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Photosensitizer Binding to Lipid Bilayers as a Precondition for the
Photoinactivation of Membrane Channels
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ABSTRACT The photodynamic activity of sulfonated aluminum phthalocyanines (AIPcS,,, 1 = n = 4) was found to correlate
with their affinity for membrane lipids. Adsorbing to the surface of large unilamellar vesicles (LUVs), aluminum phthalocyanine
disulfonate induced the highest changes in their electrophoretic mobility. AIPcS, was also most efficient in mediating
photoinactivation of gramicidin channels, as revealed by measurements of the electric current across planar lipid bilayers. The
increase in the degree of sulfonation of phthalocyanine progressively reduced its affinity for the lipid bilayer as well as its
potency of sensitizing gramicidin channel photoinactivation. The portion of photoinactivated gramicidin channels, «, in-
creased with rising photosensitizer concentration up to some optimum. The concentration at which « was at half-maximum
amounted to 80 nM, 30 nM, 200 nM, and 2 uM for AIPcS,, AlIPcS,, AIPcS;, and AIPcS,,, respectively. At high concentrations
a was found to decrease, which was attributed to quenching of reactive oxygen species and self-quenching of the
photosensitizer triplet state by its ground state. Fluoride anions were observed to inhibit both AIPcS, (2 = n =< 4) binding to
LUVs and sensitized photoinactivation of gramicidin channels. It is concluded that photosensitizer binding to membrane lipids
is a prerequisite for the photodynamic inactivation of gramicidin channels.

INTRODUCTION

It is generally accepted that photomodification of biological diffusion distances. In fact, for a variety of sensitizers, the
membranes is one of the critical processes leading to cellyhotosensitizing efficacy has been shown to correlate with
lar damage upon photodynamic treatment of living cellstheir membrane association ability (Valenzeno and Tarr,
(Valenzeno and Tarr, 1991). Photomodification of channel-1991). This is particularly true for a class of phthalocyanine
forming proteins (Valenzeno and Tarr, 1991; Tarr et al.,sensitizers, the hydrophobicity of which can be modulated
1995; Holmberg et al., 1991; Kunz and Stark, 1997,by the degree of sulfonation (Paquette et al., 1988; Berg et
1998a,b), initiated by irradiation with visible light in the al., 1989a). Although the increase in the degree of sulfon-
presence of a photosensitizer, precedes the induction eftion is accompanied by a decrease in phototoxicity, the
nonspecific leakage conductance associated with photosefatter cannot be attributed to a diminishing of the partition
sitized lipid peroxidation (Girotti, 1990; Ehrenberg et al., coefficient alone because differences in cellular uptake are
1993). also involved (Paquette et al., 1991). For example, the
Association of sensitizers with the membrane surface i%ptake of monosulfonated aluminum phtha|ocyanine is 10-
expected to enhance the effectiveness of the photodynamig|d higher than the cellular uptake of tetrasulfonated alu-
action on membrane components for several reasons. Firghinum phthalocyanine (Berg et al., 1989b). Furthermore,
oxygen concentrations in lipid membranes are supposed {8|pcs, and AlPc§ are suggested to be in different intra-
be approximately an order of magnitude greater than in th@e|jylar locations than AlPcSand AIPcS, a circumstance
bulk aqueous solution. Second, the singlet oxygen lifetimgnat also affects phototoxicity (Berg et al., 1989a). Conse-
and the photosensitizer triplet-state lifetime are reported Quently, to establish unambiguously a correlation between
be longer in membranes relative to aqueous solution (Valeny,emprane binding and photodynamic efficiency, investiga-
zeno, 1987; Howe and Zhang, 1998; Krasnovsky, 19985 of simple model membrane systems are required. The
Ehrenberg et al., 1998). The third reason, and probably thg,antwum yield of reactive oxygen species generation has
most important, is that the activity of singlet oxygen andpeen shown to depend negligibly on the degree of phthalo-
other reactive oxygen species is confined by their meany anine sulfonation (Fernandez et al., 1997, and references
therein), except for AIPcSwhich is in line with the data on
Received for publication 6 October 1999 and in final form 17 January the triplet quantum yield and lifetime obtained for different
2000. sulfonated aluminum phthalocyanines (Foley et al., 1997).
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by a photosensitizer (in particular, singlet oxygen)-3us  Photodynamic gramicidin channel inactivation
in aqueous solution (Rodgers and Snowden, 1982; Kras-

