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ABSTRACT

to activating red light, apoptosis was induced; Pc 4–PDT
was less effective in causing apoptosis in a companion cell
line overexpressing the antiapoptotic protein Bcl-2. For
both cell lines, PK11195 inhibited PDT-induced apoptosis; however, the inhibition was transient and did not extend to overall cell death, as determined by clonogenic
assay. The results demonstrate (1) the presence of lowaffinity binding sites for Pc 4 on PBR; (2) the presence
of multiple binding sites for Pc 4 in RKM and CHO cells
other than those that influence PK11195 binding; and (3)
the ability of high supersaturating levels of PK11195 to
transiently inhibit apoptosis initiated by Pc 4–PDT, with
less influence on overall cell killing. We conclude that the
binding of Pc 4 to PBR is less relevant to the photocytotoxicity of Pc 4–PDT than are other mitochondrial
events, such as photodamage to Bcl-2 and that the observed inhibition of Pc 4–PDT–induced apoptosis by
PK11195 likely occurs through a mechanism independent
of PBR.

The peripheral benzodiazepine receptor (PBR) is an 18
kDa protein of the outer mitochondrial membrane that
interacts with the voltage-dependent anion channel and
may participate in formation of the permeability transition pore. The physiological role of PBR is reflected in
the high-affinity binding of endogenous ligands that are
metabolites of both cholesterol and heme. Certain porphyrin precursors of heme can be photosensitizers for
photodynamic therapy (PDT), which depends on visible
light activation of porphyrin-related macrocycles. Because the apparent binding affinity of a series of porphyrin analogs for PBR paralleled their ability to photoinactivate cells, PBR has been proposed as the molecular target for porphyrin-derived photocytotoxicity. The phthalocyanine (Pc) photosensitizer Pc 4 accumulates in
mitochondria and structurally resembles porphyrins.
Therefore, we tested the relevance of PBR binding on Pc
4–PDT. Binding affinity was measured by competition
with 3H-PK11195, a high-affinity ligand of PBR, for binding to rat kidney mitochondria (RKM) or intact Chinese
hamster ovary (CHO) cells. To assess the binding of the
Pc directly, we synthesized 14C-labeled Pc 4 and found
that whereas Pc 4 was a competitive inhibitor of 3HPK11195 binding to the PBR, PK11195 did not inhibit
the binding of 14C–Pc 4 to RKM. Further, 14C–Pc 4 binding to RKM showed no evidence of saturation up to 10
mM. Finally, when Pc 4–loaded CHO cells were exposed

INTRODUCTION
Photodynamic therapy (PDT), an innovative approach to the
treatment of cancer and noncancerous conditions, utilizes a
photosensitive compound that is activated by visible light.
To date, PDT has been used to treat thousands of patients
worldwide, and it has been approved by the US FDA for
lung and esophageal cancer, actinic keratoses and age-related macular degeneration (1).
Most photosensitizers under investigation for PDT are
porphyrin-related macrocycles that are lipophilic and efficient generators of singlet oxygen (2). In general, PDT
mechanisms are thought to be initiated when a photoexcited
membrane-localized photosensitizer transfers energy of the
excited triplet state to molecular oxygen to generate singlet
oxygen (1). Subsequent oxidation–reduction reactions can
also produce superoxide anions, hydrogen peroxide and hydroxyl radicals. The short half-life of reactive oxygen species (ROS), especially singlet oxygen and hydroxyl radical,
dictates that they react with cellular components that are
within a few nanometers of their formation sites in membranes. Establishing the binding site for a photosensitizer
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then can allow potential molecular targets of ROS photochemistry to be approached.
Several photosensitizers bind somewhat preferentially to
mitochondria, and damage to the mitochondria occurs early
upon photoirradiation (3,4). In many cases, cells die by apoptosis (5–7). An early step in the pathway is the loss of the
mitochondrial transmembrane potential and the release of
proapoptotic mitochondrial factors, including cytochrome c,
from the intermembrane space. In the cytosol, cytochrome c
complexes with Apaf-1 and procaspase-9 to form the socalled ‘‘apoptosome,’’ which initiates caspase activation and
the systematic cleavage of specific proteins and DNA that
are characteristic of apoptosis (8,9).
One current model suggests that the loss of mitochondrial
transmembrane potential and the release of proapoptotic mitochondrial factors result from the opening of a large conductance channel known as the permeability transition pore
complex (PTPC) located at contact sites of the outer and
inner mitochondrial membranes. The PTPC is thought to be
a multimeric complex comprising several transmembrane
proteins: (1) a 30 kDa inner membrane adenine nucleotide
translocator; (2) a 32 kDa outer membrane voltage-dependent anion channel (VDAC) or mitochondrial porin; and (3)
an 18 kDa outer membrane peripheral benzodiazepine receptor (PBR). In addition, members of the Bax–Bcl-2 family, cyclophilin D and enzymes of energy metabolism, such
as hexokinase and mitochondrial creatine kinase, are also
associated with components of the PTPC (10,11).
Because PTPC has not been reconstituted, its function in
biological membranes is yet to be determined. Nevertheless,
cross talk between components of PTPC has been demonstrated. For example, ligand binding to PBR induces changes
in the conductance state of VDAC (12,13). In addition, evidence supports a role for PBR in the regulation of mitochondrial ion channel activity (14) and adenosine exchange
between the mitochondria and cytoplasm (15).
Endogenous ligands of PBR include the diazepam-binding
inhibitor and metabolites of cholesterol and heme that require mitochondrial import or export (16–20). An extensive
series of reports by Verma, Snyder and coworkers (21–25)
established porphyrins as endogenous ligands for PBR. Most
prominent are dicarboxylic porphyrins, such as protoporphyrin IX (PPIX), that bind to PBR with nanomolar affinity.
These authors also reported that a porphyrin’s binding affinity to PBR correlated well with the ability of that porphyrin
to photoinactivate cells, arguing that the PBR is an important
subcellular target of PDT (26). That notion has recently been
challenged, at least for certain positional isomers of PPIX,
which showed differential binding affinity for PBR but identical ability to produce photodynamic cell death (27). A second challenge derives from a study demonstrating a correlation between PBR binding of porphyrins and hydrophobicity, the latter property correlating with PDT efficacy,
within certain limits (28).
The silicon phthalocyanine (Pc) photosensitizer, Pc 4, is
composed of the Pc macrocycle with a siloxypropyldimethylamine axial ligand on the central silicon. The Pc ring
system is similar to the porphyrin ring system but is larger
and contains significant structural differences. Furthermore,
Pc are not found in nature and might therefore not normally
interact with porphyrin-binding sites. Previous reports have

