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Abstract: Polysialic acids are linear polysaccharides composed of sialic acid
monomers. These polyanionic chains are usually membrane-bound, and are
expressed on the surfaces of neural, tumor and neuroinvasive bacterial cells. We
used toluidine blue spectroscopy, the Langmuir monolayer technique and
fluorescence spectroscopy to study the effects of membrane surface potential
and transmembrane potential on the binding of polysialic acids to lipid bilayers
and monolayers. Polysialic acid free in solution was added to the bathing
solution to assess the metachromatic shift in the absorption spectra of toluidine
blue, the temperature dependence of the fluorescence anisotropy of DPH in
liposomes, the limiting molecular area in lipid monolayers, and the fluorescence
spectroscopy of oxonol V in liposomes. Our results show that both a positive
surface potential and a positive transmembrane potential inside the vesicles can
facilitate the binding of polysialic acid chains to model lipid membranes. These
observations suggest that these membrane potentials can also affect the
polysialic acid-mediated interaction between cells.
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INTRODUCTION

The superposition of the transmembrane potential, the dipole potentials, and the
difference in the surface potentials gives rise to the potential inside the
membrane (intramembrane potential) [1]. Transmembrane potential is the
potential difference between the inner and outer sides of a membrane. It arises
from the transfer of charges between two water compartments separated by the
membrane. The surface potential is localized at the membrane-solution interface
and is generated by a net charge of membrane lipids, proteins or compounds
adsorbed on the membrane surface. The dipole potential is generated inside the
membrane by the intramolecular dipole moments of lipids, proteins and water
molecules, e.g. by the ester linkage of the hydrocarbon chains of phospholipids.
Besides its well-known functions in ion transport across the membrane, voltage-
gated channel regulation and protein transmembrane translocation, the
transmembrane potential also affects the uptake of biologically active peptides [2],
the transmembrane translocation of polysialic acid [3, 4], the regulation of cell
proliferation and differentiation [5], mitochondrially mediated cell apoptosis [6],
the binding of the peptide hormone angiotensin to renal epithelial cells [7], the
action of G-protein coupled receptors [8], the dynamics of dolichyl phosphate in
membranes [9], and cardiac excitation-contraction coupling [10].

Surface potential plays an important role in cell adhesion, endo-exocytosis, the
binding of biologically active ionic species [11], the activity of membrane-bound
enzymes [12], and the localization of proteins in the cell [13]. The dipole
potential affects the translocation rates of ions across lipid membranes and the
structure and function of membrane-incorporated proteins [14].

Polysialic acid (polySia) chains are linear polysaccharides composed of sialic
acid monomers. They are usually anchored to a membrane via a phospholipid,
an integral membrane glycoprotein or a glycoprotein attached to the membrane
via glycosylphosphatidylinositol. They are unique because, besides certain
glycosaminoglycans, polySia chains are the only polyanionic molecules
permanently attached to the plasma membranes of eukaryotic cells.

PolySia is involved in the neuroinvasive potential of pathogenic bacterial strains,
the development and plasticity of the brain, the pathophysiology of
schizophrenic brains, the immune response, and cancer metastasis [reviewed in
15-21]. The action of polySia is based on a combination of repulsive or
attractive intermolecular interactions and interactions between polySia chains
and membranes through modulation of surface charge density, membrane
potential and pH at the membrane surface [reviewed in 21]. PolySia monomers
are negatively charged at physiological pH due to the presence of a carboxylic
group (pK, = 2.6). PolySia chains have a high degree of hydration, and the
hydrated volume can regulate the distance between membranes and receptor—
receptor interaction [20]. Both experimental and theoretical studies indicate that
polyanionic polySia at the membrane surface can increase the absolute value of
negative surface potential, decrease pH at the membrane surface, and modulate



CELLULAR & MOLECULAR BIOLOGY LETTERS 581

the value of negative transmembrane potential [22-23]. Although cellular
membranes usually have a negative net charge, the positively charged lipid
sphingosine is also present in membranes [24] and can be associated with rafts [25].
In this study, we use the metachromatic shift in the maximum absorption of
toluidine blue, the Langmuir monolayer technique, fluorescence anisotropy of
DPH, and transmembrane potential-dependent fluorescence of oxonol V in lipid
vesicles to study the effects of experimentally generated membrane surface
potential and transmembrane potential on the binding of polysialic acid to model
lipid membranes.

