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Abstract

DNA exposures to electrophilic methylating agents that are commonly used during
chemotherapeutic treatments cause diverse chemical modifications of nucleobases, with reaction
at N7-dG being the most abundant. Although this base modification frequently results in
destabilization of the glycosyl bond and spontaneous depurination, the adduct can react with
hydroxide ion to yield a stable, ring-opened MeFapy-dG and this lesion has been reported to
persist in animal tissues. Results from prior in vitro replication bypass investigations of the
MeFapy-dG adduct had revealed complex spectra of replication errors that differed depending on
the identity of DNA polymerase and the local sequence context. In this study, a series of nine site-
specifically modified MeFapy-dG-containing oligodeoxynucleotides were engineered into a
shuttle vector and subjected to replication in primate cells. In all nine sequence contexts examined,
MeFapy-dG was shown to be associated with a strong mutator phenotype, predominantly causing
base substitutions, with G to T transversions being most common. Single and dinucleotide
deletions were also found in a subset of the sequence contexts. Interestingly, single-nucleotide
deletions occurred not only at the adducted site, but also one nucleotide downstream of the adduct.
Standard models for primer-template misalignment could account for some, but not all mutations
observed. These data demonstrate that in addition to mutagenesis predicted from replication of
DNAs containing O%-Me-dG and O*Me-dT, the MeFapy-dG adduct likely contributes to
mutagenic events following chemotherapeutic treatments.

Introduction

Reaction of electrophilic methylating agents with DNA results in modification of various O-
and N-atoms of the bases as well as phosphate O-atoms of the DNA backbone [reviewed!2],
with the most abundant lesion being at N7-dG (Figure 1). Human exposures to methylating
agents arise not only from treatments with chemotherapeutic drugs such as temozolomide,
dacarbazine and procarbazine, but also environmental toxicants, and food sources. Even
though the major cytotoxic and mutagenic adducts are presumed to be O8-Me-dG and O*-
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Me-dT, the cationic N7-Me-dG lesion can react with hydroxide ion, yielding a stable ring-
opened N-(deoxy-D-erythro-pentofuranosyl)-2,6-diamino-3,4-dihydro-4-oxo-5-N-
methylformamidopyrimidine (MeFapy-dG) (Figure 1).34 This lesion has been identified as a
stable adduct in rats treated with N,N-dimethylnitrosamine, N-methyl-N-nitrosourea or 1,2-
dimethylhydrazine.> The persistence of MeFapy-dG suggests that if the fidelity of
translesion DNA synthesis (TLS) past this adduct is low, it could contribute to mutagenesis
and potentially carcinogenesis.

We have developed chemistry for site-specific incorporation of MeFapy-dG in synthetic
oligodeoxynucleotides and in order to evaluate the miscoding potential of this lesion,
performed in vitro replication bypass assays using the Escherichia coli exonuclease-
deficient Klenow fragment of polymerase (pol) | and Sulfolobus solfataricus P2 polymerase,
Dpo4.”8 Since these data demonstrated that MeFapy-dG was strongly blocking and when
bypassed was miscoding, the ability of a panel of human and yeast polymerases to catalyze
TLS past this adduct was examined.® The efficiencies of nucleotide incorporation opposite
the MeFapy-dG adduct were measured in two sequence contexts, 5'-TXT-3" and 5-TXG-3'".
Pols a, B, 8, C, v, and v demonstrated very poor insertion abilities opposite the lesion for all
nucleotides and except for pol { that was proficient in extension from dC, further
polymerization was either not observed or very inefficient. In contrast, Rev 1 was both
efficient and accurate at the nucleotide insertion step, while human pols n and x were
moderately efficient in the insertion and extension steps, but error-prone. Relative to control
dG, pol n and « inserted dC opposite MeFapy-dG with ~ 7-fold reduced efficiency and
demonstrated ~10-fold lower fidelity of the nucleotide insertion. Mass spectrometric
analyses of extension products revealed that in the 5-TXT-3' sequence context, pols n and k
yielded 71 and 78% error-free DNAs, respectively. In the 5'-TXG-3' context, error-free rates
were higher (81 and 92%, respectively). Pols n and k misincorporated dA opposite the
MeFapy-dG in the 5'-TXT-3' sequence context, predicting a G to T transversion at the lesion
site if not corrected by one of the DNA proof-reading systems. Single-nucleotide deletions
were also observed that occurred one nucleotide downstream of the adduct following correct
incorporation of dC opposite the lesion. Furthermore, pol n also misincorporated dT
opposite the MeFapy-dG in this sequence context. No deletions were detected for either
polymerase in the 5-TXG-3' context; however, misinsertions of dT and dG were observed
for pol n and misinsertions of dT for pol x.

