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Monovalent cations differentially affect membrane surface properties
and membrane curvature, as revealed by fluorescent probes and dynamic
light scattering
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Abstract

The effects of monovalent cations on the interfacial electrostatic potential (¥,), hydrodynamic shear boundary distance (d,), and
membrane curvature were studied in large unilamellar phospholipid and galacto/sulfolipid liposomes containing different fractions of
negatively charged lipids. The differential effects of alkali metal ions on Wy could be accurately determined at physiological surface
charge densities with a surface-anchored fluorescent probe. Li™ and Na* more effectively decrease yi; and exhibit higher association
constants (K, ) than K™ and Cs*. These two groups of cations display qualitatively different perturbations of the interfacial structure.
Combining K,, values with the electrokinetic ({) potentials yielded the respective d, values. At low ionic strength d, more substantially
increases with Li* or Na™ than with K™ or Cs™. Increasing surface charge density causes increased membrane curvature in the presence
of K* or Cs™, but this is largely prevented by Li* or Na*. Membrane binding of the amphiphilic cation acridine orange decreases
surface charge and membrane curvature more extensively than H,O™, Li*, and Na*. The differential interface-perturbing behavior of
monovalent cations is discussed with regard to their different hydration tendencies that will modulate the extent and stability of the
hydrogen-bond network along the charged membrane surface.

Keywords: Surface potential; Membrane hydration; Hydrodynamic shear boundary; Membrane curvature; Monovalent cation association; Fluorescence
probe

1. Introduction with distance from the membrane surface. The shape of
this potential profile is adequately described by the Gouy-
Chapman-Stern theory and depends on the concentration
and type of the electrolytes in the adjacent aqueous phase
(see reviews of McLaughlin, [1,2]). The existence of a
negative surface potential is of crucial importance for a
diversity of membrane structural and functional aspects
[2-6]. A feature of the charged interface that may be of

general significance for these phenomena is that it pro-

The surfaces of essentially all biological membranes are
negatively charged, mainly due to the net negative charges
of lipid head groups. The molar fraction of these lipids
ranges from 5 to 25%, comresponding to surface charge
densities between about —0.01 and —0.05 C m™2. This
results in negative electrostatic potentials which decline
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DGDG, digalactosyl diacylglycerol; Hepes, N-(2-hydroxy-
ethyl)piperazine-N'-(2-ethanesulfonic acid); LUVETSs, large unilamellar
vesicles prepared by extrusion technique; MGDG, monogalactosyl diacy!-
glycerol; PAME, phosphatidic acid monomethyl ester; PC, phosphatidyl-
choline; PS, phosphatidylserine; SQDG, sulfoquinovosyl diacylglycerol;
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motes the formation of a stable hydration layer of oriented
water molecules [7] that may stabilize the lipid head-group
region [8]. Although it has been amply demonstrated that
there are large amounts of water bound at the membrane
surface and that large free energy changes are involved
with the dehydration of membrane lipids and proteins
[9,10] relatively little is known about the structural organi-
zation and properties of this interfacial water of hydration.
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Cations are attracted by negatively charged interfaces,
anions are repelled. However, there are differences among
ions in their binding affinity as well as in the extent of
partitioning into or exclusion from the hydration layer, i.e.
the phenomenon of preferential hydration, extensively
studied for hydrated proteins (cf. [11] and refs. therein).
For example, effects on the bilayer to hexagonal phase
transition of both mono- and divalent ions can be ex-
plained by ion binding and preferential hydration [12].
Eisenberg et al. [13] have demonstrated that, in addition to
their electrostatic screening, monovalent cations bind to
multilameliar PC /PS vesicles with decreasing association
constant in the sequence Li*, Na™, NH}, K*, Rb*, Cs™,
tetraethylammonium * and tetramethylammonium *. Mono-
valent cations may perturb the hydration layer and thereby
the membrane stability to different extents, depending on
their own hydration tendency [14,15]. Among the alkali
metal ions Li* and Na* belong to the group of so-called
(water) ‘structure makers’, together with H* (or rather the
hydronium ion H,0%), OH™, F~, Mg?*, Ca’*, some
large amphiphilic cations such as aminoacridines, and
disaccharides. In contrast, K*, Rb* and Cs* are called
‘structure breakers’, together with NH;, ClI- and most
other anions, and urea.