MATERIALS AND METHODS

Chemicals

DOPC  (1,2-dioleoyl-sn-glycero-3-phosphocholine), polySia  (poly-a.2,8-
acetylneuraminic acid, sodium salt, from Escherichia coli K1) and TB (toluidine
blue) were purchased from Sigma. DPPC (dipalmitoylphosphatidylcholine) and
ODA (octadecylamine) were purchased from Fluka. 1,6 diphenyl-1,3,5-
hexatriene (DPH) and oxonol V (bis-(3-phenyl-5-oxoisoxazol-4-yl)pentamethine
oxonol) were purchased from Invitrogen. Sephacryl S-200 and S-300 were
purchased from Amersham Pharmacia.

Purification and characterization of polySia

The polysialic acids were purified and characterized as previously described
[26]. Briefly, polySia was treated at 60°C for 1 h at pH 5 to remove any residual
lipids and then purified via chromatography on Sephacryl S-300 and
precipitation with 80% ethanol. Sephacryl S-200 and S-300 gel filtration was
used to estimate the average degree of polymerization (DP) of the purified
polySia using molecular weight markers [27]. A spectrum of chain lengths was
found, with the maximum DP in the range of 40 to 60, and an average of ~50.

Preparation of liposomes

DOPC, DPPC and ODA were separately dissolved in chloroform/methanol (2/1)
and mixed in appropriate proportions. Then, the solvents were evaporated under
a stream of nitrogen gas and the remainder was desiccated under a vacuum for at
least 2 h. DPPC was used for the anisotropy experiment due to its phase
transition temperature of ca. 41°C. The lipids were resuspended in water, or for
the oxonol V experiments in 50 mM TRIS (pH 7.5) and 0.5 mM KCI.
Multilamellar liposomes were formed by gentle vortexing. The suspension
underwent several freeze-thaw cycles, achieved by repeated immersion in liquid
nitrogen followed by warming in 60°C water. Large unilamellar vesicles were
prepared by extrusion at 60°C using an Avanti MiniExtruder with a filter pore
diameter of 100 nm [28].
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Binding of polySia to liposomes, measured using toluidine blue absorption
PolySia in water at a final concentration of 0.05 mg/ml was mixed with DOPC
or ODA/DOPC (molar ratio of 0.05) liposomes prepared in water with a final
concentration before gel filtration of 10 mg/ml. After incubation for 5 min at
room temperature, the suspension was applied to a 1 ml Sephacryl S-1000
column that voids liposomes but retains polyanions [29], and eluted with water.
The samples were collected as ca. 30 pl fractions. Co-elution of polyanions and
liposomes indicates binding. The presence of polySia in the liposomal fractions
was detected by immediate titration of the liposomal fraction (liposome
concentration: 1 mg/ml) into a solution of the cationic dye toluidine blue (TB).
After prolonged measurement times, liposome aggregation could be detected in
the liposomal fraction. Lipid vesicles in the absence of polySia were used to
correct for light scattering. TB was previously used to detect sialoglycopeptides
[30]. Upon binding of TB to a polySia chain, the absorption maximum shifts
from 630 nm to 560 nm (Fig. 1A).

Fluorescence anisotropy of DPH in liposomes

Steady-state fluorescence anisotropy experiments were performed on DPH in
100 nm DPPC liposomes (1:1000 mol ratio of probe:lipid) or ODA/DPPC
liposomes as described previously [23]. The excitation and emission
wavelengths were 384 nm and 429 nm, respectively. Fluorescence anisotropy (r)
was calculated as described in [28].

