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ABSTRACT. Miscoding properties induced by estrogen quinone-derived DNA adducts were analyzed using
an in vitro experimental system to quantify base substitutions and deletions. Site-specifically modified
oligodeoxynucleotides containing a singé(2-hydroxyestron-6-yl)-2deoxyguanosine (2-OHEN?-dG)

or N®-(2-hydroxyestron-6-yl)-2deoxyadenosine (2-OHE\6-dA) were prepared postsynthetically and used

as templates in primer extension reactions catalyzed by mammalian DNA polymerases [h@hdo.

The 2-OHE-N2-dG adduct blocked primer extension reactions more strongly than 2-QIftHA. Using

pol a and o, 2-OHE-N?-dG promoted incorporation of dCMP (6.3 and 3.1%, respectively), the correct
base, opposite the lesion: when palas used, misincorporation of dTMP (0.52%) was detected. 2:OHE
N6-dA also promoted incorporation of dTMP, the correct base, opposite the lesion, accompanied by
misincorporation of dCTP (0.54% for pael and 3.2% for pold) and one-base deletion (0:8.5%).

Using polfS, no miscoding was detected. The miscoding occurred only when replicative DNA polymerases
were used. Kinetic data were consistent with those obtained from the analysis of fully extended products
formed by polo or pol 5. These results indicate that endogenous estrogen quinone-derived DNA adducts
have miscoding potential: & A and A— G transitions and deletions are predicted in mammalian cells.

Endogeneous and synthetic estrogens have been suspectediducts in cultured mammalian cell§6f. These cate-
to be involved in the development of breast and endometrial cholestrogens are further oxidized to form corresponding
cancers 1, 2). Exposure to estrogens induces several quinones by P450, peroxidases, or autoxidizatit® (7,
different tumors including mammary and uterine tumors in 18). The 2,3- and 3,4-quinones of estrogens react with DNA
laboratory animals 3—5). Estrogens act as stimulatory to form DNA adducts18). Recently, Stack et al1g) found
hormones, increasing the frequency of mitotic activity in that 2-hydroxyestrone quinone (2-OHguinone} directly
target organs. As a rare consequence of this estrogen+eacts with 2deoxyguanosine (dG) and-8eoxyadenosine
induced proliferation, malignant phenotypes may occur due (dA) to form N?-(2-hydroxyestron-6-yl)-2deoxyguanosine
to errors during cell division such as DNA replication errors (2-OHE-N?-dG) and Né-(2-hydroxyestron-6-yl)-2deoxy-
and chromosomal translocations errofs 6) and may adenosine (2-OHENS-dA) (the structures in Figure 1),
develop cancers. However, in some cases, the hormonakespectively. Reaction of 4-hydroxyestrone quinone with dG
potencies did not correlate with the tumor inciderge/-9). produced N’-(4-hydroxyestron-1-yl)guanine, with loss of
Mechanisms other than hormonal activity may be involved deoxyribose 19).
in estrogen-induced cancer. DNA damage is an initiating  To explore the miscoding properties of estrogen quinone-
event in human cancer and may lead to mutatiaf).( derived DNA adducts, site-specifically modified oligonucle-
Treatment with estrogens has been known to form DNA otides containing a single 2-OHHN2-dG or 2-OHE-NS-dA
adducts in tissues of animal®,(11). Thus, estrogen  were prepared postsynthetically and used as DNA templates
metabolites have been considered to have some role inin primer extension reactions catalyzed by mammalian
hormonal carcinogenesidq, 13). replicative DNA polymerases. Miscoding specificities of

Estrogens are metabolized by cytochrome P450 enzymes2-OHE-N?-dG and 2-OHE=N®-dA adducts were investi-
to form 2- or 4-hydroxylestrogenld, 15). Exposure of

- i - iol i 1 Abbreviations: E, estrone; 2-OHE 2-hydroxyestrone; £2,3-Q,
2-hydroxyestradiol or 4-hydroxyestradiol induced DNA estrone 2 3.qUinone.B3.4.0. estrone 3.4quinone; 2. OHEA-AG,
N2-(2-hydroxyestron-6-yl)-2deoxyguanosine; 2-OHEN®-dA, N6-(2-
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Table 1: Sequence of Oligodeoxynucleotiftles

Number Sequence

5 3
1 CCTTCGCTTCTTTCCTCTCCCTTT
2 CCTTCACTTCTTTCCTCTCCCTTT
3 CCTTCXCTTCTTTCCTCTCCCTTT
4 CCTTCCTTCTTTCCTCTCCCTTT
5 AGAGGAAAGA
6 AGAGGAAAGAAG
7 AGAGGAAAGAAGN
8 AGAGGAAAGAAGNGAAGG
9 AGAGGAAAGAAGGAAGG
10 AGAGGAAAGAAGAAGG

aSequence of templates, primers, and standard markerss X
2-OHE-N2-dG or 2-OHE-N8-dA; N = dC, dA, dG, or dT.

containing a single 2-OHEN?-dG or 2-OHE-N®-dA was
also prepared by reacting unmodified 24-mer (158,
SCCTTCGCTTCTTTCCTCTCCCTTT 0orfCCTTCACT-
TCTTTCCTCTCCCTTT) in 1 mL of CHCOOH/H,O (1:
1) solution with 2-OHE quinone for 2.5 h at room

FiGURE 1: Structures of estrogen quinone-derived DNA adducts temperature. Similarly, TCGCT and® TCACT, underlined
and diagram of the primer extension methods and analysis of in the 24-mer sequence, were reacted with 2-@#iEnone.

reaction products.

