
(CANCER RESEARCH 48, 3360-3366, June 15,1988|

Photosensitizing Effects of Hematoporphyrin Derivative and Photofrin II on the
Plasma Membrane Enzymes 5'-Nucleotidase, Na^K"1"-ATPase,and

Mg2+-ATPase in R3230AC Mammary Adenocarcinomas1

Scott L. Gibson, Richard S. Murant, and Russell Hilf2

DÃ©pannentof Biochemistry and University of Rochester Cancer Center, University of Rochester School of Medicine and Dentistry, Rochester, New York 14642

ABSTRACT

The sensitivity to photodynamic treatment of three plasma membrane
enzymes in R3230AC mammary adenocarcinomas was assessed. The
activities of Na+K*-ATPase, Mg2+-ATPase and 5'-nucleotidase in iso

lated membranes were measured after exposure of membranes to either
hematoporphyrin derivative or Photofrin II plus light in vitro or in tumor
membranes prepared from animals previously injected with 25 mg/kg
Photofrin II and sacrificed at various times prior to exposure to light (in
vivo-in vitro protocol). The activities of both Na*K*-ATPase and Mg2+-

ATPase were inhibited at equivalent rates by Photofrin II in vitro;
inhibition was drug dose and light dose related. For S'-nucleotidase in

vitro, a 10-fold higher porphyrin concentration was required to achieve a
similar rate of enzyme inhibition as that for the ion-activated ATPases.
Injection of Photofrin II in vivo followed by preparation of tumor plasma
membranes, which were subsequently exposed to light in vitro, produced
no photosensitization of S'-nucleotidase activity at any time studied (up

to 72 h after Photofrin II administration). Under the same conditions
Na*K*-ATPase activity was reduced by 40-60% from 2 to 72 h after
drug injection, whereas Mg2+-ATPase activity was inhibited by 10-25%

over the same time course. The differential sensitivity of these three
enzymes observed in this in vivo-in vitro protocol suggests that each
enzyme may possess different characteristics, such as three-dimensional
configuration or membrane location, that afford varying susceptibility to
porphyrin photosensitization. The data also suggest that photosensitivity-
induced damage to these ion-activated plasma membrane ATPases could
have deleterious effects on tumor cell survival.

INTRODUCTION

PDT3 is a promising new therapeutic modality for the man
agement of malignancy (1-5). This treatment regimen consists
of the systemic administration of a preparation termed hema
toporphyrin derivative (commercially available as Photofrin II,
PII) followed by the exposure of the malignant lesions to visible
light. Tumor regression in vivo and cell cytotoxicity in vitro are
attributed to the production of the highly reactive oxygen
species, singlet oxygen, "O2 (6-11). Many cellular sites have
been implicated as the targets for the damage caused by 'O2.

including the plasma membrane (12, 13), microsomes (14, 15),
the nucleus (16-19), and mitochondria (20-23). Although a
consensus has not been reached regarding the chronology of
events that lead to tumor cell death nor to the cellular site(s)
where the initial event is lethal, there is general agreement that
mitochondria are important targets of porphyrin photosensiti
zation in vitro (24-28).

In our laboratory, we examined the porphyrin-induced pho-
tosensitivity of selected enzymes in tumor mitochondria using
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both in vitro and in vivo-in vitro protocols. Enzymes located
within or attached to the inner mitochondria! membrane, such
as cytochrome c oxidase, succinate dehydrogenase, and the
proton translocating I-"0F|ATPase, were significantly inhibited

by porphyrin photosensitization (20, 21, 24). However, one of
the earliest reports on the action of hematoporphyrin derivative
was from Kessel (12), who observed significant reductions in
transport of cycloleucine (or aminoisobutyric acid) into LI210
cells. He concluded that the plasma membrane was functionally
altered by this treatment. Others have confirmed this in cultured
cells based on the appearance of lactate dehydrogenase in the
medium, interpreted as indicative of physical damage, i.e.,
leakiness, to the plasma membrane (29). Since we suggested
that mitochondria! membranes are sites of photosensitization,
we undertook a study of the tumor plasma membrane, using
similar experimental models. We investigated the effects of
porphyrin photosensitization on selected enzymes known to be
attached to the plasma membrane to determine whether pho-
tosensitized-induced enzyme inhibition would occur at this
membrane site. The results presented here indicate that the
activities of Na+K+-ATPase, Mg2+-ATPase, and S'-nucleotid

ase in plasma membrane preparations from tumors display
differences in photosensitivity to Hpd or PH.

