrier, and to the partition coef-
ficient 8 of tetraphenylborate between solution and
membrane:

(0) = 1/2k; @)
g(OaO) = ZZBCTpth,'a2€2/kT (5)

being Crppp the tetraphenylborate concentration m
the aqueous solution.

The electrical charge of the hydrophobic ions
displaced across the membrane during a single cur-
rent transient approaches I(V,0)r. The equivalent
number of ions N(V) depends on the applied voltage
according to:

N(V) = Napstanh(aeVI2KT) (6)

where 2Ny, is the total number of absorbed charges
at the membrane-solution interfaces. The value of
N.s allows an independent determination of S,
being:

B = Naby/Crphz. @)

Materials and Methods

Optically black lipid membranes were formed either from pure
dioleoylphosphatidylcholine, or from a mixture of this phospho-
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Fig. 2. Time course of the current flowing through the membrane
after a 160-mV voltage step in linear (a), and semilogarithmic
plot (b). Time constant of the curve r = 17 msec. T = 25°C. 2 X
10~ M TPhB in 0.5 M NaCl solution. GM,/DOPC (15.3% M/M)
membranes, dissolved in #-decane (15 mg/ml)

lipid and ganglioside GM,, as a 15% (wt/vol) lipid solution in
n-decane (BDH Chemicals Ltd., Poole, England, analytical grade).
The binary mixture was obtained by dissolving the components
in chloroform-methanol (2: 1, vol/vol) in 15.3% GM,/DOPC mo-
lar ratio. Then, the mixture was dried in nitrogen atmosphere to
remove traces of solvent, and finally dissolved in n-decane. Sin-
gle spot by thin-layer chromatography, synthetic dioleoylphos-
phatidylcholine was purchased from P-L. Biochemicals Inc., Mil-
waukee, Wisconsin, and used without further purification.
Ganglioside GM; from beef brain, over 98% pure, was provided
by FIDIA Research Laboratories, Abano Terme, Italy.
Membranes containing solvent were prepared at 25°C ac-
cording to the brush technique of Mueller et al. (1963). They
were formed through a circular hole, 1.5 mm? area, made in a
thin Teflon septum separating two symmetrical Teflon compart-
ments containing 30 ml of unbuffered NaCl solution. During the
experiments the ionic strength of the bathing solution was
changed from 5 X 1073 M to 5 X 10! M. Tetraphenylborate was
purchased from Sigma Chemical Co., St. Louis, Missouri. It was
first dissolved in stock ethanolic solution, and then diluted in
aqueous solution just before the experiments. After membrane
formation, adequate aliquots of tetraphenylborate solution were
symmetrically added, under continuous stirring, to the bathing
NaCl solution to a final concentration value of 1078 = 107 m.
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Fig. 3. Voltage dependence of the relaxation time constant for
pure DOPC (W) and GM/DOPC (®) mixed membranes. NaCl
0.5 M plus 2 X 10~ M TPhB. The experimental values of 7 are
fitted by Eq. (1)

The electrical measurements were performed under volt-
age-clamp conditions. Voltage jumps applied across the mem-
brane were supplied by a function generator (Wavetek. model
116), through two silver/silver chloride electrodes having a sur-
face area of 12 cm?. The time constant of the electric circuit was
below 300 wsec for membrane capacitances of about 6 nF. Faster
circuits were unnecessary, the relaxation time constant of tet-
raphenylborate in dioleoylphosphatidylcholine being much
slower. The electrical measuring system was tested with mem-
brane equivalent RC circuits. The current transient, measured as
voltage transient across an external series resistance (10 or 48
k), was recorded on a storage oscilloscope (Tektronix, model
5103 N), and photographed for later analysis.

Experimental points were best fitted with the aid of a
Hewlett-Packard HP8S microcomputer, and experimental errors
resulted in 10% uncertainty on the values of the parameters.

Results

Figure 2(a) shows the time course of current
through a GM/DOPC planar bilayer after the appli-
cation of a voltage step of 160 mV. The concentra-
tion of tetraphenylborate is 2 X 1078 M. Plotted in
semilogarithmic scale (Fig. 2(b)), the curve gives a
straight line with a slope of 17 msec, the time con-
stant of the exponential.

The dependence of the relaxation time constant
on the applied voltage is shown in Fig. 3 for pure
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Fig. 4. Voltage dependence of the relaxation time constant.
Same data of Fig. 3 are expressed as 77! versus cosh(0.68 eV/2
kT)exp{0.003(eV/kT)?}. Linear regression curves have correla-
tion coefficients 0.996 (DOPC) and 0.999 (GM,/DOPC)

DOPC and for GM/DOPC mixed membranes. Both
sets of experimental data are best fitted by Eq. (2)
with wy = 0.003 and o = 0.68. The values of 7(0) are
46 msec for DOPC and 86 msec for GM,/DOPC
membranes. It is possible to test these values by
inserting the experimental data of Fig. 3 in a plot of
71 versus:

cosh(0.68 eV/2kT)/exp{0.003(eV/kT)}.

