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11.1 INTRODUCTION

The mutagenic potential of chemical agents and radiation is determined primarily
by the nature and quantity of the lesions introduced in DNA. Most mutagens
induce multiple types of lesions, each with different mutagenic properties resulting
in a variety of mutations. To obtain a clear picture of the various types of
mutations caused by a mutagen, target genes capable of detecting the majority of
induced mutations are needed. Detecting mutations has been limited to those genes
in which a mutation causes a phenotypic change such that mutants can be isolated
through selective killing of cells or organisms carrying the non-mutated gene, or
where the phenotypic change is recognizable by visual inspection. However, not
all mutations in a gene give rise to a mutant phenotype, because some mutations
either do not alter (e.g., "wobble bases") or only partially reduce the activity of the
gene product.

11.2 FACTORS INFLUENCING MUTATION SPECTRA

The distribution of mutagen-induced DNA sequence alterations in a given gene of
a particular cell or organism is known as a mutation spectrum. Factors likely to
influence the shape of such a mutation spectrum are described below.

11.2.1 DNA LESIONS

Although a mutagenic agent often gives rise to a variety of DNA lesions, only a
fraction of such lesions have mutagenic potential. For instance, some lesions might
directly miscode or distort the DNA helix, inserting incorrect nucleotides during
replication of DNA; whereas strand breaks in the DNA probably give rise to
deletions or to chromosomal rearrangements. Furthermore, each lesion has its own

Methods to Assess DNA Damage and Repair: lnterspecies Comparisons

Edited by R. G. Tardiff, P. H. M. Lohman and G. N. Wogan

@1994 SCOPE Published by John Wiley & Sons Ltd
e tf?,~ .~ I ';\ rA.~
.ICSU~i~ ~ . ~ '1l"

~
~ ~ ~ ~ g~ ~



162 DNA DAMAGE AND REPAIR: INTER SPECIES COMPARISONS

1intrinsic mutagenic potential; some lesions can be present in excess without being
mutagenic, whereas other minor lesions are highly effective mutagens. The best
studied DNA lesions are summarized in Table 11.1, together with examples of
some DNA-damaging agents causing them.

Table 11.1 Mutation spectra caused by genotoxic agents

Major type of DNA lesIOns DNA damaging agents

Single and double strand breaks Ionizing radiation, bleomycin

Pyrimidine dimers and pyrimidine-
pyrimidone (6-4) photoproducts UV light (254 nm)

Alkylated bases, alkyl-phosphotriesters Alkylating agents

Inter- and intra-strand DNA cross-links Psoralen + 340 nm UV light,
mitomycin C, cis-platinum-
compounds

Bulky adducts N -acetox y-2-acety lamino-
fluorene, benzo[a]pyrene,
aflatoxin Bj

A lesion is not necessarily directly mutagenic, but may be unstable and form
secondary lesions with mutagenic properties (e.g., AP-sites; Loeb and Preston,
1986). Many mutagens have to be metabolically activated before they become
effective. The presence or absence of mutagen activating or deactivating processes
in various cell types may lead to different types of DNA lesions and, consequently,
to different mutation spectra generated in cells of different organs.

11.2.2 DNA STRUCTIJRE AND SEQUENCE

The way DNA is organized in the cell influences the shape of a mutation spectrum.
In mammalian cells for example, the introduction of lesions over the genome by
some mutagens is non-random. Ethylation of the 06-position of guanine by N-
ethyl-N-nitrosourea (END) varies by a factor up to 800 between different regions
of the genome (Nehls et ai., 1984). These lesions are introduced in larger amounts
in areas of chromosomal DNA that have a more "open" structure, possibly
representing the promoter regions of actively transcribed genes. The shielding of
DNA against free radical reactions by chromosomal proteins is probably reduced
at these sites.

The DNA nucleotide sequence can also influence the mutation spectrum. The
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frequency of formation of a particular lesion at a certain base often depends not
only on the DNA sequence of adjacent nucleotides but also on the secondary
structure of the DNA. This effect may result in nucleotide sites with a high
incidence ("hot spots") and a low incidence ("cold spots") of adduct formation.

11.2.3 DNA REPAIR

A mutation spectrum can be influenced by the extent of DNA repair. In both
prokaryotic and eukaryotic cells, several DNA repair mechanisms capable of
removing lesions from DNA exist (Friedberg, 1985). Some types of DNA damage
can be repaired directly. In various organisms, alkyl transferases have been
detected that are capable of removing an alkyl group from alkylated bases. Bulky
lesions that are blocks for DNA replication may be repaired through nucleotide
excision-repair, which removes a short segment of DNA containing the adduct.
Other damaged bases can be removed through a process called base-excision-repair.
Both types of excision-repair overlap partly, since they sometimes act on the same
DNA adducts. The process of excision-repair is probably error-free, because the
information concerning the correct nucleotide sequence is available from the
complementary DNA strand. However, some types of damage are not removed
from the DNA, and persist even through replication. So called tolerance
mechanisms allow the replication machinery to bypass some of the lesions and
repair the gaps that may be generated in daughter strands when the replication fork
encounters bulky adducts, causing reinitiation of DNA synthesis downstream of the
lesion. Indications exist that DNA polymerases preferentially insert adenine
opposite non-coding lesions such as apurinic sites (Kunkel, 1984), a process that
can give rise to mutations. In mammalian cells, polymerase 8 and polymerase a
are implicated to act as the leading and lagging strand polymerase, respectively
(Prelich and Stillman, 1988). The ability to bypass potential mutagenic lesions in
the DNA during replication are likely to be different for various DNA polymerases.
This situation and the fact that the leading and lagging strand are synthesized in a
different manner (i.e., continuous versus discontinuous) may result in a strand bias
in the distribution of mutations.

For several DNA adducts, removal from the mammalian DNA occurs in a non-
random fashion (Bohr et ai., 1985; Gupta et ai., 1985;Leadon, 1986; Ryan et ai.,
1986). Removal of UV-induced pyrimidine dimers, for instance, is more rapid in
those parts of the genome transcribed actively; and a strand preference exists in
favor of the transcribed DNA strand (Mellon et ai., 1987). Repair-deficient strains
or cell lines are available for most organisms used in mutation studies. Mutation
spectra determined in cells with repair-proficient and repair-deficient genetic
background are likely to enhance understanding of the molecular mechanisms of
DNA repair.
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11.3 TARGET GENES FOR ANALYSIS OF MUT AnON SPECTRA

11.3.1 INTRODUCTION

The analysis of mutation spectra may also be useful for purposes other than
obtaining information on DNA structural features and on cellularprocesses involved
in mutation induction. In carcinogenesis, oncogene activation is sometimes
accompanied by the appearance of specific mutations in one of the cellular proto-
oncogenes (Barbacid, 1986). Activation of the three ras oncogenes has been shown
to occur through specific point mutations, which have been localized at codons 12,
13, and 61. Specific deletions and/or somatic loss of heterozygosity for regions of
the genome have been observed for other rare human tumors including:

1. osteosarcoma (chromosome 13, band qI4),
2. Wilms' tumor (chromosome 11), and
3. acoustic neuroma (chromosome 22).

