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Abstract Destruction of unwanted cells and tissues in
photodynamic therapy (PDT) is achieved by a combination
of light, oxygen, and light-sensitive molecules. The advan-
tages of PDT compared to other traditional treatment
modalities, and the shortcomings of the currently used
photosensitizers, have stimulated the search for new, more
efficient photosensitizer candidates. Ability to inflict selec-
tive damage to particular proteins through photo-irradiation
would significantly advance the design of highly specific
photosensitizers. Achieving this objective requires compre-
hensive knowledge concerning the interactions of the
particular photosensitizer with specific targets. Here, we
summarize the effects of Zn(II) N-alkylpyridylporphyrin-
based photosensitizers on intracellular (metabolic, antioxi-
dant and mitochondrial enzymes) and membrane proteins.
We emphasize how the structural modifications of the por-
phyrin side substituents affect their lipophilicity, which in
turn influence their subcellular localization. Thus, Zn(II)
N-alkylpyridylporphyrins target particular cellular sites and
proteins of interest, and are more efficient than hematopor-
phyrin D, whose commercial preparation (Photofrin) has
been clinically approved for PDT.
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Introduction

Photodynamic therapy (PDT) is emerging as a promising
treatment for both neoplastic and non-neoplastic disorders.
It has been successfully used for the elimination of tumors
(Castano et al. 2006; Juarranz et al. 2008; Robertson et al.
2009), new blood vessels (Chen et al. 2006), and athero-
sclerotic plaques (Waksman et al. 2008; Woodburn et al.
1996), for the treatment of skin diseases (Silva et al. 2008;
Taub 2007), and killing of pathogenic microorganisms
(Donnelly et al. 2008). The destruction of cells and tissues
is achieved by a combination of light, oxygen, and light-
sensitive photosensitizer (PS). Ideally, a PS should localize
in the target cells and tissues, and upon illumination,
produce cytotoxic reactive species.

Photophysics and photochemistry

In its ground state, the photosensitizer has two electrons
with opposite spins (singlet state) in the low energy
molecular orbital. The energy of light absorbed by the PS
molecule lifts one of those electrons into a high-energy
orbital without changing its spin. This short-lived (nano-
seconds) state is the first excited singlet state of the PS.
A PS molecule can lose its energy by emitting light
(fluorescence), or internal conversion into heat. Alterna-
tively, the spin of the excited electron can be inverted by
intersystem crossing to form an excited triplet PS state
where the two electrons have parallel spins. The lifetime of
the triplet state is much longer (microseconds), because the
direct return of the electron to the low energy molecular
orbital is spin forbidden.

While in the excited triplet state, the PS can participate
in two types of processes, known as Type 1 and Type 2
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Fig. 1 Generation of reactive species by photosensitizers (PS). 'PS
PS molecule in its ground (singlet) state having two electrons with
opposite spins, 'PS* first excited singlet state of the PS, ISC
intersystem crossing—the spin of the excited electron is inverted,
’pS* excited triplet PS state—the two electrons have parallel spins,
S any molecule in the environment, participating in redox reaction
with 3PS*, 'PS" and § free radicals formed as a result of the redox
reaction, 'O, singlet oxygen, >0, oxygen in its ground (triplet) state,
O, superoxide anion radical

(Foote 1991) (Fig. 1). In Type 1 processes, the excited PS
participates in a redox reaction with neighboring molecules
by transferring a proton or an electron to form a radical
cation or a radical anion, respectively. Such radicals may
further react with oxygen to produce reactive oxygen
species (ROS). In Type 2 processes, the triplet PS transfers
its energy directly to molecular oxygen, to form singlet
oxygen ('0,). Singlet oxygen reacts with a wide range of
biological targets including DNA, RNA, proteins, and
lipids. Rate constants for a large number of these reactions
have been reported (Wilkinson et al. 1995).

Since energy transfer to yield 'O, usually competes with
electron transfer, it is generally accepted that most PSs
generate both 'O, and radicals. Energy transfer to O,,
however, is more rapid (k ~ 1-3 x 10° M~' s7!) than
electron transfer (e.g. to give O, estimated as
k<1 x 10" M~' s7") (Davies 2004), and chemically 'O,
is more reactive than O5 . Therefore, singlet oxygen is
considered the main damaging species in PDT. The relative
contribution of Type 1 and Type 2 processes to the gen-
eration of reactive species will depend mainly on the
chemical nature of the PS, the environment, and the con-
centration of oxygen.