The reaction mixture was evaporated to dryness, dissolved
in 100 uL of distilled water, and subjected to HPLC. The

gated, using an in vitro experimental system that can quantify 2.OHE,-N2-dG- or 2-OHE-N°-dA-modified oligodeoxy-

base substitutions and deletio28) and steady-state kinetic
analysis. Both estrogerDNA adducts were miscoding
lesions; G— A and A — G transitions and deletions are
predicted in mammalian cells.

EXPERIMENTAL PROCEDURES

Materials and Methods.[y-*?P]ATP (specific activity,
>6000 Ci/mmol) was obtained from Amersham Corp. Calf
thymus DNA pola (30 000 units/mg) and human pgl
(100 000 units/mg) were from Molecular Biology Resources,
Inc. Proliferating cell nuclear antigen (PCNA) was provided
by Dr. P. A. Fisher21). 2-Hydroxyestrone (2-OH{ff was

nucleotides were isolated on a Waters reversed-phase
uBondapak Gs (0.39 x 30 cm), using a linear gradient of
0.05 M triethylammonium acetate, pH 7.0, containing-10
20% acetonitrile with an elution time of 60 min and a flow
rate of 1.0 mL/min as described elsewheg&3)( These
modified oligodeoxynucleotides were further purified by
HPLC twice and by a 20% polyacrylamide denaturing gel
electrophoresis. The molecular weight of the modified
oligodeoxynucleotides was measured using a negative ion
electrospray mass spectrometry (TRIO-2000, Micromass).
Primer Extension Reaction®rimer FAGAGGAAAGA)
was labeled at the'&erminus by treating with T4 poly-

purchased from Sigma Chemical Co. A Waters 990 HPLC nucleotide kinase in the presence pffP]JATP (24). Using
instrument, equipped with a photodiode array detector, wasthe 3?P-labeled 10-mer (0.5 pmol) primed with a 24-mer

used for the separation and purification of the oligodeoxy-

nucleotides.
Synthesis of Oligodeoxynucleotidd3NA template, primer,

template (0.75 pmofCCTTCXCTTCTTTCCTCTCCCTTT,
X =dG, dA, 2-OHE-dG, or 2-OHE-dA), primer extension
reactions catalyzed by pal, pol 8, or pol 6 were carried

and standard markers, listed in Table 1, were prepared byout at 25°C in 10uL of a buffer containing all four dNTPs

solid-state synthesis on an automated DNA synthes2Zr (
A solution containing 2-OHE quinone was prepared by
reacting 0.5 mg of 2-OHEwith 1 mg of MnQ; in 0.5 mL
of acetonitrile at-40 °C for 10 min. The solution of 2-OHE
quinone was filtered to remove MO 2-OHE-N?-dG and
2-OHE-Né-dA were synthesized by reacting dG or dA with
2-OHE, quinone as reported previoustig). DNA template

(100uM each) @5). The reaction buffer for pak or pol g
consisted of 50 mM Tris-HCI, pH 8.0, 10 mM MggI2
mM dithiothreitol (DTT), and BSA (0.xg/uL). Calf thymus
DNA pol 6 was prepared as described previou2l§)( The
buffer for pol ¢ consisted of 50 mM Tris-HCI, pH 6.5, 10
mM KCI, 6 mM MgCl,, 2 mM DTT, BSA (0.04ug/uL),
and PCNA (6 ngiL). Reactions were stopped by adding
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FiGURE 2: HPLC separation of 24-mer oligodeoxynucleotide containing a single modification of 2-0IHEG or 2-OHE-N6-dA. A

24-mer oligodeoxynucleotide containing a single dG or dA (A§Pwas reacted for 2.5 h at room temperature with a solution containing
2-OHE, quinone. The reaction mixture was evaporated to dryness, dissolved with distilled water, and subjected to HPLC as described in
Experimental Procedures. UV spectra of 2-QHNE-dG- and 2-OHE-NS-dA-modified 24-mers.

formamide dye and heating to 9& for 3 min. Samples = measure nucleotide insertion or, primed with 0.5 pmol of
were subjected to electrophoresis on a 20% polyacrylamide®?P-labeled 13-mePAGAGGAAAGAAGN), to study chain
denaturing gel (35 42 x 0.04 cm). Bands were identified extension 25, 29).
by autoradiography, using Kodak Xomat XAR film, and the Reaction mixtures were subjected to electrophoresis on
radioactivities were measured bysgphosphorimager (Mo-  20% polyacrylamide gels (3% 42 x 0.04 cm) in the
lecular Dynamics). presence ©7 M urea. The Michaelis constanKg) and
Quantitation of Miscoding SpecificitylUsing a 24-mer ~ maximum rate of reactiorVfay) were obtained from Hanes
template (0.75 pmol) primed with®&P-labeled 10-mer (0.5  Woolf plots of the kinetic data. Insertiofifs) and extension
pmol), primer extension reactions catalyzed by DNA poly- (Fex) frequencies were determined relative to the dC:dG or
merases were conducted at 25 in the presence of four dT:dA base pair according to the equation developed by
dNTPs as described above. As shown in Figure 1, the Mendelman et al.Z7, 28), whereF = (Vima/Km)wrong pairf
reaction samples were subjected to electrophoresis on two{Vma{Km)corect painis defined for any base pair containing a
phase 20% polyacrylamide gels (16 72 x 0.04 cm) single modified nucleoside. All reactions were linear over
containirg 7 M urea in the upper phase and no urea in the the course of the experiment. Data reported represent the
lower phaseZ0). Standards representing products containing average of two to four separate experiments in which less
dC, dA, dG, or dT opposite the lesion or one- and two-base than 20% of the primer was extendezir).
deletions were completely resolved on the gel, based on their
different migration. The detection limit was 0.03% of the RESULTS
starting primer 20). Preparation of Oligodeoxynucleotides Containing an
Kinetic Studies of Nucleotide Insertion and Chain Exten- Estrogen Quinone-Dered Adduct. We confirmed that
sion. Kinetic parameters associated with nucleotide insertion 2-OHE-derived quinone reacts only with purine bases,
opposite the lesion and chain extension from therBner forming 2-OHEB-N?-dG and 2-OHEN®-dA (19). Therefore,
terminus were determined at 2%, using the reaction only a single dG (sequence 1 in Table 1) or dA (sequence
condition containing a single dNTP27, 28). Reaction 2) embedded in a 24-mer oligodeoxynucleotide was reacted
mixtures containing 0-2£0.5 units of pola or 0.005-1.0 with 2-OHE;-derived quinone. 2-OHEN?-dG- (tr = 39.2
units of polgs, 10uL of Tris-HCI (pH 8.0), and 1.0 pmol of ~ min) or 2-OHEB-N®-dA- (tr = 41.5) modified 24-mer was
24-mer template (sequences3d), primed with 0.5 pmol of isolated from the corresponding oligomers by HPLC (Figure
32P-labeled 12-merSAGAGGAAAGAAG) were used to  2). Since the fraction of 2-OHEN®-dA-modified 24-mer



