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Abstract of Dissertation

PARAQUAT GENOTOXICITY IN MAMMALIAN CELLS:

THE ROLE OF DNA REPAIR IN INDUCED MUTATION

Paraquat (l.1'-dimethyl-4. 4°-bipyridinium, PQ) is an herbicide, which poses
serious human health concems where it is in widespread use. It is the leading cause of
accidental death in some parts of the world including Taiwan and Thailand. The United
States Environmental Protection Agency (EPA) has classified PQ as a toxin and weak
carcinogen. PQ is redox-cycled in cells producing reactive oxygen species (ROS) and
causing lipid peroxidation. gene inactivation and DNA damage. PQ has been reported to
cause chromosomal aberrations in cells however, until recently. it has been considered
non-mutagenic.

The genotoxicity of PQ was studied using the human x Chinese hamster ovary
(CHO) cell line, A_LH. These cells contain a single copy of human chromosome 11 and
express the surface cell antigen CD59. New variants of A{H were also created which
expressed the E. coli fpg gene. This gene encodes for the base excision repair protein,
formamidopyrimidine glycosylase (FPG). and by transfecting it into the A;H cell line,
cells with increased DNA repair capacity were produced. Mutations induced by PQ were
measured in both cell types at the CD59 locus.

FPG activity was measured in A H and fpg transformant cells and compared with
survival and induced mutation data following PQ exposure. Protein extracts from a

number of the fpg transformants were found to more efficiently excise 80x0G, the major
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damage caused by oxidation in the cell, than A H cells. One of the transformants that
displayed effective excision was found to have increased survival when compared to A{H
cells and induced mutation was virtually eliminated - clear evidence that PQ causes
mutagenic DNA damage in mammalian cells.

Results of this study demonstrate, for the first time. that PQ is an effective
mutagen in mammalian cells and that its mutagenicity is abrogated by the activity of the
bacterial fpg gene. These results offer important insight into the role DNA repair plays in
preventing mutagenic changes caused by oxidizing reagents. Cells possessing an
impaired or non-functioning repair enzyme system would likely build up mutagenic
changes in their genome. increasing genomic instability and placing them at heightened

risk for oxidatively-induced disease.

Sandra Jean Gunselman
Cell & Molecular Biology
Colorado State University
Fort Collins, CO 80523
Fall. 2001
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Chapter I

Introduction

A. General Introduction

The ability to repair DNA damage has been a key factor in the survival of living
systems throughout time. Damage occurs on a continual basis as a result of normal
intracellular metabolism and environmental exposures to UV light. ionizing radiation and
chemical compounds in the environment. Both of these sources produce reactive oxygen
species (ROS). which are normally dealt with by various antioxidant enzymes.l The
imbalance between the production of ROS and its removal by cellular enzymes leads to
what is referred to as oxidative stress. Early evidence of the importance of various
enzymes dealing with oxidative stress was provided by the discovery of superoxide
dismutase (SOD).” SOD catalyzes the conversion of superoxide radical (¢°O2) to
hydrogen peroxide (H-O.). H>O> is subsequently neutralized to water (H-O) by
glutathione and catalase. two intracellular “antioxidants™ that work to counteract any
deleterious effects of H-O-. If H>O- is not scavenged, the potential remains for triggering
a number of events especially damaging to deoxyribonucleic acid (DNA). For example,
H-O. causes the oxidation of cysteine, which in turn can modulate protein

phosphorylation.> H-O- can also lead to the production of even more harmful ROS,
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including the hydroxyl radical (¢OH) through the iron-catalyzed Fenton Reaction.?-.
oOH binds indiscriminately to molecules. causing oxidation of proteins, lipids. nucleic
acids and DNA structure. The biological implications of unchecked oxidation are
enormous and have been the focus of a large volume of scientific research.®'*. Some
ROS serve useful purposes as in cytotoxicity against pathogenic organisms.'” The
immune-mediated stimulation of NADPH-oxidase in leukocytes. monocytes. neutrophils
and macrophages produces a burst of ¢ O2, nitric oxide (¢éNO), and peroxynitrite
(ONOO")."® Evidence is also beginning to accumulate which implicates ROS-mediated
recombination events with immune class-switching events and aging. '°

This study examines the genotoxic properties of, Paraquat (PQ), a chemical
known to produce ROS during the biotransformation process. Specifically, studies were
undertaken to determine if PQ produced mutations in mammalian cells and if so, could

those mutations be prevented by increasing DNA repair.

The production of free radicals

ROS are produced through three basic pathways: 1) normal cellular metabolism
(i.e.. phagocytosis and mitochondrial respiration), 2) enzymatic oxidation and
3) biotransformation processing of intracellular chemicals and xenobiotics from
environmental exposures to chemicals. ionizing and UV radiation. Cellular respiration
involves the reduction of molecular oxygen (O-) to water. O- is reduced in a four-step
process in the electron transport chain. Each step produces a partially reduced reactive
intermediate known as a free radical. It has been estimated that as much as 5% of the

ROS produced in the electron transport chain escapes and attacks cellular components. !’

9
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Electron Transport Chain Reaction Free Radical Produced

Step 1: 0. > e — 0y (superoxide anion)
Step 2: 0~ + e — H-0- (hydrogen peroxide)
Step 3: H-O-+ e — H-O + «OH (hydroxyl radical)
Step 4: oOH + e — H-O

A second source of intracellular ROS production is from the oxidation of certain
enzymes. For example. diamine oxidase, tryptophan dioxygenase. xanthine oxidase.
cytochrome P-450 and the NADPH-cycle generate ¢O-" '|; and glucose oxidase and
guanyl cvclase produce H-O- *°

Thirdly, ROS can result from the metabolism of xenobiotics. Xenobiotics are
man-made or natural chemical compounds such as medicinal drugs, pesticides and
pollutants. Once absorbed these chemicals undergo biotransformation into water-soluble
form that can be excreted. During this process ROS are produced. ***.

Of particular significance to this study is the redox cycling of the compound PQ
(Figure 1). PQ actively produces ROS by the reduction of PQ** — PQ™ in the presence of
nicotinamide adenine dinucleotide phosphate (NADPH) and NADPH cytochrome

2t

reductase supplied by microsomes.” PQ oxidation is coupled with the reduction of

molecular oxygen to ©°O-, a free radical species.
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Effects of oxidative damage to DNA

Over one hundred different types of DNA damage have been classified via gas
chromatography-mass spectrometry (GC-MS) and high pressure liquid chromatography
(HPLC). ™ including oxidized purines and pyrimidines as well as fragmentation of the
deoxyribose structure. Some of the products of oxidation are stable and can be broken
down into by-products or returned to the original base.™ Others remain as modifications
of the DNA structure and go on to effect cell cycle regulation, protein function (or non-
function) and gene expression .*°

There are many biological implications of DNA alterations. For example, 2.6-
diamino-4-hydroxy-5-N-methylformamidopyrimidine (7-methyl guanine with an open
imidazole ring) has been shown to inhibit DNA polymerase L7 The known mutagenic
form of damaged DNA. 8-hydroxyguanine (8oxoG)~*, forms 8oxoG:A during

3132

. . - . 29 3 . . . .
replication leading to a GC:TA transversion=’ *° both in vivo and in vitro. . Numerous

studies have examined the mutagenic properties of 80xoG ° and 8-hydroxyadenine > and
other studies have been able to correlate amounts of 80xoG in tissues to cancer status.'*

Another type of DNA damage caused by oxidation is the opening of the imidazole
ring to form the formamidopyrimidine (Fapy) structure. In vitro studies have shown that
Fapy lesions block DNA polymerases’® and mRNA transcription.35 In vivo studies of
ring-opened modifications of DNA have been much more difficult to study given the lack
of a method to incorporate the Fapy lesion into DNA or an oligonucleotide. Therefore,
genotoxicity studies of Fapy lesions™®?’ and repair of Fapy’®® have been conducted

using an N-methylated analog of Fapy known as me-Fapy. How relevant these studies

are to actual events in vivo with regards to Fapy lesions is not understood at this time but,
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what is clear is that unlike 80x0G lesions which require a specific base to be paired with
it for FPG recognition, Fapy lesions are identified for excision and repair based solely on
their structure.*!

In addition, Paul Doestch has conducted a number of studies on the consequences
of DNA adduct formation on RNA. including 8o0xoG. uracil. and O-6-
methylguanine.’®**. It was found that these tvpes of DNA damage did not block RNA
polymerases during elongation but instead allow the insertion of mutagenic bases into the
genome during transcription. Therefore, not only can DNA damage cause mutation and
threaten genome integrity but RNA transcripts can also be affected. The transcription of
damaged RNA can lead to the production of mutant proteins with the potential of

affecting initiation of replication, cell division and genetic disease.

v

The accumulation of oxidative DNA damage has been linked to aging4 .
ischemia®, cancer*’. neural cell death*®. autoimmune disease®’, cell cycle arrest and
apoptosis.*®  Oxidative DNA damage has been estimated to occur at the level of 10*
lesions per cell per day in humans.”® These lesions include hydrolvtic depurination.
hydrolytic deamination of cytosine and 5-methyicytosine bases. covalent adduct with

DNA and oxidation of bases and damage to the phosphodiesterdeoxyribose backbone.’®™

-~

5

Cellular mechanisms that counteract effects of ROS

Cells possess a number of defense mechanisms to counteract free radical damage
(Figure 1). These mechanisms include SOD. which acts to prevent DNA nicking and
blocks the Fenton Reaction®; catalase., which converts H-O- to O- and H.O; glutathione

(GSH). which scavenges radicals by cycling between un-oxidized and oxidized forms;>
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alpha tocopherol. Vitamins A. E, and C. which acts as antioxidants; the immune system
and apoptosis. In addition, cellular enzymes can be induced which can stop cell cycle
progression to allow time for DNA repair to occur’*(Figure 2) so far as to counteract
changes to nucleic acids that may lead to mutation or gene activation/inactivation.™ It is
important to note that redox cycling of a chemical such as PQ can generate a large
quantity of free radicals from a single molecule meaning that even minute quantities of a
xenobiotic can have significant biological effect.

Damaged DNA can be processed through several types of repair systems
including base excision repair (BER). nucleotide excision repair (NER), translesional
synthesis (TLS). postreplication recovery (PRR) and recombination. Once thought to be

highly specific, evidence is mounting

5

that these repair pathways have overlapping
binding specificities and work in a cooperative network to maintain genome stability.
Good reviews of DNA repair systems and their cooperative effort in maintaining genome

57

integrity include those by Friedberg™, Norbury and Hickson™, Krokan'”” and

Hoei jmahers.58
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Figure 2. Sources of DNA damage, repair pathways and possible consequences to the
cell. DNA is under continual attack from the environment and intracellular processes,
which can lead to the production of reactive oxygen species. Cells have evolved repair
mechanisms to bypass lesions or stop cell cycle progression to allow for DNA repair
before proceeding with replication and transcription.
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DNA repair mechanisms

Oxidative DNA damage has commonly thought to be processed almost
exclusively through the BER pathway.sq Evidence now shows that damaged DNA is
processed through several types of repair systems including BER, NER, TLS, PRR and
recombination. The classic model of BER involves the removal of the damaged base by a
specific glycosylase, leaving an apyrinic/apyrimidinic (AP) site. The AP site is
subsequently cleaved by an AP endonuclease, DNA polymerase fills in the gap with a
new base and DNA ligase seals the ends together. Some of these glycosylases contain
the endonuclease activity (i.e.. bacterial FPG) and some do not. Other examples of
glvcosylases known to be involved in BER are Ntgl and Ntg2 in Saccharomyvces
cerevisiae. and hOGG! in human.

NER involves removal of DNA lesions and has been shown to remove products
of oxidative damage once thought exclusively removed via BER.” NER works by
nicking the DNA at points both 5° and 3° to the damaged area and removing the
oligonucleotide. DNA polymerase then fills in the gap and DNA ligase joins the ends.*°
Examples of NER enzymes include Radl and Rad 2 in S. cerevisiae and UvrABC in E.
coli.

PRR involves the repair of single strand breaks caused by damage on the
opposing DNA strand. The damaged DNA base is bypassed to allow for repair of the
gap. PRR in bacterial systems requires RecA and RecA-mediated SOS response.®’ TLS
also involves a certain amount of damage tolerance by allowing the bypass of lesions on
the DNA by polymerases in order to allow the cell to survive. In E. coli, Pol I, IV and V

have all been shown to be involved in TLS.%*
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Recombination takes place in the presence of single or double strand DNA
breaks.  Recombination is also involved in immunoglobin class-switching.®*®’
Recombination can serve as a damage rolerance rather a damage removal by allowing the
damaged bases to remain in the genome process.5 : Recently, it was found that oxidative
damage could induce illegitimate recombination — a connection that may exist between
Rad52 and ROS-induced processes.” A good review of these processes can be found in

Harris. et al.%’

Hypothesis and purpose of studyv

Paraquat (1.1 -dimethyl-4. 4°-bipyridinium, PQ) was selected for this study due to
its cyclic oxidation and reduction in tissues leading to oxidative DNA damage. ='%>%
Despite its known production of ROS within the cell, PQ has not been generally found to

5 It was hypothesized that if PQ produced oxidative

be mutagenic®” until recently.
DNA damage then mutagenicity had to occur and be detectable with a sensitive
methodology. The methodology selected therefore was the sensitive A mutation assay
developed by Waldren. et al.”>”® The study of PQ mutability also held importance from a
public health point of view. PQ is use is widespread and incidences of acute poisonings
are well documented. The genotoxic effects of low dose exposures however. have been
few yet, are highly significant for the healthcare concems of field workers. residents in
farming communities and anyone that consumes of fruit and vegetables dusted with PQ.
This study also involved the role of the BER enzyme, formamidopyrimidine

glycosylase (FPG), also known as MutM, FAPY-DNA glvcosylase and 8-

hyvdroxyguanine-DNA-glvcosylase in PQ genotoxicity in mammalian cells. If

10
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mammalian cells were able to remove and repair more DNA damage than normal from
their genome. it was hypothesized that survival of these cells would increase and PQ
mutagenicity decrease. FPG is a base excision repair N-glycosylase first cloned in E. coli
by Boiteux. et al.” It was initially characterized as a glycosylase that removed imidazole
ring-opened (Fapy) structures from the DNA® but since then it has been shown to bind to

0

8-hydroxy structures.? S-hydroxyc_vtosinesl and apyrinic/apyrimidinic  sites.>”

Purification of FPG from bacteria and cloning of the fpg gene by mass screening of a
plasmid library made it possible to characterize its structure and biological functions.”™"®
The bacterial gene that encodes for FPG was transfected into a line of mammalian cells
(ALH). This vector also contained a neomycin-resistant gene therefore, selection of
clones containing the inserted gene were possible by growing in media + neomycin.
After confirming that the transformed cell lines not only expressed the fpg gene but also
produced an active FPG protein, PQ was used to induce oxidative damage. Survival and
induced mutant fraction (M) were measured and compared in A_H and fpg transformants
exposed to PQ. Fpg expression suppressed mutation and survival increased. These
results are evidence that repair of oxidative DNA damage is essential to the prevention of
mutation in mammalian cells. An impaired or mutated repair system, caused by genetic

predisposition or as a result of exposure, would have detrimental effects to the overall

health of an individual's cell. leading in some cases to disease.

