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ABSTRACT
The mutagenic effects of two alkyl-DNA adducts were investigated in
mammalian cells with differing repair phenotypes. A shuttle vector system was used
that consisted of a plasmid, pCNheI, which contains a pML2 bacterial origin of
replication, an SV40 mammalian origin of replication, the neomycin resistance gene
and SV40 polyadenylation sequences. This plasmid can integrate into and replicate
within the genome of mammalian cells.
Three different oligonucleotides were positioned within a single NheI site in
the pCNheI shuttle vector: the control oligonucleotide, 5'-GCTAGC-3', an
oligonucleotide with the same sequence containing 04MeThy in place of the single
thymine, and an oligonucleotide with 06MeGua replacing the second guanine. These
modified shuttle vectors were then transfected into two types of Chinese hamster
ovary (CHO) cells: one CHO type possessed an endogenous 06 -methylguanine
DNA methyltransferase (MGMT) enzyme (mex') and the other was deficient in this
repair activity (mex-). The progeny shuttle vectors were amplified from the cellular
genomic DNA by using polymerase chain reaction (PCR) technology. The mutation
frequencies arising from the replication of the adducts were analyzed by NheI
digestion. The mutation frequencies arising from both adducts were high in the
repair deficient cells (28-50% for 0 4MeThy and 7-8.5% for O6MeGua). The
mutation frequencies for O4MeThy were significantly higher than those for O6MeGua
in the same cell line. In methyltransferase proficient cells (mex+), the mutation
frequency for O4MeThy remained high (22-42%), whereas the mutation frequency
for O6MeGua dropped to background levels (<1%) in these cells. These results
indicated that the 04MeThy adduct was not a substrate for repair by the mammalian
methyltransferase. In addition, the high mutation frequency values arising due to
replication of the adducted thymine in both mex- and mex + cells indicated that this
adduct may not be a substrate for repair by any repair system in the CHO cells.
Sequence analysis of the PCR products showed the mutations to be exclusively T--C
transitions for 04MeThy and G---A transitions for O'MeGua.

Individual G418' clones were selected from CHO cells that had been
transfected with O4 MeThy and O6MeGua modified shuttle vectors. Mutation
frequency values for the mex- clones arising from both vector types were determined
in order to obtain more information into how each cell processed the alkylated bases.
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I. Introduction

Over the last few years much progress has been made toward the elucidation of
the molecular mechanisms underlying the onset and progression of genetic diseases.
One hypothesis is that certain chemicals and radiation can cause lesions or adducts in
DNA, and the misreplication or misrepair of these lesions results in a fixed
mutation, permanently changing the genetic makeup of the organism (Miller, 1978).
In the specific case of carcinogenesis, the presence of this genetic change affects
ordinary cellular functions in such a way as to contribute to the conversion of a
normal cell into a tumor cell. Multiple genetic changes may be necessary to force
the full transformation to malignancy.
In order to test this model of carcinogenesis, one must first know which
chemical lesions within DNA are characteristic of an exposure, how prevalent those
lesions are and which mutations, if any, they may cause. Adduct and mutation
spectra analyses give information as to the types of adducts that are formed by a
chemical in a certain sequence context of a target gene and the resulting mutations
arising in those same sequences (Miller, 1983). If mutations are measured before
and after exposure, comparison of the adduct spectrum and mutation spectrum after
alkylating agent treatment can give information as to the specific adducts that may
have been responsible for the resultant mutations. These studies cannot impart
information as to the frequency with which a single adduct is misreplicated by the
replication machinery of a certain cell. In addition, these studies cannot be
informative as to the importance of individual adducts in the mutagenic process that
is widely assumed to precede the neoplastic transformation of a cell induced by
alkylating agents or other chemicals that attack DNA. Techniques of introducing a

site-specifically modified vector with a unique chemical modification to the DNA
have evolved to accomplish these tasks (Basu and Essigmann, 1990).
Alkylating agents are widely used as chemotherapeutic agents and they are
frequently found in the human environment (Bartsch and Montesano, 1984). They
form a variety of adducts with DNA bases, primarily at the nitrogen and oxygen
atoms (Singer, 1985). Two such adducts are O6MeGua and 04MeThy, both of
which are believed, on the basis of circumstantial evidence, to be precarcinogenic
lesions in animal models. O6MeGua is found in much larger amounts in the genome
than the latter adduct and is arguably the most important premutagenic lesion formed
by alkylating agents (Day et al., 1987). In selected circumstances, the presence of
O4MeThy in the genome correlates well with the onset of carcinogenesis in several
animal models (Singer et al., 1981; Swenberg et al., 1984, 1986). The mutagenic
potential of this lesion is thus of interest despite its lower incidence. There exists an
intriguing controversy over whether the same repair system (in animal models)
recognizes these two adducts. Therefore, the investigation of mammalian repair
enzymes that might affect these adducts was also of interest.
This work has undertaken a direct comparison of the mutagenic potential of
O6alkyl- and O4alkyl-DNA adducts. These studies were undertaken in cells deficient
in or possessing the mammalian methyltransferase (MGMT) in order to assess
directly the impact of that repair protein on the ultimate appearance of mutations
from the two DNA lesions.

II. Literature Survey

A. Introduction
Mammalian cells provide environmental agents a plethora of biomolecules with
which to interact. DNA is one of the most likely targets of reaction owing to its
nucleophilic nature. Although there are few data upon which to make a general
statement, it seems reasonable to predict that DNA would display varying degrees of
chemical accessibility during various phases of the cell cycle and as it carries out its
biochemical functions, most notably transcription. The covalent interaction of DNA
with chemicals and radiation leads to DNA adducts in which one or more nucleotide
atoms are joined to the attacking species (Miller, 1978). If these adducts remain
unrepaired prior to replication of the cellular genome, they may lead to mutations
through misreplication and misrepair (Singer and Kusmierek, 1982). Alkylating
agents are an important class of chemicals noted for their high reactivity with certain
atoms in DNA, most notably the electron-rich oxygen and nitrogen atoms of the
bases. The high reactivity of alkylating agents with DNA is exploited in their use as
chemotherapeutic agents, where the desirable biological endpoint of cytotoxicity is
achieved. This characteristic has a negative effect, however, since alkylators are
also often potent mutagens and carcinogens (Lawley, 1976; Miller, 1978). It is also
noteworthy that a growing literature (Rydberg and Lindahl, 1982; Rebeck and
Samson, 1991; Xiao and Samson, 1993) has shown that endogenously generated
alkylating agents may contribute significantly to the background of spontaneous
mutations known to be experienced by all cells.
Investigations into the biochemical mechanisms underlying alkylating agentinduced mutagenesis and carcinogenesis have provided evidence that certain DNA

adducts are premutagenic (Wood and Essigmann, 1991). It is through mutagenesis
that the DNA lesions presumably facilitate neoplastic transformation (Pegg, 1977).
One lesion found in significant amounts is 0 6-methylguanine (O6MeGua). This
lesion is likely the most important adduct formed by alkylating agents and it has been
widely studied for its mutagenic and cytotoxic potential in many bacterial and
eukaryotic hosts (Pegg, 1984; Topal et al., 1986; Day et al., 1987).
Other alkyl adducts may also play an important role in carcinogenesis. For
example, the relevance of 0 4-alkylthymine (O4AlkThy) adducts in the induction of
cancer has been investigated (Singer, 1984; Dyroff et al., 1986; Brent et al., 1988).
The long persistence of the 04AlkThy adducts in the cell after alkylating agent
exposure (Richardson et al., 1985), and the extraordinarily high mutagenic potency
of the lesion in vitro (Dosanjh et al., 1990) and in vivo (Dosanjh et al., 1991),
indicate that this type of lesion might indeed play a role in the initiation of
mutagenesis and carcinogenesis.

B. The role of O4AlkThy adducts in carcinogenesis
The interaction of alkylating agents with DNA creates a wide variety of
chemical lesions. Alkylating agents can interact with virtually all of the oxygen and
nitrogen atoms in cellular DNA and RNA. A variety of the adducts formed by
alkylating agents is shown in Figure 1. The approximate proportions of each adduct
formed in DNA as a result of treatment with several alkylating agents are given in
Table 1.

Figure 1. Sites of in vivo and in vitro alkylation in nucleic acids. (Adapted from
Singer, 1985).
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Table 1. Proportions of Alkylated Bases Present in DNA
after Alkylating Agent Treatment'

Percentage of Total Alkylation by the following Alkylators
DMN
MNU
DMH

MMS

DEN
ENU

1-Alkyladenine
3-Alkyladenine
7-Alkyladenine

0.7
8
1.5

1.2
11
1.9

0.3
4
0.4

3-Alkylguanine
7-Alkylguanine
0 6-Alkylguanine

0.8
68
7.5

0.7
83
0.3

0.6
12
8

3-Alkylcytosine
0 2-Alkylcytosine

0.5
0.1

0.2
3

3-Alkylthymine
0 2-Alkylthymine
0 4 -Alkylthymine

0.3
0.1
0.1-0.7

0.8
7
1-4

Alkylphosphates
' Table adapted from Pegg, 1984

Studies have shown that carcinogenesis arising in target organs after treatment
with a specific alkylating agent correlates with the presence and persistence of a few
alkylated bases arising after treatment with the alkylating agent (Loveless, 1969;
Goth and Rajewsky, 1974). These studies have primarily focused on the
O6AlkGuas, as these DNA lesions are typically persistent after treatment with
alkylating agents. This persistence is believed to increase the chance for
misreplication by the host replication machinery as the adduct remains in the DNA
for a long period of time. In addition, the G:C--A:T transition, the mutation known
to be caused by O'AlkGua (Loechler et al., 1984; Ellison et al., 1989) is the most
common mutation observed in the DNA of tumors resulting from alkylating agent
exposure.
Recently, other studies have shown the persistence and predominance of
04AlkThy lesions in the DNA of organs exhibiting carcinogenic endpoints as a result
of dosing animals with alkylating agents. Singer et al. (1981) dosed perinatal rats
with ethylnitrosourea (ENU) and analyzed the amounts of different alkyl adducts in
the liver, the brain (target organ for this carcinogen) and other tissues in the rats at
differing time points. By contrast with other adducts, including alkylguanines, the
O4EtThy lesion was not appreciably removed from the cellular DNA after 75 hours.
This evidence suggests that 0 4EtThy might possibly be the lesion responsible for
mutagenesis and resulting carcinogenesis. However, the potential roles of different
adducts and mechanisms are not ruled out by this study.
In a subsequent investigation, Swenberg and coworkers (1984) treated F-344
male rats with 40 ppm diethylnitrosamine (DEN) ad libidum in their water supply

according to a daily regimen that selectively induces hepatocellular carcinomas.
They quantified the O4EtThy and O6EtGua in the hepatocytes and nonparenchymal
cells of sacrificed animals using competitive radioimmunoasssay with high-affinity
monoclonal antibodies. These two cell types were of interest because the
hepatocytes possessed the 06 -methylguanine methyltransferase repair protein in
amounts three to five times higher than the levels contained in nonparenchymal cells.
The researchers found that O4EtThy accumulated in hepatocyte DNA during the first
28 days of DEN exposure, approximating a steady-state level of -1 x 10-5
04EtThy/dT. This steady-state level was maintained from 28 to 77 days of DEN
exposure. The authors did not give an hypothesis as to why the 04EtThy levels did
not continue to increase throughout the period of DEN exposure. However, they
calculated the 04EtThy half-life to be approximately seven days and they suggested
that the half-life represented a combination of adduct dilution due to DNA
replication, adduct loss due to cell turnover, and possible enzymatic removal of
04EtThy from DNA. By contrast, the O6EtGua level did not accumulate in the
hepatocytes, but peaked after two days of DEN exposure at a level of -3.7 x 10-7
O6EtGua/dG. The quick removal of the adducted guanine was presumably due to
the methyltransferase repair protein in these cells. The nonparenchymal cells
contained only half as much 04EtThy as the hepatocytes, but this level of adducted
thymine was 2.5 times the level of O6EtGua in the same cells. This study suggests
that the increased persistence of 04EtThy (and any resulting mutagenesis mediated
by the lesion) may be the causative factor contributing to the resultant tumorigenic
endpoint in F-344 rats treated with DEN.

A further study by Dyroff and coworkers (1986) provides evidence that the
accumulation of the 04EtThy lesion is linked to the incidence of hepatocellular
carcinoma in rats treated with this carcinogen. In this study, the investigators
treated male F-344 rats of varying ages with 40 ppm DEN given ad lib. in the
drinking water for up to 10 weeks. They found that treatment of eight-week old rats
with the carcinogen, while causing significant amounts of 04EtThy adducts to
accumulate within the hepatocellular DNA (up to a steady-state level of
approximately 7-10 x 10-6 mol 0 4EtThy/mol dT), did not induce any carcinomas of
the hepatocytes in these animals. In contrast, a 100% incidence of hepatocellular
carcinomas occurred in four-week old rats administered DEN for 6, 8 or 10 weeks
and the 04EtThy steady-state concentration was similar to that seen in the eight-week
old rats given the same treatment. The researchers surmised that the difference in
cancer initiation seen in the two ages of rats indicated the importance of DNA
replication and liver cell division in the initiation process. The O6EtGua was
efficiently repaired in the hepatocytes of treated animals and was not believed to be a
precarcinogenic lesion in this study.
A more recent study investigated the activation of the K-ras protooncogene in
lung tumors in mice dosed with nitrosamines (Belinsky et al., 1989). This study
showed that in 25% of the lung tumors resulting in A/J mice treated with 4-(Nmethyl-N-nitrosamino)- 1-(3-pyridyl)-l-butanone (NNK) or nitrosodimethylamine
(NDMA), the base change was an A:T--G:C transition in codon 61. This mutation
suggested the presence of 04MeThy in the DNA as a result of chemical dosing since
this lesion is known to cause T--C transitions both in vitro (Abbott and Saffhill,

1977; Singer et al., 1984, 1986a, b) and in vivo (Preston et al., 1986; Dosanjh et
al., 1991). The remaining 75% of the tumors exhibited G:C-- A:T transitions in
codon 12 of the K-ras gene, indicating that O6MeGua might have been the
premutagenic lesion responsible for oncogene activation. It should be noted that the
above data only correlated the presence of 0 4MeThy and O6MeGua lesions with the
mutations in the tumors in the study by Belinsky and coworkers. Other lesions may
have been the premutagenic species.
The bulk of cancer studies done to date has attempted to explain the initiation
of cancer in a specific organ with the concentration and persistence of a particular
chemical lesion within the DNA of that organ. The logic is that the higher the
proportion of adduct present, and the longer it stays within the DNA (this variable is
highly dependent upon the cellular repair capacity for the adduct), then the higher
the probability that cellular replication of the adduct will cause a mutation. This
mutation might then lead to the initiation of cancer through another undetermined
mechanism. Many such studies have correlated the persistence of O6AlkGua adducts
with the onset of cancer in an organ containing high amounts of these lesions
(Loveless, 1969; Goth and Rajewsky, 1974; Kleihues and Margison, 1976; Swann
and Magee, 1968; Nicoll et al., 1975). Following this trend, it is fair to speculate
from the literature that 04AlkThy might, in fact, be the premutagenic lesion
responsible for the onset of cancer arising from some chemical carcinogens.

C. Mutagenesis by O'AlkThy adducts
Several laboratories have been instrumental in exploring the stability,
conformation and mutagenic properties of O4AlkThy lesions in DNA in both in vitro
and in vivo environments. Abbott and Saffhill were the first researchers to propose
that O4MeThy might be mutagenic based on in vitro results (1977). They treated
poly(dA-dT) with dimethylsulphate (DMS) or N-methyl-N-nitrosourea (MNU) and
determined the amounts of each alkylated base formed in the alternating copolymer.
They then used the methylated DNA as a template for E. coli DNA polymerase I
and determined the extent of correct and faulty replication. The researchers found
that DMS caused no misreplication by the bacterial polymerase, but MNU caused a
significant amount of dGMP to be incorporated into the polymerized strand of DNA.
By contrast, incorporation of dCMP was not observed. Abbott and Saffhill
hypothesized that the misreplication of the methylated DNA was a result of dGMP
pairing with O4MeThy as they observed a virtual one to one ratio between the
amount of incorporated guanine base and the amount of 04MeThy adducts present in
the methylated substrate (Abbott and Saffhill, 1977).
These results were corroborated by subsequent studies by Singer and coworkers
(Singer et al., 1983; Singer et al., 1984; Singer et al., 1986a, b). These
investigations showed that E. coli polymerase I and the Klenow fragment of pol I
could incorporate 04MeThy, O4EtThy and O4IpThy into activated DNA and poly
[d(A:T)] sequences in the place of T, albeit with less efficiency. The kinetics of
incorporation of the adducted thymines were such that the smaller the alkyl group,
the faster and greater the extent of incorporation (Singer et al., 1986a). Dosanjh et

al. (1990) extended these results in their investigations of the incorporation of certain
nucleotides opposite a specific 04MeThy adduct in a DNA template. The authors
annealed a 25-mer oligonucleotide with 04MeThy positioned at nucleotide 21 with a
complementary oligonucleotide of 19 bases which ended one base 5' to the adducted
thymine. They then added either dATP or dGTP at varying concentrations and
measured the extension of the primer by E. coli Klenow fragment or Drosophila
melanogasterpolymerase cx-primase complex. Their studies showed that the pairing
of O4MeThy:G was favored 10-fold over the 04MeThy:A or T:G base pairs. The
primers were not readily extended in the presence of dATP. In contrast, when
dGTP was added to the mixture, both polymerases extended the primers past the
adducted thymine to similar extents, indicating that the 3'-5' exonuclease capability
of the Klenow fragment was not efficiently removing the mismatch (Dosanjh et al.,
1990).
More recently, Dosanjh et al. (1993) have investigated the kinetics of
incorporation of these same two nucleotide triphosphates opposite 04MeThy and
0 4EtThy. Using the same 25-mer sequence discussed above as a template, the
authors examined the extension of a primer complementary to the template molecule
but that terminated two nucleotides 5' proximal to the adducted base. They
measured the incorporation of either dGTP or dATP at varying concentrations
opposite the 0 4MeThy and 0 4EtThy bases by assaying the amount of full length
double-stranded molecules produced by E. coli Klenow fragment. The researchers
found that both the 04MeThy:G and 0 4EtThy:G base pairs formed at least 10-fold
more efficiently than the non-mutagenic 04AlkThy:A base pair, with a small

preference for the methyl adduct. Polymerization was complete beyond both
alkylated thymines, indicating that neither adduct was a block to replication and the
size of the adduct was not significant in determining the mutagenic potential or
mutation type arising from replication of the modified base. In contrast, T:G base
pairs were formed very infrequently (frequency of formation = 1.2 x 104 compared
to the formation of T:A base pairs). In addition, dATP was placed opposite the
O4AlkThy bases to a very low extent, with a frequency of •2 x

10 '
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The other

nucleotides, dCTP and dTTP were not observed to incorporate opposite the
alkylthymine adducts. The limit of sensitivity of this assay was 10-6-10 . (M.
Dosanjh, personal communication), so that if dCTP or dTTP were inserted opposite
the alkylthymine lesions at a lower frequency than these low values, this
incorporation would not have been observed. The incorporation studies discussed
above show that 04AlkThy adducts can form erroneous base pairs that ultimately
lead to T-+C transitions.
The mutagenic potential of 04AlkThy bases has also been studied in vivo.
Preston et al. (1986) examined the mutations arising from replication of sitespecifically positioned O4MeThy residues in E. coli spheroplasts. The modified base
was the terminal nucleotide of a primer annealed to the (+) strand of OX174 am3
DNA. The substrate was extended using E. coli DNA pol I with an excess of
dNTPs. The resulting double-stranded substrate was transfected and replicated
within ada- (repair-deficient) and ada÷ (repair-proficient) E. coli. The adduct caused
a mutation frequency in the repair-deficient cells that was 10 times greater than that
of the repair-proficient cells. DNA sequenced from 20 independent mutant plaques

exclusively showed a T-+C transition arising from replication of the adduct (Preston
et al., 1986).
Recent studies have also examined the mutagenic potential of 04MeThy in
comparison to the O6MeGua adduct (Dosanjh et al., 1991). These studies involved a
site-specifically modified M13mpl9 single-stranded genome with the O4MeThy or
O6MeGua lesion positioned within a unique NheI restriction site in the genome.
Replication of these adducts within wild-type (repair-proficient) E. coli cells resulted
in a 12% mutation frequency arising from 04MeThy and no detectable mutations
arising from O6MeGua. When the cells were treated with an MNNG (N-methyl N'nitro-N-nitrosoguanidine) challenge to remove all methyltransferase repair proteins,
the mutation frequency for 0 4MeThy rose to 24%, whereas the O6MeGua mutation
frequency rose to 1.1%. The mutations arising from 0 4MeThy were T-WC
transitions, confirming earlier reports. O'MeGua induced G->A transitions in this
system (Dosanjh et al., 1991). This study showed that in bacteria, the 04MeThy
adduct was significantly more mutagenic than O6MeGua.
The mutagenic potential of 04EtThy adducts has also been investigated in vivo.
Klein and coworkers (1990) transfected an extrachromosomally-replicating shuttle
vector containing a single site-specific 04EtThy lesion into HeLa cells. The progeny
molecules were removed from the cells 72 hours post-transfection, and unreplicated
material was digested with DpnI. This enzyme cleaves GATC sequences only when
the A base is methylated (Lacks and Greenberg, 1975) and this modification occurs
only in bacterial cells. Therefore, unreplicated duplexes of this sequence will have
both strands methylated while replicated sequences will be hemimethylated and hence

will be resistant to cleavage. The digested DNA was transfected into E. coli for
determination of mutation frequency. The adduct induced a mutation frequency
ranging from 19-27%, with the average being 23%. The predominant mutations
arising from replication of the adduct in the human cells were single T--C transitions
at the adduct site. The studies discussed above have shown very clearly that
O4AlkThy adducts are highly mutagenic in bacterial and mammalian cells and are
much more mutagenic than O'MeGua lesions in a bacterial environment.

D. Repair of O4AlkThy and O6AlkGua Adducts
Bacterial cells have well documented capabilities for repairing 04AlkThy
adducts. The E. coli Ada repair protein is a 39 kD enzyme encoded by the inducible
ada gene (Sedgwick, 1983; Teo et al., 1984). There are two cysteine residues in
the protein (Margison et al., 1985; Sedgwick et al., 1988), one for removing the
methyl groups from O6MeGua and 04MeThy adducts (McCarthy et al., 1984;
Takano et al., 1988), and the other for removing methyl groups from
methylphosphotriesters (McCarthy and Lindahl, 1985; Weinfeld et al., 1985). The
removal of the methyl groups from damaged DNA is accomplished by an internal
cysteine residue in a step that inactivates the protein. Since there seems to be no
mechanism for removing the methyl group from the S-methylcysteine, the protein
cannot act upon any other methylated base (Lindahl et al., 1982; Demple et al.,
1982) and thus is not a true enzyme. The Ada protein can also remove larger alkyl
groups from guanine bases, including ethyl, n-propyl and n-butyl, but at slower rates
than it does the methyl groups (Pegg and Dolan, 1985; Pegg et al., 1985).

After repairing methylphosphotriesters, the Ada protein initiates the adaptive
response in bacteria (Samson and Cairns, 1977) by activating certain genes whose
products are involved in repair of other alkylated adducts. These genes include the
alkA gene (McCarthy et al., 1984; Evenson and Seeberg, 1982), the ada-alkB
operon (Teo et al., 1986; Nakabeppu and Sekiguchi, 1986; Kataoka and Sekiguchi,
1985) and the aidB gene (Volkert et al., 1986). The adaptive response is turned on
in response to low levels of alkylating agents, resulting in a several hundred fold
increase in alkyltransferase activity that protects the cell from the mutagenic and
cytotoxic effects of the alkylated bases.
More specifically, the adaptive response is a highly controlled DNA repair
pathway that is distinct from other inducible repair responses in E. coli (such as the
SOS response) and it is responsive only to alkylation damage (Lindahl et al., 1988).
After exposure of bacteria to a methylating agent, the DNA is alkylated at several
positions. The Ada methyltransferase (which is typically found in very low levels in
untreated bacteria) removes a methyl group from a methylphosphotriester (S
diastereoisomer only; McCarthy and Lindahl, 1985; Weinfeld et al., 1985; Hamblin
et al., 1985) to the cysteine residue at position 69 in the N-terminal portion of the
protein (Sedgwick et al., 1988). The methylation of the Ada protein at this Nterminal cysteine converts the methyltransferase from a weak transcriptional activator
into a strong one (Teo et al., 1986). The methylated Ada protein then binds to a
conserved AAANNAAAGCGCA sequence in the promoter regions of the ada and
alkA genes (Teo et al., 1986, Nakabeppu and Sekiguchi, 1986; Nakabeppu et al.,
1985). This conserved sequence is located directly upstream of the putative RNA

polymerase-binding site in the ada promoter, and the conserved sequence overlaps
with the same polymerase-binding site in the alkA promoter (Nakabeppu and
Sekiguchi, 1986; Nakabeppu et al., 1985). The methylated Ada protein that is
bound to the conserved sequence may facilitate recognition of the two promoters by
RNA polymerase by direct contact with the polymerase or by inducing a change in
DNA conformation (Lindahl et al., 1988). Increased transcription of the ada-alkB
operon results in a several-fold increase in the levels of the Ada methyltransferase
and the AlkB protein, whose function has not yet been identified. However,
experiments indicate that the protein is responsible for DNA repair and is not simply
detoxifying the alkylating agent (Lindahl et al., 1988). In addition, alkB mutants are
phenotypically similar to alkA or tag mutants (Kataoka and Sekiguchi, 1986; Kondo
et al., 1986). The Tag protein repairs 3-methyladenine only, whereas the AlkA
protein repairs 3-methyladenine, 3-methylguanine and 7-methylguanine, as well as
0 2-methylthymine and 0 2-methylcytosine (Riazuddin and Lindahl, 1978; Thomas et
al., 1982; Lindahl, 1976; Laval, 1977; McCarthy et al., 1984). Increased
transcription of the alkA gene induces the levels of the AlkA protein 20-fold. The
methylated Ada protein also induces the production of the AidB protein, but the
purpose of the latter protein is, as yet, unknown (Volkert and Nguyen, 1984;
Volkert et al., 1986). Interestingly, E. coli mutants for the AidB protein are
resistant to killing by alkylating agents (Lindahl et al., 1988).
The Ada protein can be cleaved into two peptides, one 20 kD and the other 19
kD in size (Teo et al., 1984; Teo, 1987). The 19 kD fragment has the cysteine

moiety that repairs O6MeGua and O4MeThy lesions and the 20 kD fragment repairs
the methylphosphotriesters.
The Ogt protein is a second methyltransferase repair protein present in bacteria
that has been recently isolated (Potter et al., 1987; Rebeck et al., 1988). This 19
kD protein is constitutive in bacteria and can repair O6MeGua and 04MeThy
adducts, but not methylphosphotriesters (Rebeck et al., 1988). The protein is
present in bacteria that do not contain the ada gene, hence it is encoded by a
separate gene (Potter et al., 1987; Rebeck et al., 1988) and it does not seem to be
inducible.
Studies have been done investigating the in vitro kinetics of repair of 04MeThy
adducts with the different bacterial methyltransferases. Wilkinson and coworkers
(1989) incubated modified dodecanucleotides with either purified Ogt protein or the
19 kD fragment of the Ada protein and determined that both enzymes could repair
O4MeThy. Interestingly, they found that the Ogt protein repaired the 0 4MeThy
adducts 84 times faster than the Ada protein. More recently, Sassanfar et al. (1991)
have found that a 25mer containing a specific 04MeThy adduct inactivated Ogt with
an IC50 value of 3 nM. The same oligonucleotide inactivated the Ada
methyltransferase with an IC 50value of 27.5 nM. These data suggest that the affinity
of Ogt for 0 4MeThy is approximately nine-fold greater than the affinity of the Ada
protein for the same adducted base.
Methyltransferase repair proteins have been isolated from many eukaryotes
(Wilkinson et al., 1989; Koike et al., 1990) and the gene sequences have been
cloned from human (Tano et al., 1990; Rydberg et al., 1990), rat (Potter et al.,

1991), mouse (Santibanez-Koref et al., 1992; Shiraishi et al., 1992) and yeast (Xiao
et al., 1991). Mammalian methyltransferases transfer methyl groups from the 06position of guanine to a cysteine residue within the protein in a second-order
stoichiometric reaction. Like the mechanism of the bacterial methyltransferases, this
in situ transfer is a suicide reaction, resulting in inactivation of the mammalian
enzyme. In addition, the mammalian protein can repair larger alkyl moieties, but
the rate of repair generally decreases as the moiety size increases (Pegg et al., 1984;
Pegg and Dolan, 1985; Pegg et al., 1985). However, the methyltransferase has a
strong preference for the benzyl moiety on the 06 -position of guanine (O6BzGua).
This lesion is highly preferred by the enzyme; inactivation of the methyltransferase
by O6BzGua occurs more rapidly than with O6MeGua (Dolan et al., 1990; 1991). A
2.5 MM concentration of O6BzGua is sufficient to cause a > 90% loss of
methyltransferase activity within 10 minutes, whereas 0.2 mM O6MeGua incubated
with the enzyme for 60 minutes was required to bring about the same reduction
(Dolan et al., 1990).
The mechanism of action of the human methyltransferase by 06BzGua was
recently determined (Pegg et al., 1993). The cysteine residue in the active site of
the human methyltransferase binds to the O6BzGua and removes it, forming Sbenzylcysteine and Gua in stoichiometric proportions. The mechanism is in
agreement with the increased rate of removal of O6BzGua as compared with
06MeGua, in that a larger benzyl group would be much more likely to enter into a

bimolecular displacement reaction than a methyl group (Pegg et al., 1993).
Consistent with this hypothesis is the increased ability of 0 6-allylguanine as

compared to O6MeGua to inactivate the mammalian methyltransferase; the 06allylguanine residue is not as readily repaired as 06BzGua, however (Pegg et al.,
1993). By contrast, 04 -benzylthymine was not a substrate for repair by any yeast,
bacterial or human alkyltransferases in the study (Pegg et al., 1993).
A recent study indicated that a 28 amino acid carboxy-terminal tail of the
mammalian methyltransferase (found in humans, rats and mice) and not present in
the bacterial methyltransferases, indirectly affects binding of O'BzGua by the
methyltransferase (Morgan et al., 1993). Deletion of this 28 amino acids caused the
rate of complete inactivation of methyltransferase by O6BzGua to be reduced fivefold over that of the intact methyltransferase. Deletion of the carboxyl-terminal tail
also prevents binding of the enzyme to O6MeGua at low temperatures. The study
suggests that the tail has a role in the conformation of the enzyme's binding site
(Morgan et al., 1993).
Despite the conserved acceptor site within the methyltransferases from differing
species, these varied methyltransferases have different substrate specificities. Unlike
the bacterial methyltransferases, the mammalian enzyme will not repair
methylphosphotriesters and the majority of evidence suggests that it cannot repair
O4AlkThy (Brent et al., 1988), although this is a matter of some controversy (Becker
and Montesano, 1985; Koike et al., 1990; Sassanfar et al., 1991). In addition, most
mammalian methyltransferase repair proteins do not seem to be part of a general
inducible adaptive response to low levels of alkylating agents.
Early studies in whole animals suggested that the MGMT protein could be
induced two- to three-fold in the livers of rats chronically fed dimethylnitrosamine

(DMN; Montesano et al., 1979). Montesano and coworkers extended their
investigations by establishing the necessary dose and length of pretreatment with
DMN to induce the repair response (Montesano et al., 1980). They investigated the
induction of MGMT in male BD IV and female Sprague-Dawley rats to obtain
information on sex and strain differences. Their results showed that administering
0.75 mg/kg DMN per day through stomach tubes to female Sprague-Dawley rats for
six weeks increased the level of the MGMT protein in the rat livers 2.5-fold over
untreated rats. This increase was the same as that found in the livers of the same
type of rat given 1 or 2 mg/kg DMN per day for four weeks. In BD IV rats, a
maximum induction effect was seen after three weeks of feeding with 2 mg/kg DMN
per day as measured by the level of O6MeGua in the liver DNA six hours after
administration of 14C-DMN at the same dose level. After the three week DMN
pretreatment, the O'MeGua levels dropped four-fold as compared to untreated
control animals; by contrast, 7-methylguanine (7MeGua) and 3-methyladenine
(3MeAde) levels did not decrease during the course of treatment (Montesano et al.,
1980), suggesting that the repair induction was specific for O6MeGua and not the
result of general repair of alkylated bases.
A subsequent study also investigated the induction of MGMT with DMN. This
study showed that this repair protein could be induced in rat hepatocytes (isolated
from the whole liver prior to MGMT assay) but not in those same cells of C3H or
C57BL mice (Lindamood et al., 1984). This study showed that the mice and F-344
rats that were given 10, 30 or 100 ppm DMN in their drinking water for 16 days
exhibited very different levels of O6MeGua and 7MeGua in their liver DNA. The

doses obtained through the drinking water were calculated based on the surface area
of the animal and the corrected data showed that each animal ingested similar
amounts of DMN at each concentration level. The O'MeGua/7MeGua ratio in the
hepatocytes of the F-344 rats was consistently low (<.02) at all dosages of the
alkylating agent. This ratio of O6MeGua to 7MeGua increased dramatically over
background (<0.02) in both mouse strains at the 30 ppm dosage, where it was 0.05
and 0.13 for C57BL and C3H mice, respectively, and 0.07 at the 100 ppm dosage in
C57BL mice. This represents a 4-13-fold increase in these ratios for the mice
hepatocyte DNA at the higher dosages. The 100 ppm dose killed all C3H mice after
four days of treatment; this strain of mice has a high incidence of spontaneous
hepatocellular carcinoma and histopathological analyses of the livers of the dead
mice showed severe necrosis and "collapse of liver architecture" (Lindamood et al.,
1984).

