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ABSTRACT

The response to Photofrin H-induced photosensitization on the activi
ties of mitochondria! monoamine oxidase (MAO) and adenylate kinase
(AK) were studied in order to gain further insight into site specific effects.
Utilizing intact mitochondria in vitro, both MAO, located on the cyto-
plasmic side of the outer mitochondria! membrane, and AK, located in
the intermembrane space, were inhibited by exposure to Photofrin II plus
light; inhibition was drug-dose and light-dose dependent. However, MAO
activity was inhibited to a greater extent than AK; at 35 jig/ml of Photofrin
II and 160 .I/an'. MAO activity was decreased by 80% whereas AK

activity was inhibited by 30%. Higher doses of Photofrin II had no
further effect on AK activity. Studies of photosensitization of AK in
different mitochondria! preparations demonstrated that inhibition of ac
tivity was evident only when mitochondria! membranes containing se
questered porphyrins were present in the reaction mixture. Using an in
vivo-in vitro protocol and sampling at 2 to 72 h after administration of
25 mg/kg of Photofrin II, photosensitization of MAO (30% inhibition)
was seen at 2 h after drug treatment but inhibition of activity was not
observed at later times. AK activity was unchanged over the entire time
course. Compared to cytochrome <â€¢oxidase, located in the inner mito

chondria! membrane and which displayed a sustained inhibition of activ
ity, we suggest that inhibition of MAO or AK activities probably does
not contribute to the tumor cytotoxicity under the usual conditions used
for photodynamic therapy.

INTRODUCTION

Exposure of malignant lesions to visible light subsequent to
systemic administration of Hpd,3 a procedure termed PDT, is
a promising new therapeutic approach (1-5). It is generally
accepted that photoactivation of Hpd, or the preparation en
riched in hydrophobic porphyrins, PII, results in production of
the toxic oxygen species, 'O2, which is probably responsible for
the ensuing cytotoxicity (6-10).

A consensus has not been reached regarding the intracellular
site(s) of action of PDT. Cell components that have been
implicated as leading to tumor cytotoxicity after PDT are the
plasma membrane (11, 12), the nucleus (13-16), microsomes
(17, 18), and mitochondria (19-24). Since our initial observa
tion of an inhibition of cytochrome c oxidase, our laboratory
has focused attention on the effects of porphyrin photosensiti
zation on tumor mitochondria by studying site-selected en
zymes. We reported that in addition to cytochrome c oxidase
(19), succinate dehydrogenase (20) and the F0F,ATP synthase
(25) were significantly inhibited following exposure of tumor
mitochondria to Hpd and light in vitro. These enzymes are
located in or on the inner mitochondrial membrane. In contrast,
malate dehydrogenase, an enzyme located in the mitochondrial
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matrix, was only marginally affected after treatment with Hpd
and light //; vitro (26). We concluded that susceptibility to Hpd
plus light was greater for enzymes located in the more hydro-

phobic regions, i.e., membrane bound, than those located in the
more hydrophilic mitochondrial matrix.

In the present study, we undertook an investigation of por
phyrin photosensitization of an enzyme located in the inter-

membrane space of the mitochondria, AK, and one that is
bound to the outer membrane, MAO. Effects on these enzymes
were compared to those observed for cytochrome c oxidase.
These experiments were performed in vitro as well as with the
i/i vivo-in vitro protocol consisting of systemic administration

of the photosensitizer followed by irradiation of isolated mito
chondria in vitro (20). Data were obtained in vitro indicating
that the membrane-bound enzymes, cytochrome c oxidase, and

MAO displayed similar patterns of photosensitized inhibition,
whereas under the same experimental conditions, adenylate
kinase was much less sensitive. Based on the time course of
effects of MAO from the in vivo-in vitro experiments and the

lack of effects on AK activity, we suggest that neither MAO
nor AK represent targets that contribute to phototherapy-in

duced tumor cytotoxicity.

MATERIALS AND METHODS

Chemicals. All reagents and chemicals were obtained from Sigma
Chemical Co. (St. Louis, MO) unless otherwise noted.

Animals and Tumors. The R323OAC mammary adenocarcinoma
was maintained by s.c. transplantation in the axillary region of 60- to
80-g female Fischer rats, using the sterile trochar procedure described
earlier (27).