11
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B. Paraquat (PQ)
Production. Industrial Use and Public Health

PQ is a widely used contact herbicide used in the control of broad-leaf weeds and
grasses. PQ is also used as an aquatic herbicide where it is absorbed by aquatic plants. silt
and fish. It is also used as a desiccant for pineapples. sugar cane and soya beans to
accelerate the drying process.

PQ was first synthesized in 1882.°° In 1955. PQ was commercially produced by
Imperial Chemical Company (ICL) Laboratories. a company now known as Zeneca.
Zeneca is the world’s largest producer of PQ and mass-produces PQ in the United
Kingdom, the United States, Brazil. India. Thailand. and Malaysia. Zeneca produces
formulations of PQ containing 24-36% active ingredient for commercial use and less
potent formulations of 2.5% for home use.®® Recent concern over environmental and
health risks of PQ has resulted in its being banned in Norway. Hungary, Finland. Austria
and Sweden. Use remains high (and continues to grow) in the United States, Japan,
Malaysia. Mexico. France and Brazil. PQ poses health problems in countries such as
Taiwan and Thailand, where it has been the leading cause of accidental death.’

PQ is used in a variety of commercial products and can be found for sale under
the names Crisquat, Cyclone. Dextrone. Dexuron, Gramaxone Extra, Herbaxone. Ortho
Weed and Spot Killer and Sweep.®® In the 1970's PQ was used by the US Drug
Enforcement Agency to spray Cannabis sativa fields in Mexico in an attempt to reduce

8483 Several individuals were hospitalized after

the amount of Cannabis reaching the US.
smoking marijuana containing PQ residues resulting in a ban of its use by the US

government in this capacity.
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Chemical Properties

PQ is a member of the bipyridyl group of chemicals and thus is almost completely
insoluble in organic solvents but highly soluble in water. It is a non-volatile. ionic
compound that is oxidation-reduction (redox)-cycled in tissues generating an abundance
of free radicals. It acts non-selectively and is highly toxic to both plants and animals.
Paraquat dichloride is produced from pyridine in the presence of sodium in anhydrous
ammonia by quarterizing the 4.4 -dipyridyl with methyl chloride.®® Table 1 lists the

chemical properties and shows the structure of PQ.

Mode of Action

PQ produces both superoxide anion (O-" @) and hydrogen peroxide (H.O-)(Figure
1). These ROS are generated by the reduction of PQ=* — PQ" in the presence of NADPH
and NADPH cytochrome reductase supplied by microsomes (Figure 1). Oxidation is
coupled with the reduction of molecular oxygen to superoxide anion radicals and

generates a large quantity of free radicals with a single molecule of PQ.
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Table 1. Chemical Properties of Paraquat.

Chemical Name

Paraquat

1.1 -dimethyl-4, 4 -bipyridinium

C 1 3H4C12N3

Molecular Weight 186.2
CAS Number 4685-14-17
Solubility @ 20°C
Water 561 g/L
Methanol 144 ¢/L
Ethanol 1.7 gL
Acetone 200 mg/L
Physical State Solid white
Specific gravity 1.24-1.26
Melting point 175°-180°C

Stability Stable on exposure to hot acids
Unstable in alkalis
Photosensitive

Flash point Non-explosive, nonflammable

Volatility Nonvolatile

C17CH fﬁ/P—-_—\\\
w1 O)r

+ -
{ N-CH3C1

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Toxicity

PQ is highly toxic and listed as an EPA Class I toxic substance.®” Oral ingestion
of PQ causes burning and abdominal pain leading to convulsions and. in most cases
death. Reports have listed the lethal dose of active PQ for human as a single teaspoonful
(~5 ml).*® PQ enters the cells of animals and plants via passive diffusion® and once
absorbed. is distributed through the bloodstream. It is excreted fairly rapidly in
organisms (~90% in 2 days), although there are delayed toxic effects. some of which can
lead to cell death. PQ ingestion produces toxicity to multiple organs in mammal
including the lungs. heart. liver, kidneys. cornea, adrenal glands. skin and the digestive
system. The main target of PQ toxicity however, is the lung where it produces
irreversible pulmonary fibrosis. 3°°'. Redox cycling of PQ can occur rapidly in the lungs
due to the abundant supply of oxygen and death occurs as a result of lung edema and
fibrosis. Although several therapies have been attempted (i.e., N-acetvicysteine), no
treatment is known that can effectively protect living tissues from the toxic effects of PQ
exposure.

Little is known about long-term or chronic PQ exposure or long-term effects on
genome integrity. Chronic long-term exposure to PQ has gained attention recently as
possibly playing a role in several oxidatively-induced diseases including cancer and
neurodegenerative diseases.”” Reviews on the environmental and toxicological aspects of

PQ include those of Kimbrough,’' Smith and Heath.3%-°"%>%,

15
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Acute toxicitv

PQ is highly toxic when ingested. Accidental poisoning with PQ is cause of
concern among factory workers or field sprayers who come into contact with it. Oral
LDso values have been reported at 110-150 mg/kg in rats, 50 mg/kg in monkeys. 48
mg/kg in cats and 50-70 mg/kg in cows.'®!'%' Lethal doses for humans have been
reported as 35 mg/kg'oo and death can occur up to 30 days after ingestion. Most
exposures to PQ are either dermal or respiratory and result from exposure in fields where
the chemical is applied as an herbicide. Precautions such as respiratory protection and

skin coverings have been employed to cut down the risks of PQ exposures to workers.

Chronic Toxicity

Long-term exposure of field workers to PQ has been shown to cause skin

10 4nd in some cases, even

sensitivity and irritation. minor eye and nose irritations
ulcerations. Spray operators can develop fingernail deformities, discolorations and loss
of nails. Rats showed no chronic effects after exposure to 1.25 mg/kg/day for 2 years
however, dogs developed lung deterioration at doses of 34 mg/kg/day for 2 vears.'®
Overall. studies of long-term effects to workers exposed to PQ have been poorly
conducted. focusing on acute reactions and grossly overlooking long-term molecular

aspects of PQ metabolism which may cause less visible but more serious risks involved

in redox chemistry of the cell.
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Carcinogenicity

The US Environmental Protection Agency (EPA) called for carcinogenicity
studies of PQ in 1987 using the Ames Test.*’ Studies of rats fed doses of PQ developed

'9% Results of the testing were positive and the

lung, thyroid. skin and adrenal tumors.
EPA has classified PQ as weakly carcinogenic.'®'®. Despite the “weak™ classification,
PQ is listed as one of the “Dirty Dozen™ Pesticides by the World Health Organization and

many watchdog groups would like to eliminate or diminish use.®’

Teratogenicitv

PQ is not considered a risk for causing birth defects at realistic exposure levels.®®
However. studies of pregnant mice exposed to high doses of PQ during the organ-
forming period had offspring with less complete bone development than offspring whose

S

mothers were exposed to lower does.°

Mutagenicitv

In 1987 the US EPA requested mutagenicity testing on PQ using the Ames Test.

-

Eight of sixteen tests were negative. four were weakly positive and four were positive.'°
The EPA has, therefore, listed PQ as being weakly genotoxic. Most studies conducted
outside of the EPA have concluded that PQ is not mutagenic67 however, recent

evidence,*® including this study find that it is mutagenic.
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Ecotoxicitv

Environmental fate — Ultraviolet light (UV) and sunlight degrade PQ into less
toxic compounds.®®> PQ is not mobile in soil once bound but can be transported in runoff
and enters aquatic systems.'® Soil particles exhibit a strong affinity for binding with PQ
and the bound particles can persist for extended periods of time. Half-lives of greater
than 1000 days have been reported.'®'®. PQ is not considered a risk for groundwater
contamination since only one of 721 groundwater samples collected nation-wide in the
US contained PQ (20 mgfL).loz PQ can bind to sediments in aquatic systems and its
persistence in water is greater due to the lack of oxygen required for metabolism. PQ
dichloride has been shown to exhibit a half-life of 23 weeks.'** Following application of
PQ to vegetation it decomposes readily in UV light. Only trace amounts of PQ residue
have been detected on foods grown for human consumption. However. when PQ is used
as a desiccant levels of up to 0.2 mg/kg have been found.*®

Environmental effects — the most obvious effects of PQ in the environment are the
killing of plants and weeds. Since PQ acts non-selectively, any vegetation it comes into
contact with it readily absorbs it. Redox cycling occurs in an effort to detoxify PQ, ROS
are produced as a by-product of the detoxification and cell death follows. Of great
concern is the effect PQ may have on wild animals, including birds and aquatic species.
The effects of PQ depend greatly upon species of animal. its weight and exposure level.
A good review which lists toxic effects of PQ to particular species is “Paraquat Hazards

to Fish, Wildlife and Invertebrates: A Synoptic Review” by Ronald Eisler.®®
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Molecular Studies Using Paraquat

PQ has recently gained popularity in basic research laboratories as a useful tool in
oxidation studies.®”**'%"-1% pye 1o redox cycling, one molecule of PQ can cycle several
times producing one molecule of superoxide radical with each cycle (see Figure 1). The
dose of PQ can be controlled and due to its solubility in water. it is easily applied. PQ

has been used to study lipid peroxidation.'® effects of antioxidants such as melatonin,''°

N-acetylcysteine, Bis-sulfoxamine (BSO). catechin and epigallocatechin.''' aging.''”
108 . . (3 . -l o 114 68
cancer. — neurological disease, ” uncoupling of nitric oxide synthase. catalase.

A variety of oxidation effects are caused by

membrane function.'” and glutathione.'
PQ, such as chromosomal aberrations yet. it generally has not been considered mutagenic

or genotoxic. This study, however. clearly demonstrates that PQ is indeed mutagenic in

mammalian cells.

C. Formamidopyrimidine glycosylase (FPG)
Formamidopyrimidine glycosylase (FPG) is also known as MutM. FAPY-DNA
glvcosylase and 8-hydroxvguanine-DNA-glycosylase. FPG is a base excision repair N-

lycosylase that was first cloned in E. coli by Boiteux, et. al.”’ It was initially

uQ

characterized as a glvcosylase that removed imidazole ring-opened (Fapy) structures

from the DNA but since then it has been shown to bind to 8-hydroxy structures,® 5-

I

hydroxycytosine®' and apyrinic/apyrimidinic sites.>> Purification of FPG from bacteria

and cloning of the fpg gene by mass screening of a plasmid library’® made it possible to

. . . . . 5.
characterize it's structure and biological functions.” !'®
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Physical and structural properties of FPG protein

The FPG protein is a monomer of 30.2 kDa and contains 269 amino acids. It has
a stoke radius of 2.5 nm and an isoelectric point of 8.6.'"” Atomic absorption shows that
it contains one zinc atom per molecule with the motif (-Cys-X>-Cys-X16-Cys-X>-Cys) on
the C-terminus.''”''®> FPG contains an invariant N-terminal sequence of Pro-Glu-Leu-
Pro-Glu-Val- and invariant lysines Lys52 and Lys147."''° The N-terminal proline of FPG
appears to be critical to repair by linking to the damaged DNA and initiating the catalytic
incision of a damage base.''® Recent crystallography data has confirmed this.'® The
encoding gene. fpg. is highly conserved across aerobic bacteria (E coli. Therm.
Therm.)'™® and homologs of FPG protein have been found both in S. cerevisiae (OGGl,
0GG2)*. mouse (mOGG1!) *'and humans (hOGG1) '**. These homologs display a
similar binding specificity for 80oxoG and Fapy ring-opened bases in DNA despite
differences in their primary sequences.'*""'” OGG1, which functions like FPG to remove
80x0G from double stranded (ds) DNA, shows greater sequence similarity to E. coli
endonuclease I (endolll) protein. a protein associated with repair of UV-irradiation
damage:.'24

The weight of evidence suggests that fpg plays an important role as a redox
regulatory mechanism. In vitro. FPG has been show to excise purines, including
imidazole ring-opened adenines and guanines and 8-0x0G.*®''S The structure of the
damaged base does not appear to be the only recognition factor for FPG. Studies of Fapy
residues embedded in B-DNA show efficient repair but when Fapy residues are placed in

Z-DNA no repair occurs.'” Similarly, when 8-0xoG is paired with adenine it is excised

at a much lower rate than when it is paired with cytosine. Thus, both base pairing and
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structure appear to play an important role in damage recognition by FPG. In vivo. FPG
has been shown to have an antimutator effect.'™ In E. coli it is transcribed as part of an
operon triggered by E. coli lacking both thioredoxin and glutathione.'*”"'** Other studies
have shown that strains of bacteria with mutations in the mutM (FPG) gene exhibit a 10-
fold increase in GC—TA transversions over wild type.'” Still other studies have shown
that the presence of FPG of cells causes an increased resistance to thiopeta.'** aztridine'*
and gamma ra_vs.l3 !

In E. coli. FPG acts in concert with two other DNA glvcosylases, MutY and
MutT!2¢ B 2(Figure 3). These glycosylases form a three-prong line of defense against the
mutagenic effects of 80xoG to maintain genome integrity. FPG acts to remove 80x0G:
cyvtosine mispairs prior to replication, MutY acts specifically to remove 80xoG past
replication in the 80x0G: adenine configuration and MutY T works to prevent the effects
of oxidization on the nucleotide pool, specifically by suppressing the incorporation of
d80xoGMP into the DNA template opposite an adenine.'*> DNA analyzed from a mutM
(fpg) MuwtT double mutant showed large quantities of accumulated 8oxoG. amounts
exceeding those found in single mutator strains.'’> The contribution of d80oxoGTP to

132

80x0G content in DNA was estimated to be four molecules/chromosome, - evidence that
the rate of 80xoG accumulation is as much influenced by incorporation of oxidized

nucleotides, as it is the direct oxidation of DNA.