Based on the data of the in vitro analyses, we hypothesized that although intracellular bypass
of MeFapy-dG could be relatively accurate, both base substitutions and deletions were likely
to be induced, and that mutagenic outcome of TLS past this lesion could be influenced by
the local sequence context. In order to establish the mutation frequencies and spectra for
MeFapy-dG in different sequence contexts in mammalian cells, site-specifically modified
oligodeoxynucleotides were synthesized, ligated in a single-stranded shuttle vector and
mutagenesis was evaluated following replication through African green monkey kidney
cells.

Materials and Methods

1. Oligodeoxynucleotide synthesis

Protocols for the synthesis of oligodeoxynucleotides containing a site-specific MeFapy-dG
adduct have been reported previously.8 The stereochemistry of the adduct was a mixture of
the a and 3 anomers and cis and trans isomers with respect to the formamide group. Based
on prior analyses,1? it is predicted that the anomeric a:p ratios ranged from ~36:64 to 21:79.
The sequences of the adducted 12-mer oligodeoxynucleotides were as follows: 5'-
GCTAGCXAGTCC-3, 5-GCTAGNXGGTCC-3', 5-GCTAATXGGTCC-3', and 5'-
GCTAGTXNGTCC-3', where X = dG or MeFapy-dG and N = dT, dA, dC, or dG.
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2. Replication of site-specifically MeFapy-dG-modified DNAs in AGM kidney cells, and
evaluation of the mutation spectra and frequencies

Experimental protocols to assess the mutagenic spectra and frequencies arising from
replication of single-stranded pMS2 DNAs containing either control or MeFapy-dG-
containing oligodeoxynucleotides were carried out as previously described.1! The shuttle
vector, pMS2, was the gift of Dr. M. Moriya, SUNY, Stony Brook, NY. Briefly, a hairpin
loop in a single-stranded circular pMS2 DNA was cut with EcoRV, followed by ligation of
control or adducted 12-mer DNAS using a 56-mer scaffolding oligodeoxynucleotide. The
flanking regions of scaffolding oligodeoxynucleotides hybridized to the ends of the
linearized pMS2 molecules, while the internal 12-nucleotide sequence was complementary
to the sequences under investigation. Following transfection of control or lesion-containing
vectors into African green monkey kidney cells (COS-7), the progeny DNASs were isolated
after 48 h, and E. coli DH5a cells were transformed and selected for ampicillin resistance.
Individual colonies were grown in 96-well plates containing LB-ampicillin for 16 h at 37°C,
and aliquots were transferred to Hybond N membrane (Amersham) and processed for DNA
hybridization. 32P-labeled oligodeoxynucleotide probes were used to identify clones that
contained the inserted 12-mer sequences and those that had no mutations. DNAs that
hybridized to the insert probe but not to the error-free sequence probes were isolated and
sequenced. The data were generated with one set of vectors. A minimum of three
independent transfections of COS-7 were performed for each particular sequence.

Results

MeFapy-dG-induced mutagenesis in the 5'-CXA-3' sequence context

The initial set of experiments to assess the mutagenic properties of MeFapy-dG was
conducted using the 5'-GCTAGCXAGTCC-3' sequence (sequence 1), where X was either a
control dG or MeFapy-dG. Previously, this sequence was used to assess the mutagenic
potential of the N2-dG adducts induced by various enal compounds, such as acrolein,11.12
crotonaldehyde,3 and 4-hydroxynonenal .24 Oligodeoxynucleotides were incorporated into
single-stranded pMS2 vectors and following vector replication in COS-7 cells, the progeny
DNAs were analyzed for mutations in the insert sequences. No mutations were found in 217
clones that originated from the non-damaged control vectors. In contrast, replication of
lesion-containing DNAs resulted in base substitutions that were found at ~9% frequency
with G to T (6.3%) and G to C (2.0%) transversions being most common (Table 1). This
frequency of mutations was comparable or even higher than that observed for the enal-
derived N2-dG adducts, although the spectra were similar. The occurrence of G to C
mutations suggested that dC, the 5'-neighbor of MeFapy-dG, could have served as a
template during both steps of the bypass reaction. In such a model, MeFapy-dG would be
bypassed by a mechanism that involved the dNTP-stabilized misalignment12:16 followed by
primer-template realignment (Figure 2, model ).