Preparation of Tumor Mitochondria. Transplanted tumors were al
lowed to grow to approximately 1 cm in diameter (17 to 24 days after
transplantation), at which time animals were sacrificed, tumors excised
and placed on ice, and mitochondria isolated as described earlier (19).
The majority of experiments were performed using intact mitochondria
(membranes were undisturbed by sonication). However, sonication of
mitochondrial suspensions (disruption of membranes) was performed
for certain experiments to obtain intermembrane components. The
sonication procedure consisted of exposing intact mitochondrial sus
pensions on ice to three 30-s periods using a Biosonic III sonicator
(Bronwill Scientific, Rochester, NY) set on the 35 intensity setting.
The solubilized extracts from sonicated mitochondrial suspensions were
obtained by centrifugation at 100,000 x g (4Â°C).The supernatants

collected from this procedure contained components of the mitochon
drial matrix and of the intermembrane space.

Exposure of Mitochondrial Preparations to Photofrin II in Vitro. PII
was supplied by Photomedica, Inc. (Raritan, NJ). Stock solutions of
PI! were received frozen, thawed at room temperature, diluted to
desired concentrations in phosphate buffered saline (pH 7.4), divided
into 1-ml aliquots, and stored frozen at â€”70Â°Cuntil used. PII was

added directly to either intact or sonicated mitochondrial suspensions
or to extracts of sonicated mitochondria to achieve final concentrations
of 0.7, 3.5, 7.0, 35, or 70 ng PII/ml. Mitochondrial suspensions were
adjusted to approximately 4.5 mg protein/ml, determined according to
the method of Lowry et al. (28), prior to the addition of PH.

In Vivo Treatment with Photofrin II. Mitochondrial suspensions were
also prepared (as above) from tumors removed from animals that were
previously given injections of PII (25 mg/kg, i.p.) at 2, 24, 48, or 72 h
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prior to sacrifice, a procedure designated as the in vivo-in vitro protocol.
This experimental protocol provided us with suspensions of tumor
mitochondria containing porphyrins that had undergone whatever met
abolic events occur in the host animal prior to preparation of the
mitochondria and exposure to visible light.

Photoradiation Conditions. Photoradiation of tumor mitochondria!
preparations (1 ml) was performed by focusing a 1-cm diameter beam
emitted from a quartz halogen lamp filtered to a broad spectrum (570
to 700 nm) onto a .Vml quartz cuvet containing the sample. The sample
was continuously stirred magnetically, and the temperature of the
sample, which was monitored during photoradiation, did not rise above
ambient. The incident radiation (90 mW/cm2) was adjusted using

neutral density filters (NG series; Schott Optical Glass, Duryea, PA)
and measured with an RKS200 power radiometer connected to an RK
545 radiometer probe (Laser Precision Corp., Utica, NY). At selected
times during photoradiation, aliquots of the samples (10 to 40 Â¿tl)were
removed and analyzed for enzyme activities.

Enzyme Activity Analysis. Cytochrome c oxidase (inner mitochon
dria! membrane) and monoamine oxidase (outer mitochondria! mem
brane) activities were monitored in intact mitochondria! preparations
while adenylate kinase (intermembrane space) was measured in both
intact and sonicated mitochondria as well as in solubilized preparations
(described above). Cytochrome c oxidase activity was determined as
described previously (19). MAO activity was determined by the method
of Szutowicz et al. (29) with minor modifications. Briefly, 40 n\ of
intact mitochondria! suspension were added to a reaction buffer con
taining 100 HIMsodium phosphate (pH 7.4), 1.0 M tyramine, and 10
HIMNuN <;a substrate blank contained all of the reaction components
minus tyramine. Samples were incubated at 37Â°Cin a shaking water

bath (New Brunswick Scientific, New Brunswick, NJ) for 30 min to
allow the deamination of tyramine to 11..O...Peroxide concentration
was determined by addition of 0.5 ml of a solution containing 5 units
horseradish peroxidase and 1.8 M ABTS dissolved in 0.5 M sodium
phosphate-citrate buffer (pH 4.0). Fifteen s later, 0.25 ml of a solution
containing 0.75 M HC1 plus 5% SDS were added and the absorbance
of ABTS was measured at 414 nm (< = 24,600 M"1 cm"') (29). After

correcting for absorbance of the blanks, units of MAO activity were
calculated (1 unit = 1 nmol ABTS oxidized/min/mg protein); the
activity of control samples (prior to photoradiation) was 3.2 Â±0.4 units
(SE).