established Pc 4–PDT as an efficient inducer of apoptosis
(29,30). Recently, confocal microscopy studies have shown
that the preferred sites of binding of Pc 4 are in the cytoplasmic membranes, in particular the mitochondria (31,32).
Furthermore, Pc 4–PDT produces extensive photodamage to
the antiapoptotic protein Bcl-2 (33), which is located on the
mitochondrial outer membrane as well as on the nuclear
membrane and the endoplasmic reticulum. Because the precise relationship between Bcl-2 photodamage and the induction of apoptosis by Pc 4–PDT remains unclear, it is appropriate to interrogate other possible mitochondrial targets,
which might act in concert with photodamaged Bcl-2 or independently. The aim of the present study was to investigate
the potential binding of Pc 4 to PBR. With the aid of the
selective isoquinoline carboxamide ligand of PBR,
PK11195, we find that Pc 4 can compete with PK11195 for
binding to PBR of both isolated rat kidney mitochondria
(RKM) and Chinese hamster ovary (CHO) cells but that
much Pc 4 is bound to other sites as well. In addition, we
demonstrate a transient PK11195 inhibition of Pc 4–PDT–
mediated apoptosis.

MATERIALS AND METHODS
Materials
Pc 4 and 14C–Pc 4 were dissolved in dimethylformamide (DMF) to
provide stock solutions of 0.5 mM (34) and further diluted in ethanol. The stock solutions were stored in the dark at 48C and were
stable for at least 1 month after preparation. PPIX was purchased
from Porphyrin Products (Logan, UT) and was dissolved in 1 M Tris
to ;1 mM to provide a stock solution and then further diluted in 50
mM Tris (pH 7.7) 1 0.1% bovine serum albumin (BSA) (TB). Pc
4 and PPIX stock concentrations were verified by absorption spectroscopy. 3H-PK11195 (86 Ci/mmol) was purchased as an ethanol
solution from NEN Life Science Products, Inc. (Boston, MA), and
unlabeled PK11195 was purchased from Sigma Chemical Co. (St.
Louis, MO). Radiolabeled and unlabeled PK11195 were dissolved
and diluted in ethanol to produce stock solutions of 40 000 dpm/mL
and 10 mM, respectively, and then further diluted in TB.
Preparation of RKM
Kidney mitochondria were isolated from male Sprague–Dawley rats.
The rats were sacrificed by decapitation, kidneys were excised and
immediately placed in ice-cold 220 mM mannitol, 70 mM sucrose,
2 mM N-2-hydroxyethyl-piperazine N9-2-ethanesulfonic acid, 1 mg/
mL BSA, pH 7.4 (MSH). The tissue was rinsed, blotted, weighed
and minced on ice. Then ice-cold MSH (10 mL/g wet wt) was added, and the tissue was homogenized using a Potter–Elvehjem homogenizer with three strokes of a loose-fitting pestle. The homogenate was centrifuged at 350 g for 10 min and the supernate saved.
The pellet was dispersed in MSH and centrifuged again. The supernates were combined, and mitochondria were pelleted by centrifugation at 7000 g for 10 min. The pellet was washed two times and
resuspended in MSH (0.2 mL/g wet wt). Protein concentration was
determined using the Lowry assay, with BSA as standard (35). Some
samples were centrifuged through a continuous 1.0–2.0 M sucrose
gradient to increase purification (36). Mitochondria recovered from
sucrose gradients did not differ significantly in respect to PBR ligand-binding properties from those prepared without that step. Data
reported here reflect both protocols. Mitochondria were stored in 20
mL aliquots at ;50 mg/mL at 2858C.
Synthesis of HOSiPcOSi(CH3)2(CH2)3N(CH3)(14CH3), 14C–Pc 4
CH3OSi(CH3)2(CH2)2I, 1. A mixture of 3-chloropropyldimethylmethoxysilane (10.6 g, 70.0 mmol), NaI (20.8 g, 105 mmol) and acetone
(100 mL) was refluxed for 2 days and filtered. The solid was washed
with acetone, and the washings and filtrate were combined and concentrated to an oil by rotary evaporation (308C). The oil was mixed with
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ether (50 mL), and the resulting suspension was filtered. The solid was
washed (ether), and the washings and the filtrate were combined and
concentrated to an oil by rotary evaporation (308C), and the oil was
weighed (14.9 g, 82%). Nuclear magnetic resonance (NMR) (200 MHz,
