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Abstract
4-Hydroxyequilenin (4-OHEN)-dC is a major, potentially mutagenic DNA adduct induced by equine
estrogens used for hormone replacement therapy. To study the miscoding property of 4-OHEN-dC
and the involvement of Y-family human DNA polymerases (pols) η, κ and ι in that process, we
incorporated 4-OHEN-dC into oligodeoxynucleotides and used them as templates in primer
extension reactions catalyzed by pol η, κ and ι. Pol η inserted dAMP opposite 4-OHEN-dC,
accompanied by lesser amounts of dCMP and dTMP incorporation and base deletion. Pol κ promoted
base deletions as well as direct incorporation of dAMP and dCMP. Pol ι worked in conjunction with
pol κ, but not with pol η, at a replication fork stalled by the adduct, resulting in increased dTMP
incorporation. Our results provide a direct evidence that Y-family DNA pols can switch with one
another during synthesis past the lesion. No direct incorporation of dGMP, the correct base, was
observed with Y-family enzymes. The miscoding potency of 4-OHEN-dC may be associated with
the development of reproductive cancers observed in women receiving hormone replacement
therapy.
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Introduction
Hormone replacement therapy is widely used for postmenopausal women to decrease
menopausal symptoms and to protect against osteoporosis. However, hormone replacement
therapy is associated with a significantly increased risk of breast, ovarian and endometrial
cancers.1-3 Premarin (Wyeth-Ayerst), composed of approximately 30% (w/w) equilin, 10%
(w/w) equilenin and other estrogens, is frequently used for this purpose.4 Like estrogens,
equilenin and equilin are metabolized to 4-hydroxyequilenin (4-OHEN) and 4-hydroxyequilin
(4-OHEQ), respectively.4 4-OHEN is rapidly autoxidized to an o-quinone, which reacts readily
with DNA, resulting in the formation of several diastereoisomers of unique 4-OHEN-dC
(Figure 1), 4-OHEN-dA and 4-OHEN-dG adducts.4-6 4-OHEQ is also autoxidized to an o-
quinone that isomerizes to 4-OHEN-o-quinone; therefore, 4-OHEQ produces DNA adducts
identical with those observed for 4-OHEN.7 Equine estrogen-derived DNA adducts have been
detected in breast tumor and adjacent normal tissues of several patients receiving hormone
replacement therapy, and in paraffin-embedded breast tumor tissues.8
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Many types of DNA adducts block the processivity of the replication machinery during DNA
synthesis. Cells utilize translesion synthesis (TLS) DNA polymerases (pols) to extend the
nascent strand when a replication fork is stalled.9-11 The Y-family DNA pols, including pol
η, κ and ι, are especially associated with translesion synthesis past DNA adducts.12,13 In
addition, switching of TLS pols, including Y-family enzymes, at DNA adducts has recently
been proposed9,11 on the basis of the results from the TLS bypass assay14-16 and/or steady-
state kinetic studies performed with reactions containing a single dNTP.17-20 Interestingly,
Y-family DNA pols are highly expressed in human testis, ovary and uterus, where steroid
hormones are produced.21-24 Therefore, the presence of equine estrogen-derived DNA
adducts and high levels of Y-family DNA pols together in reproductive organs may result in
a significant level of mutagenesis during translesion synthesis, leading to an increased risk of
breast, ovary and endometrial cancers.

Oligodeoxynucleotides containing a single 4-OHEN-dC, a major DNA adduct derived from
4-OHEN, were prepared by a post-synthetic method and used as templates for steady-state
kinetic studies.25 Our previous results indicated that DNA pol η and κ bypassed the 4-OHEN-
dC by inserting dAMP and dCMP and extended past the lesion. Although the relative bypass
frequencies of nucleotide past the lesion can be obtained using the kinetic study, this assay
cannot provide detailed miscoding specificity and frequency occurring at the lesion site. To
explore the miscoding property of major diastereoisomers (fr-3 and fr-4) of 4-OHEN-dC,4 we
prepared a different 4-OHEN-modified template that can be used for quantitative miscoding
analysis using two-phase PAGE.26,27 Miscoding events occurring at the 4-OHEN-dC adduct
during DNA synthesis catalyzed by human DNA pol η, κ,or ι were determined in the presence
of four dNTPs and proliferating cell nuclear antigen (PCNA). Both pol η and pol κ generate a
high frequency of mutagenic events during translesion synthesis past the 4-OHEN-dC lesion.
We observed also that pol ι can work in conjunction with pol κ, but not with pol η, at a
replication fork stalled by a 4-OHEN-dC adduct during DNA synthesis. This is direct evidence
that Y-family DNA pols can switch with one another during translesion synthesis.

