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The influence of the lysozyme and serum albumin in their native and amyloid forms on the electrokinetic behavior of the negatively
charged uni- and multilamellar liposomes from the zwitterionic lipid phosphatidylcholine and anionic lipid cardiolipin has been
investigated using the microelectrophoresis technique. The zeta - potential, the surface electrostatic potential and surface charge
density of the lipid vesicles have been determined upon varying the lipid-to-protein molar ratio. The complex dependencies of the
electrophoretic mobility on the protein concentration and reversal of the surface charge observed for the multilamellar vesicles have
been explained by the multilayer protein adsorption on the liposomal surface. It has been found that the native and fibrillar proteins
differ in their ability to modify the charge state of the model membranes.
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BJIHSIHUE AMUJIOUIHBIX ®UEPUJLI HA DJIEKTPOKUHETUYECKHE CBOMCTBA JIMIIMIHBIX BE3UKYJI
V. Tapa6apa', E. Byc', C. Tupusix’, H. Kamuesa®, O. Jlappux’,
M. Muxaiimiora’, B. Tpycora', I'. TopGenko'
IKaqbec)pa A0epHOTl U MeOuYUHCKoU usuxu, XapbKogckull Hayuoxanvusill yHugepcumem umenu B.H. Kapaszuna
ZKa(]?e()pa Gusuueckoil xumuu, Xapbrkogckuil Hayuonanbusil ynueepcumem umenu B.H. Kapasuna
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MetozoM MUKPOIEKTpOdope3a HCCIIeIOBAHO BIUSHUEC HATHBHOI M aMUIOAHON (OPM JIM30LMMa U CBIBOPOTOYHOTO albOyMHHA Ha
NEKTPOKMHETHYECKOE IOBEJCHUE MOHO- U MyJbTHJIAMEIUIAPHBIX JIMIOCOM M3 LIBUTTEPHOHHOrO sunuaa GocdaTuauixoimHa u
AQHMOHHOTO JIMIHJIA KapAHOIWIHNHA. [Ipn BapbHpOBaHHM MOJSPHOTO COOTHOLICHHS JHMNHI:0ETOK ObIIM ONpENeNeHbl I3eTa —
MIOTEHIIUAII, TOBEPXHOCTHBIN IEKTPOCTATUYECKUI MOTEHIIHAI ¥ MOBEPXHOCTHAS INIOTHOCTH 3apsifa JIUMUAHBIX Be3HKyld. CrioxHas
3aBUCHMOCTh 3JIEKTPO(OPETHIECKONH IOABIDKHOCTH OT KOHICHTpanuy Oelka W H3MEHCHHE 3HaKa IIOBEPXHOCTHOTO 3apsna,
BBISIBIICHHBIE JUISl MyJIbTIIIAMEIUIIPHBIX BE3HUKYJI, OBUTH 00BSICHEHB! MYJIBTHUCIOHHOHN ancopOiyeil 6enKoB Ha MOBEPXHOCTH JIUTIOCOM.
OG6Hapy>keHo, 4To HaTvBHas M (UOpWLIIpHas (GOPMBI OENKOB pa3IHYalOTCS MO UX CIIOCOOHOCTH MOIM(HUIMPOBATH 3apsa0BOE
COCTOSIHHE MOJIEJIbHBIX MeMOpaH.