Type 1 pathways frequently involve initial production of
superoxide (O3 ) by electron transfer from the triplet PS to
molecular oxygen (monovalent reduction). Its lifetime in
a biological environment has been estimated to be 30—40 ps,
corresponding to a diffusion distance ~ 0.5 pm (Mikkelsen
and Wardman 2003). Superoxide is not very reactive and
cannot directly react with lipids and nucleic acids, or most
amino acid residues in proteins. This low reactivity makes
05 -induced damage selective (Fridovich 1998). At pH
values close to neutral, O; cannot cross membranes, except
through anion channels (Korshunov and Imlay 2002; Lynch
and Fridovich 1978), and its rate of spontaneous dismutation
is so slow that it exists long enough to oxidize polyphenols,

@ Springer

catecholamines, leukoflavines, and other small molecules
(Fridovich 1998). Most importantly, O5 can be involved in
processes leading to the production of highly reactive spe-
cies. First, dismutation of superoxide, accelerated in most
organisms by the family of superoxide dismutases (SODs),
produces hydrogen peroxide. Hydrogen peroxide is rela-
tively stable, can cross membranes, and can diffuse away
from its site of formation. Second, O5 can directly interact
with [4Fe—4S]*" clusters-containing proteins thus releasing
‘free’ iron (Imlay 2008; Liochev 1996), which then cata-
lyzes the decomposition of H,O, with the production of
hydroxyl radical (HO") (Fenton reaction). Hydroxyl radical
can react indiscriminately with practically all biomolecules.
Due to its extremely short half-life, however, it is assumed
that only HO" generated adjacent to biomolecules can cause
damage (site specific). Third, superoxide can react at a
diffusion-limited rate with nitric oxide (NO") to produce
peroxynitrite (ONOO™), a powerful oxidant which can
damage a wide variety of biomolecules including proteins,
lipids, and nucleic acids (Ferrer-Sueta and Radi 2009;
Groves 1999; Radi 2009).

Because of the high reactivity and short half-life of the
damaging species produced by the photo-excited PSs, only
molecules and structures that are in close proximity to the
PS will be directly affected. For example, the half-life of
singlet oxygen in biological systems is estimated to be less
than 40 ns, which corresponds to a diffusion distance of no
more than 20 nm (Moan 1990; Moan and Berg 1991).
Therefore, the damage and type of response triggered by
the activation of PSs will depend on their intracellular
localization.

Zn(II) N-alkylpyridylporphyrin-based photosensitizers

A number of PSs are tetrapyrrole-based structures. These
include porphyrins, chlorins, bacteriochlorins, benzopor-
phyrins, and phthalocyanines (Nyman and Hynninen
2004). The four nitrogen atoms of the tetrapyrrole macro-
cycle can chelate metal ions, which in turn modulates
important photophysical parameters that determine the
efficiency of a photosensitizer (Kee et al. 2008). Among
the tetrapyrrole based PSs, Zn(II) N-alkylpyridylporphyrins
(ZnPs) (Fig. 2) appeared as a promising group of highly
efficient PSs (Benov et al. 2002). Tetrapyrrole structure
offers almost unlimited possibilities for substitution, which
allows design of molecules with varying physical and
chemical parameters. Since interaction with oxygen and
generation of reactive species is considered a key cell/tis-
sue damaging factor, the longer the triplet excited state of
the PS, the higher are the chances for such interactions. The
triplet state lifetimes for the metal-free N-alkylpyridyl-
porphyrins are in the range 1.16-0.17 ms and decrease
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ZnTM-3-PyP (meta)

ZnTnHex-2-PyP

Fig. 2 Structures of Zn(II) N-alkylpyridyl porphyrins and hemato-
porphyrin D (HpD). A slightly modified composition, Photofrin, is
used clinically as a photosensitizer. It is important to note that ZnPs
are cationic while HpD is an anionic photosensitizer. Differences in
charges determine their binding in vivo, and thus their sites of action
and the types of biomolecules affected. a ortho, meta, and para Zn(1l)

ZnTE-2-PyP

HpD

meso-tetrakis(N-methylpyridinium-2, -3 and 4-yl)porphyrin, abbrevi-
ated as ZnTM-2-PyP (Charges are omitted throughout text for
simplicity) (ortho), ZnTM-3-PyP (meta), and ZnTM-4-PyP (para).
b Zn(I) N-alkylpyridylporphyrins, ortho series (methyl, ethyl, butyl
and hexyl), and HpD monomer
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along the series ortho > meta > para isomers (Kalyanas-
undaram 1983). Introduction of zinc increases the triplet
lifetimes to 1.4 ms for ZnTM-Z—PyP], and 2.0 ms for the
meta (ZnTM-3-PyP) and para (ZnTM-4-PyP) isomers
(Fig. 2a) (Kalyanasundaram 1983).

In addition to its intrinsic photophysical properties, the
efficiency of a photosensitizer depends on its uptake and
biodistribution, which is in turn controlled by the chemical
character of the molecule. Two main features, the type and
number of charges and the hydrophobicity (lipophilicity),
determine the mode of entry and subcellular distribution of
the photosensitizer (Juzeniene and Moan 2007). Appro-
priate combination of hydrophilicity and hydrophobicity is
characteristic of some of the most potent PDT agents
(Boyle and Dolphin 1996). Amphiphilicity often results
from an asymmetric distribution of charged groups around
the periphery of the macrocycle. The region of the por-
phyrin most distant from the charged groups then acts as
a hydrophobic domain.

