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ABSTRACT. The low redox potential of 8-oxo-7,8-dihydroguanine (OG), a molecule regarded as a marker
of oxidative damage in cells, makes it an easy target for further oxidation. Using a temperature-dependent
method of synthesis, the oxidation products of OG, guanidinohydantoin (Gh) and/or its isomer
iminoallantoin (la) as well as spiroiminodihydantoin (Sp), have been site-specifically incorporated into
DNA oligomers. Single nucleotide insertion and primer extension experiments Bsatggrichia coliKf

exo  DNA polymerase were carried out under “standing start” and “running start” conditions in various
sequence contexts. dAMP and dGMP were found to be inserted opposite these OG oxidation products.
Steady-state kinetic studies show that the Glhase pair yields a lowdf, value compared to the

Sp G pair or XA (X = Gh/la or Sp). Running start experiments using oxidized and unoxidized OG-
containing templates showed enhanced full extension in the presence of all four dNTPs. A sequence
preference for efficiency of extension was found when Gh/la and Sp are present in the DNA template,
possibly leading to primer misalignment. Full extension is more efficient for the templates containing
two Gs immediately 3to the lesions compared to two As. Although these lesions cause a significant
block for DNA elongation, results show that they are more easily bypassed by the polymerase when
situated in the appropriate sequence context. UV melting studies carried out on duplexes mimicking the
template/primer systems were used to characterize thermal stability of the duplexes. These experiments
suggest that both Gh/la and Sp destabilize the duplex to a much greater extent than OG, with Sp being
most severe.

Endogenously generated oxygen radicals significantly — Oxidative damage to DNA continues to receive a very high
contribute to the mutagenic process in cells by damaging level of attention because of its relevance to cancer, aging,
DNA as well as the nucleotide triphosphate pod).(  and neurological disorder$,(7). The mutational spectra
Oxidative DNA damage results in strand breaks, abasic sites,associated with oxidative damage indicate that the most
DNA—protein cross-links, and oxidized bases, all of which common base substitution isG— A-T transitions followed
require the action of DNA repair pathways to maintain the by G:C — T-A and GC — C-G transversions, although the
integrity of the genome. Under in vitro conditions, lesions specific details of mutational frequencies depend on the
present in the DNA template strand can severely impair DNA reactive speciesgf. One molecular origin of & — T-A
synthesis by blocking either one nucleotide before or acrosstransversions is 8-oxo-7,8-dihydroguanine (G@)molecule
from the lesion site. In vivo, persistent DNA lesions often Wwidely regarded as the biomarker of oxidative damage in
pose considerable obstacles to genome duplication, whichthe cell @, 10). Depending upon the polymerase, either A
can have lethal consequences for dividing célls A large ~ or C may be inserted opposite OG during replication and
family of structurally related lesion-replicating polymerases transcription {0, 11). The repair of the O&\ mismatch
that allow translesion DNA synthesis have been identified relies on the “GO” repair enzymedld) that have been
during the past decade, some of them highly error prane (characterized irEscherichia coli(15). MutY protein from
3). Furthermore, intracellular oxidative damage of DNA is E. coli removes the unmodified adenine when it is paired
known to cause a significant increase in the overall poly- With the OG, and another protein, MutT, is responsible for
merase error rated( 5). Ultimately, the ability to continue  Prevention of dOGTP incorporation into DNA. In double-
replication in the presence of damage, and mistakes madeStranded DNA, the O& base pair is repaired by the MutM

by polymerases in the absence of DNA repair, can lead to Protein, also known as Fpg, by removal of the OG lesion.
mutagenesis. Functional homologues to tle coli MutM protein that show

similar substrate specificities have been identified and
characterized in yeast, yOggl and yOg&8)( and to some
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Scheme 1: Oxidation of OG to Gh/la and Sp
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a) Template 1/Primer 5: X= G, OG, Gh/Ia, Sp, or Ab site

5’ -dTCATGGGTCXTCGGTATATCAGTGCTATCACATTAGTGTA-3"
AGCCATATAGTCACGATAGT-5'

HzN l Template 2/Primer 6: X= OG, Gh/Ia, or Sp
0 oHH 57 -dTCATGGGTCXAAGGTATATCAGTGCTATCACATTAGTGTA-3"
N CCATATAGTCACGATAGTGT-5'
HN >=O
HzN’I“‘N/HN Template 3/Primer 7: X= OG, Gh/Ia, or Sp
R
5.0H OG ,
57 ~-dTCATGGGTCXGGCGTATATCAGTGCTATCACATTAGTGTA-3
4% 50°C GCATATAGTCACGATAGTGT-5'
Template 3/Primer 8: X= OG, Gh/Ia, or Sp
(o]
o H N N NH 5! ~dTCATGGGTCXGGCGTATATCAGTGCTATCACATTAGTGTA
YN ¥ TCACGATAGTGTARATCACAT-5'
NH }0 \ ,K i
L Ay HN—{ N7 %o b) G-C rich sequences:
HaN N ) o R
R
ah " L Sp 5’ -GAC CXG GTC AGT GCT ACT-3/ <-XGG18
1 Forrr ree rer e red
Ne O C CAG TCA CGA TGA-5' <-CC13
4 o} NC CAG TCA CGA TGA-5' <-CC14N
HzN r
’ <N/J\N)I\NH G GNC CAG TCA CGA TGA-5' <-CC16N
LA 2 (N=B, C, G, T)
X =G, 0G, Sp, or Gh/Ia
extent in mammalian cells, e.g., mOggl and hOdgl 18). A-T rich Sequences:
In recent years, many studies have been published aimed a
establishing a correlation between the recognition of OG by 5’ -GAT TXA ATC AGT GCT ACT-3'; <-XAAlS8
the polymerases and repair enzymes and its impact on the L
formation and thermodynamic stability of the DNA T TAG TCA CGR TGA-5' <~TT13
con ; y y X NT TAG TCA CGA TGA-5' <-TT14N
duplex a9—22).The mflueryce pf the base sequence flanking A ANT TAG TCA CGA TGA-5' <—TT16EN
the damaged site on replication and repair is also a theme (N=A, C, G, T)
of intensive researctR( 4, 23—25). X = G, 0G, Sp, or Gh/Ia

Owing to its low redox potential, OG is highly susceptible Ficure 1: Sequences of templates and primers employed in these

toward further oxidation, and several in vitro studies now
claim OG as a “hot spot” for oxidative damade 26, 27).

studies.