. . . The photosensitizer, aluminum phthalocyanine bearing from one to four
novsky, 1998) and is estimated to be longer thaps7in sulfonate groups (AIP¢Sn = 1-4) (Porphyrine Products, Logan, UT),

lipid membranes (K_rasr‘QVSky: 1998; Ehrenberg et a:'-was added to the bathing solution at thans side of the BLM, unless
1998). Before reacting with a membrane-bound proteinptherwise stated. The phthalocyanines are a complex mixture of isomers

encountering a quenching agent, or decaying from a varietyecause of the possibility of sulfonation at either the 3 or 4 position on the

of radiative and nonradiative processes singlet oxygen Ca&LLsed phenyl ring and the relative position of sulfonation on adjacent
’ enyl rings. The AlPc$ AIPcS,, and AlPcS were purified chromato-

; p

diffuse on the order of 109 r.]m (Valenzeno and Ta_rr' :!'991)graphically to obtain products that contain more than 90% of AlRdgh
Consequently, the association with membrane lipids iS proge proper degree of sulfonation, as judged by TLC.
posed to be sufficient for a photosensitizer to exert a pho- The xenon lamp was placed at this side of the membrane. lllumina-
todynamic effect on membrane proteins. The latter can b#on of the bilayer was performed by single flashes (flash energy 400
selectively studied if lipid peroxidation is minimized by M/cnf and flash duration=2 ms). The light was passed through a cutoff

. R ilter (for wavelengths< 500 nm). In the experiment presented in Fig. 6,
using fully Satu.rated lipids in model systems (Stozhkova e He-Ne laser providing an incident power density of 30 m\W/eras used
al., 1992; Rokitskaya et al., 1993). Here we address thigy excitation. The experiments were carried out at room temperafuse (
issue, using the recently discovered phenomenon of graneo-22°C).
icidin channel photoinactivation in planar bilayer lipid Inthe presence of the photosensitizer, a light flash is known to decrease
membranes (Straessle and Stark, 1992; Rokitskaya et a}h’e grami_cidin-mgdiated‘transmer‘nbrane currt, The latter is a mono-
1993, 1996, 1997; Kunz et al., 1995). This model Systemexponentlal function of time (Rokitskaya et al., 1996):
offers remarkable advantages for studies of the photody- It) = (o — Lye" + 1., (@D)]

namic effect of different photosensitizers: o o
1. The activity of the latter can be measured at a very |Ov\yvherelo, l.., and T are the mme_il current before illumination, the_ steafiy-
state current measured after light exposure, and the characteristic time of

prc_)te'n'“p'd ratio, bec_ause the pentadecapepude gram'c'd'Bhotoinactivation, respectively. It has been shown thiat not related to
A is known to be a highly potent channel former (Hladky the rate of photoinactivation but rather to the dissociation kinetics of
and Haydon, 1984; Koeppe and Andersen, 1996; Andersegramicidin dimers (Rokitskaya et al., 1996). Another important parameter
et al., 1999). is the relative amplitude of photoinactivatiom,

2. The photosensitized suppression of the gramicidin- _ _
mediated current across bilayer lipid membrane (BLM) has
proved to be specific, as it is caused by selective damage @fecause the decrease in the gramicidin-mediated current is due to the

tryptophan residues located at the channel entranc@duction of the number of open channels, while the single-channel con-
ductance remains unaltered (Rokitskaya et al., 1983 equal to the
(Straessle and Stark, 1992)

. . portion of photoinactivated gramicidin channels. This parameter allows us
In the present study, the efficacy of aluminum phthalo-i, compare the efficiency of different photosensitizers.

