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ABSTRACT. 1N2-Ethenoguanine (W?-e-Gua) and 5,6,7,9-tetrahydro-7-hydroxy-9-oxoimidazo]@irine
(HO-ethanoGua) are two modified bases formed in the reaction of DNA with 2-chlorooxirane, the epoxide
derivative of vinyl chloride. The oligonucleotides (19-mer$)CAGTGGGTG*TCCGAATTGA-3, were
prepared, with each of these modified bases substituted for G at G*. HO-ethanodeoxyguanosine exists
predominantly as a mixture of diastereomers of the closed cyclic hemiaminal form, 5,6,7,9-tetrahydro-
7-hydroxy-9-oxoimidazo[1,2purine, shown by K80 experiments to be in equilibrium with the open
form, N-(2-oxoethyl)Gua. Both adducts retarded thegtension of a complementary 10-mer primer by

all of the polymerases examined, but in every case, some full-length product was obtained. Nucleotide
sequence analysis indicated misincorporation of dGTP and dATP across from K&#Gua and HO-
ethanoGua, with the extent varying considerably among the polymerases. Similar results were obtained
when the abilities of the polymerases to incorporate a single dNTP were evaluated. In adélitiand

—2 base frame shifts were detected with botk?4-Gua and HO-ethanoGua with some of the polymerases.
Steady-state kinetic experiments wischerichia colipolymerase | exo and T7 polymerase exd
thioredoxin showed large decreasesig for all ANTP incorporations compared to the normatlGTP

pair and high misincorporation frequencies for dATP and dGTP with both adducts (compared to dCTP).
Collectively, the results indicate that both of these adducts have considerable miscoding potential with
some of these polymerases, that there are a number of differences betweeN?the&slla and HO-
ethanoGua adducts (which formally differ only in the presence of the elements of water), and that
misincorporation of dNTPs at a single modified base can vary considerably among different polymerases
even in the absence of exonuclease activity.

The etheno €)* derivatives of purines and pyrimidines Scheme 1: Structures of Five-Membered Ring Exocyclic
have an extra five-membered, unsaturated ring containingGua DNA Adducts
two added carbons (Scheme 1) (Singer & Bartsch, 1986).
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® Abstract published imdvance ACS Abstractdday 1, 1997. products of RNA treated with 2-haloacetaldehydes (Kochet-

! Abbreviations: ¢, etheno; HO-ethanoGua, 5,6,7,9-tetrahydro-7- kov et al., 1971; Barrio et al., 1972). For instance,

hydroxy-9-oxoimidazo[1,2purine; HO-ethanodGuo, HO-ethanoGua _ P : ~ : ~ _
deoxyribose; AcO-ethanoGua, 5,6,7,9-tetrahydro-7-acetoxy-9-oxoimi- 6-methylimidazo[1,2]purine (6-methylwyosine or 6-meth

dazo[1,2a]purine; Tris, tris(hydroxymethyl)aminomethane; MOPS, yl-1,N*-e-Gua) is a naturally occurring tRNA base (Agris,
3-(N-morpholino)propanesulfonic acid; EDTA, (ethylenedinitrilo)tet-  1996). The strong fluorescence @fAde has been utilized
raacetic acid, Gua, guanine. Cyt, cytosine; Ade, adenine; dGuo, in studies of the interaction of NADP ATP, and other
eoxyguanosine; dThd, thymidine; dCyd, deoxycytidine; dAdo, deoxy- o . . ' :

adenosine; propanoGNE-propanoguanine; AG, pyrimido[L,2a]pu- d_erlvat|ve_s with pr_otel_ns (L_e_onard, 1984). The hepato_car-
rin-10(3H)-one; HPLC, high-performance liquid chromatography; TLC, Ccinogen vinyl chloride is oxidized to 2-chlorooxirane, which

thin layer chromatography; CGE, capillary gel electrophoresis; MS, reacts with DNA to form I\6-e-Ade, 3N*-¢-Cyt, N?,3-

mass spectrometry; ES, electrospray; FAB, fast atom bombardment;Gua 1N?e-Gua, and HO-ethanoGua (Guengerich et al
Kf, Klenow fragment (of pol I) exo; RT, human immunodeficiency ! ! o

virus-1 reverse transcriptase; pol Il, polymerase 11'esi&/, polymerase 1993, ]_-9_94; Muer et al., 1997). cher carcinogens [e.g.,
T7 exo/thioredoxin mixture; pop, rat polymerase. acrylonitrile and urethan (Guengerich et al., 1981a; Guenger-
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ich & Kim, 1991)] can be oxidized to similar epoxides that Instrumental and Chromatographic Analysis

react with DNA to form these samproducts. Of particular . .
; : : . TLC. TLC was done with silica gel F 254 (Merck,
interest is the recent discovery that low but finite levels of Gibbstown, NJ) as the adsorbent on glass plates. The

1 N®-e-Ade and 3N*e-Cyt have been found in DNA prepared S .
from experimental animals and humans that were not exposeoseparated co-m_poun_ds were _V|sual|zed under.UV light (254
nm) or by staining with an anisaldehyde&0O, mixture and

to any of the known precursors (Fedtke et al,, 1990). ‘The subsequent heating. Column chromatography was performed
origin of these may be products of lipid peroxidation (El with silica gel 60 (76-230 mesh, Merck).

Ghissassi et al., 1995) or possibly halogenated drinking water HPLC. HPLC was done with reversed-phase octadecyl-

contammants. (Kronberg et aI.., 1992)' o silane columns: 16 250 mm Beckman Ultrasphere yfn
Concern arises about the biological significance ofd¢he (Beckman, San Ramon, CA) for analysis and preparative
bases because of their presence in DNA and the carcinogejsplation of base and nucleoside adducts;».850 mm and
nicity of chemicals that give rise to these. Because the 10 x 250 mm YMC-Pack ODS-AQ, mm (YMC, Wilm-
reaction of DNA with appropriately functionalized two- jngton, NC) for DNA oligomer purification and enzymatic
carbon compounds yields all of thesadducts, studies with  digest analysis. The columns were connected to a Spectra-
individual bases incorporated in oligonucleotides and vectors physics 8700 pumping system (Thermo-Separation Products,
are necessary to evaluate the ability of each base to causiscataway, NJ), with the effluent passing through a Hewlett-
misincorporation. N°-e-Ade has been found to be weakly Packard 1040A diode array detector (Hewlett-Packard, Palo
mutagenic in bacteria (Basu et al., 1993)NB¢-Cyt was  Alto, CA). The separation of the base and nucleoside
reported to be highly mutagenic in one bacterial study adducts involved increasing gradients of £HH (solvent
(Palejwala et al., 1993) but weakly mutagenic in others (Basu B) in 50 mM NHHCO; at pH 5.0 (solvent A), usually
et al., 1993; Moriya et al., 1994). However, in the latter increasing from 0 to 50% CJDH over 25 min, with a flow
study, it was found to be considerably more mutagenic in a rate of 2.5 mL min®. Initial purification of the oligonucle-
mammalian cell system (Moriya et al., 1994\?,3--Gua otides with this solvent system was achieved with the
appears to be rather mutagenic as judged by the results ofollowing gradient: 0 min (99% A, 1% B), 50 min (70% A,
two bacterial studies in whicN?,3-«-dGTP was incorporated  30% B), 55 min (10% A, 90% B), and 60 min (99% A, 1%
into plasmids (Cheng et al., 1991; Singer et al., 1987); B) at a flow rate of 2.5 mL min'. To increase purity to
however, the instability of the glycosidic bond (Khazanchi >99%, a second HPLC step was performed with the
et al., 1993; Kusmierek et al., 1989) has precluded more following gradient: 0 min (75% A, 25% B) and 50 min (70%
systematic studies of the characterization of the miscoding A, 30% B), as well as a 20% (w/v) polyacrylamide gel
properties of this base. electrophoresis purification. Enzymatic digests of the oli-

