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Abstract

The efficiency and selectivity of photosensitized damage to membrane functions may be influenced strongly by the identity of the
initial reactive species formed by the photosensitizer. To test this possibility, a photosensitizer, rose bengal (RB), was used that resides in
the plasma membrane and which generates singlet molecular oxygen (03 ) upon excitation with visible light, and radicals plus 105 upon
excitation with UV radiation. With this approach, '02* and radicals are formed at the same locations in the plasma membrane. The
response of three plasma membrane functions, namely, proline transport, membrane potential, and membrane impermeability to charged
dye molecules, was assessed. The efficiencies of the responses in the presence and absence of oxygen were compared per photon
absorbed by RB at two wavelengths, 355 nm (UV excitation) and 532 nm (visible excitation). The efficiency of oxygen removal before
irradiation was assessed by measuring the RB triplet lifetime. The three membrane functions were inhibited more efficiently at 355 nm
than at 532 nm in the presence of oxygen indicating that the radicals are more effective at initiating damage to membrane components
than 102*. The ratio of photosensitized effects at the two wavelengths in the presence of oxygen was the same for two membrane
functions but not for the third suggesting that '02* and radicals initiate a common mechanistic pathway for damage to some membrane
functions but not to others. Removing oxygen reduced the efficiency of 355 nm-induced photosensitization by factors of 1.4 to 7. The
sensitivity of the three membrane functions to 'Oz* -initiated damage varied over a factor of 50 whereas radical initiated damage only
varied by a factor of 15. In summary, these results indicate that radicals and 102* formed at the same locations in the plasma membrane
vary in their efficiency and specificity for membrane damage but may, in some cases, operate by a common secondary damage
mechanism in the presence of oxygen.

Kevwords: Photosensitization; Singlet oxygen; Free radical; Plasma membrane; Photodynamic therapy; Membrane potential; Proline transport; Lipid
oxidation

1. Introduction proved photosensitizers and light delivery systems have
been developed [1-3]. Other promising medical applica-
tions of photosensitization are purging of bone marrow of
leukemic cells for transplantation and elimination of viruses
from blood components for transfusions [4,5].
Applications of photosensitization as a tool in biology
include targeting cell populations such as specific neurons
[6,7] and cells that are actively endocytosing {8,9]. Dyes
plus photoirradiation have been used to generate specific
reactive oxygen species as an aid to understanding mecha-

nisms in reperfusion injury [10,11] and to cause focal

Photosensitization in biology is the process in which a
molecule, termed the photosensitizer, absorbs visible or
ultraviolet energy and subsequently produces reactive
species that alter cellular molecules and initiate cellular
responses. Therapeutic applications of light-induced cyto-
toxicity, especially for destruction of tumor tissue (photo-
dynamic therapy), have increased recently because im-
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thrombosis [12,13]. Subcellular sites have been targeted
using a dye attached to monoclonal antibodies and pulsed
laser irradiation [14-16]. Applications of photosensitiza-
tion in medicine and biology would benefit from greater
efficiency and greater selectivity for targeting cellular and
subcellular sites.



224 LE. Kochevar et al. / Biochimica et Biophysica Acta 1280 (1996) 223-230

Many of the photosensitizers used in biology and
medicine localize in cellular membranes, either the plasma
membrane or intracellular membranes. In general, the reac-
tive species produced diffuse only very short distances
before reacting [17,18]; thus, the initial damage is limited
to sites close to the photosensitizer. Membrane photosensi-
tization has been shown to decrease the plasma membrane
potential [19-21], inhibit transport of molecules across the
plasma membrane [22,23], and both inhibit and activate
membrane associated enzymes [24,25]. Cellular responses
induced by plasma membrane photosensitization include
apoptosis [26] and expression of early response genes [27].

