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Abstract

DPPC:DPPE—proteoliposomes (in which the enzyme is inside-out oriented) and DLOPC:DLOPE—proteoliposomes (in which the
enzyme is only 40% inside-out oriented) is an excellent model for studying the selective effect of the reactive oxygen species, produced by
the photo-activation of Rose Bengal. Both proteoliposomes used, when submitted to photo-irradiation with laser using 1200 mJ/cm? energy
dose, in the absence of the Rose Bengal, did not shown any effect in the ATPase activity and in the integrity of its systems. Also, no effect
was observed using 50 pM of Rose Bengal encapsulated in the interior of the DPPC:DPPE—proteoliposome system. But, when we use 50 pM
of Rose Bengal, present only in the extravesicular environment, and photo-irradiation with a laser dose of 200 mJ/cm?, it results in the loss of
40-50% of the ATPase activity, with damage of the DPPC:DPPE—proteoliposome integrity. Using a dose of 400 mJ/cm? the ATPase activity
was totality lost. Consequently, these effects could be correlated with direct damage in the peptide structure. The photo-irradiation of the
system constituted by DLOPC:DLOPE—proteoliposome in the presence of Rose Bengal, encapsulated only in the interior compartment or in
the extra-liposomal environments, revealed a gradual decrease of the ATPase activity, maintaining it at 30% after a dose of 1200 mJ/cm? and
losing total ATPase activity at 800 mJ/cm?, respectively, with the loss of integrity of this vesicular system in both conditions studied. The
generated singlet oxygen could attack the double linkage present in the fatty acid structure of the lipid instead of the amino acid in the protein
structure and, in a second step, result in an indirect inactivation of the enzyme activity. In summary, these results indicated that singlet oxygen
species produced by photo-oxidation of Rose Bengal using laser light could act in protein and lipid structure depending on its proportion or
distribution.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Photodynamic effects are the basis of the series of
clinical applications such as the photodynamic therapy
(PDT). These effects occur in the presence of a photo-
sensitizer, oxygen and light and membrane damage has been
considered an important part of the photosensitized cellular
modifications which lead to cell death [1-9].

The photochemical mechanism underlying these pro-
cesses involves absorption of visible radiation by the dye
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molecules and subsequent formation of reactive intermedi-
ates, such as singlet oxygen ('O5), superoxide anion (O5)
and other reactive oxygen species and radicals of the dyes.
These intermediates (or products formed from them) react
rapidly with many cellular targets (proteins, lipids or nucleic
acids) and induce a cascade of different effects [10—13].
One effect of great interest so far has been the loss of
membrane functions, such as: direct damage of oxidative
membrane (lipid peroxidation is an important example), the
inactivation of membrane enzymes and the changes in the
membrane channels or in many other pathways responsible
for the transport of ions, amino acids or sugars [11,14—17].

Proteins are the major targets for photo-oxidation within
cells due to their abundance, the presence of endogenous
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chromophores within protein structures (such as amino acid
chain and prosthetic groups), their ability to bind exogenous
chromophoric materials and their rapid rates of reaction with
other excited state species [13].

Two important types of processes can occur during the
exposure of proteins to UV or visible light: (i) the first
involves direct photo-oxidation arising from the absorption
of UV radiation by the protein structure (primarily side-
chains), or bound chromophores, thereby generating the
uptake of excited state species groups, which yields reactive
excited states (singlet or triplets) or radicals as a result of
photo-ionization; (ii) the second involves indirect oxidation
of the protein via the formation and subsequent reactions of
oxygen reactive species generated by the transfer of energy
to ground triplet molecular oxygen by either protein-bound
or other chromophores species [13].

Regardless of the type of process, the role of singlet
oxygen acting as oxidant is one of the most important initial
damages of protein on the side chains of Trp, Tyr, His, Met,
Cys and cystine residues. Recent data also show that
peroxide species (both endo- and hydro-peroxides) are
important intermediates in the oxidation of Trp, Tyr and
its residues, and that these species should mediate further
damage. Unlike radical-mediated, backbone fragmentation
does not appear to be a major process, whereas the
formation of cross-linked process or aggregated species
appears to have a major consequence of 'O,-mediated
protein oxidation [13]. In addition to that, indirect action in
the protein could occur via lipid peroxidation. This is a
complex process, in which poly-unsaturated fatty acids in
biological membranes systems undergo changes in its
structural and functional characteristics, resulting in the
inactivation of various enzymes [11,18-20].

Little is known about which sites in membranes (lipid or
protein) are the most sensitive to photosensitized damage
and how the sensibility of these sites varies with the location
or distribution of the dye molecules in the membrane. The
knowledge of this behavior may lead to the development of
a new drug delivery system targeting specific sites in
membrane lipid or in protein structures. Many dye
molecules clearly present one partition into cellular mem-
branes structure: upon light activation, they may initiate
photobiological responses. In some cases, the dyes are
distributed into all of the membranous structures; and, in
other cases, the photosensitizing dye may be selectively
localized in a specific membrane structure or part of it
[13,18].

The vesicular systems reconstructed with associated
protein are excellent models to study the selective effect
of light-activated dye on different regions (inside or outside)
of the proteoliposome [5,17,21,22].