The data and the related linear regression are
shown in Fig. 4. The correlation coefficients are
0.996 for pure DOPC and 0.999 for GM,/DOPC
mixed membranes. For zero applied potential, the
values of 7 are again 46 and 86 msec, respectively.

An independent determination of w, and « can
be obtained from the initial conductance-voltage re-
lationship. Figure S shows the measured values of
the normalized initial conductance for a DOPC and
GM,/DOPC membrane in the same experimental
conditions as Figs. 3 and 4. Both series of data are
best fitted by Eq. (3), within the experimental er-
rors, for the values of w, and o previously found.

The values of w,; as a function of membrane
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Fig. 5. Normalized initial conductance-voltage relationship for
pure DOPC () and GM,/DOPC (@) mixed membranes. Experi-
mental conditions as in Figs. 3 and 4. The values of g(V,0)/g(0,0)
are fitted by Eq. (3)

thickness d, have been tabulated by Andersen and
Fuchs (1975) according to a model for ion transport
within lipid bilayers where the potential energy bar-
rier is assumed to be the image-force barrier. From
electrical capacitance measurements, we calculated
a thickness of about 40 A for pure DOPC and GM,/
DOPC bilayers, regarding the membrane as a paral-
lel plate capacitor. The values found for membrane
thickness and for w, are consistent with those calcu-
lated by Andersen and Fuchs (1975) using the ap-
proximation of Haydon and Hladky (1972):

wg = 0.003 = 0.004 for d = 30 + 40 A.

Figure 6 shows the dependence of the number
of tetraphenylborate ions moving through the GM,/
DOPC membrane on the applied potential. The
aqueous phase contained 0.1 M NaCl plus 5 x 1078
M TPhB. Experimental data are best fitted by Eq.
6) if @ = 0.68 and N, = 180 nC/cm?. Ny, can be
related to the partition coefficient of TPhB between
water and membrane by Eq. (7). In the condition of
Fig. 6 we have 8 = 36 X 1073 cm.

The presence of a surface potential due to the
COO~ charged group of the NeuAc in the GM; oli-
gosaccharide chain affects the absorption of TPhB
in the membrane. This makes N, depend upon the
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Fig. 6. Charge N(V) moved across the membrane versus the
applied potential in GM/DOPC Mixed membranes. The aqueous
phase contained 0.1 M NaCl plus S x 10-8 M TPhB. Theoretical
curve according to Eq. (6)

ionic strength of the bathing solution because of the
screening effect of the Na* ions on the negative
surface charge. In Fig. 7 we show such an effect of
NaCl solutions at different ionic strength but equal
TPhB concentration (5 x 107% m) on N(V). The
action of the ionic strength of the NaCl solution on
Ngps may be predicted by the Gouy-Chapman the-
ory (Lauger & Neumcke, 1973; McLaughlin, 1977)
if the partition coefficient of TPhB is affected only
via changes in surface potential. Therefore, assum-
ing that the activity coefficient of the lipophilic ion
in aqueous solution is independent of the ionic
strength (Benz et al., 1976), we have:

Nabs(Cnac)) = Nabs(H /(88,6 RTCriaci)
+ [(O'Z/SSOSRTCNaC]) + 1]1/2}_2Z (8)

where o is the number of surface elementary
charges per unit area, N,us() the limiting value of
Nabs at infinite ionic strength, Cy,cr and e, respec-
tively, the concentration and the dielectric constant
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Fig. 7. Effect of different ionic strengths on the charge moved
across the membrane. NaCl concentrations are: 5 X 1073 M (O);
2X1072M(); 107" M (@); 5 x 10-! M (A). TPhB concentration
=5 x 1078 M. Other experimental conditions as in Fig. 6. Error
bars are omitted for sake of clarity

of the NaCl bathing solution, z the valency of the
hydrophobic ion, €, the permittivity of free space,
and R the gas constant. Figure 8 shows the depen-
dence of N, on the ionic strength of the solution at
a TPhB concentration of 5 X 1078 M. The experi-
mental data are best fitted by Eq. (8) if Nys() = 780
nC/cm?, and o = 2 X 1073 elementary charges/AZ.

