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ABSTRACT

Structurally diverse chemotherapeutic and chemopreventive drugs, including camptothe-
cin, doxorubicin, sanguinarine, and others, were found to cause covalent crosslinking of
proliferating cell nuclear antigen (PCNA) trimers in mammalian cells exposed to fluorescent
light. This PCNA damage was caused by both nuclear and cytoplasmically localizing drugs.
For some drugs, the PCNA crosslinking was evident even with very brief exposures to
laboratory room lighting. In the absence of drugs, there was no detectable covalent cross-
linking of PCNA trimers. Other proteins were photo-crosslinked to PCNA at much lower
levels, including crosslinking of additional PCNA to the PCNA trimer. The proteins photo-
crosslinked to PCNA did not vary with cell type or drug. PCNA was not crosslinked to itself or
to other proteins by superoxide, hydrogen peroxide or hydroxyl radicals, but hydrogen
peroxide caused monoubiquitination of PCNA. Quenching of PCNA photo-crosslinking by
histidine, and enhancement by deuterium oxide, suggest a role for singlet oxygen in the
crosslinking. SV40 large T antigen hexamers were also efficiently covalently photo-cross-
linked by drugs and light. Photodynamic crosslinking of nuclear proteins by cytoplasmically
localizing drugs, together with other evidence, argues that these drugs may reach the
nucleoplasm in amounts sufficient to photodamage important chromosomal enzymes. The
covalent crosslinking of PCNA trimers provides an extremely sensitive biomarker for
photodynamic damage. The damage to PCNA and large T antigen raises the possibility
that DNA damage signaling and repair mechanisms may be compromised when cells
treated with antineoplastic drugs are exposed to visible light.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

reaches ineffective concentrations before it can diffuse far
from its source. The short diffusion distance, a small

Light excites photodynamic drugs to a triplet state that can
transfer energy to molecular oxygen, converting it from its
triplet ground state to a highly reactive singlet state (type II
mechanism), or can react directly with other molecules to
generate reactive oxygen species (ROS) such as superoxide,
hydrogen peroxide, and hydroxyl radicals (type I mechan-
ism) [1-3]. Singlet oxygen, the species responsible for
most photodynamic damage [4], is rapidly inactivated by
interactions with water and other molecules so that it

fraction of a mammalian cell diameter [3], has given rise
to the idea of targeted photodynamic damage to intracel-
lular sites of photodynamic drug localization [1-3]. Targets
of photodynamic damage include cellular organelles such
as cell membranes, lysosomes, and mitochondria as well
as biomolecules such as DNA and proteins. Covalent
modification of proteins by radiation, ROS, or xenobiotics,
including covalent protein crosslinking, is protein damage
[5-7].
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Proliferating cell nuclear antigen (PCNA) was first identi-
fied as a nuclear antigen seen only in the S-phase of the cell
cycle [8]. It was later identified as a processivity factor for
DNA polymerase delta, both in DNA replication and in DNA
repair [9]. PCNA functions as a homotrimer, with three PCNA
monomers arranged in a ring that encircles the DNA strand
[10]. This allows it to “‘clamp’” DNA polymerase delta to the
template strand to increase processivity [11]. The binding
between the PCNA subunits in the circular trimer is non-
covalent, so only PCNA monomers are detected under
denaturing conditions, such as SDS gel electrophoresis.
Treatment of cells or cell extracts with protein crosslinking
agents can covalently crosslink the subunits of the PCNA
trimer so that it migrates as a high molecular weight PCNA
form on SDS gels [12]. Crosslinking studies have also
suggested that two PCNA trimers may be arranged in pairs
in the cell [13]. The PCNA ring is assembled onto DNA by
replication factor C (RFC), a clamp loader [14]. In addition to
being involved in DNA replication and DNA excision
repair, PCNA is involved in DNA lesion bypass during
DNA replication. When mammalian DNA replication forks
encounter an unrepaired DNA lesion in the template
strand, mammalian PCNA undergoes monoubiquitination,
the covalent addition of a ubiquitin residue to PCNA [15]
allowing the replacement of the high fidelity DNA polymer-
ase delta with a low fidelity DNA polymerase that can insert
DNA bases opposite the DNA lesion. Translesion DNA
synthesis by a low fidelity DNA polymerase allows replica-
tion to proceed at the cost of mutagenesis. Pyrimidine dimer,
a form of DNA damage caused by ultraviolet (UV) radiation, is
an efficient inducer of monoubiquitinated PCNA in mam-
malian cells [16]. The importance of PCNA for genome
stability, and the many known PCNA binding proteins, has
given PCNA a reputation as the “ringmaster” or “maestro” of
the genome [17,18].

Simian virus 40 (SV40) is a DNA virus that makes
extensive use of host cell DNA replication machinery and
also packages its DNA in host cell-derived histones orga-
nized into nucleosomes [19]. This has led to the use of SV40
as a model for the mammalian replicon with many
experimental advantages [20]. A major difference between
SV40 and cellular DNA replication forks is the helicase. In
SV40 replication forks, the virus-encoded large T antigen is
the helicase, replacing the MCM helicase proteins of cellular
replication forks [21]. The SV40 large T antigen is a circular
hexamer composed of large T antigen monomers, and it is
both a DNA and RNA helicase [22,23]. Like the PCNA trimer, it
encircles a DNA strand, and the binding between the
subunits is non-covalent.

In this study, we show that structurally diverse anticancer
drugs cause photodynamic damage, in the form of protein
crosslinking, to proliferating cell nuclear antigen (PCNA) and
to SV40 large T antigen. The results provide new information
on photodynamic protein-protein crosslinking in cells and
show that enzymes of DNA replication and repair can be
significantly photodamaged by common antineoplastic drugs,
including those that localize in cytoplasmic organelles.
Damage to such nuclear enzymes may compromise DNA
damage signaling and repair, and thus alter cell survival and
mutagenesis.