KJIIOUEBBIE CJIOBA: snextpodopeTnyeckas HOABHKHOCTb, JMIOHMIHBIC BE3UKYJIbI, JIN30LHMM, CHIBOPOTOYHBIA albOyMHUH,
aMUJIOMAHBIE GUOPUILTBI
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MetonoM MikpoenekTpodope3y AOCHI/UKCHO BIUIMB HATUBHOI Ta aMinoigHOI (opM Ji30LMMy Ta CHPOBATKOBOTO albOyMiHy Ha
CNIEKTPOKIHETUYHY MOBEAIHKY MOHO- M MYJIBTHJIAMEISIPHUX JHIIOCOM i3 LBITTepioHHOTO imiay ¢ochaTuauixoiHy Ta aHiOHHOTO
ninixy kapaiomininy. [Ipu BapitoBaHHI MOJIIPHOTO CIIBBIJHOIIEHHS JIiMiA:0110k OyJI0 BU3HAYCHO N3€Ta — MOTEHIN AT, IIOBEPXHEBHUMA
CJIEKTPOCTATUYHUI MOTEHIIANI Ta TOBEPXHEBY TYCTHHY 3apaiy JmimHuX Be3ukynl. CKamHa 3aleXHICTh eleKTpodopeTHnaHoi
PYXJIMBOCTI BiJ KOHIEHTpawii Oinka Ta 3MiHa 3HAaKy MMOBEPXHEBOTO 3apsy, BUSBIEHI UL MYJIbTHJIAMEISAPHUX BE3UKYHI, Oy
MIOSICHEHO MYJIBTHIIAPOBOIO aacopOILiero OLTKIB Ha MOBEpXHi JimocoM. BeraHosneHo, mo HaTHBHA Ta ¢ibpmisipHa Gopmu OLIKIB
BIZIPI3HSAIOTHCS 32 1X 3/1aTHICTIO MOAM(IKYBaTH 3apsJOBHI CTaH MOJIEIIBHUX MEeMOpaH.
KJIFOUOBI CJIOBA: enexTpodopeTniHa pyXJIUBiCTb, JITiIHI BE3UKYJIH, JTi301IMM, CHPOBATKOBHH ab0yMiH, aminoinHi Giopuin

Electrostatic phenomena are known to play an essential role in determining the structural and functional properties
of biological systems [1,2]. In particular, electrostatics controls a wide variety of processes occurring in cellular
membranes, among which are non-specific and specific protein—lipid interactions, protein folding, translocation and
orientation in the lipid bilayer [3-5], enzyme functioning , ion binding and transport, structural and phase transitions in
the lipid phase [1], recognition events [6,7], pharmacological effects [8], etc. Biological membranes consist of hundreds
of different molecular species including lipids, proteins and carbohydrates bearing numerous ionized groups which
account for the net negative charge of the membrane surface [1]. An essential part of such groups belong to anionic
lipids such as phosphatidylglycerol, cardiolipin, phosphatidylserine, phosphatidic acid and phosphatidylinositol, whose
© Tarabara U., Vus K., Girnyk S., Kamneva N., Lavryk O., Mikhailyuta M., Trusova V., Gorbenko G., 2017
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fraction is typically less than 30% of the total membrane lipids [9]. These lipids are involved in specific interactions
with protein sequences containing positively charged side amino acids, such as arginine, lysine or histidine. The
interactions between oppositely charged groups of proteins and lipids is a fundamental biological phenomenon
implicated in a range of important membrane-related processes, particularly, in selective binding of cationic cell-
penetrating, antimicrobial and viral peptides, toxins or ion channels [10-12] and protein aggregation associated with
amyloid disorders including neurological diseases, type II diabetes, spongiform encephalophaties, rheumatoid arthritis,
etc. [13-17]. These pathologies are provoked by misfolding of specific proteins and their self-assembly into highly
ordered aggregates, amyloid fibrils [18,19]. Amyloid fibrils are self-assembled protein nanostructures distinguished by
the core supramolecular B-sheets propagating along the main axis of the fibril with B-strands running perpendicularly to
this axis.

Accumulating evidence indicates that cell membranes represent a direct target for the toxic pre-fibrillar and
fibrillar aggregates of misfolded proteins which cause membrane damage and subsequent cell death [20]. According to
the current concepts, the cytotoxic potential of aggregated proteins may originate from the loss of membrane integrity
[21], appearance of non-specific ion channels [22], uptake of lipids into the growing fiber [23], modifications of the
intracellular redox status and free calcium level [24], and impaired functional activity of membrane proteins [20].
Obviously, an initial step of membrane damage involves the binding of protein aggregates with the surface of lipid
bilayer. In many cases such binding is driven by electrostatic protein-lipid interactions and may lead to significant
change of the membrane surface charge, thereby influencing a number of electrostatically-controlled membrane
processes. In view of a high structural and compositional heterogeneity of biological membranes, a common approach
to investigating the above processes is based on the use of the model systems containing isolated proteins in a certain
conformational and aggregation state and lipid vesicles (liposomes) whose lipid components and physicochemical
parameters can be varied in a wide range.