Measurements of the limiting molecular area in DOPC monolayers
Monolayer experiments were performed as previously described [26]. Briefly,
the monolayers were deposited by spreading an appropriate volume of
ODA/DOPC mixture in chloroform. Prior to isotherm recording, the monolayers
were equilibrated at zero pressure for 5 min to allow the chloroform to
evaporate. The experiments were performed both in the presence of polySia
(at the indicated concentrations) and in the absence of polySia in the subphase
(Fig. 3). The data for the surface pressure — area curves (isotherms) were
recorded while the monolayer was being compressed. During this compression,
a transition from the gaseous state (surface pressure equals zero) to the liquid
expanded state occurs. This small increase in the surface pressure represents the
beginning of observable intermolecular forces between adjacent molecules in the
monolayer [31, 32]. The area over which this increase occurs defines the
limiting molecular area.

Fluorescence of oxonol V in DOPC liposomes

Large unilamellar vesicles (13 uM DOPC) containing oxonol V (130 nM) were
prepared in 50 mM TRIS (pH 7.5) and 0.5 mM KCI. The external KCI
concentration was increased by adding concentrated KCI. Upon the addition of
valinomycin (1 nM), a diffusion potential for potassium ions was generated, and
then detected by measuring oxonol V fluorescence at 650 nm. To prevent
osmotic effects, the vesicles were prepared in a buffer containing an appropriate
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concentration of choline chloride. Experiments were also performed with equal
internal and external concentrations of KCl.

RESULTS

The effect of the surface potential on polySia binding to the lipid bilayer
and monolayer

To study the effect of the surface potential of liposomal membranes on the
binding of polysialic acid (polySia) to liposomes, we mixed polySia with DOPC
liposomes modified by positively charged ODA at an ODA/DOPC molar ratio of
0.05. The positive surface potential (\ys) arises from the presence of a positively
charged amino-group of ODA molecules in the lipid bilayer [reviewed in 26].
Then we separated free polySia from bound polySia using gel filtration, collected
the fractions under the liposomal peak, and measured the toluidine blue (TB)
absorption of the liposomal fractions. TB is a basic dye that is used to determine the
surface charge of cells [33]. It has a maximum absorption at 630 nm. The binding
of TB to the negative charges of polySia results in a metachromatic shift in its
maximum absorption to 560 nm (Fig. 1A). As the concentration of polyanionic
polySia increases, the absorption at 630 nm (Ag;) decreases and the absorption
at 560 nm (Asg) increases (Fig. 1A). Therefore, the difference (Ago — Asgo) 1S
inversely related to the presence of polySia in the liposomal fractions. The
smaller the absolute value of the difference, the higher the concentration of
polySia bound to the liposomes.
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Fig. 1. Toluidine blue spectroscopy. A — Absorption spectra for 10 uM toluidine blue (TB).
The arrow indicates the increasing concentration of polySia corresponding to each curve:
0, 6, 12, 18, 24, 30, 36 png/ml. B — The ratio of the absorbance difference (R) as a function
of the polySia concentration. R = (Ago — Asg for the sample with ODA/DOPC
liposomes)/(Agz0 — Asgo for the sample with DOPC liposomes).

The ratio Ase/Aszo can be used for the analysis instead of the (Ago — Aseo)
difference. In separate experiments, we applied the same volume of the polySia-
liposome dispersion on the column but with liposomes that did not have a net
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positive charge (DOPC-only liposomes). We determined the ratio of the
absorbance difference (R) as:

_ (Ag30 — Asg for the sample with ODA/DOPC liposomes)
B (Agzg — Asg for the sample with DOPC liposomes)

If the binding of polySia to ODA/DOPC liposomal membranes is greater than the
binding to pure DOPC membranes, the ratio is less than 1. As shown in Fig. 1B,
the ratio R decreases linearly with increasing volume of the liposomal fraction
added to the TB solution. The negative slope of the line is equal to (5.2 £ 0.6)
x 10 ug/ml” (data from three experiments). The results presented in Fig. 1B
show a higher affinity of polySia chains to liposomes with a positive surface
charge than to liposomes with a zero net surface charge (DOPC-only liposomes).
We estimate from the TB experiments that with a polySia concentration of
0.05 mg/ml, ca. 30% of polySia chains are bound to the ODA/DOPC liposomes.