Recently, similar deletion events and specific loss of heterozygosity have been
observed in more frequent human tumors including:

1. carcinoma of the lung (chromosome 3p),
2. breast (chromosome 13), and
3. colon (chromosome 5, band q21-22).

Depending on the type of mutation needed for activation of a particular oncogene,
large differences are expected to exist between various mutagenic carcinogens in
their ability to induce particular types of tumors. Analysis of mutations in a
relatively large DNA target sequence should provide insight into the capability of
mutagenic carcinogens to introduce the type of mutations necessary for activation
of specific oncogenes.

11.3.2 CHROMOSOMAL TARGET GENES FOR MUTATION STUDIES

The most commonly used systems for mutation studies are cultured mammalian
cells, Escherichia coli, yeast, and Drosophila melanogaster. Mutation studies in
mammalian cells using endogenous genes as target for mutation induction are
usually performed with cultured rodent or human cell lines. The choice of target
genes for mutagenesis studies is rather limited, because a well defined selection
procedure must exist for cells with a mutated gene. Genes on integrated shuttle
vectors are also being used as targets for mutagenesis. The genes that serve as
targets for mutation induction in the different systems are listed in Table 11.2;
however, mutation spectra have not been determined for each.
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Table 11.2 Target genes for mutagenesis

Orgarnsm Target gene

E. coli tac!, gpt

Yeast SUP4,URA3

D. metanogaster white, vermilion, adh

Mammalian cells hprt, aprt, dhfr, tk, ouabainr, gpt

In contrastto mostbacterialand yeastgenes,Drosophilaand mammaliangenes
have a complex structure of intron and exon sequences and a relatively large size.
These features have delayed large scale molecular analysis of mutations in
mammalian and Drosophila genes. The development of the polymerase chain
reaction(PCR)procedure(Saikiet at., 1985),that allowsin vitro amplificationof
specific DNA sequences, has made possible the rapid determination of the nature
of mutations in specific DNA fragments. Two oligonucleotide primers, that flank
the DNA segment to be amplified and that can hybridize to opposite strands, are
used in repeated cycles of denaturation, primer annealing, and extension of the
primers with a DNA polymerase. This procedure results in specific amplification
of the target DNA sequence more than one billion-fold. The PCR-based technique
hasrecentlybeenusedto analyzemutationsin the mammalianhprt, aprt, dhfr,and
chromosomallyintegratedgpt genesandtheDrosophilawhite andvermilion loci.
Some spectra determined at these loci are discussed below.

11.3.3 SPONTANEOUSLY OCCURRING MUTATIONS

The actual change in DNA sequence at the autosomal adenine phosphoribosyl-
transferase(aprt) locusin culturedmammaliancellshasbeendeterminedina series
of spontaneous mutants (De Jong et at., 1988; Phear et at., 1989). In both cases,
Chinesehamsterovary (CRO)cells that are hemizygousfor the aprt gene were
used. The spectra obtained by the two laboratories show large differences. Ninety
% of the mutations determined by De Jong et at. (1988) were base-pair
substitutions, of which 80% were GC" AT transitions and a pronounced "hot spot"
was found. The mutationspectrumdeterminedby Phearet at. (1989),however,
consists for 35% of deletions, duplications, and base insertions. Furthermore, in
their spectrum only 40% of the detectedbase-pair changes were GC" AT transitions
and the "hot spot" detected by De Jong was not the site of any of their mutations.
The fact that with the same target gene and in the same cell line different
spontaneous spectra are generated in different laboratories may result from the use
of different culture conditions. For instance, some batches of serum used for cell
culture media contain variable amounts of nuc1eosides, that might influence
nucleotide pools; imbalances in nucleotide pools are known to induce mutations
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(Phear and Meuth, 1989a, 1989b),and can greatly influence the spectra of
spontaneous mutations.

The mutation spectrum of spontaneous mutations at the gpt gene in mouse cells
was determined by Ashman and Davidson (1987). This prokaryotic gene is located
on a retroviral shuttle vector, that is integrated into chromosomal DNA. Deletion
was the most frequent event (67%) among these mutants, more than half of those
being due to a 3 bp deletion at a single site. At this "hot spot" a trinucleotide was
repeated. The same 3 bp deletion "hot spot" was also found in the spontaneous
spectrum at the gpt gene (Tindall and Stankowski, 1989); although in that study,
a different integrated shuttle vector and CRO cells were used. No preference for
a specific change was found among the mutants having a base substitution, but
somewhat more transversions than transitions were detected.

Spontaneous mutations at the X-linked hprt locus as determined by Southern blot
analysis consisted of about 10 to 20% of large deletions in cultured chinese hamster
cells (Fuscoe et at., 1983; Stankowski et at., 1986) and 40 to 50% in human
lymphoblastoid cells (Genett and Thilly, 1988; Monatt, 1989). Sequence analysis
of 16 spontaneous hprt mutants from V79 CRO showed that seven of them lacked
one or more exons from PCR amplified hprt cDNA. These mutants were probably
caused by a mutation in a splice acceptor site, that was confirmed for three of them
by sequence analysis of the involved splice junction.

Introduction of the methodology for the isolation of hprt T lymphocytes from
human blood provides an opportunity to determine in vivo mutation spectra
(Albertini et al., 1982a; Morley et at., 1983). Therefore, epidemiological studies
now have the potential to correlate mutation spectra with occupational and
environmental exposures to genotoxicants. Analysis of 31 mutant T lymphocytes
from healthy male donors, between 30 to 40 years of age, showed that in 17, a
single nucleotide change, including five frameshifts, was present. Like in V79
Chinese hamster cells, a high proportion (12 out of 31 mutants) of splice mutants
was also observed.

Molecular analysis of human germ line hprt mutations in Lesch-Nyhan patients
showed that more than 80% of these mutations are point mutations (Yang et at.,
1984). Sequence analysis of 29 of these mutants showed that base pair
substitutions were the major type of changes (Gibbs et at., 1989, Davidson et at.,
1989). Comparison of the somatic and germinal hprt mutation spectra showed that
both spectra are in close agreement, apart from a discrepancy in the fraction of
splice mutants that is much lower (6%) in Lesch-Nyhan and gouty arthritis
patients.