2. Materials and methods
2.1. Cell culture

Hela (human cervical cancer) and MCF-7 (human breast
cancer) cell lines were obtained from the American Type
Culture Collection (ATCC, Manassas, VA) and were grown in
DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS) (Invitrogen). HeLa cells stably expressing
HA-tagged PCNA (1), a gift from Dr. Niall Howlett (U. Michigan,
Ann Arbor, MI), were maintained in DMEM containing 1 ng/ml
of puromycin (Sigma, St. Louis, MO) and 10% FBS. African
green monkey kidney fibroblasts (CV-1) were obtained from
the ATCC and cultured in MEM (Invitrogen) containing 10% calf
serum (Invitrogen) and 14 mM HEPES (Sigma) (MEM/HEPES).
CV-1 cells were infected with simian virus 40 (SV40, strain 777,
2.3 x 107 pfu/ml) for 1 h at 37 °C and cultured with complete
media for 36h before treatment with drugs [24]. SV40
transformed human fibroblast GM639 cells were obtained
from the Coriell Institute (Camden, NJ) and were maintained in
DMEM with 10% FBS. For experiments in deuterium oxide
(D20), powdered MEM was prepared in 99.9% D,O (Sigma)
without serum. Cells in DMEM were maintained in water-
jacketed incubators at 37 °C, in a humidified atmosphere with
5% CO,. Cells in MEM/HEPES were maintained at 37 °C in
water-jacketed incubators with humidified room air. Experi-
ments were done with cells in late log phase (80-90%
confluent) to ensure a high level of replicating cells. The
temperature sensitive ubiquitin conjugation mutant, ts85 [24]
was maintained in DMEM with 10% FBS, at the permissive
temperature, 32 °C. For experiments to determine oxygen
dependence, cells were grown in 25 cm? tissue culture flasks.
Nitrogen or air flushing was done through Luer stopcock
controlled hypodermic needles inserted through silicone
rubber stoppers used to seal the flasks. After flushing, the
stopcocks were closed to seal the flasks.

2.2 Drugs and reagents

Proflavine, acridine orange, methylene blue, 9-aminoacridine,
doxorubicin, hypericin, ethidium bromide, chloroquine, and
ellipticine were from Sigma. Paraquat (methyl viologen
dichloride hydrate), sanguinarine chloride, (S,R)-noscapine,
97%, and berberine hydrochloride hydrate, 99% were from
Aldrich (Milwaukee, WI). Mono-L-aspartyl chlorin e6 tetra-
sodium salt (NPe6) was purchased from Frontier Scientific
(Logan, UT). Camptothecin, m-amsacrine (m-AMSA, 4'-(9-
acridinylamino)methanesulfon-m-anisidide), and nitidine
were obtained from the National Cancer Institute, Develop-
mental Therapeutics Program (Frederick, MD). Proflavine,
acridine orange, methylene blue, ethidium bromide, and
NPe6 were prepared as stock solutions in distilled water. 9-
Aminoacridine, camptothecin, doxorubicin, ellipticine, and m-
AMSA were dissolved in DMSO and hypericin was dissolved in
methyl alcohol. Stock solutions were aliquoted and stored
frozen in the dark at —20 °C. The E1 ubiquitin ligase inhibitor,
PYR-41 was from BioGenova Corp. (Frederick, MD). Glutar-
aldehyde was purchased from Polysciences, Inc. (Warrington,
PA). Other biochemicals from Sigma were sodium dodecyl
sulfate (SDS), sodium deoxycholate, nonidet P-40 (NP-40),
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phenylmethylsulfonyl fluoride (PMSF), formaldehyde, hydro-
gen peroxide, dithiothreitol (DTT), desferoxamine, histidine,
superoxide dismutase (SOD, EC 1.15.1.1), dimethyl sulfoxide
(DMSO), glycerol, mannitol, and ascorbic acid. The protease
inhibitors, aprotinin, leupeptin, and pepstatin were from USB
(Cleveland, OH).

2.3. Irradiation

Two light sources were used in this study, a high intensity
fluorescent light irradiator (irradiance of 75 W m~2), and room
fluorescent lighting (recessed ceiling units: irradiance at the
bench top: 1.3 W m~?). The irradiator consisted of an alumi-
num platform located below a bank of seven F8T5/D Sylvania
Daylight™ fluorescent 8 W 12in. bulbs. Irradiance was
measured with a Li-Cor LI-185B radiometer. The temperature
of the samples, monitored with an electronic probe and
maintained by a 12W cooling fan, was controlled at
25+1.5°C. Cells in 35mm culture plates with 1ml of
serum-free medium (SFM) were irradiated with plate lids in
place. Before and after irradiation, the samples containing
photodynamic drugs were processed under darkroom condi-
tions (dim red darkroom lights). Room fluorescent lighting was
Luxline Terra-Lux F32T8/735 3500 K. Radiant light exposures
are expressed as J cm™2. All visible light irradiations were in
the irradiator for 7 min giving a radiant dose of 3.15] cm™,
unless otherwise indicated. No irradiations were longer than
10 min. UV exposure (as ] m 2, 254 nm) was measured with a
calibrated UVP J-225 meter (UVP, LLC, Upland, CA).

2.4. Western blotting and immunoprecipitation

Cells were treated with drugs for 30 min, the medium was
replaced with SFM, and the cells were irradiated as indicated.
Controls were cells receiving the same light exposure but
without drugs present. Whole cell protein extracts were
prepared in SDS lysis buffer (62.5 mM Tris-HCl, pH 6.8, 2%
SDS, 10% glycerol, 1 mM PMSF, 10 ug/ml of each protease
inhibitor, aprotinin, leupeptin, and pepstatin. Proteins (20—
40 pg) were separated by SDS-PAGE (polyacrylamide gel
electrophoresis) and transferred to a nitrocellulose membrane
(Schleicher & Schuell, PerkinElmer, Shelton, CT) using a
BioRad (Hercules, CA) semi-dry transfer system. Blocked
membranes were incubated with primary antibody overnight
at 4 °C, rinsed, then incubated with horseradish peroxidase-
conjugated secondary antibody for 1h at room temperature.
Protein was detected by SuperSignal West Pico Chemilumi-
nescence Substrate (Pierce, Rockford, IL) using either X-ray
film or the BioRad ChemiDoc™ XRS imaging system. Primary
antibodies were mouse PC10 or goat C20 (Santa Cruz Biotech,
Santa Cruz, CA) directed against PCNA, mouse anti-HA tag
(Roche, Indianapolis, IN), mouse anti-SV40 large T antigen (Lab
Vision, Fremont, CA), goat anti-lamin B (Santa Cruz), goat anti-
triose phosphate isomerase (Novus, Littleton, CO), and mouse
monoclonal anti-ubiquitin (Biomol, Exeter, UK). Secondary
antibodies were goat anti-mouse HRP conjugate (BioRad) and
donkey anti-goat HRP conjugate (Santa Cruz). The apparent
molecular weight of each PCNA form induced by photody-
namic damage was estimated by comparison to commercial
marker sets: Precision Plus Protein™ Dual color standards

(BioRad) and EZ-Run™ pre-stained Rec Protein ladder (Fisher
Scientific, Pittsburgh, PA).