Thus, the subsequent chemistry of 8-oxo-7,8-dihydrogua- Products 89). The temperature-dependent method for syn-
nosine oxidation and the potential mutagenicity of its thesis of pure Sp vs Gh/la-containing oligos allowed us now
oxidation products are of particular interest. Nucleoside 0 carry out a more careful analysis of these lesions
studies in this laboratory have recently identified two major independently and in a variety of sequence contexts.
pathways of OG one-electron oxidation that lead to the N the presentwork, we used the Klenow fragment of DNA
formation of spiroiminodihydantoin (Sp) or to guanidino- POlymerase I deficient in exonuclease activity (Kf exao
hydantoin (Gh) as shown in Scheme 28, Importantly, study single nucleotide insertion and primer extension at the
these lesions also appear to arise from direct oxidation of ©idized lesions in different sequence contexts (Figure 1a).
deoxyguanosine by type P8) and type Il photooxidation ~ The results of the “running start” primer extension experi-
(30) and peroxyl radicals3R) as well as through the action ~Ments (in which DNA synthesis proceeds normally for a few
of a variety of other oxidants on O@(, 33—35). Indeed, base pairs before a lesion is encountered) suggest a correla-
Sp was mistakenly identified as 4-hydroxy-8-oxo-7,8-dihy- tion between the sequence context surrounding the lesion
droguanosine for more than a deca®e 31, 32, 36, 37). and the efficiency of its bypass by the polymerase. To further
The formation of Gh is further complicated by its possible nvestigate this idea, we performed UV melting experiments
isomerization to iminoallantoin (la), and the structure is 0 characterize the stability of numerous DNA duplexes
hereafter referred to a Gh/I29). The predominant isomer ~ €ontaining either guanine, OG, Gh/la, or Sp in various
in duplex DNA has yet to be determined and may be Seduence contexts (Figure 1b). Two 18-mer templates were
dependent upon base pairing and sequence context. annealed to primers of various lengths (13-mers, 14-mers,
Further studies of short oligodeoxynucletides have shown @nd 16-mers) to compare how increased hydrogen-bonding
that oxidation of OG in duplex DNA led to the formation of and base-stapkmg interactions around the lesion site affected
Ghila as the major products. In single-stranded oligodeoxy- duplex stability.
nuclgotides, the reaction was highly temperature_ dependemEXPERlMENTAL PROCEDURES
leading to Gh/la at low temperature and Sp at high temper-
ature @9, 38). Our first qualitative assessment of the potential ~ Materials and InstrumentationReagents and enzymes
for miscoding of the new lesions showed insertion of JAMP were purchased from the following sources: ;INalg from
> dGMP > dCMT, dTMP opposite a mixture of oxidized Alfa Aesar (Ward Hill, MA), dOG and dU phosphoramidites
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from Glen Research (Sterling, VA), dNTPs from Pharmacia X = Gh/la was 98% pure with small impurities of OG and

(Piscataway, NJ), ang/{*?P]JATP from Amersham (Arling-
ton Heights, IL). T4 polynucleotide kinase, Klenow fragment
(3—5 exo’), DNA pol I, and uracit-DNA glycosylase
(UDG) were from New England Biolabs (Beverly, MA). ESI

Sp, as analyzed by HPLC (see Supporting Information).
Templatel with X = Sp was 90% pure with the principal

impurity being Gh/la (see Supporting Information). These
samples were used for the majority of kinetic studies

mass spectra were recorded on a Micromass Quattro Il. UV described herein. Further purification (see Supporting Infor-
thermal denaturing studies were monitored on a Beckmanmation) did not change the kinetic interpretation.

DU7400 UV-vis spectrophotometer. Phosphorimagery was

performed on a Molecular Dynamics Model 860.
Oligodeoxynucleotide SynthesiB®eoxyribonucleotides

End Labeling of Primers and Template/Primer Annealing.
The 20-mer primers were-gnd-labeled using T4 polynucle-
otide kinase andy[-*P]ATP. Unreacted{-**P]JATP was

with or without modification were synthesized using standard separated from labeled oligonucleotides with MicroSpin G-25
automated solid-support chemistry protocols on an Applied columns (Amersham Pharmacia Biotech). The primers were
Biosystems Model 392B synthesizer using the manufacturer'sannealed to the templates in 40 solutions of Ix EcoPol
protocols. Oligomers containing OG were deprotected in buffer (10 mM Tris-HCI, 5 mM MgC}, and 7.5 mM DTT,

concentrated NEOH with 0.25 M -mercaptoethanol (in
order to prevent undesired oxidation of OG) at°€5for 17

pH 7.5) with a template:primer nanomolar ratio of 6:1 for
gualitative analysis and 3:1 for steady-state kinetic analysis,

h, after which NH was removed in vacuo. Gel electrophore- yielding a final concentration of 225 and 75 nM for template

sis on 15% or 20% polyacrylamide gels Wwi7 M urea
provided the purified oligonucleotides. The purity of syn-

and primer, respectively.
Single Nucleotide Insertion and Primer Extensittand-

thesized and modified duplexes was confirmed by ESI massing start” single nucleotide insertion and primer extension
spectral analysis. A 40-mer containing a single abasic sitereactions (as illustrated in Figure 1, templaterimer5) were

was prepared using uraciDNA glycosylase (UDG) as
follows: 6 ug of a uracil-containing 40-mer was incubated
for 2 h at 37°C with 10 units of UDG in the reaction mixture
containing 70 mM HEPES, 50 mM EDTA, and 1 mM
dithiothreitol (pH 7.4) 40). Hot treatment (90C) with 0.1

catalyzed by DNA polymerase Klenow fragment (Kf &Xo
and Klenow fragment (3-5' exo’). DNA polymerization
reactions were initiated by mixing a solution containing the
template/primer mixture, a solution of DNA polymerase, and
a mixture of all four dNTPs or a single dNTP. The final

M piperidine for 60 min and subsequent gel electrophoresis concentrations were 15 nM for template/primer, 0.2 unit (12.5
analysis confirmed that 100% of deoxyuracil was converted nM) for the enzyme, and 3@M for a single dNTP or a
to an abasic site yielding alkali-induced strand scission. The mixture of all four dNTPs. Reaction mixtures were incubated

uracil-containing oligonucleotide was sequenced byVb
KMnO, (T-sequencing reaction) and dimethyl sulfate{A
G sequencing reactions) prior to UDG treatment.

DNA Oxidation with NgrCls. Mass Spectrometric Analy-
sis of the Oxidation ProductSelective oxidation yielding
either Sp or Gh/la was achieved by treating a0samples
containing the corresponding OG-containing oligodeoxy-
nucleotides (12«M) (Figure 1) with 2uL of 25 uM Na-
IrCls, giving a final concentration of 10@M NaylrCle.
Specifically, Sp was generated at 85in a 10 mM sodium
phosphate (Na}?100 mM NaCl buffer at pH 7.0, whereas
an equilibrating mixture of GH- la was generated at4C
in a 10 mM NaR100 mM NacCl buffer at pH 6.0. These

at 37°C for 15 min.

