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Abstract

Binding of the cationic tetra(tributylammoniomethyl)-substituted hydroxoaluminum phthalocyanine (AIPcN,) to bilayer lipid membranes was
studied by fluorescence correlation spectroscopy (FCS) and intramembrane field compensation (IFC) methods. With neutral phosphatidylcholine
membranes, AIPcN, appeared to bind more effectively than the negatively charged tetrasulfonated aluminum phthalocyanine (AlPcS,), which was
attributed to the enhancement of the coordination interaction of aluminum with the phosphate moiety of phosphatidylcholine by the electric field
created by positively charged groups of AIPcN,. The inhibitory effect of fluoride ions on the membrane binding of both AIPcN, and AlPcS,
supported the essential role of aluminum—phosphate coordination in the interaction of these phthalocyanines with phospholipids. The presence of
negative or positive charges on the surface of lipid membranes modulated the binding of AIPcN, and AlPcS, in accord with the character
(attraction or repulsion) of the electrostatic interaction, thus showing the significant contribution of the latter to the phthalocyanine adsorption on
lipid bilayers. The data on the photodynamic activity of AIPcN, and AlPcS, as measured by sensitized photoinactivation of gramicidin channels in
bilayer lipid membranes correlated well with the binding data obtained by FCS and IFC techniques. The reduced photodynamic activity of AIPcN,
with neutral membranes violating this correlation was attributed to the concentration quenching of singlet excited states as proved by the data on

the AIPcN, fluorescence quenching.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Phthalocyanines represent a continuously growing class of
dyes based on tetrapyrrole nucleus and thus are closely related
to porphyrins [1]. They are widely used in different fields of
chemistry as colourants, photoconducting agents in photocopy-
ing machines, electrocatalysts, etc. [2]. Those of them having a
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diphytanoylphosphatidylcholine; DPhPG, diphytanoylphosphatidylglycerol;
DGEPC, dipalmitoyl-glycero-ethylphosphocholine; AlPcS,, aluminum tetra-
sulfophthalocyanine; AlPcN,, hydroxoaluminum (III) tetra(tributylammonio-
methyl)phthalocyanine chloride; FCS, fluorescence correlation spectroscopy;
IFC, intramembrane field compensation method; Ay, difference of boundary
potentials; CTAB, cetyltrimethylammonium bromide
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diamagnetic central metal atom have proved to be potent
photosensitizers producing singlet oxygen with a high quantum
yield [2] and thus have been a focus of research for use in
photodynamic therapy [2—4]. Recently there has appeared a
new field of their application — photodynamic inactivation of
bacteria, which is of particular interest as an alternative ap-
proach to treating infectious diseases [5,6]. The benefit of this
method consists in its independence to antibiotic resistance of
pathogenic bacteria.

Positively charged photosensitizers, in particular cationic
phthalocyanines have proved to be most efficient in photodynamic
inactivation of both gram-negative and gram-positive bacteria
[5,7-9]. The reason is believed to lie in the electrostatic interaction
of cationic dyes with negatively charged sites at the outer surface
of'the bacterial cell wall, which facilitates the binding of photosen-
sitizer molecules to bacterial cells. So far the binding of cationic
phthalocyanines has not been characterized. Here we present the
results of studying the adsorption and photodynamic activity of
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a positively charged aluminum phthalocyanine on model lipid
membranes in comparison with the data on the properties of
tetrasulfonated aluminum phthalocyanine (AlPcS,) bearing the
negative charge.

2. Materials and methods
2.1. Synthesis of AIPcN,

Hydroxoaluminum (III) tetra(tributylammoniomethyl)phthalocyanine chlor-
ide (Fig. 1) was synthesized according to the reaction:

HOAIPc(4-CH,Cl), + N(C4Hy);—HOAIPc(4—CH,~N* (C4Ho),Cl"),

Hydroxoaluminum (III) 2,9,16,23-tetrakis(chloromethyl)phthalocyanine
(150 mg, 0.20 mmol) was dissolved in 6 ml DMF, 24.2 ml 5% alcohol
tributylamine solution was added. The reaction mass was heated to boiling and
kept during seven hours. After cooling the reaction mass was poured into 50 ml of
water and filtered. A filtrate was vapoured under vacuum. The solid was washed
with dimethyl ether and dried to yield 190 mg (63%) of hydroxoaluminum (III)
tetra(tributylammoniomethyl)phthalocyanine chloride (AIPcN,). Anal. Calc.,%:
C 68.53; H 9.27; N 10.99; CI 8.71. Cg4N;,H;29CI4AlO. Found,%: C 67.63;
H 8.72; N 11.27; C19.51.