For immunoprecipitation, HeLa cells were treated with
40 uM proflavine or 60 pM acridine orange for 30 min, changed
to drug-free, SFM, and then irradiated with fluorescent light
(3.15) cm ). Cells were lysed using SDS lysis buffer containing
protease inhibitors. For PCNA immunoprecipitation, proteins
were precleared with Pansorbin® cells and immunopure
rabbit serum (Calbiochem, San Diego, CA), then incubated
with PC10 antibody (4 pg/tube) at 4 °C overnight on a rotator.
Antibody-bound protein lysates were incubated with Protein A
agarose beads (Calbiochem) with rotation for 4h at 4°C.
Protein-antibody-bead complexes were eluted with SDS-PAGE
sample buffer (BioRad). For the HA-tagged PCNA protein pull-
down, proteins from proflavine and light treated Hela cells
expressing HA-tagged PCNA were extracted using RIPA buffer
(150 mM Nacl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
50 mM Tris, pH 8.0, aprotinin 1 wg/ml, leupeptin 1 pg/ml,
pepstatin 1 pg/ml, and PMSF 50 pg/ml) and processed using a
ProFound™ HA-Tag IP/Co-IP set (Pierce) according to the
manufacturer’s instructions. Proteins eluted from immobi-
lized antibody-bead complexes were separated by 10% SDS-
PAGE, and Western blotting with PC10 or HA tag antibodies
was carried out. For proteomic identification of PCNA cross-
linked proteins, the acrylamide gel was Coomassie Blue
stained and the protein band of interest was excised for
liquid chromatography-tandem mass spectrometry (LC/MS/
MS) analysis.

2.5.  Two-dimensional gel electrophoresis

Two-dimensional electrophoresis was performed at Kendrick
Laboratories, Inc. (Madison, WI) according to O’Farrell [25].
Isoelectric focusing was carried out using 2% pH 3.5-10
ampholines (GE Healthcare, Piscataway, NJ) for 9600V h.
10% SDS-PAGE slab gel electrophoresis was carried out for
4h at 15 mA/gel. The following proteins (Sigma) were used as
molecular weight markers: myosin (220,000), phosphorylase A
(94,000), catalase (60,000), actin (43,000), carbonic anhydrase
(29,000) and lysozyme (14,000). The pH gradient was deter-
mined using a surface pH electrode on four blank IEF tube gels.

2.6. Mass spectrometry

Excised Coomassie stained protein bands from SDS-PAGE
were analyzed at the Ohio State University Mass Spectrometry
and Proteomics Facility. LC/MS/MS was performed on a
Thermo Finnigan LTQ mass spectrometer equipped with a
nanospray source operated in positive ion mode. The scan
sequence of the mass spectrometer was programmed for a full
scan and MS/MS scans of the 10 most abundant peaks in the
spectrum. Dynamic exclusion was used to exclude multiple
MS/MS of the same peptide after detecting it three times.
Sequence information from the MS/MS data was processed
using the Mascot 2.0 active Perl script. Database searches were
against the NCBInr database using MASCOT 2.0 (Matrix
Science, Boston, MA). The mass accuracy of the precursor
ions was set to 1.8 Da, and the fragment mass accuracy was set
to 0.5 Da. The number of missed cleavages permitted in the
search was 2. An individual peptide was considered as a good
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match if it produced a probability-based MOWSE (MOlecular
Weight SEarch [26]) score greater than 20 (P < 0.05). The cut-off
score for significant protein identification was set at 45 and the
matched peptides were all manually verified.

3. Results

3.1. High molecular weight PCNA forms produced by
photodynamic damage

Western blotting of whole cell lysate from CV-1 cells treated
with 10 pM proflavine during a brief exposure to room
fluorescent lighting revealed a high molecular weight PCNA-
antibody reactive protein band of about 93 kDa (Fig. 1A). As
controls, CV-1 cells were irradiated without proflavine (Fig. 1A
Cri), or were UV irradiated (Fig. 1A, UV) to induce mono-
ubiquitinated PCNA [27,28]. More intense visible light irradia-
tion of proflavine-treated cells produced the 93 kDa PCNA
reactive band, and a higher molecular weight (~154 kDa) band
in CV-1, MCF-7 and HelLa cells (Fig. 1B). A RIPA lysate of MCF-7
cells was treated with glutaraldehyde, a protein crosslinking
agent, subjected to SDS PAGE (12% acrylamide), then Western
blotted using anti-PCNA antibody. Glutaraldehyde is known
to covalently crosslink PCNA trimers to produce a high
molecular weight PCNA band at about 93 kDa on SDS PAGE
[12]. The major high molecular weight PCNA band produced by
glutaraldehyde crosslinking corresponds to the major high
molecular weight band produced by proflavine and light,
suggesting that the 93 kDa PCNA band produced by proflavine
and light represents the covalently crosslinked PCNA trimer.
In addition, a higher molecular weight PCNA form of about
154 kDa was produced. A number of minor high molecular
weight PCNA bands were also detected in the region below the
93 kDa band (Fig. 1C, minor bands). An experiment was done
using cells expressing HA-PCNA to determine if the high
molecular weight PCNA band was due to non-specific binding
of the anti-PCNA PC10 antibody to photodynamically damaged
proteins. The 93 kDa band was detected with HA tag antibody
in Hela cells expressing HA-tagged PCNA and was also
detected with the PC10 antibody after HA-tag immunopreci-
pitation (Fig. 1D). Development of these high molecular weight
PCNA bands as a function of irradiation time was studied
with CV-1 cells, and a number of weaker high molecular
weight PCNA antibody-reactive bands, similar to those in the
glutaraldehyde experiment, were evident at longer irradiation
times (Fig. 1E, minor bands). Detection of the minor high
molecular weight PCNA bands was dependent on irradiation
time, drug concentration and chemiluminescent film expo-
sure time.

Experiments were done to determine if the high molecular
weight PCNA bands were due to polyubiquitination of PCNA.
The pattern of high molecular weight PCNA bands caused by
proflavine and light was not affected by treatment of the cells
with the E1 ubiquitin ligase inhibitor, PYR-41, or by shifting the
murine temperature-sensitive ubiquitin conjugation mutant,
ts85, to the restrictive temperature (Fig. 1F). The 93 kDa band,
the 154 kDa band and the minor high molecular weight bands
did not react with ubiquitin antibody after PCNA immuno-
precipitation (Fig. 1G).