Mode of Action
The FPG protein contains three enzymatic activities: (i) DNA glycosylase activity

which recognizes damaged double stranded DNA producing an AP site, (ii) AP lyvase
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activity which cleaves the 3" phosphodiester bond of AP sites thru B-elimination, leaving
a clean gap and (iii) dRpase activity which cleaves the 5 deoxyribose phosphodiester

moieties.''®

Crvstal structure and catalvtic mechanism

In 2000, the crystal structure of FPG was published.lzo It was made from
Thermus thermophilus HBS8, an extremely thermophilic bacterium. X-ray
crystallography was determined at 1.9 A resolution with multiwavelength anomalous
diffraction phrasing using the intrinsic Zn"+ ion located in the zinc finger motif.'* The
crystal structure of FPG in a complex with dsDNA has revealed a zinc finger motif. a
helix-two-turns-helix (H2TH) motif and catalytic residues that are similar to those of
other DNA glycosylases. As other studies have revealed, FPG contains an N-terminal
domain with two alpha sequences, a C-terminal domain with four alpha helices and a B-
hairpin loop of the zinc finger motif. Good reviews of the FPG structure and catalytic
mechanism include Bhagwat and Gerlt'* and Sugahara, et al.'*®

Based upon the three-dimensional crystal structures, a catalytic mechanism of
FPG was proposed and is summarized as the following:

1) FPG binds to a GO suucture on the DNA with a “gripping™ motion at the
hinge region. The ammonium cation of Lys52 acts as a proton donor for
cutting of the glycosidic bond on the nucleotide to release the damaged base.

i1) This leaves a carbonium ion at Cl" of deoxyribose which is attacked by the N-
terminal amino group of Prol on FPG. Hydrogen bonding then stabilizes the

cation.

M
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i)

iv)

V)

vi)

vii)

The pentose ring of deoxyribose is broken by protonation and a Schiff base is
formed between Prol of the FPG and the C1° atom of the opened deoxyribose
ring.

The enamine forms via mesomeric equilibrium and 3°-phosphoester breakage
occurs along with B-elimination.

Proton withdrawal by Glu2 causes transfer of the conjugated diene.
S-elimination esterifies the 5°-phosphoester bond

Protonation of Lys52 and release of the deoxyribose product leave a one-

nucleotide gap in the dsDNA.
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Figure 3. Overlapping functions of FPG, MutT and MutY in the removal of 80xoG from
DNA. Oxidation can occur both in the nucleotide pool (A) and directly to DNA
structure (B). Both have deleterious effects to the integrity of the genome.
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Chapter 11

Materials and Methods

A. Cells Studied

Human x Chinese hamster ovary (CHO) hybrid cells (AL) were used throughout
the experiments.” These cells contain a standard set of CHO chromosomes and a single
copy of human chromosome 11. A method was developed and has been described’"*”
for the quantification of single gene mutations and large and small deletions in these
mammalian cells. The assay involves the use of somatic cell hybrids containing a single
copy of human chromosome 11, most of which is not essential for cell reproduction and
therefore can be mutated without affecting cell survival. The method was developed by

78.135 .
13 The resulting

fusing Chinese hamster ovary (CHO) cells with human fibroblasts.
hybrid contained a standard set of CHO chromosomes plus a single copy of human
chromosome 11 (Figure 4). Markers used to quantify mutants and define mutant spectra

have been identified on both the short and long arm of chromosome 11, including RAS,

HBE. CD59 and APO-A.i (see Figure 5).
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Figure 4. Fluorescent in situ hybridization (FISH) image of A cells. FISH methodology
confirmed the presence of a single copy of a human chromosome. The fluorescent probe
used was specific for human chromosome 11.
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Figure 5. Schematic of human chromosome 11 and marker identification. Human
chromosome [l is used in the A; mutation assay. [dentification of markers used on
chromosome 11 are identified as follows: RAS, v-Ha-ras Harvey rat sarcoma viral
oncogene homolog; HBE, hemoglobin; LDHA, lactose dehydrogenase A: DI6,
anonymous probe S11 DI16: WT, Wilms' tumor; CD59. cyclin-dependent protein 59;
CAT, catalase; ACP, acid phosphatase 2; p82H, pericentric centromeric probe; FTH.

Heavy-ferritin protein; APO-Al, apolipoprotein A-L.
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3¢ the gene that encodes the cell

Chromosome [l contains CD59 (or MICI),
surface antigen CD59 (referred to previously as S1). CD359 is a regulator that protects
cells from cytoltic attack (self-lysis) by the membrane attack complex MAC."*® CD59 has

137

been crystallized and sequenced. It was shown to contain four exons. ”’ Primers to these
exons have been developed by Waldren. et al. Studies of CD59 have also shown that it
inhibits binding of C9 to exon C5b-8. resulting in the MAC complex not being formed.'*’

Mutation at the CD59 locus in the Ap cells was studied via a complement-
mediated lysis analysis using monoclonal antibodies. which kill CD59" cells in the
presence of rabbit serum complement E7.1'°° but not CD59™ cells. After exposure of
cells to a mutational event. a 10-day expression period was allowed before adding

antibody + complement. Surviving mutant colonies were fixed, stained and counted to

produce a mutant induction curve.

Tissue culture conditions

® Cells were maintained using Ham's F12 media containing 7% fetal calf serum,

3% new born serum. 0.5% penicillin/streptomycin, and 1.5% HEPES.

® [ron content of the media was Fe(NQO3); 0.000005 g/L; FeSO, 0.000417 g/L.

® (Cells were plated in either 60 mM or 100 mM plates using 4 and 8 ml of media
respectively and maintained in an incubator at 37°C and humidified at 5%
CO-+/95% air.

® (Cells were harvested via trypsinization every two days and re-plated.
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® Periodically (once per month) hygromycin was added to each plate to selectively
Kill mutant cells that did not contain the hygromycin-resistant vector. Clones

containing a neomycin-resistant vector were selected with neomycin.

B. Transfection of the fpg gene into A H cells

To produce A H cells in culture with an increased BER capacity. transfection of
the fpg gene was done using the psv2neofpg plasmid provided by Dr. Jacques Laval. Unit
347, INSERM Le Kremlin Bicetre, France. To maintain the plasmid it was first
transfected into E. coli JM109 competent cells (Promega, Madison, WI) using the
Promega Standard Transformation Kit protocol (TB095). In this procedure 50 uL of
JM109 cells were placed in three separate tubes and 0, 10 and 40 ug of plasmid added to
the tubes. DNA binding was allowed for 10 minutes on ice the cells were heat-shocked
for 50 seconds in a 45° water bath. The tubes were returned to ice and 900 UL of Terrific
Broth (TB) solution (Difco Laboratories. Detroit, MI), made up of 23.8 g TBand 7.5 g
agar was added. After incubating for | hour in a shaking 37°C water bath. cells were
plated on ampicillin plates and incubated overnight. Colonies were chosen randomly by
eve, trypsinized and frozen.

Next. the psv2neofpg plasmid was transformed into wild type cells, A H, using
the Gibco BRL Lipofectin® Transfection Kit protocol (Gibco BRL, Gaithersburg, MD).
In this procedure. A(H cells were plated @ 3 x 10° on two 60 mm plates and grown to
40% confluence. One pg of the psv2neofpg plasmid was diluted in Ultraculture medium
containing no serum (Biowhittaker, Walkersville, MA). An additional mixture of

Lipofectin® Reagent was mixed with medium and allowed to sit for 30 minutes. The
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two solutions were mixed and incubated at room temperature for 15 minutes. The cells
were washed with Ultraculture medium once and the cell pellets. resuspended in [.8 mis
of Ultraculture medium, added to the 60 mm plates containing the A H cells and
incubated for 24 hours at 37°C. The medium was changed to the normal F12 growth
medium (see tissue culture section above) and returned to the incubator for 24 hours.
Cells were then subcultured at 3 x 10° cells in 100 mM plates and selected with 800 g
neomycin. Clones were selected. numbered and named AHF-n. Thirty clones were
selected. expanded and frozen for future use.

A blank neomycin vector was also transfected into A H cells using the Gibco
procedure described above for the fpg transformants. Clones were selected. numbered

“AHneo-n"" and used as controls for later experiments.

C. Confirmation of transformation and FPG activity

1. PCR of fpg cDNA

DNA was extracted from clones using the Genomic Tip and Buffer Kit (Qiagen
Inc., 9600 De Soto Avenue. Chatsworth, CA). Purity of each sample was confirmed via
UV-vis at A260/280 with a preset range for purity of 1.6-1.9.

Two sets of forward and reverse primers were designed and used for polymerase
chain reaction (PCR). Primer set | was designed using the Primer3 Output website
located at the internet address www.genome.wi.mit.edu/cgi-bin/prmier/primer3.cgi
and provided by the Massachusetts Institute of Technology. By entering the fpg
sequence the Primer3 Output program provides selections of forward and reverse primer

sequences.
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http://www.genome.wi.mit.edu/cgi-bin/prinier/primer3.cgi

Primer Set | sequences:

fpg forward: 5° GGTCAGCACATTATGCCCTT 3°
fpg reverse: 5° TACCGTTTAAGCGACCAACCC 3°

predicted molecular weight (mw) of product: 125 base pairs (bps)

. - 128
Primer set 2 sequence was taken from a manuscript .

Primer Set 2 sequences:

Fpg forward: 5° AAATAGCCCGGTTTACCATCACTTT 3°
g reverse: 5° CGGCTGGCGTCATCACTGTC 3°

predicted molecular weight (mw) of product: 250 base pairs (bps)

Primer Sets | and 2 were made by Macromolecular Resources (Colorado State

University, Dept. of Biochemistry, Fort Collins. CO).

PCR conditions were carried out using the Invirogen cDNA Cycle Kit
(Invitrogen Corp., 1600 Faraday Avenue. Carlsbad. CA) using the following conditions:

PCR Mix per Sample: sterile water, 8.7 uL. 10X Qiagen buffer 2 uL, dNTPs 2

ML, forward primer 2 uL, reverse primer 2 gL, magnesium chloride 1 uL,
solution “Q™ 2 uL, taq 0.3 uL.

PCR conditions: 94°C 5 minutes, 30 cycles of 94°C denaturing (30 seconds),

60°C annealing (30 seconds) and 72°C extension (30 seconds) and 72°C 10

minutes.
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Following PCR. samples were run on a 2% agarose gel (GenePure 3:1 agarose,

ISC Bioexpress. Kaysville, UT) and visualized by UV light.

2. RT-PCR

Reverse transcription (RT)-PCR (Diffenbach 1995) is a technique that combines
the synthesis of cDNA from RNA templates with PCR. RT-PCR was carried out using
the cDNA Cycle Kit (Invitrogen Corporation. Carlsbad. CA). RNA was extracted from
each sample using the RNeasy Kit (Qiagen Inc.. Chatsworth. CA). Quantitation of each
sample was confirmed via UV-vis at absorbance A260 and quality of the RNA confirmed
by Northern gel analysis.

Northern Gel Analvsis:

¢ A Northern gel was poured using | gram agarose, 10 mls 10X MOPS
and 85 mls diH-O. Mixture was boiled and 5.4 mls 35% formaldehyde
and 6.6 uL 10 mg ethidium bromide added.

e 2 ug of RNA were diluted with 2 volumes of 1.5X sample buffer
(622.6 mls formamide, 211.7 mls formaldehyde. 124.5 mls 10X
MOPS. 41.2 mils DEPC-treated water).

e The RNA was denatured for 5 minutes by heating in a 68°C water
bath. Denaturing was stopped by placing samples on ice immediately.

¢ 10X formamide loading dye was added to a final concentration of 1X
in MOPS buffer.

e Samples were loaded onto the gel and run at 65 volts for |1 hour.
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e The gel was transferred to a nitrocellulose membrane in 10X SSC
Buffer for 24 hours.

e The membrane was pre-hybridized for 5 hours at 42°C in 15 mis of
Prehybridization Solution (100 mls formamide, 70 mls 20% SDS. 24
mis | M sodium pyrophosphate. pH= 7.2 and 6 mis H-O).

e The prehybridization solution was removed and 15 mls of fresh
solution added.

e RNA probe was added and hybridization was run at 42°C overnight.

e The membrane was washed 3 times as follows:

e 1% rinse: 2 XSSC, 0.1% SDS 10 minutes at 42°C

e 2nd'rinse: 0.5X SSC, 0.1% SDS 15 minutes at 42°C

e 3rdrinse: 0.1X SSC, 0.1% SDS 30 minutes at 50°C

e The membrane was wrapped in plastic wrap to prevent drying and a

picture taken.

RT Reaction:
e 10 ng of RNA for each sample were placed in a tube on ice. A test

mRNA was provided in the kit to be used a control for the RT

procedure.

e Sterile water was added to bring the volume up to 11.5 uL. and 1 puL of
random primer was added.

e The tubes were heated at 65°C for 10 minutes and then placed on ice

for 2 minutes.
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e Following a short centrifugation. 1.0 uLL RNase inhibitor, 4.0 uL 5X
RT Buffer. 1.0 uL 100 mM dNTPs, 80 mM sodium pyrophosphate and
0.5 UL AMYV Reverse Transcriptase was added to each tube.

e The tubes were incubated at 42°C for | hour and then at 95°C for 2

minutes.
e PCR conditions were carried out using the Invitrogen cDNA Cycle Kit
(Invitrogen Corp.. 1600 Faraday Avenue, Carlsbad, CA) and the

following conditions:

PCR Mix per Sample: | puL sample, 8.7 uL sterile water. 10X Qiagen
buffer 2 uL. dNTPs 2 uL, forward primer 2 pL. reverse primer 2 ulL,

magnesium chloride | pL, solution "Q™ 2 uL, taq 0.3 pL.

PCR conditions: 94°C 5 minutes. 30 cycles of 94°C denaturing (30

seconds), 60°C annealing (30 seconds) and 72°C extension (30 seconds)

and 72°C 10 minutes.

PCR Mix for mRNA control: 2 ul. sample. 37 uL sterile water, 5 uL 10X

PCR buffer, | uyL 100 mM dNTPs, 2 uL forward primer, 2 uL reverse

primer, 0.5 uL taq.

PCR conditions for mRNA control: 30 cycles of 94°C 1 minute, 55°C 2

minutes and 72°C extension 3 minutes.
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¢ Samples were then run on a 2% GenePure 3:1 agarose gel (ISC
Bioexpress 420 N. Kays Drive, Kaysville, UT) and visualized by

UV light.

3. In Vitro Cleavage of 80x0G by FPG Protein

A base cleavage assay,'* using a **P-labeled oligonucleotide (oligo), was used to
determine if the FPG protein made in the clones was active (able to recognize and bind
80x0G) and to quantitate levels of its activity. An oligo was designed containing a single
80x0G. one of the lesions excised in vitro by active FPG. The oligo was end-labeled with
**P and incubated in a reaction mixture with cell extracts and run on a pelyacrvlamide
gel. If active, FPG will cut the oligo at the 80x0G. releasing a piece of DNA containing
the *°P label. The released piece of DNA will represent a smaller molecular weight than
the un-cut oligo and will produce a second lower band on the gel. Quantitation of the
bands is possible using the Molecular Dynamics STORM computer program. The
polyacrylamide gel is exposed to the specially designed Molecular Dynamics screen,
which reads radioactivity in a gel. The screen is then placed on a STORM scanner and a
computer image is generated. The software calculates band intensities, reported as the
percentage of **P in the control band.

The oligo was kindly provided by Dr. Rita Ghosh, AMC Cancer Research Center.