In the present study we used the model protein-lipid systems containing as a protein component lysozyme or
serum albumin in the native or fibrillar states and multilamellar lipid vesicles composed of zwitterionic lipid
phosphatidylcholine and anionic lipid cardiolipin. Lysozyme is a well-characterized multifunctional cationic protein
possessing bactericidal, antitumor and immunomodulatory properties. The mutants of human lysozyme (I56T, F57I,
W64R, D67H) undergo pathological fibrillization implicated in etiology of familial nonneuropathic systemic
amyloidosis, a disease affecting kidney, liver and spleen [25]. Serum albumin is an anionic protein that performs a
number of physiological functions associated with the binding, transport and distribution of biologically active
compounds. Being prone to amyloid transformation under denaturing conditions, this protein is extensively employed in
the model studies of the protein aggregation and fibrillization [26,27]. Our goal was to obtain a direct evidence for the
binding of amyloid fibrils of lysozyme and albumin to lipid vesicles and to compare the effects of the native and
fibrillar proteins on the surface charge of lipid bilayer through measuring the electrophoretic mobility of the uni- and
multilamellar lipid vesicles.

EXPERIMENTAL SECTION
Materials
Egg yolk phosphatidylcholine (PC) and beef heart cardiolipin (CL) were purchased from Avanti Polar Lipids
(Alabaster, AL). Hen egg white lysozyme and bovine serum albumin were from Sigma (St. Louis, MO, USA). All other
chemicals were of analytical grade and used without further purification.

Preparation of lipid vesicles

Multilamellar lipid vesicles (MLV) were prepared from PC mixture with 20 mol% of CL. Appropriate amounts of
lipid stock solutions were mixed in ethanol and evaporated to dryness under a vacuum. The obtained thin lipid films
were hydrated with 1.2 ml of 5 mM sodium phosphate buffer (pH 7.4) at room temperature. The acquired lipid vesicles
were visualized using the optical and fluorescence microscopy techniques (Fig. 1). To obtain the fluorescence
microscopy images, the lipid vesicles were stained with acridine orange.

To prepare the large unilamellar liposomes (LUV) with the 100-nm diameter, the suspension of MLV was
subjected to 15 passes through a 100-nm pore size polycarbonate filter (Millipore, Bedford, USA). Hereafter, the MLV
and LUV employed in the electrophoretic measurements are denoted as MLV ¢, and LUV, respectively.

Measurements of electrophoretic mobility and zeta-potential

The electrophoretic mobility of MLV suspended in 5 mM sodium phosphate buffer (pH 7.4) was measured in a
laterally oriented electrophoretic chamber. The current through the cell was determined with an ammeter. Liposome
migration in the stationary Smoluchowski layer was observed with a BIOLAM microscope at 20 °C. The rate of
migration was determined from the time required for liposomes to pass a fixed distance (79.17 um) upon the change of
the voltage polarity. The electrophoretic mobility (# ) was calculated as u =/ /tE , where [ is the distance covered by
a vesicle in time £, E is the electric field strength. The u# value was averaged over 20-40 measurements. Statistical
analysis of the experimental data was performed in Mathcad 11. The Helmholtz-Smoluchowski equation was used to

calculate the electrokinetic potential § =u1/&.€,, here 17 denotes the viscosity of the medium, &, and &, are the
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dielectric constants of the aqueous phase and vacuum, respectively. The zeta-potentials of the unilamellar lipid vesicles
were determined using Zetasizer Nano ZS Malvern Instruments apparatus, equipped by the temperature controller.
Specifically, 0.8 ml of the samples were injected in Zeta dip cell, and the measurement was performed at 20 °C. The
zeta-potential values were determined as the average of 3 repeats.

Fig. 1. The images of multilamellar lipid vesicles
a - obtained using optical microscopy, b - obtained using fluorescence microscopy

Preparation of amyloid fibrils
Amyloid fibrils of lysozyme and albumin were produced by dissolving the protein (10 mg/ml) in 10 mM glycine
buffer, pH 2, and incubating for 2 weeks at 60°C. Fibril formation was assessed by transmission electron microscopy
(Fig. 2). A 5-pl drop of concentrated protein solution was applied to a carbon-coated Formvar grid, and blotted after 60
sec. A 5-ul drop of 2% uranyl acetate solution was placed on the grid, blotted after 30 sec, washed by deionized water,

air dried and examined using a Tecnai 12 Bio-Twin transmission electron microscope operating at an accelerating
voltage of 80 kV.

a

Fig. 2. TEM images fibrils formed at pH 2.0, 60 °C
a - hen egg white lysozyme, b - bovine serum albumin. Scale bars are 200 nm (a) and 50 nm (b)