In the course of our studies on the reaction of 2-halo- gonucleotides(ide infra) were analyzed on the analytical
oxiranes with DNA (Guengerich et al., 1979, 1981b; YMC-Pack column with the above solvent system at a flow

i ; te of 1.0 mL min! and the following gradients: unmodi-
Guengerich & Raney, 1992), we characterized HO-etha- ra e i
noGua as a major product of the reaction of 2-chlorooxirane ged 3aond ;Nzée(;gu:-cz%r;ag|n%519-mer536(3 rRInS(é)(ngEA, 10(/;
with Gua derivatives (Guengerich et al., 1993). Recently, 5())’ _ még(; A °1(y’ B)- io ), 45 min ( ‘(’j HO t;’] ), gn
we have found that treatment of DNA with 2-chlorooxirane min (99% A, 1% B); 10-mer primer an ~ethanotsua-

: : : ) containing 19-mer, 0 min (99% A, 1% B), 40 min (80% A,
Z;e'f,S\IErEOdA‘éCetS;”:gg?r?acﬁggiggn,\?zrg‘ﬁ%ﬁgoftgy,g?e“a 20% B), 55 min (50% A, 50% B), and 60 min (99% A, 1%
Cyt > 1 N>-¢-Gua (Muler et al., 1997). We were interested ):

. . : - ; CGE. Oligonucleotide purity was evaluated using a
in the miscoding potential of HO-ethanoGua and comparison .
to 1N*e-Gua, which differs only in the absence of the Beckman P/ACE 2000 instrument (Beckman, Fullerton, CA)

elements of HO and, to our knowledge, has not been using the “ssDNA 100" gel capillary and “TRIS-borate-urea

examined for miscoding properties. We report the synthesis buffer” from the manufactuorer. Samples were appliectat

. o o kV and run at—10 kV (30 °C).
of oligomers containing N*-e-Gua and HO-ethanoGua at UV and CD S UV ded
a defined position and misincorporation studies with five an pectroscopy spectra were recorde

model polymerases. Some comparisons are made to studie sig a a modified Cary 14/OLIS instrument (On-Line
done veithythe homologs contaiFr)wing six-membered rings, hstrument Systems, Bogart, GA). CD spectra were recorded

which are also found in DNA both before and after treatment YS9 @ JASCO J-720 spectropolarimeter (Japan Applied

. ) . ) Spectroscopic Co., Tokyo, Japan).
of animals with carcinogens (Chaudhary et al., 1994; Nath .
& Chung, 1994), 9 ( y NMR. H-NMR spectra were recorded in,8/”H,0

mixtures or (CH3),SO using a Bruker AM 400 spectrometer

EXPERIMENTAL PROCEDURES (Bruker, Billerica, MA) in the Vanderbilt facility.3P-NMR
spectra were acquired in?8;CN on a Bruker AC 300
Chemicals instrument with 85% BPQ, as the external standard.

MS. Mass spectra of the base and nucleoside DNA

Most chemicals were purchased from Aldrich Chemical adducts were collected on a Kratos Concept Il HH instrument
Co. (Milwaukee, WI). IN?-e-dGuo was a gift of L. J. (Kratos, Manchester, U.K.) with FAB ionization and a
Marnett (Department of Biochemistry, Vanderbilt University mixture of glycerol, (CH),SO, and 3-nitrobenzyl alcohol as
School of Medicine). KO was supplied by Cambridge the matrix. Oligonucleotide ES mass spectra were obtained
Isotope Laboratories (Cambridge, MA). Reagents for oli- on a Finnigan TSQ 7000 ES instrument (Finnigan, San Jose,
gonucleotide synthesis were purchased from PerSeptiveCA) equipped with a Unix computer system and deconvo-
Biosystems (Framingham, MA). lution software.
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Scheme 2: Synthesis of Oligonucleotides Containing HO-etharfoGua
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a Ac,0 = (CH3),CO; DMT Cl = 4,4-dimethoxytrityl chloride; Block 30OH indicates 2-cyanoethil,N,N,N'-tetraisopropylchlorophosphoramidite.

HPLC/ES MS studies were conducted using the Finnigan e-dGuo: TLCR;= 0.70 (CHCI,/CH;0H, 9:1, v/v); MSm/z
TSQ 7000 triple-quadrupole mass spectrometer operating in(assignment and relative abundance in parentheses) 594
the positive ion mode with an electrospray needle voltage (MH*, 6), 303 (4,4-dimethoxytritylt, 100), 176 [MH —
of 4.5 kV. N, was used as the sheath gas (60 psi) to assistdimethoxytrityldeoxyribose «Gua"), 42]; H-NMR
with nebulization and as the auxiliary gas (15 psi) to assist [(C?H3),SO] 6 1.90 (m, 1 H, H-2), 2.21 (m, 1 H, H-2),
with desolvation. The stainless steel capillary was heated3.09 (m, 2 H, H-5 H-5"), 3.40 (s, 1 H, H-3, 3.67 (s, 3 H,
to 220 and 200C, respectively, to provide optimal desol- CH30), 3.69 (s, 3 H, E30), 3.90 (m, 1 H, H-3,5.75 (t, 1
vation, and the ESI interface and mass spectrometer paramH, H-1'), 6.79-6.89 (m, 4 H, aromatic), 7.697.26 (m, 7
eters were optimized to obtain maximum sensitivity '(Mu H, aromatic), 7.337.37 (m, 2 H, aromatic), 7.75 (d, 1 H,
et al.,, 1997). The tube lens and the heated capillary wereH-6), 7.89 (d, 1 H, H-7), 8.57 (s, 1 H, H-2).
operated at 74.5 and 20.0 V, respectively, and the electron 3'-O-[(N,N-Diisopropylamino)(2-cyanoethyl)phosphinyl]-
multiplier was set at 1700 V. Selected reaction monitoring 5'-O-(4,4-dimethoxytrityl)-1,R-e-dGuo. The synthesis of
experiments were conducted by monitoringz for each the phosphoramidate derivative was achieved following
protonated molecular ion. For the analysis of nucleosides, established procedures (Decorte et al., 1996), which were
the oligomer was digested according to the method of modified by omitting the NaHC®extraction step. The
Chaudhary et al. (1994). The digest was filtered through a concentrated crude compound was instead directly subjected
0.22um filter, and 25QuL aliquots were analyzed by HPLC/ to flash column chromatography (GEl./ethyl acetate/
MS. HPLC involved the use of a Hewlett-Packard 1090 pyridine, 69:30:1, v/v/v, isocratic), yielding 78 mg (0.098
HPLC pumping system, connected to a Phenomenex Partisiimmol, 77%) of 3-O-[(N,N-diisopropylamino)(2-cyanoethyl)-
ODS-3 reversed-phase column (32 250 mm, 5um, phosphinyl-5-0-(4,4-dimethoxytrityl)-1N?e-dGuo: TLCR
Phenomenex, Torrance, CA). The solvent system consisted= 0.72 (CHCI,/CH;OH, 9:1, v/v);3P-NMR (CH3CN) 6
of 10 mM NH,CH3;CO, buffer at pH 5.5 (A) and 0.05%  149.42, 149.64. A signal @t15.52 (inorganic phosphorus)
CH3CO:H in CH3OH (v/v) (B). Separation of nucleosides indicated~50% hydrolysis of the phosphoramidate. Due
involved the following gradient: 0 min (100% A, 0% B), 7 to this degradation, no further characterization of the product
min (100% A, 0% B), 37 min (50%A, 50% B), 45 min (30% was performed and immediate oligonucleotide synthesis was
A, 70% B), 55 min (100% A, 0% B), and 70 min (100% A, carried out.