CDCl3): d 3.40 (s, 3H, CH3O), 3.17 (m, 2H, SiCH2CH2CH2), 1.84 (m,
2H, SiCH2CH2CH2), 0.67 (m, 2H, SiCH2CH2CH2), 0.08 (s, 6H, SiCH3).
The compound is a yellow, mobile liquid. It is soluble in toluene,
CH2Cl2 and DMF.
SiPc[OSi(CH3)2(CH2)3I]2, Pc 59. A mixture of iodopropylsilane
1 (1.80 g, 6.97 mmol), SiPc(OH)2 (401 mg, 0.698 mmol) and xylene
(300 mL) was slowly distilled for 6 h (;35 mL of distillate) and
then concentrated to a slurry by rotary evaporation (508C). The slurry was diluted with an ethanol–H2O solution (1:1, 50 mL) and filtered, and the solid was washed (ethanol; 1:1 ethanol–H2O solution),
vacuum dried (608C) and weighed (567 mg, 77% based on
SiPc(OH)2). Part of the solid (150 mg, 0.142 mmol) was chromatographed (Al2O3 III, toluene), mixed with CH2Cl2 (2.0 mL), recovered
with pentane (6.0 mL), washed (pentane; 1:1 ethanol–H2O solution),
vacuum dried (608C) and weighed (82.5 mg, 42 % based on
SiPc(OH)2). UV–vis (DMF) lmax, nm (log «): 669 (5.32). NMR (300
MHz, CDCl3): d 9.65 (m, 8H, 1,4-Ar H), 8.34 (m, 8H, 2,3-Ar H),
1.75 (m, 4H, SiCH2CH2CH2), 20.84 (m, 4H, SiCH2CH2CH2), 22.21
(m, 4H, SiCH2CH2CH2), 22.87 (s, 12H, SiCH3). MS–HRFAB (m/
z): (M1H)1 calculated for C42H41N8I2O2Si3, 1027.0749; found:
1027.0790, 1027.0745.
The compound is a blue solid. It is soluble in toluene, CH2Cl2
and DMF and is insoluble in hexanes.
HOSiPcOSi(CH3)2(CH2)3I, Pc 58. A solution of diiodide Pc 59
(unpurified, 514 mg, 0.488 mmol), trichloroacetic acid (1.64 g, 10.0
mmol) and CH2Cl2 (250 mL) was stirred at room temperature for 5
h and then mixed with pyridine (100 mL) and subsequently with
H2O (100 mL). The aqueous layer of this mixture was separated and
washed (CH2Cl2). The aqueous-layer washings were filtered, and the
residue was washed (CH2Cl2). The organic layer of the reaction mixture was filtered, and this filtrate, the filtered aqueous-layer washings
and the residue washings were combined and evaporated to dryness
by rotary evaporation (408C). The solid was chromatographed
(Al2O3 V, 1:1 CH2Cl2–ethyl acetate solution), mixed with CH2Cl2
(4.0 mL), recovered with pentane (12 mL), washed (1:1 ethanol–
H2O solution), vacuum dried (608C) and weighed (188 mg, 48%).
UV–vis (DMF) lmax, nm (log «): 669 (5.38). NMR (300 MHz, 7.0
mM, CDCl3): d 9.22 (m, 8H, 1,4-Ar H), 8.22 (m, 8H, 2,3-Ar H),
1.59 (m, 2H, SiCH2CH2CH2), 21.01 (m, 2H, SiCH2CH2CH2), 22.36
(m, 2H, SiCH2CH2CH2), 23.04 (s, 6H, SiCH3), 23.22 (s, 1H,
SiOH). MS–HRFAB (m/z): (M1H)1 calculated for C37H29N8IO2Si2,
800.0996; found: 800.0977, 800.1002.
The compound is a blue solid. It is soluble in CH2Cl2 and DMF,
slightly soluble in toluene and insoluble in hexanes.
HOSiPcOSi(CH3)2(CH2)3N(CH3)(14CH3), 14C–Pc 4. Model synthesis. A stirred suspension of hydroxyiodide Pc 58 (40.5 mg, 0.0506
mmol), K2CO3 (2.4 mg, 0.017 mmol), a solution of HN(CH3)2 in
tetrahydrofuran (2 M, 0.2 mL, 0.4 mmol) and tetrahydrofuran (4.8
mL) was warmed (608C) in a heavy-wall reaction vial for 24 h, and
then evaporated to dryness by rotary evaporation (308C). The solid
was mixed with CH2Cl2 (4.0 mL), recovered with pentane (16 mL),
washed (1:4 CH2Cl2–pentane solution; pentane; 1:4 ethanol–H2O solution), chromatographed (Al2O3 III, 10:1 ethyl acetate–methanol solution), washed (pentane; 1:4 ethanol–H2O solution), vacuum dried
(608C) and weighed (17.5 mg, 48%, 18% based on SiPc(OH)2). Its
composition was verified by NMR (34).
14C–Pc 4. With a procedure based on the model synthesis, 14C–
Pc 4 was prepared from hydroxyiodide Pc 58 (450 mg, 0.562 mmol)
and NH(CH3)(14CH3) by NEN Life Science Products (Boston, MA),
(113 mg, 28%). Specific activity (mCi/mmol): 6.33.
CHO cells
The CHO-K1 cell lines were obtained from Dr. Douglas Green (La
Jolla, CA) and are designated as 5A100 (CHO) and 5A100-Bcl-2
(CHO-Bcl2), which expresses transfected human Bcl-2. The presence of Bcl-2 was established by Western blot analysis of the protein, using antibody 6C8 (obtained from Dr. Stanley Korsmeyer,
Washington University, St. Louis, MO). Cultures were maintained
in McCoy’s 5A medium containing 10% fetal bovine serum, 100
units/mL penicillin and 100 mg/mL streptomycin at 378C in a hu-