MeFapy-dG-induced mutagenesis in the 5'-NXG-3' sequence context

The spectrum of MeFapy-dG-induced mutations in the above 5'-CXA-3' sequence context
was different from those predicted from the data of the replication bypass assays with
individual DNA polymerases.® Thus, adducted oligodeoxynucleotides were redesigned to
match the local sequence contexts of the templates that were used in the previous in vitro
analyses, and additional sequences were investigated to assess the nearest neighbor effects
on the mutagenic outcome of replication past MeFapy-dG. The first set of vectors contained
the lesion in the 5'-NXG-3' sequences. Replication of DNAs carrying the lesion in the 5'-
CXG-3' sequence gave a complex spectrum of mutations with an overall frequency of ~17%
(Table 1, sequence 2). The mutations included G to T (8.1%), G to C (3.5%), and G to A
(3.5%) base substitutions and single-nucleotide deletions of a dG (1.7%), (Table 2). The
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level of G to C transversions was relatively high, suggesting that as in sequence 1, the 5'-dC
of the template could instruct incorporation of dG in a subset of encounters (Figure 2, model
I). Deletions could also be generated via similar mechanism, except that after dG was
incorporated via the dNTP-stabilized misalignment, the primer did not realign prior to
extension (Figure 2, model 11-a). Alternatively, deletions could be formed as result of the
primer-template slippage, similar to that described by a standard Streisinger model” (Figure
2, model 11-b).

Relative to the 5'-CXG-3' context (sequence 2), the 5'-AXG-3' context (sequence 3) resulted
in overall few mutations (~7%), but still favored G to T transversions (4.3%) with minimal
numbers of G to A transitions (1.9%) and a single G to C transversion (Table 1). The only
deletion found was a single-nucleotide deletion at either the 5'-dA or the lesion site which
was accompanied by G to T transversion (Table 2).

When the mutagenic potential of MeFapy-dG was tested in the 5'-GXG-3' context (sequence
4), all types of base substitutions were observed with G to T transversions being most
frequent (5.2%); the occurrence of G to A transitions was less common (2.1%), and only a
single G to C transversion was detected (Table 1). Relative to sequences 2 and 3, replication
in this context yielded the highest level of single-nucleotide deletions with an overall
frequency of 7.2% (Table 1 and 2). In addition, insertions of either dG or dT were found, but
each of these was represented by only a single clone. The precise site where deletions or
insertion of dG occurred was not possible to determine because the greater sequence context
changed from 5'-GGXGG-3' to 5-GGGG-3' or 5'-GGGGGG-3, respectively; however, we
rationalize that these frameshift mutations most likely were generated via a Streisinger
mechanism.

The frequency of base substitutions in the 5'-TXG-3' context (sequence 5) was relatively low
(Table 1). As with all other sequences, G to T transversions predominated (5.2%). Of the
231 colonies analyzed, only one G to C and no G to A mutations were observed. In addition,
deletions were detected in this context at a 6.1% frequency, with the major type being an
unusual single-nucleotide deletion that occurred immediately downstream of the MeFapy-
dG adduct site (12 out of 14), (Table 2). We hypothesized that after dC incorporation
opposite the lesion in this sequence, the 5'-dT had sufficient conformational freedom to
rotate to an extrahelical position and in this conformation, the nucleotide was skipped by a
DNA polymerase. Further, we hypothesized that formation of such a structure could be
facilitated by a transient base-pairing between the 3'-terminal dC of the primer and the
downstream dG (+2 site) (Figure 2, model 111-a). Primer extension from this pair would
result in dinucleotide deletion, and this mutation was observed in the 5-TXG-3' sequence,
but only as a rare event (Table 2). It seems that more often, the 3'-terminal dC would realign
back opposite MeFapy-dG, while leaving the 5'-dT out of the helix. This primer-template
conformation would be different from the initial structure that was formed after dC
incorporation opposite the lesion, since the 5'-dT would now be moved out of the template
site. A similar structure could also be generated following dC incorporation opposite the +2
dG from the —1 primer (Figure 2, model Il1-b). Interestingly, single-nucleotide deletions
downstream of the adduct were commonly observed only when dT was present at that site in
the 5'-NXG-3' sequences, probably because of all DNA bases, T has the lowest stacking
ability.