All running start DNA polymerization reactions (Figure
1, template2/primer 6, template3/primer 7, and template
3/primer 8) were catalyzed by Kf exa In this set of
experiments a 30 M mixture of a single dNTP plus dTTP
(or dCTP) for insertion opposite the two As (or Gs) upstream
to the lesion or a mixture of all for ANTPs was used.
Reactions were also incubated with 0.2 unit of Kf exai
37 °C for 15 min.

All reactions were quenched with 58 of termination
solution (95% formamide, 0.1% bromophenol blue, and 0.1%
xylene cyanol). The samples were heated at®for 3 min,
applied onto a 15% polyacrylamide gel in the presence of 7

reactions were incubated at their corresponding temperaturesV urea, and then analyzed by phosphorimagery.

for 30 min when they were quenched by addition of @V
amount of 20 mM EDTA (pH= 8.5). The reactions were
pooled and dialyzed (2 kDa MWCO) against water for-24

Steady-State Kineticqkeactions run under steady-state
conditions were all catalyzed by Kf exoThe conditions
used were the same as for qualitative insertion studies. The

48 h. The recovered solution was lyophilized to dryness and annealed template/primet/p) was mixed with the diluted

resuspended in 50L of water and 50uL of 10 M NH,-
OAc. After 2 h atroom temperature, 30QL of a cold

enzyme in the molar ratios of 4:1 for Gh/la and Sp-containing
templates, 64:1 for the OG-containing template, and 200:1

mixture of 2-propanol and ethanol (1:1) was added, and the for the unmodified template. The steady-state reactions with

DNA was incubated for at lea8 h at—80 °C. The sample
then was centrifuged for 30 min at’€, and the supernatant
liquid was carefully removed, leaving the DNA as a pellet.

Kf exo™ utilized 0.22 nM (~0.0036 unit) enzyme for dCTP
insertion opposite an unmodified G&/B). Insertion of dACTP
and dATP opposite OGL(5) required 0.7 nM £0.01 unit)

This pellet was lyophilized to dryness and dissolved in 50 enzyme, while dGTP insertion opposite OG utilized 1.25 nM

uL of 1. mM ammonium acetate and 1@Q of 2-propanol.

(~0.02 unit) Kf exo. dATP and dGTP insertion into the

This sample was used for mass spectral analysis; additionallytemplate 1/6) oxidized at 4 and 65C required 12.5 nM

a portion of this sample before NBAc exchange was'5
radiolabeled with*?P, subjected to hot piperidine treatment
(2 M, 60 min), and analyzed by gel electrophoresis to
establish strand integrity. HPLC analysis indicated tha%
OG remained in the Ir(IV)-oxidized oligomers, although no
OG was detectable by mass spectrometry. Temglavéh

(0.2 unit) enzyme. Amounts of polymerase used (0.6018
0.1 unitiL) and reaction times (315 min) were adjusted

to ensure “single-hit” conditions as described by Goodman
et al. @1). dNTP concentrations were chosen to allow the
Michaelis—Menten curves to reach a plateau. The reactions
were quenched with 5.5L of a termination solution and
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applied on the 15% denaturing polyacrylamide gel. Radio- 1007 Gh' .Sp

labeled primer extension was quantified by phosphorimaging ) |

(Molecular Dynamics Storm 860). Relative velocities were | ]

calculated as described by Morales et dR)( kear and Ky 1 |‘ I|

values were obtained by nonlinear regression fitting of the 1 i

data points using KaleidaGraph version 3.09 (Synergy % J

Software, Reading, PA). All of the experiments were 1

performed at least three times. 1 }
UV Spectroscopy and Thermal Denaturation Studies 1

Samples (32&L) for thermal denaturation studies contained N \N AL PAY. ,"j“_,]k‘\_’_;;\\./}“-\ A

a 1:1 molar ratio of template:primer, with a final duplex o XN Ve B

concentration of %M. These solutions were prepared by 12300 12350

adding stock solutions (32.6L of 50 uM) of the two FiGure 2: ESI-MS analysis of template (X = OG) oxidized b

complementary oligomers to G4 of 5x Tm buffer (50 Na&lrClg at 4 and 65°C )(/see ExperFi)mentaI Procedures), yielé/ing

mM NaPIPES, pH 7.0, 50 mM NafRQ, 500 mM NaCl),  gjigonucleotides containing Gh and Sp, respectively.

and 295 L of distilled HO, with a final volume of 325:L.

The complementary oligomers were then annealed by heating

in a water bath to 90C for 5 min, followed by slow cooling

over 34 h to room temperature; the solutions were then

stored at 4°C until used. The UV spectra and absorbance L TTY L

mass

measurements were recorded on a Beckman DU7406 UV Ex A C G TEACGTTE ACGTEACGT
. . . Ab
vis spectrophotometer equipped with a@325uL cuvette 123 4 5 6 7 3% 10 M 1215 14 15 16 17 18 18 20

Peltier temperature controller (P/N 517447). Absorbances Figure 3: Nucleotide insertion opposite OG (lanes ), Gh/la

were monitored at 260 nm while the temperature was varied; (lanes 6-10), and Sp (lanes H15) (duplex1/6) and an abasic

specifically, following a 10 min incubation period at 1G Sltftf I(|8Hﬂ‘z|3b1€fK2f0) (dUP!eXZ/G)-.Pt“meffeﬁtlednl\sll_?g raaCtIOES)Wefe

the temperature was ramped°@ per min) up to 80C and catalyzed Dy FI €X0 using a mixture ot a S (lane =x) or a

back dOF\)Nn to 10C over g 14g£r?1in eri)odp The collected single dNTP (lanes A, C, G, and T). Reactions conditions are
pe : described in the text.

data were then converted to the fraction of duplexed DNA

(f), through the equationf = (A — Asg)/(Aos — Asg), Where  g5oC occurred at a mass of 12363.3, representing an increase
A'is the absorbance of sample at a particular temperature,of 16 pa compared to the OG-containing starting material.