0% B). The flow rate was 0.25 mL miA. Precursor ions N
(the MH" ions of the DNA adducts) were generated in the HO-ethanoGua-Modified 19-mer (Scheme 2)
ESI source and focused (quadrupole 1). These ions were o _ethanodGuo. HO-ethanoGua was synthesized as
dissociated in a collision cell (quadrupole 2), yielding defined gescribed elsewhere (Guengerich et al., 1993), and an aliquot
product ions which were analyzed (quadrupole 3). The \yag5 enzymatically converted to the nucleoside viitins
optimal collisional offset voltage to maximize the yields of N-deoxyribosylase (Mier et al., 1996) to serve as a
HO-ethanodGuo product ions wasl8 mV. chromatographic standard for the oligonucleotide digest
. - assay.
Synthesis of 1Ne-Gua-Modified 19-mer AcO-ethanoGuaHO-ethanoGua (25 mg, 0.13 mmol) was
5'-O-(4,4-Dimethoxytrityl)-1,NR-e-dGuo. The dimethoxy- dried by repeated treatment with and evaporation of anhy-
tritylation step was carried out as described in detail by drous pyridinen vacuo(3 x 2.5 mL). The compound was
DeCorte et al. (1996) starting with 50 mg (0.17 mmol) of then redissolved in anhydrous pyridine (2 mL), and freshly
1N%e-dGuo. Flash column chromatography (£Hb/ distilled (CH;CO)0 (0.061 mL, 0.65 mmol) was added and
CHs;OH/pyridine, 98:1:1, v/vlv, isocratic) yielded 76 mg the mixture stirred fo3 h atroom temperature under an Ar
(0.13 mmol, 74%) of 50-(4,4-dimethoxytrityl)-1N2- atmosphere. Most of the pyridine was removedvacuo
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without heating by repeated addition of hexane<(2 mL). Scheme 3: Oligonucleotides

The reddish-brown residue was dissolved in;OH and dNTP

purified by HPLC. The peak eluting withta of 19.0 min SZP\T l '

was collected, and the buffer salts were removed by repeated S A G TGGGTGAC &

lyophilization to yield 29 mg (0.13 mmol, 95%) of 1 5 104412 171819

AcO-ethanoGua: MSn/z 236 (MH*, 58), 176 [MHf — aG* = Gua, 1N*¢-Gua, or HO-ethanoGua. The site of the first