Results
Preparation of 38-mer oligomer templates containing a single 4-OHEN-dC adduct

To quantify the miscoding frequency and specificity of 4-OHEN-dC adduct using a two-phase
PAGE system,26,27 the sequence;
5'CATGCTGATGAATTCCTTCXCTTCTTTCCTCTCCCTTT, where X is 4-OHEN-dC) is
required as a template (Figure 2). When a 7-mer oligomer (5'TTCCCTT) containing three C
bases was reacted with 4-OHEN, eight products (peaks 2–9) containing one or more 4-OHEN-
dC adduct were produced and resolved from the unmodified oligomer (peak 1) using a
μBondapak C18 HPLC column (Figure 3). With the XTerra MS C18 HPLC column, peaks 2
and 3 and peaks 6 and 7 were completely resolved (data not shown). 4-OHEN-dC absorbs UV
wavelengths greater than 300 nm, and the absorbance is linearly related to the number of 4-
OHEN-dC-modifications; therefore, on the basis of the 320 nm/260 nm absorbance ratio, six
products (peaks 2–7) are expected to contain a single 4-OHEN-dC modification, and two
products (peaks 8 and 9) should contain two 4-OHEN-dC adducts.25 The 4-OHEN-dC-
modified 7-mers were ligated to two unmodified oligomers27 for preparation of the 38-mer
templates (Figure 2). The adduct position in the three C bases was determined according to the
site of termination of primer extension reactions catalyzed by DNA pol η (Figure 4). The primer
extension reactions on the templates produced from peaks 2 and 5 were blocked at position 13,
indicating that peaks 2 and 5 contain a single stereoisomer of 4-OHEN-dC positioned in the
middle of the three C bases (5'TTCC4-OHENCTT). Similarly, peaks 3 and 6, showing blockage
at position 12, were predicted to be 5'TTCCC4-OHENTT; and peaks 4 and 7, showing the
blockage at position 14, were predicted to be 5'TTC4-OHENCCTT. The molecular mass of the
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products was confirmed using MALDI-TOF mass spectrometry.25 The parent ions of 4-
OHEN-dC-modified 7-mers (peaks 2 and 5) exhibited peaks at m/z 2320, identifying the
molecular mass as 2319 Da, while the molecular mass of the unmodified 7-mer exhibited an
ion peak at m/z 2024, identifying the molecular mass as 2023 Da (data not shown). The
difference in molecular mass between the modified and the unmodified oligomer was 296 Da,
which is consistent with the molecular mass of the 4-hydro-xyequilenin moiety in the unique
dC adduct (Figure 1). Thus, the reaction products were identified as 7-mers containing a single
diastereoisomer of 4-OHEN-dC positioned in the middle of the three C bases. Enzymatic
digestion analysis25 showed that peaks 2 and 5 contain fr-4 and fr-3 isomers of monomeric 4-
OHEN-dC, respectively. As before, the oligomers containing fr-4 and fr-3 are referred as Pk-3
and Pk-4, respectively.25

Primer extension reactions catalyzed by pol η, κ, or ι on 4-OHEN-dC-modified DNA template
Using unmodified and 4-OHEN-dC-modified 38-mer (Pk-3) templates primed with 32P-
labeled 10-mer primer, primer extension reactions catalyzed by either pol η, a truncated form
of pol κ (pol κΔC) or pol ι were conducted in the presence of four dNTPs and PCNA (Figure
5). Pol η or κΔC readily extended the primer to form the fully extended product on an
unmodified template. Using 4-OHEN-dC-modified template, primer extension reactions
catalyzed by pol η were slightly retarded opposite the lesion, and then bypassed the lesion to
form the fully-extended product (Figure 5). With pol kΔC, primer extension reactions were
retarded more strongly one base before the lesion, and fewer primer extensions bypassed the
lesion to form the fully extended product (Figure 5). When the amount of pol η or κΔC was
increased, products longer than 32 bases were produced on both the unmodified and 4-OHEN-
dC-modified templates. These are blunt-end extension products, as reported earlier for
Escherichia coli and mammalian DNA pols.28,29 In contrast, when pol ι was used, primer
extensions occurred rarely, even on the unmodified template with a large amount (500 fmol)
of this enzyme; no fully-extended product was produced (Figure 5). On the 4-OHEN-dC-
modified template, the primer extension reactions were strongly blocked both before and
opposite the lesion; only a small amount of further extension was detected.

Miscoding properties of 4-OHEN-dC catalyzed by pol η or pol κ
Translesion synthesis catalyzed by pol η or κΔC was conducted in the presence of four dNTPs
and PCNA on the unmodified templates and 4-OHEN-dC-modified templates (Pk-3 or Pk-4).
The fully extended products (>26 bases long) were recovered from PAGE gels and used for
the miscoding analysis using a two-phase PAGE system (Figure 6). A standard mixture of
six 32P-labeled oligodeoxynucleotides containing dC, dA, dG, or dT opposite the lesion or one-
base and two-base deletions can be resolved by this method (Figure 2). The percentage of
miscoding was normalized to the amount of the starting 32P-labeled primer. When products
obtained from the primer extension reaction on the unmodified template were analyzed, the
expected incorporation of dGMP (75% for pol η and 88% for pol κΔC), the correct base, was
observed opposite dC (Figure 6 and Table 1). With pol η for Pk-3, preferential incorporation
of dAMP (36.6%) was observed opposite the 4-OHEN-dC, accompanied by smaller amounts
of dCMP (12.3%) and dTMP (9.4%) incorporation. Deletions of one base (20.5%) and two
bases (4.5%) were also observed. Similar miscoding specificities and frequencies were
observed on the Pk-4 template (Figure 6).