midified atmosphere with 5% CO2. The two lines are indistinguishable in morphology and growth rate (doubling time 20–24 h). Experiments were performed on cultures in the exponential phase of
growth. Response of the two cell lines to Pc 4–PDT has been reported previously (29,33). For binding assays, the medium was removed from cell cultures in the exponential phase of growth, and
the monolayers were washed with phosphate-buffered saline (PBS).
The cells were released from the dishes by a brief trypsinization,
and the cell pellet (500 g, 5 min) was washed and resuspended in
PBS 1 0.1% BSA.
Binding assay
Each preparation was first assayed with 1 nM 3H-PK11195 and increasing amounts of protein to establish a concentration that bound
10% of the added ligand (;21 mg of RKM protein and ;2.5 3 105
CHO or CHO-Bcl2 cells), following protocols established by
McEnery and coworkers (12,13). For experiments, RKM or CHO
cells were incubated with 1 nM 3H-PK11195 in the presence or
absence of unlabeled PK11195, PPIX or Pc 4 or with 14C–Pc 4 with
or without unlabeled PK11195. The final concentration of each ligand is as shown in the figure legends. Reaction mixtures were
buffered (TB for RKM and PBS 1 0.1% BSA for CHO cells) in a
total volume of 200 mL. The standard binding assay of 200 mL was
modified for some of the assays because of the relatively low specific radioactivity of the 14C–Pc 4 (1410 dpm/pmol). For analysis of
14C–Pc 4 concentrations lower than 0.5 mM, the total volume of the
reaction mixtures was increased to 2.0 mL, maintaining the concentrations of RKM and all other components. For experiments using
Pc 4, the reaction mixtures also contained 10% ethanol in the RKM
system and 5% ethanol in the CHO cell system. Nonspecific binding
of PK11195 was accounted for by subtracting the binding of 1 nM
3H-PK11195 in the presence of 100 mM PK11195 from each experimental value. For Pc 4 measures, nonspecific binding was accounted for by subtracting the binding of 14C–Pc 4 alone, without RKM
or CHO cells, from each experimental value. The reaction mixtures
were incubated on ice for 15 min (RKM) or 1 h (CHO cells). Bound
radioactivity was collected on 25 mm glass fiber filters. Filters were
air-dried and counted in a Beckman Scintillation Spectrometer. Sigma Plot 4.0 software was used for regression analyses.
Apoptosis in CHO cells
For measurement of apoptosis, CHO cells were plated in 60 mm
petri dishes containing three glass coverslips. When the cells were
in midlog phase of growth, they were exposed to 0.5 mM Pc 4 with
or without the noted concentrations of PK11195 and then returned
to the 378C incubator for 1 h. The cultures were then exposed to
approximately equitoxic doses (28) of broad-spectrum red light (l
. 600 nm; 10 kJ/m2 for CHO cells or 11 kJ/m2 for CHO-Bcl2 cells)
and returned to the 378C incubator. One coverslip was removed before photoirradiation, and the others at 2 or 4 h after photoirradiation. The cells on the coverslips were fixed in 3.7% formaldehyde
for 1 h at room temperature or overnight at 48C, stained with
Hoechst 33342 (1 mg/mL in PBS) for 5 min and examined with a
fluorescence microscope for nuclear morphology. For each experimental point, 1000–2000 cells were counted (4003), and apoptotic
cells were scored as those with condensed and fragmented nuclei.
In order to estimate the number of cells that had detached from the
monolayers, the medium was centrifuged at ;2250 g for 10 min,
and the pellet was resuspended in 1 mL of PBS. Cell counts revealed
that 1–4% of the control cells were in the medium, and this percentage did not increase when the cells had been treated with PDT,
PK11195 or both. Because the floating cell population was small at
times up to 4 h after treatment and not dependent on the treatment
history, the data presented in the figures reflect only attached cells.
Determination of clonogenicity
Exponential cultures were treated with 0.5 mM Pc 4 with or without
100 mM PK11195, and 1 h later, they were exposed to an approximately LD90 fluence (3 kJ/m2 for CHO and 6 kJ/m2 for CHO-Bcl2)
of red light, as described previously (29). Following the protocol
established earlier in the article, after irradiation, some of the cultures were returned to the 378C incubator for a further 2 h. The cells
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Table 1. Summary of binding constants for the interaction of
PK11195, PPIX and Pc 4 to PBR of isolated RKM
IC50
Ligand
PK11195
PPIX
Pc 4

This study*

Verma et al. (23)

3 nM
30 nM
3 mM

1.5 6 0.4 nM
27 6 5.6 nM
ND‡

Kd and Bmax

Kd (nM)
Bmax (pmole/mg)

This study†

Verma et al.
(23)

Hirsch et al.
(63)

6.3
7.6

3
13

6.6
5.1

*From Fig. 1.
†Not shown.
‡Not determined.