Adenylate kinase activity was measured by the modified assay of
Shatton et al. (30). Forty iÃ\of either intact or sonicated tumor mito
chondria or of the 100,000 x g supernatants obtained from sonicated
mitochondria were added to a 1 nil reaction mixture containing 50 HIM
Tris, (pH 6.7), 50 HIMhistidine, 10 mM MgCl2, 0.5 IHMglucose, 0.75
IHMNAl )!' . 0.3 units hexokinase, and 0.5 units glucose 6-phosphate

dehydrogenase. Formation of NADPH, which was linear for 4 to 5
min, was monitored at 340 nm using a Gilford 2400 recording spectro-
photometer (Gilford Instruments, Oberlin, OH). Activity was expressed
as Â¿imo!NADPH formed/min/mg protein.

The data are presented as a percentage of the initial activity, which
represents activity at zero time, i.e., prior to photoradiation.

RESULTS

Effects of PH-induced Photosensitization on Cytochrome c
Oxidase Activity in Vitro. Fig. 1 depicts the effects of PII plus
light on cytochrome c oxidase activity in intact tumor mito
chondria. Inhibition of cytochrome c oxidase activity was de
pendent on total fluence and on the dose of PII, displaying a
linear relationship up to a drug dose of 7.0 /ig/ml. The rates of
enzyme inhibition, calculated from the linear portion of the
inhibition curves, were 0.10, 0.21, 0.46, and 0.55%/J/cm2 for

doses of PII of 0.7, 3.5, 7.0, and 35 Â¿Â¿g/ml,respectively (see
inset. Fig. 1). Light controls, i.e.. mitochondria photoradiated
in the absence of PII, or mitochondria maintained in the dark
in the presence of PII (dark controls), retained greater than
90% of their cytochrome c oxidase activity throughout the time
period (1 h) used for photoradiation.
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Fig. 1. Effect of various concentrations of PII in vi'lro (O, 0.7 Â¿ig/ml;A, 3.5

Mg/ml; D, 7.0 ng/ml; O, 35 fig/ml) on tumor mitochondria! cytochrome c oxidase
activity during photoradiation. Experiments were performed on intact mitochon
dria; preparation of mitochondria, photoradiation conditions and assay conditions
are described in "Materials and Methods." Data are presented as a percentage of

initial cytochrome c oxidase activity (0.45 to 0.60 A absorbance units/min at 550
nm). Points, mean of at least three experiments; bars, SE; inset, rate of inhibition
(inhib) calculated by linear regression analysis of the data during the first 30 min
of photoradiation (0 to 160 J/cm2) for each concentration of PII studied.

Effects of PH-induced Photosensitization on Monoamine Ox
idase Activity in Vitro. Illustrated in Fig. 2 are the effects of
Photosensitization with PII on MAO activities. Increasing in
hibition of MAO activity was observed as the dose of PII was
increased; at the highest dose of PII, 35 fig/ml, the rate of
inhibition of MAO activity was 3.6%/J/cm2 (see inset, Fig. 2).

Dark controls, mitochondria exposed to PII but not photora
diated, and light controls, mitochondria exposed to light in the
absence of PII, displayed less than a 10% loss of MAO activity
during the 1-h time period studied.

Effects of PH-induced Photosensitization on Adenylate Kinase
Activity in Vitro. The activity of adenylate kinase, an enzyme
located between the inner and outer mitochondria! membranes,
designated the intermembrane space, was monitored during
exposure of intact mitochondria to various concentrations of
PII and increasing photoradiation in vitro. The data obtained
(see Fig. 3) indicated that AK activity was inhibited only to a
moderate extent and required higher dose levels of PII to
achieve these effects. For instance, to produce a reduction of
AK activity of 50%, it was necessary to use 35 or 70 iig/m\ of
PII and a total fluence of 325 J/cm2 of broad spectrum photo-

radiation. However, AK activity remaining in the intact mito
chondria after PII plus light treatment was inhabitable to 5% of
the initial activity, i.e., 95% inhibition, by addition of a specific
inhibitor, a solution containing 5 mM ATP and 10 A/Mdiaden-
osine pentaphosphate.

