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Abstract
Phthalocyanine (Pc) 4, like many photosensitizers for photodynamic
therapy (PDT), localizes to intracellular membranes, especially mitochondria. Pc 4-PDT photodamages Bcl-2 and Bcl-xL, antiapoptotic proteins
interacting with the permeability transition pore complex that forms at
contact sites between the inner and outer mitochondrial membranes.
These complexes and the inner membrane are unique in containing the
phospholipid cardiolipin. Nonyl-acridine orange (NAO) is a specific probe
of cardiolipin. Here we show evidence for fluorescence resonance energy
transfer from NAO to Pc 4, defining a binding site for the photosensitizer.
This observation establishes an innovative tool for exploring the localization of other photosensitizers and additional fluorescent, mitochondrionlocalizing drugs having appropriate spectral properties.

Introduction
PDT,3 a novel cancer therapy, generates singlet oxygen via visible
light activation of a photosensitive dye accumulated in the tumor (1).
Most photosensitizers are porphyrins, e.g., the first approved photosensitizer Photofrin, or related macrocycles. Pc 4, a second-generation
photosensitizer now in clinical trial (2), localizes in mitochondria and
the endoplasmic reticulum (3, 4), but it has been difficult to determine
the precise binding sites at the molecular level. On the basis of the
ability of Pc 4-PDT to photodamage Bcl-2 (5) and Bcl-xL4 and the
extremely limited range of singlet oxygen in cells (6), it is inferred
that Pc 4 binds within a few nanometers of these antiapoptotic
proteins. Both Bcl-2 and Bcl-xL interact with the voltage-dependent
anion channel (VDAC; Ref. 7), a component of the permeability
transition pore that forms at the contact sites between the inner and
outer mitochondrial membranes (8). The phospholipid CL is located
almost exclusively in the inner mitochondrial membrane and at the
mitochondrial contact sites (9). CL is tightly bound to many proteins
crucial for mitochondrial function, such as the respiratory complexes,
cytochrome c, and components of the permeability transition pore (9,
10). The fluorescent dye NAO, a specific probe of CL (11), has been
used to image CL by confocal microscopy (12), to measure mitochondrial mass (13), and to quantify CL in the leaflets of the mitochondrial
inner membrane (14). NAO and Photofrin may compete for the same
binding site on CL in mitochondria (15). A reduced ability of ZnPc to
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transfer from liposomes to isolated mitochondria was found if the
liposomes contained CL, implying a high affinity of zinc Pc for CL
(16). Here, we present direct evidence for the binding of a photosensitizer to sites on CL, based on FRET between NAO and Pc 4. This
is a powerful new technique for studying the localization of photosensitizers and other mitochondrion-targeting drugs that are planar
aromatic fluorescent species with appropriate spectral properties.
Materials and Methods
Cell Culture. Human prostate cancer PC-3 cells were grown in RPMI 1640
containing 10% fetal bovine serum and penicillin/streptomycin (100 g/ml) in
5% CO2/95% air at 37°C in a humidified incubator.
Reagents. A stock solution (0.5 mM) of the Pc photosensitizer Pc 4 (2) was
prepared in DMF and stored in the dark at 4°C. A stock solution (1 mM) of
NAO (Molecular Probes, Inc., Eugene, OR) was prepared in methanol.
Confocal Microscopy. PC-3 cells were plated at 2 ⫻ 105 cells/dish in
35-mm glass-bottom coverslip dishes, and incubated with Pc 4 (200 nM in
complete medium) overnight at 37°C. After removal of the Pc 4-containing
medium, 1 ml of serum-free medium containing NAO (200 or 500 nM) and/or
Mitotracker Red (75 nM) was added to the dishes for 30 min at 37°C. All of the
samples were imaged in 1 ml of phenol red-free HBSS with 5 mM glucose. A
63⫻ N.A. 1.4 oil immersion planapochromat objective was used with a Zeiss
LSM 510 NLO confocal microscope system (3, 4). Images of NAO fluorescence were collected using 488-nm excitation light from an argon laser and a
500 –550-nm band pass-barrier filter. Images of Pc 4 fluorescence were obtained using 633-nm excitation light from the HeNe2 laser and a 650-nm
long-pass filter. Images of Mitotracker Red (Molecular Probes) fluorescence
were obtained using 543-nm excitation light from the HeNe1 laser and a
560-nm long-pass filter.