To further test the surface potential-dependent binding of polySia chains to
liposomes, we applied a fluorescence spectroscopy technique. We measured the
effect of polySia on the temperature dependence of the fluorescence anisotropy
of DPH in DPPC liposomes and ODA/DPPC liposomes (molar ratio of 0.05).
For a bilayer composed of one lipid, the fluorescence anisotropy is usually
inversely related to the membrane fluidity. We calculated the rate of DPH
anisotropy change at the phase transition temperature (Fig. 2). This rate is
directly related to the cooperativity of the phase transition, i.e. whether the
conformation and dynamics of molecules change synchronously or non-
synchronously during the phase transitions.

A small decrease in this rate for DPPC bilayers is observed in the presence of
polySia. Apparently, polySia chains bound to the DPPC bilayers lessen overall
lipid cooperativity during the gel-fluid phase transition. In the case of
ODA/DPPC bilayers, only marginal changes in this rate are observed as the
concentration of polySia increases up to 0.5 mg/ml. It is possible that polySia
induces clustering of oppositely charged ODA in the bilayers and DPH
molecules may be withdrawn from these clusters. At the polySia maximal
concentration of 0.5 mg/ml, the values of the rates are the same for DPPC and
ODA/DPPC bilayers. Within experimental error, no changes in the temperature
of transition were observed.

We also used lipid monolayers to observe the effect of the surface potential on
polySia (dissolved in the subphase) binding to the head-group region of the
monolayer. We measured the limiting molecular area (A,,), which represents the
beginning of observable intermolecular forces between adjacent molecules in the
monolayer. The limiting molecular area, corresponding to the area occupied by
molecules at a surface pressure of 0.4 mN/m, is shown in Fig. 3 as a function of
polySia concentration for DOPC monolayers and ODA/DOPC (molar ratio of 0.1)
monolayers. PolySia only induces a small effect (about 16%) on the limiting
molecular area in DOPC monolayers. This small effect occurs at both low and
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Fig. 2. The main image shows the rate of DPH anisotropy change at the phase transition
temperature (absolute values) during the gel-fluid phase transition of DPPC bilayers
(circles) or ODA/DPPC bilayers with a 0.5 molar ratio (squares) as a function of polySia
concentration. The rate of anisotropy change was found by extrapolating the linear part of
the plot of fluorescence anisotropy vs. temperature (shown in the inset).
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Fig. 3. Langmuir monolayer experiments. A — Isotherms of compression of monomolecular
layers composed of DOPC (dashed line), or ODA/DOPC at a molar ratio of 0.1 (solid line)
at the air—water interface in the presence of polySia at a concentration of 0.5 mg/ml in the
subphase. B — Limiting molecular area of monolayers composed of DOPC (circles) or
ODA/DOPC at a molar ratio of 0.1 (squares) as a function of polySia concentration in the
subphase. The points represent average values (+ standard error, three experiments).
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increased concentrations of polySia. By contrast, adding polySia to the
positively charged ODA/DOPC monolayer caused a gradual increase in the
limiting molecular area. These data suggest that the presence of the positive
surface potential facilitates the binding of polySia chains to the surface, and
these bound polySia chains can shield the repulsive interactions within the
monolayer and shift the transition of the monolayer from a gaseous state to the
liquid expanded state. Our results are in agreement with the data observed earlier
for binding of polyacrylate and DNA to a positively charged monolayer,
including the effect of polyanions on charged lipid clustering [34].

Effect of the transmembrane potential on polySia binding to lipid bilayers

In addition to the surface potential, we studied the effect of the transmembrane
potential on polySia binding to the liposomal surface using the fluorescent probe
oxonol V (OX-V), which is sensitive to the transmembrane potential [35]. The
maximum of the emission fluorescence spectra of OX-V is shifted from 625 nm
to 650 nm in the presence of phospholipid vesicles [36]. When a valinomycin/