The primary step in photosensitization is the formation
of reactive species. Many photosensitizers produce singlet
oxygen ('O, ), a highly reactive excited state of oxygen,
by energy transfer from the excited triplet state of the
photosensitizer. Another primary reaction is the formation
of free radicals from the photosensitizer either through
cleavage of weak bonds in the photosensitizer or electron
transfer reactions. The reactions of 'O, and free radicals
with unsaturated lipids and proteins in the membrane may
directly cause alterations in membrane functions.

A major goal of this study was to generate 102* and
free radicals at the same sites in the plasma membrane and
determine whether these species are equally efficient and
selective toward membrane components. The approach
used was to hold the location for formation of reactive
species constant by using a single photosensitizer and to
vary the reactive species by choosing a photosensitizer that
produces different reactive species under different irradia-
tion conditions. Our recent results [21] indicate that the
location of 102* formation in the plasma membrane strongly
influences the relative damage to different membrane com-
ponents. The responses of three membrane functions to
photosensitization were determined in this study. If the
identity of the primary reactive species strongly influences
the membrane damage, the relative effect on these mem-
brane functions should vary with the reactive species
produced. Alternatively, if damage to membrane functions
results mainly from a subsequent mechanism, such as lipid
oxidation, the relative effect on the membrane functions
should not vary greatly with the reactive species produced.
Rose bengal (RB) was chosen as the photosensitizer be-
cause our previous studies demonstrated that 102* is gener-
ated upon excitation with visible radiation and highly
reactive radicals are produced, in addition to 102* , on
excitation with UV radiation [28].

2. Materials and methods
2.1. Chemicals
Rose bengal was obtained from Aldrich (Milwaukee,

WI) with a stated purity of 97% and used as received.
Hanks’ balanced salt solution (HBSS), Hepes buffer (20

mM  N-(2-hydroxyethyl)piperazine-N’-(2-ethane sulfonic
acid), pH 7.4), trypan blue and cell culture media were
obtained from Gibco BRL Products (Life Technologies,
Gaithersburg, MD). Bis-(1,3-diethylthiobarbituric acid)tri-
methine oxonol (bis-oxonol) was obtained from Molecular
Probes (Eugene OR) and L-[*H]proline from Amersham
(Arlington Heights, IL). Nitrogen (99.8%) was obtained
from Airco Industrial Gases (Kittery, ME). An RB stock
solution (500 wM) was prepared in 5 mM phosphate-
buffered saline (pH 7.4), divided into 0.5 ml aliquots and
stored at —20°C. The stock solution was diluted to a final
concentration of 3 M in the cell suspension.

2.2. Cell culture

P388D, cells, a mouse macrophage monocyte line that
grows in semi-suspension, was obtained from the Ameri-
can Type Culture Collection (ATCC No. CCL46). Cells
were cultured in Fischer’s media supplemented with 10%
heat inactivated horse serum in 175 cm?* culture flasks at
37°C with 5% CO,. The day before an experiment, cells
were seeded at 0.3 - 10° cells /ml.

2.3. Absorbance measurements

Cells were incubated with 3 uM RB in HBSS for 20
min, centrifuged and the absorbance of the supernatant at
the maximum near 550 nm was determined to measure the
uptake of RB by cells following the procedure described
previously [21]. In a separate experiment, the absorbance
at the irradiation wavelengths, 355 and 532 nm, were
measured on a cell suspension (1 - 10® cells /ml) contain-
ing 3 uM RB using a cell suspension without RB as the
reference.

2.4. Irradiations

Prior to irradiations cells were harvesied, washed twice
in HBSS (pH 7.4) and resuspended at 1 - 10® cells/ml in
HBSS. When required, N,-gassing was performed as de-
scribed below. The cells were stirred slowly with a micro
stirring bar during the irradiation in a 1 cm path length
quartz cuvette; the sample volume was 1.2 ml. All sam-
ples, including non-irradiated controls were stirred for the
same length of time in a given experiment. Control sam-
ples for all experiments included cells treated with RB but
not irradiated, and cells not treated with RB but exposed to
the highest light dose.