11.3.4 ALKYLATING AGENTS

Alkylating agents react with N- and O-atoms in DNA. The most prominent types
of adducts caused by these mutagens are phosphotriesters and N7-alkyl-guanine (N7-
alkyl-G), N3-alkyl-adenine (N3-alkyl-A), 06-alkyl-guanine (06-alkyl-G), 04-alkyl-
thymine (~-alkyl-T), and 02-alkyl-thymine adducts (02-alkyl-T). The relative
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proportion of these adducts differs tremendously among alkylating agents. Some
agents (e.g. dimethylsulphate (DMS), methylmethanesulphonate (MMS), and
ethylmethane-sulphonate (EMS)) react predominantly with DNA through a
bimolecular substitution (SN2)reaction forming a transition complex with strong
nucleophiles, particularly base nitrogens. Other agents likeN-methyl-N-nitrosourea
(MNU), N-ethyl-N-nitrosourea (ENU), N-nitroso-N,N-dimethylamine (DMN), N-
nitroso-N,N-diethylamine (DEN), N-nitroso-N-methyl-N-a-acetoxymethylamine
(NMAM), N-methyl-N' -nitro-N-nitrosoguanidine (MNNG), N-ethyl-N'-nitro-N-
nitrosoguanidine (ENNG), 1-(2-hydroxyethyl)-I-nitrosourea (BEND) almost
exclusively alkylate DNA through stable carbonium ions, the kinetics of which are
unimolecular (SNI). Hence, these compounds tend to react relatively more
extensively with weakly nucleophilic oxygen positions. The GC~ AT transition has
been found to be the predominant kind of change (>95%) after treatment with
MNU (Richardson et ai., 1987a; Bums et ai., 1988a), MNNG (Richardson et aI.,
1987b; Reed and Hutchinson, 1987; Bums et ai., 1987; Gordon et ai., 1988;
Kohalmi and Kunz, 1988; Kunz et aI., 1989), ENNG (Richardson et ai., 1988;
Kunz et ai., 1989), DMN (Horsfall et ai., 1989), NMAM (Horsfall and Glickman,
1989), HENU (Richardson et ai., 1988), EMS (Bums et ai., 1986; Kohalmi and
Kunz, 1988), and DMS (Zielenska et ai., 1989) in E. coli, yeast, and mammalian
cells. This base substitution is probably the result of mispairing of 06-alkyl-G with
thymidine during replication. For the SN1compounds, the GC~ AT transition shows
a strong sequence context, namely the predominance of mutation at guanine
residues preceded (5') by a purine (Richardson et ai., 1987a; Bums et ai., 1988b).
However, chemicals with SN2characteristics (DMS and EMS) do not seem to have
this 5' flanking base effect (Bums et ai., 1986; Zielenska et ai., 1989). AT~GC
transitions detected in ENU spectra probably result from 04-ethyl-T, which can
mispair with guanine. In the spectrum ofENU in Drosophila (pastink et ai., 1989)
and mammalian cells, however, a substantial number (30 to 40%) of AT~TA and
AT~CG transversions is also induced possibly by 02-ethyl-T or N3-ethyl-A.

The spectra of the methylating agents MNU and MMS (Nivard et ai., 1989) in
germ cells of Drosophila are completely different from all other investigated
species. For both agents, very few GC~ AT transitions were recovered among the
point mutations, but transversions (especially AT~TA) predominated. The
explanation might be that the amount of time available between initial damage and
the fixation of the mutation during replication is much longer in the case of
postmeiotic germ cells than for all other investigated systems. No removal of DNA
adducts occurs during this time period, but a higher proportion of secondary lesions
such as at AP-sites, caused by chemical instability of alkylated purines, may be
formed. After fertilization, 06-metG may be rapidly removed from the DNA by
methyltransferase(s) in the female oocyte. Taken together, these processes
dramatically change the initial adduct spectrum, and, consequently, the mutation
spectrum. This large difference in spectra in Drosophila was not observed for the
ethylatingagent END,probably because, analogous to E. coli alkyltransferases,
removal of an ethyl group from the 06-position of guanine by alkyltransferase is
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much less efficient than removal of a methyl group. The generation time of the
cells of the organisms used for the generation of mutation spectra varies greatly.
For some mutagens, the adduct spectrum, therefore, changes with time due to the
action of DNA repair enzymes and the formation of secondary lesions. The adduct
spectrum at the time of replication determines the shape of the mutation spectrum,
and differences are to be expected between different organisms for a mutation
spectrum by the same mutagen.

In addition to inducing point mutations, alkylating agents are well known to be
clastogenic (Preston et al., 1981; Moore et al., 1989). In mouse lymphoma cells
and also in human lymphoblastoid TK6 cells, mutants can show structural loss of
the TK locus (Little et al., 1987; Applegate et al., 1990).

11.3.5 CROSS-LINKING AGENTS

The nature of mutations induced by the anti-tumor drug cis-diaminedichloro-
platinum(II) (cisplatin) was determined for 28 mutants in the CRO aprt gene (De
Boer and Glickman, 1989). Base substitutions, frameshifts, short deletions, and
duplications were found. Many mutations occur at or close to the sequences 5'-
AGG-3' and 5'-GAG-3', that are thought to be the sequences where the majority of
cisplatin-induced intra-strand cross-links are formed. Apparently, inter-strand cross-
links between guanines or adenines in opposing strands do not contribute
significantly to the induction of aprt mutations in the case of cisplatin, although
they are highly cytotoxic. When the distribution of the 5'-AGG-3' and 5'-GAG-3'
sequences on the two DNA strands is compared with the sites were mutations
occurred, most mutations seemed to be caused by cisplatin adducts in the non-
transcribed strand. This strand preference may be a reflection of more efficient
repair of the transcribed strand or be due to differences in the damage distribution.

Bulky adducts

Metabolic activation of the polycyclic hydrocarbon benzo[a]pyrene, a well-studied
environmental mutagen and carcinogen, yields the major reactive metabolite (:t)-
trans-7,8-dihydroxy-9,l O-epoxy-7,8,9,1O-tetrahydrobenzo[a]pyrene (BPDE), which
predominantly binds to the exocyclic N2 amino group of guanine. Molecular
analysis of 59 BPDE-induced mutations at the aprt gene of CRO cells showed that
in all cases gene inactivation was the result of a point mutation (Mazur and
Glickman, 1988). The predominant mutation was the GC-TA transversion, which
comprised 62% of the spectrum, but also other base substitutions (almost
exclusively transversions) and frameshifts were recovered. The majority of BPDE-
induced mutations were targeted within runs of G:C base pairs, half of them being
runs of guanines flanked by adenine residues. The observation that in mammalian
cells BPDE predominantly induces point mutations has also been made by other
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investigators. Southern blot analysis of hprt mutants from V79 Chinese hamster
cells (King and Brookes, 1984) and dihydrofolate reductase (dhfr) mutants from
CHO cells (Carothers et ai., 1988) showed that all of the hprt mutants and all but
one of the dhfr mutants, had retained their normal restriction patterns. Sequence
analysis of 14 dhfr mutants showed that 10 mutants were caused by GC..AT
transversions and three mutants by a -1 frameshift (Carothers and Grunberger,
1990).