To determine whether the apparent inability of PII to pho
tosensitize AK in intact tumor mitochondria might be due to
some intrinsic property of the enzyme, we examined a purified
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Fig. 2. Effect of various concentrations of PII in vitro (O, 0.7 /Â¿g/ml;A, 3.5
/ig/ml; D, 7.0 Mg/ml; O, 35 pg/ml) on tumor mitochondria! monamine oxidase
activity during photoradiation. Photoradiation experiments were performed on
intact mitochondria; preparation of mitochondria, photoradiation conditions and
assay conditions are described in "Materials and Methods." Data are presented
as a percentage of initial monoamine oxidase activity (100% - activity at zero

min of photoradiation, 3.2 Â±0.4 units). Points, mean of at least three experiments;
bars, SE; inset, relationship of PII dose to rate of inhibition (inhib).

preparation of AK under the same conditions of drug and light
exposure (initial AK activity was adjusted so as to be compa
rable to that measured in intact mitochondria). Activity of the
purified enzyme was inhibited by 78% after exposure to 70 Â¿Â¿g
PH/ml and 325 J/cm2 photoradiation (data not shown). These

data indicated that the enzyme per se, in the absence of mem
branes and other components of the intermembrane space, was
photosensitized to a greater extent than when it was located in
the intermembrane space in intact mitochondria. Fig. 4 depicts
the measurement of AK activity when these different sample
preparations were exposed to 7.0 tig/m\ PII and light in vitro.
A rank order of the extent of inhibition, i.e., increased photo-
sensitivity to PII, of AK in various mitochondria! preparations
was observed, with an order of increasing inhibition as follows:
supernatant preparations of mitochondria to which the drug
was added prior to sonication < mitochondria exposed to
sonication and photoradiated < supernatant preparations from
sonicated mitochondria to which PH was added directly to the
supernatant preparation < intact mitochondria (no sonication)
< purified AK enzyme. A similar rank order of photosensitivity
was observed at PII doses of 35 and 70 Mg/ml, when compared
on a percentage of inhibition per J/cm2 basis (data not shown).

Taken together, these data suggested that the porphyrins pres
ent in PII were probably partitioned to a greater extent into
mitochondria! membranes versus the intermembrane space. The
sensitivity of the purified AK, or AK obtained in preparations
from sonicated mitochondria, to direct exposure to PII plus
light indicated that the weak response in intact mitochondria
was probably not due to properties inherent in the enzyme.
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Fig. 3. Effects of various concentrations of PII in vitro (O, 0.7 Mg/ml; A, 7.0
Mg/ml; D, 35 Â«ig/ml;O, 70 >ig/ml) and photoradiation on adenylate kinase activity
in intact tumor mitochondria. Data are presented as a percentage of initial
adenylate kinase activity (l.S to 2.2 A absorbance units/min, monitored at 340
nm). Points, the mean of at least three experiments; bars, SE; inset, rate of
inhibition (Â¡nhib)calculated by linear regression analysis of the data at all energy
densities for each concentration studied.

Effects of PH-induced Photosensitization on Mitochondria!
Enzyme Activities after Drug Administration. Tumor mitochon
dria were prepared from tumor-bearing animals given injections
of 25 mg/kg PII and photoradiated in vitro, i.e., the in vivo-in
vitro protocol. Photoradiation conditions were the same as
those in the in vitro experiments. Animals were sacrificed at 2,
24, 48, or 72 h after injection of PII, and photosensitization of
cytochrome c oxidase, MAO, and AK was assessed. These
results are depicted in Fig. 5. The activity of AK was essentially
unaffected by PII photosensitization (<10% inhibition)
throughout the time course studied. The activity of MAO was
reduced by 28% in tumor mitochondria obtained 2 h after
injection of PII, but at subsequent times, this initial extent of
inhibition gradually disappeared and did not exceed 15% re
duction at 72 h. In contrast, cytochrome c oxidase was not
inhibited by this treatment until later times; at 24 and 48 h
after administration of PII, activity of cytochrome c oxidase
was reduced by 40% compared to controls (drug injected but
not photoradiated). These data indicate that PH-induced pho
tosensitization of these enzymes varied with time and with their
mitochondria! location.