MATERIALS AND METHODS

Materials. Photofrin II was obtained from Photomedica Inc. (Rari-
tan, NJ). From frozen 1.0-nil aliquots (2.5 mg/ml), dilutions of PII
were freshly prepared with phosphate buffered saline (pH 7.4) every
few days and kept refrigerated. Hematoporphyrin derivative was pre
pared according to the method of Lipson et al. (30) from hematopor
phyrin dihydrochloride (Sigma Chemical Co., St. Louis, MO). Unless
otherwise stated, all other chemicals and reagents were purchased from
Sigma.

Immobilization of Photofrin II on AH Sepharose-4B Beads. Photofrin
II was immobilized on AH Sepharose-4B beads (Pharmacia Inc., Pis-
cataway, NJ), using the method described earlier for Hpd (31). Produc
tion of '(): by PII immobilized on Sepharose beads was measured by

the RNO assay (31). Under the same conditions of sensitizer concen
tration and photoradiation, the same rates of RNO bleaching were
obtained for immobilized PII and for immobilized Hpd.

Animals and Tumors. The R3230AC mammary adenocarcinoma was
maintained by s.c. transplantation in the axillary region of 60-80-g
female Fischer rats, using the sterile trochar procedure described pre
viously (32).

Plasma Membrane Preparation. Animals were sacrificed 17 to 24
days after tumor transplantation; tumors averaged 1 cm in diameter.
The tumors were excised, placed in cold homogenization buffer (see
below), and minced finely with scissors. In a threefold excess of buffer,
the tissue was washed twice and homogenized using a Polytron homog-
enizer (PCU2-110; Brinkman Industries, Westbury, NY) for two 30-s
periods at a setting of 5. Plasma membranes, isolated by two different
methods, yielded membranes of similar purity. The buffer used in the
first method (Buffer A) contained 250 HIMsucrose, 20 HIMTris-HCl
(pH 7.4), and 0.1 niM phenylmethylsulfonyl fluoride; in the second
method (Buffer B), the buffer contained 250 HIMsucrose, 30 HIMTris-
HCl (pH 7.4), 40 mM NaCl, 1.0 mM MgCI2, 1.0 mM dithiothreitol, and
0.1 mM phenylmethylsulfonyl fluoride.
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PHOTOSENSITIZATION OF PLASMA MEMBRANE ENZYMES

The initial experiments of Hpd photosensitization on S'-nucleotidase

activity utilized membranes prepared by the method of Shin et at. (33)
using Buffer A. This method required initial removal of nuclei by
centrifugation at 700 x g for 15 min and then mitochondria by centri-
fugation at 27,000 x g for 10 min. These and all subsequent steps were
carried out at 4Â°C.The plasma membrane fraction was isolated from

the 27,000 x g supernatant by centrifugation at 73,000 x g for 60 min.
The plasma membrane pellet was resuspended in 60% sucrose-30 mM
Tris-HCl (pH 7.4) and adjusted to 40% sucrose, as measured by optical
density, with 30 mM Tris-HCl. Into 30-ml centrifuge tubes and over a
7-ml plasma membrane suspension, 7 ml each of 37%, 33%, and 25%
sucrose-30 mM Tris-HCl were sequentially layered. These discontin
uous gradients were then centrifuged at 96,000 x g for 6-8 h in a
Beckman SW-27 rotor. The membranes located between the uppermost
two interfaces were collected, diluted 4-fold in 30 mM Tris-HCl buffer,
washed twice and pelleted by two 75-min 73,000 x g centrifugations,
and then frozen at â€”70Â°Cuntil use for studying the effects of photosen
sitization on 5'-nucleotidase activity.