Since many drugs and natural products are at least
weakly photodynamic [29-31], we extended the study to other
commonly used drugs and reagents. The DNA intercalating
photodynamic dyes, methylene blue, acridine orange, and 9-
aminoacridine produced strong 93 kDabands in CV-1 cells when
irradiated with visible light (Fig. 2A). At the same drug
concentration and radiant exposure, proflavine and acridine
orange produced similarlevels of the 93 kDaPCNA form, but very
differentlevels of the 154 kDa form. Topoisomerase poisons and
other drugs were also studied for their ability to photodamage
PCNA, with ethidium bromide and proflavine as positive
controls and noscapine as a negative control (Fig. 2B). Ellipticine
and sanguinarine produced very strong 93 and 154 kDa bands
as well as the minor high molecular weight PCNA bands.
Camptothecin, doxorubicin, berberine, nitidine, and ethidium
bromide produced weak 93 kDa bands when irradiated with
fluorescent light. None of these drugs caused high molecular
weight PCNA forms when incubated with the cells in the dark
(Supplemental Fig. S1). m-AMSA, chloroquine and noscapine did
not produce detectable high molecular weight PCNA bands with
exposure to light. The experiment was repeated, using a BioRad
ChemiDoc™ XRS imaging system to quantitate the area of each
lane corresponding to the 93kDa band (not shown), and
confirmed that m-AMSA and light exposure did not produce a
detectable high molecular weight PCNA band.

Hypericin, an endoplasmic reticulum localizing drug [32],
was a very effective photodynamic producer of the 93 and
154 kDa bands, as well as the minor high molecular weight
PCNA bands produced by proflavine (Fig. 2C). NPe6, a lysosome
localizing drug[33] was also effective, although its effectiveness
was greatly reduced by serum in the medium (Fig. 2C). To test
the possibility that these drugs might reach PCNA as a result of
nuclear membrane breakdown during mitosis, the experiment
was also done in SV40 infected CV-1 cells that are locked into
DNA synthesis and unable to progress to mitosis [34-36]. The
infection was done at high multiplicity of infection (M.O.1. = 20
plaque-forming units per cell) to ensure that all cells were
infected. Both drugs efficiently caused the formation of the high
molecular weight PCNA forms in SV40 infected CV-1 cells when
exposed to light (Supplemental Fig. S2).

3.2.  Dose-response for high molecular weight PCNA forms

The Western blots in Figs. 1E and 2A suggest that the rate of
formation of the 93 kDa PCNA band may differ from the rate of
formation of the minor high molecular weight PCNA bands
(including the 154 kDa band), and also suggest that the ratio
of the major to minor bands may be different for different
drugs (compare proflavine and acridine orange in Fig. 2A). To
examine this more closely, the dose-responses for acridine
orange and proflavine were compared quantitatively. The
density of the 93 kDa band increased steeply as a function of
drug concentration for both proflavine and acridine orange
(Fig. 2D), but reached a plateau in the proflavine sample while
continuing to increase at comparable concentrations of
acridine orange. In both the acridine and proflavine experi-
ments, the 154kDa band showed a very different dose-
response than the 93 kDa band. Minor high molecular weight
PCNA bands, most located below the 93 kDa band, had a dose-
response similar to the 154 kDa band.
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Fig. 1 - High molecular weight PCNA forms produced by proflavine and light. (A) CV-1 cells in SFM were exposed to room
lighting for 5 min on the bench top (0.039 ] cm™~?) without (Cgy), or with (PFg;) 10 pM proflavine treatment (37 °C, 30 min).
Other cells were UV-irradiated (UV, 30 ) m~?), incubated 3 h in serum-containing MEM, and Western blotted with PCNA
antibody (PC-10). MW, Molecular weight; PCNA, PCNA monomer; Ub-PCNA, monoubiquitinated PCNA; 93 kDA, 93 kDa
PCNA form. (B) CV-1, MCF-7, and Hela cells in SFM were exposed to light in the irradiator (7 min, 75 Wm™2, 3.15]J cm™?)
without (C.) or with 40 pM proflavine (PFy). (C) A RIPA lysate of MCF-7 cells was treated with glutaraldehyde (GA, 0.025%,
10 min, 37 °C), glycine was added to 0.15 M to stop protein crosslinking, and the sample was Western blotted (anti-PCNA).
Minor high molecular weight PCNA bands are indicated (minor bands) with 93 and 154 kDa bands. (D) HeLa cells and HeLa
cells expressing HA-tagged PCNA (HA-PCNA HelLa) in SFM were exposed to light (3.15 ] cm™2) without (C.) or with 40 pM
proflavine (PF.), then Western blotted with HA tag antibody. Asterisk: non-specific band. HeLa cells expressing HA tagged
PCNA were also immunoprecipitated with HA-tag antibody, then Western blotted with PCNA antibody. (E) CV-1 cells
treated with 40 uM proflavine in SFM were irradiated for different times (75 W m™2), and anti-PCNA Western blotting was
performed. The zero time point is a dark control. (F) CV-1 cells treated with the E1 ubiquitin ligase inhibitor, PYR-41 (25 pnM),
proflavine (40 M) and light (3.15 ] cm™2), were analyzed by PCNA Western blotting. ts85 cells, capable of ubiquitination at
32 °C but not at 39 °C, were incubated at each temperature for 16 h, then treated with 40 pM proflavine and light

(3.15J cm™?) and analysed by PCNA Western blotting. (G) CV-1 cells were treated with 40 pM acridine orange and light
(3.15J cm™?). SDS lysates were immunoprecipitated with anti-PCNA antibody, and Western blotted with anti-ubiquitin
antibody (left) before re-probing with anti-PCNA antibody (right).
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Fig. 2 - PCNA photo-crosslinking by diverse drugs (radiant light exposures 3.15J cm™2). (A) CV-1 cells were treated with
40 pM proflavine (PF), methylene blue (MB), acridine orange (AO), 9-aminoacridine (9AA) in serum-free medium, or with
serum-free medium alone (C) for 30 min before irradiation. (B) Proflavine (PF), m-AMSA (AMSA), doxorubicin (Dox), ethidium
bromide (EtBr), camptothecin (CPT), ellipticine (EL), chloroquine (CH), sanguinarine (San), berberine (Ber), noscapine (Nos),
and nitidine (Nit) were added to cells for 30 min before irradiation. (C) Cells were exposed to different concentrations of
hypericin or NPe6 for the indicated times before irradiation. Controls included untreated cells (0 pM) receiving the same
light exposure, cells treated with 40 pM proflavine and light, cells treated with either 10 pM hypericin or 17 pM NPe6 for 1 h
but kept in the dark (dk), and cells treated with NPe6 for 1 h in serum containing medium before irradiation (indicated with
an asterisk). (D) Cells were treated with proflavine or acridine orange at the indicated concentrations and then irradiated.
Anti-PCNA Western blots (AO and light, upper left; PF and light, lower left) were visualized and quantitated with the BioRad
ChemiDoc™ XRS imaging system. Quantitation of the 93 kDa PCNA (@) and the 154 kDa PCNA (O) bands is shown to the

right of each Western blot.
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3.3. Identification of the 93 kDa band as a PCNA trimer