2.2. Binding of phthalocyanines to phopholipid vesicles measured by

fluorescence correlation spectroscopy (FCS)

FCS was shown to be a useful technique in the measurements of binding of
fluorescent molecules to lipid vesicles [10]. We carried out FCS measurements
on a home-made FCS setup including an Olympus IMT-2 inverted microscope
with a 40x, NA 1.2 water immersion objective (Carl Zeiss, Jena, Germany). A
633-nm He—Ne laser was used for excitation. The fluorescence that passed
through a dichroic beam splitter and a long-pass filter (640DRLP and 670DF40,
Omega Optical, Brattleboro, VT) was imaged onto a 100 um core fiber coupled
to an avalanche photodiode (PerkinElmer Optoelectronics, Fremont, CA). The
signal from an output was correlated by a correlator card (Correlator.com,
Bridgewater, NJ). The data acquisition time at each location within the mixer
was 30 s, and three to five curves were averaged.

Experimental curves were fit by the correlation function for three-dimensional
diffusion:
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with 75 being the characteristic correlation time during which a molecule resides in
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Fig. 1. Structure of AIPcN, and AlPcS,.
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the diffusion coefficient, N is the mean number of molecules in the confocal
volume.

Liposomes were prepared by evaporation under a stream of nitrogen with a
2% solution of egg yolk phosphatidylcholine, diphytanoylphosphatidylglycerol
(DPhPG) or brain phosphatidylserine in chloroform (all from Avanti Polar
Lipids) followed by hydration with a buffer solution containing 100 mM KCl,
10 mM Tris, 10 mM MES, pH 7.0. The mixture was vortexed, passed through a
cycle of freezing and thawing, and extruded through 0.1-um pore size Nu-
cleopore polycarbonate membranes using an Avanti Mini-Extruder.

2.3. Measurements of the boundary potential difference of planar
bilayers by the intramembrane field compensation (IFC) method

Bilayer lipid membranes were formed by the brush technique [11] from the
solution of diphytanoylphosphatidylcholine (Avanti Polar Lipids, Alabaster, AL)
or monooleoyl-glycerol (Sigma) in decane (15 mg/ml) on the 0.8—1.2 mm hole in
the teflon septum. Electrical measurements were performed using silver-chloride
electrodes with agar bridges. The bridges were made from standard plastic pipette
tips (for a 200-ul sampler), the bottom part of which was closed by agar, and the
remaining volume was filled by the 0.1 M KCI solution. Total electrical
resistance of the electrodes with the bridges did not exceed 50 k(). Thinning of
the membrane was monitored as an increase in its capacitance by measuring the
electric current initiated by alternating voltage of the triangle waveform applied
to the membrane. As it was shown in [12,13], the dependence of the planar
bilayer capacity on the transmembrane voltage can be applied for the estimation
of the difference in the surface potentials of two membrane—water interfaces.
This technique was improved considerably by [14,15] and was applied
successfully for studying the binding of charged peptides [16] and other
polymers [15] to planar membranes. Our setup was described in [17]. Briefly,
350 Hz sine voltage (G3-112 functional generator, Russia) after filtration from
the 700 Hz sine component was applied to an Ag/AgCl reference electrode
connected to one side of the membrane by an agar—agar bridge. The other
electrode (from the other side of the membrane) was connected to a Keithley 428
current amplifier with feedback resistance of 1 M(). The second harmonic
700 Hz signal was detected with a model 5209 lock-in amplifier (Signal
Recovery, Oak Ridge, TN). The minimum in the 700 Hz signal upon application
of different DC offset voltages was searched manually every minute in order to
measure the kinetics of the changes in the difference of boundary potentials. The
sensitivity of the setup was enough to measure the boundary potential difference
with the accuracy of less than 1 mV.