cyanines in provoking the photodynamic inactivation of

gramicidin channels in BLMs is found to correlate with

their capability to adsorb to lipid bilayers. It is concluded Binding assay

that it is the membrane-bound phthalocyanine that mediatgs; ge unilamellar vesicles (LUVs) were prepared by an extrusion tech-

gramicidin photoinactivation. nique (MacDonald et al., 1991), using the small-volume apparatus Liposo-
Fast (Avestin, Ottawa, Canada), with filters of 100-nm pore diameter. The
final lipid concentration was 0.5 mg DPhPC in 1 ml of a buffer solution

MATERIALS AND METHODS containing 1 mM KHPQ, and 20 mM KCI. In some of the experiments 10
mM KCl was replaced by 10 mM NaF. Different amounts of AlRe&re
Planar bilayer membranes added from 10 mM aqueous & 2, 3, 4) or 1:1 methanol and 0.1 M NaOH

stock solutions (AlPcg. Upon membrane binding, AlPgSntroduces
BLMs were formed from a solution of 2% diphytanoylphosphatidylcholine some surface charge to the initially uncharged DPhPC bilayer. The surface
(DPhPC) (Avanti Polar Lipids, Alabaster, AL) mdecane (Merck, Darm-  charge, in turn, gives rise to an electrophoretic mobilityof the LUVs.
stadt, Germany) by the brush technique (Mueller et al., 1963) on a 0.55The |atter was measured by a zeta-sizer (model DELSA 440 SX; Coulter
mm-diameter hole in a Teflon partition separating two aqueous compartgjectronics, Hialeah, FL) with a four-beam electrophoretic laser scattering
ments. The bathing aqueous solutions conthiheM KCI, 10 mM 2-(N- analyzer and used to calculate the electrical poteritialt the shear plane.
morpholino)ethanesulfonic acid, 10 mM Tris, and 10 nfMalanine (pH  This plane defining what migrates in the electric field~9.2-0.4 nm
7.0). At both sides of the BLM, gramicidin (Sigma, St. Louis, MO) was peyond the charged vesicle surface (Carnie and McLaughlin, 1983). The
added from a stock solution in ethanol to the bathing solutions that wergnagnitude of the-potential is, thus, less than the surface potendigD),

permanently stirred. The channel former incorporated spontaneously intand it is related tap,(0) by the Gouy-Chapman theory (see the Appendix).
the membrane. The membrane conductivity usually reached steady state

within 15 min after the addition of gramicidin.

The electric current|, was recorded under voltage-clamp conditions. yy-V|S spectroscopy
The currents were measured by means of a picoamperemeter, digitized by
DT2814 (Data Translation, Marlborough, MA) and analyzed by a personalAlPcS, or AlPcS, (5 nM) was added to liposome suspensions with a final
computer. In the majority of experiments the data sampling interval was seDPhPC concentration of 0.05 mg/ml. The solutions were buffered with 1
at 0.5-5 ms. Ag-AgCl electrodes were put directly into the cell, and amM NaH,PQO, at pH 7.0. Samples containing 20 mM KCI or 10 mM NaF
voltage of 65 mV was applied to the BLM. and 10 mM KCI were compared with each other. They were analyzed
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within 1 h after preparation by a computer-controlled UV-VIS spectrom- A
eter (model Lambda 2; Perkin and ElImeihéslingen, Germany) operated
at room temperature~25°C). The bandwidth was fixed at 0.4 nm. For
background correction, the absorption spectrum of a photosensitizer-free
liposome suspension was measured simultaneously. The spectra werg 15

measured with a 10-mm optical path quartz cuvette. £
1o}
RESULTS VAR | I
. . . /ﬁ/ E/ /E/ x n=2
A typical experimental record that illustrates the flash- -
induced decrease in the gramicidin-mediated current is 0 ‘8 7 ‘6 5 4