Hydrophobic PSs that possess two or fewer negative
charges can diffuse across the plasma membrane and then
relocate to other intracellular membranes. Such PSs also
tend to show the greatest uptake into cells even when
present at relatively low concentrations in the medium
(Castano et al. 2004). More than two negative charges
prevent free diffusion across the plasma membrane and
such PSs are predominantly taken up by endocytosis
(Boyle and Dolphin 1996; Castano et al. 2004). In general,
hydrophobic PSs localize mainly in membranes, while
hydrophilic PSs are confined to lysosomes (Boyle and
Dolphin 1996; Juzeniene and Moan 2007). In turn, PSs
bearing a net cationic charge were found predominantly in
mitochondria, and those with net anionic character appear
in lysosomes (Boyle and Dolphin 1996). Hydrophilic por-
phyrins with two anionic charges demonstrate a diffuse
distribution in the cytoplasm (Boyle and Dolphin 1996).

Studies on the bioavailability of Mn porphyrins (Kos
et al. 2009a, 2009b) have provided insights into the prep-
aration ZnP analogs with targeted lipophilicity, without
affecting the net positive charge of the molecule. Both
ortho and meta isomers of Mn(IIl) N-alkylpyridylporphy-
rins have been characterized with respect to partition
between n-octanol and water, Pow (Kos et al. 2009a). The
Pow data demonstrated that we can enhance the lipophil-
icity by tenfold when we increase the N-alkyl chains by
each additional carbon atom or move the N-alkyl groups
from ortho onto meta pyridyl positions (Kos et al. 2009a,
2009b). Thus in the ortho series, the log Pow is —7.86 for

! ZnTalky1-2,3,4—PyP5 * Zn(I1) meso-tetrakis(N-alkylpyridinium-2 or
3-yl)porphyrin, alkyl being methyl (ZnTM-2-PyP, ZnTM-3-PyP,
ZnTM-4-PyP), ethyl (ZnTE-2-PyP), n-butyl (ZnTnBu-2-PyP), and
n-hexyl (ZnTnHex-2-PyP) 2, 3, and 4 relate to ortho, meta, and para
isomers, respectively. Hematoporphyrin D, HpD.
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methyl, —5.11 for n-butyl, and —2.76 for n-hexyl por-
phyrin (Kos et al. 2009b). The relative changes in the
lipophilicity, imposed by the changes in porphyrin
periphery, should hold regardless of the type of the metal
bound to the structure. Variations in the length of alkyl
pyridyl chains were used to design a photosensitizer of
desired lipophilicity. Progressive increase of the lipophil-
icity of ortho Zn N-alkylpyridylporphyrins as the alkyl
chains were lengthened from methyl to hexyl, totaling five
orders of magnitude, increased the accumulation of the PS
in cancer cells (Fig. 3). This coincided with an increase of
the photodynamic killing by ZnP analogs in the order:
hexyl > butyl > methyl (Fig. 8). The potency of individ-
ual photosensitizers may also depend on the cell type
(Morgan and Oseroff 2001). A separate set of experiments
attempted to distinguish between PSs accumulated in the
cytosol and PSs bound to membranes by separating cyto-
solic and membrane fractions by centrifugation (Kos et al.
2009a). Due to the low sensitivity of the method and the
small quantity of material in the membrane fraction, no
reliable data on the accumulation of PSs in membranes
could be obtained, but accumulation of PSs in cytosolic
fraction followed the pattern shown in Fig. 3.

A disadvantage of cationic photosensitizers is their
considerable dark toxicity. For nonporphyrin-based PSs,
this is related to the impairment of respiratory chain
activity by uncoupling of electron transport and ATP
synthesis (Morgan and Oseroff 2001). The toxicity of Mn-
porphyrin analogs increases with the increase of their
lipophilicity (Kos et al. 2009a). However, comparison of
the members of the series of ortho Zn N-alkylpyridylpor-
phyrins revealed no detectable dark toxicity in cultured
mammalian cells over the concentration range used in
our experiments (up to 25 uM). The marked difference
between the manganese and zinc N-alkylpyridylporphyrin
analogs implies that in addition to hydrophobicity, toxicity
of Mn analogs also depends on their redox activity.

Proteins as photosensitizer targets

Compared to other classes of biomolecules, proteins can be
considered primary targets for PS-derived reactive species,
because they are highly abundant and rate constants for
reactions with such species (mainly 'O,) are often higher
than with other potential targets (Davies 2003; Wilkinson
et al. 1995). On the other hand, rate constants for the
reaction of 'O, with different amino acid residues vary
dramatically, which results in selective damage to partic-
ular amino acid side chains. Under physiological condi-
tions, only Trp, His, Tyr, Met, and Cys react with 102 at
significant rates (Davies 2003). Photo-treatment of amino
acids with ZnP photosensitizers under physiological
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Fig. 3 Cellular accumulation of isomeric Zn N-alkylpyridylporphy-
rins. Accumulation of isomeric Zn N-alkylpyridylporphyrins in
LS174T cells after 24 h of incubation with 5 uM ZnPs. After
incubation, the cells were washed twice with PBS, resuspended to a
final volume of 1.0 ml in PBS and disrupted by sonication. SDS was
then added to a final concentration of 10%, samples were kept at 37°C
for 4 h and centrifuged at 100,000x g for 1 h. Spectra of the clear
supernatants were determined using a Shimadzu recording spectro-
photometer and the areas under the peaks at Soret bands were
calculated (inset). A standard curve was constructed by adding known
concentrations of ZnPs to cell-free extracts prepared as described
above. Data are presented as nmol of ZnP per mg of protein. Bars
represent mean & SE (n = 3). Asterisks indicate statistically signif-
icant differences among the groups, p < 0.05

