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ABSTRACT

1,8-Dinitropyrene (1,8-INP) is an envirommental contaminant
which is mutagenic and carcinogenic. In both prokaryotic and
eukaryotic cells 1,8-DNP is metabolized by nitroreducticn and O-
acetylation to yield a nitrenium ion which binds to INA. A metabolic .
intermediate is 1-nitroso-8-nitropyrene (1,8-NCNP). This thesis
examined the DNA adducts formed by 1,8-NONP, and the mutational
specificity of 1,8-NONP in the lacl gene of E. coli.

Three DNA adducts were formed in E. coli following treatment
with 1,8-NONP. The major lesion (3G-C(8)-ANP), which camprised about
95% of the total adduct, was formed at the C(8) position of
deoxyguancsine. It is likely that one of the minor adducts resulted
‘Fram reaction with deoxyadencsine, while the other minor adduct was a
product of either deoxyguanosine or deoxycytidine.

The mutational specificity of 1,8-NONP was examined by
cloning and sequencing several hundred lacI~ mitations which had been
recovered from four E. coli strains which differed with respect to
INA repair background. The results suggested that 1,8-NONP induced
many different types of mutations, the most praminent of which were
base substitutions, frameshifts and deletions.

Frameshift mitations were induced in all E. coli strains
tested. However, the extent of frameshift induction was relatively
low in E. coli strains proficient in nucleotide excision repair,
suggesting that the premutagenic adduct(s) can be efficiently
recognized and repaired by the uvrABC excinuclease. 1,8-NOMNP-induced

iii



frameshift mutations ocourred primarily at sequences of contigucus
guanine residues, and were characterized by the loss of G:C base
pairs. The frameshift mutations exhibited marked site specificity,
consistent with an "incorporation-slippage" model for frameshift
mutation. In sare cases imverted and direct repeats might contrilute
to frameshift mitagenesis. The vast majority of frameshift mutations
occurred at G:C base pairs, and were probably targeted by the major
aG-C(8) -ANP adduct.

Base substitution mutation was strongly influenced by
cellular error-prone repair functions. Must of the base
substitutions were G:C => T:A transversions and were probably
targeted by the major dG-C(8)-ANP adduct. However, a small number of
A:T => T:A transversions might have been targeted by the minor
deoxyadenosine adduct. The nature of the base substitutions induced
by 1,8-NONP suggests that adenine is the most cammen base
incorporated during error-prone bypass of the bulky DNA adducts.

The endpoints of most deletion mitations were G:C rich and
contained direct repeats, consistent with a slippage model for
deletion mitation. Same deletion endpoints contained sequences which
were similar to the putative recognition sequences for enzymes which
nick DNA during replication and repair.
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Glossary

Although the term frameshift applies to any gain or loss
of bases which results in a change of the reading frame during
translation, its use in this thesis is restricted to mutations
involving the gain or loss of ane or two bases. ILoss of three or
more bases will be referred to as deletions; reiteration of 3 or
more bases will be referred to as duplications; and nonduplicative
insertion of 3 or more bases will be referred to as additions.

The UWrABC excimiclease refers to the camplex formed by the
products of the uvrA, uvrB, and uvrC genes. The cambined activity
of this camplex, INA helicase IT and INA polymerase I result in the
rgoognitionarﬂexcisim of several forms of INA damage.



1. INTRODUCTION

capable of interacting with A to infuce mutations in both
prokaryotic and eukaryotic cells. A large mmber of these chemicals
are inactive per se and require biotransformation to a species which
can react with INA. The formation of covalent bords between the
active form of the mitagen and sites within the DNA duplex yields DA
adducts which are important premuitagenic lesions. The biological
consequences of DNA adduction is determined by the mature of the
lesion, and the activity of several cellular factors. DNA repair
enzymes often recognize and remove the adducts by error-free
mechanisns; this constitutes an efficient strategy by vhich cells can
tolerate INA damage. However, whenll:NA which contains adducts is
replicated prior to repair, replicaticnal errors frequently occur.

DA adducts fall into two general classes which are believed
to give rise to mitations by different rred'zam.sms Merbers of one
class are mitagenic as a consequence of their ability to mispair
during normal DNA replication (Drake and Baltz, 1976). DINA lesians
of the second class are replicated only with difficulty; in bacteria,
and perhaps also in mammalian cells, the ability of such lesions to
cause matations is at least partially dependent on cellular functions
which are intrinsically error-prone (Walker, 1984).

Several chemical mutagens also induce tumors in mls.

cércixwgexrsisisamntistagepzms involving the sequential
1



evolution of genetically altered cell populations (Newell, 1986;
Klein, 1987). A mmber of different types of genes, including proto-
oncogenes (Bishop, 1987), tumor suppressor genes (Kmdsen, 1985;
Klein, 1987), and genes which modulate functions such as INA repair,
mitosis, DNA replication, tumor invasiveness, and metastasis (Nowell,
1986; Klein, 1987), are known to influence the growth of normal and
tumor cells. It has heen postulated that mutagens contribute to
tumorigenesis by inducing genomic alterations which change the
expression or biochemical function of these genes (Nowell, 1986;
Weinstein, 1988).

The cambustion of crganic fuels is an important source of
envirormental mitagens and carcinogens. The cambustion products
which have been most extensively investigated are the polycyclic
aromatic hydrocarbons (PAHs). The chemistry, metabolism,
carcinogenicity, and mutagenicity of PAHs has been documented
extensively in the scientific literature for more than 50 years. A
related class of @pounds, the nitrcarenes, have only recently been
identified as potentially hazardous envirormental contaminants. In
1979, Pitts and coworkers demonstrated that exposure of the PAHs
benzo(a)pyrene or perylene to atmospheres containing pom quantities
of N0, and traces of nitric acid gave rise to nitrated products which
were direct acting mitagens in the Salmonella reversion assay (Pitts
et al., 1979). These authors noted that relatively high levels of
both PAH and oxides of nitrugen were common conditions in a wide
range of combustion processes, as well as in the atmosphere of
industrialized areas, and suggested that the nitroarene products



micht be of envircrmental importance: Since that time a large number
of nitroarenes exhibiting a wide variety of biological activities
have been identified (Schuetzle et al., 1982; Rosenkranz and
Mermelstein, 1983; Tokiwa and Chnishi, 1986).

Among the nitroarenes, the nitropyrenes (Figure 1) are
particularly prominent. These campounds are nitrated derivatives of
pyrene (a four ring FAH) which have been idemtified in jet and diesel
exhaust emissions (Scheutzle et al., 1982; Rosenkranz, 1982;
Rosenkranz and Mermelstein, 1983; McCartney et al., 1986), the carbon
blacks of xercgraphic toners used prior to 1979 (Rosenkranz and
Mermelstein, 1980), cigarette smoke (McCoy and Roserkranz, 1982; El-
Bayoumy et al., 1985), urban air particulates (Tokiwa et al., 1983;
Rosenkranz and Mermelstein, 1983; Tokiwa and Ohnishi, 1986; Arey et
al., 1988), and grilled chicken (Kinouchi et al., 1986). These
capaunds are potent mmtagens in bacteria, are both mutagenic and
clastogenic in mammalian cells in culture, and are carcinogenic J.n
rodents (reviewed in Rosenkranz et al., 1980; Rosenkranz and |
Mermelstein, 1983; Tokiwa and Chnishi, 1986).

1.1 Genetic Toxicology of Nitropyrenes

1.1.1 Mutagenicity in Bacteria ‘

Nitropyrenes exhibit strong mutagenic activity in the
Sa]mrnellatvptﬁmuriwnt&sterstrainsdevelcpaibyAnesarﬂmrkers

(Maron and Zmes, 1983; Hartman et al., 1986). The mutagenicity is
direct acting (i.e. does not require the presence of rat liver S-9
extracts) and is, in fact, substantially reduceqd by the addition of

S9 activation mixtures to the treatment medium (Rosenkranz et al.,
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1980; Mermelstein et al., 1981). Table 1 shows the mutagenicity of
nitropyrene derivatives in several tester strains. Nitropyrenes

by the activity of several of these campounds in strains TA98 and
TA100, respectively. Dinitropyrenes are the most potent mutagens of
this class, followed by the trinitro-, tetranitro- and mononitro-
derivatives, in that order. The difference in mutagenic potency
between the nitropyrenes is marked: mutation rates in TA98 range
from about 250000 revertants per nanamle for 1,8-dinitropyrene (1,8-
INP) to less than 500 revertants per nanamole for l-nitropyrene (1-
NP) (Rosenkranz, 1982; Rosenkranz and Mermelstein, 1983, Tokiwa and
Chnishi, 1986, Hirayama et al., 1988). The former value places 1,8-
dinitropyrene among the most potent bacterial mutagens tested to date
(Rosenkranz and Mermelstein, 1983).

The mrtagenic potency of nitropyrenes is increased in
bacterial strains containing the plasmid pKMi0l, which encodes
cellular error-prone repair functions. This is particularly the case
at the base substitution locus hisG46 (strains TA1535 and TA100),
where no mitagenic activity is detected in the absence of pRM01
(Table 1). At the frameshift locus hisD30S2 (TA1978, TA1538 and
TAS8), the mitation frequency is increased 2 to 10-fold in the strain
containing plasmid pKM101 (TA98) relative to the ctherwise isogenic
strain which lacks the plasmid (TA1538). Mutagenic activity is
greatly reduced in strains with functional muclectide excision repair
activity. This suggests that the premutagenic lesion is one which is
reccgnized by the S. typhimurium uvrABC eximuclease and efficiently
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repaired. Mutagenicity is ocbserved in strains containing either G:C
(hisG46, hisC3076, and hisD3052) or A:T (hisD6580 and hisG428) base-
pairs at the putative mutational hotspot.

Initially, nitropyrenes were reported to be normutagenic in
Escherichia coli (Mermelstein et al., 1981). However, subsequent
studies demonstrated that this resistance was due to a permeability
barrier to nitropyrenes which is not present in most of the S.
typhimirium tester strains (which are deficient in the polysaccharide
camponent of the lipopolysaccharide coat and thus allow the entry of
a mmber of large chemicals) (McCoy et al., 1985a). Permeability
mrtants of E. coli strain WP2uvrA were constructed and shown to be
sens:.tlve to 1-NP, 1,3-dinitropyrene (1,3-INP), 1,6-dinitropyrene
(1,6-INP), and 1,8-INP; induced base substitution mitations were
cbserved anly in those E. coli strains which cantained the plasmid
pRM101 (McCoy et al., 1985a).

The precise nature of the mutational changes induced by
nitropyrenes is unknown. Although Ames tester strains frequently
revert by specific base changes at a "mitational hotspot", the
results are somewhat ambiquous: recent studies suggest that
reversicn of several loci can occur as the result of mitational
events at several sites within the histidine genes, and even by
extragenic suppressor mrtations (reviewed by Hartman et al., 1986).
Therefore without further characterization of the revertants, the
type and site of mutation cannot be known with certainty. Only one
study to date has used INA sequencing to examine the base changes in
forward mutations induced in bacteria by nitropyrene derivatives.



The INA sequence of 30 lambda phage cI mutations was determined
following treatment of the E. coli host with l-nitroscpyrene (1-NOP),
a partially reduced (metabolically activated) form of 1-NP. The
majority of the 1-NOP-induced mutations were single base frameshifts
at G:C base—pairs (Stanton et al., 1988). However, these workers
were unable to evaluate the mitational specificity in depth due to
the relatively small rmmber of mitations in the collection.

1.1.2 Mutagenicity and Clastogenicity in cultured Fukaryotic
cells

studies using cultured eukaryotic cells suggest that
nitropyrenes are also genctoxic in higher organisms (Table 2). Early
studies demonstrated that 1,8-INP was mitagenic in mouse lymphoma
15178Y cells using resistance to é-thioguanine, methotrexate,
ouabain, or 1-f-arabinofurancsyl cytosine as selective markers (Cole
et al., 1982). 1,8-INP, 1,6-INP and 1,3,6~INP were direct acting
matagens at the hypoxanthine-guanine phosphoribosyl transferase
(HGFRT) locus of Chinese hamster ovary (CHO) cells; the induced
mitation frequency was decreased by the addition of Aroclor-induced
S9 to the treatment medium (Ii and Dutcher, 1983). In contrast, 1-NP
was only slightly mutagenic at the HGPRT locus of CHO or Chinese
hamster lung V79 (CHV79) cells, and the mutation frequency was
increased approximately 4-fold in both cell types by the addition of
S9 to the treatment medium (Ii and Dutcher, 1983; Berry et al.,
1985) . 'Ihese data suggest that oxidative metabolism can play a role
in activating 1-NP to a species which Teacts with DNA (Li and

Dutcher, 1983; Berry et al., 1985). In Chinese hamster lung (CHL)
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Table 2. Mutagenicity and clastogenicity of nitropyrenes in cultured mammalian cells.
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cells treatment with 1-NP at a dose of 1 uM failed to induce
resistance to diptheria toxin. However, a similar dose of 1,8-INP,
1,6-INP, 1,3-INP or 1,3,6~INP was highly mrtagenic in CHL cells
(Nakayasu et al., 1982). Only cne laboratory has examined
nitropyrene-induced mutagenicity in human cells; Patton et al. (1986)
showed that 1-NP was mitagenic in diploid human fibroblasts derived
fram either xeroderma pigmentosum (XP) or normal individuals. As
showm in Table 2, the XP cells, which are deficient in mucleotide
excision repair capability, were considerably more sensitive to 1-NP
than the normal cells.

Boﬂll-%lParﬂl,S-nIPhavebeenshowntomuseadosg
dependent increase in sister chromatid exchanges (SCEs) in CHO cells,
with 1,8-INP be:m; active at a much lower dose (Nachtman and Wolff,
1982). Several studies have examined nitropyrene-treated cells for
chramosamal and chromatid aberrations: 1,8-INP and 1,6-INP were
potent clastogens in RL, rat epithelial cells and CHV79 cells
(Danford et al., 1982; Baushinger et al., 1988), while 1-NP elicited
a weak, but statistically significant, clastogenic effect in Chinese
hamster pulmonary cells (Iafi and Parry, 1987). Dose related
increasasinmsdueiuledﬂ&syntlmismei:ﬂme@byl,e-min
primary cultures of human hepatocytes (Butterworth et al., 1983), and
by 1-NP, 1,3-INP, 1,6-INP and 1,8-INP in rat and mouse hepatocytes
(Mori et al., 1987). In this test the dinitropyrene congeners |
exhibited considerably higher genctoxicity than 1-NP.

Maher and colleagues have examined the types of mutatians
induced by 1-NOP in mammalian cells (Maher et al., 1987; Yang et al.,
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1989). 1-NOP was reacted with the shuttle vector p2189, amd the
plasmid was then introduced imto human cells; G:C => T:A
transversions were the most common mutation recovered in the supF
gene of pZ189 (Yang et al., 1989). The same workers demonstrated
that treatment of mouse L cells with 1-NOP induces hamologous
recambination between duplicated DMA sequences (Maher et al., 1987).

1.1.3 Carcinogenicity

Following the demonstration that nitropyrenes were potent
mutagens, several studies examined the carcinogenicity of these
campourds (Table 3). The first report of tumor induction by
nitropyrenes in experimental animals showed that sarcomas were
induced at the site of subcutanecus (s.c.) injection by 1-NP in
Fisher 344 (F344) rats (Ohgaki et al., 1982). It was later found
that the 1-NP used had contained traces of dinitropyrene congeners.
Repetition of the experiment with highly purified 1-NP did not
produce any site of injection tumcurs by 650 days when the experiment
was terminated. However, rats treated with 1,6-INP or 1,8-INP all
developed tumours within 320 days (Ohgaki et 2i., 1985). Ina
separate study, the same investigators showed that s.c. imjection of
1,3-DNP produced tumours at the site of injection in all of the rats
tested (Chgaki et al., 1984). ‘These results are consistent with the
findings of Tokiwa et al. (1984) who demonstrated that 1,6-INP
produced site of injection tumors following s.c. injection in BAIB/c
mice. Recently King (1988) has demonstrated that the nitropyrenes
exhibit different tumorigenicity following s.c. injection in newborn

CD rats: treatment with 6.3 umol of 1-NP or 1,3-INP caused only a
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slight induction in mommary and site of injection tumors,
respectively; however, all animals treated with a similar dose of
1,6-INP or 1,8-INP developed site of injecticn tumors, and about 20 %
of the animals developed leukemia. The mean suxrvival of the animals
treated with 1,6-INP or 1,8-INP was about cne third that of the rats
treated with equimclar deses of 1-NP or 1,3-INP (King, 1988).

Nitropyrenes are also carcinogenic when administered by
intraperitoneal (i.p.) injection (Table 3). Different studies have
shown that i.p. injection with 1-NP results in the induction of lung
tumors in 3/J mice (El-Bayoumy et al., 1984a), liver tumors in CD-1
mice (Wislowski et al., 1986), and mammary tumors in CD rats {King,
1988). Intraperitoneal injection of newborn rodents with 1,8-INP or
1,6-TNP resulted in the induction of liver tumors (Wlslcmskl et al.,
1986) , marmary tumors,; and leukemias (King, 1988). Hmeve{-, the most
prominent tumors induced by i.p. injection of 1,8-INP or 1,6~INP were
malignant fibrous histiocytomas (MFHs) at the site of injection
(King, 1988).

Intratracheal instillation of 1,6-INP produced lung
carcinamas in both male and female Syrian golden hamsters. In
addition, 60 % the animals of each sex treated with 1,6-INP by
intratracheal installation developed myeloid leukemias (Takayama et
al., 1985). This study is particularly pertinent since the most
‘camon route of human exposure to nitropyrenes is likely to be via
irhalation.

" e cnly studies to date which have examined genetic changes

in nitropyrene-induced tumors have characterized alterations in the
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ancogene K-ras in fibrosarcamas induced by s.c. injectien of 1,8-INP
(Ochai et al., 1985). The activated K-xas contained a G:C => T:A
transversion in codon 12 (Tahira et al., 1986).
1.2 Metabolism of Nitropyrenes and Formation of MNA Adducts

1.2.1 Bacterial Metabolism

Bacteria contain reductases which are capable of reducing the
nitro moiety of many nitrcheterocyclic and nitroarcmatic campounds
(Peterson et al., 1979; McCoy et al., 198); McCalla, 1983; Bryant et
al., 1984). 'The cambined activity of the nitroreductases, and
bacterisxl acetyltransferases (McCoy et al., 1983; Orr et al., 1985;
Saito et al., 1985) metabolize nitropyrenes to relatively innocucus
endproducts. Thus, in §. typhimurium, 1-NP is metabolized to 1-
aminopyrene and N-acetyl-l-aminopyrene (Messier et al., 1981).
Similarly, end products of 1,8-DNP metabolism include l-amino-8-
nitropyrene, 1,8-diamincpyrene, l-acetylamino-8-nitropyrene, 1-
acetylaminc-8-ami , and 1,8-diacetylamincpyrene (Figure 2)
(Bryant et al., 1984; Orr et al., 1985). In contrast to the
metabolic endproducts, the hydroxylamine intermediates formed durirg
- reductive metabolism of nitro groups are extremely unstable, and are
believed to be the proximate mitagens. Hydroxylamines can be
converted either eﬁzynaticzlly or nonenzymatically to a reactive
nitrenium ion which can bind to macramolecules (Rosenkranz and
Mermelstein, 1983; McOoy et al., 1983; Kadlubar and Beland, 1985;
Tokiwa and Chnishi, 1986; King, 1988). "

A great deal of useful information regarding nitropyrenes has
been cbtained from studies using S. typhimirium strains TA9SNR and
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2 Adbreviations: 1-NP, 1—nitrcpyrene 1-NOP, l-nitrosopyrene; 1-HAP,
N-hydroxy-l-aminopyrene; 1,8-INP, 1,8-dinitropyrene; 1,8-NONP, 1~
nitroso-g-nitropyrene; 1,8-HANP, N—hydrmcy—l—ammo—&-nitmpyme

1,8=-ANP, l-amino-8~nitropyrene; AT, acetyltransferase; IR,
nitroreductase.
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TA98/1,8-INPg. The mutagenicity of nitropvrenes and nitropyrene
metabolites in these strains is shown in Table 4. The mutagenic
activity of 1-NP and 1,3-INP decreases markedly in strain TA9SNR;
this correlates with a dimirution in the nitroreductase activity
cbserved in cell free extracts of TA98NR (Bryant et al., 1984). The
mrtagenicity of the partially reduced l-nitrosopyrene derivative is
the same in strains TA98 and TA9SNR; this provides additional
evidence that TASSNR is defective in nitroreductase activity. 1,6~
NP and 1,8~INP are equally mitagenic in both TA9SNR and TASS,
suggesting that these congeners are not acted upon by t.he "classicalt
nitroreductase which is missing in TA9SNR (Mermelstein et al., 1981).
Recently, the wild-type gene of the mtxnreductase which is
inactivated in TA98NR (known as the "classical" nitrcreductase) has

* been cloned (Watanabe et al., 1987). Introduction of this gene into
strains deficient in "classical™ nitroreductase activity restored the
muitagenic activity of 1-NP but had no effect cn the mitagenicity of
1,8-INP (Watanabe et al., 1987; Watanabe et al., 1989). The
nitroreductase which acts upon 1,8-INP and 1,6-DNP has not yet been
isclated.

The mutagenic activities of 1,8-DNP and 1,6-INP are reduced
markedly in TA9S/1,8-INPg relative to TA9S (McCoy et al., 1981;
1983). Originally TA98/1,8-INPg was believed to be deficient in a
nitroreductase species distinct frem the “classical® nitroreductase
(McCoy et al., 1981; Roserkranz, 1982). However, subsequent studies
showed that introduction of metabolites such as the nitroso
derivatives did not restore the mutagenic response, indicating that



Table 4. Mutagenicity of nitxopyrenes, and nitropyrene metabolites in the
S. tyrhimirium strains TAS8, TA9SNR, and TA98/1,8[NPg.

TAOS TA9SNR TASS/1,80NPg Reference
1NPR 467 87 158 Tokiva & Ohnishi, 1986
700 60 700 Fifer et al., 1986
647 116 396 Bryant et al., 1984
453 35 ND Howard et al., 1987
339 0 428 Ball et al., 1984b
1-NOP 27000 26000 26000 Fifer et al., 1986
2130 1480 ND Boward et al., 1987
1,3-INP 130000 16900 2440 Tokiwa & Ohnishi, 1986
145000 24750 ND Boward et al., 1987
1,6-INP 255000 209000 32000 Fifer et al., 1986
175000 96000 33000 Tokiwa & Chnishi, 1986
184000 191000 ND Howard et al., 1987
1,6-NONP 34000 33000 9000 Fifer et al., 1986
1,6-ANP 10 4.4 ND Howard et al., 1987
1,8-INP 734000 401000 8000 Fifer et al., 1986
205000 203000 3000 Bryant et 21., 1986
254000 264000 ND Howard et al., 1987
257000 215000 8590 Tokiwa & Chnishi, 1986
1,8-NONP 82000 103000 2000 Fifer et al., 1986
1,8-ANP 55 22 ND Howard et al., 1987
1,8-DAP 0 0 ND Howard et al., 1987
1,3,6“INP 40700 36600 25600 Rosenkranz & Mermelstein, 1983
36985 78200 25200 Tokiwa & Ohnishi, 1986
1,3,6,8~INP 15500 10000 14000 FRosenkranz & Mermelstein, 1983
15211 17200 7090 Tokiwa & chnishi, 1986

The values g:.ven are revertants per nanamole.

2  pnbreviations: 1-NP, l-nitropyrene; 1-NOP, 1-nitrosopyrene; 1,3-INE,
1,3-dinitropyrene; 1,6-INP, 1,6-dinitropyrene; 1,6-NONP, 1l-nitroso-6-
nitropyrene; 1,6-2NP, 1l-amino-6-nitropyrene; 1,8-INP, 1,8-dinitropyrene;
1,8-NONP, l—mt:oso-a-mtmpyrene 1,8-ANP, l-aminc-8-nitropyrene: 1,8-DAP,
18—d:.am.1mpyrere 1,3,6“INP, 1,3,6-trinityxopyrene; 1,3,6,8~1NP, 1,3,6,8-
tetranitropyrene
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the block in metabolism was not at the rate limiting (nitro to
nitroso) step in nitroreduction. It is now known that TAS8 /1,8-
INPg is deficient in acetyltransferase activity (McCoy et al., 1983,
Orr et al., 1985). The gene encoding the functional
acetyltransferase has also been cloned (Watanabe et al., 1987). When
plasmids harboring this gene were introduced into an
acetyltransferase deficient strain the mitagenic activity of 1,8-DNP
was increased by a factor of 2000 (Watanabe et al., 1987). Although
N-acetylated metabolites of 1,8-INP have been isolated, it is
unlikely that these derivatives are mitagenic. Instead, it is
believed that the acetyltransferase also catalyzes the formation of
unstable and extremely reactive N-acetoxy derivatives of 1,8-DNP and
1,6~INP. It has been postulated that metabolic activation of 1,6-DNP
and 1,8-INP is facilitated by a tightly coupled nitroreduction/o-
acetylation enzymatic activities (Howard et al., 1987).

Multiple nitroreductase species are also present in E. coli
and Bacteroides fragilis (reviewed in McCalla, 1983; Kinouchi and
Ohnishi, 1983). However, the activity of these enzymes towards
nitropyrenes have not been extensively investigated. Likewise, the
role of acetylation in the metabolism of nitropyrenes has not been
investigated in bacterial strains other than S. typhimmriim.

1.2.2 [NA_Adduct Formation in Bacteiia

The structure of the major INA adducts formed by 1-NP and
1,8-INP in S. typhimurium support the notion that reductive
metabolism o§ a gu.tm group is respansible for activation of these
chemicals to mitagenic species. Beland and coworkers used mammalian

!



xanthine axidase to catalyze the reaction between 1-NP ard calf
thyms DNA (Howard et al., 1982; 1983). This reaction is optimal at
pH 5 in an argon purged solution. The pH dependence for INA adduct
formation is highly indicative of an hydroxylamine intermediate
(Kadlubar and Beland, 1985). The identity of the major adduct formed
was N-(2'-decxyquanosin-g-yl)-l-amincpyrene (4G-C(8)-AF). This
adduct was jdentical to the major INA adduct formed when 1-NP was
incubated with S. typhimurium TA1538. There was a strong carrelation
between the extent of aG-C(8)-AP formation and the fregquency of
induced mitations in this strain (Howard et al., 1983). When 1-NOP,
a partially reduced derivative of 1-NP, was further reduced to N-
hydroxy-1-aminopyrene with ascorbate, and then reacted with calf
thymis DNA at pH 5.0, dG-C(8)-AP was formed; the adduct was identical
to the adduct formed in S. typhimmrium by 1-NOP (Heflich et al.,
1985). Together these results suggest that reducticn of the nitro
moiety of 1-NP, first to a nitroso group and then to an unstable
hydrexylamine derivative, yields a metakolite which reacts with DNA.
The major DNA adduct formed by 1,8-INP in S. typhimrium has
also been characterized. Andrews et al. (1986) showed that ascorbate
reduction of 1-nitroso-8-nitropyrene (1,8-NONP) to N-hydroxyl-1-
amino-8-nitropyrene (1,8-HANP), followed by in vitro reaction of 1,8-
HANP with calf thymis INA at pH 5.0 yielded a single major DA
adgduct. This adduct was identified as N-(2'-deoxyguanosin-g-yl)-1-
amino-8-nitropyrene (dG-C(8)-ANP) (Figure 3). When S. typhimurium
was exposed to tritiated 1,8-INP, a single INA adduct was detected
which co-d'lrctnatogra;hed with dG-C(8)-ANP. Degradation of the S.
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'~ Figure 3. INA adduct formation by 1,8-DNP in bacteria.

The pathway given by the broken line (- = = <) is for DA adduct
formation in vitro as described by Andrews et al. (1986).



Qﬁﬁ_&m_’inadductwitheiﬂxeracidorbaseyieldedbrea}dmn
pmductswhidmweredmmtogra;hiczllyidenticaltoﬂmseproduced
when GG-C(8)-ANP was treated in a similar fashion (Andrews et al.,
1986; Andrews, 1988). This evidence suggests that: 1) the INA
adducts formed in vitro with 1,8-HANP, ard in S. typhimrium exposad
to 1,8-INP are the same; and 2) the DNA lesion farmed in bacteria
exposed to dinitropyrene is produced via reductive metabolism of a
single nitro group.

1.2.3 Metabolism and INA Adduct Formation in Mammals

Nitropyxamarenetabolizedinmamaliancellsbyboﬂi
oxidative and reductive pathways. Several microsamal (NADFH-
cytochrome P-450 reductase) and cytosolic (xanthine axidase, aldehyde
oaxidase, and DI-diaphorase) enzymes (McCalla, 1983; Tatsumi et al.,
1986; Tee et al., 1988) have nitroreductase activity which is often
jrhibited by oxygen (McCalla, 1983). Ring hydroxylatiocn, which is
catalyzed principally by microsomal cytochrome P-450 isozymes (Howard
et al., 1988), requires the presence of axygen. In the whole animal,
the presence of intestinal microfiora, which contain nitroreductases,
provide an added level of camplexity.

The metabolites dbserved when 1-NP was incubated with rat
liver $9 were 3-hydroxy-1-nitropyrene, 6-hydroxy-l-nitropyrene, 8-
hydroxy-1-nitropyrene, 4,5,-dihydro—4, 5-dihydroxy-)-nitropyrene
(formed through 1-nitropyrene—4,5-cxide) and small amounts of 1-
aminopyrene (El-Bayoumy and Hecht, 1983). When 1-NP was administered
to F344 rats by gavage, intravencus injection, or i.p. injection,

tlmesamepmductsorthei:cmjugatawererecoveredasfecalarﬂ
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urinary metabolites (El-Bayoumy et al., 1983; Ball et al., 1984a;
Howard et al., 1985). In addition to the hydroxylated metabolites,
l-amino-6-hydroxypyrene, l-amino-8-hydroxypyrene, N-acetylamino—
hydroxypyrenes (NAAP), and l-aminopyrene were identified in the
metabolite mixture recovered fram the F344 rats (El-Bayoumy et al.,
1983; Ball et al., 1984a). The reduced metabolites were not
recovered from germfree F344 rats treated by gavage, suggesting that
the intestinal microflora contribute to the reductive metabolism of
J-NP (El-Bayoumy et al., 1983; 1984b). Isolated rat trachea,
alveolar macrophages and lung tissue, and cultured rat tracheal
epithelial cells were extremely active in metabolizing 1-NP; both
ring hydroxylation and nitroreduction products were found in
significant quantities (Bond and Mauderly, 1984; Bond et al., 1985;
1986; King et al., 1936; 1987). 10-Hydroxy-1-nitropyrene was found
to be a unique metabolite of respiratory tissue (Bond and Mauderly,
1984; King et al., 1986). A nmumber of the 1-NP metabolites formed in
mammalian cells (3-hydroxy-1-nitropyrene, 10-hydroxy-1-nitropyrene,
NAAP, and 1-nitropyrene-4,5-oxide) have been shown to be mitagenic in
S. typhimrium tester strains (Ball et al., 1984b; Ohnishi et al.,
1986, King et al., 1987).

Several studies have examined DNA adduct formation by 1-NP in
mammalian cells. The 4G-C(8)~-AP adduct has been detected in: 1) the
liver, lung and kidney of B6C3F; mice following intratracheal
instillation (Mitchell, 1988); 2) the lung and liver of newborn mce
following i.p. injection (El-Bayoumy et al., 1988b) ; 3) the liver,
kidney, and mammary glands of Wistar rats follewing i.p. injection



(Stanton et al., 1985); and 4) the mammary glands and livers of
Sprague-Dawley rats treated with 1-NP by gavege (Roy et al., 1989).
In all of these studies a significant amount of additicnal 1-NP
derived material, which was chramatographically distinct from the dG-
C(8)-AP adduct, was also bound to DNA. Tt is likely that the
additional INA adducts result from ring-oxidation of 1-NP (Roy et
al., 1989).

In contrast to 1-NP, there is no evidence that 1,6-INP or
1,8-INP are metabolized by oxidative pathways in mammalian cells.
Both in vivo (Heflich et al., 1986a) and in vitro (Djuric et al.,
1985; 1986; 1987; King, 1988; Tee et al., 1988) studies suggest that
metabolism of 1,6-DNP and 1,8-INP ocours principally by reduction of
the nitro groups to amino derivatives followed by N-acetylation. The
principal metabolites of 1,8-DNP recovered from these studies were 1-
nitroso-8-nitropyrene, l-amino-8-nitropyrene, l-acetylamino-8-
nitropyrene, 1,8-diamincpyrene, l-acetylamino-8-aminopyrene, and 1,8-
diacetylaminopyrene (Djuric et al., 1985; _Heflic:h et al., 1986a; Tee
et al., 1988; King, 1988).

Beland ard coworkers used rat and dog liver cytosols to study
1,6-INP and 1,8-DNP metabolism and DNA adduct formation in vivo; the
results of their experiments suggested that INA adduct formation
required both reduction and C-acetylation (Djuric et al., 1985;
1988). The identity of the DMA adducts recovered following i.p.
treatment of rodents with 1,6-DNP or 1,8-INP is also consistent with
the notion that reductive metabolism is important for DNA adduct

formaticn. The principal adduct formed by 1,6-INP in the livers of
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preweanling mice (Delclos et al., 1987a), and in the liver, kidney,
bladder, and mammary gland of Sprague Dawley rats (Djuric et al.,
1988) following i.p. injection is the dG-C(8) adduct, N-(2'-
deoxyguanosin-8-yl) -1~amino-6-nitropyrene. Similarly, 32p-
postlabelling of the INA adducts formed following i.p. injection of
female CD rats with 1,8-INP showed that a single major adduct was
formed in the mammary glands, mesentery tissue, lung, and kidney; the
adduct was chramatographically identical to the 3',[32p)5'-
diphosphate derivative of the dG-C(8)-ANP adduct described by Andrews
et al. (1986) (Norman, 1988). Treatment of rat trachea epithelial
cells with either 1,8-INP or 1,8-NONP also resulted in the formation
of ds—cis)-ANp (Norman et al., 1989a).

1.3 Correlates Between Metabolism, INA Adduct Formation, and
Genotoxicity of Nitropyrenes

The genctoxic potency of nitropyrenes appears to be related
to the mechanism of metabolism (Djuric et al., 1985; Eddy et al.,

1986; Howard et al., 1987). In bacteria, 1,6-DNP and 1,8-INP are
metabolized to reactive species by nitroreduction (2 electron
transfer) followed by acetylation. On the basis of the evidence that
is presently available, 1,6-INP and 1,8-INP are metabolized in a
similar manner in mammalian cells. These two congeners are mutagenic
in both bacterial and mammalian cells (Tables 1 & 2), and are also
potent carcinogens in experimental animals (Table 3). The major DNA
adduct which is formed by 1,8-~INP and 1,6-INP in both bacterial and
mammalian cells in culture, and rodents, is the dG-C(8) adduct
(Ardrews et al., 1986; Delclos et al., 1987a; Djuric et al., 1988;



Norman, 1988; Norman et al., 1989a).. The GG-C(8)-ANP lesion was
present at the highest levels in the mammary gland and the mesentery
tissue following a single i.p. injection of 1,8-INP in rodents
(Norman, 1988). This correlates with the sites at which tumors are
most frequently induced by this chemical (Kirgy, 1988). Thus, the
ulk of the evidence presently available is consistent with reductive
metabolism of 1,8-INP and 1,6-INP to species which react at the C(8)
position of guanine to yield a INA adduct which is biolegically
active.

In relative terms, 1-NP and 1,3-INP are less mutagenic than
the 1,6-INP ard 1,8-INP congeners (Tables 1 ard 2), and are much less
carcinogenic (Table 3) (King, 1988). It is believed that 1-NP and
1,3-INP are reduced by single electron transfers at the rate
determining step of nitroreduction (Klopman et al., 1984; Howard et
al., 1987). Nitroreduction of 1-NP and 1,3-INP in S. typhimrium is
mediated by the "classical" nitroreductase, which is different from
the enzyme which reduces 1,6-INP and 1,8-INP. 1-NP ard 1,3-INP are
not easily reduced in mammalian cells: 1-NP is metabolized largely
by ring hydroxylation; and 1,3-INP is reduced very inefficiently by
the cytosolic nitroreductases which act on 1,6-INP and 1,8-DNP (King,
1988) .

1.4 Obiectives of this Research

Tt is clear that DNA is a principal target for the biological
activity of nitropyrenes. However, relatively little is known about
the mechanisms by which these campounds induce mutations. In order
to evaluate nitropyrene-induced mutagenesis more campletely, it is
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necessary to obtain detailed information regarding the premutational
lesians which are formed by these campounds, the types of mutations
which are induced, and the sites at which they cccur. The
experiments described in this thesis have used two extremely
sensitive experimental systems, the 32p-postlabelling technique and
the lacl system of E. coli, to study 1,8-NONP mutagenesis in E. coli.
The objectives of these studies relate to two distinct areas of
research: the first is the nature of the INA adducts formed by 1,8~
NONP; the second is the nature of the DNA sequence changes induced in
E. coli by 1,8-NONP. These are described in more detail below.

1.4.1 DNA Adduct Formation by 1,8-NONP

A variety of evidence has demonstrated that in both bacteria
and mammalian cells _1,8-1111? is metabolized (via 1,8-NONP, 1,8-HANP,
and N-acetoxy-1-amino-8-nitropyrene) to yield a nitrenium ion which
reacts with INA. Although the principal site of reaction of the
nitrenitm ien in INA is the C(8) position of guanine, it is possible
that minor products which might be of significance to mutation are
also formed. Previous methods used for analysis of [N adducts
formed by 1,8-&@: and reduced derivatives of 1,8-INP (Andrews et
al., 1986), are probably too insensitive to have detected minor
adducts. A second disadvantage of these methods is that
radiolabelled compounds are required in order to detect DINA adducts
formed in vivo. The recent development of an ultrasensitive 32p-
postlabelling technique (Randerath et al., 1981; Gupta et al., 1982;
Reddy et al., 1984; Gupta, 1985; Reddy and Randerath, 1986) provides
a means of detecting INA adducts at very low levels without the use



of radiolabelled mrtagens. Application of the 32p-postlabelling
technique to the analysis of 1,8-NONP-modified INA is described in
Chapter 2. The principal cbjectives of the experiments described in
Chapter 2 were: 1) to determine the postlabelling pattern of INA
adducts produced by 1,8-NONP in E. coli; 2) to compare the INA
adducts formed by 1,8-NONP in E. coli with those produced by the in
vitro reaction of 1,8-HANP with DNA; and 3) to examine the properties
of any minor products which might be detected.

1.4.2 Characterization of the mitations induced by 1,8-NONP

Very little is known regaxrding the matational specificity
(i.e. the types of muatations induced, ard the sites at which the
mitations occur) of nitropyrenes. Such knowledge would be useful in
assessing mutational mechanisms, particularly if supplemented with
studies describing the influence of INA repair background on the
nature of the induced mutations. Prior to the work described in this
thesis there have been no studies which have examined forward
mitations induced by 1,8-INP or its partially reduced derivative 1,8-
NONP at the DNA sequence level. Chapter 3 of this thesis provides a
detailed description of the INA sequence changes induced in the lack
gene of E. coli by 1,8-NONP, and discusses possible inferences of the
results with regard to mechanism of mitation. The dbjectives for the
experiments described in this chapter were: 1) to determine the
mrtational specificity of 1,8-NONP; 2) to evaluate the influence of
plasmid pKMI01l cn the mrtational spectrum; and 3) to determine the

influence of excision repair on 1,8-NONP mutagenesis.



2. S2ppoSTIABELLING OF INA ADDUCTS FORMED BY 1,8-NONP

2.1 INTRODUCTTION
2.1.1 Methods for the Detection of INA adducts

More than 25 years ago Brookes and lLawley (1964) demonstrated
that a positive correlation exists between the mitagenic and
carcinogenic potency of same chemicals and the extent to which they
bind covalently to DNA. This relationship has provided impetus for
the development of sensitive methods which facilitate the detection
ard characterization of INA lesions. Valuable information can be
obtained through the application of such methods. In the area of
human toxicolegy, DNA adducts can help identify m@ﬁd carcinogens
in envircrmental samples (Reddy and Randerath, 1986), and provide
information of human exposure to known carcinogens (Harris et al.,
1985). Insight regarding mechanisms of induced mutation and DNA
repair can be cbtained by identification and quantitation of INA
adducts. In addition, the ability to monitor formation and repair of
DNA adducts within different tissues can be useful in studies
regarding chemical carcinogenesis (Kriek et al., 1984).

Several factors camplicate the study of chemical-DNA
interactions. 1) Techniques must be capable of distinguishing
between a lesion and unmodified bases when the latter are more
numercus by many orders of magnitude. Detection and subsequent
identification is camplicated by the irherent instability of certain
INA adducts both within the cell and during amalysis. 2) Most

30
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nitrogen and oxygen atoms of mucleic-acid bases, C(8) of purines, and
phosphate groups of the muclectides are potential sites of
modification. Moreover, scme INA damaging agents have several
activated forms. Consequently, a wide range of adduct structures can
potentially be formed by a single chemical. Analysis of the
mititude of INA adducts formed by the camponents of camplex mixtures
presemnts an even greater challenge.

studies of the interaction of chemicals with INA have
frequently used radiolabelled compounds to aid in detection,
quantitation, and identification of INA adducts. This type of
methodology is particularly useful when high resolutien
chramatographic techniques and synthetic reference campounds are
available to facilitate identification (Kriek et al., 1984).
However, studies of this nature have several limjtations: relatively
few carcinogens or mitagens are available in an isotopically labelled
form; the sensitivity with which adducts can be detected is generally
limited by the low specific activity of the available radiolabelled
compourds; and ethical considerations cbvicusly limit in vivo studies
to non-human subjects. In light of these restrictions, a great deal
of research has examined altermative metheds which overcome at least
scme of these constraints (Maugh, 1984). Three very different
tachniques have been shown to be particularly useful: monoclonal
antibodies; fluorescence spectrophotametry; and 32p-postiabelling.
These are discussed below.

Monoclonal antibodies have been produced against a wide range
of INA adducts (Baan et al., 1985), including those formed by



polyaramatic hydrocarbons (PAHs) such as benzo(a)pyrene (Santella et
al., 1985; Harris et al., 1985), alkylating agents (Muller ard
Rajewsky, 1981; Adamkiewicz et al., 1985) and cisplatin (Baan et al.,
1985). A variety of campetitive radioimmmoassays or solid phase
assays allow accurate determination of the degree of INA modification
to a level of about one adduct in 107 to 108 mclectides (Muller ard
- Rajewsky, 1981; Poirier, 1981; Kriek et al., 1984). In addition,
development of immmnoflucrescent microscopic techniques allows adduct
analysis in intact cells (Baan et al., 1985). The technique is,
however, limited by cross-reactivity with similar adducts, and by the
requirement that it must be possible to synthesize the adduct, and
attach it to a carrier protein in order to cbtain a highly antigenic
form (Muller and Rajewsky, 1981; Kriek et al., 1984).