Pol κΔC preferentially promoted deletions (Figure 6 and Table 1); with Pk-3 template, both
two-base (42.0%) and one-base (14.5%) deletions were detected. Direct incorporation of
dAMP (16.7%), dCMP (3.4%), and dTMP (1.0%) opposite the lesion was also observed.
Similar miscoding specificity was observed with Pk-4 template; however, the frequency of
two-base deletions was almost twice as high as that of Pk-3 and the frequencies of dAMP and
dCMP incorporation were at least 2.5-fold lower than that observed with Pk-3. Surprisingly,
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with pol κΔC and pol η, no incorporation of dGMP, the correct base, was detected opposite
the 4-OHEN-dC adduct in Pk-3 and Pk-4 templates.

Formation of deletions during translesion synthesis by pol κ
To explore the mechanism of forming deletions during translesion synthesis catalyzed by pol
κΔC, 4-OHEN-dC adduct in the 38-mer template (Pk-3) was paired with dNMP using 32P-
labeled 13N-mer and primer extension reactions catalyzed by pol κΔCwere conducted in the
presence of four dNTPs and PCNA. The fully-extended products (>26 bases long) recovered
from PAGE gels were used for analysis of miscoding using a two-phase PAGE system (Figure
7). When a 13G-primer was used, only a one-base deletion was formed at the 4-OHEN-dC
adduct site; no dGMP incorporation opposite the lesion was observed. With a 13A-primer, a
two-base deletion was primarily observed, accompanied by a smaller amount of dAMP
incorporation opposite the lesion. With 13C and 13T-primers, incorporation of dCMP and
dTMP, respectively, occurred. Thus, when dGMP and dAMP are inserted opposite the 4-
OHEN-dC, one-base and two-base deletions, respectively, can be formed during the translesion
synthesis.

Kinetic study on 4-OHEN-dC-modified template with pol ι
Steady-state kinetic studies were performed to explore the miscoding properties of 4-OHEN-
dC adducts induced by pol ι, as described previously for pol η and κΔC.25 Using unmodified
and 4-OHEN-dC-modified 25-mer templates (5'TTTGTXTTTTCTTCTTTCCTCTCCC,
where X is dC or 4-OHEN-dC) primed with a 32P-labeled 12-mer (5'GAAAGAAGAAAA),
the frequencies of dNTP insertion (Fins) and chain extension (Fext) with pol ι were measured
in a buffer containing a single dNTP opposite the 4-OHEN-dC within the linear range of the
reaction (Table 2). Fins for dTTP was 2.2-fold higher than that for dGTP, the correct base, and
9.5-fold higher than that for dATP. Fins for dCTP could not be determined because of the poor
insertion. Thus, pol ι preferentially incorporated dTMP opposite the 4-OHEN-dC. On the other
hand, Fext for the dN·4-OHEN-dC pair could not be determined due to the poor chain extension
from the adduct site.

Primer extension reactions catalyzed by the combination of pol η+ι or pol κΔC+ι
Primer extension reactions catalyzed by a combination of pol η and pol ι (pol η+ι) or a
combination of pol κΔC and pol ι (pol κΔC+ι) were conducted in the presence of four dNTPs
and PCNA on unmodified or 4-OHEN-dC-modified 38-mer template (Pk-3) primed with 32P-
labeled 12-mer. Using pol η+ι, the primer extension readily occurred to form fully extended
products on both unmodified and 4-OHEN-dC modified templates (Figure 8). With pol κΔC
alone, the primer extension reactions were blocked before the lesion. The amount of the one-
base extended product observed opposite the lesion (position 13X) was increased in parallel
with increasing amounts of pol ι, which was capable of inserting a base opposite the 4-OHEN-
dC lesion.

This indicates that pol ι inserts a base opposite the lesion, but stalls during the primer extension.
In addition, the fully extended products (14–32-mers) were also increased in parallel with
increasing amounts of this enzyme.

Miscoding specificities of 4-OHEN-dC lesion in reactions catalyzed by the combination of
pol η+ι or pol κΔC+ι

The fully extended products (>26 bases long) were subjected to two-phased PAGE to quantify
base substitutions and deletions formed opposite the 4-OHEN-dC. When pol ι was added to
the primer extension reaction catalyzed by pol κΔC, the amount of dTMP incorporation
opposite the 4-OHEN-dC was increased in parallel with the increase in amount of pol ι. In
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addition, both the amount of dAMP incorporation opposite the lesion and amounts of the one-
base and two-base deletions were decreased (Figure 9(b)). In contrast, the miscoding property
observed with pol η was not affected by addition of pol ι (Figure 9(a)). No incorporation of
dGMP, the correct base, opposite the lesion was detected using a combination of pol κΔC and
ι or a combination of pol η and ι.