Figure 1. (a) Inhibition of 3H-PK11195 binding to the RKM PBR
by unlabeled PK11195 (v), PPIX (V) or Pc 4 (.). RKM (;22 mg)
were incubated with 1 nM 3H-PK11195 and increasing concentrations of unlabeled ligand in a total volume of 200 mL of 50 mM
Tris, 0.1% BSA (TB). For Pc 4, all reaction mixtures contained 10%
ethanol. Nonspecific binding was estimated from the binding of 3HPK11195 in the presence of 10 mM PK11195, and this value was
subtracted from each experimental value. Reaction mixtures were
incubated on ice for 15 min, and then bound radioactivity was collected on glass fiber filters and counted. The graph represents the
mean 6 standard deviation of duplicate data for each ligand concentration from three to nine experiments. (b) Scatchard analysis for
binding to the RKM PBR by unlabeled PK11195 and the influence
of Pc 4. The dose-dependent inhibition of 1 nM 3H-PK11195 binding
to RKM by unlabeled PK11195 was monitored in the presence of 0
(v), 3 (V) or 5 mM (.) Pc 4. Reaction mixtures contained 10%
ethanol in TB in a total volume of 200 mL. Analyses were conducted
as indicated in Fig. 1. Data are from a single experiment reproduced
in three to five experiments.

were then released from the monolayers with trypsin, and aliquots
were plated into 60 mm petri dishes in amounts sufficient to yield
50–200 colonies per dish. After 12 days of growth, the colonies were
stained with 0.1% crystal violet in 20% ethanol, and those with at
least 50 cells were counted. The plating efficiency was 44 and 66%
for untreated CHO and CHO-Bcl2 cells, respectively. Jurkat cells
were treated with an approximately LD90 dose of Pc 4–PDT, as
estimated from studies with L5178Y-R cells (37,38), and the treatment protocol was followed as mentioned earlier. For determination
of clonogenic cell survival, Jurkat cell aliquots were plated into complete medium containing 0.25% BBL agar (Becton Dickinson Microbiology Systems, Sparks, MD), and the colonies were counted
after 12–14 days.

RESULTS
Inhibition of 3H-PK11195 binding to the RKM PBR
Figure 1a presents data for the inhibition of 1 nM 3HPK11195 binding to the RKM PBR by unlabeled PK11195,
PPIX or Pc 4. In accordance with reported literature, we
confirmed a concentration-dependent inhibition of 3HPK11195 binding to RKM by unlabeled PK11195 or by
PPIX and found similar IC50 values (concentrations causing

50% inhibition of binding of 3H-PK11195) for these ligands
(Table 1). It should be noted that all reaction mixtures contained 0.1% BSA to stabilize the mitochondria as well as to
prevent the precipitation of hydrophobic ligands. BSA is
known to have a binding site for isoquinoline carboxamides
and thus might compete for binding of PK11195 with sites
on RKM. The similarity of binding parameters in our experiments to literature values (Table 1) suggests that any
competition by BSA is relatively minor.
Analysis of Pc 4 inhibition of 3H-PK11195 binding required that an appropriate solvent mixture first be selected.
Pc 4 is a large, planar aromatic compound that is not soluble
in water and tends to aggregate in aqueous solutions. As
noted in the earlier paragraph, aggregation and precipitation
was reduced by BSA in the reaction mixtures. To further
promote Pc 4 solubility, the binding of 3H-PK11195 to RKM
PBR was tested in various levels of DMF and ethanol. The
system tolerated a 10% ethanol solution in TB without interference of 3H-PK11195 binding, as revealed by the absence of significant changes in Bmax or Kd. All assays of Pc
4 were thus conducted in a solution containing 10% ethanol
in TB. In contrast, the benzodiazepine site on the PBR, often
assessed through binding of Ro5-4864, was not stable in the
presence of 10% ethanol and thus could not be evaluated
under these conditions (data not shown).
Figure 1a reveals that inhibition of 3H-PK11195 binding
to the RKM PBR was extensive at Pc 4 concentrations at or
above 1 mM, whereas a modest effect was observed at lower
concentrations (1026–1029 M), inhibiting up to approximately 20% of the PK11195-binding sites. No significant inhibition of 3H-PK11195 binding was observed at Pc 4 concentrations #1 nM. No significant change in the Pc 4 absorption spectrum was found in the presence of 100 mM
PK11195, consistent with an absence of direct interaction
between these two compounds (data not shown).
To determine if Pc 4 was behaving as a competitive inhibitor of PK11195 for binding to the PBR, the dose-dependent inhibition of 1 nM 3H-PK11195 binding to the RKM
PBR by unlabeled PK11195 was measured in the presence
of 0, 3 or 5 mM Pc 4 (Fig. 1b). In the absence of Pc 4, the
Bmax and the Kd values for PK11195 binding to the RKM
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Scheme 1.