Adducts formed with fluorescent coampourds can be detected by
a variety of spectrophotometric techniques (Kriek et al., 1984;
Vahakangas et al., 1985a). Recently, adducts formed with
benzo (a) pyrene-diolepoxide (BPDE) (Vahakengas et al., i985a; 1985hb)
and aflatoxin By (AFB,) (Harris et al., 1986) have been detected at a
level of about one adduct in 107 mucleotides by synchronous
fluorescence spectrophotometry (SFS). General use of these
techniques is limited for several reasoms: 1) the fact that many
adducts have similar fluorescence spectra imposes constraints on both
identification and quantitation; 2) flucrescence detection of the low
levels of INA adducts in biclogically relevant samples is subject to
quenching by DNA; 3) highly fluorescent compounds comprise only a
fraction of envirormental carcinogens and mitagens; and 4) methods
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such as SFS require sophisticated instrumentation which limits its
widespread use as a standard laboratory technique (Kriek et al.,
1984; Vahakangas et al., 19853).

2.1.1.1 32p-postlabelling of INA adducts

Randerath and his associates have developed an extremely
sensitive postlabelling technique which can be used to detect DNA
adducts formed by most INA damaging agents (Randerath et al., 1981;
Gupta et al., 1982; Reddy et al., 1984; Gupta, 1985; Reddy and
Randerath, 1986). The standard assay (Randerath et al., 1981; Gupta
et al., 1982) contains five major steps (Figure 4): 1) modified DNA
is digested to 3'-phosphodeoxyribonucleosides using micrococcal
miclease and spleen phosphodiesterase; 2) a 32r-labelled phosphate
group is incorporated onto the 5'-hydroxyl of 3'-phosphodeoxy-—
ribamucleosides by phage T4 polynuclectide kinase (PNK) to form
31, [32p)5' -diphosphodecxyribomucleosides; 3) labelled normal
miclectides are separated from labelled adducted muclectides by
polyethyleneimine (PEI)-cellulose thin layer chramatography (TIC): 4)
the INA adducts are resolved in two dimensions by PEI-cellulose TIC
to produce a fingerprint pattern; and 5) the labelled adduct |
miclectides are detected by autoradiogrephy and quantitated by.
Cerenkov assay (Randerath et al., 1984). A significant disadvantage
of this protocol is that the entire DNA digest (containing both
normal and modified nuclectides) must be phosphorylated with ATP ([y -
\32P]ATP + unlabelled carrier). This means that the most of the
redicactive ATP is consumed by labelling the normal nuclectides which
vastly outmumber adducted ruclectides. Consequently, the limit of
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detection is only about 1 adduct in 108-107 muclectides (Gupta et
al., 1982; Gupta, 1985). The development of methods which eliminate
urmodified 3'-phosphodeaxyriboruclecsides prior to the labelling step
(Gupta, 1985; Reddy and Randerath, 1986) has greatly increased the
sensitivity of the procedure. Separation of the urmodified
miclectides makes it possible to label the DNA adducts with excess
carrier-free [Y-32P]M'P: this results in an increase in sensitivity
of about 3 orders of magnitude.

Two different strategies have been used to separate adducts
from umedified muclectides (Figure 4). Gupta (1985) showed that
nonpolar adducts in a DNA digest could be physically separated from
normal muclectides by extraction with 1-butanol in the presence of
the phase transfer agent tetrabutylammonium chloride (TBAC); the
modified nuclectides partition extremely efficiently into the butanol
phase, while the normal ones remain in the aquecus phase. In the
second method, the substrate specificity of nmuclease P; has been used
to advantage (Reddy and Randerath, 1986). Nuclease P efficiently
dephosphorylates urmodified 3'-phosphodeoxyribonucleosides but does
not recognize most adducted 3'-phosphodeoxyribonucleosides. Since
the unphosphorylated deoxyribomucleosides are not substrates for INK,
treatment with nuclease P provides a rather elegant means of
concentrating the adducted 3'-phosphodecxyribomuclecsides. At the
present time, most workers in the field use cne of these two
enhancement techniques.

The usefulness of this technique is attributable to several

factors. 'The high specific activity of 32p makes the procedures
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extremely sensitive, with a limit of detection of cpe adduct in 1010
mclectides when enhancement techniques are used (Gupta, 1985; Reddy
and Randerath, 1986). Thus, it is possible to detect even minor
adducts formed by scme campounds. In addition, the technique can be
used to detect adducts present in DMA at levels which arise fram
human exposures, The fact that radiclabelled campounds are not
necessary makes this technique potentially useful for the detection
of INA iesions produced by many different compounds; therefore the
method is ideal for studying INA adducts formed by the complex
mixtures which are encountered in the enviromment. Since the
methodology lends itself to quantitation, information regarding total
INA adduct present, and the kinetics of INA adduct formation and
disappearance can be cotained (Gupta ard Dighe, 1984; Norman et al.,
1989a). Finally, INA adduct formation ca‘t:beamedinaslitﬂe
as 1 pg of IMA, so that INA alterations can be examined when
relatively small biological samples are available.

The 32p-postlabelling technique has been used in a variety of
different studies which have served to verify its utility (reviewed
in Watson, 1987). However, a mmber of disadvantages remain. 1) aAn
angoing problem is the difficulty involved in txying to identify the
adducts which are detected. 2) Several studies have shown that an
unexpectedly large mmber of "adducts" are recovered in INA treated
with chemicals that had previously been studied extensively using
other methods (Gupta et al., 1982; Reddy et al., 1984, Randerath et
al., 1984). It is often difficult to determine whether the
additional products represent unique adducts, or artifacts. 3) Same
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adducts are refractive to analysis using enhancement techniques. For
instance, quanine residues modified at the C(8) position are often
substrates forrmcleasePlarﬁthereforewiJlmtbedetectedusing
this technique (Gupta and Early, 1988). Consequently, INA '
modification by arcmatic amine and nitrcaramatic campourds, which
react most frequently at C(8) of guanine, is likely to be badly
underestimated by the muclease P; method. On the other hand, same
polar adducts partition poorly into butanol, and consequently will be
not be detected using the butancl extraction technique described by
Gupta {1985).
2.1.2 Reaction of N-hydroxy Arylamines With DNA

Reduction of nitroarenes (Howard et al., 1983; Andrews et
al., 1986) or oxidation of aromatic amines (Beland and Kadlubar,
1985) produces N-hydroxy arylamine derivatives which can be
enzymatically or nonenzymatically converted to electrophilic species
which react with IMA (reviewed in Kadlubar and Belard, 1985).
Reacticn of the arylhydroxylamine derivatives with DNA occurs very
.%lawly at physiological pH (Kadlubar and Beland, 1985; Andrews et
al., 1986). In mammalian cells, and also in S. typhimrium,
formation of the ultimate mutagen is enhanced cansiderably by
acetylation (section 1.2.1; King and Glowinski, 1983; Orr et al.,"
1985; Saito et al, 1985). It is believed that the mutagen which is
derived from acetylation is an O-acetoxy arylamine species which
would be expected to undergo heterolytic cleavage to form a partially
delocalized nitrenium/carbenium ion electrophile as shown in Figure 5
(Kadlubar and Beland, 1985).
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OH in vivo at ghysiological P
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C(8)-guanine Ne-guanine
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0°-guanine N6-agenine

Figure 5. Reaction of N-hydroxy arylamines with DMA.

A nitrenium/carbenium electrophile can be formed: A)
nonenzymatically via protonation at acidic pH; or B) enzymatically
via O-acetylation in vive. -
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Reaction of N-hydroxy arylamine derivatives with INA occurs
readily at a slightly acidic pH. Protonation of the N-hydroxy group,
which occurs readily between pH 5 ard 6, followed by the elimination
of water yields the reactive nitrenium/carbenium ion intermediate
(Figure 5) (Kriek, 1965; Kadlubar et al, 1978). The direct
reactivity of N-hydroxy arylamines compounds with INA at acidic pH
has made it possible to gather important information regarding DNA
adducts using relatively simple in vitro experiments (reviewed in
Beland et al, 1983; Beland and Kadlubar, 1985).

DNA adduct formation results from reaction of the
nitrenium/carbenium electrophile with purine muclecphiles. The sites
of modification for N—substitution are the C(8) positions of guanine
and adenine, and the 0f position of guanine; ortho-substitution
occurs principally at the N2 and 06 positions of guanine and the N6
position of adenine (see section 2.4 for detailed references).

2.1.3 Experimental Approach

The principal cbjective of the experiments described in this
chapter was to use the 32p-postlabelling method to detect INA adducts
formed with 1,8-NONP in E. coli. In order to ocbtain information
regarding the nature of the adducts detected in E. coli, several
postlabelling experiments were conducted with DNA (calf thymus,
poly(dG.dc), and poly(dA.aT)) which had been modified in vitro with

N-hydroxy-1-amino-8-nitropyrene (1,8-HANP) at pH 5.0. In the studies
presented in this chapter, both the standard 32p-postlabelling
protocol (Randerath et al., 1981; Gupta et al, 1982) and the butanol
erhancement technique (Gupta, 1985) have been used. The mutational
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consequences of 1,8-NNP-IMA adducts. in E. coli have been determined
and are described in Chapter 3.



2.2 MATERTATS AND METHODS
2.2.1 Materials

Succinic acid, CacCl,, MgCl,.6H;0, 1l-butanol, citric acid,
phenol, formic Acid (98-100 %), LiOH, and LiCl were purchased from
E(H Chemicals. Spermidine (free base), DL~dithicthreitol, adenosine
5'—triphosphate (disodium salt), micrococcal endoruclease (EC
3.1.31.1, grade VI, 0.21 U/ug), potato apyrase (EC 3.6.1.5, grade I,
0.002 U/pg), RNase A (EC 3.4.27.5, type III-A), RNase T; (EC
3.1.27.3), calf thymis DN, polyethyleneimine (50%), ard Bicine (N,N-
bis (2-hydroxyethyl)glycine) were purchased from Sigma Chemical Co..
Electrophoresis grade urea and Tris were cbtained from Biorad
Iaboratories. Chloroform and N,N-dimethylformamide were cbtained
from Caledon chemicals. [y-22P]ATP (3000Ci/mmol) was purchased from
NEN Dupont. 2'-Decxyruclecside 3',5'-diphosphates, alternating
copolymers poly(dG.dC) and poly(dA.dT), and T4 polymuclectide kinase
(EC 2.7.1.78) were purchased from FPharmacia (Canada) Inc.. Spleen
phosphodiesterase (from calf spleen, EC 3.1.16.1, 0.002 U/ug) was
cbtained from Boeringer Mannheim. Concentrated ammonium hydroxide
and HC1 were purchased from J.T. Baker Chemical Co.. MN300 Cellulose
was supplied by Brinkman. Planished vinyl sheets were purchased from
Transilwrap of Canada (Scarborough, Ontario). Bactotryptone and
yeast extract were cbtained from Difco. The synthesis of 1,8-NONP
(purity > 99 %) by oxidation of l-amino-8-nitropyrene was previously
described by Andrews et al. (1986).

E. coli strain NR6113 (ara A (lacpro) thi TsvT(CVS) F'lacpro

A (bioFCD-uvrB—chla)) was cbtained from B.W. Glickman, York University,
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Toronto, Ontario.
2.2.2 Methods

2.2.2.1 Preparation of FEI-Cellulose Sheets

Folyethyleneimine (PEI)-cellulose sheets were prepared as
described by Randerath and Randerath (1964). A solution of 0.5 %
PEI, pH 6.0 was prepared from a 50 % stock solution. A suspension of
MN300 cellulose (15.2 g per 100 ml) in 0.5 % PEL was homogenized in a
warring blender for abaut 45 seconds. Vinyl Transilwrap planished
sheets (washed with methanol and water) were attached to thick glass
plates and a 0.5 mm layer of the PEI-cellulose suspension spread
evenly onto the plastic. After drying overnight at rocm temperature
the sheets were cut to their final size (17 x 20 cm), a Whatman 31
wick attached and the sheets washed by ascending chromatograghy in
distilled water overnight. The sheetsl were dried in air, wrapped in
aluminum foil, and kept mtherefnge.ratormmlused

2.2.2.3 Preparation of DNA adducts

In vitro. DNA adducts of reduced 1,8-dinitropyrene
derivatives were prepared in vitro according to the methods outlined
by Andrews et al. (1986). Solutions of calf thymus INA (CT DNA) (1
mg/ml) or altermating copolymers poly(dG.dC) and poly (dA.dT) (0.5
© mg/ml) were prepared in citrate buffer (20 mM, pH 5.0). Prior to
reaction the solutions were made 25 % in dimethylformamide (DMF) a.ndt .
degassed with argon. Approximately 500 rmol of 1,8-NONP was
dissolved in 50 ul of IMF and added to 125 ul of the DNA solution.,
Five molar equivalents of ascorbate were added to reduce the nitroso
moiety to the hydroxylamine. The mixture was left for sixteen hours

ft
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in the dark at room temperature. Residual chemical was extracted
from DNA with phenol:chloroform:isocamyl alcchol (25:24:1), ard the
DNA precipitated from the aqueous phase by the addition of 0.1 volume
of 5 M NaCl and 2 volumes of 95 % alcchol, washed with 70 % ethanol
and stored at -20°c.

In vivo. Fifty ml of an overnight culture of E. coli
strain NR6113 were pelleted by centrifugation and resuspended in 10
mls of 1 X VB salts. Five hundred pl of a 0.2 mM solution of 1,8-
NONP (dissclved in IMSO) was added to the cultures and the mixture

incubated for 20 minutes at 37° C following which the cells were
* pelleted by centrifugation and placed on ice. The bacterial pellet

was resuspended in extractien buffer (0.2 M Tris-HCl, 0.1 M LiCl, 25
mM EDTA, 1 % SDS, pH 7.4) and extracted successively with phenol
(distilled and saturated with buffer), phenol:chloroform:iscamyl
alcohol (25:24:1), and finally chloroform:iscamyl alcchol (24:1).
After the addition of 0.1 volume of 5 M NaCl, INA was precipitated by
the addition of 2 volumes of 95 % ethanol (precooled to -20°C). The
precipitate was washed twice with 70 % ethanol and dissolved in
solution buffer (10 mM Tris-Hcl, 1 mM EDTA, pH 7.4). Residual RNA
was destroyed by incubation at 37° C with a mixture of Riase T, (50
units/ml) and RNase A (100 pg/ml) (Gupta, 1984). After extraction
w:.th chloroform: iscamyl alcohol, the INA was precipitated as

- described above, dissolved in water and the DNA concentration

estlmated spectrophotametrically (5\0 Ajgo units per mg DA} (Gupta et
al., 1982).

5
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2.2.2.3 Digestion of DNA

To digest control or carcinogen medified INA to 3'-
phosphodeoxyribomicleosides, 1 pg of INA was incubated at 37°C for
0.5-4.5 hr (normally 4 hr) with 2.5 ug each of micrococcal nuclease
and spleen phosphodiesterase (prepared by dialysis of camercially
available product against distilled water) in a succinate buffer (20
™ succinate, 10 mM CaCl,, pH 6.0) (Gupta et al., 1982).

2.2.2.4 The Standard 32p-postlabelling Technique

An appropriate amount of radiolabelled [Y~32P)ATP (20-200
MCi) was added to a 0.5 ml Eppendorf tube and dried in a desiccator
under vacium. A 1.7 pl aliquot of the digest was added to the tube
containing the radiolabelled ATP aleng with a 7.1 pl solution
consisting of 1 pl Bicine buffer (0.1 M Bicine-NaoH, 0.1 M MgCly, 0.1
M dithiothreitol, 10 mM spermidine, pH 9.5), 0.5 pl polymcleotide
kinase, and 5.6 pl 17.5 % glycerol in distilled water. The mixture
was incubated for 15 minutes at 37° C at which time 1.2 pl of 0.5 m¥
non-radiocactive ATP was added, and the incubation continued for a
further 30 mimutes. After the addition of 2 pl of a freshly prepared
1:1 mixture of 3',5'-diphosphodeoxyribonuclecsides (4 pa/pl each of
dpAp, dpTp, dpGp and dpCp) and potato apyrase (40 mU/ul) the mixture
was incubated for a further 30 minutes at 37°C.

To check the efficiency of the labelling steps and to
calculate the amount of label incorporated into normal muclectides,
an aliquot of the labelled digest was diluted in distilled water and
a fraction of this applied to PEI-cellulose and developed in 0.27 M
ammonium sulfate to separate the labelled nuclectides.
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The remaining labelled digest was applied at the crigin of a
17 x 20 cm sheet of PEI-cellulose (see Figure 6). Development in
direction 1 (D;) was with 1.1 M LiCl or 1 M sodium phosphate pH 6.8.
A Whatman #1 wick was stapled to the PEI sheet and allowed to extend
out of the chromatography tank in order to achieve contirmal
overnight develcpment. Following development in Dy, the PEI sheet
was cut 12 cm from the bottom of the sheet and the upper portion and
wick, containing most of the radicactivity associated with normal
nmuclectides, was discarded. The remainder was washed with water,
dried, and developed in direction 2 (Dp) to the top of the sheet with
2.5 M armmonium formate, pH 3.5. The chromatogram was again cut 12 cm

| fromﬂthe bottom, and the upper portion was discarded. The remaining
12 x 12 cm sheet, containing the adduct nuclectides at the origin,
was then washed with water and dried under warm air.

Resolution of the DNA adducts was achieved by 2 dimensional
chramatography using high concentrations of urea. Optimal urea
cancentration for the resolution of the adducts examined in these
studies was found to be 7.0 M. Development in direction 3 (D3) was
with a 3.0 M lithium formate solution, pH 3.5, 7.0 M urea, and
direction 4 (Dy) was with 0.8 M LiCl, 0.5 M Tris-HCl, 7.0 Mor 8.5 M
urea, pH 8.0. A final wash of the chromatogram with high electrolyte
solutions (0.35 M MgCl, or 1 M sodium phosphate, pH 6.8) was in
"direction 5" (Dg-which runs in the same directicn as Dy) following
the attachment of a Whatman #1 wick. This last step was to remove
any residual non-adduct radicactivity that might increase the
background. Following development in Dg the wick was removed, the
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Whatman § 1 wick

LIst cut

17 on —I— D4"

Figure 6. '111e'I!LCprocedv.xreusedinthe32P-postlabeJ.ling‘
technique.

Sheets of PEI cellulose (17 x 20 cm) were marked as shown in this
figure. A Whatman # 1 wick was stapled to the top of the sheet.
The ]abelled INA digest was spotted onto the origin. Following
overnight development in Dy the sheet was cut on the line marked
"first cut" and the top portion of the PEI-cellulose sheet
containing the wick was discarded. Followirgdevelo;me.ntinnz,
the sheet was cut along the line marked “second cut® and the right
portion of the PEI cellulose sheet was discarded. The labelled DNA
adducts did not move from the origin when the D; and D, solvents
were used. meranainirgllezcnmeetwasdevelcpedinb:,arﬂ
Dy to resolve the INA adducts into a fingerprint pattern. In
Figures 8 to 12 the chrumatograms have been rotated through 180°
such that the origin is in the bottom left corner: D; rumning in
the vertical direction, and Dy ruming horizontally to the right.



sheet washed in distilled water and dried under a hair dryer.

2.2.2.5 The Butanol Fxtraction Method for 32P-Postlabelling

The hydrophcobic adducts were separated fram the normal
muclectides in the following manner. Fifty pl of D@ digest (5 ug
NA) was mixed with 17.5 pl each of 100 mM ammonium formate (pH 3.5)
and 10 mM TBAC in a total volume of 175 pl. The mixture was
extracted twice with an equal volume of 1-tatanol. The phases were
separated by centrifugation in an Eppendorf centrifuge. The pooled
butanol phases containing the INA adducts were back-extracted twice
with an equal volume of watér, ard then dried in the vacufuge. The
cambination of butanol extraction and back-extraction with water
results in almost complete removal of normal nucleotides without
‘significant loss of adducts (Gupta, 1985).

A “abelling mixture® was made up of 4 pl [y—32P)ATP (3000
Ci/mmol), 2.5 y) of 3X Bicine buffer (0.3 M Bicine, 0.1 M MgCl,, 0.1
M DTT, 10 mM spermidine pH 9.5), 1 pl PNK and 0.5 pl water. The
dried butanol extract was taken up in 10 pl 100 mM Tris-HCl, pH 9.5,
added to 5 pl of the labelling mixture, and incubated for 30 minutes
at 37° C. 'To ensure that the adducts were labelled under conditions
of excess ATP, 1 pl of this solution was removed, diluted 100-fold in
water and spotted (3 ul) onto a FPEI-cellulose strip. The strip was
developed with 4.5 M ammonium formate, pH 3.5, a solution which
clearly separates radiolabelled ATP fraom adducted nuclectides,
residual nommal muclectides and inorganic phosphate (Figure 7C). The
remainder of the labelled adduct solution was spotted onto a sheet of

PEI-cellulose, and the adducts resolved using the 4-dimensional



'}

Origin — $ o

Figure 7. Ascending PEI-cellulese TIC of 32P-labelled ruclectides.
Panel A: total nommal ruclectides were labelled with carrier—free
Ev—32P]ATP and developed with 0.27 M ammonium sulfate. Panel B:
total nommal muclectides were labelled with carrier-free [y-~32PJATP
ard developed with 0.8 M Amonium formate, pH 3.5. Panel C:
diluted f~32P)ATP (lane a) and 1-butanol-extracted, S2P-labelled
INA adducts (lane b) were spotted onto PEI-cellulose ard developed
in 4.5 M ammonium formate, pH 3.5.
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procedure detajled above, except that D, was amitted.

The total miclectides were also assessed under conditions of
excess [y —2PJATP. One ng of digest was mixed with 2.5 pl of the
labelling mix in a total volume of 7.5 pl. After incubation for 30
mimutes at 37° ¢, 2 pl of a 1:1 mixture of 3',5'-
diphosphodeaxymucleosides (4 pg/pl each of dpAp, dplp, dpGp and dpCp)
and potato apyrase (40 ml/pl) were added and the incubation was
contimied for 30 minutes. The entire mixture was then diluted to 250
pl and 3 pl were spotted onto a PEI-cellulose strip which was
subsequently developed in 0.27 M ammonium sulfate (Figure 7A) or in
0.8 M ammonium formate, pH 3.5 (Figure 7B).

2.2.2.6 Autoradi and itation

Autoradicgraphy was carried cut using Kodak XAR-5 and RP
film. PEI-cellulose sheets used to assess normal muclectides and
excess ATP conditions were placed with film at 4° C for up to 30
minutes without enhancing screens. Two-dimensional adduct maps were
autoradiographed using screen enhancement at -70° C for up to 72
hours. Following development of the film, detected adducts were
excised from the chrumatogram and counted by Cerenkov assay using a
Beckman IS 7800 liquid scintillation counter. The relative adduct
labelling index (RAL) was determined according to the following
equation.

RAT, = c.p.m in adduct miclectides
c.p.m. in hormal nuclectides x dilution factor

r
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2.3 RESULTS

2.3.1 INA adduct formation following 1,8-NONP treatment of E. coli

INA adduct formation was exemined after treatment of E. coli
strain NR6113 with 1,8-NONP. Following isolation and digestion of
the bacterial INA, adducts were separated fram the normal micleotides
amd postlabelled using the utanol extzactionprocedure. The results
are shown in Figure 8A. Three distinct spots corresponding to DNA
adducts were detected. BAbout 95 % of the adduct-related
radicactivity was asscciated with spot #1. The two minor adducts (#2
and #3) each accounted for less than 2.5 % of the total DNA adduct
formed in E. coli cells treated with 1,8-NONP. No adducts were
.detected in DNA cbtained from E. coli treated only with DMSO (Figure

8B). The level of DNMA modification following 1,8-NONP treatment was
about 5 adducts per 107 ruclectides.

2.3.2 INA_adduct Formation by 1,8=-NONP in vitro.

In order to dbtain more information regarding the nature of
the INA lesions produced by 1,8-NONP, a mumber of experiments were
carried out using adducts cbtained from the reaction of 1,8-HANP with
DNA in vitro. Previous stidies in our laboratory showed that in
vitro modification of calf thymis INA (CT DNA) with 1,8-HANP at pH
5.0 yielded a single major DNA adduct which was identified as the
quanine C(8) adduct, N-(2'-decxyguanocsin-g-yl)-l-amino-8-nitropyrene
(dG-C(8)-ANP) (Andrews et al., 1986; Andrews, 1988). Analysis of
1,8-HANP modified CT DNA using either the standard 32p-postlabelling
technique (Figure 9A) or the butanol extraction procedure {Figure 9B)
suggested that more adducts were present in the DNA than had been
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Figure 8. Maddlntfomtlmbyl,a-m:.ng. coli.
Representative adduct pattern for 32P-labelled 1,ammnts
Panel A. Fingerprint pattern of INA adducts formed in E. coli
following treatment with 1,8-NONP. Adducts were extracted with 1-
butancl and labelled with excess carrier-free fy—<P]JATP. Adducts
m:emlvedinb:,arﬂmasdescnbedinthetect Panel B.
Control experiment: 32P-postlabelling of INA cbtained from E.
coli treated with IMSO.
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Figure 9. 32p-postlabelling amalysis of 1,8-HANP-modified calf
thymis [NA.

Panel A: 1,8-HANP-modified CT INA analyzed using the standard
postlabelling protocol (Randerath et al., 1981; Gupta et al.,
1982). lmg 18-mNP-md:E.fiedcrm)ana1yzedusugthe
hutanol extraction technique 1985). Chroma
c:aﬂitionsaredscmbedinﬂsma Cograpy
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detected in the experiments described by Andrews (1988). The
fingerprint pattern of labelled INA adducts (Figure 9A & B) contained
a single major product (spot #1) and several minor products. The
level of medification in these preparations was determined to be
about one adduct per 10° muclectides. No radicactivity appeared on
the chromatogran when wmodified INA was analyzed in a similar
fashion. These results suggested that the new technique was either
detecting unique adducts which were below the limits of detection in
the previcus studies, or that the experimental canditions were
creating artifacts.

2.3.2.1 Products of Incomplete Digestion

In order to determine whether same of the detected products
resulted from incamplete digestion of the INA to 3'-
phosphodeaxyribonucleosides, the digestion time was varied from 30
minutes to 4 hours. The results of this experiment are shown in
Figure 10. An increase in the time of digestion of the 1,8-HANP
mdifiedcrumledtoamarkeddimimtimiﬁﬂmepruportionoftotal
radiocactivity associated with the spots (#5—8) .found in the upper
right portion of the chramatogram. An increase in the percentage of
the total radioactivity associated with spot #1 was also dbserved.
This suggested that: 1) spots # 5-8 were products of incamplete
digestion (adduct-oligomuclectides); and 2) adducted 3'-
phosphodeoxyribomicleosides released from the oligomiclectide
material by digestion might migrate to the same area on the
chramatogram as spot #1. Similar experiments with untreated DNA did
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Figure 10. The effect of digestion on the 32p-postlabelling
pattern of 1,8-HANP-CT INA adducts.

INA was incubated with micrococcal miclease and spleen
phosphodiesterase. As the incubation progressed, 1.7 ul aliquots
were removed and labelled with fy—2P]ATP using the standard
postlabell:.ngprooedtme (Randerath et al., 1981; Gupta et al.,
1982) . Digestion times were: Panel A 0.5 hour, Panel B 1 hour,
Panel € 2 hours, Panel D 4 hours,



55

not show acamulations of radicactivity in the upper right region of
the chramatogram, even at the shortest time of digestion.

2.3.2.2 Postlabelling of 1,8-NoNP-treated Poly(dG.4C) TNA

To determine whether all the INA adducts detected in CT INA
could be accounted for by the reaction of 1,8-NONP with dG:dC base
pairs, DA adducts were produced by reaction of 1,8-NONP with
alternating poly(dG:dC) INA. The results are shown in Figure 11.

The pattern of 1,8-NONP adducts formed in poly(dG:dC) DNA (Panel B)
was very similar to that formed in CT INA (Panel ) suggesting that
most of the adducts detected in CT DNA resulted from reaction of 1,8-
HANP with either 4G or dC. The major adduct (#1) formed in the
poly(dG:4C) sample accounted for greater than 95 % of the adduct-
related radicactivity. This adduct migrates to the same position on
the TIC plate as the major adduct cbserved in digests of DNA cbitained
from E. coli treated with 1,8-NONP (Figure 83).

A minor adduct which is consistently detected in CT ONA, and
also in bacteria treated with 1,8-NONP (Figure 8A) is the lesion
represented by spot #3. As shown in Figure 11B, this adduct is
formed with either 4G or dC. At least one other minor product is
detected in poly(dG:dC) DINA, and migrates to the region of the
chramatogram represented by spot #4. However, this adduct is not
consistently detected in these experiments, and has not been detected
in vive (Figure 8A; Norman, 1988; Norman et al., 1989%9a).

2.3.2.3 Postlabell;_rg of 1,8-NONP-treated Polv(dA.dT) DA

The major difference between the INA adducts formed i CT NA

(Figure 113) and poly(dG:dC) IMA (Figure 11B) is the presence of spot
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Figure 11. 1,8-HANP adducts in poly(dG.dC) DNA.

32p-postlabelling of 1,8-HANP adducts formed in CT DNA (Panel 2) or
poly(dG.dC) DNA (Panel B). The butanol extraction technique was
used in these experiments. Chromatographic conditions are
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#2 in the CT INA preparation. Different experiments done over
several years have shown that, relative to spot # 1, the location of
this spot an the chramatogram is not constant. For instance, in
Figure 11A spot #2 runs further than spot #1 in the vertical
direction (D3), while in Figure 12A spot #2 does not run as far as
spot #1 in Dy. Figures 11A and 12A are the results of different
postlabelling experiments of the same 1,8-HANP-CT DNA preparation.
Possible reasons for the variation in the location of this adduct
will be considered in the Discussion. Since the lesion represented
by spot #2 was not present in labelled digests of poly(dG:dC) DA
treated with 1,8-HANP (Figure 11B), it was considered likely that it
represeﬁted an adduct of dA or dT. To test this possibility, 1,8-
HENP was reacted with poly(dA:dT) DNA and subjected to postlabelling
analysis. The result of this experiment is shown in Figure 12C. One
major adduct and one minor adduct were detected. The major 1,8-HANP-
poly(dA:dT) DNA adduct co-chrumatographed with spot #2 in CT DNA
(Figure 122 and 12B), ‘suggesting that the adduct represented by spot
#2 results from the reaction of 1,8-HANP with dA or dT. The
similarity of the position of adduct #2 relative to adduct #1
observed in both CT INA (Figure 12A) and E. coli (Figure 83) suggests
that the minor dA or dT adduct is also formed in E. coli. _‘
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2.4 DISCUSSTON
2.4.)1 The Major A Adduct Formed 1,8-NONP in E. coli

The major adduct formed by 1,8-NONP in E. coli migrated to
the same position on the TIC sheet as the major adduct formed in calf
thymuis INA or poly(dG.dC) INA which had been treated with 1,8-HANP at
pH 5.0. Since it has been demonstrated by proton MR, uv-visible,
and fluorescence spectroscopy, and fast atom bombardment mass
spectrametry that the major adduct formed by the in vitro reaction of
1,8-HANP with INA is 4G-C(8)-ANP (Andrews et al., 1986; Andrews,
1988), it is likely that the INA adduct represented by spot #1 is the
3',5'-diphosphate derivative of dG-C(8)-ANP (Figure 13).

The dG-C(8)-ANP adduct is produced by the reaction of guanine
with the arylnitrenium ion derived from 1,8-HANP. Therefore in
bacteria treated with 1,8-NONP, adduct formaticn requives: 1)
reduction of 1,8-NONP to 1,8-HANP; ard 2} transformation of 1,8-HANP
to the reactive arylnitrenium ion. The identity of the cellular
factors in E. coli which metabolize 1,8-NONP to the DNA reactive
species are not known. Reduction of 1,8-NONP to 1,8-HANP occurs as
the result of a two electron transfer which might be catalyzed by any
of_ﬁfhemmem:snitmraiuctasswhiduarelcmntobeactive in E.
coli (McCalla, 1983). At physiological pH the direct reaction of
1,8-HANP with DA is extremely slow (Andrews et al., 1986),
presumably due to the slow rate of nonenzymatic transformation to the
corresponding nitrenium ion. In S. typhimurium, and perhaps also in
E. coli, formation of the ultimate mitagen requires the activity of
acetyltransferase (Orr et al., 1985). The products of acetylation
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Figurg 13. The major 1,8-NONP adduct.

This is the probable structure of the major INA adduct (spot #1)
formed by 1,8-HANP in CT INA and poly(dG.dC) DNA, and by 1,8-NONP
in E. coli. The structure shown is the 3', [32P]5'-dQiphosphate of
N~ (2! ~decxyguancsin-8-yl) -1-amino-8-nitropyrme.
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which have been isclated are N-acetylated derivatives; these are
relatively stable, and cnly weakly mitagenic (Orr et al., 1985) and
therefore they are unlikely to represent the ultimate mutagens.
However, it is probable that the acetyltransferase also catalyses the
formation of the O-acetyl derivative of 1,8-HANP, N-acetoxy-l-amino—
8-nitropyrene (1,8-AANP) (Orr et al., 1585). Based on the chemical
and biclogical properties of O-acetylated derivatives of arcmatic
amines it would be expected that 1,8-AANP would be highly unstable,
and would undergo heterolytic cleavage to form the
nitrenium/carbenium cation-acetate anion pair which would react with
DNA (section 2.1.2; Kadlubar and Beland, 1985).

The cbservation that 1,8-NONP forms a major DNA adduct at the
C(8) position of guan:.ne is consistent with many previocus studies
which have demonstrated that most nitroarenes and amincarenes (Figure
14) form INA adducts primarily at dG-C(8) (Howard et al., 1983;
Beland and Kadlubar, 1985; Andrews et al., 1986; Gupta and Early,
1988) . Moreover, the ability of several N-substituted aryl compounds
to J.nduce mrtations in bacteria and CHO cells (Belard et al., 1983;
Howard et al., 1983; Heflich et al., 1986b) and siste.r:' chramatid
exchanges (SCEs) in CHO cells (Heflich et al., 1986b) has been
correlated with the degree of modification at the C(8) position of
2.4.2 Minor INA Adducts formed with 1,8-NONP in E. .coli

At least two minor adducts (#2 and #3) are formed by 1,8-
NONP in E. coli. These adducts are also formed in CT INA following

treatment with 1,8-HANP. The experiments described here provide the
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\\ Figure 14. The structures of several aramatic amine derivatives.
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first evidence that dinitropyrene derivatives can form INA adducts
cther than &G-C(8)-ANP.

2.4.2.1 Adduct Formation With dA or 4T

Adduct #2 is the major INA adduct formed in poly (dA.4T) DA
with 1,8-HANP. In E. coli, an adduct is formed with 1,8-NONP which
migrates to the same position on the TIC plate as the major 1,8-HANP-
poly(dA.aT) adduct. These chservations suggest that spot #2 in E.
ooli is a product of the reaction of the nitrenium/carbenium ion
derived fram 1,8-NONP with either dA or dT. In the in vitro system,
an additional minor adduct is formed in poly(dA.dT) which is not
present in either E. coli treated with 1,8-NONP, or CT INA treated
with 1,8-HANP.

At least 3 different types of INA adducts resulting from the
reaction of N-hydroxy arylamines with dA have been reported in the
literature. Adducts formed (via an ortho carbenium cation) at the NS
position of dA were characterized in the liver and urothelium of dogs
treated with 2-napthylamine (Kadlubar et al., 1981), in the liver of
rats treated with N-methyl-4-aminoazobenzene (Tullis et al., 1981),
and following in vitro treatment of calf thymus INA with either N-
hydroxy-2-napthylamine (Kadlubar et al., 1980), or N-acetoxy-2-
acetylaminophenanthrene (Gupta and Early, 1988). Adducts formed at
the C(S) position of dA following reaction of a nitrenium ion were
detected in the urcthelium of dogs treated with 4-amincbiphenyl
(Bzland et al., 1983), and are also formedhi__n\_ri_;_t_o by reaction of
either N-hydroxy—d.-ammobl;henyl or N—hydroxy-?. 2'—-dimethyl-4- 3
am.‘x.ncblphenyl with CT. mA (Beland et Q,., 1983; Flammu; et ai., "

s
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A
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1985). In addition, reaction of N-acetoxy-2-acetylaminoflucrene with
either poly(dA.qT) {Harvin et al., 1977) or polyadenylic acid (Kriek
and Rietsema, 1971) resulted in adducts which were modified at the
C(8) position of adenine. Finally, a novel C(8)-modified derivative
of deoxyinosine (dI) was characterized in the lung and livers of
preweanling mice treated with é-nitrochrysene (6-NC) or &~
aminochrysene (6-AC) (Delclos et al, 1987a), in rat hepatocytes
treated with 6-NC or 6-AC (Delclos et al., 1987b), and in CT INA
treated in vitro with N-hydroxy-6-aminochrysene (Delcles et al.,
1987b). ‘The dI-C(8) adduct is believed to be a product of axidation
of the correspording dA-C(8) adduct (Delclos et al., 1987b).

. The structures of hypothetical INA adducts which might result
fram the interaction of 1,8-HANP with dA are shown in Figure 15.
These structures are based on analegous dA adducts formed by several
other N-hydroxyarylamines as discussed above.

There have been no reports of adducts formed with 4T by N-
hydraxy arylamines. ©On the basis of quantum mechanical calculations,
McCoy et al. (1985b) have proposed that 0% and 02 would be the most
probable sites for INA adduct formation on dT; however, the
reactivity of these positions towards nitrenium/carbenium
electrophiles is mich lower than that of the N(3), N5, N(7), ar c(8)
positions of da. L

The positian of adduct #2 on the TIC plate varied relative to
the major DNA adduct: early determinations of the postlabelling
pattern of 1,8-HANP-CT INA adducts (Figure 11A) showed that the minor
adduct migrated further in the vertical direction than adduct #1,
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Figure 15. Possible structures of the adduct represented by spot #2.
A) N-(2’/-decxyaiencsin-8-yl)-l-amino-8-nitropyrene. B) 2-(2/-
deaxyadenosin-NO-yl)-1-amino-8-nitropyrene. C) N-(2’-Gecxyincsin-g-
yl%—l-amim-s-nitrcpymme.‘ The adduct on the TIC would be the 37,
[34P)5’/-diphosphate of the adduct-muclecside shown. These struchures
‘are based on analogous adducts which are formed by aromatic amine
campourds, as described in the text.
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while later experiments using the same INA sample (Figure 123) showed
that adduct #2 did not migrate as far as adduct #1. There are at
least two possible explanations for the anamlous chromatographic
behaviour of this adduct. 1) The adduct might have broken down to a
product with different chromatographic properties as the result of
oxidation or imidazole ring opening. 2) If the adduct were formed
with adenine, then the chramatographic behavicur might be explained
by differential protanation of the adenine in solvents of slightly
different pH. Since a 3',5'~diphosphodeaxyrmiclecside derivative of
an adenine adduct would be expected to have a pK for purine ring
protanation of between 3.5 and 4, it is possible that the spot that
migrates further in the vertical direction than adduct #1 represents
the protonated form of a 3',5'-diphosphodeoxyadenosine adduct, while
the spot with lower mobility represents the unprotonated form of the
same adduct. In this regard it is notable that the distance in which
the adduct(s) represented by spot #2 migrate on the TIC vary only in
the vertical dimension (Dy: 7 M urea, 2.5 M ammonium formate, pH
3.5); they migrate the same distance in the horizental direction (Dy:
7 M urea, 0.8 M LiCl, 0.5 M Tris-HCl, pH 8.0). Because of the high
ionic strength of the solution and the inclusion 6f high
concentrations of urea it is pcaf'ﬁible that dlfferent prepamt:.ons of
the D3 soluticn had slightly da.:t'\fe.rent pH's. The major guanine .
adduct would not be influenced by differences in pH of either
solution since the pKs for guanine protonation/deprotonation would be
less than 2.5 and greater than 9.
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2.4.2.2 Minor Adducts of 4G or dc

Adduct #3 is a minor adduct formed in E. coli treated with
1,8-NNP, and in CT INA or poly(dG.dC) INA following treatment with
1,8-HANP at pH 5.0. This adduct could represent either a breakdown
product of dG—C(é)-ANP or a unique adduct formed with &G or dcC.
Other than the C(8) position, the most cammon positions on &G for
adduct formation with N-hydroxy arylamines are the exccyclic N2 and
08 positions.. 2dducts resulting from reaction of an ortho carbenium
ion with the N2 positicn of GG were detected in the urcthelium of
dogs treated with 2-napthylamine {Kadlubar et al., 1981), the livers
of rats and mice treated with 4-acetylamincbiphenyl (Gupta and Dighe,
1984) , N-methyl-4-aminoazcbenzene (Beland et al., 1980) or N,N-
dimethyl-4-amincazebenzene (Delclos et al., 1984), and several
tissues of rodents treated with 2-acetylaminofluorene (AAF) (reviewed
in Beland and Kadlubar, 1685). Adducts were alsc characterized at
the N2 position of 4G following in vitro treatment of calf thymus DNA
with‘N-hydroxy-z-nap'?lylamine (Kadlubar et al., 1980), N-hydroxy-4-
amincbipheryl (Belard et al., 1983), and N-hydroxy-2-
aminophenanthrene (Gupta and Early, 1988). N-hydroxy-1-napthylamine
forms adducts at the 0° position of 4G in vitro (Kadlubar et al.,
1978), and also in rats (Dooley et al., 1984). The linkage between
thearylmietyarﬂds-oﬁcanbetrmeitherthearylamine
nitrogen or the ortho carbon (Kadlubar et al., 1978). It should be

noted however that N-hydroxy-1-napthylamine is the cnly N-substituted
aryl campound which: is known to form dG-0° substituted products

(Beland et al., 1983). Figure 16 shows the structures of minor
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Figure 16. Possible structures of the adduct represented by spot #3.
3) 2-(2'~deoxyguanosin-N2-y1) =l-amino-8~nitropyrene. B) 2-(2'-
deoxyguanosin-0%-y1) -1-amino-8-nitropyrene. €) N-(2'-decxyguanosin-
08-yl) ~1-amino-8-nitropyrene. The adduct on the TIC would be the 3!,
(32P)5'diphosphate of the adduct-mucleoside shown. These structures
are based on analogous adducts which are fommed by arcratic amine
campounds, as described in the text. It is also possible that the
adduct represented by spot # 3 is a breakdown product of the major
adduct shown in Figure 13.
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adducts which might result from the reaction of 1,8-HANP with dG.

Spot 43 could be the 3!, [32P]5'-diphosphoruclecside of ane of these

lesions.

2.4.2.3 Products of Incamlete Digestion

Postlabelling analysis of DNA which had been modified in
vitro with 1,8-HANP detected four diffuse spots which migrated to the
upper right portion of the chromatogram. The cbservation that
increased digestion resulted in a decrease in the amount of
radiolabel associated with this material suggests that it is the
result of incomplete digestion of the modified INA. Gupta (1984;
1985) has shown that INA modified with AAF also yields four adducts
which exhibit very similar chromatographic behaviour. The AAF
adducts were identified as adduct dimiclectides of the structure
dpXpp, where X is the dG-C(8) adduct of AAF and N is A, T, C, G
(Gupta, 1984). It is possible that the 4 spots detected in 1,8-
HANP-modified INA are analogous adduct dimucleotides formed with dG-
C{8)-ANP. The adduct might physically interact with the nucleases,
or alter the conformation of the oligomiclestide such that digestion

at sites immediately adjacent to the adduct is decreased.