Discussion
We have previously observed that 4-OHEN-dC, a major equine estrogen-DNA adduct, strongly
blocked the primer extension reactions catalyzed by replicative human DNA pol α or δ;25 no
nucleotide was inserted opposite the lesion even using a large amount of the enzyme. Since Y-
family DNA pols (pol η, κ or ι) are involved in translesion synthesis past bulky DNA adducts,
12,13 and are highly expressed in reproductive organs,21-24 we used these DNA pols to
explore miscoding events occurring at a major diastereoisomer (fr-3 or fr-4) of 4-OHEN-dC
during translesion synthesis. The relative bypass frequency of nucleotide past the DNA adducts
have been estimated using steady-state kinetic studies employing primer extension reactions
catalyzed by DNA pol in the presence of only a single dNTP where there is no competition
between nucleotides.25 In the present study, a two-phased PAGE system established
previously in our laboratory was utilized to analyze the fully extended products past the DNA
adduct in the presence of all four dNTPs and PCNA for quantification of the miscoding
frequency and specificity occurring at the lesion site.26,27 Using this technique, pol η
preferentially inserted dAMP opposite 4-OHEN-dC, accompanied by smaller amounts of
dCMP and dTMP incorporation and base deletions. Although pol κΔC promoted one-base and
two-base deletions preferentially, direct incorporation of dAMP and, to a lesser extent, dCMP
and dTMP was also detected. Thus, the miscoding properties vary depending on the DNA
polymerase used.

Surprisingly, with both pol η and pol κΔC, no direct incorporation of dGMP, the correct base,
was observed opposite the 4-OHEN-dC adduct. It was proved also that no dGMP incorporation
opposite the adduct was formed even when the dG•4-OHEN-dC pair was extended using pol
κΔC(Figure 7). Although conformational studies were performed for the dG·4-OHEN-dC pair
in duplex DNA,30 we did not observe such correct base-pairing during the translesion synthesis
catalyzed by pol η and κ. These results indicate that the major isomers of 4-OHEN-dC are
highly miscoding lesions, generating primarily C→T transitions, along with C→G and
C→Atransversions.

Pk-3- and Pk-4-oligomers contain the fr-4 and fr-3 diastereoisomers of 4-OHEN-dC,
respectively. The absolute structures of these isomers have not been determined despite
attempts using several NMR techniques;4 a crystallographic technique may be required to
establish it. Pol η promoted primarily dAMP incorporation opposite each lesion, along with
dCMP incorporation. The miscoding events occurring at fr-4 of 4-OHEN-dC (Pk-3 template)
was identical with that observed with fr-3 (Pk-4 template). The observation was supported by
steady-state kinetic studies performed previously with a different template sequence.25
Although, with pol κΔC, the miscoding specificity observed with Pk-3 template was similar
to that of Pk-4 template, the frequency of two-base deletions was increased and the frequencies
of dAMP and dCMP incorporation were decreased. Geacintov and his colleagues indicated
that 4-OHEN-dC isomers with positive circular dichroism absorbance (CD) were oriented
toward the 5' terminus in duplex DNA while the isomers with negative CD were oriented toward
the 3' terminus in duplex DNA.6,31 Since fr-3 and fr-4 isolated in our study have negative and
positive CD, respectively,25 fr-3 in Pk-4-oligomer orients in the 3'-direction and fr-4 in Pk-3-
oligomer orients in the 5'-direction in duplex DNA. Such adduct stereochemistry may affect
the miscoding property generated by pol κΔC; but not by pol η.
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With a template having a different sequence context, steady-state kinetic studies performed
using pol κΔC showed that the relative bypass frequency past the dC·4-OHEN-dC pair was
more efficient than that for the dA·4-OHEN-dC pair. The result was the opposite of that
obtained with two-phase PAGE assay, suggesting that pol κΔC promoted primarily direct
dAMP incorporation, along with dCMP incorporation, at the lesion. Such a difference may
reflect the sequence context adjacent to the lesion.

Formation of one-base and two-base deletions was observed primarily with pol κΔC during
translesion synthesis past the 4-OHEN-dC. To explore the deletion mechanism, we analyzed
the fully extended products obtained from the chain extension reactions from the dN•4-OHEN-
dC pairs (Figure 7). When the dA•4-OHEN-dC pair was used, the predominant product formed
was a two-base deletion. A smaller amount of product with dAMP opposite the lesion was also
formed. These results may be explained if the terminal dAMP of the primer preferentially pairs
with T two bases 5' to the lesion, forming the two-base deletions; whereas, when dAMP is
positioned directly opposite the lesion, only a portion of such primers may be chain-extended
(Figure 7). With the dG·4-OHEN-dC pair, only one-base deletions were formed. dGMP
positioned opposite the lesion may not be chain-extended; the majority of dGMP may pair with
the C immediately 5' to the lesion, forming the one-base deletions (Figure 7). Since dCMP or
dTMP positioned opposite the lesion cannot pair with any base 5' to the lesion on the template,
no deletion could be formed. Steady-state kinetic studies performed previously25 indicated
that pol κΔC inserted dATP and dCMP opposite the 4-OHEN-dC lesion. Therefore, two-base
deletions could be formed primarily at the lesion site. As demonstrated for
acetylaminofluorene-derived DNA adducts,32,33 the insertion frequency of dNTP opposite
the lesion may be a limiting factor in generating frameshift deletions in vitro.