conditions has shown more rapid modification of histidine
than any other amino acid, with generation of multiple
products (Fig. 4). Considering 'O, as the main PDT protein
damaging factor, it follows that modification of an indi-
vidual protein will depend on the content and position of
the vulnerable amino acid residues in the protein structure,
and the ability of the PS to reach such vulnerable sites.
Reactive species generated by the photo-activated PS can
lead to various chemical modifications of the amino acid
side chains, including carbonylation and formation of
peroxides. As a consequence, affected proteins could
undergo conformational changes, unfolding, fragmenta-
tion, and cross-linking. Such changes would ultimately
result in a loss of function, including loss of enzyme cat-
alytic activity.

Enzyme inactivation

Protein damage by photo-activated ZnPs is rather specific.
This specificity is manifested by selective inactivation of
cellular enzymes, and is dependent upon the ability of the
photosensitizer to generate reactive species in close prox-
imity to critical and sensitive amino acid residues.
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Fig. 4 Histidine modification after illumination with ZnPs. Histidine
(10 mM) with or without ZnTM-2-PyP (2 uM) in phosphate buffered
saline, pH 7.4 was illuminated or incubated in the dark for 30 min.
Analysis using thin layer chromatography on silica gel; mobile phase
was ethanol/water 1:1 (v/v) at room temperature. After drying, the
chromatogram was sprayed with ninhydrin reagent and heated to
reveal species with reactive alpha-amino groups. Lanes: (I) 10 mM
histidine illuminated in the absence of ZnP, (2) 2 uM ZnTM-2-PyP,
(3) 10 mM histidine illuminated in the presence of 2 pM ZnTM-2-
PyP, (4) 10 mM histidine and 2 pM ZnTM-2-PyP incubated in the
dark. The experiment was repeated three times with similar outcome.
One representative thin layer chromatogram is shown

Antioxidant enzymes

Both superoxide dismutase (SOD) and catalase are readily
inactivated by 'O,. The rate constants for the 'O,-induced
loss of activity have been established as 3.9 x 10’
M~ 's™! for SOD and 2.5 x 10’ M~' s™" for catalase
(Escobar et al. 1996). Indeed, significant loss of CuZnSOD,
MnSOD, and catalase activities were reported for kerati-
nocytes treated with Photofrin and illuminated (Luo et al.
2006). These enzymes were not inactivated, however,
when human colon adenocarcinoma LS174T cells were
treated with ZnTM-3-PyP and illuminated with visible
light (Al-Mutairi et al. 2007b). Under the same conditions,
glutathione reductase and glutathione peroxidase almost
completely lost their activities during the illumination
period, a process accompanied by a profound drop in GSH/
GSSG ratio (Fig. 5) (Al-Mutairi et al. 2007b).

Evidence has also been presented for the modification of
prosthetic groups within protein structures. Thus, exposure
of catalase to 'O, has been shown to generate multiple
conformers with more acidic isoelectric points as a result of
the modification of the heme group (Lledias and Hansberg
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Fig. 5 Inactivation of antioxidant enzymes. LS174T cells (~80%
confluent) loaded with 20 uM ZnTM-3-PyP in the dark were either
illuminated for 30 min or kept in the dark (dark controls). Immedi-
ately after illumination, the medium was removed, the adherent cells
were harvested, briefly washed with cold PBS, resuspended in the
enzyme assay buffer and disrupted by sonication. Debris was
removed by centrifugation and enzyme activities were determined.
The GSH/GSSG ratio was measured using a Bioxytech GSH/GSSG-
412 kit (Oxis International, Inc., Portland, OR, USA). To avoid GSH
oxidation during sample handling, the adherent cells were scraped
away from the plastic surface of the culture flask with a rubber
policeman, rapidly centrifuged and briefly washed with 1.0 ml cold
PBS. All procedures were performed in a cold room and centrifuge
tubes were kept on ice. The cell pellet was used for the assay directly,
without sonication. Mean &+ SEM is presented (n = 3-5). Asterisks
represent p < 0.01 compared to the non-treated controls. Adapted
from reference (Al-Mutairi et al. 2007b)

1999; Lledias et al. 1998). None of the ZnP-based PSs that
we tested, however, induced changes in the catalase iso-
electric point. This finding illustrates the importance of the
protein—PS interaction and shows that the positioning of
the two molecules is critical in determining PDT outcomes.

Metabolic enzymes

Increased glycolysis is a common feature of cancer that is
observed consistently in many cancer types with various
tissue origins (Pelicano et al. 2006). Together with gly-
colysis, the pentose phosphate pathway is important for
tumor proliferation because of its role in supplying tumor
cells with NADPH and ribose-5-phosphate for DNA and
RNA synthesis (Boros et al. 1998). Therefore, inhibition of
glycolysis and/or the pentose phosphate pathway in tumors
is a way of suppressing cancer cell proliferation. Experi-
ments with cancer cells loaded with ZnPs have shown that
upon photo-activation these PSs inhibit important enzymes
of the glycolytic and pentose phosphate pathways. Gly-
ceradehyde-3-phosphate dehydrogenase, lactate dehydro-
genase, and glucose-6-phosphate dehydrogenase appeared
to be extremely sensitive to photo-inactivation by ZnTM-3-
PyP (Al-Mutairi et al. 2007a).