Ass is the average single-stranded absorbance, Aaads On the basis of previous studies with nucleosides and short
the average double-stranded absorbance. These data werngya oligomers this product was assigned as spiroiminodi-
used to generate a plot bersus temperature graphed near 1,y 4antoin, Sp28). Although a trace of the starting material

the T, temperature wheré = 50%. Subsequent linear (5G) remained in templatewith X = Gh/la after treatment
regression determined tfig, from the equation of the line v 100 M IrCl2~ for 30 min, the Sp-containing oligomer

where the fraction of DNA duplexed is 0.5. Using these data, \\ a5 essentially free of OG. On the basis of the instrument

equilibrium constants at each data point were calculated aSgensitivity. the Gh/la- and Sp-containing DNA oligonucle-
follows (43): K= fI(2(1 — f)/Cr, wheref is the fraction of Y, P g g

: X otides were considered to be 98% and 90% pure, respec-
DNA(;iupIexed for.thatfpartlcu!ar ltempera(tjure a(hfj[s the tively. Small quantities of more highly purified materials
strand concentration for a single stran AB). Linear (>98%) were also prepared for comparison (see Supporting
regression analysis of a graph ofdrversus 1T plotted near

the T, values yielded the equilibrium constants)( The Informatlon).. ) ) o

Gibbs free energyAG?’, was then calculated by using the To study _msertlon of dI_\ITF_'s opposite oxidized forms of
relationship: AG¥ = —RTIn K, whereR = —1.987 kcal/ 8-0x0-7,8-dihydroguanosine in the 40-mer templaje the
(mol-K), and T = 310 K. All denaturing experiments were ~0Xidized template was annealed to a 20-mer prinigr (
repeated a minimum of three times in order to achieve an (Figure 1a). Primer extension was catalyzed by Kf'exo
acceptable standard deviation. To compare how the additionPolymerase (0.2 unit) for 15 min at 3T in the presence of

of either one or two bases affected thermal stabilyf,, a mixture of all four dNTPs or a single dNTP. Templai (
values were calculated as followsTm = T4 mer or 16-men) with X = OG or Ab (abasic S|t'e) at position 10 frorr! the 5
— Trm@s-men end was used in control experiments for nucleotide insertion

and primer extension. The same enzyme concentration and
RESULTS reaction conditions were used in each case.

Qualitative Analysis of Standing Start Single Nucleotide  The results of these experiments are shown in Figure 3.
Insertion and Primer Extension Opposite Oxidized OG. In the case of an unoxidized template X = OG), the
Templatel and its IrCk?~ oxidized products obtained at 4 expected insertion of dAMP and dCMP opposite OG at
and 65°C were purified and subjected to ESI-MS analysis position 10 was observed (lanes 2 and B))( Under the
(Figure 2). The largest peak in the spectrum obtained from reaction conditions used, approximately equal amounts of
low-temperature oxidation represents a loss of 10 Da from dAMP and dCMP were inserted. In the presence of all four
the mass of the starting material (12337.3 Da). This product dNTPs, the full-length product was obtained (lane 1);
was assigned to be guanidinohydantoin, Gh, and/or its however, a small amount of polymerase dissociation from
equilibrium isomer iminoallantoin, 1&20). The largest peak  the OG site was also observed, resulting in a corresponding
in the spectrum of the oligodeoxynucleotideoxidized at band on the gel.
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a) 100 To gain insight into the effect of lesion-containing DNA
20 on the complete Klenow fragment retaining exonuclease

activity, proofreading reactions were catalyzed by 0.2 unit
o of Kf exo* using primer5 annealed to an unoxidized OG-
40 : containing templatd, or with templatel oxidized with Ir-
2 (IV) at 4 and 65°C. Reactions were performed in the
presence of a mixture of all four dNTPs or a single dNTP,

mOo
[

"4 10 25 37 65 and reaction conditions were the same as for the Kf exo
Temp. of oxidation;'C catalyzed reactions. Templalecontaining an unmodified
b) 100 G at position 10 annealed to primgmwas used as a control

in this experiment. Single nucleotide insertion and primer
: extension reactions with th&/5 template/primer mixture
60 - s g catalyzed by Kf exo were performed to compare the action
PPy T Lo ] of the two enzymes on a template with an unmodified G.
: Results of these experiments are shown in Figure 5. Both
; enzymes insert the correct dCMP opposite an unmodified G
0 A G (lanes 3 and 8). Detectable background amounts of dTMP
FiGURE 4: Temperature-dependent studies of the dJAMP and dgmp and dGMP were inserted opposite an unmodified G by Kf

insertion opposite oxidized OG (a) and the Ab site (b). OG exo" (lanes 9 and 10). Bands corresponding to the degrada-
containing templaté was treated with Ir(IV) at different temper-  tion of the extended primer were also observed in this case.

atures as described in the text, yielding Gh/la &C4and Sp at 65  \When a lower enzyme concentration (0.01 unit) was used,
°C. Primer extension reactions were catalyzed by 0.2 unit of Kf onlv the correct dCMP was inserted opposite G in the
exo” at 37°C. y _ PP

template (data not shown). Kf exanserted dAMP and

OG-containing templaté could be selectively oxidized ~dCMP opposite OG (lanes 12 and 13) as expectdji (n
by IrClg2~ at 4 and 65°C, and the insertion of dJAMP and the presence of all four dNTPs (lane 11) the formation of
dGMP was detected (Figure 3, lanes 7, 9, 12, and 14) asthe fully extended primer was detected. For templa(&
reported in previous studie89). In the presence of all four = Gh/la, Sp), only background amounts of dAMP and dGMP

dNTPs, oxidized forms of OG represented a strong block insertion were observable opposite the lesions (lanes 17, 19,
for primer extension, and only trace amounts of the full- 22, and 24) and only trace amounts of the extended products

length products were observed (Figure 3, lanes 6 and 11).Were discovered in the presence of all four dNTPs (Ianes 16
Templatel oxidized at 10, 25, and 37C provided similar ~ @nd 21). For reactions catalyzed by Kf eéxdegradation of
results (data not shown). Interestingly, for higher tempera- the extended primer was observed in lanes29 in the
tures of oxidation vyielding predominantly Sp, the total Presence of various dNTPs.

amounts of dAMP and dGMP inserted decreased slightly Running Start Single Nucleotide Insertion and Primer
(Figure 4). Extension Opposite an Oxidized OG (TempR{frimer 6).

To compare insertion of dAMP and dGMP opposite the It was anticipated that a polymerase given a running start in
products of OG oxidation to an abasic site, the template 40- which normal DNA synthesis could proceed before encoun-
mer (1) containing an abasic site at position “X” (Figure tering a lesion would lead to higher amounts of lesion bypass.
1la) was designed. When templdtevas used under similar ~ To study single nucleotide insertion and primer extension
reaction conditions, we observed a preferential insertion of under running start conditions, 40-mer templa2g$igure
dAMP opposite the Ab site (Figure 3, lane 17). Under the 1a), containing two As on the 3ide of an OG, an@, with
conditions employed, insertion of dGMP was also detected two Gs on the 3side of an OG, were selectively oxidized
but to a much smaller extent (Figure 3, lane 19). However, by IrClg?~ at 4 and 65C. The 20-mer primer§ and7 were
the relative amounts of dAMP and dGMP inserted opposite then annealed to the corresponding templates as shown in
the Ab vs oxidized OG in our system were substantially Figure la, allowing a running start for primer extension.
different (Figure 4). When all four dNTPs were present, DNA DNA synthesis was catalyzed by 0.2 unit of Kf exat 37
synthesis was more strongly blocked by the Ab site (Figure °C for 15 min in the presence of a mixture of a single dNTP