In our laboratory, we have been working with the (af3),
form of Na,K-ATPase from the outer medulla of rabbit
kidney [23,24]. It is well established that the enzyme
complex consists of two polypeptide chains: the a-subunit
or catalytic chain (MWr ~110 kDa) that is responsible for

the enzymatic activity of the complex [25,26], and the -
subunit (MWr 35-50 kDa) that has a structural function,
and may also play a functional role in the catalytic reaction
and ion-pumping mechanism [26,27]. A third y-subunit
(found only in the kidney) is a small hydrophobic
proteolipid (MWr 7—12 kDa) that is associated with the
Na,K-ATPase which, although not essential either for
catalytic activity or for ion transport, does act as a kinetic
regulator [28,29].

Na,K-ATPase is a member of the P-type family of active
cation transport proteins. It is found in the plasma
membrane of virtually all animal cells and has been isolated
in membrane bound form from tissues rich in the protein,
such as mammalian kidney. The classical specific inhibitors
of the Na,K-ATPase are the cardiac glycosides. They bind to
the extracellular surface of the enzyme and the binding and
inhibition are dependent on the ligands present being
ouabain the most widely used cardiac glycoside. Another
potent inhibitor of the enzyme is orthovanadate, an analogue
of the phosphate state of transition, which, in contrast to the
cardiac glycoside, binds to the cytoplasmatic side of the
system and needs magnesium for binding. Since these
inhibitors bind to specific sites located in the enzyme
molecule, they have been used to study liposome recon-
stituted enzyme orientation [26,30—32].

Recently, we showed that in DPPC:DPPE liposomes
systems, the Na,K-ATPase is reconstituted, preferentially,
with the ATP hydrolysis site (or vanadate inhibitory binding
site) located at the external side of the lipid bilayer vesicle,
called inside-out orientation. Moreover, it was also shown
that the proteoliposomes systems constituted by DPPC:
DLOPE, DLOPC:DLOPE or DPPC:DPPE:cholesterol do
not have homogeneity in the distribution of Na,K-ATPase
orientation [33].

In the present study, we have conducted an investigation
using these vesicular systems with defined protein orienta-
tion in association with Rose Bengal, a classical photo-
sensitizer for mechanism studies. The proposal of using of
the proteoliposome with perfect orientation of the Na,K-
ATPase will allow the evaluation of the selective effect of
the photo-oxidation process, induced by the photosensitizers
when associated with the biological system.

2. Materials and methods
2.1. Materials

All solutions were made using Millipore Direct-Q ultra
pure apyrogenic water and all reagents were of the
highest purity commercially available: Trichloric Acetic
Acid (TCA); trislhydroxymethyllaminomethane (Tris);
N-(2-hydroxyethyl) piperazine-N’-ethanesulfonic acid
(HEPES); Adenosine 5'-Triphosphate Tris salt (ATP);
bovine serum albumin (BSA); Dodecyloctaethyleneglycol
(Ci2Eg) and Rose Bengal were from Sigma. Dipalmitoyl-
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phosphatidylcholine (DPPC), dipalmitoylphosphatidyl-
ethanolamine (DPPE), dilinoleoylphosphatidylcholine
(DLOPC) and dilinoleoylphosphatidyl-ethanolamine
(DLOPE) were from Avanti Polar Lipids. Ethylenediami-
netetracetic acid (EDTA), potassium chloride, sodium
chloride and magnesium chloride were from Merck.
Biobeads were from BioRad.

2.2. Preparation of Na,K-ATPase

Membrane-bound and solubilized Na,K-ATPase was
obtained from the dark red outer medulla of the kidney of
adult New Zealand white rabbits as described previously
[23]. C,Eg solubilized enzyme was concentrated on YM-30
Amicon filter, dialyzed overnight at 4 °C against 5 mM
Tris—HCI buffer, pH 7.0, containing 1 mM EDTA, 150 mM
KCI and 0.005 mg/mL C;,Eg. The enzyme was purified
by gel filtration at 4 °C on a Sepharose 6FF column
(26 x 200 cm), equilibrated and eluted in the same buffer,
using a flow rate of 1 mL/ min. Finally, 1.0 mL aliquots,
presenting about 600 U/mg of ATPase activity, were frozen
in liquid nitrogen and stored at —20 °C. The MW obtained
for the purified enzyme was 320 kDa which is consistent
with the (a3), form.

2.3. Protein analysis

The protein concentration of the enzyme extracts was
estimated in the presence of 2% (w/v) SDS as described by
Santos et al. [23]. Protein determination of proteoliposome
was performed according to the methodology described by
Cornelius [34]. Bovine serum albumin was used as the
standard.

2.4. ATPase activity measurement

ATPase activity was assayed discontinuously at 37 °C by
the quantification of phosphate release as described by
Heinonen and Lathi [35], adjusting the assay medium to a
final volume of 1.0 mL. The reaction was initiated by the
addition of the enzyme, stopped with 0.5 mL of cold 30%
TCA at appropriate time intervals and centrifuged at
4000xg immediately prior to phosphate determination.
Standard conditions were 50 mM HEPES buffer, pH 7.5,
containing 3 mM ATP, 10 mM KCI, 5 mM MgCl, and
50 mM NaCl.

Assays were performed in triplicate, using three different
enzyme preparations, and controls without added enzyme
were included in each experiment to quantify non-enzymatic
hydrolysis of the substrate. The initial rates of hydrolysis
were constant for at least 30 min, provided that less than 5%
of substrate was consumed in the reaction. One enzyme unit
(U) is defined as the amount of enzyme which hydrolyzes
1.0 nmol of substrate per minute at 37 °C. For inhibition
studies, the enzyme or proteoliposome were previously
incubated in a reaction medium with 2 mM ouabain (for 2 h)

or 3 uM vanadate (for 1 h) at 4 °C, and processed as
previously described for the determination of residual
ATPase activity.