A simpler and more rapid method, using the second homogenizing
buffer (Buffer B, see above), was adapted from Maeda et al. (34). Onto
15 ml of 37% sucrose (prepared in Buffer B lacking 250 mM sucrose)
were placed 15 ml of the supernatant collected after a slow speed
centrifugation (700 x g) of the total homogenate. This mixture was
then centrifuged for 75 min at 96,000 x g. The membranes distributing
at the interface were removed, diluted 4-fold with homogenizing buffer,
and then pelleted at 73,000 x g for 75 min. The membranes were
resuspended, washed once in 4 volumes of 30 mM Tris-HCl and pelleted
at 73,000 x g. The membrane pellet was resuspended in 30 mM Tris-
HCl, using 1.0 ml of buffer/1.0 g of original tumor weight. These
suspensions were stored at -70"C until use for study of photosensiti
zation of Na+K+-ATPase and Mg2+-ATPase in vitro. Membranes ob

tained for the in vivo-in vitro protocol were prepared using this proce
dure.

Treatment of Plasma Membrane Preparations with Hpd or Photofrin
II in Vitro. Frozen plasma membranes were thawed on ice and diluted
to approximately 4.0 mg protein/ml with 30 mM Tris-HCl (pH 7.4),
determined by the method of Lowry et al. (35). Hpd or PII at the
desired concentration in the dark was added either as an aqueous
solution or as a suspension when immobilized on AH Sepharose-4B
beads.

Treatment with Photofrin II in Vivo. The in vivo-in vitro protocol
consisted of isolating plasma membranes from tumors in animals that
had received a single dose of PII (25 mg/kg, administered i.p.) at 30
min, 2, 24, 48, or 72 h prior to sacrifice. All procedures following
administration of PII to the animals were performed in the dark.

Photoradiation Conditions. Photoradiation of plasma membranes was
conducted using two different light sources: fluorescent and quartz
halogen. The initial studies on 5'-nucleotidase in vitro employed flu

orescent light. The incident light energy emitted by the lamps was
measured by an RK5200 power radiometer connected to an RK545
radiometer probe (Laser Precision Corp., Utica, NY).

Fluorescent light (300-900 nm) was used for photoradiation of
plasma membranes that had been treated with Hpd in vitro only in
initial experiments measuring 5'-nucleotidase activity. In 16 x 100-

mm borosilicate test tubes, 0.2-ml aliquots of membrane samples were
illuminated with a 14-W fluorescent lamp at a distance of 6 cm; incident
light energy was 0.2 mW/cm2. Samples were obtained at selected times
and 5'-nucleotidase activity was assayed.

For plasma membranes treated either in vitro or obtained from
tumors after treatment with PII in vivo, a 1.0-cm diameter filtered beam
of broad band light (570-700 nm) emitted from a 500-W quartz halogen
lamp was focused on a 1.0-ml sample of plasma membranes placed in
a 3.0-ml quartz cuvet. Incident light energy was adjusted with neutral
density filters (NG Series, Schott Optical Glass) to 150 mW/cm2. The

membrane suspensions were stirred magnetically throughout photora
diation, during which portions of the sample (30-50 ^1) were taken at
selected times for measurement of enzyme activities. Temperature of
the plasma membrane suspensions was monitored during photoradia-
tion and did not rise above ambient (22-25Â°C).

Enzyme Assays. Plasma membrane suspensions were assayed for

Na+/K+-ATPase, Mg2*-ATPase, and 5'-nucleotidase activities. Na+/
K+-ATPase activity requires the presence of Na* and K* ions, and is
inhibited by ouabain (36). Mg2+-ATPase activity is defined as the
ouabain-insensitive activity that is stimulated by Mg2+ and ATP (37).
The assays for Na*/K*-ATPase and Mg2+-ATPase employed conditions

described by Quigley and Gotterer (37), where quantitation of P\ re
leased was used as the endpoint. For total plasma membrane ATPase
activity, 50 /ul of sample were added to 0.95 ml of substrate buffer
solution, containing 30 mM Tris-HCl (pH 7.4), 120 mM NaCl, 20 mM
KC1, 5.0 mM ATP, 7.5 mM MgCI2, and 0.5 mM EGTA. For samples
added to a substrate-buffer solution that lacked KC1 and NaCl (buffer
with only Mg2+ and ATP), or to the complete substrate-buffer solution

plus 1.0 mM ouabain, hydrolysis of ATP, i.e., formation of P\ was
attributed to Mg2*-ATPase (ouabain-insensitive ATPase) activity. The
reaction mixtures were incubated at 37*C in a shaking water bath (New