shown in Fig. 1. No decrease in the current is observed in
the absence of the photosensitizer. The number of photoin- g
activated gramicidin channels depends on the concentration. 3
: . @2 S —— ——F & — E—
of phthalocyanines. Up to some maximum value, the pa< 2[= = &
rametera increases with increasing photosensitizer concen- 1t : ' :
: : . _ -8 -7 -6 -5
tration (Fig. 2A). Further additions of AlP¢Sfor n = 1-3 log [AIPGS,] (M)
lead to a decrease in. As the degree of sulfonation in-
creases, the peak position shifts toward higher concentrasGure 2 @) The dependence of the relative amplitude of gramicidin
tions. In this row AlPc$ is an exception. Fig. B shows  photoinactivation ¢, mean+ SE, %) on the concentration of phthalocya-
that the characteristic time)(of photoinactivation remains hines with different numbers of sulfonate groups Phthalocyanines with
: : n = 2—4 are added from aqueous solutions, while AlPisSlissolved in
Zonsrt]ant In the.th:Ie I;inlge l(:f AIPg:SCI)n(-EL%rg?tIOI’IIS used. 1:1 methanol and 0.1 M NaOH. The initial value of the currég)tié ~1.0
SS OWO pr_GVIOUS y( 0 'FS aya e_t a_" - Js close to wA. (B) The dependence of the characteristic time of photoinactivation (
the gramicidin channel lifetime, an intrinsic channel param-mean+ SE) on the AlPc$ concentration.
eter, and does not depend on the efficiency of interaction

with photosensitizer-generated reactive oxygen species.

The decrease inv observed at high concentrations of support this hypothesis. Actually it is seen that the increase
phthalocyanines can be attributed to quenching of reactivén the concentration of AIPcSdded at thérans side from
oxygen species (Krasnovsky et al., 1992) and self-quencht.3uM to 13 uM leads to the decreasednregardless of the
ing of the triplet state of the photosensitizers by their grouncpresence of 1.3M AIPcS; at thecis side. To compare the
state (Foley et al., 1997). The results presented in Fig. guenching effect of the phthalocyanines with the action of a
commonly used quencher of reactive oxygen species, ascor-
bate (Chou and Khan, 1983; Beyer, 1994), we have tested
the influence of the latter on gramicidin channel photoinac-
tivation. As seen from Fig. 4, addition of ascorbate at the
transside results in a significant decreasexirThe decrease

log [AIPCS ] (M)

100
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85 X 90
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FIGURE 1 The time course of the decrease in the gramicidin-mediated time (s)

current () across the BLM after a flash of visible light (at= 0 s) in the

presence of 1.3M AIPcS; (curve 2 at thetransside of the BLM and the  FIGURE 3 The time course of the decrease in the gramicidin-mediated
deviation of the data from the monoexponential curve with 16.3%,7 = current () across BLM after a flash of visible light (at= 0 s) in the

2.1 s{ — leod- Curve 1 is the time course of the current in the absencepresence of 1.3M AIPcS; at thecis side of the BLM ¢urve 1, 1.3 uM

of AlPcS;. The normalized values of the currefit §) are plotted versus the  AIPcS; at thecis side and 13uM AIPcS,; at thetrans side of the BLM

time (t). The initial value of the current§) is ~1.0 uA. The dashed curve  (curve 2, and 13uM AIPcS; at thetransside of the BLM €urve 3. |, =
is the best fit monoexponential curve. 1.0 pA.
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FIGURE 4 The dependence of the relative amplitude of gramicidin
photoinactivation ¢, mean= SD, %) on the concentration of ascorbate at
thecis side @) andtransside () of the BLM. AIPcS; (1.3 uM) is added

at thetrans side of the BLM.I, is ~1.5 uA.