PBR were similar to literature values (Table 1). Scatchard
analysis shows three curves intersecting at a point near the
abscissa, with slopes that decrease as the Pc 4 concentration
increases. The combined data are consistent with competition by Pc 4 with PK11195 for binding to the RKM PBR.
Synthesis of

14C–Pc

4

The route to Pc 4 used in the model synthesis section for
14C–Pc 4 is less convenient than an earlier improved route
to it (39). Further, it gives a lower yield (18 vs 83% based
on SiPc(OH)2) and a lower purity (94 vs 98%). Nevertheless,
the route is well suited to the synthesis of 14C–Pc 4 (Scheme
1, Fig. 2) because the 14CH3 group is added in a step that is
simple, clean and at the end of the route.

to CHO cells was observed, and an IC50 of 40 nM was found
(data not shown), a value similar to earlier reports (40,41).
For Pc 4, however, concentrations #1 mM were not inhibitory to 3H-PK11195 binding, whereas the low-affinity Pc 4–
binding site, established in RKM, was observed at micromolar concentrations (Fig. 4a,b). When 14C–Pc 4 binding to
CHO cells was measured in the presence or absence of unlabeled PK11195 (Fig. 4c,d), the results reflected those
found in the RKM system. A linear dose-dependent increase
in 14C–Pc 4 binding to the CHO cells was observed, with no

Pc 4 binding to RKM and the effect of PK11195
To further investigate the nature of the competition between
PK11195 and Pc 4, we measured 14C–Pc 4 binding to RKM
in the presence or absence of unlabeled PK11195. In the
range of 0.5–10 mM Pc 4 (Fig. 3a), the characteristics of
14C–Pc 4 binding to RKM were markedly different from
those for PK11195 binding. First, there was a linear dosedependent increase in 14C–Pc 4 binding to the RKM, with
no evidence of saturation. Second, the binding of 14C–Pc 4,
even at concentrations as low as 25 nM (Fig. 3b), was not
inhibited in the presence of high saturating levels of
PK11195.
PBR parameters in CHO cells
In order to assess the relevance of the RKM studies to cells
in culture that can be photoinactivated by Pc 4 and light (28),
binding studies were conducted using intact CHO cells. For
analysis of Pc 4 binding, the reaction mixtures contained 5%
ethanol, which did not affect the binding parameters of
PK11195 in CHO cells. As in the RKM system, a PK11195
concentration–dependent inhibition of 3H-PK11195 binding

Figure 2. Structure of

14C–Pc

4.

Figure 3. Binding of 14C–Pc 4 to the RKM. RKM were incubated
with increasing concentrations of 14C–Pc 4, as indicated on the abscissa, with (V) or without (v) 10 mM PK11195, in 10% ethanol
in TB. For (a), the standard reaction volume of 200 mL contained
0.5–10 mM 14C–Pc 4. For (b), the reaction volume was increased to
2 mL in order to assay lower concentrations of 14C–Pc 4 (25–100
nM). The concentrations of RKM and all other components were
kept constant. Analysis of bound radioactivity was as for Fig. 1.
Nonspecific binding was accounted for by subtracting the binding
of 14C–Pc 4 without RKM from each experimental value. Data are
indicated as the mean 6 standard deviation from duplicate data of
one representative experiment.
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evidence for saturation up to 1 mM. Again, high saturating
levels of PK11195 did not inhibit the binding of 14C–Pc 4
to the CHO cells. Furthermore, there were no marked differences in the binding of 14C–Pc 4 to the two CHO cell
lines.
PBR interactions affect Pc 4–PDT
PBR is presumed to function as part of PTPC, and previous
studies have shown that addition of PK11195 to cells can
either prevent (42) or promote (43) apoptosis by different
agents. Because we found evidence for the binding of Pc 4
to PBR, and Pc 4–PDT is a strong inducer of apoptosis, we
asked if PK11195 could affect the ability of Pc 4–PDT–
treated cells to undergo apoptosis. For this study, we used
CHO cells and a companion cell line that overexpresses human Bcl-2 and is made partially resistant to Pc 4–PDT by
Bcl-2 (29). Pc 4 or PK11195, or the two compounds together, did not have any effect on cell morphology or growth
rate in the absence of light, and PK11195 plus the Pc 4–
activating red light was also without effect (data not shown).
Cells were treated with PDT (0.5 mM Pc 4 1 10 kJ/m2 for
CHO or 11 kJ/m2 for CHO-Bcl2) in the presence or absence
of 0.1–100 mM PK11195 (Fig. 5). As shown in Fig. 5a, PDT
induced rapid apoptosis in CHO cells, involving nearly
100% of the cells by 4 h after photoirradiation. Apoptosis
was also induced in the cells expressing transfected Bcl-2
(Fig. 5b), but the process was slower and less extensive,
confirming that equitoxic doses in terms of clonogenicity do
not lead to equal levels of apoptosis. In both cell lines,
PK11195 strongly inhibited apoptosis. However, the effect
of PK11195 appears to be transient because there was increased apoptosis in PK11195-treated cells at 4 h in comparison with 2 h post-PDT, and the effect of PK11195 at 4
h was not statistically significant.
Clonogenicity of CHO and CHO-Bcl2 cells after PDT 6
PK11195