2.4.3 32p~post1abe11;';g of 1.8-NONP Adducts: Advantages and
Limitations

The experiments described in this chapter show that the 32p-
postlabelling technique is an extremely sensitive method for
detecting DNA adducts formed by 1,8-NONP. Evidence has been
presented that, in addition to the major dG-C(8)-ANP adduct, 1,53\
mNPQalso forms minor adducts. This is significant as there have
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been no previcus reports in the literature of minor adducts formed by
dinitropyrenes, or partially ceduced derivatives of dinitropyrenes.
The possible identity of the minor lesions was discussed in section
2.4.2. In E. coli the minor adducts were present at a level of about
1 adduct per 108 ruclectides. Other studies in our laboratory
(Norman, 1988; Norman et al., 1989a) have shown that these relatively
low adduct levels are still about 2 orders of magnitude above the
detection limit when the katanol extraction technicque is used.
Moreover, the level of INA modification in a relatively small DNA
sample (1-5 pg) can be determined. The ability to detect and
quantitate low levels of DNA adducts formed by 1,8-INP and 1,3-NONP
have made it possible to conduct other studies m our laboratory
which have determined the rates of INA adduct formation and removal
in mammalian cells in culture, and in rodents (Norman, 1988; Norman
et al., 1989a; see section 4.2).

| A significant disadvantage of the 32p-postlabelling technique
is that the technique does not provide structural information about
detected lesions. In the present study this problem has been
partially overcome by using an in vitro activation system. This has
provided same evidence as to th_e possible identities of the detected
lesions. Nevertheless, unambiguous characterization of all these
products will require the synthesis of adducted 3', [32p]5'-
diphosphomuiclecside standards and studies of the chromatographic
behaviour of these products.



3. THE MITATIONAL, SPECTFICITY OF 1,8-NONP: TNFERENCES FOR MUTATTONAT,

MIS!{
3.1 INTRODXICTION

Many mutagenic agents form bulky INA adducts. These include
polyarcmatic hydrocarbons such as benzo(a)pyrene (BP), arumatic
amines such as 2-acetylaminofluorene (AAF), mycotoxins such as
aflatoxin By (AFB;), and nitroaromatic compounds such as 1,8-INP. In
bacteria, the mitagenicity of these agents is in large part dependent
on cellular functions encoded by the SOS regulon. In the past 15
years considerable progress has been made in understanding the
requlation of the SOS response in bacteria, and the biclogical role
of many of the gene products in mitagenesis (Witkin, 1976; Walker,
1984; Peterson et al., 1988). Additional information regarding
mrtational mechanism can be obtained by determination of mutational
specificity which refers to both the types of mitations which are
induced (mitagenic specificity), and the sites at which they occur
(site specificity) (Miller, 1983). Such studies can provide insight
into the role of various modulating factors on the matational process
including: 1) the effect of INA repair enzymes; 2) the nature of INA
sequences adjacent to mutational sites; and 3) the identity of
premutagenic lesions (Miller, 1983). This chapter provides a
detailed descripticon of the mutational specificity of 1,8-NCNP in the
lacI gene of E. ooli.

The following sections provide background information
71
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relevant to the experimental approach used in these studies, and the
analysis of the results. First, the lacI mutagenesis system in E.
coli will be reviewed. Second, INA repair enzymes will be reviewed
with particular emphasis on the camponents of the inducible error—
prone repair pathway and muiclectide excision repair.

3.1.1 Determination of the Mutational Specificity of Mutagens

The specificity of mutation has been of longstanding interest to
scientists. Early studies by Freese and coworkers showed that
mrtagens such as hydroxylamine, proflavine, or the base analogues 2-
amincpurine and S-bromo-deoxyuridine had distinctive mitagenic
specificities in phage T4 (Freese, 1959; Freese et al., 1961). These
cbservations were central to the formulation of early mutational
mechanisms (Freese, 1959; Brenner et al., 1961), and were also
important for the elucidation of the genetic code (Crick et al.,
1961). At about the same time, Benzer (1961) showed that mitaticn
did not cccur at random within a gene, but rather at specific
"hotspots". In addition, different mitagenic agents induced
mutations at distinct sites within the rII region of phage T4
(Benzer, 1961). These early cbservations demonstrated that mitagens
exhibit both site specificity and mitagenic specificity. In
subsequent years, determination of the specificity of mutation has
provided valuable insight into the process of mutation (for reviews
see D;ake, 1970; Drake and Baltz, 1976; Miller, 1983; amd Eisenstadt,
1987).

Sophisticated systems for the study of mutational specificity
have been developed which make itpossjbletodetermimthepxecise

|
l\. \.



73

INA sequence of induced mutations (Eisenstadt, 1987). Reversion
systems have fregquently been used because of their rapidity, high
sensitivity, and the perception that the results provide accurate
information regarding matagenic specificity (Eisenstadt, 1987). The
most camanly used assays of this type are reversion of trpA alleles
in E. coli (Yanofsky, 1971), and of his alleles in S. typhimrium
(Maron and Ames, 1983). The disadvantage of these assays is that
they monitor mutation at relatively few sites. In addition, recent
evidence suggests that the types of mutational events which cause
reversion to amino acid prototrophy are not as restricted as was ance
believed (Hartwan et al., 1986). Therefore, further analysis of the
revertants (i.e. Miller and Barnes, 1986) is required in order to
assess the mutational specificity accurately.

S.everall different forward mutation systems have been used to
gather informaticn regarding the specificity of mtagens in bacteria
(reviewed in Eisenstadt, 1987, and references therein). Forward
mitation systems are generally more informative beczuse of the large
number of sites which can be monitored similtanecusly. However, a
considerable amount of work is required to determine mutagenic
specificity. A general strategy which has been quite successful is
to select mitations which occur on extrachramosamal targets such as
episames, small plasmids, and phages. Such mtations are amensble to
geneticandﬂ&sequencirganalyéissimtheycanbeeasily
transferred into strains of diverse genetic background for mapping
and cloning purposes, and for the detannnatlcn of suppression
patterns (Eisenstadt, 1987). In addition, the mutated genes which
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are resident on plasmid and phage elements can be directly isolated
for further molecular analysis.

Analysis of the results obtained from forward mutation
systems requires knowledge of the mrtational target. For instance,
most frameshift matations, large deletions and additions, and
nonsense matations will eliminate gene function to such an extent
that the resultant mutants have a markedly altered phenotype. On the
other hand, missense mitations will yield a variety of phenctypes,
only same of which will be sufficiently different from the wild-type
Ito alter growth on selective media. Thus, the most useful
'information regarding mutaticnal specificity will be cbtained from a
system whose mutational target has been studied extensively: this
allows estimation of the types of mutations which can be detect';elsd ard
the sites at which they cccur.

3.1.1.1 The lacI system of E. coli -

Use of the lacI gene of E. ccli for mutational studies in
bacteria was pioneered by Jeffrey Miller (reviewed in Miller, 1978;
1583). A shuttle vector containing the lacI gene has since been
develcoped for use in mammalian cells {Iebkowski et al., 1985;
DuBridge et al., 1987). The following discussion will deal only with
the bacterial system.

The lacT gene in E. coli encodes the lactose repressor.
Early studies by Francois Jacch and Jacques Moned (reviewed in Jacch
and Monod, 1961) identified the repressor as a regulatory element
which binds reversibly to the lactose operator to control the
activity of the structural genes encoding B-galactosidase, lactose
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permease, and transacetylase. These workers showed that in the
presence of an inducer such as iscpropyl-f-D-thiogalactoside (IPTG),
the repressor was inactivated and the cellular levels of B-
galactosidase were increased by up to 10,000-fold relative to the
uninduced state. High levels of B-galactosidase were also cbserved
in the absence of an inducer in mrtants containing a defective
repressor (lacl™ mutations). In 1966, Gilbert and Muller-Hill
purified the lactose repressor using radicactive IPTG as a marker.
They found that the repressor was a tetrameric protein with identical
38 kDa subunits (Gilbert and Muller-Hill, 1966). Subsequent DNA
sequence analysis of the lacI gene showed that each subunit consisted

of 360 amino acids encoded by a 1080 base pair gene (Farabaugh,
. 1978) . In vitro, the repressor was shown to bind to INA containing
the lactose operator; dissociation of the repressor-cperator camplex
occurred in the presence of IPIG (Gilbert and Muller-Hill, 1967).
Extensive mitational analysis of the repressor showed that it
contained several functional domains (reviewed in Maller-Hill, 1975;
Miller, 1978; Gordon et al., 1988). The initial 60 amino acids
camprise the INA binding domain while the remaining 300 amino acids
canstitute the protein core which mediates inducer bimding, subunit
aggregation, and transmission of the induction signal from the
inducer-binding site to the INA birding damain (Muller-Hill, 1975;
Miller, 1978).

In 1977 Miller and his colleagues published several papers

which cutlined the basic elements of a genetic system, using the lacT
gene, which could be applied to the study of mitaticnal specificity



(Miller et al., 1977; Schmeissner et al., 1977a; 1977b; Coulondre and
Miller, 1977a; 1977b). First, a fine structure deletion map of the
lacT gene was constructed which consisted of over 100 intervals with
an average spacing of about 10 miclectides per interval. This was
done using E. coli strains in which a derivative of phage ¢80
carrying the lac opercn had been integrated imto the chromosome near
the tonB locus (Beckwith and Signer, 1966). A large mumber of
deletion mitants extending from the tonB locus into the lacI gene
were collected. The order within the lacI gene, and approximate
physical endpoints, of these deletions was determined by crussing
them against point mitations of known identity (Schmeissner et al.,
1977a). The resultant fine stmct::re deletion map provided a means
by which the location of any new mutation within the lacI gene could
be readily determined by a series of recambination assays (deletion
mapping). The next step in development of this system was
accamplished by analyzing the suppression patterns of over 5000
nonsense mitations within an episamal lacT gene using the tRNA
suppressor species Sul, Su2, Su3, Su6, SuB, SuC, and SuS (Miller et
al., 1977; Coulondre and Miller, 1977a). The location of these |
nonsense mitations within the lacI gene was also determined by
deleticn mapping. By camparing the suppression patterns and location
of the nonsense mitations to the protein sequence of the lactose
repressor (Beyreuther, 1973), the majority of these mitations were
assigned to a location in the gene corresponding to a specific
residue of the repressor. The results showed that out of 90 codons
which could yield nonsense mitations, 65 base substitution events
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wauld give rise to an amber or ochre mutation via a single base
charge at an indeperdent site (Coulondre and Miller, 1977b; Coulondre
et al., 1978; Miller et al., 1978). Following determination of the
INA sequence of the lacl gene (Farabaugh, 1978), it was possible to
verify the assigmments which had been made strictly on the basis of
the protein sequence (Miller et al., 1978).

The development of this system has made it possible to
monitor nonsense mutations accurately and rapidly solely by genetic
means. IacI™ mitants can be selected by plating cultures cn phenyl-
B-D-galactoside (PGal). Since the mutant lacI gene is resident on an
episomal factor, it can be conjugally transferred into appropriate
bacterial strains to facilitate either deletion mapping or
suppression analysis. The results of this analysis allow amber and
ochre mutations to be attriluted to specific transition and
transversion events. This system has several advantages: 1) the
matational target is well defined both with respect to mitagenic
specificity and site specificity; 2) since only nonsense mutations
are monitored, selection bias does not alter the mitational spectrum;
and 3) all possible base substitutions except A:T => G:C transitions
can be monitored.

Anobviwsdisadvantageofthis:‘systanisthat-itisonly
applicable to nansense murtations. In arder to analyze other
matational events, Calos (1978) constructed the Pl and pMca
derivatives of plasmid pMBS. IacI™ mitations can be cloned into
these plasmids by in vivo recambination (Calos and Miller, 1981).
Recanbinants containing the lacI™ mitation can be amplified, a
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restriction fragment containing the mutation isolated, and the INA
sequence determined by Maxam and Gilbert sequencing. This strategy
has been used to examine the INA sequence of frameshift mritations
(Calos and Miller, 1981; Miller, 1985), deletions (Farabaugh et al.,
1978; Albertini et al., 1982), and missense mtations (Miller, 1985).
Two features of this cloning/sequencing strategy are disadvantageous:
1) the fredquency of recombination between the episame containing the
mrtation (I"Z') and the plasmid (I'z") is often of the same order of
magnitmdeasthéfrequencyofh_crfomationontheplasmid, making
it difficult to clearly ascertain the origin of the mutation; and 2)
the relatively laborious process of isolating restriction fragments
precludes rapid analysis of large collections of mutatiaons.

To circumvent the above problems, Schaaper et al. (1985)
developed a procedure which facilitates the efficient recovery of
lac™ mutations from a F'lac onto a single—stranded M13 vector, mRS81
(Figure 17). This vector contains the entire lacI gene, the lactose
opérator, and the gene segment encoding the a-complementation region
of lacZ. A single point mutation in the lacZ segmwent has eliminated
a-camplementation activity. Consequently, the genctype of mRS81 is
lacI'z™a (Schaaper et al., 1985). Recovery of the lacI™ mutation
onto the cloning vector is based on hanologous recanbination between
the episome (lacI"Z'a) ard the M13 phage. Only reccrbination
involving the similtanecus transfer of the adjacent lacI and lacZa
genes fram the F'lac to the phage will yield a lacI Zta M13 vector.
m:: recambinants can be easily identified as blue plaques in an
a~camplementation host which is lacl™2 a. Following isolation and
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Cloning of lac | mutations with mRS81
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Figure 17. Cloning of lacI™ mitations into mRSS1.
F'lacI‘m:tatimsa:erecoveredinthebﬂBvectcrmEBl following in
vivo recambination. Recombinant lacI™Z'a phage form blue plagques in
an a-camplementation host which is JacI™Z"a (Schaaper et al., 1985).
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parification of the recanbinant phage, large amounts of single
stranded viral INA can be prepared for subsequent INA sequence
analysis using the dideoxy chain termination method (Sanger et al.,
1980). This system contains several advantages over methods which
use pMB9 derivatives (Calos, 1978): 1) the requirement for a double
change from lacTZa to lacI Z'a reduces the possibility that the
lacT™ mutation which is recovered is the result of spontaneous
mitation occurring on the phage; 2) the mutation of interest is
recovered onto a single stranded vector which can be sequenced
directly; and 3) by dispensing with the regquirement for the isolation
of restriction fragments, large numbers of mutants can be handled
similtanecusly.

Selection of lacI™ mutants is much easier when mutatiaon
studies are done with lac cperons which contain promcter mitations.
The lacI gene has an uusually weak wild-type promoter which ‘
functions constitutively (Calos, 1978). Consequently, selection of
lacI™ mitations on PGal is frequently inefficient; in order to avoid
growth of it colonies, selective media must be pretreated with
scavenger strains to remove altermate carbon sources from the agaer
(Smith and Sadler, 1971; Miller, 1972). Even when these precautions
are taken, a large proportion of the colonies which form on PGal are
1laco® mitants (Smith and Sadler, 1971). In order to increase the
efficiency of lacI™ selection, the episcuall_aqope.rggwhich is used
in studies of mutational specificity contausmoprmntermxtatlms
The first is the I9 matation which results in a ten-fold increase in

the synthesis of lactose repressor (Muller-Hill et al., 1968). The
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secord is the I8 mrtation in the lac promoter (Scaife and Beckwith,
1967) which causes a 17-fold decrease in the expression of lac
structural proteins (Reznikoff and Abelscon, 1978). The cambination
of these two mutations results in extremely tight regulation of the
lac enzymes by the lactose repressor, allowing clean selection of
lacl mrtants on PGal medium without the use of scavenger strains
(Miller et al., 1977; Miller, 1978). When lac operons cantaining the
I918 mitations are used for mitagenesis, most of the colonies which
form on FGal are expected to be lacI™; operator—constitutive (0°)
mitants are rare when the I9 and 18 pramoters are used (Miller,
1978).

study. This is jllustrated in Figure 18 and described in greater
detail in Methods (Secticn 3.2.2). Murtant laci™ genes selected
following mutagenic treatment were resident cn an F' episamal factor
which could be readily transferred into a vanety of different
geneticbad-:gmnﬂsinordertodetennjmmdiparamtexsasmrsense
suppressibility (Miller et al., 1977: Coulondre and Miller, 1977a),
approximate location of the mutation in the gene (by deletion
mapping) (Sctmeissner et al., 1977a), and dominance in the presence
of a wild type repressor (Miller, 1972).‘ Information from the
deletion mapping and dominance experiments was used to choose an

‘appropriate DNA sequencing strategy. The lacI™ genes were cloned

into the M13 phage mRS81 (Schaaper et al., 1985), and the INA
sequence determined using the dideoxy chain termination technique
(Sanger et al., 1980).
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E. coli strain (F'lacTh) 82

limtagenic treatment:

Selection of lacI™ mutants on FGal (F'lacl™) (3.2.2.1)

|

Transfer F'lacT™ to recA™ strain (XF) for storage (3.2.2.3)

1

Transfer F'lacI™ to strains for genetic characterization and claning

|—- 1) Analysis of nonsense suppression (3.2.2.4)

‘— 2) Determination of location within lacI gene
a) Deletion mapping (3.2.2.5)
b) daminance test (3.2.2.4)

infect with
M3 vector

Cloning (3.2.2.7) Oligomiclectide probing
lacY™ mutation is cloned into for matational hotspots
vector mRS81 and the viral DNA (3.2.2.6)
is amplified.

l

INA sequence analysis

Figure 18. Strategy for characterization of lacl™ mutations.
The mmber in parentheses denctes the section in Methods where the
procedure is described in detail.
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3.1.2 [NA Repair

A variety of different INA repair pathways allow cells to
tolerate IMA damage induced by mitagens. The major modes of repair
include excision repair (Sancar and Sancar, 1988; Friedberg, 1985);
mismatch repair (Modrich et al. 1987; Radman, 1988); recambinatianal
repair (Walker, 1985; 1987; Sancar and Sancar, 1988); and damage
reversal through photoreactivation (Sutherland, 1981) or adaptive
methyl transfer (Lindahl and Sedgwick, 1988). Many INA repair
enzymes are members of 3 regulatory networks which are induced by INA
damage: the SOS requlon (Walker, 1984; 1987), the adaptive response
(Lindahl and Sedgwick, 1988), and the axidative damage response (Linn
and Imlay, 1987). In addition to inducible error-free INA repair
pathways, E. coli also contain inducible mutagenesis functions which
constitute a form of INA repair which is intrinsically error-prone.
The INA repair literature is enormous, and even a cursory review of
- different pathways is beyond the scope of the present discussion.
Error-prone repair and nuclectide excision repair are relevant to the
work reported here. Therefore the following discussion will be
restricted to these topics.

3.1.2.1 Error-prone Repair

The SOS regulatory system was first described following the
cbservation that a mmber of different phenamena such as viral
reactivation, prophage induction, filamentous growth, and mutagenesis
could be induced in E. coli by INA damaging agents (reviewed in
Witkin, 1976; Walker, 1984). A model which could account for the
genetic dependence of the SOS functions was proposed by Gudas and
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Pardee (1975). These authors suggested that a mmber of inducible
functions were negatively requlated by a repressor {(encoded by the
lexA gene) which could be inactivated by the RecA protein.
Subsequent studies showed that RecA protein facilitated proteolytic
cleavage of the LexA repressor (Little et al., 1980). Cleavage of
the IexA repressor results in derepression of approximately 20
unlinked operons (Ossanna et al., 1987) including those whose
products are involved in excision repair, recambination, cell
division, and mutagenesis (Walker, 1984).

The genes required for SOS mutagenesis in E. coli include
recA, umC, and umD (Kato and Shinowra, 1977; Steinborn, 1978). The
inducible gene products appear to be required to permit INA synthesis
past lesions which would otherwise block replication. However, this
synthesis is Verror-prone" and results in increased levels of
mitagenesis. E. coli mutants which do not contain the mutagenesis
functions are normutable by UV light or several chemical mutagens,
and are also more sensitive to the lethal effects of such agents
(Kato and Shinoura, 1977; Steinborn, 1978).

The umC and umbD genes have been cloned and sequenced
(Elledge and Walker, 1983; Shinagawa et al., 1983; Perry et al.,
1985) . 'Ihege@areorganizedinanoperonwhidzisreprssaiby
LexA protein. The UmuD protein exhibits considerable homology to LexA
repressor at the putative RecA protease cleavage site (Perry et al.,
1985). Recently it has been shown thatUnnb is cleaved by a reaction
which requires RecA (Burkhardt et al., 1988; Shinagawa et al., 1988).
It has been proposed that the role of RecA in the cleavage of UmiD is
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te accelerate the tendency of UmiD to undergo self-proteclysis
(Burkhardt et al., 1988). Cleavage of UmD is necessary for SOS
mitagenesis (Nomri et al., 1988; Shinagawa et al., 1988). It has
been shown that the carboxyl-terminal fragment is sufficient for the
role of UmD in mutagenesis (Notmi et al., 1988). Although the
precise function of the umiCD gene products in mutagenesis is
unknown, it is believed that these proteins are recuired for the
resumption of processive INA replication following incorporation of
rucleotides opposite a bulky INA adduct (Bridges and Woodgate, 1985).
The plasmid pKM101 is cne of many which affect survival and
mitagenesis in bacterial cells treated with SOS-dependent mitagens
(reviewed in Strike and Iodwick, 1987). This plasmid contains the
muchA and mucB genes whose products are the functiocnal homologs of the
bacterial UmuD and UmiC proteins, respectively. The mucAB cperon
shares 52% homology with the umuCD operen at the muclectide level
(Perry et al., 1985). The UmD hamolog, MuchA, has a cleavage site ql’:s
virtually the same location as UmD; mcB encodes a protein which is
hamologous to UmuC (Perry et al., 1985). The introduction of plasmid
PKML01 restores SOS mutagenesis capability to unm™ mitants;
;mtage.nesismdiatedbypmﬂm is dependent on a recAt lexAt genotype
in the host bacterium (Walker and Dobson, 1979; Walker, 1984).
_“l?lasmidpmumcanalsoemamethesosrsponsejnwoells
| (Mattern et al., 1985). This might be due to increased gene dosage:
the plasmid pkM10l is present in bacteria at approximately 7 copies
per cell (Levin et al., 1982). In addition, MucA might be activated
more easily than UmuD as the result of efficient posttranslational
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modification by autoproteolysis in the absence of activated RecA
protein (Shinagawa et al., 1988).

The variety of phenotypes exhibited by different recA mutants
in E. coli (reviewed in Little and Mount, 1982; Walker, 1984; Cox and
Iehman, 1987; Smith, 1988; Dutreix et al., 1989) suggest that the
RecA protein is reguired for genetic recambination, prophage
induction and SOS mutagenesis. In mutagenesis, RecA protein has at
least 2 well documented functions which have been discussed above:
1) to initiate induction of the SOS regulan by cleaving the IexA
repressor (Little et al., 1980); and 2) to activate the UmuD protein
posttranslationally (Nohmi et al., 1988; Shinagawa et al., 1988;
Burkhardt et al., 1988). In addition, it is believed that RecA
protein has a third, as yet incampletely defined, function in SoS
mitagenesis. This might irvolve inhibition of the 3 = 5!
proofreading activity of INA polymerase, or a reduction in the
fidelity of base insertion (Fersht and Knill-Jones, 1983; Ia et al.,
1986; In and Echols, 198’7__; Janczyk et al., 1988; Dutreix et al.,
1989) .

A considerable amount of evidence suggests that E. coli INA
polymerase ITT (PolIII) is required for SOS mrtagenesis (Bridges et
al., 1976; Hagansee et al., 1987). PolIIT can incorporate
mucleotides opposite the site of a bulky lesion or a noncoding
apurinic site and continue replication, but only with difficulty
(Livneh, 1986; Hevroni and Livneh, 1988: Shavitt and Livneh, 1989).
Factors which could inhibit processivity include: 1) the

proofreading activity encoded by the sukamnit €, which might excise
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newly incorporated bases causing the polymerase to undergo repeated
incorporation-excision cycles at the site of the lesion (Ia et al.,
1986; In ard Echols, 1987); or 2) interaction of the lesion with the
processivity factor B of PolIII, causing the polymerase to dissociate
from the INA prior to, or following, incorporation of a base opposite
the lesion (Shavitt and Livneh, 1989). In this regard, it is
possible that UmC/D facilitates processive replication by clamping
the polymerase to INA. This would decrease the probability that the
polymerase will dissociate from the DNA (Hevroni and Livneh, 1988).
PolTIT synthesis is induced slightly (2-fold) during SOS induction
(Bonner et al., 1988). An SOS-inducible DNA polymerase {PolX) has
been characterized which is believed to be INA polymerase IT (Polf_r)
(Bonner et al., 1985). This polymerase is capable of incorparating .
nuciectides opposite noncoding lesions (abasic sites) and then
contimiing INA synthesis. Elucidaticn of the precise role, if any,
of this polymerase in SOS mutagenesis requires turther investigation.

3.1.2.2 Excision Rerair Mediated by the UvrABC Eximiclease
Complex

Nucleotide excision repair involves the removal of an

oligonucleotide containing DNA adducts, followed by DA repair
synthesis to fill in the resultant gap. A mmber of proteins
facilitate this process, including UvzA, UvrB, UvrC, UvxD (helicase
II), Poll, and DNA ligase (Sancar and Sancar, 1988). The genes for
four of these products (uwvrA, uvrB, uvrC, and uvrD) are regulated by
the LexA repressor and can be transcripticnally activated following
induction of the SOS requlen (Peterson et al., 1988).
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The experimental evidence gathered to date (for review see
Freidberg, 1985; Freidberg, 1987; Sancar and Sancar, 1988; Myles and
Sancar, 1989) have led to the development of the following model of
micleotide excision repair. 1) The UvrA protein dimerizes in the
presence of ATP, and binds to a single subunit of UvrB. 2) The UvrAB
camplex binds to DNA at the site of a INA adduct. 3) UvrC kinds to
the UvrAB-INA termary complex and hydrolyzes the 8th phosphodiester
bond 5' from the INA adduct, and the Sth phosphodiester bend 3' fram
the adduct. 4) INA helicase IT and PolI displace the uvrABC camplex
and the excised oligomer, and £311 in the gap using the undamaged
strand as a template. 5) INA ligase seals the gap at the 3'-end of
the nascent oligamer. The resultant repair patches are predicted to
be 12-13 muclectides long. '

Nucleotide excision repair is considered to be essentially
error-free (Walker, 1984). Therefore mutagenesis by agents which
form bulky DNA adducts is expected to be low in an excision repair
proficient (uvr') host. However, mutagenesis might occur in uvrt
strains if: the IMA adduct is not efficiently recognized by the
UvrAB camplex (Burns et al., 1986; 1988a); the level of INA damage
overvhelms the capacity of the repair enzymes to remove the adducts;
INA replication occurs prior to excision repair; or Poll encounters a
second lesion in the template strand during gap filling (Witkin,
1976). In contrast, mutagenesis in a uvr™ strain would be expected
to occur primarily during semi-conservative INA replication, or
postreplicatiy ely during INA synthesis within daughter strand gaps
(Schaaper et ai., 1987) .
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3.1.3 BExperimental Approach

The purpose of the experiments described in this chapter was
to obtain a detailed description of the mutational specificity of
1,8-NCNP in the lacT gene of E. coli. Following treatwent with 1,8-
NONP, lacl™ mutants were selected from four strains in E. coli with
different INA repair capabilities: strain NR6113 was deficient in
excision repair due to a deletion through the uvrB locus; EE125
contained the plasmid pKM101; (M6114 was both deficient in excision
repair capability and contained the plasmid pkM101; NR6112 contained
a wild-type DNA repair. background.

N
£
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3.2 MATERTATS AND METHODS

3.2.1 Materials
3.2.1.1 Chemicals
I-Tryptophan, L-methianine, thiamine, and streptomycin were
purchased from Gibco/ERL. Biotin, ampicillin, DI~dithiothreitol
(DTT), salmon sperm DNA, sephadex G-50, nalidixic acid, and
rifampicin were cbtained from Sigma Chemical Co.. Bacto agar, yeast
extract, and bactotryptone were cbtained from Difco. Glucose, NaCl,
NajHFO4, NajEDTRA, MgCl,.6H,;0, Nas tetraborate, polyethylene glycol-
8000 (PEG), IMSO, phenol, Na acetate, and formamide were purchased
from BOH Chemicals. Chloroform was purchased from Caledon
Iaboratorles Itd.. NEN-colony/plaque screen NEF-978 nylon filters,
and 5'-[y=32P)ATP (>3000 Ci/mmol) were purchased from NEN-Dupont.
_Deoxyadencsine 5'-[a-39S]thictriphosphate triethylammonium salt ([a-
355)aATPS) (>1000 Ci/mmol) was purchased from Amersham. Tris, SDS,
bromcphenol blue, xylene cyanol, acrylamide, bis-acrylamide, TEMED,
ammonium persulfate, and urea were cbtained from Bicred Iaboratories.
DNA polymerase I (Klenow fragment: 5000 U/ml), polymuclectide kinase
(EC 2.7.1.78), dideoxymuclecside triphosphates (dANTPs), and
deoxyruclecside triphosphates (dNTPs) were purchased from Pharmacia
(Canada) Inc.. PGal (phenyl-B-D-galactoside), XGal (5-bromo—4-
chloro-3~indolyl~f-D-galactoside), and TONFG (O-nitro-phenyl-f-D-
thiogalactoside) were purchased from Research Organics Inc.
(Cleveland, Chio). All oligomicleotide probes and primers were
purchased from the Central Facility of the Institute for Molecular
Biology and Biotechnology (McMaster University, Hamilton). The
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synthesis of 1,8-NONP (purity > 99%) by axidation of l-amino-8-
nitropyrene was previously described by Andrews et al. (1986).
3.2.1.2 Bacteria and Bacteriophage

211 bacterial strains were derivatives of E. coli K12. Their
properties and sources are given in Table 5. A mmber of lacI™
cantrols were used for oligomicleotide probing studies and deletion
mapping. These are listed in Table 6. The F'lac used in these
studies carries the I2 (Muller-Hill et al., 1968) and I8 (Scaife and
Beckwith, 1967) pramctor mitations. The bacteriophage M13mRSS1 was
obtained fram B.W. Glickman, York University, Toronto. The genctype
of this phage is MI3)acT®Z oT129,18 (Schasper et al., 1985). _

3.2.1.3 Media

The campositicn of the media used in these studies is
described in Miller (1972). 2mino acids and vitamins, when required,
m added toneda.g at the following concentrations: tryptophan 50
ng/1, methionine 50 my/1, bictin 500 pg/l. All media excest Duria-
Bertani (IB) broth were supplemented with thiamine (5 mg/l). Unless
otherwise stated, the agar concentration on plates was 1.6 $ (w/v).
Rich (IB) medium cantained bactotryptone (10 g/l1), yeast extract (5
g/1), and NaCl (10 g/1). Minimal plates contained Vogel~Bonner (VB)
salts (Vogel and Bornner, 1956) amd glucose (0.2 %). PGal minimal
plates contained PGal (phenyl-f-D-galactoside) (75 mg/l) instead of
glucose as a carbon source. X-Gal plates were minimal plates
supplemented with X-Gal (5-bramo-4-chloro-3~indolyl-f-D-galactoside)
(40 mg/1). TONFG plates contained VB salts, succinate (0.33 %), and
TONEG (O-nitrophenyl-g-D-thicgalactoside) (300 mg/l).
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Table 5. Bacterial strains used for selection and characterization

of lacI™ matations.

Genetic Markers

Reference or Saurve

HR9099

590C

xr

Qais114
HR3951

 XAS3
¥ASB

DF1131

DF1032
DF1142
DF1050
DF1033

F* (QacT prot

dacz™ M15)

&

F'lacoro

F')acpro
F'lacpro -

F'lacoro

F' Jacpro

"1

22 a(lacpro) thi rechse
ara a(lacpmo) thi st
(¢80dlac) rech

ara a(lacpro) thi strA
23 £ xao) thi rech

ara a(lacero) thi TsvE(CVS)
pR101

2ra a(lacpro) thi TsvE(cVS)

ara alacpyo) thi TsvE(CVS)
A(uvzB biorcD c¢hlh)

ara a(lacpro) thi Tsvr(Ccvs)
A(arB bioFCD chlA) piMIOL

a allacoro) thi .ib_mmm
a(bloFCDrvrB-chla

ara sflacpro) thi palh
xgE-am rif su3

same as XA93 exrept suB
sama as XA93 except su

Schaaper et al., 1985
Miller, 1972

Miller et al., 1977
B.W. Glickman
Gordon ef al., 1988a

B. W. Glickman
B. W. Glickman

Gordon et al., 1988a
Schaaper ¢t al., 1987
Miller et a1., 1977

Miller et al., 1977
Miller et al., 1977

ara alacpo) mlﬁm (¢BOGM) Gordon gt al., 1988a

‘.t.hi PAA31, with tond del,
extending

intothelac:[genem

the ¢8odlac

All strains are derivatives of E. ooli Ki2.
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Table 6. Cantrols for genetic and probing studies.

» Secuence Charge Use
1-91 +57'-TGE0-31 at 621-632 +ve control for +I6GC oligamclectide probe
2-76 =5'-TGC-3' at 621-632 +ve combrol for ~TGGC aligamcleotide probe
1-17 C(90) = T +ve control for wild type cligamclestide probe
+ve control for negative complementation in CSHS2
1-51 G(631) = A =ve control for all oligomxclectide probes
2«20 G(31) = A ive control for 1st deletion mepping interval
-ve control for suppression strains
1-58 C({260) => T (ochrell) ve control for 1st deletion mapping zone
) ~ve cartrol for negative complementation in csHs?2
+ve control for cchre suppression
3-28 C(377) = T (ochrel?) ive control for 2nd deletion mapping zone
: +ve control far ochre suppression
1-13 G(381) = A +ve control for 2nd deletion mapping zone
=-ve control for suyypression straing
1-46 C(569) => T (ochre2l) +ve contrel for 3xd deletion mapping zone
1-57 C(653) => T (ochrezd4) e control for 4th deletion mapping zane
+ve control for ochre suppression
1-22 C(770) => T (amber2s) +ve control for Sth deletion mapping zone
+ve control for amber suppression
1-29 C(953) = T (amber33) +ve control for 6th deletion mapping zone

+ve contral for amber suppression

All_straﬁswereobtai.mdfrunB. W. Glickman. The mutations are
resident on an episomal F'lac, and have been described in Gordon et
al. (1988b). * '
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Real/Glucose/Ampicillin (EGal/Glu/Arp) plates contained VB salts,
PGal (500 my/1), glucose (0.1 %), and ampicillin (50 my/l). When
added to minimal medium streptamycin (Strp) was present at 200 my/1,
nalidixic acid (Nal) 40 mg/l, and rifampicin (Rif) 100 mg/l. XGal
top agar cantained VB salts, 0.8 $ (w/v) agar, and 40 mg/ml XGal.
3.2.2 METHODS

3.2.2.1 Selection of lacT Mutants

Muitiple cultures of 6114, NR6113, EE125, and NR6112 were
grown overnight at 37° C in a shaking waterbath. Ampicillin (50
uy/ml) was added to CM6114 and EE125 to maintain plasmid pRM101.
Overnight cultures were pelleted by centrifugaticn, and resuspended
in VB. Pour 1 ml aliquots of each culture were transferred to 1.5 ml
Epperdorf tubes. One hundred pl of IMSO was added to one of the
tubes (control); 3 tubes were treated with 25 rmoles 1,8-NGNP in 100
Kl IMSO. After a 15 mimute incubation at 370 C the bacteria were
pelleted by centrifugation. The pellet was then washed and the
bacteria were resuspended in VB and immediately placed on ice.
Mutant (lacI™) frequency and survival were determined by plating
appropriate dilutions of the cultures onto PGal and IB plates,
respectively. ERGal is a substrate for p-galactosidase but is not an
inducer of the enzyme. Therefore when PGal is present as the sole
carban source, only cells which constitutively express p-
galactosidase (ie. which carry lacT™ or laco® matations) form
colonies (Smith and Sadler, 1971). KGal plates were incubated for 2
days at 370 ¢, and IB plates for 16 hours. Mutation frequencies for
both control (spontanecus) and 1,8-NONP-treated cultures were
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calculated as mrtants per 106 survivors. Eight lacI™ colonies were
isolated from each independently treated culture. The cambinaticn of
short treatment pericd (15 mimites) in buffer, and direct plating
onto PGal immediately following treatment (no cell division prior to
plating) ensures that all induced mitants are of independent origin
(See Section 3.3.1; Schaaper et al., 1987; Burns et al., 1988a).

Spontanecus mitants were selected in a slightly different
mamner. Miltiple saturated cultures of NR6112, NR3951 (uvrB™),
EE125, or (M6114 were diluted in IB to a concentration of about 1000
cells/ml. Aliquots (200 pl containing about 200 cells) of each
diluted culture were distributed into single wells of a 96 well
microtitre dish. After overnight growth at 37° C, the contents of
each well was diluted in VB medium, and plated onto IB medium (to
determine cell number) or PGal medium (to select lacI™ mutants). One
mutant was selected from each FGal plate to ensure independence
(Schaaper et al., 1986).

3.2.2.2 Replica Matings

The lacI gene used in these shidies is resident on an
episamal factor which can be transferred from strain to strain by F'
mediated conjugation. Transfers of this nature were facilitated by
replica mating techniques (Miller, 1972). Mutants were picked to a
specific positicon on a grid which was located cn a master plate (50
to 100 mutants/plate) the night before matings were conducted. In
the morning, the master grid was replicated onto fresh IB plates,
grown for 6 hours, and then replicated ento a bacterial lawn derived
by spreading 0.2 ml of a freshly saturated culture of recipient
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strain on a selective plate (Miller et al., 1977). The selective
plates were incubated at 37° C overnight and the colcnies were then
replicated onto an appropriate indicator plate. Recipient strains
were Gelta(lacpro) and therefore proline awotrophs. Donor strains
were sensitive to a variety of antibiotics, or were methionine
amotrophs.  Sexductants cantaining the F'lacpro could therefore be
selected for concomitant proline prototrophy and antibictic
resistance, or for concamitant proline and methianine prototrophy.

3.2.2.3 Trensfer to Storage Strain XT

Following selection, mutants were picked cnto a PGal master
pi;te, and mated with Su3. The selection was concomitant Rif
resistance and proline prototroghy. Sexductants were picked,
regridded on Rif plates, and mated with the recA™ storege strain xF.
Selection was concamitant methionine and proline prototxophy.
Sextuctants were picked, and streaked to give single colonies on
minimal medium plates. A single colany derjved from each mutant was
transferred to: 1) storage tubes comtaining IB broth; and 2) a
master grid cn minimal plates. The storage tube was incubated
overnight at 37° C, and then stored at -70° ¢. IMSO (50 yl) was
added to each tube as a cryoprotectant. Mutants gridded onto minimal
plates were replicated into strain S90C. Selection was Strp
resistance and proline prototrophy. S90C sexductants were replicated
cnto XGal indicator plates to confirm the i~ phenotype. mt:ants.
which were white in S90C, or which transferred their episamal factor
poorly were discarded. All F'lacl” muatations used as contxols for
probing, suppression, dominance, or deletion mapping sﬁ.:dies (Table
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6) were also stored in XT.

3.2.2.4 Dominance and Supression Analysis

Most mutations which are in the portion of the lack gene
which encodes the NA-binding damain of the lac repressor confer the
I9 (daninant) phenctype (Muller-Hill, 1975, Miller, 1978) and can be
identified using a complementation assay (Miller, 1972). XX strains
(12cT~ mutants and lacI™9@ controls) were gridded onto minimal medium
and mated with CSH52 which contains a wild-type repressor and is
RecA™. Selection was for streptamycin resistance and proline
prototrophy. Sexductants were replicated onto XGal plates and
incubated for 12 hrs at 37° C. Mutant repressors encoded by the
F'lacI™, which were dominant to the wild-type repressor encoded by
the chramosomal CSH52 lacl, exhibited negative coamplementation (ie.
the lacT™d phenctype) and were identified by the blue colour of the
CSH52 sexductants on XGal medium (Miller, 1972).

The suppressibility of nonsense mitations was determined in
strains carrying tRNA suppressors (Su3 (amber), SuB and SuC (ochre))
(Miller et al., 1977; Coulondre and Miller, 1977a). X¥ strains
(lacI™ mutants and suppression controls) were gridded onto minimal
plates and mated with suppressor strains. Selection was concomitant
rifampicin resistance and proline prototrophy. Sexiuctants were
replicated onto XGal plates containing nalidixic acid (XGal/Nal).
Suppressed mutations were white on XGal/Nal medium.

3.2.2.5 Deletion Mapping

'meappro:dmatelocationofthemtationintﬁé;ggenewas
deteminedbydeletimmappi:gusimmegag-selectiondescribedby
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Schmeissner et al. (1977a). XT strains (lacI™ mutants and mapping
controls) were gridded onto minimal plates and mated with strains of
the DF1000 series harboring the deletions 131, 116, 32, 142, 50, and
33 (Scmeissner et al., 1977b) which contain nonlethal tonB deletions
extending into the 5' end of the lacI gene (Schmeissner et al.,
1977a) . The endpoints of these deletions are at positions 300, 410,
570, 695, 805 and 980 of the lacl gene (Schmeissner et al., 1977b}.
IacI™ recambinates were amplified in two steps, first by replication
onto TONEG medium and then onto FGal/Glu/Amp plates. TONEG is toxic
to cells expressing lactose permease (ie. lacT™ cells) when succinate

is used as a carbon source. Galactose (the product of B-
galactosidase cleavage of PGal) is toxic to glE"gelKt (galactose
epimerase™/ galactckinaset) cells (Davies and Jacch, 1968) and
therefore PGal selects against lacI™ cells in this background. IacTrt
cells utilize the glucose as a carbon source and will not cleave
Fcal. Growth following the FGal/Glu/Amp selection was scored as
lacI*. Results from the deletion mapping studies and the dominance
test were used to select the appropriate primer to begin DNA
sequencing.

3.2.2.6 Oligomclectide Probing
Sixty to 70 percent of spantanecus lacI™ mutations result

from the additicn or deletion of the sequence 5'TGGC-3'from the
sequence 5'-TGGCTGGCIGGC-3! at position 621632 (Farabaugh et al.,
1978; Schaaper et al., 1986). These mutations were detected by
probiny with oligomiclectides complementary to the wild-type or
mitant sequences (wild-type probe: 5'-TATGOCAGOCAGOCAGACGC-3'; +IGGC
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probe: 5'-TATGCCAGCCAGOCAGOCAGAOGC-3'; -TGGC probe: S5'-
TTTATGOCAGCCAGACGCAG-3') as described by Miller and Barnes (1986).