A comparison of cells loaded with either cationic
ZnTM-3-PyP or anionic Hematoporphyrin D (HpD) and
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Fig. 6 Comparison between ZnTM-3-PyP and HpD. Sterile photo-
sensitizers solutions were added to the growth medium to a final
concentration of 20 pM. 24 h later the medium containing photosen-
sitizers was removed, the cells were washed with PBS, resuspended in
PBS, and illuminated. Immediately after the illumination, cells were
harvested, briefly washed with cold PBS, resuspended in the
respective enzyme assay buffers, and sonicated. Debris was removed
by centrifugation and enzyme activities were assayed in the cell-free
extracts. GAPDH glyceraldehyde-3-phosphate dehydrogenasem, LDH
lactate dehydrogenase, G6PD glucose-6-phosphate dehydrogenase,
GR glutathione reductase, ICD isocitrate dehydrogenase, ACON
aconitase, FUM fumarase. Mean + SE is presented (n = 3). Asterisks
represent p < 0.01 compared to the non-treated controls. Adapted
from Reference (Al-Mutairi et al. 2007a)

illuminated, shows that these photosensitizers differ con-
siderably in their ability to inactivate enzymes (Fig. 6).
Except for aconitase, which was almost equally inactivated
by both ZnTM-3-PyP and HpD, and isocitrate dehydroge-
nase (ICD), where slightly greater inactivation was
observed with HpD, enzyme photoinactivation caused by
ZnTM-3-PyP was much greater than the photoinactivation
induced by HpD. Lactate dehydrogenase (LDH), glucose-
6-phosphate dehydrogenase (G6PD), and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) activities were
dramatically decreased in the ZnTM-3-PyP-loaded cells,
but were not inactivated in the HpD-treated cells. This
shows that protein damage is rather specific and depends
on both the properties of proteins, structure and shape, and
photosensitizer. These factors determine the proximity of
the PS molecule to a target, and hence, which particular
proteins will be affected and how much damage will be
done.

Mitochondrial proteins

There has been a growing awareness of the role of mito-
chondria in numerous disease processes and development
of drugs targeting mitochondria is an area of increasing
importance. As noted earlier, positively charged photo-
sensitizers tend to accumulate in the mitochondria, driven
by membrane potential gradients. In addition to the number
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of charges, mitochondrial accumulation of cationic PSs
also depends on their lipophilicity (Castano et al. 2004;
Dummin et al. 1997). For cationic Zn phthalocyanines, it
was demonstrated that the more lipophilic members
entered mitochondria more readily than less lipophilic
molecules, confirming that proper targeting requires
a suitable combination of charge and hydrophobic char-
acteristics (Morgan and Oseroff 2001). Such data are in
agreement with the recent trends in the design of mitoc-
hondrially targeted drugs which possess positive charge
and a lipophilic component (Murphy and Smith 2007).

The reason for mitochondrial localization of positively
charged PSs lies in the electrical polarization of the inner
mitochondrial membrane. Proton pumping by respiratory
chain complexes makes the matrix negatively charged
relative to the intermembrane space. The combination of
a membrane potential and a pH gradient provides the
driving force for the selective uptake of positively charged
PSs (Morgan and Oseroff 2001). As positively charged PS
molecules accumulate in the matrix, the negative potential
across the membrane drops. High levels of cationic PSs
may eventually cause marked depolarization. In turn, the
driving force for the PS accumulation is lost, which leads
to PS redistribution to other cellular sites (Morgan and
Oseroff 2001).

The reported photo-damage of mitochondrial compo-
nents and impairment of mitochondrial functions provides
evidence for the mitochondrial localization of PSs. Photo-
induced decrease in the activity of mitochondrial enzymes
(Hilf et al. 1984), ultrastructural changes (Coppola et al.
1980), and inhibition of membrane transport (Atlante et al.
1989), ATP production (Hilf 2007), and electron transport
(Salet and Moreno 1995) have been reported (reviewed in
detail by (Morgan and Oseroff 2001).