Irradiations employed a Quantel YG 660A Q-switched
Nd:YAG laser (Continuum, Santa Clara, CA) either fre-
quency doubled to produce 532 nm or frequency tripled to
produce 355 nm radiation. The pulse length was 8 ns, the
beam diameter incident on the sample was 6 mm and the
repetition rate was 5 Hz. The pulse energy was typically
10 mJ as measured with a Scientech (Boulder, CO) disc
calorimeter (type 38-0101) with a Scientech digital indica-
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tor (type 365). The maximum irradiation time was 3 min
40 s. The laser energy was monitored continuously during
the course of an experiment. Under these conditions, the
laser pulse intensity at both wavelengths was 4.4 - 10°
W /cm®. For experiments measuring membrane potential,
very low total doses were used. In this case, the pulse
energy was lowered to 3 mJ in order to deliver enough
pulses to irradiate the sample evenly. Variable numbers of
pulses were used to deliver each specified dose.

2.5. Reduction of oxygen concentration in cell suspensions

The oxygen content of certain samples was reduced by
N, saturation. Samples were placed in fluorescence cu-
vettes and sealed with a rubber septum. Nitrogen was
blown gently over the surface of the stirred sample for 40
min. Control experiments showed that this treatment did
not adversely affect the membrane functions studied com-
pared to air-saturated samples. The sample contained RB
during this procedure except for the proline transport
experiments where an aliquot of N,-gassed stock RB solu-
tion was injected 20 min before completion of the nitrogen
gassing procedure. Unirradiated control samples taken at
the beginning and end of each experiment and treated in
the same way as irradiated samples showed that the cells
had not deteriorated during the course of the experiment.

To determine whether each cell suspension containing
RB was thoroughly deoxygenated by the N, gassing pro-
cedure, the lifetime of the RB triplet was determined using
laser flash photolysis before irradiation. The laser flash
photolysis apparatus has been described previously [29].
The same laser was used for the laser flash photolysis as
for the irradiations. Control experiments showed that the
monitoring lamp and the single laser pulse used to acquire
the RB triplet kinetics by laser flash photolysis did not
produce photodamage to any of the membrane functions
assayed. Rose bengal was excited at 532 nm or 355 nm
and time-resolved absorption changes monitored at 520
nm, a wavelength where a large difference absorption
(typically 2-1072 M~ ! cm™!) can be detected. In an
air-saturated cell suspension, the lifetime of RB triplet was
~2 us. The N, gassing procedure increased the RB
triplet lifetime to > 60 us indicating that the oxygen
concentration was lowered significantly. Under these con-
ditions, irradiation at 532 nm of samples having RB triplet
lifetimes of > 60 wus did not produce alterations to any of
the membrane functions at light doses which caused signif-
icant damage in the air-saturated samples. The RB triplet
lifetime was measured on all N,-gassed cell suspensions
before irradiation at either 355 or 532 nm. Only samples
having RB triplet lifetimes > 60 us were used.

2.6. Plasma membrane potential assay

Our previous procedure was modified for this study
[21]. For each light dose, 3 samples (1.2 ml each), were

irradiated, placed on ice immediately, and kept in the dark
until the beginning of the assay. When all the irradiations
were complete, the 3 samples were combined (3.6 ml total)
and washed three times with cold Hepes buffer to reduce
the amount of RB present. The pooled sample was then
assayed as three 1.2 ml aliquots. Each was transferred to a
fluorescence cuvette and maintained at 37°C for 10 min to
equilibrate to temperature. The fluorescence of residual RB
(A, =540 nm, A, =565 nm) was measured on this
sample. This value was subtracted from all subsequent
measurements of bis-oxonol fluorescence; it was always
less than 10% of the total fluorescence intensity. An
aliquot (6 wl) of the fluorescent probe dye, bis-oxonol,
was added from a 150 uM stock solution to give a final
concentration of 0.75 uM. After incubation at 37°C for a
further 10 min, the intensity of the fluorescence was
measured (A,, = 540 nm, A, =565 nm). The cells were
completely depolarized by adding 48 ul KCl (4 M),
incubating 10 min, and 4 wl gramicidin (2 mg/ml) and
incubating the sample at 37°C for a further 10 min; the
fluorescence of this sample was then measured. The rela-
tive polarization of the sample was determined from the
formula,