The nature of mutations induced by the aromatic amine N-acetoxy-2-acety1-
aminofluorene (AAAF), has been investigated at the dhfr locus in CHO cells.
AAAF reacts predominantly at the C8-position of deoxyguanosine residues, yielding
two types of adducts, 2-[N-deoxyguanosin-8-yl)-N-acetyl]-aminofluorene(dG-AAF)
and 2-[N-deoxyguanosin-8-yl)aminofluorene (dG-AF). AAF adducts caused a
larger distortion of the DNA conformation than AF adducts. Of 29 investigated
AAAF-induced dhfr mutations about 30% were large gene alterations (Carothers
et ai., 1986). Sequence analysis of 20 mutants with point mutations showed that
75% of these were ofthe GC"TA transversion type (Carothers et ai., 1989). About
40% of the mapped mutants displayed greatly reduced steady-state levels of dhfr
mRNA. In all cases, these mutants contained premature translation stop codons.
From the remaining 10base substitution mutants with normal levels of dhfr mRNA,
five contained a nonsense codon in the sixth exon. In contrast to stop codons in
exon VI, nonsense codons in exons II to V probably caused the dhfr mRNA to
become unstable. The observation that quite often mRNA transcribed from a
mutant gene has a decreased stability, has also been found for the hprt gene by
other investigators (Vrieling et ai., 1988; Thacker and Ganesh, 1989; Liber et ai.,
1989).

Base anaiogues

Mutagenesis by the thymidine analogue 5-bromodeoxyuridine (BrdUrd) has been
investigated in mouse cells using the E. coli gpt gene on an integrated retroviral
shuttle vector as target for mutations (Davidson et ai., 1988). BrdUrd mutagenesis
in mammalian cells has been suggested as being dependent upon the perturbation
of endogenous deoxycytidine metabolism; furthermore, mutations could arise from
misincorporation of BrdUrd into DNA, driven by unbalanceddeoxynucleotide pools
available for DNA synthesis. The great majority of BrdUrd-induced mutations
were found to be GC" AT transitions, probably caused by misincorporation of
BrdUrd opposite guanine in DNA. A high degree of sequence specificity was
observed, since 95% of the induced GC..AT transitions occurred in a sequence of
two adjacent guanine residues. In about 90% of the cases, the guanine residue
involved in mutation was the one in the more 3' position.

Southern analysis of hprt CRO mutants induced by the purine analogs 9-B-D-

arabinosyl-2-fluoroadenine(F-ara-A) and 9-~-arabinofuranosyladenine(ara-A)
(Huang et ai., 1989), which have antiviral and antitumor activities, showed that the
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great majority had lost all or part of the hprt gene. Incorporation of F-ara-A into
DNA is thought to cause tennination of replicating segments, resulting in localized
deletions of genetic material. Ara-A, however, has been found to be incorporated
in DNA suggesting that a mechanism other than chain tennination is involved in
the induction of gene deletions by this analogue.

Ionizing radiation

Ionizing radiation was the fIrst genotoxic agent identifIed (Muller, 1927),and is one
of the most common carcinogenic agents to which humans are exposed, because of
background radiation and exposure during medical treatment. Ionizing radiation
generates oxygen radicals, that can react with the genetic material. DNA damage
induced by ionizing irradiation consists of DNA strand breaks (both double- and
single-stranded), base-free (AP) sites, and modifIed DNA bases. Analysis of
mutations at different loci (hprt, tk, dhfr, gpt, white) after irradiation with X-rays,
y-rays, neutrons, accelerated argon ions, and a-particles showed that in the majority
of the investigated genes large deletions or other types of chromosomal
rearrangements including mitotic recombination or gene conversion were the
predominant type of mutation (Vrieling et ai., 1985;Thacker, 1986;Stankowski and
Hsie, 1986;Urlaub et al., 1986;Fuscoe et al., 1986;Little et al., 1987;Gibbs et al.,
1987; Pastink et al., 1987; Batzer et al., 1988; Kronenberg and Little, 1989;
Applegate et al., 1990). However, 80% of the mutations induced by y-rays at the
aprt gene of CHO cells, where the aprt gene is in a hemizygous state (Breimer et
al., 1986; Miles and Meuth, 1989), were point mutations, including base changes,
frameshifts, multiple changes, and small deletions. Compared to the spontaneous
spectrum determined by the same group, the target sequences for both frameshifts
and small deletions appeared to be different, and y-rays induced more multiple base
changes. A similar spectrum of aprt mutations induced by y-rays in the same CRO
cell line was found. That the fraction of large deletions among the aprt mutations
induced by ionizing radiation in this cell line is much lower than found in other
chromosomal loci may be due to the specifIc cell line used in these studies, which
carry only one copy of the aprt gene (and possible adjacent genes). If an essential
gene is located adjacent to the aprt gene, large deletions are lethal under
hemizygous conditions. Analysis of deletion mutants from hprt deficient T
lymphocytes has shown that deletions can extend for as far as 5 cM into the
flanking region of the gene. In addition, genes in hemizygous conditions may be
unable to undergo homologous mitotic recombination or gene conversion.

Examination of tennini of ionizing radiation-induced small deletions in the white
gene of Drosophila (Pastink et al., 1988) and the aprt gene in Chinese hamster
cells (Miles and Meuth, 1989) showed that the majority of those occurred between
short direct repeats, one copy of which is retained in the mutant gene. The
formation of these small deletions can be explained by recombination or by "slipped
mispair" during DNA replication (Albertini et al., 1982b).
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The variability in the proportion of deletion mutants by a certain mutagenic agent
at different loci may be much more a reflection of the differences in the genetic
organization of these genes, than a result from the mutagenic character of the agent.

UV light

Short wavelength (i.e., 254 nm) UV irradiation results in the formation of various
adducts in DNA. The major UV-induced lesion is the cyclobutane pyrimidine
dimer that is formed between two adjacent pyrimidines. Dimers have been
demonstrated to playa significant role in cell killing and mutagenesis. Pyrimidine
dimers in genomic DNA of mammalian cells have been shown to occur randomly
(Bohr et aI., 1985) indicating no significant bias between large domains of
chromatin. Recently, however, dimer distribution in core DNA of nucleosomes was
reported to not be uniform (Gale et at., 1987),but that a 1O.3-baseperiodicity exists
that may be related to the inherent structure of the nucleosome, and reflects
histone-DNA interactions. The order of preference for dimer formation at possible
dipyrimidine sites was shown to be TT > TC = CT > CC (Setlow and Carrier,
1966).