The above data suggested that the MGMT protein was being induced and

mediating the reduction in alkylated guanine in the rat hepatocytes. That response
was, in fact, what Lindamood and coworkers observed. The rat MGMT protein was
induced to 150% of the level of control protein values at the 10 ppm dosage and
200% of the level of control values at the 30 and 100 ppm doses. The above studies
indicated that chronic administration of DMN to rats induced the levels of the liver
MGMT protein 1.5-2.5-fold, but the mouse liver MGMT protein was not induced.
The MGMT protein has been shown to be non-inducible in other rodent
species. Bamborschke and associates pretreated the Mongolian gerbil with 0.75 mg
DMN/kg/day for 35 days. The researchers observed that the pretreatment did not
increase the ability of the rodent liver to remove 14C-0 6MeGua from DNA after a

single intra peritoneal injection of ' 4C-DMN at a dose of 2 mg/kg as determined by
HPLC analysis of unmethylated guanine and radiolabeled O6MeGua (Bamborschke et
al., 1983).
Samson and Schwartz showed that MNNG pretreatment of CHO cells and a
human skin fibroblast cell line (GM637) resulted in the increased resistance of the
cell strains to the cytotoxic and genotoxic effects of MNNG and MNU (Samson and
Schwartz, 1980). The researchers incubated the cells in media with 0.01 Jg/mL
MNNG every six hours for 48 hours. Pretreated cells that were subsequently
challenged with 0.1-0.2 CIg/mL MNNG experienced a two-fold increase in survival
over control cells. Both cell strains that had been pretreated with MNNG for at least
48 hours were resistant to the induction of sister chromatid exchanges by exposure to
MNNG (0-0.05 jig/mL), MNU (0-2.5 /ig/mL), and ENU (0-25 pg/mL). The cells
were not resistant to the induction of sister chromatid exchanges (SCEs) by UV
light, however. The study did not specify whether the CHO cells used were mex
or mex ÷ , nor did the researchers assay for an increase in MGMT level. Therefore,
despite the argument by the authors that the response observed appeared to be
specific for alkylating agents, it was not necessarily due to an increase in MGMT
levels or an extension of the half-life of the protein.
Waldstein and coworkers (1982) induced a three-fold increase in the amount of
MGMT protein contained in extracts from HeLa CCL2 cells as assayed by the
removal of methyl groups from radiolabeled alkylated DNA. They accomplished
this induction by treating the cells with 25 ng/mL MNNG, four separate times in 24
hours. The maximum amount of induction was seen eight hours after the last

treatment of cells with the chemical, and the MGMT level decreased to one-half the
maximal level within the next 24 hours. Interestingly, treatment of the cells with
MNNG at concentrations higher than a cumulative dose of 100 ng/mL induced a
response significantly lower than the 100 ng/mL dosing regimen (Waldstein et al.,
1982).
Similar results were obtained when a rat hepatoma cell line (H4) was incubated
in the presence of MNNG, methylmethanesulphonate (MMS) and
ethylmethanesulphonate (EMS; Frosina and Laval, 1987). This study is unique,
however, because the induction occurred after a single administration of the
alkylating agent. H4 cells incubated in a 10 jiM concentration of MNNG first
suffered a depletion of their cellular levels of MGMT. The levels of repair protein
per cell then increased after six hours to reach a maximum level (approximately
three times the level in untreated cells) 48 hours after chemical treatment. The
repair protein levels decreased rapidly after this time point. EMS and MMS also
induced MGMT levels in the H4 cells, but MMS did so without an initial decrease
in the levels of the repair protein and EMS did so with an initial decrease in MGMT
of <50%. A 1 mM dose of MMS induced the MGMT level five-fold over control
levels and a 10 mM EMS treatment induced a four-fold increase in the levels of the
protein.
The possibility that this latter induction may be part of a larger regulated
response must be considered because EMS and MMS produce far fewer O'AlkGua
residues in DNA (Pegg, 1984) in relation to other alkylated bases, such as 7alkylguanine (7AlkGua) and 3-alkyladenine (3AlkAde). Perhaps the MGMT protein

is upregulated in response to an activated form of the mammalian methylpurine
glycosylase. The slight induction seen after treatment with MNNG was the same
level (three-fold) observed in other cells strains and organs discussed above.
Fritz and coworkers performed an extensive study of the induction of the
MGMT protein in several human and rodent cell lines treated with MNNG (Fritz et
al., 1991). The authors assayed the increase in MGMT mRNA transcripts from the
cell lines as compared with untreated controls. They found that varying
concentrations of MNNG (1 nM-15 /tM) added to cells for four or eight hours in the
media were able to induce mRNA production for the MGMT three- to five-fold in
the H4 and FTO-2B cell lines (both rat hepatomas). By contrast, MNNG treatment
was unable to induce mRNA transcripts for the repair protein in the following mex
cell lines despite the presence of the MGMT gene within these cells: CHO-9, V79
and HeLa MR. In addition, MNNG treatment failed to increase MGMT mRNA
levels in those mex+ cells tested that showed normal mRNA levels that paralleled
their MGMT activity: NIH 3T3, HeLa S3 and HepG2. More importantly, the rat
hepatoma MGMT mRNAs were also induced by MNU, MMS, N-hydroxyethyl-Nchloroethylnitrosourea, UV light and X-rays. This latter induction by non-alkylating
DNA damaging agents suggested that the induction of MGMT was a response to
non-specific DNA damage (Fritz et al., 1991).
The extensive study discussed above corroborated data obtained by other
researchers that showed the rat liver MGMT was inducible by acetylaminofluorene
pretreatment (Cooper et al., 1982), single and multiple doses of aflatoxin (Chu et
al., 1981) as well as by other hepatotoxins such as thioacetamide, carbon

tetrachloride, 1,2-dimethylhydrazine (1,2-DMH), DEN (diethylnitrosamine) and
DMN (Pegg and Perry, 1981). Pegg and Perry also showed that partial hepatectomy
in the rat increased the levels of MGMT protein.
The increase in MGMT levels in response to non-specific DNA damage is not
limited to rat liver, however. Murine fibroblasts (C3H 10T1/2 strain) exposed to Xrays (1.5 Gy) were more resistant to the cytotoxic and mutagenic effects of
subsequent MNNG treatments (0.2, 0.6 and 1.0 pg/mL treatment) than nonirradiated cells (van Hofe and Kennedy, 1991). The above data suggested that it
may have been cell regeneration or hormonal changes caused by the toxic agents
used in the treatments that caused the increased levels of methyltransferase repair
protein. However, the studies by Frosina and Laval (1987) and Fritz and coworkers
(1991) indicated that the induction of MGMT protein as a result of treatment with
alkylating agents or other DNA damaging agents may be part of a system of
coordinated regulation, not unlike that in E. coli.
Recent evidence from the laboratory of Dr. F. Laval (1991) extends that
hypothesis. Dr. Laval treated rat hepatoma cells (H4) in culture with cis-diamminedichloroplatinum II (cis-DDP, 5 /tM), N-methyl-9-hydroxyellipticinium (2.5 j/g/mL)
and y-rays (3 Gy). mRNA levels for the MGMT and 3-methyladenine glycosylase
were determined by probing with the rat cDNAs for these proteins. Each DNA
damaging agent induced the levels of each repair protein to a similar extent. The
MGMT mRNA was increased two- to five-fold and the 3MeAde glycosylase mRNA
was increased two- to three-fold. The increases for both transcripts showed a time
dependence; 24 hours were required to observe a significant response and the high

level of protein reached at that time point was maintained for 48 hours. mRNA
levels had returned to control levels by 96 hours post-treatment (Laval, 1991). DNA
amplification was not observed in the cells, which suggested that increased
trasncription was triggered by the DNA damage. The above studies indicated that
the adaptive response in mammalian cells is limited mostly to rat hepatoma cell lines
and hepatocytes from whole organs, with few non-rat cell lines exhibiting a similar
response. In addition, the response seems to be triggered as a result of general
DNA damage rather than being specific for alkylation damage.
As mentioned above, many investigators have studied the repair of 04AlkThy
adducts with the mammalian methyltransferase repair proteins. Much of this work
has been summarized in a concensus view presented by several researchers in the
field of chemical carcinogenesis (Brent er al., 1988) and it is their opinion that
04AlkThy adducts are repaired by a mechanism different than that in bacterial cells.
A few of the studies contributing to this viewpoint are discussed in the following
paragraphs.
Many investigators have incubated mammalian cell extracts with poly(dA-dT)
polymers that were treated with 3H-MNU. Brent (1985) incubated this substrate
with methyltransferase purified from human cultured lymphoblasts (CCRF-CEM
line) and found that the enzyme was not depleted by the substrate, but it was
depleted by an MNU-treated poly(dG-dC).

Yarosh and coworkers (1985) treated

poly(dT) with 'H-MNU, then annealed the copolymer to poly(dA). The resultant
double-stranded substrate was then incubated with human liver cell extracts, but no
removal of the methyl groups from the alkylated thymines was seen. Positive

controls performed simultaneously showed the removal of methyl groups from
O6MeGua adducts formed in MNU-treated DNA by the same liver cell extracts. In
addition, methyl groups from O6MeGua and 04MeThy in the substrates were
removed by an E. coli BS21 extract (ada', repair proficient cell line). A 3H-MNU
treated poly(dT) substrate annealed to poly(dA) was also used by Dolan et al. (1984)
and Domaradzki et al. (1984) to investigate 04MeThy repair. The researchers found
no significant repair of the methylated pyrimidines after incubating the substrates
with partially purified rat liver extracts or crude extracts prepared from transformed
human fibroblasts (XP12BE). Studies involving the use of poly(dA:dT) to
investigate the repair of alkylated thymines by mammalian proteins may not be
optimal since this DNA copolymer most likely does not mimic or accurately
represent cellular DNA. Thus, poly(dA:dT) may not be a recognizable substrate for
any repair system capable of recognizing and removing modified thymines.
Hall and Karran (1986) used a variety of substrate polynucleotides treated with
'H-MNU to study the activity of methyltransferase towards O4MeThy adducts. They
found that an excess of partially purified calf thymus methyltransferase repair protein
did not recognize the 04MeThy adducts present in the substrate, whereas the same
amount of E. coli methyltransferase removed all methyl groups from the substrate.
Pegg, Dolan and coworkers (Scicchitano et al., 1986; Dolan et al., 1988a, b)
have investigated the repair of alkylated adducts using oligomers of defined
sequence. Self-complementary dodecamers containing a single O6MeGua or
O4MeThy lesion were incubated with rat liver and human tumor cell extracts. The
O6MeGua-containing oligomers were demethylated by the extracts (Scicchitano et

al., 1986; Dolan et al., 1988a), but not the 0 4MeThy-containing oligomers (Dolan et
al., 1988b). Studies show that the ethylated pyrimidine is also not a good substrate
for repair by the mammalian methyltransferase. Dolan and coworkers (1984) treated
14C-ENU-treated

DNA, containing 2.5% 0 4EtThy and 7.8% O6EtGua (fractions of

the total ethylation), with purified rat liver methyltransferase for eight hours. In this
time, all the O6EtGua was removed, but no loss of 04EtThy was detected.
Despite the apparent inability of mammalian methyltransferases to repair
0 4AlkThy lesions in vivo or in vitro, these lesions are actively removed from the
genomes of animals treated with alkylating agents, albeit very slowly. Recent
animal studies have shown that the half-life (t,,2 ) of 0 4MeThy in liver DNA of rats is
20 hours (Richardson et al., 1985), while the t112 of 04EtThy ranges from two and a
half days in the brain tissue of 10 day old BD IX rats (Singer et al., 1981) to eleven
days in the hepatocytes of rats (Richardson et al., 1985).
Studies using cultured mammalian cells also show evidence for an active repair
system for the adducts. 0 4MeThy molecules incorporated into the DNA of cultured
V79 cells by the uptake of precursor nucleosides, were removed rapidly with a tl

2

2-3 hours (Saffhill and Fox, 1980). Bodell and coworkers (1979) treated cultured
human fibroblasts with ENU and performed HPLC analysis of the DNA. They
found that the 0 4EtThy adducts were removed with a half-life of 40-60 hours. Wani
and D'Ambrosio (1987) also found that ENU-treated human skin fibroblasts and
kidney epithelial cells showed a gradual biphasic removal of the alkylated thymine as
a function of post-treatment time in culture. Using sensitive immunoassays to
quantify the remaining O4EtThy lesions, the authors showed that -50% of the initial

damage was repaired during a 72 hour period in both cell types. In both of the
above studies using ENU, the loss of the 04EtThy adduct was not due to cellular
replication and/or dilution of the adducted base by an increase in cellular DNA
content.
Other researchers have argued that the mammalian methyltransferase enzyme
does repair O4AlkThy adducts. Koike et al. (1990) purified human
methyltransferase from HeLa cells to apparent physical homogeneity and studied the
repair of 04MeThy and O6MeGua by the enzyme. They found that the human
enzyme could remove O6MeGua readily from 3H-MNU-treated calf thymus DNA.
In addition, O4MeThy was removed from 3H-MNU treated poly(dT) that was
annealed to poly(dA) prior to incubation with the protein. Koike and coworkers did
note that the rates of repair of the two adducts by the enzyme were significantly
different. Unfortunately, they did not include their data concerning the different
rates of removal of the two adducts by the purified human MGMT. Therefore, no
comparisons can be made between this study and others investigating the same repair
phenomenon. More recently, O'Toole et al. (1993) have shown that the removal of
0 4MeThy from the liver DNA of Fisher 344 rats treated with 1,2-DMH is affected
by the rats' endogenous methyltransferase. The researchers investigated the role of
this methyltransferase in the repair of the alkylated bases by treating a set of animals
with O6BzGua concurrently with carcinogen administration. In animals given DMH
alone, the O6MeGua adduct level peaked at 12 hours, then decreased rapidly over
the next 38 hours as the methyltransferase levels of the cells returned to their
original extent. By contrast, the 04MeThy adduct level peaked at 12 hours but

remained fairly constant until 24 hours had elapsed, at which point the adduct began
to be removed with a t,12 of 20 hours. In animals given O6BzGua, levels of
04MeThy and O'MeGua remained higher than those of the adducts in animals not
given the benzylated guanine. In addition, the 0 4MeThy concentration remained
constant for 36 hours in these animals. The study shows that the repair of both
adducts was dependent on methyltransferase, but that the repair occurred with
significantly different rates.
A very recent study by Zak and coworkers showed that purified rat and human
MGMT can repair both 04MeThy and O6MeGua, but with very different rates for
each adduct (Zak et al., 1994). The researchers incubated purified rat and human
MGMT proteins (up to 75 ng protein) with 3H-MNU treated calf thymus DNA (400
fmol of O6MeGua = ~10" methyl groups), as well as poly(dG:dC) and

poly[d(G:C)]. Both proteins removed the methyl groups from each of these DNA
substrates with the same efficiency. The rate constants for the repair of O6MeGua
by the proteins were 1 x 109 M' minute'. Similarly, Zak et al. incubated varying
amounts of the purified MGMTs with 400 fmol of 0 4MeThy adducts present in 3HMNU treated poly(dA:dT). The rate constants for repair of 0 4MeThy lesions from
this DNA substrate were 4.8 x 106 M-' minute-' for the rat MGMT and 1.8 x 10s M-'
minute7' for the human MGMT. The data showed that purified rat and human
MGMT proteins were able to repair O4MeThy adducts in DNA, but their affinity for
these adducts was much lower than that for the modified guanine. More
importantly, the amount of adducted thymine used in order to observe repair was
much larger than levels that might be expected to form within the DNA of a cell

exposed to alkylating agent concentrations typically found in the environment. In
other words, unreasonably high concentrations of 04MeThy were needed to mitigate
a response from the mammalian MGMTs. This was exemplified in the use of
synthetic polymers as substrate for MNU treatment. Poly(dA:dT) was used to
generate O4MeThy lesions because alkylating agents do not form adequate amounts
of this lesion in calf thymus DNA or other forms of naturally occurring DNA (Zak
et al., 1994). The researchers pointed out that the synthetic copolymer was not an
inappropriate substrate for the analysis of repair since it adopted the B conformation
of double-stranded DNA and thus is presumably recognized by cellular enzymes in a
similar manner to that acting upon mammalian chromosomes (Zak et al., 1994).
The identification of an alternate repair system for the alkylated thymines,
distinct from the methyltransferase, has been investigated recently. Wani and
coworkers (1990) reported the presence of a repair activity for 04EtThy in human
tissues and in human liver and kidney cells from culture. This repair activity, which
was determined to be proteinaceous in nature, was not decreased by free 0 4MeThy
or O6MeGua in solution. This result indicated the repair activity did not involve or
depend upon a transferase mode of action. However, the levels of repair seen with
this activity are considerably less than those observed for methyltransferase and
excision repair processes with other DNA damage.
The above sections indicate the great deal of research done in the fields of
mutagenesis by and repair of alkylated pyrimidines. The high mutagenic potency of
O4AlkThy adducts in vivo and in vitro indicate the potential for initiation of
carcinogenesis by these adducts. It was of significant interest to determine the

relative mutagenic potentials arising from replication of 04MeThy and O6MeGua in
the same genetic sequence in the same host. By doing so, the two adducts could be
ranked by their mutagenic potency and the capability of each adduct to cause genetic
changes potentially leading to neoplastic transformation of a cell could be evaluated.

E. The role of O'AlkGua in carcinogenesis
As mentioned previously, mutation spectra studies indicate that the primary
mutation arising in cancer cells after treatment with alkylating agents is the G -4A
transition and the O6AlkGua lesion is believed to be responsible for this base change.
As such, the presence and persistence of the adduct in the DNA of animals treated
with chemical carcinogens has been widely studied. In addition, the mutagenic
potential of the O6AlkGua adducts in bacterial and mammalian cells has been
established by the Essigmann laboratory. Several studies have shown the correlation
between the presence of O6AlkGua lesions in the DNA of tumors arising in animals
dosed with alkylating agents. In addition, mutations known to arise from the
replication of these alkylated guanines have also been identified in tumor DNA from
animals treated with these alkylating carcinogens. A discussion of some of this body
of work will be discussed in the following sections.
Many studies investigating the induction of carcinomas in animals by treatment
with alkylating agents have shown the correlation of O6AlkGua incidence and
persistence in the DNA of the target organ and the incidence of tumorigenesis in that
organ. Goth and Rajewsky (1974) showed that in rats treated with ENU, O6EtGua
persists in the brain, which is the target organ for that chemical, but the lesion does

not persist in the liver of these animals. Similar results were found with O6MeGua,
which accumulates and persists in the brains of rats treated with MNU, a chemical
which also appears to induce tumorigenesis in this organ by an as yet unidentified
mechanism (Kleihues and Margison, 1974; Margison and Kleihues, 1975). These
studies support the hypothesis that O6AlkGua adducts may be responsible for the
induction of neural cancers by these chemicals. Other cancers have also been linked
to O6AlkGua persistence. When rats were administered a large dose of DMN,
O6MeGua was rapidly removed from the livers but persisted in the kidneys, the
target organs for the chemical (Nicoll et al., 1975).
Studies investigating the role of O'AlkGua persistence in the initiation of liver
tumors were performed by the Swenberg laboratory. These studies involved the
incidence of angiosarcomas in rats after treatment of these rodents with DMN or
DMH. The researchers showed that a correlation existed between the persistence of
O6MeGua in the DNA of the nonparenchymal cells in the liver and the
transformation of these cells to neoplastic forms. This result was contrasted with
that found in the hepatocytes, which do not become neoplastic and readily remove
the alkylated base (Swenberg et al., 1985).
Studies investigating the activation of oncogenes in the initiation of
carcinogenesis in target animals also implicate O6AlkGua as a premutagenic lesion.
As mentioned previously, the majority of lung tumors induced in mice as a result of
treatment with NNK and NDMA exhibit G:C-*A:T transitions at codon 12 of the Kras gene (Belinsky et al., 1989). This mutation presumably occurs as a result of
misreplication of O6MeGua in the DNA. This same transition was observed to

activate the H-ras-1 protooncogene, resulting in mammary tumors in female rats
administered MNU (Sukumar et al., 1983; Zarbl et al., 1985). These two studies
describe one mechanism for the initiation of carcinogenesis by O6AlkGua adducts
and underscore the importance of this adduct as a premutagenic and precarcinogenic
lesion. However, these and other studies involving protooncogene activation must be
reevaluated in light of recent evidence by Cha and coworkers. They found that rat
mammary tumorigenesis observed after MNU treatment occurred as a result of
chemical selection of cells containing mutations (Cha et al., 1994). These mutations
may have arisen from spontaneously generated alkylated bases. More specifically,
these researchers found that when mammary DNA of untreated rats was compared to
that of rats dosed with MNU, 70% of the untreated rats contained measurable levels
of H-ras mutants. In addition, these spontaneous mutations were contained in
discrete sectors of the mammary epithelium, rather than distributed throughout the
tissue. Cha et al. proposed that the fact that the mutants were sectored indicated that
they arose early in the development of the mammary tissue. Interestingly, the MNU
treatment did not result in a significant increase in the number of mutants per rat,
nor did it cause an increase in the fraction of mammary tissue sectors with mutant
cells nor the fraction of animals containing detectable levels of ras mutants (Cha et
al., 1994). This study clearly shows that caution should be applied by investigators
who assert the involvement of specific adducts or mutations in the etiology of
tumorigenesis occurring in animals treated with alkylating agents.
Two more recent studies have investigated the induction of carcinomas by
06AlkGua and the prevention of cancer by the bacterial and mammalian

methyltransferases. Nakatsuru and coworkers (1993) developed a transgenic mouse
with the E. coli ada gene expressed from and controlled by the Chinese hamster
metallothionein promoter. Liver extracts from the homozygous mice exhibited
methyltransferase levels three times greater than normal mice. This level was
increased to six- to eight-fold over that of the wild-type mice after ZnSO 4 induction.
In four out of six paired groups of mice receiving treatment with DMN or DEN, the
methyltransferase caused a significant reduction in tumor formation. The other
groups were either given too low or too high a dose of the carcinogen to see a
statistical difference in the numbers of tumors in transgenic and normal mice. DMN
and DEN form a significant amount of O6AlkGua adducts in the DNA (Pegg, 1984).
The study detailed above shows the ability of O'AlkGua adducts to initiate
tumorigenesis in target organs and the prevention of this phenotypic endpoint by the
addition of the repair protein responsible for its removal. However, since the mice
were transgenic for the Ada protein, which can also repair 04AlkThy lesions, the
involvement of these secondary lesions in the initiation of the liver tumors cannot be
dismissed. Prevention of thymic lymphomas in transgenic mice containing the gene
encoding the human methyltransferase was investigated by Gerson's laboratory
(Dumenco et al., 1993). In this study, mice expressing the human MGMT in the
thymus (at levels 11-88 times higher than normal) were dosed with varying
concentrations of MNU, which predominantly forms thymic tumors in this animal.
Overall, lymphomas developed in 71% of the nontransgenic mice but only 16% of
the transgenic mice exhibited these tumors. This work implicates the O6MeGua

lesion as the precarcinogenic species given the adduct spectrum of the chemical and
the repair specificity of the human MGMT protein discussed previously.

F. Shuttle vector systems for investigating mutagenesis in mammalian cells
This section focuses on different shuttle vectors that have been used to
elucidate information on the mechanisms of mutagenesis in mammalian cells.
Shuttle vectors were originally designed to help facilitate the arduous task of
dissecting the complicated replication and repair systems in mammalian cells.
Investigations of these biological processes is much more difficult in these cells than
in bacterial cells, where the relative ease of genetic manipulation has afforded much
information as to the mutational specificity of various DNA damaging agents.
Shuttle vectors are typically a composite of genetic fragments, constructed in a
variety of ways to serve best the needs of the investigators. Their name describes
their purpose: they are typically transferred from eukaryotic to prokaryotic cells to
make it easier to identify genetic changes that have occurred within the eukaryotic
host. Because they replicate in two different cell types, they typically contain both a
viral origin of replication for mammalian cell use and a bacterial origin of
replication. The viral origin of replication is often from the SV40 virus (Calos et
al., 1983; Lebkowski et al., 1984; Razzaque et al., 1984; Razzaque et al., 1983;
Seidman et al., 1985). SV40 is a simian virus which can replicate to high copy
numbers in cells permissive for its replication, such as monkey and some human cell
lines. Shuttle vectors also generally contain a selectable marker gene and a target
gene for mutation analysis. The vector can be treated with a mutagen before

introduction into the mammalian cell, or the cell can be chemically treated after
DNA transfection. Either way, mutations are fixed in the vector by the replication
machinery of the host. Subsequently, the vector progeny are isolated from the
mammalian cells and placed into recipient bacterial cells for the scoring of
mutations. Shuttle vector systems can typically allow all possible mutations to be
analyzed and, because they are designed to be transferred into bacterial cells, they
allow for easier manipulation and analysis than systems involving exclusively
mammalian cells.
Because shuttle vectors are meant to be passaged through bacterial cells after
treatment in mammalian cells, they are typically designed to remain extrachromosomal. Most analyses of mutagenic specificity using shuttle vectors use
extrachromosomal constructs and they have been very successful in studying the
effects of chemicals on DNA bases in a variety of mammalian cells. However, it
has been found that passage of unmodified shuttle vectors into the cell induces a
significant amount of genetic damage. When researchers transfected papovavirusbased shuttle vectors with the bacterial lacI gene as the mutational target into several
mammalian cell lines from different species, a mutation frequency of approximately
1% was observed for most of the strains (Lebkowski et al., 1984). The genetic
damage consisted predominantly of base changes and deletions, but also included
insertions from the mammalian genome. These mutations were independent of
vector replication, since the same level of damage was seen in a similar vector
lacking the viral origin of replication. Time course experiments showed that the
damage probably occurred soon after the DNA passed into the nucleus, but once the

vector became established within the nucleus, the frequency did not increase over
time (Lebkowski et al., 1984). This high mutation frequency was limited to the
transfected DNA; no abnormal mutagenic environment was induced by the
transfection process that would affect the host genome (Razzaque et al., 1984). It
was hypothesized that since most transfected DNA is degraded by the cell, the
mutations were due to nuclear processing of cytoplasmic damage to the cell. This
cytoplasmic damage might have been mediated through lysosomal attack (Lebkowski
et al., 1984). However, foreign DNA that is introduced into a mammalian cell is
significantly different than host chromosomal material. For example, foreign
sequences do not contain methylated cytosines (in CpG dinucleotides) and other cellinduced forms of methylation. This difference may affect how the biochemical
systems of the host interact with the transfected material and may cause increased
endonuclease attack of the foreign DNA or affect the recognition of lesions within
the vector by host repair proteins.
The high background mutation frequency observed after transfection of a
shuttle vector into a mammalian cell is a significant problem. The reason is that
many of the chemical agents used in mutagenesis studies might induce an overall
mutation frequency much lower than the 1% spontaneous rate and the background
mutations would obscure those that were induced. Investigators have tried different
protocols and mammalian hosts in an attempt to avoid this problem. The laboratory
of Dr. M. Calos uses the human 293 cell line (an adenovirus-transformed, human
embryonic kidney line) which naturally produces a low spontaneous mutation
frequency in transfected DNA (approximately 0. 1%, Lebkowski et al., 1984).