13810 Biochemistry, Vol. 37, No. 39, 1998

[M-3H]3 -
100+ 578
%
[m-3H]3-
L4H]- [M-2H)2-
*[I:S;H}‘ 483 poo

Terashima et al.

[M-3H}3-

1004 513

[M-2H)2-
% ~ 880

[M-aHp- ITH3HE-
1 30
fm-2H)2-
718
0 |‘ uj'm.r“‘ .“‘ihll 4 T ‘)
40 500 600 700 goo 900
vz

FiIGURE 3: Negative ion electrospray ionization mass spectra of 2-Oélhone-modified oligodeoxynucleotides. (A) M: 2-OHE?-
dG-maodified d(TpCpG*pCpT) (1738 Da). m: d(TpCpG*pCpT) minus 2-QKEA54 Da). (B) M: 2-OHE-N¢-dA-modified d(TpCpA*pCpT)

(1722 Da). m: d(TpCpA*pCpT) minus 2-OHK1438 Da).

contains two diastereoisomers, 2-OfEe-N2-dA and
2-OHE;-68-N?-dA, the peak may be broad. When a 23-

reaction catalyzed by pal, a replicative DNA polymerase,
occurred rapidly on unmodified template containing dG or

mer without a purine base (sequence 4) was reacted withdA to form the fully extended products. However, using

2-OHE-derived quinone, no modified oligomers were
detected (data not shown). The yields of 2-QH\E-dG-
and 2-OHE-N®8-dA-modified 24-mers were 2.8 and 2.3%,
respectively. UV spectra of both modified 24-mers were
shifted slightly to the long wavelength field as compared
with that of the unmodified oligomer (Figure 2). Similarly,
STCXCT (X = 2-OHE-N2-dG or 2-OHE-N8-dA), a part

2-OHE-N?-dG- or 2-OHE-N8-dA-modified 24-mer tem-
plate, primer extension reactions were retarded one-base
before the lesion and opposite the lesion (Figure 4). Most
of the extended primers blocked at one base before the
2-OHE-N?-dG (12-mers) were not extended even after 3 h.
In contrast, the 12-mers blocked at one base before the
2-OHE-N8-dA could be extended past the lesion to form

of the modified 24-mer sequence underlined in Figure 1, was the fully extended products when longer incubation times
prepared and the molecular mass was measured using a ESIr more enzyme was used. Some amounts of 14-mer were
mass spectrometry. As shown in Figure 3A, the parent ions observed when the 2-OHE®-dA-modified template was

of 2-OHE;-N2-dG-modified 5-mer exhibited atvVz 868 [M
— 2H]?> andnvz 578 [M — 3H]3", identifying the molecular

used. The bulky 2-OHEN®-dA adduct may influence the
chain extension reaction beyond the site of the lesion. With

mass as 1738 Da. A second component is also observed athe longer incubation, pak performed nucleotide addition

m/z 726 [m — 2H]>~ andnm/z 483 [m — 3H]*~ (1454 Da)
representing the 1738 Da minus 2-OH#oiety. The parent
ions of 2-OHE-N68-dA-modified 5-mer exhibited atvVz 860

[M — 2H]* and m/z 573 [M — 3H]*~ (Figure 3B),
identifying the molecular mass as 1722 Da. A second
component is also detectedratz 718 [m — 2H]?>~ and at
m/z 478 [m — 3H]*~ (1438 Da) representing the 1722 Da
minus 2-OHE moiety. Thus, the existence of 2-OldE?2-

dG or 2-OHE-N8-dA in the modified oligomers was
confirmed. The 24-mer modified oligomers were further
purified by HPLC twice and by a gel electrophoresis. The
migration of%?P-labeled modified 24-mers was slower than
that of the unmodified 24-mer on the 20% polyacrylamide

denaturing gel (data not shown). When these modified 24-

mers were incubated at 2% for 1 h in thesame buffer

at the blunt end of duplex DNA2Q, 30). The formation of
the fully extended products past 2-OHHNS-dA (44% of the
starting primers) 83 h was 2.8 times higher than that of
2-OHE-N?-dG (16%). 2-OHE-N?-dG appears to be a
stronger blocking lesion than 2-OHHRIS-dA.