The older concept of structure making vs. breaking is
now considered somewhat ambiguous in view of more
sophisticated measurements and models [16]. However,
some pertinent differences between these categories are
worth mentioning. The residence time of hydration water
is much longer with structure makers than with structure
breakers [17], the first increase the viscosity of the sur-
rounding solvent while the second decrease it [18]. It was
also observed that Li* (but not K*) effectively increases
the hydrodynamic shear boundary distance of charged
colloidal particles [19]. We have recently noticed that
liposomes extruded in the presence of 10 mM KCI assume
a smaller vesicle diameter (increased membrane curvature)
with increasing surface charge density [20]. Under similar
conditions, the polarity near the lipid head groups in-
creases, the head groups show greater mobility [21], and
the number of head group-bound water molecules de-
creases [22]. Also noteworthy is the earlier work of Rigaud
and Gary-Bobo [23] on lateral diffusion rates of alkali
metal ions in the PC/water interface, which clearly de-
pend on the extent of membrane hydration, but diffusional
selectivity also depends on the hydration tendency of the
cations themselves. Extensive surface hydration is charac-
terized by a strong repulsive hydration force (distinct from
electrostatic and Van der Waals forces) which is increased
by alkali metal ions in the sequence Li* > Na*> K*> Cs™
[24].

In view of these considerations we have compared in
this study the effects of the monovalent cations Li*, Na™,
K", and Cs™* on the interfacial potential ({,) and post-ex-
trusion vesicle size (membrane curvature) of large unil-
amellar liposomes with increasing surface charge density.

We have recently introduced membrane-anchored (‘float-
like’) fluorescent probes for accurate determination of s,
as function of distance or surface charge density [20]. The
reporter groups of these probes are located at different
distances from the membrane surface. One of the new
probes, U-6, is applied here to study the effects of these
cations on {5;. This probe senses i, at a distance of about
0.64 nm from the plane of maximal (surface) potential
(Uy). In some cases we used the known probe U-2 [4,25]
with a sensor distance of 0—0.15 nm. A fitting procedure
based on the Gouy-Chapman-Stern theory yielded the as-
sociation constants ( X,,) for the cations, and by combining
these with electrokinetic ({) potential measurements under
the same conditions, we determined the respective dis-
tances of the hydrodynamic shear boundary (at which the
potential is sensed). For comparison we have also exam-
ined the binding and interface-perturbing effects of acri-
dine orange (AO) as an example of a family of large
amphiphilic monovalent cations that are known to interact
strongly with negatively charged and hydrated polymers
and interfaces [15,26].

Two types of large unilamellar liposomes with different
lipid composition were used. One type contains PC with
variable fractions of the monomethylester of phosphatidic
acid (PAME) as a simple, monovalent negatively charged
lipid (in some cases PS was tested). The other contains a
2:1 mixture of the uncharged galactolipids MGDG and
DGDG with variable fractions of the monovalent sulfolipid
SQDG. These two liposome preparations may serve as
simplified models for animal and plant membranes, respec-
tively. The fractions of charged lipids were kept below 30
mol% so as to mimic the surface charge density range of
native biomembranes.

2. Materials and methods
2.1. Preparation of liposomes

Purity of the commercial lipids PC, PAME, DGDG,
MGDG and SQDG was verified by TLC. First, multi-
lamellar vesicles of different PC/PAME or MGDG-
DGDG/SQDG mixtures were prepared by mixing the
lipids in chloroform /methanol (9:1), rotational evapora-
tion of the solvent until dryness, vortex mixing and 10
freeze-thaw cycles of the suspension in media of different
composition, as indicated in the figure legends. The
galactolipids MGDG and DGDG were always present in a
molar ratio of 2:1. LUVETs were prepared by stepwise
extrusion of the multilamellar vesicles as described by
Mayer et al. [27]. The extrusion in a modified stainless
steel version of the Extruder from Lipex Biomembranes
Inc. (Vancouver, BC, Canada) involved successively 5
cycles through 800 nm-pore polycarbonate membranes
(Nuclepore, Costar Europe) and 10 cycles through 400
nm-pore membranes. The final liposome diameters may
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deviate from 400 nm, as indicated under Results. For each
LUVET preparation fresh polycarbonate membranes (in
stacks of 2) and polyethylene supporting filters (36 pm
pores, thickness 2.5 mm) were used. The presented experi-
ments were carried out with LUVETs prepared on the
same day. Final concentration of total lipid was 0.25 mg
lipid ml~"'. (For further details see [20].)

2.2. Extrusion and test media

For measurements of the effects of increasing monova-
lent cation concentration {§; and { potential and vesicle
size, the LUVETs were incubated in 0.5 mM EDTA, 2
mM Hepes, titrated with tetramethylammonium hydroxide
(for pH, see the legends to the figures), because the
tetramethylammonium cation does not significantly affect
the { potential [13]. Although prior addition to the vesicles
of 0.5 mM EDTA, to bind possible residual traces of
bivalent cations, did not affect the {s; and { potentials, we
have added this compound routinely before extrusion.