Another UV-induced lesion that may play an important role in the mutagenic
effects ofUV light is the pyrimidine-pyrimidone (6-4) photoproduct (Lippke et al.,
1981; Brash and Haseltine, 1982). Like pyrimidine dimers, this lesion is also
formed at dipyrimidine sites. The alkali lability of at least some (6-4)
photoproducts was used to determine that these photoproducts are almost
exclusively formed at TC and CC sequences (Brash et al., 1987; Bourre et al.,
1987). Some discrepancy exists about the relative frequency of cyclobutane
pyrimidine dimers and (6-4) photoproducts. Recent measurements using an
antibody-assay specific for (6-4) photoproducts showed that the ratio of dimers
versus (6-4) photoproducts is about 3:1, which is now generally accepted (Mitchell
1988).

Analysis of UV-induced mutations at the CRO aprt locus (Drobetsky et al., 1987)
showed that mutations consisted of single, tandem double, and non-tandem double-
base substitutions. Ninety-four percent of the UV-induced mutations appeared to
be targeted to dipyrimidine sites. Like in E. coli, about 70% of the base
substitutions were GC-.AT transitions (Schaaper et al., 1987).

UV-induced single and tandem base changes at a chromosomally integrated gpt
gene in CRO cells were also predominantly GC-' AT transitions, half of the
mutations being at four "hot spots" (Romac et al., 1989). Nonsense mutations and
mutations eliminating the ATG initiation codon were about 50% of the mutations,
suggesting that most amino acid changes in the gpt protein do not decrease
phosphoribosyltransferase activity enough to let the cell survive under the selective
conditions used.

The molecular nature of mutations induced by UV light has been investigated in
hprt mutants from V79 Chinese hamster cells isolated after exposure to 12 J/m2
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(Vrieling et ai., 1989) or 2 J/m2and from CRO cells (sttain AA8) exposed to 2
11m2. Among the mutants analyzed, all possible base-pair changes were present,
60% being transversions. Of the mutations, 95% occurred at dipyrimidine sites,
and, therefore, are probably caused by UV-induced photoproducts at these sites.
At 211m2,both in V79 and in CHO cells, more than 86% of the mutations were
caused by photoproducts in the non-transcribed strand of the hprt gene. This effect
was 65% at 12 J/m2. This strand bias for mutation induction towards the non-tran-
scribed strand was probably caused by preferential repair of photoproducts from the
transcribed strand of the hprt gene. The less pronounced strand bias at 12 11m2
might be caused by saturation of preferential DNA repair processes at high doses.

UV-induced mutations were also analyzed in the repair-deficient cell lines V-HI
and UV-5, which are UV sensitive derivatives ofV79 and CHO, respectively. Both
belong to complementation group 2 of UV-sensitive Chinese hamster cell lines.
Removal of pyrimidine dimers from an 18kb EcoRI fragment of the hprt gene was
completely deficient in V-HI cells. UV-induced mutation induction in V-HI and
in UV-5 was about seven times higher per unit dose than in normal V79 and CHO
cells (Zdzienicka et al., 1988). Most UV-induced (211m2)single base-pair changes
and tandem double mutations in V-HI and UV-5 were GC to AT transitions.
Furthermore, in contrast with normal V79 cells and CHO cells, 95% of the base
pair changes were caused by photoproducts in the transcribed strand of the hprt
gene (Table 11.3). In the absence of DNA repair, mutational events were expected
to be equally distributed over both DNA strands. Although more dipyrimidine
sequences are present in the exon sequences of the transcribed strand, this
difference alone is insufficient to explain the strand bias in V-HI and UV-5
(Vrieling et al., 1989). The same observation has been made in repair-deficient
human fibroblasts (XP-A).

Table 11.3 Distribution of mutagenic photoproducts over the DNA strands

Cell t V79 V79 CHO V-HI UV-5
12 J/m2 2 J/m2 2 J/m2 2 J/m2 2 J/m2

DNA stranM

Transcribed 6 3 2 10 21

Non-transcribed 11 17 17 1 1

To explain this unexpected finding, some other mechanism apart from DNA
repair may be acting with different error efficiencies for the two DNA strands
decreasing mutation induction in the non-transcribed strand. For instance, this
mechanism could be the fidelity of DNA replication. The fidelity of the DNA
polymerases involved in replication may be different when synthesizing the leading
or the lagging strand. The strong processivity of polymerase 8 might force it to
incorporate a nucleotide opposite photoproducts in the template of the leading DNA
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strand (translesion synthesis). However, when synthesizing the lagging DNA strand
polymerase exmight be able to start from a new initiation site downstream from a
photoproduct, thereby generating a gap that can be filled by recombination at a later
time. This last process is likely to cause less errors than translesion synthesis. The
consequence of this model is that, in the case of the hprt gene, the transcribed
strand corresponds to the template of the leading strand.

UV-induced mutation spectra were also determined in yeast, but only under repair
proficient conditions. Like in the hprt gene, no predominance of GC~ AT
transitions was found at the URA3 locus (Lee et al., 1988). Half of the base
substitutions were transversions, whereas the majority of the transitions were
AT~GC base changes.

11.4 CONCLUSIONS

The rate and efficiency of the different DNA repair processes on the various
potentially mutagenic lesions in the different target genes are of vital importance
for the ultimate shape of the mutation spectra. The phenomena of non-random
introduction and removal of DNA lesions is very small, given the observation that,
for some genes, the target sequence for mutations which will give rise to a mutant
phenotype. Furthermore the fact that for some target genes multi-locus deletions
may be lethal makes it necessary to determine the spectra of genetic events in
mammalian cells with several different target genes in order to determine the
generality of a mutation spectrum observed in a specific gene.

11.5 REFERENCES

Albertini, R.I., Castle, K.S., and Borcherding, W.R. (1982a) T-cell cloning to detect the
mutant 6-thioguanine resistant lymphocytes present in human peripheral blood. Proc. NaIl
Acad. Sci. USA 79, 6617-6621.

Albertini, A.M., Hofer, M., Calos, M.P., and Miller, lH. (1982b) On the formation of
spontaneous deletions: The importance of short sequence homologies in the generation of
large deletions. Cell 29, 319-328.

Applegate., M.L., Moore, M.M., Broder, C.B., Burrell, A., Juhn., G., Kasweck., K.L., Lin,
P-F., Wadhams, A., and Hozier, J.C. (1990) Molecular dissection of mutations at the
heterozygous thymidine kinase locus in mouse lymphoma cells. Proc. Natl Acad. Sci. USA
87,51-55.

Ashman, C.R. and Davidson, R.L. (1987) Sequence analysis of spontaneous mutations in a
shuttle vector gene integrated into mammalian chromosomal DNA. Proc. Nall Acad. Sci.
USA 84, 3354-3358.

Barbacid, M. (1986) Mutagens, oncogenes and cancer. Trends Genel. 2, 188-192.
Batzer, M.A., Tedeschi, B., Fossett, N.G., Tucker, A., Kilroy, G., Arbour, P., and Lee, W.R.