To determine what nucleotides are inserted opposite the
lesions, the extended products blocked opposite the 2:OHE
N2-dG or 2-OHE-Né-dA were analyzed by a 20% denaturing
gel electrophoresis (1% 72 x 0.04 cm). The migration of
the 13-mer products was compared with standard 13-mer
containing dC, dA, dG, or dT positioned at th'et&8minus
of the primer (Figure 5A). The 13-mer standard containing
dC (13mer-dC), dT (13-mer-dT), or dG (13-mer-dG) can be
resolved on the gel. Since the 13-mer containing dA (13-
mer-dA) migrates between 13-mer-dC and 13-mer-dT, 13-

used for the primer extension reaction, no degradation wasmer-dA cannot be separated from 13-mer-dC and 13-mer-
observed (data not shown). These modified oligomers weredT. Although the migration of 13-mer products blocked

used for in vitro mutagenesis studies.
Miscoding Properties of Estrogen Quinone-D&xil DNA

opposite the 2-OHEN?-dG or 2-OHE-N8-dA was consistent

with that of 13-mer-dA, this product may contain some 13-

Adducts. Primer extension reactions catalyzed by mam- mer-dT and/or 13-mer-dC. Small amounts of 13-mer-dG
malian DNA polymerases were carried out in the presence were also detected opposite the lesions. Thus, the inserted
of four dNTPs. As shown in Figure 4A, primer extension dA and dG opposite the lesions cannot be extended easily.
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FiIGURE 4: Primer extension reactions catalyzed by @oUsing unmodified, 2-OHEN2-dG- or 2-OHE-NS-dA-modified 24-mer templates
(sequences-13 in Table 1) primed with &P-labeled 10-mer (sequence 5), primer extension reactions were conducted@tuzing
varying amounts of pod and 1 h incubation time (A), and using 0.3 units of pofor unmodified templates and 2.4 units for 2-OHE
N2-dG- and 2-OHE-N®-dA-modified templates (B) as described in the Experimental Procedures. One-third of the reaction mixture was
subjected to the denaturing 20% polyacrylamide gel electrophoresig @5 x 0.04 cm). 13X shows the location of opposite 2-QHE
N2-dG or 2-OHE-NS¢-dA lesion.
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Ficure 5: Analysis of nucleotide inserted opposite 2-OH¥E-dG or 2-OHE-NS-dA lesion and quantitation of miscoding specificities
induced by 2-OHEN2-dG or 2-OHE-N®-dA. (A) Primer extension samples at 60 min shown in Figure 4B were recovered, and then
subjected to a 20% denaturing gel electrophoresisX182 x 0.04 cm). Mobilities of 13-mer products were compared with those of
13-mer standards (sequence 7) containing dC, dA,dG, or dT at taen@nus. (B) Using a same experimental condition as shown in Figure
4B, primer extension reactions were conductedifty at 25°C, using 2.4 units of pal for 2-OHE-N?-dG- and 2-OHENSé-dA-modified
templates. The reaction samples were subjected to a two-phase 20% polyacrylamide gel electrophotredls1h04 cm) as described

in the Experimental Procedures. Mobilities of reaction products were compared with those of 18-mer standards (seglL@ncest8ining

dC, dA,dG, or dT opposite the lesion and one-bash 6r two-base £42) deletions.

Miscoding specificities were determined quantitatively by by a two-phase gel electrophoresis, only the correct bases,
using a two-phase PAGE system. When an unmodified 24- dCMP (7.0%) and dTMP (23%), were incorporated opposite
mer template was used, the correct bases, dCMP and dTMP2-OHE-N?-dG and 2-OHEN®-dA, respectively (Figure 6B
were incorporated opposite dG and dA, respectively (Table and Table 2).

2). 2-OHE-N2-dG directed the incorporation of dCMP Kinetic Studies of Nucleotide Insertion and Extension.
(6.3%), the correct base, opposite the lesion (Figure 5B). Steady-state kinetic parameters were established for nucle-
2-OHE;-N8-dA generated preferential incorporation of dTMP  otide insertion opposite 2-OHEN?-dG or 2-OHE-N6&-dA
(22.7%) opposite the lesion, along with small amounts of and for chain extension froni-8ermini containing this lesion.
incorporation of dCMP (0.54%, see arrow) and one-base When pola was used (Table 3), the frequency of dAMP
deletion (0.56%) (Figure 5B). insertion Fi,s) opposite 2-OHEN2-dG was 25 times less

Primer Extension Reactions Catalyzed by ol Using than that of dCMP, the correct base. Insertion of dGMP or
pol 5, most of primer extension was blocked at the 2-QHE  dTMP was not detected. The frequency of chain extension
N2-dG and 2-OHEN8-dA lesions: small amounts of primer  (Fex) from 3-termini containing d&2-OHE;-N2-dG or dT
extended past the lesions, forming the fully extended products2-OHE-N?-dG pair was only detected. Thus, the relative
(Figure 6A). When miscoding specificities were analyzed frequency of translesional synthesiBin{Fex) past dC2-
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Ficure 6: Primer extension reactions catalyzed by filo(A) Primer extension reactions catalyzed by varying amounts ofspokre
conducted fo 1 h at 25°C in the reaction mixture containing four dNTPs as described in the legend of Figure 4. (B) The fully extended
products formed by using 2.0 unit of pgl (panel A) were recovered from the gel. A half and one-fourth of fully extended products
obtained from 2-OHEN2-dG- and 2-OHE=NS-dA- modified template, respectively, were subjected to a two-phase 20% polyacrylamide
gel electrophoresis (1% 72 x 0.04 cm) as described in the legend of Figure 5B.