Formaldehyde treatment of cells covalently crosslinks PCNA
trimers [13,37]. Comparison of the high molecular weight
PCNA forms produced by proflavine plus light and formalde-
hyde crosslinking showed somewhat different electrophoretic
mobilities for the major high molecular weight PCNA bands,
and numerous additional bands in the proflavine sample that
were not detected by formaldehyde crosslinking (Fig. 3A). To
determine if the 93 kDa band represented the PCNA trimer or
PCNA crosslinked to a heterologous protein, a proteomic
experiment was undertaken. Immunoprecipitation of PCNA
followed by gel electrophoresis was shown to produce a
Coomassie staining band at the position of the 93 kDa band
seen in Western blots (Fig. 3B). PCNA immunoprecipitates,
Western blotted with PC10 monoclonal and C20 polyclonal
antibodies to PCNA, confirmed that the Coomassie band at
93 kDa contained PCNA (Fig. 3C). LC/MS/MS analysis identified
this band as PCNA with 54% sequence coverage, a Mowse score
of 621, and several high confidence peptide sequences such as
that of the peptide AEDNADTLALVFEAPNQEK (Fig. 3D). No
peptides of other proteins were detected.

3.4. Identification of the 154 kDa band as a PCNA oligomer

Acridine orange was used in a proteomic study to identify the
protein or proteins in the 154 kDa band, since it is the most
efficient producer of this band under the conditions of our
irradiator (Fig. 2A). High molecular weight PCNA bands
produced by acridine orange and light were compared to
two high molecular weight marker protein ladders (Fig. 4A).
Two prominent, well resolved PCNA antibody-reactive bands
migrated at positions corresponding to molecular weights of
93 and 154 kDa respectively. A lysate of HeLa cells exposed to
60 pM acridine orange and light was concentrated using a
50 kDa cutoff centrifugal filter to reduce the amount of PCNA
monomer for the subsequent immunoprecipitation. After
PCNA immunoprecipitation and SDS PAGE, the Coomassie-
stained PCNA band at 154 kDa was analyzed by LC/MS/MS.
PCNA was identified with a sequence coverage of 76%, high
quality peptide sequences, such as NLAMGVNLTSMSK

(Fig. 4B), and a protein score of 907. A small, diverse set of
proteins with low protein scores and few matched peptides,
usually single peptides, was also detected (Table 1). Three
candidate heterologous PCNA interacting proteins were tested
by Western blotting. The 154 kDa band was not detected with
antibodies to beta actin (Sigma), nucleolin (Santa Cruz) or Cafl
p60 (Santa Cruz).

3.5. Tests for ROS involved in photodynamic crosslinking
of PCNA

Since photodynamic drugs can generate a number of ROS in
light, we carried out tests to identify the ROS responsible for
covalent crosslinking of PCNA trimers. Hydrogen peroxide
treatment did not cause the high molecular weight PCNA
forms, but did cause transient monoubiquitination of PCNA
(Fig. 5A). Treatment of cells with paraquat, a superoxide
generating compound [38], did not produce high molecular
weight PCNA forms (Fig. 5A). To test for oxygen dependence,
cell cultures were flushed with nitrogen, which reduced
photodynamic crosslinking of PCNA by ~40-50% (Fig. 5B).
Pre-treatment of cells with histidine, an efficient quencher of
singlet oxygen [39] that is often used to test for the role of
singlet oxygen in biological responses [40], significantly
reduced the light-dependent production of high molecular
weight PCNA bands by proflavine, methylene blue, acridine
orange, camptothecin, doxorubicin, NPe6, and hypericin
(Fig. 5C).

D,0 enhances the biological effects of singlet oxygen [41] by
increasing the lifetime of singlet oxygen by up to 20-fold [42].
Irradiation of proflavine treated cells in D,O medium
increased the photodynamic production of high molecular
weight PCNA forms, and this effect of D,O was more
pronounced with longer D,0 exposure times (Fig. 5D). No
covalent crosslinking of PCNA trimers was detected in the
absence of drugs, even in D,0. Light dependent covalent
crosslinking of PCNA trimers by camptothecin, doxorubicin,
NPe6, and hypericin was also enhanced by D,0 (Fig. 5D). The
D,0 enhancement was quantitated (data not shown) and
found to be ~2.4-fold for camptothecin and NPe6, 10-fold
for doxorubicin, and 2-fold for hypericin. These relative

Table 1 - 154 kDa PCNA-positive species candidate proteins

Protein Molecular Sequence Queries Protein
weight (kDa) coverage (%) Matched Score
PCNA 29.1 76 54 907
60S ribosomal protein L6 32 11 3 158
nucleolin 76.6 13 7 146
cytoplasmic beta actin 42 9 4 127
60S ribosomal protein L7 29.2 10 3 116
60S ribosomal protein L4 47.9 14 5 116
Histone H1.2 21.3 14 4 112
Carbamoyl-phosphate synthase, mitochondrial precursor 166 7 8 108
Heterogeneous nuclear ribonucleoprotein U 91 3 3 104
Aminoacyl-tRNA synthetase 165 5 7 102

Candidate proteins components of the 154 kDa form are indicated, with protein scores that reflect the probability of correct identification.
Protein score is —10 log(P), where P is the probability that the observed match is a random event. Protein scores greater than 67 are significant

(P < 0.05).
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Fig. 3 - The 93 kDa band is the crosslinked PCNA trimer. (A) HeLa cells were treated with 40 pM proflavine (PF) and light
(3.15 ] cm™?) or with 1.5% formaldehyde (HCHO) for 30 min at room temperature. The proflavine plus light treated cells were
lysed with SDS lysis buffer, and the formaldehyde treated cells were lysed with RIPA buffer following the protocol of
Naryzhny et al. [13,37]. The proteins from the two samples were Western blotted with PC10 antibody. A longer film
exposure of the HCHO lane shows the 154 kDa PCNA positive band. (B) PCNA from cells exposed to 40 pM proflavine and
light (PF, 3.15 ] cm™~?) and control cells exposed to light alone (C) was immunoprecipitated from a HeLa cell RIPA lysate with
PC10 antibody. Proteins of the immunoprecipitate were visualized by Coomassie staining. (C) PC10 immunoprecipitated
HeLla samples were Western blotted with PC10 and C20 antibodies. The IgG heavy chain from the immunoprecipitation is
indicated (IgG HC). (D) The 93 kDa Coomassie stained band was excised, trypsin digested, and processed for LC/MS/MS.
PCNA amino acid sequences detected by LC/MS/MS are indicated in bold. Sequence tags for the unique PCNA tryptic peptide

AEDNADTLALVFEAPNQEK are shown.
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Fig. 4 - The 154 kDa Band is a PCNA oligomer. (A) Western blot of PCNA forms produced by 60 pM acridine orange and light
(3.15J cm™?) in Hela cells. SDS PAGE (7% acrylamide) was done with the PCNA monomer run off the gel for maximum
resolution in the high molecular weight range. Two molecular weight marker sets were used: EZ-Run™ pre-stained Rec
Protein Ladder (left side markers) and Precision Plus Protein™ Dual color standards (right side markers). (B) LC/MS/MS
results. PCNA sequence coverage (bold) for the 154 kDa band determined by nano-LC/MS/MS of the Coomassie stained band

after tryptic digestion, with sequence tags for the PCNA peptide NLAMGVNLTSMSK.

enhancements were very reproducible. Hydroxyl radical
quenchers (mannitol, DMSO, ethanol, ascorbate), superoxide
dismutase, DTT, and desferoxamine had no significant effect
on PCNA photo-crosslinking by proflavine and light (Supple-
mental Fig. S3A and B).