In vivo experiments showed that a cationic Mn(III)
analog of Zn N-ethylpyridylporphyrin, MnTE-2-PyP,
enters mitochondria (Spasojevic et al. 2007). Preliminary
studies indicate that the cationic and lipophilic hexyl ana-
log, MnTnHex-2-PyP, accumulates in mitochondria at a
higher level than ethyl porphyrin, MnTE-2-PyP (Batinic-
Haberle et al. 2010b). Lengthening of the alkyl chains
should affect the mitochondrial localization of the modified
porphyrins in a similar manner, regardless of the metal
associated with the porphyrin. Given high levels of
endogenous reductants such as ascorbate and glutathione,
Mn porphyrins would be reduced in vivo and would
probably accumulate within cells in a reduced state
(Batinic-Haberle et al. 1998; Batinic-Haberle et al. 2010a;
Kos et al. 2009a). Reduced tetracationic MnPs bear one
less charge and are therefore significantly more lipophilic;
their physical properties thus closely resemble tetracationic
ZnPs. Given this strong similarity, it can be predicted with
confidence that ZnTnHex-2-PyP would accumulate in

mitochondria to a level similar to that found for MnTnHex-
2-PyP>*/MnTnHex-2-PyP*", and to a much higher level
than that for the methyl analog. Further experimental work
is needed to accurately measure accumulation of ZnPs in
mitochondria and determine whether there is indeed
marked selectivity for this organelle compared to other
intracellular targets. As noted above, inactivation of
mitochondrial enzymes can be used to assess mitochondrial
photo-damage. Given the very short range of most photo-
generated reactive species, the inactivation of Krebs cycle
enzymes (Figs. 6, 7) (Al-Mutairi et al. 2007a) by a Zn
methyl porphyrin, ZnTM-3-PyP, strongly suggests that the
photosensitizer reaches mitochondria. However, since ini-
tial photo-damage can lead to redistribution of the PS
during irradiation (Boyle and Dolphin 1996), it is difficult
to determine if a PS specifically targets all those molecules
that were subsequently found to be photo-damaged.

The short diffusion distance of 102 allows identification
of the cellular binding sites of photosensitizers, since only
molecules in close proximity are damaged. This is well
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Fig. 7 Inactivation of mitochondrial enzymes in cancer cells loaded
with ZnTM-3-PyP. Human colon adenocarcinoma LS174T cells were
grown in minimal essential medium supplemented with 10% fetal
bovine serum, 1.2% L-glutamine, 1.2% MEM nonessential amino
acids, and 1.2% penicillin/streptomycin. Sterile solutions of the
photosensitizers were added to the growth medium to a final
concentration of 20 pM, and 24 h later the medium containing ZnPs
was removed. The cells were washed with PBS, and then illuminated
in PBS for 30 min. Activities of aconitase, fumarase, and isocitrate
dehydrogenase (ICD) were determined as units per mg of protein
immediately after the end of the illumination or dark incubation. Data
for other ZnPs were obtained in a similar way. Bars: I illuminated in
the absence of ZnP, 2 loaded with ZnP, but not illuminated, 3 loaded
with ZnPs and illuminated. Experiments were repeated at least three
times with 3-5 replicates. The means & SE are presented. Statistical
analysis was performed using ANOVA. Asterisks represent p < 0.01
compared to the non-treated controls. Adapted from Ref. (Al-Mutairi
et al. 2007a)
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illustrated by the differential inactivation of mitochondrial
enzymes by photo-activated ZnPs. In cancer cells loaded
with ZnTM-3-PyP ~90% of fumarase, ~60% of aconi-
tase, and ~50% of isocitrate dehydrogenase activities were
lost within 30 min of illumination (Fig. 7) (Al-Mutairi
et al. 2007a).

It is clear that inactivation of metabolic cytosolic and
mitochondrial enzymes compromises a cell’s capacity to
generate NADH and therefore energy, as well as to main-
tain its redox status via NADPH production. All those
effects lead to the failure of the photo-damaged cell to
reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT) to blue formazan (Al-Mutairi et al.
2007b). The MTT test is commonly used to assess cell
viability and proliferation, but its reduction reflects the
availability of reducing equivalents and thus the metabolic
state of the cells (Berridge et al. 2005; Berridge and Tan
1993).

Based on the analogies between Zn and Mn porphyrins
noted above, ZnTnHex-2-PyP is expected to be ~5 and
~2.5 orders of magnitude more lipophilic than methyl,
ZnTM-2-PyP and butyl, ZnTnBu-2-PyP, respectively.
ZnTM-2-PyP, ZnTnBu-2-PyP, and ZnTnHex-2-PyP were
tested with respect to their ability to inhibit cellular reduc-
tion of MTT in a photo-dependent manner, as a consequence
of their inflicting damage upon cellular metabolism (Fig. 8).
The most lipophilic, ZnTnHex-2-PyP, showed the highest
potency.

Even when different photosensitizers target the same
organelles and accumulate to the same extent, their effec-
tiveness can vary considerably (Morgan and Oseroff 2001).
It has been reported, for example, that hematoporphyrin is
more efficient photosensitizer than protoporphyrin IX even
though they both accumulate to the same level in mito-
chondria. Since equivalent amounts of singlet oxygen are
produced by hematoporphyrin and protoporphyrin IX in
their monomeric forms, the greater efficiency of hemato-
porphyrin was attributed to its enhanced ability to bind to
proteins in the mitochondrial membrane (Morgan and
Oseroff 2001). Compared to cationic ZnPs, the anionic
HpD, which is lipophilic and localizes in plasma mem-
brane, mitochondria, nuclear membrane and endoplasmic
reticulum (Juzeniene and Moan 2007), was much less
effective in inhibiting MTT reduction (Fig. 8). Since MTT
reduction depends on metabolic activity, it can be con-
cluded that ZnPs bind to metabolic enzymes with greater
efficiency than HpD. Differences in efficacy between cat-
ionic ZnPs and anionic HpD can be at least in part ascribed
to different charges they bear at the periphery: four positive
symmetrically distributed charges of ZnPs versus two
negative asymmetrically distributed charges with HpD.