Alternatively, the size of the target gene can be limited and surrounded with parts of
the vector that are essential for replication in bacteria, so that any spontaneous
deletions would cause the vector to become inviable in the prokaryotic host.
Seidman and coworkers (1985) constructed an SV40-based vector with a 150-bp
supF gene, which is a bacterial suppressor tRNA gene, as the mutational target.
The spontaneous mutation rate for this vector was 0.04%, or approximately 20- to
50-fold lower than that observed in SV40-based shuttle vectors with larger target
genes in monkey cells (Seidman et al., 1985). The disadvantage of this vector is the
small size of the target gene, which precludes a detailed evaluation of the importance
of sequence context in mutagenesis.
Many researchers have used shuttle vectors to investigate the mutagenesis of
alkylating agents in mammalian cells. Lebkowski and coworkers (1986) used an
SV40-based shuttle vector to determine the mutations caused by treating human cells
with ethyl methanesulfonate (EMS). These researchers transfected the vectors into
cell line 293, and then treated the cells with the chemical 24 hours later. They
found that EMS induced almost exclusively G:C-4A:T transitions and at the highest
dose of alkylating agent given, caused a mutation frequency of 0.42%, compared to
the spontaneous background frequency of 0.035%.
More recently, researchers have used shuttle vectors to investigate the
mutagenesis of site-specifically placed alkylated bases in mammalian cells. Ellison
and coworkers (1989) positioned O6MeGua and O'EtGua in a unique site in a shuttle
vector that integrated within the genome of the CHO cells that were used as the
host. Portions of the shuttle vector surrounding the adduct site were amplified out of

the genomic DNA by PCR to facilitate analysis of the mutation frequencies and
types. Both adducts induced a high mutation frequency in mex- cells (lacking
methyltransferase), ranging from 10% for the ethylated base to 19% for the
methylated guanine. Low values for mutation frequency (-2-3%) were obtained
with these adducts in the methyltransferase-proficient, mex ÷ host. Mutation
frequencies arising from replication of unmodified shuttle vectors and unmanipulated
plasmid transfected simultaneously were similarly low in value. The mutagenic
potentials of O6MeGua and its benzylated congener were investigated by Mitra et al.
(1989). In this study, the researchers positioned the adducts at both the first and
second G residues in the 12" codon of the H-ras gene. The lesions were
incorporated into a H-ras/thymidine kinase (TK) cassette and transfected by calcium
phosphate co-precipitation techniques into Rat4 TK- cells. Both adducts were found
to be substantially mutagenic (-~1%

for O6MeGua vs. 0.5% for O6BzGua), but the

methylated guanine induced a 2-fold higher percentage of transformed Rat4 TK'
colonies than the benzylated guanine. In addition, the position of the adducted
guanine in the codon had no effect on the resultant transformation efficiency. The
researchers found that when the first G in the GGA sequence of the 12th codon was
replaced with an O6MeGua lesion, the resultant mutation was a G--A transition at the
site of the adduct. Accordingly, when the second G in the codon was replaced with
a methylated guanine, the mutational specificity was the same and the mutation
occurred at the adduct site. 06BzGua lesions at the first G in the codon induced
G---A transitions at the same site. However, when the benzylated guanine replaced
the second guanine, G-*A transitions, as well as G-4C and G--T transversions were

induced with similar frequency at the site of the lesion. Two O'MeGua residues
positioned in place of both guanines increased the transformation of these cells to
-2%.
Other alkylated bases have been investigated in site-specific mutagenesis
experiments. As discussed previously, the mutagenic potency of 04EtThy has also
been investigated using a site-specifically modified shuttle vector containing the
adduct. This vector, used by Klein et al. (1990), remains extrachromosomal after
transfection within the mammalian cell. Thus, after an appropriate maintenance
period allowing replication within the cell, the vectors can easily be reisolated from
the cells and passaged through bacteria to assay for any genetic changes that have
occurred. In these studies, the 04EtThy lesion induced a mutation frequency ranging
from 19-27% in HeLa cells (mex-) and the background mutation frequencies were
approximately 0.02-0.15%.
Site-specific mutagenesis experiments have been used to investigate the genetic
results induced in mammalian cells by other types of DNA damage. Moriya and
coworkers have used techniques similar to those used in the Essigmann laboratory to
investigate the mutagenesis resulting from unique acetylaminofluorene (AAF) adducts
in shuttle vectors in E. coli and mammalian cells (Moriya et al., 1988). The
investigators treated a synthetic oligonucleotide of ten bases in length
d(CCTTCGCTAC) with 2-(N-acetoxy-N-acetylamino)-fluorene (AAAF) to produce a
single AAF adduct. The oligonucleotide was then hybridized to its complementary
sequence and ligated within the pAG75 vector used for the study. The vector was
then transfected into E. coli or SV40-transformed simian kidney (COS-1) cells. The

mutation frequency induced by the adduct in the COS-1 cells was 8% compared to
1% for control oligonucleotide sequences. The mutations induced by the adduct,
however, were predominantly (> 80%) transversions or single-base deletions. This
is in direct contrast to the mutagenic spectrum determined by Koffel-Schwartz and
others (1984) in which pBR322 sequences randomly modified with AAF and used to
transform E. coli induced predominantly frameshift mutations. In light of the mutant
spectra, the contrasting results obtained by Moriya and coworkers makes it more
difficult to interpret their data.
A single-stranded shuttle vector has recently been used to investigate the
mutagenicity of a single 8-oxoguanine residue in COS-7 cells (Moriya, 1993). The
vector allows for the positioning of an adduct between the neomycin resistance gene
and its promoter, and is converted to double-stranded form by replication within the
cells after DNA transfection. The 8-oxoguanine adduct induced mutation
frequencies ranging from 2.5-4.8% and the mutations were predominantly (>78%)
G-+T transversions targeted to the lesion site. Modified SV40 DNA was used to
investigate the effect of a single uracil residue positioned opposite each of the four
bases normally found in DNA. The virus DNA was transfected into the CV1P line
of African green monkey kidney cells (Gentil et al., 1990). The researchers found
that in the case where the uracil was positioned opposite a purine prior to
transfection, it is fully repaired. In other words, the results show the error-free
repair of uracil when it appears in the cell after such cell-induced mechanisms as
cytosine deamination or faulty incorporation of dUTP in place of dTTP during
replication. However, if the uracil is inserted opposite a pyrimidine, no error free

repair is detected for U:C or U:T mismatches. By contrast, in -18% of the cases
U:T mismatches lead to a C:G base pairing. For most of the U:pyrimidine
mismatches, mutations occurred near the uracil, and these mutations included base
substitutions and frameshifts by addition of one or multiple bases.
Yet another site-specific study investigated mutations induced by double-strand
breaks produced by a restriction enzyme in wild-type and ataxia telangiectasia (AT)
cells (Tatsumi-Miyajima et al., 1993). The shuttle vector used in this study,
pZ189Ava, has a unique AvaI restriction enzyme site in the supF gene. The vector
was digested with AvaI prior to transfection into SV40-transformed human fibroblast
cell lines, then the plasmids were retrieved and those containing mutated supF were
screened in an indicator strain of E. coli. The proportion of correctly rejoined
plasmids was significantly lower in AT cells than in normal cells, indicating that AT
cells have decreased fidelity in rejoining double-strand breaks. All mutations were
deletion or insertions occurring exactly or closely at the rejoining site in both cell
types. However, the proportions of these mutations were different, since AT cells
produced predominantly deletions, while deletions and insertions were evenly formed
in normal cells.
The above studies indicate the power and flexibility that shuttle vectors possess
for studying the genetic impact of a single adduct. However, the use of shuttle
vectors is not an inherently problem-free procedure and much care should be taken
in order to minimize spontaneous mutations as well as experimental bias which may
occur as a result of their utilization. When used properly, shuttle vectors can aid in
defining which adducts are responsible for particular mutations arising as a result of

chemical treatment of DNA. In addition, the establishment of mutagenic potential of
different adducts can determine their relative importance in the context of becoming
premutagenic and precarcinogenic lesions.

III. Materials and Methods

A. Materials
Enzymes
NheI was obtained from Pharmacia. All other restriction enzymes, T4
polynucleotide kinase and T4 DNA ligase were obtained from New England Biolabs.
Thermus aquaticus (Taq) polymerase was obtained from Perkin-Elmer Cetus, and E.
coli 06 -methylguanine-DNA methyltransferase (Ada protein) was a gift from Applied
Genetics, Inc.

B. Methods
Shuttle Vector Construction
The shuttle vectors pCXmnI and pCNheI were constructed by Dr. Colette
Hodes using plasmids previously constructed in this laboratory. Both plasmids were
constructed from a parent plasmid, pJSalI, which was described previously (Ellison,
1989). The pJSalI plasmid contains the SV40 origin of replication, the neor gene,
SV40 polyadenylation sequences and the pML2 replication origin. Directed
mutagenesis, as developed by Kunkel (1985), was used to mutate two PstI restriction
sites contained within the neo' gene of pJSalI. A third PsrI restriction site outside
the neor gene was deleted by digesting the plasmid with PstI, treating the linear DNA
with T4 DNA polymerase to digest the 3' overhangs to blunt ends (Maniatis, et al.,
1982) and adding an EcoRI linker (New England Biolabs). The resulting vector,
pCSalI, was digested with BamHI and Sail; the larger fragment was ligated with two
16 base oligonucleotides containing the XmnI site. This plasmid, pCXmnI, was
digested with XmnI and ligated with a six bp fragment containing the NheI restriction

site to give pCNheI. Supercoiled pCXmnI and pCNheI were obtained from E. coli
cells (strain DH5cx) by alkaline lysis protocols (Maniatis, et al. 1982) followed by
two cesium chloride (CsC1) gradients in the presence of ethidium bromide (EthBr) or
by using a Qiagen Maxi-prep kit (Qiagen, Inc.)

Preparation of Circular Gapped Heteroduplex Molecules from Plasmids
The circular precursors to the shuttle vectors, containing a six-base gap
positioned in a NheI restriction site were made using the following protocols. The
pCXmnI plasmid was digested with XmnI at a ratio of enzyme to DNA of 2 units: 1
jig. The pCNheI plasmid was similarly digested with HindIII at a ratio of enzyme to
DNA of 5 units: 1 ,.g. The protein was removed from the DNA by two extractions
with phenol:chloroform: isoamyl alcohol (25:24:1, by volume), followed by a single
chloroform extraction and subsequent ethanol precipitation of the linearized DNA.
Equal amounts of linearized pCXmnI and pCNheI DNA were mixed together in 0.1
M NaCl, 10 mM Tris-HCl buffer (pH 8), 1 mM EDTA at a concentration of 50
14g/mL. Alternatively, linearized plasmids were dialyzed directly in the above buffer
at 4°C after the chloroform extraction and then resuspended in more buffer to the
appropriate concentration. Gapped heteroduplexes were formed by heating the
plasmid mixture to >950 C for eight minutes, then allowing the mixture to slowly
cool from 80°C to 650 C in a water bath, letting the mixture stabilize at 65 0 C, then
placing the mixture on ice. The DNA was then electrophoresed through a lowmelting agarose gel where the gapped heteroduplexes migrated separately from the
faster moving linear material also present in the mixture. The gapped

heteroduplexes were purified from the gel slice containing them in one of two ways.
The gel slice was melted at 65°C in three volumes of 50 mM NaCI, followed by two
extractions with phenol, two or more extractions with n-butanol and ethanol
precipitation. Alternately, the gel slice was incubated in 2X B-agarase buffer (New
England Biolabs) on ice, melted at 65 0 C, then incubated with f-agarase at 40 0 C for
one hour. The mixture was then spun at 15,000g to precipitate any undigested
polysaccharides; the resultant supernatant was ethanol precipitated. The pure gapped
heteroduplexes were resuspended in 10 mM Tris-HCI buffer (pH 8), 1 mM EDTA
(TE). The DNA was quantified by comparison to linear standards after
electrophoresis on an agarose gel. The separation of gapped heteroduplexes from
linear homoduplexes in the agarose gel was complete. However, the possibility
existed that the gapped heteroduplexes could melt and reform linear homoduplexes to
a small extent during the ligation procedure. Conversion to linear (at a proportion
not exceeding 10% of the total amount of DNA) over a period of several days has
been observed with gapped heteroduplexes stored at 4 0 C.

Preparation of hexamer oligonucleotides containing 04MeThy or O6MeGua
A synthetic hexamer containing O4MeThy, 5'-oHGpCpTO4M'pApGpC-3 ' , was
synthesized by Dr. Manjit Dosanjh and is described in detail elsewhere (Dosanjh et
al., 1990). Briefly, the synthesis procedure is the following: 500 mg (2 mmol) of
0 4 -methylthymidine, as a starting material, was dried twice by evaporation with
pyridine and then resuspended in pyridine. 4,4'-Dimethoxytrityl chloride and
triethylamine were added, followed by 4-(dimethylamino)pyridine. This mixture was

stirred for two hours until the 0 4-methylthymidine disappeared and a nonpolar tritylpositive material appeared as shown by TLC monitoring. Water was added to stop
the reaction and the product was extracted into diethyl ether and purified by silica
gel column. The resultant compound, 5'-O-(dimethoxytrityl)-0 4 -methylthymidine
(yield = 65%, purity >90%), was dissolved in dichloromethane with
diisopropylamine hydrotetrazolide and purged with argon. Approximately 0.5 mL of
a 1.1 M solution of bis(diisopropylamino)cyanoethoxyphosphine in ether was added
to the above mixture and the total shaken until the solid dissolved. Reaction
completion was checked on TLC plates and stopped by addition of approximately
two volumes of 5% aqueous sodium bicarbonate. The organic layer was washed
sequentially with 5% sodium bicarbonate and with saturated sodium chloride solution
and dried over sodium sulfate. The solution was purified over silica gel and
precipitated into hexane. The phosphoramidite (yield = 21%, purity > 99%) was
then manually applied to a DNA synthesis column already containing three 3'
terminal nucleotides for the final hexamer. The final two 5' nucleosides were then
applied as the other three nucleotides, using an Applied Biosystems Model 381A
automated DNA synthesizer by the cyanoethylphosphoramidite method (Gait, 1990),
with the capping reactions omitted. The above steps were taken to avoid breakdown
of adducted nucleoside by the capping reagents. The oligonucleotide product,
5'-oHGpCpT4MpApGpC-3', was deprotected under nonaqueous conditions with 1,8diazobicyclo(5.4.0)-undec-7-ene (DBU) in tetrahydrofuran and methanol. The
hexamer containing O6MeGua, 5'oHGpCpTpApG 6 M'pC-3', was synthesized from the
protected monomer 2'-deoxy-5 '-O-(4,4'-di-methoxytrityl)-N 2 -isobutyryl-O6 -

methylguanosine 3'-[(2-cyanoethyl)-N,N-diisopropylphosphoramidite], which was
purchased from American Bionetics as previously documented (Singer et al., 1989).
The oligonucleotide was deprotected in DBU as well to prevent the possible
conversion of O' MeGua to 2,6-diaminopurine (Kuzmich et al, 1983). Both adducted
oligonucleotides and the control unmodified oligonucleotide, 5'-OHGpCpTpApGpC3', were purified by reversed phase HPLC. All hexamers were purified on a 250 x
10 mm Ultremex C-18 5 Im column. The gradient for the 0 4MeThy hexamer was
0-40%B (A = 0.1 M ammonium acetate, pH 7.5; B = 50% acetonitrile in 0.1 M
ammonium acetate) over 60 minutes at a flow rate of 3 mL/minute. The gradient
for O6MeGua was 0-30%B (A and B are as given above) over 60 minutes at a flow
rate of 3 mL/minute.

Ligation of hexamers into gapped heteroduplexes
All hexamers were phosphorylated at their 5' hydroxyls before they were
positioned into the purified pCNheI gapped heteroduplexes. The phosphorylation
was done using T4 polynucleotide kinase and an ATP:hexamer molar ratio of at least
3:1. In the experiments where radiolabeled hexamers were incorporated into the
gapped heteroduplexes, the phosphorylation reactions utilized y 32P ATP as described
(Green et al., 1984).
The hexamers were introduced into the gapped heteroduplexes using T4 DNA
ligase. For the experiments using radiolabeled hexamers, the heteroduplexes were
present at a concentration of 1 nM and the hexamers were present at a 100-fold
molar excess. The radiolabeled pCNheI vector produced in the ligation reaction was

separated from unincorporated hexamers and y 32P-ATP by eluting with water over a
0.7 x 15 cm Sepharose CL-4B (Sigma) column. Three-drop fractions with a volume
approximating 100-150 pL from the above elutions were collected and counted.
Those samples containing peaks of radioactivity were combined. The pooled
samples were then analyzed by restriction endonuclease digestion to determine
correct placement of the hexamer within the shuttle vector. When the experiments
were performed using unlabeled hexamers, the gapped heteroduplexes were present
at a concentration of 10-20 nM and the hexamers were present at a molar excess of
100:1 over the heteroduplexes in the ligation reactions.
Ligation products containing radiolabeled hexamers were digested with a
variety of endonucleases to determine correct placement of the adducted and control
hexamers within the gapped heteroduplexes. Portions of the ligation mixture
(typically containing 1000-5000 cpm) were digested with a ratio exceeding 50 units
enzyme: 1 yg of DNA. All digestions were done in the presence of 0.5 ug unlabeled
pCNheI plasmid as an internal standard for complete digestion. The enzymes used
for the digestions were BamHI, NheI and HincII. The digestions were left overnight
at 370 C; the digestion products were extracted with an equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1, by volume), then ethanol precipitated.
The digested DNA was then electrophoresed on a 1% agarose gel to separate the
resultant bands. The gel was subsequently dried and exposed to X-ray film.
For all transfection experiments unlabeled hexamers were used for the ligations
as described above. All transfections were performed using a mixture of nicked
circular and covalently closed circular DNA, which is produced from the ligation

reaction (see Results, Chapter 4). The DNA in the ligation mixture was purified
away from the ligase in the reaction by passing the mixture over an Ultrapure
Probind filter (Millipore) and was subsequently ethanol precipitated. The DNA was
then resuspended in purified water prior to transfection.

Testing adducts for recognition with O6MeGua-DNA methyltransferase
Shuttle vectors containing control oligonucleotide, O4MeThy and O6MeGua
were constructed as described above. Approximately 0.5 Cjg of each shuttle vector
was placed in 70 mM Hepes (pH 7.1), 1mM DTT, 1 mM EDTA, 5% glycerol and
100 gg BSA. The vectors were incubated with 5 units of bacterial O6MeGua-DNA
methyltransferase (MT) for 15 minutes at 370 C; then another unit of enzyme was
added and the mixture was incubated for another 15 minutes. An equal amount of
each vector was incubated simultaneously in buffer alone. The mixtures were then
ethanol precipitated and the DNA resuspended in 100

IL

of water. One-tenth of the

resuspended DNA was amplified by PCR using Taq polymerase according to the
following profile: DNA melting at 94 0 C for 30 seconds, primer annealing at 60 0 C
for 30 seconds and primer extension at 72 0 C for one minute. The profile was
repeated for 30 cycles. A portion of the amplified DNA fragment was digested with
NheI at 37*C overnight. The digested DNA was then electrophoresed on a native
8% polyacrylamide gel (bis:acrylamide, 29:1) and visualized by EthBr staining.

Mammalian cell lines and transfections
The CHO cell line CHO-D422, which is wild type, MGMT-deficient (mex-)
and an 06 -alkylguanine MGMT-proficient (mex+ ) variant (Ding et al., 1985) were
donated by Dr. E. Bresnick (Dartmouth University). These cells were maintained in
alpha minimal essential medium supplemented with 5% fetal bovine serum, penicillin
(100 u/mL) and streptomycin (100 /g/mL). These cell lines were tested for their
O6MeGua-DNA methyltransferase (MGMT) levels by the method of Samson et al.
(1986).

Extracts were made from -1 x10' exponentially growing cells. The cells

were collected by scraping and washed twice in phosphate-buffered saline (PBS; 25
mM potassium phosphate, pH 7.0/0.15M NaCI/0.015 M sodium citrate). The cells
were resuspended in approximately equal volumes of 50 mM Hepes-KOH buffer (pH
7.8), 10 mM dithiothreitol, 1mM EDTA and 5% (vol/vol) glycerol. The cells were
sonicated, followed by centrifugation at 9000g for 15 minutes. The protein
concentration of the supernatant was measured using the Bio-Rad protein assay kit,
using bovine serum albumin as a standard. Cell extract containing 3 mg of protein
was incubated for 15 minutes at 370 C with Micrococcus luteus DNA that had been
treated with 3H-MNU (2.9 Ci/mmol) using the method of Karran et al. (1979) then
subsequently treated to enrich the DNA for O6MeGua adducts (the substrate DNA
was donated by Dr. L. Samson). After incubation with the radiolabeled substrate,
the extract was electrophoresed on an SDS-polyacrylamide gel (sodium dodecyl
sulfate; polyacrylamide concentration = 12%) and each lane of the gel was cut
vertically into 2 mm slices. The gel slices were incubated overnight at 55 0 C in

nonaqueous scintillation fluid containing 5 % protosol and then assayed for tritium by
liquid scintillation counting.
The site-specifically adducted pCNheI shuttle vectors were transfected into the
CHO cells using the following protocols. Four micrograms of pCNheI DNA
containing O4MeThy, O6MeGua or unmodified oligonucleotide was resuspended after
ethanol precipitation into 0.5 mL of filtered water. One-half of a milliliter of 0.4 M
CaCI2 was added in dropwise fashion to the DNA solution. This mixture was then
added dropwise to 1 mL of 2X Hank's balanced salts solution (HBS; 10X = 1.37 M
NaCl, .007 M Na 2HPO 4) with gentle shaking to form a DNA-Ca 2PO 4 co-precipitate
This co-precipitate (Graham and Van der Eb, 1973; Wigler et al., 1979) was then
split into four separate volumes of 0.5 mL each and distributed drowise onto two
separate dishes each of mex- and mex ÷ CHO cells that had been seeded at a density
of 1 x 106 per 100 mm culture dish 24 hours prior to transfection. The CHO cells
were incubated with the co-precipitate for -24 hours and then treated with 10%
DMSO for five minutes at 37°C. The cells were then washed with fresh growth
medium and allowed to grow for an additional 24 hours. The cells were trypsinized
and distributed equally amongst six tissue culture dishes; no cells were discarded.
Once the cells had attached to the surface of the culture dish (-3-6 hours later), the
growth medium was removed and replaced with fresh growth medium containing
G418-sulfate (800 jg/mL, Gibco). The medium was changed every three days for
10-11 days, at which time the resultant clones were visible to the eye. The clones
were counted to determine the transfection frequency, which is the number of G418

resistant (G418' clones per cell exposed to the DNA-calcium phosphate coprecipitate per microgram of DNA.
In one experiment the G418' clones in each transfection were trypsinized and
combined. These cells were then expanded to a population of -4 x 107. In the
second experiment, individual clones (-3-4/plate) were removed from the plate for
further analysis. The clones were isolated from the remaining cells on the plate
using sterile cloning cylinders, trypsinized and placed into a separate dish. The
clones were then grown to a cell number of -4 x 107 . Subsequent to the removal of
the individual clones, the remaining clones on the six dishes were pooled. These
combined cells were also grown to a population of -4 x 107 . Each group of cells
was then trypsinized, washed twice with cold PBS and resuspended in two mL of
PBS.
Genomic DNA was isolated from both the combined and individual clone
populations as follows. The cell pellets described above were lysed by adding SDS
(final concentration = 1%) with gentle shaking at room temperature for 10 minutes.
Proteinase K was added (final concentration = 200 jg/mL) and the lysates incubated
at 370 C for 2-3 hours. The DNA was extracted twice with
phenol:chloroform:isoamyl alcohol (25:24:1, by volume), then treated with
ribonuclease A (final concentration = 100 jg/mL) for 1 hour at 370 C. Next, the
DNA was extracted once with phenol:chloroform:isoamyl alcohol (25:24:1, by
volume) and once with chloroform:isoamyl alcohol (24:1, by volume); the DNA was
subsequently dialyzed against -4-8 L of TE at 4°C overnight. The genomic DNA

was removed from dialysis and quantified by measuring its optical density (OD) at
260 nm (10D 260 = 50 tg/mL DNA).

PCR Amplification
Amplification of genomic DNA was accomplished using two 20-mer primers
(M.I.T., Biopolymers Laboratory). The sequences of the primers are shown in
Figure 4. The primers were purified away from shorter failure sequences by
electrophoresis through a 20% polyacrylamide (acrylamide:bis, 19:1) gel containing
7M urea. The gel was placed on a TLC plate containing fluorescence indicator (J.
T. Baker Silica IB-F) and the oligonucleotides were visualized with short wavelength
UV light. The predominant oligonucleotide band was excised from the gel, the gel
slice was crushed and eluted in water at 370 C overnight on a roller drum. The gel
fragments were removed from solution by filtration through a 0.45 1 Acrodisk filter
(Gelman Sciences) and the oligonucleotides were dried in a Savant Speed Vac
Concentrator. The urea was removed by three to five successive ethanol washes; the
purified oligonucleotide was dried, resuspended in water and quantified by UV
absorption at 260 nm (10D260 = 20 Ag/mL for single-stranded DNA; Maniatis et al.,
1982).
The amplifications were performed on 3-5 j.g of genomic DNA or -10 pg of
plasmid DNA using Taq polymerase and standard PCR protocols (Saiki et al.,
1988); the amplifications were performed using a DNA thermal cycler
(Thermocycler II, Coy Corporation). Each PCR reaction mixture contained the
template DNA in 50 mM KCI, 10 mM Tris-HCI buffer (pH 8.3), 1.5% mM MgCl 2,

0.01% (w/v) gelatin, each primer at 1 AM, each dNTP (dATP, dCTP, dGTP,
dTTP) at 200 MM and 2.5 units of Taq polymerase in a volume of 100 AL. Each
amplification profile consisted of a denaturation step, primer annealing step and
primer extension step; all three steps were repeated 30 times for every amplification.
The times and temperatures for each step are as follows: denaturation for one
minute at 940 C, primer annealing for two minutes at 60 0 C and primer extension for
three minutes at 72 0 C. To facilitate more complete melting of the genomic DNA
prior to the first annealing step, the samples were maintained at 94 0 C for three
minutes. At the end of the 30" round of amplification, the mixtures were maintained
at 72 0 C for seven additional minutes to ensure that all molecules were extended to
their full length by the polymerase. Following the amplification, the resultant 278
bp fragments were concentrated on a Microcon 100 eppendorf (Amicon, Inc.) and
purified on a native 8% polyacrylamide gel (bis:acrylamide, 29:1) to separate the
278 bp band from other non-specific amplification products. The 278 bp product
was excised from the gel, the gel slice was crushed and the DNA eluted in 0.5 M
NH 4OAc, 1 mM EDTA at 370 C on a roller drum. The eluant was separated from
the gel pieces by centrifugation and the DNA was ethanol precipitated. The
precipitated DNA was centrifuged, washed with 70% ethanol and resuspended in
water to a volume of 30-50 AL.

Determining mutation frequency in the amplified samples
Five to ten microliters of the purified 278 bp band were phosphorylated using
T4 PNK and y 32P-ATP (20 pCi, 6000 Ci/mmol). The end-labeled PCR fragment

was separated from free radiolabel by passage through a Sephadex G-50 spin column
(Maniatis et al., 1982). The labeled PCR fragment (containing -50,000 cpm) was
then mixed with 0.5 /g of pCNheI plasmid; this mixture was incubated with 22-44
units of NheI restriction enzyme at 37*C overnight. Complete linearization of the
pCNheI plasmid was determined by electrophoresing one-fifth of the digestion
mixture on a 1% agarose gel in the presence of 0.5 tig/mL EthBr, and then
visualizing the gel by using UV light. The remainder of the digestion mixture was
passed over an Ultrapure Probind filter (Millipore) and extracted twice with
phenol:chloroform:isoamyl alcohol (25:24:1, by volume) and once with chloroform
only. Finally, the DNA was ethanol-precipitated. The DNA was resuspended in 40
;4L of water and a volume containing -5000 cpm was electrophoresed on a native
polyacrylamide gel (8%; bis:acrylamide, 29:1). The gel was dried, then exposed to
a PhosphorImageTM screen overnight. The screen was scanned on the
PhosphorImagerTM (Molecular Dynamics Corp.) and the bands in each sample were
analyzed for radioactivity relative to each other. The mutation frequency of each
sample was determined by dividing the radioactivity present in the uncut band by the
radioactivity present in all three bands.

Sequencing of mutants arising from control and adducted genomes
Ten micrograms of genomic DNA from each pooled sample was digested with
an excess of NheI enzyme, then extracted to remove the protein as mentioned
previously. The DNA was amplified using PCR protocols as described before. The
resultant 278 bp band was then sequenced using double-stranded sequencing

protocols and one of two sequencing kits (Promega or New England Biolabs). The
Watson strand of the PCR fragment was sequenced using a separate 20-mer primer
P5 (sequence 5'-GGAAGGAGCTGACTGGGTT'G-3'), that annealed to sequences
internal to the annealing sites of amplification primers Pla and P3a (Fig. 4). In
some experiments the Crick strand was sequenced using primer P3a.