80 f.---v-n- PO 4
%

20 F-o-

3, lane 16) compared to oxidized OG lesions. plus dTTP (or dCTP) or alternatively all four dNTPs for full
Kf- K+
| G | | G 0G Ity |
* . ’ Ghlla sp
1 2 3 4 5 6 7 8 9 10 11 12131415 16 17 18 19 20 21 22 23 24 25
2imer Exnas TEXACGTEXACGTEXACG T TEXACGT
20mer > & .. ... TeL &b -8 < 20mer
- - - - N
. . Degradation
- Tesese BB >ofprimer

FiGure 5: Single nucleotide insertion and primer extension reactions catalyzed by K{lexes 1-5) and proofreading reactions catalyzed
by Kf exo" (lanes 6-25). Duplex3/6 was used as a substrate in lanesl0. Duplex1/6 was used for proofreading studies opposite OG
and its oxidized forms in lanes +P5. All reactions were carried out as described in the text.
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a) Template 2/Primer 6

5’ ~-dTCATGGGTCKAAGGTATATCAGTGCTATCACATTAGTGTA-3'
CCATATAGTCACGATAGTGT*-5'

23mer ”." . ".’ '. ":;[;]

20mer » R LN NN

ExACGTEXACGTEXACG T
+dTTP =amr T

12 3 4 5 6 7 8 910 1112 13 14 15

oG Ghila sp

b) Template 3/Primer 7

5’ ~dTCATGGGTCXGGCGTATATCAGTGCTATCACATTAGTGTA-3'

GCATATAGTCACGATAGTGT*-5"
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16). As for template, the insertion of dCMP was observed
opposite OG in lane 18, corresponding to the formation of
a 23-mer extended primer. The insertion of dCMP was also
observed in lane 20 when a mixture of dTTP and dCTP was
present. An intense band corresponding to the insertion of
dAMP opposite the lesion (23-mer) was observed in lane
17 when a mixture of dATP and dCTP was added to the
system. However, a low-intensity band with a slower
mobility corresponding to a 28-mer was also detected in this
lane. Even though the reaction mixture does not contain the
substrate complementary to the C on theiéle of the lesion,

the insertion of dAAMP and dCMP complementary to the next
five template bases apparently stabilizes misalignment of the
extended primer. When a mixture of dGTP and dCTP was
present, insertion of dCMP opposite the lesion was im-
mediately followed by the subsequent insertion of the next
correct dGMP oppogta C downstream to the lesion, and
the resulting band corresponding to a 24-mer was observed

(lane 19). The next template base (T) does not have a base-

pairing partner in the reaction mixture, yet the synthesis did

. . not stop at this point, and the polymerase proceeded to extend
- the primer to a 27-mer. It appears that misalignment insertion

™ - . c(-1) of the dCMPs opposite the triple G on thieside facilitates
L ..... ’..:‘3{'23 further synthesis, probably causing the template T to loop
Ex ACGTExACGTExACGT out.
16 17 18 19 20 21 22 23 24 25 26 27 28 20 30 In the case of templat8 containing Gh/la, the band
oG Ghila sp corresponding to the fully extended primer (Figure 6b, lane

FIGURE 6: Running start DNA synthesis ot7 and5/8 duplexes 21) displayed a noticeably higher intensity than that in lane
containing OG, Gh/la, or Sp. Reactions were catalyzed by 0.2 unit 6, The insertion of JAMP was observed (lane 21). Interest-
ggff&)‘(ﬁa g;n‘iisggg?nénzt;‘_‘;g;?‘gnﬁ (S)S(l(;‘"’r‘%is&%ﬁ% %g ingly, detectable amounts of the products extended past the
30). lesion site were also present in lane 21. Primer misalignment
might also have occurred in this case, since Gh/la is able to
extension. Unoxidized templatezand3 (X = OG), were interact favorably with A to some extent, as evident from
used for comparison. our insertion studies. dGMP was inserted opposite the Gh/
Results of the running start DNA synthesis experiments la lesion as observed in lane 24. Again, a low-intensity band
are shown in Figure 6. In the case of an unoxidized template with a higher electrophoretic mobility was detected in this
2 containing OG, preferential insertions of JAMP and dCMP lane, suggesting that a misalignment insertion possibly takes
were observed, and a 20-mer prinwas extended to a  place but to a smaller extent compared to lanes 19 and 21.
23-mer (Figure 6, lanes 2 and 3). We also detected a small For template8 oxidized at 65°C (X = Sp) in the presence
amount of dGMP insertion opposite an unoxidized OG of all four dNTPs, the polymerase dissociates from the lesion
during DNA synthesis under the running start conditions site, causing a corresponding band on the gel; however, a
(lane 4). In the presence of dTTP (lane 5), prindewas detectable amount of the fully extended primer was observed
extended to a 22-mer. This result suggests that an unmodifiedn this case (lane 26). dAMP and dGMP were inserted
OG downstream to the A does not influence insertion of the opposite Sp in lanes 27 and 30, and background amounts of
correct dTMP. In the presence of all four dNTPs the full- further extended primers were also present in these lanes.
length product was obtained (lane 1). In the case of template Comparison of the Relate Amounts of Fully Extended
2 (Figure 6a) oxidized at 4 and 6% (X = Gh/la and Sp), Primers in Different Sequence Contex@&nce the running
dAMP and dGMP were preferentially inserted by Kf exo  start experiments described above show that the amount of
(lanes 7, 9, 12, and 14). The correct dTMP was inserted fully extended primer is a function of the upstream sequence
opposite the two As upstream to the oxidized lesions (lanescontext, additional primer extension reactions were per-
10 and 15). When all four dNTPs are present, full extension formed. In addition to template/primer systefds, 2/6, and
was efficiently blocked; however, detectable amounts of 3/7 described above, prim@&was annealed to templaBeat
extended primer were obtained (lanes 6 and 11). In the caseoosition 21 from the 5end (Figure 1a). Primer extension
of the Gh/la- and Sp-containing template/primer systems, reactions catalyzed by Kf exdn the presence of a 30M
the extension products obtained migrated faster than thosemixture of all four dNTPs were performed in triplicate for
of the OG-containing system (lane 1 vs lanes 6 and 11). these various template/primer systems. The relative intensities
Template/Primer Misalignment Is Obsed for the Run- of the bands corresponding to the fully extended primers were
ning Start Reactions with Templa@&rimer 7. The insertion qguantified by phosphorimagery (Figure 7). For unoxidized
pattern for template/primer 7 differs from the template  OG, full extension was the least efficient for the standing
2/primer 6 system. For the unoxidized OG-containing start 1/5 template/primer. The relative amounts of fully
template3/primer 7 and a mixture all four dNTPs, a fully  extended primers for unoxidiz&tl6, 3/7, and3/8 coincided
extended primer was obtained with Kf exFigure 6b, lane  within standard deviation. In the case of Gh/la and Sp, full
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B onia Table 1: Steady-State Kinetic Parameters of dNTP Insertion
0L =3 Opposite the Lesions
80 ! kcalle
60 K (uM) keat(S™) (stuM™ f
% 40 G-C 0.2+ 0.02 0.14+ 0.004 0.70
OoG-C 0.3+ 0.05 0.011+ 0.0001 0.04
OG-A 0.63+0.03  0.012+ 0.0002 0.019 0.47
OGG 48+12 0.009+ 0.0006 18x 105  0.003
15 26 a7 38 GhA 34+36 0.0028+ 0.0001 8.2x 105 -2
Template/primer Gh-G 2.9+ 0.9 0.0023+ 0.0001 79x 10°° —a
F 7. C . f th lati £ full ded SpA 29+34 0.0024+ 0.0001 8.3x 105> -2
IGURE 7: Comparison of the relative amounts of fully extende SpG 16+ 1.9 0.0018: 00003 10x 105 —a