Flow Cytometry. PC-3 cells were plated in 60-mm Petri dishes at 5 ⫻ 105
cells/dish and were incubated with Pc 4 (200 nM in complete culture medium)
overnight at 37°C. After removal of the Pc 4-containing medium, 5 ml of
serum-free medium containing NAO (50 –500 nM) were added to the dishes for
30 min at 37°C. The medium was removed, and cell monolayers were collected
by a brief trypsinization. The cell suspension was centrifuged at ⬃2250 ⫻ g for
5 min, and the pellet was resuspended in 0.5 ml of phenol red-free HBSS. An
analysis of NAO and Pc 4 was carried out on an EPICS Elite flow cytometer.
Samples were excited at 488 nm, and the fluorescence emission was collected
in two wavelength bands: (a) 525 ⫾ 13.5 nm and (b) 675 ⫾ 12.5 nm.
Fluorescence Spectroscopy. PC-3 cells were plated and processed as
described for flow cytometry, except that cell pellets were resuspended in 2 ml
of phenol red-free HBSS with 5 mM glucose. Absorption and fluorescence
were measured in 1-cm path length quartz cuvettes, using a Varian Cary 50 Bio
UV-vis and Varian Cary Eclipse fluorescence spectrophotometer. The quantum yield of Pc 4 was determined using zinc(II) tetraphenylporphine
(flDMF ⫽ 0.04) as standard. NAO solutions in DMF or NAO-loaded cells
were excited with 488-nm light, and emission was collected between 498 nm
and 750 nm. Pc 4 solutions in DMF or Pc 4-loaded cells were excited with
633-nm light and emission collected between 643 nm and 750 nm. Samples
containing both NAO and Pc 4 were excited with either 488-nm or 633-nm
light.
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Results and Discussion
The subcellular localization of NAO and Pc 4 in PC-3 cells was
determined by confocal microscopy (Fig. 1). No fluorescence was
detected when Pc 4 was excited at 488 nm or when NAO was excited
with 633-nm of light (data not shown). NAO bound specifically to
mitochondria as measured by colocalization with Mitotracker Red
(data not shown), and Pc 4 partially colocalized with NAO (Fig. 1B).
To determine whether the prior binding of Pc 4 modulates the fluorescence of NAO, PC-3 cells were incubated with 50 –500 nM NAO
with or without preloading with 200 nM Pc 4. In the flow cytometer,
the cells were excited with 488-nm light, and emitted light was
collected in two wavelength bands: (a) 525 ⫾ 13.5 nm, the peak of
NAO emission; and (b) 675 ⫾ 12.5 nm, the peak of Pc 4 emission.
Cells containing only Pc 4 produced no fluorescence when excited
by 488-nm light (data not shown). NAO-loaded cells displayed a
concentration-dependent increase in emitted fluorescence in both of
the wavelength bands, with the 525-nm band emitting about 10-fold
more fluorescence than the 675-nm band (Fig. 2 and data not shown).
In cells containing both Pc 4 and NAO, there was no large, detectable
change in the 525-nm fluorescence, but there was an ⬃2-fold increase
in fluorescence at 675 nm (Fig. 2). The results are consistent with
FRET between NAO and Pc 4.
Further evidence of FRET between NAO and Pc 4 was found by
spectrofluorometry (Fig. 3). In DMF, there is virtually no overlap
between the absorption spectra of the two dyes (max ⫽ 495 nm for
NAO and 668 nm for Pc 4; Fig. 3A). The emission spectrum of NAO
slightly overlaps the absorption spectrum of Pc 4 within the 550 –
650-nm region (Fig. 3A). There was no emission at  ⬎ 650 nm when
a DMF solution of NAO and Pc 4 was excited at 488 nm. This result
was expected, because both molecules are soluble and solvated in
DMF. In a biological milieu, the spectral peaks are slightly broadened
(data not shown). Fluorescence (max ⫽ 675 nm) was observed when
Pc 4-loaded cells were excited at 633 nm but was not observed at 488
nm (Fig. 3B), and 633-nm light elicited no emission from NAOloaded cells (data not shown). When cells loaded with NAO were
excited at 488 nm, a single emission peak was observed with max
⬃525 nm and no evidence for a second peak at wavelengths ⬎600 nm
(Fig. 3, B and C). In contrast, when Pc 4-loaded cells were incubated

Fig. 2. Fluorescence emission of PC-3 cells containing NAO ⫾ Pc 4. PC-3 cells were
incubated with 0 or 200 nM Pc 4 for 16 h, then with 50 –500 nM NAO for 30 min, followed
by flow cytometric analysis. Samples were excited by 488-nm light, and the emission was
collected in two wavelength bands: (a) 525 ⫾ 13.5 nm and (b) 675 ⫾ 12.5 nm. A, the fold
increase in fluorescence in the presence of Pc 4 was calculated as the ratio of the mean
channel fluorescence of the NAO ⫹ Pc 4 sample to the mean channel fluorescence of the
NAO-only sample. The figure represents the mean and SE of five trials. B, histograms for
fluorescence in the 675 ⫾ 12.5 nm band from a representative experiment; C, control
PC-3 cells; N, cells with NAO only; N ⫹ P, cells with NAO ⫹ Pc 4.