FIGURE 5 The number of photosensitizer moleculels, that are ad-
sorbed to the surface of large unilamellar DPhPC vesicles as a function of
photosensitizer concentratio®, AlPcS;; ¢, AIPcS,; A, AIPcS;; [,
AIPcS,. M,, was obtained as the ratio of surface charge densitgjvided

by the charge of the photosensitizer molecute, (b= n =< 4; eis electron
charge).c was calculated from the vesicle electrophoretic mobility mea-

. . . sured with 20 mM KCI in the buffer solution.
in a is ~50% less pronounced when ascorbate is added at

the cis side. Taking into account that ascorbate cannot

permeate through BLMs (Rose, 1987; Sapper et al., 1985)tact was observed when these substances were located at
these data indicate that the mean diffusion distance of thSpposite sides of the membrane (FigAY

reactive oxygen species in our system is comparable to the gageq on the established correlation between the photo-
BLM width. , sensitizing activity and the affinity for the lipid bilayer
Differences in AlPc3 adsorption to BLM are hypothe- (gigs. 2 and 5), the protective effect of fluoride (Figs. 6 and
sized to be responsible for the observed divergence in th(;t-) is supposed to be due to a decrease in phthalocyanine
photose;nsitized inactivation of gramicidin channels (Fig. 2).embrane binding. The validity of this assumption has been
Adsorbing to the neutral vesicle surface, the most hydroggnfirmed by measurements of the vesicle electrophoretic
philic phthalocyanine bearing four charged sulfonatemobi”ty_ In the presence of 10 mM NaF, thepotential
groups, induced the smallest changes in the bilayer surfaggquced by the adsorption of AIPgAIPCS,, and AIPcS is
charge densityr. With a decreasing number of sulfonate sjgnificantly smaller than in the absence of fluoride anions
groups, o increased. AlPcSbrought more charges to the (rig. 8). However, with the monosulfonated compound,
bilayer surface than any of the other aluminum phthalocyasjyoride produced the opposite effect, i.e., it brought about

nines. By dividing the surface charge density at each conan increase in membrane binding of AIRc&ig. 8). As
centration by the charge per molecuteg, we obtain the

number of bound AlIPGS M,,. Fig. 5 shows that the disul-
fonated compound exhibits the highest affinity to the lipid
bilayer, followed by the mono-, tri-, and tetrasulfonated
phthalocyanine. A comparison with the potency to sensitize
gramicidin channel inactivation reveals a qualitative coin-
cidence: it follows the same trend. Obviously, there is a
correlation between the affinity for the lipid bilayer and the
photosensitizing activity of aluminum phthalocyanines.
The latter is expected to increase significantly after the
addition of fluoride, because NaF has been shown to pro-
duce an increase in the triplet lifetime, triplet yield, and
singlet-oxygen yield (Rosenthal et al., 1994; Bishop et al., 0 50 100 150 200 250
1996). However, it was found in our experiments that flu- time (s)
oride protects gramicidin channels against photoinactivation
upon continuous illumination of BLM in the presence of FIGURE 6 The kinetics of the decrease in the gramicidin-mediated
AIPcS; (Fig. 6). Moreover, the relative amplitude of the current () across the BLM induced by illumination with a He-Ne laser (30

mW/cn) in the presence of 1.8M AIPcS,; at thetrans side of the BLM

flash-induced gramicidin photoinactivation decreased dra((:ur\/e 7, and 1.34M AIPCS, and 10 mM NaF at theansside of the BLM

matically when NaF and the photosensitizer were present Ofgurve 3. I, = 1.0 wA. The illumination is switched on at the moment
the same side of the membrane (FigA)Y No protective  marked by an arrow.
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FIGURE 7 @) The time course of the decrease in the gramicidin- 20 +
mediated current) across the BLM after a flash of visible light (gt O s)
in the presence of 1.8M AIPcS; at thetrans side of the BLM ¢urve 1,
a; = 20.2%, T, = 1.59 s).Curve 2 The addition of 3 mM NaF at theis
side of the BLM @, = 19.1%,r, = 1.52 s).Curve 3 The addition of 3 mM
NaF at thetrans side of the BLM @3 = 4.0%,7; = 1.30 s). B) The time