F(;p - Fexp

F,—F,

5]

Fraction membrane potential =

where F, is the fluorescence intensity of bis-oxonol in an
unirradiated sample, F,,, is the fluorescence of bis-oxonol
in an irradiated sample, F;, is the fluorescence of bis-
oxonol in a fully depolarized, unirradiated sample and Fj,
is the fluorescence of bis-oxonol in a fully depolarized
irradiated sample. Because sample preparation caused a
variable amount of depolarization, the maximum depolar-
ization achievable by addition of KCI and gramicidin was
measured before each experiment. Preparations were only
used if at least a 60% change in fluorescence was obtained.
The standard deviation on the triplicate measurements was
typically +15% of the mean. Unirradiated control samples
were treated in the same manner as irradiated samples for
each set of experiments.

2.7. Proline transport assay

The procedure used previously [21] was adapted to
samples containing only 1-10° cells/ml. Three 1.2 ml
samples were irradiated at each delivered light dose. Im-
mediately following irradiations, the three samples were
combined and stored on ice. For analysis, the combined
sample was centrifuged and resuspended in 2.4 ml of
ice-cold HBSS to produce a final concentration of 1.5 - 10°
cell /ml. Prior to being assayed, the sample and the proline
mixture were incubated separately at 37°C for 10 min to
allow the temperature to equilibrate. At this time the inner
stores of amino acids in the cells were depleted having
been in HBSS for at least 1 h. A 184 ul aliquot of the



226 LE. Kochevar et al. / Biochimica et Biophysica Acta 1280 (1996} 223-230

proline mixture was then added to 800 ul of sample; the
final concentrations were 12.3 uCi/assay of L-{*H]proline
and 18.8 uM unlabeled L-proline. The mixture was shaken
gently and maintained at 37°C for 4 min, a time shown in
preliminary experiments to be in the linear portion of the
uptake curve. At the end of this time, 10 ml of ice-cold
HBSS was added and the sample kept on ice until all the
assays were complete. The samples were centrifuged for 6
min in the cold (300 X g; Sorvall Model RT6000 cen-
trifuge), and the supernatant decanted. The sample was
washed three times with ice-cold HBSS. The tip of the
centrifuge tube containing the cell pellet was cut off and
added to 3.5 ml of scintillation fluid (Liquiscint, National
Diagnostics) in a scintillation vial. The samples were
shaken and counted using a Beckman LS3801 liquid scin-
tillation counter. Three assays were carried out on each 2.4
mi sample. Standard deviations for the triplicate measure-
ments were typically +30% of the mean.

2.8. Membrane permeability assay

Following irradiation the cell suspension was allowed to
stand for 1 h + 5 min at room temperature in the dark. A
100 wl aliquot was diluted 1:1 with a 0.4% trypan blue
solution and two chambers in a hemacytometer were
counted immediately. A minimum of 50 cells were counted
for each assay. The range of the duplicate determinations
was typically + 15% of the average.

3. Results
3.1. Uptake of RB by cells

The uptake of RB by cells was determined by incubat-
ing cells with 3 uM RB for 20 min, centrifuging and
comparing the absorbance of the supernatant with the
absorbance of a cell-free RB sample. These measurements
indicated that 72% of the RB was associated with cells at
1-10° cells/ml. This value was used to calculate the
fraction of light that was absorbed by RB in the plasma
membrane.