Denver, Colorado. and contained the construct:

* 5 ATA CGT ACG GG*G CGG GGCGTGC ¥

* 3’TATGCATGCCCCGCCCCGCACGS
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End-labeling of oligonucleotide:

Bacteriophage T4 Polynucleotide Kinase was used to attach the radioactive label
to the 5° end of the oligonucleotide. Twenty microcuries were used to label | ug of SP-1
8-oxodG with PNKinase. The reaction was allowed to proceed for one hour at 37°C.
The reaction was terminated by adding | pL of 0.5 M EDTA. The reaction mixture was
passed through a NICKTM column (Amersham) to purify the labeled oligo. Pure oligo
was collected in 200 uL of TE Buffer. Five pL of the oligo were saved for gel analysis.
Approximately | ug of the complementary SPI oligo was added to the 195 pL of the
labeled oligo. The reaction was done at 90°C for 90 minutes and annealing efficiency
checked on a 20% native acrylamide gel using 20,000 cpm per lane of the single stranded
and double stranded oligo. The presence of two bands. representing both single- and
double-stranded DNA was used to confirm annealing.

Excision Assay

e The concentration of total protein in each sample was determined using
the BCA Protocol (see above) and a plate reader. Aliquots of 5, 10, 20,
40, 60 & 80 ug of protein were made for each sample and the volume
brought up to a total of 31 uL with sterile water.

e Cells extracts were incubated at 37°C for 45 minutes in a reaction mixture

32

containing: 5X OGGI1 Cleavage Buffer, °“P-labeled double-stranded

oligonucleotide (20,000 cpms) and cellular extracts (31 uL). The reaction

then took place by incubating in a 37° water bath for 45 minutes.
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e The reaction was terminated by adding 10X formamide to each reaction to
a final volume of 1X. Add 5 uLL 50% glycerol to each sample to aid in
loading.

e Samples were subsequently run on a 12% denaturing polyacrvlamide gel
that contained:

e 30 mis 20X gel mix

e 20 mls water

e 80 uL 30% Ammonium Persulfate (APS) (Sigma)
e 30 uL TEMED —Gibco BRL. Grand Island. NY)

e The gel was pre-run by placing in a medi gel box, adding 1000 mils 1X
TBE and running at 100 volts for 30 minutes.

e Samples were loaded onto a gel and run at 75 volts for approximately 5
hours or until formamide had run ~ 15 cm down the gel.

e The gel was removed from the glass plates. covered with plastic wrap to
avoid dehydration and exposed to X-ray film overnight at -80°C.

e Film was exposed overnight to a Phosphorlmager (Molecular Dynamics.
928 East Arques Avenue. Sunnyvale. CA) plate and scan into computer

using the STORM (Molecular Dynamics) computer scanner.

4. Western Blot Analysis

The FPG polyclonal antibody was provided by Trevigen (Trevigen, Inc., 8405
Helgerman Court. Gaithersburg, MD). Clones were grown to confluence on 60 mm

plates and placed in a lysis buffer containing Tris-HC! (ph 8). 2 M NaCl, 50 mM EDTA,
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20 % SDS, 0.1 ul/samples proteinase K and deionized water. An aliquot was taken for
total protein analysis and the remaining saved for Western Blotting and base excision

repair assays (see below).

Total Protein Analysis Assay:

This protocol was used to determine protein concentrations in cell extracts using a
96-well plate reader and the Pierce BCA Protein Assay Kit (Pierce PO Box 117,
Rockford, IL). A standard curve was made using 2 mg/ stock BSA provided by the kit
and aliquoted into the 96-well plate in triplicate. Triplicates of each unknown sample
were made by aliquoting 10 uL of each sample into three separate wells. Two hundred

UL of BCA reagent was added to each well and the samples placed in the plate reader.

Concentrations were given as pug/ml.

Western Blot Analvsis:

Western blot analysis was based on the methods of Okayasu. et al.'* Cells from
clones and controls (1-2 x 10°) were lysed in lysis buffer containing 50 mM Tris, 150
mM NaCl, 2 mM EDTA. 2 mM EGTA. 25 mM NaF and 25 mM B-glycerolphosphate,
pH 7.5. 0.2% Triton-X 100, 0.3% NP-40, 0.1 mM sodium vanadate, 0.1 mM PMSF.
leupeptin (5 pg/ml) and aprotinin (5pg/ml) (fresh) (Song, et al 1996). Ten pg protein
was applied per sample for 10% SDS-polyacrylamide gel electrophoresis (SDS PAGE.
The amount of protein from each extract was quantified using the BCA protocol
described above. Each sample was loaded onto a gel by a microsyringe. The separated

gels were transferred to nitrocellulose membranes for 24 hours at 4°C. The membrane
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was washed with | x TBST (25 mM Tris. pH 8.0. 125 mM NaCl. 0.025% Tween 20) and
incubated in blocking buffer containing 25 mM Tris pH 8.0, 125 mM NaCl. 0.025 %
Tween 20, and 5% dry milk for 1 h at room temperature. The primary antibodies were
applied for lh at room temperature. The membranes were washed and incubated with
horseradish peroxidase-labeled secondary antibodies in blocking solution for I h.
Subsequently, the membranes was washed and incubated in ECL Western blotting
detection reagent (Amersham RPN 2106) for 1 minute. The blot was exposed onto x-ray

film for 5-45 minutes.

D. Cell Survival

Survival Assav

Survival curves — survival curves were determined using exponentially growing
cells in 60 mm plates. Standard procedures were as described previously.”® Clonogenic
survival was determined by fixing colonies with a mixture of 95% ethanol. acetic acid
and H-O and stained with 1% crystal violet. Colonies were counted by eye. A colony

was defined as having fifty or more cells.

Chemicals

H-0:

30% Hydrogen peroxide (H.0:) was purchased from Sigma Chemical Company
(Sigma-Aldrich. PO Box 355. Milwaukee. WI) and used in varying concentrations to

determine survival curves (see results).
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Paraquar

Paraquat (PQ. methyl viologen) was purchased from Sigma Chemical Company
and used in varying concentrations to determine survival curves. 4 mM stock was made
by diluting 18.3 g PQ in 25 mils F12 growth medium and stored away from light. Fresh

PQ stock was used for each experiment.

N-acervicvsteine (NAC)
NAC was purchased from Sigma Chemical Company and diluted into a 200 mM
stock solution with diH-O. 40 puL of stock was added to each plate containing 4 mls of

F12 media for a final concentration of 20 mM.

Bis-sulfoxyvamine (BSO)
BSO was purchased from Sigma Chemical Company and diluted into a 4 mM
stock solution with diH-O. 10 puL of stock was added to each plate containing 4 mis of

F12 media for a final concentration of 10 mM.

Dimethylsulfoxide (DMSO)

DMSO was purchased from Sigma Chemical Company and was added to each

plate containing 4 mis for a final v/v concentration of 1%.
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E. Induced Mutation

Mutation Assav:

The mutation assay has been described.”"? 51015 5 ¢ 107 cells were plated for
PQ or H>O- exposure in 100 mm plates and allowed to adhere for 3 hours. Plates were
incubated with 2 x 10 ° cells. The cells were then treated with PQ or H-O- for the
prescribed time and then rinsed three times with Hank's Balanced Salt Solution (HBSS)
(Mediatech, Inc., 13884 Park Center Road. Herndon. VA). Every two days, the cells
were subcultured to allow for expression over the following ten days.

To determine mutant fraction. 2 x 10’ cells per dose were plated 100 mm plates
containing 7 of Ultraculture growth medium (Biowhittaker, Walkersville, MD).
Additional cells were plated to determine plating efficiency and to subculture for a
second challenge following the same procedure in two days. After a three-hour period, to
allow the cells to attach to the plates and to recover from trypsinization, 2% complement
and 0.3% antiserum (v/v) were added to each plate. Complement by itself was added to
the plating efficiency plates to measure killing by complement. Mutant fractions (My)
were calculated by determining the average and standard numbers of mutants in two

separate experiments and expressed as mutant/10° cells.

M¢ = number of mutants x 1
number of cells plated P.E. (complement alone)
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F. Glutathione Studies
Procedures used for the detection of glutathione in A cells were based upon those of

Vandeputte, et al.'*’

Experimental Design for GSH/GSSG Measurement in A, Cells After Exposure to PQ
l. A(H cells were used as controls and AHF-10 clone cells were used as test

samples.

!J

Cells were trypsinized and replated @ 1 x 10’ cells in 8 mls F12 media (20%

fetal calf serum) as outlined below.

Plate#* PQ (UM) BSO NAC
0

0 + -
0 - +
50 - -
50 + -
50 - +
100 - -
100 + -
100 - +
10 125 - -
11 125 + -
12 125 - +

Nod ¥od RN o W RV P UG ROVY F IO Pt

*each plate should be done in triplicate.

3. Cells were allowed to adhere for 3 hours.

4. PQ and BSO or NAC was added and cells returned to the incubator.

5. After 4 days, the media was removed and each plate was rinsed | time with
HBSS + 1% Hepes.

6. GSH/GSSG was measured as described below.
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GSH/GSSG Assay
Solutions

4 mM PO stock

50 uL = 50 uM
100 uL = 100 uM

125 uL = 125 uM

4 mM BSO stock

Add 20 uL to each plate

200 mM NAC stock

Add 40 uL to each plate

e Cells were plated and dosed as outlined above.

e Cells were trvpsinized and dissolved in 10 mM HCl

® Cells were lysed by a freeze-thaw cycle in ethanol/water bath then spun @
2000 rpm for 5 minutes.

® 50 uL of supernatant was aliquoted from each sample for total protein analysis
and the remaining supernatant transferred to a new microfuge tube.

e 50 uL 6.5% (w/v) 5-sulfosolicylic acid (SSA) was added to each tube. the
tubes were placed on ice for 10 minutes to precipitate proteins and the tubes
were then centrifuged @ 2000 rpm for 15 minutes.

e Supernatants were collected and placed in a new tube and samples stored at -

70°C.
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Assay Reagents:

Stock Buffer DTNB Ellman reagent 5.5°-
143 mM NaH-PO;, dithiobis- (2-nitrobenzoic acid)
6.3 mM EDTA 10 mM DTNB in stock buffer
pH=74 (4 mg/ml)

NADPH (nicotinamide adenine dinucleotide phosphate)
2 mM in stock buffer (1.7. mg/ml)

GSSH reductase (GR)

8.5 Units/ml in stock buffer

50 mM GSH stock (in 10 mM HCL and 1.3% SSA)

154 mg GSH
S ml 10 mM HCl

2ml 6.5% SSA

Assay Buffer
5 ml DTNB
8.5 mi NADPH

36.5 ml stock buffer

4
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Assay Protocol:

20 uL samples. standards and blanks were added to 96-well plate in

triplicate.

Standards of GSH were made at 0. 0.2, 0.5, 1.0, 2.0, 5.0, 10.0. and 20.0
uM.

20 uL stock buffer was added to each well to neutralize the pH.

200 pL assay buffer added to each well for 5 minutes.

The reaction was started by adding 40 uL GSSH reductase to each well.
The plate was incubated at room temperature for 2 minutes then read @

405 nM by a plate reader.

Determinations were given as ug GSH or GSSG and ratioed against total

protein readings to give a ug GSH or GSSG/nmol total cellular protein.
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Chapter 111

Results

A. Cell Transformation
The transformation of A H cells to fpg transformants was undertaken to produce
a cell line with increased BER capability in which to study PQ toxicity and mutability.
As shown in Section II of this chapter (Cell Survival Results), the initial experiments in
this study demonstrated that some of the fpg transformants had increased survival and
virtually no mutation induced by PQ when compared to wild type, A H cells. Due to the
problems associated with the Western blots (see Section D of this chapter) the
experiments described below (PCR, RT-PCR and 80xoG cleavage) were actually
performed after the survival and mutation studies. For the sake of simplicity in
presentation and discussion, results describing the success of the fpg transformation are
presented first.
In addition, one will notice that some survival and mutation analyses were
conducted on AHF10 while others were conducted using AHF3. The explanation for this
seemingly erratic shift between cell lines is simply — until the base cleavage studies were

conducted that showed AHF3 to more efficiently excise 8oxoG, AHF10 cells were used
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based on the results available. which were the survival curves (Figure 18). Fpg
transformants had been randomly selected from fifteen different clones for experiments
and AHF3 was not included in that initial survival study. As a consequence. it was not
included in the 16-hour mutation studies that followed but AHF10 cells were. Once the
cleavage studies were conducted AHF3 stood out from the other transformants and was

flagged for further studies.

1. PCR of DNA from fpg transformants

Prior to RT-PCR of RNAs, PCR conditions were tested using DNA extracted
from fpg transformants. using the psv2neofpg vector as a cDNA positive control. These
results are presented in Figure 6, which is a computer image of a PCR gel. Lane |
contains the molecular weight (mw) markers, Lane 2 is the reaction mixture with no
DNA added and Lane 3 is the reaction mixture plus the cDNA control. As expected, no
band is seen in Lane 2. A band is seen in Lane 3 at mw = 125 for the cDNA control.
This is the predicted weight of the PCR product as predicted by primer design. The
bands below mw = 100 are unused primers.

Figure 7 is a computer image of a PCR gel of DNA extracted from a series of
AH clones transformed with the fpg gene. Lane 2 is the cDNA control. Lanes 3-8
contain DNA from fpg transformants. A band of DNA is seen in all the samples at
molecular weight 125 as expected. These results confirmed that the fpg transformants
contained the fpg gene and that the PCR conditions chosen worked for RT-PCR.