CH3CO — H,0 (e-Gua), 20];*H-NMR [(C?H3),S0] 6 2.03 incorporation is indicated with an arrow.
(s, 3 H, HH;CO), 3.51 (d, 1 H, H-6), 3.91 (dd, 1 H, H-6), )
6.91 (d, 1 H, H-7), 7.68 (S, 1H, NH), 8.14 (S, 1 H, H-2), 1H, H-7),.7.12—7.30 (m, 7 H, aromatlc), 7.317.44 (m, 2
12.53 (s, 1 H, NH). Formation of the desired product (as H: aromatic), 7.50 (s, 1 H, H-2). .
compared to potential amide formation) was further con- _ 3-O-[(N,N-Diisopropylamino)(2-cyanoethyl)phosphinyl]-
firmed by an alkaline hydrolysis experiment. Treatment of ©-O-(4,4-dimethoxytrityl)-5,6,7,9-tetrahydro-7-acetoxy-9-
the product with NaOH (pH 910) at room temperature ~ 0X0-3£3-D-deoxyribofuranosylimidazo[1,2-a]purine (Dia-
resulted in immediate cleavage of the compound to the Stereomerd and2). The phosphoramidation step followed
starting material as demonstrated by HPLC analysis. the procedure used for theNre-dGuo derivative. Direct
Deoxyribosylation of AcO-ethanoGuahe attachment of ~ application of the crude product to flash column chroma-
the deoxyribose to the protected DNA base adduct was ©09raphy (CHCl/ethyl acetate/pyridine, 69:30:1, viviv,
achieved by an enzymatic synthesis withctobacillus  iSocratic) yielded 56 mg (0.066 mmol, 80%) ofG-[(N,N-
helveticus transN-deoxyribosylase following a recently —diisopropylamino)(2-cyanoethyl)phosphinyl]-6-(4,4-
described procedure (Mer et al., 1996). AcO-ethanoGua ~ dimethoxytrityl)-5,6,7,9-tetrahydro-7-acetoxy-9-oxg3-
(29 mg, 0.13 mmol) was converted to tetrahydro-7-acetoxy- deoxyribofuranosylimidazo[1,3jpurine (diastereomers
9-ox0-38-D-deoxyribofuranosylimidazo[1,ajpurine (dia- ~ and2): TLC R = 0.60 (ethyl acetate/Cf1/CH;OH, 50:
stereomersl and 2) (39 mg, 0.11 mmol, 90% combined 49-8:0.2, VIVV);*P-NMR (CH3CN) 6 149.62, 149.72.
yield). As expected, a set of two diastereomers due to theAgain, a signal ab 15.53 (inorganic phosphorus) indicated
presence of two chiral centers in the molecule (H-7 and)H-1 ~~50% hydrolysis of the product. Thus further characteriza-
was detected upon HPLC analysis, occurring in a 1:1 ratio. iOn was not done in favor of immediate oligonucleotide
The two peaks eluting with & of 20.2 min (diastereomer ~ Synthesis.
1) and 20.8 min (diastereome?) were collected and
characterized separately. Diastereomer MS m/z 352
(MH™, 6), 337 (MH" — CHs, 32), 236 (MH — deoxyribose, Oligonucleotides were synthesized with an Expedite
8), 176 [MH" — deoxyribose— CH3;CO — H;0O (e-Gua'), Nucleic Acid Synthesis System (Millipore Corp., Bedford,
6]; *H-NMR (°H;0) 0 2.14 (s, 3 H, €1;CO), 2.51 (m, 1 H, MA) on a 1 umol scale using 4ert-butylphenoxyacetyl
H-2), 2.77 (m, 1 H, H-2), 3.78 (m, 3 H, H-5 H-5", H-6), protecting groups (PerSeptive Biosystems) according to the
4.09 (m, 2 H, H-4 H-6), 4.61 (m, 1 H, H-3, 6.29 (t, 1 H, manufacturés standard protocol. To compensate for the
H-1), 7.10 (d, 1 H, H-7), 7.98 (s, 1 H, H-2). Diastereomer hydrolysis of the phosphoramidate, the DNA adduct nucleo-
2. MSm/z352 (MH', 44), 236 (MH — deoxyribose, 62);  sides were dissolved, making them twice as concentrated
H-NMR (®H0) 6 2.12 (s, 3 H, E€13CO), 2.49 (m, 1 H, (100 mg mLY) as the unmodified nucleosides (50 mg TiL
H-2), 2.73 (m, 1 H, H-2), 3.75 (m, 3 H, H-5 H-5", H-6), Nevertheless, a drop of 50% in overall coupling efficiency
4.06 (m, 2 H, H-4, H-6), 4.58 (m, 1 H, H-3, 6.26 (t, 1 H, was noted after the insertion of the respective DNA adducts
H-1), 7.07 (d, 1 H, H-7), 7.96 (s, 1 H, H-2). While the into the sequences in each synthesis. Following synthesis,
above analytical data allowed no distinction between the two the beads from two Amol cassettes of each DNA oligomer
diastereomers, the antiphasic orientation of the CD spectrawere suspended in 50 mM NaOH (3 mL) and stirred slowly
clearly demonstrated the postulated stereochemistde(  for 24 h at room temperature. After cautious neutralization
infra). with 50 mM CHCO.H (1 mL), the solutions were filtered
5'-0-(4,4-Dimethoxytrityl)-5,6,7,9-tetrahydro-7-acetoxy- through a 0.22m filter and aliquots were subjected to HPLC
9-ox0-38-p-deoxyribofuranosylimidazo[1,2-a]purine (Dia- analysis and preparative workup. The unmodified 19-mer
stereomersl and 2). The dimethoxytritylation was done  and the 10-mer primer (Scheme 3) each showed one major
with the combined materials from the previous step (39 mg, peak with atz of 49.0 and 54.2 min, respectively, which
0.11 mmol) following the established protocol (Decorte et were collected and repeatedly lyophilized to remove buffer
al., 1996) with a modification in the extraction step. The salts. Yields after the initial purification were 39 and 70
10% K,CO; solution was replaced by 8 to avoid hydroly- Aseo Units [0.21 and 0.7xmol, respectively, estimated by
sis of the acetyl ester. Flash column chromatography (ethyl the method of Borer (1975)]. HPLC analysis of th&%,
acetate/ChCl,/CH;OH/pyridine, 55:45:0.1:0.2, v/viviv, iso-  e-Gua-modified 19-mer demonstrated two peaks wg{ghof

Oligonucleotides (Scheme 3)

cratic) yielded 54 mg (0.083 mmol, 75%) of-6-(4,4- 49.7 and 50.2 min in a 1:1 ratio, which were purified
dimethoxytrityl)-5,6,7,9-tetrahydro-7-acetoxy-9-ox¢3- separately. Upon enzymatic digestion, the second peak was
deoxyribofuranosylimidazo[1,3}purine (diastereomerd identified to contain the DNA adduct, and a yield of %o

and 2): TLC R = 0.61 and 0.71 (ethyl acetate/@E,/ units (~0.2 umol) was determined. The OH-ethanoGua-
CH30H, 50:50:0.2, viviv); MSn/z654 (MH*, 6), 303 (4,4 modified 19-mer was also a mixture of two product peaks,
dimethoxytrityl", 100);'H-NMR [(C?H3),S0] 6 1.71 (m, 1 eluting withtgs of 50.5 and 51.5 min in a ratio of 3:7. HPLC
H, H-2), 1.87 (m, 1 H, H-2), 2.13 (s, 3 H, E13C0O), 2.79 analysis of the enzymatic digest of the oligomer revealed
(m, 3 H, H-5, H-5", H-6), 3.05 (m, 2 H, H-4 H-6), 3.70 that the first product peak contained the modified nucleoside;
(s, 3 H, H30), 3.72 (s, 3 H, €I30), 4.06 (m, 1 H, H-3, its yield was 19,60 units (~0.1umol). All DNA oligomers
5.62 (t, 1 H, H-1), 6.67-6.82 (m, 4 H, aromatic), 6.90 (d, were subjected to a second HPLC purification and further
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polyacrylamide gel electrophoresis to obtain purities of
>99% as evaluated by CGEide infra).

Characterization of Oligonucleotides

Direct injection electrospray mass spectrometry was used
to verify the identities of three of the four oligomers used:
10-mer, calcdM, of 3027.0, anal. 3026.9; unmodified 19-
mer, calcdM, of 5883.9, anal. 5884.9; andNB;¢-Gua 19-
mer, calcdM, of 5907.9, anal. 5908.3 (see Supporting
Information). Attempts to analyze the intact HO-ethanoGua-
containing 19-mer directly were unsuccessful.

Each oligonucleotide (1A unit = ~5.4 nmol) was
digested in a two-step protocol. The first step involved
dissolving the DNA oligomer in 2@L of 10 mM Tris-HCI
buffer (pH 7.0) containing 10 mM Mggland the addition
of 8 ug of nuclease P(Sigma Chemical Co., St. Louis, MO),
followed by a 3 hincubation at 37C. In the second step,
20 uL of 100 mM Tris-HCI buffer (pH 9.0), g of snake
venom phosphodiesterase (Sigma), angig6of alkaline
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albumin per milliliter, and 5 mM MgGl by incubating at
90 °C for 10 min and slowly cooling to room temperature.
The different assays were then performed as follows.
Primer Extension.All four dNTPs, at 10QtM each, were
incubated in the presence of 50 or 100 nM primer/template
mixture in 10uL of 50 mM sodium MOPS buffer (pH 7.0)
containing 8 mM Mg, 4 mM dithiothreitol, 2ug of bovine
serum albumin per milliliter, and the particular polymerase,
added at several different concentrations. These reactions
were performed for 30 min at 28C with all polymerases,
except for pol Il which was incubated at 3. Reactions
were quenched by the addition of 10 mM EDTA in 90%
formamide (v/v), and the reaction products were analyzed
by electrophoresis on 20% (w/v) denaturating polyacrylamide
gels using Sequagel (National Diagnostics, Atlanta, GA).
One-Base Incorporation®?P-labeled 10-mer primers were
extended using unmodified or adducted 19-mer templates
in the presence of single dNTPs (10M) with 50 nM Kf
or pol Il, 200 nM T7, or 4.6«M pol 5. The incubation times