IV. Results

A. Use of the shuttle vector system to investigate O4MeThy mutagenesis
A shuttle vector system designed in this laboratory was used to investigate the
mutagenesis arising from 04MeThy replication in mammalian cells. Dr. Kim Ellison
designed an original shuttle vector that integrates into the host genome and used the
vector to investigate the mutagenesis of O6AlkGua lesions in CHO cells in the
Essigmann laboratory (Ellison et al., 1989). Therefore, it was not a major goal of
this work to construct a new vector system. A specific goal of the project was to
modify the vector made by Dr. Ellison to make it more amenable for use with a
variety of adducts and cell types. The vector system used in this study is shown in
Figure 2 (pCNheI). The double-stranded vector contains the SV40 origin of
replication and early promoter linked to the neo' gene from transposon Tn5. A
separate region of SV40 containing polyadenylation sequences lies 3' to the neor
gene; this total transcriptional cassette provides resistance to kanamycin or
gentamycin (G418) in cells which contain the vector. In addition, the vector has a
pML2 origin of replication to allow for growth in bacterial cells.
The vector can replicate extra- or intrachromosomally, depending on the host
cell used in the transfection. Cells permissive for SV40 replication (e.g., cells, such
as simian cells, expressing the SV40 large T antigen) allow the vector to replicate
freely in the nucleus. Rodent cells, such as CHO cells, are not permissive for SV40
replication. The vector will integrate into the chromosomes of the latter cells and
will be replicated along with the genome. In either case, the cells which contain the
vector can be selected using their resistance to gentamycin.

Figure 2. The pCNheI shuttle vector system.
The shuttle vectors pCXmnI and pCNheI are depicted here. The origins of the
differing sequences within the vectors are shown: SV40 (stippled segments), pML2
(gray segment) and the neor gene isolated from Tn5 (black segment). The position
and sequences of the XmnI restriction site in pCXmnI and the NheI site in pCNheI
are given in detail; these sites are necessary for positioning the control and adducted
hexamers.
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The cells chosen for this project were CHO cells and thus, were nonpermissive for SV40 replication. Hence, the vector should integrate upon passage
into the cells. This vector, pCNheI, was tested in a transfection to ensure that it was
selectable with G418. The transfection frequency of G418' clones was -2 x 10' per
Itg

of DNA (C. Hodes, personal communication), which is well in keeping with the

number of resistant clones obtained with this amount of DNA in similar transfections
done in the Essigmann laboratory. The transfection efficiency was calculated
according to the following equation: number of G418' clones/(2 x 106 transfected
cells)(1 jtg DNA). Typically, in a transfection experiment involving -2 x 106 cells
transfected with 1 jig of DNA, 250-300 clones will arise. The above clone number
indicated that the plasmid did indeed confer resistance to G418 and was responding
as expected.
The shuttle vector was designed to have a hexamer oligonucleotide inserted into
a six-base gap. This hexamer sequence was chosen over the shorter oligonucleotide
sequences which have been used in this laboratory (such as a tetramer) because of
the desire to investigate two different adducted bases in the same sequence. The
likelihood of having one of the adducted bases as the ultimate base on either the 5'
or 3' end of the oligonucleotide is greater with tetramers. An oligonucleotide
containing a terminal adducted base is not as easily ligated within a shuttle vector as
an oligonucleotide containing an internal adduct. To prevent one of the adducts
from being a 5' or 3' terminal nucleotide and possibly interfering with the
positioning of the oligonucleotide in the gap, a slightly longer sequence was chosen.
This hexamer sequence encodes for the restriction enzyme NheI. Positioning the

adduct within a restriction site allows for simple and efficient selection and
characterization of mutants by their resistance to the enzyme (Loechler et al., 1984;
Ellison et al., 1989).
An overall summary of the experimental protocol designed to position the
adducts, transfect the vectors and assay the resulting mutants is given in Figure 3.
The adducted pCNheI DNA was first transfected into the host cells. The vector
must integrate to remain and replicate within the cell. Stable integrants were
selected with G418. Progeny molecules of the vector were isolated from the
genomes of the host cells by PCR (Mullis and Faloona, 1987). The PCR technique
utilized enzymatic synthesis of DNA to increase exponentially the amount of DNA
fragments containing the original adduct site. In this way, a segment of the original
shuttle vector was isolated from the genomic DNA and increased in number so as to
enable easier analysis of the mutations. The vector sequence that was amplified and
the primers used to mediate the amplification are shown in Figure 4. The primers
were 20 bp oligonucleotides, which are complementary to either the Watson or Crick
strands of the vector. The amplified fragment was 278 bp long and the Nhel site
was 196 bp away from one end of the fragment and 82 bp away from the other end.
Once amplification of the 278 bp fragment was accomplished, the mutations
arising from replication of the adducts could be assayed, and the mutation types
could be determined by sequencing the amplified fragment. The mutation
frequencies were evaluated by assaying the amount of fragment resistant to NheI
digestion. The restriction enzyme assay is discussed in more detail in section C. An
enrichment of mutant DNA over wild-type DNA was accomplished by predigesting

genomic DNA with NheI and amplifying the resultant undigested DNA using PCR.
This enriched mutant population wais then sequenced using double-stranded
sequencing protocols to ascertain the resultant mutations.

B. Introduction of a single O4MeThy or O'MeGua into the NheI site of the
shuttle vector pCNheI
The method used to incorporate a single 04MeThy adduct into the pCNheI
vector is shown in Figure 5. The technique utilized a separate plasmid, pCXmnI, in
conjunction with the pCNheI vector to make a heteroduplex. This heteroduplex
contained a six base gap in either the Watson or Crick strands that arose because the
pCXmnI plasmid lacked the six bases (5'-GCTAGC-3') that comprise the NheI
restriction site. This difference between the two otherwise identical plasmids is
shown in Figures 2 and 5.
The heteroduplex was formed by manipulating the pCXmnI and pCNheI
plasmids through a series of genetic changes. First, the pCXmnI plasmid was
linearized with XmnI, which cleaved the plasmid in the center of the 10 bp
restriction site to produce a blunt ended linear piece. pCNheI was cleaved with
HindIII, which cut this plasmid approximately 2047 bp away from the NheI site.
The two linear plasmids were then heat denatured and slowly cooled to reanneal and
form a heteroduplex structure with a six base gap. This gap arose with equal
frequency in either the Watson (W) or Crick (C) strands.

Figure 3. Overall transfection scheme.
The protocol for transfecting site-specifically modified shuttle vectors containing
04MeThy, O6MeGua or control hexamers is depicted. See text for details.
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Figure 4. Sequence of the pCNheI shuttle vector that was amplified by the
polymerase chain reaction.
The nucleotide sequence of the 278 bp fragment of pCNheI shuttle vector amplified
by PCR to analyze mutations is depicted. Shown at the ends of the fragment are the
two primers, Pla and P3a, that were used to accomplish the amplification. The 20mer primers are complementary to either the Watson or Crick strand of the vector as
shown in the figure. The NheI restriction site (shown in bold type) was 196 bp
away from the 5' end of P3a and 82 bp away from the 5' end of Pla.
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Figure 5. Scheme for positioning an adducted oligonucleotide into the gapped
heteroduplexes to make the pcNhel shuttle vector.
The method for linearizing plasmids, making gapped heteroduplexes and ligating the
control and adducted oligonucleotides into the prepared heteroduplexes is depicted.

XmnI

NheI

GAACCGCTTC
CTTGGCGAAG

ACCGCTAGCGCT
TGGCGATCGCGA

pCNheI

pCXmnI

•
HindIII

XmnI

'

i J

HindIII

HindIII

Heat Denaturation / Renaturation

WIC

p

17

It
I i

GAPPED HETERODUPLEXES
FGCTAGC (control),
Ligation of GC(O 4 MeT)AGC,
or

LGCTA(O6 MeG)C
0 Me
GCTAGC

W

C

WC

GCTAGC

41

04Me

pCNhe-0MeThy (C)

pCNheI-04MeThy (W)

pCNheI-O4MeThy (C)

The adducted nucleotide was positioned in the six base gap as part of a
hexamer oligonucleotide. The control and adducted oligonucleotides were
synthesized by the cyanophosphoramidite method (Dosanjh et al., 1990; 1991).
HPLC traces of each oligonucleotide are shown in Figure 6. The control and
adducted oligonucleotides were phosphorylated at their 5' ends using ATP with T4
polynucleotide kinase. They were then positioned into the gapped heteroduplexes
and covalently linked to the duplex using T4 DNA ligase. Because of the orientation
of the gapped heteroduplexes, the adducted base could arise in either the Watson or
Crick strands.
The genomes containing the control and adducted oligonucleotides were
characterized to determine the proper placement of the hexamers. To achieve this
goal, the hexamers were radiolabeled at their 5' ends with y 32P-ATP prior to their
ligation within the gapped heteroduplexes. The ligation products were then
electrophoresed through an agarose gel, or alternately treated with a series of
restriction enzymes and then electrophoresed through the gel. The gel was exposed
to X-ray film and the resultant autoradiogram is shown in Figure 7A. Lanes 1, 5
and 9 show that the oligonucleotide was incorporated into DNA forms Io(covalentlyclosed circular) and II (nicked circular). Lane 1 shows that the unmodified
oligonucleotide also ligated onto the linear form of DNA sometimes present when
the gapped heteroduplexes melt and reform homoduplexes. This end ligation of
hexamer to linear material was facilitated by the annealing of one unmodified
hexamer molecule to another since they were self-complementary. This

Figure 6. HPLC Chromatograms of Hexamers Containing O4MeThy or
O6 MeGua.
The O4MeThy-containing hexamer (top trace) was eluted in 0-40%B (A = 0.1M
NH 4OAc; B = 50% AcCN in 0.1 M NH 4OAc) over 60 minutes at a flow-rate of 3
mL/minute. The hexamer eluted at -36 minutes. The O6MeGua-containing
hexamer (bottom trace) was eluted in 0-30%B (solvents same as above) over 60
minutes at a flow rate of 3 mL/minute. The hexamer eluted at -38 minutes.
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self-annealing did not happen readily in the adducted oligonucleotides presumably
because the methyl groups made the base-pairing less stable. The adducted
oligonucleotides ligated into both forms Io and II roughly equally, since the intensity
of the two bands approximated each other in lanes 5 and 9. The presence of form 10
indicated that both the 5' and the 3' ends of the oligonucleotide were ligated within
the vector. The presence of form II indicated that a nick still resided within the
vector, either at the site of ligation, or elsewhere in the genome.
The digestion reactions performed upon the ligation products targeted the
position of the hexamer within the vector. Digestion with HincII should have
produced a radiolabeled band of 153 bp (band C), since it contained the hexamer
ligation site. This result was observed and is shown in Figure 7A, lanes 2 and 10.
Unfortunately, the 153 bp band was not evident in lane 6, most probably because the
band migrated off the end of the gel during electrophoresis. Digestion with BamHI
and EcoRI should have produced a labeled fragment of approximately 1433 bp and
the gel showed that this band did indeed occur with this digestion (band B, lanes 3, 7
and 11). Digestion of the ligation products with NheI and EcoRI cleaved the vector
into two radiolabeled bands with lengths approximating 2942 bp (band A) and 1433
bp (band B). This result was obtained and is shown in lanes 4, 8 and 12. These
two mapping experiments showed that the radiolabeled oligonucleotide was inserted
into the vector at its expected position.
The method for making gapped heteroduplexes allowed the formation of the
gap in either the Watson or Crick strands. The placement of the hexamer within the

Figure 7. Characterization of pCNheI vectors into which the hexamers
GCTAGC, GC(O'Me)TAGC or GCTA(O6 Me)GC have been ligated.
A. The two adducted hexamers and the control unmodified hexamer were labeled at
their 5' hydroxyls by phosphorylation with T4 polynucleotide kinase and y 32P-ATP.
The hexamers were ligated into prepared gapped heteroduplexes (as shown in Figure
5) using T4 DNA ligase with a hexamer to heteroduplex molar ratio of 100:1. The
ligation products were separated from unincorporated hexamers and free radiolabel,
then mixed with 0.25-0.5 /zg of unlabeled pCNheI DNA. The mixture was then
digested with any of a variety of enzymes and electrophoresed through a 1% agarose
gel in the presence of 0.5 ug/mL EthBr. The gel was subsequently
autoradiographed. Lanes 1, 5 and 9: uncut pCNheI, pCNheI-04MeThy and
pCNheI-06MeGua, respectively; lanes 2, 6 and 10: pCNheI, pCNheI-0 4MeThy and
pCNheI-06MeGua, cut with HincII; lanes 3, 7 and 11: pCNheI, pCNheI-0 4MeThy
and pCNheI-O6 MeGua, cut with BamHI and EcoRI; lanes 4, 8 and 12: pCNheI,
pCNheI-0 4MeThy and pCNheI-06MeGua, cut with NheI and EcoRI.

B. Restriction map of pCNheI, indicating the radioactive bands obtained in the
autoradiogram shown in A.
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vector should occur equally in both orientations. If this is indeed the case, then the
radioactivity from the labeled hexamer should be equally distributed within the
digestion products from the NheI and EcoRI double digestion. Lanes 4, 8 and 12
from Figure 7A show that this was so. Bands A and B were of roughly equal
intensity, indicating that the hexamer was ligated approximately to the same extent in
either strand. If the ligation had been in the W strand exclusively, then only band A
would be present on the gel; conversely, if only C strand ligation had occurred, then
only band B would be present.
Interestingly, the vectors containing adducts in the NheI site were incompletely
cleaved with NheI. This result has been observed previously for 04MeThy in this
sequence context in M13mpl9 genomes (Dosanjh et al., 1991) and for O6MeGua in
a similar shuttle vector (Ellison et al., 1989). The differences in the extent of vector
cleavage in the studies in M13mpl9 and those in the shuttle vector were striking and
merit some discussion. The adducted hexamer sequences positioned in the phage
vector are only slightly cleaved with NheI. In contrast, those adducted sequences
ligated into the mammalian shuttle vector were cleaved with the enzyme to a much
greater extent. The greater amount of cleavage seen in the shuttle vector may be
due to the different sequence context of the hexamer site allowing more facile
enzyme recognition of the site and greater accessibility of the site to the enzyme for
cutting. Also, the conditions for cleavage (such as amount of NheI enzyme used in
the digestion and length of incubation) may have been very different for the shuttle
vector than those used for the phage vector. The characterization results seen with
the pCNheI vector are very similar to those seen in the study of O'MeGua and

O6EtGua in a tetramer positioned into a similar shuttle vector system (Ellison et al,
1989). In those studies, the adduct was present in a PstI sequence and the digestion
of the O6MeGua-adducted shuttle vector with PstI was significant. In fact, the
digestion of the O6 MeGua-adducted vector was contrasted with the minimal cleavage
observed with the same adducted oligonucleotide present in an M13 phage vector
system (Green et al., 1984). These very similar outcomes (partial restrictionenzyme cleavage of O4MeThy and O6MeGua-adducted vectors) in different vector
systems suggest the importance of local sequence context in the success or failure of
certain DNA-mediated biochemical functions of the cell.
In fact, studies have been done by Voigt and Topal (1990) investigating the
effect of adducted bases on the effectiveness of certain restriction enzymes. These
studies involved O6MeGua-adducted oligonucleotides comprising ten different
restriction endonuclease (type II) cognate recognition sequences. The
oligonucleotides were annealed with their complementary sequences and incubated
with the appropriate restriction endonuclease. The cleavage products were analyzed
as well as the binding of the enzymes to the DNA sequences. The majority of the
enzymes were not able to cleave the oligonucleotides containing O6MeGua, and for
the majority of the enzymes (70% of those tested), this inability to cleave the DNA
was a direct result of the enzyme's inability to bind to the adducted sequences.
Voigt and Topal tested a few enzymes that had relaxed recognition characteristics
(such as AhaII). Relaxed recognition means that the enzyme recognizes nucleotide
sequences that contain purines or pyrimidines in particular locations but these
nucleotides need not be specific. In other words, the purine in a particular location

can be either guanine or adenine. These endonucleases accomplished single-stranded
cleavage of the adducted DNA and the resultant nicks were located in the modified
strand in all cases. In the past, the members of the Essigmann laboratory have not
situated adducted nucleotides within sequences that have the characteristic of relaxed
recognition. The NheI recognition sequence was specific for each nucleotide as was
the other sequence used to investigate O6MeGua mutagenesis in bacteria and
mammalian cells in the Essigmann laboratory (PstI).
In addition, the placement of the modified guanine base within the
oligonucleotide affected the extent of cleavage by those enzymes capable of nicking
the substrate in the study by Voigt and Topal. When the O6MeGua was positioned
adjacent to the cleavage site, the digestion was less efficient than when the adducted
base was two nucleotides away from the cleavage site. In the present study, the
GCTAGC hexamer was cleaved by NheI between the first G and C bases.
Therefore, the 04MeThy base was positioned one nucleotide away from the cleavage
site of the enzyme, whereas the O'MeGua adduct was three bases away from the
cleavage site. If the same phenomenon were occurring in this study, the O6MeGuaadducted vector would be more readily cleaved than the 04MeThy-adducted vector.
The results in Figure 7 show that this did not appear to be the case (compare lanes 8
and 12). There was no appreciable increase in radioactivity in bands A and B in the
O6MeGua sample relative to the form III DNA present in lane 12 and as compared
to the same bands in lane 8 for 04MeThy-adducted DNA. However, quantitative
data has not been obtained for such an evaluation. This study and that of Voigt and
Topal underscore the importance that sequence context and adduct position may play

in the recognition, binding and cleavage of restriction endonucleases with unmodified
and adducted nucleotides.
The above results could also be explained if the adducted hexamers were
demethylating, or decomposing into separate chemical moieties. To assess and avoid
this circumstance, the purity of the hexamers was checked periodically by HPLC
analysis during the course of the study. In addition, a separate characterization
experiment was done to determine the identity of the lesions by exploiting the ability
of the bacterial methyltransferase to recognize these two adducts in a shuttle vector.
Site-specifically modified shuttle vectors were made as discussed above. A
mixture of nicked-circular and covalently-closed circular vectors was incubated with
bacterial methyltransferase (Ada protein; MT) or buffer alone. The vectors were
then amplified by PCR using primers Pla and P3a which amplify a 278 bp region
containing the site of the adduct (Figure 4). The amplified fragments were purified
from other amplification products and digested with Nhel enzyme. The digestion
reactions were then electrophoresed on a native polyacrylamide gel and stained to
visualize the DNA. Figure 8 shows the results of the digestion. Lanes 1, 3, 5 and
7 show the buffer controls; lanes 2, 4, 6 and 8 show the MT-treated PCR fragments.
Lanes 1 and 2 have pCNheI plasmid treated with MT and digested with NheI.
Lanes 3 and 4 have pCNheI-GCTAGC DNA with the same treatment. In these four
lanes there were no bands resistant to NheI digestion, showing that the PCR process
did not cause discernable spontaneous mutations and that Nhel digestion was
complete in the absence of adducts or mutations. Lanes 5 and 6 show the results of
pCNheI-0 4MeThy vector that was incubated in buffer alone or with MT. There was

Figure 8. Repair of O4MeThy and O'MeGua adducted shuttle vectors by the
Ada bacterial methyltransferase.
Control and adducted hexamers were end-labeled and ligated into gapped
heteroduplexes as described in the text and Figure 7. Half of the resultant ligation
products were then incubated with an amount of enzyme 12,000-25,000 times the
amount required to remove all methyl groups at 370 C for 15 minutes. The
remaining portion of ligation products were incubated in buffer only. The shuttle
vectors were then ethanol-precipitated and the purified DNA was amplified by PCR
using primers Pla and P3a (shown in Figure 4). The resultant 278 bp band was
digested with NheI at 370 C overnight. The NheI was removed from the digests by
passing the mixture over a Probind eppendorf tube and the purified DNA was
ethanol precipitated. Odd lanes contained buffer controls, even lanes were treated
with Ada MT. All lanes contain DNA digested with NheI. Lanes 1, 2-pCNheI
DNA; lanes 3, 4-pCNheI-GCTAGC; lanes 5, 6-pCNheI-04MeThy; lanes 7,
8-pCNhel-O6 MeGua; lane 9-pBR322-MspI digest marker DNA.
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a significant amount of NheI-resistant material present in the buffer control, whereas
none of this material remained in the MT-treated sample. This result indicated that
the MT enzyme recognized the 04MeThy adducts and these adducts were completely
repairable in the shuttle vector environment. The same results are shown for the
pCNheI-O6 MeGua vector in lanes 7 and 8. It should be noted that this experiment
was done without radiolabeled substrate; therefore the limit of sensitivity of the assay
was -5%.

If any spontaneous mutations occurred at a rate less than 5% during the

PCR process, they would not be observed in the above assay.

C. Mutagenesis by O4MeThy and O6MeGua in CHO cells
Because O4MeThy has been shown to be highly mutagenic both in vitro (Singer
et al., 1983; 1984) and in vivo in bacteria (Preston et al., 1986; Dosanjh et al.,
1991), it was of interest to determine if the lesion would also induce a high mutation
frequency in mammalian cells. In addition, the mutation frequency of 0 4MeThy has
been studied alongside O6MeGua in bacteria, and the thymine lesion was shown to
be significantly more mutagenic than the adducted guanine in the same sequence in
those cells (Dosanjh et al., 1991). Since both of these lesions are believed to be
important from a pre-mutagenic and pre-carcinogenic standpoint, an investigation of
their mutagenic frequencies in mammalian cells is worthwhile. Moreover, an
analysis of the modulation of mutagenicity of these adducts by the mammalian
methyltransferase would be of interest since it is the primary route of repair for
alkylated guanines in mammalian cells and is not believed to repair alkylthymines to
any significant extent (Brent et al., 1988). Although studies exist that have analyzed
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the repair of O4AlkThy lesions by the mammalian methyltransferase, none have
utilized a site-specifically modified vector; nor have these studies used DNA
containing the O4MeThy lesion at concentrations approximating those that might be
found inside a cell after exposure to alkylating agents. It was of interest to
determine if the mutagenesis of this adduct was affected by the aforementioned
repair enzyme, given the conflicting data on its repair by the methyltransferase
protein. Since the CHO cell lines (that were either deficient or proficient in the
methyltransferase protein) were available, these cell strains were chosen to be the
first host cells in the studies of 04MeThy mutagenesis. These same cell strains have
been used by Ellison and coworkers (Ellison et al., 1989) in their investigation of
O6MeGua and O'EtGua mutagenesis, so the ability of the methyltransferase in the
CHO cells to repair the O6MeGua adduct was well established. In addition, it was
possible to determine whether the methyltransferase would affect the mutagenicity of
the adducted thymine base using a system that might closely resemble biological
conditions after environmental exposure to alkylating agents.
The two CHO cell lines (mex- and mex') were tested for methyltransferase
activity (Samson et al., 1986). Cell extracts were made from -9 x 107 exponentially
growing cells CHO cells from each type; a small amount of the protein extract was
incubated with M. luteus DNA that had been reacted with tritiated MNU and
subsequently incubated at high heat to enrich the DNA for O6AlkGua lesions. The
incubations containing the enriched M. luteus DNA and cell extract were then
electrophoresed on a denaturing polyacrylamide gel. The gel lanes from each
sample were excised and separated into several gel slices. These slices were
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incubated in scintillation fluid with a tissue solubilizer and counted. Radioactivity
present within a sample arose from tritiated methyl groups bound to
methyltransferase molecules present within the extract. The methyltransferase
molecules migrated through the gel according to size and were thus present in one or
more gel slices. A plot of the radioactivity present in the gel slices is shown in
Figure 9. A few points at the beginning of the plot for the mex- sample show a
radioactivity level significantly above background. These samples represent gel
slices that contained the bottom of the well of the sample lane or were very close to
the well. These slices probably contain whole, radiolabeled M. luteus DNA and
fragments of the same DNA that could migrate slightly into the gel because of their
smaller size. Other than these samples, no observable peaks migrated above
background in the trace of the mex- samples, suggesting that there were no
molecules of mammalian methyltransferase detectable. There was a sharp peak of
radioactivity present in the mex ÷ sample, by contrast. The radioactive peak
migrated to a position corresponding with a protein of molecular weight of 27 kD,
which is in accord with the 28 kD size of the endogenous hamster methyltransferase
(Tano et al., 1991). Although it was hypothesized that the methyltransferase
expressed in the CHO mex ÷ cells was the human enzyme (owing to the fact that
human liver DNA was transfected into the mex- cells and clones resistant to
alkylating agents were selected to propagate the cell strain), recent studies
investigating the origin of the methyltransferase gene within several strains of CHO
mex ÷ cells indicated otherwise (Tano et al., 1991). Southern blots of the genomic
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Figure 9. Assay for O'-methylguanine DNA methyltransferase activity in CHO
mex- and mex+ cell extracts.
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DNA from the CHO cells using a piece of the cloned human methyltransferase gene
as a probe, sizing studies on the mRNA transcripts from the rodent cells and
analyses of the sizes and immunoactivity of the methyltransferase proteins isolated
from the CHO cells indicated that the enzymes were endogenous CHO repair
proteins and not the human proteins (Tano et al., 1991). Ding and coworkers
(1985) transfected human liver DNA into mex" CHO cells and selected colonies of
these cells resistant to the toxic effects of BCNU (bis-chloroethylnitrosourea). It was
suggested by Tano and associates (1991) that perhaps the DNA transfection and
subsequent selection processes had activated the endogenous methyltransferase gene.
Previous studies by Ellison and others indicated that the mex cell line has
approximately 2500 molecules of the methyltransferase (Ellison, 1989). Others have
observed 6000-14000 methyltransferase molecules per cell in the same cell line
(Ding et al., 1985; Bignami et al., 1987; Tano et al., 1991). The above experiment
proved that the mex ÷ cell line was indeed methyltransferase proficient, that the
methyltransferase molecules were active and the proteins were able to repair
O'MeGua adducts.
Vectors containing 04MeThy and O6MeGua were transfected into the mex- and
mex ÷ CHO cells in order to determine the mutagenicity of these adducts within these
hosts. Two control vectors were also transfected in parallel. These vectors were the
unmodified, unadducted pCNheI plasmid and the pCNheI GCTAGC vector which
contained an unmodified hexamer. The pCNheI-plasmid was transfected to assay for
spontaneous mutations that might arise due to the transfection procedure. The latter
vector was transfected to determine if any mutations might arise from the genetic
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manipulation of the plasmid and the positioning of the hexamer. The vectors
containing control or adducted hexamers were transfected as a mixture of nicked
circular DNA in all experiments. The varying amounts of nicked circular and
covalently closed circular DNA in the two transfections could affect the numbers of
resultant clones. For example, nicked circular DNA is a substrate for endonucleases
and may be degraded. The two transfections involved a mixture of DNA that
contained approximately 20-30% covalently closed circular DNA with the rest being
in the nicked circular form (data not shown). However, the pCNheI plasmid that
was transfected contained a majority of form Io (CCC) DNA (> 80%).
The numbers of clones that arose from each transfected sample are given in
Table 2. The values from this table show that while there was variation in the
numbers of clones arising in each transfection for some of the vectors used, these
values were not consistent within the experiment. For example, the clones that arose
from transfection of pCNheI-GCTAGC in mex- cells in experiment 1 were
significantly fewer in number (181) when compared to the same DNA type and the
same cell line in experiment 2 (280). In addition, similar clone values did not arise
after transfection of the same cell type with the same type of DNA (i.e., pCNheIGCTAGC transfected into two mex- replicates generated 280 and 181 clones,
respectively). These results indicated that while the possibility existed that varying
numbers of clones between experiments involving the same shuttle vector may be
caused by differing proportions of NC and CCC DNA, other mechanisms might also
have caused the different clone numbers as well.
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Table 2. Summary of numbers of clones obtained in each transfection