X strains (lacI™ mitants and probing controls) were mated with S90C
as described above (section 3.2.2.3). S90C sexductants were gridded
directly onto NEN coleny/plagque screen NEF-978 nylon filters on
minimal plates and grown overnight at 37° C. Mutant INA was fixed by
placing the filter on Whatman 3MM filter paper socaked with 0.5 N
NaCH. The filters were washed, first with 0.5 M Tris-HCl (twice) and
then 2X SSC (twice), air-dried and placed in a petri dish containing
4 ml preprobing solution (0.9 M NaCl, 0.05 M NajHPO,, 5 mM EDTA, 1 %
SBS, 250 ug/ml salmon sperm DNA) per filter, and rotated gently at
room temperature for 1 hour. Twenty picomoles of the appropriate
probe was incubated with 20 pci [Y-32PJATP, 1.5 pl 10X kinase buffer
(0.5 M Tris-HCl pH 7.6, 0.1 M MgCl,, 50 mM DIT) and 4 units of T4
polymuclectide kinase (PNK) in a 15 pl reaction volume for 20 minutes
at 37° C. ‘The mixture was then diluted to 100 pl and the labelled
probe was purified on Sephadex G-50 using the spun column procedure
(Maniatis et al., 1982). One hundred pl of the purified labelled
probewasaddadtoﬂlepetrldlshcontamnmgthefllters thedlsn
—-sealed with paxafllm, placed in a lucite container and rotated ‘at 370
C overnight, The following morming, filters were washed twice with
6X SSC for 10 minutes at room temperature, twice for 10 minutes at
37° ¢, and finally for 10 minutes at the appropriate restrictive
temperature. Filters were air-dried at room tenmperature and
autoradiographed overnight using Kodak XAR-5 or RP film.
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3.2.2.7 Cloning Iacy~ Mutants

Mutant lacT™ genes were cloned by recambination into the M13
derivative mRS81 essentially as described by Schaaper et al. (1985).
F'lac were transferred from X' strains (recA™) to strain S90C (rech’)
as described in section 3.2.2.3. S90C sexductants were mixed with
mRSE1 at a multiplicity of infection of 0.1 in 1 ml IB, and incubatad
overnight with vigorous shaking at 37° C. In this step bacterial
F'lacT 2" recombined with M13 phage {lacIZ™a) to produce same lacI™
z* phage. Bacteria were pelleted by centrifugation, and 5 1l of the
supernatant containing the phage removed to dilution tubes containing
sodium borate. Ten pl of a 5 X 1075 dilution of phage were added to
0.5 ml of an exponentially growing culture of NR9099 in 3 ml ¥Gal top
agar and plated onto minimal medium. Recambinant lacI™z% phage were
identified by their blue.oolour on XGal after 2-3 days. Blue placques
were picked and purified by replating on NRS099. If no blue
recanbinants were recovered on the first plating, a larger mmber of
phage were plated in subsequent experiments. Recombinant phage from
an isolated blue plaque was amplified by overnight growth in 6 ml of
NRS099 culture. Bacteria were pelleted by centrifugation at 5000 x g
for 15 mimites. The supernatant (4.5 ml) was removed to Corex tubes
containing 1.5 ml 2.5 M NaCl, 15 % polyethylene glycol 8000; the
mixture was chilled on ice; and the phage precipitated by
centrifugation at 10,000 x g for 30 minutes. FPhage were taken up in-
phage phenol extraction buffer (100 mM Tris-HC1 pH 8.0, 300 mM NaCl,
1 mM EDTA), transferred to 1.5 ml Eppendorf tubes, the INA isolated
by extraction with phenol/chloroform/iscamyl alcchol (PCT) (25:24:1)
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(twice) and precipitated by the addition of 1/10th volume 3 M sodium
acetate and 2 volumes of 95 % ethanol. The INA was pelleted by
centrifugation for 6 mimites in a microfuge, washed with 70 % ethanol
and taken up in TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDIA) (Davis
et al., 1986).

3.2.2.8 DNA Sequencing

IacT™ mutant DNA was sequenced by the dideoxy chain
termination method (Sanger et al., 1977; 1980) using [a-35S]AATFuS
incorporation. Dideoxy NTP mixtures were prepared to the following
specifications: all 4 mixtures contained 7.5 mM DIT, 10 mM Tris-HCL
H 7.5, and 5 mq MgCl,; the GdATP mix contained 0.06 mM ddaTp, 0.037
mM dCTP, 0.037 mM 4GTP, and 0.037 mM i['I'P;‘ the AACTP mix contained
0.125 mM AdCTP, 0.0185 mM dCTP, 0.185 mM AGTP, 0.185 m¥ QTTP; the
ddGTP mix contained 0.125 mM d3GTP, 0.185 mM GCTP, 0.0185 MM GGTP and
0.185 mM ATTP; and the dATTP mix contained 1.2 mM d4aTTP, 0.185 mM
dCTP, 0.185 mM 4GTP and 0.0185 mM QTTP. Oligonucleotide primers for
the sequencing reactions were 14-mers camplementary to positions 148-
161, 215-228, 302-315, 450-463, 604-~617, 745-758, 901-914, and 1049-
1062 of the wild-type lacl gene (Farabaugh, 1978), and a 17-mer
(universal primer) which anneals to positions 27-43 of the lacZ gene
(Reznikoff and Abelson, 1978). Amnealing reactions consisted of 3 Th3
INA sample, 0.5 pl of the appropriate primer, and 1.5 pl annealing
buffer (100 mM Tris-HCl pH 7.5, 100 mM MgCl,, 50 mM DIT) in a 10 pl
reaction volume. Reaction tubes were placed in a heating block at
70° ¢ for 10 mimutes, were cooled to below 40° C over a period of 60- RN

e )
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buffer (18 mM DIT, 1.8 pM ATP) containing 5 pCi [a~>°S]dATRaS (1000
Ci/mmol). To facilitate sequencing large rmumbers of INA samples,
primer extension reactions were carried aut in 96 well microtitre
dishes (V-bottcm). A 3.5 pl aliquot of annealed sample containing
the labelling buffer and radiolabel was dispensed in the bottom of 4
adjacent wells. Klenow polymerase was diluted 1:12 in polymerase
dilution buffer (50 % glycerol, 25 mM Tris-HCl, pH 7.6). The diluted
enzyme (1 pl) and 2 pl of the appropriate dideoxy NTP mix were
pipetted onto opposite sides of a well. Reactions were bequn
similtaneocusly by spinning the microtitre dish in a modified
household salad spinner for 15 seconds. The contents of the
microtitre plate were then incubated in a _31‘_’_(_:_ sandbath for 20
nmimates. The reactions were stopped by the addition of 5 ul
sequencing dye mix (5 mM EDIRA, 0.1 $ hromophenol blue, 0.1 % xylene
cyanol, 99 % formamide), and the DNA strarnds separated by heating for
10 mirutes in a 70° C sandbath. The dishes were placed on ice and
2.5 Bl of each re;-c.:_‘tion loaded onto a 8 $ polyacrylamide sequencing
gel. Gels were run in a ERL Model S2 sequencing apparatus, using an
EC 6000 power supply at constant power (60 watts) for 2-4 hours with
voltage and currem: settings of 1800 Volts and 40 milliamperes,
respectively. Gels were dried and autoradiographed for 2-3 days
using Kodak XAR-5 or RP film.

3.2.2.9 Statistical Analysis

Statistical analysis of the frecquency distrilution of
mitations was based on the Chi-square test for goodness of fit (Malik
and Mullen, 1973).

>e.
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3.2.2.10 Comuter Assisted Analysis of INA secondary

Structure

The stability of potential INA secondary structires was
evaluated using the camputer program described by Zuker and Steigler
(1981) . The program "FOLD" is part of the Genetics Computer Group
software package (Devereux et al., 1984) for VAX/VMS computers. The
pmgramfirﬂsﬂxeminimmfreeenergyofanoligmmcleotideseccrﬂaxy
structure (modelled as RNA) using the thermodynamic parameters
described by Freier et al. (1986).
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3.3 ERESUITS

3.3.1 Selection of lacI . Mutants

Spontanecus and 1, 8-NONP-induced lacT™ mutants were selected
from each of four E. coli strains (wild type; pRMl0l; puvrB; and
pRM101, o uvrB) using the PGal selection method (Smith and Sadler,
1871) . Two hundred and seventy-nine independent spontanecus mutants
(48 from wild-type, 70 from pKMI10i, 92 fram uwrB, and 69 from pRM101,
uvrB) were selected. A total of 811 mutants (263 from wild type, 149
from pRM101, 159 from aurB, and 240 from pRMLOL, o UVEB) were
selected following 1,8-NONP treatment. The mutation frequency for
each strain is shown in Table 7.

CQultures treated with 1,8-NONP are expected to contain two
populations of matations: 1,8-NoNP-induced mutations which would
arise during the 15 minute treatment period, or during selection on
PGal plates; and spontanecus mutations which could arise at any point
during culture growth, treatment, or selection. The selection
protocol used in these experiments, which cambined short treatment
period with the chemical, incubation in buffer, and direct plating
onto selective media ensures that the 1,8-NoNP-induced mutants are of
independent origin (Bumns et al., 1988a). The likelihood of a
spontanecus mrtant being present in the collection decreases as the
mrtational index (mitational frequency (treated)/mitational frequency
(spentanecus)) increases. Therefore, a significant proportion of the
mrtants derived fram NR6112, in which there was approximately a 2-
fold increase in mitation frequency over contrel, and EE125 (5-fold
increase) are likely to be of spontanecus origin. In contrast, few
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Table 7. Selection of lacT™ mutants following 1,8-NONP treatment.

NRE112 EE125 NR6113 Mel114
(wild-type) (pRM101) (. uvxR) (K101, A uvrB)

Mitation freq, (treated)2 11.3 (4.2)P 36.0 (12.1) 105 (30) 265 (71)
Mitation freq. (control)@ 5.4 {2.8) 7.3 (2.3) 3.2 (1.6) 3.0 (1.6)
88

Mutational indexC 2.1 5.0 33
Survival 82% 81% 75% 71%
Total # Mutants selected 263 149 155 240

CQultures were treated with 1,8-NONP in IMSO or with an equal volume
of [MSO anly (controls).

a Mrtationfzeglenciesaxeexpmadasthemmberoflacrmtantg
(asdetemj:aibytlmmmberofcoloniamidlfomedonmal) per
10 % survivors.
P values given are means from several independent determinations:
standard deviations are shown in parentheses,
The muber of plates counted for treated cultures: NR6112-36 plates;
EE125-24 plates; NR6113-24 plates; (M6114-36 plates.
The mmber of plates comted for untreated cultures: NR6112-12
glates: EE125-8 plates; NR6113-8 Plates; 6114-12 plates,

The mutational index measures the i in mutation frequency
in 1,8-NONP treated cultures relative to controls. '
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of the (M6114 (88-fold increase) or NR6113 (33-fold increase) muatants
are likely to be of spontanecus origin.

Detailed kxwledge of the INA sequence changes associated
with spontanecusly ocourring lacI™ mitations is useful in evaluating
which mitations in treated cultures might be of spontanecus origin.
The spectrum of spantaneocus lacl™ mitations in bacteria with wild-
type backgrounds has been reported in the literature (Farabaugh et
al., 1978; Schaaper et al., 1986; Fix et al., 1987). In addition,
unpublished spectra generated in Barry Glickman's laboratory (York
University, Toronto) from wild-type and pKM10l1 strains have been made
available and appear here with permission. Although a spontanecus
rutation spectrum from a uvrB~ strain has not been published,
Schaaper et al. (1987) have referred to unpublished results in
stating that the distribution of spontanecus mutations in a uvrd™
strain is similar to that in a wild-type strain. The spontanecus
spectrum fram a uvrB , pKML0l strain has not been examined. In order
to provide same form of imterlaboratory camparison with the wild-type
and pKM101 backgrounds, and to cbtain information regarding the
spontanecus mutation spectrum in a juvrB, amd a pKM101, , uvXB
backoground, a small mmber of independent spontanecus mutants were
selected in strains containing each of the 4 DNA repair backgrounds,
and were partially characterized.

3.3.2 Identification of Hi Mutations Using Oligonuclectide
Probes

3.3.2.1 +TGEC and -TGGC Mutations Among Spontaneous Mutants
The spontanecus mutatien spectrum in the lacI gene is
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daminated by mitations involving the loss (~TGGC) or addition (+TGGC)
of 5'-T-G-G-C-3' frum the sequence 5'-T-G~G-C~T-G-G~C~T-G-G-C-3' at
positions 621-632. (Farabaugh et al.,1978; Schaaper et al., 1986).
In the lacI gene the +IGGC and ~TGGC mitations are frequently
referred to as hotspot mitations (Farabaugh et al., 1978; Miller,
1978) . Iacl™ mutants containing either of these mitations, or the
wild-type sequence can be rapidly identified by hybridization with
oligomcleotides complementary to the matant or wild-type sequences
using the method of Miller and Barnes (1986). Mutants were fiwed
onto nylen filters, incubated with the appropriate 32p-labelled
probe, washed at a probe specific temperature, and autoradiographed.
An example of a representative experiment is given in Figure 19. In
general, mitants giving a positive result with the +1GGC or ~IGGC
probes were not characterized further. However, eleven of these
mitants (8 +IGGC mutants and 3 -TGGC muatants) were selected randomly,
cloned into the M13 vector mRS81, ard the INA sequence of the region
determined. In every instance, this analysis confirmed the
assigrments that had been made based on the hybridization amalysis.
Table 8 shows the number of +IGGC and -TGGC mutations present
inthespontanewsla\_crmtantsselectedfxuneadlofthe4u~m
repair backgrounds used in these studies. In the wild-type, pKRM1021,
and auvrB strains the +TGGC and ~TGGC mutations constituted about 65
% of the total mutation spectrum; in these 3 strains +T6GC mutations
were considerably more prevalent than ~IGGC changes. In cantrast,
cenly 39 % of the mutations collected in the ERM101, AuvrB background
were hotspot mutations with ~IGGC changes predaminating. )
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Figure 19. Oligomuclectide probing experiment.
SQOC(F'lacI"‘) strains were picked onto nylon filters and grown
ernight. The INA was fncedontothef:.lte.rarﬂpmbedmthmﬂla
P—aﬂlabelled oligorucleotide complementary to the -TGGC mitant
sequenoeusmgthepmcedmedascnbedbymllerardaanns, 1986.
Following autoradiography, mitants containing the ~TGGC mutation were
identified by the hybridization pattern. Mutant 2-76 (Table 6) acted
as a positive cantrol forthe-'lGGCprcbea:ﬂlsd&slgnatedbyan
arrow (e). Otherpmbmgcontmlswhldlmreincludaimevery
experiment are described in Table 6: Mutant 1-91 (circled) contained
a +IGGC mutation; mutant 1-17 (W) contained the wild-type sequence at
positions 621-632; and mitant 1-51 (*) contained a G:C => A:T
transition at position 631.
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Table 8. +IGGC and -TGGC murtations in spontanecus mutants.

a] The mmber of spontanecus lacI™ mutations involving the gain or
loss of the sequence 5'-TGGC-3' from the sequence 5'-TGGCIGGCTGGC-3!
at muclectides 621-632. These assignments were made an the basis of
oligonuclectide probing experiments,

Genotype wild-type PRM101 ALVEB PRMIOL ,uvrB
Total Hotspot (%) 31 (65%) 47 (67%) 58 (63%) 27 (39%)
+IGGC 25 38 41 10

~TGEC 6 9 17 i7

Total nonhotspot? 17 23 34 42

Total 48 70 92 69

a refers to mitations other than +IGGC and -TGGC mutations.

b] The contribution of +/- TGGC mitations to spontanecus mitations in
E. coli wild-type and pKM101 DNA repair backgrounds as determined by
J.Halliday, A.Gordon, and B.Glickman (York University, unpublished
results used with permission). A summary of the entire spectra
appears in Figure 19. Values given are a percentage of the total
mmber of mitants characterized.

Genctype wild-type PRML01
Total Hotspot 70 61
+IGGEC 56 45
~TGGC 14 16
Total Nonhotspot? 30 39
Total # mitants 726 193

a refers to mutations other than +IGGC and -TGGC mutations.
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The only complete, segquenced -spontanecus mutation spectzum in
the lacT gene that has appeared in the literature (Schaaper et al.,
1986) was cbtained from a wild-type DNA repair background. Of 169
lacT™ mrtants characterized in that study, 69 % were +IGGC or -TGGC
mutants. The +1GGC/-IGGC ratio was 4.3 : 1. A secord study
(Farabaugh et al., 1978), also using a wild-type IMNA repair
backoground, employed mainly genetic methods and examined 140 lacI™
mitants. The results were virtually identical: 67 $ +T6GGC and -
TGGC mutants, with a +TGGC/-TGGC ratio of 4.3 : 1. An extremely
camprehensive study of spontaneous mitations in a wild-type DNA
repair background has been campleted by Halliday and Glickman (Table
8b; Table 19; urnpublished results used with permissicn): of 726
1acT™ mitants whose sequence has been determined, 70 % were +IGGC and
-TGGC mutants, with a +IGGC/-TGGC ratio of 4 : 1. The spontanecus
mitation spectrum in a strain containing the plasmid pKM101 (Table
8b; Table 19; Gordon and Glickman, unpublished results used with
permission) has 61 & +IGGC and -TGGC mrtations which is slightly
lower than the wild~type background; the +IGGC/-IGGC ratio (2.8 : 1)
is also lower.

The muber of +IGGC and ~1GGC mitations in the spontanecus
mutant collections in three of the strains (wild type, pRM101, and
AvrB) examined here are in agreement with the studies cited above.
Cf 48 mutants selected from a wild-type background, 65 $ contained
the hotspot mitations with a +IGGC/-TGGC ratio of 4.1 : 1. Seventy
mutants in a pRM101 background were selected for analysis, of which
67 % contained hotspot matations with a ratio of 4.3 : 1. In the



111

wrB~ strain 92 mutants were selected yielding 63 % hotspot mutations
with a +IGGC/-TGGC ratio of 2.4 : 1. A statistical camparison (Chi-
square test; 2 degrees of freedam) of the spectra in Tables 8a and 8b
shows that the distrilwtion of mitation (+¥I6GC, —TGGC, nonhotspot) in
the wild-type and plasmid pKMLOl-containing strains is not
significantly different in the two collections presented in these
tables. The +IGGC/-IGGC ratio (2.4 : 1) cbserved in the uvrB~ strain
is slightly lower than that in the wild-type spectrum. However, this
difference is not statistically significant, consistent with the
observation of Schaaper et al. (1987) that the spontanecus mutation
spectrmnismtalteredbyadeficiencyinaccisionrepair. The
spontanecus mutational spectrum in the pRM101, uvrB~ strain differs
cansiderably fram that in the other three strains. Only thirty-nine
percent are +/-16GGC mutations with a +I6GGC/-TGGC ratio of 0.58 : 1.
This distributicn is significantly (P<0.001) different from that
cbserved in wild type, pkMI101 or uvrB~ strains. No further
experiments have been undertaken to determine the INA sequence
changes of spontaneous mitants which did not contain +1GGC or -TGGC
mitaticns,

3.3.2.2 +TGEC and -TGGC Mutations Following 1,8-NONP
Treatment

All mitants isolated from 1,8-NONP treated cultures were
analyzed by oligonuclectide hybridization to determine whether they
contained +IGGC or -TGGC mutations. The results are given in Table
9. Sixty-three percent of the 263 mitants isolated fram the wild-
type DNA repair strain (NR6112) contained +IGGC (49 %) or -TGGC (14%)



Table 9. +1GGC and -TGGC mutations following 1,8-NONP treatment

Strain NR6112 EE125 NR6113 Meli4
(wild-type) (PRMI01) (AwrB) (pKML0l, AuvVEB)

Mutational Index 2.1 5.0 33 88
Total +/-TGGC 170 (63%3) 61 (41%) 19 (12%) 6 (2.5%)
+TGGC 129 45 15 4
-TGGC 41 16 4 2
Total # mitants 263 149 160 240

Values are the mumber of +/- TGGC mitations among the lacI™ mutants
recovered from the 4 E. coli strains following 1,8-NONP treatment.
Assigrments are based on oligomiclectide probing experiments ard in
scxnecasashavebeenconflrnedbymhseque:m.ng

a Valuesmpaxmmthessareﬁlepementageofnutantscontammga
-PIGGCor-’IGGCmtatJ.on.



113

mitations, with a +IGGC/-TGGC ratio of 3.2 : 1. In this strain, a
very small (2.1-fold) increase in mitation frequency was calculated
following 1,8-NONP treatment. The collection of mxtations recovered
from EE125 (pKM101) following 1,8-NONP treatment contained 41 %
hotspot mutations with a +IGGC/-TGGC ratio of 2.8 : 1. Of 159
mitants selected from strain NR6113 (uvrB~) which had been treated
with 1,8-NONP, only 12 % contained hotspot mutations, with a +IGGC/ -
TGGC ratio of 3.8 : 1. The pKMIOl, uvrB~ strain (M6114) exhibited
the greatest mitational response to 1,8-NONP (88 X the spontaneocus
mutation frequency); of the 240 mitants collected, only 2.5 %
contained +IGGC or -1GGC mitations. A general trend is cbvicus from
these results: the contribution of +1GGZ and —~TGGC mutations to the
cve:allﬁutationalspecmmdecreasedinthosestrainswhidmaremst
sensitive to 1,8-NoNP.

3.3.3 Deletion Mapping of TacI™ Mutants and the Dominance Test

Deletion mapping studies were done to localize the mutation
to a particular region of the gene so that a minimm of DA
sequencing would be necessary. Six E. coli strains harboring tonB
deletmnsexterﬂugvanmsdlstamesmtoﬂiedlrcmosml;gIgene
from the 5'-end (Schmeissner et al., 1977b) were used in these
studies (Section 3.2.2.5). The endpoints for these deletions
produced a low resolution deletion map consisting of 6 intervals.
More than 92 % of the muitants examined in this study were ultimately
found to contain a change in INA sequence in the interval to which
they were first assigned following the mapping studies. Thus, the
mapping results generally made it possible to cbtain the identity of



114

the mitation by a single sequencing run initiated by an appropriate
oligomuclectide primer.

The initial 180 base pairs of the first deletion zane encode
the INA-binding damain of the lactose repressor. Mutants in this
region can be identified by a simple dominance test (Miller, 1972).
The F'lacpro of imterest was mated into the strain CSH52 (RecA™)
which contains the wild-type repressor. F'lacl” genes containing a
mitation within the first 180 base-pairs generally enccde a repressor
vhich is dominant to the wild-type repressor. This is due to the
formation of mixed (wild-type and mutant) tetramers which are
functionally lacI™. These mutations are termed I™9 (Miwa and Sadler,
1977; Miller, 1978) ard are easily identified by the blue colour of
CSHS52 (F'lacT9) sexductants on XGal plates. Any mutations within the
lac regulatory region (0° mitations) will also be scored as dominant
mitants in this test. In contrast, mrtations in the aggregation
damain will not form mixed tetramers and will therefore be recessive.
Mutations which result in premature termination of translation within
the first 60 amino acids are also detected as dominant in this test.
This is due to reinitiation of translation at amino acids 23, 42, and
62 (Miller, 1978; Cone and Steege, 1985a; 1985b). Thus missense
mutations, nonsense mitations, and frameshift, duplication or
deletion mtations resulting in the gain or loss of 3n or 3n-1 bases
will all be dominant if they occur within the first 180 bases of the
coding portion of the lacI gene. Mutations resulting from changes in
the reading frame of 3ntl bases, or deletions whose endpoints are
downstream from the first 180 base pairs, will not reinitiate at
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amino acids 23, 42, or 62 and will be recessive. Using this test one
hundred and thirty-eight mitants were identified which exhibited the
19 phenctype and which mapped to the first deletion interval. These
were sequenced using an oligomiclectide primer complementary to
positions 215-228 of the wild~type lacT gene.
3.3.4 oning ITacT™ Mutations

IacT™ mitations which were not +IGGC or -TGGC mutations (i.e.
nonhotspot mitations) were cloned into the MI3 vector mRS81 as
described in sections 3.1.1.1 and 3.2.2.7 (Schaaper et al., 1985).
About 5 X 10% phage were plated an the indicator strain NR9099. This
generally resulted in the production of between 1 and 25 blue
plaques. The majority of the lacI™ mrtations in this study were
recovered onto vector mRS81 on the first attempt. For these
mutations which did not yield biue recambinants, larger mumbers of
phage were plated. Only 38 of the norhotspot lacI™ mutations proved
refractory to repexted cloning attempts (10 in NR6112, 8 in EE125, &
in NR6113, and 14 in Q¥6114). Following DNA sequence analysis, it
was possible to evaluate the efficiency with which various classes of
mrtation were recovered onto mRS81l. Point mitations (single base
frameshifts and base substitutions) and small deletians (2-10
nuclectides) were generally recovered with a frequency of 5-10 X 10“?
‘. Deletions of 11-20 nucleotides were recovered with an average
frequency of about 1 X 107%, Deletions of greater than 20
nuclectides were recovered with a frequency of 1-5 X 10°5. The
cbservation that recombinational recovery is reduced as the extent of
the physical damage increases has also been reported by Schaaper et
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al. (1986).

It is likely that the 38 mutations that were not recovered
into mRS81 contained large deletions or additions which reduced the
efficiency of recambination to below the detection limit. Some lacI™

mutants containing deletions that were not recovered onto mRS81 were
partially characterized by their behaviour in the deletion mappirgg,
daminance, and oligonuclectide hybridization studies discussed in
sections 3.3.2 and 3.3.3. a) Some deletions which extend through the
middle of the lacI gene will eliminate sequences which hybridize with
the +IGGC, -~IGGC or wild-type probes, and will map to cne of the
first three deletjon intervals. b) Mrtants containing deletions
which extend from near the end of the lactose repressor gene into the
regulatory region of lacZ mll be operator constitutive mutants (0%)
amd since repressor will not be capable of binding to the operator
they will yield blue colonies when transferred into CSH52 and plated
on XGal. Deletions such as those described in a) above, which are
erntirely within the lacI gene, have previcusly been classified as
class I deletions; while the deletions described in b), which extend
fram within the repressor into the lac regulatory seguences, have
been classified as class IT deletions (Schaaper et al., 1986).
Twenty out of the 38 mutations which were not recovered meet cne of
the above criteria as described in Table 10.

The remaining 18 mutants (4 in NR6112, 3 in EE125, 1 in
_NR6113, and 10 in (M6114) might contain large class I deleticns
 within the lacT gene which do not eliminate bases between positions
617 and 636, or deletions which extend outside the porticn of the
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Table 10. Partial characterization of probable lacI deleticns which
were not recovered into mRS81.

Strain NR6112 EE125 NR6113 M6114
(wild-type) (pKM101) (auvrB)  (pKM101 puvrB)
# unrecovered 10 8 6 14
class I deletions i 2 2 1
class IT deletions 5 3 3 3

The criteria for making these assigmments are based on genetic and
probing studies as described in the text.
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lactose operon which resides in mRSS1 (and subsequently abolish
recovery through hamlogous recambination). ILarge duplications or
the insertion of transposable elements into the lacT gene are other
mitational events which would be expected to reduce the efficiency of
recambination anto mRSS1.
3.3.5 INA Sequence Analysis

MSequem:m;was accamplished using the dideoxy chain
termination method (Section 3.2.2.8). In a typical experiment, the
DWAsanplésﬁmlstozomztanGmeseq;amdinapamllelseries
of reactions injtiated by a particular primer. The INA sequerce was
revealed by rumning the products of the sequencing reactions in
adjacent lanes on an 8 % polyacrylamide gel. This arrangement
facilitated reading of the muitant sequence since the positions of
most mitations were flanked on either side by wild-type seguences.
This is illustrated in Figure 20. The INA sequences were compared to
the known wild-type sequence of the lacT gene (Farabaugh, 1978), and
the regulatory region between lacI and lacZ (Reznikoff and Abelson,

1978) (Figure 21).

3.3.5.1 Base Substitutions

A total of 142 base substitution mutations (11 in NR6112, 39
in EE125, 12 in NR6113 and 80 in (M6114) were recovered at 77
different sites. These are listed in Table 11. A summary of this
data according to the type of base substitaition is given in Table 12.

Only 4.4 % of the characterized mitations collected from
styain NR6112 which had been treated with 1,8-NONP involved base
substitution mitations; all ocourred at G:C base pairs. The ratio of
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The wild type sequence for the area shown is as follows (reading from
top to bottom):

71 80 90 100 110 120

I

GIC TCT TAT CAG ACC GIT TOC OGC GIG GIG AAC CAG GOC AGC CAC GIT TICT
130 140 150

. l l
GG ARA ACG OGG GBA AAA GIG GRA GO GOG

Figure 20. DMNA sequencing of lacI™ mitations.

INA sequencing reactions were carried out as described in the text,
and the products were loaded onto an 8 3 polyacrylamide gel. When
ing the INA sequences it was geherally possible to locate the
position of the mitation quite rapidly since adjacent sequences were

usually wild-type. The mutations are dencted by the arrows (e ).
The INA samples were cbtained fram the following muitants (from left
to right): N55 contained a G = T transversion at position 143; Neo
contained a -1 (G) frameshift at position 108-109; N63 contained a -1
(C)ﬁram:lftatpositimso-Bz (in the photo the contrast is poor
at the position of this mutation; however, it can be clearly seen
thatthedlstmt:ebehmenT(SQ)arﬂT(BG)zsredlmdbyme '
mxlectide) ; N70 contained a A => C transversion at position 105; N74
cantained a G => T transversion at position 221 and therefaore the
entire sequence shown in this figure is wild-type; N75 contained a -1
(G) frameshift at position 132-134; N80 contained a ¢ = A
transversion at positian 75.
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Figure 21. Wild-type sequence of the lacl gene.
mjsfigmeslmsthesequemeofthelﬁgem, the lac regulatory
region, and the beginning of the lacZ gene. is according
to Farabaugh (1978), and Reznikoff and Abelsen (1978) . The positions
of the I9 (Maller-Hill et al., 1969) and I8 (Scaife and Beckwith,

1967) pramotor mutations, and the 4+4/-4 spontanecus mitation hotspot
is also showm.
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Table 12. Distribution of transversions and transitions in strains
treated with 1,8-NONP. .

Strain NR6112 EE125 NR6113 M6114
(wild-type) (pKM101) (avrB)  (pKMIOL ,uvrB)

Transversions

G:C => T:A 5 31 4 66

G:C => C:G 1 1l 1 2

A:T => T:A 0 1 0 7

A:T = C:G 0 2 1] 1
Transitions

G:C => A:T 5 3 7 4

AT = G:C 0 1 0 0
Total 11 39 12 80
% sequenced mitants? 4.4% 30% 8.0% 37%
% nonhotspot mitationsP 14% 57% 9.2% 38%
% at G:C sites® 100% 90% 100% 91%
Missense mitations 7 25 10 48
Nensense mutations 4 14 2 32

2 the percentage of total characterized mitants which are base
1:'1:hepe.l:'l:n=_~n‘l:age of characterized nonhotspot mutatiaons (i.e mitations
other than +TGGC and ~TGGC matations) which are base substitutions.
c#ghepercentofbaseazbstimtionmtatiorsocanirgats:cbase
pairs. :
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transversions to transitions was 1.2 : 1. A similar distribution of
events was cbserved in the mutations recovered from NR6113. In this
strain, 8 % of the characterized mitations were base substitutions,
all of which ocourred at G:C base pairs with a transversion to
transition ratio of 0.7 : 1. In strains NR6112 and NR6113 base
substitution mitations constituted a very minor proportion of the
entire mutational spectrum following 1,8-NONP treatment.

A marked increase in both the proportion of base substitution
events, and the ratio of transversions to transitions was chserved
with E. coli strains containing the plasmid pkM101 (EE125 and
M6114). ‘Thirty percent of the lacI™ mitations recovered from EE125
following 1,8-NONP treatment contained base substiuntions. Ninety

percent of these occurred at G:C sites. The ratio of transversions
to transitions was 8.8 : 1. Eighty percent of EE125 base
substitutions were G:C => T:A transversions. Thirty-seven percent of
6114 lacI™ matations contained base substitutions mrtatiaons.
Ninety percent of these occurred at G:C sites and the ratio of
transversions to transitions was 19 : 1. Eighty~two percent of the
base substitutions recovered from Q16114 were G:C => T:A
transversions,

A large mmber of nonsense mrtations in the lacI gene can be
suppressed in bacterial strains harboring suppressor tRNA species
(reviewed in Miller, 1978). This provides the basis for a simple
genetic test (section 3.2.2.4) to confimm the assigrment of nonsense
mitations. Fifty-two of the base substitution mutations
characterized following 1,8-NONP treatment were nonsense matations



125

(23 amber (UNG), 27 ochre (URA), and 2 opal (UGA)). Of these 52
mrtants, 42 occurred at sites which have been shown to be
suppressible by the tRNA species Su3 (supF), SuB (supB), or SuC
(supl) (Miller et al., 1977; Scimeissner et al., 1977a; Coulandre et
al., 1978; Miller et al., 1978, Miller et al., 1979). The ability of
all lacI™ mutations to be suppressed by the insertion of the amino
acids glutamine (SuB) and tyrosine (Su3, SuC) was determined.
Repressor activity was restored only to those 42 mitants containing
suppressible mitations.

3.3.5.2 Frameshift Mutations

The term "frameshift" applies to any gain or loss of bases
which results in a change of reading frame during translation.
However, the use of this term here will be restricted to mitations
:hwoivingthegainorlossofcneortmbases. ILoss of 3 or more
bases will be referred to as deletions; reiteration of 3 ar more
bases as duplications; and-nonduplicative insertion of 3 or more
bases as additions.

A total of 295 frameshift mitations (40 in NR6112, 23 in
EE125, 113 in NR6113, and 119 in (M6114) at 76 different sites were
recovered from the 4 E. coli strains treated with 1,8-NONP. These
are described in detail in Table 13. The distribution of these

Vmutants is sumarized in Table 14.

In all strains the vast majority of frameshift mitations
involved the loss of bases; only 7 frameshift mitaticns out of 295
involved the gain of a base. Ninety-six percent of all frameshift
mitations occurred at G:C base pairs (279 losses; 3 qains). Only 13
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Table 13. Frameshift mrtations recovered fram E. coli strains
treated with 1,8-NONP. The table cantimues on the next page.

Site Chame Sequence® NR6112 EE125 RR6113 45114
(wild-type) (pRMI01) @uvxB) (PRAO0LA uvrB)

¥
E—

- CACC GE CATA 0 s} 0 1
90~-92 -C AQGC GGG AdAC 1 4 8 10
90-92 +C AOGC GGG AAALC 1 0 0 0
108-105 -C T 66 OCCIG 0 0 1 1
112-113 -C ADGT GG CIGG (4] 0 2 3
132-134 -G AOGC GGG ARAA 0 0 0 3
132-134 +G ADGC GGG AAAA 0 1 0 1
135-139 -A OG3G AARAR GIGG 1 Q 0 0
135-139 +A GGG AAAAA GIGG 0 0 1 1
142-143 -G AACGT G& AAGC (4] 4] 5 1
148-149 -G AAGC GG CEAT 0 0 2 0
171=-172 T TG5G AA TGTA Q 0 0 1
173-175 - GGIT GGG AATG 3 o 1 4
186 - TIGT G COCAC 0 0 2 1
187 +H T6GC A CAAC 0 1l 0 0
188 -C ™IT G TaoC 0 4] 0 1
189-190 -A GCAC AR CQAAC 3 0 0 4]
199=-201 -G TEGC GGG CARA 0 0 4 1
202 -C GTIT G OXG 0 0 0 1
221222 -G GTT 65 OGIT 2 0 0 0
228-229 -C AGT GG CARC 1 0 0 0
234-235 - GACT GG AGGT 0 0 4 4
241-242 t -G GICT GG OOCT 1 1 0 0
243-245 -C TGCA GGG CCAG 0 1 5 3
298-300 -G AMCT GGG TeoC 0 0 2 2
303-304 -Q OCT GG Cace o 0 1 2
358-359 -G QGC GG TGCA 0 0 1 0
385 -C CACT G AGC 0 1 0 0
389-391 -G CAGT GGG CIGA 0 2 2 3
412-413 ~G OGCT GG ATGA 1 0 6 1
421-422 -G ADCA G5 ATGC 0 0 3 2
426-427 -C CAAT GG (ATIC 0 1 0 0
436-437 -G CIGT GG AAGC 0 0 1 0
458-459 -C GOC GG AACA 0 0 1 0
473 -G ICIT G ATGT 0 0 l ]
484-485 - GICT GG TCAG 1 v} 0 0
491-493 -C TGAT GG TEIC 1 1 6 7
456 -C TGIT G ATGG 0 0 0 1
513-515 - TCAT GGG AGRA 0 1 1 1
524-525 -G AGAC GG TACG 1 i 0 0
535-537 -G GAOT GG CGIG 0 0 b 0
559-561 -G CATT GG TCAD 1 0 ¢ 0
586-588 -G TAGC GGG CCCA 1 0 3 2

x
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Site Change Sequenced NR6112 EEI25  NRS113 46114
(vild-type} (pRM101) (AUVXB) (pRMLOL AuvEE)

589-591, -C TAIT GGG OOXG 1 1 0 4
604 +C CGA G ACAG 2 ] 0 o
664 -G MC G ATAG ] 0 1 o
670-671 - TAGC GG AMG o 0 0 1
675-677 -G GAAC GGG ANGG 0 1 6 1
680-681 -G GERA GG Oa=mC ] 0 0 1
687-688 -G GXT GG AGIG 0 0 2 0
693-694 -C MAT GG CACT o o 1 0
733-735 -G ATGA GGG CATC ] 0 5 2
743-745 - CAGT GGG AACG 1 1 0 10
751 -G CIGC G ATGC 0 0 1 0
756~758 - TCT GG TIGC 0 0 0 2
781-783 - OCT GGG OGCA 2 0 5 5
805-811 -G GICC 636 CIGC 2 o 3 1
841-843 -G TAGT GGG ATAC 4 1 1 1
851 -G GGAC G ATAC 0 0 1 0
877-879 ~C CGGC  G3G ATAT 0 0 2 9
885-889 - TGET GG TIAA ] 0 0 1
891-892 -C TAT GG TGGT 0 0 0 1
896~898 -A CATC AMA CAGG 1 0 ] 1
916-919 - TGCT GGGG CARA 3 0 14 12
927 -G M3 6 GG c 1 o 0
955-957 -G CICA GGG CCAG 0 0 1 1
970-972 - TGAA GGG CAAT 1 0 2 4
985 -G CIT G X6 ] 0 0 2
986-988 - AGAC GGG CAANCA 1 ] 2 0
1006-1010 -A AAMG ADAAA CCAC 0 2 0 0
1006-1010 +A AARG AAAAA CCAC 1 ] o 0
2011-1012 -C GGT GG 'TTIT -0 o o 1
2 base frameshifts

160-161 -GC OGE GC TG 1 0 0 ¢
250~253 -G TGCA OGOG OOGT 1 0 0 2
575~578 -cc ANIC GOGC TGTT 1 0 0 1
790~795 -GC CAAT GOGORC CATT 0 o 2 0

(1978} .
a 'Ihesequenceglvenzstakenfzunthepmmecontanurgstmm For
-Zﬁamhiftsﬂaesequemeismkenﬁrmﬂzermmrscﬁbedstmrﬂ.
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Table 14. Distributicn of frameshift mutations recovered from E.
coli strains following 1,8-NONP treatment.

Strain NR6112 EE125  NR6113 M6114
(wild-type) (pKM101) (ANEXB) (pKMI01 AuvrB)

=1 Frameshifts 34 21 110 115
-2 Frameshifts 3 0 2 3
+1 Frameshifts 3 2 1 1
Total 40 23 113 119
% sequenced matants? 16% 18% 76% 55%
$ nonhotspot mitations®  51% 33% 88% 56%
% at G:C base pairs® 85% 87% 99% 99%

@ the percentage of total characterized mutants which are frameshift

mutations.

b the percentage of characterized nonhotspot mutations (i.e mutations
other than +TGGC and -TGGC mutaticns) which are frameshift mitations.
€ the percent of frameshift mutations occurring at G:C base pairs.
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frameshift mitations occurred at A:T base pairs (9 losses; 4 gains).,

In NR6112, 16 % of the mutations recovered following 1,8-
NOWP treatment were frameshift mitations. Eighty-five percent of
these events occurred at G:C base pairs. Frameshift events accounted
for the majority (51 %) of nonhotspot mrtaticnal events in the wild~
type INA repair background. In EE125 (pKMIO1), frameshifts accounted
for 18 % of the mitants and ocourred primarily at G:C base pairs (87
%). Thirty-three percent of nanhotspot mutations were frameshifts.

Frameshift mutation was the major mitational pathway in 2,8-
NONP-treated bacteria which were deficient in nuclectide excision
repair capability (NR6113"'and ¥6114) . Seventy-six percent of the
characterized mitations in NR6113 mitants were frameshifts,
accouwtting for fully 88 % of all nonhotspot mutations. Fifty-five
percent of the characterized mutations recovered from CM6114 which
had been treated with 1,8-NONP were frameshift murtations. A cambined
total of 232 frameshift mutations were recovered from NR6113 and
@46114. Of these, only 4 occurred at A:T base pairs.

3.3.5.3 Deletions

A total of 40 deletion mitations were recovered from the four
E. coli strains which had been treated with 1,8-NONP (Table 15). OF
these 40 deletions, the endpoints of 35 contain sequences exhibiting
camplete or partial (280 %) hamology. In addition to those deletion
mrtations which have been sequenced, genetic and oligomucleotide )
probing studies provide evidence that-atzleast 20 o;f the 38 mutants
which were not recovered ontd mRS81 contained class I or IT deletions
(section 3.3.4). The dlstrJ.but:Lon of deletion mitations 1s given in
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Table 15. IacT deletions recovered fram E. coli strains treated with

1, 8-NONP.

Site { Ocar. Size

Endpoint Sequences RBA
S'-flarking / deleted sequence / 3'-flanking
16112 deletions
-88-78 1 166 AGGCIATIC / ‘TGGIGGLC...TCTICICITA / TCAGAC 4/5
147-268 3 122 AMGIGGAAG / OQGGOGATGOC...GCAMATIGIOS / CGGCGATTAA 8
267-282 4 16 GCAARRTIG / /  TOOGOOGRTC 13/15
301-423 2 123 CAACIG /  JCCEAGKGLL..TGGATGAOCAGE / TGOGAT  7/8
306-315 1 11 GEIEA [/ CRIGEIGIE  / /9
331-350 1 20 GIAGAAGG / ARGGGOSTOGAAGOCTGTA /  AAGOGGOGGT 8
339357 1 19 GAAGORGOG / TOGAAGCCIGTRAARGORGC / GGSTGCACA 8
351-394 1 44 GAAGOCIGTAA / AGOSGOG...CAGIGGGCIG /  ATCATTA ?
418-425 1 8 IR / Ch GGATG / 8/9
454-796 1 343 CIGCACTAA % Uicececes ATTAONG 4/5
572-874 1 303 ACCAGCAA / ATCGOGCIGTTA...TGTTAT / ATOOOGOOGITRAC  10/12
776-81S 1 40 MGG / GOGCTGGGOGEA...CGGGCIGE / GOGTIGGIGOS 9711
788-756 b 9 /  ATTACCGMG 6/7
817-969 2 53 CCIGCIG / GGGCAAACCAG...GOGGTGAA / GRGCARTCAGOCTG 6
543-969 1 26 OXGCITGCT / .« «GOGGIGAA / GGECAATCASC 4
. EE125 deletjons
143-329 1 187 AMANGIG / GANGOGGUGAT...GIAGAAC / GAMGOGGOGIC 9
250-353 2 104 OCTGA [/ o o TRANG  / 111s
267-282 1 16 GCAAANIG / TOROGGOGATTAMAIC / TQGOGOOGATC 13/18
332-350 1 20 GIAGANG / / ANGOGGQGET 8
NR6113 deletions
-42-357 1 399 GALOCAT / OGAAIGGTGCAA...AMAGOGGOG / GIGCACA ?
272-377 1 104 AMTIGIOGOG / GOGATTAMA...TCIICICGC / GCAAOGT  8/10
6114 deletions
187-189 1 3 GosIeee  / ACA / ACANCTGSC 5
267-282 4 16 GRATIG / TCOOCCGATTAARIC /  TOGOGOOGATC 1315
339-357 1 19 GGG [/ TOGANGOCIGIAAAGOXC / GGTGCACA 8
828-837 1 11 GTIONSO:S / ATATCIQGET / AGTGGCAT 4/5
917-969 1 53 COCIGCIG / GOGCAARCCAG. ..GOGGTGAA / GEGCARTCAGODIG 6
929-543 2 15  GGGGCARACCAGC / / CAACTCICT ?
980-1022 1 43 GCAMTOAS / CTGTTGONC...TGGOC /  OCAATACGC ?