RESULTS AND DISCUSSION
Liposomes are formed due to self-assembly of amphiphilic lipid molecules in an aqueous phase into spherical or
quasispherical vesicles consisting of an aqueous central cavity and a single bilayer shell (unilamellar vesicles) or

multiple bilayer shells (multilamellar vesicles). The surface potential of lipid vesicles (1, ) is created by the charges of

the lipid headgroups, adsorbed ions and counterions residing at the lipid-water interface [1,2]. The surface potential is
determined by the content and type of the charged lipids and the concentration of protons and ions in the adjacent layer.
The simplest description of the membrane surface potential is provided by the Gouy-Chapman-Stern double layer
theory which is valid when the charge is uniformly distributed over a planar surface [28]. In terms of this theory the
electrostatic free energy of a membrane with the area § =S, is given by [29]:

out

F} =%(O'sinh"1 [zj—\/a2+az +aj, 6]
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where o is the surface charge density, g = /27 'ecN kT 5 N, is Avogadro’s number, ¢ is the dielectric constant, ¢

is the molar concentration of monovalent ions, 7 is the temperature, k

p is the Boltzmann’s constant, 7 is the

concentration of accessible lipids which for unilamellar liposomes is related to the total lipid concentration (7, ) as
L,=05L;S, is the mean area per lipid molecule:

Sy =FrcSec + FuSa (2
here f,., f, are the mole fractions of PC and the anionic phospholipid; S, is the mean area per PC molecule (0.65

nm’); § , is the mean area per molecule of anionic phospholipid taken as and 1.2 nm’ for CL. The surface charge
density (0 ) is determined by the mole fraction of anionic phospholipid ( f/, ) and the degree of its ionization (¢ ):

oo Wl 3)
S

m

where e is the elementary charge, a =1 for phosphatidylglycerol or phosphatidylserine, and « =2 for cardiolipin
[30]. The electrostatic surface potential of a membrane (i, ) is related to the surface charge density as:

v _ 2T sinh‘[“j- @)

: e a
The so-called zeta potential (& ) derived from the measurements of electrophoretic mobility of the lipid vesicles
or cells can be regarded as a component of the surface membrane potential y/_. ¢ - potential is a potential at the plane

of shear separating the compact and diffuse parts of the double layer. The plane of share may reside up to 2-3 water
diameter away from the surface. In the compact part, adjacent to the surface, the ions are immobilized and move
together with the vesicle or cell, while in the diffuse part the ions are mobile and distribute according to the laws of
statistical mechanics. The compact part of the double layer is determined by the inner and outer Helmholtz planes. The
inner plane, residing at the distance ~ 0.1 — 0.2 nm from the membrane, represents the plane of closest approach of
nonhydrated ions to the surface. The outer Helmholtz plane is located at ~ 0.6 nm from the surface and characterizes the
closest approach of the hydrated ions. The share plane lies close to the outer Helmholtz plane [31-33]. The calculation
of the average electrophoretic mobility of colloidal particles requires the solution of a set of partial differential
equations (electrokinetic equations) for the electrical potential, ion densities and fluid velocities in the suspending
electrolyte. The electromigration of lipid vesicles is an especially complex process that cannot be described by the
classical electrokinetic theory, postulating a direct relation between the electrophoretic mobility (# ) and the particle
charge (q ):

u=ql/6mnR, (5)
here R is the particle radius. However, for large particles, such as colloids or liposomes, this equation is not valid and
special models have been developed for these systems [34-35]. In contrast to the classical electrokinetic theory, these
models allow for the effects of relaxation and retardation, both of which reduce the rate of electrophoretic migration of
large particles. Relaxation arises from the distortion of the ionic atmosphere during the particle movement, while
retardation is brought about by the enhancement of hydrodynamic drag when counterions move in the opposite to
particle direction in the applied field. Within the framework of the electrokinetic models proposed for the large colloidal
particles the extent of relaxation effects is treated as being dependent on the inverse thickness of the electric double

layer (or inverse Debye length, x = (2ezN clk,Tee, )1/2 ), the particle radius R and ¢ - potential. One of the existing

colloidal theories applicable to describing the electromigration of liposomes has been suggested by O’Brien [35,36].
According to this theory, the electrophoretic mobility of spherical particles with R >> K is given by:

u= 3e0 + SMA 1—exp —elz¢] y— e . (6)
26,7 2(1+AM) 2k, T k,T

B o\ 32”;0””/‘ 2
iszp(%}/aKR; a:|zi|[%J ; M=1+W; m,Z—g(kBZg ’
B Z; " . zne J
k

where summation is performed over ionic species for which z, ;=2 m, is the nondimensional ionic drag

coefficient, D, is the ion diffusivity,  =2In2/z for a symmetric two species electrolyte, z is the magnitude of

ion valency, index 7 refers to the counterion with the highest valency, nloo is the equilibrium ion density beyond the
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double layer, if there are more than one counterion species, n;o should be replaced by a sum over the bulk densities of

these ions. Despite being more adequate in interpreting the electrokinetic behavior of liposomes, Eq. (6) is valid for the
rigid and nondeformable spherical particles. However, lipid vesicles possess intrinsic deformability, so that they can
undergo a variety of shape deformations. This property can to some extent be taken into account by considering the
lipid vesicles as prolate spheroids whose electrophoretic mobility is expressed by the equation [36]:

u=%+‘5’3"7f £y |[ew2e'p)] )

where go (f) pertains to the velocity components of ellipsoids whose major axis is aligned with the applied field,

while g1 (f) characterizes the ellipsoids with major axis transverse to the field. At last, most electrokinetic theories

consider the particles with a uniform charge distribution whose ionic atmosphere is only slightly distorted by the
applied field, ignoring the possibility of field-induced charge migration over the particle surface which may occur in the
fluid lipid bilayers [37,38]. It has been demonstrated that charge migration may lead to polarization and elongation of
lipid vesicles along the direction of the applied field [39,40]. Thus, the factors, such as relaxation, retardation,
deformability and field-induced polarization must be taken into account while interpreting the electrokinetic behavior of
liposomes.

The alterations of the electrophoretic mobility of MLV |5y upon the adsorption of the native or fibrillar lysozyme
and serum albumin are shown in Fig. 3. As expected, in the absence of protein the # value has the negative sign.

However, at varying the protein concentration ( P) electrophoretic mobility was found to display a complex behavior
involving a complete neutralization of liposome charge or its reversal.
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Fig. 3. Electrophoretic mobilities of PC/CL (4:1, mol:mol)
liposomes in the absence of proteins and at varying
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It appeared that even at the minimum concentration of the native lysozyme (0.23 puM) the surface charge of
liposomes changes its sign from negative to positive, i.e. the protein covers all accessible surface area of MLV .
Given that the radius of lysozyme monomers is ~ 1.9 nm, the cross-section of structurally unperturbed protein is ~ 11.3
nm?, i.e. one protein molecules is capable of covering at least 15 lipid molecules (with the mean area per lipid molecule
S, ~0.76 nm?). Assuming the monolayer adsorption of lysozyme onto lipid vesicles, one obtains that upon complete

protein binding the accessible surface area at L = 1000 uM equals ~ 2.6 nm?, i.e. only 3.4 uM of lipids are capable of
associating with protein. According to the optical and fluorescence microscopy data, the diameter of MLV, falls in
the range 5-40 um. Taking into account the mean area per lipid, it follows that the outer monolayer of one 40 pm-MLV
contains ~ 132 lipid molecules, while the aqueous cavity of such vesicle may incorporate many vesicles of the smaller
size. As a consequence, the amount of lipids accessible for the protein binding significantly decreases, and the actual
ratio 7, /P ~ 15 will be much less than the maximum possible value of this parameter corresponding to the case of

lipid self-assembly into unilamellar vesicles. Thus, increase of the protein concentration creates the conditions for
multilayer adsorption since 7, /P will decrease. The factors, such as the alterations in the protein tertiary structure,

asymmetry of the distribution of positively and negatively charged groups on the protein surface, the extent of exposure
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of hydrophobic patches, the orientation of the protein molecule relative to lipid-water interface, may lead to the
alternative changes of the sign of vesicle charge depending of the number of the adsorbed layers. Indeed, as can be seen
in Fig. 3 and Table 1, as the concentration of the native lysozyme increases from 0.23 uM to 0.46 puM, the liposome

charge becomes neutral, while at further increase of P value till 2.3 uM and 11.6 pM the vesicles again acquire a
positive charge. A somewhat different situation was observed for fibrillar lysozyme — with increase of the protein
concentration from 0.23 uM to 0.46 uM the charge of liposomes changes its sign from positive to negative, then, at

P =2.3 pM the charge becomes positive, and at P = 11.6 uM the vesicle charge was completely neutralized.