3.2. Absorption of 355 nm and 532 nm light by RB in cell
membranes

The absorption spectrum of 3 uM RB in cell suspen-
sion (1 - 10° cells /ml) against a cell suspension reference
is shown in Fig. 1. In order to compare the efficiency of
photosensitization at 355 and 532 nm, the number of
photons absorbed for each incident light dose must be
known. The absorbance of a sample containing 3 uM RB
and 1 - 10° cells/ml was 0.12 at 532 nm and 0.01 at 355
nm, using a cell suspension without RB as the reference.
Using these values and considering that 72% of the RB
molecules are associated with the cells, the percent of the

Absorbance

A

300 400 500 600
Wavelength (nm)

Fig. 1. Absorption spectrum of 3 uM rose bengal in P388D, cell
suspensions (1 - 10° cells /ml) in Hanks’ balanced salt solution. Reference
sample contained cell suspension alone.

incident light absorbed by membrane-bound RB is calcu-
lated to be 18% at 532 nm and 1.6% at 355 nm. Because
the visible absorption maximum of RB in membranes
red-shifts slightly [30], the percent light absorbed at 532
nm may be slightly lower than this value; the value for 355
nm should be unaffected since the absorbance does not
vary greatly with wavelength in this region of the spec-
trum. The absorbed doses of radiation at the two wave-
lengths were converted into numbers of photons absorbed
by multiplying by the number of photons/joule at each
wavelength.

3.3. Photosensitized depolarization of the plasma mem-
brane

The plasma membrane potential was monitored using
the fluorescence of bis-oxonol [19,21]. Potential interfer-
ence from RB fluorescence in the measurement of bis-
oxonol emission was minimized by washing the cells twice
before determinations. Residual rose bengal fluorescence,
typically 10% of the bis-oxonol fluorescence, was mea-
sured for all samples prior to the addition of the bis-oxonol.
Treatment with RB in the dark or with the highest light
dose (355 nm or 532 nm) in the absence of RB did not
decrease the membrane polarization. The results were ex-
pressed as the fraction of membrane potential compared to
the RB-treated, unirradiated controls in order to normalize
results from different experiments and plotted versus pho-
tons absorbed by membrane-bound RB (Fig. 2).

To compare the efficiency of photosensitization under
different conditions and for different membrane functions,
the number of photons absorbed by membrane-bound RB
that causes a 50% change in the membrane function was
defined as the Py, value. Each Py, value was calculated
from the equation for the exponential fit of the data. The
lower the Py, value, the more efficient the photosensitiza-
tion process. To calculate the error associated with each
Py, value, the difference between each measured value for
a membrane function and the value from the fit curve was
determined and the average percent difference calculated.



LE. Kochevar et al. / Biochimica et Biophysica Acta 1280 (1996) 223-230 227

1.0 ¢ o ] ]
s [ —
T
3 o]
2 0.8 X A
a [
g I
£ 06 ]
g 1
g L
g 04y ]
=4 .
2 L ]
g 02r ]
s £ f
0 Lev . A T
0 3 p &6 9 12 15
Photons absorbed at 532 nm (x 1078
X S ‘ ‘

o2 | :

Fraction membrane potential

o L
0 0.1 0.2 03 04 05 06
Photons absorbed at 355 nm ( x 1079

Fig. 2. Depolarization of the plasma membrane photosensitized by 3 uM
rose bengal in the presence and absence of oxygen. Panel A shows results
using 532 nm radiation. Panel B shows results using 355 nm radiation.
Filled circles = aerated samples; open circles = N,-gassed samples. Data
are from at least two experiments for each aerated treatment and from a
single experiment for N,-gassed samples. The standard deviation of
triplicate measurements for each treatment was typically 15% of the
value.

This error on the y-axis is shown as the dashed horizontal
lines extending to the fit curve in Fig. 2. The x-axis values
for the intersection of these lines with the fit curve gave
the errors in Ps, (in photons absorbed on the x-axis) and
are shown as the dashed vertical lines in Fig. 2. The P,
values, the error ranges and the correlation coefficient for
each fit are given in Table 1.