A second set of fpg primers was also used (see Materials and Methods) designed

to give a PCR product of 250 base pairs (bp). This alternative primer set was used to
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confirm the presence of the fpg gene in the transformed A; H cells. Figure 8 shows the
results of PCR using fpg primer set 2 and is similar to those using fpg primer set 1 for the
fpg transformants. In addition. results show that A H cells which contain no bacterial

g gene, have very little binding affinity for the fpg primers as expected.
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Lane 1 2 3

mw
(bp)

1000

500

200

100

Figure 6. PCR of the psv2neofpg plasmid used to transform A H cells to fpg
transformants. Lane | contains molecular weight markers, Lane 2 contains primer mix
with no DNA added and Lane 3 contains the psv2neo fpg plasmid + primer mix.
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Lane 1 2 3 4 5 6 7 8

1000

500

200

100

cDNA AHF1 AHF3 AHF4 AHFS AHF10 AHF15
control

Figure 7. PCR of the psv2neofpg plasmid and DNA from fpg transformants. Lane 1
contains molecular weight markers, Lane 2 contains the cDNA fpg control (arrow), Lanes
3-8 contain DNA extracted from fpg transformants. The bands seen below mw = 100
are unused primers.
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Lane 1 2 3 4 5 6 7 8 9 10

mw
(bps)

1000

500

200

100

cDNA A H AHF3 AHF4 AHFS AHF 8 AHF10 AHF13
control

Figure 8. PCR of DNA extracted from fpg transformants and A H cells using fpg primer
set 2. Lane 1| contains molecular weight markers, Lane 2 is a blank, Lane 3 is the cDNA
control, Lane 4 is the DNA from wild type (A_H) cells, which does not contain the fpg
gene, Lanes 5-10 contain the fpg transformants and show varying degree of affinity for
fpg primers. The bands are at mw = 250, the predicted size of the DNA from the primers

used.
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2. RT-PCR of RNA

Reverse transcriptase (RT)-PCR was conducted to confirm the presence of the fpg
vector in the fpg transformants. Prior to RT-PCR the quality of the RNA extracted from
the cells was checked by Northern analysis as described in Materials and Methods by Dr.
Leia Smith of Colorado State University. Figure 9 is a picture of a Northern gel of RNA
extracted from the fpg transformants and A H cells. The 28S and 18S designations refer
to ribosomal markers used when checking RNA integrity. Two ug of RNA were run for
each cell line. The gel shows that the RNA used for RT-PCR was of good quality and
not degraded. Better RT-PCR controls should have been used (attempts to use this
control were not successful for reasons still unresolved). The addition of primers for 3-
actin, a protein made by almost all cells. is commonly used as an internal “housekeeping™
control. The presence of this control allows bands to be normalized and makes possible
quantitation of band intensities. Without this control. it is impossible to conclude with
certainty that the intensity of the band(s) seen in an ethidium bromide stained gel are
reflective of expression levels. However. it seems clear that some of the fpg
transformants expressed bacterial fpg and that A H does not.

In this study. the RT-PCR products were not used for quantitation but for
supportive data with the SoxoG cleavage assayv. The RNA used for all RT-PCR
experiments in this study was taken from the aliquots analyzed in the Northern blot
shown in Figure 9.

Figure 10 shows computer images of results from two RT-PCR procedures.
Figure 10 (a) shows a band at mw = 125 as expected. The cDNA control is in Lane 3 and

served as a PCR control for the RT-PCR reaction. The mRNA in the RT-PCR kit
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provided the RT control. It is in Lane 4 and produced a band at mw = 900 as expected.
The fpg transformants showed varying degrees of affinity for the fpg primers as indicated
by the intensity of the bands at mw = [25.

Figure 10 (b) shows the results of the RT-PCR for fpg transformants and A;H.
The cDNA obtained from A{H RNA (Lane 10) showed less primer binding than the fpg
transformants, confirmation that the transformant cells contained the fpg gene and the

wild tvpe (A H) cells do not.
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Figure 9. Northern gel analysis of RNA from fpg transformant and A H cells. 28S and
18S indicate the ribosomal markers used for checking the integrity of RNA. When both
bands are present the RNA is considered of good quality and not degraded. The samples
were loaded as follows: Lane 1, A H; Lane 2, AHFI1; Lane 3, AHF3, Lane 4, AHF4;
Lane 5, AHF5: Lane 6, AHFS8: Lane7, AHF10; Lane 8, AHF12; Lane 9° AHF14; and
Lane 10, AHF15.
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Figure 10. RT-PCR of RNA from fpg transformants and wild tvpe (A{H) cells. (a)
results using the fpg transformant RNA for RT-PCR. Lane | contains molecular weight
markers. Lane 2 is a blank well. Lane 3 contains the PCR control. Lane 4 coniains the RT
control and Lanes 5-8 contain the fpg transformants. (b) Results ot RT-PCR using both
fpg transtormant and A{H RNA for RT-PCR. Lane | contiins molecular weight
markers. Lanes 2 and 3 are blank wells. Lane 4 contains the cDNA control. Lanes 5-9
contain the fpg transformants and Lane 10 contains the wild type. A H.
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3. In Vitro Cleavage of 80x0G by FPG Protein

The fraction of *“P-80x0G oligonucleotide cleaved by FPG protein from DNA of
fpg transformants and A H cellular extracts is compared in Figures 11 and 12. This assay
was used to determine if the FPG protein shown to be present in the fpg transformants by
RT-PCR analysis was enzymatically active and if so. to estimate at what level of activity.
Transformants were selected for this assay based on RT-PCR data. Concentrations of 5,
10. 20, 40. 60 and 80 ug of total cellular protein from A; H and the selected transformants
were incubated in a reaction mixture (See Materials and Methods) containing the 3 p-
80x0G oligo.

During the one-hour incubation, repair proteins in the cellular extracts specific for
80x0G (i.e.. FPG) recognize and bind to the damaged portion of the oligo. The protein
then cleaves the oligo at the damaged base, releasing two smaller pieces of DNA; one
being end-labeled with *“P. which is visible on X-ray film. Quantitation of the bands is
possible using the Molecular Dynamics STORM computer program. The polyacrylamide
gel is exposed to the specially designed Molecular Dynamics screen that reads
radioactivity in a gel. The screen is then placed on a STORM scanner and a computer
image is generated. The software then allows you to measure band intensities. The band
intensities were reported as percentages of the **P control band.

Figure 11 is a computer image of a polyacrylamide gel after incubation of cellular
extracts of 20, 40 and 60 pug with a >*P-labeled 80x0G oligo. The upper band in each lane
indicates uncleaved oligo and the lower band indicates cleaved oligo. Once cleaved the
released portion of oligonucleotide migrates further down the gel than the larger,

uncleaved piece of oligo DNA. making two bands visible. As concentration was
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increased (from left to right in the gel), meaning the amount of FPG protein in the
reaction mixture also increased. fpg transformants showed dose-dependent cleavage of
the 80x0G oligo. A H cells showed a lower overall amount of cleavage even at higher
concentrations.

Figure 12 is a plot showing the fraction of 80x0G oligonucleotide cleaved at
increasing concentrations of cellular protein. As concentration of total protein increased,
fpg ransformants and A H cells showed increasing amount of 80xoG oligonucleotide

cleavage. Extracts of transformant, AHF3, were more active than the others.
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2p8oxoG
control

uncleaved

<mumm

cleaved

Figure 11. Computer image of a polyacrylamide gel showing the cleavage
efficiency of 80xoG by A(H and fpg transformants. The **P-80x0G control is the
oligonucleotide incubated with sterile water. Three samples were run from each
cell line in increasing amounts of total cellular protein (20, 40 and 60 pg from left
to right). The upper band is the uncleaved oligo and the lower band indicates the
portion of the oligo that has been cleaved and released by FPG protein.
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Cleavage of 80x0G by
fpg Transformants

(n=2)
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Figure 12. Ql’)ose response plot of FPG activity in A H and fpg transformants. The
fraction of ““P-80x0G oligonucleotide cleaved and released by fpg-transformant and A H
reaches a maximum at approximately 60 pg of cellular extract.
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Fraction Levels of 80xoG Cleavage by fpg Transformants and A H Cells
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A H AHF3 AHF5 AHFI10
assay | assay 2 assay | assay2 assay | assay 2 assay | assay2
0.07 0.11 0.17 0.19 0.13 0.17 0.12 0.17
0.09 0.03 0.15 0.22 0.13 0.15 0.14 0.22
0.04 006 O0.11 0.15 0.14 0.11 0.06 0.15
0.02 0.1 0.14 0.32 0.12  0.19 004 0.15
0.23 03 0.77 0.87 036 037 03 041
0.17 0.12 074 064 039 032 0.32 0.39
AH AHF3 AHF5 AHF10
Mean SD Mean SD Mean SD Mean
0.09 0.03 0.18 0.01 0.15 0.03 0.15
0.06 0.04 0.19 0.05 0.14 0.01 . 0.18
0.05 0.01 0.13 0.03 0.13 0.02 0.11
0.06 0.06 0.23 0.13 0.16 0.05 0.10
0.27 0.05 0.82 0.07 0.37 0.01 0.36
0.15 0.04 0.69 0.07 0.36 0.05 0.36
60

SD
0.04
0.06
0.06
0.08
0.08
0.05



4. Western Blotting

Western blotting of fpg transformant and A;H proteins was done from FPG
protein polyclonal antibody as described in Materials and Methods and Figure 13 shows
the results. Lane | contains the protein from A H cells. Since the ALH cells do not
express the bacterial fpg gene and therefore do not make FPG protein. A H cells should
not have bound the FPG antibody. There was however, binding in all lanes. including the
AgH lane. The most reasonable explanation for this result is that the FPG antibody used
showed a high degree of non-specific binding for proteins other than FPG and that it was
unable to distinguish between the bacterial FPG protein and the CHO homolog.

Modifications of the protocol were made by varying the concentration of antibody
used and shortening/lengthening the time of exposure in an attempt to increase specificity
but. binding to control A H cells continued to be seen. In an attempt to remove CHO
proteins in the extract that were contributing to the non-specificity. the FPG antibody was
incubated with CHO cell extract. Again. non-specific binding occurred. Since better
FPG antibodies were not available the FPG antibody work was abandoned in favor of the

base excision assay. which would be able to provide me with protein activity data.
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Lane 1 2 3 4 S 6 7 8

Figure 13. Computer image of a western blot from fpg transformants and A H
cellular extracts using FPG polyclonal antibody. Binding was non-specific and
did not discriminate A cells from fpg transformants. Lane 1 contains A H

cellular extracts; Lane 2 AHF1; Lane 3, AHF3; Lane 4, AHF4: Lane 5, AHFS;

Lane 6, AHF8: Lane 7, AHF10; and Lane 8, AHF12.
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B. Cell Survival

A H survival after PQ exposure

Survival curves were constructed to quantitate levels of PQ cytotoxicity in A H
cells. Cells were exposed to concentrations of 400. 600 and 800 uM PQ for 16 hours, I,
2.3, 4. and 7 days. Figure 14 shows survival curves of A H cells. Killing is increased at
longer exposures time. This is possibly due to redox cycling of PQ. resulting in the
generation of a continual concentration of ROS within the cells or to the depletion of
intracellular antioxidants. After 4 days of PQ exposure no cells survived even at the

lowest concentration of PQ.

AH survival after PQ exposure +/- BSO. NAC or DMSO

Since PQ is known to be redox cycled in cells to produce ROS. experiments were
conducted using the antioxidant chemicals BSO. NAC and DMSO to see if each affected
PQ cytotoxicity. as measured by survival percentage. Figures 15, 16 and 17 shows the
results of these experiments. As expected. BSO, a chemical that blocks the glutathione
cycle and thus reduces the amount of ROS-scavenging by glutathione, increased killing
of PQ significantly. NAC, a chemical that acts as both a ROS scavenger and boosts the
glutathione cycle as a precursor to cysteine, increased the survival of A H cells. An
unexpected result was that DMSO, a ROS-scavenging chemical, however, did not

increase or decrease survival at all.
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Survival of A H Cells After
Exposures to Paraquat
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Figure 14. Survival curves for A H cells exposed to PQ for different time periods. The
shoulder of the curve indicates that at low doses A H cells are able to effectively deal
with oxidative stress. As PQ dose increases however, killing increases so that at after 4-
and 7-day exposures no cells survived.
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Data for Survival Curves of A{H Cells After Exposure to PQ for Various Time Periods.

16 hours 2 days 3 days
uM a b ¢ a b c a b c
PQ
100 100 100 100 100 100 100 100 100
400 64 66 70 50 12 22 13 12 1.00E-
03
600 30 20 22 19 0.9 1.5 0.8 0.5 1.00E-
03
800 0.5 2 1 7 3.00E- 3.00E- 5.00E- 0.1 1.00E-
03 02 03 03
PQ (uM) 16 hours 2 davs 3 days

Mean SD Mean SD Mean SD
0.00 100.00 0.00 100.00 0.00 100.00 0.00
400.00 6250 8.70 14.75 486 0.00 0.00
600.00 2275 4.99 0.93 042 0.00 0.00
800.00 263 298 0.03 005 0.00 0.00

65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Effect of BSO on A H Survival

After Exposure to Paraquat
(16 hours, n=4)

100

—e— + paraquat
=+ paraquat+BSO

10-

% Survival

T T 1 L T 1
0 100 200 300 400 500 600 700
Paraquat (uM)

Figure 15. Survival curve of A H cells exposed to PQ +/- BSO for 16-hours. The

addition of BSO, a competitive inhibitor of the glutathione precursor cysteine, increases
cell killing by PQ.
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Data for the Effect of BSO on A(H Survival After Exposure to PQ.

PQ PQ + BSO
uM a b ¢ D a b c d
PQ
0 100 100 100 100 100 100 100 100
200 80 83 87 75 34.5 39.8 25.6 324
300 686 75 62 63 5.1 59 83 49
400 59 62 58 66 2.2 25 5 43
600 10.3 17 15 12 0.01 0.00 0.00 0.00
PQ M) +PQ PQ + BSO
Mean SD Mean SD
0.00 100.00 0.00 100.00 0.00
200.00 81.25 5.06 33.08 5.88
300.00 67.15 5.99 6.05 1.56
400.00 61.25 3.59 3.50 1.36
600.00 13.58 3.00 0.00 0.00
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Effect of N-acetylcysteine (NAC)
on A H Survival

(n=3)
100

-—e— paraquat
- paraquat+NAC

% Survival
=
|

T 1] ] 1 T T
0 100 200 300 400 500 600 700
Paraquat (uM)

Figure 16. Survival curve of A_H cells exposed to PQ +/- NAC for 16-hours. NAC, an
intracellular antioxidant increases cell survival following the induction of oxidative stress

by PQ.
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Data for the Effect of NAC on A H Survival After Exposure to PQ.

PQ PQ +
NAC
uM a b c A b c
PQ
0 100 100 100 100 100 100
200 80 69 709 88 100 86.9
300 686 69 813 896 82.16 92.16
400 59 754 78.1 733 72.6 72.6
600 103 9.7 3 19.3 26.80 33.70
PQ (uM) PQ PQ + NAC
Mean SD Mean SD
0.00 100.00 0.00 100.00 0.00
200.00 7330 5.88 91.63 7.27
30000 7297 7.22 8797 5.19
400.00 70.83 10.34 72.83 0.40
600.00 7.67 4.05 26.60 7.20
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Effect of DMSO on A H Survival

(n=3)
100
-—e— paraquat
—e— paraquat+1% DMSO
©
2
>
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R
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0 100 200 300 400 500 600 700
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Figure 17. Survival curve of A_H cells exposed to PQ =/- DMSO for 16-hours. DMSO,
an intracellular antioxidant, did not alter cell survival.
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Data for the Effect of DMSO on A{H Survival After Exposure to PQ.