Brunswick Scientific, New Brunswick, NJ) for 60 min, after which 1.0
ml of ice-cold 10% trichloroacetic acid was added to terminate the
reactions. After centrifugation at 700 x g for 10 min, inorganic phos
phate was determined on 1.0 ml of the supernatant according to the
method of Harris and Popat (38). Na+/K+-ATPase activity was calcu

lated by subtracting the amount of ouabain-insensitive ATPase, i.e.,
Mg2+-ATPase, activity from the total ATPase activity. Activity for

these ATPases was expressed in units (1 unit = 1 nmo\ Pi released/
min/mg protein).

Measurement of 5'-nucleotidase activity was performed using the

method of Lesko et al. (39). The plasma membrane sample (100-150
/ig protein) was added to 1.0 ml of an assay buffer solution containing
50 mM Tris-HCl (pH 7.5), 5 mM S'-AMP, and 10 mM MgCU. After
incubating for 30 min at 37'C in a shaking water bath, the reaction was

stopped by addition of 1.0 ml 10% trichloroacetic acid. The PÂ¡concen
tration was determined (38) and enzyme activity was expressed in units,
as noted above.

RESULTS

Photosensitization of Na*K+-ATPase and Mg2+-ATPase in

Plasma Membranes by Photofrin II in Vitro. Plasma membrane
suspensions were exposed to either 0.7 or 7.0 ng/m\ PII in vitro
and enzyme activities were determined after selected periods of
illumination. The results (Fig. 1, A and It) show a drug- and
light-dose-related inhibition of both ATPases. Neither ATPase
activity was altered in membrane samples exposed to PII but
not illuminated (dark control) nor in membrane samples illu
minated in the absence of drug treatment (light control) over
the range of drug and fluence used. Rates of enzyme inhibition
were calculated from the linear portion of each curve and are
expressed as percentage of enzyme inhibition/J â€¢cm"2 (control

= 100% activity at zero time prior to photoradiation, which
was 2.5 x IO"2 U for Na+K+-ATPase and 1.3 x 10~' for Mg2+-
ATPase). At 0.7 ng/ml PII, Na+K+-ATPase activity was inhib
ited at a somewhat higher rate than Mg2+-ATPase, 0.14 versus
0.07% inhibition/J-cm"2, respectively. However, at the higher

7.0 Mg/ml PH dose, no differences, 0.24 versus 0.28% inhibi
tion/J â€¢cm~2, respectively, were seen for these rates of inhibi

tion. These data demonstrate that there was little difference in
the sensitivity of Na+K+-ATPase and Mg2*-ATPase to porphy-
rin-induced photosensitization in vitro.

Photosensitization of Na*K*-ATPase and Mg2*-ATPase by
Immobilized Photofrin II in Vitro. The effect of PII-induced
photosensitization on Na*K+-ATPase and Mg2+-ATPase activ

ities in vitro was further investigated to determine whether a
differential sensitivity would be seen if entry of the sensitizer
into the plasma membrane was prevented. To assess this, we
employed our recently published procedure (31), which was
used to immobilize Hpd, to immobilize Photofrin II on AH
Sepharose-4B beads (see "Materials and Methods"). With this
reagent, one can produce equivalent levels of 'Oz (as measured

3361

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/12/3360/2431330/cr0480123360.pdf by guest on 19 M

ay 2023



PHOTOSENSITIZATION OF PLASMA MEMBRANE ENZYMES

100

300
J/cm2

600

100-

300
J/cm2

600

B 100-

J/cmÂ¿

Fig. 1. Effects of PII-induced photosensitization on the activities of Na*K*-
ATPase (A) and Mg2*-ATPase (/') in plasma membrane preparations in vitro. A,