Irradiation at 532 nm in the presence of oxygen caused
significant loss of membrane polarization whereas in the
absence of oxygen, photosensitized depolarization did not

Table 1

occur (Fig. 2A). When 355 nm radiation was used, the
photosensitization efficiency increased; the Py, value in
aerated samples was a factor of ~ 16 lower using 355 nm
than using 532 nm radiation (Fig. 2). Oxygen depletion
only partially inhibited the RB-photosensitized depolariza-
tion upon 355 nm irradiation as shown in Fig. 2B; at the
maximum energy used, 1.2 - 10'® photons, a 38% decrease
in membrane potential was observed (data not shown). The
P;, value was a factor of about seven larger in the
air-saturated cell suspension.

3.4. Photosensitized inhibition of proline transport

The uptake of proline by cells was measured four min
after mixing the cells with L-[*H]proline. Experiments
using control, unirradiated cells (1 - 10° cells /ml) demon-
strated that 4 min is in the linear portion of the uptake
curve, similar to the results of previous studies [21]. The
results are expressed as fraction of proline uptake com-
pared to the RB-treated, unirradiated controls. Results
from at least two experiments obtained with each irradia-
tion condition are shown in Fig. 3 along with the curves
showing the exponential fit of the data; correlation coeffi-
cients for the fits were > 0.91.

Irradiation of cell suspensions with 532 nm light in the
presence of RB produced dose-dependent inhibition of
L-[*Hlproline uptake in air-saturated samples but not in
N,-saturated samples, as expected for a 'O;-mediated
mechanism (Fig. 3A). Photosensitized inhibition of proline
transport in air-saturated suspensions was approximately
6-fold more efficient using 355 nm than 532 nm radiation
(Table 1). Removal of oxygen completely eliminated the
photosensitized inhibition of proline using 532 nm radia-
tion (Fig. 3A). In contrast, the presence of oxygen had
virtually no effect on RB photosensitization induced by
355 nm radiation (Fig. 3B). the Ps, values were the same
within experimental error. Light alone (355 or 532 nm) at
the highest doses used did not inhibit proline transport.
Prolonged incubation (> 40 min) with RB alone caused
inhibition of proline uptake in the dark in both N,- and

Efficiency of photosensitized alterations in plasma membrane functions using 3 M rose bengal

Membrane function P, values, photons X 1076 ®

532 nm 355 nm

air nitrogen ¢ air nitrogen
Membrane potential 5.2 (4.4-6.1) - 0.35(0.31-0.40) 2.7(2.5-2.9)

[0.91] [0.93] [0.89]
Proline transport 19 (12-28) - 3.7(2.9-4.7) 2.6(1.5-4.1)

[0.96] [0.94] [0.91]
Membrane permeability 270 (230-320) - 16 (14-18) 41(32-49)

[0.94]

* Mean value. Range given in parentheses was calculated from % error in measurements of membrane function as described in the text.

® Correlation coefficients for each fit are given in square brackets.

¢ Slopes of plots of fraction membrane function versus absorbed photons were all within experimental error of zero.
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air-saturated cell suspensions. To avoid this effect, 20 min
incubations were used for air-saturated samples and N,-
gassed stock RB solution was injected into the N,-gassed
(20 min) cell suspension and N,-gassing was continued for
20 min. Control experiments showed that gassing RB-con-
taining samples with air or N, for 20 min did not inhibit
proline uptake. This procedure was not necessary for sam-
ples assayed for other membrane functions; only proline
transport was sensitive to prolonged incubation with RB.

