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ABSTRACT

DNA Damage and Cell Lethality by Photodynamically
Produced Oxygen Radicals

Paula Ellen Burch

Synthetic dyes, including thiazies, acridines, xanthenes, and a
phenazine, were used as models for studying the photodynamic effect. In the
presence of physiological reductants, the illuminated dyes produced superox-
ide (Oy7), hydrogen peroxide (H,0,), and hydroxy! free radical (OH-). Suitable
reductants included NADH, glutathione, GMP, cysteine, tryptophan, and tyro-
sine. The production of OH- was dependent on chelated iron or on copper.
Effective iron cheiaiors inciuded EDTA, DTFPA, dipyridyi, and phenanthroiine,
and biologically significant compounds such as ATP, ADP, succinate, citrate,
and DNA. DNA intercalation of the dyes did not prevent oxidization of NADH or
the production of O," or OH-. Hydroxyl radical scavengers competed effectively
in the assays for the OH-. While in the Haber-Weiss reaction superoxide
reduces iron, which is oxidized by H,0, to produce OH-, excited state reduced
dyes appeared capable of reducing the iron, so that SOD was only partially
inhibitory of OH- production. Catalase prevented production of OH-.

Similar results were found for substrates and metals in an assay of single
strand scission of DNA mediated by the dyes. Amounts of strand scission seen
were dependent on concentrations of iron or dye. Cysteine, NADH, GTP, dGMP,
tryptophan, and tyrosine were all able to provide electrons for the strand scis-

sion reaction. Furthermore, the single strand scission of DNA by the dyes was



i
prevented by scavengers of O,°, HyO,, or OH- which are poor scavengers for
singlet oxygen ('0,), and substitution of deuterium oxide for water, which exac-
erbates any damage produced by 10,, did not increase damage.

The physiological reductant glutathione in £. coli was depleted by expo-
sure to illuminated dye. Lethality of the dyes was reduced by enhanced levels of
catalase or endonuclease IV provided by plasmid-coded genes, indicating that
H20, is an important mediator of toxicity and that DNA is an important target,
while OH- scavengers prevented kill, indicating that the OH- is also an important
mediator of phototoxicity. Finally, DNA damage in vivo was reduced by an G-
scavenger. In conclusion, toxicity in the photodynamic effect is mediated by

reduced oxygen species, particularly OH-, and DNA damage probably underlies
this toxicity.
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Oxygen has been known since the eighteenth century to be poisonous.1
All organisms that use oxygen and are therefore exposed to it and to its various
reduction products must protect themselves against oxygen toxicity. It is hardly
necessary to point out that oxygen is toxic to anaerobic microorganisms, though
its effect on these varies from immediate cell death to bacteriostasis. It is less
obvious, however, that oxygen is poisonous to aerobic organisms, as well. High
concentrations of oxygen, above the normal atmospheric level of 21%, slow
plant growth?, kill cultured animal cells3, and increase the rate of occurrence of
blindness in premature infants4. Conversely, lowering ambient oxygen levels
below 21% speeds the growth rate of both plants and cultured animal cells.
Hyperbaric oxygen causes chromosome breakage in grain5 and mutations in
bacteria®. Breathing pure oxygen is so toxic that there has been at least one

numan fatality resulting from medical treatment wiih hyperbaric oxygen?.
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Figure 1. The partial reduction products of oxygen.8

Free radical theory of oxvgen toxicitv

The causes of the poisonous properties of oxygen were obscure before
the publication of Gershman's free radical theory of oxygen toxicity, which states
that the toxicity of oxygen is due to partially reduced forms of oxygenS. The
unusually high concentrations of oxygen found in tissues during exposure to
pure oxygen encourages the formation of these reduced oxygen species. The
toxic species are formed by one-electron reductions of oxygen by compounds
and enzymatic reactions occurring in vivo8(fig. 1). These reduction products
include superoxide (O,7), hydrogen peroxide (H,O,), and the hydroxyl radical
(OH-). These are commonly referred to as active oxygen species. Ordinary
dioxygen is a biradical, since its two free electrons exist in two different orbitals
and have parallel spins8. Dioxygen's reactivity, however, is greatly lowered by
the spin restriction: both of these electrons are of the same spin, so that if oxy-
gen is to oxidize another molecule by accepting a pair of electrons from it, that
pair must be of antiparallel spin, which cannot occur if both electrons occupy the
same orbital. The spin restriction is removed when dioxygen is excited to the

state known as singlet oxygen. In the cell, the spin restriction is removed




3
enzymatically by complexing the dioxygen with transition metals, which resuits

in a delocalization of the electrons. However, the most common biological
reductions of oxygen occur by the transfer of single electrons.10 All of these
forms of oxygen are reactive as oxidants and reductants to a greater or lesser

extent with a wide variety of compounds, both in vitro and in vivo.

Superoxide
Sources of superoxide

Superoxide is one of the species that has been implicated in the toxicity
of oxygen. Generation of O," in vitro has been observed in a number of different
experimental systems. These systems include the enzyme xanthine oxidase
acting upon the substrates xanthine or hypoxanthine!:12, and the reduction of
flavin mononucleotide and flavodoxin by ferredoxin-TPN+ oxidoreductase!3.
Aqueous O," may also be generated in vitro by dissolving tetramethyl-ammo-
nium superoxide or potassium superoxide in water. Subcellular components
such as cell nuclei4: 15, chloroplasts?6:17, mitochondria!8, human monocytes
and neutrophils'9, macrophages?9, and microsomes2! have been demonstrated
to produce Oy in vitro. The generation of O,~ by phagocytic cells has a microbi-
cidal action essential to normal phagocytosis22. The autoxidation of many bio-
logical compounds results in the production of O,"; among these compounds
are oxyhemoglobin, which becomes methemoglobin23, oxymyoglobin, which
becomes metmyoglobin24, clostridial and spinach ferredoxins25, ascorbate,
catecholamines, phenols, and reduced flavins26. Other circumstances in which
O," is generated include the photolysis of water27, and the excitation of carbo-
quone, mitomycin ¢, and streptonigrin by visible light in the presence of oxy-

gen28. Superoxide is also produced by redox-cycling compounds in vivo. As an