DISCUSSION

The sequence(s) of events as well as the site(s) of action that
produce tumor cytotoxicity as a result of PDT has not been
fully elucidated. A number of reports in the literature have
implicated mitochondria as important targets of the photosen
sitizing action of Hpd or Photofrin II. Effects of porphyrin
photosensitization on mitochondria include uncoupling of ox-
idative phosphorylation from respiration and inhibition of Ca2+

uptake and respiration (31); inhibition of enzymes involved in
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Fig. 4. Effects of 7.0 jig/ml PII plus photoradiation on adenylate kinase
activity monitored in different tumor mitochondria preparations (see "Materials
and Methods"): A, supernatants from mitochondria sonicated after exposure to
PII: O, sonicated mitochondria; Ã•.'.supernatants from sonicated mitochondria to

which PII was added directly; O, intact mitochondria; V, purified adenylate kinase.
Data are presented as a percentage of initial AK activity. Points, mean of at least
three experiments; bars, SE.

electron transport (19, 20); swelling and disruption (22); inhi
bition of F0F,ATPase, an enzyme involved in oxidative phos-
phorylation (25); decrease in cellular levels of ATP in vitro (23,
32) and tumors in vivo (33); and inhibition of aniÃ³n transport
(24). Perlin et al. (25) reported that the porphyrin-induced
inhibition of proton transport across the inner mitochondria!
membrane, due to inhibition of F0F,ATP synthase, occurred at
a time prior to detection of direct damage to the membrane;
similar conclusions were drawn by Atlante et al. (24) when
studying mitochondria! aniÃ³n transport. Kessel (23) reported
that with longer times after incubation of cells with Hpd in
vitro, the site of photo-induced damage shifted from the plasma
membrane, measured by cycloleucine transport, to intracellular
organelles, as evidenced by a decrease in cellular ATP and
reduction in DNA synthesis. It was suggested that such findings
were probably a result of the retention of more hydrophobic
porphyrin species in membranes of intracellular organelies,
such as the mitochondria. In a recent study, Ceckler et al. (33)
demonstrated that PDT produced a dramatic reduction in phos
phorus resonances associated with ATP, utilizing 3IP nuclear

magnetic resonance spectroscopy of R3230AC tumors in situ.
Thus, a picture is emerging from a number of findings that
early events resulting from porphyrin photosensitization occur
at the inner membrane of mitochondria.

In the experiments reported here, we investigated whether
photosensitization might be manifested at other mitochondria!
sites such as the intermembrane space and the outer membrane.
To accomplish this, we measured activities of adenylate kinase,
located in the intermembrane space, and monoamine oxidase,
attached to the outer membrane, after exposure to Photofrin II
and light. The effects observed were contrasted to those ob-
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Fig. 5. Time course of photosensitization of selected mitochondria! enzymes

by PII in vivo-in vitro. Mitochondria were prepared from animals sensitized with
25 mg/kg of PII as described in "Materials and Methods." Data are presented as

a percentage of initial enzyme activity for cytochrome c oxidase (A), monoamine
oxidase (D), and adenylate kinase (O). Enzyme activity at each time selected after
photoradiation was monitored in intact mitochondria! suspensions. Points, mean
of at least three experiments; han,. SE.

served for cytochrome c oxidase, an enzyme that spans the
inner membrane of the mitochondria. Data obtained using
intact tumor mitochondria in vitro demonstrated that photosen
sitization of MAO and cytochrome c oxidase presented similar
patterns; both exhibited drug and light dose-dependent inhibi
tion of activity. Quite different results were obtained for AK
under the same experimental conditions. For example, at a dose
of 35 Mg/ml PII (or even at 70 /xg/ml) plus l h of photoradiation,
55% of the initial AK activity remained compared to only 10
and 2% of the initial activity remaining for MAO and cyto
chrome c oxidase, respectively. A number of possible explana
tions can be offered to account for the lower photosensitivity
of AK in intact mitochondria: (a) lack of photosensitivity could
be due to partitioning of porphyrin components in PII into the
more hydrophobic lipid environment of the inner and outer
mitochondria) membranes, resulting in a lower concentration
of the photosensitizer in the aqueous (and less hydrophobic)
intermembrane space in which AK resides; (b) the enzyme may
be protected from inactivation due to enhanced quenching of
'O2 in the intermembrane space, which is a more aqueous

environment, and/or to the presence of competing reactants,
i.e., other proteins. Reduced production of 'O2 by porphyrins

exposed to light in aqueous versus organic environments has
been reported (34); (c) the structure of AK may intrinsically
lack sensitivity to porphyrin photosensitization.