2.3. Fluorescent measurements and probes

Fluorescence spectra and measurements of time-depen-
dent intensity changes were recorded with a SLM-Aminco
SPF-500 fluorometer. The fluorimetric determinations of
the pK, values of the U-2 and U-6 probes were performed
by acid-base titrations, started at the low pH end and
performed as fast as possible. Fluorescence lifetime mea-
surements on AO were performed with a LS-100 multi-
purpose fluorimeter (Photon Technology International,
London, Ontario, Canada).

The structures of U-2 and U-6, and the synthesis and
structural analysis of the latter probe are described in a
preceding paper [20]. U-6 is now commercially available
from Molecular Probes, Eugene, OR. Binding of U-2 and
U-6 to the LUVETS before experiments was carried out as
described earlier [20]). AO binding was directly monitored
fluorimetrically in the final liposome incubation. We have
shown earlier that in binding experiments the quenched
fraction matches the fraction which disappeared from the
medium [28]. In most experiments a molar probe/total
lipid ratio of 1:165 or lower is used for U-2 and U-6
(probe concentrations were about 2 pM unless stated
otherwise). At this ratio there was no detectable effect on
the { potentials.

2.4. Doppler-electrophoretic light scattering analysis

The { potentials, derived from the electrophoretic mo-
bilities, and the average hydrodynamic vesicle diameters of
the LUVETSs were obtained with a DELSA 440 apparatus
(Coulter Electronics, Hialeah, FL) which employs a four-
angle detection of the Doppler shift of the frequency of
scattered laser light. The apparatus also measures the
electric conductance of the medium and applies the data in

calculations. Medium viscosity was checked with a Schott
(Mainz, Germany) viscosimeter.

2.5. Calculations and simulations

The calculation of the charge densities of LUVETSs was
based on the assumptions that both PC and PAME
molecules (fully hydrated) occupy a surface area of 70 A?
and that this area is 75 A’ for the galactolipids and
sulfolipid. The respective membrane surface potentials ({s,)
were calculated according to [1]. The local electrostatic
potential at distance d from the membrane surface (),
i.e. at the position of the coumarin-hydroxyl groups of the
probes U-6 and U-2, is calculated from the difference of
the apparent pK, values with those at (extrapolated) zero
surface charge density (pK_), also corresponding to the
difference between the pH at distance d (pH,) and the
bulk medium pH (pH,), according to the relation [25]:

Yy = —2.3RT/F(pK, - pK,)

—2.3RT/F(pH, — pH,) mV

in which RT/F =25.69 mV at 25°C [1]. The theoretical
U, profiles were simulated by a spreadsheet protocol,
using the equations of the Gouy-Chapman-Stern theory,

based on the non-linear Poisson-Boltzmann relation (for
equations see Refs. [1,2,13,20,29)).

I

2.6. Chemicals

All chemicals were of analytical grade. PC, PS and
PAME were obtained from Sigma (St. Louis, MO, USA).
DGDG, MGDG and SQDG were obtained from Serdary
Research Laboratories (London, Ontario, Canada) and from
Lipid Products, Nutfield Nurseries (South Nutfield, Surrey,
UK). 4-Heptadecyl-7-hydroxycoumarin (U-2) was ob-
tained from Molecular Probes (Eugene, OR, USA). AO
was obtained from Chroma Gesellschaft (Kéngen, Ger-
many).

3. Results

3.1. pH dependence of { potential and liposome size of
LUVET preparations

In order to characterize the membrane surface proper-
ties of the two LUVET preparations, containing different
fractions of charged lipids, the { potentials and average
hydrodynamic vesicle diameters were measured as func-
tion of pH. Fig. 1 shows the { potentials for both types of
liposomes with increasing fractions of PAME or SQDG. In
the absence of added negatively charged lipid the lipo-
somes are usually slightly negative, especially in the case
of PC. The possible reasons for this are discussed else-
where [20,30]. Below pH 5 the pure PC liposomes become
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Fig. 1. pH dependence of the electrokinetic ({) potentials of PC/PAME
and MGDG-DGDG /SQDG liposomes with different surface charge den-
sity. The medium contained 10 mM KCl, 2 mM Hepes (pH as indicated),
0.5 mM EDTA, and 0.25 mg lipid per ml. Closed symbols: PC /PAME
liposomes; open symbols: MGDG-DGDG /SQDG liposomes; the molar
fractions of the negatively charged lipids were: 0% (@,0), 5% (a,a),
10% (,0), or 20% (W,00).