The sequence shown is that of the nontranscribed strand and is read
The sequence is divided into three segments: the 5!

flanking sequence; the deleted sequence; and the 3' flanking
sequence. The convention for mmbering deletions is t5 denote the
first and last bases of the deleted sequence. The repeated bases at
each endpoint are underlined.

2 repeated bases at the endpoints

5' = 31,
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Table 16. Distribution of deletions in E. coli strains treated with
1,8-NONP,

Strain NR6112 EF125 NR6113 Q16114
(wild-type) (pR{101) (puvrB) {pRM1C1, AuvXB)

sequenced deletions® 22 5 3 11
% sequenced mitants®  8.8% 3.9% 1.4% 5.0%
% nonhotspot mitants® 28% 7.4% 1.6% 5.2%
probable deletionsd ‘

class I 1 2 2 1
class IT 5 3 3 3
total deletions 28 10 7 i5
% total mitants® 113 6.7% 4.4% 6.2%

2 Sequenced deletions have been characterized by DNA sequence
analysis.

b the percentage of total characterized mitants which are deletions.
€ the percentage of characterized nonhotspot mutations (i.e
mutations other than +IGGC and -TGGC mrtations) which are deletions.
9 probable deletians have been partially characterized by genetic
and oligoclectide probing studies.

€ deletion mitations which have been characterized campletely (by
INA sequence analysis), or partially (by oligomuclectide probing and
genetic methods) expressed as a percentage of the lacI™ mitants
collected in each strain.
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Table 16.

In spontanecus matation spectra, deletions are the largest
class of nonhotspot mutations, representing about 12 % of all
mitants, ard 40 $ of nonhotspot mitants (Schaaper et al., 1986;
Halliday and Glickman, unpublished results). In mutant collections
derived from the four 1,8-NWNP-treated E. coli strains, deletions
represented 8.8 %, 3.9 %, 1.4 %, and 5.0 % of all characterized
mitants in NR6112, EE125, NR6113, and CM6114 respectively, or 28 %,
7.4 %, 1.6 %, and 5.2 % of the nonhotspot mitations in these strains.
When the putative deletions identified in genetic probing studies are
included, deletions represented 10.6 % of the mutants selected from
6112, 6.7 ¥ of the EE125 mutants, 5.0 % of the (M6113 murtants, and
6.2 ¥ of the mitants induced in M6114.

3.3.5.4 Duplication, Comilex, and Tandem Base Substitution

mitations

A small nuber of mutations which do not £all into categories
listed in Table 17.

A total of 30 mutations (5 fram NR6112, l2frmEE125, 5 from
NR6113, and 8 from (M6114 mutants) were recovered onto mRS81, It
failed to yield any detectable change in sequence.

3.3.6 Sumary of Mutatz.cmal Spectra

A summary of the mutations collected fram 1,8-NONP treated
cultures of NR6112, EE125, NR611.‘.;, and (M6114 are given in Table 18.
The results of all genetic, probing, and DNA sequence analyses for
each nonhotspot mutant are provided in Appendix 1.
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Table 17. Infrequent lacl~ mutations characterized by INA sequence
analysis,

a] Tandem base substitution, duplications, and complex mitation in NR6112

Mitant Position Mirtation Sequence Change?

K183 483/485 A(483) = G / =C (485) TG ACC AGA => TG GC AGA

K158 189 Cxplex GCAC AAC ARCT => GCAC GOOC AACT
K248 65/66 GC => AX GIAT GC CGGT => GTAT AA OGGT
K191 613-618 Duplication lecaceciibisincoc oo

) .+ €95~714 Duplication GIGCC AGTOGETITICAACARAE  CATGC
b] EE125 amplication

Mutant Position Murtation Secuence charnge®

L70 613-618 Duplication GEOEOG UGG TOTGG

c) mm&cmmmmmmm

Mitant Position Mitation Secuence change?
M56 9277932 -G 927) / -G (932) AXCA GOSTEG AXG => ALCCA [eciiclTasc

d]mﬂmmmam,mmmmmmummmmn

Mutant Positicon Mutation Sequence Charge®
B1 81/82 AG = IT TIATC AG AOQG => TTATC TT ALXG
N165 863-883 puplication AGAC AGCTCATGTTATATOONGONY; TTAA




Table 18.

strains treated with 1,8-NRP.

NRS112 ER125 NEG113 (M5114 ’
(vidd-type) (pRNO01) (AUVZB) (auvrD,pRM101)
Matation freq. (treated) 1.3 36 105 265
Mrtation freq. (control) S.4 7.3 3.2 3.0
Mutation freq., (X comtrol) 2.1 5.0 33 88
Iype of mtation
Total, +IEEC/~TeeC2 170 (63%) 61 (41%) 19 (12%) 6 (2.5%)
+1GGC 129 45 15 4
~TE6EC 41 16 4 2
Base Substitutions
transversims 6 35 5 76
G:C => T:A S 31 4 66
G:C = C:G i 1 1 2
AT => T:A 0 1 4] 7
AT = C:G 1] 2 0 b
transitions 5 4 7 4
G:C => AT S 3 7 )
AT = G:C 0 1 0 0
.
-1 4 21 110 15
-2 3 0 2 3
+1 3 2 1 1
Deletions 22 5 3 n
Duplications 2 1 0 1
Tandems and camplex 3 0 1 1
Total Characterized 248 129 148 218
Not Reoowered 10 8 6 14
class I deletions® 1 2 2 1
class IT deletion® s 3 3 3
Not Characterized 5 .‘lf?. 5 8
Total mrtants 263 149 159 240

a  Spoartanecus mutation hotspot:

134

Summary of the distribuation of lacI™ mutations in E. coli

a frameshift mtation consisting

of the addition or subtraction of one wnit of a tandemly triplicated
TGGC tetramer at position 621-632.

b Probable identity:

oligomuclectide probing stiudies.

assigment is based on genetic and
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For camparat ive purposes, the most camplete spantanecus
spectra available for two of the INA repair backrounds (wild-type
and pKM101) are given in Table 19. These spantaneous spectra are the
work of Jermifer Halliday and Alasdair Gordon in Barry Glickman's
laboratory at York University in Toromto.

3.3.7 Freguency and Induction of Mutational Events by 1,8-NONP

An estimate of the extent to which any single class of events
(for example, frameshifts) was induced by 1,8-NONP can be made by
camparing the spontaneous frequency of that event with its frequency
following 1,8-NONP treatment (Table 20). This approach has
limitatjons, the most notable of which is the tendency of PGal
selection to overestimate the induced mrtation frequency (see section
3.4.1.2). Nevertheless, the results are useful in identifying those
classes of mitation which are most likely to have been induced by the
chemical treatment.

The frequency of individual classes of mutation in 1,8~-NONP
treated E. coli strains (Table 20, colum 1) may be calculated by
considering the distribution of mitational events shown in Table 18,
and the total mutational frequency. For +TGGC and -TGGC events and
total characterized deletions, the frequencies have been calculated
by considering the percentage of each event in the total mitant
collection for each strain. For nonhotspot events that have been
characterized by INA sequence analysis, the frequency was estimated
by considering the percentage of each event in the total mmber of
characterized mitants. Mutational events such as duplications,
tandem base substitutions, and camplex mitations have not been



Table 19. Distriluation of spontanecus mitants by class.

Genotype wild-type pKMLO1

Total +TGGC/-TGGEC 70 61
+IGGC 56 45
~1GGC 14 18

Base substitutions

transversions
G:C => T:A
G:C => C:G
AT => T:A
AT => C:G

transitions
G:C => A:T
A:T => G:C

Total # Mutants

E

O0.0HI.J
w0

Honhs.!l (=N W)
OO0 ~] O

[y
o
[
o

=
.
()]
o
L
=

1.0 0
0 0.5
726 192

136

Values given are

of the total mmber of lacl mutants
- examined.  These data are unpublished results from J.Halliday and A.
Gordan shown here with permission.




Table 20. Induction of mutational classes by 1,8-3RP.

The derivation of the frequencies of individual mitational classes in
1,8-NONP-treated, or untreated E. coli strains is described in the
text.

2 These values are calculated using the distributions and overall
mutation frequencies for 1,8-NoNP-treated cultures shown in Table 18.
b The total mitation frequency is for untreated (control) caltures
as shown in Table 7. For NR6112 and NR6113, the distribution of
spantanecus mrtations in a wild-type background (Table 19) was used.
The distribution of spontanecus mutants in a pRM101 backgraund (Table
19) was used to estimate the frequency of individual muatational
events in EE125 and (M6l114. For (M6114, an altermate set of values
were calculated (shown in parentheses) and are gderived using the
oligomxleotide probing results for hotspot events, and the pRM101
distribution for nonhotspot events.

€ The values in this colum are expressed as a "fold increase" over
the spontanecus frequency (frequency in 1,8-NONP treated
g.llum/symta:mzs frequency) . .

Induced mrtation frequency. The values in this colum were
calculated as (frequency in 1,8-NONP treated cultures - spontaneons
frequency) .
€ Frequency of deletion mitations considering sequenced deletions
anly.
£ Frequency of all deletion mitations: values include deletions
characterized by genetic, oligouclectide probing, or INA sequencing
sum%o
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Frequency (x 10~5)
Strain Mutation 1,8-N0F2  spontanecus® fold increase® TG
Mut. freq. 11.3 5.4 2.1 5.9
NR6112 +TGEC 5.5 3.0 1.8 2.5
(wild-type) -TGaC 1.8 0.76 2.4 0.95
Deletion® 1.0 0.54 1.8 0.45
Deleti 1.2 0.54 2.2 0.65
Base Subst. 0.5 0.59 0.84 0
Frameshift 1.8 0.27 6.7 1.5
Mut. freq. 36.0 7.3 4.9 28.7
EF125 +IGGC 10.8 3.3 3.2 7.5
(pRA101) ~1GGC 3.9 1.2 3.2 2.7
Deletion® 1.4 0.73 1.9 0.67
Deletionf 2.4 0.73 3.3 1.7
Base Subst. 10.9 1.3 8.4 9.6
Frameshift 6.4 0.42 15.2 6.0
Mut. freq. 105 3.2 33 102
NR6113 +166C 9.8 1.8 5.4 8.0
(uB) ~TGGC 2.6 0.45 5.8 2.2
Deletion® 1.4 0.32 4.4 1.1
Deletiont 4.4 0.32 13.8 4.1
Base Subst. 8.4 0.35 24 8.0
Frameshift 80.3 0.15 500 80
Mut. freq, 265 3.0 88 262
Q16114 +1G6C 4.4 1.3 (0.43) 3.2 (10.2) 3.0 (4.0)
(@wrB~, pRNo01) -Tese 2.2 0.48 (0.74) 4.6 (2.9) 1.7 (1.5)
Deletion® 13.4 0.30 (0.47) 45 (28) 13 (13)
Deletiont 16.5 0.30 (0.47) 55 (35) 16 (16)
Base Subst. 97.2 0.54 (0.84) 180 (115) 97 (97}
Frameshift 145 0.17 (0.26) 850 (560) 145 (145)

see footnote on opposite page.
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included since too few of these were collected to establish their
frequency.

The spantaneous frequencies for the major mrtational classes
are shown in the second colum of Table 20. The distribution of
mrtational events used to dbtain these values are those found in
Table 19 for the wild-type and pKMIO1 INA repair backgrounds, The
distribution of spontanecus mitations in uvrB™ and pKMI01, uvrB~
strains is not known with certainty, but can be estimated. If the
assumption is made that the auvrB mutation does not influence the
distribution of spontanecus mitations (Schaaper et al., 1987), then
the frequency of mutational classes in NR6113 (uvrB™) and CMé114
(PKM101, uvrB™) may be calculated using the spantanecus wild-type and
PRMI1O1 spectra (Table 19), respectively. However, since the
distribution of hotspot mutations in spontanecus M6114 mutants was
differentfranthecther3strajns(seeTable8a),thefrequencyof
mitaticnal classes was also calculated using the following alternate
assumptions: 1) that the distribution of +IGGC and -TIGGC mitations
in Q46114 can be estimated from table 8a; and 2) that the
distribution of spontaneous nonhotspot events is similar to that in
the spontanecus pKM101 spectrum. Estimates of the spontanecus
mitation frequency calculated in this fashien are shown in
parentheses in Table 20 (colum 2). It should be emphasized that
simettminiucedmrtationfrequemyisrelativelyhighinsuams
NR6113 and 6114, the majority of the mitations recovered are likely
to have been induced by 1,8-NONP. Therefore errors that are made in
estimatingmespomz:emsfmquexnyofmrtatiomlevermsinthese
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strains have little influence on the final results.

Direct camparison of the values in the first 2 colums of
table 20 permits us to address the question of the mutational events
that are induced in the presence of the mitagen. The cutcame can be
expressed either as a "fold increase" over control (colum 3) or as
an induced mitation frequency (column 4). The latter column provides
ahstimateofthe induced mutation spectrum.

In NR6112 frameshift mutations were increased markedly (6.7-
fold) and coamprised about 30 % of the induced mutaticn spectrum.
This campares to the 4 % contribution that frameshifts make to the
spontanecus spectrum in this strain. While the frequency of other
mrtational classes (+I16GGC, ~TGGC, and deletions) was increased
slightly above spontanecus levels, it is likely that a significant
proportion of these mutations are of spontanecus origin. 1,8-NONP
treatment of EE125 resulted in only a slight increase in +1GGC
(3.2X), ~IGGC (3.2X), sequenced deletion (1.9X), and total deletion
mtations (3.3X). However, both base substitutions (8.4X) and
frameshifts (15.2X) were increased considerably and represented 37 %
ard 22 % of the induced spectrum respectively.

All classes of mutation appear to have been induced by 1,8-
NONP in the two strains which were deficient in excision repair. In’
NR6113 frameshift mutations clearly predominated. comprising 80 % of
the induced mitation spectrnum. Base substitutions (8 %), deletions
(2 %), and +/-TGGC mrtations (10 %) constituted the remaining portion
of the induced spectrum in this strain. In M6114, the distribution

of events as a percent of induced mutations was: frameshifts 55 %,
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base substitutions 37 %, deletions 5%, and hotspot mutations 2 %.

The results shown in Table 20 suggest that the classes of
mrtation most affected by 1,8-NONP treatment were frameschift and base
substitution mitations. The predominant feature in all strains was
the degree to which frameshift mrtations were induced. ‘This is
particularly the case in strains deficient in excision repair. While
1,8-NONP increased the frequency of frameshift murtations by 6.7-fold
in NR6112 and 15.2-fold in EE125, identical treatment of the uvrB~
derivatives NR6113, and (M6114 produced an elevation in frameshift
mutation of 500-fold and 560-850~fold, respectively. The frequency
of base substitution mitations was increased considerably in E. coli
strains harboring the plasmid pkMI101. Taking the values from Table
20 (column 4) it can be seen that the ratio of induced frameshifts to
hﬁucedbasesubstimtiorsinstraj:scontaini:gpm01waso.6 : 1
and 1.5 :1 in strains EE125 and (M6114, respectively. In contrast,
the induced frameshift : base substitution ratio in NR6113 was 10 :
1.

The frequency of same mutaticnal classes appear to be only
slightly increased by 1,8-NONP, and therefore it is more difficult to
determine whevher these mitations were induced by the treatment or
were of spontanecus origin. Deletions were induced considerably in
6114, but much less in NR6112, EE125 or NR6113. Mutations at the
+/-'IGGChotspotalsoa;peartohavebeenirﬂucedslightlyinallE_.
coli strains. Howeve.r.:, in relative terms these mutations make a
minor contrilbution to the induced mitation spectrum.



3.3.8 The Specificity of Frameshift Mutations Recovered Following
1,8-NONP Treatment

Frameshifts were induced by 1,8-NQVP more extensively than
any other mitational class in all E. coli strains studied. This
result was expected on the basis of the extraordinary ability of 1,8-
INP to induce frameshift mutations in §. typhimrium strains TA1537,
TA1538, and TA98 (Table 1; Rosenkranz and Mermelstein, 1983; Tokiwa
and Chnishi, 1986) which often revert as the result of frameshift
mitations at G:C base pairs (Hartman et al., 1986). In the present
study, the majority of frameshift mrtations ccoarred at G:C base
pairs (85 % in NR6112, 87 % in EE125, and >99 % in both NR6113 and
Q16114) . |

Most frameshift mitations involve the loss of one base in a
run of G or C. The dependence of mitation on the length of the
reiterated sequence was examined by expressing the mmber of -1
frameshift events recovered at quanine runs as a function of the
target size (S) (S = length of the run (R) multiplied by the number
of detectable sites of size R in the lacT gene). This is shown in
Table 21. To cbtain S, only runs of G (or C) prior to, or at,
position 1012 were considered since frameshifts sites after this
point have never been cbserved (Calos and Miller, 1981) ard are
probably phenotypically silent (see section 3.4.1.1). Figure 22
shows a plot of frameshift events as a function of the length of the
guanine run and shows that the frequency of frameshift mutations
increases markedly with the lergth of the reiterated sequence.

- The size of the collection of sequenced frameshift muitations
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Table 21. The dependence of frameshift mutagenesis on the length of
the reiterated quanine sejuence.

Strain NR6112  EE125 NR6113  (M6114
(wild-type) (pKMIOl) (AWnXB) (pRMLO0L, AuvrB)

Length? § sites® target® weighted
1 312 312 - 0.035% 0.018 0.011 0.014
2 81 162 0.15 0.10 0.16 0.13 0.14
3 23 69 0.95 1. 0.80 0.94 0.89
4 1 4 2.6 - 3.2 2.6 2.7

& fThe number of G:C base pairs in the reiterated sequence.
P The mmber of sites with the specified G:C sequence which occur at
or prior to position 1012.
c _The target size is defined here as the total mumber of G:C base
pairs within contiquous sequences of a specified length at sites
which yield the i~ phenctype when a -1 frameshift occurs (this is
equal to length miltiplied by the mmber of sites).
'Bxewmghtedaveragemczlmlatedbyconsﬂermthetotalnmber
of mrtants at sites of the specified length, and then normalizing the
value to a hypothetical population of 100 frameshift mutants.
Therefore the st::r.a:.nsmththelaxgest:mmberof fran&:luftmxtatmns
contribute most to this weighted average. :
€ vValues are expressed as # occurrences/target size for a
hypothetical pop.llatmn of 100 frameshift mtants.
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Influence of Length of Reiterated Sequences
on Frameshift Frequency

2.70
7
Occurrences
per °r
Target Size

0.14
0.014

Length of Run

Figure 22. Influence of reiterated guanine sequences on frameshift

The values plotted are the mmber of frameshift mitations detected
(as a functicon of the target size) for a hypothetical population of
100 frameshift mutants versus the mmber of quanine residues in the
reiterated sequence. The "occurences per target size" is a weighted
average for all strains, kat the general trend is similar for each
individual strain (see Table 21).
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makes it pessible to pose questions regarding the influence of
neighboring bases on the mutability of particular sites. To
facilitate this analysis, the detectable frameshift sites in the dacT
gene, and the characterized mitaticns were classified according to
their flanking bases as shown in Table 22. The influence of the 5'-
or 3'-flanking base on -1 frameshift occurrence was analyzed
statistically using the Chi-square goodness of fit test. When
statistical analysis was applied to frameshift mitaticns recovered
from each E. coli strain, individual cell counts were often below the
mmber of occurrences which yield accurate results in this test
(Malik and Mullen, 1973; Sokal and Rohlf, 1981). Therefore, values
for all strains were pooled as shown in Table 23.

A total of 65 frameshift mutations occurred at runs of 2
guanines (NGGN sites)., Seventy-eight percent of these mitations
occurred at sites which have a 5'-flanking T (TGGN): 85 % in NR6112,
79 % in NR6113, 78 % in (M6114, and 67 % in FE125. Only 53 % of
detectable NGGN frameshift sites contain a 5'-flanking T. The bias
towards -1 frameshifts at TGN sites is statistically significant
(P<0.001). When the base at the 3'-end of NGGN frameshift sites was
examined, it was found that 53 % of the mutations recovered following
1,8-NONP treatment ocourred at sites with a 3'-flanking adenine
(NGGA), although anly 20 % of the detectable sites have this base at
the 3'-erd. The tendency for mutations to occur at NGGA sites is
also significant (P<0.001).

One hundred and sixty-six frameshift mitants occurred at
sites containing 3 contiguous quanines (NGGEN sites). When the
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Table 22. Distribution of -(G:C) frameshift mutations.

Strain }1126112 EE125 NR6113 {6114
(wild-type) (pKMIOL)  (yuvrB) (BKMI01, AMVIB)
sequence  § sites Total
context
AGA 29 o ] 0 0 0
AGT 21 ] 0 ) 0 0
AGC 35 0 1 0 0 1
asc &7 0 0 0 0 0
A 32 0 0 3 1] 3
T 33 0 0 1] 0 0
=T 24 0 0 0 1 1
TGA 28 1) 1 1 1 3
TcC 43 0 0 2 4 -~ 6
AGGA 2 0 Q 3 2 5
AGGC 6 0 ¢ 0 h 1
AGGT 1 0 4] 0 0 0
QEEC 11 Q 0 2 1 3
OGGA 7 0 ) 1 1 2
lacely 1n 1 1 1 (4] 3
TGGT 18 1 0 0 5 6
TG 7 1 0 21 6 28
TGGC 18 4 2 5 6 17
ACGGR 0 - - - - -
m 0 - - - - -
ASGGC 4 1 1l 13 10 25
acees 4 4 0 12 4 20
QGGGA 4 1 s 16 23 45
jsceciy 0 - - - - -
TCEGT 3 2 1l 8 9 20
TGGGA 4 8 3 3 16 30
TEEC 4 3 3 B 12 26
TEGGC 1 3 0 14 12 29
Totals a0 18 110 114 272

This table shows the distribution of -1 frameshift mutations
recovered according to the sequence flanking the repeat fram which
the G is deleted. The values given are the mmber of mutations which

occurred at each type of sequence. The deleted quanine is one of the
underlined residues.
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Table 23. Analysis of the distribution of -1 frameshift mutations
recovered following 1,8-NONP treatment

Strain NR6112 EF125 NR6113 45114 Total
(wild-type) (pRM101) (amgd) (pROOL, A wrh)
context?  sites o e (o-e)2/e
AR 9 o 0 3 3 & 7.2 0.2
aee ] 29 1 1 4 2 8 23.2 9.95
TG 43 6 2 26 17 51 34.5 7.88
Totals 65 65  X2=18.03
different  (P<0.001)
bcce | 4 1 1 13 10 25 28.8 0.50
faTecf 8 s 5 28 27 65 57.7 0.92
preeed 1n 13 7 19 37 75 79.4 0.14
Totals . 166 166 X%=1.56
no difference
NGGA 16 1 0 25 9 35 12.8 38.3
NGGC a5 4 2 7 8 21 28 1.79
NGGT 30 2 1 1 5 9 24.1 9.42
Totals 65 65 X°m 49.5
different (P<0.001)
NGGGA 8 9 8 19 39 75 57.7 5.16
NGGC 12 8 4 a3 26 71 86.6 2.8
NGGT 3 2 1 8 9 20 21.6 0.12
Totals 166 166 8.09

different (P<0.025

'mestatisticalanalysishasbeendcnebydzi—sqimamlysisfor
goodness of fit. 'Iheeffectoftheﬂarﬂcimbase(S'or:B')onﬂae
total collection of frameshift mrtations recovered following 1,8-
NONP treatment.

a 'Ihecontextoft‘heccntiguwsG'srefe:stothebasesS'aIﬂB'to
the repeat.: N = any base; N = any base.

o: cbserved distribution of frameshift mutations in each strain
accord.ingtothenat:neoftheflamdngbase.

e: expected distribution of frameshift mitations as calculated by the
number of detectable sites with the specified flanking bases.
x:thedai—squarestatisticmﬁdlisequalto (oe)</e. The
significance of the statistic is evaluated at 2 degrees of freedom.
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nature of the 5'-flanking base at these sites was considered, it was
found that the distribution of frameshift mrtations recovered from
1,8-IONP treated strains was not significantly different fraom the
distribution of detectable NGGEN sites. As with frameshift mutations
at NGGN sites, it was found that NGGGN sites containing a 3'-flanking
A were more highly represented in the 1,8-NONP-induced mutation
spectrum (45 %) than was expected on the basis of the mmber of
detectable NGGEN sites containing this base (35 %). While this
difference is statistically significant (P<0.025), the effect of the
3'~flanking adenine at NGGGN sites was not as marked as at NGGN
sites. Too few frameshift mitations occurred at sites containing a
lone guanine residue (NGN sites) to justify statistical analysis.
However, 10 cut of 14 (71 %) of the frameshifts at NGN sites had a
5'-flanking T campared to 30 % of the detectable sites. Similarly, 7
cut of 14 (50 % of the NG&N frameshifts cccurred at sites with a 3'-~
flanking A (compared to 28% of the detectable NGN sites).

Of the 295 frameshift mutations recovered following 1,8-NONP
treatment, the vast majority (288) were due to the loss of bases.
only 7 (2.4 %) of the frameshift mutations sequenced resulted from
the addition of bases. When only G:C base pairs were considered, the
proportion of additions was even smaller (about 1 %). This is in
contrast to spontaneous frameshift mutations in the lacI gene (Table
19), or frameshifts induced by the intercalating agent ICR-191 (Calcs
and Milier, 1981) which are the result of base additions as well as
base losses. This suggests that 1,8-NONP acts by a mechanism which
preferentially induces the loss of bases.
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The analysis of sequences at which frameshifts ccour suggests
that these mitations exhibit considerable specificity which can be
summarized as follows: 1) most frameshifts occur at G:C sites; 2)
most events ocour at sequences of contiguous guanines; 3) The
prci:abilityofafranmhiftocmrringin:reasesmaﬂcedlywiththe
length of the reiterated sequence; 4) frameshift events at NGN or
NGGN sites are highly favoured when the 5'-flanking base is thymine
and/cr the 3'-flanking base is adenine; 5) frameshift events at NGGENV
sites are favoured at sites which contain a 3'-flanking adenine; and
6) losses of G:C base pairs are mich more prominent than the addition
of bases. Possible mechanisms which are consistent with the
specificity cbserved for 1,8-NONP-induced frameshift mutation will be
considered in the Discussion.

A total of 13 frameshift mrtations characterized in these
studies involve the gain (4) or loss {9) of A:T base pairs. The
majority of these (12) occur at runs of contiguous adenines ranging
from 2 to 5 bases. Frameshifts characterized at A:T base pairs
following 1,8-NONP treatment differ frem frameshifts induced at G:C
base pairs in at least 2 respects: the percentage of base additions
is mach higher at A:T sites (31 %) than G:C sites (1 %); and a
T termmberofthefranes}i.ftsinvolvingA:Tbasepairsocmrin
uvrB* strains (which have relatively low induced mrtaticnal
frequencies) than in wrB™ strains. This suggests that some of these
might be of spontanecus arigin.
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3.3.9 The Specificity of Base Substitution Mutations Recovered
Following 1,8-NONP Treatment

Base substitution mrtations comprised a very minor proportion
of the mitaticnal spectrum in strains that lacked plasmid pkM101 (ie.
strains NR6112 and NR6113). However in the pKMIOl-containing strains
EE125 and (M6114, the incidence of base substitution mutations
increased markedly. As with frameshift mitations, the vast majority
of these ocourred at G:C base pairs (11/11 in NR6112, 12/12 in
NR6113, 35/39 in EF125, and 72/80 in QM6114).

The types of base substitution recovered were markedly
deperdent on the presence of plasmid pKM101. In strains which lacked
PKM101 the ratio of transversions to transitions was about 1:1
whereas in the two strains which contained pKM101, the majority of
base substitutions were transversions, specifically G:C => T:A
changes. A total of 106 G:C => T:A transversions (out of 142 total
base substitution mitations) were recovered at 55 different sites in
the lacI gene. Forty-four of these were nonsense mrtations and 62
were missense mutations.

An analysis of the site specificity of base substitution
mitations is not so straightforward as for frameshift mutations.
Unlike frameshift mitations which, to a first approximation, can be
expected to irmactivate the repressor to the same extent at all

detectable sites, base substitution mutations will produce a range of

altered lactose repressor molecules. Same of these will be normal
enough to be phenotypically silent while cothers will be defective
encugh to be selected by the methods employed. Still others might be
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expected to preduce a partially active protein. The amber/ochre
norsensemtatlmsystendevelcpedbylhllerarﬂhlscalleagua
(Miller et al., 1977; Schmeissner et al., 1977a; Coulondre and
Miller, 1977a) circumvented this problem by analyzing only nonsense
mutations, which inactivate the repressor to approximately the same
extent at each detectable sit=s. However, the nature of the DA
sequezwvdﬁdmstmnﬂdifferentrmxsensesit&sareextranely
limited. For instance, there are 26 nonsense sites in the lacT gene
at which G:C => T:A transversions can be detected: at 19 of these
sites gquanine is in a G@E, EA, or TGA context, and fully 50 % of the
Sequence contexts in which guanine could theoretically be situated
aremtrepresentedatallinthemnsensesystan(Table24). The
maksequemjngsystemusedinthesesuﬁiesallowstheanalysisof
both nonsense and missense mutations. There are a total of 409
guanines which, when altered by a G:C => T:A transversion, give rise
toanalteredprotein(i.e.whidmresmﬂtinanamj:naciddiarge).
This total does not include sites after ruclectide 1013 (no missense
ormnsensemmatiorshaveeverbeendmamcterizedafterthissite),
orsitasatmﬁdubasesubstinttimdoesmtalterthecodonnessage.
Of these 409 potential sites, there are 75 known G:C => T:A
transversion sites. These 75 sites include 26 nonsense sites
described by Miller et al. (1978), 36 missense sites d_escn:'ibedby
Gordon et al. (1988a), 10 previwslymmeportedsitesdoc:mentedin
thedatain'l‘ablellarﬁhpparﬂbcz,arﬁamtlmr3sit&srecently
found in the laboratory of Barry Glickman (personal cammumicatien).
Althmghitislikelythatthereaxeothersitswhidlmightpmduce
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a phenotypically selectable mitant repressor when mutated by G:C =>
T:A transversions, it will be assumed in the following analysis that
these 75 sites give a reasonable approximation of the total lacT G:C
=> T:A target.

The influence of flanking bases on the mitability of
particular guanine sites may be examined by comparing the cbserved
distribtution of independent mitations to the distribution of the
detectable sites. The distribution of both the 1,8-NONP-induced G:C
=> T:A transversions, and the potential sites of mitation is shown in
Table 24. It should be noted that the total detected G:C => T:A
transversion sites are more uniformly distributed than either the
nonsense sites or missense sites when classified according to the
nature of the miclectides flanking the guanine. Caomparison of the
expected and cbserved distribution of transversions was done using
the chi-square goodness of fit test as shown in Table 25. The
analysis was confined to the pKMIOl containing strains EE125 and
16114 since only a small mmber of G:C => T:A transversions were
fourd in collections of mitants isolated from the other two strains.
Both the 5' and 3' flanking bases were tested in independent
analyses. The distribution of G:C => T:A transversions recovered
from EE125 which had been treated with 1,8-NONP was not significantly
different fram the expected distribution. In the collection of
transversions recovered from aM6114 there appeared to be a slight
bias for sites that contained a 3'-purine or a 5'~pyrimidine, but
neither of these factors showed a statistically significant departure
from what was expected. This analysis suggests that, for 1,8-NONP-
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Table 25. Analysis of the distribution of G:C => T:A transversions
recovered following 1,8-NONP treatment.

Strain EE125 Q16114
(pRM101) (pKM101., A UVEB)

a] Effect of 3' base

Context?  #sites o e (o-e)2/e o e (o-e)2/e
NGG 9 2 3.72 0.795 a8 7.92 0.00
NG 31 13 12.8  0.002 36 27.28 2.78
NGT 13 4 5.37 0.35 4 11.44 4.84
NGC 22 12 9.09 0.93 18 15.36 6.01
Total 75 31 31  X2=2.08 66 67 %2=7.63
no difference P>0.5 o difference P>0.05
b] effect of S'base
Context®  §sites o e (0-e)2/e ) e (o-e)2/e
GR 28 10 11.57 0.21 19 24.64 1.29
AGN 9 3 3.72 0.14 6 7.92 0.46
yie 14 8 5.79 0.85 17 12,32 1.78
o 24 10 9,92 0.001 24 21.12 0.39
Total 75 31 31 X2=1.20 66 66 *¥2=3,92
‘ no difference P>0.75 no difference P>0.25

The statistical analysis has been done by chi-square analysis for
goodness of fit. The effect of the flanking base (5' or 3') on the
total rumber of G:C => T:A transversions collected in EE125 and
M6114 was examined. Insufficient mumbers of base substitutions were
reccveredintheottmstrai:stowarrantconsideratim.

a The cantext of the mrtated G refers to the bases 5' and 3' to the
base: N = any base.

o: observed distribution of base substitution mutations in each
strain according to the nature of the flanking bases.

e: expected distrikution of base substitution mitations as
calculated by the mmber of detectable sites with the specified
flanking bases.

¥2: the chi-square statistic which is equal to (o~e)%/e. The
significance of the statistic was evaluated at 3 degrees of freedam.

[
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induced base substitutions, the bases flanking a quanine do not exert
a significant influence on the mutability of the site.

Tn (M6114, 8 base substitution mitations occurred at A:T base
pairs. Seven of these were A:T => T:A transversions which occurred
at 7 different sites; one A:T => C:G transversion was also recovered.
It is striking that of the 80 base substituticn matations collected
from CM6114, 73 were transversions that would arise by the
misincorporation of adenine across from a purine during [NA
replication (66 G:C => T:A; 7 A:T => T:A). Four base substitutions
in EE125 occurred at A:T base pairs. Although the mmbers are small,
the specificity is clearly different (1 A:T => G:C transition, 2 A:T
=> C:G transversions, and 1 A:T => T:A transversion) from the A:T
base substitutions isolated from CQM6114. |
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3.4 DISCUSSION

3.4.1 Analysis of the Mutational Specificity of 1,8-NONP in the lacIl

Gene: Advantages and Iimitations

3.4.1.1 The Mutational Target

One of the most attractive features of the lacI system used
in the experiments described here is the larye size of the mutational
target. The target sequences in most other systems generally range
from fewer than 100 base peirs to about 250 base pairs, while the
mutational target in the lacT gene is about 1000 base pairs (see
below). The diversity of the INA sequence in such a large target
allows us to determine whether sequences which flank mutational sites
influence the distribution of mutation. However, it should be
recognized that the monitorable target (i.e. the sequences which,
when altered, yield a selectable phenotype) might differ for each
class of mitation. This can have a significant influence on: 1) the
relative proportions of different types of mutations which are
recovered; and 2} the cbserved distribution of those mutations.

PRl I
:-;1-)\,--.'\_\‘/_ .

e Fortunately, the lacT gene has been studied extensively in several

laboratories; on the basis of those studies it is possible to
estimate the size of the monitorable target for different classes of
matation.

a) Point Mutations. Mutations have been recovered frequently
in approximately 1000 base pairs of the lacl gene. A variety of
evidence suggests that frameshifts and base substitutions beyond
position 1013 will not produce an i~ phenotype which can be selected
on PGal. 1) The two most comprehensive studies of frameshift
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muitation which have been done in the lacl gene are the study by Calos
and Miller (1981) in which 365 ICR~191-induced frameshift mitations
were characterized by a combination of genetic and INA sequencing
methods, and this study (295 1,8-NONP-induced frameshifts). In the
ICR-191 study the frameshift mitation nearest the 3'-end of the lacT
gene was at position 986-988, while in the present experiments
frameshifts were not detected beyond position 1011-1012. Both
studiesreccveredmrtationsateadiofthenmzisitesuptoard
including the ane at position 986-988. Since a potential NGGEN site
occurs at position 1014-1016, hut was not detected in either study,
it is likely that frameshifts at this site do not yield a selectable
phenotype. 2) No nonsense mitations have been detected after codon
314 (positica 1007—1009) (Miller et al., 1978). 3) A threonine to
proline change caused by a A:T => C:G transversion at position 1013
was the missense mitation site closest to the 3'-end documented in a
review of lacl missense mitations (Gordon et al., 1988a). In licht
of this evidence, it can be estimated that the monitorable target for
point mutations extends from about positicn 29 (start of initiation
codon) to 16i3.

Within the monitorable target, virtually all frameshift and
nonsense muitations produce a defective repressor and can be selected
an PGal. However, only a fractionofmtantswhidlcontajnmissense
mutations are expected to form colonies on selective media (see
section 3.3.9). Gordon et al. (1988a) have analyzed the distribution
of missense nutations'which have been detected in the lacT gene.

: 'meynotedthatthemissensesitswereclusteredinregions of the
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gene encoding information essential to repressor function: over one
half of the detected mutations yielding amino acid replacements
occurred in the initial 180 base pairs of the gene which encode the
A binding damain; the portion of the gene encoding the protein core
was relatively insensitive to missense mutation. Miller et al.

(1979) determined the locaticn of lacy missense mrtations by means of
deletion mapping, and also noted extensive clustering of amino acid
replacements which yielded i~ cells. The present study provides
additional evidence that detectable missense mitations are clustered
in lacT sequences which encode amino acids essential to repressor
function. Of the 142 base substitution mutations which were
recovered following 1,8-NONP treatment, 90 were missense mutations
and 52 were nonsense mutations. Fifty-six of the missense mitations
(36 different substitutions) occurred in the initial 180 base pairs;
the remaining 34 missense mutations (23 different substitutions)
occurred in the remeining 800 base pairs of the target sequence. 1In
cantrast, nonsense mrtations and frameshift mutations were much more
evenly distributed along the lacl gene. Therefore, relative to other

classes of mtation, the total mmber of base substitutions (nonsexrsn

and missense) which occur in both treated and untreated cells is
probably greater than is estimated by lacI™ spectra.
b) Deletions and Duplications/Additions. The target for

mutations which arise as the result of the loss or gain of several
bases is less well defined. It is likely that large deletions of
several kilcbases extending into the lacI gene from the 5'-end,

deletions whose endpoints are within the lacl gene, and deletions

L
A
IAY
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which exterd from the lacI gene into the lac operator will yield a
selectable phenotype. Most matations resulting from the gain of
bases (duplications, additions, or insertiaon elements) within the
dacT gene are also expected to destroy repressor function. The major
limitation for characterization of such mitations is likely to ocaur
at the cloning step. In same cases it is likely that, due to
extensive damage of the gene, the frequency of recanbination onto the
Mi3 vector will be tco low to permit recovery. Deletion mapping and
oligomuicleotide probing studies (Table 10) suggest that at least 20
of the 38 mutations which were not recovered into mRS81 were
deletions. The largest deletion recovered in this study was 399 base
pairs in length, and the largest duplication was 160 base pairs.
Iarge mitations reported to have been recovered into mRS81 include a
deleticn of 789 base pairs (Fix et al., 1987), a duplication of 457
base pairs, (Schaaper et al., 1986), and an insertion (IS1) of 768
base pairs (Schaaper et al., 1986; 1987; Fix et al., 1987).

3.4.1.2 Selection of lacI Mutants

E[heuseofaF'_l_agwhidzcorrtajnsthquarﬂIBpramtor
mutations is advantageous because the majority of colonies which grow

on FGal contain a lacI™ mutation (section 3.1.1.1) (Miller et a_l,
1977; Miller, 1978). A disadvantage of this method, as discussed
above, is that the selection is samewhat biased towards mitations
which destroy repressor functicn.

The calculations of mitation induction (Table 20) clearly
show that some mitational classes (such as frameshifts and base
substitutions) were effectively induced by 1,3-NONP. However, taken

l\L:
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at face value, they also suggest that +IGGC and -TGGC mutations were
induced by about 2 to 3-fold in strains which are wrB', and that
these spontanecus hotspot mitations camprised almost 60% of the 1,8-
NONP-induced NR6112 spectrum and 36% of the induced EE125 spectrum.
Although it is possible that 1,8-NONP specifically induced +1GGC and
—-TGGC mutations (see secticn 3.4.5), an alternative, and more likely,
possibility is that the overall mutation frequency of 1,8-NONP-
treated cultires was overestimated. A review of the selection
protocol suggests a possible reason for overestimation of the induced
mitation frequencies. In order to calculate mrtation frequency, the
total muber of cells plated onto BGal was estimated by plating
aliquots of the cultures anto nonselective medium (IB) (section
3.2.2.1). However, agar plates containing PGal inevitably contain
residual amounts of alternmative carbon sources which can sustain a
limited amount of growth on the plate; the extent of individual cell
growth is dependent on the cell density (Smith and Sadler, 1971;
Miller, 1972). In order to count the larger mmber of lacl™ mutants
which were formed in 1,8-NONP treated cultures, it was necessary to
plate a smaller mmber of treated than untreated bacteria onto FGal,
allowing treated cells a relatively longer period of growth on the
plate. This would lead to an overestimation of the mutational
frequency in cultures plated at low cell densitv (ie. 1,8-NONP-
treated cultures) relative to high cell density (untreated cultures).
In arder to ensure that selection comditions following 1,8-NQNP
t::eatment were identical for all 4 E. coli strains, approximately the
same mumber of cells of each treated culture were plated onto PGal
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plates. Since survival is about the same (Table 7) in all of the
treated strains, any overestimation would be similar in degree. On
the basis of the induction of +IGGC and ~TGGC events in the uvrB*
strains (which were not mutated extensively by 1,8-NONP), it is
prcbable that increases of 2 to 3-fold are within the limit of
uncertainty for estimation of the mitaticnal frequency.