(1988) Spectraof molecularchangesinducedin DNA of Drosophilamelanogasterby 1-
ethyl-1-nitrosourea and X-rays. Mulal. Res. 199, 255-268.

Bohr, V.A., Smith, C.A., Okumoto, D.S., and Hanawalt, P.C. (1985) DNA repair in an



174 DNA DAMAGE AND REPAIR: INTERSPECIES COMPARISONS

active gene: removal of pyrimidine dimers from the dhfr gene of CHO cells is much more
efficient than in the genome overall. Cell 40, 359-369.

Bourre, F., Renault, G., and Sarasin, A. (1987) Sequence effect on alkali-sensitive sites in
UV-irradiated SV40 DNA. Nucleic Acids Res. 15,8861-8875.

Brash, D.E. and Haseltine, W.A. (1982) UV-induced mutation "hotspots" occur at damage
"hotspots." Nature 298, 189-192.

Brash, D.E., Seetharam, S., Kraemer, K.H., Seidman, M.M., and Bredberg, A. (1987)
Photoproduct frequency is not the major determinant of UV base substitution "hotspots"
or "co1dspots"in human cells. Proc. Natl Acad. Sci. USA 84, 3782-3786.

Breimer, L.H., Nalbantoglu, J., and Little, lB. (1986) Structure and sequence of mutations
induced by ionizing radiation at selectable loci in Chinese hamster ovary cells J. Mol.
Bioi. 192, 669-674.

Burns, P.A., Allen, P.L., and Glickman, BW. (1986) DNA sequence analysis of
mutagenicity and site specificity of ethyl methanesulphonate in Uvr+and Uvr- strains of
Escherichia coli. Genetics 113, 811-819.

Burns, P.A., Gordon, A.J.E., and Glickman, B.W. (1987) Influence of neighbouring base
sequence on N-methy1-N'-nitro-N-nitrosoguanidine mutagenesis in the Lac! gene of
Escherichia coli. J. Mol. BioI. 194, 385-390.

Burns, P.A., Gordon, AJ.E., and Glickman, B.W. (1988a) Mutational specificity of N-
methyl-N-nitrosourea in the lac! gene of Escherichia coli. Carcinogenesis 9, 1607-1610.

Burns, P.A., Gordon, A.J.E., Kunsmann, K., and Glickman, B.W. (1988b) Influence of
neighbouring base sequenceon the distribution andrepair ofN-ethyl-N-nitrosourea-induced
lesions in Escherichia coli. Cancer Res. 48, 4455-4458.

Carothers, A.M. and Grunberger, D. (1990) DNA base changes in benzo[a]pyrene diol
epoxide-induced dihydrofolate reductase mutants of Chinese hamster ovary cells.
Carcinogenesis 11, 189-192.

Carothers, A.M., Urlaub, G., Steigerwalt, R.W., Chasin, L.A., and Grunberger, D. (1986)
Characterization of mutations induced by 2-(N-acetoxy-N-acety1)aminofluorenein the
dihydrofolate reductase gene of cultured hamster cells. Proc. Natl Acad. Sci. USA 83,
6519-6523.

Carothers, A.M., Urlaub, G., Grunberger, D., and Chasin, L.A. (1988) Mapping and
characterization of mutations induced by benzo[a]pyrene diol epoxide at dihydrofolate
reductase locus in CHO cells. Somat. Cell. Mol. Genet. 14, 169-183.

Carothers, A.M., Steigerwalt, R.W., Urlaub, G., Chasin, L.A., and Grunberger, D. (1989)
DNA base changes and RNA levels in N-acetoxy-2-acetylaminoflourene-induced
dihydrofolate reductase mutants of Chinese hamster ovary cells. J. Mol. BioI. 208,
417-428.

Davidson, B.L., Tarle, SA, Palella, TD., and Kelley, W.N. (1989) Molecular basis of
hypoxanthine-guanine phosphoribosyltransferase deficiency in ten subjects determined by
direct sequencing of amplified transcripts. J. Clin. Invest. 84, 342-346.

Davidson, R.L., Broeker, P., and Ashman, C.R. (1988) DNA base sequence changes and
sequence specificity of bromodeoxyuridine-induced mutations in mammalian cells. Proc.
Natl Acad. Sci. USA 85, 4406-4410.

De Boer, J.G. and Glickman, B.W. (1989) Sequence specificity of mutation induced by the
anti-tumor drug cisplatin in the CHO aprt gene. Carcinogenesis 10, 1363-1367.

De Jong, PJ., Grosovsky, AJ., and Glickman, B.W. (1988) Spectrum of spontaneous
mutation at the aprt locus of Chinese hamster ovary cells: An analysis at the DNA level.
Proc. Natl Acad. Sci. USA 85, 3499-3503.



ANALYSIS OF MUTATIONS IN ENDOGENOUS GENES 175

Drobetsky, B.A., Grosovsky, AJ., and Glickman, B.W. (1987) The specificity of UV
induced mutations at an endogenous locus in mammalian cells. Proc. Natl Acad. Sci. USA
84, 9103-9107.

Friedberg, E.C. (1985) DNA Repair. W.H. Freeman and Company, New York.
Fuscoe, lC., Fenwick Jr., R.G., Ledbetter, D.H., and Caskey, C.T. (1983) Deletion and

amplification of the hgprt locus in Chinese hamster cells. Mol. Cell. BioI. 3, 1086-1096.
Fuscoe, lC., Ockey, C.H., and Fox, M. (1986) Molecular analysis of X-ray-induced mutants

at the HPRT locus in V79 Chinese hamster cells. Int. J. Radiat. BioI. 49, 1011-1020.
Gale, J.M., Nissen, K.A., and Smerdon, MJ. (1987) UV-induced formation of pyrimidine

dimers in nucleosome core DNA is strongly modulated with a period of 10.3 bases. Proc.
Natl Acad. Sci. USA 84, 6644-6648.

Genett, LN. and Thilly, W.G. (1988) Mapping large spontaneous deletion endpoints in the
human HPRT gene. Mutat. Res. 201,149-160.

Gibbs, R.A, Camarkis, l, Hodgson, G.S., and Martin, R.F. (1987) Molecular
characterization of 1251decay and X-ray-induced hprt mutants in CHO cells. Int. J. Radiat.
BioI. 51, 193-199.

Gibbs, R.A., Nguyen, P.N., McBride, LJ., Koepf, S.M., and Caskey, C.T. (1989)
Identification of mutations leading to the Lesch-Nyhan syndrome by automated direct
sequencing of in vitro amplified cDNA Proc. Natl Acad. Sci. USA 86, 1919-1923.