Transfected DNA

CHO Cells
mex -/+

Clone Numbers
Expt 1

Expt 2

Expt 3

181

2Q0

XT A

GCTAGC

237

272

NA

GCTAGC

223

301

NA

GCTAGC

NA

181

NA

04MeThy

258

222

NA

O4MeThy

NA

208

NA

O4MeThy

495

252

NA

04MeThy

364

NA

320

04MeThy

NA

NA

243

06MeGua

236

277

NA

O6MeGua

318

340

NA

O6MeGua

359

NA

NA

pCNheI

119

245

NA

pCNheI

167

296

NA

pCNheI

NA

321

NA

pCNheI

NA

284

CTA

f"_

NA
----

NA, not applicable
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The clones were pooled from each sample and the genomic DNA was isolated.
In some transfected samples, individual clones were isolated from the plates. There
were approximately 40 individual clones isolated from the mex- plates transfected
with pCNheI-04MeThy in experiment 2 and 40 individual clones from mex- cells
transfected with pCNheI-O 6 MeGua in the same experiment. In addition, 40 clones
were isolated from mex ÷ cells transfected with 0 4MeThy-modified vector in
experiment 3. These clones were expanded to a large population and the genomic
DNA was isolated from these cells for analysis.
The method of analyzing mutation frequency used in this study was restriction
enzyme digestion of amplified fragments spanning the original adduct site. This
method was established by Ellison and coworkers and was used to determine the
mutation frequencies arising from O6AlkGua adducts in mammalian cells. The
feasibility of this assay was demonstrated previously (Ellison et al., 1989). The
method involved amplifying a 278 bp region of DNA containing the original adduct
site. Two 20 base primers were used to amplify the fragment; primer P3a annealed
-196 bases away from the hexamer site and primer Pla annealed -82 bases away
from the hexamer site. The full length 278 bp amplified fragment was purified away
from sequences that were the product of incomplete replication of the template
vector by the Taq polymerase or non-specific annealing of the primers and
subsequent amplification of the aberrant product. The purified PCR fragment was
then end-labeled with T4 PNK and y 32P-ATP. The labeled fragment was purified
away from unincorporated radiolabel, then mixed with a small amount of cold
pCNheI plasmid. This mixture was subsequently digested with NheI overnight.
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Complete digestion of the DNA was analyzed by electrophoresing one-fifth of the
digest on an agarose gel and visualizing the unlabeled DNA by EthBr fluorescence.
The digested DNA was then spun through a Probind eppendorf tube (Millipore
Corp.) then extracted with phenol:chloroform:isoamyl alcohol (25:24:1, by volume).
A small portion of the purified DNA was electrophoresed on an acrylamide gel (8%,
29:1 bis:acrylamide) and the gel was subsequently dried. The dried gel was
analyzed on the PhosphorImagerTM which measured and quantified the amount of
radioactivity present in all bands produced by the digestion. Cleavage with NheI
caused the wild-type DNA fragment to be separated into two fragments of 196 and
82 bp. PCR fragments that contained mutations from misreplication or misrepair of
the adduct were not digested by the enzyme and migrated as full-length 278 bp
sequences. As mentioned previously, the PhosphorImagerTM analyzed the amount of
radioactivity present in each band in a particular sample and the mutation frequency
was determined by dividing the amount of radioactivity present in the Nhel-resistant
or 278 bp band, by the radioactivity present in all three bands. Multiplication of this
value by 100% gives the mutation frequency.
A sequence of DNA spanning 278 bp was amplified from the integrated
shuttle vector using a small amount of genomic DNA to provide the template
molecules. Primers Pla and P3a were used to facilitate amplification (Figure 4).
The fragments of DNA were then gel-purified, end-labeled and digested with NheI.
The digestion products were electrophoresed through a native polyacrylamide gel,
the gel was dried and the radiolabeled bands were analyzed on a PhosphorlmagerTM .
The results of the digestion experiments for the two transfections are shown in
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Figures 10 and 11. The results indicate that O4MeThy was significantly mutagenic
in both mex- and mex ÷ cells. In contrast to this result, O6MeGua was only
mutagenic in mex" cells, and not in mex ÷ cells. This result was in accordance with
the results obtained by Ellison et al. (1989). The mutation frequencies for the
samples in Transfections 1 and 3 are given in Tables 3 and 4. The mutation
frequency of 04MeThy ranged from 28% to 52% in the mex" samples, with a
average of 40%. The mutation frequency for O6MeGua in the mex" samples was
only 7-8.5%, showing that 0 4MeThy has a dramatically higher potential for
mutagenicity than O6MeGua in the same local sequence context in the same cellular
host. In addition, O6MeGua only caused a mutation frequency of 0.5-1 %in mex ÷
cells, which was equivalent to background levels of NheI-resistance in this assay.
The O4MeThy-induced mutation frequencies in mex' cells ranged from 22-42%,
with an average of 33%. This result indicates that there was no statistical difference
in the mutagenesis of the adducted thymine in mex- or mex cells, arguing against
any significant modulation of mutagenesis by the mammalian methyltransferase. The
above results also suggest that the mammalian methyltransferase was the major route
of repair for O6MeGua adducts in these cells and indicate that this same enzyme was
not responsible for 04MeThy repair.
The control vectors (pCNheI and pCNhel-GCTAGC) caused no induction of
mutations above background levels save for one case, pCNheI-GCTAGC in mex
cells in Transfection 1 (pCNheI-GCTAGC, mex ÷ 2 sample). This vector induced a
mutation frequency of 2.4%, which was somewhat higher than the PCR background
frequency of 0.2%. Despite the fact that the majority of mutation frequency values
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Figure 10. PhosphorImagerTM printout of the gel used to measure the mutation
frequencies arising at the NheI site of the DNA samples from Transfection 1.
PCR fragments amplified from the genomic DNA isolated from Transfection 1
samples were end-labeled with 32P and digested with NheI as discussed in Materials
and Methods. One-fifth of the digestion reaction was electrophoresed in an agarose
gel in the presence of EthBr. No undigested material could be detected on the
agarose gel, indicating complete digestion with NheI. A small portion of the
remaining DNA was electrophoresed in a polyacrylamide gel and the gel was dried,
then autoradiographed. The signal from the radioactivity in the uncut and cut bands
in each lane was analyzed using a PhosphorImagerTM , which generated the values for
mutation frequencies given in Table 3. Lane 1: Undigested amplified pCNheI
DNA. Lanes 2-12 contain NheI-digested PCR fragments amplified from the
genomic DNA isolated from the following transfected samples: Lanes 2, 3:
pCNheI; lanes 4-6: pCNheI-GCTAGC; lanes 7-9: pCNheI-04MeThy (the hexamer
sequence was the same, i.e., GCTAGC); lanes 10-12: pCNheI-O'MeGua (the
adducted guanine was the second one in the GCTAGC hexamer sequence). Lane
13: pCNheI DNA amplified without passage through CHO cells. The cell type the
DNA was transfected into (mex- or mex+) is designated - or +. The positions of the

mutant (278 bp) and the wild-type bands (196 bp and 82 bp) are shown.
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Figure 11. PhosphorlmagerTM printout of the gel used to measure the mutation
frequencies arising at the NheI site of the DNA samples from Transfection 3.
See legend to Figure 10. Lane 1: Undigested amplified pCNheI DNA. Lanes 2-16
contain the NheI-digested PCR amplified fragments from genomic DNA isolated
from G418' clones obtained by transfecting the following DNA. Lanes 2-5:
pCNheI vector; lanes 6-9: pCNheI-GCTAGC; lanes 10-12: pCNheI-0 4MeThy;
lanes 13-14: pCNheI-O 6MeGua; lanes 15-16: pCNheI-0 4MeThy. Lane 17:
pCNheI plasmid that had not been passaged through cells.
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Table 3. Mutation Frequency Data (Transfection 1)

Genomic Sample

Cell Type

Mutation Frequency

(%)
pCNheI

mex-

0.7

pCNheI

mex +

0.3

GCTAGC

mex-

0.7

GCTAGC

mex+ 1

1.0

GCTAGC

mex+ 2

2.4

mex-

28

O4MeThy

mex + 1

27

0 4MeThy

mex + 2

22

06MeGua

mex-

7.0

O6MeGua

mex + 1

0.4

O6MeGua

mex + 2

0.5

PCR Control

------

0.2

4MeThy
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Table 4. Mutation Frequency Data (Transfection 3)

Genomic Sample

Cell Type

Mutation Frequency

(%)

1

pCNheI

mex- A

0.2

pCNheI

mex- B

0.3

pCNheI

mex + A

0.2

pCNheI

mex+ B

0.1

GCTAGC

mex- A

0.2

GCTAGC

mex- B

0.5

GCTAGC

mex+ A

0.5

GCTAGC

mex+ B

1.1

04MeThy

mex- A

39

04MeThy

mex- B

52

O4MeThy

mex + A

41

04MeThy

mex + C

42

0 4MeThy

mex + D

34

O6MeGua

mex

8.5

O6MeGua

mex +

1.0

PCR Control

0.2
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for the PCR controls were < 1% (0.2% for analyses of samples from Transfections
1 and 3; 0.4% for the PCR control assayed along side the O6MeGua-containing
untransfected plasmid. The pCNheI-GCTAGC control was sequenced and no
individual clones), the PCR control processed with the 04MeThy-containing
individual clones gave approximately the same number as the pCNheI-GCTAGC
sample, which was 2.3%. This sample presumably had no targeted mutations since
it was an unmodified, mutations were observed within the hexamer site. The
mutation frequency values of the above two samples fall within an expected range of
approximately 0-3% for cleavage of non-mutant DNA. However, another possible
reason for the higher mutation frequencies for these two samples is spontaneous
errors caused by the Taq polymerase during amplification. The Taq enzyme has a
fairly high infidelity rate of -10'

in vitro (Tindall and Kunkel, 1988). During

amplification, the polymerase could have misreplicated one or more of the
nucleotides in the hexamer sequence in a small percentage of the molecules, thereby
generating a mutation frequency value higher than others observed in the same
study. It is highly unlikely that the hexamer sequence was a hotspot for spontaneous
mutagenesis by Taq polymerase. In addition, the mutation frequencies were not
consistently high among other samples. This indicated that this genetic engineering
control, pCNheI-GCTAGC, had a mutation frequency value that was unusually
higher than the other control values in the transfection, but one that was well within
the expected range of values for this experimental analysis. The high mutation
frequency value of this sample also could have been caused by incomplete digestion
of the wild-type DNA by the NheI enzyme.
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D. Mutational specificity of O4MeThy and O'MeGua in CHO cells
The identity of the mutations caused by replication of the 04MeThy and
O6MeGua lesions in the cells was confirmed by sequencing. The genomic DNA was
enriched for mutant sequences by digestion with NheI. The resultant DNA was then
amplified using the same primers mentioned earlier. The amplified fragments were
purified from shorter amplification products and sequenced using double-stranded
sequencing protocols. The amplified fragments were sequenced using Sanger
protocols, so that the bands represent DNA fragments that terminate in a
dideoxynucleotide. Because pooled genomic DNA containing integrated shuttle
vector molecules was used as the template for PCR, and those amplified fragments
were then used as the templates for sequencing, the mutations could have arisen
from either of the two strands of the DNA (since the modified base was present in
both strands). Subsequently, mutations arising in both strands are observed on the
sequencing gel even though only one strand from the amplified fragment was
sequenced.
Figure 12A depicts the sequences surrounding the O4MeThy in genomic DNA
assayed from Transfection 1. In this experiment, single-stranded DNA comprising
the Crick strand only (lower strand in Fig. 12A) was sequenced using primer P3a.
The resultant bands are shown for the mex- and two mex samples in Fig. 12B.
The figure shows that for the 0 4MeThy samples, DNA fragments ending in both T
and C migrated at the position of the originally modified thymines in the hexamer
sequences GCTAGC, indicating the presence of both mutant and wild-type DNA in
the sequenced population. (The wild-type DNA was present presumably as a result
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Figure 12. Sequencing analysis of the mutations arising from O4MeThy in mexand mex + CHO cells.
A. The top of the figure shows the sequences surrounding the original GCTAGC
hexamer sequence in the shuttle vector. The nucleotides are numbered (according to
their position in the amplified fragment--see Figure 4) to give a reference for the
strand containing the original modified base. Hence, mutations from the Watson
strand were located at position 203, whereas, mutations originating from the Crick
strand migrated at position 204.

B. Sequenced templates from mex- cells and the two replicates of mex + cells from
Transfection 1 are shown. The lanes of the gel were loaded in the order G, C, T
and A from left to right. The sequences depicted by the bands are given to the left
and right of the three samples and the position of certain nucleotides within and
around the hexamer site are indicated.
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of incomplete cleavage of this DNA in the mutant enrichment protocol described
above.) The mutation arising at position 203 (Watson strand) migrated directly
below the mutation that has arisen at nucleotide 204 (Crick strand).
The sequencing experiments were not designed to be quantitative, so no
conclusions could be made concerning the proportion of the mutations in the Watson
and Crick strands. To determine if the mutations had occurred equally from both
strands, the C band at position 203 and the G band at position 204 must be
compared. Unfortunately, it was impossible to determine if the mutations were
equally distributed in both strands, as would be expected if the thymine lesions were
present equally in both strands. However, the intensity of the mutant bands at
positions 203 and 204 appeared roughly equal in all three 0 4MeThy samples.
The results of similar sequencing experiments analyzing O6MeGua-induced
mutations are shown in Figure 13. The top of the figure shows the sequences
surrounding the modified guanine and the lower portion of the figure depicts the
results of Sanger sequencing protocols using the Watson strand as the template (top
strand in Fig. 13A). The lanes in the gel that contained sequenced DNA from mex
clones with O6MeGua are shown in the leftmost portion of Fig. 13A. The lanes that
ended in C and T overlapped each other slightly, so that the bands that migrated in
these two lanes were not completely separated from each other. Nevertheless, both
bands were visible and indicated the mutation at this site (a G-A transition caused a
T nucleotide to be incorporated in the radiolabeled strand) and the wild-type DNA
that was present in the template molecules as a result of incomplete pre-digestion by
NheI. Unfortunately, analysis of the mutation at position 202 proved problematic for
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Figure 13. Sequencing analysis of the mutations arising from O6 MeGua in mexand mex + CHO cells.
See legend to Fig. 12.
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this sample. The GCGG tetranucleotide at the 3' end of the hexamer sequence was
not easily sequenced and the nucleotides are typically not resolved well on a gel.
Experiments done previous to the one shown in Figure 13 have contained bands in
all sequencing lanes at the position of the first G in the sequence (position 202),
which indicated that the sequence was not replicated easily by the polymerase and
the enzyme may have stalled at the site. This hesitation may have been a result of
secondary structure that was not easily traversed by the polymerase or by incomplete
melting during the sequencing reactions. The lanes for the O'MeGua sample in
mex- cells indicated that the bands representing the GCGG nucleotides in the
hexamer sequence were not resolved well. Therefore it was not possible to make
any conclusions about the mutations present at this site and the proportion of
mutations in the Watson or Crick strands. The two sequencing samples from the
mex ÷ replicates shown in Fig. 13B show the wild-type sequences that were present
in the DNA isolated from these clones. No mutations were observed in these DNA
samples. In addition, no mutations were observed in the control sequences (pCNheI
vector and pCNheI-GCTAGC; data not shown).

E. Analysis of individual clones that have arisen during G418 selection
The protocol for determining mutation frequency in these studies involved the
selection and pooling of individual clones. The pooling of clones and subsequent
isolation of genomic DNA from this grouped population of cells meant that any data
obtained from a sample represented an average of all individual events that had
arisen in that population. It was of significant importance that this technique not
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produce an error in the calculation of mutation frequency. As discussed in Chapter
3, the initial group of cells transfected with adducted vector was distributed between
six separate plates before the clonal selection began and the individual foci grew on
these separate dishes. Because the clones were divided into separate plates to grow
and were regrouped to be averaged after a suitable selection period, there existed
several possibilities for the distribution of mutations within each plate of clones.
One possibility was that all clones would misreplicate the lesions contained within
them to the same extent so that the mutation frequencies would be significantly
above background and would approximate each other. Another possibility was that
the individual clones would not treat the lesions they contained equally, but the
mutation frequencies would be distributed in some fashion so that some clones would
be wild-type and some would be highly mutagenic (with a maximum mutation
frequency of 50%). These clones, when averaged together, would give values that
were in accord with the mutation frequencies of the pooled samples in Transfection
1. Another possibility was that a few clones on the plate would somehow contain
the majority of the shuttle vectors (perhaps due to biased uptake of the transfected
DNA by a subpopulation of the CHO cells). These shuttle vectors would then
possibly produce a very high mutation frequency after being misreplicated or
misrepaired by the cellular polymerases of the host. The remaining cells on the
plate would contain far fewer vectors per cell and might experience a very low
mutation frequency induction by the adducts. Therefore, this situation would
represent a small number of clones producing a very high mutation frequency amidst
a majority of clones exhibiting background levels of this value. Although the
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resultant mutation frequency determined from the aforementioned incidence might
average out to be a number that approximated the values obtained with pooled
clones, the actual genetic mechanism behind the generation of that mutation
frequency value would be very different.
To investigate what occurred within Transfection 3 during the selection
process, individual clones were isolated from the 04MeThy transfected samples in
both mex- and mex cells and from O6MeGua samples in mex- cells. These
individual clones were then grown to approximately the same number of cells as the
pooled clones (-4 x 107) and from them the genomic DNA was isolated. Mutation
frequency analyses for the 04MeThy clones from mex- cells and for O6MeGua
clones for mex- cells were conducted as for the pooled clone samples and the values
are given in Table 5. The mutation frequencies for individual clones arising from
pCNheI-04MeThy vector transfected in mex- cells ranged from 2.5-48%. The PCR
control background for this group was 2.3%. Two clones out of 13 analyzed (A-l,
2.5%; A-13, 4.9%) had mutation frequencies indistinguishable from background
(PCR Control, 2.3%). The remaining clones from this group (92%) had mutation
frequency values that are 2-21 times the background value.
The trend in mutation frequencies of pCNheI-O6 MeGua vectors in mex- cells
was only slightly different from the 0 4MeThy samples. On average, the clones had
mutation frequency values closer to background (PCR Control, 0.4%). However,
this was not entirely unexpected given the much lower mutation frequencies of the
pooled clone samples (7-8.5%, Table 3 and 4). Four out of 20 O6MeGua clones
analyzed had mutation frequencies approximately equal to background. They are A-
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15, A-16, A-17 and A-19 (0.5%, 0.5%, 0.7% and 0.6%, respectively). The
remaining 16 samples (80% of total) had values ranging from 1.2%-41%, values that
were 3-101 times the background value. The mutation frequency values for the 37
individual clones analyzed indicated that the populations of clones on each plate were
varied and were composed of clones that were predominantly mutant, but the
mutation frequencies varied within a range of values.
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Table 5. Mutation Frequency Values for Individual Clones
(Transfection 3)-O 4MeThy and 06MeGua in mex- Cells

O4MeThy
Sample

O6MeGua
Sample

Mutation
Frequency

Mutation
Frequency

(%)

(%)
A-1

2.5

A-2

1.3

A-2

21

A-3

13

A-4

11

A-4

1.6

A-5

12

A-6

6.3

A-6

13

A-7

41

A-8

41

A-8

34

A-9

25

A-9

13

A-10

33

A-10

21

A-11

9.3

A-11

2.2

A-12

23

A-12

17

A-13

4.9

A-13

6.2

A-14

48

A-14

1.2

A-15

31

A-15

0.5

PCR
Control

2.3

A-16

0.5

A-17

0.7

A-18

3.1

A-19

0.6

A-20

8.5

A-21

10

A-22

11

PCR
Control

0.4
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V. Discussion
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It is believed that the initiation and progression of carcinogenesis is a
complex, multi-step process. The procedure probably begins with one or a series of
permanent and heritable genetic changes. Such changes can occur through the
interaction of spontaneous, endogenous factors within the cell that act upon the
genome, or through the covalent interactions of electrophilic species generated by
exposure to radiation or by the cellular metabolism of a foreign chemical (Miller,
1978). In one model, these changes are believed to activate cellular protooncogenes
crucial to maintaining normal functioning of the cell (Pitot, 1986). The mutations
and subsequent oncogene activation release the affected cell from its normal
proliferation constraints, which can contribute to unregulated cellular growth, and
sometimes invasion of surrounding tissue by the tumor cells. In addition, loss of
tumor suppressor genes through certain undetermined mechanisms, which could
include mutagenic inactivation, can contribute to a neoplastic phenotype.
Researchers are continually striving to understand each step of the pathway leading
to carcinogenesis. Of particular importance to this work are the initial steps
involving the conversion of chemical damage to the genome into mutations.
The mechanisms causing mutagenesis of DNA by chemicals and radiation are
not yet completely understood. This is due to the complex nature of the chemicals
causing the initial damage, the multitude of cellular processes necessary for
metabolizing and removing genotoxic species, as well as the great number of
biomolecules required to recognize and repair any discovered abnormalities within
DNA. Alkylating agents can attack a number of bases within the DNA of the host
(Singer, 1985; Pegg, 1984). The adduct spectra and resulting mutation spectra
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arising from DNA exposure to an alkylating species contain a wide variety of DNA
lesions and mutations, including simple base changes and complex frameshifts and
deletions. These spectra can be, and often are, dissimilar, due to the interactions of
cellular repair processes. Therefore, adducts that occur in a predominance of the
sites in an adduct spectra may not be the causative agents for the bulk of the
mutations resulting from the same exposure.
Given the above constraints, it was the goal of this thesis to determine the
manner in which mammalian cells process a minor, but important, alkylated base.
The adduct, 04 -methylthymine, is a quantitatively inabundant lesion occurring in the
DNA of cells treated with alkylating agents (Pegg, 1984). The frequent presence
and persistence of this adduct in the DNA of tumors induced by certain alkylating
agents (Swenberg, 1984) suggest that its importance as a premutagenic lesion may,
in selected cases, rival that of the 06 -alkylguanines. This argument provided the
rationale for this study of the mutagenic specificity of 04MeThy in mammalian cells.
The study described in this dissertation utilized a method that is being exploited with
increasing frequency: the study of individual DNA adducts in a specific sequence
background (Basu and Essigmann, 1990). The individual adducts studied in this
work were positioned in a shuttle vector to introduce the adducts to the mammalian
cells. The cells chosen possessed different repair capabilities to allow initial
investigation of the proteins necessary for repair of the adduct. This chapter shall
present a discussion of the results obtained from the investigation of the mechanisms
of mutagenesis and repair of a site-specifically positioned 04MeThy adduct within a
shuttle vector that integrates within and replicates with the host genome.
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A. Advantages and limitations of the shuttle vector system used to determine
mutagenesis in mammalian cells
The shuttle vector technique used in this study allows facile determination of
mutations arising from replication of the site-specific adduct, as the adduct is the
only one present. There are limitations, however, to using site-specifically modified
shuttle vectors to investigate mutagenesis in mammalian cells. One limitation is that
the adduct is present in only one site. Whereas this is one of the strongest
advantages in using the vector because it allows the researcher to determine
mutational specifity of the lesion without the complication of other lesions being
present, the position of the adduct can be a liability. For example, a lesion may
appear in a particular sequence context as a result of treatment of DNA with a
chemical. This lesion may only be mutagenic in that particular sequence context. If
this possibility is not anticipated, the absence of observed mutagenesis when the
lesion is situated in a different sequence in a vector could lead to the erroneous
conclusion that the adduct was non-mutagenic.
Another limitation to the use of site-specific shuttle vectors is that the lesions
are typically not present in DNA sequences that are endogenous to the host into
which they are transfected. In addition, the lesions are generally not situated in
genes. This means that the vector containing the DNA will be seen as foreign and
perhaps attacked by host cell enzymes, or at the very least, not processed in the
same manner as endogenous DNA. Vectors propagated in bacterial cells are not
methylated at CpG sequences (a mammalian methylation site) and other forms of
genetic marking are absent. This difference might drastically affect the manner in
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which the host cell machinery recognizes and interacts with the foreign DNA.
Cleaver and coworkers found that a xeroderma pigmentosum (XP) revertant cell line
they isolated could repair (6-4) photoproducts within its own DNA and within the
sequences of herpes virus, but could not repair the same DNA damage within shuttle
vectors pZ189 and pRSVcat (Cleaver et al., 1989). Both plasmids contained
bacterial origins of replication. pZ189 contained the SV40 enhancer, origin of
replication and gene sequences for the large T antigen; pRSVcat was expressed in
human cells under control of the Rous sarcoma virus (RSV) promoter. The
researchers discounted the possibility that the cells were responding differently to the
foreign DNAs based on their routes of entry, which were recognition by specific
receptors on the cell surface for the herpes virus and uptake of a calcium phosphate
coprecipitate for the shuttle vectors. Rapid internalization occurs for both types of
entry and both suffer extreme degradation of the internalized DNA (Cleaver et al.,
1989). Cleaver and his associates hypothesized that the XP cells repaired the unique
forms of DNA differently because of their "biological signaling", which was due to
an imprinting process specific for the species from which they were obtained. They
suggested that the lack of a mammalian methylation pattern on the shuttle vectors
due to their bacterial sequences and propagation led to the lack of recognition of the
vectors by the XP cells (Cleaver et al., 1989). The shuttle vectors used in the study
by Cleaver and coworkers were extrachromosomal, transient vectors and are thus
contrasted with the vector used in this thesis work. However, the data do not
preclude the possibility that a similar lack of imprinting on the pCNheI vector might
have influenced the manner in which this DNA was processed by the CHO cells.
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Yet another limitation to the shuttle vector construct used in the work for this
dissertation is the inability to position the vector in a specific location within the host
cell chromosomes. The site or sites of integration are unknown. Thus the
possibility existed that the vectors integrated into quiescent sequences that may
perhaps have accumulated a large amount of spontaneous mutations as a result of
infrequent repair by host cell enzymes. If that were the case, the mutation
frequencies observed in this work might be abnormally high and not representative
of those values that would occur if host repair enzymes capable of removing the
damage were scanning the integrated sequences along with the genome. A study
investigating the physical linkage between endogenous DNA transfected into
mammalian cells showed that foreign DNA sequences formed a large concatemeric
structure within the cell mediated by the enzymes of the host (Perucho et al., 1980).
In addition, concatemerized plasmids containing the herpes simplex virus (HSV)
thymidine kinase (tk) gene, integrated into multiple sites within the chromosomes of
mammalian cells in tandem head-to-tail arrays (Folger et al., 1982). In fact, the
presence of SV40 or avian sarcoma virus sequences in the plasmid enhanced the
transformation frequency of the Lmtk- line (mouse line lacking the tk gene) that was
used in the study. It is unknown if the SV40 sequences in the pCNheI plasmid
enhanced the integration of this plasmid into the CHO cell genome.
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B. Types of mutations induced by O4MeThy in O6MeGua-DNA
methyltransferase-deficient mammalian cells
In this study, O4MeThy was found to induce exclusively T-+C transitions in
both mex- and mex+ cells. This type of mutation is also the predominant one found
after replication of the same adduct in the same local sequence context in bacterial
cells (Dosanjh et al., 1991). Some nontargeted mutations in adducted genomes were
observed in the bacterial study, but these were also found in the non-adducted
controls. In the study described in this dissertation, no nontargeted mutations were
seen in the O4MeThy samples, nor were any mutations seen in the negative controls.
However, the sensitivity of the technique used may not have allowed the
identification of infrequent mutations within the sequenced area.
The majority of base changes caused by alkylating agents in DNA in bacteria
is the G:C--A:T transition, implicating O6AlkGua adducts as the premutagenic
lesion. (An alkylated cytosine could also be the pre-mutagenic adduct, but the
percentage of this lesion in alkylated DNA is typically much lower than O6AlkGua;
i.e., 0.1-3% for 02-alkylcytosine and 0.1-0.5% for 3-alkylcytosine; Pegg, 1984). A
significant proportion of the mutations found in the spectra of certain alkylators are
T:.A-4C:G transitions, and this observation has suggested that 04AlkThy lesions may
be the premutagenic species (Singer, 1984). The present work gives strong support
to that hypothesis. One quarter of the oncogene-activating mutations found in lung
tumors of mice treated with nitrosamines (NNK and NDMA, both methylators) were
caused by T:A-+C:G transitions (Belinsky, et al., 1989), suggesting the possible
importance of 04MeThy in the initiation of pulmonary neoplasia in that species. In
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addition, the mutational spectra of ENU in human cells possesses large numbers of
A:T--G:C transitions and transversions at A:T base pairs in addition to G:C-A:T
transitions (Eckert et al., 1988). Bronstein and coworkers found that ENU induced
more transitions at A:T base pairs (31%) than at G:C base pairs (19%) in human
lymphoblasts that were proficient in the MGMT repair protein and excision repair
(Bronstein et al., 1991). In cells that were lacking either the excision repair
capability or the MGMT protein, the spectra exhibited a majority of transitions
targeted at G:C base pairs (21% and 47%, respectively; Bronstein et al., 1991).
The above studies indicate that 04EtThy adducts, among others, were important
lesions responsible for the carcinogenesis induced by ENU.
In fact, site-specifically placed O4EtThy adducts were found to induce an
overwhelming majority of T:A-*C:G transitions in HeLa cells (Klein, et al., 1990).
This study involved an episomally replicating shuttle vector that was then passaged
through E. coli to determine mutation frequency. Klein and coworkers used HeLa
cells as the host and transfected them with 2-10 yg of CCC plasmid with a single
04EtThy lesion. The transfected cells were allowed to grow for 72 hrs, then the
plasmids were reisolated. The researchers found that O4EtThy induced an average
mutation frequency of 23 % and caused a minor amount of T-A transversions or on
base pair deletions (1-5%) at the lesion site. In addition, they found multiple base
pair substitutions combined with small deletions (1-3%; Klein et al., 1990).
Together, the data concerning the transitions caused by 04MeThy and 04EtThy
indicated that these two lesions were likely to be responsible for the observed T->C
transitions seen in the mutation spectra arising from alkylating agent exposure.
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O6MeGua induced G-*A transitions in mex- cells only. This result confirmed
earlier observations by Ellison et al. (1989) using the same adduct in the same cells.
As with the O4MeThy samples, no nontargeted mutations were observed in the
sequenced samples, nor were any mutations observed in the negative controls. This
last result differed somewhat from that observed by Ellison and coworkers (1989),
who saw a small number of targeted transversions. However, the two techniques for
sequencing were different and no doubt possessed very different levels of sensitivity.
Double-stranded seqencing experiments using PCR amplified fragments as the
template molecules were done in this study of 04MeThy and 06MeGua mutagenesis.
These experiments established the mutational specificity of the alkylated bases.
However, autoradiograms obtained as a result of exposure to radiolabeled gels
showed that the results obtained from double-stranded sequencing protocols are
typically lower in sensitivity due to the high background. This background is
observed in the presence of shadow bands which may be in every lane at a particular
position. In addition, the processes used to analyze double-stranded DNA can be
very sensitive to DNA sequence. Often the polymerases used to replicate the
template strand will pause at a sequence rich in G:C pairs due to extensive
secondary structure and incomplete melting of the template molecules. By contrast,
the sequencing protocols used by Ellison et al. (1989) involved subcloning an
amplified fragment of DNA containing the original adduct site into the polylinker
region of the replicative form of bacteriophage M13mpl8. This modified phage
DNA was then used to transform DL7 bacteria and single-strand phage DNA was
isolated and purified from the resultant plaques. This single-strand DNA was
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subsequently sequenced and the results showed an equal distribution of G-+A
transitions arising in both the Watson and Crick strands as well as one targeted G--T
transversion arising in either strand. This method typically has a much greater level
of sensitivity due to the fact that a single template molecule is involved in the
replicative process necessary for sequencing. This greater sensitivity can be affected
by the purity of the single-strand DNA and the quality of the data is affected by the
number of independent phage molecules that are processed. However, sequencing of
individual phage molecules is a directly quantitative method that can provide
information concerning the percentage of mutations in each strand as well as the
mutation type and location.