In order to elucidate a possible role of the downstream dG in generating the unusual dT
deletions, we modified sequence 5 (5'-GTXG-3") by placing dA instead of dG at the +2 site
(5'-ATXG-3', sequence 6). The overall frequency of mutations was ~13% in this sequence,
with G to A transitions and G to T transversions being the major types (5.3 and 4.9%,
respectively), (Table 1). In addition, deletions of dG (Table 2) were observed at low
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frequency (2.5%), which are hypothesized to be generated via either the dNTP-stabilized
misalignment (Figure 2, model 11-a) or the template slippage (Figure 2, model 11-b).
Consistent with our prediction however, no deletions of the 5'-dT were found in the absence
of the downstream dG.

MeFapy-dG-induced mutagenesis in the 5'-TXN-3' sequence context

The next set of experiments was designed to assess the effect of the 3' neighbor on the
mutagenic properties of the MeFapy-dG adduct. The vectors were constructed to contain the
lesion in either the 5-TXT-3', 5'-TXA-3', or 5-TXC-3' sequence context, and mutagenesis
was evaluated as described above. For the 5'-TXT-3' context (sequence 7), the overall
mutation frequency was determined to be ~16% with the spectra being dominated by G to T
transversions (9.7%), (Table 1). G to C transversions and G to A transitions were observed
at 1.7% and 1.3%, respectively. Single and dinucleotide deletions were also generated
(2.9%) with dinucleotide deletions being more common (5 out of 7), (Table 2). The precise
site of these deletions could not be determined, since the original sequence had three 5'-
GT-3' repeats, with the middle repeat containing the adduct. We hypothesize that this
repetitive sequence was prone to undergo a Streisinger-like primer-template isomerization,
which explains the origin of dinucleotide deletions. With respect to the single-nucleotide
deletions, one of these occurred immediately downstream of, but not including, the site of
the MeFapy-dG adduct, while another occurred either at the adduct site or at the dG two
nucleotides downstream. Since a G to T mutation accompanied the latter deletion, the exact
sites of these mutations are uncertain.

The MeFapy-dG adduct caused considerable levels of deletions in the 5'-TXG-3' context
(sequences 5 and 6), probably because in both cases the lesion was positioned in a 5'-G3-3'
repeat. In contrast, deletions were rare when the context was either 5'-TXA-3' (sequence 8)
or 5'-TXC-3' (sequence 9), (Tables 1 and 2). Specifically, single-nucleotide deletions were
observed at the site of the lesion at ~0.9% frequency in each sequence context. The most
common mutations were base substitutions; G to T transversions predominated and these
were detected at ~12 and 14% frequencies in the 5'-TXA-3' and 5'-TXC-3' sequences,
respectively.

Thus, the 5'-TXG-3' sequence was specifically prone to the dT deletions downstream of the
MeFapy-dG adduct relative to any other 5-TXN-3' sequence. We speculate that a number of
factors may be responsible for this phenomenon, including strong stacking interactions
between the MeFapy-dG and the upstream dG and a high melting energy barrier of the 3'
neighboring pair (dG:dC). These factors could favor stabilization of the adducted base inside
the helix. However, the presence of dG at the +2 site and the run of three dCs at the primer
terminus that can be formed following dC incorporation opposite the lesion are probably the
major structural elements involved in a primer-template isomerization that resulted in
exclusion of the 5'-dT from the template, but not the MeFapy-dG.