Switching mechanisms between replicative DNA pols and Y-family DNA pols have recently
been proposed to explain translesion synthesis past DNA adducts,9,11 based on indirect assay
systems employing a simple TLS bypass assay14-16 and/or steady-state kinetic studies.
17-20 In addition, expression and localization of fluorescently tagged TLS pols have been
employed to predict which TLS pol catalyzes synthesis at stalled DNA replication forks
following DNA-damaging treatment.34,35 In the present studies, using a combination of either
pol κΔC+ι or pol η+ι for primer extension reactions past the 4-OHEN-dC lesion, the miscoding
specificity and frequency were quantified using a two-phase PAGE system (Figures 8 and 9).
Although the majority of primer extension reactions catalyzed by pol κΔC alone were blocked
one base before the 4-OHEN-dC lesion, the additional pol ι proceeded to insert dTMP opposite
the lesion, but then further chain extension was blocked. Since pol ι alone has only a weak
ability to extend the primer from the adducted base-pair, the increase of fully extension product
may be reflected by the increased dTMP insertion opposite the lesion by the additional pol ι,
followed by chain extension by pol κΔC. Among DNA pols, pol ι is the only one that prefers
to insert dTMP opposite the 4-OHEN-dC lesion, as supported by our steady-state kinetics study
(Table 2). On the other hand, the original incorporation of dAMP and the one-base and two-
base deletions observed opposite the 4-OHEN-dC lesion with pol κΔC alone were reduced by
addition of pol ι. This indicates that pol ι assists in extending the primer strand on which pol
κ is stalled (before the lesion) by incorporating dTMP opposite the lesion (Figure 10). After
that, pol κ may again take the place of pol ι to extend the primer, as reported previously.19,
20 Our results are direct evidence that Y-family DNA pols can switch with each other during
translesion synthesis past the lesion. In contrast, the original miscoding property observed with
pol η alone was not affected by addition of pol ι. Although pol η and pol ι associate with each
other and have overlapping binding sites on PCNA during DNA replication,9,34 our
observation indicates that pol η can work independently from pol ι when bypassing the 4-
OHEN-dC lesion.
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We have here demonstrated that the two-phase PAGE can be used to determine quantitatively
miscoding properties of DNA adduct in the presence of a mixture of DNA pols and co-factors.
Using this system, the influence of replicative DNA pols on the miscoding specificity and
frequency of the 4-OHEN-dC adduct generated by the Y-family enzymes could be investigated.
In addition, when concentration of each DNA polymerases existing in reproductive organs is
established, the miscoding properties occurring under physiological condition could be
explored. Such important studies will be required in future to understand the translesion
mechanism past the DNA adduct.

When 4-OHEN-dC-containing pMY189 shuttle vector plasmid carrying a bacteria suppressor
tRNA gene, supF, was propagated in human lung fibroblast cells, C:G → G:C and C:G → A:T
mutations were primarily detected, accompanied by fewer C:G → T:A transitions.36
Therefore, the majority of mutations in the cells may have been due to the direct incorporation
of dCMP or dTMP, not dAMP, opposite the 4-OHEN-dC lesion. Since pol η, κ, and ι are
expressed in human lung tissues, as they are in reproductive organs,21,24 these pols may be
associated with the 4-OHEN-induced mutations detected in the fibroblast cells. However, the
mutational spectrum observed in the cells is not consistent with our present results showing
that direct dAMP incorporation, followed by dCMP incorporation, are the major base-
substitutions promoted by pol η or κΔC. Rather, only a small amount of dTMP was incorporated
opposite 4-OHEN-dC during translesion synthesis catalyzed by pol η and κΔC(Figure 9). The
higher frequency of C:G → A:T mutations observed in the fibroblast cells may be due to the
increased dTMP incorporation opposite the 4-OHEN-dC lesion brought about by the
association of pol ι and κΔC. Alternatively, oxidative DNA damages, including 8-oxo-7,8-
dihydro-2'-deoxyguanosine (8-oxodG), may be induced by reactive oxygen species generated
during redox reaction between the 4-OHEN o-quinone and their semiqui-none radicals.
37-42 Since 8-oxodG generates G → T transversions mediated primarily by several DNA pols,
including pol η and pol κ,18,43-45 C:G → A:T mutations observed in the fibroblast cells may
be due to oxidative DNA damage occurring at C:G pairs.

In conclusion, the Y-family DNA pols η, κ, and ι showed unique characteristics for translesion
synthesis past the major 4-OHEN-dC adducts. In particular, major 4-OHEN-dC was a highly
miscoding lesion for pols η and κΔC, which incorporate primarily dAMP or generate deletions
during translesion DNA synthesis. The miscoding frequency and specificity was also
influenced by the adduct stereochemistry and sequence context adjacent to the lesion. Pol ι
could insert dTMP opposite the lesion, but further chain extension was blocked. On the basis
of the different miscoding specificities of each Y-family DNA pol, we provided a direct
evidence that pol ι can work in conjunction with pol κ, but not with pol η, during translesion
synthesis at a replication fork stalled by a 4-OHEN-dC lesion.

Materials and Methods
General

[γ-32P]ATP (spec. act. >6000 Ci/mmol) and dNTPs were obtained from GE Healthcare Bio-
Sciences Corp. (Piscataway, NJ). Bacteriophage T4 polynucleotide kinase and EcoRI
restriction endonuclease were purchased from New England BioLabs (Ipswich, MA). Human
pol η and pol κΔC were provided by Dr Hanaoka and Dr Ohmori, respectively. Human pol κ
and ι were purchased from Enzymax, LCC (Lexington, KY).