C. Comparison of the mutation frequencies induced by O4MeThy and
O6MeGua in mammalian cells with different repair capacities
The differences in the mutagenic potential of the 04MeThy and O6MeGua
were startling. The mutation frequencies induced by O4MeThy in mex- cells ranged
from 28-52%, with an average of 40 + 12%. Because the maximum mutation
frequency possible in this assay was 50% (since the adduct was present in only one
strand), the results indicated that mutagenesis by this adduct approached 100%. This
suggests that the polymerases in the CHO cells misreplicated the adduct almost every
time they encountered it. The mechanism behind this large mutagenic potential is
puzzling if considered from a structural viewpoint, since the 0 4MeThy lesion does
not cause a significant distortion in the DNA as do other adducts, such as cis-
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platinum lesions (Cohen et al., 1979). Distortion in the DNA is not necessarily a
requirement to miscoding, however.
Dr. Peter Swann has written an interesting article postulating the mechanism
behind the miscoding potential of 04AlkThy and 06AlkGua (Swann, 1990). After
extensively reviewing all the available structural studies investigating the pairing of
these two modified bases, Dr. Swann suggested two possible hypotheses for their
miscoding. One is that cellular polymerases mistake O6AlkGua in the template
strand for adenine and similarly, O4AlkThy for cytosine, based on the physical
similarities between them. Hence, the polymerase places thymine opposite
O6AlkGua and guanine opposite 04AlkThy. The second hypothesis is that the bases
miscode because of their alignment within the DNA duplex. Using NMR data and
kinetic studies of DNA synthesis involving the Klenow fragment, Dr. Swann pointed
out that the O6MeGua:T base pair is formed because the phosphodiester links both 3'
and 5' to the thymine are formed more readily than the same links to cytosine. The
same reason explains the pairing of guanine with 04MeThy. In other words, the
O'MeGua:T and OaMeThy:G align themselves like Watson-Crick base pairs with the
NIl of the purine juxtaposed to N3 of the pyrimidine. By contrast, the O6MeGua:C
and 04MeThy:A base pairs have a wobble alignment and the alkylated base is moved
into the major groove of the DNA (Swann, 1990). This latter hypothesis could
explain the significant mutation frequency of the 04MeThy lesion in the mex- and
mex+ CHO cells and that of the alkylated guanine in mex- cells.
The mutation frequencies induced by 06MeGua were 7.0-8.5% in cells
deficient in MGMT. This represented a four- to seven-fold difference between the
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two adducts in terms of their mispairing potential and suggested that the methylated
thymine was better able to cause mutations in this system. A similar difference was
observed in bacterial cells (Dosanjh et al., 1991). That study showed that 04MeThy
induced a mutation frequency 12-fold greater than that induced by O6MeGua in
bacteria (both ada ÷ and ada- cells).
The results in mex ÷ cells were equally as striking. The mutation frequencies
induced by O6MeGua ranged between 0.4-1.0%. This reduction of the mutation
frequency to background levels was presumably due to the interaction of the
mammalian methyltransferase with the adduct; the repair of this adduct by the
methyltransferase will be discussed in a later section. This apparent reduction of
O'MeGua mutagenesis in the mex ÷ cells supports earlier data (Ellison et al., 1989)
in which the methyltransferase was observed to modulate the mutagenesis by the
O6MeGua adduct in mex ÷ cells.
The work described in this dissertation implicated the O4MeThy lesion as a
significant premutagenic adduct. This study also corroborates other investigations
that suggest a putative role for the methylated thymine in the initiation of
carcinogenesis. Although it is relatively difficult to rank alkylated bases in terms of
their mutagenic and carcinogenic potential, it is not unrealistic to estimate that
O4MeThy adducts are as important as O6MeGua as premutagenic lesions in cells
lacking mechanisms to repair the latter adduct and certainly more important in cells
possessing mechanisms for repairing the alkylated guanine. These conclusions are
based upon the assumption that CHO cells are an adequate model system from which
to extrapolate to intact mammals. This assumption may or may not be valid.
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O6MeGua has been shown to be almost twice as mutagenic (-1.7x) as
O6EtGua in the same sequence and host cell environment (Ellison et al., 1989).
While the O4EtThy adduct was not investigated in this study, a separate investigation
showed the mutation frequency of the ethylated thymine to range from 19 to 27%,
with an average of 23% (Klein et al., 1990). The average of the mutation
frequencies obtained in this study for 04MeThy in mex- cells is -40%,
approximately 1.7 times the frequency of the ethylated thymine. However, this
comparison is for interest only, as any direct comparison between the two lesions
would necessitate placing the individual adducted bases in the same genetic construct
and the same host cell environment. Because a significant percentage of the cancers
investigated to date originate from exposure to ethylating agents and research
indicates that fewer ethylated bases are required to initiate carcinogenesis as
compared to methylated bases (Singer, 1985), it would be of great interest to do a
direct comparison of the mutagenic potentials of the 04MeThy and 04EtThy lesions.
The adducts in the present study were transfected into cells as part of a
mixture of covalently closed circular (CCC) and nicked circular (NC) shuttle
vectors. Ellison and coworkers (1989) also transfected O6AlkGua adducts into CHO
mex- and mex+ cells as a mixture of these two types of shuttle vector and also
separately as exclusively CCC material. They found that the mutation frequency of
O6MeGua was 19% when only CCC vectors were transfected and 13% when a
mixture of NC and CCC was transfected. They surmised that the lower mutation
frequency observed with the mixture was due to fewer molecules containing the
lesion passing into the nucleus due to endonuclease attack of the nick or repair of the
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lesion through endonuclease removal of the adducted region and subsequent repair
replication. The same phenomenon could have occurred in this study, in which case
the mutation frequencies reported here are an underestimation of the true potential of
the adducts. However, any underestimation of the mutagenicity of 04MeThy may
not be significant, since the values averaged around 66% and 80% for both strands
in the mex+ and mex- samples, respectively.
In summary, the 04MeThy adduct was significantly more mutagenic than the
O6MeGua lesion in vivo. This observation in CHO cells corroborated the same
relative finding for the two adducts in bacterial cells, although quantitatively the
values were different. Although the mutagenic potential of these two adducts has
only been determined in one mammalian cell line and further analyses of these
adducts with different polymerases in different repair capacities may give dissimilar
results, this study indicates that O4MeThy is also an important lesion with a
particularly high capacity for inducing mutations.

D. Repair of O4MeThy and O'MeGua in CHO cells possessing
the O6MeGua-DNA methyltransferase repair protein
The modulation of mutagenesis by 04MeThy and O6MeGua was investigated
by transfecting shuttle vectors containing these adducts into CHO cells containing or
lacking the endogenous mammalian methyltransferase. The O6MeGua adduct was
repaired in the mex+ cells, as shown by the reduction of its mutation frequency to
background levels. This evidence supports other studies, including one recent study
showing the same result for this adduct in a different sequence in the same cells
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(Ellison et al., 1989). In addition, this work supports the view that the
methyltransferase repair protein is the predominant repair system for this adduct in
mammalian cells. The mutation frequency for the O6MeGua adduct in mex- cells
was significantly lower than the maximum possible value of 50%. This indicates
that there were possibly other repair systems acting upon the adduct in the mexcells. Alternately, mismatch repair or excision repair systems could be acting upon
this lesion to some extent. Evidence has been presented for the excision repair of
O'MeGua lesions in bacteria (Samson et al., 1988). The role of this repair system
in correcting 0 4MeThy and O6MeGua lesions in eukaryotic cells has not been
characterized.
In sharp contrast, the 0 4MeThy lesion appears to be relatively unaffected by
any repair system present in the CHO cells. The mutation frequencies for this
adduct in mex- cells averaged 40 + 12%, with values ranging from 28% to 52%; in
mex ÷ cells the value was averaged to be 33 + 8.5%, with frequencies ranging from
22% to 42%. These values are equivalent to -80% in mex- cells and 66% in mex ÷
cells, if the adducts had been present in both strands. In at least one transfection
sample, the mutation frequency was 100%, considering that 50% was the maximum
possible value that could be obtained in this assay. These results indicate that not
only did the methyltransferase protein not repair 04MeThy, but neither did any other
repair system to a significant extent. It is presumed, although not definitively shown
in this dissertation, that the CHO cells used in this study possess excision repair
capabilities, as well as alternate repair systems capable of acting upon a variety of
spontaneous and environmentally-induced DNA changes.
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This work confirms the findings by other researchers that the
methyltransferase repair protein is incapable of repairing the O4MeThy lesion within
the constraints of this work. It also indicates that there is no significant repair
pathway for this lesion in CHO cells. If a system were present in the CHO cells
that could repair the 0 4MeThy lesion, but did so at a very slow rate, the mutation
frequency values might be indistinguishable from those obtained in this investigation.
Further studies need to be done in other cell systems with defined repair deficiencies
to elucidate more closely the interaction of specific repair proteins with the alkylated
thymines. The data are intriguing in that they suggest that the CHO cells have not
developed a repair capacity for the O4MeThy lesions, possibly because of the lower
formation of this adduct in the DNA as a result of spontaneous mechanisms or
alkylating agent treatment. (It is possible that the alkylated thymine is not a
significant lesion formed in mammalian DNA by endogenous nitrosamines or other
endogenous alkylators. As a result, the organisms might not have evolved a repair
system to handle the lesion when it is formed.) Although these findings cannot be
extrapolated to any other cell line or genetic construct, the apparent lack of repair of
this adduct in these mammalian cells and the high mutagenic potential of the lesion
indicate that O4MeThy is a significant premutagenic adduct.

E. Mutation frequencies of individual clones arising from mex- and mex ÷ cells
transfected with O4MeThy and O6MeGua shuttle vectors
The protocols utilitized in this study primarily involved pooling clones arising
from the transfection of a defined number of CHO mex- or mex + cells. Because the
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individual clones are grouped together, the mutation frequency values resulting from
this pooled set is an average of all the individual mutational frequencies. This
averaging does not allow the determination of unusual distributions of mutation
frequencies. For example, if one colony among all the pooled clones contained a
very large number of vectors that were all misreplicated and the remaining clones
contained only one vector and these were replicated correctly to be wild-type, the
one mutant clone would contribute significantly to the overall mutation frequency.
However, the average mutation frequency would by definition indicate that the value
had arisen from a non-zero contribution from all clones involved. The protocols as
executed in the two transfections would not distinguish between the two possibilities.
For the above reason, individual clones from the mex- and mex ÷ cells
transfected with pCNheI-04MeThy and from the mex- cells transfected with
pCNheI-O6 MeGua samples were isolated and expanded to the necessary cell
numbers. The genomic DNA was extracted from these cells and amplified as was
the DNA from the pooled clones. The amplified DNA was assayed by the
restriction enzyme technique and the resulting mutation frequency values for each
individual clone obtained. The resultant values were varied. The mutation
frequencies for 04MeThy-transfected individual clones arising from mex- cells
ranged from 2.5-48%. The PCR background was 2.3% for this set of digestions.
Values for O6MeGua-transfected DNA in mex- cells ranged from 0.6-41% with a
PCR background of 0.4%. The different values arising in the clones indicated that
the collective mutation frequencies were not an average of one clone that contained a
large amount of mutant vectors and the remaining clones that contained wild-type
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vectors. However, the distribution of frequency values was interesting and deserves
comment.
The mutation frequencies for 04MeThy and O6MeGua ranged from a
minimum of 0.5 % to a maximum of 48% and can be clustered together based on
their similar values. These groupings are depicted in Figure 14. The clusters are
interesting because they show a potential pattern in the mutation frequencies; the
values are roughly incremented or quantized in factors of 10 (taking into account the
natural variance in the values associated with experimental error).
There could be several reasons why this pattern occurs. One is that several
vectors integrated into the genome as a concatemer and some or all of the vectors
were misreplicated. Depending on which mechanism occurred, all could be mutated
and the frequency would be a function of the number of vectors (mechanism 1), or
the probability of misreplication by the polymerase was less than 100% and this
probability changed with each vector, so that some were mutant and some were
wild-type (mechanism 2).
Another mechanism that occurs with selected DNA within a mammalian cell
is gene amplification. Because the vectors contained the neor gene that provides
resistance to G418, the vectors might have been likely targets for gene amplification;
this was due to the fact that increased production of the gene product could confer a
growth advantage to the cell containing the vector. Amplification of the resistance
gene would probably include the vector sequences containing the adduct and
replication of the adduct may or may not have resulted in a mutation. Each
subsequent amplification event that uses an adduct-containing strand as a template
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Figure 14. Grouping of mutation frequencies from individual clones arising in
Transfection 3.
The mutation frequencies analyzed from the individual G418' mex- clones
transfected with pCNheI-0 4MeThy or pCNheI-O'MeGua are graphed according to
their distribution.
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has the same chance of causing a mutation as the first replication event, so that the
resulting gene sequences represent a mosaic in which some sequences would be
mutant and others wild-type, or all would consist of one of the two possibilities.
Due to the similarity in value of some of the clones' mutation frequencies,
another possibility needs to be considered. A distinct chance exists that some of
these individual clones were siblings; that is, they were genetically identical. The
possible presence of sister clones on each of the tissue culture plates during the
selection process indicates that a potentially significant source of experimental bias
may have occurred during the experiments. Therefore, an analysis of the chance
that this phenomenon occurred in this work will be detailed.

F. Probability distribution of mutations in CHO mex- and mex ÷ cells using
shuttle vectors transfected by the calcium phosphate co-precipitate technique
The doubling time for CHO cells is 12 hours (Gottesman, 1987).
Researchers in the Essigmann laboratory have observed the doubling time of wildtype CHO cells to have been 13.5 hours (J. Mello, personal communication). For
ease of mathematical modeling, a 12 hour doubling time will be assumed. An
outline of the transfection protocol with CHO cell numbers and time frame of all
steps included in the experiments is given in Figure 15. Initially, -1 x 106 CHO
cells (mex- and mex ÷ ) were plated on 100 mm tissue culture dishes. These cells
were allowed to settle on the plate for 24 hours; three to six hours were required for
the cells to attach to the solid support. Because no cell division occurred during this
settling process and may even be delayed for some time after the cells have made
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contact and have started to elongate into their fibroblastic form, it was assumed that
only one cell doubling occurred during the first 24 hours. At the end of that time, 1
gg of shuttle vector was plated on the CHO cells using the calcium phosphate coprecipitate technique (Graham and van der Eb, 1973; Wigler et al., 1979). The
CHO cell number at the time of transfection was assumed to be a maximum of 2 x
106. The co-precipitate was allowed to remain on the cells for 24 hours, at which
time the cells were treated with 10% DMSO for five minutes. The DMSO
presumably helped to permeabilize the cell membrane and made the cells more
amenable to uptake of the DNA. This membrane treatment was delayed until 24
hours after the initial transfection to maximize the amount of DNA in conctact with
the cells. In fact, at the time of DMSO treatment, much of the co-precipitate was
still visible on the cells. After DMSO treatment, fresh media was placed on the
cells, which at this time, should have been at a maximum density of -8 x10 6 . It was
assumed that the modified bases did not act as blocks to replication and hence were
not cytotoxic.
There is evidence that 0 4MeThy adducts are not blocks to replication in vitro
(Dosanjh et al., 1993). One study has implicated O6MeGua adducts as replicationblocking lesions when they were incubated in vitro with human cell extracts (Cecotti
et al., 1993). The preponderance of evidence has shown that 06MeGua lesions slow
down the replicon, but do not act as absolute blocks to replication (Mitra and Kaina,
1993).
After a subsequent 24 hours, the cells were divided amongst six 100 mm
tissue culture plates; no cells were discarded during this process. Approximately
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Figure 15. Time-frame of the transfection and selection protocol.
The cell numbers plated and present at each stage of the transfection and selection
procedure are given. In addition, the number of days that have transpired from the
initial plating of CHO cells to the time of clonal pooling or individual selection are
indicated.
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106 cells were plated on each of the six tissue culture dishes. After a time period of
three to six hours during which the cells settled and attached to the new plates, the
cells were placed into fresh medium with G418. The cells grew for 11 days in the
selective media, during which time cells devoid of shuttle vector slowly died and
those containing one or more copies of the shuttle vector formed foci, which are
clusters of cells that grow on top of one another. These foci, or clones, were visible
to the eye and as such, contained approximately 10s cells each. The clones
contained within a set of six tissue culture plates were counted. Because CHO cells
have the propensity to form satellite colonies (Thompson et al., 1980), the counting
procedure was modified so as not to include these sister clones. Therefore, only
clones of a certain size (2 one mm in diameter) and distribution (> two mm apart)
were counted. In addition, one or several clones that were close (5 two mm) to
another colony of a much larger size were not counted because these smaller, more
frequent clones were thought to be satellites of the larger group of cells and not
genetically independent. The clone numbers were tabulated (Table 2) and the cells
on the six tissue culture plates comprising one transfected sample were pooled
together. If -250 clones were not present on six tissue cultures dishes, then the cells
on six dishes from two independent replicates were pooled (i.e., the cells from 12
dishes were pooled). As discussed in Materials and Methods, the shuttle vectors
were transfected onto two independent plates of mex- and mex + cells, with each
plate identified as an independent replicate. The presence of clone numbers from
only one mex- sample for each type of transfected DNA in experiment 1 (Table 2)
indicates that the cells from 12 plates were pooled together for each sample, for the
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above reason. In addition, the mex ÷ sample from pCNheI represented 12 combined
dishes of cells. In general, the samples from experiments 2 and 3 showed that the
cells were pooled from six dishes and each replicate was maintained separately,
except for the O6MeGua samples. Both the mex- and mex ÷ samples transfected with
the modified guanine represented 12 pooled dishes of cells due to low clone
numbers. The reason for the low clone numbers in only the O6MeGua sample is
unknown. The presence of fewer G418 r foci could be due to a higher percentage of
nicked circular DNA in the ligation mixture, although the distribution of NC and
CCC DNA for this sample did not differ greatly from the distribution of vector
forms containing 0 4MeThy in this transfection (data not shown). The clone numbers
could have been increased if carrier DNA (such as calf thymus DNA) had been used
in the transfection. Clone numbers were obtained from the dishes in experiments 2
and 3 as for experiment 1. Cells were also pooled from these samples after the
selection and isolation of individual clones from these plates.
As mentioned previously, 40 individual clones were picked from the mexand mex ÷ plates (20 clones from each replicate, or set of six dishes) transfected with
O4MeThy-modified shuttle vectors. Approximately the same number of clones (37)
were picked from the mex- cells containing the O6MeGua-modified vectors. The
clones were not selected equally from the two sets of dishes containing the O6MeGua
vectors for two reasons. The variation in the clone numbers for the two sets of
O6MeGua-containing cells (163 clones in the A- group compared with 114 clones in
the B- group) was more pronounced than those numbers for the 0 4MeThy samples
(222 in the A- group vs. 208 in the B- group). A more compelling reason to select
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more clones from the A- group transfected with O'MeGua shuttle vectors was the
fact that the B- group contained fewer clones per plate (an average of 19
clones/plate vs. 27 clones/plate on average for the A- group). This preferential
selection of clones was done so as not to overrepresent the distribution of mutation
frequencies from the B- group.
The clones selected from the plates were among the largest in the population
for each DNA type. The clones picked from a single dish were well isolated from
one another to minimize the chance that they were genetically identical due to
satellite colony formation. In addition, no clones were picked within a 0.5 cm
radius from the outermost edge of the dish, since during washing and media
changes, cells which may not have adhered to the bottom of the dish after mitosis
tended to float out to this region.
As shown in Figure 15, the overall transfection and selection protocol
involved letting the transfected cells grow for 24 hours after DMSO treatment.
Because the DNA co-precipitate was still visible to some extent on the cells prior to
incubation with the DMSO, it could be assumed that a significant incorporation of
DNA by the cells had not occurred at this point. Thus, it could also be assumed that
the DNA had not yet been processed by the host replication machinery. If this were
the case, then mutations might not have been fixed and any cellular division possibly
would not have involved doubling of the shuttle vector. That would mean that one
cell transfected with shuttle vector would have undergone only two cell divisions
with concomitant replication of any lesions integrated within the genome in the 24
hours after DMSO incubation.
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However, the assumption that no significant incorporation of vector DNA
into the cells occurred prior to DMSO treatment may not be valid. Therefore, if the
cells began to incorporate the DNA as soon as it settled onto the cellular membrane
and integrated the DNA within the genome as soon as it passed into the nucleus,
then the only limiting step was the time it took for the DNA to make contact with
the cells, become contained within vacuoles and transferred into the cytoplasm, and
traverse the nuclear membrane. It was not known how much time elapsed during
the above process in the experiments described in this dissertation. However, an
educated guess would put the time required at no less than six hours. Given that
time frame, only one cell doubling on average (if that many) involving the
replication of vector occurred in the 24 hour period between transfection and DMSO
treatment. That meant that one cell transfected with shuttle vector divided into eight
cells between the time of transfection and the time the cells were split amongst the
six tissue culture dishes (assuming two cell doublings after DMSO treatment).
The above two arguments concerning the doubling of cells during the time
between transfection and the replating of cells indicate that instead of individual
transfected cells being replated onto dishes to form resistant foci, groups of
genetically equivalent cells (containing from four to eight cells each) were divided
amongst the six plates to form resistant colonies. An example of this plating of
sister cells is depicted in Figure 16. Therefore, the clone count given in Table 2 is a
list of foci that are not independent, but represents a group of independent clones
with sister colonies being a significant proportion of the total. If the clone numbers
from Table 2 are divided by four or eight, which are the cell numbers resulting from
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the divisions that occurred prior to the selection procedure, corrected clone numbers
that represent the actual values of independent foci are obtained. These values are
given in Table 6.
Since the actual number of independent clones was reduced, it was important
to determine if the corrected clone numbers represented a reasonable value given the
mutation frequencies that were observed in Transfections 1 and 3. The numbers of
mutant clones that would be required in a population to give the mutation frequency
values obtained in Tables 3 and 4 are shown in Table 7. The numbers of clones
were too few to produce the mutation frequency values observed because the
variance of the values would have been much larger than that observed. Therefore,
the data in Table 7 indicated that the clone numbers actually present on the dishes
after selection with G418 must have been much larger than those values depicted in
Table 2. In fact, at least 150 independent foci must have been present in order to
give the mutation frequency values obtained in Tables 3 and 4. It has been
established by the above analysis that sister clones were probably present during the
selection procedure and because of that event, the mutation frequency values were
affected. To determine how the data have been biased, however, requires a
statistical analysis of the mutation frequencies from the individual clones.
A potential additional source of bias is the possibility that two individual cells
adhered to the plate close together, so that during the selection process, the two cells
doubled and grew into individual clones that agglomerated and thus appeared to be
one individual colony. The probability of this event occurring can be modeled using
a simple probability analysis of the spatial distribution of cells containing plasmid
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Figure 16. Separation of transfected CHO cells prior to G418 selection.
The separation and plating procedure of CHO cells post-transfection is depicted.
The figure shows that in the 48 hr after transfection, three cell doublings could have
occurred. The cells were trypsinized and resuspended in media prior to plating (see
Materials and Methods). Therefore, the possibility existed that sister cells may have
been plated on the same culture dish.
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Table 6. Clone Numbers From Transfections 1 and 3 Corrected for
Division of Transfected Cells into Four or Eight Cells Prior to Selection

Corrected Clones
DNA Sample

mex-+

Experiment 1

Experiment 2

Experiment 3

4
cells

8
cells

4
cells

8
cells

4
cells

8
cells

GCTAGC

-

45

23

70

35

-

-

GCTAGC

+

59

30

68

34

-

-

GCTAGC

+

56

28

75

38

-

GCTAGC

-

-

45

23

-

-

O4MeThy

-

65

38

56

28

-

-

O4MeThy

-

-

-

52

26

-

-

O4MeThy

+

124

62

63

32

80

40

0 4MeThy

+

91

46

-

-

61

31

06MeGua

-

59

30

69

35

-

-

O6MeGua

+

80

40

85

48

-

06MeGua

+

90

45

-

-

-

-

pCNheI

-

30

15

61

31

-

-

pCNheI

+

42

21

74

37

-

-

pCNheI

+

-

-

80

40

-

-

pCNheI

-

-

-

71

36

-

-
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Table 7. Numbers of Independent Clones (Corrected Values) That Would
Generate the Mutation Frequencies Observed in Transfection 1

DNA Sample

mex -'

Corrected
Mutation

Independent
Clones

Transfection 1

Frequency

70
clones

35
clones

pCNheI

0.5

0

0

0.1

0

0

0.5

0

0

pCNheI

+

GCTAGC
GCTAGC

+

0.8

1

0

GCTAGC

+

2.2

2

1

28

20

10

04MeThy

O4MeThy

+

27

19

10

04MeThy

+

22

15

8

7

5

2

06MeGua
06MeGua

+

0.2

0

0

O6MeGua

+

0.3

0

0

0.2

0

0

PCR Control

Mutation frequencies were corrected by subtracting out the PCR control value.
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Table 8. Numbers of Independent Clones (Corrected Values) That Would
Generate the Mutation Frequencies Observed in Transfections 3

DNA Sample

-+
mex

Transfection 3

Corrected
Mutation

Independent
Clones

Frequency

70

35

clones

clones

pCNhel

0

0

0

pCNheI

0.1

0

0

pCNheI

+

0

0

0

pCNheI

+

0

0

0

GCTAGC

0

0

0

GCTAGC

0.3

0

0

GCTAGC

+

0.3

0

0

GCTAGC

+

0.9

1

0

04MeThy

-

39

27

14

52

36

18

04MeThy

O4MeThy

+

41

29

14

O4MeThy

+

42

29

15

O4MeThy

+

34

24

12

O6MeGua

-

8.3

6

3

O6MeGua

+

0.8

1

0

0

0

0

PCR Control

Mutation frequencies were corrected by subtracting out the PCR control value.
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among the total population of cells. This analysis is described in the following
paragraphs.
The tissue culture dishes contained an area approximating 100 cm2 (the area
was actually less, but for the sake of this argument it was assumed to be 100 cm 2).
Approximately 106 transfected cells were placed on each of the six dishes just prior
to the antibiotic treatment. Therefore, each cell was in an area of 10' cm2 . Given
the total number of clones arising during the selection procedure (Table 2), it was
assumed that there were approximately 100 original cells containing plasmid on each
plate (out of a total of 106 cells). After 11 days of selection (maximum of 22
doubling times), the clones were on average 2.25 mm2 in area (if the foci grew 10
cells high). This size was estimated using the inner diameter of the largest cloning
cylinders used to isolate the individual colonies; this value was <4 mm. In order to
achieve an overlap of at least two clones that contained plasmid, irrespective of
mutations, each clone must have been within a 1.5 x 1.5 mm space.
There are 225 gridpoints for each clone (if it is assumed each area for an
individual cell on the plate is a gridpoint). This number was obtained by dividing
the total area within which the clones were obtained (the inner 90% of the dish, i.e.,
6362 mm 2; the outer perimeter of the dish was left untouched) by the area contained
within a cloning cylinder (528 mm2). If one cell containing a plasmid was
positioned on one of these points, and the remaining 106-1 cells were randomly
placed around this cell, one at a time, then the probability that a cell devoid of
plasmid was placed near the original cell for the first placement is
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106- 100
106 - 1

The probability that another cell devoid of plasmid is placed nearby is

106 - 101
106 - 2

106- 100
106 - 1

For all 225 gridpoints on the tissue culture dish, the individual probabilities of
putting cells devoid of plasmid down next to one cell that contained a plasmid are

106- 100 x 106- 101 x
106 - 2
106 - 1

106- 102 x ...
106 - 3

X

106- 324
106 - 225

The first term and the last term of the above mathematical phrase both approximate
0.999901. Thus the probability that all cells surrounding the initially plated CHO
cell were without integrated plasmid was (0.999901)225 = 97.8%. Therefore, the
probability that at least one cell near the first one also contained a shuttle vector was

P = 1 - .978 = 2.2% .
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Since this estimation was roughly done, a better approximation of the actual
probability would be -5%. In fact, it there were actually 200 clones on each tissue
culture dish prior to selection, then the chance for cell overlap would be 4.4%.
This overlap phenomenon could easily explain the distribution of mutation
frequencies for 0 4MeThy and O6MeGua clones. The reason is that many of the
clones had values that are quantized and cluster around 10, 20 and 30%. However,
given a relatively high mutation frequency and the probability that sister cells were
plated on the dishes, this trend in the data should not occur if multiple cells were not
contributing to the same clone. For example, if a 100% mutation frequency is
assumed for 04MeThy, then a colony of four cells (that originated from one cell
containing an adducted thymine) consists of two wild-type cells (due to correct
replication of the opposite strand containing the A), one cell with a T-*C transition
(resulting in a mutant C:G base pair) and one cell that contained an 04MeThy:G
base pair. If no clone overlap occurred, then -50% of the individual clones would
give 100% mutation frequencies. Yet no individual clones picked and analyzed in
these experiments exhibited that value. This indicated that the individual clones
were a mixture of cells that exhibited high (possibly 100%) mutation frequencies and
those that were background.
It should also be noted that the individual selected clones were among the
largest on each plate. This selection process probably helped to ensure that the
majority of individual clones were a mixture of two different cells because mixed
clones would most likely have been larger than pure clones.
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Since the individual clones that arose from O6MeGua-transfected cells were
treated identically to those with methylated thymines, the argument can be made that
the propensity for isolating mixed clones was the same for O6MeGua individual
colonies. The distribution of individual mutation frequencies for both adducts were
Poisson distributions but the curved looked different. The large representation of the
lower (or background) mutation frequencies in the O6MeGua clones indicated that
indeed mixed clones were being isolated, but these clones were mixtures of two
individual colonies that were both wild-type.
The data obtained for the individual clones are indeed affected by the strong
probability that sister clones were plated and the significant possibility that clones of
mixed origin were isolated and expanded. Conclusions concerning the relative
mutation frequencies induced by the two lesions and the accuracy of these values can
be made however. If the mutation frequency of each adduct were similar, then
despite the presence of sister clones and colonies of mixed origin, the resultant
mutation frequencies would be close to one another. However, this was not the
observed trend. Instead, the frequencies were high for 04MeThy and low for
O6MeGua, suggesting that despite the internal biases, the results reflected the actual
case. O4MeThy was more mutagenic than O6MeGua in CHO cells. The pooled
samples probably represent a reasonable approximation for the true mutation
frequencies. The reason is that although sister clones were present, they represent
replication products that arose from the originally transfected cells and would have
been present on the plates anyway. They would have existed not as separate