Table 1.
Electrokinetic properties of the multilamellar PC/CL (4:1, mol:mol) vesicles in the presence of the native or fibrillar

lysozyme and serum albumin

Protein Lipid Protein U, umcm/s'V ¢ ,mV w,,mV o, C/m’
concentration, concentration,
uM uM
Fibrillar 1000 0 -4.40+0.48 -62.3 -66.0 -1.4:107
lysozyme 1000 0.23 3.43+0.29 48.5 46.0 8.6:10°
1000 0.46 -2.17+0.16 -30.7 -32.3 -5.6:107
1000 2.3 2.98+0.20 2.2 44.5 8.2:10”
1000 11.6 0 0 0 0
Native 1000 0.23 1.98+0.21 28.0 294 5.1-107
lysozyme 1000 0.46 0 0 0 0
1000 2.3 3.00+0.27 42.5 44.8 8.3-10°
1000 11.6 3.03+0.33 42.9 453 8.4-10°
Fibrillar 667 0 -2.28+0.21 -32.3 -30.0 -5.2:107
serum 667 0.5 2.97+0.28 42.0 43.0 7.9-107
albumin 667 2.5 2.31+0.19 32.7 344 6.0-107
Native 667 0.5 2.40+0.28 34.0 35.8 6.3-107
serum 667 2.5 -2.81+0.31 -39.8 -42.0 -7.6:107
albumin

The results of electrophoretic measurements conducted for the systems MLV + native or fibrillar serum albumin
also are suggestive of the multilayer protein adsorption. The native albumin at the lower of the examined
concentrations, 0.5 pM, caused the reversal of the vesicle charge (Fig. 3c). Although the net charge of bovine serum
albumin is negative, ca. -18e¢ at physiological pH, the protein surface is abundant of positively charged residues that
may form clusters, as illustrated in Fig. 4. At the same time, at the higher protein concentration, 2.5 uM, the liposomes
again become negatively charged, probably because of the existence of more than one layers of the adsorbed protein.
The fibrillar albumin brought about the reversal of the vesicle charge, with the absence of significant difference
between the protein concentrations 0.5 uM and 2.5 uM.

Fig. 4. Surface potential of the proteins
a - hen egg white lysozyme, PDB ID — 5blf, b - bovine serum albumin, PDB ID — 4£5s.

Clusters of negatively charged lysozyme residues and positively charged albumin residues are highlighted in the figure. The values of
the electrostatic surface potential varied from -0.13 V to 0.13 V. The negative and positive values of the surface potential are marked
by “-” and “+”, respectively. Protein structures have been prepared using the online available PDB2PQR Server, followed by the
calculations of the surface potential performed in the Adaptive Poisson-Boltzmann Solver (APBS) software package
(http://www.poissonboltzmann.org/)
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In contrast to MLV, the dependence of the electrophoretic mobility and corresponding & - potential of LUV on

the protein concentration was predominantly monotonous, with the # value being gradually decreased with increasing
the amount of the adsorbed protein.
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Fig. 5. Dependence of |{|-potential of LUV 5y on the concentration

a - fibrillar lysozyme; b - native lysozyme; c - fibrillar serum albumin; d - native serum albumin

Lipid concentration was 125 uM

This is not surprising since at the same total lipid concentration the vesicle surface area accessible for the protein
binding is substantially higher in the suspension of unilamellar liposomes. The only exception was the case of native

lysozyme, when the ¢ - potential showed even the slight increase of its negative value (Fig. 5b). Under the employed

experimental conditions [ /P ratio ranges from ~ 37 till ~ 6. If there exists only a single layer of the adsorbed

protein, as is supposed for all LUV systems, it cannot be excluded that the binding of the native lysozyme to liposome
surface is rather strong to achieve nearly complete covering of the membrane surface even at the lowest protein
concentration. Despite the total positive charge of lysozyme, the protein bears the clusters of negatively charged
residues (Fig. 4) which may impart an additional negative charge to liposome surface.

Table 2.