Synthesis of 4-OHEN-dC modified oligodeoxynucleotides
A 7-mer oligodeoxynucleotide containing three C bases (5'TTCCCTT, 200 μg) was reacted at
37 °C for 3 h with 4-OHEN (1 mg (3.5 μmol)/50 μl acetone) in 1 ml of 25 mM potassium
phosphate buffer (pH 7.4).25 To avoid subjecting insoluble materials to HPLC, the reaction
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mixture was centrifuged. The supernatant was evaporated to dryness and subjected to HPLC.
Several products containing one or more 4-OHEN-dC adducts were isolated on a reverse-phase
μBondapak C18 column (0.39 cm × 30 cm, Waters), using a linear gradient composed of 0.05
M triethylammonium acetate (pH 7.0) in 10%–20% (v/v) acetonitrile, an elution time of 60
min, and a flow-rate of 1.0 ml/min. Each isolated product was further purified using an XTerra
MS C18 column (0.46 cm × 5.0 cm, Waters) column, with the HPLC conditions used for the
μBondapak C18 column. 4-OHEN-dC absorbs UV at >300 nm, and the absorbance is linearly
related to the number of 4-OHEN-dC-modifications; therefore, on the basis of the 320 nm/260
nm absorbance ratio, the number of 4-OHEN-dC modifications in each product was estimated.
Six products containing a single diastereoisomer of 4-OHEN-dC were used for preparing their
38-mer oligomers as described below. The position of the 4-OHEN-dC adduct was determined
by the blockage of primer extension reactions catalyzed by pol η on the modified 38-mer
oligomers.

MALDI-TOF analysis
The molecular mass of the products was determined by matrix assisted laser desorption
ionization-time of flight (MALDI-TOF) mass spectrometry.25 Samples were run on a
Voyager-DE STR MALDI-TOF mass spectrometer system (Applied Biosystems,
Framingham, MA) operated in the linear mode. Samples were dissolved in a 50% (v/v) solution
of acetonitrile/water containing hydroxypicolinic acid (5 mg/ml) and ammonium citrate at an
8:1 (v/v) ratio and dried on a sample plate. A nitrogen laser operating at 337 nm and a 3 ns
pulse rate was employed. The accelerating voltage was set to 20 kV and a delay of 250 ns was
used to accelerate ions into the flight tube of the mass spectrometer. The mass scale (m/z 1000–
10,000) was calibrated in the positive ion mode with a mixture of standard
oligodeoxynucleotides and approximately 100 laser shots were used to produce each spectrum.

Primer extension reactions
Pol η and pol κΔC were prepared as described.46,47 Although pol κΔC has a slightly lower
processivity than that of full-length pol κ, the miscoding rate on the undamaged DNA by pol
κΔC was similar to that of pol κ.48 The 4-OHEN-dC-modified 7-mers (5'TTCC4-OHENCTT)
were ligated to two unmodified oligomers 5'CATGCTGATGAATTCC and
5'CTTTCCTCTCCCTTT)25,26 for preparation of the 38-mer templates
5'CATGCTGATGAATTCCTTCC4-OHENCTTCTTTCCTCTCCCTTT used for the
miscoding studies (Figure 2). A 10-mer (5'AGAGGAAAGA), 12-mer
(5'AGAGGAAAGAAG), or 13N-mer (5'AGAGGAAAGAAGN, N=C, A, G, or T) primer was
labeled at the 5'-terminus by treating with T4 polynucleotide kinase in the presence of [γ-32P]
ATP.49 Using the 4-OHEN-dC-modified or unmodified 38-mer
5'CATGCTGATGAATTCCTTCXCTTCTTTCCTCTCC where X is dC or 4-OHEN-dC)
template (150 fmol) primed with a 32P-labeled 10-mer, 12-mer, or 13-mer primer (100 fmol),
primer extension reactions catalyzed by pol η, κΔC, ι, or the mixture of pol η and ι (pol η+ι)
orpol κ and ι (pol κΔC+ι) (the amount of each pol is described in the Figure legends) were
carried out at 25 °C for 30 min in 20 μl of a buffer containing four dNTPs (100 μM each) and
1400 fmol of PCNA.25 The primer extension reactions catalyzed by pol η+ι or κΔC+ι were
started by addition of primer-annealed DNA template,after the two pols,dNTPs, and PCNA
were mixed into a reaction buffer. The reaction buffer for pol η and ι was 40 mM Tris–HCl
(pH 8.0), 1 mM MgCl2, 10 mM DTT, 250 μg/ml of BSA, 60 mM KCl, 2.5% (v/v) glycerol. A
similar reaction buffer was used for pol κ or κΔC, using 5 mM MgCl2 instead of 1 mM
MgCl2. Reactions were stopped by the addition of formamide dye. The sample was subjected
to denaturing PAGE in a 20% (w/v) polyacrylamide 35 cm×42 cm×0.04 cm slab gel. The
radioactivity of the extended products was measured using STORM and ImageQuaNT software
(Molecular Dynamics).
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Quantification of miscoding specificity
Using 150 fmol of 4-OHEN-dC-modified and unmodified 38-mer template primed with 100
fmol of a 32P-labeled 12-mer primer or 13N-mer, primer extension reactions catalyzed by pol
η, κΔC, η+ι,or κΔC+ι were conducted at 25 °C for 30 min in 20 μl of a buffer containing four
dNTPs (100 μM each) and 1400 fmol of PCNA. When pol η+ι or pol κΔC+ι was used, the
primer extension reactions were initiated by the addition of primer-annealed DNA template,
after the two pols, dNTPs, and PCNA were mixed into a reaction buffer. Reactions were
stopped by adding formamide dye and then subjected to denaturing PAGE in a 20% (w/v)
polyacrylamide 35 cm × 42 cm × 0.04 cm slab gel Fully extended products (>26 bases long)
were recovered from the gel, annealed with the complementary oligomer, cleaved by EcoRI
(100 U) at 15 °C overnight, and subjected to two-phased PAGE (15 cm × 72 cm × 0.04 cm)
with 7 M urea in the upper phase and no urea in the lower phase (Figure 2).26,27 To quantify
base substitutions and deletions, mobilities of the reaction products were compared with those
of 18-mer standards containing dC, dA, dG, or dT opposite the lesion and one-base (Δ1)or two-
base (Δ2) deletions. The percentage of miscoding was normalized to the amount of the
starting 32P-labeled primer.