Gordon, A.J.E., Burns, P.A., and Glickman, B.W. (1988) N-Methyl-N'-nitro-
nitrosoguanidine-induced mutation in a recA strain of Escherichia coli. Mutat. Res. 201,
218-228.

Gupta, R.C., Dighe, N.R., Randerath, K., and Smith, H.C. (1985) Distribution of initial and
persistent 2-acetylaminofluorene-induced DNA adducts within DNA loops. Proc. Natl
Acad. Sci. USA 82, 6605-6608.

Horsfall, M.l and Glickman, B.W. (1989) Mutational specificities of environmental
carcinogens in the lad gene of E. coli: The direct-acting analogue N-nitroso-N-methyl-N-
a-acetoxymethylamine. Carcinogenesis 10, 817-822.

Horsfall, M.J., Zeilmaker, MJ., Mohn, G.R., and Glickman, B.W. (1989) Mutational
specificities of environmental carcinogens in the lad gene of Escherichia coli: A host-
mediated approach to N-nitroso-N,N-dimethylamineand endogenous mutagenesis in vivo.
Mol. Carcinogenesis 2, 107-115.

Huang, P., Siciliano, MJ., and Plunkett, W. (1989) Gene deletion, a mechanism of induced
mutation by arabinosyl nucleosides. Mutat. Res. 210, 291-301.

King, H.W.S. and Brookes, P. (1984) On the nature of the mutations induced by the
diolepoxide of benzo[a]pyrene in mammalian cells. Carcinogenesis 5, 965-970.

Kohalmi, S.E. and Kunz, B.A (1988) Role of neighbouring bases and assessment of strand
specificity in ethylmethanesulphonateandN-methyl-N' -nitro-nitrosoguanidinemutagenesis
in the SUP4-0 gene of Saccharomyces cerevisiae. 1. Mol. BioI. 204, 561-568.

Kronenberg, A. and Little, J.B. (1989) Molecular characterization of thymidine kinase
mutants of human cells induced by densely ionizing radiation. Mutat. Res. 211, 215-224.

Kunkel, T.A. (1984) Mutational spectra of depurination. Proc. Natl Acad. Sci. USA 81,
1494-1498.

Kunz, B.A., Ayre, B.G., Downes, AM.T., Kohalmi, S.E., McMaster, C.R., and Peters, M.G.
(1989) Base-pair substitutions alter the site-specific mutagenicity of UV and MNNG in the
SUP4-0 gene of yeast. Mutat. Res. 226, 273-278.

Leadon, SA (1986) Differential repair of DNA damage in specific nucleotide sequences in
monkey cells. Nucleic Acids Res. 14, 8979-8995.



176 DNA DAMAGE AND REPAIR: INTERSPECIES COMPARISONS

Lee, G.S.-F., Savage, E.A., Ritzel, R.G., and von Borstel, R.C. (1988) The base-alteration
spectrum of spontaneous and ultraviolet radiation-induced forward mutations in the URA3
locus of Saccharomyces cerevisiae. Mol. Gen. Genet. 214, 396-404.

Liber, H.L. and Thilly, W.G. (1987) Molecular and biochemical analyses of spontaneous and
X-ray-induced mutants in human lymphoblastoid cells. Mutat. Res. 178, 143-153.

Liber, H.L., Benforado, K., Crosby, R.M., Simpson, D., and Skopek, T.R. (1989)
Formaldehyde-induced and spontaneous alterations in human hprt DNA sequence and
mRNA expression. Mutat. Res. 226, 31-37.

Lippke, J.A., Gordon, L.K., Brash, D.E., and Haseltine, W.A. (1981) Distribution of UV
light-induced damage in a defined sequence of human DNA: Detection of alkaline-
sensitive lesions at pyrimidine nucleoside-cytidine sequences. Proc. Natl Acad. Sci. USA
78, 3388-3392.

Little, lB., Yandell., D.W., and Liber, H.L. (1987) Molecular analysis of mutation at the TK
and hprt loci in human cells. In: Moore, M.M., DeMarini, D.M., de Serres, F.I., and
Tindall, K.R. (Eds) Mammalian Cell Mutagenesis, pp 225-236, Banbury Report 28, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, New York.

Loeb, AL. and Preston, B.D. (1986) Mutagenesis by apurinic/apyrimidinic sites. Ann. Rev.
Genet. 20, 201-230.

Mazur, M. and Glickman, B.W. (1988) Sequence specificity of mutations induced by
benzo[a]pyrene-7,8-diol-9,10-epoxide at the endogenous aprt gene in CHO cells. Somat.
Cell Mol. Genet. 14, 393-400.

Mellon, 1., Spivak, G., and Hanawalt, P.C. (1987) Selective removal of transcription-
blocking DNA damage from the transcribed strand of the mammalian DHFR gene. Cell
51,241-249.

Miles, C. and Meuth, M. (1989) DNA sequence determination of y-radiation-induced
mutations of the hamster aprt locus. Mutat. Res. 227, 97-102.

Mitchell, DL (1988) The relative cytotoxicity of (6-4) photoproducts and cyclobutane
dimers in mammalian cells. Photobiochem. Photobiol. 48, 51-57.

Monnat, R.I. (1989) Molecular analysis of spontaneous hypoxanthine phosphoribosyl-
transferase mutations in thioguanine-resistant HL-60 human leukaemia cells. Cancer Res.
49,81-87.

Moore, M.N. Harrington-Brock, K. Doerr, C.L., and Dearfield, K.L. (1989) Differential
mutant quantitation at the mouse lymphoma TK and CHO hprt loci. Mutagenesis 4,
394-403.

Morley, A.A., Trainor, K.I., Seshadri, R., and Ryall, R.B. (1983) Measurements of in vivo
mutations in human lymphocytes. Nature 302, 155-156.

Muller, H.J. (1927) Artificial transmutation of the gene. Science 66, 84-87.
Nehls, P., Rajewsky, M.F., Spiess, E., and Werner, D. (1984) Highly sensitive sites for

guanine-06 ethylation in rat brain DNA exposed to N-ethyl-N-nitrosourea in vivo. EMBO
J. 3, 327-332.

Nivard, M.M., Vogel, E.W., and Pastink, A (1989) DNA sequence characterization of
alkylation-induced vermilion mutants in Drosophila. Environ. Mol. Mutagen. 14 (Suppl.
15), 143.

Pastink, A, Schalet, AP., Vreeken, c., Paradi, E., and Eeken, J.C.I. (1987) The nature of
radiation-induced mutations at the white locus of Drosophila melanogaster. Mutat. Res.
177,101-115.

Pastink, A, Vreeken, C., Schalet, AP., and Eeken, J.C.J. (1988) DNA sequence analysis of
X-ray-induced deletions at the white locus of Drosophila melanogaster. MUlat.Res. 207,



ANALYSIS OP MUTATIONS IN ENDOGENOUS GENES 177

23-28.