Additional experiments were conducted to ascertain which
of these postulates could be supported. We ruled out intrinsic
properties of AK as the cause for insensitivity by studying the
purified enzyme directly, assuming that its 3-dimensional struc
ture in vitro was the same as in situ; it was inactivated by PII
plus light. Intact mitochondria exposed to 7.0 ng PH/ml were
sonicated and then underwent centrifugation to separate out
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components present in the intermembrane space; when this
latter preparation was exposed to light, no inhibition of AK
activity was observed. These results suggested that insufficient
levels of porphyrins had accumulated in the intermembrane
space during exposure of intact mitochondria to PII. On the
other hand, addition of PII (7.0 ng/m\) directly to preparations
containing components residing in the intermembrane space,
followed by exposure to light, caused an inhibition of AK
activity (22%), albeit somewhat less than that observed for AK
in intact mitochondria (35%). We interpret these results as
indicative of the presence of PII components in membranes in
close proximity to the location of AK contributing to the total
'O2 produced upon exposure to light. Curiously, the apparently

lower photosensitivity of AK when the enzyme was studied in
those organelle preparations containing intermembrane com
ponents was a finding similar to previous results observed with
the matrix enzyme, malate dehydrogenase (35). Thus, we sug
gest that substances may be present in the intermembrane space
or the matrix that interfere with inactivation of AK by the
action of PII and light. The greater inhibition of AK observed
in intact mitochondria may be explainable if the enzyme exists
in close proximity to membranes that have sequestered com
ponents of PII, the distance being such as to enable 'Oj to reach

susceptible sites on AK. Support for this suggestion comes from
our studies using Hpd bound to Sepharose beads, an experi
mental model in which enzyme damage can be observed even
when the immobilized photosensitizer and targets of '(), are in

close proximity (35).
The time course of effects on the activities of cytochrome c

oxidase, AK, and MAO studied by the in vivo-in vitro protocol
is quite informative. When contrasted at the various times
studied, an interesting pattern of enzyme inhibition was ob
tained. The activity of AK, which was least sensitive to PII plus
light in vitro, was relatively unaffected throughout the period
of time (2 to 72 h after injection of PII) examined. MAO
activity, which displayed a rapid reduction in activity 2 h after
administration of PII, returned to control levels within 48 h.
Cytochrome c oxidase activity displayed little inhibition at the
earliest time studied but showed a 40% reduction at 24 and 48
h after administration of PH. The results for cytochrome c
oxidase confirm those reported earlier for Hpd in this in vivo-
in vitro protocol (19). These data, together with our earlier
findings (20) and a recent report by Kessel (23), provide support
for suggesting a sequence of events wherein tumor cells, exposed
to Hpd or PII, initially sequester components of these porphyrin
preparations in the plasma membrane. The porphyrins then
enter the cytoplasm where they can photosensitize such en
zymes as pyruvate kinase (20), effects that essentially disap
peared by 24 h after their administration. During this initial
24-h period, porphyrins are accumulating at the outer mem
brane of mitochondria, as evidenced by the early photo-induced
inhibition of MAO. At later times, such as 48 to 72 h after
injection of PII or Hpd, the data indicate that the inner mito
chondria! membrane has concentrated the more hydrophobic
porphyrin components. Thus, at the time that most clinical
protocols initiate photoradiation, i.e., 48 to 72 h after admin
istration of Hpd or PII, we suggest that components located in
the inner mitochondrial membrane are highly susceptible to the
deleterious effects of 'O2 produced by photoactivation of the

sequestered porphyrins. If this postulated sequence, which is
based on this and previous studies using the same experimental
conditions, is valid, then those mitochondrial effects that may
contribute to tumor cytotoxicity, under the clinical protocols
usually used for PDT, are manifested at the inner mitochondrial

membrane with little or no damage demonstrable at either the
outer mitochondrial membrane or in the intermembrane space.
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