2.5. Preparation of proteoliposomes with or without Rose
Bengal

Proteoliposomes of DPPC:DPPE or DLOPC:DLOPE
were prepared by co-solubilization of lipids, protein and
detergent in a weight ratio of 1:1 lipid/lipid and 1:3 lipid/
protein as previously described by Santos et al. [33]. The
lipid mixture was dissolved in chloroform and dried with a
nitrogen flow to deposit a thin lipid film on the wall of the
glass tube. These films were then dried under vacuum for
about 1 h. This lipid film was resuspended in 5 mM Tris—
HCI buffer, pH 7.0, containing 150 mM KCI and 10 mg/mL
C»Eg, and after incubation at 60 °C for 1 h, it was
vigorously stirred using a vortex at 10 min intervals. The
mixture was sonicated using a microtip for 1 min at 200 W
(VibraCell, model VC-600).

The purified Na,K-ATPase was added to the lipid/
detergent mixture and the suspension kept on ice for
10 min. Subsequently, the C;,Eg was removed by addition
of 200 mg/mL Biobeads with changes at time intervals of 5,
10 and 45 min. The beads were removed by centrifugation
at 4000xg for 10 min at 4 °C. Finally, the vesicle
suspension was ultracentrifuged for 1 h, at 100000 xg and
4 °C and the pellet was re-suspended in 5 mM Tris—HCl
buffer, pH 7.0 containing 150 mM KCI. The diameters
obtained by dynamic light scattering for DPPC:DPPE— and
DLOPC:DLOPE—proteoliposome were 140 and 160 nm,
presenting ATPase activity of about 500 and 200 U/mg,
respectively.

Rose Bengal (I mM) was prepared in 5 mM Tris—HCI
buffer, pH 7.5 containing 1 mM EDTA and 150 mM KCl
and added to the lipid film and processed as described
above, to obtain the proteoliposome with the dye encapsu-
lated. The inhibition study showed that DPPC:DPPE— and
DLOPC:DOLPE—proteoliposome have 90 and 40% of
inside-out orientation for the reconstituted enzyme [33].

The quantification of Rose Bengal encapsulated in
proteoliposome was done after the separation of the aqueous
phase from the mixture of the vesicle sample/chloroform 1:1
(v/v). The dye present in the aqueous solution was
determined using an absorption calibration curve at 550 nm
of Rose Bengal in the range of 1 -20 uM. The presence of the
Rose Bengal without laser photo-irradiation did not show
any significant effect in the ATPase activity of the enzyme.

2.6. Characterization of the proteoliposome system

The proteoliposome system with or without Rose Bengal
(0.5 mg of total protein) was characterized by chromatog-
raphy filtration on a Sepharose 6B column (0.5 x 144 cm)
equilibrated and eluted in 5 mM Tris—HCI buffer, pH 7.5,
containing 1 mM EDTA and 150 mM KCIl and a flow rate of
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18 mL/h. Fractions of 3 mL were collected and were
assayed for: presence of protein (at 280 nm); ATPase
activity (at 355 nm); Rose Bengal (at 550 nm); and
phospholipid (presence of phosphate obtained by previous
acid hydrolysis, at 820 nm, according to the procedure
described by Chen et al. [36].

2.7. Photo-irradiation studies

Studies of photo-irradiation of the solubilized-enzyme
and proteoliposomes (with or without Rose Bengal) were
done using the second harmonic of the ND-YAG Laser
(Continuum, mode SURELITE I-10) in 532 nm with 8 ns.
The beam diameter incident on the sample was 6 mm, and
the repetition rate was 10 Hz. The pulse energy was
typically 20 mJ per pulse with cumulative energy dose range
from 200 to 1200 mJ/cm® measured with a Field Master
power meter with L-30V head.

3. Results

C,Eg-solubilized Na,K-ATPase was photo-irradiated in
the presence of 50 mM of Rose Bengal using different
energy doses (200—1200 mJ/cm?) and the residual ATPase
activity was determined as shown in Fig. 1. Is important to
note that in the absence of the dye (or in the presence of
50 uM of the dye, but without laser photo-irradiation), no
effect in the activity was observed. However, in the presence
of the dye and 800 mJ/cm> energy dose, we observed the
total loss of ATPase activity of the solubilized enzyme.

In order to fully understand the selective effect of the
reactive oxygen species, produced by photo-activation of
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Fig. 1. Residual ATPase activity after photo-irradiation of C;,Eg-solubilized
Na,K-ATPase: (®) in the absence of Rose Bengal (O) in the presence of
50 uM Rose Bengal. Studies of photo-irradiation were done using the
second harmonic of the ND-YAG Laser (532 nm) with & ns of laser pulse
through an 8 mm slit. Samples were irradiated in a quartz cuvette (1 cm)
with gentle stirring, using laser power of 20 mlJ/pulse with cumulative
energy dose range from 200 to 1200 ml/cm?® Data are reported as the
mean=*S.D. of the triplicate measurement of different enzyme preparations,
which was considered to be statistically significant at P <0.05.