3.6.  Photodynamic crosslinking of SV40 large T antigen
and lamin B

Brief exposure (5min) of proflavine-treated SV40 trans-
formed human cells to laboratory room lighting (0.039 ] cm—2)

2) produced a high molecular weight large T antigen band as
detected by Western blotting (Fig. 6A, left). More extensive
exposure in the irradiator (4.5] cm?) resulted in an increase
in the high molecular weight large T antigen band and a
corresponding decrease in the monomer. Irradiation of
proflavine treated SV40 infected CV-1 cells to an intermediate
radiant exposure (3.4] cm?) revealed a weaker band at the
expected position of the large T antigen dimer (Fig. 6A, right).
Glutaraldehyde covalently crosslinks large T antigen hex-
amers, causing them to migrate at a position corresponding
to ~500kDa by gel electrophoresis [43]. Glutaraldehyde
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Fig. 5 - Tests for ROS causing PCNA crosslinking. CV-1 cells were lysed in SDS lysis buffer after the treatments, and the lysates
were subjected to SDS gel electrophoresis (10% acrylamide). Western blotting was done with PC10 antibody against PCNA. (A)
Hydrogen peroxide exposure. Cells were treated with 5 mM H,0, in SFM for 30 min, then the H,0, medium was replaced with
MEM supplemented with 10% calf serum for the times indicated. Untreated cells were a control (C). For the UV control, cells
were exposed to germicidal UV light (30 ] m~?), then extracted 3 h later. Cells were treated with 40 or 250 pM paraquat (30 min,
37 °C), or 40 uM proflavine and light (0.2 ] cm™?) as a control. (B) Oxygen dependence. Cells were changed to SFM, with or
without 40 pM proflavine, flushed with room air (Air) or with nitrogen (N,) for 1 h, then irradiated (1.35 ] cm™2). Controls
include cells not treated with proflavine (C), and cells treated with proflavine and flushed with air, but kept in the dark (Dark).
(C) Histidine suppression. Left: Cells were pretreated with SFM or with SFM containing 50 mM L-histidine (Hist) for 1.5 h, and
with 40 nM proflavine, methylene blue or acridine orange for the last 30 min. After incubation in the dyes, the cells were
irradiated (0.9 ] cm™~?). Right: Cells were pretreated with SFM or with 100 mM histidine in SFM for 1.5 h and then with
camptothecin (200 M), doxorubicin (200 pM), NPe6 (1.7 pM), or hypericin (0.5 pM) before irradiation (3.15 ] cm™3). (D) D,O
enhancement. Left: Cells were treated for the times indicated with SFM made up in 99.9% D,0 or in normal SFM, then the cells
were irradiated (3.15 ] cm~?) either in D,0 alone or in D,0 containing 40 M PF. Light irradiated control (C) and proflavine (PFy,
40 pM) experiments were in media made up with deionized water. Right: Cells were treated with D,O media for 3 h, then with
camptothecin (200 M), doxorubicin (200 pM), NPe6 (1.7 pM), or hypericin (0.5 pM) before irradiation (3.15 ] cm™2). Controls
were identically treated but with SFM made in deionized water. Irradiated control cells (C,) are indicated.

crosslinking resulted in a high molecular weight large T transformed human fibroblasts (GM639) and SV40 infected
antigen band corresponding to that produced by proflavine CV-1 cells. Hypericin also caused substantial covalent
and light (Fig. 6B). The pattern of large T antigen crosslinking crosslinking of large T antigen, but NPe6 did not (Fig. 6C).
by proflavine plus light was the same for both SV40- There was strong lamin B photo-crosslinking with hypericin,
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Fig. 6 - Photodynamic crosslinking of SV40 large T antigen and lamin B. (A) SV40-transformed human fibroblasts (GM639)
were briefly exposed to laboratory room lighting (1.3 W m™~?) at bench top level for 5 min (0.039 ] cm~?) and also exposed to
more intense light (75 W m™~?) in the irradiator (10 min, 4.5 ] cm™2). SV40-infected CV-1 cells, with or without proflavine
(40 pM, 30 min, 37 °C), were also exposed to light in the irradiator as indicated. SDS PAGE and Western blotting with anti-
SV40 large T antigen (LT) were performed. (B) Glutaraldehyde (GA) crosslinking of large T antigen in a RIPA extract,
compared to large T antigen crosslinked by proflavine (40 pM) plus light (PFy, 0.234 ] cm™?) in GM639 cells. Large T antigen
monomer was run off the 6% acrylamide SDS gel to achieve higher resolution of the high molecular weight crosslinked
forms before Western blotting with anti-large T antigen antibody. (C) GM639 cells were treated with 5 pM proflavine, 5 pM
NPe6, and 5 pM hypericin for 1 h at 37 °C, and then were irradiated (3.15 ] cm~2). Anti-SV40 large T antigen Western blotting
was done. Controls (C) were GM639 cells without drug or light exposure. (D) GM639 cells were treated with hypericin (1 h) or
NPe6 (30 min) at 37 °C and the indicated concentrations before irradiation (3.4 ] cm™?). Western blotting with anti-lamin B
antibody. Controls (C) were GM639 cells without drug or light exposure.

asreported by others [44], and weak lamin B crosslinking with
NPe6 (Fig. 6D).

3.7.  Photodynamic changes in cellular proteins

Whole cell proteins from MCF-7 cells exposed to 40 uM
proflavine and light (0.9] cm™2) were compared to proteins
from untreated cells by two-dimensional gel electrophoresis
(Supplementary Fig. S4). Of the ~300 protein spots, only 7
(2%) were changed by the treatment (2 increased, 5
decreased). Triose phosphate isomerase, a representative
cytoplasmic protein, was unaffected by high levels of
photodynamic damage (40 uM proflavine, 3.15Jcm™?) as
determined by Western blotting (not shown). As observed by
others [45,46], we found that actin was not oligomerized,
crosslinked to other proteins, degraded or lost to detection
by antibodies, even with high levels of photodynamic
damage.