2.4. Sensitized photoinactivation of gramicidin-mediated current in
planar bilayers

Bilayer lipid membranes (BLMs) were formed on a 0.55-mm diameter hole
in a Teflon partition separating two compartments of a cell containing aqueous
solutions of 100 mM KCI, 10 mM MES, 10 mM Tris and 0.05 mM EDTA at pH
7.0. The membrane-forming solutions contained 20 mg diphytanoyl-glycero-
phosphocholine (DPhPC, Avanti Polar Lipids) in 1 ml n-decane, or a mixture of
14 mg DPhPC and 6 mg diphytanoyl-glycero-phosphoglycerol (DPhPG, Avanti
Polar Lipids) in 1 ml n-decane (negatively charged lipid), or a mixture of 14 mg
DPhPC and 6 mg Dipalmitoyl-Glycero-3-Ethylphosphocholine (DGEPC,
Avanti Polar Lipids) in 1 ml n-decane (positively charged lipid). Gramicidin
A (gA) was added from stock solutions in ethanol to the bathing solutions at
both sides of the BLM and routinely incubated for 15 min with constant stirring.
Experiments were carried out at room temperature (24-26 °C). Aluminum
tetrasulfophthalocyanine (AIPcS,) was from Porphyrin Products, Logan, UT).
The dyes were added to the bathing solution at the trans-side (the cis-side is the
front side with respect to the flash lamp). The electric current (/) was recorded
under voltage-clamp conditions. The electrical current (/) was measured with
a Keithley 428 amplifier, digitized by a LabPC 1200 (National Instruments,
Austin, TX) and analyzed using a personal computer with the help of WinWCP
Strathclyde Electrophysiology Software designed by J. Dempster (University of
Strathclyde, UK). Ag—AgCl electrodes were placed directly into the cell and a
voltage of 30 mV was applied to BLM. BLMs were exposed to 20-s continuous
illumination with a halogen lamp (“Novaflex”, World Precision Instruments,
USA) providing an incident power density of 30 mW/cm® or single flashes
produced by a xenon lamp with flash energy of about 400 mJ/cm?® and flash

duration <2 ms. A glass filter cutting off light with wavelengths <500 nm was
placed in front of the lamp. To avoid electrical artifacts, the electrodes were
covered with black plastic tubes. Illumination of BLM by visible light in the
presence of a photosensitizer is known to suppress the gramicidin-mediated
transmembrane current (/) [18-21]. The photoinactivation of gramicidin A in
BLM results from the damage to its tryptophan residues caused by reactive
oxygen species that are generated upon interaction of excited photosensitizer
molecules with oxygen [22-24]. It has been shown that the light-induced
decrease in the gramicidin-mediated current is due to the reduction of the
number of open channels, while the single channel conductance remains un-
altered [18]. Therefore, the relative decrease in the current, a=(lp—1)/I,, in-
duced by illumination is equal to the damaged portion of gramicidin channels.
This parameter enables to compare the efficacy of different photosensitizers.

2.5. Optical measurements

Absorption spectra were measured with a Hitachi 557 spectrophotometer
(Japan). Fluorescence emission spectra of phthalocyanines excited at 365 nm
were recorded with a Panorama Fluorat 02 (Lumex, Russia) fluorescence spec-
trophotometer with excitation and emission slits adjusted to 5 nm.

3. Results

According to our previous paper [25], the addition of tetra-
sulfonated metallophthalocyanines to the bathing solution of a
planar bilayer lipid membrane results in the appearance of a
difference of boundary potentials (A¢y,) which enables to study
the adsorption of these negatively charged dyes on the mem-
brane by the intramembrane field compensation (IFC) method.
Fig. 2 compares the data on the binding of AIPcS, (curve 1) and
AIPcN, (curve 2) on DPhPC (electrically neutral) membranes
obtained by this technique. It is seen that AIPcN, (curve 2) binds
to DPhPC membranes more effectively than AIPcS, (curve 1) as
judged by the concentration dependences of the magnitude of
A¢y,. As expected, the sign of Ay, was positive in the case of
AlIPcN, and negative in the case of AlPcS,.

To further elucidate the mechanism of phthalocyanine binding
to lipid membranes, we monitored the fluorescence of ensembles
of dye molecules by the fluorescence correlation spectroscopy
(FCS). First we applied this method to lipid bilayer membranes
formed of egg yolk phosphatidylcholine whose surface is
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Fig. 2. Concentration dependence of the binding of AIPcS, (curve 1) and AIPcN,
(curve 2) as measured by the boundary potential difference (A¢y,) after the addition
of AIPcS,4 and AIPcNj at one side of the membrane. The solution was 10 mM KCl,
2 mM Tris, 2 mM MES, pH 7.0. The membrane was formed of DPhPC.
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uncharged. As it is seen from Fig. 3, the addition of egg phos-
phatidylcholine liposomes at a concentration of 6.7 ug/ml to the
aqueous solution of AIPcNj, led to the appearance of bursts in the
fluorescence time trace (A, curve 2) and a shift in the cor-
responding autocorrelation curve (B) showing an increase in the
correlation time from 100 ps to about 10 ms. By contrast, in the
case of AIPcS,, bursts in the fluorescence time trace (C, curve 3)
and a shift in the autocorrelation curve (D) appeared only at a
lipid concentration of 0.67 mg/ml. These results support the
conclusion derived from the A¢, measurements that AIPcN,
binds to electrically neutral lipid bilayers more effectively than
AlPcS,. It should be noted that with AIPcN, the increase in
the egg phosphatidylcholine concentration from 6.7 pg/ml to
0.67 mg/ml led to reduction of the intensity of fluorescence bursts
(Fig. 3A, curve 3) which can be attributed to an increase in the
amount of lipid vesicles and the corresponding decrease in the
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number of dye molecules per single vesicle. The similar effect
was detected in the study of peptide binding to liposomes [10].