positively charged, as expected. In the monomethyl ester
of PA only its low-pK, phosphoryl group can be proto-
nated. Fig. 1 also displays the curves simulated for 5, 10
and 20% PAME with a single pK, of 3.0 [31], and
assuming zero charge of PC above pH 6. The deviations of
the data from these curves can be explained by the proto-
nation of the PC phosphory] group, retaining the positive
choline. In the case of the galacto /sulfolipid vesicles one
observes a fairly constant { potential in this pH range
because the pK, of the sulfonic acid group of SQDG is
lower than 0.

The average vesicle diameters of the PC /PAME lipo-
somes under the same conditions are depicted in Fig. 2. As

average vesicle diameter (nm)

pH

Fig. 2. pH dependence of the average hydrodynamic diameters of
PC/PAME liposomes. Conditions were as in Fig. 1. The molar fractions
of the negatively charged lipids were: 0% (@), 5% (a), 10% (#), or
20% (m).

I
-80 1 1 1
0 001 002 -003
o (C.m?)

1
-0.04 -0.05

Fig. 3. The effect of monovalent cations on the interfacial potentials (is4),
of PC/PAME liposomes obtained with the fluorescent probe U-6, as
function of membrane surface charge density. The medium contained 2
mM Hepes /TMAOH, pH 7.4, 0.5 mM EDTA, 0.25 mg lipid per ml, and
salts as indicated below. Curves were simulated for {i; (at d = 0.64 nm)
with a flexible spreadsheet protocol based on the equations given in [13],
and K, was varied to best fit. In the 50 mM series curves are only
shown for Na* and K*. Dashed lines are simulated for K, = 0. Stan-
dard deviations (n =3 or 4) varied between 2.9 and 5.2 mV (error bars
omitted for better clarity). Closed symbols: 10 mM Cl~ salts; open
symbols: 50 mM Cl~ salts. Cations were: Cs* (#,0), K* (a,n), Na™
(@.0), or Li* (m,0).

reported earlier [20], vesicle size decreases with increasing
surface charge density (at pH 7.4 in 10 mM KCI). The
average diameter of the (slightly negative) pure PC lipo-
somes is usually somewhat larger (max. 5%) than the
average extrusion filter pore diameter above pH 7.4. How-
ever, at lower pH this size increases, probably by vesicle
fusion or aggregation, and is maximal around the isoelec-
tric point of the liposomes. At higher surface charge
densities a smaller size increase is also apparent at lower
pH. The galacto/sulfolipid LUVETs showed a similar
decrease of vesicle size with increasing SQDG fraction.
Only in the absence of SQDG the liposomes showed a size
increase (to 430-500 nm) at pH 6 and below.

3.2. Alkali metal ion effects on interfacial potential at
different surface charge densities; estimation of associa-
tion constants

LUVET preparations with increasing surface charge
density were labeled with the probe U-6, and i, values
were determined by fluorimetric titrations from the upward
shifts of the apparent pK, values of the coumarin fluo-
rophore. In Fig. 3 the results are compiled for PC/PA
liposomes in 10 and 50 mM Li*, Na*, K*, and Cs*
(chlorides). There were only small additional effects at salt
concentrations of 100 and 200 mM (not shown). Very
similar results were obtained with the galacto/sulfolipid
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Table 1
Estimated association constants (K, ) for monovalent cation adsorption in
PC/PAME and MGDG-DGDG /SQDG liposomes *

Monovalent Concn. K, M )+SD(n=3)
cation (mM) PC/PAME  MGDG-DGDG /SQDG
Lit 10 3824053  3.14+046
50 12940.12  1.114+0.10
100 0.89+0.07  0.82+0.09
Na* 10 2794042 2684051
50 0.95+0.06  0.96+0.12
100 0.7840.06  0.6940.07
K* 10 1.1340.23 0.9240.21
50 0284002 0224007
100 0.184002  0.16+0.05
Cs* 10 0514005  048+0.07
50 0.1640.07  0.16+0.05
100 0.11£003  p.14+005

* Data were obtained from experiments as described in Fig. 3.