Figure 4. Inhibition of 3H-PK11195 binding by Pc 4 to PBR of (a)
CHO cells and (b) CHO-Bcl2 cells. CHO cells (;2.5 3 105 cells)
were incubated with 1 nM 3H-PK11195 and increasing concentrations of unlabeled ligand in a total volume of 200 mL of PBS 1
0.1% BSA. For Pc 4, all reaction mixtures contained 5% ethanol.
Reaction mixtures were incubated on ice for 1 h and the analysis of
bound radioactivity followed as in Fig. 1. The plot shown is a representative trial from a series of two to four trials. Data are indicated
as the mean 6 standard deviation. Binding of 14C–Pc 4 to the CHO
cells (c) and CHO-Bcl2cells (d). CHO cells were incubated with
increasing concentrations of 14C–Pc 4, as shown on the abscissa,
with (V) or without (v) 10 mM PK11195, in 5% ethanol in PBS 1
0.1% BSA in a total volume of 2 mL. Analysis of bound radioactivity was as for Fig. 1. Data shown in the graph are the mean 6
standard deviation from duplicate data of one representative experiment.

Because apoptosis may be the mechanism of cell removal
for only part of the PDT-killed cells, cell death was also
determined by a clonogenic assay. Cells were treated with
an approximately LD90 dose (29) of PDT (0.5 mM Pc 4 1 3
or 6 kJ/m2 of red light for CHO or CHO-Bcl2 cells, respectively), with or without 100 mM PK11195 under the same
culture conditions as those used for the assay for apoptosis
of Fig. 5. After treatments, cell monolayers were recovered,
either immediately after PDT (0 h) or after a 2 h post-PDT
incubation at 378C, and suitable aliquots were plated to determine the clonogenic survival. The results (Fig. 6) show
that the clonogenic survival for both cell lines was very close
to the level expected on the basis of previous results; i.e.
about 20% survival compared with 10% survival determined
earlier (29). For both cell lines, the survival level did not
change on delaying cell recovery and plating to 2 h after
PDT, suggesting the absence of potentially lethal damage
repair in these cells. CHO cells, but not CHO-Bcl2 cells,
were partially protected from cell death by 100 mM
PK11195, and the PBR ligand was nontoxic in the absence
of PDT. The protection of CHO cells was reduced when
recovery of the cells was delayed for 2 h after PDT.

658 Rachel L. Morris et al.

Figure 5. The induction of apoptosis by Pc 4–PDT and the effect
of PK11195. (a) CHO or (b) CHO-Bcl2cells were plated in 60 mm
petri dishes containing three glass coverslips. When the cells were
in midlog phase of growth, the cultures received 0.5 mM Pc 4 with
or without the noted concentrations of PK11195, and 1 h later, they
were exposed to approximately equitoxic doses of broad-spectrum
red light (l . 600 nm; 10 kJ/m2 for a and 11 kJ/m2 in b) and
returned to the 378C incubator. One coverslip from each dish was
removed before photoirradiation, and the others were removed at 2
or 4 h after photoirradiation. The cells on the coverslips were fixed,
stained with Hoechst 33342 and examined with a fluorescence microscope for nuclear morphology. Each bar represents the mean 6
standard deviation of the data from 1000–2000 cells per experimental point (*, P , 0.05).

Effect of PK11195 in Jurkat cells
Because Jurkat cells do not express PBR (44), we exploited
this feature to investigate the PBR-independent effects of
PK11195. Confirming the results of Bono et al. (44), we
found no binding of 3H-PK11195 to those cells (data not
shown). However, a high level of PK11195 (100 mM) was
toxic to Jurkat cells, reducing clonogenic survival to 32%
after a 2 h exposure. Because of the toxicity, we have not
studied interactive effects with PDT in these cells.

DISCUSSION
PBR is a ubiquitous receptor, implicated in housekeeping
functions of cellular metabolism, neuroendocrine activity
and immune function (17). The highest levels of PBR are
found in tissues with high metabolic activity, especially rapid oxidative phosphorylation (45). Upregulation of PBR has
been observed in tumors, including breast, liver, endometrium, ovary and prostate (46–51). Recently, PBR expression
has also been correlated to an aggressive phenotype and proliferation of some breast cancer cell lines (52–55). High lev-

Figure 6. Clonogenic survival of (a) CHO or (b) CHO-Bcl2 cells
treated with Pc 4–PDT 6 100 mM PK11195. Cells were treated with
an approximate LD90 dose (29) of PDT (0.5 mM Pc 4 1 3 or 6 kJ/
m2 of red light for CHO or CHO-Bcl2 cells, respectively), with or
without 100 mM PK11195, under the same culture conditions as
those used for the assay of apoptosis. After treatments, cell monolayers were recovered, either immediately after PDT (0 h) or after
a 2 h post-PDT incubation at 378C, and suitable aliquots were plated
to determine the clonogenic survival. Each bar indicates the mean
6 standard error of five to six values per experimental point. The
horizontal lines indicate the data sets that were compared by t-test
and found to be significant (*, P , 0.05).