Elongation of the aliphatic chains attached to the
pyridyl nitrogen does not appear to appreciably affect the
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Fig. 8 Photodynamic suppression of cell metabolism. MTT reduc-
tion after illumination of LS174T cancer cells loaded with hemato-
porphyrin D or ZnP photosensitizers. Three ZnPs with vastly different
hydrophobicity were used. Hexyl porphyrin, ZnTnHex-2-PyP is
~2.5 log units more lipophilic than butyl, ZnTnBu-2-PyP, and
~5 log units more lipophilic than methyl analog, ZnTM-2-PyP.
Experimental protocol was as previously described for ZnTM-3-PyP
(Al-Mutairi et al. 2007a). Sterile solutions of the photosensitizer were
added to the growth medium and 24 h later the medium containing
ZnPs was removed, the cells were washed with PBS, resuspended in
PBS, and illuminated. After illumination, PBS was replaced with
1.0 ml of medium to which 50 pl of 5 mg/ml MTT solution was
added. After 3 h of incubation in a CO, incubator, 0.5 ml of 10%
SDS in 10 mM HCl were added and the plates were incubated
overnight. The solubilized product was assayed at 560 nm, and the
absorbance at 650 nm was used as a background. Parallel dark
controls were run for each compound. None of the photosensitizers
affected the reduction of MTT in the dark. Experiments were repeated
three times with 3-5 replicates. Means & SE are presented. Asterisks
represent p < 0.01 compared to the non-treated controls

photophysical properties of the PSs, since in a cell-free
system both butyl and hexyl derivatives demonstrated very
similar photo-cross-linking of purified samples of lactate
dehydrogenase, a globular hydrophilic cytosolic protein
dissolved in physiological buffered saline solution (Fig. 9).
Thus, the increased cellular PS efficacy of longer alkyl
chain-substituted ZnPs principally reflects changes in cel-
lular uptake and intracellular distribution and is a conse-
quence of their increased lipophilicity and ability to bind
particular proteins.

Structural changes

Enzyme inactivation can result from the modification of
essential amino acid residues and relatively small altera-
tions in the protein structure. Apart from the loss of cata-
lytic activity, such changes may not lead to changes in the
protein molecule that could be recognizable by common
analytical techniques. Intense generation of ROS by photo-
activated PSs, however, can cause profound damage to
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Fig. 9 Cross-linking of pure lactate dehydrogenase. Purified chicken
muscle lactate dehydrogenase (LDH) (20 mg/ml in PBS, pH 7.4) was
illuminated for 30 min in the presence of 2 uM ZnPs. Dark controls,
containing the same concentration of ZnPs and controls illuminated in
the absence of sensitizer were run in parallel. After illumination, the
samples were subjected to SDS-PAGE analysis following solubiliza-
tion by heating with sample buffer including 5% (v/v) 2-mercap-
toethanol (7 min, 37°C). Protein loading was 10 pg/lane. Lanes: (1)
non-treated, (2) illuminated in the presence of ZnTnHex-2-PyP, (3)
illuminated in the presence of ZnTnBu-2-PyP, (4) ZnTnHex-2-PyP—
dark control, (5) ZnTnBu-2-PyP—dark control. Molecular weight
standards are also shown. For data regarding ZnTM PyP see (Al-
Mutairi et al. 2007a). One representative electrophoretic separation is
shown. The experiment was repeated five times with similar results

protein molecules, manifested as fragmentation and
aggregation. Fragmentation seems to be encountered rela-
tively rarely (Davies 2003). Lysozyme, exposed to photo-
activated lumiflavin has been reported to undergo frag-
mentation, but the exact reactive species and chemical
reactions involved are not known (Gomyo and Fujimaki
1970). In contrast, the PS-induced formation of high-
molecular weight protein aggregates is well documented
(Davies 2004, 2005; Verweij et al. 1981). Aggregation
seems to be mediated by radical-radical reactions of Tyr-
derived phenoxyl radicals to give di-tyrosine (Spikes et al.
1999), inter-molecular disulfide bond formation (Truscott
and Augusteyn 1977), and eventually through His-His and
His-Lys crosslinks (Davies 2003).

Increasing the hydrophobicity of ZnPs from methyl to
hexyl porphyrins had negligible effects on PS-mediated

intermolecular cross-linking of pure globular proteins
(illustrated by the photo-dependent aggregation of lactate
dehydrogenase by ZnTnBu-2-PyP and ZnTnHex-2-PyP,
Fig. 9). However, in an intact cell system, the differences
in their lipophilicities greatly influenced the PS-mediated
ability to affect cell metabolism, i.e. MTT reduction (see
above, Fig. 8).