LUVETs. Despite the practical impossibility to obtain all
data points per fixed charge density with a single batch of
LUVETs the results were remarkably reproducible, even
within this range of relatively low charge densities. When
considering their effects on {,, Li* and Na™ form a more
effective group than K and Cs*. The cation adsorption
effects were simulated for the U-6 fluorophore distance of
0.64 nm [20] and varying K, until a best fit to the data
was obtained (solid curves in Fig. 3). Table 1 shows that
the K, values thus obtained in 10, 50 and 100 mM
electrolyte are very similar in both types of liposomes. In
the presence of only the Hepes-TMAOH buffer the data
(not shown) closely followed the dashed curves which
were simulated for K = 0.

3.3. Alkali metal ion effects on electrokinetic potential at
different surface charge densities; estimation of shear
boundary distance

Under the same conditions as the {s; measurements we
have investigated the different cation effects on the {
potentials of the same series of LUVETs. The results are
shown in Fig. 4 for the PC/PAME liposomes. Now, the
simulations were based on the K,  values derived from the
), measurements in Fig. 3, and values for the distance
parameter d, (indicating the position of the hydrodynamic
plane of shear) were varied until a best fit to the data
(between 10 and 20% PAME) was obtained (solid curves
in Fig. 4). At 10 mM Li*, Na*, K* and Cs™* the optimal
values for d, were 0.40, 0.38, 0.32, and 0.31 nm, respec-
tively; at 50 mM salt these values were 0.27, 0.26, 0.22
and 0.21 nm, respectively (s.d. in all cases less than 8%).
Considering the precision level of the {5, and { potential
measurements, the values of d, are significantly different
between the Li*-Na* and K™-Cs* groups at 10 mM, and
possibly aiso at 50 mM, but not between the cations within
the same group. At higher salt concentrations (100 and 200

mM) d, was very similar for all ions (0.18 to 0.21 nm) and
in good agreement with the earlier suggested 0.2 nm at
decimolar salt concentrations [13,32,33]. Results with
galacto /sulfolipid and PC/PS liposomes were very simi-
lar.

3.4. Monovalent cation concentration dependence of inter-

facial potential, association constant, and residual surface

charge density

The association of monovalent cations with liposomes
was investigated in more detail in the concentration range
2 to 100 mM. As an example of these experiments, the
titration of Na* in galacto/sulfolipid liposomes (10%
SQDG) is presented in Fig. 5. In this case we have used
the probe U-2 which is more sensitive to cation-induced
decrease of Y5, because of the closer (but less defined)
proximity of its fluorophore to the membrane surface.
While U-2 has a much higher pK, than U-6 these experi-
ments were performed at pH 9.1. Note that {, is effec-
tively decreased by low Na™ concentrations. Fig. 5 also
shows the corresponding values for K,, and the residual
surface charge density after Na* binding (o) obtained
from the Gouy-Chapman-Stern simulations. The apparent
K, does not vary so much in the higher concentration
range but strongly increases with decreasing Na® concen-
tration in the mM range (K, values at 10, 50 and 100 mM
Na™ are similar to those obtained with U-6, shown in
Table 1). o, increases at higher Na* concentrations,

res

because of the implicit ion activity-dependence of K, ; in

% PAME
10 15 20
A ] |

-80

-100 — ;
0 -0.01 -0.02 -003 -0.04 -0.05
¢ (C.m?)

Fig. 4. The effect of monovalent cations on the electrokinetic ({) poten-
tials of PC/PAME liposomes as function of membrane surface charge
density. Conditions as in Fig. 3. Simulations were based on the values for
K, found in the experiments of Fig. 3; 4 was varied to best fit. S.D.
values (n = 3) varied between 3.2 and 6.6 mV (error bars omitted for
better clarity). Dashed lines indicate the potential profiles for K,, = 0 and
d values for Cs* (see text). Closed symbols: 10 mM CI~ salts; open
symbols: 50 mM CI~ salts. Cations were: Cs* (#.0), K* (a,a), Na*
(@.0), orLi* (m.0).
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this case o, reaches a constant level of about —0.016 to
~0.018 C m~? above 10 mM monovalent salt, for 10
charged lipids, which is in good agreement with values of
—0.14 to —0.20 C m~? reported by Ermakov for 100%
charged lipids [29].

3.5. Differential cation effects on the average vesicle size
obtained after extrusion

Under the same experimental conditions as for the s,
and { potential measurements the average hydrodynamic
vesicle diameters were determined for the LUVETs with
different fractions of negatively charged lipid. As shown
by Fig. 6, vesicle size decreases with increasing surface
charge to almost half its diameter at 20 mol% PAME in
PC/PAME liposomes, extruded in the presence of 10 mM
KC1 or CsCl. However, in the presence of 10 mM LiCl or
NaCl this size decrease is much less. At 50 mM of the
salts the effects are smaller but the different behavior of
the two groups of ions is still obvious. Only a small
additional inhibition of size reduction was seen at 100 and
200 mM salt. Very similar results were obtained with the
galacto /sufolipid and with PC /PS liposomes in the same
range of charge density variation.