Table 2: Miscoding Specificities of 2-OHEuinone-Derived N*dG tends to block the primer extension reaction, as
Adductg compared with 2-OHENS-dA.
enzyme C A G T AL Primer Extension Reactions Catalyzed by pol When

wnit) (%) (%) (%) (%) (%) pol 6 with PCNA, another mammalian replicative enzyme,
pol o was used, primer extension reactions were blocked one base
dG 03 57.3 before 2-OHE-N?-dG lesion: 3.6% of primers only passed
2-OHE-N%-dG 2.4 6.3 the lesion to form the fully extended products (Figure 7). In
dA S 0.3 79.4 contrast, primer extension occurred rapidly at 2-QHE-
poIZI;OHEl'N dA 24 0.54 22.7  0.56 dA lesion to form 66% of fully extended products. Large
4G 02 83.7 amounts (0.3-2.4 unit) of pola were required to extend
2-OHE-N2-dG 2.0 7.0 the primer past the 2-OHEN?-dG or 2-OHE-N®-dA lesion
dA ] 0.2 86.5 (Figure 4A) while only one-tenth the amount (0.04 unit) of
polz(;OHEl'N -dA- 20 230 pol 6 was required. The bypass efficiency may vary
dG 004 636 depending on the nature of DNA polymerase used.
2-OHE-N2-dG  0.04 3.1 0.52 Fully extended products formed by pélwere analyzed
dA 0.04 76.0 to determine the miscoding specificities (Figure 8 and Table
2OHE-N-dA  0.04 3.2 620 034 2). 2-OHE-N?-dG promoted incorporation of AdCMP (3.1%),

2 A part of data of pokr, 8, andé was obtained from Figures 5B,  the correct base, opposite the lesion, accompanied by small
6B, and 8. C, A _G, T, and! represent the amount of the ful!y extended_ amounts of misincorporation of dTMP (0.52%, see arrow).
fr:gdlggitoﬁ?ma'mng dC. dA, dG, dT, and one-base deletions opposite ,_ 5y Ne.gA promoted preferential incorporation of d-TMP

(62%) opposite the lesion, along with small amounts of
OHE;-N?-dG was only determined. On the other hand, the Misincorporation of dCMP (3.2%) and one-base deletions
frequency of dTMP, the correct base, opposite the 2-QHE  (0.34%).
N6-dA was 4.5 times higher than that for dGMP and 16 times
higher than that for dAMP and dCMP. The chain extension DISCUSSION
from dT-2-OHE-NS-dA or dC2-OHE-NS-dA pair only In human breast cancer, & A (31, 32) and A— G
were detected. Although thH&,sFex for dC-2-OHE;-N®-dA transitions 83, 34) were detected mainly, along with some
was 2300 times less than that of @TOHE;-N°-dA, a small G — T transversions30, 35, 36) and deletions 37, 38).
amount of misincorporation of dCMP was detected during When estrogen quinones are reduced to catecholestrogens
DNA synthesis (Figure 5B). ThEjndFex for dC-2-OHE- during redox cycling, reactive oxygen species are produced
N2-dG was 8.1 times lower than that of @FOHE-N6-dA. in cells and form oxidative damage including 8-oxo-7,8-

Using polj (Table 4),Fi,s for dCMP opposite 2-OHE dihydro-2-deoxyguanosine (8-oxodG) in DNAY). 8-Ox-
N2-dG andFi,s for dTMP opposite 2-OHENS-dA was only 0odG was detected in mammary DNA obtained from breast
determined. Thus, the correct bases inserted only werecancer patients4(). This lesion is mutagenic, primarily
extended past the lesions, as similarly observed in reactionggenerating G— T transversions2b, 41, 42). However, G
condition containing four dNTPs (Figure 6B and Table 2). — T transversion is a minor mutation in breast cancer.

The FinsFex for dC-2-OHE;-N?-dG was 17 times lower than DNA pol o and 6 are thought to be responsible for
that of dT-2-OHE-Né-dA. This also indicates that 2-OHE chromosomal replication, and pBlis associated with repair




Miscoding Specificities of EstrogerQuinone DNA Adducts

Biochemistry, Vol. 37, No. 39, 19983813

Table 3: Kinetic Parameters for Nucleotide Insertion and Chain Extension Reactions Catalyzed®y pol

insertion extension
dNTP dGTP
IGAAGAAAGGAGA3P INGAAGAAAGGAGA 3P
YCCTTCXCTTC TTT CCTCTCCCTTT SCCTTCXCTTC TTT CCTCTCCCTTT
N: X Km (uM) Vimax (% min~?) Fins Km (uM) Viax (% min~1) Fext FinsFext
C.G 444 2P 55+ 15 1.0 4.8+£1.1 96+ 2.5 1.0 1.0
C:GPOHEL 8.5+ 0.8 0.87+0.01 8.08x 1073 55+0.1 0.57+0.03 5.28x 103 4.27x 10°°
A:G?OHEL 694+ 3.0 0.284-0.01 3.29x 104 ND ND ND ND
G:GPOHEL ND ND ND ND ND ND ND
T:G?OHEL ND ND ND 304+ 2.9 0.19+0.01 3.24x 104 ND
TA 11+£1.0 564 0.5 1.0 10+ 3.4 684 21 1.0 1.0
C:A20HEL 53+ 6.0 0.23+ 0.05 8.62x 104 41+1.6 0.0474+0.01 1.71x 104 1.47x 1077
A:AZCHEL 3604 110 1.6+ 0.42 8.78x 104 ND ND ND ND
G:AZCHEL 190+ 53 3.0+ 0.46 3.21x 1073 ND ND ND ND
T:A20HEL 224+0.2 1.6+ 0.02 1.45x 1072 10+ 1.7 1.6+ 0.06 2.37x 1072 3.44x 104

aKinetics of nucleotide insertion and chain extension reactions were determined as described in the Experimental Procedures. Frequencies of
nucleotide insertionKj,s) and chain extensiorF¢y) were estimated by the equati®n—= (VmaxdKm)wrong pairf (VmadKm)(correct pain X = dG, 2-OHE-
N2-dG, dA, or 2-OHE-NS-dA. P Data were expressed as meansD.