0.7 /ig/ml PII, D, 7.0 fig/ml PII. Dala, percentage of initial enzyme activity (zerotime prior to photoradiation; 2.5 x 10~2U for Na*K*-ATPase and 1.3 x 10"' U
for Mg2*-ATPase). Points, mean of at least three experiments; error bars, SEM.

by RNO bleaching) after exposure of immobilized or aqueous
PII to light. We exposed plasma membranes to immobilized
PII to determine the extent of inhibition of Na+K'f-ATPase and
Mg2+-ATPase. The data (Fig. 2, A and B) demonstrate that

inhibition of these two ion activated ATPase enzymes was
similar. The rates of inhibition (percentage of inhibition/J
em'2) were: 0.07 and 0.16 for Na+K+-ATPase at 0.7 and 7.0

//g/ml immobilized PII concentrations, respectively, and 0.06
and 0.16, respectively, for Mg2+-ATPase at the same concen

trations of sensitizer. The concordance of results for inhibition
of Na+K+-ATPase and Mg2+-ATPase, using either free or im

mobilized PII, suggests that these plasma membrane enzymes
in R3230AC tumors may reside in similar topographical loca
tions and/or are equally susceptible to 'O2. Although the degree

of inhibition for both ATPases was consistently greater for
photosensitization with PII in aqueous solution than with the
immobilized preparation, the data, nevertheless, suggest that
'().- produced exterior to the plasma membrane had lifetimes

50
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100 300
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Fig. 2. Effects of immobilized PII to photosensitize Na*K*-ATPase (A) or
Mg2*-ATPase (B) in plasma membrane preparations. Preparation of immobilized
PII is detailed in "Materials and Methods." A, Data obtained with 0.7 /ig/ml and

squares with 7.0 mi/ml of the immobilized PH. Data, percentage of initial enzyme
activity (zero time prior to photoradiation); 2.5 x IO"2 U for Na*K*-ATPase and
1.3 x 10"' U for Mg2*-ATPase). Points, mean of at least three experiments; error

bars, SEM.

of sufficient duration to inflict damage on these membrane
enzymes.

Effects of Porphyrin-induced Photosensitization on the Activ
ity of Plasma Membrane 5'-Nucleotidase. Earlier, we investi

gated the effects of Hpd photosensitization in vitro on another
plasma membrane enzyme, 5'-nucleotidase. UUderthe experi

mental conditions used (Hpd 0.7, 7.0, 35, or 70 ng/ml and
photoradiation by a 14-W fluorescent lamp), concentrations of
0.7 or 7.0 Mg/ml Hpd in vitro plus light had only a minimal
effect on 5'-nucleotidase activity (<20% inhibition) (see Fig.

3). Even at 35 ng/ml Hpd, photoradiation-induced inhibition
of 5'-nucleotidase activity was less than that observed for
Na+K+-ATPase or Mg2+-ATPase exposed to a photosensitizer

concentration of 7.0 Â¿ig/ml(Figs. IA and 2/1)- At the highest
Hpd concentration in vitro, 70 Mg/ml, however, inhibition of
5'-nucleotidase activity approached that observed for the

ATPases studied.
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Fig. 3. Effects of various concentrations of Hpd on S'-nucleotidase activity
(Militi lines) during photoradiation of plasma membranes with fluorescent light
in vitro (see "Materials and Methods"). The concentrations of Hpd used were: A,
0.7 Mg/nil: O, 7.0 Mg/ml; â€¢.35 pg/ml; â€¢.70 MB'ml. Data, percentage of initial
5'-nucleotidase activity (100% = 4.05 - 6.25 x 10~2U). Also shown is effect of
7.0 xg/ml Hpd plus broad band (570-700 nm) light at 150 mW/cm2 on 5'-

nucleotidase activity (A, broken line). Points, mean of at least three separate
determinations; hars. SEM.