4, Discussion

High molecular weight forms of PCNA, stable to SDS
denaturation, were detected in lysates of cells exposed to
fluorescent light after treatment with a structurally and
functionally diverse set of drugs. The high molecular weight
PCNA forms were not due to ubiquitination of PCNA since they
were not caused by UV, which induces monoubiquitination of
PCNA in mammalian cells [27,28], were not detected by anti-
ubiquitin antibody, and were not prevented by inhibition of
ubiquitin conjugation. The 93 kDa form was identified as the
covalently crosslinked PCNA trimer based on anti-HA-PCNA
reactivity, molecular weight and identification as only PCNA
by LC/MS/MS with high sequence coverage and without
detection of peptides of other proteins. The 154 kDa PCNA
band was identified as a PCNA oligomer based on anti-PCNA
reactivity, and good LC/MS/MS sequence coverage and protein
score. Peptides of other proteins were detected, but with very
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low sequence coverage and confidence scores, suggesting that
they represent trace contaminating proteins. Their molecular
weights also could not explain the shift of PCNA or the PCNA
trimer to the 154 kDa position. Western blotting for PCNA
interacting proteins CAF1, nucleolin, and B-actin did not
detect the 154 kDa species. The 154 kDa form is similar in size
to a PCNA oligomer formed from formaldehyde crosslinking
that has been suggested to be a covalently crosslinked PCNA
double trimer [13]. Minor high molecular weight PCNA forms,
most migrating ahead of the 93 kDa band, were identified as
heterologous proteins crosslinked to PCNA based on their
molecular weights and formation by glutaraldehyde treat-
ment of a cell lysate. However, one of these minor high
molecular weight PCNA forms may be a PCNA dimer [12].

The kinetics and dose-response for formation of the PCNA
trimer appear to differ from those of the 154 kDa band and the
minor high molecular weight PCNA bands (Figs. 1E and 2D). As
the core of a molecular machine, the PCNA trimer is held
together by tight inter-subunit binding which probably
facilitates the efficient covalent crosslinking of the trimer.
In contrast, PCNA interactions with heterologous proteins are
weak and transient [17], which would make them less subject
to covalent crosslinking. The dose-response and kinetic data
are consistent with the idea that the minor high molecular
weight bands are due to crosslinking of heterologous proteins
to PCNA monomers or the PCNA trimer. The 154 kDa species
falls into this class based on kinetics and dose-response, yet is
composed only of PCNA. This suggests that it is formed by
crosslinking of additional PCNA to the crosslinked PCNA
trimer. The interaction of this additional PCNA with the PCNA
trimer would presumably involve relatively weak, transient
binding, similar to the interactions between heterologous
proteins and the trimer. The additional PCNA photo-cross-
linked to the trimer may be PCNA monomers or a second PCNA
trimer, as suggested by formaldehyde crosslinking studies
[13].

Like PCNA, SV40 large T antigen functions as a circular
oligomer. The PCNA trimer and the large T antigen hexamer
are both exquisitely sensitive to photodynamic crosslinking,
since micromolar concentrations of proflavine caused cross-
linking in 5min exposures to room fluorescent lighting.
Other studies have shown that STAT3 photodynamic cross-
linking is a good marker of photodynamic damage and
cytotoxicity [47]. Since PCNA is distributed throughout the
nucleus [48] and more than 95% of large T antigen in SV40
transformed cells is nuclear [49], PCNA and large T antigen
appear to be very sensitive markers of photodynamic
damage in the nucleus.

The extent of PCNA photo-crosslinking varies greatly for
cells treated with different drugs at the same concentration
and given the same radiant exposure of fluorescent light
(Fig. 2A and B). The pattern of PCNA crosslinking by different
drugs is similar, and resembles that of PCNA crosslinking by
glutaraldehyde. Although the high molecular weight PCNA
bands are the same, their relative intensities differ for
different drugs (compare AO and PF in Fig. 2A). Photodynamic
damage to a target from any one drug may be a complex
function of absorption spectrum, and ratio of type I to type II
mechanisms, subcellular localization, and binding of the drug
to intracellular molecules and structures [50,51].

Only a few proteins from cells treated with proflavine and
light showed altered mobility on 2-dimensional gel electro-
phoresis. This is consistent with a two-dimensional gel analysis
of 5-aminolevulinic acid photodamage that found 7 protein
spots increased and 17 decreased out of ~1350 spots resolved
(1.8% of proteins affected) [52]. It is apparent that extensive
protein crosslinking or degradation is not occurring under our
conditions. None of the changed proteins have the molecular
weight, isoelectric point or abundance expected for PCNA.
There was no detectable breakage of peptide backbones or loss
of epitope reactivity in the proteins we studied by Western
blotting (PCNA, the HA tag, SV40 large T antigen, triose
phosphate isomerase, lamin B, and actin). Excellent sequence
coverage in the LC/MS/MS studies is also consistent with very
low levels of peptide backbone cleavage and amino acid residue
damage. Our results indicate that photodynamic protein
crosslinking in cells strongly favors self-crosslinking of a
limited set of proteins that exist as oligomers, with crosslinking
between heterologous proteins being less efficient by orders of
magnitude. As shown by actin, not all oligomerizing proteins
are crosslinked by photodynamic damage [53,46].

The photodynamic drugs in this study known to generate
singlet oxygen (type II mechanism) include proflavine
(reviewed in ref. [54]), acridine orange (reviewed in ref. [55]),
methylene blue [56], 9-aminoacridine [51], ethidium bromide
[57], camptothecin [58], doxorubicin [59], berberine [50,60],
sanguinarine [61], hypericin [62], and NPe6 [63]. Most of these
drugs also produce other ROS in light (type I mechanism).
Nitidine is structurally related to sanguinarine and berberine,
but we could find no reports of photodynamic activity for
nitidine itself. Noscapine was chosen as a negative control
since there are no reports of photodynamic activity for this
drug. Noscapine shares some pharmacophores with berberine
and sanguinarine, but lacks the aromatic heterocyclic ring
systems of those compounds. Chloroquine is photodynamic
but does not produce detectable singlet oxygen under
physiological conditions [64,65]. We were unable to find
reports of photodynamic activity for m-AMSA, which has
been suggested to damage proteins by a light independent
mechanism [66]. Ellipticine has been reported to photodamage
DNA when linked to DNA probes [67], although the mechan-
ism is unclear. Ellipticine has also been reported to enhance
the photodynamic production of singlet oxygen by porphyrins
when attached to them to cause DNA binding [68].