Steady-state kinetics studies
Kinetic parameters at the 4-OHEN-dC lesion in reactions catalyzed by pol ι were determined
in a buffer containing a single dNTP (0–500 μM) as described for pol η and κΔC.25 For
insertion kinetics, reaction mixtures containing varying amounts (0.32–3.2 fmol) of pol ι were
incubated at 25 °C for 2 min in 10 μl of a reaction buffer containing 150 fmol of 25-mer template
(5'TTTGTXTTTTCTTCTTTCCTCTCCC, where X is dC or 4-OHEN-dC) primed with 100
fmol of 32P-labeled 12-mer (5'GAAAGAAGAAAA).25 Reaction mixtures containing 150
fmol of 25-mer template primed with 100 fmol of a 32P-labeled 13N-mer
(5'GAAAGAAGAAAAN,whereNisC,A,GorT), with 0–500 μM dATP, and 0.32–3.2 fmol of
pol ι were used to measure chain extension kinetics. The reaction samples were subjected to
denaturing PAGE in a 20% (w/v) polyacrylamide 35 cm × 42 cm × 0.04 cm slab gel. The
Michaelis constants (Km) and maximum rates of reaction (Vmax) were obtained from Hanes-
Woolf plots. The frequencies of dNTP insertion (Fins) and chain extension (Fext) were
determined relative to the dC:dG base-pair according to the equation:50,51
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Figure 1.
Structures of diastereoisomers of the 4-OHEN-dC adduct.
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Figure 2.
Diagram of the method used to determine miscoding specificity. Unmodified or 4-OHEN-dC-
modified 38-mer templates were annealed to a 32P-labeled 10-mer primer. Primer extension
reactions catalyzed by Y-family enzymes (pol η, κΔC or ι) were conducted in the presence of
four dNTPs. Fully extended products formed during DNA synthesis were recovered from the
polyacrylamide gel, annealed with a complementary 38-mer, cleaved with EcoRI, and
subjected to two-phase PAGE as described in Materials and Methods. To determine miscoding
specificity, the mobility of the reaction products was compared with those of 18-mer standards
containing dC, dA, dG, or dT opposite the lesion and one base (Δ1) or two-base (Δ2) deletions.
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Figure 3.
HPLC separation of oligodeoxynucleotides containing a single 4-OHEN-dC adduct. A 200
μg sample of 5'TTCCCTT was reacted at 37 °C for 3 h with 4-OHEN (1 mg/50 μl acetone) in
1 ml of 25 mM potassium phosphate buffer (pH 7.4). After centrifugation, the supernatant was
evaporated to dryness and subjected to HPLC. The 7-mer oligomers containing
diastereoisoforms of one and more 4-OHEN-dC adducts were isolated on a reverse-phase
μBondapak C18 column (0.39 cm × 30 cm, Waters), using a linear gradient of 0.05 M
triethylammonium acetate (pH 7.0) in 10%–20% (v/v) acetonitrile, an elution time of 60 min,
and a flow-rate of 1.0 ml/min.
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Figure 4.
Blockage of primer extension reactions catalyzed by pol η at the 4-OHEN-dC adduct site. Six
products containing a single diastereoisomer of 4-OHEN-dC obtained as in Figure 3 were used
for preparing their 38-mer oligomer templates as described in Materials and Methods. Using
150 fmol of the modified templates primed with 100 fmol of 32P-labeled 10-mer, primer
extension reactions were carried out at 25 °C for 5 min in a buffer containing four dNTPs (100
μM each) and 10 fmol of pol η. One-third of the reaction mixture was subjected to denaturing
PAGE (20% (w/v) polyacrylamide) in a 35 cm × 42 cm × 0.04 cm slab gel.
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Figure 5.
Primer extension reactions catalyzed by pol η, κ,or ι on 4-OHEN-dC-modified DNA templates.
Using 4-OHEN-dC-modified or unmodified 38-mer template (150 fmol) primed with 100 fmol
of 32P-labeled 10-mer, primer extension reactions were carried out at 25 °C for 30 min in a
buffer containing four dNTPs (100 μM each) and 0, 1.0 fmol, 10 fmol, 100 fmol or 500 fmol
of pol η, pol κΔC, and pol ι, as described in Materials and Methods. One-third of the reaction
mixture was subjected to denaturing PAGE as described for Figure 4. A 32-mer
(5'AGAGGAAAGTAGCGAAGGAATTCATCAGCATG) was used as a marker of fully
extended product. 13X represents the adducted position.
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Figure 6.
Miscoding specificities of 4-OHEN-dC lesion in reactions catalyzed by pol η or κ. Using 150