Rose Bengal upon different regions of the protein structure,
we standardized an experimental mimetic system, such as
liposomes, which involves the transmembrane domains of
the enzyme, allowing the dye encapsulation. Therefore,
vesicular systems, named proteoliposomes, were previously
made in our laboratory using different phospholipids:
DPPC:DPPE and DLOPC:DLOPE. To determine the
protein orientation of the Na,K-ATPase reconstituted in
the liposome we used kinetic studies in the presence of
vanadate and ouabain since these inhibitors bind to opposite
specific sites located in the enzyme molecule. The Na,K-
ATPase activity of solubilized and purified enzyme is
inhibited in about 90% and 72.5% in the presence of
2 mM ouabain and 3 uM vanadate, respectively. On the
other hand, a kinetic inhibition of ATP hydrolysis for the
proteoliposome system constituted by enzyme and
DPPC:DPPE, revealed a small inhibition (6%) for ouabain,
which could be attributed to the non-oriented or rightside-
out form. With the addition of detergent in the reaction
medium, an opening of the vesicles and a progressive
enhancement of the inhibition occurs, probably due to the
exposure of the ouabain binding sites. Inhibition studies
using 3 uM vanadate in the activity assays of the Na,K-
ATPase reconstituted in DPPC:DPPE-Iliposome showed
that, in the concentration range of 0.2—1.0 mg/mL of C;,Eg,
vanadate inhibited about 78% of ATPase activity of the
enzyme without an expressive variation. Thus, these studies
reflect a preferential inside-out enzyme reconstitution
because the ouabain inhibition increases only by addition
of detergent or alamethicin. Together, inhibition studies of
ATPase activity using ouabain and vanadate clearly suggest
an inside-out orientation of the Na,K-ATPase reconstituted
in DPPC:DPPE—Iliposomes. On the other hand, DLOPC:-
DLOPE systems showed only 40% of the enzyme oriented
inside-out (results not shown, but detailed in [33]).

Many efforts have been made to standardize the
construction of the vesicular systems in the presence of
Rose Bengal as a photosensitizer dye. The proteoliposome
or liposomes construction were monitored by chromatog-
raphy filtration to evaluate the yield of encapsulation of the
dye in the biomimetic system. Rose Bengal in buffer
solution was eluted in a single peak around the fraction
30 to 40, which is detected at 550 nm (Fig. 2A). On the
other hand, a proteoliposome (DPPC:DPPE or DLOPC:-
DLOPE) preparation also revealed a single peak, excluded
at the column ¥, which corresponds to the fraction number
10. This peak, when analyzed for the dye, phospholipid and
protein contents (Fig. 2B), revealed the coexistence of all
constituents in the same fraction, validating the procedure
for encapsulation of the Rose Bengal in the vesicular
system. These fractions were pooled and the aqueous
fraction (after chloroform extraction to eliminate the lipids)
was used to determine the amount of the dye encapsulated in
the system. The proteoliposome systems studies revealed
that 95% of the Rose Bengal used in the initial formulation
have been efficiently encapsulated. Note that, in these
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Fig. 2. Chromatographic analysis in Sepharose 6B (0.5 x 144 cm) column
equilibrated and eluted with 5 mM Tris—HCI, pH 7.0, containing 150 mM
KCL Fractions of 3.0 mL were collected and assayed. A: Rose Bengal
solution and B: DPPC:DPPE—proteoliposomes prepared in the presence of
50 pM Rose Bengal.

vesicular systems, neither Na,K-ATPase or the free dye was
observed, since the C;,Eg-solubilized enzyme was eluted in
fraction number 25 when applied in the column (0.005 mg/
mL of the detergent in this elution buffer is needed, results
not shown). Also, the presence of the dye in DPPC:DPPE—
proteoliposomes without laser photo-irradiation did not
show any significant effect in the ATPase activity and the
enzyme recovered 86.5% of the initial activity, after
chromatography elution.

Fig. 3 shows the characteristic absorption spectra of Rose
Bengal (4 uM) in 5 mM Tris—HCIl buffer, pH 7.5,
containing 150 mM KCI present in the aqueous phase after
chloroform extraction of the proteoliposome preparation. It
is worth emphasizing that the process to obtain the
proteoliposome does not affect the absorption properties
of this xanthene dye, maintaining its absorption band in the
range of 450—600 nm.

DPPC:DPPE—proteoliposome, when submitted to photo-
irradiation with laser using 1200 mJ/cm? energy dose in the
absence of the Rose Bengal, did not shown any effect in the
ATPase activity (Fig. 4). In addition to that, the effect of
vanadate (71%) and ouabain (6%) inhibitors does not
change when compared to before the photo-irradiation,
suggesting that the integrity of the system was not affected.
The same results were observed employing 50 pM of Rose
Bengal encapsulated in the interior of the proteoliposome
system (Fig. 4). But, when we use 50 uM of Rose Bengal
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Fig. 3. Absorption spectra of 4.0 uM Rose Bengal in Tris—HCI 5 mM
buffer, pH 7.5, containing 150 mM KCI. Insert: Rose Bengal structure.

present only in the extravesicular environment and photo-
irradiation with a laser dose of 200 mJ/cmz, it results in the
loss of 40—50% of the ATPase activity. Using a dose of 400
mlJ/cm?, the ATPase activity was totality lost (Fig. 4).