3.4.2 Base Substitution Mutations

During replication of the bacterial gename, fidelity is
ensured by three major processes: 1) the specificity of the
polymerase for the correct base; 2) 3'=> 5¢ exorucleolytic removal of
ﬁmrmctbas&sbythepmofreadingactivityassociatedwithm
polymerase; and 3) postreplicational recognition and removal of
i:mrrectbasesfzunthedaughters&ardbymisuatdumpairenzyxm
(Ioeb and Kurkel, 1982). Historically, consideration of the
mechanisms by which bulky adducts induce base substitution mitations
has emphasized the first of these steps: i.e. how the wrung base(s)
might be misincorporated opposite the lesion. In the following
discussion a similar approach is taken. It should be noted however,
that the final distribution of mitations could be influenced
ccensiderably at steps 2 and 3 if there were differential repair of
various types of adduct:base mispairing. It is known that in
| unmodified INA, the efficiency with which different mismatches are
conectedbythepmofreadingactivityofﬂﬂpolymi%fem can
differ by two orders of magnitude (Fersht et al., 1982; Fersht and
Knill-Jones, 1983), and that the mismatch enzymes of E. coli do not
_repair all mismatches equally (Dohet et al., 1985). Whether these



cbservations are also relevant to mismatches involving adducts is
unkncem.
3.4.2.1 G:C => T:A Transversions

Base substitution mrtations represented a major portion of
the 1,8-NONP-induced mutational spect¥um in both of the E. coli
strains (EE225 and (M6114) which contained the plasmid pKMIOl. The
base substitutions had the following specificity: 1) ninety percent
ocanrred at G:C base pairs; 2) virtually all (>93 %) were
transversions, of which G:C => T:A changes predaminated; and 3) the
nature of the 3'~ and 5'-flanking bases did not appear to influence
the sites at which these G:C => T:A transversions occurred.

There have been no previous studies which have determined the
INA sequence of base substitution mitations induced in bacteria by
1,8-NQNP or 1,8-DNP. However, results from studies which have
examined the mutagenicity of 1,8-INP using reversiocn assays are
cansistent with the results abtained here. Using the typA reversion
system, McOoy et al (1985) showed that 1,8-INP induced base
substitutions in E. coli strains which were deficient in excision
repair and contained the plasmid pKMi0l. Reversion to tryptophan
prototrophy was not detected in iscgenic strains lacking plasmid
PKMi0l1. Similarly, stidies using the S. typhimurium tester strains
developed by Ames and coworkers (Maron and Ames, 1983) established
that 1,8-INP induced base substitutions at the hisG46 locus in
strains which contained the plasmid pkM101 (i.e in TA100 Lut not in
TA1535) (Table 1; Rosenkranz and Mermelstein, 1983; Tokiwa and
Chnishi, 1986). The hisG46 locus reverts as a result of G:C => T:A
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and G:C => C:G transversions, and G:C => A:T transitions at a target
sequence of 3 consecutive G:C base pairs (Hartman et al., 1986).
However, revertants in hisG46 strains can alsc appear as the result
of suppressor mitations which are the result of an A:T => C:G
transversicn in a tRNA gene (Ievin and Ames, 1986). Therefore, in
arder to cbtain useful information regarding mitagenic specificity,
revertants mist be further characterized at the DNA sequence level
(Miller and Barnes, 1986; Eisenstadt et al., 1989). On the basis of
the results presented here, it can be predicted that 1,8-NONP or 1,8~
DNP-induced reversion of TA100 is largely a result of G:C => T:A
transversions at the hisG46 mutation.

Mutations arising at sites of DMA damage are referred to as
targeted mitations. The fact that the majarity of base substitution
mxtatiorrsoccmredatG:Cbasepajxssu;ges!sthatﬂleyweretargeted
by an adduct formed with guanine or cytosine. In chapter 2, evidence
was presented that the major adduct (about 95 % of the total INA
adducts) formed by 1,8-NONP in E. coli is dG-C(8)-2ANP ard it is
prcbable, though not certain, that this adduct is the premtational
lesion. The only cther adduct that was formed with quanine or
cytosine was an unidentified minor product which accounted for about
2.5%ofthetoi_‘:alllmadiuct (Figure 8).

Arevie;fofﬂiespecificityofbasesubstitutionsinilucedby
other mutagens which react with guanine (Figure 23) shows that G:C =>
T:A changes are camon. Like 1,8-NONP, 2-aminoflucrene (AF) and 2-
acetylaminofluorene (AAF) react with the C(8) position of quanine.
In the tetracycline resistance.gene of plasmid pER322, the base



164

0
Il

. 2-acetylaminofluorene
2=aminoflucrene

NCHaCHaCHaNHCl-IgCHgCI 0 ]’ ]
dCHa O
QOO IO,

IR-191 - | Aflatoxin By (AFE,)

‘2-(2-furyl)-3-(S-nitro-2-furyl) -acrylamide (AF2)

Figure 23, Mutagen Structures.
This figure shows the structures of several mutagens which are
discussed in Chapter 3.
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substitutions induced by AF at G:C sites were mainly (88%) G:C => T:A
transversions and were umC dependent (Bichara and Fuchs, 1985). AAF
exhibited a similar mrtagenic specificity in the lacI nonsense system
(unpublished results cited in Miller, 1983). A significamnt:
proportion of G:C => A:T transitions and G:C => C:G transversions, in
addition to G:C => T:A transversions, were recovered following AF
treatment of M13 vectors camtaining the lacZ a-complementation gene
segment (Gupta et al., 1988). However, in the study by Gupta et al.
(1988), the similarity between the transitional changes which
mitations (characterized from urmodified vectors) led the authors to
speculate that the G:C => A:T transitions might have arisen
spontanecusly. Alw G:C => T:A transversions were also induced
by AFB;-2,3-dichloride (which reacts primarily at the N(7) position
of gquanine) inthe;_aLZa-ccuplenentirggenesegnent, almost S0 % of
the base substitutions induced by this compound were G:C => A:T
transitions and G:C => C:G transversions (Sambamurti et al., 1988).
Similarly, BPCE which reacts at both the exocyclic N(2) position and
the N(7) position of guanine induces G:C => T:A transversians (68 %)
amd G:C => A:T transitions (26 %) at G:C sites in the lacI gene of a
PRMI01 containing host (Gordon, Bernelot-Moens and Glickman, in
preparation).

The cbservation that 1,8-NoNP-induced G:C => T:A
transversions are largely dependent on functiens encoded by plasmid
pI@ﬂOlsuggﬁtsthatadenimisierporatedopp:sitetheadduct
during error-prone INA synthesis. Several different mechanisms might
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explain the fact that adenine is preferentially incorporated opposite
the lesion: 1) depurination could occur at the site of the lesion
followed by incorporation of adenine opposite the apurinic site; 2)
adenine might be preferentially inserted across from a stable but
noninformational lesion without proceeding through an apurinic site
intermediate; 3) the INA adduct might be capable of directing the
incorporation of adenine; and 4) the adenine might have been encoded
by bases flanking the adduct by means of transient misaligrment
mechanisms. These possibilities are discussed in greater depth
below.

a) Apurinic (AP) site intermediates. It is well established
that AP sites are mutagenic (reviewed in Ioeb and Preston, 1986).
Studies which have examined the mutational specificity of
depurination/depyrimidination have shown that the base most cammenly
incorporated opposite such sites is adenine, and that induction of
the S0S respanse is required for mitagenesis (Schaaper and Loeb,
1981; Kunkel, 1984). Runkel (1984) sequenced 79 base substitution
mtations resulting from depurination in the a—camplementation
segment of the lacZ gene and showed that the specificity of
incorporation of bases opposite aguaninic sites was adenine (56 %),
thymine (29 %), and guanine (15 %) (Kunkel, 1984). Recently, on the
basis of ANTP turnover opposite AP sites in vitro, Hevroni and Livneh
(1988) have predicted the ratio for misincorporation of bases
opposite aguaninic sites. These values (adenine (65 %), thymine
(20%), guanine (15 %)) are remarkebly close to those cbserved in vivo
by KRnkel (1984).
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Miller (1983), and Loeb (1985) have proposed that a common
property of bulky adducts could be their ability to cause
depurination at the site of a stalled replication camlex. This
might explain the tendency of such lesions to induce G:C => T:A
transversions. For campounds which react with the N(7) position of
guanine, such as AFB,-2,3-dichloride (Swenson et al., 1975) and EPDE
(Lobanenkov et al., 1986), this is an extremely plausible mechanism.
Covalent binding to N(7) of guanine is believed to result in the
formaticn of unstable quaternary amines; subsequent hydrolysis of the
N-glycosyl bond yields AP sites (Loeb and Preston, 1986). On
theoretical grounds, this explanation is less satisfactory for
campounds which react at the €(8) position of quanine since adduction
at ¢(8) ofguarﬁ.nedoesnctalterthedxaxgeinthep\mm
system, and therefore is less likely to enhance the lability of the
N-glycosylic bord,

A camparison of the specificity of base substitutions induced
by depurination with those caused by 1,8-NONP suggests that the
changes induced by 1,8-NONP are not the result of depurination.
Although adenine is the base which is most frequently incorporated
opposite aguaninic sii:es, thymine and quanine are also inserted at
relatively high frequency (Kunkel, 1984; Hevroni and Livneh, 1988).
If AP sites were important intermediates for base substitution
mtationirﬂucedbyl,a-mNP, it would be expected that about 29 to
40 % of the base substitutions occurring at G:C sites would be G:C =>
A:T transitions and G:C = C:G transversions. Among the base
substitutions recovered from EE125 and 46114, this is clearly not
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the case: G:C => T:A transversions represent about 92 %, G:C => A:T
transitions 5 %, and G:C = C:G transversions 3 % of the base
substitutions formed at G:C sites.

In a separate stady we have determined the mutational
spectrum of the 5-nitrofuran derivative 2-(2-furyl)-3-(5-nitro-2-
furyl)-acrylamide (AF2) in the portion of the lacI gene encoding the
DA binding damain (see appendix 2 for details). These experiments
. were dane in an E. coli strain which was deficient in excision
repair, and contained the plasmid pRM101l. On the basis of the
cbserved specificity of mutation, we have postulated that this
campound might act through an apurinic site intermediate, and have
proposed a pathway for adduct formation at the N(7) position of
guanine vhich is consistent with this hypothesis. Table 26 campares
the distrilution of base substitution mutations induced by AF2 and
1,8-NONP in the laci gene of E. coli strains which contain the
plasmid pKM101. While all spectra contain a high frequency of G:C =>
T:A transversions, the base substitutions induced by AF2 include a
high proportion of G:C => A:T transitions as well. This comparison
is particularly relevant since the same mutagenic system (lacTI) has
been used in both cases. Table 27 shows a comparison between the
ratio of adenine, thymine, or guanine expected opposite an aguaninic
site (Kunkel, 1984), and that actually abserved in the 1,8-NONP and
AF2-induced base substitution spectra. While the distribution of
AF2-induced changes is not statistically different from those formed
at putative aguaninic sites, the distribution of 1,8-NONP-induced
base substitutions are quite distinct (P<0.001 in all cases).
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Table 26. Comparison of base substitution mitations induced in the
lacT gene by 1,8-NONP and AF2.

Treatment 1, 8-NONP 1, 8-NONP 1,8-NCNP AF2
Strain Q16114 Q16114 EE125 TC3960
(PRMLO0L, \uvrB) (PKMIOL, \\vrB)  (PKMI01) (PKMIOL, arvrB)

Gene lack (NC'@) lacT (W6®)  lacT (W6?) lacT (NCH)

Mutation Class

G:C => T:A 29 66 31 76
G:C => A:T 1 4 3 49
G:iC = C: 2 2 1 10
:T => T:A 4 7 1 9
T => C:G 1 1 2 0
AT = G:C 0 0 1 1
Total 37 80 39 145

Values given are the mmber of base substitutions of each type
recovered in the lacl gene following treatment with either 1,8-NONP
(this chapter) or AF2 (Apperdix 2). Note that the AF? study examined
mrtations in the initial 180 base pairs of the lacT gene.

2 WG, base substitutions in the entire lacT gene: Nct, base
substitutions monitored in the initial 180 base pairs of the lacI
gene.
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Table 27. Base incorporation opposite aguaninic sites, or opposite
guanine residues modified with either 1,8-NONF or AF2.

Treatment 1,8-NONP 1,8-NONP 1,8-NONP AF2 Aguaninic
Strain Q6114 6114 EE125 TC3960 sitesb
Gene lacT(NCt®) JacI(WG?) lacI(We®) lacT(NcH) lacZa
Incorporation
opposite guanine
Adenine 91% 92% 89% 56% 56%
Thymine 3% 5% 9% 36% 29%

Guanine 6% 3% 3% 8% 15%

2 WG refers to the entire lacT gene. Nt refers to the initial 180
base pairs of the lacT gene.
D pata from Runkel (1984).
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b) Stable noninformational sites. A stable DNA adduct might

be noninformational to the INA polymerase acting at a replication
fork. For chemicals which produce bulky adducts this would probably
be most likely when adduction occurs at 1) a site which is directly
jrvolved in base-pairing; or 2) a major groove site followed by an
anti => syn conformational change which would rotate the adduct
moiety into the centre of the helix. In the case of 1,8-NONP, which
reacts primarily at the C(8) position of guanine, the latter
possibility should be considered. No studies to date have examined
the conformation of GG-C(8)-ANP in I¥A; however, the structure of DNA
modified at the C(8) of guanine residues by AF and AAF is
informative. Conformations of INA modified with either AAF (Fuchs et
al., 1976; Santella et al., 1981; Hingerty and Broyde, 1982; Broyde
et al., 1990) or AF (Broyde and Hingerty, 1983; Norman et al., 198Sb;
Broyde et al., 1990), which contain a syn guanine adduct, have been
proposed. While the syn conformation is the major energetically
stable structure possible for RAF adducts, a variety of low energy
conformations have been proposed for AF adducts which contain guanine
in the more conventional anti form (Broyde and Hingerty, 1983). It
mist be stressed that these studies reflect the conformation of dG-
C(8) adducts in double stranded DNA; the structure of adducts at the
replication fork, where the adduct envirorment includes a doubled
stranded-single stranded DNA junction in addition to the protein
camponents of the replication camplex, is unknown.

The fact that other GG-C{8) adducts can induce anti => syn_

conformational changes suggests that a similar phenamenon could be

i
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feasible for 4G-C(8)-ANP. In the context of the present discussion
it might be imagined that such a rotation arcund the N-glycosylic
bond would insert the pyrene moiety into the minor groove and create
a site which is uninstructicnal to DNA polymerase. Presuming that
the response to such a site is the incorporation of adenine (Miller,
1983; Rabkin and Strauss, 1984), this could explain the preponderance
of G:C => T:A transversions cbserved in the mutational spectrum.

c) Miscoding Tesions. It is possible that no site is
absolutely uninstructional to the INA polymerase. If a GG-C(8)
adduct is capable of pairing with noncamplementary bases, then it
might also be capable of acting as a miscoding lesion during DA
synthesis. Several studies have described G:A base pairs in which
the guanine residue is either mn_tndified, or modified at the C(8)-
position with arylamine derivatives. These structures are shown in
Figure 24 and described in more detail below.

In the normal anti quanine configquration, the hydrogen
bonding groups of guanine (08, H-N(1), and HyN?) form Watson-Crick
base-pairs with cytosine. Since adduction at C(8) of guanine does
not interfere directly with the hydrogen bonding groups of quanine,
it is possible that the adduct would also form stable base pairs with
cytosine (Figure 24 (c)). This is supported by the cbservation that
cytosine is preferentially incorporated opposite AAF (Rabkin and
Strauss, 1984) ard AF adducts (Michaels et al., 1987) during MA
synthesis in vitro. Ioechler (1989) has proposed that the bulky
constituent of C(8) adducts might be capable of shifting anti guanine
towards the major groove, a perturbation termed adduct-induced base
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wobble. This would result in the guanine becaming more "pyrimidine-
like" ard might facilitate the formation of a G:A mismatch (Figure 24
(d)). Evidence for the structure of this G:A mismatch in urmodified
DA has been reported by Kan et al. (1983); the 0® and H-N(1) of the
guanine residue is paired to the exocyclic amino group and N(1),
respectively, of adenine. Recently, the crystal structure of a
stable G(anti);A(syn) form has been characterized by Brown et al.
(1986) (Figure 24 (e)). The qguanine in these studies was not
modified. With the 0% and H-N(1) of the modified guanine paired to
HoN2 and N(7) of adenine (syn), this structure contains the same
hydrogen bording pairs as would occur with the guanine in the rare
(enol, imino) tautamer (Figure 24 (f)).

In unmodified DNA it is unlikely that G (syn) would occur in
the template strand (Topal and Fresco, 1976). However the
cbservation that other dG-C(8) adducts induce rotation about the N-
glycosylic bond suggest that this might also occur in 1,8-NONP
modified DNA. Recently, computer modelling (Broyde et al., 1990) and
NMR (Norman et al., 1989b) studies have suggested that C(8) adducts
formed with AF can pair with either C or A when the modified guanine
residue is in the syn conformation. All of the possible structures
require that the base which is paired to the adduct be in rare
ionized or tautoaweric forms. However, Quigley et al. (1986) and
Sowers et al. (1987) have suggested that protonation of bases can
occur more frequently in INA duplexes than was anticipated from the
PK of free bases in solution. Strictly on the basis of hydrogen
bonding potential, the structure shown in Figure 24 (i) is predicted
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as most likely to form a G(syn):A (protonated) mismatch. However,
MMR studies with an AF-modified 11-mer containing a G(adduct):A
mismatch have shown that the 05 of the modified syn guanine in fact
forms a hydrogen band with the E-N(1) of protcnated adenine (Figure
24 (§)) (Normen et al., 1989b). Similar structures can be proposed
for G(syn) :C(protonated) pairs (Figures 24 (g) and 24 (h)). Critical
to the stability of all the base pairs involving a syn adduct is the
ability of the hydrophobic aminoflucrene moiety to wedge into the
minor groove so as to minimize its exposure to the solvent (Broyde et
al., 1990). The amino-8-nitropyrene moiety of the major adduct
formed with 1,8-NCNP contains 4 fused 6-membered aromatic rings as
well as a nitro group; whether the minor groove could accamodate
such a large group is unknown. A final G (syn) structure which would
give rise to a G:A mispair is shown in Figure 24 (k). This structure
contains A (anti) as the imjmtautcxrerwimoeamnm of the
adducted syn quanine pairing with H-N® (imino) and H-N(1) of adenine
(Topal and Fresco, 1976).

d) Transient Misalignment. In vitro experiments have
provided evidence that base substitution mutations can be templated
by adjacent bases due to transient misaligrment of the template and
primer strands during DNA synthesis (Kunkel and Soni, 1988). Two
possible mechanisms of misaligned templating are illustrated in
Figure 25. 1) The template strand could slip back upen the primer
such that the base 5' to the adduct acts as the template for the
incorporation of the next base. If this were followed by realigrment

of the two strands and resumption of INA synthesis at the base 5' to
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Transient misaligrment Transient misaligrment
5' of the INA adduct 3! of the A& adduct
5'-A-T-G~T-C-3! Wild-type 5'-A-T-G-T-C-3'
3'-T-A-C-A-G-5! Sequence 3'-T-A-C-A-G-5'

a) IDNA adduct farmation (*)
b) Attempted INA replication

* *
5V AJP-G-T-C=3" 51-A-T-G-T—C-3'
A-G-5! A-G-5'
C) Misaligrment
l d) Base addition
*
1
G ) bi
51=A~T T=C=3! . 51-2-T-G-T—C-3!
A - A~G-5! A G-5'
A
€) Realigrment l
* *
5'=A~T-G-T-C-3" 5'-A-T-G-T-C-3!
A-A-G-5' A-A-G-51
l f) Resumption of INA synthesis l
x %
5V =A-T=G-T-0-31 SV =A-T-G-T-C-3"
<=T-A=A-A-G-5' G:C => T:A transversion <=T-A-A~-A-G=5'

Figure 25. Mechanisms of transient misaligrment.

The example given here is for a G:C => T:A transversion. These
pathways are described in the text.

* = chemical which forms INA adduct.
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the adduct, thedaughtersequenoewu:ldbederivedbyanedlanism
independent of the coding capacity of the adduct (Figure 25a) (Runkel
and Alexander, 1986). 2) Templating by the base 3' to the adduct
micht ocour if the primer strand slipped back upon the template
subsequent to incorporation opposite the 3' base. This would result
in incorporation of a second base which, following realigment, would
be situated opposite the adduct (Figure 25b). Although the presence
of an adduct is not necessary for misaligrment mechanisms, the
ability of a kulky lesion to slow down replication, and subsequently
jncrease the pericd in which the misaligrment/realigrment steps could
occaur, might be expected to facilitate the process.

The site specificity of the G:C => T:A transversions
recovered following 1,8-NONP treatment is not consistent with
misaligrment mechanisms. There is a notable lack of nearest base
influence in the 1,8-NONP-induced transversions (Table 25). The
transient misaligrment mechanisms would predict that a large
proporticn of the base substitutions occur at the 25 detectable G:C
=> T:A transversion sites (Table 24) vhich are flanked by thymine.
However, oniy one third of the 1,8-NONP-induced G:C => T:A
transversions characterized in this study occurred at these sites.
3.4.2.2 G:C => A:T Transitions

Following 1,8-NONP treatment, the wajority of base
substitution mitations (12/23) recovered from strains NR6112 or
NR6113, which do mot contain the plasmid pKM1Ol,-were G:C => A:T
transitions. In contrast, only 7 G:C => A:T changes were among the

119 base substitution mitations recovered from the pRML0l-containing
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strains EE125 and (M6114. Since G:C => A:T transitions are the most
camon base substitution events found in collections of spontanecus
mitants (Table 19; Halliday and Glickman, unpublished results), it is
possible that lacl™ mutations of this type cbtained from 1,8-NONP-
treated cultures are also of spontaneocus origin. This is
particularly likely in the NR6112 collecticon where the frequency of
base substitution muitations was not increased above the spontanecus
level (Table 20). Although base substitutions appeared to be induced
by 1,8-NONP in the uvrB~ strain NR6113, they camrise a relatively
small proportion (8 %) of the induced spectrum in this strain. Fully
63 % (12/19) of the G:C => A:T transitions recovered in all of the E.
coli strains following 1,8-NONP treatment ocourred at sites which
have previously been identified in spontanecus collections (Coulondre
et al., 1978; Halliday and Glickman, urpublished results; Gordon and
Glickman, urnpblished results). There are three positions in the
lacI gene (104, 419, and 959) where deamination of S5-methylcytosine
(produced at 5'-0CAGG-3' sequences by dom methylase) might yield
thymine and thus lead to G:C => A:T transitions. Four mitants
contained G:C => A:T transitions which occurred at two of these sites
(3 at position 104; 1 at position 959). Only 2 out of 19 G:C => A:T
transitions occurred at sites where transient misaligrment mechanisms
might produce the desired mutation. One of these (at position 90)
has previously been postulated to be a site where misaligmment might

-

oifcu;:' (Schaaper, 1988).

In umodified INA, thymine is misincorporated opposite G at
relatively high frequency (Fersht et al., 1982) to form a G:T base-
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NHa
a) G anti : T anti b) A anti : A anti
(N —H---l‘<l N%I ﬁ“/ YA N
/q / \ __,H_Q,l\ /’ H "7 N\ ?
N:-/ — N:/ k
C) A anti : A anti (imino) d) A anti (imino) : A syn
AL
e) Gsyn : G anti f) G anti (enol,imino) : G syn

Figure 26. Potential A:A, G:T, ard G:G base pairs.
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pair (Figure 26 (a)) (Brown et al., 1985; Kneale et al., 1985). This
process might be influenced by modification of guanine at the C(8)
position. It has been shown that relative to the G:A mismatch, G:T
mismatches are: 1) excised much more efficiently by the 3' = 5!
exormclease of INA polymerase III of E. coli (Fersht and Knill-Jones,
1983) ; and 2) subject to more stringent recogniticn and repair by
certain post-replicative mismatch repair enzymes (Dchet et al.,
1985). Whether preferential correction of a G(adduct):T mismatch
would occur more frequently than correction of a G(adduct):A mismatch
is not known, but could account for the relatively small mmber of
G:C => A:T transitions characterized in these studies.

3.4.2.3 A:T => T:A Transversions

A total of 8 A:T = T:A transversions were recovered from E.
coli strains following 1,8-NONP treatment. All of these were formed
in strains containing the plasmid pkM10l. Massaro et al. (1983) have
previcusly shown that 1,8-INP is mutagenic in S. typhimurium TA102,
which can revert as the result of base substitutions at A:T base
pairs (Hartman et al., 1986). Mutations of this nature are
consistent with the cbservation that dA or dT adducts are formed by
1,8-NONP in E. coli (Chapter 2). It is therefore possible that the
A:T => T:A transversions are targeted. Since SOS processing opposite
bulky lesions often leads to the preferential incorporation of
adenine, the pKMiO1 dependence of these mutations suggests that the
adduct occurs on adenine, since incorporation of A opposite thymine
adducts would not yield mutations.

Possible mechanisms for the formation of A:T = T:A
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transversions are similar to those already discussed in detail
regarding G:C => T:A transversions. Potential A:A base-pairs are
shown in Figure 26 (b-d): two of the potential pairs (c and qd)
cartain A in the unfavored imino tautomeric form, while the third
possibility (26 (b)) cantains anly a single hydrogen bond. None of
the eight A:T => T:A transversions occur at sites which would preduce
this mrtation by a transient misaligrment mechanism.

3.4.2.4 Other base substibition matations

A small mumder of other base substitution mitations were
recovered from 1,8-NONP treated cultures. These include 5 G:C => C:iG
and 3 A:T => C:G transversions, and 1 A:T => G:C transition. Since
these muitations are relatively rare in mutants cbtained from 1,8-NONP
treated cuitures, and 6/9 occur in wvrB" strains, it is likely that
several are of spontanecus origin. This is particularly true of the
A:T => G:C mitation which could occur as a result of adenine
deamination to yield hypoxanthine which base pairs with cytosine.
Althmx;hthenmnberofnutationsofth&etyp@istoosmallm
provide reliable information regarding site specificity, it is
interesting to note that 8 out of these 9 can be accounted for by
transient misaligrment mechanisms. This raises the possibility that
the nature of these changes was determined by the identity of one of
the flanking bases.

The potential for the formation of G:A (or AG) base-pairs
which might give rise to A:T => C:G transversions has been discussed
in depth above and the possible structures are shown in Figure 24.

Structures of urmusual G:G base pairs have been described (Drake and
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Baltz, 1976; Topal and Fresco, 1976) and are shown in Figure 26 (e
and f). Of these structures, the one shown in panel e, is more
prdaablesirneitdoesmtxequireararetautcmericfomarﬂis
theoretically applicable to either a G(syn) or G(anti) template.
3.4.3 Frameshift Mutations

Frameshift mitations were induced by 1,8-NONP in all of the

E. coli strains used in these experiments. The prominence of -1, -2

or +1 frameshift mutations in 1,8-NoNP-treated cultures stands in
sharp cantrast to the very low spontanecus frequency of this type of
mutation (Table 19; Schaaper et al., 1986; Halliday and Glickman,
unpublished results). It is estimated (Teble 20) that frameshift
mitations were increased 6.7-fold in NR6112 (wild-type), 15.2-fold in
strain EE125 (pKM101), 500-fold in NR6113 (uvrB~), and 560 to 850-
fold in (M6114 (pKMI01, uvrB~). The specificity of the frameshift
mutations provides further evidence that the majority are the resuit
of the mitagenic treatment. Ninety-six percent of the frameshift
mitations collected following 1,8-NONP treatment involved the gain or
loss of a G:C base pair. In contrast, spontanecus -1 frameshift
mrtations are just as 1ikely to involve the gain or loss of A:T base
pairs as G:C base pairs (Schaaper et al., 1986; Halliday and
Glichan, unpublished results; Gordon and Glickman, unpublished
results). In addition, about 98 % of the frameshift mutations
characterized here involved the loss of nmuclectides, while in
| spontanecus cultures the figure is 70-80 % (Streisinger and Owen,
1985; Halliday, Gordon and Glickman, unpublished results).
The ability of 1,8-NONP to induce frameshift mutations is
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similar to the mitagenic activity of 1,8-INP in S. tyohimurium
strains (Ames test). 1,8-INP is extremely mutagenic in the S.
typhimirium frameshift tester strains TA1537, TA1538, and TA98. In
the forward mutation assays conducted in the present study, the
majority of the frameshifts recovered (-1 at reiterated G:C
sequences) were similar to those which can revert the hisC3076 locus
of TA1537. This reversion hotspot contains a sequence of 5
cantiguous guanine residues which revert by the loss of a single G:C
base pair (Cebula and Koch, 1989). 1,8-INP is mutagenic in TA96
(Massaro et al., 1983), which frequently reverts as the result of a
-1 frameshift in a sequence containing 5 consecutive A residues
(Hartman et al., 1986). Following 1,8-NONF treatment, a small number
(13) of lacl~ mitations arose as the result of the gain or loss of
A:T base pairs. This is also consistent with the Ames test results.
There are sare qualitative differences between the frameshift
events recovered here and those scored in Ames tests. The tester
strains TAS8 and TA1538 contain the seguence 5'-COGOG0GOGG-3' at the
hisD3052 locus which frequently reverts to the wild-type by loss of
GC:0G (Hartman et al., 1986). 1,8-INP is even more active in strains
containing this site than in TA1537. In contrast, only 8 (out of
295) frameshift mutations recovered in the lacl gene following 1,8-
NONP treatment resulted from —(GC:0G) events. A possible explanation
for this is that the structural requirements for sequences which
produce —(GC:0G) mutations might be extremely stringent. Two types
of sequences have been identified which yield —(GC:CG) frameshifts at

high frequency, particularly following treatment with some chemicals:
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1) sequences like the NarI restriction site (5'-GGOGCC-3') (Fucks et
al., 1981; Fuchs, 1983; Koffel-Schwartz et al., 1984; Fuchs et al.,
1988) ; and 2) extended alternating GC sequences (Broyde and Hingerty,
1987; Fuchs et al., 1988; Freund et al., 1989) such as occur at the
hisD3052 locus of TAS8 (Hartman et al., 1986). There are no Narl
sites in the lacl gene, nor is there an alternating GC seguence as
long as the 8 nuclectides at the hisD3052 locus. The longest
alternating GC sequence in the lacl gene is 6 muclectides at position
790-795; two —(GC:0G) mutations were recovered at this site. It is
possible that structural intermediates for -2 frameshifts are more
stable when the alternating GC sequence is 8 muclecotides in length as
opposed to 6 micleotides in length. This difference in the nature of
the target might account for the discrepancy between results obtained
in the different experimental systems.

The high proporticn of frameshift mrtations which involve the
gain or loss of a G:C base pair (96 %) is consistent with the
possibility that the frameshifts were targeted by dG-C(8)-ANP. The
spectrum of frameshift mutations obtained following treatment with
1,8-NONP is similar in some respects to those resulting from AAF
adduction at guanine C(8). Fuchs and coworkers have characterized
the mutational spectrum of AAF in the tetracycline resistance gene of
plasmid pER322 in several E. coli strains. The prominent class of
matations formed were frameshifts, which could be divided into two
different types: 1) frameshifts in sequences of contiguous guanine
residues, involving the loss of a single G:C base pair and occurring

in a umC dependent fashion; and 2) =(GC:(5), frameshifts at the NarT
4
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restriction site which were unuC independent (Koffel-Sciwartz et al.,
1984; Fuchs et al., 1988).

3.4.3.1 -1 Frameshifts at G:C sites

Examinaticn of the sites at which -1 (G:C) frameshift
mitations occur illustrates the importance of reiterated DNA
sequences. The likelihood of a frameshift muitaticn increases
markedly with the mmber of contiguous guanine residues. Mutations
were recovered at only 14 out of the 312 detectable frameshift sites
in the lacT gene which contain a lone G:C base pair, and 26 cut of
the 81 detectable sites containing two consecutive guanine residues.
However, frameshifts were recovered at all 23 NGGGN sites which can
be detected, with an average of 7.2 events per site. One detectable
NGGGGN site is present in the lacT gene; 29 frameshift mutations were
recovered at this site following 1,8-NONP treatment. Frameshifts
jnvolving the loss of a G:C pair occurred preferentially at NGN and
NGEN sites which contain a 5'-flanking T and/or a 3'-flanking A, and
at NGGGN sites containing a 3'-flanking A. The dependence of 1,8-
NONP-induced frameshift mitagenesis on reiterated seguences is
similar to many spontanecus frameshift mutations (Streisinger and
Owen, 1985) as well as those induced by AAF (Koffel-Schwartz et al.,
1984), aflatoxin By (Refolo et al., 1987; Sapbamarti et al., 1988),
BEDE (Bemeiot , Glickman and Gordon, submitted), intercalating
agents such as proflavin (Streisinger and Owen, 1985), and
intercalating acridine campounds with alkylating sidechains such as
ICR-191 (Calos and Miller, 1981). A model which might explain the

propensity for frameshift mutations to ooccur in sequences with
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repeated bases was first proposed by -Streisinger and coworkers
(Streisirger et al., 1966; Streisinger and Owen, 1985). These
workers postulated that reiterated sequences stabilize replication
intermediates derived from slippage of one strand relative to the
other, causing cne or more extrahelical bases to bulge from the A
duplex. If an extrahelical base cccurs on the template strand during
A synthesis, then loss of a base is predicted; conversely, an
extrahelical base on the primer strand would lead to the addition of
a base. The fact that virtually all of the frameshift mitations
induced by 1,8-NONP at G:C sites (almost 98 %) result from the loss
of bases suggests that an extrahelical base is produced on the
template strand,

The presence of bulky lesions during INA synthesis pose a
fundamental problem for slippage models: in order for slippage to
ocaur, a‘portion of the reiterated sequence must ke copied accurately
cnto the nascent strand prior to slippage. ' However, the presence of
a bulky adduct impedes replication and clearly makes it difficult for
ﬂlenascentstrandtobecopiedat.all. The cbserved specificity of
the frameshift mutations induced by 1,8-NONP suggest an
"incorporation-slippage” model (Figure 27) which circumvents this
problem. Central to this model is the potential of C(8) guanine
adducts to form base pairs with cytosine. Although the appropriate
experiments have not been done with 1,8-NONP or 1,8-INP, the effect
of AF and AAF adducts on A synthesis in vitro has been measured in
several laboratories. AAF adducts terminate progression of E. coli DNA

polymerase I (Moore et al., 1980; Rabkin and Strauss, 1984), phage T7
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Pathway A . ) Pathway B

1) 51=A-T-G-G¥G-A-C—3" 51-AT-G*~C-A-C-A~3"
a) Replication uwp to lesien
b) Incorporation of myclectide
across from lesion

c) Replication halted by
balky addnct

2) S'-A-T-G-G*G-A-C-3' 51 -A-T-G*-G-A-C-A-3'

C-C-T-G-5! A C-T-G-T-5!
d) Misaligment (formation
of extrahelical base)
c* *
Y F)
3) S'-A~IG G-A-C-3' St-A-T G-A-C-A-3'
C C-T-G-5' A CT-GI-5'
e) Progression of replication
at base S5'= to the lesion
* G*

5 £
4) S'-A-T-¢ G-A-C-3' S'-AT G-A-C-A-3"
3'-T-A-C C-T-G-5' 3TA OING-T-51

5 AI'-[-A-C-CP-G-5! Final Product 3 -P-A-C-T-G-5!
-(G:C)

Figure 27. Incorparation-slippage model for 1,8-NONP induced

1) Adduct formation cocurs at the C(8) position of guanine. DA
polymerase attempts to incorporate bases across from the lesion
during INA synthesis. The adducted base is predicted to be capable
of coding properly for cytosine (pathway A) or miscoding for adenine
(patiway B). Following incorporation of the base, the bulky adduct
interacts with the replicational complex to halt its progression. 2)
Stalling at the site of the lesion allows time for slippage to ocour
(possibly aided by a conformational change facilitating the formation
of an extrahelical base). 3) If the base 5' to the lesion pairs
properly with the newly incorporated base then the stability of this
structimwe will be enhanced. Pathway A predicts that this would ocour
anly in runs of G:C bases. Misincorporation of adenine (pathway B)
could lead to a -1 frameshift at guanines with a 5' flanking thymine.
4) Progression of the replicational complex would resume at the base
5' to the lesion leading to the final product (5) which is a <1
frameshift.
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INA polymerase (sequenase) (Salm et al., 1987), AMV reverse
transcriptase (Moore et al., 1982) or mammalian polymerase a (Moore
et al., 1981) either 1 base before the site of the lesion or
following incorporation of a muclectide opposite the lesion. The
bases incorporated opposite the AAF lesionwere C2 A >> Gor T
(Rabkin and Strauss, 1984). The majority of the synthesis past the
site of the AF lesion occurs with the accurate incorporation of €
(Michaels et al., 1987), consistent with the hypothesis that AF
adducts can form G:C base pairs. When a wrong base is inserted, that
base is usually adenine (Salm et al., 1987). Rabkin and Strauss
(1984) have proposed that incorporation of A opposite the AAF adduct
ocaurs when the adduct mﬁt@h@amninfomationalgm
conformation, while the incorporation of € occurs when the adducted
base assumes the informai‘:ional anti conformation (Rabkin and Strauss,
1984) . With tiie C(8) adduct of 1,8~NONP, either of these outcomes
might be expected based on: 1) the theoretical ability of anti de-
¢(8) adducts to form normal Watson-Crick base pairs with cytosine
(Figure 24 (c)); and 2) the evidence that 1,8-NQP-induced base
substitution mitations are primarily the result of adenine insertion
opposite the adduct. If, following incorporation of a base opposite
the 1&510;1, the progression of the replication fork were halted by
the presence of the kulky adduct (perhaps due to dissociation of the
polymerase fram the replication fork), more time would be available
for strand slippage. Such slippage of the template strand would
force the adducted base into an extrahelical configuration and would
be stabilized if the base which had been incorporated opposite the
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lesion paired in a stable fashion with the base 5'- to the adduct.
Progrnﬁsionofrmxsynthesiscmﬂd‘dnenocmrfranthebasepair
vicinal to the kulky lesion.

This model predicts that incorporation of C opposite the
lesion might lead to frameshifts if the adduct were present in the
following sequence comtexts: NGG'N, NGG'@V, NGGG™N, MGG*GaN,
NGGG*EN, and NGGGG*™N (G* is an adduct). If adenine were incorporated
then the relevant sequences would be TG*N, T6*&¥, TG*GaN, and
TG*GGEN. With the exception of TG*GGN all of these sequences are
consistent with the experimental results cbtained here. Note that
incorporation of € without slippage would not cause a mutation while
incorporation of A without slippage would yield a G:C => T:A
transversion.

The efficiency with which frameshift mitations form will be
determined in part by the ability of the sequence to accammodate an
extrahelical base. Favorable intrastrand stacking of flanking purine
bases (Saenger, 1984) might favour sequences such as RG*R (where R =
purine). In this context it is notable that sequences such as NGG*AN
and NGGG*AN are favoured frameshift sites. This fact, combined with
the cbservation that frameshifts occur in runs of G might also be
interpreted as supporting a mechanism (Figure 28a) which entirely
emphasizes the ability of adducts in purine runs to became
extrahelical due to favorable intrastrand stacking between the
flanking purines (and possibly the arumatic pyrene nucleus if the
adducted quanine was rotated into the syn configuration). Wwhile this

mechanism can accammodate most of the sequences at which frameshift
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a) Intrasirand stacking between flanking purine residues

*
* * *
5'=-C-G-T-A. . .A-G-G-G-C-T-3' S'-C-G-T-A.. .A—GEG-C-’I‘—3 !
=
C-G-A-5! 3I'—G-C-A-T. . . T-C-0-G-A=5!

b) Preferential reactivity of guanine residues within reiterated sequences

*

5'-C-G~T-A. . .AG-G-G-C-T-3" * S1=0-G-T-A. « .A~G-G~G-CT-3" Frameshift
= = at sjte of
3'—G~C-A-T, . . T=C-C-C-G-A=5! 3=G-C-A-T. . . T-C-C-C-G-A~5" lesion

C) Replicational stuttering at base 3'= to the adduct

*

* * G
5'-G~T-A. .A~G-G-G-CT-3" 5'-G-T-A., A-G-G-G-C-T-3' - 5'-G-T-A...AG G-C-T-3!
—_ =
C=G-A-5! o4 dG-A-S' <= C-C-G-A~5!

d) Intercalation of pyrene moiety |

5'-C-G-T-A. . A-GG-G-C-T-3' * 5'-0-6-'1‘-3...11—6—64 G-C-T-3!

= ) Frameshifts
3'-G-C-A-T. . . T~C~C-C-G-A-5"* 3 -G-C=A-T.. . T~CC / C-G-A~5"

* = chemical which forms adduct a

Figure 28. Alternate mechanisms of frameshift mitation
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mrtations were characterized following 1,8-NONP treatment, it would
also predict that mutations cccur at NAG*AN , MAGGN, and r-Yeleen]
sites. The fact that frameshift mutations were not recovered at
these latter sites argues against the possibility that the
specificity of 1,8-NONP-induced frameshift mutations can be explained
solely by the ability of certain sequences to accommodate
extrahelical bases.

A mmber of other models might account for the ability of
1,8-NONP to induce frameshift mitations. These are shown in Figure
28 and discussed briefly below. The cbserved specificity of
frameshift mutations might be due to the preferential reaction of
1,8-NONP with bases within monotonous runs of guanine (Figure 28b).
Studies with other campounds however suggest that this might be
possible. Adduct formation with AFBy at the N(7) position of guan:me
occurs up to 10 times more frequently in runs of guanine than at
isolated guanine residues (Muench et al., 1983; Misra et al., 1983;
Sambamurti et al., 1988). Many, kut not all of the hotspots for INA
adduct formation were also found to be matation hotspots (Sambamurti
et al., 1988). In contrast, AAF binding to INA was found to be
nonrandam but did not occur preferentially in runs of guanine. No
correlation between the damage distribution spectrum, and the
mitational spectrum has been cbserved for this mitagen (Fuchs, 1983;
Koffel-Schwartz et al., 1984). With BPDE, adduct formation at the
exocyclic N2 position occurs within runs of G (Boles and Hogan,
1986) , while binding to the N(7) positicn occurs preferentially at

guanines preceded by a pyrimidine (Locbanenkov et al., 1986). At the
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present time no damage distribution data are available for 1,8-NONP.

Figure 28c shows a base reiteration model similar to that
shown in Figure 25b. In this mechanism the incorporation of cytosine
intothenagcentstxarxiocmrsasarestﬂtofreplicatioml
stuttering due to interaction of the adduct with the replicaticnal
camplex in fromt of the lesion {Sakore et al., 1979). The cytidine
on the 3' free end of the primer strand produced by such stuttering
could hydrogen bond to the guanine immediately 5! to the adducted
base on the template strand, creating the frameshift. This model is
attractive since it does not assume that the adducted base has
templating properties but since there is a requirement for 3 or more
contiguous guanines, it fails to account for the significant nmumber
of frameshift mitations which occur at NGEN sites.