Additional mutations

In addition to the previously described mutations, the majority of the sequences produced at
least one progeny plasmid with a base substitution two nucleotides upstream or one to six
nucleotides downstream of the MeFapy-dG adduct (Table 3). These sequence alterations
occurred in 11 out of 1937 progeny plasmids examined and were formed more frequently
downstream of the lesion site. In contrast, no mutations were found in 725 clones originated
from non-damaged vectors. Thus, at least a subset of these additional mutations could be
generated by a low-fidelity DNA polymerase recruited to bypass the adduct.
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Discussion

In order to understand the long-term biological effect that may result following exposures to
electrophilic alkylating agents, it is critical to identify those lesions that are both sufficiently
long-lived to be still present during genome replication and have the capacity to be
miscoding for either replicative or TLS DNA polymerases. For alkylating agents that modify
both N-and O-atoms, it is well established that the relatively minor O%-Me-dG and O*-Me-
dT adducts disproportionately contribute to mutagenesis and cytotoxicity.18-20 Further, N7-
dG adducts are generally regarded as neither mutagenic nor cytotoxic, but can serve as a
biomarker of exposure [reviewed?1]. However, the cationic N7-Me-dG species can undergo
a secondary chemical reactions involving C8-addition of hydroxide ion and ring-opening to
form a stable MeFapy-dG adduct.

This study highlights the complex mutagenic spectra that can be generated by a DNA lesion
in different sequence contexts. Previous investigations of the mutagenic properties of the
unsubstituted (Figure 1, R=H) Fapy-dG adduct (also using the pMS2/COS-7 system) have
been reported by Kalam et al.?2 to show sequence context effects and mutation spectra that
are similar to, but significantly less complex than those found in this current study. The
mutagenesis of Fapy-dG was examined in two sequence contexts, 5-TXT-3" and 5-TXA-3',
in which the predominant mutations were G to T transversions. Specifically, the 5'-TXT-3'
context yielded 29.6% G to T transversions and 1.1% G to C transitions, whileonly Gto T
transversions were observed at a frequency of 8.2% in the 5-TXA-3' context. Results from
the current study using the 5'-TXT-3' context (sequence 7), but with the MeFapy-dG adduct
revealed an overall lower frequency, but with greater complexity, including G to A
transitions and dinucleotide deletions; for the 5-TXA-3' context (sequence 8), both the
absolute frequency and complexity of the mutation spectra were increased (Tables 1 and 2).
However, the data obtained for Fapy-dG?22 and MeFapy-dG (this report) should not be
directly compared, since the larger sequence contexts of lesion-containing DNAs was
different and as evident from the current study, this can influence the mutagenic outcome of
replication bypass.

There are strong general trends that are evident throughout the mutagenesis data. First is that
in all sequence contexts examined, the error-free bypass of the MeFapy-dG adduct
predominated. Based on the data of the replication bypass assays in vitro,® this could be
achieved by a combined action of multiple DNA polymerases such that pol §, Rev1, pol n,
or pol x will insert a dC opposite the lesion, while pol £, pol ), or pol x will extend the
primer beyond this site. Despite the existence of mechanisms for the error-free bypass of
MeFapy-dG, replication of DNA containing this lesion resulted in mutation frequencies
between 8-22%. These are comparable or higher than that observed for DNA adducts
induced by polycyclic aromatic hydrocarbons,23-2° butadiene, 26 bifunctional
aldehydes,11-14 reactive oxygen species,?2-27:28 jonizing radiation,2® and UV light.30:31
Since the majority of these agents are known mutagens and carcinogens, concluding the
potential biological importance of the MeFapy-dG adducts is self-evident.

A second generalization is that G to T transversions occurred in every sequence context with
mutational frequencies between 4.3-13.5%, while G to A transitions were measured in 8 out
of 9 contexts at 0.5-5.6% frequencies. G to C transversions were also observed in all
contexts, but with relatively low frequencies (0.4-3.5%). The levels of G to C transversions
were slightly elevated in the 5'-CXN-3' sequences (sequence 1 and 2). The highest
frequencies of G to T transversions were observed in three out of five 5'-TXN-3' sequences
tested (sequence 7, 8, and 9). Thus, conventional models for the primer-template
misalignment-realignment (Figure 2, model 1) can explain a fraction of base substitutions.
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Other possible mechanisms that explain the MeFapy-dG-induced base substitutions are less
apparent. Hypothetically, the major mutation, the G to T transversion, could be formed
because of default dA insertion by DNA polymerase(s) that follows the “A-rule”. If this was
the case, DNA polymerases of the B family, such as pol a, pol &, pol €, and pol {, would be
the primary suspects, since the members of the B family and not the Y family have been
shown to preferentially incorporate dA opposite abasic sites in vitro.32 Furthermore, at least
one polymerase of the B family was required to replicate past abasic sites in mammalian
cells and this bypass generally proceeded via incorporation of dA opposite the lesion.33 The
MeFapy-dG lesion exists partially in the unnatural a-anomeric configuration,10:34:35 and it is
possible that this is recognized by the polymerases as an abasic site. Insertion of dA opposite
the lesion site was found in bypass products generated by pol 1 or pol x in the 5'-TXT-3'
template, but not the 5'-TXG-3' template.® The predominant replication errors made by these
polymerases in vitro were single-nucleotide deletions at the 5'-dT in the 5'-TXT-3' context
and misinsertions of dT in the 5'-TXG-3' context. Thus, pol n and pol « are unlikely to be
responsible for all base substitutions formed as result of intracellular bypass of MeFapy-dG
based on the biochemical data.