Diffusion polarization in the aqueous phase and
ion-ion interactions in the bilayer become very sig-
nificant at high TPhB concentrations. In these con-
ditions, N, is no longer a linear function of Crpyp,
and the transient current shows a nonexponential
decay (Anderson & Fuchs, 1975; Bruner, 1975; An-
dersen et al., 1978). Equation (6), therefore, cannot
be used to calculate N,. That is not the case for the
value of TPhB concentration (5 X 10~ M) chosen
for our experiments. In Fig. 9 N, and 7 are plotted
versus TPhB concentration for GM;/DOPC mem-
branes: 7 does not depend on Crypyg for values below
1077 M, and N, shows linear dependence in the
same range.
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Fig. 8. Number of TPhB ions absorbed into the GM,/DOPC
mixed membranes versus NaCl concentration. TPhB concentra-
tion = 5 x 1078 M. Experimental data are fitted by Eq. (8)

Discussion

The experimental results show that the relaxation of
tetraphenylborate in GM/DOPC differs from the
relaxation in pure DOPC membranes.

The difference in 7(0) may be explained by mod-
ifications of either the bilayer thickness, or fluidity.
We shall examine the two possibilities.

As far as the former is concerned, the occur-
rence of the same value for « and w, in both types of
bilayers is indicative of no variations in membrane
thickness. It might be argued that the influence of w,
on Egs. (2) and (3) is not too strong, so that fairly
different values of w, do not affect significantly the
fitting of experimental data. Let us assume, how-
ever, that the difference in 7(0) between pure DOPC
and GM/DOPC mixed membranes is the effect of a
variation in bilayer thickness. Then, we may calcu-
late the thickness of a GM,/DOPC membrane from
one of a pure DOPC (Parsegian, 1969; Benz &
Lauger, 1977; Benz & Gisin, 1978) using the follow-
ing equation:

7H0)/1(0) = kilk;t = exp{—{(e*/4me,e,kT)
InQ2e, /(e,, + e NI1/dT — 1/d)}
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Fig. 9. Number of TPhB ions absorbed into the membrane (@)
and relaxation time constant (O) versus TPhB concentration for
GM,/DOPC bilayers in the same experimental conditions as the
previous Figures. The experimental points are fitted by eye in the
full lines

where 77(0) and 7(0) are the time constants in mem-
branes of thickness dt and 4, k;t and %; the respec-
tive translocation rate constants, &, and g, the di-
electric constants of water and membrane.
Assuming d = 40 A for the thickness of pure DOPC
bilayers, we obtain dt = 50 A for GM/DOPC mixed
membranes. The corresponding value of wy 18
0.0054 (Andersen & Fuchs, 1975). This value is too
large to fit our experimental points with Eqs. (2) and
(3), in spite of their weak dependence on w,. Fur-
thermore, in a previous paper (Usai et al., 1983) we
showed that the capacitance of a DOPC bilayer is
not modified by the incorporation of the monosialo-
ganglioside GM,, disialoganglioside GDj,, and tri-
sialoganglioside GT. Possibly, the small differences
in the composition of hydrophobic moieties of
DOPC and gangliosides do not modify the mem-
brane thickness, also owing to the presence of a
certain percentage of n-decane. Finally, Cornell and
Separovic (1983) showed that in phospholipid mem-
branes the major change in dimension which occurs
with variation in acyl chain length is in the area
occupied per molecule, rather than in the bilayer
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thickness. Therefore, we conclude that no modifica-
tion of DOPC bilayer thickness occurs with the in-
corporation of GM;.

Several elements may change the fluidity of
DOPC membranes: larger size of the GM; polar
head, electrostatic interactions among the COO~
charged groups of the sialic acids, or introduction of
saturated fatty acid chains (18 : 0) in the unsaturated
(18: 1) hydrophobic tails of DOPC.

Uchida et al. (1981) studied DPPC/ganglioside
mixed dispersion by time-resolved fluorescence
measurements of DPH. They found that the molec-
ular arrangement or microheterogeneity of the hy-
drocarbon region surrounding DPH changes de-
pending on DPPC/ganglioside ratio and on
temperature, and suggested that, above the phase
transition temperature of DPPC, the hydrocarbon
region in DPPC/ganglioside mixed dispersions is
more ordered than in pure DPPC, presumably due
to a close molecular packing of the two different
types of molecule. Furthermore, the increase in 7(0)
observed when unsaturation of the fatty acid chain
decreases, has been reported for the hydrophobic
ion dipicrvlamine in phosphatidylcholine mem-
branes with C,g fatty acid residues differently unsat-
urated, and for the valinomycin-Rb* complex in a
series of monoglyceride membranes (Benz,
Frohlich & Lauger, 1976; Benz & Liuger, 1977,
Benz & Gisin, 1978). This effect on the fluidity
probably implies that the GM; is uniformly distrib-
uted in the membrane even though, in principle,
formation of ganglioside clusters cannot be ex-
cluded. It is well known (Sharom & Grant, 1978;
Delmelle et al., 1980) that gangliosides incorporated
in phospholipid bilayers tend to interact and orga-
nize themselves in clusters depending on membrane
fluidity, concentration and transition temperature of
gangliosides (25°C for GM;). Sinha and Smejtek
(1983), studying the effect of 3-phenylindole on li-
pophilic ion transport, demonstrated that the pres-
ence of clusters is not detectable by relaxation mea-
surements, the deviation from exponential decay
being very slight. Nevertheless, the formation of
GM, aggregates seems quite improbable for two
reasons. Delmelle et al. (1980) using electron spin