The fact that 1,8-INP and 1,8-NONP are large, planar, fused
arcmatic ring structures suggests that they might be capable of
acting as intercalating agents (Figure 28d). However, a great deal
of experimental evidence argues against this possibility. 1)
Intercalating agents induce both losses and additions of bases (Calos
and Miller, 1981; Streisinger and Owen, 1985}, while the vast
majority of frameshift mitations induced by 1,8-NONP zre due to the
loss of bases. 2) In S. typhimwrium, intercalating agents are more
mutagenic at the frameshift locus hisC3076 (strain TA1537) than at
the hisD3052 locus (TA1538 or TA98) (Rosenkranz and Mermelstein,
1983). However, 1,8-INP is an extremely potent muatagen at both loci
and in TA98 is more than 3 orders of magnitude more mutagenic than
the potent intercalating campound ICR-191 (comparative data from
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Rosenkranz and Mermelstein, 1983; Sambamurti et al., 1988). 3) In
Ames tests, nitmpyrexﬁsamonlyvm]dym:tagenicintatersuains
which are proficient in excision repair capability (Table 1). In the
present studies the frequency of 1,8-NONP-induced frameshift
mitations is also reduced considerably in uvrB" strains. In
contrast, several intercalating agents induce frameshift mutations as
effectively in uvrB" as in uvrB~ strains (Roserkranz and Mermelstein,
1983). 4) the requirement that 1,8-INP be acted upon by
acetyltransferase in order to be maximally mutagenic (Table 4)
provides evidence that mutagenicity is mediated through reactive
hydroxylamino or acetoxyamino species which give rise to INA adducts.
Thus it appears that covalent binding to DNA is required for 1,8-DNP
and 1,8-NONP-induced mutagenesis, and that the spe:ifici& of
mitation is clearly different fram that which has been dbserved for
mrtagens whose mitagenic activity is the result of intercalation.
All but four frameshift mutations recovered following 1,8-
NONP treatment can be accounted for satisfactorily by the
incorporation-slippage model shown in Figure 27. Mutants 122, M22,
M33, M72 are all due to the loss of a lane G:C base-pair and cannct
be explained easily by simple slippage mechanisms. A mmber of
stidies have shown that both direct and inverted repeat sequences
might provide an opportunity for the formation of misaligned
jntermediatéswhidzcanbepmc&ssedtoproducebasesubstihﬁon,
deletion and frameshift mutations (Ripley, 1982; Ripley and Glickman,
1983; Glickman and Ripley, 1984). In order to determine whether such

sequences might contrilbute to these 4 frameshift mutations, the DNA
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sequence surrounding the mutational sites was examined more closely,
and the free energy of potential DNA hairpins was determined as
described in section 3.3.2.10. Speculative explanations for these
mutations are given in Figures 29 and 30; details are provided in the
captions to these figures.

The free energy of possible secondary structures was
evaluated using the Zuker algorithm (Zuker and Steigler, 1981). For
the present application this has some limitations: 1) the seguence
which is folded is not the INA sequence, but rather the corresponding
RNA sequence; 2) the degree to which a bulky adduct influences the
free energy of given structures is unknown; and 3) since the program
is a RNA single strand folding program, competing INA duplex
structures are not accounted for. Nevertheless, this program
provides valuable information regarding the feasibility of certain
structures.

The enzymatic requirements for bulky adduct fremeshift
mrtagenesis are unclear. Work by Fuchs and coworkers suggests that
AAF mitagenesis at reiterated sequences is dependent on functions
encoded by umiC (Koffel-Schwartz et al., 1984), and is enhanced by
functional mismatch repair capability (Granger-Schnaar et al., 1986).
Frameshift mitation induced by AFB; is enhanced by mucAB encoded
functions, particularly following SOS induction (Refolo et al.,
1987) ; however, same mutagenesis occurred even in mucAB™ strains, a
phencmenan that these workers attriluted to functions encoded by the
endogenous wmCD locus. Studies with both AAF and AFB; have shown
that the damage can be efficiently repaired by the uwvrABC
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a) Muatant M72 at position 751

wild-type Mutant: h A—T
747 747 C~G
| G
51 A-T-G-C-TG-3" S'<T [eC A-T-GC> Te-3" 51-CT TG-3"
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b) Mutant I22 at position 927

wild-type Mutant o c-—Cl%
A-T
922 922 c-G
| o S CG
5'-AR-C-C-A AC-3" 5'-2a {C-C-A CGI-G-G> AC-3' 5'-AA AC-3'
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3 A=C-C-TG-5" 3*-1T { G-G-T G-C-A-C-(] TG-5' I-IT TG-5'
C G- C
GG
Tee R
¢ |
G—C

Figure 29. =(G:C) frameshift mutations: Mutants M72 and I22.
Mutant M72 and 122 arose by loss of a G:C base pair at positions 751
and 927, respectively. Upon close examination of the surrounding
sequence it is cbvicus that these matations occur at similar sites.
In each case the mutated sequence shows remarkable symmetry: 1) in
M72, the sequence 5'-GCATGC-3' occurs on both the noncoding and
coding strand, while in I22 the sequence is 5'-CCACGIGG; 2) in both
cases there is a central axis of symmetry with the sequence on each
side being precisely complementary; 3) finally, the G:C base-pair
which is deleted to yield the resultant structure is one base removed
from the axis of symmetry in each mutant (at position 751 in M72 and
position 927 in I22). The mechanistic basis for these rare
frameshift matations is unknown. However, the remarkable similarity
between the sites at which these two mtations occurred strongly

suggests a role for these unique INA sequences in frameshift
formation.
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Figure 30. -(G:C) frameshifts: Mutants M22 and M33.
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exinuclease. While the presence of excision repair is important in
reducing the total amount of damage, it does not appear to influence
the distribution of frameshift mutations (Koffel-Schwartz et al.,
1984; Fuchs and Seecburg, 1984; Refolo et al., 1987).

In the present study it is difficult to determine the extent
to which frameshift mitagenesis is dependent on error-prone repair
functions. Relative to the otherwise isogenic strains lacking
plasmid pKM101, the frequency of frameshift mutations in QM6114 and
EE125 were increased only moderately (2 to 4-fold (Table 20). Thus
the influence of pKM101 on frameshift mutations appears to be
somewhat weaker than on base substitution mutations. In the context
of the incorporation-slippage model presented here, this might be
explained by considering the base from which replication resumes: to
produce base substitution mitations, SOS functions facilitate
progression of replication from a base-pair (adduct:base) at the site
of the bulky lesion; in contrast, the frameshift model (Figure 27)
predicts that following slippage ard bypass of the lesion, DNA
synthesis resumes fram a Watson-Crick pair adjacent to the adduct.
The carbined effect of DNA synthesis resuming from a normal base-
pair, and being scmewhat removed from the steric hinderance of the
bulky lesion might diminish the dependence of frameshift matagenesis
on SOS encoded functions. However, in order to draw more definitive
conclusions, it would be necessary to determine the mutational
specificity in a um™ strain.

The frequency of frameshift mutations is elevated by almost

two orders of magnitude in strains which are deficient in excision
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repair. It is likely that the principal effect of reduced excision
repair is to elevate both the total adduct burden and the mean adduct
residence time, thereby increasing the probability that the
appropriate replication or repair enzymes might encounter a lesion in
a sequence capable of giving rise to a frameshift event.

3.4.3.2 Other Frameshift Mutations

A small mmber of cther frameshift mutations were recovered
apart from those already discussed. These include -1 frameshifts at
A:T base pairs, + 1 frameshifts at both A:T ard G:C sites, and -2
frameshifts at alternating G:C sequences. The possible origin of
these mutations is discussed below.

a) +(G:C) mitations. ‘The addition of a G:C base pair

occurred at three sites, positions 90-92 (5'-ACGOSGGAAARC-3'), 132-
134 (5'-ACGOGGGAAAA=3'), and 604 (5'-CORAGACAG-3'). It is notable
that the sites at position 90-92 and 132~134 share 10 bases of
hamwology at the site where the +1 mutation ocourred, and that in each
case the guanine run to which a base was added (underlined) is
flanked on the 3' side by a run of adenine residues. The similarity
is striking and might relate to the increased propensity of such
sequences to support misaligrmment/realigmment slippage events. The
+(G:C) mutation at position 604 occurred in NR6112 and cannot be
easily explained by slippage at contiguous bases, direct or inverted
repeats or hypothetical INA secondary structures.

b) Frameshifts at A:T sites. Thirteen frameshift mutations
occurred at A:T base-pairs (4 addition, 9 losses). Nine of these

mtations cccurred in excision repair proficient strains which were
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relatively poorly mutated by 1,8-NONP. The ratio of base additions
to base lesses, as well as the relatively high proportion of these
mrtations which were recovered from NR6112 and EE125 suggest that
same of these mitations might have arisen spontanecusly. Twelve out
of the 13 mutations recovered at A:T sites occowrred in runs of
contiguous adenine residues; six of these mitations occurred at the
two sites in the lacI gene which contained a run of 5 contiguous A:T
base pairs. These cbservations are consistent with a slippage model
for frameshift mitagenesis. '

¢) —(CC:06) (-2) Framechift Mutations. Frameshift mutations
resulting from the loss of GC:(CG base pairs ocourred at 4 different
sites. Three of these sites contain alternating GC sequences:
positions 250-253 (5'-TGCACGOGOCGT-3'), 575-578 (5'-AATOGOGCIGIT-3'),
ard 790-795 (5'-CAATGOGOSCCATT-3'). Mutations at these sites as well
as at the alternmating GC sequence (5'-CIGOOGOSOGOGGACA-3') of the
hisD3052 locus of S. typhimurium TA1538 and TA98 might occur as a
result of incorporation-slippage as shown in Figure 31. On the basis
of modelling studies with AAF modified dodecamers, a variety of B-DNA
structures have been proposed which could yield -2 frameshifts due to
adduct induced distortion of extended altermating GC sequences
(Broyde and Hingerty, 1987). Whether these structures are also
applicable to the 1,8-NONP adduct or to the relatively short
alternating GC sequences present in the lacl gene is unknown.

Fuchs and coworkers have postulated that B => 2 transitions
in alternating GC sequences could be important to the formation of -2
frameshift mitations (Fuchs et al., 1988; Freurd et al., 1989;
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* *
54 -0-T-G~-C-C-G-C-G-C-G-C-G-G-A-C-A-3! 5'-0P-G-C-C-G-C-G-C-G=C-G-G~A—~C-A~3 "
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=2 revertant at hisD3052

Figure 31. Incorporation-slippage model for -2 frameshift mutations.
The framehsift shown here is a -(GC:0G) at the hisD3052 locus of S.
btyphimicium, and might also be relevant to other alternating GC

sequences.



Koffel-Schwartz and Fuchs, 1989), and that AAF might be capable of
inducing B => Z transitions in these sequences (Burncuf et al.,
1989). INA conformation might also be important to the -2 frameshift
mitations induced by 1,8-NONP or 1,8-INP. The low mumber of -2
frameshifts actually recovered following 1,8-NONP treatment might
simply be a reflection of the limited ability of the lacl sequences
to undergo B => 7 transitions.

The —(GC:0G) frameshifts recovered in this study might have
been templated by sequences scmewhat removed from the site of the
mrtation. For instance, the -2 frameshift at position 790-795 could
be templated by either direct or invert repeats. Figure 32a shows an
imperfect palindromic structure which is improved by the loss of a
-(GC:0G) sequence. In this case the matation would be templated by
an irverted repeat at positions 773-779. Figure 32b shows that the
sequence surrounding positions 790-795 contains a large mmber of
direct repeats with varying degrees of hamology to the mutated
sequence. Thus, the -2 frameshift at this position might be
templated by a direct repeat five bases in length at position 813-
817, or direct repeats 4 bases in length at positions 775-778, 783-
786, or 823-826.

Ripley et al. (1986) cbserved that, in the rIIB gene of
bacteriophage T4, a large proportion of -2 frameshifts occurred at
sites immediately adjacent to potential palindromes. In order to
determine whether this might also be the case for the ~(GC:(G)
frameshifts recovered following 1,8-NONP treatment, the potential of

sequences jmmediately adjacent to the -(GC:0G) mutation to form
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a) -(GC:CG) at 790-795 via a palindromic intermediate

GOGC GoeC
G A G A
G A G A
T T T T
c—G c—¢
G—C —C

= c—G
G—C G-—C
—C G—C
T—A T—2
A—T A—T

5'- T-C-A-G-T T-A-C-C-G-3! 5= T-C-A-G-T T-A-C-C-G-3'

b) -GC:0G) at 790-795 via direct repeats

770 780 800 810 820 830

] | ~&c, | I | |
5 = CAGATGEOR T CEEOC A AT GO AT TA OO A TOOGEECTEOCOSTTGETGOGEATA-3

§‘igure 32. Templating of ~(GC:0G) at position 790-795 by means of
inverted and direct repeats.
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bairpin structures was examined. At two of the four sites possible
hairpin structures were cbtained. These are shown in Figure 33. The
-2 frameshift at position 160-161 is at the base of the structure
chown in 33a. The -2 frameshift at position 250-253 is situated at
the base of an extremely G:C rich (8/9 base-pairs) hairpin (Figure
33b) containing 2 unpaired bases. Both of these structures are
predicted to be stable using the program developed by Zuker and
Stiegler (1981). No energetically favoreble secondary structures
could be found which might account in a similar wanner for the
-(GC:0G) frameshift mutations at positions 575-578 or 790-795.

The unexpected chservation that -2 frameshift mutations occur
infrequently in the lacT gene following 1,8-NONP treatment suggests
that the A sequence requirements for efficient mitagenesis by this
pathway are extremely stringent. The above discussion shows that
while the low frequencyof-zmtationaleventsrecoveredinthis
study might be attributable to relatively inefficient processing of
the dG-C(8) adduct through a slippage mechanism, alternate
explanations based on INA conformational changes, DNA secondary
structure, or long range misalignment between direct repeats are also
possible. In the latter context, the presence of a bulky adduct
might cause the DNA polymerase to halt and/or dissociate fram the
replication fork. This would pramote the formation of extensive
stretches of single-stranded INA, and would provide increased time
for the formation of INA secandary structures.

3.4.4 Deletion Mutations

Deletion mrtations represent a very small fraction of
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a) -GC:CG) at position 160-161 due to adjacent palindrame
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Figure 33. =2 Frameshifts adjacent to palindromes.
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mitations induced by 1,8-NONP treatment. Forty deletion mutations
were recovered in this study (Table 15). The frequency of deletions
was increased markedly by 1,8-NONP treatment in (M6114 (uvrB~,
pKMiO01) (Table 20). In the uvrB" strains NR6112 and EE125, the
frequency of deletion mitations following treatment was very close to
the spantanecus level. Only 2 deletion mutations were recovered from
the uwrB~ strain NR6113. However, it is likely that the mutants
which were selected following 1,8-NONP treatment contain more
deletion mutations than is suggested by the mmber that were actually
recovered omto mRS81. As previcusly discussed (sections 3.3.4 and
3.4.1), this is because deletions were recovered onto mRS81 at lower
frequency than point mrtations, and consequently are likely to
constitute a significant fraction of unrecovered mutations.

This study provides the first evide.nce that deletion mutation
might be an cutcome of INA adduct formation by nitropyrenes. This
observation that bulky INA damage can induce deletion mutations is
consistent with a previous report of BPDE-induced (Kckontis et al.,
1988) deletion mutations in E. coli. There have also been several
reports of UV-induced deletions in the lacT gene (Miller, 1985;
Schaaper et al., 1987; LeClerc et al., 1988).

Sane deletions were recovered more than once: the 40
deletion mrtations which have been sequenced camprised 24 distinct
muitational events. The deletion at 267-282 was recovered fram 3 of
the strains a total of 9 times. Other deletions were also recovered
from more than cne strain; these include 339-357, 331-350, and 917-

969, each of which occurred in 2 strains. Six.of the deletion sites



206

have been detected in previcus studies: 143-329 (Schaaper et al.,
1987); 147-269 (Farabaugh et al., 1978; Schaaper, et al., 1986;
Sedwick et al., 1986); 267-282 (Schaaper et al., 1986; 1987; Gordon
et al., 1988b); 301-423 (Fix et al., 1987; Schaaper et al., 1987);
331-350 (Farabaugh et al., 1978; Schaaper et al., 1987; Halliday and
Glickman, unpublished results); and 917-969 (Sedwick et al., 1986;
Schaaper et al., 1987; Halliday and Glickman, unpublished results).
Thus, 18 new deletion sites were characterized in these experiments.
The endpoints of 35 deletions contain hamologous (280 %) sequences of
between 4 and 15 bases. Direct repeats have previously been
identified at the endpoints of lacI deletions arising either
spontanecusly (Farabaugh et al., 1978; Albertini et al., 1982;
Schaaper et al., 1986; Sedwick et al., 1986; Fix et al., 1987) or
following u.v. irradiation (Schaaper et al., 1987).

Both replication ard recambination models have been proposed
to account for the site specificity of deletion mutations (Singer and
Westlye, 1988). These are illustrated in Figure 34. During
replication, deletions could result from slippage of the growing
primer strand between the two direct repeats on the template strand
(Figure 34a). The deleted sequence would be camprised of cne copy of
the repeat plus the sequence between the two repeats. Subsegquent
rourds of replication, or excision of the looped out segment by
repair endorucleases, would produce a stable deletion mutation.
Intrachromosamal recombination (Figure 34b) would also yield a
deletion mitation. Both legitimate (Smith, 1988) and illegitimate
(Ehrlich, 1989) modes of recambination have been identified in
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Figure 34. Models for deletion formation.

a) Deleticn formation as a result of strand slippage between direct
repeats during INA synthesis. The arrows represent direct repeats.
The newly synthesized repeat might melt, and reassociate with the
repeat located further downstream. Slippage could be enhanced if the
looped out strand contained inverted repeats and formed a palindromic
struchure. This would bring the repeats closer together and increase
the probability that dissociation/reassociation of the mascent
strand would create a deletion (Ripley and Glickman, 1983; Glickman
ard Ripley, 1984).

b) Deletion formation as a result of intrastrand recanbination
between hamologous sequences (arrows).
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bacteria. Iegitimate recambination could be mediate! by either the

recBC or recF pathway. The recBC pathway has a minimm requirement
for 23-27 base pairs of hamlogy, while the hamology requirements for
recF mediated recombination are considerably greater (44-90 base
pairs) (Shen and Huang, 1986). Although several reports have
suggested that deletion formation is rech independent (reviewed in
DasGupta et al, 1987), at least one study (Albertini et al., 1982)
has suggested that deletion frequency might be enhanced by functicnal
RecA protein. Illegitimate recambination is very poorly understood.
Extensive hamolgies are not dbserved at putative sites of
illegitimate recombination, although short (3 to 20 base pairs)
sequences of hamology are cammon (Ehrlich, 1989). Enzymes which
break and/or join INA such as INA gyrase (Marvo et al., 1983; Ikeda
et al., 1984), or MitH protein (Iahue et al., 1989) might be
important to recambinaticn by this pathway (Singer and Westlye, 1988;
Ehrlich, 1989).

It has been suggested that palindramic structures within the
deleted sequence might play a role in deletion formation by bringing
the deleticn endpoints more closely together (Glickman and Ripley,
1984; Schaaper et al., 1986), or by slowing the progression of
replication, thus allowing more time for slippage to occur {(Weston-
Hafer and Berg, 1989). Although palindramic structures are fournd
among the deletions recovered following 1,8-NONP treatment (for
example, Figure 35), palindromy within the deleted sequence is not
camon in this collection of deletions.

It has previously been suggested that the frequency of
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Fiqure 35. Structural intermediates for deletion formation.

This palindrome predicts the exact endpoints for the deletion (147-
269) which was recovered three times in this study. 'This structure
was initially proposed by Glickman and Ripley (1984).
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deletions increases when the repeats.are rich in G:C base pairs
(Singer and Westlye, 1988). To evaluate whether there was any
difference in G:C richness between sequences on either side of the
endpoints of deletion mutations recovered following 1,8-NONP
treatment, the mmber of G:C residues was determined within the first
7 base pairs on either side of the 3'-endpoint of each of the 35
deletions containing repeats. ©n the side of the endpoint containing
the repeat (or the majority of the repeat), 73 % of the sequence was
camprised of G:C residues; on the other side of the endpoint there
were an average of 50 % G:C base pairs (the average G:C richness of
the lacT gene is 56 %). In the context of the mechanism of 1,8-NONP-
induced mutation, this appavent bias might be explained by increased
levels of INA adduct formation within G:C rich versus A:T rich
sequences. As previcusly discussed, INA adduct formation might stall
replication, allowing more time for misalignment to occur. When
blockage of INA synthesis occurs within repeats, the misaligrment
could yield deletions. The relatively large 1,8-NONP-induced increase
in deletion frequency which were cbserved only in QM6114 (pKMLO1,
wrB”) might reflect the greater efficiency with which INA synthesis
resumes following slippage in the presence of the plasmid encoded
functions.

The endpoints of many deletions contain segquences which might
be nicked by enzymes involved in DNA replication and repair. For
instance, the 3'-endpoint of the deletion 351-394 (which does not
contain direct repeats), is at a 5'-GATC-3' sequence; this sequence
is the site of the MutH endoruclease activity during methyl-directed



mismatch repair (lahue et al., 1989). Similarly, the endpoints of
several of the deletions contain sequences which are very similar to
(though not identical to) the INA gyrase consensus sequence (5'-
RT*GRYC(T/G)Y-3' (* is the gyrase cut site) (Ehrlich, 1989)). 2n
example of this is the deletion -42-357 which does not have direct
repeats at its endpoints: the sequences 5'-AT*GGIGIC-3' (transcribed
strand) and 5'-AT*GGTIGC-3' (nontranscribed strand) are on either
side of the 5'-endpoint of this deletion. Each of these sequences
differs from the gyrase consensus seguence by anly a single base.
The presence of such sequences at deletion endpoints is consistent
with the notion that deletion formation can be stimilated by errors
in INA breakage-reunion reactions. Whether bulky INA adducts can
increase the frequency of these errors is a question that requires
much more experimental data.
3.4.5 Other mutations
A mmber of mutations other than base substitutions,

frameshifts, and deletions were recovered following 1,8-NONP
treatment. These include 193 +TGGC mutations and 63 ~TGGC mutations,
5 duplications, 3 camplex mutations and 2 tandem base substitutions.

Hotspot mitaticns (+IGGC and -TGGC) were recovered from all
strains treated with 1,8-NONP. However, all but 25 (19 +IGGC and 6
-TGGC) of these mutations were recovered in the uwrB' strains NR6112
and EF125. Since hotspot muitations constitute almost 70% of all
spontanecus mitations in the lacI gene, it is likely that the
majority of the hotspot mutations recovered following 1,8-NONP

treatment were also of spontanecus origin. However, it is possible
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that the presence of increased levels of INA adducts might stall
replication and/or destabilize the helix to such an extent that a
slight increase in the fregquency of same spontanecus mutations would
result. This would be an example of untargeted, or semitargeted
mitagenesis (Schaaper et al., 1987).

Only 5 duplications at 4 sites were recovered followirg 1,8-
NONP treatment. Two of the sites contain direct repeats at the
endpoints. Duplication 613-618 (found twice) has the sequence 5'-
GOGICTG-3' at each endpoint, and is also immediately adjacent to the
site of +IGGC and ~IGGC mutations (5'~TGECTGGCIGGC-3' at position
621-632). Duplication 695-714 contains the sequence S5'-CCATG-3' at
each endpoint. The observatinon that duplication endpoints contain
homologous sequences has been reported previcusly (Edlund and
Nordmark, 1981), and is consistent with a slippage mechanism for
duplication formation. Two of the duplications, at 345-505 and 863-
883, do not contain direct repeats or any other structural feature
which would suggest their origin.
3.4.6 Summary

The spectrum of mutations recovered from bacteria treated
with 1,8-NONP illustrates how the nmature of the local INA seguence
can influence the process of mutay nesis. A variety of mechanisms
have been proposed which are consistent with the cbserved mutational
specificity. These mechanisms emphasize different outcomes of
replication across from bulky DMA adducts. An important intermediate
in the proposed mechanisms is a stalled INA polymerase at the site of
the adduct. Resolution of this intermediate is likely to be
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modulated by the nature of the surrounding sequence, and the activity
of cellular errcr-prone repair functions. At least three types of
mrtation might be derived through such an intermediate: slippage of
the newly synthesized strand either one base, or several bases, would
be stabilized by sequences ccmplementary to the newly synthesized
primer strand, and would result in frameshift mitaticons and
deletions, respectively; incorporation of a wrong base without
slippage would yield a base substitution matation if the necessary
cellular functions were present to allow resumption of replication.

A mumber of other factors are likely to influence the
formation of mitations at a particular site. These include the
relative reactivity of bases within certain sequences; the ability of
sequences to stabilize extrahelical structures (both single bases and
large palindromes); the preference of base incorporation by &
polymerases; the susceptibility of bases incorporated opposite A
adducts to repair by the exorucleolytic (proofreading) activity of
A polymerase, or the mismatch repair system; and the influence (if
any) ofnﬂadductsontheacau'acyofenzymeswhichcleaveazﬁ
anneal INA.




4. CONCTISION
4.1 Summary

Nitropyrenes were initially identified as potential human
health hazards as a result of their potent, direct-acting
mrtagenicity in bacteria (ILofroth et al., 1980; Rosenkranz et al.,
1980). Since that time mmerous studies have investigated the
metabolism of these compounds; the INA adducts fommed; and their
mxtagemc:.ty in bacterial reversion assays (reviewed in Chapter 1;
Rosenkranz and Mermelstein, 1983; Tokiwa and Chnishi, 1986).
However, previous experiments have provided limited information
regarding the specificity of nitropyrene-induced mitation. The
results of the experiments reported in this thesis have directly
addressed the issue of mitational specificity. This data, in
conjunction with knowledge of the DNA adducts formed by 1,8-NONP,
provides insight regarding potential mechanisms of mutation. On the
basis of these studies, several conclusions can be drawn regarding
the acticn of 1,8-NONP in E. coli. The following points have been
discussed in detail in the main text of the thesis.

1) 1,8-NRNP farms a single major IMA adduct, and two minor
adducts. The major adduct is formed by reaction of the nitrenium ion
derived from 1,8-HANP with the C(8) position of 4G. One of the minor
adducts probably results from reaction with da, while the cother is a
product of dG or dC.

2) DMA adducts formed with 1,8-NONP are efficiently
recognized ard repaired by the uwwrdBC eximuclease. This results in an

214
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ex&amlylmirﬁucedmtaﬁonﬁequernymg.g@lismﬁswmmare
pmficientinem::isimrepair.

3) 1,8-MRP induces at jeast 3 different classes of mrtation
in the lacT gene of E. coli: frameshift mitations, base
substitutions, and deletions.

4)‘ Frameshift mitations occur primarily at G:C base pairs.
Itisli]celythatﬂleﬂameshiftsaretargetedbythemajord&—cw)—
ANPadduct;hc»:ever,thepossibi]itythatthemimrdGordCad&s;t
playsamleinmhiftmtagaﬁisca:mbeentimlyruledwt.
The distinctive specificity of 1,8-NoNP-induced frameshifts is
consistent with an nincorporation-slippage” model for frameshift
mrtation. 'nmsitsatvmimframeshiftsmrsuggestsmatsmeof
these mitations might also be templated by direct or inverted repeats
within flanking DNA sequences.

5) Basesxbstimtiorsarealsotargetedevents: while most
ofﬂmemtaticnsappeartobetargetedbyds-qs)-m,asmall
mm:erareljlcelytoocmrastmmﬂtofad&mtfomationondA.
Basesubstimtimmxtatimisstnmglyinfluencedbymepr&erneof
cellular error-prone repair functions. The most prominent base
smsdnmimmtatimsamG:c=>T:AtmrsverSims:misis
cmsisteritwithtt:emtimthatmlkynm1esiorzsarebypasseddt1ring
nmSyuttmmmthumeumrporatlmofadme

6) The endpoints of deletion matations contain d.u:ectly
repeated INA sequences. 'mesedataarennstoorsstentmﬂla
slippage model for deletion mitation. In same cases it is possible

that the formation of palindramic structures facilitates formation of
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the deletion intermediate. Deletion mutation might also be promoted
by the activity of enzymes which nick INA during replication and
repair.
4.2 Genotoxicity of Nitropvrenes in Mammalian Cells

There are practical reascons for studying mutaticnal
mechanisms. The cbservation that many mitagens induce tumors in
mammals (Ames, 1979) implies that IMA is a principal target for many
carcinogens. 2An important goal of mrtation research is to understand
the mechanisms through which chemicals interact with critical
cellular targets to pramcte tumor development, and to devise
appropriate strategies for detecting carcinogens. At the present
time bacterial mrtagenicity assays are part of the battery of tests
which are used to evaluate whether individual chemicals represent a
potential human health hazard. The results of such assays are likely
to be particularly relevant when a chemical acts in a similar manner
in bacterial and mammalian cells. Seveial lines of evidence suggest
that studies of the action of nitropyrene derivatives in bacteria
provide information which is pertinent to their genotoxicity in
mammalian cells.

1) In E. coli, three INA adducts are formed by 1,8-NONP.
All of these adducts are produced by the highly reactive nitrenium
ion (or rescnance stabilized carbenium cation) derived from 1,8-
HANP. 32p-Postlabelling studies in our laboratory have shown that
precisely the same pattern of adducts was observed in rabbit tracheal
epithelial cells which had been treated with either 1,8-ONP or 1,8-
NP (Norman et al., 1989a). In addition, dG—C(8)-ANP was the major
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DA adduct detected in rat mammary, mesentery, bladder, lung, Kidney
and liver following an i.p. injection with 1,8-INP (Norman, 1988).
These results suggest that the reactive intermediates which result
fram reductive metabolism of 1,8-INP in mammalian cells, and the
types of IMA lesions produced, are qualitatively similar to those
which are produced in E. coli by treatment with 1,8-NONP. Studies in
other laboratories have shown that a dG-C(8) product is also the
principal DNA adduct formed in rodents following administration of
radiolabelled 1,6~-INP (Delclos et al., 1987a; Djuric et al., 1988).

2) The tissue distributicn of IMA adducts resuiting from an
i.p. injection of 1,8-DNP has been examined in female CD rats
(Norman, 1988). Twelve hours after treatment, the levels of 4G~
C(8)-ANP in the mammary gland and mesentery tissue were shown to be
between 4 and 15-fold higher than in liver, kidney, lung, or bladder.
In addition, studies monitoring the kinetics of dG-C(8)-ANP removal
suggested that, in the mammary gland, this ONA adduct was relatively
more persistent than in other tissues (Norman, 1988). These results
correlate with the major sites of tumor formation following i.p.
injection of 1,8-DNP, which are the mammary tissue (mammary
adenocarcinama and fibroadenama) and the peritoneal cavity (malignant
fibrous histiocytama) (Kirg, 1988).

3) Maher and coworkers have examined the mitational
specificty of several campounds in mammalian cells using a shuttle
vector containing the supF gene as a mitational target. G:C => T:A
transversions were the most cammon mutation recovered in the supF

gene when a 1-NOP-modified shuttle vector was allowed to replicate in
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human cells (Yang et al., 1989). This correlates well with the
specificity of 1,8-NaP-induced base substitution in the lacI gene of
4) The ras family of oncogenes are known to be activated by
point mrtations in codons 12, 13, or 61 (Guerrerc and Pellcier,
1987). Activated ras genes have been detected in many different
tumors obtained from experimental animals (Guerrerc and Pellcier,
1987) and humans (Bos, 1989). Ochai et al. (1985) showed that a
fibrosarcama induced by 1,8-INP contained an activated K-ras gene;
the activating mutation was shown to be a G:C => T:A transversicn at
codon 12 (Tehira et al., 1986). This is consistent with the most
camon type of base substitution mutation recovered in E. coli
following 1,8-NONP treatment.
4.3 The Analooous Biclogical Activity of Nitropyrenes and Arocmatic

Amines

As discussed in Chapter 2, nitropyrenes and aromatic amines
are very similar in certain aspects of their metabolism (i.e. N-
hydroxy arylamine derivatives are cammon metabolic intermediates)
(King, 1988), and in the nature of the INA adducts which are formed
(Beland et al., 1983; Beland and Kadlubar, 1985; Andrews et al.,
1986; Norman, 1988; Norman et al., 1989a). The studies reported in
this thesis, along with several studies which have examined the
mitational specificity of arylamine derivatives, provide evidence
that the dG-C(8) adducts formed by nitropyrenes also produce
mrtations similar to those induced by ar.ylammes in bacteria. InE.
coli, frameshift mutations and G:C => T:A transversions are the most



comon mutations induced by the arcmatic amine derivatives AAF
(Miller, 1983; Koffel-Schwartz et al., 1984) and AF (Bichara and
Fuchs, 1985), as well as the nitropyrene derivative 1,8-NONP.

There is also evidence that nitropyrenes and aramatic amines
have similar effects in mammalian cells. In cultured human 293 cells,
the dG-C(8) adducts produced by either AF or 1-NOP yielded the same
type of mutation, G:C => T:A transversions, in the supF gene (Yang et
al., 1989). In CHO cells the level of 4G-C(8) adduct formation by
AF, N-hydroxy-N'-acetyl-benzidine and 1-NOP each correlated stxrongly
with the induction of gene mutations and sister chromatid exchanges
(Heflich et al., 1986). G:C => T:A transversions have been detected
in activated ras oncogenes recovered from tumors induced by either
AAF (Wiseman et al., 1986), or 1,8-INP (Ochai et al., 1985; Tahira et
al., 1986). In addition, it is well established that both
nitropyrenes (section 1.1.3) and aramatic amines (Clayson and Garner,
1976) are capable of inducing tumors in experimental animals. The
striking similaties between the two groups of chemicals have import-
ant implications since arcmatic amines are recognized to be human
carcinogens (Clayson and Garner, 1976; Parkes, 1976; King, 1988).

4.4 Concluding Remarkss

studies of mitagenesis in S. typhimurium and E. coli have
been central to ocur present understanding of the mechanisms by which
mrtagens interact with [NA to produce heritable charges within the
gencme (Diake and Baltz, 1976; Friedberg, 1985; Eisenstadt, 1987).
These bacteria, and their phages, have proven to be particularly well
suited to genetic analysis. Moreover, the availability of well
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characterized mutants (defective in specific cellular functions such
as INA repair, recambination etc.) has allowed workers to evaluate
how cellular processes influence mitagenesis. We know mich less
about the mechanisms of mammalian cell mutation. The analysis of
muitation in mammalian cells is slower and more cumbersame than in
bacteria, and is hindered significantly by a lack of knowledge
regarding the influence of cellular factors in mitagenesis. The
recent development of techniques which allow forward mutations to be
clened and secuenced has made it possible to determine the
specificity of spontanecus or induced mutation in both prokaryotic
and eukaryotic cells. The direct comparison of the mutational
specificity of mitagens in different organisms will provide future
cpportunities to evaluate the similarities and differences between
the mechanism of action in these organisms.

To date, a variety of experimental systems have been used to
examine the mutational specificity of a relatively small nmumber of
prototypic mitagens. It is likely that additional information can be
cbtained from studies which use a single mutaticonal target to examine
the specificity of several different mutagens. In this context, the
data presented in this thesis provide a detailed description of the
mtations induced by a mutagen (1,8-NONP) which has not previcusly
been studied at the INA sequence level. Since the lacl gene is
currently used in several laboratories for mutation studies in both
bacteria (Gordon et al., 1988a) and mammalian cells (DuBridge and
Calos, 1988), the 1,8-NONP data contribute to an expanding and
important data base.



Appendix 1
The following table shows the results of the genetic,
oligonuclectide probing, and INA sequencing experiments which
characterized the lacI™ mutations recovered following 1,8-NONP
treatment of E. coli strains NR6112, EE125, NR6113, and aM6114. Those
mitants which contained +16GC or -TGGC mitations are not included.
Legend
CSHS2: The colour of CSHS2(F'lacT™) sexductants on XGal plates- B,
park blue (Dominant mtations): b, light blue; w, slightly blue; W,
white (recessive mitations).
Su3, SuB, SuC: The suppressibility of lacl™ nonsense mrtations by
glutamine (SuB) and tyrosine (Su3, SuC)- W, white (suppressed); w,
slightly blue; b, licht blue; B, Dark blue (not suppressed) .
Prcbing: The results of oligumicleotide prabing studies. WI: the
wild-type probe (position 617-636) hybridizes to DA cbtained from
lacI™ mitants. MINUS: None of the three oligomiclectide probes
(wild-type, +IGGC, or ~TGGC) hybridizes with laci™ IXA.
Mapping: The results of deletion mapping. The primer which was used
to initiate INA sequencing is shown. P1, position 148-161; F2, 302-
315; P3, 450-463; P4, 604-617; PS5, 745-758; PS6, 901-914; P7, 1049-
1062; PL, universal primer. Matants which were daminant in CSHS2,
and mapped to P1/P2 were sequenced with primer PIC, position 215-228.
Designation: DNA sequencing results. For frameshift mrtations the
position dencted is the most 3' in a contiguous run. NG, not

characterized; NR, not recovered.
221
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I.1) NR6112 Mutations
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Designation

Deletion (?-974)
c(104) = T

-A{190)

R

Duplication {695-714)
-G(525)

NR

Deletion (147-269)
-G(577CS78)
-G(843)

G(111) = A
Deletion (454-796)
NR

-A(190),

NR

G(437) = T
Deletion (147-269)
Deletion (351-394)
—C(485)

c(186) = A

NC

Deletion (331-350)
-A(190)

-C(493)

Deletion (917-969)
Deletion (418-425)
-C(175)

Deletion (-88-78)
-G(919)

G(222) => A

NR

C(210) = A
-G(972)

—C(745)

-G(843)

G(783) = A

NC

+C(604)
-C(252G253)
~A(1010)

G(180) = C

c(s4) = A
-G(343)

NC

-G(160)C(161)

NR

Deletion (267-282)
MR
Deletion (339-357)
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Designation

© K158 W B B B Wr P1/F2  A(189)AC => GOCC
K159 W B B B W P5 —G(783)

K160 B B B B Wr PS5 MR

K166 W B B B Wr P6 peletion (Y17-969)
K172 w B B B Wr P1/P2  -A(139)

K173 W B B B WI PS -C(591)

K174 W B B B W P6 —c(988)

K175 W B B B Wr P6 -G(811)

K176 W B B B WI P6 -A(898)

K177 W B B B WL P1/F2  —C(229)

K181 W B B B W PS -G(919)

K183 W B B B W PS5 ~C(485) /A(483) => G
K184 W B B B wr P3 peletion (306-316)
K185 B B B B W PL/B2  —C(92)

K187 B B B B Wr P1/P2  -C(175)

K188 W B B B WI P6 Deletion (776-815)
K191 W B B B W P5 Duplication (613-618)
K193 W B B B W PI/P2  -G(222)

K194 W B B B W PS -G(561)

K195 W B B B WL F1/P2  4C(92)

K199 W B B B W P65 -G(843)

K201 W B B B W F3 ~G(413)

K203 W B B B W P1/P2 MR

K205 W B B B W P1/P2  -G(222)

K207 W B B B WL PL/P2 Deletion (267-282)
K209 W B w b WE. P6 C(867) =>A

K210 W B B B WL P6 Deletion (788-796)
K213 W B B B WL P6 NC

K214 W B B B WI Pl/P2  Deletion (267-282)
K217 B B B B WT PL/P2  G(93) => A

K218 W B B B Wr P6 Deletion (943-969)
K219 W B B B W Pl/P2 Deletion (301-423)
K225 W B B B WP Pl/P2 Deletion (301-423)
K228 W B B B MINUS P1/P2 MR

K239 w B B B W Pi/P2 Deletion (147-269)
K244 W B B B W P7 -G(919)

K245 B B B B Wr PI/P2  -G(242)

K247 W B B B WD Pi/P2 Deletion (267-282)
K248 B B B B W PI/F2  G(65)C(66) =>AA
K252 B B B B WI P1/P2  —C(175)

K257 W B B B WL P5 -G(588)

K258 W B B B W P6 -G(783)

K260 W B B B Wr P6 NC

K262 W B B B WD P5 -G(811)

V4
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I.2) EE125 Mutations

Mutant CSH52 Su3 SuB SuC Probing Mapping Designation
L3 W d B nd Wr b6 NC
18 w B W W W PL/F2 C(49) = A
is W B B B WT L NC
Lio W B 3 B WI P7 c(928) = A
L1l W B B B WI P4 ~G(515)
112 W W B B WT 6 G(803) => T
113 W B B B MINUS 5 G(623) => T
124 B B B B WT F1/P2 C(150) => A
115 W B B B Wr Ps A(1013) = C
Lis W B W W Wr 27 C(993) => A
117 B B B B WI P1/F2  +G(134)
118 W B B B WP P7 -G(843)
19 W B B B Wr P6 NC
121 w B B B Wr 7 NC
122 W B B B WL Pe -G(927)
125 W B B B Wr P1/P2  -C(245)
126 W W b b WI 7 NR
127 W B B B wr 5 =G(677)
31 W B B B Wr FL NC
132 W B B B WE P1/P2 G(487) = 1
133 W B B B WE P1/P2  -C(245)
134 W B B B Wr 6 NC
L36 W B B B Wr P4 ~G(525)
137 B B B B WI F1/P2 1TS54 =>G
L3s B B B B WI PL/F2 T72=>1A
140 W B B B MINUS PL/F2 MR
145 W B B B W ) 25 C(693) = A
146 W B B B WT P1/P2  +A(187)
147 W B B B Wwr P6 C({834) => A
I48 W B B B MINUS P1/P2 KR
150 W B W W Wr Pi NC
154 W B B B WI P6 NC
156 b B B B WT P6 NR
I59 B B B B WL P1/P2 G(107) => A
150 B B B B W PI/F2 C(57) = A
153 w B B B WT P6 G{842) => T
L70 W B B B WT PS Duplication (613-618)
L3 W B B B WT P1/P2 Deleticn (143-329)
75 W B B B WT P6 RC
180 W B B B WI P/P2 NR
183 B B B B WI P1/P2 C(90) => A
184 W B B B WT PL NR
188 B B B B Wr Pl/P2 TS54 =>C
1389 W B B B WT P6 NC
150 B B B B WI P6 KR
185 W B B B WI P3 ~C(385)
186 W B B B W P1/F2 Deletion (267-282)
189 B B B B WP P1/P2  G(S53) => T
Lioo B B B B Wr PS5 KR
1102 W B B B WT P3 Deletion (331-350)
1105 B B B B W P1/P2

G(93) = T
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Mutant  CSHS2 Su3 SuB SuC Probing Mapping  Designation
1106 W B B B WL 3 —C(427)
1107 W B B B W P3 —c(391)
1108 B B B B wr pI/P2  G(53) = T
1109 W B B B W P6 NC
1110 B B B B W PI/P2  —C(92)
L111 W B W W Wr PL c(993) => A
1112 W B W W W P6 G(857) = T
1115 W B B B W PI/P2  C(228) = A
1117 W B W W W o) G(326) = T
1118 B B B B Wr pPI/P2  C(57) => A
1120 b b b b W PL/P2 G(158) => T
1121 W B W W W P7 c(867) => A
1122 W B B B WL PL NC
1123 W B B B W PI/P2  -G(242)
1124 B B B B W PL/F2  G(116) = T
1125 B B B B W PL/F2 G(93) = T
1126 W B B B WL Pi/P2  C(228) = A
1127 B B B B W PL/F2  —C(92)
1128 W B B B Wr P1/P2 Deletion (250-353)
1129 W B B B W P7 ~A(1010)
1130 B B B B WL P1/P2 G(185) => A
1131 W B B B WP P4 -C(493)
1132 W B B B W P6 G(1005) = T
1133 W W W W WP P6 G(731) = T
1134 B B B B WL PI/P2 G(185) = C
1135 B B B B WT PL/P2  G(93) = T
1137 W B B B W - b6 G(783) = T
1238 b W b b W G(158) = T
1139 W B B B WP PI/P2 Deletion (250-353)
1140 B B B B Wr PI/P2  ~C(92)
1141 B W b b WD PL/F2 C(104) = T
1142 W B B B W 7 ~A(1.010)
1243 W B ‘B B WT P6 G(842) = T
1145 W B B B W o) -C(391)
1146 B B B B Wr PI/F2  —C(92)
1148 W B B B W PS5 ~C(591)
1149 W B B B Wr P6 -C(745)
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I.3) NR6113 Mutations
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Designation