€ (mv)

course of the decrease in the gramicidin-mediated curtgatfoss BLM -60 |
after a flash of visible light (at = 0 s) in the presence of 13M AlPcS;
at thetransside of the BLM ¢urve 1 «; = 10.3%,r, = 1.57 s).Curve 2 D
The addition of 0.2 mM NaF at thigans side of the BLM ¢, = 21.9%, 0r
7, = 1.56 s).Curve 3 The addition of 3 mM NaF at thgans side of the
BLM (a3 = 9.0%,7; = 1.60 s).
20}
S
E
seen from Fig. 9, the potency of AIPgSn sensitizing -40 -
gramicidin photoinactivation was reduced by fluoride, al-
though substantially less than with AlIPc$lere the effect 60 L
of fluoride can be tentatively explained by a decrease in the L
dipole strength of the absorption bands in the visible range. 0 20 40 60 80 100 120

In fact, the addition of 10 mM NaF to liposomes containing
AlIPcS, led to a dramatic decrease in the Q-band absorption
(Fig. 10), in contrast to the data for AngSNhere only a FIGURE 8 The{-potential of large unilamellar DPhPC vesicles as a

blue shift of the peak position without noticeable changes inynction of photosensitizer¢ AlPcS;; B: AIPcS,; C: AlPcS;; D: AlPcS,)
the dipole strength was observed in the presence of fluorideoncentration in 20 mM KCI®) or 10 mM KCI and 10 mM NaF ¢) in

(Fig. 10). The variations in the effect of fluoride on binding the buffer solution. The/-potential was calculated from vesicle electro-

of different sulfonated phthalocyanines to BLM can be Phoretic mobility.

associated with the difference in the structure of these

compounds in aqueous solutions. It is assumed that AIPcS

with n = 2—4 possesses a hydroxyl axial ligand that isan increase in the former may be expected when fluoride is

replaced by fluoride in the presence of NaF (Ben-Hur et al.added in the presence of high phthalocyanine concentrations

1992a,c), whereas AlPgPossesses a chloride axial ligand exceeding the optimum (compare Figs. 2 and 3). For low

(Foley et al., 1997). fluoride concentration (0.2 mM) this prediction was found
From the correlation between the photodynamic activityto be true (Figs. B and 11). Therefore, partial removal of

of aluminum phthalocyanines and their binding to the BLM, aluminum phthalocyanine from the membrane surface in-

[AIPcS,] (WM)

Biophysical Journal 78(5) 2572-2580
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FIGURE 9 The time course of the decrease in the gramic:idin-mediated:IGURE 11 The dependence of the relative amplitude of flash-induced

current () across the BLM after a flash of visible light (at= 0 s) in the g_r;fotomactlvatlon '(‘ mea;r;\?_'; SD, %) 02 Tg c'\(/)lr]centratlg J(_); NJF at
presence of 0.1fM AIPcS, at thetrans side of the BLM ¢urve 1 oy = ifferent concentrations of AlPg%curve 1 @, 1.3 uM; curve 20O, 13 uM).

8.3%,r, = 1.43 s).Curve 2 The addition of 3 mM NaF at theansside  “PC% and NaF were added at th@nsside of the BLM.lo = 1.5 uA.

of the BLM (a, = 5.3%, 1, = 1.22 s).Curve 3 The addition of 10 mM
NaF at thetrans side of the BLM ¢, = 4.4%, 1, = 1.14 s). . .
measured at high concentrations of AIRcthe dependence

measured at 1.8M AIPcS; did not show a maximum (Fig.
duced by fluoride leads to lowering of the photosensitizerl1).
concentration at the surface and thereby to a decrease in Thus the potency of sensitizing gramicidin inactivation
quenching of reactive oxygen species. At higher concentradepends on the surface density of adsorbed di-, tri, and
tions of fluoride, a further decrease in membrane binding of€trasulfonated compounds in the presence as well as in the
the photosensitizer was induced, and the photoprotecti\/ébsence of fluoride anions. A quantitative analysis of this
effect prevailed. In contrast to the nonmonotonic depenfunctional relationship requires a knowledge of the respec-

dence ofx on the concentration of sodium fluoride that was tive binding constants. Obviously, they can be obtained only
when the concentration(0), of the photosensitizer adjacent

to the membrane is known. It differs from the bulk concen-

A tration, ¢,, due to electrostatic repulsion. According to the
1.0F Boltzmann distribution, the local concentration of any ion is
ost a function of the electric surface potential(0), and its

g charge:

g 06r _ — zesreoesO)ke T

g . c(0) = ¢, - e ZresOkeT )