PQ PQ +
DMSO
M a b c a b c

0 100 100 100 100 100 100
200 80 69 709 69.5 61.2 633
300 686 69 8I1.3 70.9 664 79
400 59 754 78.1 50.3 62.3 599

600 103 9.7 3 10.2 6.70 5.90
PQ (uM) PQ PQ+ DMSO
Mean SD Mean SD
0.00 100.00 0.00 100.00 0.00
200.00 7330 5.88 64.67 4.32
300.00 7297 7.22 72.10 6.39
400.00 70.83 10.34 57.50 6.35
60000 767 405 7.60 2.29
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fpg transformant survival after PQ exposure

Survival of A H cells was compared to survival in cells containing and expressing
the bacterial fpg gene. A random sampling of fpg transformants was selected. Figure 18
shows the survival curves. The fpg-transformants had increased survival percentages
after 16-hour PQ exposure when compared to the A H control. While cell survival
studies were merely suggestive and unable to point to the addition of the fpg in the cells
as the reason for better survival, they illustrate an inherent difference exists between the
cell types which other. more sensitive methodologies might be able to elucidate.

To show that it was not the transformation assay causing a genetic alteration that
increased survival percentage, a blank neomycin vector was transfected into A H cells
and clones picked and designated AHneo-n. Figure 19 illustrates that the transfection of

a blank vector alone does not increase survival following PQ exposure.
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Survival After Exposure to
Paraquat
{16 Hours, n = 6)

100
4 ——— ALH

—— AHF-1
——AHF-4
——AHF-5
—— AHF-8
—o—AHF-10
—— AHF-12
——AHF-13
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Figure 18. Survival curves for A_H and fpg transformants exposed to PQ 16-hours. The
fpg-transformants showed increased survival after exposure to PQ when compared to
A_H cells.
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Data for Survival Curves of A{H and fpg Transformants Exposed to PQ for 16-hours.

ALH
0 100.00 100.00 100.00 100.00 100.00 100.00
100.00 79.30 67.60 71.20 62.10 7.50 78.00
200.00 80.00 81.30 74.10 77.70 80.60 85.00
300.00 68.60 66.80 62.30 58.00 68.80 74.50
400.00 59.00 59.80 62.30 45.60 58.00 58.90
600.00 3.00 9.70 8.50 10.20 10.90 10.70
AHFI1
uM PQ a B c d e f
0.00 100.00 100.00 100.00 100.00 100.00 100.00
100.00 97.30 93.96 90.48 88.90 72.60 93.60
200.00 93.60 93.50 98.20 80.80 92.80 69.20
300.00 93.30 91.20 7110 84.20 87.70 93.50
400.00 82.60 75.40 73.50 78.10 7540 7540
600.00 38.00 38.70 39.00 32.10 2590 39.00
AHF4
uM PQ a B c d e f
0.00 100.00 100.00 100.00 100.00 100.00 10.00
100.00 95.30 64.20 90.00 95.50 80.00 81.20
200.00 91.00 89.70 81.90 68.10 94.00 73.80
300.00 78.60 77.70 60.70 74.60 67.60 67.60
400.00 57.60 31.30 52.90 57.20 48.30 61.48
600.00 22.60 19.70 17.00 29.00 19.30 23.20
AHF5
uM PQ a B c d e f
0.00 100.00 100.00 100.00 100.00 100.00 100.0C
100.00
200.00 98.50 86.60 93.60 82.70 81.60 85.10
300.00 91.80 86.20 78.80 75.70 75.00 79.20
400.00 85.50 71.90 69.20 72.60 72.60 74.24
600.00 58.10 49.10 52.20 53.36 49.10 43.30
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(continued...)

AHFS
uM PQ a b c d e f
0.00 100.00 100.00 100.00 100.00 100.00 100.00
100.00 100.00 97.40 98.60 90.80 90.10 77.30
200.00 58.70 82.60 85.10 74.24 72.69 68.44
300.00 94.50 92.40 85.84 89.32 93.57 68.44
400.00 83.50 75.40 79.20 76.20 80.40 68.10
600.00 54.60 52.90 40.90 48.70 53.36
AHF10
uM PQ a b c d e f
0.00 100.00 100.00 100.00 100.00 100.00 100.00
100.00 100.00 100.00 100.00 95.80 90.09 77.33
200.00 98.00 100.00 95.80 98.90 90.00
300.00 95.40 96.60 97.80 99.70 94.70 95.50
400.00 88.90 85.80 86.20 76.56 100.00 90.80
600.00 67.80 68.00 65.30 65.70 71.50 72.70
AHFI12
uM PQ a b c d e f
0.00 100.00 100.00 100.00 100.00 100.00 100.00
100.00 102.00 100.00 100.00 100.00 92.80 100.00
200.00 97.00 97.80 93.96 98.90 92.40 93.96
300.00 85.10 81.90 93.96 90.48 98.20 90.40
400.00 81.20 88.90 77.70 71.92 90.10 80.00
600.00 60.00 49.10 54.50 70.40 57.60 69.20
AHFI13
uM PQ a b c d e f
0.00 100.00 100.00 100.00 100.00 100.00 100.00
100.00 98.30 81.90 98.90 95.80 80.40 81.20
200.00 96.10 81.90 82.70 91.20 84.68 85.80
300.00 93.00 80.40 75.70 87.70 86.60
400.00 82.50 46.00 71.90 76.90 76.56 66.50
600.00 55.50 64.50 44.00 44.46 53.70 4210
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(continued...)

PQ (uM) ALH
Mean
0.00 100.00
100.00 72.62
200.00 79.78
300.00 66.50
400.00 57.27
600.00 8.83
PQ (uM) AHF-8
Mean
0.00 100.00
100.00 92.37
200.00 73.63
300.00 87.35
400.00 77.13
600.00 50.09

SD
0.00
6.86
3.66
5.72
5.90
2.98

SD

0.00
8.45
9.62
9.79
5.31
5.60

AHF-1
Mean
100.00
89.47
88.02
86.83
76.73
3545

AHF-10
Mean
100.00

93.87
96.54
96.62

68.50

SD
0.00
8.77
10.90
8.49
3.23
5.38

SD

0.00
8.99
3.97
1.86
7.64
3.02

AHF-4

Mean
85.00
84.37
83.08
7113
51.46
21.80

AHF-12

76

Mean

100.00
99.13
95.67
90.01
81.64
60.13

SD
36.74
11.92
10.37

7.00
10.86

4.20

SD

0.00
3.20
2.58
5.88
6.89
8.34

AHF-5
Mean
100.00

88.02
81.12
74.34
50.86

AHF-13
Mean
100.00

89.42
87.06
84.68
70.06
50.71
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SD
0.00

6.65
6.57
5.71
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SD
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Survival Comparison After
Exposure to Paraquat

(16 hours, n = 3)

—.—ALH
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Figure 19. Survival curves for A_LH, AHF3 and AHF10 cells exposed to PQ 16-hours.
Survival of AHneo3 cells, which contained a blank neomycin vector, was not
significantly different from wild type, A H cells.
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Data for Survival Curves of A H, AHneo3 and AHF10 Cells After Exposure to PQ.

ALH AHneo3 AHFI0
WMPQ a b c a b c a b c
0.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.0 100.00
400.00 80.00 83.50 78.50 58.00 51.00 61.90 87.00 91.10 81.80
600.00 23.80 34.60 31.65 43.00 33.00 27.00 27.50 35.20 3240
800.00 12.60 26.86 1020 6.00 5.00 6.80 9.50 16.10 13.90
10000 256 0.80 322 099 100 024 900 890 5.00

PQ (uM) ALH AHneo3 AHF-10
Mean SD Mean SD Mean SD
0.00 100.00 0.00 100.00 0.00 100.00 0.00
400.00 80.67 257 56.97 5.52 86.63 4.66
600.00 30.02 5.58 34.33 8.08 31.70 3.90
800.00 16.55 9.0l 593 0.90 13.17 3.36
1000.00 2.19 1.25 0.74 0.44 7.63 2.28
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A H and fpg transformant survival after H-O- exposure

Survival in A{H and tpg-transformants exposed to hydrogen peroxide (H.O:) was
measured (Figure 20). H-O- is known to produce ROS within the cell via the iron-
catalyzed Fenton reaction and was used as a control for the effects of exposure to ROS.
The media used for cell culture contained sufficient iron concentrations for the Fenton
Reaction to occur (see tissue culture conditions in Chapter II).

In contrast to the finding that survival of fpg-transformants was higher than
controls when exposed to PQ. there was no difference in survival when H-O- was used.
This result is likely due to the generation of superoxide anion ('¢0,) by PQ (see Figure 1)
in addition to the production of H>O, when it is redox cycled, meaning in effect, that
more free radicals are present in the cellular environment. Redox cycling of PQ may
cause more killing by increasing total oxidation within the cell. The concentration of PQ
used was higher, LDsg = 600 uM compared to H.O., LDsp = 300 uM  but levels of killing
were about the same. The data obtained are really not complete enough to make a true
observation of whether or not fpg expression can increase survival after exposure to

H-.O-.
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Survival of Celis After
Exposure to Hydrogen

Peroxide
(16 hours, n=4)
100
T ——AH
50- —e— AHF-10
2
>
¢§ 10+
2
1 1] Ll T LI
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H,0, (uM)
LDso =300 uM

Figure 20. Survival curves for A H and AHF10 cells exposed to H,O, 16-hours.
Survival after H,O: exposure was not different between the two cell types.
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Data for Survival Curves of A{H and AHF10 Cells After Exposure to PQ.

H.O-. (uM) AH AHF-10
a b c d a b c d
0.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
100.00 9200 9880 96.30 91.80 97.00 98.80 98.30 98.50
200.00 63.00 69.00 91.20 71.20 73.00 63.20 85.00 69.00
300.00 2200 7060 5340 4990 30.00 28.00 54.30 42.90
400.00 500 270 1.40 3.90 1200 190 220 7.00

H-0. (uM) AH AHF-10
Mean SD Mean SD
0.00 100.00 0.00 100.00 0.00
100.00 94.73 342 98.15 0.79
200.00 73.60 12.23 7255 9.22
300.00 48.98 20.13 38.80 12.26
400.00 325 1.55 5.78 4.76
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A H and fpg transformant survival after 4-dav exposure ro PQ

Survival was also measured after a 4-day exposure to PQ. Figure 21 shows the
survival curves for ALH and two different fpg-transformants. Survival of one
ransformant. AHF10, was like that of A{H. whereas survival of AHF3. was greater
(LDso = 110 uM vs. 60 uM respectively). Differences in gene function between these
two transformants cannot be determined from survival data alone but. studies of FPG
activity (Figure 12) show that AHF3 possessed a higher level of active FPG protein than
AHF10, the other transformants and A{H. It seems reasonable therefore that the
increased ability to repair oxidative damage may explain the increased survival of AHF3

cells.
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Survial of Cells After Exposure
to Paraquat
(4-day exposure, n=8)

100
—— A H
50- —— AHF10
E = AHF 3
5
a 101
R
1 T T L T T
0 25 50 75 100 125 150
Paraquat (uM)
Control/AHF10 AHF3 LDso =
LDso =60 uM 110 uM

Figure 21. Survival curves for A_H, AHF3 and AHF10 cells exposed to PQ for 4-days.
A.\HF 3 cells showed significantly increased survival than A H and AHF10 cells. Most
likely this increased survival is due to a greater activity of FPG protein in the AHF3 cells.
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Data for Survival Curve for A_LH, AHF10 and AHF3 Cells After 4-dav Exposure to PQ.

ALH
uM PQ a b c d e f g h

&

0.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
50.00 9000 70.00 69.00 6000 8100 71.00 9000 85.00
100.00 20.00 15.00 8.00 16.00 3200 1200 1600 16.00
125,00 10.00 5.00 3.00 500 1400 3.00 7.00 5.00
AHFI10
uM PQ a b c d e f -4 h
0.00 100.00 100.00 100.00 100.00 [00.00 100.00 100.00 100.00
100.00 9300 6500 6900 66.00 7500 67.00 89.00 90.00
200.00 3200 1500 20.00 20.00 1500 18.00 21.00 20.00
300.00 7.00 5.00 4.00 4.00 7.00 3.00 500 10.00
AHF3

uM PQ a b c d e f g h
0.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

200.00 8200 7200 56.00 6600 7500 88.00 8100 70.00

300.00 27.00 17.00 12.00 1500 2200 3000 2800 2400

PQ (uM) AH AHF10 AHF3
Mean SD Mean SD Mean SD
0.00 100.00 0.00 100.00 0.00 100.00 0.00
5000 77.00 11.06 76.75 11.96 100.00 0.00
100.00 16.88 7.04 20.13 5.33 73.75 10.12
125,00 6.50 3.78 5.63 2.26 21.88 6.58
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C. Induced Mutation Studies

Mutation after 16-hour PQ and H-O- exposures

Induction of CD59" mutants was measured in A{H and in the fpg-transformant,
AHF10, exposed to PQ at concentrations determined as appropriate by cell survival
experiments (Figure 22). Results for mutant induction by H.O- are shown in Figure 23.
AHFI10 was used in these studies because preliminary survival curves showed it to be
more resistant to PQ cytotoxicity after 16 hours than the other fpg transformants (Figure
18). Cells were exposed to PQ for 16 hours then subcultured for a 10-day expression
period (see Materials and Methods). after which CD359 antisera + complement was added.

CD59 mutants were induced by PQ in A¢H cells but not in AHF10 cells. The
elimination of induced mutation in this fpg transformant was unexpected. Cell survival
studies had shown the fpg transformants to be more resistant to PQ cytotoxicity but cell
death did occur. Given that these same lethal concentrations of PQ were used for the
mutant induction studies. some level of mutation was expected to occur.

These results indicate that the tvpe of DNA damage induced by PQ is mutagenic.
In addition, since cells expressing fpg were able to avoid mutant induction by PQ, the

tvpes of DNA damage removed by the FPG protein are mutagenic.
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Induced Mutant Fraction of
A H Compared to AHF10 Cells
(16 hours, n =4)
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Figure 22. M; for CD59- mutants induced in A H and AHF10 cells after exposure to PQ

16-hours. AHF10 cells, which express bacterial fpg, do not develop mutations even at
the highest exposure levels.
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Data for My for CD59” Mutants Induced A{H and AHF10 Cells After Exposure to PQ.

AHFI10 A H
PQ Challenge | Challenge 2 Challenge I Challenge 2

(uM)

0.00 0.00 0.00 0.00 0.00
800.00 -25.90 -35.90 34.00 36.40
1000.00 -41.90 -19.06 66.00 50.82
1200.00 -34.00 -11.60 222.00 246.00

PQ (uM) AHFI10 AtH
Mean SD Mean SD

0.00 0.00 0.00 0.00 0.00
800.00 -30.90 7.07 35.20 1.70
1000.00 -30.48 16.15 5841 10.73
1200.00 -22.80 15.84 234.00 16.97
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induced Mutant Fraction of
A H Compared to AHF10 Cells

(16 hours, n =4)
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Figure 23. M; for CD59- mutants induced in A{H and AHF10 cells after exposure to
H>O> 16-hours. AHF10 are able to avoid mutant induction even at the highest dose.
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Data for M¢ for CD59” Mutants Induced A; H and AHF10 Cells After Exposure to H-O-.