The final general observation is that single and dinucleotide deletions were generated in the
majority of the sequence contexts that were investigated. Although the frequencies and types
of deletions differed depending on the sequence context, consistent patterns were observed.
The highest levels of deletions were found in the repetitive sequences. These included
sequence 4 (run of five dGs), 5and 6 (run of three dG’s) that yielded single-nucleotide
deletions (7.2, 5.6, and 2.5%, respectively) and sequence 7 (run of three GT repeats) that
was specifically prone to dinucleotide deletions (2.1%). Single dG deletions were observed
in 6 out of 9 sequence contexts. The mechanism(s) that generate deletions may conform to
conventional models, such as template slippage!’ or dNTP-stabilized misalignment, 1516 and
the nature of the structures that stabilize the generation of such replication intermediates
await structural analysis. Nevertheless, the fact that frameshift mutations are frequent
products of replication bypass of Me-Fapy-dG will have considerable biological importance.

Current investigations are designed to investigate the structural basis of these mismatches
and single and dinucleotide deletions using a combination of NMR and X-ray
crystallographic techniques. In the case of the Fapy-dG adducts, it was hypothesized that
differential stabilities in base stacking of the syn conformation of the lesion in the two
sequence contexts might account for some of the mispairing properties, while the anti
conformation yielded no differences in the various contexts. Our future studies on the
MeFapy-dG adduct will likely generate additional new hypotheses based on structural data
(versus molecular modeling) for the miscoding properties of this lesion in different sequence
contexts. Additionally, it would be interesting to determine if Fapy-dG also produce
deletions in repetitive sequences given its importance as a major lesion for oxidative
damage.36:37
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Figure 1.

Structures of N7-dG and Fapy-dG adducts.
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|. Base substitution
(shown for G to C transversion in sequence 1):

~ACT  __ ~ACT® ~-ACTG®
~TGAXCG- " ~TGACG~ > ~TGAXCG-

ll. Deletion of dG (shown for sequence 2):

G C
—-ACC --ACC _-ACCG
a --TGGXCG--_>--TGGXCG--_> --TGG)?G-—

~-ACC ~-ACC ~-ACCGC
b --TGGXCG--_>--TCC5;XCG-- —=== ~TGXCG--

lll. Deletion of dT in sequence 5:

--ACCC --ACCC --AcccC
a --TGGXTG-—_>--TGG)( % = --TGGxTG--

--ACC --Acc © --AcccC
b --TGGXTG--—>--TGC);( G- — ~TGGXG-

Figure2.

Mutagenic bypass of MeFapy-dG: proposed primer-template misalignment models. With
sequences 5-9, a subset of G to T transversions, the commonly observed base substitutions,
could be generated by a primer-template misalignment-realignment (model 1). Additional
mechanism leading to G to T transversions could involve a non-instructive dA insertion
opposite the lesion site and is not shown in this scheme. In the template slippage model (l1-
b), alternative slippage intermediates are possible.

Chem Res Toxicol. Author manuscript; available in PMC 2014 July 15.



Page 13

Earley et al.