els of PBR expression also correlated with resistance to hydrogen peroxide cytotoxicity (56).
Regarding PBR ligand-binding properties in apoptosis,
however, studies remain inconclusive. In cell lines of lymphoid origin, PK11195 has previously been reported to promote induction of apoptosis by glucocorticoids, etoposide,
ionizing radiation, lonidamine and arsenite (43,57,58). In
contrast, Bono et al. (44) showed that the binding affinity of
several PBR ligands was positively correlated with their antiapoptotic potential in TNF-a–treated U937 cells.
Miccoli et al. (59) determined that exposing human glioma cells to PK11195 for 24 h caused an increase in mitochondrial membrane fluidity and in parameters associated
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with cell growth and DNA synthesis. Although the longest
exposure of CHO cells to PK11195 in our studies was 5 h,
it is possible that one effect of the ligand was to alter membrane fluidity and thus either the interaction of PBR sites
with other ligands or with other mitochondrial proteins.
The present study identified substantial low-affinity binding of Pc 4 to the RKM PBR, as observed at concentrations
$1 mM, and possibly limited higher-affinity binding. Nevertheless, data with CHO cells support the presence of only
the low-affinity sites. Two populations of binding sites, if
truly present, could reflect a dynamic interplay between the
18 kDa protein in the free state or in a complex with other
mitochondrial membrane proteins that affect drug specificity
and physiology. Previous reports have identified multiple
isoforms of PBR, displaying both high and low affinity for
PK11195, in rat liver preparations (60). However, because
significant interaction of Pc 4 with PBR was found only at
concentrations $1 mM, PBR is unlikely to be a major binding site for Pc 4 under conditions normally employed for in
vitro PDT experiments, which utilize 20–500 nM Pc 4. Furthermore, although the presence of ethanol did not alter the
parameters of binding of PK11195 to its site on the PBR, it
did interfere with the benzodiazepine site, as monitored with
Ro5-4864. If Pc 4 has greater affinity for that site than for
the PK11195 site, our ability to observe that interaction
would have been compromised by the reaction conditions.
Although Pc 4 competed with 3H-PK11195 for binding to
the PBR of RKM, the reciprocal assay found 14C–Pc 4 binding to be unaffected by even a high saturating level (10 mM)
of PK11195. Notably, relatively high concentrations of Pc 4
were required for competition with PK11195 for its binding
site on the RKM PBR and on the PBR of CHO cells. Further,
the binding of 14C–Pc 4 to RKM showed no tendency to
reach saturation, arguing that Pc 4 binds to multiple sites on
mitochondria in addition to those associated with PBR.
These observations support a model in which the binding
sites for PK11195 and a subset of those for Pc 4 on the PBR
are not identical but may be related. One possible mitochondrial site for binding of Pc 4 is likely to be at or near
the site of interaction of the antiapoptotic protein Bcl-2 to
the mitochondrial outer membrane because Xue et al. (33)
and others (61) have demonstrated that Pc-based PDT causes
immediate direct photodamage to Bcl-2. Nevertheless, to
date, there is no evidence for direct interaction of Bcl-2 and
the PBR.
In a study of the possible role of PBR in PDT-induced
apoptosis in CHO cells, PK11195 was found to inhibit Pc
4–PDT–induced apoptosis both in Bcl-2–transfected and in
control CHO cell lines. These results contrast with those of
Hirsch et al. (43), who showed that PK11195 could overcome the antiapoptotic effects of Bcl-2 after treatment with
a variety of (non-PDT) apoptosis-inducing agents. In the
case of Pc 4–PDT, however, PK11195 prevented apoptosis
whether or not the cells overexpressed Bcl-2. Based on our
finding that both endogenous and overexpressed Bcl-2 of
these CHO cells are extensively photodamaged by Pc 4–
PDT (33), it is not surprising that the inhibition of apoptosis
by PK11195 would occur irrespective of the initial level of
intact Bcl-2. Our results showing a short-term inhibition of
apoptosis are in accordance with those of Ratcliffe and Matthews (42), who also used a short-term assay (tetrazolium

dye reduction) in a study of PDT on rat pancreatoma cells
photosensitized by PPIX generated from exogenously supplied d-aminolevulinic acid. Neither did they study the influence of Bcl-2 on the process nor did they confirm the results
of the short-term assay by measuring clonogenicity. Further
work is needed to ascertain whether or not the effects of
PK11195 are specific to initial photosensitizer-dependent reactions at the PBR or whether other PBR-mediated steps in
apoptosis may be blocked. In addition, because the PBR has
been localized to other organelles, including the nuclear envelope (54) and the plasma membrane (62), the effects of
other PK11195-binding sites on the observed inhibition of
apoptosis cannot be excluded. In fact, the toxicity of
PK11195 to PBR-null Jurkat cells is consistent with the ability of this ligand to interact with other cellular targets.
Although PK11195 provides a marked inhibition of apoptosis early (2 h) after PDT, the inhibition was less pronounced by 4 h post-PDT, indicating that it is transient. This
suggests that the inhibition of apoptosis does not affect the
generation of lethal damage by Pc 4–PDT. This presumption
was largely confirmed by clonogenic assays, which demonstrated only a modest effect of PK11195 on overall cell
death in CHO cells. In CHO-Bcl2 cells, PK11195 did not
alter the ability of Pc 4–PDT to produce lethal damage. The
data may indicate that PK11195 and Bcl-2 are influencing
the same series of reactions leading to cell death.
In conclusion, PBR is proposed as the primary target for
photodamage induced by some (26) but not all (27) porphyrin-derived photosensitizers. The current study suggests that
Pc 4 may exert some of its photodynamic damage via binding to PBR but that the low affinity for Pc 4 at the observed
sites is not consistent with a biologically significant role for
PBR in Pc 4 binding to the mitochondria. Additional mitochondrial targets of Pc 4–PDT, including Bcl-2, are likely.
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