primers. Reactions were catalyzed by 0.2 unit of Kf eaod were
carried out in the presence of all four dNTPs (see Experimental
Procedures).

a2 There was<1% dCTP insertion observed opposite Gh andkag (
Kn < 1077).

—e—V, uM/sec (Gh/la)

catalytic efficienciesk../Km) of dCTP insertion opposite an
-8— V, uM/sec (Sp)

unmodified G (duplext/5) and OG were 18-fold different.

The insertion of dCTP opposite an unoxidized OG (duplex

0.25 1/5) was twice as efficient as that of dATP ard@00-fold

020 more efficient than dGTP insertion. The misinsertion fre-

%;, qguenciesf of Kf exo™ were determined to be 0.47 for dATP

015 1 and 0.003 for dGTP insertion by the relationshig [(Keal

0.10 Km)daTp or daTé (Keal Km)actd (41). Insertion of dATP opposite

Gh/la and Sp (duplek/5) yielded similarK, andk., values

0.05¢ (Table 1). For insertion of dGTP opposite Gh/la, Kagvalue

was 5.5 times lower than thg, for dGTP insertion opposite

Sp (2.9+ 0.9 vs 16+ 1.9 uM, respectively). After 15 min

of incubation time, insertion of dCTP opposite Gh/la and
i 1 e . : Sp could not be detected for comparison with dATP and

single nucleotide insertion. dNTP concentrations were chosen to dGTP insertion: thus nd values were calculated for the

allow the Michaelis-Menten curves to reach a plateau (see > 1

Experimental Procedures). The plot is shown for dATP insertion Oxidized OG lesions.

opposite Gh/la and Sp. UV Melting Experiments. Impact of the Oxidized Lesions

extension appears to be most efficient for the templates ©" Dupl_ex Stabilityln an attempt to determin_e if there is a
containing two Gs immediately 8 the oxidized lesion. To ~ cOTelation between duplex stability and lesion bypass, we
ensure that full extension for the oxidized systems was not Studied an assemblage of DNA duplexes designed to mimic
due to the presence of a trace amount of unreacted OG, singldh€ témplate/primer systems used herein. We studied two
nucleotide insertion of dCMP was used as a control. dCMp S€ts of 18-mer DNA templates that contained either a high
insertion was never observed for the oxidized lesions (FiguresC-C_content (XGG18= 5-CCXGG-3) or a high AT
1a and 6: the results for t18#8 template/primer system are ~ Content (XAA18= 5-TTXAA-3') flanking the lesion site,
not shown). In addition, full extension was reanalyzed using WhereX was either G, OG, Sp, or Gh/la (see Figure 1b).
HPLC-purified templatel (X = Gh/la or the individual The following group of primers Were'annealed to these
diastereomers of Sp), and the data were essentially the sam&Mplates: wo 13-mer primers (CC#33-CC... and TT13
(see Supporting Information). = 3-TT...) annealed immediately upstream of the Iesmn site
Steady-State Kinetics of dNMP Insertion Opposite G, 0G, @nd were used as controls; a subset of 14-mer primers
Ghlla, and SpSteady-state assays with Kf exaere carried ~ (CC14N=3-NCC... and TT14N= 3-NTT..., where N=
out in order to quantitate the differences observed in single A € G, T) containing each one of the four canonical bases
nucleotide insertion opposite an unmodified G, OG, Ghila, directly across from the lesion site were analyzed to
and Sp? Reaction velocities (Figure 8) were determined at détérmine the base-pairing properties of the lesions. Fur-
various substrate concentrations (see Experimental Procelhérmore, the effect of these lesions within a duplex was
dures), and the values &f., the kinetic rate constant for ~inSpected using an array of 16-mer primers (CC618'-

the ensemble of processes of enzyme-bound specie&,and GGNCC... and TT16N= 3-AANTT..., where N= A, C,
were determined for each lesion (Table 1). The relative G; T) that added two more bases located downstream of the

lesion site.

2 Small samples of HPLC-purified templatecontaining either Gh/ For the XGG18/CC14N and XAAlS/TT14N controls, X
la or Sp could also be obtained. In the case of Sp, the two diastereomers= G (Tables 2 and 3), thé,s of the mismatched duplexes

arising from the quaternary carbon of the heterocycle could also be (G'A, G-G, G'T) were about the same, and tfig of the
separated ta-98% purity. When the steady-state kinetic experiments ! . '

were repeated for dATP insertion using these templates, the data forc°'T€Ct GC was only ~2—4 or ~0.4-1.3 °C higher,
Ghila and Sp1 (the faster eluting diastereomer) were within experi- respectively. As two more ® base pairs were added to
mental error of the values presented in Table 1, wkil¢Kn, for Sp2 the primer strand (CC16N), the difference betwee@ @Gnd
(the slower eluting diastereomer) was diminished by a factor of only 3 the mismatches became more pronounceé—11 °C);

(see Supporting Information). We conclude that the purity of the lesion- . .. . .
containing oligomers originally obtained is sufficient to draw the however, similar addition of two A base pairs did not have
as large an effect (Tables 2 and 3).

conclusions presented herein.