The systems which present 40% of the residual activity
(after photo-irradiation of a dose of about 200 mJ/cm?
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Fig. 4. Residual ATPase activity after photo-irradiation of DPPC:DPPE—
Na,K-ATPase vesicular systems: (@) in the absence of Rose Bengal; (O)
with 50 uM the Rose Bengal encapsulated in proteoliposome; (M) in the
presence of 50 pM Rose Bengal in extravesicular medium. Studies of
photo-irradiation were done using the second harmonic of the ND-YAG
Laser (532 nm) with 8 ns of laser pulse through an 8§ mm slit. Samples were
irradiated in a quartz cuvette (1 cm) with gentle stirring, using laser power
of 20 mJ/pulse with cumulative energy dose range from 200 to 1200 mJ/
cm?. Data are reported as the mean=S.D. of the triplicate measurement of
different enzyme preparations, which was considered to be statistically
significant at P <0.05.
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Fig. 5. Residual ATPase activity after photo-irradiation of DLOPC:-
DLOPE—Na,K-ATPase vesicular systems: (@) in the absence of Rose
Bengal; (O) with 50 uM Rose Bengal encapsulated in proteoliposome; (M)
in the presence of 50 uM Rose Bengal in extravesicular medium. Studies of
photo-irradiation were done using the second harmonic of the ND-YAG
Laser (532 nm) with 8 ns of laser pulse through an 8§ mm slit. Samples were
irradiated in a quartz cuvette (1 cm) with gentle stirring, using laser power
of 20 mJ/pulse with cumulative energy dose range from 200 to 1200 mJ/cm?.
Data are reported as the mean+S.D. of the triplicate measurement of
different enzyme preparations, which was considered to be statistically
significant at P <0.05.

energy) were studied in the presence of specific inhibitors.
The behavior of the vanadate inhibition was not affected
(75% of inhibition), but ouabain enhanced the inhibition of
the ATPase activity (reaching up to 95%), suggesting the
exposition of the binding sites of this compound, previously
inaccessible.

The photo-irradiation of the system constituted by
DLOPC:DLOPE—proteoliposome in the absence of Rose
Bengal did not affect the ATPase activity (Fig. 5). However,
the photo-irradiation of this proteoliposome in the presence
of Rose Bengal, encapsulated only in the interior compart-
ment or in the extra-liposomal environments, revealed the
gradual decrease of the ATPase activity, maintaining it at
30% after a dose of 1200 mJ/cm” and losing total ATPase
activity at 800 ml/cm?, respectively (Fig. 5). But, the
increase in ATPase inhibition by both compounds, vanadate
and ouabain, suggests the loss of integrity of this vesicular
system in both conditions studied.

4. Discussion

Applications of photosensitization in medicine and
biology would benefit from greater efficiency and selectiv-
ity for targeting cellular and subcellular sites. Many of the
photosensitizers used in biology and medicine are located
either in cellular membranes, the plasma membrane or
intracellular membranes [4,6,7,9,37—45]. Membrane photo-
sensitization has been shown to decrease the plasma
membrane potential, inhibit transport of molecules across
the plasma membrane and both inhibit and activate mem-

brane associated enzymes [14,37,46]. Cellular responses
induced by plasma membrane photosensitization include
apoptosis, necrosis [47] and expression of early response
genes [48].

Among the various photosensitive agents used in PDT
are the merocyanine derivatives, xanthenes phtalocyanines
and hematoporphyrin dyes, the first two used in basic
research and the last two in vivo and clinical trial
[6,7,39]. In PDT studies, Rose Bengal (a xanthene
derivate) has been used as a model compound, with
excellent photophysical properties, although not indicated
for clinical use. This dye has an absorption in the region
of 500 nm and a good quantum yield of singlet oxygen
production [17,45].

Our results of photo-oxidation of solubilized and purified
Na,K-ATPase (Fig. 1) sustain the direct action of the singlet
oxygen species upon protein, resulting in the loss of its
activity. Different mechanisms were proposed to the action
of the singlet oxygen as inactivator of enzyme activity: S—S
bond or amino acid oxidation, break of peptide or hydrogen
bounds, etc., resulting in changes in conformational states of
the protein [13,15,17,19,49].

Some authors showed that the Na,K-ATPase and Ca-
ATPase photo-inactivation occurs in two pathways: the fast
process originating from photomodification of the cytoplas-
mic domains by singlet oxygen from the aqueous phase and
the second, the slow one, which is caused by a modification
of the membrane domain of the ion pump. It remains to be
confirmed whereas the slow process is due to photo-
sensitized lipid peroxidation, i.e., due to the effect of the
lipid environment on the enzyme [17,50,51].

A great number of these works were not executed with
the isolated enzyme, but were done using membrane
extracts, resulting in the variety of effects by reactive
species in lipid, proteins or others endogenous compounds
present in the membrane structure. The target of singlet
oxygen species in these experimental systems is difficult to
be determined due to the many possibilities of direct or
indirect oxidation processes, which result in enzyme
inactivation.

Conventional or modified liposomes are actually used as
an excellent carrier (and delivery system) for both the
hydrophobic photosensitizers (interacting in the lipid
bilayer) or the hydrophilic dyes (in the internal aqueous
cavity) for the treatment of tumors in PDT therapy [4-—
7,9,43]. In addition to that, liposomes or proteoliposomes
are also a mimetic model of lipid membranes (different
composition of lipid and proteins could be used) to study the
effect and the target of the reactive species produced during
light photo-inactivation [22,52—54].

The compartmentalization of sensitizers affects the
production, lifetime and mobility of oxygen reactive
species. Indeed, unilamellar liposomes consist of distinct
regions which need attention: aqueous phase around the
vesicle; intravesicular part constituted by the phospholipids
region and the aqueous phase entrapped inside the vesicle.
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When singlet oxygen is generated, several pathways of
diffusion could appear, depending on its location [22].