The addition of potassium fluoride to the dye solution
reversed the effect of the egg phosphatidylcholine addition on
the autocorrelation curve (Fig. 4) both with AIPcN, (A) and
AlPcS, (B), showing desorption of the dyes from the membrane
surface. The inhibitory action of fluoride on the binding of
AlPcS, to DPhPC membranes was earlier detected by other
methods [25-27].

To gain further insight in the contribution of electrostatic
interactions to the phthalocyanine adsorption on lipid bilayers,
we used membranes formed of charged lipids in FCS expe-
riments. With liposomes formed of brain phosphatidylserine,
AIPcN, exhibited practically complete binding at low lipid
concentration (6.7 pg/ml) similarly to the case of egg phos-
phatidylcholine liposomes, whereas AIPcS, did not bind to these
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Fig. 3. Binding of AIPcN, (left side, panels A, B) and AIPcS, (right side, panels C, D) to phosphatidylcholine liposomes measured by FCS. Count rate traces (panels A, C)
and autocorrelation functions (panels B, D). Curves 1: control measurements without liposomes with 300 nM of AIPcNy (left side) and of AIPcS, (right side); curves 2: in
the presence of 6.7 ug/ml liposomes; curves 3: in the presence of 0.67 mg/ml liposomes. White curves are best fits by the sum of the components described by Eq. (1) with
the following values of 7p: panel B, curve 1, 0.103 ms; curve 2, 0.20 ms (14%) and 11 ms (86%); curve 3, 0.126 ms (18%) and 9.2 ms (82%); panel D, curve 1, 0.066 ms;

curve 2, 0.072 ms; curve 3, 0.076 ms (72%) and 9.6 ms (28%)).
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Fig. 4. Effect of KF on the binding of AIPcN, (A) and AlPcS, (B) to phos-
phatidylcholine liposomes measured by FCS. Curve 1 is the autocorrelation
function for a control without liposomes with 300 nM AIPcN, (A) or AlPcS, (B);
curve 2: in the presence of 0.67 mg/ml of liposomes; curve 3: after the addition of
1 mM KF; curve 4: after the addition of 10 mM KF. White curves are best fits by
the sum of the components described by Eq. (1) with the following values of 7
A, curve 1, 0.10 ms; curve 2, 0.10 ms (22%) and 7.3 ms (78%); curve 3, 0.14 ms
(77%) and 10.6 ms (23%); curve 4, 0.15 ms. B, curve 1, 0.09 ms; curve 2, 0.07 ms
(69%) and 6.3 ms (31%); curve 3, 0.08 ms.

negatively charged liposomes both at low and high lipid con-
centrations (data not shown) in contrast to neutral egg phos-
phatidylcholine liposomes.

To render membranes positively charged, cetyltrimethylam-
monium bromide (CTAB) was added to the suspension of egg
phosphatidylcholine liposomes. Control experiments showed
that the concentration of CTAB used (0.2 mM) was far below
bromide concentrations which quenched the fluorescence in our
system (about 100 mM). As seen from Fig. 5, with AIPcNy, the
addition of 200 uM CTAB reversed the effect of the egg phos-
phatidylcholine addition (0.67 mg/ml) on the autocorrelation
curve (A). It can be calculated that this concentration ratio of
CTAB and egg phosphatidylcholine corresponds to one positive
charge per 12 lipid molecules. By contrast, with negatively
charged AlPcS,, the addition of 200 uM CTAB under similar
conditions led to disappearance of the ~ 100-pus component and
appearance of the ~ 10-ms component (B), thereby evidencing
the complete binding of AIPcS, to the positively charged mem-
branes. These results demonstrated the essential role of mem-

brane charge in the adsorption of AIPcN, and AlPcS, on the
membrane.

According to our earlier study [26], where we examined the
photoinactivation of gramicidin channels in planar BLM sen-
sitized by aluminum phthalocyanines of different degrees of
sulfonation, binding to a lipid membrane is a prerequisite for the
photodynamic action of phthalocyanines on targets residing in
the membrane. In the previous work [25] we applied the method
of gramicidin photoinactivation to studying the photodynamic
activity of tetrasulfonated metallophthalocyanines with different
central metal atoms in relation to their adsorption on neutral lipid
membranes as measured by the IFC technique. Fig. 6 presents the
data on the gramicidin photoinactivation sensitized by AIPcN,
and AlPcS, in membranes differing in the electric charge, i.e.
neutral (curve 1, DPhPC), negatively charged (curve 2, DPhPC/
DPhPG) and positively charged (curve 3, DPhPC/DGEPC). It is
seen that in the case of DPhPC, at 10~7 M AIPcN, (panel B)
displayed higher photodynamic potency than AlPcS, (panel A),