fmol of 4-OHEN-dC-modified and unmodified 38-mer template primed with 100 fmol of
a 32P-labeled 12-mer primer, primer extension reactions were conducted at 25 °C for 30 min
in a buffer containing four dNTPs (100 μM each) and either 100 fmol of pol η or 100 fmol of
pol κΔC, as described in Materials and Methods. The extended reaction products (>26 bases
long) produced on the unmodified and 4-OHEN-dC-modified templates was extracted
following PAGE. The recovered oligodeoxynucleotides were annealed to an unmodified 38-
mer and cleaved with EcoRI restriction enzyme, as described in Materials and Methods. Half
of the reaction product from the unmodified template and the entire product from the 4-OHEN-
dC-modified template were subjected to two-phased electrophoresis in a 20% (w/v)
polyacrylamide 15 cm× 72 cm × 0.04 cm slab gel. Mobilities of the reaction products were
compared with those of 18-mer standards (Figure 2) containing dC, dA, dG, or dT opposite
the lesion and one-base (Δ1)ortwo-base(Δ2) deletions.
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Figure 7.
Mechanism of forming deletions and base substitutions. Using 150 fmol of the 4-OHEN-dC
modified 38-mer template primed with 100 fmol of a 32P-labeled 13N-mer primer (N = C (1),
A (2), G (3), T (4)), primer extension reactions were conducted at 25 °C for 30 min in a buffer
containing four dNTPs (100 μM each) and 100 fmol of pol κΔC. The fully extended reaction
products (>26 bases long) extracted from PAGE were used for analysis of base substitutions
and deletions occurring at the 4-OHEN-dC lesion, as described in the legend to Figure 6.
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Figure 8.
Primer extension reactions catalyzed by the combination of pol η+ι or pol κ+ι on 4-OHEN-
dC-modified DNA templates. Using 150 fmol of 4-OHEN-dC-modified or unmodified 38-mer
template primed with 100 fmol of 32P-labeled 12-mer, primer extension reactions were carried
out at 25 °C for 30 min in a buffer containing four dNTPs (100 μM each) and the combination
of pol η+ι or pol κΔC+ι. One-third of the reaction mixture was subjected to denaturing PAGE
in a 20% (w/v) polyacrylamide 35 × cm 42 × cm 0.04 cm slab gel. A 32-mer
(5'AGAGGAAAGTAGCGAAGGAATTCATCAGCATG) was used as a marker of fully
extended product. 13X represents the adducted position.
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Figure 9.
Miscoding specificities of 4-OHEN-dC lesion in reactions catalyzed by the combination of pol
η+ι or pol κ+ι. Using 150 fmol of a 4-OHEN-dC-modified and unmodified 38-mer template
primed with 100 fmol of a 32P-labeled 12-mer primer, we conducted primer extension reactions
at 25 °C for 30 min in a buffer containing four dNTPs (100 μM each) and either (a) pol η+ι
(0–400 fmol for pol ι, 200 fmol for pol η) or (b) pol κΔC+ι (0–400 fmol for pol ι, 200 fmol for
pol κΔC), as described in Materials and Methods. The extended reaction products (>26 bases
long) produced on the unmodified and 4-OHEN-dC-modified templates were extracted
following PAGE. The recovered oligodeoxynucleotides were annealed to an unmodified 38-
mer and cleaved with EcoRI restriction enzyme, as described in Materials and Methods. Half
of the reaction product from the unmodified template and the entire product from the 4-OHEN-
dC-modified template were subjected to two-phased electrophoresis in a 20% (w/v)
polyacrylamide 15 cm × 72 cm × 0.04 cm slab gel.
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Figure 10.
Model for enzymatic switching during translesion synthesis past 4-OHEN-dC.
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Table 2
Kinetic parameters for nucleotide insertion reactions catalyzed by pol ι

N:X Km (M) Vmax (% min−1) Fins

X=dC
 G:X 0.28±0.01 6.09±1.84 1.0
X=4-OHEN-dC
 C:X n.d. n.d. n.d.
 A:X 61.8±4.46 0.94±0.11 6.91 × 10−4

 G:X 20.8±2.26 1.39±0.12 3.07 × 10−3

 T:X 13.0±2.57 1.84±0.14 6.58 × 10−3

The kinetics of nucleotide insertion and chain extension reactions were determined as described in Materials and Methods. Frequencies of nucleotide
insertion (Fins) were estimated by the equation: F = (Vmax/Km)[wrong pair]/(Vmax/Km)[correct pair]. Data are expressed as the mean±S.D. n.d., not
detectable.
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