We have also measured the combined effects of K* and
Na™ ions on post-extrusion vesicle size at 20% PAME. It
was found that 10 mM Na* combined with K* concentra-
tions up to 150 mM yielded roughly the same vesicle size
(around 350 nm) as 10 mM Na® alone. Therefore, the
Na™ effect is fully dominant, and neither intermediary nor
synergistic effects of both cations seem to occur. In addi-
tion, the effect of high sucrose concentration was tested.
Disaccharides lower the bilayer to hexagonal phase transi-
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Fig. 5. Effect of Na* concentration on the interfacial potential ({sy) of
galacto /sulfolipid lipisomes. The medium was as in Fig. 3, except that
the pH was 9.1; the liposomes contained 10% SQDG. ¢, (@) was
calculated from the pK, shifts observed with the probe U-2. K, () and
O, (A, the residual charge density after Na* binding) were derived
from simulation of the Gouy-Chapman-Stern relations (also entered in the
simulation protocol were the parameters: g,,,, = —0.0212284 C m~2 for
10% SQDG; SQDG sulfonic acid group pK,=—3; d,=0.15 nm;
valency = 1),
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Fig. 6. Differential monovalent cation effects on the average vesicle size
obtained after extrusion in PC/PAME liposomes. Extrusion and test
media were as in Fig. 3. Closed symbols; 10 mM CI™ salts; open
symbols: 50 mM Cl~ salts. Cations were: Cs* (4,0), K* (a,a),
Na* (@,0), or Li* (m,00).

tion temperature [34], counteract dye leakage during lipid
phase transition [35], and have a ‘structure-promoting’
effect [15]. Addition of 0.5 M sucrose to a 2 mM Hepes /10
mM KCl] extrusion medium yields about the same vesicle
size (290 nm) as 100 mM KCl in the absence of sucrose.
Combination of sucrose with Na™ essentially produced the
vesicle sizes obtained with Na* alone.

3.6. Binding and dimerization of the monovalent am-
phiphilic cation acridine orange

In view of the results obtained with the inorganic alkali
metal cations it was of interest to compare these with the
effects of binding of monovalent aromatic cations to the
liposomes. For this purpose we studied the behavior of the
aminoacridine dye acridine orange (AO). This compound
is particularly useful for accurate binding studies because
its binding to negatively charged membranes and biopoly-
mers is exactly monitored by the fractional monomer
fluorescence quenching, and dimer formation upon binding
can be directly followed from its red-shifted fluorescence
at room temperature [28]. For appreciable binding of
cationic aminoacridines to membranes the presence of
negatively charged groups is essential, even at a pH where
most of the compound is uncharged [36). Their sigmoidal
binding pattern can be attributed to cooperative interaction
between aminoacridine dimers and the array of negative
sites. Dimer formation in chloroplasts was earlier reported
for AO, Atebrin (Quinacrine) and 9-amino-6-chloro-2-
methoxyacridine (ACMA) [28], and in more detail for
9-aminoacridine [37]. Fig. 7A shows the AO monomer
fluorescence quenching as function of added AO concen-
tration in 5% and 10% SQDG-containing galacto /sulfoli-
pid LUVETs. The quenching plots clearly titrate the num-
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ber of available negative sites in both liposome prepara-
tions. AO dimerization (Fig. 7B) occurs simultaneously
with the monomer quenching (after saturation AO dimer-
ization gradually continues as it does in aqueous solution).

The presence of AO dimers after binding to liposomes
was also confirmed by fluorescence lifetime measure-
ments. In the pM concentration range the AO monomer
lifetime is dominant in aqueous medium and was found to
be 1.78 + 0.07 ns, while at concentrations above 0.5 mM
the lifetime of the dimer of 2.85 + 0.12 ns is in evidence.
The dimer lifetime increases when AO is bound to the
SQDG-containing liposomes and also with increasing frac-
tion of negatively charged lipid. With 5% SQDG lipo-
somes at pH 9.1 the AQO (20 wM) lifetimes for monomer
and dimer were 1.90 + (.01 ns and 3.59 + 0.03 ns, respec-
tively; at 20% SQDG and 40 wM AO the respective values
were 1.84 + 0.05 ns and 4.55 £ 0.18 ns. These values are
comparable with the AO lifetimes observed in SDS mi-
celles [38]. Multi-component analysis of the fluorescence
decay profiles in liposomes indicated an additional lifetime
of about 14 ns, presumably originating from higher AO
aggregates, but this component fraction never exceeded
2.5%.
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Fig. 7. AO monomer and dimer fluorescence changes in
galactolipid /sulfolipid liposomes. Incubation conditions were as in Fig.
1, except that pH was 9.1. A: AO monomer excitation and emission
wavelengths were set at 492 and 535 nm, respectively. B: AO dimer
excitation and emission wavelengths were set at 450 and 620 nm,
respectively. Liposomes contained 5% SQDG (O) or 10% SQDG (a).
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Fig. 8. Acridine orange effects on electrokinetic ({) potential (A) and
average vesicle diameter (B) in galacto /sulfolipid liposomes. The incuba-