Using proteoliposome constituted by DPPC:DPPE—
Na,K-ATPase (remember that in these systems the Na,K-
ATPase is oriented inside-out in the liposome as described
by Santos et al. [33]), the lipoperoxidation effects were
discarded due the absence of unsaturated fatty acid.
Consequently, the loss of the ATPase activity, when Rose
Bengal is present only in the extravesicular environment,
could be correlated with the direct damage in the peptide
structure (Fig. 4). Either the isolated or combined effects
have been described for the action of the singlet oxygen into
Na,K-ATPase: direct action in hydrolysis, metal (Na*, K7,
Mg>") or nucleotide binding site; obstruction of enzyme
phosphorylation site; difficulties in the movement of N and
P domains, formation of cross-links between different
peptide chains, among others, all important to complete
the enzyme catalytic cycle [15]. Also, Kourie [49] showed
that the physical changes in the structure of the channel and
pump proteins modify the function of the transporting
proteins and/or availability of regulatory sites on these
proteins.

The results obtained for constituted vesicular systems of
DLOPC:DLOPE—Na,K-ATPase (in the system where the
enzyme is reconstituted 40% inside-out and 60% rightside-
out and/or not oriented) are more complex to be interpreted
due to the presence of unsaturation in the phospholipids
chain as well as to the mix of enzyme orientation. In these
systems, in the presence of extravesicular Rose Bengal
were submitted to laser photo-irradiation, the gradual
decrease of the ATPase activity suggests the direct action
of the singlet oxygen species upon protein exposed in the
external side of the proteoliposome (note that a reduction
occurs in smaller energy doses). After the loss of integrity
of this vesicular system, the singlet oxygen species act also
in the ATP hydrolysis sites oriented in the interior of the
proteoliposomes. In the same way, this process occurs
inside-out when the dye is entrapped only in the interior
compartment (Fig. 5).

Besides that, the evaluation of the residual activity of the
proteoliposome revealed that they lost their integrity after
the photo-oxidation, as shown for the saturated systems. It is
difficult to detect if these effects happen to arise from an
action of the reactive species present in the protein structure
or still in the phospholipid structure (by a lipoperoxidation
process).

A fact that should be commented is that the activity
measured decreases more quickly when the photosensitizers
dyes are located outside, in spite that 60% of the hydrolyzed
sites are orientated to the inside of the vesicular system. This
probably happens due to a larger molar concentration of
lipid/protein present in the proteoliposome. In fact, the
molecular rate of lipid/protein is around 150 [33], which
results in greater probability of the generated singlet oxygen
to attack the double linkage present in the fatty acid
structure of the lipid instead of the amino acid in the

protein structure. In a second step, this process can result in
an indirect inactivation of the enzyme, as also described by
other authors [17].

In summary, these results indicated that singlet oxygen
species produced by photo-oxidation of Rose Bengal, using
laser light in 532 nm, could act in protein and lipid structure
depending on its proportion or distribution. Since Na,K-
ATPase is an important enzyme, and critical for cellular
viability, studies where the transport activity is monitored
simultaneously with the hydrolyze activity of ATP using
proteoliposome systems can bring new information about
the PDT effects, as well as the mechanisms of action for the
reactive oxygen species and their preferred target.

Acknowledgements

The authors thank Mrs. Priscila Cerviglieri for revision of
the manuscript. We also thank FAPESP and CNPq for the
continuous support given to our laboratory. H.L.S. and
C.F.R. are recipient of Ph.D. fellowship from FAPESP and
CAPES, respectively.

References

[1] J.V. Moore, C.M. West, C. Whitehurst, The biology of photodynamic
therapy, Phys. Med. Biol. 42 (1997) 913-935.

[2] T.J. Dougherty, C.J. Gomer, B.W. Henderson, G. Jori, D. Kessel, M.
Korbelik, J. Moan, Q. Peng, Photodynamic therapy, J. Natl. Cancer
Inst. 90 (1998) 889—-905.

[3] E.F. Gudgin-Dickson, R.L. Goyan, R.H. Pottier, New directions in
photodynamic therapy, Cell. Mol. Biol. 48 (2002) 939—-954.

[4] A.C. Tedesco, J.C.G. Rotta, C.N. Lunardi, Synthesis, photophysical
and photochemical aspects of phthalocyanines for photodynamic
therapy, Curr. Org. Chem. 7 (2003) 187—196.

[5]1 A.S. Derycke, P.A. de Witte, Liposomes for photodynamic therapy,
Adv. Drug Deliv. Rev. 56 (2004) 17-30.

[6] F.C.B. Vena, R.F. Turchielo, J. Blais, I. Laville, S. Pigalio, A.C.
Tedesco, 5-aminolevulinic acid esters-induced protoporphyrin IX in a
murine melanoma cell line, Lasers Med. Sci. 19 (2) (2004) 119-126.

[7]1 S.M.T. Nunes, F. dos, S. Sguila, A.C. Tedesco, Photophysical studies
of zinc phthalocyanines and choroaluminium phthalocyanines incor-
porated into liposomes in the presence of additives, Braz. J. Med. Biol.
Res. 37 (2) (2004) 273 -284.

[8] D.M. Oliveira, P.P. Macaroff, K.F. Ribeiro, Z.G.M. Lacava, R.B.
Azevedo, E.C.D. Lima, P.C. Morais, A.C. Tedesco, Studies of zinc
phthalocyanine/magnetic fluid complex as a bifunctional agent for
cancer treatment, J. Magn. Magn. Mater. 289 (2005) 476—479.