0.30

V x 10% uM/sec

0 200 400 600 800 1000
[ATP], uM

Ficure 8: Representative plot of the reaction velocities for the
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Table 2: Melting Temperatures of Model DNA Duplexes Used To Mimic Template/Primer Systems Where the Template Contains G, OG,
Ghl/la, or Sp Placed in the Following Sequence ContextCG-X-GG-3 (Figure 1b)

X=G Tn AG¥ X =8-0x0G Tp AG?¥ X=Ghlla Ty AG?¥ X=Sp Tm AG?¥
template XGG18 (°C) (°C) (kcal/mol) (°C) (°C) (kcal/mol) (°C) (°C) (kcal/mol) (°C) (°C) (kcal/mol)

primers
13-mer CC13 52.4 —11.2+ 52.8+ —11.2+ 52.4+ —11.0+ 523+ —10.6+
0.4 0.3 0.5 0.1 0.2 0.2 0.70 0.2
14-mers CCI14A 54.6+ 2.2 —11.5+ 55.3+ 24 -114+ 55.2+ 28 —11.5+ 528+ 0.5 -—-10.5+
0.8 0.2 0.7 0.7 2.1 0.3 0.5 0.2
CC14C 574+ 5.0 -—-12.0+ 56.4+ 3.6 —125+ 55.6+ 3.2 -—-115+ 524+ 0.1 -10.2+
0.8 0.6 0.6 0.6 2.9 0.4 17 0.5
CC14G 553+ 29 -—-11.9+ 55.2+ 24 —-12.0+ 54.0+ 1.6 —11.5+ 54.0+ 1.7 —10.6+
0.8 0.4 0.2 0.2 0.5 0.2 0.6 0.4
CC14T 53.7+ 13 -—-11.3+% 53.7+ 09 -—-11.8+% 50.5+ —-19 -10.7+ 52.8% 05 -104+£
0.7 0.4 0.6 0.4 2.3 0.1 0.8 0.3
16-mers CCI16A 58.0+ 5.6 —13.8%+ 61.1+ 8.3 —143+% 59.4+ 7.0 -—11.6+ 54.0+ 1.7 —-10.3%
0.8 0.7 0.3 0.4 0.8 0.1 1.0 0.2
CC16C 65.2+ 12.8 —16.6* 64.0+ 11.2 —-15.6+ 57.0+ 46 —11.3+ 523+ 0 —9.9+
0.3 11 0.7 0.6 1.6 0.2 19 0.3
CC16G 58.3+ 5.9 -—13.9+ 57.3+ 45 —12.5+ 54.6+ 22 —11.3+ 548+ 25 —-11.2+
0.7 0.5 0.6 0.6 0.6 0.3 0.8 0.2
CCl6T 57.8+& 54 —13.9+ 56.7+ 39 —-127+ 50.1+ —2.3 -10.2+ 513+ -1.0 -104+
0.3 0.3 0.4 0.3 0.6 0.3 1.0 0.2

Table 3: Melting Temperatures of Model DNA Duplexes Used To Mimic Template/Primer Systems Where the Template Contains G, OG,
Gh/la, or Sp Placed in the Following Sequence ContexTT5X-AA-3' (Figure 1b)

X=G Tn AG¥ X =8-0xoG Tn AG¥ X=Gh/lla Tn AG¥ X=8p Tm AG¥

template XAA18 (°C) (°C) (kcal/mol) ~ (°0) (°C) (kcal/mol) ~— (°C) (°C) (kcal/mol) (°C) (°C) (kcal/mol)

primers
13-mer TT13 47. % —9.8+ 47.6+ —10.0+ 45.7+ —9.2+ 46.1+ —9.4+
0.5 0.1 0.7 0.1 0.3 0.2 0.8 0.2
14-mers TT14A 475+ 0.4 -10.0%+ 47.7+ 0.1 -10.1+ 48.9+ 3.2 -—-10.0+ 48.8+ 27 —94+
0.4 0.1 0.5 0.2 2.6 0.3 1.8 0.3
TT14C 513+ 42 -—11.4+ 50.5+ 29 -10.9+ 48.2+ 25 —97+ 493+ 3.2 9.7+
0.3 0.2 0.5 0.3 18 0.2 1.6 0.3
TT14G 483+ 1.2 -10.2+ 49.2+ 1.6 —-10.4+ 47.6+ 1.9 —-99+ 477+ 1.6 —-9.8+
0.3 0.1 0.7 0.1 0.6 0.2 1.3 0.3
TT14T 483+ 12 -10.1+ 48.4+ 0.8 —10.0+ 47.5+ 1.8 —-93+x 453+ -08 —-9.3%+
0.5 0.1 0.6 +0.1 2.1 0.2 0.6 0.2
16-mers TT16A 46.1+ —-1.0 —-9.6+ 49.1+ 15 -10.8+ 48.7+ 30 —-93+ 445+ -16 —-8.8+
0.5 0.1 0.5 0.2 0.7 0.1 1.2 0.2
TT16C 548+ 7.7 —12.8+& 53.3+ 57 —-11.9+ 47.0+ 13 —-914+ 472+ 11 9.2+
0.4 0.3 0.2 0.3 2.3 0.4 1.6 0.2
TT16G 474+ 03 —-9.6+ 46.9+ —-0.7 —9.7+% 455+ —-0.2 94+ 47.0+ 09 —-93+
0.5 0.2 0.5 0.1 1.1 0.3 1.9 0.2
TT16T 465+ —-06 —9.9+ 46.1+ —-15 —95% 438+ —-19 -89+ 432+ -29 87+
0.6 0.1 0.8 0.2 2.3 0.3 0.5 0.1

OG-containing duplexes (XGG18/CC14N and XAA18/ that Gh/la interacts most favorably with AAG = 0.6 kcal/

TT14N, X = OG) yielded similarTy, values for GA, G-G, mol). Since a negativé\T,, was observed for GhA@ in
and GT mismatches. The similarity of,s for the OGC both GC- and AT-rich duplexes, this pairing interaction is
duplexes compared to the-G duplexes £1 °C) suggests likely the least favorable. The presence of Sp within the

that both G and OG pair most favorably with cytosine. For template was especially detrimental to the duplex stability
the GC-rich template (Table 2), addition of two more bases regardless of the opposite interacting base. Once again, the
significantly stabilized the O& and OGA duplexes by 4.4  GC-rich duplexes were more stable than their AT-rich
and 3.1 kcal/mol compared to the 13-mer contedl§ = counterparts.
11.2 and 8.2C, respectively). Upon examination of the AT-
rich series, the sequence context around the lesion becam&!SCUSSION
apparent, because with the addition of two As (XAA18/ In the present study we examined the effect of two new
TT16N, X = OG), the OGC and OGA duplexes were not  guanosine oxidation products on the activity of a model DNA
stabilized to the same extent compared to the GC-rich seriespolymerase, thé&. coli Klenow fragment of polymerase |.
Surprisingly, the OG5, and OGT mismatches were greatly  Our laboratory recently found that OG could be quantitatively
destabilized relative to the 13-mer control. oxidized with ~95% selectivity in an oligomer by the
When Gh/la lesions were introduced into the GC-rich commercially available one-electron oxidant,M&@ls (38).
template (Table 2), all duplexes had approximately the sameMass spectrometry data obtained from short DNA oligo-
T values, except Gh/ta which destabilized the duplex by  nucleotides confirmed that OG oxidation at 4 and?63eads
1.9°C. In the 16-mer group (XGG18/CC16N, % Gh/la) to the formation of two products with different masses, M
the most stable interaction was seen with Gi)auggesting — 10 and M+ 16, respectively. Template(X = OG) was
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oxidized with NalrClg at temperatures ranging from 4 to and subsequent elongation from the resulting lesion terminus.
65 °C (Figure 2), and the products were identified by ESI- Models for nonslipped and slipped translesion synthesis
MS in comparison to detailed characterization of the same (TLS) pathways were proposed that can give rise to error-
products in nucleoside®8, 29). In agreement with previ-  free TLS or base substitution mutation opposite the lesion
ously obtained result28, 39),the products of OG oxidation  site and frame-shift mutations, respectively 4, 25, 49—
in the context of 40-mer templafewere identified as Gh/la  55).
(M — 10) and Sp (Mt 16) from low- vs high-temperature To analyze the effect of running start DNA synthesis in
oxidation, respectively. In nucleosides, the-ML10 product different sequence contexts, templa2eend3 were hybrid-
was thought to be an equilibrating mixture of Gh and28) ( ized with primerss, 7, and8. In the design of these template/
Since the composition of the mixture is presently unknown primer systems we attempted to keep the GC vs AT content
in the context of an oligomer, and indeed may also depend approximately the same at theehd of the primer in order
on the presence and identity of the base opposite, the mixtureto minimize the effects of the duplex stability in that region
is collectively referred to as Gh/la. of DNA while varying the two bases immediately 8 the