(LIV + DXV) aus burioqybiau-,g ay 1e uoisiansuen | 01 9 e Aq paiueduiodde Sem SUOISIBASUEI] | 0} 9 6 40 1IN0 T

S
(919v «
HXD9) 19NppPEe 341 4O WealISUMOop UoNIIsgns aseq wapue) e 10 (11D < 9XJ) aus Burloqybiau-,g ay) Je UoISIaASUel) | 0} © :UolfeInw [euonippe ue Ag paluedwodde a1am SUOISISASURI) | 01 © T JO IN0 Nw
{(L-D11L < 19DXL) 1nppe ay} o wealisdn sapiiosjonu oM} ais ay) Je uons|ap Aq patuedwodde Sem SUOISIBASURI) | 0} © 6Z 4O IN0 Hm
(VLLL < VYX19) 1onppe ayl 4O WealjSUMop Sapl1i0ajonu oM} alIs 8yl e UOISIaAsURI] | 0] 9 B AQ paluedwodde a1am SUOISIBASURI] ] 01 9 /Z JO N0 NN
{(DV1I + ©X1) aus buuogybiau-,g 8yl 1e uoisiaAsuell O 0] 9 e Aq paluedwodde alam suonisuel) 7 01 9 T JO 10 NH
1z - E0z | 09z | wne | GeVeo | oz | 0o199XTOVLIOD
€61 - (602 uny | oz | @M 622 D019VXIOV.LO9
9'GT - (62 L (eTe v (L6) ez feiord 0019IXI9V109
TET - 29 | ©Iel | wor | G6ve e | 00L9DXIVVLO9
LT - (T'9) 1T - o) T (z9)zt 1€C 00199XI9VL09
09T (ome (zDvt Tav (0T (zg)ot v6T 00199X99VL09
zL - ot | 6Dy | ot [ €N 602 | 00199XVOVL109
89T - une | @99 | @9 | W8T | z1 | 00195%00vL09
88 - - (ot (02 v (e9)er S0¢ D0.L9VXI9V.LOD
% (%) (%) (%) (%) (%) JBgunu
‘ RAqunu Rqunu Bqwnu | seqwnu Jquinu ‘po1sal
ol | ‘uonssul | ‘vonepa | ‘voio | ‘D019 | ‘1019 | plused souenbes

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

*sapnoajonu BurioqyBiau ay) 1o Hp-Ade4aAl J0 SaUS ay) 18 SUOILIASUI PUE ‘SUOIS|Sp ‘suonnIsgns aseg

NIH-PA Author Manuscript

Chem Res Toxicol. Author manuscript; available in PMC 2014 July 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Earley et al.

Table 2
Types of deletions and insertions.
| Sequence | Number | Type | Sequence
1 | GCTAGCXAGTCC | - | | -
2 | GCTAGCXGGTCC | 3 | deletion of dG | GCTAGCGGTCC
3 | GCTAGAXGGTCC | 1 | single nucleotide deletion accompanied by a base substitution | GCTAGTGGTCC
4 | GCTAGGXGGTCC 14 deletion of dG GCTAGGGGTCC
1 insertion of dG GCTAGGGGGGTCC
1 insertion of dT GCTAGGTGGGTCC
5 | GCTAGIXGGTCC 12 deletion of downstream dT GCTAGGGGTCC
1 dinucleotide deletion GCTAGGGTCC
1 deletion of dG GCTAGTGGTCC
6 | GCTAATXGGTCC 5 deletion of dG GCTAATGGTCC
1 dG deletion accompanied by a G to T transversion GCTAATTGTCC
7 | GCTAGIXTGTCC 5 dinucleotide deletion GCTAGTGTCC
1 deletion of downstream dT GCTAGGTGTCC
1 dG deletion accompanied by a G to T transversion GCTATTTGTCC
8 | GCTAGIXAGTCC | 2 | deletion of dG GCTAGTAGTCC
9 | GCTAGIXCGTCC 1 deletion of dG GCTAGTCGTCC
1 deletion of dG accompanied by a G to T transversion GCTAGTCTTCC

Chem Res Toxicol. Author manuscript; available in PMC 2014 July 15.

Page 14



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Earley et al.

Table 3
Additional mutations.

Sequence Mutation
1 | GeTAGCXAGTCC -
2 | GeTAGEXGGTCC GGTAGCGGGTCC
3 | GCTAGAXGGTCC GCTATAGGGTCC, TCTAGAGGGTCC
4 | GCTAGGXGGTCC TATTGGGGGTCC
5 | GCTAGIXGGTCC -
6 | GCTAATXGGTCC GTTAATGGGTCC
7 | GCTAGIXTGTCC GCTATTGTGTCC
8 | GCTAGIXAGTCC | GCTAATGAGTCC, GCTAGAGAGTCC, CCTAGTGAGTCC, GCTATTGAATCC
9 | GCTAGTXCGTCC GCTAGIGCTGTCC
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