phosphatase (Sigma) were added and the digest was kepfvere 15 min for pol | and pol Il, but in the case of T7 and

for anothe 3 h at 37°C. Each sample was diluted with 100
uL of H,0 and filtered through a 0.22m filter; a 50 uL
aliquot was analyzed by HPLC, and the concentrations of
the individual deoxyribonucleosides were estimated by

pol 3, the reaction time was extended to 30 min.
Steady-State KineticsThe general approach of Boosalis

et al. (1987) was used, as modified in this laboratory (Lowe

& Guengerich, 1996). A Molecular Dynamics Model 400E

comparisons made with external standards: 10-mer primerPhosphorimager (Molecular Dynamics Inc., Sunnyvale, CA)
(Scheme 3), theoretical (relative ratios in parentheses) dCydyas used to measure incorporation of radioactivity, and the

(2), dGuo (2), dThd (3), dAdo (3) and found dCyd (2.0),
dGuo (2.4), dThd (3.3), dAdo (3.4); unmodified 19-mer
template, theoretical dCyd (3), dGuo (7) dThd (5), dAdo (4)
and found dCyd (3.0), dGuo (7.2), dThd (5.3), dAdo (4.2);
1 N?-e-Gua-containing 19-mer template, theoretical dCyd (3),
dGuo (6), dThd (5), dAdo (4), N?-e-dGuo (1) and found
dCyd (3.0), dGuo (6.1), dThd (5.3), dAdo (4.2)Ni-e-dGuo
(2.0). In the case of the HO-ethanoGua-containing 19-mer
template, the OH-ethanodGuo and dThd were not resolved
by HPLC, and the sampl€eY/(, the normal amount was
digested) was analyzed by combined HPLC/ES MS/MS
(Muller et al., 1997). HO-ethanodGuo was identified and
confirmed by repeating the analysis in the presence of a
known amount of 4,5,8%C-labeled compound (Mier et al.,
1997) (ide infra).

Enzymes

transN-Deoxyribosylase was partially purified froin
helveticus(Mduller et al., 1996) by L. K. Hutchinson in the
Department of Biochemistry at the Vanderbilt University
School of Medicine. Recombinant rat glvas a gift of S.
Wilson (University Texas, Galveston, TX). Other poly-
merases were purified by L. L. Furge frdascherichia coli
(Lowe & Guengerich, 1996) using stock plasmids pro-
vided: Kf (C. Joyce, Yale University, New Haven, CT)
(Derbyshire et al., 1988), pol Il (M. F. Goodman, University
of Southern California, Los Angeles, CA) (Cai et al., 1995),
pol T7 and thioredoxin (K. A. Johnson, Pennsylvania State
University, University Park, PA) (Kati et al., 1991; Lunn et
al., 1984), and RT (S. Hughes, Frederick Cancer Facility,
Frederick, MD) (Le Grice & Grninger-Leitch, 1990).

Polymerase Assays

General. The 10-mer primer (M) was 3-end-labeled
using T4 polynucleotide kinase and purified on a Biospin
column (Bio-Rad, Hercules, CA). Template and labeled
primer (2:1 molar ratio) were annealed in a buffer containing
50 mM sodium MOPS (pH 7.0), 509 of bovine serum

results were analyzed using ackt computer program
(Biometallics, Princeton, NJ) as described elsewhere (Lowe
& Guengerich, 1996).

Nucleotide Sequence Analysi§he bands corresponding
to 100 pmol of the primer extension products obtained with
the several enzymes were extracted from the gel by shaking
overnight at 4°C in distiled HO. The products were
recovered by @HsOH precipitation and sequenced as
described by Maxam and Gilbert (1980) except for the
T-specific reaction, where the method described by Fried-
mann and Brown (1978) was used.

RESULTS

Synthesis of Protected HO-ethanodGuihe preparation
of an oligonucleotide substituted with HO-ethanoGua re-
quired development of an appropriate strategy for incorpora-
tion of a suitably substituted phosphoramidite (Scheme 2).
The free hydroxyl group on the exocyclic ring should be
blocked in order to prevent coupling in the phosphoramidite
reaction of the DNA synthesizer, using a group that can be
readily deprotected. The hydroxyl group was readily acety-
lated in pyridine. The deoxyribose moiety could be enzy-
matically added to HO-ethanoGua with purine nucleoside
phosphorylase, but the acetylated derivative gave no nucleo-
side product with this enzyme. However hebeticus trans-
N-deoxyribosylase catalyzed the reaction and was used in
the synthesis (Mller et al., 1996Y.

HPLC of the acetylated nucleoside revealed two closely
eluting peaks with similar areas. These two compounds had
identical UV, mass, antH-NMR spectra. However, the CD
spectra were mirror images of each other (see Supporting

2The strategy of inserting a 2-fluoroinosine group into the oligomer,
adding 2-aminoacetaldehyde dimethyl acetal, and then closing the ring
(Decorte et al., 1996; Guengerich et al., 1993) was considered but not
attempted because studies with the nucleoside indicated that the
glycosidic bond was hydrolyzed under all conditions used to cleave
the acetal.
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Ficure 1: CGE traces of oligonucleotides: (A) primer (10-mer), go | MZ313
(B) 19-mer template (unmodified), (C) 19-mer containinty?is- 1
Gua, and (D) 19-mer containing HO-ethanoGua. 407
, it sk
Information), supporting the conclusion that these are dia- | HO-sthanodGuo ' Roots
stereomers and differ in their configuration at C7. The 80 mz310
absolute configurations of these diastereomers were not 401
determined. Treatment with 0.10 N NaOH led to the loss L
of the CD spectra at wavelengths ®250 nm, and a single 3 ®_ 4 ®
HPLC peak was eluted. Time, min

The evidence for the diastereomers raised the issue ofFicure 2: Analysis of digests of modified oligomers. See
whether individual hydroxyl diastereomers exist and could Experimental Procedures for description. (A) HPLC/UV of the
be used separately. Alternatively, the closed and open forms digest of 1N*-e-Gua-containing 19-mer, with the spectrum dfZ,