G(1)

G(t)

Fig. 5. Binding of AIPcN, (panel A) and AlPcS, (panel B) to phosphatidylcho-
line liposomes measured by FCS. Curve 1 is the autocorrelation function for a
control without liposomes with 300 nM AIPcNy; curve 2: in the presence of
0.67 mg/ml of liposomes; curve 3: after the addition of 200 uM CTAB. White
curves are best fits by the sum of the components described by Eq. (1) with the
following values of 7: panel A (AIPcNy) 114 us; 116 us (19%), 6900 ps (81%);
100 ps (87%), 6200 pus (13%); panel B (AlPcSy) 66 ps; 74 ps (85%), 7700 ps
(15%); 6600 ps.
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Fig. 6. The dependence of the decrease in the gramicidin-mediated current across
a planar lipid membrane formed of different lipids as a result of illumination with
visible light during 20 s on the concentration of AIPcS, (panel A) and AIPcN,
(panel B). The membrane was formed of DPhPC (curves 1), a mixture of DPhPC/
DPhPG (curves 2) and a mixture of DPhPC/DGEPC (curves 3). The solution was
100 mM KCl, 10 mM Tris, 10 mM MES, pH 7.
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Fig. 7. Effect of different concentrations of fluoride anions on the decrease in
the gramicidin-mediated current across a planar lipid membrane as a result of
illumination with visible light during 20 s (marked by a bar). Curve 1 is a control,
curve 2 was recorded after the addition of 0.15 pM AIPcN,. KF additions were
0.5 mM (curve 3), 1.5 mM (curve 4), and 7.5 mM (curve 5). The membrane was
made of DPhPC. The solution was 100 mM KCI, 10 mM Tris, 10 mM MES,
pH7.
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Fig. 8. Absorbance spectra of AIPcN, in the buffer solution in the presence of
different concentrations of egg yolk phosphatidylcholine liposomes (0, 20, and
80 pg/ml for curves 1, 2, and 3, respectively). AIPcN4 concentration was 6 M.
The solution was 100 mM KCl, 10 mM MES, 10 mM Tris, pH 7.0.

in agreement with the binding data (Figs. 1 and 2). The addition
of potassium fluoride to the bathing solution prior to illumination
inhibited the photodynamic activity of AIPcN, (Fig. 7), similarly
to that of AIPcS, [26]. On the whole, the concentration depen-
dences of the photodynamic activity of AIPcN, and AlPcS,
(Fig. 6) correlated with the membrane surface charge, except for
one deviation: AIPcN, had close activity with neutral and po-
sitively charged lipid membranes (panel B, curves 1 and 3),
though IFC measurements showed that inclusion of positively
charged lipids into the membrane resulted in the decrease in
adsorption of AIPcN, on the BLM (data not shown).

To understand the reason of the reduced photodynamic
activity of AIPcNy in the case of neutral membranes, we mea-
sured the absorbance and fluorescence spectra of AIPcNy. As
seen from Fig. 8, the absorption of AIPcNy in the red region of
the spectrum peaked at 670 nm with a shoulder at 610—-630 nm.
The addition of egg yolk phosphatidylcholine liposomes led to a
decrease in the absorption, especially around the shoulder. More
notable changes were observed in the fluorescence spectrum of
AlPcNy. The intensity of fluorescence with the peak position at
688 nm markedly decreased upon the addition of liposomes
(Fig. 9A, curves 2 and 3). Further increasing the lipid con-
centration until it exceeded the dye concentration by an order of
magnitude led to the partial recovery of the fluorescence in-
tensity (Fig. 9A, curves 4 and 5). By contrast, the fluorescence of
AlPcS, was completely insensitive to the addition of liposomes
(data not shown). Based on the dependence of fluorescence
intensity of AIPcN,4 on the lipid concentration (Fig. 9B), we
calculated that the minimum of fluorescence corresponded to
about the 1:1 ratio of the dye to lipid molecules.

4. Discussion

In the present paper we characterized the photodynamic
activity and the interaction of the newly synthesized positively
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Fig. 9. A. Fluorescence emission spectra of AIPcNy at different concentrations
of egg yolk phosphatidylcholine liposomes (0, 0.4, 4, 34, and 150 pg/ml for
curves 1, 2, 3, 4, and 5, respectively). AIPcN, concentration was 1.7 uM. The
increasing concentrations of lipid led to an initial decrease in fluorescence at low
lipid concentrations and a subsequent increase in fluorescence at high lipid
concentrations. The solution was 100 M KCI, 10 mM MES, 10 mM Tris, pH 7.0.
Panel B. The dependence of fluorescence intensity of AIPcN4 at 688 nm on the
concentration of egg yolk phosphatidylcholine liposomes. Error bars in panel B
were less than the size of the data points.

charged aluminum phthalocyanine AIPcN, (Fig. 1) with neutral
and charged lipid membranes as compared to the properties of
the negatively charged tetrasulfonated aluminum phthalocyanine
AlIPcS,. The structure of AIPcN, is close to that of cationic
substituted phthalocyanine complexes of cobalt reviewed in [28].