Table 4: Kinetic Parameters for Nucleotide Insertion and Chain Extension Reactions Catalyzed3by pol

YCCTTCXCTTCTTTCCTCTCCCTTT

insertion
dNTP

IGAAGAAAGGAGA 3P

extension
dGTP

INGAAGAAAGGAGA®P

SCCTTCXCTTCTTTCCTCTCCCTTT

N:X Km (uM) Vimax (% min~2) Fins Km (uM) Vimax (% min™?) Fext FinsFext
C:G 51+ 9.2 2000+ 310 1.0 140.0 7300+ 100 1.0 1.0
C:GPOHEL 57+8.3 11+ 0.44 5.05x 1073 18+6.5 0.50+ 0.03 6.22x 10°° 3.14x 1077
A:G?2OHEL ND ND ND 190+ 9.0 0.25+ 0.04 2.94x 10°° ND
G:GPOHEL ND ND ND 200+ 8.0 2.2+ 0.38 2.41x 10°° ND
T:G?OHEL ND ND ND 32+7.9 1.1+ 0.04 8.22x 10°° ND
T:A 71412 1300+ 250 1.0 32+ 14 9200+ 760 1.0 1.0
C:A20HEL ND ND ND 77£3.0 0.41+ 0.04 1.82x 10°° ND
A:A20HEL ND ND ND 28+8.3 0.14£ 0.01 1.68x 10°° ND
G:AZOHEL ND ND ND 120+ 27 0.55+0.14 1.60x 10°° ND
T:A20HEL 180+ 45 280+ 32 8.28x 1072 11+19 0.21+0.01 6.44x 10°° 5.34x 10°®

aKinetics of nucleotide insertion and chain extension reactions were determined as described in the Experimental Procedures. Frequencies of
nucleotide insertionKj,s) and chain extensiorF¢y) were estimated by the equati®n= (Vma/Km)wrong pairf (Vma Km)correct paiy X = dG, 2-OHE-
N2-dG, dA, or 2-OHE-N6-dA. P Data were expressed as meansD.

in mammalian cells43). With pol o and pold, 2-OHE-

N6-dA promoted misincorporation of dCMP opposite the DNA synthesis.

lesion and deletions. With pdl, 2-OHE-N?-dG promoted

dCMP can be misincorporated opposite the lesion during

When pola and polo were used, one-base deletions were

misincorporation of dTMP opposite the lesion. However, detected at the site of 2-OHS-dA. On the basis of our

with pol 3, both 2-OHE-N?-dG and 2-OHENS-dA directed

proposed general mechanism for frameshift deletidd,

the incorporation only of the correct base opposite the lesions.when primer extension is blocked at the lesion site, the newly

Thus, the miscoding occurred during DNA synthesis of inserted nucleotide(s) opposite the lesion can pair with base

replicative DNA polymerases. G> A and A — G 5' to the lesion on the template strand. The propensity for

transitions and deletions are predicted to be formed in template misalignment was shown to depend on the (a) nature

mammalian cells. These miscoding spectra were quite of the base inserted opposite the lesion, (b) sequence context

consistent with that detected in human breast carger ( to the lesion, and (c) frequency of translesional synthesis

34). Although 2-OHE-N?-dG and 2-OHENS-dA adducts (44). On the basis of kinetic analysis with pal dGMP

so far have not been identified in viv,(11, 16), 2-OHE- was observed to be inserted opposite 2-QINE-dA, while

N2-dG and 2-OHE=N®-dA adducts may initiate development the chain extension of d@-OHE;-N8-dA pair was blocked

of breast cancer. (Table 3). Thus, the newly inserted dGMP could be paired
Analysis of full-length reaction products should reflect with dC 5 to the lesion on the template to form one-base

relative rates of nucleotide insertion opposite the lesion. This deletion.

assumption was confirmed by steady-state kinetic analysis, N?-[3-methoxyestra-1,3,5(10)-trien-6-yl]-dG (dG-8MeE)

in which the frequency of nucleotide insertion opposite and N®-[3-methoxyestra-1,3,5(10)-trien-6-yl]-dA (dAN

2-OHE-N?-dG or 2-OHE-N¢-dA and chain extension from  3MeE) have been used as model estreg@NA adducts

the 3 primer terminus are measured in the presence of a(45). The binding positions, Nand N, of model estrogen

single dNTP. Although with 2-OHENS-dA and pola, the to dG and dA were the same as that induced by estrone 2,3-

frequency of translesional synthesi.{Fex) for dACMP was quinone. dG-R-3MeE behaved as a blocking lesion while

lower than that for dTMP, the kinetic data also indicate that dA-N®-3MeE allowed the translesional synthesis past the
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primer-

FiGure 7: Primer extension reactions catalyzed by gpoPrimer
extension reactions catalyzed by 0.04 units of dpatere carried
out for 30 min at 25°C in the reaction mixture containing four
dNTPs and 6 ng of PCNA as described under Experimental
Procedures.