tion conditions and preparations were the same as in Fig. 7. Liposomes
contained 5% SQDG (O) or 10% SQDG (a ).

The effects of AO binding on { potential and vesicle
size are shown in Fig. 8. The { potentials of 5% and 10%
SQDG liposomes are effectively reduced to a constant (but
non-zero) level at their respective saturating AO concentra-
tions, and the curves are also slightly sigmoidal (Fig. 8A).
AO binding also eliminates the vesicle size decrease
brought about in 10 mM KCI and even produces the larger
sizes typical for uncharged liposomes at low pH (Fig. 8B,
compare Fig. 2). The divalent AQ dimer cation apparently
causes vesicle aggregation and/or fusion, and behaves
similar to mM concentrations of Ca’*. Liposome-bound
aminoacridines can be rapidly released by Ca** [39] which
also strongly indicates a peripheral location of these large
and flat amphiphilic cations.

4. Discussion

4.1. Model membranes and interfacial potential determina-
tions

Both types of LUVETs employed in this study display
interfacial potentials (pH > 7) consistent with the values
expected for the lipid mixtures containing different frac-
tions of monovalent negatively charged lipids. Also with
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respect to the vesicle size measurements and cation pertur-
bations, both the phospholipid and galacto/sulfolipid, as
well as the PC/PS liposomes behave very similarly. This
is somewhat surprising in view of their different lipid
head-group structure and orientation. The determinations
of Y, by the probe U-6 and of { potential by dynamic
light scattering were accurate enough to study the small
differential effects of alkali metal ions on these potentials
at the low charge density range typical for biological
membranes. Although in this range the surface charges are
discrete rather than uniformly smeared, the observed (aver-
age) potentials still fit Gouy-Chapman-Stern theory [40].
Our data obtained with the probe U-6 also indicate that the
less fixed ‘Y, probe’ 2-(p-toluidinyl)-naphthalene-6-
sulfonate (TNS), used by Eisenberg et al. [13], has indeed
the assumed (average) sensor position.

4.2. Alkali metal ion association and shear boundary
distance

The effects of alkali metal ions on §; and the derived
K, values are in general agreement with the results of
Eisenberg et al. [13] and Ermakov {29], based on { poten-
tial measurements with large multilamellar and small soni-
cated vesicles composed of different lipids (notably PS).
The K,, values (Table 1) show a clear distinction between
the Li*-Na* and K*-Cs™ groups, and this is more pro-
nounced for the galacto/sulfolipid vesicles. Our observa-
tion that vesicle sizes are the same in 10 mM Na™ with or
without 150 mM K™, is in harmony with a prediction by
Plesner and Michaeli [41] that in the case of mixed elec-
trolytes (below a critical potential) cations with smaller
(nonhydrated) ionic radii will be selectively adsorbed to a
charged surface, almost completely excluding the larger
ones, even at much higher concentrations of the latter.

By combining the K, values for Li*, Na*, K*, and
Cs™ with the { potentials, we obtained similar distances
(about 0.2 nm) for the hydrodynamic plane of shear for all
ions, at > 100 mM, in accordance with Eisenberg et al.
[13]. However, at lower concentrations (notably 10 mM),
i.e. at increased Debye length, the shear boundary distance
detectably increases, and more so in the presence of Li* or
Na* (about 0.39 nm) than with K™ or Cs* (about 0.31
nm), in agreement with early model studies on colloidal
particles [19]. The explanation of the more substantial
shear layer in the presence of hydration-promoting cations
is hampered by great uncertainties about the nature of the
hydration layer [16). In line with Kita et al. [11], the
‘structure-making’ effects of Li” and Na® (and H;0")
may arise from the phenomenon of preferential hydration
as a result of a non-uniform distribution of ions across the
hydration layer, resulting in an interfacial tension. This
tension would cause changes in the interfacial area, and
hence of the shear layer thickness. In the classical double-
layer hypothesis the preferential association of hydration-
promoting ions may be viewed as a ‘constructive interac-