The results obtained show the correlation between the
photodynamic activity as judged by the sensitized photoinacti-
vation of gramicidin channels and the membrane binding of both
AIPcN, and AlPcS, as measured by the IFC (Fig. 2) and FCS
methods. The latter was applied here for the first time to measure
the binding of phthalocyanines to lipid bilayers (Figs. 3-5). In
one case the data on the gramicidin photoinactivation did not
correlate with those on the photosensitizer binding: AIPcN4 had
similar efficacy in sensitizing gramicidin photoinactivation in
DPhPC membranes and in DPhPC/DGEPC membranes (Fig. 6),
though the presence of positively charged DGEPC suppressed
the binding. The results of fluorescence spectral measurements
(Fig. 9A) enable to explain the fact that strong binding could
reduce the photodynamic activity. It appeared that the interaction

of AIPcN, with neutral liposomes led to significant quenching of
the photosensitizer fluorescence which could be attributed to the
fluorescence concentration quenching because of adsorption of a
large number of dye molecules on a single liposome leading to
aggregation [29]. According to the literature [30,31], the fluo-
rescence concentration quenching is accompanied by the re-
duction of the triplet quantum yield and thus by a decrease in the
singlet oxygen yield.

As shown in our previous work [25], the binding of AIPcS, to
phospholipid membranes is driven by the interaction of central
aluminum with a phosphate group of phospholipid. It was proved,
in particular, by the release of AlPcS, from the membrane upon
the addition of fluoride ions forming the coordination bond with
aluminum. Here it was demonstrated that fluoride ions also re-
moved AIPcN, from the membrane surface (Fig. 4) and sup-
pressed the photodynamic activity of this dye (Fig. 7), which
favors the common nature of the interaction of the two photo-
sensitizers with a phospholipid membrane. To explain the in-
creased membrane affinity of AIPcN, as compared to AIPcS,, one
should take into account the effect of electric field created by the
different charges at the periphery of phthalocyanine molecules. In
the case of AIPcNy, the positively charged tributylammonio-
methyl groups would enhance the coordination interaction of
aluminum with phosphate, whereas in the case of AlPcS, the
negatively charged sulfonic groups would impede this interaction.

To estimate this influence quantitatively, one should cal-
culate a free energy change (AG) resulting from Coulombic
interaction of two elementary charges ¢; and g¢5.

AG = qlqz/sr

The distance between charges, r, corresponding to the dis-
tance from the edge of the phthalocyanine ring to its center can be
taken from the dimensions of the phthalocyanine ring. According
to [32], it is about 7 A. The value of the dielectric coefficient (€) at
the water—membrane interface varied from 5 to 40 in different
works [33-35]. Following the estimation described in [36] and
adjusting € to 30, we obtained AG=0.43 kcal/mol. To compare
the effect of the electrostatic interaction on the metal-phosphate
coordination in AIPcN, and AlPcS, containing four positive and
four negative charges, respectively, this value should be mul-
tiplied by 8 which gives AG=3.4 kcal/mol. At room temperature
this value of AG corresponds to a difference in binding constants
of the order of 300 (exp(AG/KT)). This calculation shows that
the proposed mechanism can account for the substantial dif-
ference in the affinity of AIPcN,4 and AlPcS, to phospholipid
membranes observed in our experiments (Fig. 3).

In view of above consideration the effect of the membrane
surface charge on the binding of these two dyes can be explained
by changes in the nearmembrane concentration of charged mol-
ecules due to formation of a Gouy—Chapman electric double
layer, though the very process of the dye adsorption can proceed
through the metal—phosphate coordination. However, under the
conditions of strong electrostatic interaction (low ionic strength),
the binding of charged dye molecules to oppositely charged
membrane surface may not involve the coordination interaction.
This is supported by the absence of the fluoride effect on the
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binding of AIPcNy to liposomes of brain phosphatidylserine at
25 mM KCl, as measured by FCS (data not shown).

The present study of the properties of the positively charged
aluminum phthalocyanine is relevant not only to understanding
the mechanisms underlying the distribution and photodynamic
activity of photosensitizers in different (especially malignant)
tissues, but also to elucidation of their interaction with charged
cell walls of pathogenic microorganisms.