Membrane proteins

Membrane damage is considered a major cause of PDT-
induced cell death and manifested by chemical modifica-
tions of lipids and protein cross-linking and aggregation.
Thus, together with lipids, membrane proteins are sensitive
PDT targets (Juzeniene et al. 2006). Protein damage is
probably the reason why cells in S phase are more sensitive
to PDT than cells in G; and G, phases (Juzeniene et al.
2006). Increase in membrane permeability is one of the
first events triggered by illumination in the presence of
ZnP. In cultured human colon adenocarcinoma LS174T
cells preloaded with 20 pM ZnTM-3-PyP, leakage of ATP
takes place during the illumination period (Fig. 10)
(Al-Mutairi et al. 2006), followed by increased perme-
ability towards larger molecules (Al-Mutairi et al. 2007b).
The leakage of ATP along with inactivation of metabolic
enzymes is among the reasons for rapid depletion of ATP
in photo-treated tumor cells, leading eventually to cell
death.
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Fig. 10 ATP leakage from the photo-treated cells. The leakage of
ATP from LS174T cells was determined for controls, 20 uM ZnTM-
3-PyP-treated in the dark, and 20 pM ZnTM-3-PyP-illuminated
groups. Immediately after the illumination, 50 pl samples of the
medium were transferred into eppendorf tubes and centrifuged for
3 min at 4°C. Aliquots (25 pl) of the supernatant were taken and ATP
was measured with an ATP Bioluminescent Assay Kit (Sigma)
according to the manufacturer’s instructions. The mean + SEM is
presented. Experiments were repeated three times with three repli-
cates. *p < 0.005 compared to control. Adapted from Reference
(Al-Mutairi et al. 2006)
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Fig. 11 Schematic presentation
of human red blood cell
membrane proteins targeted by
ZnP photosensitizers. Arrows
indicate sensitive sites in
isolated membranes. Extrinsic
structural proteins showed rapid

Glycophorin ¢

and extensive cross-linking
under the experimental
conditions chosen (see Fig. 12)

ankyrin

Photo-induced ATP loss may result directly from the
general membrane damage, or activation of channels such
as those reported to mediate ATP release in response to
mechanical or osmotic stress, or hypoxia (Dutta et al. 2004;
Hazama et al. 2000; Sabirov et al. 2001).

As with cytosolic and mitochondrial proteins, mem-
brane proteins differ widely with respect to their sus-
ceptibility to modification by excited PSs. PS-mediated
membrane protein damage is illustrated using the iso-
lated erythrocyte membrane as a model system and the
most lipophilic ZnTnHex-2-PyP, which exerted the
highest effect on cancer cell metabolism. Major extrinsic
membrane proteins forming the membrane cytoskeleton
and its junctional complexes, including spectrin, actin,
band 3 (anion exchanger AEl), band 4.1, and ankyrin
(Fig. 11), are rapidly and extensively cross-linked as
exemplified here with the loss of spectrin bands when
erythrocyte membranes are photo-treated with 2 pM
ZnTnHex-2-PyP (Fig. 12). Samples were subjected to
treatment with 2-mercaptoethanol for SDS-PAGE analy-
sis, and so the observed cross-linking was not caused by
the formation of disulfide bonds. While the major inte-
gral membrane protein, an anion exchanger (band 3,
AE1l), much of which associates with the cytoskeleton
(Low 1986), is a sensitive target, the glucose transporter
GLUT-1 (a hydrophobic integral membrane protein
believed to be an obligate dimer) exhibits slower
aggregation (not shown).

Concluding remarks

PDT is advantageous compared to the traditional treat-
ments of cancer and other diseases because of the selec-
tivity, non-invasiveness and high efficiency coupled with
a lack of serious side effects and drug resistance. These
advantages have stimulated the search for better and more
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Fig. 12 Cross-linking of membrane proteins. Isolated human eryth-
rocyte membranes were illuminated with or without ZnTnHex-2-PyP.
Dark controls were run in parallel. Immediately after illumination,
membranes were solubilized in the dark followed by SDS-PAGE
analysis (4% stacking gel, 10% separating gel). Protein loading was
15 pg/lane and migration of molecular weight standards (97, 66 and
45 kDa) is indicated. Lanes: (1) untreated membranes, (2) treated
with 2 pM ZnTnHex-2-PyP in the dark, (3) treated with 2 uM
ZnTnHex-2-PyP and illuminated with visible light for 20 min. The
dark control confirms that photo-cross-linking did not occur during
the analytical procedures. Treatment with Hematoporphyrin D
(Photofrin) at an identical concentration resulted in no detectable
cross-linking under these conditions. One representative electropho-
retic separation is shown. The experiment was repeated more than six
times with similar results

efficient photosensitizers and specific, well-defined cellular
targets. Because of their diverse and essential functions
and abundance, proteins are regarded as key targets for
PDT. Designing PSs that aim at specific proteins is an
important avenue for achieving high selectivity in PDT.
Experience based on Zn(Il) N-alkylpyridylporphyrins and
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their photo-inactive Mn(IIl) analogs shows that proper
selection of the photosensitizer core and variations in the
distribution of the functional groups on its periphery, could
eventually lead to the design of highly selective photo-
sensitizers, capable of targeting not only particular cellular
compartments or membrane structures, but even specific
polypeptides.
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