tion” between their hydration shells and that of the charged
surface [42]. A hydration layer of about 0.4 nm thickness
would roughly accomodate two, not necessarily continu-
ous, layers of ‘structured’ water molecules, including ad-
sorbed cations. Small hydrated ions can fit well within the
water lattice without disrupting the hydrogen-bond net-
work. A PC/water interfacial hydration layer of this size
would contain about 20 bound water molecules per PC
head group [23]. Bérubé and De Bruyn [42] suggested that
the hydrodynamic plane of shear may coincide with a
‘thawed region” of high structural disorder and relatively
low viscosity between the ordered hydration layer and bulk
water. Regardless of the exact molecular mechanism, it is
likely that differential cation perturbations of the hydration
layer will also affect hydrodynamic properties.

4.3. Membrane curvature and lipid asymmetry

The differential behavior of alkali metal ions is most
pronounced with regard to their effects on membrane
curvature (Figs. 2 and 6). It is likely that during the
extrusion process the liposomes undergo a transient desta-
bilization that allows the lipids to rearrange themselves
into the energetically most favourable position. The re-
markable decrease of vesicle size, observed in the presence
of low K* or Cs* concentrations, indicates that the mem-
branes are less stable than in the presence of the stronger
associating Li* and Na® which apparently prevent major
curvature changes. Asymmetric distribution of the charged
lipids in favour of the outer leaflet is indicated by the AO
fluorescence titrations of the galacto/sulfolipid vesicles
(in 10 mM KCI). Lentz [43] suggested that dehydration
leads to asymmetry in the lateral pressure in each leaflet.
At higher salt concentrations the charge screening causes
an additional compensation, but this is less effective than
direct association of the cation with the negative sites.
Mattai et al. [44] studied the interaction of several cations
with PS monolayers and bilayers in relation to lipid head-
group dynamics, surface area, and chain type and packing.
Except for the Na™ effects, our results are in general
agreement with their studies. Disaccharides also contribute
to membrane hydration; sucrose was found to partly pre-
vent curvature changes (Fig. 6). The lipid-bound galactosyl
moieties of MGDG and DGDG may provide localized
groups which promote interfacial stabilization {45,46].

4.4. Behavior of the large amphiphilic cation acridine
orange

Like other aminoacridines, AO strongly interacts with
the negative binding sites in its dimeric form [28,37]. The
AO dimer is of the sandwich type, with the positively
charged ring-nitrogens oppositely directed [26]. The dimer
conformation is mainly stabilized by hydrogen bonds, Van
der Waals’ interactions and additional hydration. Dimer
formation only occurs in aqueous solution and is promoted
by existing hydration layers along interfaces or polymers
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and by Na* or Mg?" ions, and reversed by urea [15].
Detection of aminoacridine dimerization is therefore in-
dicative for the hydrated nature of its environment. The
perturbing effects of AO on the liposome interface are
qualitatively similar to those of Na®, K*, H;0", and
divalent cations, but the effects are more drastic (note that
we have only studied the post-extrusion, i.e. external,
effects of AO on the interfacial properties).

4.5. Physiological implications

The results of this study may contribute to better under-
standing physiological differences between Na* and K*
interactions with biological membranes. We suggest that
the differential effects of monovalent cations on membrane
surface properties are related to their own hydration ten-
dency and potency to stabilize or destabilize the
hydrogen-bond network along membrane surfaces. Bio-
membranes have to be capable of rearrangements to allow
their functionally important dynamics. This implies that
their interfacial structure should neither be too labile, nor
too stable. It appears that the hydration state of the mem-
brane is directly or indirectly linked to the local activity
and type of counterion, interfacial potential, lipid head-
group orientation, hydrocarbon chain saturation [5,8,47],
hexagonal phase-forming propensity of lipids [48], bilayer
adhesion /fusion [49,50], but not to the lipid order [51].
Ion-transporting proteins cause local redistributions of ions
and often generate electric fields which will affect the
charge orientation and dielectric constant in the interfaces
[5]. The existence of lateral heterogeneity of proteins and
lipids, often existing in special aggregates, and the spatial
variations in membrane curvature (e.g., in chloroplasts,
mitochondria, and plasma membranes of many specialized
cell types) would suggest that the differential monovalent
cation effects may be of physiological significance by
modulating the structure and dynamics of such local areas
of biomembranes.
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