~C(694)
MR
-G(735)

NC
Duplication (345-505)
~G(677)
—-G(422)

- (235)
—c(92)
c(260) = T
-G (794C795)
-C(245)
~C(175)

NR

—C(235)
—-G(919)
-C(92)
-G(413)
G(842) => A
~G(735)
-G(851)
-G{783)
Deletion (~42-357)
—3(972)
-G(422)
-G(957)
~C(515)
G(782) => T
-G(972)
—G(919)
-G(664)
-G(143)
c(s84) = A
—G(588)
-G(919)
-C(109)
~-G(413)
—C(459)
-C(92)
c(104) = T
-G(S88)
-G(391)
-G(919)
G(776) => C
—G(677)
-C(493)
-G(919)
-G(811)
—C(245)
-G(919)



Mutant CSHb2
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Designaticn

~G(149)
~C(235)
—~C(493)
-G(927)/-G(932)
-G(677)
—(92)
Peletion (272-377)
—C(493)
+A(139)
~G(413)
-G(919)
-G(811)
—C(493)
-c(235)
~c(113)
-G(677)
-G(751)
MR
~C(493)
G(702) => A
-G(795C795)
-G(919)
~G(843)
NC
~G(473)
-G(300)
-C(304)
—¢(300)
-C(92)
~G(919)
-G(413)
—c(92)
-G(783)
-G(149)
—C(92)
-G(688)
-G(783)
-G(201)
~C(245)
—G(413)
-(537)
-G(919)
~G(688)
-C{879)
-C(92)
—G(677)
-G(783)
—C(879)
-¢{988)
~G(391)
G(116) = T
-G(201)
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Murtant CSHS2 Su3 SuB SuC Probing Mapping Designation
M5 W B B B WT 5 -G(957)
Miie B B B B WT P1/P2 G(56) == A
mi7 1% B B B Wr Ps ~G(735)
M118 W B B B WT P5 -G(735)
M9 B B B B WT P1/P2  —G(201)
M120 W B B B Wr PS -G(588)
Mi22 W B B B Wr oc -5413)
M123 W B B B WT PS ~G(677)
M126 W B B B WT P6 -G(735)
Mi28 B B B B WT F1/P2 G(140) => T
M129 b B B B W Pl/P2 —C(113)
M130 B B B B WT PI/P2  -G(143)
M131 W B B B WI P6 -G(783)
M132 W B B B WI P -G(919)
M133 B B B B WD P/P2  -G(143)
M134 W B B B WwT P6 -C(988)
M135 W B B B WT P -G(359)
Mi36 W B B B W » -C(493)
M138 B B B B WI P1/P2 -C(186)
M139 B B B B WT PI/P2  —G(143)
M40 W B B B WD P6 -G(811)
M141 14 B B B WT F1/P2  ~C(245)
M142 W B B B W P3 RC
M43 W B B B Wr B3 NR
M144 W B B B W P1/P2  -C(245)
M145 W B B B WT PL NC
M146 W B B B WI P ~G(422)
M47 B B B B wr PI/F2  -G(143)
M149 W B B B WL P6 -G(919)
M150 W B B B WT P -G(437)
M151 W B B B Wr Ps G{842) = A
M152 b B B B Wr PG NR
M153 W B B B Wr Pe -G(919)
M155 B B B B Wr P1/P2 -G{201)
MlSe W B B B MINUS s NR
Mis8 B B B B Wr P1/P2  G(93) => A
M160 B B B B Wr P1/P2 ~C(186)
Ml6l W B B B WL Ps -G(919)

i\



Mutant CSH52

N1

N2

N3

N4

N5

N6

N7

N8

N9

N10
Ni1
N12
Ni3
Nld
N15
N16
Mz
Nis8
L)
N20
21
N22
N23
N24
25
N26
N27
Nz28
N29
N30
N31
N32
N33
N34
N35
N36
37
Nig
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N40
N4l
42
N43
N44
N45
N46
N47
N48
N49
N50
N51

:azwzzswwwzzu‘swsszzwzwzmzzzzmmzswzzwmzzzsawsswzz::ssw

I.4) 6114 Mutations

229

Su3 SuB SuC Proving Mapping Designation

B
B
B
W
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
b
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
W
B
B
B
B

wmwwwwwmwmwmzwmwmmwmwwwuwb‘wmwwwwwwmwmzwmwwmwwmmﬂmww

w

B
B
W
B
B
B
B
B
B
B
B
B
W
B
B
B
B
B
B
B
B
B
B
B
b
B
B
B
B
B
B
B
B
B
B
B
B
W
B
B
B
B
B
B
B
B
B
B
B
B

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁEﬁﬁﬁﬁfaﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁf;

3353'8Egggsssﬁm'&R?gsssﬂgxfgﬂsgﬂRssxgxsm82%%52%'&832?%

KR

—G(413)

NC

c(959) = T
=G{677)

NC

NR

-C{591)

—-C(245)

-C(202)

Deletion (267-282)
c(528) => A
-C(879)

G(341) = T
Deletion (267-282)
NR

-¢(92)

-G(919)

-G({300)

G(200) => T
-G(811)

-(493)

Deletion (187-189)
-C(92)

-C(745)

C(258) => A
-G({588)

-G(919)

~C(92)

-G(972)

A(81G82) => TT
Deletion (267-282)

NR

Deletion (267-282)
NR

-G(919)

-G(783)

G(381) = A
G(677) = T
G(222) == T
—G(300)

-C(245)

~T(172)

T(195) = A
-C(92)

Deletion (929-943)
Cc(318) = A

HR

-C(186)

NR

C(795) => A
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Miatant CSHS52 Su3 SuB SuC Probing Mapping  Designation
N52 W B B B WL P6 -G(758)
N53 B B B B W PL/P2  -C(92)
N54 W B B B W P6 C(750) = A
N55 B b B b WL PL/F2 G(143) => T
N56 W B B B W F3 -G(391)
N57 W B B B WT P6 —C(879)
N59 W B B B WD P4 ~¢(591)
N60 b B B B WT PI/E2  -C(109)
N61 W B B B WI P6 -G(758)
N62 W B B B WL P6 -C(879)
N63 B B B B Wr PI/P2  —C(92)
Ne4 W B B B W P4 —C(493)
N65 W B B B WT P7 —G(919)
N66 W B B B WL P7 NC
N67 W B B B Wr P6 —C(745)
N69 w B B B WI 6 c(750) => A
N70 B B B B W F1/B2 C(104) = A
N71 W W B B W P6 T(939) = A
N72 W B B B W P1I/P2  -G(391) (T(367) => A)
N73 W B B B WL P6 Deletion (929-943)
N74 b B B B i F1/P2 G(221) = T
N75 b B BE B W PI/F2  -G(134)
N76 W B B B W P6 —C(879)
N78 W B B B WI P6 -C(745)
NS0 B B B B WI PI/F2 ©€(75) = A

" B B B B W P1/P2  C(80) => A

Na2 B B B B WT P1/P2 NC
N83 W B B B WL Pi/P2  —C(235)
N84 B B B B WT PI/F2 C(174) = G
N=5 B B B B W PI/P2  -G(201)
N86 B B B B W P1/P2  -C(92)
N8? b B B B W FI/F2 KC
N88 W B B B W P1/F2 -C(235)
N39 W B B B W F1/P2  -C(113)
NS0 W B B B WI P1/P2 =C(235)
N91 b B B B Wr P1/P2 ~G(134)
N92 W B B B W P4 -C(591)
N93 W B B B W P6 -G(735)
N94 B B B B W PI/P2  C(270) = A
N95 B B B B W P1/P2  —C(67)
N96 W B B B WL P7 -G(972)
N97 W b B b W P1/P2  C(258) = A
N98 W B B B W P6 -C(879)
N99 W B B B Wr P -C(496)
N100 W B B B W P4 -C(591)
N2 W B B B W P7 -G(972)
N102 B B B B W P1/P2 G(185) = T
N103 W B B B WP P4 c(528) = A
N104 B B B B Wr F1/P2 A(203) = T
N105 B B B B WT PI/F2 -C(175)
N106 b B B B W P1/F2 -G(134)
N107 W B B B WL P6 -C(745)



Mutant CSHS2
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Designation

G(537) == A
=C({113)
c(92) => A
-C(245)
C(186) => A
Deletion (339-357)
C(57) => A
-G(919)
G(221) = 7T
NC
-C(745)
NR
-C(235)
G(116) = T
C(186) => A
MR
—(493)
=C(745)
C(210) => A
-C(252)G(253)
—(745)
-3 (898)
—G(972)
AQQi0) = T
G(326) = T
T(89) = A
—(493)
+G({134)
=-C{175)
~G(577C578)
-G(919)
—(175)
G(731) = T
-G(957)
G(341) = T
-£(892)
~G(985)
=C(493)
C(867) => A
C(693) => A
-G(681)
Deletion (828-837)
=C{515)
G(83) =T
A{102) = T
G(783) = T
Deletion (980-1022)
C(120) => A
C(210) => A
HR
G(341) = T
C(795) => A



Mrtant CSH52

N165
N166
Nie7
Nieg
N169
N170
N171
N172
N173
Ni74
N175
N176
N177
N178
Ni79

Nig1
N1g2
Nig3
Nig4
Ni85
Nige
N187
Ni88
Nig9
Ni90
N191

N193
N194
N195
N196
N157
N198
Nz200
N201
N202
N203

N205
N206
N207

N210
N211
N212
N213
N214

N216
N217
N218
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Designation

Duplication (863-883)
c(318) => A
-C(304)

NC

G(143) = T
~C(92)
-G(588)
-G(671)
c(80) = A
—C(745)
G(341) = T
G(221) = T
NC

-G(391)
C(174) => A
-G(919)

2134
A(896) => T
-G(919)

NR

~C(889)
C(90) => T
-G(143)
c(318) = A
c(75) = A
G(843) => T
-G(783)
—C(252G253)
G(843) = T
c(867) => A
NR

—C(879)
G(86) => C
-G(422)
-G(422)
—(879)
G(143) = T
NR

-C(113)
-C(92)
-C(1012)
C(993) = A
G(518) = T
-G(783)
~G(919)
C(92) => A
~C(188)
C(169) = A
G(134) => T
c(80) => A
C(210) => A
-G(843)



E
;
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Nz224
N225
N226
N227
N228
N223
N230
N231
N232
N233
N234
N235
N236

N237 .

N238
N239
N240
N241
N242
N243
N244

zszz::mssszmwzszzzwmmﬂszmzw

e L L L L LR LL L A e

e T L LR L L L L E

::wwmwﬂmwmwmzmmmu‘mmmmmwmmmm g

s5555355555595985399949555% g
3?333533?3%%333335%5%3353% §

233
Designation

C(120; = A
-G(985)
c(66) => A
~(735)
—C(745)
~C(304)
c(174) = A
G(201) = T
G{(201) == T
C(750) == A
Cc(867) = A
-G(919)
Deletion (917-9569)
—G(783)
G(59) = T
C(57) == A
—C(879)
-C(493)
-G(783)
-G({919)
C(210) => A
-C(879)
-C(745)
-G(919)
-C(493)
C(318) = A



Appendix 2

THE MUTATIONAT, SPECTFICITY OF AF2 TN THE TACT GENE OF E.QOIT

I1.1 INTRODUCTTON

Following Werld War IT S-nitrofuran derivatives were
extensively used as antibacterial and antiprotozoal agents in human
ard veterinary medicine, and as food preservatives and additives
(Bryan, 1978). In recent years, widespread use of 5-nitrofurans has
been curtailed due to increasing evidence that several of these
capourds are both mitagenic and carcinogenic (Tazima et al., 1975;
Cohen, 1978; McCalla, 1983). One of the most potent nitrofuran
derivatives in terms of mtagem.mty is 2-(2~furyl)-3-(5-nitro—2-
furyl)-acrylamide (AF2) (Figure 36). This campound was used
extensively in Japan as a lmman food preservative from 1966 until it
was banned in 1974 following demonstration of its carcinogenicity in
several rodent species (reviewed in Cchen, 1978, Tazima, 1979).

Reduction of the nitro moiety of S-nitrofurans appears to be
required for biological activity (McCalla, 1983). In both bacteria
(Asnis, 1957; McCalla et al., 1970, Abraham et al., 1984) and
mammalian cells (Wang et al., 1974, Swaminathan and Lower, 1978;
Rutcher and McCalla, 1984; Mattamal et al., 1985) reduction is
facilitated by two types of nitroreductases: those which are oxygen-
insensitive and catalyze transfer of two electrons to the nitro
moiety; and those which catalyze the transfer of 1 electron and are
are inhibited by exygen. Aminofurans and open chain nitriles have
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Figure 36. Structures of S5-nitrofuran derivatives.
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been isolated as nongenotoxic endproducts of nitroreduction
(Swaminathan and Iower, 1978, McCalla, 1983). Transient nitroso,
hydroxylamino and open chain acrylonitrile derivatives are believed
to be intermediate in the formation of these products (Abraham et
al., 1984; Vroomen et al., 1988). Neither the INA reactive species
nor the resultant A adducts have been identified despite concerted
efforts on the part of several laboratories. Recently, studies with
furazolidone (Figure 36 ) have shown that the principal
mercaptoethanol and glutathione comjugates are derived from reacticn
of the acrylonitrile intermediate (Vroomen et al., 1988). When
administered to S. typhimmrium tester strain TA100 the
mercaptoethanol conjugate was faund to be mitagenic, suggesting that
the same reactive species might also form INA adducts (Vroomen et
al., 1988).

In bacterial mutagenicity tests, S-nitrofurans are active
base substitution mitagens. Nitrofurans induce reversion of E. coli
trpA~ (McCalla and Voutsines, 1974) and S. typhimrium hisG46 strains
(McCamn et al., 1975). Mutation induction in E. coli is dependent on
the induction of cellular error-prone repair (SCS) functions (Bryant
arnd McCalla, 1980), while reversion of S. typhimirium tester strains
is increased markedly in strains comtaining plasmid pRM101 (McCann et
al., 1975; Green et al., 1977). ‘The nitrofuran-induced mutation
frequency is low in wrt bacteria relative to ctherwise isogenic
strains which are deficient in muclectide excision repair capability
(Yahagi et al., 1974; McCalla and Voutsinos, 1974; In et al., 1979).
The cbservations that the mxtagenic potency of nitrofurans is



increased by the activity of SCS functions, and diminished in strains
which are capable of carrying ocut muclectide excision repair suggests
that S5-nitrofurans form DNA adducts which: 1) are recognized and
repaired by the urABC eximuclease; 2) act as an impediment to
progression of the replication fork; and 3) can be bypassed in the
presence of functions which diminish the fidelity of replication.
Studies of the specificity of forward mutation have been
important in delineating potential mechanisms of mutation (Miller,
1983), and can provide information regarding the possible nature of
the premitagenic lesions (Schaaper et al., 1987). In order to obtain
a greater understanding of nitrofuran mutagenesis we have determined
the precise INA sequence changes induced by AF2 in the initial 180
base-pairs of the lacI gene of E. coli. The system used in these
experiments is sensitive to several classes of mrtation including
base substitution, frameshift, deletion, insertion, and duplication
(Burns et al., 1988a; 1988b; Schaaper, 1988).
I1.2 MATERTATS AND METHODS
Strains and Media. E. coli strains NR3835: (F'lacpro; a(prolac) ara
thi trpE9777); NR3951: , (bio uvrB) derivative of NR3835; and TC3960:
plasmid pKM101 derivative of NR3951 were used for mutagenic
treatment. The F'lacpro in these strains carry the IR (lacl)
(Muller-Hill et al.,1968) and 18 (lacZ) (Scaife and Beckwith, 1966)
promotor mrtations. TC3960 was constructed in cur laboratory by
conjugal transfer of the plasmid pkM101 from S. typhimurium TA98 to
NR3951 as described by Walker (1977). Media and strains used for

cloning and mapping lacI™ mitants have been previcusly described
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(Chapter 3; Miller, 1972; Coulondre and Miller, 1977a; Schaaper et
al., 1985).

AF2 Treatment. The treatment and selection procedures have been
previcusly described (Burns et al., 1986; Burns et al., 1987).
Multiple overnight cultures of the appropriate E. coli strain were
started from single colonies. The following morning the cultures
were diluted into fresh I8 medivm and grown to mid-log phase at which
point the bacteria were pelleted by centrifugation and resuspended in
Vogel-Bormer salt solution. AF2 (Abbott Laboratories), dissolved in
MSO, was added to a final concentration of 0.05-25 M, and the
cultures were incubated for 20 mimites at 37° €. Following treatment
the cells were pelleted, washed, and appropriate dilutions of
resuspended cultures were immediately spread on LB plates to
determine survival, and on minimal plates supplemented with phenyl-g-
D-galactopyranoside (PGal) (Research Organics Inc.) to select lacI™
mrtants. PGal is a non~inducing substrate for p—cgalactosidase: when
supplied as the sole carben source, anly cells which constitutively
express p-galactosidase (lacI™ and 1acOC mitants) will form colonies.
Plates were incubated at 37° C for 16 hours (LB plates) or 3 days
(FGal plates). The short period of exposure to AF2 in buffer,
followed by direct plating onto selective medium ensures the
independence of the AF2-induced mutants. Mutant colonies were
isolated fram the PGal plates and mutations occurring within the
initial 180 base-pairs of the lacI gene were identified by a simple
daminance test (Chapter 3; Miller, 1972); these mitants were selected

for DNA sequence analysis.



239

Cloning and Sequencing. The lacI™ mitations were cloned by in vivo
recanbination from the F'lacpro episamal factor onto a specially
constructed M13 vector mRS81 (lacTtlacZ,”) as described by Schaaper
et al. (1985). Recambinant (lacI~lacZ;*) progeny were selected as
blue plaques on an indicator E.coli strain plated on medium
containing 5-bromo-4—chloro-3-indoyl-g-D-pyrancgalactose (XGal)
(Research Organics Inc.). Following purification and amplification
of the recambinant phage, the single-stranded INA of the mature virus
was prepared by extraction with phenol/choroform/iscamyl alcchol
(25:24:1). DNA sequence was determined by the dideoxy chain
termination method (Sanger et al., 1980) using appropriate synthetic
oligomuclectides (14-mers) as primers (Central Facility of the
Institute for Molecular Biology and Biotechnology, McMaster
University, Hamilton).
Other Methods. The stability of INA secondary structures was
examined using the computer program devised by Zuker and Steigler
(1581) . The thermodynamic parameters used for the prediction of
duplex stability have been described recently by Freier et al.
(1986) .
II.3 RESULTS

The response (survival, and mitation to lacI™) of NR3951,
TC3960, and NR3835 to increased doses of AF2 was determined as
described in Methods and Materials. The ID3; of AF2 was 0.65, 0.75
and 9.0 pM in NR3951 (yuvrB), TC3960 (yuvrB, pKMIOl) and NR3835 (wild
type) respectively. The induced lacl™ frequency at the ID37 in these

experimmtswas?XlO‘Gintlmemisionrepairpmficientsti:ain :
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NR3835, 50 X 1076 in NR2951, and 2300 X 1076 in TC3960.

IacT™ mitants were selected from TC3960 following AF2
treatment at a concentration of 1 M. The average mutation frequency
in the selecticn experiments was 1900 X 107% at 20 % swrvival. This
represents an increase of 310-fold over the spontanecus mutation
frequency (6 X 1075).

Although the lacl gene contains more than 1000 base pairs,
mutations selected for DA sequencing were limited to the initial 180
base pairs of the gene which encode the INA binding demain of the
lactose repressor. Mutations within this region (Qc_:;'d) are
daminant to lacI' and can therefore be identified by a simple genetic
test (Miller, 1972). The N-terminal region of the lactose repressor
is extremely sensitive to base substitution mutations: DA
sequencing of several thousand lacI™ mutations (Schaaper and Dunn,
1987; Schaaper, 1988; Gordon et al., 1988a; Glickman et al.,
unpublished results), in addition to previcus studies of nonsense
suppression (Miller, 1978), have shown that at least 140 different
base substitutions yield the lacl™d phenctype including 17 A:T =>
G:C, 22 A:T => T:A, 21 A:T => C:G, 23 G:C => A:T, 23 G:C => C:G, and
34 G:C => T:A sites, This represents over 50 % of all base
substitution sites that have been found in the entire lacl gene. The
INA binding damain is also extremely sensitive to deletions,
duplications, and frameshift mutations (Burns et al., 1988a; 1988;
Schaaper, 1988). '

1acT™9 mutations camprised 44 $ of the AF2-induced mutants
selected from TC3960. Taking into account the cbservation that less
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than 15% of spontanecusly arising lacI™ mitations are dominant
(Schaaper et al., 1986; Halliday and Glickman, in preparation), it
follows that AF2 increases lacI @ mutations by about 900-fold (310 X
44/15) over the spontanecus frequency.

A total of 165 lacI™2 mutants were characterized by DONA

sequence analysis (Table 28). Eighty-eight percent of the lacTd
mitations recovered following AF2 treatment were base substitutions.
A detailed description of the base substitutions is given in Tables
29 and 30. Transversions cutmumbered transitions by about 2:1. Of
the 145 base substitution mutations characterized, 92 % occurred at
G:C base pairs. These included 76 G:C => T:A transversians, 49 G:C
=> A:T transitions, and 10 G:C => C:G transversions.

More than cne type of base substitution was recovered at
eleven G:C sites (positions 56, 57, 75, 80, 84, 92, 93, 174, 178,
185, and 186). Mutations at these 11 sites accounted for 94 of the
135 base substitutions which occurred at G:C sites. The other 41
base substitutions involving G:C base pairs were reccvered at 17
different sites. At 11 of these (positions 53, 65, 66, 134, 143, 147,
150, 169, 188, 191, and 206) the type of base substitution which was
recovered is the only type of substitution known to yield a phenotype
capable of growth on FGal medium. Six of the G:C sites where only a
single type of base substitution was recovered (positions 116, 120,
140, 197, 198, and 201) are known to produce a selectable phenctype
by more than cne base substitution pathway.

A small mmber of base substitutions were also recovered at

A:T base pairs. These included 9 A:T => T:A transversions, and 1 A:T
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Table 28. Distribution of AF2-induced mitaticns by class

Mutation Occurrences
Base Substitutions 145
Transversions
G:C => T:A 76
G:C = C:G 10
T:A => A:T 9
Transitions
G:C = A:T 49
T:A => C:G 1
Frameshifts 11
Camplex 5
Tandem Base Subst. 2
Deletions 2
Total 165

Values are the mmber of independent occurrences of each type of
mtation.
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Transversions induced by AF2 within the first 180 base
pairs of the lacl gene.

Base Pair Site? OCoccurrences Amino acid Sequence®
Change Change
G:C => T:A 53 1 GIC (Val) TIC (Fhe) CGAT G ATGT
57 18 GCA (Ala) GAA (Glu) CICT G OGAC
66 3 GCC (Ala) GAC (Asp) ACOG G CATA
75 2 TCT (Sex) TAT (Tyr) ATAA G AGAC
80 3 CAG (G1n) AAG (Iys) GICT G ATAA
84 6 ACC (Thr)  AAC (Asn) AACG G TCIG
92 3 OGC (Arg) AGC (Ser) ACGC G GGRA
93 3 oGC (Ary) CIC (Leu) TCCC G OGTG
116 3 GIT (Val) TTT (Fhe) CCAC G TTIC
134 2 SAA (Glu) TAA (Ochre) GOGG G AMAA
143 1 GAA (Glu) TAA (Ochre) AGTG G AAGC
147 1 GG (Ala) GAG (Glu) OGCC G CTIC
150 4 GOG (Ala)  GAG (Glu) CATC G COGC
169 9 TAC (Tyr) TAA (08)€ GAAT G TAAT
174 1 ocC (Pro) CAC (His) GITG G GAAT
178 1 AAC (Asn) AAA (Lys) OGCG G TIGG
186 12 GCA (Ala) GAA (Glu) TIGT G CCAC
198 2 GOG (Ala) GAG (Glu) GOCC G CCAG
201 1 GGC (Gly) GIC (Val) GOGG G CAAA
Subtotal 76
G:C => C:G 56 2 GCA (Ala) CCA (Pro) TGIC G CAGA
65 3 GCee (Ala) cce (Pro) GIAT G COGG
92 1 oGC (Ary) GGC (Gly) ACGC G GGAA
178 2 AAC (Asn)  AAG (Lys) 0GOS G TTGG
185 1 GCA (Ala) CCA (Pro) OGIG G CACA
197 1 GOG (Ala) COG (Pro) ACIG G CGGG
Subtotal 10
A:T = T:A 54 2 GIC (Val)  GAT (Asp) TGOS A CATC
64 2 TAT (Tyr)  TAA (04) OGGC A TACT
96 2 GIG (Val) GAG (Glu) CACC A OGOG
141 1 GIG (Val) GAG (Glu) TICC A CTTIT
167 1 TAC (Tyr)  RAC (Asn) ATGT A ATIC
183 1 GIG (Val) GAG (Glu) TGCC A OGCG
Subtoctal 9
Total S5
2 Mumbering is according to Farabaugh (1978).
b 'Ihesequencegivenisthewild—typesequenceofthepurine

cortaining strand and is read 5' => 3'.

€ Nonsense mitation designation is that of Miller et al.

(1978) .
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Table 30. Transitions induced by AF2 in the first 180 base pairs of
the lacT gene.

Base Pair Site® Occurrences Amino acid Sequence®

Charge Change

G:C=> AT 56 1 GCA (Ala) ACA (Thr) TCIC G CAGA
57 16 GCA (Ala) GTA (Val) CICT G OGAC
75 2 TCT (Ser) TIT (Fhe) ATAA G AGAC
80 1 CAG (Gln) TAG (A5)€ GICT G ATAA
84 1 ACC (Thr) ATC (Ile) AACG G TCTG
92 1 CGC (Arg) TGC (Cys) ACGC G GGRAA
93 1 0GC (Ary) CAC (His) TOCC G OGTG
120 4 TCT (Ser) TIT (Fhe) COGCA G AAAC
140 2 GIG (Val) ATG (Met) ARAA G TGGA
174 1 ooe (Pro) CTC (Leun) GTIG G GAAT
185 2 GCA (Ala) ACA (Thr) CGIG G CACA
186 13 GCA (Ala) GTA (Val) TIGT G CCAC
188 2d CAA (Gln) TAA (09) TGTT G TCCC
191 1 CAA (Gln) TAA (0O10) AGIT G TGIG
206 1 CAG (Gln) TAG (A9) GACT G TTIG

Subtotal 49

AT = G:C 195 1 CIG (Leun) G (Pro) OGCC A GTIG

Suptotal 1

Total 50

2 Numbering is according to Farabaugh (1978).

b The sequence given is that of the purine containing strand and is
read 5' => 3°',

€ Nonsense mutation designation is that of Miller et al. (1978).

d Includes one mutation at which a second G:C => A:T transition
ocaxred at position 100. The secondary mutation is at the third
position of a valine codon and would be phenotypically silent. Since
it is possible that this mutation was preexistent it will not be
cansidered further.



[f*]
=~
(%]

=> G:C transition.

The distribution of base substitution mutaticns induced by
AF2 is nonrandom. Table 31 shows that AF2-induced G:C => T:A
transversions and G:C => A:T transitions appear to ocaur
preferentially at guanine sites which contain a 5' or 3! pyrimidine.
G:C => C:C transversions are also prefered at N-G-Y sites, but no
effect of the 5'-flanking base was evident.

A large mmber of mutations were recovered at 51'-1G6C-3!
sites. oOnly 5 G:C base pairs in the injtial 180 base pairs of the
lacT gene cantain guanine in this particular cantext. At two of
these sites (positions 57 and 186), both G:C => T:A transversions and
G:C => A:T transitions can be detected. A total of 59 base
substitutions were recovered at these 2 sites. Three mutations were
recovered at the one S'-IGC-3' site (position 65) where only G:C =>
C:G transversicns can be detected. An additional potential 5'-TGC-3'
site exists at position 122, but since no mutations have been
recovered at position 122 in this or any cther study, it is likely
that matations at this positicn are phenotypically silent. Base
substitutions at the last site (position 202) do not yield a
phenotypically selectable lacl™ mutation since position 202 is at the
third position of a glycine codon. However, this site was fourd to
be a frameshift hotspot (see below).

Several other classes of muatation were recovered following
AF2 treatment. A detailed description of these m:tations is given in
Table 32. Single base frameshifts occurred at 2 different G:C sites.

In neither case was the deleted base pair part of a reiterated
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Table 31. The influence of flanking bases on the mutability of G:C
base pairs.

Mutations/detectable siteb

Context? G:C => T:A G:C => A:T G:C => C:G
§5'-base
RGN 0.94 0.94 0.5
Y-G-N 3.7 2.6 0.4
3'-base
N-G-R 0.86 1.1 0.16
N-G-Y 3.2 2.7 0.52

2 fThe context is taken from the strand containing guanine
(underlined): R = purine; Y = pyrimidine; N = any base.
D getectable sites: the number of sites with a particular context
which result in a selectable phenctype. These include sites where no
mutations were detected in the present study. The data used in these
calculation are as follows.

G:C => T:A transversion: 18 R-G-N, 16 Y-G-N, 14 N-G-R, and 20 N-
G-Y sites.

G:C => A:T transition: 8 R-G-N, 15 Y-G-N, 8 N-G-R, and 15 N-G-Y
sites.

G:C => G:C transversion: 8 R-G~N, 15 Y-G-N, 6 N-G-R, and N-G-Y
sites. .

e




Table 32. Summary of single base frameshift, tandem base
substitution, ccnplex, and deletion mitations recovered in the
initial 180 base pairs of the lacT gene following AF2 treatment.

Mutation Change Site? Sequence®  Occurrences
a) frameshifts -G 147 TOGOC G CTTCC 1
-G 202 TGIIT G CCOGC 10

b) tandem base subst. ¢C => TT 173,174 ACATT OC CAACC 1
G => AT 99,100 OGIGG TG AACCA 1

c) deletions -ACA 187-189 TGGC ACA ACAAC 2

d) Camplex mutations

Mutation Site? Wild type sequenceP Mutant sequence
AF-89 127-129 TGOGAA AAC GOSGGA TGOGAA TA GOGGGA
AF-113 104-106 GIGAAC CAG GCCAGC GIGAAC AA GOCAGC
AF=143 135-140 OGGG AAAAAG TGGA CGGG AAAAAAAAT TGGA
AF-158 123,128 TCTG C GABA A OGOG TCIG T GARA C O=0G
AF-159 104,133 AAC C AGGOCAGC C AOG  AAC T AGGCCAGC T AQG

2 Numbering is according to Farabaugh (1978).
bForfran&;hlflsmesequenceglvenlsthatofmep:rme
containing strand; for tandem base substitutions, deletions, and
cmplexmtatiomttmsequemegivenisthatofﬂmemntranscribed
strand and is read 5' => 3'.
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sequence. Cne of these sites (position 202) was represented 10 times
in the spectrum. The context of the deleted G (5'-IGC-3'on the
transcribed strand) at this frameshift hotspot is identical to that
of the base substitution hotspots described above.

Two tandem base substitution mitations were recovered (Table
32). In one case (at positions 173,174) the alteration was due to a
double transition; while the cther tandem base substitution (at
positions 99,100) arcse as the result of a double transversion.

A single deletion site was detected. The mutation in this
case was the loss of the sequence 5'-ACA-3' (or 5'-CAA-3') from the
sequence 5'-CACAACAAC-37. This mutation was recovered twice
following AF2 treatment.

| Five mitations, all at different sites, resulted fram
miltiple, closely spaced mitational events. Two of these, AF-158 and
Ar-159, each contained different base substitution mutations
separated by 4 (AF-158) and 8 (AF-159) bases. The cther three
mutations were due to a combination of frameshift and base
substitution events.

In one case (mutant AF-122) a secondary silent matation (G:C
=> A:T at position 100) was characterized in addition to the primary
base change (G:C => A:T at position 188). The secondary mutation is
at the thixd position of a valine codan and would be phenotypically
silent. Since the base substitution at position 188 can accaunt for
the i™d phenotype by itself, the secondary mutation will not be
considered further.
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IT.4 DISCIISS:ON

The ability of AF2 to induce mitation is highly dependent cn
cellular error-prone repair functions, and is quite low in strains
which are proficient in miclectide excision repair capability. 1In
this study, the addition of the R-factor plasmid pKM101 to an
excision repair deficient E. coli strain resulted in a marked
increase (50-fold at the ID3y)} in induced matation frequency relative
to bacteria lacking pKM10l. The plasmid pKM101 contains the mucBA
genes which are hamologous to constituents of the endogencus umucCD
locus, and are believed to encode functicns which act durinyg error—
prone replication to facilitate progression of the replication fork
past sites of INA damage (Bridges and Woodgate, 1985). The
cbservation that pKMI01 enhances AF2 mitagenesis is consistent with
previcus studies in ocur laboratory which demonstrated that induction
of the SOS respanse was required for reversion of txpA~ E. coli
(Bryant and McCalla, 1980). Similarly, in S. typhimirium, the AF2-
induced mitation frequency is much higher in strain TA100 (hisG46,
uvr™, pKMi01) than TA1535 (hisG46, uvrB~) (McCann et al., 1975; Green
et al., 1977). AF2-induced lethality and mutagenesis was
dramatically reduced in strains with functional muclectide excision
repair (Results; McCalla and Voutsinos, 1974; Yahagi et al., 1974; Iu
et al., 1979). This suggests that AF2 forms a DNA adduct which can
be recognized and repaired by the uwrABC eximiclease of E. coli.

DNA sequencing of AF2-induced lacI @ mutants provides us with
insight regarding both the nature of the premutational adduct formed

byAE?arﬂthecorsequemaofmltagenicbypassofttﬁslesion. Cne
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hundred and fifty-six of the 165 mutants characterized in this study
were the result of a single base change (145 base substituions and 11
frameshift mitations). Ninety-four percent of these point mutations
occurred at G:C sites, esting that AF2 forms adducts
preferentially with either guanine or cytosine. The most reactive
base for several other mutagens which form bulky adducts (for example
BPDE (Mechan et al., 1977), AF (Beland et al., 1983), AAF (Miller,
1978; Beland and Kadlubar, 1985), AFB,-2,3-dichloride (Swenson et
al., 1975), and 1,8-NONP (Chapter 2)) is quanine. It has previcusly
been shown that mutagenic bypass of either bulky INA adducts formed
with quanine (Miller, 1983), or aguaninic sites (Kunkel, 1984) occurs
with the preferential incorporation of aderﬁne. cpposite the lesion,
resulting in G:C => T:A transversions. The most common class of
mrtation induced by AF2 treatment was indeed G:C => T:A
transversions. Thus the specificity of mutation is consistent with
adduct formation occurring on a guanine residue.

Loeb (1985) has suggested that the apurinic (AP) site might
be a comon intermediate in mitagenesis induced by several agents
that form bulky INA adducts. During replication, progression of the
INA polymerase might be hindered by a INA adduct until depurination
occurs, with the resultant AP site presenting less of a barrier to
contimied (error-prone) replication. In the model proposed by Ioeb
the poised replication camplex would protect the AP site from
recognition and repair by AP endomuclease. Kumnkel (1984) has
demonstrated that the preference for base incorporation opposite AP
sites iIsA > T > G > C. The mutational specificity of AF2 suggests
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that mutation induced by this chemical might also proceed through an
AP site. If all the base substitution mutations induced by AF2 (76
G:C => T:A transversions, 49 G:C => A:T transitions, and 10 G:C =>
C:CG transversions) aruse from bypass of damage on guanine residues
then the ratio of incorporation opposite the lesion is A (56 %) : T
(36 %) : G (7.5 %). This is remarkably similar to the specificity of
base incorporation cpposite aguaninic sites (A (56 %) : T (29 %) : G
(15 %)) cbserved by Runkel (1984) in the a—camplementation segment of
phage Ml3mp2. It may also be noted that 11 sites were represented by
more than one type of base substitution, suggesting that different
mitations at a particular site are induced by a cammon DNA adduct.

If that adduct depurinated, then errror-prone replication past the
resultant aguaninic site would be likely to lyield different types of
base substitution mitations. This interpretation would alse be
consistent with previous cbservations that AF2 and other mutagenic 5-
nitrofuran derivatives induced alkali labile sites in INA (McCalla et
al., 1971; Tu and McCalla, 1975), and that alkali caused a marked
reduction of supercoiled MA in minicells treated with AF2 (Tu and
McCalla, 1975).

Tf AP sites were also induced by a minor INA adduct formed
with adenine then it would be expected that an incorporation
preference of A > T > G > C would yield a large proportion of A:T =>
T:A transversions, since insertion of T would not result in a
mrtation when inserted opposite an AP site derived from adenine. BAs
shown in Tables 29 and 30, nine out of ten base substitutions at A:T

sites were A:T => T:A transversions with 1 A:T => G:C transition.
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Thus, the preference of base incorporation opposite adenine (A(90%) :
G(10%) : C(0%)) compares favorably with the specificty of base
incorporation opposite aadeninic sites determined by Kunkel (1984)
(A(81%) : G(12%) : C(6%)).

Guanine residues within the sequence 5'~TGC-3' sites are
hotspots for AF2 mutagenesis. Forty-three percent of all base
substitution mutations were recovered at the three 5'-TGC-3' sites
where base substitutions yield a selectable phenotype. Almost all of
the frameshift mutations (10/11) occurred at position 202, a 5'-TGC-
3' site at which base substitution mitations will not produce a
mitant capable of growth on FGal. The frameshift mutation at
position 202 is at a lone G:C base pair. 'This is different from many
frameshift mutation hotspots for other agents, which contain
reiterated A sequences. Several nuns of contiguous guanine
residues are present in the initial 180 base pairs of the lacI gene

and are readily mitated by other chemicals which induce bulky adduct
damage, such as BPDE {(Bernelot-Moens, Glickman, and Gordon,
submitted) and 1,8-NONP (Chapter 3), and also by uv irradiation
(Miller, 1985; Schaaper et al., 1987), and intercalating agents such
as ICR-191 (Calos and Miller, 1981). Thus it is unlikely that the
frameshifts occurred by "typical® misaligmment mechanisms (see
Chapter 3 for a more complete discussion of frameshift mechanisms).
In addition, since the vast majority of frameshifts were recovered at
a single position (202), it is likely that it is the nature of this
site that is important rather than the general propensity of AF2 to
induce frameshift mitations. One mte.restmg feature of this



frameshift matation is that it can be explained by a novel DNA
secondary structure. Figure 37 shows a large palindrome in which a
13 base sequence fram positions 82-94 pairs almost perfectly (12/13
bases with the 1 mismatch being an energetically favourable G:T pair)
with the mutant secuence. The free enexgy of the proposed structure
(-43.6 kcal/mole) is favourable. Stalled replication at an AF2
lesion or an AF2-induced AP site at position 202 might lead to
extended single-stranded regions which could fold to form intrastrand
duplexes. [NA repair within this structure could result in mutation.
For instance AP endomuclease might pramote incision of the DNA
adjacent to the AP site; subsequent excision, repair synthesis and
ligation within the palindrome using the irverted repeat at positions
82-94 as a template would produce the cbserved mtation.

The precise nature of the INA adduct(s) formed by AF2 or
other S-nitrofurans is not known. Although it has been possible to
detect binding of [14c]-labelled AF2 to INA (Wentzell and McCalla,
1980), the instability of the adduct has hindered attempts to further
characterize the lesion(s). As noted earlier, S-nitrofurans are
activated to INA reactive species by reduction of the nitro moiety.
an important intermediate during nitroreduction is the hydroxylamine.
Studies with both nitroarenes and arylamines have shown that
hydroxylamine derivatives of aramatic compounds can react with DA
leading to stable C(8) adducts of guanine (Chapter 2; Belard et al.,
1983; Beland and Kadlubar, 1985; Kadlubar and Beland, 1985; Andrews
et al., 1986). The mutagenic consequences of adduction at guanine
C(8) are primarily frameshifts and G:C => T:A transversions (Chapter
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mutation at position 202.
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3; Miller, 1983; Rosenkranz and Mermelstein, 1983; Koffel-Schwartz et
al., 1984, Bichara and Fuchs, 1985). For nitrofurans an important
alternative consequence of hydroxylamine formation is ring opening
which ultimately leads to the formation of open chain nitrile
derivatives (Figure 38). A reactive intermediate in this pathway is
the acrylonitrile species which contains a reactive carbon. The
acrylonitrile derivative of furazolidone has been shown to bind to
biological macramolecules, and to induce mitations in S. typhimurium
(Vroamen et al., 1988). An intriguing possibility is that the
mitagenicity of S-nitrofurans might be mediated by the binding of the
reactive carbon of the acrylonitrile metabolite to the N(7) position
of purines (Figure 38). Adducts at the N(7) position of purines are
known to increase the lability of the N-glycosylic bond resulting in
frequent depurination (Loeb and Preston, 1986). In this context it
mightbemtedthatthebasesubstimtionmxtationspectrmnobsexved
with AF2 is quite similar to that of AFB,-2,3-dichloride in M13AB28
lacZ DNA (Sambamurti et al., 1988), and BPDE in the lacl gene
(Gordon, Bernelot-Moens, and Glickman, in preparation), and quite
distinct from that of 1,8-NONP in the lacT gene (Chapter 3), or AF in
the Tet® gene of pBR322 (Bichara and Fuchs, 1985). Both ATH-2,3-
dichloride and BPOE bind to the N(7) position of guanine (Swenson et
al,, 1975; Osborne et al., 1978); while 1,8-NONP and AF bind to the
C(8) position of guanine (Chapter 2; Kriek, 1965; Andrews et al.,
1986; Belard et al., 1983).
Depurinationcouldalsoocmrasaoonsequp;xceof

glycosylases 'acting on modified purine residues. It is known that
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imidazole ring-opened products of N(7)-mcdified (Chetsanga and
Lindahl, 1979; Chetsanga et al., 1882; Chetsanga and Frennette 1983)
ard C(8)-modified (Boiteux et al., 1989) purine residues are
substrates for E. coli formimidopyrimidine (Fapy)-DA glycosylase.
The product of this enzymatic reaction is an AP site. However, since
most of the AP sites produced in this mamner waild be formed away
fram the replication fork, it is likely that the majority would ke
correctly repaired by AP enxdommclease prior to replication.

AF2 mitagenesis has a strong site specificity. Mutations are
particularly frequent at quanine sites which are flanked on either
side by a pyrimidine. The site specificity could be attributable to
preferential binding of AF2 to sites which are flanked by
pyrimidines. Other mitagens are known to bind preferentially to
guanines in particular sequences. For instance, BPDE binding to the
N(7) position of quanine occurs preferentially at sites preceded by a
pyrimidine (Lcbanenkov et al.. 1986) while adduction at the N(7)
position of guanine by AFB,-2,3-dichloride is strongly preferred in
nns of gquanine (Muench et al., 1983). Alternatively the site
specificity might be ascribed to differential depurinaticn of adducts
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