[9] A.C. Tedesco, C.N. Lunardi, Synergic photosensitizers: a new trend in
photodynamic therapy, Curr. Org. Chem. 9 (2005) 813 —821.

[10] L.I. Grossweiner, Photochemistry of proteins: a review, Curr. Eye Res.
3 (1984) 137144,

[11] A.W. Girotti, Photodynamic lipid peroxidation in biological systems,
Photochem. Photobiol. 51 (1990) 497—-509.

[12] M.J. Davies, R.J.W. Truscott, Photo-oxidation of proteins and its
role in cataractogenesis, J. Photochem. Photobiol., B Biol. 63 (2001)
114-125.

[13] M.J. Davies, Singlet oxygen-mediated damage to proteins and its
consequences, Biochem. Biophys. Res. Commun. 305 (2003)
761-770.

[14] C. Prinsze, T.M. Dubbelman, J. Van Steveninck, Protein damage,



H. de Lima Santos et al. / Biochimica et Biophysica Acta 1715 (2005) 96—103 103

induced by small amounts of photodynamically generated singlet
oxygen or hydroxyl radicals, Biochim. Biophys. Acta 1038 (1990)
152-157.

[15] AK. Vinnikova, R.C. Kukreja, M.L. Hess, Singlet oxygen-induced
inhibition of cardiac sarcolemmal Na,K-ATPase, J. Mol. Cell. Cardiol.
24 (1992) 465-470.

[16] A. Boldyrev, E. Kurella, Mechanism of oxidative damage of dog
kidney Na/K-ATPase, J. Membr. Biol. 85 (1996) 49—63.

[17] F. Killig, G. Stark, H.-J. Apell, Photodynamic inactivation of the
Na,K-ATPase occurs via different pathways, J. Membr. Biol. 200
(2004) 133—144.

[18] A.W. Girotti, Photosensitized oxidation of membrane lipids: reaction
pathways, cytotoxic effects, and cytoprotective mechanism, J. Photo-
chem. Photobiol., B Biol. 63 (2001) 103—113.

[19] H. Rauchova, J. Ledninkova, M. Kalous, Z. Drahota, The effect of
lipid peroxidation on the activity of various membrane-bound ATPases
in rat kidney, Int. J. Biochem. Cell Biol. 27 (1995) 251-255.

[20] F. Killig, L. Kunz, G. Stark, Photomodification of the electrical
properties of the plasma membrane: a comparison between 6
different membrane-active photosensitizers, J. Membr. Biol. 181
(2001) 41-46.

[21] S. Vemuri, C.T. Rhodes, Preparation and characterization of liposomes
as therapeutic delivery systems: a review, Pharm. Acta Helv. 70 (1995)
95—111.

[22] M. Hoebeke, The importance of liposomes as models and tools in the
understanding of photosensitization mechanism, J. Photochem. Photo-
biol. 28 (1995) 189—196.

[23] H.L. Santos, R.P. Lamas, P. Ciancaglini, Solubilization of Na,K-
ATPase from rabbit kidney outer medulla using only C,,Eg, Braz.
J. Med. Biol. Res. 35 (2002) 277-288.

[24] H.L. Santos, P. Ciancaglini, Kinetic characterization of the Na,K-
ATPase from the rabbit outer renal medulla: properties of the (ap),
dimer, Comp. Biochem. Physiol., B 135 (2003) 539—-549.

[25] Y.K. Hu, J.H. Kaplan, Site-directed chemical labeling of extracellular
loops in a membrane protein. The topology of the Na, K-ATPase
alpha-subunit, J. Biol. Chem. 275 (2000) 19185—19191.

[26] PL. Jorgensen, K.O. Hakansson, S.J.D. Karlish, Structure and
mechanism of Na, K-ATPase: functional sites and their interactions,
Annu. Rev. Physiol. 65 (2003) 817-849.

[27] J.H. Kaplan, Biochemistry of Na, K-ATPase, Annu. Rev. Biochem. 71
(2002) 511-535.

[28] P. Béguin, X. Wang, D. Firsov, A. Puoti, D. Claeys, J.D. Horisberger,
K. Geering, The vy subunit is a specific component of the Na,K-
ATPase and modulates its transport function, EMBO J. 16 (1997)
4250-4260.

[29] A.G. Therien, R. Blostein, Mechanisms of sodium pump regulation,
Am. J. Physiol. 279 (2000) C541-C566.

[30] J.B. Lingrel, T. Kuntzweiler, Na,K-ATPase, J. Biol. Chem. 269 (1994)
19659-19662.

[31] T.A. Pressley, Structure and function of the Na,K pump: ten years of
molecular biology, Miner. Electrolyte Metab. 22 (1996) 264-271.

[32] P.L. Jorgensen, P.A. Pedersen, Structure—function relationships of
Na(+), K(+), ATP, or Mg(2+) binding and energy transduction in
Na,K-ATPase, Biochim. Biophys. Acta 1505 (2001) 57—74.

[33] H.L. Santos, M.L. Lopes, B. Maggio, P. Ciancaglini, Na,K-ATPase
reconstituted in liposomes: effects of lipid composition on hydrolytic
activity and enzyme orientation, Colloids Surf., B Biointerfaces 41
(2005) 239-248.

[34] F. Cornelius, Modulation of Na,K-ATPase and Na-ATPase activity by
phospholipids and cholesterol: 1. Steady-state kinetics, Biochemistry
40 (2001) 8842—-8851.