Fig. 1. Structures (A) and colocalization (B) of NAO and Pc 4. For B,
PC-3 cells were incubated with 200 nM Pc 4 for 16 h and with 500 nM
NAO for 30 min at 37°C. Localization was analyzed by confocal microscopy. Scale bar, 10 m.
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Fig. 3. Spectrofluorometric analysis of NAO, Pc 4, and NAO ⫹ Pc 4. A,
absorption and emission spectra of NAO (ex ⫽ 488 nm) and of Pc 4
(ex ⫽ 633 nm) in DMF. B, emission spectra of PC-3 cells containing 200
nM Pc 4, 200 nM NAO, or 200 nM NAO ⫹ 200 nM Pc 4 on 488-nm excitation.
For comparison, the emission spectrum of cells with 200 nM Pc 4 is shown
after 633-nm excitation. Insert, expansion of the long wavelength region of
the plot. C, NAO concentration dependence for energy transfer to Pc 4 in
PC-3 cells. Cells containing 200 or 500 nM NAO with or without 200 nM Pc
4 were excited with 488-nm light, and emission spectra were recorded.
Insert, expansion of the long wavelength region of the plot.

with NAO, excitation at 488 nm produced a decrease in the 525-nm
emission and a new peak at 675 nm (Fig. 3, B and C). The reduction
of the 525-nm emission and the size of the 675-nm emission were
greater for 500 nM NAO than for 200 nM NAO (Fig. 3C). In none of
the experiments was there evidence for fluorescence consistent with a
NAO dimer (em ⬃650 nm; Ref. 17). Thus, excitation of NAO with
488-nm light resulted in emission from Pc 4 at 675 nm, confirming
FRET from the NAO-Pc 4 couple in PC-3 cells.
The observed FRET is biologically plausible because both species
reside in mitochondrial regions enriched for CL or Bcl-2/Bcl-xL,
which are associated with contact sites. It is also chemically plausible,
because both NAO and Pc 4 are large planar aromatic molecules (Fig.
1A) and, thus, have large transition dipole moments, which can
interact favorably. FRET is a unique molecular tool to obtain distance
information about biological structures in the range of 1–10 nm (18).
FRET is the physical process by which energy is transferred nonradiatively from an excited donor molecule (NAO) to a ground state
energy acceptor (Pc 4). The essential requirement for effective FRET
is that the spectral overlap between the fluorescence of the energy
donor (NAO) and the absorbance of the acceptor (Pc 4) are sufficiently strong. This requirement is satisfied for the system under
investigation, with a fluorescence quantum yield fl (NAO) ⫽
0.4 in the absence of Pc 4 and an absorption coefficient ⑀abs
(Pc 4) ⬎ 2 ⫻ 105 M⫺1 cm⫺1.
This technique should prove valuable for assessing the extent to
which other photosensitizers and additional fluorescent drugs bind to
mitochondrial sites housing CL. Although some porphyrins are not
suitable for such a study because of their strong absorption in the same
wavelength range in which NAO absorbs, other Pc, naphthalocya-

nines, and some chlorins and bacteriochlorins might well be investigated in this way. It may also be possible to adapt the procedure for
porphyrins by activating NAO at a wavelength at which the porphyrin
absorption shows a minimum.
For the NAO-Pc 4 system there are several features that reduce the
efficiency of FRET: only a portion of the Pc 4 colocalizes with NAO
in mitochondria (Fig. 1B); the concentrations of NAO used are well
below saturation of CL sites (11); the emission spectrum of NAO does
not overlap well with the absorption spectrum of Pc 4 (Fig. 3A); and
the fluorescence quantum yield of Pc 4 was determined to be 7%.