18G -
18A -
18T -

17A" -

18C-

164%-

Ficure 8: Quantitation of the miscoding specificities. Samples
shown in Figure 7 were subjected to a two-phase gel{IB x
0.04 cm) as described in the legend of Figure 5B.

lesion. Similar tendency was observed when 2-QGINE&
dG and 2-OHE=N6-dA were used. Using same amounts of
pol o, the amounts of fully extended products past 2-QHE
N2-dG and 2-OHE=N®-dA were 160 and 30 times higher,
respectively, than that of model estrogen adducts.
addition, primer extension reactions catalyzed byjalere
completely blocked opposite model estrogen adduéB (
while 2-OHE-N2-dG and 2-OHENS-dA allowed the trans-

In

lesional synthesis past the lesions. Thus, amounts of ;4
extended products past estrogen quinone-derived adducts
were much higher than that of model estrogen adducts. With

pol o, dA-N8-3MeE miscoded dCMM4E), but the frequency
was much lower than that observed by 2-QHNE-dA.
Structure of 3-methoxyestra-1,3,5(10)-trien (3MeE) is slightly
different from 2-OHE: hydroxy and keto groups are lacking

at C-2 and C-17, respectively, and the methoxy group is

Terashima et al.

positioned at C-3. These small moieties may influence the
mutational frequencies and spectra.

4-Hydroxyestrogens have been shown to be carcinogenic
in the kidneys of male Syrian hamsters while 2-hydroxy-
estrogens were not46, 47). Estrogen-3,4-quinone, a
metabolite of 4-hydroxyestrone, reacts with dG residue,
resulting inN’-(4-hydroxyestron-1-yl)guanine and an apurinic
site in DNA (19, 48). Apurinic sites have been shown to
generate mutations in mammalian cel9{51). In our in
vitro studies using poft and pold, apurinic sites miscode
dAMP during DNA synthesisq2, 53). Thus, depurinating
sites induced by estrogen-3,4-quinone may initiate the
development of kidney tumors. However, 2- and 4-hydroxy-
estrogens and their major metabolites, estradiol-2,3-quinone
and estradiol-3,4-quinone, did not show any significant
tumorigenic potency in liver of B6C3Fmale mice 48).
Carcinogenicity of estrogen may vary depending on the
organs examined.

No carcinogenic studies of estrogen metabolites, including
hydroxyestrogen and estrogen quinone, have been investi-
gated in mammary and uterine tissues of animals. In our
studies, estrogen quinone-DNA adducts, 2-QiNEdG and
2-OHE-N8-dA, induced by 2-hydroxyestrogen have been
shown to have miscoding potential. The miscoding spectra
were similar to that observed in human breast canger (

34). Thus, these estrogefNA adducts may also contribute
to the development of breast and endometrial cancers.

ACKNOWLEDGMENT

We thank Mr. R. Rieger and Dr. C. Iden for measurement
by ESI mass spectroscopy.

REFERENCES

1. Henderson, B. E., Ross, R., and Bernstein, L. (193&)cer
Res 48, 246-253.

2. Zumoff, B. (1993)Steroids 58 196—204.

Kirkman, H. (1959)Natl. Cancer Inst. Monogrl, 1—58.

. IARC Monographs (1979) Vol. 21, pp 13862, IARC, Lyon,

France.

Liehr, J. G. (1990Mutat. Res. 238269-276.

. Preston-Matrtin, S., Pike, M. C., Ross, R. K., Jones, P. A,,

and Henderson, B. E. (199@ancer Res50, 7415-7421.

7. Li, J. J., Li, S. A, Klicka, J. K., Parsons, J. A., and Lam, L.
K. T. (1983) Cancer Res43, 5200-5204.

8. Li, J. J., and Li, S. A. (1984Arch. Toxicol 55, 110-118.

9. Liehr, J. G., Purdy, R. H., Baran, J. S., Nutting, E. F., Colton,

F., Randerath, E., and Randerath, K. (198@&ncer Res47,

2583-2588.

.Lawley, P. D. (1994) inDNA Adducts: Carcinogen &

Mutagenic Agents: Chemistry, Identification & Biological

Significance (Hemminki, K., et al., Eds. IARC Scientific

Publication no. 125, pp-322, Lyon, France.

11. Liehr, J. G., Avitts, T. A., Randerath, E., and Randerath, K.
(1986) Proc. Nalt. Acad. Sci. U.S.A. 83301-5305.

12. Metzler, M., and Mclachlan, J. A. (197Rple of pharmaco-

kinetics in prenatal and perinatal pharmacologgeorg

Thieme Verlag, Stuttgart, pp 15163.

Leihr, J. G., DaGue, B. B., Ballatore, A. M., and Sirbasku, D.

A. (1983)Growth of cells in hormonally defined medi@old

Spring Harbor Conferences on Cell Proliferation, Vol. 9, Book

A, pp 445-458, Cold Spring Harbor Laboratory Press,

Plainview, NY.

14. Liehr, J. G., Roy, D., Ari-Ulubelen, A., Bui, Q. D., Weisz, J.,
and Strobel, H. W. (1990). Steroid BiochenB5, 555-560.