167

colonies but as a portion of a colony containing an original transfected cell.
Therefore, they would have been averaged in with the other clones on the plate.
Sister clones only present a problem in the data analysis of individual clones,
because the chance of picking a sister clone was significant and could have skewed
the resultant data, especially if only a few individual clones were selected. Such a
bias would have been observed in the O4MeThy clonal analysis if there were not the
propensity for mixed clones. For example, it is assumed that O4MeThy has a
mutation probability of 1, or 100%. If an originally transfected cell with a modified
thymine has subsequently split into four cells, then one cell contains a C in the
position of the original thymine (a mutant C:G base pair), two contain wild-type A:T
base pairs, and one contains the original adducted thymine paired with a G. If each
of these cells becomes an individual clone, then two clones are 100% wild-type and
two are 100% mutant. The distribution of all of the clones on the plates will be the
same. However, if individual clones were selected and expanded, an adequate
number of clones would need to be picked in order for the average of the individual
mutation frequencies to approach that of the average of all the individual clones.
No matter what the inherent mutation frequencies of each of the modified
bases were, the pooled samples more closely approximated these values than the
individual clones for two reasons. There were too few individual clones analyzed
(thereby generating a very large amount of scatter) and there was a bias in the clone
isolation that favored the selection of clones originating from more than one type of
cell (i.e., mixed clones). The above was true regardless of whether the mutation
frequencies were high or low and regardless of whether the original cell divided into
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four or eight or sixteen cells prior to cell dispersion and G418 selection. The
evidence for this is given in the following paragraphs.
If the individual transfected cells have gone through two cell doublings (and
thus have formed four cells from one cell), then the probability distribution is as
follows. The probability of mutation is Pm and the probability of correct replication
is 1-P . For one cell having one shuttle vector containing a single 04MeThy:A
base pair, after one cell doubling the A-containing strand will have formed an A:T
base pair with a probability = 1, the 0 4MeThy-containing strand will have formed a
04MeThy:G base pair with a probability Pm and the same adducted strand will have
formed an 04MeThy:A base pair with probability 1-Pm. For the second cell division
(two cells have divided to four), the replicated cell containing the T:A base pair
divided to two cells, each with T:A base pairs occurring with the probability of 1.
The probabilities for the base pairings in the other strand in the second cell doubling
are the same as they were in the first cell doubling (i.e., O4MeThy:A can give rise
to a double strand containing either 0 4MeThy:A (1-Pm) or 04MeThy:G (Pm) and the
O4MeThy:G base pair from the first doubling gives rise to one C:G base pair with
the probability of P.. This is shown in Figures 17 and 18.
Therefore, with one cell dividing to four, the total probability for each
possible base-pairing in the four cells is P, for 04MeThy:G formation, P. for C:G
formation, 1-Pm for 04MeThy:A formation and 1 for T:A formation. Thus, for the
simple possibility where P. = 1, the probability distribution is the following:
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1/4 = (Pm /4) for 04MeThy:G
1/4 = (Pm /4) for C:G
0/4 = ( 1-P, )/4 for 04MeThy:A
1/2 for T:A.
Thus in four cells, 25% will contain an 0 4MeThy:G base pair, 25% will contain a
C:G base pair and 50% will contain a T:A base pair (wild-type). In this example,
the total incidence of mutation is 50% (from the C:G and 04MeThy:G base pairs),
where the total probability is P /2. If P. < 1, then the probability distribution

changes and the incidence of 04MeThy:A base pairs in four cells increases.
To determine the probability distribution for one cell dividing to eight cells,
the calculations are simply extended as previously done. Thus, the probability
distribution for the eight cells is given below (assuming Pm = 1 as before):
1/8 = Pm/8 for O4MeThy:G

0/8 = (1-Pm)/8 for O4MeThy:A
3/8 = 3 Pm/8 for C:G

1/2 = (7-3 Pm)/8 for T:A.
Thus, the maximum probability of mutation frequency is still 50% (contributed by
04MeThy:G and C:G base pairs when Pm = 1), but the distribution of the types of

mispairings is different than in the case for four cells. As expected, the probability
of a cell containing an 04MeThy:G base pair decreases because the adduct number is
constant during the replication process and its proportion is diluted as the cell
number in a colony increases.
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Figure 17. The first cell doubling and the distribution of base-pairs in the
replicated DNA.
The results of replication of an O4MeThy:A base pair in the integrated shuttle vector
in a CHO cell during cell division is shown. All the possible base pairs are depicted
as well as the probability that the particular base-pair will occur. P, is defined as the
probability of a particular event, and Pm is the probability of a mutation.
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Figure 18. The second cell doubling (from two cells to four) and the
distribution of mutations in the replicated DNA.
The potential base-pairs resulting when two cells split into four and the probabilities
of those base-pairs are shown. See Figure 17 for definitions. The probabilities of
all potential base-pairs (mutant and non-mutant) are summed at the bottom of the
figure. The probability distribution (as given in the text) is simply the probability of
a particular event divided by four because there are four cells total.
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G. Experimental error in the transfection protocol
Even with the pooled samples, there was significant scatter in the data. For
example, the mutation frequencies for 0 4MeThy in mex- cells were 40 ± 12% (n =
3) and those for mex + cells were 33 + 8.5% (n = 5). Ignoring the fact that the
number of experiments was too few to base a strong statistical argument concerning
the most accurate value for each of these frequencies, the variance in these numbers
was most likely the result of experimental variation that could have arisen from a
variety of sources. For example, the percentage of nicked circular DNA to
covalently-closed circular DNA within a DNA sample could have affected the
resultant mutation frequencies. Shuttle vector molecules that contained a nick near
the hexamer site could have been substrates for repair by the CHO cell polymerases
prior to or after integration within the genome. Since cells containing such repaired
vectors would be selected by the presence of a gene product distinct from the
existence of a mutant or wild-type hexamer sequence, the resultant clones would
decrease the mutation frequencies by skewing the data toward background mutation
levels. Other experimental variations that were possible are that the DNA was
handled differently between experiments (the formation of the calcium phosphate coprecipitate is a process that can give dramatically different forms of product
depending on how the components are handled), the transfected cells were not at the
same passage number after being removed from frozen stock and thus exhibited
different amounts of repair proteins or proteins responsible for integrating vectors
within the genome, or even variations in the manner in which the genomic DNA was
isolated from the cells. In addition, variation could have been generated by the

175

amplification protocols using different batches of Taq polymerase and by the
restriction enzyme process using different multiple vials of NheI.
As was mentioned previously in the Results chapter of this dissertation,
between one and 20 copies of the shuttle vectors transfected into mex- and mex ÷
CHO cells generally are found to be integrated in the cell genome (Dogliotti, E. and
Hodes, C., personal communication). The target of this integration is not known,
nor is it known if this target is consistent for all the transfected cells. Therefore, the
possibility exists that experimental error was generated by the differential integration
of the vectors in each experiment.
It has also been shown that transfected DNA forms a concatemeric structure
with the individual DNA sequences present in tandem, either before the first
integration event or subsequent to the integration of the first vector within the host
chromosome (Folger et al., 1982). It is unknown whether some event in the
concatemerization of the vectors and subsequent ligation of the resultant DNA
molecule did not affect the presence of one or more of the modified bases. In
addition it was assumed that any mutations that occurred in one vector sequence
present in a concatemer occured independently of other mutations in neighboring
vectors. This, however, was not necessarily the case. Unfortunately, the techniques
for measuring mutation frequencies in this thesis were unable to determine if one
mutation in a vector induced or prevented subsequent mispairings in neighboring
sequences. This information would be of great interest, albeit perhaps technically
difficult to obtain.
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Fortuitously, the mutation frequencies from pooled mex- clones transfected
with O'MeGua were very similar, despite the fact that only two independent
experiments using these cells were performed. It is unknown why these values were
so close, given the relatively consistent treatment of vectors containing this
modification and those vectors containing a modified thymine, especially considering
the scatter in the data for 04MeThy.
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VI. Concluding Remarks and Suggestions for Future Research
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This dissertation describes the construction and use of a set of shuttle vectors
to investigate the mutagenesis of alkyl adducts in mammalian cells. The vectors
were employed to determine the mutagenic efficiency of O4MeThy and O6MeGua
positioned site-specifically within the genomes of Chinese hamster ovary cells with
differing repair capacities. The system allowed an investigation of the ability of the
mammalian methyltransferase repair protein to modulate the mutagenesis of
O4MeThy in vivo.
04MeThy and O'MeGua have been shown to be highly mutagenic lesions in
the same sequence context in repair-deficient CHO cells. O4MeThy was also highly
mutagenic in CHO cells possessing the methyltransferase repair protein; conversely,
O6MeGua was not detectably mutagenic in mex CHO cells, presumably due to
efficient repair by the methyltransferase enzyme. It has also been shown that
04MeThy was not a substrate for repair by the mammalian methyltransferase repair
protein. 04MeThy was observed to cause T--C transitions in both mex- and mex ÷
CHO cells. O6MeGua induced G->A transitions in mex- cells only.
The results of this thesis show that O4MeThy was much more mutagenic than
O6MeGua in the same sequence context. This extended earlier work done in E. coli
by Dosanjh and coworkers (1991), which showed the same relative result. In that
study, the absolute values for mutation frequencies were different. Also, the results
presented in this thesis indicated that O4MeThy was not repaired by the mammalian
methyltransferase, which confirmed earlier studies done with site-specifically
modified DNA fragments and cell-free extracts of mammalian cells (Sassanfar et al.,
1991) . Interestingly, this investigation strongly suggested that the 04MeThy adduct
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was not affected by other repair systems in the CHO cells, owing to the high
mutation frequency values that were induced by the adduct in both mex- and mex ÷
cells. Further studies should be done, however, to investigate the possible
interaction of other repair systems on both this adduct and the O6MeGua lesion.
The results from the individual clone analysis indicated that many cellular
events could have occurred within the CHO cells before, during, and after
mutagenesis of the shuttle vector. These occurrences could have affected how the
mutagenic frequencies were estimated. The possibilites include the following: the
integration of multiple copies of the shuttle vector into one cell, vector amplification
under selective pressure, sibling cell migration to different plates during the cell
dilution process that results in sister clones arising on multiple plates and the
isolation of mixed clones. These possible happenings add uncertainty to the
outcome. Several experiments could be done to more accurately define which
events, if any, have occurred and what experimental modifications should be made
to avoid them in the future.
The first reconstruction experiment that could be done is temporal in nature.
Shuttle vector molecules containing an individual adduct should be transfected into
the cells (using Ca 2PO 4 precipitation or electroelution techniques). The cells should
be harvested at different time points subsequent to the transfection and shuttle vector
molecules should be rescued from the cells using Hirt (1967) protocols. Genomic
DNA should be isolated from the cells at each time point as well. The investigator
will most likely see a decreasing amount of vector appearing in the Hirt protocols as
time progresses and an increasing amount of vector integrated within the genomic
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DNA. From this experiment, the time frame of integration can be determined. In
addition, the vectors can be analyzed for mutations at the different time points using
the restriction enzyme assay described in this thesis. This experiment will allow the
researchers to determine if the mutations are occurring before or after integration
and if the selection process could begin prior to the current 48 hours posttransfection. If integration occurs soon after transfection, then DMSO treatment and
antibiotic selection could be started earlier.
The logic behind transfecting SV40-based shuttle vector molecules into nonpermissive cells is that they will integrate into the host genome in order to replicate,
since they cannot replicate extrachromosomally. The integration allows for
replication of the vector along with the genome (and presumably correct replication
or misreplication of the adduct by the host cell polymerase). It is believed that this
integration of the vectors into the chromosomes allows for a more accurate
determination of the nuclear processing of chromosomal damage. There is some
evidence that the origin of the DNA within a cell targets that DNA for certain repair
and replication processes, and that the DNA in the chromosomes of the cell may
experience differing amounts or types of repair systems than DNA which remains
extrachromosomal (Cleaver et al., 1989). However, it has not been proven in this
system that the vector molecules are unaffected by nuclear enzymes prior to their
integration within the host genome. In other words, the vectors may be repaired or
replicated prior to their integration, so that their treatment by the host cell is no
different from other extrachromosomal plasmids.
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In addition to the investigation of the time-frame of integration, studies
should be done to determine more exactly the doubling time of these cells before and
after transfection of exogenous DNA. These studies will give information as to the
number of cells that are initially transfected (assumed to be -2 x 106 in this study-see Materials and Methods) and the number of cells that are present just prior to
replating and selection procedures. With this information, the likelihood of the
formation of sister clones during selection can be determined. The goal is to
eliminate a potentially large source of bias in the protocols that leads to the
inaccurate estimation of mutation frequency. This experiment, and any resulting
protocol modifications should accomplish this goal by ensuring that all clones are the
result of individually transfected cells and that the clones are independent events.
If the above studies show that integration and replication of the adduct happen
soon after transfection, and the cells divide even a few times subsequent to the
transfection but prior to the selection protocol, the 48 hour time period between
transfection of vector and antibiotic selection needs to be shortened. If the time
frame remains 48 hour then a substantial probability exists that any clone arising on
an individual plate may not be genetically pure, but instead may be a sibling to one
or more clones in the total population.
Although the mutagenic potential of O4EtThy has been investigated in a
shuttle vector system, the ethylated thymine has never been studied alongside its
methylated congener. This would be an interesting investigation, as ethylating
agents are typically more effective carcinogens than methylating agents, though they
form adducts in the DNA to a lesser extent (Singer, 1985). It would be informative
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to compare the mutagenicities of the two thymine adducts in the same sequence and
the same system. Interestingly, the O6EtGua lesion has been found to be less
mutagenic than O6MeGua both in vitro and in vivo, although the in vivo study was
preliminary and not definitive (Ellison et al., 1989). Analysis of the alkylated
thymines would provide information on the cellular systems that might be
responsible for O4EtThy repair.
As yet, no one has investigated the impact mismatch repair might have on
both of the adducted thymines. The site-specifically adducted shuttle vectors would
be excellent candidates for use in the wild-type and mismatch-repair deficient lines
that have been recently characterized in the lab of Professor W. Thilly, M.I.T.,
(Goldmacher et al. 1986; Kat et al., 1993). Also, the role, if any, of excision
repair processes in the repair of these two adducts in mammalian cells could be
investigated using the adducted shuttle vectors in the excision repair-deficient lines of
Professor L. Thompson, University of California at Berkeley.
Also, more evidence is being presented concerning the contribution of
spontaneous mutations to the onset of carcinogenesis in mammalian cells. The
unadducted shuttle vectors could be modified and transfected into a variety of cell
types. They could be transfected into the cells used in this thesis to investigate the
role of mammalian methyltransferase in removing spontaneous 06AlkGua from the
genomes of the cells, as well as the role of other spontaneous alkyl lesions to
mutation induction.
Recently, work investigating the role of O'MeGua in cytotoxicity (Karran et
al., 1993) has shown that O6MeGua provoked a type of long patch repair that was
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independent of excision repair proteins present in human cell extracts. The study
primarily investigated O6MeGua as an inducer of this novel repair system; however,
it is reasonable to believe that

04MeThy

might also induce this repair system, if the

adduct were present at significant levels (i.e., levels higher than those used in this
work). Adducted shuttle vectors like the ones described in this thesis might be ideal
tools to facilitate further investigation of the substrates for this intriguing repair
system and to elicit information on what may be responsible for repairing 0 4-alkyl
adducts in vivo.
Finally, the existence of a wider variety of shuttle vectors makes it a
worthwhile goal to investigate other plasmid systems that might better serve the
purposes of similar site-specific investigations. Many of the vectors developed
recently possess many advantages over the vector system used in this dissertation.
Retroviral shuttle vectors are preferred by some researchers over those transfected
by calcium phosphate co-precipitation techniques due to easier transfection of the
former vector. Retroviral vectors can enter the cells through receptors on the cell
membrane (if they have been packaged in a viral coat protein by a retroviral
packaging strain). This mode of entry obviates the need for extensive manipulation
of the DNA with those components necessary for forming the calcium phosphate coprecipitate. Thus, cellular infection with retroviral vectors has the possibility to
reduce experimental variation that can occur in the precipitate composite.
One retroviral shuttle vector system that has been used to investigate the
mutagenesis of a few alkylating agents is the pZipGptNeo vector constructed by
Ashman and Davidson (1987a, b). This vector contains an E. coli guanine
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phosphoribosyl transferase (gpt) gene in the retroviral vector pZip-NeoSV(X)1,
constructed by Cepko et al. (1984). The pZipNeoSV(X)1 vector was derived from a
Moloney murine leukemia provirus. It contains all the structural features of the
pCNheI plasmid and the gpt gene is the mutational target located between the
retroviral long terminal repeats (LTRs). The vector has been used successfully to
measure spontaneous as well as chemically-induced mutations (Ashman and
Davidson, 1987a, b).
Another advantage to the retroviral system is that typically one copy of the
vector is integrated into the host chromosome and although the virus integrates into
the host chromosome, it was recovered fairly easily through fusion of the host cell to
Cos monkey cells. This fusion results in the initiation of multiple rounds of DNA
replication from an SV40 origin contained within the vector (Botchan et al., 1979).
The products of the onionskin replication can be excised from the genome by
intrachromosomal recombination mediated by the LTRs. Amplified, excised vectors
can then be isolated from the cells using the method of Hirt (1967) and transferred
into bacteria for analysis of mutations. This system could be modified to contain a
single adduct positioned in a particular sequence and would eliminate some of the
manipulation required in order to amplify the vector sequences surrounding the
adduct. In addition, using E. coli to screen for mutations is a successful, relatively
rapid method that would obviate the need for extensive manipulation of genomic
DNA necessary in this thesis work. The limitations associated with the use of
retroviral vectors are the sometimes inefficient onionskin replication that occurs
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during Cos cell fusion, the limited host range of the retroviruses and their inability
to form high cell titers.
Burns and coworkers (1993) have developed a system that eliminates problem
in low cell titers as well as increasing the host cell range of those retroviral vectors
presently used. The researchers have developed a vector using a murine leukemia
virus in which the retroviral envelope glycoprotein has been replaced by the G
glycoprotein of vesicular stomatitis virus. These viruses are resistant to
ultracentrifugation protocols that normally reduce the infectivity of other
retroviruses. Thus they can be concentrated to high titers, sometimes > 109 colonyforming units/mL (as compared to 10"-10' colony-forming units/mL with other
retroviral vectors; Miller and Buttimore, 1986). In addition, these viruses can infect
hamster and fish cell lines that were normally resistant to infection by the retroviral
envelope protein. The vector accomplishes this by the presence of the G
glycoprotein which interacts with a phospholipid component of the cell membrane,
resulting in viral entry by membrane fusion.
Another vector system that has been developed recently is a lambda phage
shuttle vector (Summers et al., 1989). This vector utilizes sequences from bacterial
lamda phage which integrates within the chromosome of the host (Glazer et al.,
1986). The vectors can be recovered by excision and packaged using lambdapackaging extracts for bacterial analysis (Summers et al., 1989). The system works
in the following manner. Target genes for mutagenesis (such as supF or lacl) are
placed into a lambda vector which is then inserted into a mammalian genome using
transfection or microinjection protocols. Stable transformants are selected using a
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resistance gene present in the vector (such as the neo gene). After mutagenesis has
occurred, the vectors are extracted (using Cos sequences present at the ends of the
vector in an onionskin replication process described above; PCR technology can also
be used). The DNA is subsequently treated with the lambda-packaging extract made
from induced E. coli lambda lysogens. The resultant phage are then plated on E.
coli with a color selection protocol for mutants (supF mutants give a different color
than wild-type sequences). Summers et al. (1993) microinjected the lambda vector
into 1-cell stage mouse embryos, implanted those fertilized eggs into recipient female
mice and analyzed the progeny mice for the presence of multiple copies of lambda
DNA in their genomes. Summers et al. suggested that the advantages of this system
were that it allowed for non-selected changes in the sequences of the mammalian
chromosome, thereby making it more applicable to the study of spontaneous and
induced mutations within the genome of a mammal without the limitations of target
sequence that might preclude certain mutations from being analyzed (such as small
target sequence, selection occurring as the result of only certain mutations, etc.). In
addition, they claimed that the system enables the comparison of the same sequences
inserted into different chromosomes which would allow the analysis of position and
locus effects on mutagenesis (Summers et al., 1989) However, the technical
difficulty associated with this technique (microinjection to establish the vector
sequences) as well as the use of protocols already established in analyzing
mutagenesis of shuttle vectors (calcium phosphate co-precipitate for transfection,
PCR technology to amplify target sequences) do not confer a great advantage to the
use of this system.
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The above suggestions are intended to aid in the further investigation of
mutation frequencies arising from site-specifically modified shuttle vectors. The
analysis of the mutational specificity and potential for each individual alkylated base
and other chemical lesion in DNA is an important contribution to the understanding
of the mechanisms of mutagenesis and the early stages of carcinogenesis. Much care
must be taken, however, to anticipate difficulties and eliminate sources of bias in the
experimental protocols and systems of data analysis. Hopefully, in this manner,
significant contributions to the investigation of genetic damage due to alkylating
agents can continue to be made.
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Appendix A. Mutation Frequency Analysis
by Oligonucleotide Hybridization
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Over the course of the research for this thesis, several methods have been
explored to determine mutation frequencies arising from replication of 04MeThy and
06MeGua in mammalian cells. Separate means of analyzing the mutagenesis of the
adducts were employed because the original NheI-restriction enzyme assay is limited
in its sensitivity. The NheI enzyme that is typically used in the laboratory is
supplied by New England Biolabs and this enzyme would not cut the substrate DNA,
including wild-type pCNheI plasmid, to completion. This limitation of the enzyme
caused the PCR control digestion values to be inordinately high (6.4%, Table 9).
The presence of abnormally high amounts of undigested template molecules was only
visible when the substrate DNA was end-labeled with radioactive ATP. The internal
standard vector molecules from the digestions appeared completely cleaved when
visualized in an EtBr-stained agarose gel, albeit the sensitivity of this assay was not
high. A few samples of NheI from other suppliers, as well as different forms of the
enzyme that would cleave the same sequence were employed with the same results.
The high background of undigested DNA in the PCR digestion control
(pCNheI unmodified vector amplified and digested wtih Nhel) suggested that perhaps
there was uncleaved wild-type DNA present in all the samples analyzed from
Transfection 1. If this were the case, it would mean that analysis of samples that
were very similar in mutation frequencies would be complicated by the high
background. The difference in mutation frequencies between the 04MeThy samples
in the mex- and mex ÷ cells from Transfection 1 analyzed with the New England
Biolabs NheI enzyme was not large, only approximately 8-9% (a factor of 1.4
difference). It was impossible to determine if there was any significant difference
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Table 9. Mutation Frequency Data (Transfection 1) Using
NEB NheI and Betascope 603

Genomic Sample

Cell Type

Mutation Frequency (%)

pCNheI

mex-

4.1

pCNheI

mex+

6.9

GCTAGC

mex-

5.1

GCTAGC

mex + 1

4.4

GCTAGC

mex+2

18

0 4MeThy

mex-

33

O4MeThy

mex 1

25

O4MeThy

mex +2

24

06MeGua

mex-

35

O6MeGua

mex + 1

6.2

O6MeGua

mex÷2

5.4

PCR Control

------

6.9
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between the mutation frequencies for the mex- and mex samples of O4MeThy,
since there was the possibility that one or more of the samples contained some uncut
wild-type DNA.
Site-specific mutagenesis research in our laboratory typically investigates the
impact of a wide variety of chemical lesion in DNA that induce very different
mutation frequencies. In contrast to the high frequencies that seem to have occurred
in this instance, the vast majority of lesions result in very low mutation frequencies,
some on the order of 0.1-1.0%. For this reason, it is an ever-present goal of the
Essigmann laboratory to develop very sensitive methods of analyzing mutagenesis.
Therefore, alternate methods of determining mutation frequencies were investigated.
This appendix and Appendix B describe two of the many methods that were
explored.

A. Oligonucleotide hybridization technique
Oligonucleotide hybridization has been used to determine presence or absence
of DNA sequences in critical genes from different organisms. The technique is also
useful in analyzing small changes at the nucleotide level in a variety of DNA
fragments. The protocol basically consists of a qualitative determination of the
change in the base pair at the site of the adduct. Radiolabeled oligonucleotides are
annealed to denatured template DNA, nonspecifically hybridized oligonucleotides are
washed away and the DNA templates are analyzed for the presence of radiolabel
associated with them. In order to modify the technique to include a quantitative
measure of mutation frequency, one must compare the hybridization of
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oligonucleotide to the modified DNA with the hybridization of the same
oligonucleotide to a series of pure mutant DNA populations that represent a standard
curve. This was the basic approach for the analysis of mutation frequencies arising
from 04MeThy and O'MeGua in CHO mex- and mex ÷ cells.
The feasibility of the hybridization technique was determined by first
conducting a reconstruction experiment. The experiment involved establishing a
mixed-mutant population of DNA molecules that would mimic a mixture naturally
arising after transfection of shuttle vector molecules within the CHO cells. Plasmids
pCXmnI and pCNheI were mixed together in the following proportions:
0% pCXmnI, 100% pCNheI
2% pCXmnI, 98% pCNheI
30% pCXmnI, 70% pCNheI
50% pCXmnI, 50% pCNheI
100% pCXmnI, 0% pCNheI
The DNA mixtures were amplified with primers Pla and P3a that produce a 278 bp
band surrounding the adduct site as discussed in Materials and Methods. The
amplified DNA was then purified from aberrant PCR fragments by electrophoresis
on an 8% native polyacrylamide gel. The total amount of DNA present after gel
purification was determined by measuring the optical density of the material in a UV
spectrophotometer (1 OD 260 = 50 pg/mL). Approximately 0.5 Cpg of each sample of
amplified DNA (in duplicate) was denatured in 0.2 N NaOH for five minutes, then
immediately placed on ice to prevent renaturation. The DNA was blotted onto a
nitrocellulose membrane (Schleicher and Schuell, Inc.) that had been prewetted in 2-
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20X SSPE (20X = 3M NaCI, 0.2M NaH 2PO 4, 20 mM EDTA). The denatured
DNA was blotted onto the membrane using a Slot-Blot apparatus (Schleicher and
Schuell, Inc.). The membrane was allowed to air dry for a few minutes, then was
vacuum-dried at 800 C for 1-1.5 hourr to hybridize the denatured DNA onto the
membrane. The dried membrane was probed with one 15-mer oligonucleotide probe
that was radiolabeled at its 5' end with y

32 P-ATP.

The probe sequence was as

follows: KHpCXW (K represeneds Kara, H represented hybridization, pCX
represented the pCXmnI vector sequences for which the probe was specific and the
W indicated the Watson strand sequences of which the oligonucleotide was
comprised)--5'-CCGAACCGCTTCGTC-3'.