resonance techniques on mixed liposomes of gangli--

osides and dipalmitoylphosphatidyicholine have in
fact shown that, above the temperature of phase
transition for the phospholipid, the gangliosides are
not clustered but randomly distributed in the mem-
brane. In our case, the temperature we used for the
experiments was much higher than the transition
temperature of the DOPC (—22°C, Bach & Chap-
man, 1980). Moreover Gambale et al. (1982) have
found that some glycolipid/DOPC mixed bilayers
show a marked increase in membrane ionic conduc-
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tance by increasing the glycolipid/phospholipid mo-
lar ratio, therefore suggesting that the effect may be
due to the presence of lateral phase separation of
the components. In the present case, measurements
at different concentrations of GM; in DOPC mem-
branes did not show any appreciable variations in
ionic conductance.

The effects of surface potential have been de-
scribed by Eq. (8).

The value of the surface charge density found
experimentally, o = 2 X 10~? elementary charge/
A?, is in very good agreement with the expected
value of o = 2.2 X 1072 ¢7/A? for a mixed mem-
brane of 15.3% GM,;/DOPC molar ratio (Usai et al.,
1983).

The agreement is not as good for the number of
absorbed charges at infinite ionic strength: the value
of the partition coefficient corresponding to the fit-
ted value Nap(e) = 780 nC/em? is B(=) = 0.16 cm,
about twice as much as the value, 8 = 0.09 c¢m,
observed with the DOPC uncharged membranes.
This discrepancy might be ascribed to dipolar ef-
fects not considered in Eq. (8). The surface poten-
tial of a monolayer of charged lipid can be ex-
pressed (Gaines, 1966; Maggio et al., 1978) as:

V=V + ¢, = 0.120/A) . + ¥, 9)

where A is the molecular area in nm?, y, is the
contribution to surface potential of the surface
charge distribution (, = 0 for uncharged mem-
branes) and Vg, the contribution of the overall di-
pole moment wu, in the direction perpendicular to
the membrane interface. The incorporation in a
lipid bilayer of another lipid with different dipole
moment modifies the surface potential via a change
in dipolar potential AV;,. Szabo (1976) showed that
the change of the dipole potential of a bilayer may
affect the partition coefficient of the hydrophobic
ion if the absorption plane is located in the dipolar
layer of the membrane. The dependence of 8 on
AVg, (Benz & Cross, 1978; Benz & Gisin, 1978) can
be given by:

B = B, exp(—F8AV,/RT) (10)

where AV, is the difference in dipolar potential, &
is the molar ratio of the two lipids, 8, the partition
coefficient for 8 = 0 and F the Faraday constant.
Using the value w, = 50 mD for GM, (Maggio et al.,
1978) and Vg4, = 440 mV for lecithin (Haydon,
1975), from Egs. (9) and (10) we obtain 8 = 7 X 1073
cm, a value very different from that found experi-
mentally, B() = 0.16 cm. Therefore the change in
dipolar potential of a DOPC bilayer induced by the
incorporation of GM, does not affect the absorption
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of tetraphenylborate, because the absorption plane
of the lipophilic ion is probably located outside the
dipolar layer of the mixed membrane.

The difference between the value of 8(«) and 3
for uncharged DOPC membranes is therefore due to
other reasons. Size and packing of polar heads
could be one of them. Benz and Lauger (1977),
Benz and Gisin (1978) and Pickar and Benz (1978)
showed the influence of the unsaturation degree of
the fatty-acid chain on the partition coefficients of
various lipophilic ions and ion carriers. In their ex-
periments these authors found a decrease of 8 by
increasing the number of double bonds of the hydro-
phobic tail, without changing the nature of the polar
head. Since B8 should not be affected by membrane
fluidity, its alteration may possibly be due to differ-
ences in packing of the polar heads. Another reason
could be that the assumption made to fit Eq. (8) is
oversimplified: possibly, variations in the activity
coefficient of TPhB with ionic strength have been
improperly overlooked. Benz and Lauger (1977) re-
ported a similar discrepancy for the hydrophobic
ion dipicrylamine in charged phosphatidylserine
membranes.

The authors thank Dr. Alfredo Gorio for fruitful comments on
the manuscript.
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