Acknowledgements

The authors are grateful to Prof. Peter Pohl (Johannes Kepler
Universitat, Linz, Austria) for his helpful discussion and as-
sistance in construction of the FCS setup. This work was sup-
ported by the RFBR grants 06-04-48523, 06-04-90595-BNTS-a.

References

[1] M.K. Engel, in: K.M. Kadish, K.M. Smith, R. Guilard (Eds.), The
Porphyrin Handbook, Elsevier Science, 2003.

[2] T. Nyokong, Effects of substituents on the photochemical and photo-
physical properties of main group metal phthalocyanines, Coord. Chem.
Rev. 251 (2007) 1707-1722.

[3] J.D. Spikes, Phthalocyanines as photosensitizers in biological systems and
for the photodynamic therapy of tumors, Photochem. Photobiol. 43 (1986)
691-699.

[4] L.Prasmickaite, A. Hogset, K. Berg, Evaluation of different photosensitizers
for use in photochemical gene transfection, Photochem. Photobiol. 73 (2001)
388-395.

[5] M.R. Hamblin, T. Hasan, Photodynamic therapy: a new antimicrobial ap-
proach to infectious disease? Photochem. Photobiol. Sci. 3 (2004) 436-450.

[6] G. Jori, O. Coppellotti, Inactivation of pathogenic microorganisms by photo-
dynamic techniques: mechanistic aspects and perspective applications, Anti-
Infect. Agents Med. Chem. 6 (2007) 119-131.

[71 A. Minnock, D.I. Vernon, J. Schofield, J. Griffiths, J.H. Parish, S.T.
Brown, Photoinactivation of bacteria. Use of a cationic water-soluble zinc
phthalocyanine to photoinactivate both gram-negative and gram-positive
bacteria, J. Photochem. Photobiol., B Biol. 32 (1996) 159—164.

[8] M. Soncin, C. Fabris, A. Busetti, D. Dei, D. Nistri, G. Roncucci, G. Jori,
Approaches to selectivity in the Zn(II)-phthalocyanine-photosensitized
inactivation of wild-type and antibiotic-resistant Staphylococcus aureus,
Photochem. Photobiol. Sci. 1 (2002) 815-819.

[9] L Scalise, E.N. Durantini, Synthesis, properties, and photodynamic inact-
ivation of Escherichia coli using a cationic and a noncharged Zn(1I) pyridylo-
xyphthalocyanine derivatives, Bioorg. Med. Chem. 13 (2005) 3037-3045.

[10] L. Rusu, A. Gambhir, S. McLaughlin, J. Radler, Fluorescence correlation
spectroscopy studies of peptide and protein binding to phospholipid
vesicles, Biophys. J. 87 (2004) 1044—1053.

[11] P. Mueller, D.O. Rudin, H.T. Tien, W.C. Wescott, Methods for the for-
mation of single bimolecular lipid membranes in aqueous solution, J. Phys.
Chem. 67 (1963) 534-535.

[12] O. Alvarez, R. Latorre, Voltage-dependent capacitance in lipid bilayers
made from monolayers, Biophys. J. 21 (1978) 1-17.

[13] P. Schoch, D.F. Sargent, R. Schwyzer, Capacitance and conductance as
tools for the measurement of asymmetric surface potentials and energy
barriers of lipid bilayer membranes, J. Membr. Biol. 46 (1979) 71-89.

[14] V.S. Sokolov, V.G. Kuz'min, Measurement of differences in the surface
potentials of bilayer membranes according to the second harmonic of a
capacitance current, Biofizika 25 (1980) 170—172.

[15] Y.A. Ermakov, V.S. Sokolov, in: H.T. Tien, A. Ottova-Leitmannova (Eds.),
Planar Lipid Bilayers (BLMs) and their Applications, Elsevier, Amster-
dam, 2003, pp. 109-141.

[16] S.O. Hagge, A. Wiese, U. Seydel, T. Gutsmann, Inner field compensation
as a tool for the characterization of asymmetric membranes and peptide—
membrane interactions, Biophys. J. 86 (2004) 913-922.

[17] Y.N. Antonenko, O.N. Kovbasnjuk, L.S. Yaguzhinsky, Evidence in favor
of the existence of a kinetic barrier for proton transfer from a surface of
bilayer phospholipid membrane to bulk water, Biochim. Biophys. Acta
1150 (1993) 45-50.

[18] T.I. Rokitskaya, Y.N. Antonenko, E.A. Kotova, The interaction of
phthalocyanine with planar lipid bilayers-photodynamic inactivation of
gramicidin channels, FEBS Lett. 329 (1993) 332-335.

[19] M. Straessle, G. Stark, Photodynamic inactivation of an ion channel:
gramicidin A, Photochem. Photobiol. 55 (1992) 461-463.