The probe specific activity was

typically 107-10s cpm/pig and the membrane was hybridized in 10 mLs of
hybridization buffer with 1.0-1.5 ng probe/mL buffer. The hybridization buffer
consisted of 6X SSPE, 10% dextran sulfate, 0.05% sodium pyrophosphate, 0.5%
SDS and 100 ;g/mL denatured salmon sperm DNA. The membrane was hybridized
in this buffer plus oligonucleotide probe at 420 C with shaking for at least 12 hours.
The buffer was removed and the membrane was rinsed twice with 6X SSPE and
0.1% SDS, once at room temperature and once at 42 0 C (the calculated melting
temperature of the probe) to remove nonspecifically hybridized probe. The
membrane was subsequently wrapped in plastic wrap and analyzed on the
PhosphorImagerT M . The pixels from each band on the membrane were counted and
that value was divided by the amount of DNA blotted per band to give the
hybridization frequency. The averages of the duplicate experiments are given below.
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Table 10. Hybridization Frequency of KHpCXW to a Mixed Mutant
Population of Amplified DNA from pCXmnI and pCNheI
Hybridization Frequency %

pCXmnI

0

0

2

2.1

30

27

50

48

100

100

The encouraging results obtained in the reconstruction experiment indicated
that it was possible to quantify the amount of a particular DNA present in a mixed
population by oligonucleotide hybridization. This method should have allowed the
quantification of mutation frequency from amplified samples of the transfected
genomic DNAs. In order to use the method on amplified fragments from 04MeThy
and O6MeGua adducted DNAs, several modifications were necessary. First,
individual mutant samples had to be obtained from the genomic DNAs in order to
establish a standard curve to which the hybridization signal from each band could be
compared. In order to do this, PCR fragments from the 04MeThy and O6MeGua
genomic DNAs from mex- cells were subcloned into the polylinker region of
M13mpl9 replicative form DNA. The M13 DNA was transformed into DH5 E. coli
and the progeny phage were allowed to grow. Single-stranded phage molecules
containing the PCR fragment were isolated and sequenced. Two isolates were
selected containing O4MeThy sequences. One had a T---C transition in the Watson
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strand of the amplified fragment and the other had the mutation residing in the
opposite strand. Unfortunately, it was not possible to obtain individual isolates for
the O6MeGua DNAs.
Portions of amplified fragments from the genomic samples from Transfection
1 were denatured and blotted on a nitrocellulose membrane as described previously.
In addition, small amounts of the pure mutant isolates of 04MeThy mutant-containing
DNAs were denatured and blotted. The membrane was dried and probed with two
oligonucleotides specific for the mutations in either the Watson or Crick strand.
Both probes were 15-mers with the following notations and sequences: KHTCW
(hybridization probe with a T-*C transition in the Watson strand) 5'ACCGCCAGCGCTTCG-3', and KHTCC (T--C transition in the Crick strand) 5'AGCGCCAGCGGTTCG-3'. The locations of the two primers are shown in Figure
16. The hybridization buffer was changed for these experiments in an effort to
increase specificity and sensitivity. The buffer consisted of 4X SSPE, 20%
formamide, 100 c/g/mL denatured calf thymus DNA, 0.1% SDS and 0.2%
evaporated milk. The DNA samples were blotted in duplicate on two different
membranes that were hybridized separately in 15 mLs of hybridization buffer
containing one labeled probe at a concentration of 1.5-2 ng/mL and radiolabeled to a
specific activity of -1 x 10' cpm/jg. The hybridization temperature of the probes
are calculated using their purine:pyrimidine content. Each purine contributed 4VC
and pyrimidines contributed 2 0 C each. The purine-rich oligonucleotides in these
hybridizations were calculated to melt at 520 C and the formamide concentration
would reduce the melting temperature by approximately 140 C, suggesting an optimal
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hybridization temperature around 36-38 0 C. The hybridizations were conducted at
that temperature range for approximately 12 hours, the buffer was removed and the
membranes were sequentially washed at the hybridization temperature with two
washes of 4X SSPE and then 2X SSPE. The membranes were covered in plastic
wrap and analyzed for radioactivity on the PhosphorImagerTM. The counts contained
within each blotted band of DNA were divided by the amount of amplified DNA
blotted in the band. The resultant value was compared to a positive control that
consisted of the intensity of radioactivity associated with the pure mutant DNA that
contained the mutations in either the Watson or Crick strand. For example, those
DNA bands probed with the Crick-specific oligonucleotide, KHTCC, were compared
to the signal arising from hybridization of the same probe to the positive control
band containing a T--C transition in the Crick strand. The mutation frequencies
arising from the samples in Transfection 1 are given in Table 11.
The data indicated that the hybridization technique lacked the sensitivity
necessary for the purposes of this thesis project. There was a 10% background of
hybridization of KHTCW oligonucleotide to the C control DNA (i.e., DNA
containing a mutation in the Crick strand). Also, there was a 16% background
hybridization with the KHTCC oligonucleotide annealing to the DNA with the
mutation in the Watson strand. Interestingly, the 04MeThy mutant-specific primers
annealed to the DNA containing progeny molecules from 06MeGua-adducted shuttle
vectors. The background hybridization was as high as 21% (pCNheI-O6MeGua,
mex ÷ 2). These DNAs were used in this experiment as negative controls, since the
oligonucleotide with a mutation specific for the 04MeThy adduct should not have
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hybridized to the progeny molecules of O'MeGua replication. In addition, the
progeny DNA from unmodified pCNheI and pCNheI-GCTAGC gave high
hybridization values for both strands. Since these DNA samples presumably
contained no mutations (and sequencing data show no mutations are present), there
should have been minimal hybridization to these bands.
Several attempts were made to decrease this background hybridization.
These included modifying the ionic strength of the buffer, changing denaturant
concentration in the buffer, increasing or decreasing the hybridization temperature,
increasing the number of buffer washes to the membrane, increasing the temperature
of the wash buffer and modifying the length of the oligonucleotide. None of these
attempts decreased the background hybridization effectively and consistently.
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Figure 19. Amplification sequence with hybridization oligonucleotides
surrounding adduct site.
A. The 278 bp fragment amplified from the genomic DNA isolated from G418'
clones transfected with adducted or control vectors is depicted. The primers used to
amplify the fragment and their locations are shown. The hybridization sequences of
the oligonucleotides and their location are depicted. KHTCW was the
oligonucleotide that analyzes DNA that contained a T--&C transition in the Watson
strand; it hybridized to the Crick strand of the amplified DNA. KHTCC was the
oligonucleotide that analyzed DNA that contains a T--4C transition in the Crick
strand; it hybridized to the Watson strand DNA.

B. The sequences that contained and surrounded the hexamer NheI sequence are
shown. The NheI site is shown in bold type. The sequences depict a T--C transition
in the Watson and Crick strands. Annealed to the template sequence is the
hybrization probe that assayed the mutation.
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5'W CACACCTCCC
C GTGTGGAGGG

P3a
CCTGAACCTG
GGACTTGGAC

AAACATAAAA
TTTGTATTTT

TGAATGCAAT
ACTTACGTTA

TGTTGTTGTT
ACAACAACAA

AACTTGTTTA
TTGAACAAAT

TTGCAGCTTA
AACGTCGAAT

TAATGGTTAC
ATTACCAATG

AAATAAAGCA
TTTATTTCGT

ATAGCATCAC
TATCGTAGTG

AAATTTCACA
TTTAAAGTGT

AATAAAGCAT
TTATTTCGTA

TTTTTTCACT
AAAAAAGTGA

GCATTCTAGT
CGTAAGATCA

TGTGGTTTGT
ACACCAAACA

CCAAACTCAT
GGTTTGAGTA

CAATGTATCT
GTTACATAGA

TATCATGTCT
ATAGTACAGA

(KHTCW)
GGATCCGAAC
CGCTAGCGCT
CCTAGGCTTG GCGATCGCGA
(KHTCC)

TCGTCGACCG
AGCAGCTGGC

ATGCCCTTGA
TACGGGAACT

GAGCCTTCAA
CTCGGAAGTT

CCCAGTCAGC
GGGTCAGTCG

TCCTTCCGGT
AGGAAGGCCA

GGGCGCGGGG
CCCGCGCCCC

CATGACTATC
GTACTGATAG

GTCGCCGC
CAGCGGCG3'
Pla

AC CGCCAGCGCT
CCTAGGCTTG GCGGTCGCGA

TCG
AGCAGCTGGC

(oligonucleotide)
(template)

TCGTCGACCG
AGCAGCTGGC

(template)
(oligonucleotide)

KHTCW

KHTCC
GGATCCGAA
GCTTG

CGCTGGCGCT
GCGACCGCGA
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Table 11. Mutation Frequencies (%)for Transfection 1 Samples Determined
by Oligonucleotide Hybridization

Genomic DNA
Transfected

Cell Type

Crick Strand

Watson Strand

mex-/mex+

(KHTCC)

(KHTCW)

pCNheI

mex"

17

7

pCNheI

mex +

16

8

GCTAGC

mex-

23

11

GCTAGC

mex + 1

16

8

GCTAGC

mex + 2

16

7

O4MeThy

mex-

38

20

04MeThy

mex+ 1

29

23

0 4MeThy

mex+ 2

61

10

O6MeGua

mex-

16

7

O6MeGua

mex+ 1

15

8

O6MeGua

mex+ 2

21

7

C Control

-----

100

10

16

100

W Control

C Control = pure 04MeThy mutant DNA with T-4C transition in Crick strand
W Control= pure 0 4MeThy mutant DNA with T--C transition in Watson strand
(KHTCC and KHTCW) indicate the oligonucleotide used to probe the genomic
samples
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Appendix B. Mutation Frequency Analysis by
Mismatch Amplification Mutation Assay (MAMA)
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A. MAMA analysis of O4MeThy-induced mutations
Because the oligonucleotide hybridization protocol did not offer the sensitivity
necessary for the mutation frequency analyses, the mismatch annealing mutation
assay (MAMA) was performed. The MAMA technique (Cha et al., 1992) permits
one to assay mutations by selectively amplifying mutant sequences in a mixed
population of wild-type and mutant genomes. This selective amplification is
accomplished by using a primer that anneals only to the mutant sequence. A caveat
of the protocol is that the investigator must know the number of original molecules
of DNA (wild-type + mutant) present in the population being assayed. This number
is necessary since the mutation frequency is the amount of amplified mutant DNA
divided by the total amount of DNA present. If this number is unknown, a marker
gene of known number in the cell can be used as a standard. In this study, a
separate section of the shuttle vector near the original adduct site was used as an
internal standard. This separate section was present on all shuttle vectors and its
amplification was independent of the presence of a mutation at the adduct site.
Mutation frequencies were determined by amplifying both sequences (mutant and
internal standard) simultaneously within the same tube in one PCR reaction. Since
the amplification of both sequences was accomplished without bias (data discussed
below), comparison of the amplification of the mutant population to that of the
internal standard gave the mutation frequency value. The protocol used to
accomplish MAMA amplification of mutations in this system is shown in Figure 20.
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Figure 20. Overall scheme for amplifying mutant DNA using the MAMA
technique.
The protocol used to amplify the mutant DNA present in a mixed population of wildtype and mutant progeny vectors is depicted. The fragments containing the mutation
were amplified along with internal standard fragments that were present on the
shuttle vector and were independent of the restriction sequence and any mutations at
that site. Both fragments were amplified using one labeled primer (out of the two
necessary for amplification), and the mutation frequency was the amount of
amplified mutant DNA divided by the amount of internal standard that had been
coamplified.
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= mutant DNA

Successful analysis of mutation frequency values depended upon the prior
knowledge of the mutation that had arisen from replication of the adduct in order to
generate primers for mutant amplification. Admittedly, this is a limitation of the
MAMA technique but, in the specific case of my experiments, sufficient background
information had been provided by my preliminary work to establish clearly that the
predominant, if not sole, mutation of 04MeThy was the T-4C transition. More
specifically, double-stranded sequencing experiments of all samples established that
the mutations arising from 04MeThy in the GCTAGC sequence were predominantly
T->C transitions and those arising from O6MeGua (the second G in the hexamer was
adducted) were G-*A transitions. There is the possibility that other mutations arose
but they were too few to be seen on the sequencing gel. The mutant would most
likely need to be present at a frequency greater than 10% in order to be observed on
a sequencing gel.
The general area of the adduct site within the genome, the position of the
internal standard sequence and the positions of the primers used in all the
amplification experiments are shown in Figure 21. The sequences of primers Pla
and P3a (which were used to amplify the PCR fragment used in the original NheI
digestion assays) are shown in Figure 4; they were used in conjunction with mutantspecific primers to amplify the mutant vectors out of the mixed pool. The sequences
for the mutant-specific primers and the strands they annealed to are shown in Figure
22. The primers (P6 and P7) used to amplify the internal standard are given in
Figure 23. The notation for the mutant-specific primer is straight-forward.
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Figure 21. pCNheI shuttle vector with MAMA primers and internal standard
primers.
The pCNheI shuttle vector is shown with the primers used in MAMA amplification
of mutant DNA. The primers K4TCW.C and K4TCC.C were used to amplify DNA
sequences containing T-->C transitions in either the Watson or Crick strands,
respectively out of a mixed pool of wild-type and mutant progeny vectors integrated
within the CHO genomic DNA. Primers P3a and Pla were used with one of the
two mutant-specific primers to achieve amplification of the mutant DNA. Primers
P6 and P7 were used to amplify the internal standard which is a separate fragment of
DNA that is situated 130 bp away from the 5' end of primer Pla. The fragment
amplified with primers Pla and K4TCC.C was 103 bp in length and the fragment
amplified with primers P3a and K4TCW.C was 213 bp long. The adduct site is
shown by the lollipop. All primers were 20 nucleotides in length and had the same
ratios of purines and pyrimidines.
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170bp

103bp

213b•

K4TCC.C & K4TCW.C = mutant specific

primers
Pla & P3a = adduct localization primers
P6 & P7 = internal standard primers
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Figure 22. O4MeThy and O6MeGua sequences amplified by mutant-specific
primers.
The pCNheI vector sequences surrounding the NheI restriction site are shown in the
top half of the figure. The hexamer sequence is shown in bold type and underlined
for clarity. The lower half of the figure shows the different strands of the vector
annealed to the mutant-specific primer that is used to assay and amplify DNA
containing either a T-4C or G--A transition in the Watson or Crick strands of the
vector (depending on the original adducted DNA that was transfected). The template
strands in the lower half of the figure contained the T--*C (or G-*A) transition that the
mutant DNA would possess. The primers annealed to the templates ended in a
double mismatch with wild-type DNA, but only a single mismatch with mutant
DNA, thereby allowing amplification of mutant DNA while preventing amplification
of the wild-type sequences. This double mismatch is shown in bold. The NheI site
within the template molecule is underlined.
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pCNheI
5'W ...TATCATGTCT
3'C ...ATAGTACAGA

GGATCCGAAC
CCTAGGCTTG

CGCTAGCGCT
GCGATCGCGA

TCGTCGACCG...
AGCAGCTGGC...

...ATGCCCTTGA
...TACGGGAACT

O4MeThy-Specific Double Mismatch Primers
K4TCC.C--Crick strand specific--T-ýC mutation in Crick strand
5'W
3'C

TGTCT
ACAGA

GGATCCGAAC
CCTAGGCTTG

(primer)
(template)

CGCCG
GCGACCGCGA

K4TCW.C--Watson strand specific--T-C mutation in Watson strand

5'W
3'C

CGCCAGCGCT
GCCGCGA

TCGTCGACCG
AGCAGCTGGC

ATGCC
TACGG

3'
5'

(template)
(primer)

O'MeGua-Specific Double Mismatch Primers
K6GAC.C--Crick strand specific--G--*A mutation in Crick strand
5'W
3 'C

CATGTCT
GTACAGA

GGATCCGAAC CCT
CCTAGGCTTG GCAATCGCGA

3'
5'

(primer)
(template)

K6GAW.C--Watson strand specific--G-+A mutation in Watson strand

5'W CGCTAACTAT
3'C

TCCGA

TCGTCGACCG ATGCC
AGCAGCTGGC TACGG
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3'
5'

(template)
(primer)

Figure 23. Sequence of internal standard.
The internal standard fragment that was amplified simultaneously with the mutant
DNA sequences is shown. The internal standard fragment is 170 bp in length and
resides 130 bp away from primer Pla on the vector. The primers P6 and P7 used to
amplify this piece of DNA are shown. These primers were both 20 nucleotides in
length and had the same total G:C to T:A ratio as the mutant-specific primers and
primers Pla and P3a.
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P6

3'

ACGCCCTCGC
TGCGGGAGCG

TCAAGCCTTC
AGTTCGGAAG

GTCACTGGTC
CAGTGACCAG

CCGCCACCAA
GGCGGTGGTT

ACGTTTCGGC
TGCAAAG;CCG

GAGAAGCAGG
CTCTTCGTCC

CCATTATCGC
GGTAATAGCG

CGGCATGGCG
GCCGTACCGC

GCCGACGCGCC
CGGGTGCGCG

TGGGCTACGT
ACCCGATGCA

CTTGCTGGCG
GAACGACCGC

TTCGCGACGC
AAGCGCTGCG

GAGGCTGGAT
CTCCGACCTA

GGCCTTCCCC
CCGGAAGGGG

ATTATGATTC
TAATACTAAG

TTCTCGCTTC
AAGAGCGAAG

CGGCGGCATC
GCCGCCGTAG
P7
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The primers were named for the adducted base for which they were specific, the
transition that had occurred, the strand in which the mutation resided and finally, the
base that was 5' proximal to the terminal nucleotide. For example, K4TCW.C was
the primer used to amplify the mutation arising from 04MeThy (K4TCW.C), which
was a T-*C transition (K4TCW.C) in the Watson strand (K4TCW.C) with a C
nucleotide just 5' to the terminal mismatch (K4TCW.C) The mutant-specific
primers ended in a double mismatch when annealing with wild-type DNA. These
same primers had only one mismatch when annealed to the proper mutated sequence;
the mismatch in this case was one base pair 5' proximal to the primer end. The
double mismatch was necessary because one mismatch still allows amplification of
wild-type DNA with the mutant-specific primer, while this does not occur with the
double mismatch primer (Cha et al., 1992).
The feasibility of the MAMA technique for analyzing mutation frequencies
was tested by using a reconstruction experiment. Two individual populations of
M13mpl9 replicative form DNA were used. The first contained the 278 bp PCRamplified fragment from an 04MeThy-adducted population where the T->C transition
resided in the Watson strand. The second possessed the mutation in the Crick
strand. The two DNAs were mixed with pCNheI shuttle vector DNA in various but
known amounts. The mixtures were then amplified using the MAMA protocol that
was previously optimized. PCR reactions were performed in 100 /l samples
containing the following:
-- equal counts of strand-specific mutant primer and complement primer
-- 0.14 mM each unlabeled mutant primer and its opposing primer
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-- 0.14 mM each P6 and P7 (internal standard primers)
-- 200 AM dNTPs
-- 2 units Taq polymerase
-- 10% glycerol

-- 100 pg total DNA in a buffer solution consisting of 50 mM KCI, 10 mM
Tris-Cl, pH 8.3 and 2.25 mM MgC12 .
Amplification profiles consisted of 30 cycles with the following conditions for each
cycle: DNA melting at 940 C for one minute, primer annealing at 500 C for two
minutes and primer extension at 72 0 C for three minutes. Five microliter samples
were taken after PCR cycles 15-21 (these cycles gave the most linear response) and
these samples were electrophoresed on 8% native polyacrylamide gels. The gels
were dried and exposed to PhosphorlmageTM screens overnight, and then analyzed on
the PhosphorImagerTM. The results of the reconstruction experiment are shown in
Figure 24. The figure indicated that the technique was viable and would accurately
represent the amount of mutant DNA present in a given mixed DNA population.
Samples from two transfection experiments performed with adducted shuttle
vectors were analyzed. Duplicate analyses of both the Watson and Crick strands
were performed for the negative controls and for the 0 4MeThy samples from
Transfection 1. One typical PhosphorImageTM of a gel is shown in Figure 25. This
figure shows the duplicate samples taken from PCR cycles 15-21 during a typical
amplification reaction. The figure also shows two size markers indicating where the
fragments would migrate when amplified for Crick (C, 103 bp) and Watson (W, 213
bp) mutations (Fig. 20 explains why fragments of these sizes were anticipated).
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Figure 25 shows samples that were amplified with a Crick strand mutation-specific
primer only. Mutation frequencies were determined by dividing the signal from the
Crick or Watson strand (depending on the primer used) by the signal from the
internal standard. The values from all cycles in a particular sample were averaged
and the standard errors were determined for each sample. Figure 26 shows the
graph resulting from plotting the log 0o values of the signals from the mutant and
standard bands against the cycle numbers they were sampled from during cycles 1521. The sample studied was an 04MeThy mex- sample. The similar slopes for the
two amplification profiles indicated that there was no apparent amplification bias of
the mutant sequence over the internal standard sequence or vice versa.
The mutation frequencies from O4MeThy samples from Transfections 1 and 3
were tabulated and the results are given in Tables 12 and 13, respectively. These
results show that the negative controls produced no detectable mutations and that
04MeThy produced a significant mutation frequency in both mex- and mex ÷ cells.
The mutation frequency values indicated, upon first glance, that there might have
been a strand bias in these samples. One strand gave higher mutation frequency
values than the other. The strand preference was not consistent for all samples
(Table 12, samples 04MeThy mex- and mex ÷ 2). When the standard errors were
factored in, the values were not so different from one another (i.e., Watson vs.
Crick). Further studies would need to be done, potentially using different primers,
in order to determine if there was indeed a strand bias in this system. Such a bias
was not anticipated, however, since Ellison and coworkers (1989) did not observe
such a strand bias using a vector almost identical to the one used in this study.
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Figure 24. Reconstruction experiment testing the efficacy of the MAMA
technique.
Varying but known amounts of M13mpl9 replicative form (RF) DNA containing
PCR fragments from single mutant sample of 04MeThy DNA isolated from mex
cells. The RF DNA contained a T->C transition in either the Watson or Crick
strands and was mixed with a known amount of pCNheI plasmid. The pCNheI
plasmid DNA was necessary to provide internal standard template sequences. The
mixtures were amplified with K4TCC.C or K4TCW.C primers (end-labeled with
3"P)

depending on which strand was to be amplified and its complementary primer

(Pla and P3a, respectively). Simultaneously, the internal standard fragment was
amplified using primers P6 and P7, one of which was also end-labeled with 32p.
The amplification profile is described in Materials and Methods. Samples removed
at cycles 15-21 were electrophoresed in an acrylamide gel which was dried and
assayed on a PhosphorImagerTM. The mutation frequencies for the samples were
determined by dividing the signal from the mutant band by the signal from the
internal standard band. The mutation frequencies were then plotted as a function of
the percentage of mutant DNA present as a template.
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Figure 25. PhosphorImageTM of an acrylamide gel with MAMA PCR
fragments.
A PhosphorImageT M of a gel with PCR samples amplified using the MAMA
technique is shown. The samples are amplified from genomic DNA isolated from
mex + cells that had been transfected with pCNheI O4MeThy vectors. The mutant
and internal standard bands are shown. Size markers for the Crick strand and
Watson strand PCR products are designated.
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Figure 26. Plot of the log values of the MAMA amplification products of a
genomic DNA sample.
PCR amplification of mutant DNA using the MAMA technique was performed in
duplicate with radiolabeled primers. The internal standard fragment was amplified
simultaneously. The resultant PCR fragments taken at cycles 15-21 were
electrophoresed on an acrylamide gel. The mutation frequencies for each sample
T
. The loglo values for the band signals were
were analyzed on a PhosphorImager M

plotted against the amplification cycle number.
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The data from the O4MeThy samples in Transfection 3 (Table 13) were
intriguing for a separate reason. The values were much higher than one would
expect to find. First, the values obtained for each strand represented the mutations
arising from an adduct in only that strand. Since the primers theoretically analyzed
only the mutations arising from that strand, the individual mutation frequencies must
be added together to obtain the mutation frequency value that would have been
obtained had the DNA been analyzed in the restriction enzyme assay. For example,
a 20% mutation frequency in the Crick strand plus an 18% mutation frequency in the
Watson strand equals a 38% mutation frequency total. The adducts in the shuttle
vector were present in equal amounts in either strand, but in any given vector the
adduct could only be present in one strand. The other (unadducted) strand should
not have caused a mutation when replicated within the CHO cells. Therefore, given
a maximum total mutation frequency of 100%, the highest the mutation frequency
could be in our assay is 50%, because the adduct was only present in one strand.
However, the values for the Watson and Crick strand mutation frequencies in
Transfection 3 all added up to much more than 50%. In one case, they totaled more
than 100%. These aberrantly high numbers indicated that there was indeed a bias in
amplification, in that not all of the internal standard sequences were being amplified
to represent their total number. In other words, the mutant sequences were being
overrepresented. This phenomenon could occur if there were bases missing in the
primer sequences of the internal standard. These bases could have been lost during
a homologous recombination event involving multiple shuttle vectors after they
passed
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Table 12. Mutation Frequencies (%) from Transfection 1 Samples
--MAMA Analysis for O4MeThy-Induced Mutations

Crick Strand

Watson Strand

pCNheI (mex-)

ND

ND

pCNhel (mex ÷)

ND

ND

GCTAGT (rnex-)

ND

ND

1)

ND

ND

2)

ND

ND

04MeThy (mex)

24 + 3.1

15 + 2.8

0 4MeThy (mex ÷ 1)

9.6 + 2.1

9.8 + 1.2

04MeThy (mex ÷ 2)

6.2 + 1.1

13 + 3.1

Genomic Samples

GCTAGT (mex
GCTAGT (miex

÷

ND, Not Detected
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Table 13. Mutation Frequencies (%)from Transfection 3 Samples
MAMA Analysis for O 4MeThy-Induced Mutations

Genomic Samples

Crick Strand

Watson Strand

pCNheI (A)

ND

ND

pCNheI (B)

ND

ND

pCNhel A )

ND

ND

pCNheI (B+ )

ND

ND

GCTAGC (A)

ND

ND

GCTAGC (B)

ND

ND

GCTAGC (A÷)

ND

ND

GCTAGC (B+)

ND

ND

04MeThy (A)

39 + 3.7

18 + 2.4

O4MeThy (B)

79 + 7.8

43 + 3.4

04MeThy (A+)

44 + 11

29 + 5.0

ND, Not Detected
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into the nucleus. Folger and coworkers (1982) have documented that plasmids
microinjected into mouse and rat nuclei undergo homologous recombination to form
head-to-tail concatemers within the genome of the cell. The homologous
recombination was not targeted to a particular sequence within the plasmid but
occurred in all sequences, even in marker genes present within the plasmids. Their
studies indicated that linear molecules may be a necessary intermediate in the
recombination process, since equal numbers of injected linearized molecules
produced a higher transfection efficiency than supercoiled molecules. Interestingly,
the ends of these linear molecules were lost during the recombination process that
occurred prior to or just after the integration, but sequences as close as six bp away
from the linearized ends remained intact. As mentioned previously, between one
and 20 molecules may be integrated within the genome of an individual cell (E.
Dogliotti and C. Hodes, personal communication). It has also been reported that a
similar vector transfected into the same CHO cells was present as a tandem
duplication in cells containing multiple vectors (Ellison, 1989). The above studies
indicated that the adducted vectors may have undergone homologous recombination
during the transfection and that some of the nucleotides in the internal standard
region may have been deleted in some of the cells in the process. It would take only
a few such events to cause the differences in the mutation frequencies that are
observed. However, other events could be causing such a bias of mutant DNA over
internal standard and the phenomenon needs to be investigated further.
A couple of the O6MeGua samples from Transfection 1 were also analyzed.
The negative control (wild-type) sequences were amplified with the mutant-specific
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primers for O6MeGua (note that these primers necessarily must be different from
those used for the study of 04MeThy mutagenesis, described above). This
amplification of the negative control is shown in Figure 27. Since these genomes
presumably did not contain a mutation, they should not have been amplifiable and
there should have been no band present. It was found, however, that there was
indeed a significant signal arising in the position of a mutant band. A variety of
annealing temperatures were used during the amplification in an attempt to find a
more discriminating temperature. These variations, unfortunately, did not eliminate
the aberrant amplification.
Because of the sequence context of the adduct and the sequence of the
primer, it was possible for the primers to anneal to the substrate DNA in a different
sequence alignment than what was previously expected. Figure 28 shows that the
primers could anneal to the wild type substrate if the cytosine base 3' to the
adducted guanine in either strand looped out from the DNA backbone. In this
manner, the primers aligned with the substrate in such a way that all nucleotides
were base-paired with their normal counterparts and the TC dinucleotide at the 3'
end of the primers paired with the second Gua in the hexamer sequence and the Ade
5' proximal to it.

In order to avoid this hybridization, new O'MeGua mutant-

specific primers were designed that contained a triple mismatch at the end (Figure
28). Since these primers had two additional mismatches 5' proximal to the terminal
G:T mismatches in wild-type DNA, but only two mismatches proximal to a correct
base pair for mutant DNA, it was hoped that they might permit amplification of only
mutant DNA. Experiments with these primers, however, showed that there was no
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amplification of the mutant DNA in the positive control (i.e., O6MeGua DNA shown
to have a G-4A transition, Figure 29). It does not seem that the MAMA technique
will work for analysis of O6MeGua mutations in the present sequence context and
only further investigation will determine if the technique permits analysis of these
mutations in the present vector system.
To summarize, the MAMA technique shows the potential for great sensitivity
for mutation frequency determination. These experiments, however, underscore the
important role that sequence context may play in the success or failure of MAMA
analysis. It was not possible to reprogram the context of the adduct site in the
pCNheI vector. Facile adduct sequence programmability is on the drawing board for
other vectors being studied. Unfortunately this technology was not available in time
for use in this dissertation.
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Figure 27. MAMA amplification of genomic DNA from cells transfected with
pCNheI and pCNheI-O6 MeGua.
Genomic DNA isolated from mex- G418' clones transfected with either pCNheI or
pCNheI-O 6MeGua was amplified using the O6MeGua mutant-specific primers shown
in Figure 22. These primers ended in a double mismatch. Amplification was
performed as discussed in this appendix with the exception being that no samples
were removed until cycle 21. Samples were electrophoresed on an acrylamide gel
and the gel was autoradiographed. Lanes 1 and 2 contained bands amplified from
pCNheI-containing genomic DNA; lanes 3 and 4 contained amplified bands from
pCNheI-06MeGua containing DNA. Size markers for the amplified Crick and
Watson strands are shown in the middle of the gel.
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Figure 28. Amplification of wild-type DNA using 0 6 -MeGua mutant-specific
primers.
The top half of the figure shows the template sequences of wild-type vector present
in genomic DNA isolated from G418' clones originally transfected with pCNheI06MeGua. The mutant-specific primers, K6GAC.C and K6GAW.C, contained
double mismatches at their 3' ends, which when annealed to wild-type DNA would
prevent polymerase stabilization of the primer:template structure and would
effectively not allow amplification of the wild-type sequences. If the second cytosine
base in the hexamer sequence, GCTAGC, however, looped out of the doublestranded helix during annealing, the primers could anneal to wild-type DNA so that
all base-pairs would align correctly. Formation of such a complex would allow
amplification of wild-type DNA. The lower half of the figure shows the triplemismatch primers that were used to obviate the problem discussed above. These
primers formed three mismatches with wild-type DNA, but only two mismatches
with mutant DNA.
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Wild-Type DNA Annealed to O6MeGua-Specific Double Mismatch Primers

K6GAC.C Crick strand specific

3' C
3' c

CATGTCT
GTACAGA

GGATCCGAAC C CT
CCTAGGCTTG G GATCGCGA

K6GAC.W Watson strand specific
3' W
3'

C

CGCTAG GCT
TC CGA

TCGTCGACCG
AGCAGCTGGC

ATGCC
TACGG

06MeGua-Snecific TriDle Mismatch Primers
K6GAC. 3M--G--SA mutation in Crick strand
5 'W CATGTCT
3'C GTACAGA

GGATCCGAAC
CCTAGGCTTG

ACT
3'
GCAATCGCGA 5'

(primer)
(template)

K6GAW.3M--G--->A mutation in Watson strand
5'W
3'C

CGCTAACGCT
TCAGA

TCGTCGACCG
AGCAGCTGGC

ATGCCC
TACGGG
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3'
5'

(template)
(primer)

Figure 29. MAMA amplification of genomic DNA from cells transfected with
pCNheI and pCNhel-O'MeGua using triple mismatch primers.
Genomic DNA isolated from mex- pooled clones transfected with pCNheI or
pCNheI-O6 MeGua was amplified using the triple mismatch primers K6GAC.3M and
K6GAW.3M. These primers ended with a trinucleotide that formed three wrong
base pairs with wild-type vector and two mismatches next to a correct base pair with
vector DNA containing a G---A transition in either the Watson or Crick strand.
Amplification protocol and figure legend are as in Figure 27.
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