3.5. Photosensitized change in membrane permeability

The fraction of P388D, cells that stained with trypan
blue was determined 1 h following irradiation and was
used to monitor membrane permeability. Less than 5% of
untreated cells were stained by trypan blue; neither the
highest light doses in the absence of RB, nor RB treatment
without light increased the trypan blue uptake. Nitrogen
saturation completely inhibited the permeability induced
by RB photosensitization using 532 nm excitation (Fig.
4A). The results obtained with 355 nm excitation did not
show a simple exponential dependence on absorbed dose
(Fig. 4B) in contrast to the results obtained for all of the
other treatments and membrane functions. The line drawn
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Fig. 3. Inhibition of proline transport by P388D, cells photosensitized by
3 M rose bengal in the presence and absence of oxygen. Panel A shows
results using 532 nm radiation. Panel B shows results using 355 nm
radiation. Filled circles = aerated samples; open circles = N,-gassed sam-
ples. Data from at least two experiments for each treatment condition
were normalized to unmity for the unirradiated, RB-containing control
sample. The data points are the mean of triplicate measurements of a
sample. The standard deviation on triplicate measurements for each
treatment was typically 30% of the value.
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Fig. 4. Photosensitization of increased permeability of cells to trypan blue
by 3 uM rose bengal in the presence and absence of oxygen. Panel A
shows results using 532 nm radiation. Panel B shows results using 355
nm radiation. Filled circles = aerated samples; open circles = N,-gassed
samples. Data are from at least three experiments for each treatment
condition and represent duplicate determinations on each sample.

in Fig. 4B is the fit to a second order polynomial equation
suggesting a shoulder in the dose—response curve. Because
these data could not be fitted to an exponential function no
correlation coefficient is given. The Py, values indicate
that nitrogen saturation decreases the efficiency of RB
photosensitization upon 355 nm irradiation by a factor of
approximately 2.5. Photosensitization by RB in air-
saturated cell suspensions was approximately 17-fold more
efficient using 355 nm than using 532 nm radiation (Table

1.

4. Discussion

The approach taken to investigate the importance of the
primary reactive species in membrane photosensitization
was to use a single photosensitizer that produces different
reactive species when excited at two different wavelengths.
The two types of reactive species are generated at the same
sites; use of two photosensitizers that generate different
reactive species is complicated by differing locations of
the two photosensitizers. Rose bengal was chosen because
it displays wavelength dependent photochemistry [28] and
resides in the plasma membrane. Although RB may even-
tually be at least partially internalized, the short period of
incubation of cells with RB used in these experiments
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minimizes this possibility. The structures of the radicals
produced from irradiation of RB at 355 nm have not been
characterized chemically. Our previous results indicated
that carbon-iodine bond cleavage occurred which results in
an iodine radical and a carbon-centered radical on the
xanthene moiety. These radicals have not been identified
spectroscopically and other radicals may form such as the
RB cation radical from photoionization at 355 nm. Thus,
the general term ‘radicals’ is used.

The first question asked was whether the radicals pro-
duced upon 355 nm excitation of RB in the presence of
oxygen contribute to the damaging of membrane functions.
If these radicals are not effective, equal Py, values are
expected upon 532 and 355 nm excitation for each mem-
brane function since equivalent yields of 102* are formed
at both wavelengths [28]. The results in Table 1 show that
the P, values are significantly lower at 355 nm than at
532 nm in air-saturated cell suspensions for all three of the
membrane functions. This indicates that an efficient (radi-
cal-initiated) damage mechanism becomes very important
and dominates the 'O; mechanism at the shorter wave-
length. This result is consistent with findings of our previ-
ous study using RB solubilized together with acetylcholin-
esterase which showed that radicals were produced by 313
nm radiation with a quantum yield of ~ 0.001 and were
about 200-times more effective than 'O; for enzyme
inhibition [28]. The low efficiency of the 'O;-mediated
pathway relative to the radical-mediated pathway may
result from the high rate of escape of ’Oz* from mem-
branes [17].