~ 2 (5. : ; e-dGuo in the inset. (B) HPLC/ES MS/MS of the digest of HO-
HO-ethanoGua anli*-(2-oxoethyl)Gua, respectively, might ethanoGua-containing 19-mer, witm/z traces shown for the

be in equilibrium and the hydroxyl group would epimerize  5pnropriate MS/MS transitions of dAdo, dCyd, dGuo, dThd, HO-
(Scheme 1). In order to test this possibility, the exchange ethanodGuo, and [4,58€]HO-ethanodGuo (heavy atom derivative
of oxygen from H*®O was examined with HO-ethanodGuo, added to verifytz) (Mller et al., 1997). HPLC/selected reaction
using FAB MS and measuring the intensity of the ions at monitoring/MS/MS was done monitoring the 310 to 194 or the 313
m/z310 and 312. At neutral pH, 72% of the HO-ethanodGuo to 197 transition (loss of deoxyribose) in the latter two cases. No
had incorporated onBO atom following overnight incuba- m/z 313 transition was seen in the absence of ad@&dnaterial,
h ; but the samen/z310 transition peak was seen.
tion at room temperature. When the experiment was repeated
in 0.10 N NaOH, conditions to be used in deblocking after products were analyzed by HPLC (Figure 2). The distinct
oligonucleotide synthesis, the nucleoside had completely UV spectra andr permitted positive identification of the
incorporated oné® atom ¢95% incorporation). Thus, former oligomer, using diode array spectroscopy, to char-
HO-ethanoGua appears to be in relatively rapid equilibrium acterize IN*e-dGuo (Figure 2A). With HO-ethanodGuo,
between the open and the two (stereochemically different) the similarity of thetg to that of dThd and the lack of such
closed forms. a distinct spectrum precluded such analysis. The nucleoside/
Synthesis and Characterization of Oligonucleotid&d\?- phosphatase digest of this oligomer was analyzed by HPLC/
€-dGuo and the acetoxy-protected form of HO-ethanodGuo ES MS/MS as reported elsewhere {IMu et al., 1997). The
prepared above were treated to addlinethoxytrityl and presence of HO-ethanoGua was clearly verified by monitor-
3'-phosphoramidite groups in the usual manner and used toing the appropriate transition (Figure 2B).
prepare 19-mer oligonucleotides (Scheme 2). The coupling Polymerase Extension Assay&ive polymerases were
yields at the site of the derivative were 50% of those at the studied because of their availability and existing literature
other steps, even with excess derivatized phosphoramiditesregarding their properties. The initial experiments involved
Deblocking of the HO-ethanoGua derivative was done in analysis of the extension of the 10-mer primer/19-mer
0.05 N NaOH instead of NMDH to remove the acetoxy template complexes in the presence of a mixture of all four
group. The 19-mer templates and the 10-mer primer weredNTPs. With all five polymerases, both of the modified
purified by a combination of reversed-phase HPLC and templates retarded extension but some full-length product
preparative polyacrylamide gel electrophoresis, taking care was obtained (Figures-37). The results are qualitatively
to slice only the middle portion of the gel band in the more summarized in Table 1.
demanding separations. With all of the polymerases except pg| extension of
CGE electrophoretograms of the purified oligomers are the HO-ethanoGua-containing 19-mer yielded a ladder of all
shown (Figure 1). Purity in all cases was judged to be the possible products differing in length by one base. Kf
>99%. also yielded a large amount of 11-mer with both modified
The oligomers containing l?-e-Gua and HO-ethanoGua  oligomers, corresponding to addition of only one base at the
were digested with nucleases and phosphatase, and thaite of the modified Gua. Under these conditions, Kf often
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Ficure 3: Extension of 10-mer primer by Kf in the presence of all four dNTPs.
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inspection of other work indicates similar RT processing
(Kati et al., 1992).

Nucleotide Sequence Analysis of Extended Primétse
products obtained by primer extension in the presence of all
extends a primer one base beyond the length of the templatdour dNTPs were analyzed using modifications of the
(Clark et al., 1987; Clark, 1988), and this phenomenon was Maxam—Gilbert method (Maxam & Gilbert, 1980), and the
observed with all three templates with Kf, T7, and RT results are summarized in Table 2. The extent of misincor-
(Figures 3, 5, and 6). Although RT is usually considered to poration cannot be analyzed quantitatively in such assays,
be devoid of exonuclease activity (Kornberg & Baker, 1992), and the results must be considered qualitatively. Typical
digestion of this sequence was observed, and the extent waglels obtained in the analysis of the Kf products with the
increased when the modified bases were present (Figure 6)modified bases are shown in Figure 8. Products from the
This appears not to be a sequence-dependent activity, becaugeactions with RT and pg# were not analyzed.
we also observed such digestion with another oligomer used Kf and pol Il yielded more misincorporation than T7.
previously in other work (Lowe & Guengerich, 1996) and Differences between the products derived with the%;

unmodified 1,N 2-¢-Gua HO-ethanoGua

FiGUure 6: Extension of 10-mer primer by RT in the presence of
all four dNTPs.
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Table 1: Products of Polymerase Extension Assays of 10-mer
Primer in the Presence of All Four dNTPs and a 19-mer Tenlate

products from each template (length)

polymerase Gua W2-e-Gua HO-ethanoGua
Kf 19, 20 11,1720 11, 19, 20 (plus 1:218)
pol Il 18,19 18,19 18, 19 (plus H17)
T7 19, 20 18-20 19, 20 (plus 1%18)
RT 18,19 20, 97 20,9-7
pol 8 19 19 19

aSee Scheme 3 and Figures B

Table 2: Nucleotide Sequence Analysis of a 10-mer Primer
Extended in the Presence of All Four dNTPs and 19-mer Primer

bases incorporated opposite
Gua or Gua adduct

length of
polymerase product Gua N-e-Gua HO-ethanoGua
Kf 19,220 C G, C (AP G, T (AP
18 —1 base frameshift —1 base frameshift
17 —2 base frameshift —2 base frameshift
11 A, G A G
pol Il 19 C A T(Cy A T(CP
18 —1 base frameshift —1 base frameshift
T7 19, 20 C C C
18 —1 base frameshift —1 base frameshift

aSee Figure 8° Tentative assignment. See Figure 8 for data in the
case of IN>-e-Gua and Kf. See Figure 9 and Tables 3 and 4 for single-
base incorporation results.

Gua- and HO-ethanoGua-containing oligomers were seen.
Also, there were differences in the bases misincorporated in
the 11-mer (one-base incorporation) and the fully extended
primer with Kf. In the case of the 11-mer product formed
with Kf, both A and G were clearly present (Figure 8B). In
the 19-mer Kf product, G was clearly inserted (Figure 8C)
but the relative intensities of bands in the G andtGA

Langoue et al.

lanes, compared with those of the standard oligomers (Figure
8A), did not allow an unambiguous call for A. Similarly, a
definite call for C in the case of the 19-mer product of pol

Il was not possible because of the insertion of T and the
relative band intensities in the T and-f C lanes.

Primer Extension Assays with Indilual dNTPs. The
incorporation assays were repeated to incorporate only a
single base; i.e., only use one dNTP in the assay. In all
cases, it was possible to force some misincorporation (Figure
9), even with the unmodified oligomer. Following incor-
poration of a single base, the next position in the template
contains a T, so incorporation of an A is then favored. In
most cases in which dATP was used, some 12-mer was
found.