Pastink, A, Vreeken, C., Nivard, M.M., Searles, L.L., and Vogel, E.W. (1989) Sequence
analysis of N-ethyl-N-nitrosourea-inducedvermilion mutations in Drosophila melanogaster.
Genetics 123, 123-129.

Phear, G. and Meuth, M. (1989a) The genetic consequences of DNA precursor pool
imbalance: sequence analysis of mutations induced by excess thymidine at the hamster
aprt locus. Mutat. Res. 214, 201-206.

Phear, G. and Meuth, M. (1989b) A novel pathway for transversion mutation induced by
dCTP misincorporation in a mutator strain of CHO cells. Mol. Cell. Bioi. 9, 1810-1812.

Phear, G., Armstrong, W., and Meuth, M. (1989) Molecular basis of spontaneous mutation
at the aprt locus of hamster cells. J. Mol. Bioi. 209, 577-582.

Prelich, G. and Stillman, B. (1988) Coordinated leading and lagging strand synthesis during
SV40 DNA replication in vitro requires PCNA Cell 53, 117-126.

Preston, R.I., Au, W., Bender, M.A., Brewen, J., Carrano, AV., Heddle, I.A, McFee, A.F.,
Wolff, S., and Wassom, I.S. (1981) Mammalian in vivo and in vitro cytogenetic assays:
A report of the US EPA's Gene-Tox Program. Mulat. Res. 87, 143-188.

Reed, I. and Hutchinson, F. (1987) Effect of the direction of DNA replication on
mutagenesis by N-methyl-N'-nitro-N-nitrosoguanidinein adapted cells of Escherichia coli.
Mol. Gen. Genet. 208, 446-449.

Richardson, K.K., Richardson, F.C., Crosby, R.M., Swenberg, J.A., and Skopek, T.R.
(1987a) DNA base changes and alkylation following in vivo exposure of Escherichia coli
to N-methyl-N-nitrosourea or N-ethyl-N-nitrosourea. Proc. Natl Acad. Sci. USA 84,
344-348.

Richardson, K.K., Crosby, R.M., Richardson, F.C., and Skopek, T.R. (1987b) DNA base
changes induced following in vivo exposure of unadapted, adapted, or Ada- Escherichia
coli to N-ethyl-N'-nitro-N-nitrosoguanidine.Mol. Gen. Genet. 209, 526-532.

Richardson, K.K., Crosby, R.M., and Skopek, T.R. (1988) Mutation spectra of N-ethyl-N'-
nitro-N-nitrosoguanidine and 1-(2-hydroxyethyl)-I-nitrosourea in Escherichia coli. Mol.
Gen. Genet. 214, 460-466.

Romac, S., Leong, P., Sockett, H., and Hutchinson, F. (1989) DNA base sequence changes
induced by ultraviolet light mutagenesis of a gene on a chromosome in Chinese hamster
ovary cells. J. Mol. Bioi. 209, 195-204.

Ryan, A.I., Billet, M.A, and O'Connor, P.I. (1986) Selective repair of methylated purines
in regions of chromatin DNA. Carcinogenesis 7, 1497-1503.

Saiki, R.K., Scharf, S., Faloona, F., Mullis, K.B., Horn, G.T., Erlich, H.A., and Arnheim,
N. (1985) Enzymatic amplification of B-globin genomic sequences and restriction site
analysis for diagnosis of sickle cell anaemia. Science 230, 1350-1354.

Schaaper, R.M., Dunn, R.L., and Glickman, B.W. (1987) The mechanisms of ultraviolet-light
induced mutation: The UV-mutational spectra in the lael gene of Escherichia coli for a
wild-type and an excision-repair-deficient strain. J. Mol. Bioi. 198, 187-202.

Setlow, R.B. and Carrier, W.L. (1966) Pyrimidine dimers in ultraviolet-irradiated DNA's.
J. Mol. Bioi. 17, 237-254.

Stankowski Jr., L.F. and Hsie, A.W. (1986) Quantitative and molecular analyses ofradiation-
induced mutation in AS52 cells. Radiat. Res. 105, 37-48.

Thacker, J. (1986) Molecular characterization of HPRT-deficient mutants induced by "{-rays
or a-particles showing that the majority have deletions of all or part of the hprt gene.
Mutat. Res. 160, 267-275.

Thacker, I. and Ganesh, AN. (1989) Molecular analysis of spontaneous and ethyl



178 DNA DAMAGE AND REPAIR: INTERSPECIES COMPARISONS

methanesulphonate-induced mutations of the hprt gene in hamster cells. Mutat. Res. 210,
103-112.

Tindall, K.R. and Stankowski, L.F. (1989) Molecular analysis of spontaneous mutations at
the gpt locus in Chinese hamster ovary (AS52) cells. Mutation Res. 220, 241-253.

Urlaub, G., Mitchell, P.l, Kas, E., Chasin, L.A., Funange, V.L., Miyoda, T., and Hamlin,
J. (1986) Effect of y-rays at the dihydrofolate reductase locus: Deletions and inversions.
Somat. Cell Mol. Genet. 12, 555-566.

Vrieling, H., Simons, J.W.I.M., Arwert, F., Natarajan, AT., and van Zeeland, AA (1985)
Mutations induced by X-rays at the HPRT locus in cultured Chinese hamster cells are
mostly large deletions. Mutat. Res. 144,281-286.

Vrieling, H., Niericker, MJ., Simons, lW.I.M., and van Zeeland, A.A. (1988) Molecular
analysis of mutations induced by N-ethyl-N-nitrosourea at the HPRT locus in mouse
lymphoma cells. Mutat. Res. 198,99-106.

Vrieling, H., van Rooijen, M.L., Groen, N.A., Zdzienicka, M.Z., Simons, J.W.I.M., Lohman,
P.H.M., and van Zeeland, AA. (1989) DNA strand specificity for UV-induced mutations
in mammaliancells.Mol.Cell. BioI. 9, 1277-1283.

Yang, T.P., Patel, P.I., Chinault, AC., Stout, J.T., Jackson, L.G., Hildebrand, B.M., and
Caskey, C.T. (1984) Molecular evidence for new mutation in the hprt locus in
Lesch-Nyhan patients. Nature 310, 412-414.

Zielenska, M., Horsfall, MJ., and Glickman, BW. (1989) The dissimilar mutational
consequences of SNI and SN2 DNA alkylation pathways: clues from the mutational
specificity of dimethylsulphonate in the lac! gene of Escherichia coli. Mutagenesis 4,
230-234.

Zdzienicka, M.Z., van der Schans, G.P., Westerveld, A, van Zeeland, A.A., and Simons,
J.W. (1988) Phenotypic heterogeneity within the first complementation group of UV-
sensitive mutants of Chinese hamster cell lines. Mutat. Res. 193, 31-41.