A goal of this study was to determine whether 'O; and
radicals cause damage to membrane components by dis-
crete primary reaction mechanisms or cause damage by a
shared secondary mechanism in the presence of oxygen.
The results in Table 1 can be used to differentiate between
these two possibilities. If a shared secondary mechanism
for damage makes a major contribution to the photosensiti-
zation process in the presence of oxygen, the efficiency
upon 355 nm excitation (where 'O; and radicals are both
produced) should be greater than the efficiency upon 532
nm excitation ('O, only) by the same factor for each
membrane function, i.e., the ratio, Ps,(532)/P;,(355),
should be the same for all three membrane functions. This
ratio. Pg,(532)/P,(355), was 15 for membrane potential,
5 for proline transport and 17 for membrane permeability.
Thus, it appears that at least for some membrane functions
(membrane potential and membrane permeability in these
studies) a shared secondary mechanism dominates the
processes leading to photosensitized damage initiated by
'0; and radicals. Since our previous results indicated that
photosensitized damage occurs relatively close to the loca-
tion of the photosensitizer [21], it appears even the sec-
ondary mechanism does not allow the reactive species to
‘travel’ far in the membrane.

For proline transport, the Py,(532)/Ps,(355) ratio in
aerated samples was 5, much lower than for the other two

membrane functions suggesting that the primary radicals
produced upon 355 nm irradiation are more damaging that
the secondary reactive species for this membrane function.
The observation that the P, values for proline transport
were the same in the presence and absence of oxygen upon
355 nm irradiation also suggests that the radicals formed
dominate the photosensitization mechanism and that a
secondary process does not make a major contribution in
the presence of oxygen (Table 1).

The results obtained in this study were also used to
address the question of the relative selectivity of 102* and
radicals toward the membrane components controlling the
three membrane functions. Because the efficiency for radi-
cal production from RB upon 355 nm excitation is not
known in the plasma membrane, the relative ability of 'O}
and radical molecules to cause damage cannot be quanti-
tated. Under conditions where only 'O; is produced (532
nm irradiation, air-saturated), the Py, values for alterations
in membrane potential, proline transport and membrane
permeability varied over a range of 50. In contrast, when
only radicals are produced (355 nm excitation, N,-
saturated) the range was only 15. These values indicate
that the radical-initiated mechanism (in the absence of
oxygen) is less selective than the 'Oz* -initiated damage
mechanism.

The photosensitization mechanism initiated by radicals
in the presence of oxygen appears to involve an oxidative
component for two of the three membrane functions. Com-
parison of the Ps, values obtained upon 355 nm excitation
indicates that for membrane potential and membrane per-
meability, the sensitization is significantly more effective
in the presence than in the absence of oxygen although for
proline transport, as noted above, the P;, values are the
same within experimental error in air- and N,-saturated
samples. Since IO; does not make a major contribution to
the photosensitization at 355 nm excitation, it appears that
a free radical initiated oxidative mechanism occurs.

The results in this study extend our previous work on
membrane photosensitization with RB in which it was
demonstrated that the location of a photosensitizer in the
plasma membrane influences the relative damage to differ-
ent membrane functions [21). The relative Py, values for
membrane potential, proline transport and membrane per-
meability were 1:7.3:43, respectively, in the previous study
and are 1:3.6:52, respectively, in this study. These values
follow the same order and are of similar magnitudes.
Variations in the magnitudes may result from differences
in the experimental treatments; the wavelengths, intensities
and the number of RB molecules per cell. The data
available are not sufficient to identify the major variable.

In summary, these results indicate that radicals damage
membrane functions more efficiently than 105‘ , even when
both species are produced at the same locations in the
plasma membrane. In addition, '02* and radicals may initi-
ate damage to some membrane components by a shared
common mechanism and to other membrane components
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by separate mechanisms. The results further indicate that
when reactive radicals are produced, they are less selective
than 102" and that oxygen is involved in the damage
mechanism for some membrane functions. Further work is
required to determine whether the different pathways and
effects in the plasma membrane that are initiated by two
different types of reactive species will be reflected in
subsequent cellular responses to photosensitization.
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