The results are summarized in Table 3 and are considered
gualitative. Of interest is the observation of the 13-mer
product in the reaction of the N?-e-Gua template with Kf
(Figure 9A). Incorporation of three Cs at sites—1113 is
highly unlikely, since pairing of dCTP opposia T would
have to occur after the incorporation of dCTP opposité-1,
e-Gua (Scheme 3). Moreover, further incorporation of more
dCTP would have been expected. An alternative is that the
1N?e-Gua and the following T slip and the three Cs are
incorporated opposite the ;Qriplet at positions 1315
(Scheme 3). Sequence analysis indicated that this latter
slippage event occurred (Figure 8D).

Steady-State Kinetic Assays of Single-Base Incorporation.
Single dNTP incorporation assays were done under typical
steady-state conditions (Boosalis et al., 1987) in order to
provide more quantitative estimates of the tendency of
polymerases to misincorporate bases. The results are sum-
marized in Table 4.

A ..CAAAC... ..CACAC... ..CAGAC... -CATAC...
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Ficure 8: Nucleotide sequence analysis. (A) Residued® of standard 19-mers synthesized to contain A, C, G, and T at position 11.
Also shown are the (B) 11-mer, (C) 19-mer, and (D) 17-mer formed by extension when paired to the 19-mer template cori&ining 1,
e-Gua.
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dATP dCTP dGTP dTTP dATP dCTPJGTP dTTP dATP dCTP dGTP dTTP dATP dCTPdGTP dTTP
1,N 2.¢.Gua HO-ethanoGua 1,N 2.¢-Gua HO-ethanoGua
-11 mer D = -11 mer
‘m - 10 mer primer

w M... - 10 mer primer
dATP dCTP dGTP dTTP dATP dCTP dGTP dTTP dATP dCTP dGTP dTTP dATP dCTP dGTP dTTP
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FiIcure 9: Extension of primer in the presence of a single dNTP when paired with modified 19-mers: (A) Kf, (B) pol Il, (C) T7, and (D)
pol 5.

Table 3: Products of Polymerase Extension Assays of 10-mer Incorporation a_t the position opposite the moc_llfled bas_,e In
Primers in the Presence of Modified 19-mers and a Single dNTP most cases (Figures—), although more detailed studies

are in order to determine which step(s) in the incorporation
is perturbed. With Kf, a strong block seems to occur after

products from each templdte

2 ¢- - .. . .
polymerase Gua W-eGua  HO-ethanoGua  ,nq hase is incorporated. The purines A and G were readily
Kf C>AGT A>C>G A>C>G i i 2. .
ool I CSAGT A-C A G incorporated opposite bothNZ-¢-Gua and HO-ethanoGua
7 ¢ c A>C by several polymerases (Tables 2 and 4). We also found
pol B C C A>C that pol I, pol Il, and T7 are able to extend the primer after
2 See Figure 9. —1 or —2 base slippages at the adduct site (Figure 8D and

Table 2), and we detected some 17- and 18-mer bands in
addition to the full-length extension product.

Some differences between the effects dfi*l-Gua and
HO-ethanoGua were noted. dATP was inserted more readily
opposite HO-ethanoGua with several of the polymerases.
This result is of interest in that the level of HO-ethanoGua

Kf misincorporated both A and G oppositéNize-Gua and
HO-ethanoGua. Compared to the normal incorporation of
dCTP opposite Gu.,was considerably lower in all cases
andK, was much higher. With the HO-ethanoGua-contain-

ing template, a higher misincorporation frequency was S€€Ntormed by treatment of DNA with 2-chlorooxirane is more

: ) -
for dATP than for dGTP. With the lN>-e-Gua-containing 1211 order of maghnitude higher than that ok2e-Gua
template, the opposite pattern was observed. However, the

o . : : (Mdller et al., 1997). However, these results will need to
misincorporation frequencies cannot be considered absquteDe considered in the context of further work on rates of DNA

because.th.e C incorporation is considered to involve a s"ppedrepair and mutagenesis in cellular systems. The steady-state
fram'esh|ft intermediatev{de suprg. , i kinetic studies indicate a greater tendency for misincorpo-
With T7, ke values for all incorporations opposite aion opposite HO-ethanoGua tharN&e-Gua with T7
modified Gs were considerably lower than those for dCTP (Table 4)2 It is not possible to make a quantitative
opposite G, but thekn values were not altered. Little  jnterpretation of the Kf misincorporation frequencies (Table
misincorporation was seen with theN#,e-Gua template. The 4) because of the apparent tendency of the template to slip

misincorporation frequency measured with the HO-etha- raiher than incorporate at the site of the adduct (Scheme 4
noGua template indicated that the enzyme inserted dATP as;ng Figure 8B).

readily as dCTP. We noted some similarities in comparing our results with
DISCUSSION those described recently by Hashim and Marnett (1996) on
the effect of propanoG on the fidelity of Kf in the same

Procedures were developed for the incorporation of the sequence context. PropanoG and the derivatives shown in

DNA adducts IN*-e-Gua and HO-ethanoGua into defined
oligonucleotides, which were purified, characterized, and — :
used inin vitro misincorporation studies. The results are of varuif}gnfngo(fpof‘r’gf&'fj ')”fgﬁﬁgi&oﬁggﬁe\aagfsomgg d‘; ;25”;( o
mtereSt, in terms of understanding the ,pOtent',al genoto_xm the same as that reported by Hashim and gMarnett (1996); a large
properties of these two adducts and their possible contribu-increase was seen with all incorporated dNTPs, as also observed here.
tions in tumors caused by agents that yield these adducts.The physical meaning d{ in polymerase assays is not clear (Johnson,

2 _ 1993);Kn is certainly not a simple dissocation constafvalues must
Both 1N“-e-Gua and HO-ethanoGua strongly blocked be obtained through more complex pre-steady-state experiments

replication with all polymerases examined (Figuresss. (Johnson, 1993; Lowe & Guengerich, 1996; Furge & Guengerich,
This appears to be the result of a decreased rate 0f1997).
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Table 4: Steady-State Kinetic Parameters for dNTP Incorporation

Kf T7
misincorporation misincorporation
pairing Keat (Min2) Km («M) frequency Keat (Min—1) Km («M) frequency
GuadCTP 81+5 0.027+ 0.008 0.15+ 0.01 1.8+ 0.7
1,N?-e-GuadCTP 0.54+ 0.02 67+ 8 0.0046+ 0.0002 1.14+0.3
1 N?-e-GuadGTP 0.27+ 0.02 31+8 1.0
1 N?-e-GuadATP 0.12+ 0.01 75+ 24 0.2
HO-ethanoGualCTP 0.28+ 0.02 5+ 2 0.0032+ 0.002 0.48+0.17
HO-ethanoGualGTP 0.35+ 0.01 41+ 7 0.15
HO-ethanoGualATP 0.17+0.01 7+3 0.45 0.0052+ 0.0003 0.94+ 0.33 1.2

aMisincorporation frequencyt (KeafKm)antr/ (Keal Km)acte (Where dNTP= dCTP).P These are considered to be much higher because the values
for dCTP incorporation reflect incorporation of three dCTPs. See the text for discussion of a possible frameshift.