All of the known singlet oxygen generating photodynamic
compounds caused photo-crosslinking of PCNA in our experi-
ments. Chloroquine, which does not generate singlet oxygen,
did not cause PCNA photo-crosslinking. m-AMSA was also
negative for PCNA photo-crosslinking, possibly for the same
reason. Ellipticine was one of the more effective PCNA photo-
crosslinking drugs in our study. It appears to have photo-
dynamic activity, at least when binding to DNA [67]. Berberine
and palmatine have been reported to generate singlet oxygen
through the type II mechanism only when bound to DNA [50],
and ellipticine may prove to be similar. Consistent with arole for
singlet oxygen, histidine decreased PCNA photo-crosslinkingby
proflavine, methylene blue, acridine orange, camptothecin,
doxorubicin, NPe6 and hypericin. The enhancement of PCNA
photo-crosslinking by D,0 for proflavine, camptothecin, dox-
orubicin, NPe6, and hypericin is also consistent with a role for
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singlet oxygen. Longer incubation of the cells in D,0 increased
the enhancing effect for proflavine in our study, possibly by
replacing more water with time. The fact that prolonged
incubation in D,0 results in only limited replacement of water
has been discussed in relation to limited D,O enhancement of
singlet oxygen biological effects [41]. Enhancement of biological
endpoints by D,O and suppression by singlet oxygen quenchers
is indirect and subject to potential artifacts [69]. The complex-
ities of this approach were also discussed by Ito, who,
nevertheless, concluded that the combination of D,O enhance-
ment and singlet oxygen quenchers gives a reasonable
qualitative indication of singlet oxygen involvement where
endpoints in cells are being studied [41]. The photodynamic
crosslinking of PCNA was reduced ~40-50% by flushing of the
media with nitrogen, consistent with oxygen dependence.

Treatment of cells with hydrogen peroxide produces highly
reactive hydroxyl radicals and other oxidants by the Fenton
reaction [70,71]. Singlet oxygen is not produced from H,0, by
Fenton or Haber-Weiss reactions [70]. Hydrogen peroxide caused
only PCNA monoubiquitination, suggesting replication fork
arrest from DNA damage [27,72]. PCNA crosslinking by pro-
flavine andlight was not affected by mannitol, ethanol, DMSO, or
ascorbate. Ascorbate is a very effective scavenger of hydroxyl
radicals, as well as alkoxyl, thiyl, sulfenyl, and otherradicals, but
itis not a singlet oxygen scavenger (reviewed in ref. [73]). DMSO,
mannitol and ethanol are specific hydroxyl radical quenchers
[74-76]. These results argue against PCNA crosslinking by
hydrogen peroxide or hydroxyl radicals. Paraquat, a superoxide
generating compound [38], did not produce high molecular
weight PCNA forms, and inclusion of superoxide dismutase did
not affect PCNA crosslinking by proflavine and light, suggesting
that superoxide is not responsible for PCNA crosslinking. The
iron chelator and hypoxia inducing agent desferoxamine also
had no effect. DTT, a thiol reducing compound had no effect on
PCNA photo-crosslinking, indicating that crosslinkingis not due
todisulfidebonds. Ithas alsobeen argued that His-His crosslinks
caused by photodynamic damage are DTT labile [77]. Collec-
tively, these results suggest a role for singlet oxygen in the
photodynamic crosslinking of PCNA.

Hypericin and NPe6 caused efficient photo-crosslinking of
PCNA in cells, including SV40 infected cells that do not
progress to mitosis. Serum in the medium reduced the PCNA
damage from NPe6, consistent with published studies show-
ing that NPe6 binds serum proteins, and only NPe6 in excess of
serum binding capacity can enter cells [78]. Hypericin uptake
and distribution is also known to be affected by the presence
or absence of serum in the medium [32]. The pronounced
PCNA crosslinking by the cytoplasmically localizing drugs,
hypericin and NPe6, was surprising. The short singlet oxygen
lifetime (~4 ps) restricts diffusion to ~220 nm, less than half
the diameter of a mitochondrion [3]. This has given rise to the
idea of photodynamic damage localized to sites of drug
binding [3,79]. For drugs localizing in endoplasmic reticulum
(hypericin) or lysosomes (NPe6), cell killing would be due to
selective singlet oxygen damage to those organelles, and
damage to DNA would be minimal. Our results show that
cytoplasmically localizing photodynamic drugs can cause
significant damage to enzymes localized to the nucleus.

Recently, it was reported that UVA irradiation of cells
that have incorporated 6-thioguanine into DNA resulted in

crosslinking of PCNA trimers in cells [80]. Our studies with
photodynamic drugs detected PCNA oligomerization to at
least a tetramer, and crosslinking of PCNA to heterologous
proteins. The study with incorporated 6-thioguanine con-
cluded that singlet oxygen was the PCNA crosslinking species,
but no tests for singlet oxygen or other ROS were done. Our
tests, histidine quenching, D,O enhancement, and negative
tests for hydrogen peroxide, hydroxyl radical, superoxide, and
other ROS suggest a role of singlet oxygen in PCNA cross-
linking. In contrast to the results of the 6-thioguanine study,
we find that H,O, and/or hydroxyl radical cause PCNA
monoubiquitination, but not PCNA crosslinking. PCNA
damage from UVA irradiated 6-thioguanine in DNA decreased
as replication forks moved away from the sites of incorpora-
tion [80]. This, and the absence of PCNA photo-crosslinking
from endogenous photosensitizers in our experiments, is
consistent with the limited diffusion distances for singlet
oxygen, and also argues against PCNA crosslinking by long-
lived secondary ROS resulting from singlet oxygen reactions
with cellular molecules. PCNA photo-crosslinking by drugs
that localize in cytoplasmic structures suggests that traces of
these drugs can reach DNA replication forks in sufficient
amounts to cause significant photodamage.

Our original observation of PCNA photo-crosslinking
(Fig. 1A) was a laboratory lighting artifact in an experiment
investigating PCNA monoubiquitination. Photodynamic
damage from fluorescence microscopy has been shown to
cause artifacts in studies of exocytosis that employ acridine
orange [81]. Sanguinarine, a supravital dye for fluorescence
microscopy and cytometry [82] was a surprisingly strong
PCNA photo-crosslinker. Our study demonstrates the possi-
bility of photodynamic damage to DNA replication and repair
enzymes caused by microscopes, flow cytometry lasers, and
even laboratory room lighting. Most ROS are capable of
damaging not only DNA, but also proteins, including proteins
of DNA damage sensing, signaling, and repair [83]. Protein-
protein crosslinking is only one aspect of singlet oxygen
damage [84], and protein damage from other ROS generated
through the type I mechanism is also likely to occur [85]. ROS
damage to nuclear enzymes of repair and replication has the
potential to alter cell survival, growth, mutagenesis, and
carcinogenesis.
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