To determine whether this weaker response of S'-nucleotid

ase was due to the lower intensity of light emitted from the
fluorescent source (0.2 mW/cm2), plasma membranes were

exposed to 7.0 ng/m\ PII followed by photoradiation with 150
mW/cm2 of 570-700 nm light (see "Materials and Methods").
This treatment produced <20% inhibition of 5'-nucleotidase

activity after 1 h photoradiation (Fig. 3), an inhibition much
lower than seen for either Na+K+-ATPase or Mg2+-ATPase

under the same experimental conditions (Fig. 1). To ascertain
whether the lack of inhibition of 5'-nucleotidase was due to

some intrinsic property of the enzyme, we treated a purified
preparation of the enzyme (activity adjusted to the same level
found in membrane preparations) with 0.7 or 7.0 iig/m\ Hpd
plus fluorescent light (Fig. 4). Exposure of purified S'-nucleo
tidase to 7.0 ne/ml Hpd and 0.36 J/cm2 photoradiation pro

duced a 60% inhibition of activity. Since the purified prepara
tion of S'-nucleotidase was photosensitized by Hpd, we infer
that either the enzyme's location and/or environment in the

membrane afforded protection against photosensitization by
either hematoporphyrin preparation.

Photosensitization of Plasma Membrane Enzymes following
Administration of Photofrin II in Vivo. Plasma membranes were
prepared from R3230AC tumors borne on animals sacrificed
at selected times after a single i.p. administration of 25 mg/kg
PII and subsequently exposed to light in vitro. The data (Fig.
S) are expressed as a percentage of control (enzyme activity
prior to photoradiation) for each of the enzymes in plasma
membranes. In these experiments, illumination consisted of 45
min of photoradiation with 150 mW/cm2 broad band light
(570-700 nm). Throughout the time course examined, S'-

nucleotidase activity was not affected (<5% decrease in activity),
whereas Mg2+-ATPase activity was modestly reduced, reaching

a 25% decrease in plasma membranes prepared from tumors

50-
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DOS OÃ•S 03 036
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Fig. 4. Effects of Hpd photosensitization on purified 5'-nucleotidase exposed
in aqueous solution to fluorescent light (see "Materials and Methods"). The
activity of purified S'-nucleotidase was adjusted by dilution to approximate that
observed in plasma membrane preparations (4-6 x I(I ' U). Data, percentage of

initial activity (activity measured prior to photoradiation in the presence of Hpd).
The two concentrations of Hpd employed were: A, 0.7 *ig/ml; O, 7.0
Points, mean of at least three separate experiments; bars, SEM.

POST INJECTION (hr)
Fig. 5. Time course of I'll induced photosensitization of selected plasma

membrane enzymes, using the in vivo-in vitro protocol. Plasma membranes were
prepared from animals treated with 25 mg/kg PII, as described in "Materials and
Methods." Dutu, percentage of initial enzyme activity for S'-nucleotidase (â€¢),
Mg2*-ATPase (â€¢),and Na*/K*-ATPase (D). Enzyme activity at each time point
was measured after 45 min photoradiation at 150 mW/cm! (570-700 nm). Points,

mean of several separate experiments; error bars, SEM.

obtained 72 h after PII treatment. In contrast, Na+K+-ATPase

activity was rapidly inhibited reaching greater than 50% reduc
tion by 2 h after administration of PII and remaining approxi
mately at this decreased level throughout the time course stud
ied. These data demonstrate differences in the susceptibility of
these plasma membrane enzymes to porphyrin-induced photo
sensitization when PH was administered systemically to tumor-
bearing animals.

DISCUSSION

Efficacy of PDT is probably due to hydrophobic "active
components" of Hpd or Photofrin II (either dihematoporphyrin
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ether or ester) in the membranes of tumor cells (40-42), with cÃÃ±atedehydrogenase occurred only when soluble Hpd was used
retention of dihematoporphyrin ether or ester in vivo prolonged
in tumor tissues compared to most normal tissues. Once se
questered in the tumor, exposure to visible light causes produc
tion of '<):, a highly reactive oxygen species that mediates

cellular damage. Questions remain regarding the discrete ac
tions of porphyrin photosensitization, such as identifying crit
ical intracellular target(s) where initial 'O2-induced damage

might occur. Tumor cell mitochondria appear to be an impor
tant target of porphyrin-induced photosensitization, with re
ports demonstrating a decrease in oxidative phosphorylation
(24), ( "a" uptake and respiration (43), and inhibition of key

enzymes associated with these processes (20, 21, 24). However,
functional or morphological disruption of the plasma mem
brane could also be an important factor in cell viability.