potassium ion-induced transmembrane gradient (valinomycin-induced potassium
diffusion potential, Aygg) is created in lipid vesicles (positive inside the
vesicles), an increase in fluorescence at 650 nm is observed in the case of a low
OX-V/phospholipid molar ratio [37-38]. We measured the relationship between
the generated transmembrane potential (calculated using the Nernst equation)
and the increase in the OX-V fluorescence in DOPC liposomes (Fig. 4A).
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Fig. 4. Fluorescence spectroscopy using oxonol V. A — The relative change in oxonol V
fluorescence (defined as (F-F,)/F,, where F, is the oxonol V fluorescence at zero
transmembrane potential) as a function of the transmembrane potential (positive inside the
liposomes) due to a facilitated diffusion of potassium ions generated by valinomycin.
B — The relative change in oxonol V fluorescence (defined as (F-F,)/F,, where F, is the
oxonol V fluorescence at zero polySia concentration) as a function of polySia
concentration in the absence (circles) and in the presence (squares) of a transmembrane
potential (positive inside liposomes). The points represent average values (+ standard error,
three experiments).
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The increase in the value of the transmembrane potential (positive inside the
liposomes) gives a linear increase in OX-V fluorescence at 650 nm, with the
slope of the line equal to (1.45 + 0.11) x 10° mV"' (data from three
experiments). The overall ionic strength was kept constant to avoid its influence
on OX-V fluorescence [38]. We tested the effect of polySia at different
concentrations on the relative change in OX-V fluorescence in DOPC liposomes
(Fig. 4B) both in the absence and presence of a transmembrane potential.
PolySia increases the OX-V fluorescence in liposomal membranes in the
presence of a transmembrane potential, which suggests an increase in the
intramembrane potential (positive inside) upon the binding of negatively charged
polySia chains to the external surface of the liposomal membrane. In the absence
of a transmembrane potential, polySia decreases the OX-V fluorescence, which
can reflect a competition between negatively charged polySia chains and
negatively charged OX-V for the same binding sites on the liposomal surface [36].

DISCUSSION

PolySia chains are expressed on the surface of many types of cell, including
neural and cancer cells, and the interactions between polySia and membranes, or
between polySia and other biomolecules, can regulate membrane-mediated
cellular phenomena [18, 20-21, 39]. Negatively charged polySia can affect the
membrane surface potential due to the adsorption of polySia chains on the
external face of the membrane, and the membrane transmembrane potential [22]
due to an increased (in relation to the cytoplasmic concentration) concentration
of polySia chains outside the cell membrane (e.g. attached to the opposing cells).
In an inverse relationship, the transmembrane potential can modulate the
transport of polySia across membranes [4, 40] and the surface potential can
modulate polySia-mediated membrane interactions [21].
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Fig. 5. The surface potential (ys) and the potassium diffusion potential (Aygs) as driving
forces for binding of polysialic acid (polySia) chains to the surface of lipid membranes.
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In addition, the presented data indicate that both surface potential and
transmembrane potential affect the binding of polySia chains to the surface of
a model lipid membrane (Fig. 5). Thus, it seems that there is a continuous interplay
between membrane potentials and polySia binding to the membrane surface.

Surface potential can modulate the interaction of other polyanions with lipid
bilayers. The thermal phase behavior of multilamellar liposomes containing
positively charged sphingolipids was significantly altered by the adsorption of
DNA [41]. We observed a similar phenomenon in the case of polySia chains.
The fluidity of the positively charged lipid monolayers and bilayers was found to
be essential to induce the close packing of the adsorbed DNA [42]. The studies
of the adsorption of DNA oligonucleotides on the lipid bilayer showed that the
diffusion time of labeled oligonucleotides in the presence of cationic liposomes
decreases [43]. The driving force for the formation of charge-neutral complexes
between positively charged liposomes and DNA is the release of DNA and lipid
counterions [44]. The formation of equilibrium clusters composed of positively
charged liposomes stuck together by a polyanionic polyacrylate was
demonstrated [45]. The adsorption of tRNA on the surface of lipid bilayers can
lead to segregation in the mixed anionic or cationic bilayers, where tRNA is
likely excluded from the anionic-rich domains in the first system, and associated
with the cationic-rich domains in the second system [46]. Conditions such as the lipid
composition of liposomes and salt concentration, under which DNA is still physically
associated with positively charged liposomes, were previously studied [47].