[35] S.K. Heinonen, R.J. Lathi, A new and convenient colorimetric
determination of inorganic orthophosphate and its application to the

assay of inorganic pyrophosphatase, Anal. Biochem. 113 (1981)
313-317.

[36] P.S. Chen Jr., T.Y. Toribara, H. Warner, Micro-determination of
phosphorus, Anal. Chem. 28 (1956) 1756—1768.

[37] LE. Kochevar, J. Bouvier, M.C. Lynch, C.-W. Lin, Influence of dye
and protein location on photosensitization of the plasma membrane,
Biochim. Biophys. Acta 1196 (1994) 172—180.

[38] B. Zeina, J. Greenman, D. Corry, W.M. Purcell, Antimicrobial
photodynamic therapy: assessment of genotoxic effects on keratino-
cytes in vitro, Br. J. Dermatol. 148 (2003) 229-232.

[39] R.E. Turchiello, F.C.B. Vena, Ph. Maillard, C.S. Souza, M.V.B.L.
Bentley, A.C. Tedesco, Cubic phase gel as a drug delivery system for
topical application of 5-ALA, its ester derivatives and m-THPC in
Photodynamic Therapy (PDT), J. Photochem. Photobiol., B Biol. 70
(2003) 1-6.

[40] C.N. Lunardi, J.C.G. Rotta, A.C. Tedesco, Zinc-tetranitrophthalocya-
nine: isomer separatin, photophysical, photobiological evaluation in
J774 tumor cell, J. Porphyr. Phthalocyanines 7 (2003) 493-499.

[41] E.S. Rose, A.C. Tedesco, R.F.V. Lopez, M.B.R. Pierre, N. Lange,
J.C.G. Rotta, J.M. Marchetti, M.V.B.L. Bentley, In vitro skin
permeation and retention of 5-aminolevulinic acid ester derivatives
for photodynamic therapy, J. Control. Release 89 (2003) 261-269.

[42] A.C. Tedesco, J.C.G. Rotta, C.N. Lunardi, Nitric oxide release from s-
nitrosothiols zinc Phtalocyanine complex by flash photolysis, Braz. J.
Med. Biol. Res. 36 (2003) 587-594.

[43] M.N. Sibata, A.C. Tedesco, J.M. Marcheti, Photophysical and photo-
chemical studies of zinc(II) phtalocyanine in long time circulation
micelles for photodynamic therapy use, Eur. J. Pharm. Sci. 23 (2004)
131-138.

[44] M.M.M. Pellison, F.M. Tomé, M. Beltrane Junior, A.R. Simioni, A.C.
Tedesco, Synthesis and photochemical properties of tribenzonaphtho-
condensed porphyrazinato zinc complex, J. Porphyr. Phthalocyanines
7 (2004) 630—636.

[45] T.P. Paulino, K.F. Ribeiro, G. Thedei Jr., A.C. Tedesco, P. Ciancaglini,
Use of hand held photopolymerizer to photoinactivate Streptococcus
mutans, Arch. Oral Biol. 50 (2005) 353—-359.

[46] M.L. Agarwal, H.E. Larkin, S.I. Zaidi, H. Mukhtar, N.L. Oleinick,
Phospholipase activation triggers apoptosis in photosensitized mouse
lymphoma cells, Cancer Res. 53 (1993) 5897-5902.

[47] F. Killig, G. Stark, Photodynamic activation of ion transport through
lipid membranes and its correlation with an increased dielectric
constant of the membrane, Biochim. Biophys. Acta 1564 (2002)
207-213.

[48] M.C. Luna, S. Wong, C.J. Gomer, Photodynamic therapy mediated
induction of early response genes, Cancer Res. 54 (1994) 1374—1380.

[49] J.1. Kourie, Interaction of reactive oxygen species with ion transport
mechanism, Am. J. Physiol. Soc. 275 (1998) C1-C24.

[50] K.Y. Xu, JL. Zweier, L.C. Becker, Hydroxyl radical inhibits
sarcoplasmic reticulum Ca(2+)-ATPase function by direct attack on
the ATP binding site, Circ. Res. 80 (1997) 76—81.

[51] K.Y. Xu, J.L. Zweier, L.C. Becker, Oxygen-free radicals directly
attack the ATP binding site of the cardiac Na+,K(+)-ATPase, Ann. N.
Y. Acad. Sci. 834 (1997) 680—683.

[52] F. Ricchelli, G. Jori, S. Gobbo, M. Tronchin, Liposomes as models to
study the distribution of porphyrins in cell membranes, Biochim.
Biophys. Acta 1065 (1991) 42—48.

[53] B. Ehrenberg, E. Pevzener, Spectroscopic properties of the potentio-
metric Merocyanine 540 in solutions and liposomes, Photochem.
Photobiol. 57 (1993) 228—-234.

[54] A. Holoubek, J. Vecer, M. Opekarova, K. Sigler, Ratiometric
fluorescence measurements of membrane potential generated by yeast
plasma membrane H+-ATPase reconstituted into vesicles, Biochim.
Biophys. Acta 1609 (2003) 71-79.



	Rose Bengal located within liposome do not affect the activity of inside-out oriented Na,K-ATPase
	Introduction
	Materials and methods
	Materials
	Preparation of Na,K-ATPase
	Protein analysis
	ATPase activity measurement
	Preparation of proteoliposomes with or without Rose Bengal
	Characterization of the proteoliposome system
	Photo-irradiation studies

	Results
	Discussion
	Acknowledgements
	References