Electrokinetic properties of the unilamellar PC/CL (4:1, mol:mol) vesicles in the presence of native or fibrillar
lysozyme and serum albumin

Protein Lipid Protein u, ¢ ,mV v, o, C/m?
concentration, concentration, pm-cm/s-V mv
uM uM

Fibrillar 125 0 -1.29 -18.240.7 -192 | -3.0-10°
lysozyme 1.7 -1.17 -16.5+0.9 -173 | -2.7-10°
3.3 -1.14 -16.1+0.2 -169 | -2.7-10°

4.9 -1.07 -15.1+0.2 -158 | -2.510°

6.3 -1.02 -14.440.7 -15.1 -2.4-10°

7.8 -1.05 -14.9+1.5 -156 | -2.510°

11.0 -1.08 -15.3+0.5 -16.0 | -2.510°

14.0 -1.12 -15.8+0.9 -16.6 | -2.6110°

Native 125 0 -1.37 -19.4+0.6 204 | -3.2-10°
lysozyme 1.7 -14 -19.84+0.8 208 | -3.3-10°
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Protein Lipid Protein u, ¢ ,mV v, o,C/m’
concentration, concentration, um-cm/s-V mv
uM uM

3.3 -1.51 -21.4+0.3 225 | -3.6:10°

4.9 -1.5 212412 223 | -3.510°

6.3 -1.41 -20.0+0.2 210 | -3.310°

7.8 -1.6 -22.6+0.4 237 | -3.810°

11.0 -1.39 -19.7+0.6 207 | -3.3-10°

Fibrillar 125 0 -1.29 -18.24+0.3 -192 | -3.010°
serum 0.4 -0.76 -10.7+0.7 -11.3 | -1.810°
albumin 0.7 -0.59 -8.440.3 -8.8 -1.410°
1.1 -0.54 -7.6+0.6 -8.0 -1.2-10°

1.4 -0.52 -7.3+1.3 -7.7 -1.2-10°

1.7 -0.55 -7.8+0.4 -8.2 -1.3-10°

2.4 -0.57 -8.0+0.1 -8.4 -1.3-107

3.0 -0.54 -7.6+0.5 -8.0 -1.2-10°

Native 125 0 -1.29 -18.2+0.6 -192 | -3.010°
serum 0.4 -0.98 -13.9+0.8 -146 | 23107
albumin 0.7 -0.88 -12.540.3 -13.1 -2.1-10°
1.1 -0.82 -11.6+0.8 -122 | -1.9-10°

1.4 -0.85 -12.1+1.5 -127 | -2.0-10°

1.7 -0.86 -12.2+0.7 -12.8 | -2.0-10°

2.4 -0.85 -12.0+0.7 -126 | -2.010°

3.0 078 -11.0+0.3 -11.6 | -1.8:10

Based on the measured values of electrophoretic mobility and ¢ - potentials of MLV and LUVcpa, we

calculated the surface potential and surface charge density of liposomes assuming that the plane of shear lies at the
distance 0.2 nm from the vesicle surface. The distance dependence of electrostatic potential is given by [28]:
w(x) = 2k,T In 1+ Bexp(—xx) |, _ exp(ey (0)/2k,T) -1 (8)
1— fexp(—xx) exp(ew(0)/2k,T)+1

here y(0) =y, . It appeared that y/ values determined from the experimental data for both uni- and multilamellar

liposomes are much less than the theoretical /| value predicted by the Gouy-Chapman theory (-153 mV). This may be

explained by the aforementioned effects of relaxation and retardation which reduce the rate of electromigration along
with other phenomena specific for soft particles like lipid vesicles [41], and render the classical double layer theory not
strictly applicable for the examined systems.

CONCLUSIONS
o The effect of the native or fibrillar lysozyme and serum albumin on the electrokinetic properties of negatively
charged uni- and multilamellar liposomes from the zwitterionic lipid phosphatidylcholine and anionic lipid
cardiolipin has been studied using the microelectrophoresis technique. In terms of the double layer theory the
parameters, such as the { - potential, the surface electrostatic potential and surface charge density of the lipid

vesicles have been determined upon varying the lipid-to-protein molar ratio.

e The nonmonotonous dependence of the electrokinetic parameters on the protein concentration and reversal of
the liposome charge observed for the multilamellar lipid vesicles have been interpreted as a manifestation of
multilayer protein adsorption on the liposomal surface.

e The predominant tendency in the electrokinetic behavior of unilamellar liposomes lies in the gradual decrease
of the ¢ - potential with increasing the protein concentration, suggesting the existence of a single layer of the

adsorbed protein.
e The revealed differences in the effect of the native and fibrillar protein forms on the charge of liposomal
membranes point to the distinct lipid-associating abilities of the monomeric and aggregated proteins.
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