Scheme 4: Postulated Template Slippage in Kf an interesting comparison of misincorporation, slippage, and
Misincorporation Events extension by several polymerases and are the focus of further
dcTP investigations.
, l , Incorporation of T opposite the Gua adducts was observed
5' TCAATTCGGA 3 . ) -
3' AGTTAAGCCTG*TGGGTGAC 5' only in the full-length product from the primer extension
15 104412 171819 with Kf and the HO-ethanoGua-containing template (Table
dcTP 2). The corresponding mutation was seen inirvivo
l mutagenesis study with this adduct, along with mutations
5 TCAATTCGGA corresponding to incorporation of G and*AHowever, a

3
3' AGTTAAGCCT  GGGTGAC 5 X X . . A
\ / high level of mutations corresponding to insertion of T

G*T opposite IN*-e-Gua was seen in the study, regardless of
) ] whether usrA* or usrA~ E. coli cells were used. This
Scheme 5: Structures of Related Six-Membered Exocyclic  mjsincorporation, dominant in the bacterial study, was not
Ring Gua DNA Adducts seen with any of the polymerases examined here, except at

0 0 oH 0 a minor level with pol Il (Table 2). Thus, it appears that
N N N . .
'\/\)N\:&\> ’\\/A)N:i\> (‘\)N\\ ) poth of the adducts studied here.are ab_le to direct the
N7 SN N N SN N NS incorporation ofall four dNTPs opposite the site (we assume
H ' ! : that pol lll is the polymerase producing the mutations
PropanoG G propanod vivo). This pairing with all of the four dNTPs is not simply

the result of a lack of information, since the different
polymerases all have their own preferences. In the case of
1,N>-e-Gua, the adduct is relatively stable, unless an enamine
tautomer exists (Guengerich et al., 1993). With HO-
ethanoGua, the possibility that different forms of the adduct
may be favored with individual polymerases (and also
different sequence contexts) and favor different misincor-
porations exists, i.e., the ring-opened foi(2-oxoeth-
yl)Gua, its hydrate [CH(OH), and the two isomers of the
yclic hemiaminal HO-ethanoGua (Scheme 1). Nevertheless,
he case can be made that only very limited insight into

only full-length extended product was detectable). With Kf Mechanisms of mispairing can be obtained from studies with
in particular, we were able to detect substantial two-base oligomers |n.the absence of polymerases.

deletion opposite M-e-Gua and HO-ethanoGua, to a greater I conclusion, IN*-e-Gua and HO-ethanoGua are both
extent than that detected opposite propanoG under the saméapable of blocking polymerization and miscoding when
conditions (Hashim & Marnett, 1996). The one-base deletion €xamined in defined oligomers. With several polymerases,
opposite propanoG was also explained in previous work there is a tendency to incorporate A and G opposite both of
(Shibutani & Grollman, 1993) by the slippage between A at these adducts. Although the.closed form of HO-ethanoGua
the 3-primer terminus and the T residué % the adduct  differs from 1N*e-Gua only in the elements of 8, the
site and can be extrapolated to our two adducts. In contrast,former tends to be more likely to direct the misincorporation
the two-base slippage (resulting in a two-base deletion atOf A and to produce a ladder of products extended by one
the adduct site) cannot be explained in our case by Cbase at a time (Figures=%). This phenomenon may be
incorporation opposite the adducts, since there was athe result of an increasedy rate for the oligomer
negligible amount of C incorporation oppositdNd-¢-Gua  Polymerase complex, i.e., more distributive mechanism.
and no C incorporation opposite HO-ethanoGua. However, Efforts to define alterations in rates of individual steps dug
this two-base deletion was more pronounced in the templatet0 the presence of adducts are in progress. Another major
containing I\?-e-Gua than HO-ethanoGua, when extensions conclusion from this work is that a single adduct can produce
were performed with Kf under the same conditions. The Quite different mutations, not only quantitatively but also
similar structures of MG, the unsaturated form of propanoG
[conjugation product of malondialdehyde (Seto et al., 1983;  ss. Langotie S. P. Fink, M. Mdler, L. J. Marnett, and F. P.
Basu et al., 1988), Scheme 5], antliZ¢-Gua should provide ~ Guengerich, unpublished results.

Scheme 5 differ from N?-e-Gua and HO-ethanoGua in the
size of the exocyclic ring. Hashim and Marnett (1996)
reported primarily misincorporation of dATP opposite pro-
panoG in the full-length extended product with Kf. Interest-
ingly, we found that such miscoding is also detectable using
pol Il, T7, and polB opposite HO-ethanoGua; withNZ-¢-
Gua, the same misincorporation is seen with pol Il but not
with T7 or pol 5. As in the case of propanoG and Kf
(Hashim & Marnett, 1996), the most common frame shift
mutation corresponded to a one-base deletion at the adduc
site with all of the enzymes studied (except with fpwhere
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qualitatively, depending upon the polymerase. Previous Friedman, T., & Brown, D. H. (1978)ucleic Acids Res., %15~
studies on 8-oxo-7,8-dihydroGua have revealed differences  622. _ _ o
among various polymerases in the extent to which A is Furge, L. L., & Guengerich, F. P. (199Bjochemistry(in press).

inserted instead of C (Shibutani et al., 1991; Lowe &

Guengerich, F. P., & Kim, D.-H. (1991Chem. Res. Toxicol.,4
413-421.

Guengerich, 1996; Furge & Guengerich, 1997), although Guengerich, F. P., & Raney, V. M. (1992) Am. Chem. Soc. 114

insertion of G and T has not been reported. Very recently,

1074-1080.

Shibutani et al. (1996) reported the misincorporation of Guengerich, F. P., Crawford, W. M., Jr., & Watanabe, P. G. (1979)

different bases at anotheimodified lesion, 3\*-e-cytosine,
by individual polymerases.
In summary, both N*e-Gua and HO-ethanoGua have

been found to have miscoding potential and should be

Biochemistry 185177-5182.

Guengerich, F. P., Geiger, L. E., Hogy, L. L., & Wright, P. L.
(1981a)Cancer Res. 414925-4933.

Guengerich, F. P., Mason, P. S,, Stott, W. T., Fox, T. R., &
Watanabe, P. G. (1981i9ancer Res. 414391-4398.

included in considerations of the genotoxicity of the set of Gyengerich, F. P., Persmark, M., & Humphreys, W. G. (1993)

DNA adducts derived from vinyl halides and other carcino-

Chem. Res. Toxicol., ®35—-648.

gens that are activated to similar epoxides or equivalent Guengerich, F. P., Min, K. S., Persmark, M., Kim, M. S,,

alkylating species.
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