[20] T.I. Rokitskaya, Y.N. Antonenko, E.A. Kotova, Photodynamic inactivation
of gramicidin channels: a flash-photolysis study, Biochim. Biophys. Acta
1275 (1996) 221-226.

[21] E.A. Kotova, Y.N. Antonenko, in: H.T. Tien, A. Ottova-Leitmannova
(Eds.), Advances in Planar Lipid Bilayers and Liposomes, Academic Press,
Amsterdam, 2005, pp. 159—180.

[22] L. Kunz, U. Zeidler, K. Haegele, M. Przybylski, G. Stark, Photodynamic
and radiolytic inactivation of ion channels formed by gramicidin A: oxi-
dation and fragmentation, Biochemistry 34 (1995) 11895-11903.

[23] A.A. Sobko, M.A. Vigasina, T.I. Rokitskaya, E.A. Kotova, S.D. Zakharov,
W.A. Cramer, Y.N. Antonenko, Chemical and photochemical modification
of colicin E1 and gramicidin A in bilayer lipid membranes, J. Membr. Biol.
199 (2004) 51-62.

[24] G. Stark, Functional consequences of oxidative membrane damage,
J. Membr. Biol. 205 (2005) 1-16.

[25] A.A. Pashkovskaya, E.A. Sokolenko, V.S. Sokolov, E.A. Kotova, Y.N.
Antonenko, Photodynamic activity and binding of sulfonated metallophtha-
locyanines to phospholipid membranes: contribution of metal—phosphate
coordination, Biochim. Biophys. Acta (2007).

[26] T.I. Rokitskaya, M. Block, Y.N. Antonenko, E.A. Kotova, P. Pohl,
Photosensitizer binding to lipid bilayers as a precondition for the photo-
inactivation of membrane channels, Biophys. J. 78 (2000) 2572-2580.

[27] V.L. Shapovalov, T.I. Rokitskaya, E.A. Kotova, O.V. Krokhin, Y.N.
Antonenko, Effect of fluoride anions on gramicidin photoinactivation
sensitized by sulfonated aluminum phthalocyanines, Photochem. Photo-
biol. 74 (2001) 1-7.

[28] O.L. Kaliya, E.A. Lukyanets, G.N. Vorozhtsov, Catalysis and photocata-
lysis by phthalocyanines for technology, ecology and medicine, J. Porph.
Phthal. 3 (1999) 592—-610.

[29] R.F.Chen, J.R. Knutson, Mechanism of fluorescence concentration quenching
of carboxyfluorescein in liposomes: energy transfer to nonfluorescent dimers,
Anal. Biochem. 172 (1988) 61-77.

[30] A.P. Losev, E.I. Zenkevich, E.I. Sagun, Concentration quenching of
fluorescence and triplet formation of chlorophyll a and pheophytin in
solutions, J. Appl. Spectrosc. 27 (1977) 244-247.

[31] S. Dhami, D. Phillips, Comparison of the photophysics of an aggregating

and non-aggregating aluminium phthalocyanine system incorporated

into unilamellar vesicles, J. Photochem. Photobiol., A Chem. 100 (1996)

77-84.

M. Hietschold, M. Lackinger, S. Griessl, W.M. Heckl, T.G. Gopakumar,

G.W. Flynn, Molecular structures on crystalline metallic surfaces — from

STM images to molecular electronics, Microelectron. Eng. 82 (2005)

207-214.

J. Kimura, A. Ikegami, Local dielectric properties around polar region of

lipid bilayer membranes, J. Membr. Biol. 85 (1985) 225-231.

P. Pohl, S.M. Saparov, E.E. Pohl, V.Y. Evtodienko, 1.I. Agapov, A.G.

Tonevitsky, Dehydration of model membranes induced by lectins from

Ricinus communis and Viscum album, Biophys. J. 75 (1998) 2868—2876.

D.A. Cherepanov, B.A. Feniouk, W. Junge, A.Y. Mulkidjanian, Low

dielectric permittivity of water at the membrane interface: effect on the energy

coupling mechanism in biological membranes, Biophys. J. 85 (2003)

1307—-1316.

A.V. Finkelstein, O.B. Ptitsyn, Protein Physics: a Course of Lectures,

Academic Press, London, 2002.

[32

—

[33

[t}

[34

[}

[35

[t}

[36

[}



	Role of electrostatics in the binding of charged metallophthalocyanines to neutral and charged .....
	Introduction
	Materials and methods
	Synthesis of AlPcN4
	Binding of phthalocyanines to phopholipid vesicles measured by fluorescence correlation spectro.....
	Measurements of the boundary potential difference of planar bilayers by the intramembrane field.....
	Sensitized photoinactivation of gramicidin-mediated current in planar bilayers
	Optical measurements

	Results
	Discussion
	Acknowledgements
	References