Damage to plasma membranes was observed after porphyrin
photosensitization of various cells in culture. Effects such as
protein cross-linking (44), inhibition of transport of substrates
required for DNA (25), and reduced protein and RNA synthesis
( 12) were reported and suggested as contributing to cytotoxicity.
Morphological changes in the plasma membrane were seen,
such as bleb formation (45), membrane swelling, and leakage
of eyloso lie components (46), all indicating disruption of mem
brane structure. However, these responses may relate to the
length of time of exposure of cells to porphyrins in vitro.
Christensen et al. (29) observed lÃ¡clatedehydrogenase leakage,
bleb formation, membrane swelling and cell inactivation after
a 30-min exposure of cultured NHIK 3025 cells to Hpd and
light, whereas after 24 h of incubation, plasma membrane
damage was minimal, although cytotoxicity was produced. Kes
sel (25) demonstrated a similar pattern of events for L1210
cells in culture. After a 30-min incubation with 10 Mg/ml Hpd
plus light, transport of cycloleucine was decreased but DNA
synthesis, viability, and ATP pool size were minimally affected.
After 18 h, however, it was the latter parameters that were
affected, indicating that the damage was at intracellular sites
rather than the plasma membrane. Dubbelman and Van Stev-
eninck (46), studying L929 fibroblast cells in culture, found
that active transport of Rb+ and a-aminoisobutyric acid were

inhibited by 5 and 10 ng/m\ Hpd and l h illumination, whereas
the passive efflux of K+ and passive influx of Rb+ required

exposure to an Hpd concentration of 25 Mg/ml plus light before
any effect occurred. From these findings, they concluded that
active transport systems were more sensitive to photodynamic
action than the passive membrane barrier function. Results
reported here on several plasma membrane enzymes support
the findings by Dubbelman and Van Steveninck (46), since we
observed both drug-dose- and light-dose-related inhibition of
the activities of Na+K+-ATPase and Mg2+-ATPase, enzymes

that utilize ATP to maintain ion gradients across the plasma
membrane (47). Both ATPases were affected similarly by PII
plus light //; vitro, effects that should impair ion movements
against the gradients.

We also employed an immobilized PII reagent and light,
reasoning that this approach might provide insight into differ
ences in membrane locations or enzyme configurations for the
two ATPases, based on differential sensitivity to 'O2 produced
externally. Na+/K+-ATPase was reported to span the entire

plasma membrane (36). Although rates of enzyme inhibition
were generally lower with the immobilized PII reagent both ion
activated ATPases were affected similarly. These results con
trast to those observed for two inner mitochondrial membrane
enzymes; cytochrome c oxidase activity was inhibited by both
aqueous Hpd and immobilized Hpd whereas inhibition of suc-

(31). In this earlier report (31), immobilized Hpd did not cause
inhibition of Na+K+-ATPase, but those experiments employed
dissociated cells and fluorescent light at 0.2 mW/cm2 compared
to membrane preparations and broadband illumination, 570-
700 nm, at 150 mW/cm2, used here. Nevertheless, the similarity
of the porphyrin-induced photoinactivation of Na+K+-ATPase
and Mg2+-ATPase in plasma membrane preparations implies

that these enzymes may be similar in configuration and location
where oxidative damage occurs and/or that the intimate envi
ronment of these enzymes is similar, permitting sufficient
amounts of porphyrin components to accumulate and act as
photosensitizers. While details of the structure and location of
Na+K+-ATPase are being evolved (48), little information on
Mg2+-ATPase has been published.