9 N

= wheree,, kg, andT are, respectively, the elementary charge,
02r Boltzmann's constant, and the absolute temperature. Taking
0.0k into account the finite size of AlP¢Smolecules, the real

’ charge of the photosensitizer is replaced by its effective

B charge z.¢. This approach is based on the extended Gouy-
04r Chapman theory of the electrostatic diffuse double layer

© (Alvarez et al., 1983). According to Eq. % can be

% obtained by measurementsg@{0) at two arbitrarily chosen

£ 02¢p concentrations of the background electrolyte. Therefore,

§ two AIPcS, bulk concentrations should be found that give

the same surface charge density and thus correspond to the
0.0 - samec(0). In Fig. 12, the dependence @f0) on the AlPcg
. . ‘ . bulk concentration is shown for 10 mM, 20 mM, and 100

mM KCI. The electrophoretic mobility and hencgy(0)
decreased with an increase in the ionic strength. As ex-
A (nm) pected, the electrostatic effects are effectively screened out

_ at high salt concentrations. However, our attempt to calcu-

FIGURE 10 The absorption spectra of BV AlPcS, (A) and 5 uM lat f ¢ . t ith diff t KCI

AlPcS, (B) in vesicle suspension that contains 20 mM Ke&l{ne ling or a e Zefr TrOM WO expernments wi ! ereh ) concen-

10 mM KCI and 10 mM NaFdashed ling The final lipid concentration ~ trations has failed because of the large variance in the values

was 0.05 mg/ml. obtained forz,;, which shows the inadequacy of the ap-

400 500 600 700 800 900
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Qualitatively similar dependencies of phototoxicity on the

0r number of sulfonate groups were reported for cells (Pa-
quette et al., 1988; Berg et al., 1989a,b; Chatlani et al.,
1991; Ben-Hur et al., 1993; Chan et al., 1990, 1991; Peng et

S 20t
£ al., 1991).
g Similar effects of fluoride ions on sensitized gramicidin
&” -40r inactivation and phthalocyanine binding to membranes pro-
vide further evidence for the correlation between photody-
60 |- namic activity and lipid affinity of photosensitizers. Ac-

. . . cording to the literature (Ben-Hur et al., 1991, 1992b, 1993),
0 50 100 fluoride is known to inhibit erythrocyte photohemolysis,
spectrin cross-linking, and photoinactivation of viruses sen-
sitized by aluminum phthalocyanines. This inhibition is
FIGURE 12 Surface potentigi(0) of large unilamellar DPhPC vesicles ascribed to some perturbation of phthalocyanine binding to
as a function of AlPc$ concentration. With an increase of the ionic Specific proteins resulting from the formation of aluminum-
strength from 10 mM KCl to 20 mM KCl, and finally to 100 mMrém the  fluoride complexes. Our data indicate that it is rather the
bottom to the top the electrophoretic mobility and hengg(0) decreased. photosensitizer binding to membrane lipids that is required

for gramicidin channel photoinactivation to occur. Binding

to gramicidin itself is not a prerequisite for photoinactiva-
proach used. The extended Gouy-Chapman model predict®n, because the negatively charged AIPdS equally
that the effective charge of a large ion is smaller than its reaéfficient in mediating photoinactivation of both neutral
charge, and that the magnitude of this discrepancy decreasgsamicidin A and its O-pyromellityl-derivative that bears
as the ionic strength decreases (Carnie and McLaughlirthree negative charges located at the water-membrane in-
1983). terface (Krylov et al., 1998).