AHFI10 ALH
PQ  Challenge I Challenge 2 Challenge | Challenge 2
(UM)
0.00 0.00 0.00 0.00 0.00
100.00 41.00 41.82 22.00 21.40
200.00 10.30 13.91 145.00 155.15
300.00 28.00 11.80 177.40 196.30
400.00 60.00 38.50 201.50 258.80
H-O» uM) AHFI10 AH
Mean SD Mean SD
0.00 0.00 0.00 0.00 0.00
100.00 4141 058 21.70 0.42
200.00 12.11 255 150.08 7.18
300.00 1990 11.46 186.85 13.36
400.00 49.25 15.20 230.15 40.52
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Muzation afrer 4-dayv expositre

Mutant induction was determined in A H cells after a 4-day exposure to PQ and
compared to results found for a 16-hour exposure. As shown in Figure 24, the longer
exposure to PQ increased mutant yields. For example, as many mutants were induced at
50 uM PQ in a 4-day exposure as at 1250 uM PQ for 16 hours.

Figure 25 shows the survival curve and mutant induction in AHF3, the fpg
transformant with the highest FPG activity (Figure 12), compared to A(H cells. The
upper portion of the figure shows differences in survival curves and the lower portion
shows differences in mutant induction. AHF3 cells have greater resistance to PQ toxicity
and have no more mutants than the background levels measured in controls.

The presence of active FPG protein appears to give the AHF3 cells an advantage
against the detrimental effects of ROS-generating exposures. Mutation of AHneo3
(blank vector) cells was measured and showed levels of mutant induction similar to those
seen in A H. PQ induced mutation in AHneo3 cells, therefore ruling out the possibility
that the transfection procedure could account for the results observed in the fpg

transformants.
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Mutant Induction to A H Cells
by Paraquat

(n=4)
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Figure 24. M¢for CDS9™ mutants induced A H after exposure to PQ 16-hours and 4-
days. As exposure time to PQ increases, the number of mutants also increases.
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Data for M¢ for CD59™ Mutants Induced A{H After Exposure to PQ.

16-hours 4-days
PQ Challenge | Challenge 2 Challenge 1 Challenge 2

(uM)

0.00 0.00 0.00 0.00 0.00
800.00 14.70 14.80 34.00 36.40
1000.00 174.90 187.14 66.00 50.82
1200.00 469.60 559.90 222.00 246.00
PQ (uM) 4 days 16 hours

Mean SD Mean SD

0.00 0.00 0.00 000 0.00
800.00 3520 1.70
1000.00 5841 10.73
1200.00 23400 16.97

50.00 475 0.07
75.00 181.02 8.65
100.00 514.75 63.85
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Survial of Cells After Exposure
to Paraquat
(4-day exposure, n=8)
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Figure 25. Comparison of survival curves and induced mutant fraction of A H and
AHF3 cells exposed to PQ for 4-days. AHF3 cells efficiently cleaved 80x0oG as shown in

Figure 12, supporting the idea that efficient DNA repair increases PQ resistance and
decreases mutant induction.
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Data for Survival Curves and M; for CD59° Mutants Induced A{H and AHF3 Cells After

Exposure to PQ.
Cell Survival
AH AHFIO
uMPQ A b c a b C

0.00 100.00 100.00 100.00 100.00 100.00 100.00
50.00 90.00 70.00 72.00 93.00 65.00 70.50
100.00 20.00 20.50 13.00 20.10 20.00 11.00
125.00 1000 3.00 670 7.00 450 790

PQ (UM) A[_H AHF3
Mean SD Mean SD
0.00 100.00 0.00 100.00 0.00
50.00 80.00 14.14 100.00 0.00
10000 16.00 5.66 76.00 8.49
125.00 6.50 495 2350 495
Mutant
Induction
AH AHF3
PQ(uM) Challl Chall2 Chall3 Chall 1| Chall 2 Chall 3 Chall 4
0.00 0.00 0.00 0.00 0.00 0.00 0.00 139.87
50.00 1.97 3.00 -48.60 -87.01 -59.87 120.70
75.00 164.60 186 235. -87.17 -55.68 -31.52 114.01
00
100.00 480.79 470 37e. -90.20 -62.16 -7.50 115.77
00
100.00 442.30 33.29 11.02 45.62
PQ A H AHF3
(M)
Mean SD Mean SD
0.00 0.00 0.00 34.97 69.94
50.00 248 0.73 -18.70 94.32
75.00 195.03 36.16 -15.09 89.03
100.00 442.30 57.66 -11.02 91.23
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D. Glutathione Measurements After Exposure to Paraquat

Glutathione (GSH) levels were measured in A H cells exposed to PQ for 16-
hours (Figure 26). The addition of BSO decreases baseline levels of GSH within the
cells. After the addition of 400 uM PQ for 16 hours, GSH levels were increased but
dropped with the addition of BSO. as expected. The measurement of GSH levels after
exposure to a chemical or an agent is suggestive of the involvement of ROS-generation in
the system being studied. BSO and NAC both affect GSH levels, though in opposing
ways, so that their addition can be used to shed light on the effect of the chemical or
agent being studied. Figure 27 shows levels of GSH and glutathione disulfide (GSSG),
which refer to un-oxidized and oxidized glutathione respectively.

The upper portion of the figure (“a”) shows that after exposure to PQ for 4 days,
PQ (0-125 uM) did not alter GSH. The addition of BSO decreases the baseline levels (no
PQ added) but concentrations of GSH rise with each increase in PQ concentration. The
addition of PQ is likely inducing transcription of GSH in response to the production of
ROS within the cell. The initial drop in concentration with the addition of NAC was
unexpected but may indicate that after a long-term (4-day) exposure to PQ, NAC is
unable to boost the GSH cycle enough to affect it.

The lower portion of Figure 27 ("b") shows the levels of GSSG measured in the
AH cells after a 4-day exposure to PQ. No real difference in concentration levels was
observed except when BSO and PQ were added. All levels of exposure (0 to 125 uM)
show higher concentrations of GSSG in the cells when BSO is added. This is likely due
to the block of the GSH-GSSG cycle and concentrations of GSSG are unable to cycle,

thus resulting in their higher overall concentration.
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GSH Levels After Exposure to
Paraquat and BSO
(16 hours, n =9)

0.03 \
@ALH
o 0035 BAHF10
@
§ 0.02
a
o
E 0.015
%
a 0.01
"
[}
@ 0.005
E
c
0 ﬁ
control control+BSO 400 400+8S0
-0.005

Paraquat (uM)

Figure 26. GSH levels in A H cells exposed to PQ +/- BSO for 16 hours. GSH appears
to be induced by PQ addition.
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Data for GSH Levels in A{H Cells Exposed to PQ +/- BSO for 16-hours.

AH AHF10

Mean Mean

control 0.0106 0.0123
control+BSO  0.0028 0.0019
400 UM PQ  0.0244 0.0185
400+BSO 0.0011 0.0011
600 UM PQ 0.0114 0.0094
600+BSO 0.0047 0.0009
800 uM PQ 0.027 0.0284
800+BSO 0.0037 0.002
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GSH After Exposure
a to Paraquat
(4 days, n = 6)
41
—a— GSH
38—
il = GSH +BSO

\ ——GSH + NAC

nmolesGSH/mg protein
- N

0 T T T 1 L 1
0 25 50 75 100 125 150
Paraquat (uM)
GSSG After Exposure
b to Paraquat
(4 days, n = 6)
0.3
g ——GSSG
& £ 02 —o—GSSG + NAC
33
25 GSSG + BSO
E 0.1
c
0.0 2 4 T 1 Ll

25 50 75 100 125 150
Paraquat (uM)

o

Figure 27. Oxidized (GSH) and un-oxidized (GSSG) glutathione levels in A H cells
exposed to PQ +/- BSO for 16-hours.
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Data for Levels of GSH and GSSG in A H Cells After Exposure to PQ.

GSH GSH GSH +BSO GSH + NAC
PQ assay I assay2 Assay | assay 2 assay | assay 2
(LM)

0 3.25 3 0.568 2.28 3.06
50 298 2.88 1.03 0.84 2.26 1.49
100 356 232 142 1.32 1.6 1.69
125 279 253 1.74 1.7 2.05 1.63

PQ (uM) GSH GSH +BSO GSH + NAC
Mean SEM Mean SEM Mean SEM
0.00 3.13 0.13 0.57 0.00 2.67 0.39
50.00 293 0.05 0.93 0.10 1.88 0.39
100.00 294 0.62 1.37 0.05 1.65 0.05
125,00 2.66 O0.13 1.72 0.02 1.84 0.21
GSSG GSSG GSSG +BSO GSSG +
NAC
PQ assay | assay2 Assay | assay 2 assay | assay 2
(uM)

0 0.14 0.17 0.21 0.13 0.12
50 0.15 0.16 0.24 0.19 0.14 0.17
100 0.12 0.13 0.13 0.17 0.12 0.12
125 0.1 0.09 0.16 0.2 0.15 0.15

PQ (uM) GSSG GSSG + BSO GSSG + NAC
Mean SEM Mean SEM Mean SEM
0.00 0.16 0.02 0.21 0.00 0.13 0.00
50.00 0.16 0.00 0.22 0.03 0.16 0.02
100.00 0.13 0.00 0.15 0.02 0.12 0.00
125,00 0.10 0.01 0.18 0.02 0.15 0.00
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Chapter IV
Conclusions and

Discussion

I investigated the genotoxic effects of PQ and compared the results to

transformants of A H containing the bacterial fpg gene. I found that:

1. A H cells expressing bacterial fpg cleaved more 8oxoG than wild type A H cells
when incubated with a **P-labeled oligonucleotide containing 8oxoG.

Protein extracts from some transformed cells cleaved the *’P-80x0G oligo to a
greater percentage than that from A H cells as measured by the release of a **P-labeled
fragment. Prior to carrving out the cleavage experiments, my RT-PCR results indicated
that some of the fpg transformants expressed the fpg gene (Figure 10). RT-PCR cannot,
of course, provide evidence as to whether or not the FPG protein in these cells was
enzymatically active. This was shown in the in vitro cleavage experiments. The cDNA
made from mRNA of A H cells does not bind to the fpg primers (Figure 10b). But

without a housekeeping gene such as B-actin as an internal PCR control, it is not possible
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to state that no binding occurred in the wild type cells or that different transformed clones
had more or less message for the bacterial fpg. A possible explanation for the low level
of binding of A{H to PCR primers for a gene not present in it is that A H cells contain a
gene with repair capacity'*® with homology for fpg. Since this gene is known to be
evolutionarily-conserved. A H cells probably contain a gene similar enough in structure
to fpg to bind fpg-specific primers. I found that PCR conditions required “*fine-tuning™ to
increase specificity for the fpg message which could reflect sequence similarities between
the bacterial fpg gene and a CHO homolog.

Further support for the presence of a homolog of fpg in A H cells was provided
by the cleavage experiments which showed that protein extracts from A_H cells cleaved
80x0G. though to a lower percentage than the most efficient fpg transformant (Figure
12). The presence of a protein with similar enzymatic function, if not exact sequence to
the bacterial FPG protein, would be expected in the A, H cells since the need to recognize
and remove oxidative DNA damage is vital to genomic stability and long-term survival
of any species. In this regard. enzymes with functions like that of FPG are seen in both S.
cerevisiae OGG1 and the human homolog hOGG1. The proteins in these eukaryotic cells
have been shown to function in the removal of 80x0G from dsDNA but, are more closely
homologous in sequence to bacterial endolll than to FPG.'"® This could be the case for
A(H (CHO) celis as well.

When considering the results of the cleavage experiments, it is important to note
that they represent a ““snapshot in time,” not a kinetic study. The incubation of the cell
extracts with the >*P-labeled 80x0G was terminated after an hour and immediately run on

a denaturing polyacrylamide gel (see Materials and Methods). What is visualized on the
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gel reflects the amount of 8oxo0G cleaved during this time. In vivo, an equilibrium exists
between DNA nicking and DNA repair. The question could be raised that perhaps the
A_H cells more efficiently repair DNA nicking caused by FPG protein than do the fpg
transformant cells and therefore the 80x0G cleavage assay is not a true picture of repair
capacity. But. even if protein extracts from A_H cells were able to reseal DNA nicks
more efficiently than that of the fpg transformants, the **P released when FPG protein
nicks the DNA would not be re-incorporated into the DNA when the nicks were re-
sealed. Rather. it would remain part of a 15-base piece of DNA (see Materials and
Methods for details of the oligo construct) and this piece would migrate at a different rate
than the longer (30-mer) dsDNA, and be seen as a distinct band in .the gel. Additionally.
I conducted control studies with vectors that contained the neomycin plasmid but not the
fpg plasmid and found that both survival and mutation in these control cells was similar
to that of the AH cells. not the fpg transformants. These “empty vector” controls
indicate that the fpg gene was responsible for the phenotype observed. Further, it is
unlikely that the transfection procedure would of itself alter ligase activity in a manner
that would not be reflected in cell survival or mutant induction results.

80x0G cleavage experiments showed that the FPG protein in the transformants
was enzymatically active for 80xoG. Thus, results obtained for survival and mutant
induction by PQ, can be considered in terms of an increased repair capacity in some of
the fpg transformants. Low concentrations of protein extract did not show significant
FPG activity but the amount of 80xoG cleavage depended on the protein concentration

(Figure 12). Cleavage occurs in vivo at the lower concentrations but the methodology I
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used is limited in sensitivity, making the detection of very low amounts of 8oxoG
cleavage impossible.

Since the FPG polyclonal antibody experiments were not definitive, it was
impossible from these experiments to say what concentration of FPG protein was present
in the cell extracts. So. I used low and high concentrations of cell extract in the cleavage
experiments. FPG cleavage of 80xoG was undetectable at low concentrations but. at
approximately 40 pg of protein. differences in cleavage were observed and at
approximately 60 pug, FPG activity appeared to level off.

It should be noted that the extract concentrations used were total protein so that
the amount of FPG present in each extract from each individual cell line examined was
unknown. Despite this limitation. the data provide evidence that different fpg
transformants exhibited different levels of cleavage efficiency and showed that at least
one transformant had a very high level of activity. These differences in activity may
reflect differing numbers of fpg inserts in each different cell line or that fpg inserts were
controlled by promoters of different strength. AHF3, in particular, showed levels of
cleavage ten times greater than that of A H cells.

The difference in A H and AHF3 cells in 80x0G cleavage efficiency provided the
basis for the most important results obtained in my study. That is. the differences in cell
survival and mutant induction by PQ correlate with cleavage efficiency so that important
insight was provided into the role of DNA repair capacity in mutagenesis and cell killing.