Nonetheless, the quantum efficiency of the process is sufficient to
produce observable energy transfer that can be used to estimate the
distance between NAO and Pc 4.
The decrease in integrated emission intensity of NAO in the presence of Pc 4 was 6.8%. Considering that the fluorescence quantum
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Fig. 4. Schematic to illustrate FRET between NAO and Pc 4.
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yield of NAO is 40% leads to a quantum efficiency for the energy
transfer of ET ⫽ 2.8% (Fig. 4). Thus, it is not surprising that no
measurable decrease was observed by flow cytometry in the 525-nm
fluorescence band (Fig. 2A).
The excited state lifetime, fl, is related to the radiative rate constant, kfl, and the nonradiative rate constant, knr, through
fl ⫽ (kfl ⫹ knr) ⫺ 1. The fluorescence quantum yield, fl, is related
to the same parameters through fl ⫽ kfl/(kfl ⫹ knr). Therefore,
knowing the excited state lifetimes and fluorescence quantum yield,
kfl and knr can be calculated directly by equations kfl ⫽ fl/fl and
knr ⫽ (1 ⫺ fl)/fl. Using tabled (19) values for acridine orange,
fl ⫽ 4.4 ns and fl ⫽ 40%, we can calculate the fluorescence and
non-radiative rate of the energy donor NAO to be kfl ⫽ 9 ⫻ 107 s⫺1
and knr ⫽ 1.4 ⫻ 108 s⫺1. This permits determination of the Foerster
energy transfer rate (kET) using kET ⫽ 1/fl ⫻ 1/(fl⫺1 ⫺ 1), which
results in a kET ⫽ 6.5 ⫻ 106 s⫺1 (20). The mechanism of the FRET
between NAO and Pc 4 is summarized in Fig. 4.
The information obtained above can be used to derive a distance
between the two chromophores, assuming that the donor-acceptor
couple has a sufficient degree of rotational freedom, which is generally true for membrane-embedded molecules.
With kET ⫽ fl⫺1 ⫻ (R0/R) (6), it is possible to estimate the distance
between the donor and acceptor in terms of the characteristic Foerster
length R0, specific for NAO-Pc 4. By calculating the overlap integral
J from the spectroscopic data, the Foerster distance R0 for the
NAO-Pc 4 couple was determined to be 4.02 nm. This gives an
intermolecular distance of 7.23 nm for the two chromophores in the
biological system, assuming an averaged dipole-dipole arrangement
(2 ⫽ 2/3; Ref. 20).
The observed photodamage to Bcl-2 and Bcl-xL by Pc 4-PDT
occurs in all of the human cancer cells that have been studied,
including PC-3 cells.4 Moreover, in preliminary studies of animal
tumor models, we found that Pc 4 accumulates in cytoplasmic membranes of the tumor cells and that Bcl-2 of a human tumor xenograft
is photodamaged on Pc 4-PDT. Therefore, the location and action of
Pc 4 in vivo seems to be mimicked by the conditions in vitro.
On the basis of the photodamage to Bcl-2 and Bcl-xL, we reasoned
that mitochondrial Pc 4 might be localized to the outer membrane,
which houses those proteins. The present study suggests that Pc 4
resides near CL-containing sites, which are primarily on the inner
mitochondrial membrane. This apparent discrepancy could be resolved if relevant components of the inner membrane (CL) and outer
membrane (Bcl-2, Bcl-xL, Pc 4) converge at the contact sites. Alternatively, because some proteins of the contact sites (e.g., voltagedependent anion channel) are not photodamaged by Pc 4-PDT (5), the
effects on Bcl-2 and Bcl-xL may result from those molecules of Pc 4
located elsewhere in the cell, e.g., on the endoplasmic reticulum.
The demonstration of FRET between NAO and Pc 4 indicates that
Pc 4 is closely colocalized with CL at its mitochondrial sites and
focuses attention on CL as a potential primary target of photodynamically generated singlet oxygen. CL is an attractive candidate for
photooxidation because each molecule contains four unsaturated fatty

acids that are easily attacked by singlet oxygen, the cytotoxic mediator
of Pc 4-PDT. Nevertheless, future studies are needed to determine
whether the binding of Pc 4 to sites near CL causes its oxidation by
PDT and whether oxidative damage of CL is necessary for the
induction of apoptosis.
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