Assuming that binding to the membrane obeys the Lang- The peculiarity of the concentration dependencies of
muir isotherm, it is possible to calculate the steady-statgrramicidin inactivation consists in their bell-shaped charac-
lipid binding constant (compare, e.g., Pohl et al., 1998) aser. Each of these dependencies has a maximum at a certain
well asz. (Denisov et al., 1998) from the dependencerof concentration that increases with the degree of sulfonation
on ¢,. However, within reasonable limits of both parame- of aluminum phthalocyanine, except for AIPcShe de-
ters, a satisfactory fit to the data shown in Fig. 5 was notrease in the relative amplitude of gramicidin photoinacti-
obtained for any of the AIP¢SApplication of the Volmer  vation observed at high phthalocyanine concentrations (Fig.
isotherm, which should be more appropriate because ®) can be explained by:
describes nonlocalized binding of the ligand to the surface, 1. photosensitizer aggregation that results in the reduction
led to the same result. In view of the extremely highof its photosensitizing activity (Berg et al., 1989a);
concentrations of the photosensitizers used to measure the2. quenching of reactive oxygen species by phthalocya-
electrophoretic mobility, we suppose that the formation ofnines themselves (Krasnovsky et al., 1992); and
aggregates is responsible for the observed deviations from a 3. self-quenching of the triplet state of phthalocyanines
Langmuir or Volmer isotherm. Although aluminum phtha- by their ground state (Foley et al., 1997).
locyanines do not aggregate in aqueous solutions, they tend Aggregation is of minor importance because photoinac-
to form dimers in organic solvents (Yoon et al., 1993) andtivation of gramicidin channels sensitized by AlRc&d-
are known to form aggregates in cells (Berg et al., 1989a)sorbed to only one membrane/water interface is markedly
possibly upon binding to membranes. diminished by high surface concentrations of AlIRc&I-
sorbed to the opposite membrane/water interface (Fig. 3).
DISCUSSION From the comparis.on with the eﬁeqt of ascorbate (Fig.' 4),

quenching of reactive oxygen species seems to be a likely
The concentration dependencies of phthalocyanine-sensimechanism. Our data indicate that the membrane-bound
tized gramicidin channel photoinactivation and phthalocya-aluminum phthalocyanine molecules preferentially act as
nine adsorption on bilayer lipid membranes have revealed guenchers. This conclusion is drawn on the basis of the
qualitative correlation with each other. The lower the degreestimulating effect of fluoride anions on gramicidin photo-
of sulfonation, the higher is the binding affinity and the inactivation observed at high AIPg8oncentrations (Figs. 7
higher is the portion of photoinactivated gramicidin chan-B and 11). The stimulation is ascribed to the release of
nels. In this row, AIPc$is an exception. The concentration photosensitizer molecules from the membrane surface. The
at which the relative amplitude of photoinactivatienjs at  dependency of the quenching efficiency of aluminum phtha-
half-maximum amounts to 80 nM, 30 nM, 200 nM, and 2 locyanines on their binding to membranes is supported by
uM for AIPcS,;, AIPcS,, AIPcS;, and AlIPcS, respectively. the fact that AlPcg having the lowest membrane affinity,

[AIPCS,] (uM)
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does not display any decrease in the relative amplitude of ¢40) is related to the surface charge densityof the membrane:
gramicidin photoinactivation, even at very high concentra-

. . . €¢s(0)
tions (Fig. 2). 7 sm,ﬁ{ } 7)
It should be noted that quenching of reactive oxygen 8€0€NaKsTJ 2T

species alone cannot explain the decrease abserved at
high phthalocyanine concentrations. It is known (Foley et . o - debied S, Sokalov for heloful di ,
al., 1997; Krasnovsky et al., 1992) that both the rate of' "¢ authors are indebted to Dr. V. S. Sokolov for helpful discussions.

reactive oxygen species generation and the rate of thefhis project was supported by the Deutsche Forschungsgemeinschaft

. . . (Po533/4-1), by the Deutscher Akademischer Austauschdienst (DAAD),
quenching depend linearly on the concentration of a phOtoand by the Russian Fund for Basic Research (00-04-48299).
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