Our data indicate that 5'-nucleotidase was relatively insen
sitive to Hpd- or PH-induced photosensitization, since only
when membranes were exposed to 70 ^g/ml Hpd and fluores
cent light did we observe rates of inhibition comparable to those
seen for the ion-activated ATPases. Under the same conditions
used to study photoinactivation of Na+K+-ATPase and Mg2+-
ATPase in vitro (broad band light at 570-700 nm, 150 mW/
cm2 for 1 h, 7.0 tig/ml PII), we observed little or no alteration
in the activity of 5'-nucleotidase. This was probably not due to

intrinsic properties of the enzyme, since the purified enzyme
was significantly inhibited by Hpd plus light in vitro. However,
the three-dimensional structure of 5'-nucleotidase in the plasma

membrane may differ from the purified enzyme in solution.
One possible explanation for the relative lack of sensitivity of
5'-nucleotidase, which is thought to be deeply anchored in the

plasma membrane with its main enzymatic activity located at
the outer surface (49), may be attributed to protection of the
enzyme from oxidative damage by the local membrane environ
ment via components in the membrane that react with '(): to

quench it before it interacts with susceptible sites in the enzyme.
To compare the results on plasma membrane enzymes with

previous studies of certain mitochondrial enzymes (28), initial
rates of inhibition were calculated by linear regression analysis
of data obtained under identical conditions of drug dose and
fluence. Expressed as percentage of inhibition/J â€¢cm"2, these
values at 7.0 Mg/ml PII and 150 mW/cm2 broad band (570-
700 nm) illumination are: Na+-K+ ATPase, 0.24; Mg2+ATPase,
0.28, 5'-nucleotidase, 0.04; and for the mitochondrial enzymes,

cytochrome c oxidase, 0.46; monoamine oxidase, 0.24; and
adenylate kinase, 0.04. These data indicate that the ATPases
were inhibited at approximately half the rate as the inner
mitochondrial enzyme cytochrome c oxidase. Although such
results imply differences in enzyme sensitivity to photosensiti
zation, other factors, i.e., membrane environment, enzyme
structure in situ, affect overall sensitivity. Furthermore, the
relationship between extent of inhibition of enzyme activity and
its impact on cellular metabolism may differ among these
enzymes.

From the in vivo-in vitro protocol, a differential inhibition of
the three plasma membrane enzymes was seen. Over the time-
course, 5'-nucleotidase was unaffected (<5% inhibition), Mg2+-

ATPase activity was reduced by 15-25% (30 min to 72 h) and
Na+K+-ATPase was inhibited by 40-60% from 2 to 72 h. These
differences in inhibition for Na+K+-ATPase versus Mg2*-

ATPase were not observed with plasma membrane preparations
exposed to porphyrins in vitro. Assuming that some metabolism
of PII occurred in the animal, such differences in photosensi-
tivity could be due to differences in local environment, i.e.,
concentration of porphyrins and/or presence of components
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capable of scavenging 'O:, or to differences in enzyme config- 12

uration in the membrane. Regardless of these considerations, 13
inhibition of these enzymes should be detrimental to the cell.
Without the ability to maintain an intracellular ion balance of 14
high K+ and low Na+, diffusion of these ions across the mem
brane would alter intracellular osmolarity. If Na+ ions that 15

freely entered the cell could not be pumped out, due to loss of
active transport mechanisms, entry of water would ensue to
maintain constant intracellular osmolarity. This in turn would l6

cause the cell to swell, as shown by Christensen earlier (29),
and ultimately could cause the cell to burst. Thus, the data from
the in vivo-in vitro protocol implies that porphyrin-induced 17
photosensitization damaged components of the plasma mem- ig.
brane and that damage might contribute to tumor cell cytotox-
icity. ,9

Recently, evidence has been obtained implicating vascular
damage as the critical event that produced cytotoxicity in vitro
(50-52). Using [31P]NMR spectroscopy to monitor directly
phosphate-containing metabolites in R3230AC tumors that
were treated by PDT, we found marked reductions in ATP 21

levels, often reaching undetectable levels within 2 h after com
pletion of therapy (53, 54) and morphological evidence of cell
death was observed. In the above studies, we used essentially
the same photoradiation conditions in vivo as those used here
in vitro. Even if inhibition of Na+-K+ ATPase enzyme was

repaired rapidly, the absence of ATP would prevent the enzyme-
catalyzed maintenance of ion gradients in such cells. Thus, the 24
studies presented here provide additional insight into the se
quence of metabolic events resulting from PDT.

25
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