15. Martucci, C. P., and Fishman, J. (1998)armac. Ther. 57
237-257.

10



Miscoding Specificities of EstrogerQuinone DNA Adducts Biochemistry, Vol. 37, No. 39, 19983815

16. Hayashi, N., Hasegawa, K., Komine, A., Tanaka, Y., McLachlan, 35. Coles, C., Condie, A., Chetty, U., Steel, C. M., Evans, H. J.,

J. A., Barrett, J. C., and Tsutsui, T. (199@pl. Carcinogen. and Prosser, J. (1998ancer Res. 525291-5298.
16, 149-156. 36. Biggs, P. J., Warren, W., Venitt, S., and Stratton, M. R. (1993)
17. Kalyanaraman, B., and Sealy, R. C. (1984Biol. Chem. 259 Mutagenesis 8275-283.
14018-14022. 37. Sato, T., Saito, H., Swensen, J., Olifant, A., Wood, C., Danner,
18. Dwivedy, I., Devanesan, P., Cremonesi, P., Rogan, E., and D., Sakamoto, T., Takita, K., Kasumi, F., and Miki, Y. (1992)
Cavalieri, E. (1992 Chem. Res. Toxicol., 828—-833. Cancer Res. 521643-1646.
19. Stack, D. E., Byun, J., Gross, M. L., Rogan, E. G., and 38. Hamelin, R., Barichard, F., Henry, I., Junien, C., and Thomas,
Cavalieri, E. L. (1996 Chem. Res. Toxico9, 851—859. G. (1994)Human Genet. 9488—90.
20. Shibutani, S. (1993Fhem. Res. Toxicol., 25-629. 39. Han, X., and Liehr, J. G. (199@ancer Res. 546515-5517.
21.Ng, L., Tan, C.-K., Downey, K. M., and Fisher, P. A.Biol. 40. Malins, D. C., Holmes, E. H., Polissar, N. L., and Gunselman,
Chem 266, 11699-11704. S. J. (1993)Cancer 71 3036-3043.
22. Takeshita, M., Chang, C.-N., Johnson, F., Will, S., and 41. Wood, M. L., Dizdaroglu, M., Gajewski, E., and Essigmann,
Grollman, A. P. (1987). Biol. Chem. 26210171-10179. J. M. (1990)Biochemistry 297024-7032.
23. Shibutani, S., Gentles, R., Johnson, F., and Grollman, A. P. 42. Moriya, M. (1993)Proc. Natl. Acad. Sci. U.S.A. 90122~
(1991) Carcinogenesis 12813-818. 1126.
24. Maniatis, T., Fritsch, E. F., and Sambrook, J. (198g)ecular 43. Kornberg, A., and Baker, T. (199PNA replication 2nd ed.,
Cloning. A Laboratory ManualCold Spring Harbor Labora- pp 197-226, W. H. Freeman & Company, New York.
tory Press, Plainview, New York. 44. Shibutani, S., and Grollman, A. P. (1998)Biol. Chem. 268
25. Shibutani, S., Takeshita, M., and Grollman, A. P. (1991) 11703-11710.
Nature 349 431-434. 45, Shibutani, S., Itoh, S., and Yoshizawa, |. (19Bi&tchemistry
26.Lee, M. Y. W. T., Tan, C.-K., Downey, K. M., and So, A. G. 36, 1755-1765.
(1984) Biochemistry 231906-1913. 46. Liehr, J. G., Fang, W. F., Sirbasku, D. A., and Ari-Ulubelen,
27. Mendelman, L. V., Boosalis, M. S., Petruska, J., and Goodman, A. (1986)J. Steroid BiochenR4, 353-356.
M. F. (1989)J. Biol. Chem. 26414415-14423. 47.Li,J.J., and Li, S. A. (1987Fed. Proc 46, 1858-1863.

28. Mendelman, L. V., Petruska, J., and Goodman, M. F. (1990) 48 cavalieri, E. L., Stack, D. E., Devanesan, P. D., Todorovic,
J. Biol. Chem. 2652338-2346. R., Dwivedy, I., Higginbotham, S., Johansson, S. L., Patil,

29. Shibutani, S., Takeshita, M., and Grollman, A. P. (1997) K., Gross, M. L., Gooden, J. K., Ramanathan, R., Cerny, R.
Biol. Chem 272, 13916-13922. L., and Rogan, E. G. (199Proc. Natl. Acad. Sci. U.S.®4,
30. Clark, J. M., Joyce, C. M., and Beardsley, G. P. (1987) 10937-10942.
Mol. Biol. 198 123-127. . _ ) 49. Cabral Neto, J. B., Gentil, A., Carbral, R. E. C., and Sarasin,
31. Mazars, R., Spinardi, L.,_BenChelkh, M., Simony-Lafontaine, A. (1992)J. Biol. Chem 267, 19718-19723.
é.éé]ganteur, P., and Theillet, C. (19€ncer Res. 53918~ 50. Takeshita, M., and Eisenberg, W. (199¢)cleic Acids Res
: 22, 1897-1902.
32. Sasa, M., Kondo, K., Komaki, K., Uyama, T., Morimoto, T., L t D.K d Drinkwater. N. R. (199%10l. Carci
and Monden, Y. (1993Breast Cancer Res. Treat. 2747— 51'?"223'25" - K., and Drinkwater, N. R. (1998pl. Carcinog
252. > . ;
33. Blaszyk, H., Vaughn, C. B., Hartmann, A., McGovern, R. M., 52. ;?Fgﬂglr}]_8'2’712—?;%?@61‘3%/'2”2?”(1 Grollman, A. P. (1987)

Schroeder, J. J., Cunningham, J., Schaid, D., Sommer, S. S., 53. Mozzherin. D. J.. Shibutani. S.. Tan. C.-K.. Downe

. , D, J, ) S, , C.-K,, v, K. M.,

and Kovach J. S. (1994)ancet 3431195-1197. and Fisher, P. A. (1997proc. Natl. Acad. Sci. U.S.A. 94
34. Nigro, V., Napolitano, M., Abbondanza, C., Medici, N., Puca, 6126-6131
A. A., Schiavulli, M., Armetta, |., Moncharmont, B., Puca, ’

G. A, and Molinari, A. M. (1994)Cancer Lett. 7973—75. BI981235E