An additional interesting observation can be made from results of the experiments
involving the cleavage and genotoxicity in the fpg transformant, AHF10. Although the

fraction of 80x0G cleavage seen with AHF10 surpasses that of A H cells, the difference
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in activity was not significant (Figure 12). Despite this, AHF10 cells were significantly
more resistant than A H to mutant induction by both PQ and H,O- (Figures 22 and 23).
Since a fine balance exists between DNA damage and repair in cells, it is reasonable that
the amount of oxidative damage in A H cells is enough higher than that in the AHFI10
cells to result in mutation. In other words. AHFI10 cells may exhibit only a little more
DNA repair capacity than A{H but the difference is sufficient to prevent mutation.
Likewise, when considering this result in terms of human health. individual susceptibility
to oxidatively-induced disease may be governed by very small differences in DNA repair
capability. Small differences in individual DNA repair capacity could. therefore. could
be important to the outcome of exposure to ROS-generating compounds, like PQ.

It would be interesting to correlate the 80x0G cleavage efficiency in individual
human subjects with disease status (i.e.. normal vs. benign cancer vs. metastatic cancer).
The assessment of an individual’s DNA repair capability could possibly be used as a risk
indicator and used in cooperation with biomarkers of disease susceptibility.

AHFS3 cells were not analyzed for survival or mutant induction by PQ prior to the
cleavage assay. therefore it was important to backtrack and measure these endpoints for
comparison with A H cells. Since mutation was virtually eliminated in AHF10 cells, the
comparison that could be made in terms of mutant induction with AHF3 cells was limited
and not undertaken. It would be useful. however. to continue these studies and repeat
mutant induction studies by PQ with these two cell lines for both 16-hour and 4-day
exposure periods. Future studies using Southern analysis would also provide new and
important information by showing the actual number of inserts contained in each fpg

transformant. Correlations between fpg insert number and FPG protein activity to
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survival curves and mutant fraction could be important. An additional study would
involve the removal of the fpg gene from the fpg transformant cells. Since insertion of
the bacterial fpg gene made cells resistant to PQ mutation, then removal or shut down of

the gene would be expected to reverse the effect.

2. PQ is lethal in mammalian cells at low doses.

PQ toxicity is associated mostly with incidents of accidental ingestion by humans
or accidental spillage into streams and wildlife habitats. In those cases, the amount of PQ
involved can be in the kilogram quantity. Toxicity to living species is usually acute so
that Killing occurs in a few days. In contrast. I investigated PQ toxicity at uM
concentrations for relatively short exposure times of hours or days. I found that PQ was
quite lethal to cells in culture and that lengthening the exposure time (increasing the dose)
increased lethality (Figure 14).

An important question is in what way does PQ cause cytotoxicity? Certainly
oxidative DNA damage is implicated by the results of this study as well as the work of
others.*®''? Oxidative damage is known to cause a variety of damage to DNA bases and
to the deoxyribonucleic backbone. The build up of DNA damage, especially
promutagenic 80x0G, likely plays a role in PQ cytotoxicity. A key to PQ cytotoxicity
however, may involve the formation of the imidazole ring-opened base damage known as
“Fapy.” In vitro, Fapy DNA damage halts replication by blocking DNA polymerases™
and prevents mRNA transcription.”” The production of DNA and shortened proteins are
considered a likely source of Fapy cytotoxicity and may be the source of PQ cytotoxicity

as well.
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As shown in Figure 14, the shoulder of the survival curve for A H cells was quite
broad. This suggests that at low doses of PQ, these A H cells are able to effectively deal
with the lethal effects of PQ. CHO cells. which are the parent cells to A;H, possess
inherent BER mechanisms and have been shown for example, to repair 80oxoG base

'*7 The somewhat odd

damage induced by gamma irradiation when given sufficient time.
shape of the survival curves for A{H cells is most likely explained by CHO defense
mechanisms against oxidative damage. Levels of enzymes that deal with oxidative stress

in A; H cells have been measured:*

SOD 5.92 +/- 0.3 units/mg protein

Catalase 89.6 +/- 2.0 nmol H-O- consumed/min/mg protein
Glutathione peroxidase  21.41 +/-1.6 nmols/mg protein

Glutathione reductase 26.2 +/-2.1 nmols/mg protein

*Dr. Daniel L. Gustafson. unpublished data

If A H cells were not able to efficiently handle normal levels of oxidative stress
the accumulation of mutation would be likely. An interesting study that could be
initiated along these lines would involve measuring DNA repair capacity in BALB/c
versus C57BL/6 mice. BALB/c mice have been shown to be deficient in double-stand
break repair and prone to cancer development when compared with C57BL/6 mice.'*®
The role BER repair in the sensitivity in this strain of mice has not been investigated
thoroughly and may well prove to be an important aspect of their susceptibility to

. . 49.150
oxidative stress.'*%!
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ROS generation by PQ is suggested by the alteration in survival curves when the
ROS modulators. NAC or BSO. were added in the medium. NAC. an antioxidant in
cells,'”" increased survival (Figure 16) whereas BSO. which blocks the GSH cycle.
another antioxidant defense system in cells, decreased survival (Figure [5). Further,
H>0.. a known source of intracellular ROS, produced survival curves similar in slope to
those obtained with PQ (Figure 20). My studies with GSH levels also indicated that PQ
induced ROS. GSH levels were increased in A{H cells after the addition of PQ and
dropped with the addition of BSO (Figures 26 and 27). The rise in GSH levels after PQ
exposure is a cellular response to increased ROS generation. Likewise. the negative
effect of BSO on GSH levels reflects the inhibition of the GSH cycle, preventing the
conversion of GSSG (oxidized GSH) to its un-oxidized form (see Figure 1).

The role redox cycling plays in PQ cytotoxicity could be examined by growing
cells under anaerobic conditions. By removing oxygen, redox cycling of PQ through the
NADPH cycle would not occur. It would be expected that cytotoxicity of PQ would
diminish. although alternate effects of PQ on cells are unknown. Could PQ be processed
through an alternative biotransformation pathway that does not require oxvgen? Would
PQ bind to cellular components? Would that binding be deleterious to the cell? These
are all questions that would be revealed by these experiments.

Although it is interesting to look at PQ lethality per se, the real purpose of using
PQ in this study was as a tool for measuring PQ oxidation effects in mammalian cells.
The A_H cells containing and expressing fpg provided a means to examine the role of

BER in cell survival and mutagenesis.
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Survival studies were conducted on the fpg transformants. Some of the fpg
transformants showed greater survival than A H cells after PQ exposure. Given the
evidence from my studies and others that PQ generates ROS and evidence in the
literature that FPG can repair oxidative DNA damage, these results were expected.
However. there was no difference in survival of A H and AHFI0 cells after exposure to
H-O: It may well be therefore, that PQ and H»O- cause oxidation through different
pathways. H,O- is converted into H-O and O- by catalase (See Chapter I) and it can
produce the damaging eOH through the Fenton Reaction. PQ. on the other hand. is able
to produce a variety of ROS including ‘¢O», ©OH and H-O,. This could mean that PQ is
generating a larger quantity of ROS than H-O- (via redox cyclingy as well as a different
quality of ROS. Although the survival curves were merely suggestive, the difference in

ROS generation by PQ and H-O- may explain the results obtained.

3. Expression of the FPG protein in mammalian cells increases survival and
prevents mutant induction by PQ.

PQ induces mutations at the CD59 locus of A H cells in a dose-dependent
manner (Figure 22. Figure 25). The A_ mutation assay measures induction of CD59-
mutants. The CD359 gene is located on human chromosome 11. a chromosome not vital
to cell reproduction of this hybrid. Several CHO genes are also required for expression
of the CD359 cell surface antigen and these are also known to be targets of mutation to
CD59- phenotype. Some mutation assays measure mutant induction in a single gene (i.e.,
the Aiprt- assay). This methodological design of the A assay increases the sensitivity of

mutant detection and has been successful in providing evidence of mutant induction by
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agents that at one time were thought to be non-mutagenic (e.g., arsenic and
asbestos).**!>* Like PQ. the mutagenic effects of arsenic and asbestos were shown to
depend on the generation of ROS.

My results point to PQ as being a weak mutagen. The number of mutants
induced at the CD359 loci is low when compared to some other mutagens such as benzo
(a) pvrene (B(a)P). B(a)P mutant induction was previously measured in Ap cells.”s The

yield was 130 mutants/10° clonable cells by B(a)P (D = 20 uM) compared to 70

mutants/10° clonable cells for PQ (LDso = 60 uM). PQ. by this measure, is half as
mutagenic as B(a)P. Mutant induction has also been measured at the hAprr- loci of CHO
cells'> yielding 248 mutants/10° and 456/10° clonable cells after exposure to 30 and 100
ng/ml B(a)P. respectively. Prior studies that compared the CD59 and /prz- locus showed
the CD59 loci to be 28-fold more sensitive for the measurement of mutant induction by
arsenic.'*” If this holds true for PQ, the hprr- assay would be unable to detect mutant
induction by PQ.

This relatively low mutagenicity of PQ. compared to its lethal effect, may explain
why it is classified a “weak carcinogen™ after EPA testing. Cigarette smoke and cigarette
smoke condensate (CSC) are negative in the Ames™ Test but both are strong carcinogens.
Based upon my results, high doses of PQ would be required to produce enough mutants
to be detectable by most conventional testing methods (those other than the A, assay). In
this regard, PQ most likely would induce damage that was cytotoxic long before it could
be expressed in a carcinogenic manner.

As I found with cell killing. the mutagenic effect of PQ increases with exposure

time. Mutant induction at 4-days was much higher than 16-hour exposures; despite the
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use of lower concentrations of PQ (Figure 24). This is likely due to redox cycling of PQ
generating deleterious ROS. It may be that over time repair and defense mechanisms are
overwhelmed so that cytotoxic and genotoxic damage accumulates. The most relevant
studies in this regard would involve long-term exposure (weeks and months) to very low
doses of PQ. It would be of interest to determine if repair enzymes in A H cells would
gradually “win back™ the fight against ROS and as time passed the amount of mutagenic
DNA damage measured would decrease. These kinds of studies unfortunately are not
done to test chemicals by the FDA or any other agency.

The fpg transformant cells I created contained an additional enzyme for defense
against ROS-generating compounds. When exposed to PQ and H>O- mutant induction in
some of the fpg transformants was not seen at a level above background (Figures 22, 23,
25). Thus, the presence of active FPG protein appears to play a key role in suppressing
mutant induction by PQ.

The gene for catalase on human chromosome 11 is in proximity to CD39 (= 2
megabases, see Figure 5). It may be, therefore. that both catalase and CD359 are
sometimes mutated together by PQ (as by deletion). thus. decreasing the mutant’s ability
to neutralize eO.". Mutant spectra studies would be an important addition to the results of
my study and should further elucidate the genotoxic effects of PQ. Additionally.
transfecting a bacterial catalase gene (HPI) into A H cells and subsequently deactivating
it could provide insight into the importance of endogenous H->O- in PQ genotoxicity. PQ
may be causing deleterious effects to cells mainly through the production of eO-" rather
than by production of H-0-.. Both 0> and H:0- have the ability to produce ¢OH (see

Figure I) but, it is possible that they use different pathways to damage cells. If the
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catalase gene is mutated by PQ in conjunction with CD59, then its ability to act as an
oxidative stress defense mechanism is impaired. This could explain part of the
differences observed between the two chemicals in terms of survival curves and mutant

induction.

4. FPG protein excises DNA damage that causes mutation.

The fact PQ did not induce CD59- mutants in the fpg transformants is an
important indicator that the types of damage caused by PQ and H.O- namely, oxidative
damage to DNA. are the types of damages that cause mutation. Bacterial FPG protein
has been found to bind and excise 80xoG, FapyG and FapvA and 8oxo0A. to a lesser
extent.” Therefore. it may be that these types of damage to DNA may be the principal
DNA damage that is mutagenic in cells treated with PQ. It is important to note that FPG
protein excises Fapy adducts. Many of the studies looking at DNA adducts and their
mutagenicity and relation to carcinogenesis focus solely on the known mutagen, 80xoG.
However, the relationship between Fapy and 8oxo adducts is important but, often
overlooked in scientific studies. Fapy or 8oxo adducts are formed depending upon the
redox status of the cell.'™ Recent studies have found that the rario between the two
different types of damage (Fapy:80xo0) correlated to the disease status of cancerous and
normal tissues.*'** That is. Fapy adducts predominate in normal tissues whereas 8oxo
adducts predominate in cancerous tissues. The balance between DNA damage and repair
certainly plays an important role in cell health but there is also a balance in the redox
status of the cell between the utilization of reductive and oxidative states. In the

reductive pathway ROS can form ring-opened Fapy adducts whereas oxidative pathways

111

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



form 8oxo products. This utilization of the reductive pathway and formation of types of
DNA damage that stop replication and are cytotoxic allow the cell to avoid the
production of genotoxic forms of DNA (i.e.. 80x0G). The cells used in this study are not
cancerous in origin and may, therefore, preferentially shuttle oxidative stress through
reductive pathways to form Fapy adducts.

There have been reports of mutant strains of mice that lack the DNA glvcosylase
needed to excise 80x0G.'* These mice accumulated large quantities of 80x0G, yet did
not develop cancer.'” These studies question the importance of 80xoG as a factor in
carcinogenesis. However, it is important to note that Fapy adducts were not measured in
these studies. The production of Fapy adducts may be the important link to the lack of
cancer development in these mice. It may be that these mice do not develop cancer
because of the preferential use in their cells of the reductive, cytotoxic formation of Fapy
adducts rather than the oxidative, genotoxic pathway which forms 8oxo adducts. Further.
the oggl gene. a homolog of fpg, was mutated in these mice. This gene encodes for the
protein, OGGl. which almost exclusively cleaves 8oxoG whereas FPG cleaves both
80x0G and FapyG with equal specificity. Additional repair enzymes have been identified
in yeast and humans, OGG2 and hOGG2. respectively,'”” which share homology and
function with FPG. in that they cleave to oxidatively-induced DNA base damage. These
enzymes may play an important role in the prevention of carcinogenesis in the mutant
mice as well as in humans. In addition. the transcription of proteins such as bacterial

FPG specifically designed for the recognition and removal of 80xoG from the genome

are conserved from bacteria up to humans. It is unlikely then that if the removal of
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80x0G were not of utmost importance in evolutionary terms that it would have been left
in the genome.

My results give evidence that individual susceptibility and risk may be associated
not only with levels of DNA damage (exposure to oxidative stress) but also with repair
capacity. Genetic predisposition to cancer may be linked to one’s ability to produce
active DNA repair enzymes.

In summary. the most important results I obtained are the suppression of mutant
induction by PQ in AHF3 and AHF10 cells and the correlation with cell survival curves
and 80x0G cleavage studies. Although these results are not conclusive. it is not
unreasonable to make the connection with cleavage efficiency of 80oxoG and mutant
suppression. It is also important to remember that the experiments conducted in this
study were in vitro studies. The relevance to in vivo situations is not known but certainly
my studies offer important clues. I showed that PQ is a mutagen in mammalian cells and
provided new insights into the role of DNA repair in the prevention of mutagenic changes

in DNA by PQ and H-O-.
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