The membrane potentials affect the interaction of other poly-charged molecules
with membranes. Adsorption of positively charged polylysine on one side of
a lipid bilayer led to an asymmetric transmembrane potential, which added to the
externally applied voltage [48]. We see a similar phenomenon in the case of
polySia chains. Hydrophobic cationic peptides exhibited a dramatically
increased association with phosphatidylcholine liposomes upon application of
a valinomycin-induced potassium diffusion potential, negative inside [49]. Our
findings seem to be a “mirror reflection” of these results, but polySia chains are
hydrophilic and polyanionic, unlike these hydrophobic polycationic peptides.
The presence of negatively charged phosphate groups in lipid bilayers facilitated
the insertion of polycationic ferric ions into the lipid bilayers [50]. The negative
transmembrane potential lowered the inhibitory potency of the multivalent
anions by lowering its local concentration near the transport site of Band 3
protein in erythrocyte membranes [51]. The reduction of the negative surface
potential of erythrocyte membranes by the conversion of the externally exposed
carboxyl groups to N-acylurea resulted in a 2-fold decrease of the affinity of
polyanionic DIDS molecules for Band 3 protein [52]. The involvement of the
membrane dipole potential in the insertion of polyanionic polyacrylic acid into
lipid bilayers was reported [53]. The membrane dipole potential was the most
likely cause for the binding of polyanionic RNA oligomers to lipid vesicles
composed of zwitterionic phosphatidylcholine [54-56]. Binding of compounds
containing both anionic and cationic groups (amphotericin B, AmB) to lipid
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bilayers [57] may also be influenced by the changes in the dipole potential
caused by the insertion of sterols into the bilayer. Although this possibility was
not considered by the authors, they found the outer polar headgroup region as
a localization site of AmB. There are no previous reports on the effect of the
transmembrane potential on the binding of hydrophilic polyanions or polycations
to lipid bilayers.

As follows from Figs 2 through 4, polySia binds to uncharged DOPC and DPPC
liposomes and monolayers. This is not surprising since sialic acids can bind to
the phospholipid bilayers via hydrogen bonds [58-59], which can occur, e.g.
between the amide group of sialic acid and the carbonyl of the phospholipid
ester bond. In the case of the polySia molecules binding to phospholipid
bilayers, the number of these bonds (per molecule) can be multiplied. It was
found that interactions of the amide group in the sialic acid residue play an
important role in ganglioside—phosphatidylcholine interactions within the
bilayer, the amide being able to act as a donor and as an acceptor of hydrogen
bonds [58].

The binding of polySia chains to the membrane was also observed in the case of
biological membranes. Cross-linking experiments showed that extracellularly
applied polySia or polySia-NCAM and intracellularly expressed MARCKS-ED
(a peptide comprising the effector domain of myristoylated alanine-rich C kinase
substrate) are in close contact, suggesting insertion of polySia and MARCKS-ED
peptide into the cell membrane of hippocampal neurons from opposite sides
[60]. From the results of our experiments, we suggest an involvement of
membrane potentials in this phenomenon. Since the MARCKS-ED peptide is
positively charged (it contains several lysines and an arginine) and the polySia
chain is negatively charged, the same intramembrane potential can drive both of
them simultaneously in opposite direction within the membrane, thus bringing
them closer to each other.

Cell multidimensional solution NMR spectroscopy analysis revealed that free
and cell-bound polySia were structurally similar [61]. PolySia free in solution,
although predominantly random coil in nature, adopts local, extended helical
conformations, like helices [62], and the results were used to suggest that the
binding of specific antibodies to polySia arise from the recognition of a high-
order local helix. These fleeting helical conformations may also contribute to the
binding of polySia to lipid bilayers and monolayers.

Our report shows that both surface potential and transmembrane potential can
modulate the binding of polySia chains to model lipid membranes when added
free in solution. These observations suggest that these membrane potentials can
also affect the polySia-mediated interaction between cells.
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