Single nucleotide insertion and primer extension have beenOG site. Studies by Efrati et al. with human DNA polymerase
studied using DNA polymerase Klenow fragment Kf &xo 3 demonstrated that OG in the template possesses mutagenic
and Kf exo. The 40-mer templaté with an OG base at  potential by “acting at a distance” and can stimulate
position X (Figure 1a) was used as a control, and compari- nucleotide misincorporation at adjacent upstream and down-
sons were also made to an abasic site and to an unmodifiedstream template site$§). In our system, neither OG nor
G (templatel, X = Ab, G). While the expected insertion of  oxidized lesions induced misinsertion at the adjacésit8s,
dCMP and dAMP was observed in the case of unoxidized and Kf exo inserted the correct dTMPs opposite two As
OG, dAMP and dGMP were inserted opposite the oxidized and dCMPs opposite two Gs in templatand 3, respec-
forms of OG. Under the conditions employed, both Gh/la tively. All of the running start experiments showed higher
(Figure 3a, low-temperature results) and Sp (high-temperaturelevels of incorporation of nucleotides opposite the lesions,
results) show approximately the same pattern of insertion although the qualitative preference for dAAMP and dGMP
of JAMP and dGMP with a preference of about 2:1. The remained the same for oxidized lesions, and dAMP and
insertion of AAMP and dGMP at noncoding lesions, such as dCMP were inserted opposite unoxidized OG. Interestingly,
abasic sites, has been previously reported in vi2®) 46, when there is a '5..GGGTCOG)GG...-3 motif as in
47). Also, a recent mechanistic study concernjnigradiated template3 (Figure 1a), Kf exo extends past the unoxidized
OG lesions proposed an abasic site as the main product ofOG lesion and apparently inserts the correct dGMP opposite
OG damage48). To test whether dAMP and dGMP insertion C immediately downstream of OG (Figure 5, lane 19). Even
opposite an oxidized OG in our system was in part due to though dATP was not present in the reaction mixture,
an abasic site formation, a template 40-mrwith X = polymerization continued and the band corresponding to the
Ab, was designed (Figure 1a). The comparison with an abasic27-mer extended primer was observed. This band might be
site showed the same preference but much lower rates for Xdue to the insertion of the correct ACMPs opposite the GGG
= Ab (Figure 3b). Moreover, DNA synthesis in the presence sequence after polymerase presumably “slips” the primer past
of all four dNTPs was completely inhibited by an abasic T inducing a one-base deletion. Frame-shift mutations
site, whereas with oxidized OG lesions a detectable amountoccurring in a very sequence-specific manner, especially in
of fully extended primer was always present. These resultsrepetitive guanine sequences or mutational hot spots of the
do not support formation of an abasic site as the main producttype (G), and (GpC), were previously reported for bulky
of OG damage as proposed by Doddridge et 48).(In acetylaminofluorene-modified guanine residuég)( The
addition, previously reported mass spectrometric stu@@s ( mechanism of possible primer misalignment induced by the
39) of the oxidized OG-containing oligomer and ESI-MS oxidized lesions in oxidized OG system is currently under
analysis of the oxidized templaiehave not presented any investigation in our laboratory.
evidence for Ab site formation. Standing start primer  Significantly, running start experiments using oxidized and
extension analysis in the presence of all four dNTPs unoxidized OG-containing templates showed enhanced full
demonstrated that Gh/la and Sp lesions represent a strongxtension when all four ANTPs were present. The data shown
block for primer extension across the lesion sites. However, in Figure 6 indicate that there is a sequence preference for
traces of fully extended primer were also observed. efficiency of extension when Gh/la and Sp are present in

We also performed primer extension experiments with the templates and full extension appears to be more efficient
oxidized templatel/primer 5 using Klenow fragment con-  for the templates containing two Gs immediatelyt@® the
taining the 3—5' exonuclease domain (Kf expfor proof- lesions. This suggests that a more stable duplex region (GG/
reading. As anticipated, the amounts of both single nucleotide CC) compared to AA/TT provides a better template for
and full extension were diminished due to the proofreading, extension. This sequence dependence is significant because
and in particular, degradation of the primer became notice- oxidation of either G%7) or OG 68) in a sequence context
able in studies with Gh/la and Sp in the template (Figure 4). in which G follows on the 3side is particularly favorable,
While detectable amounts of dAMP and the correct dACMP suggesting that'5XG-3' and 3-XGG-3 oxidized OG lesions
are inserted opposite unmodified OG in the template by Kf will be the most common.
exa, only traces of JAMP and dGMP are observed opposite UV melting experiments were used to evaluate the impact
oxidized lesions in the template. Thus, Gh/la and Sp are of the sequence surrounding the lesion and the overall duplex
better substrates for editing by Kf exthan unoxidized OG.  stability. Tables 2 and 3 list the relevaht and AG®” data

The DNA sequence surrounding a lesion can heavily obtained from the melting curves. Previous studies on the
influence the outcome of base insertion opposite the lesioneffect of OG on duplex stability were usually performed on
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complementary DNA strands of equal length in which the C unfavorable and further extension of these base pairs
mismatched base pairs were located in the middle of the unlikely. This is also in agreement with single nucleotide
duplex @9, 59). We attempted to estimate the correlation insertion and primer extension studies.
between the duplex stability and lesion bypass by Kf-exo To more carefully examine the behavior of lesions with
in vitro using a set of duplexes that mimicked the template/ Kf exo™, steady-state kinetics experiments were carried out
primer systems used in the primer extension experiments.using templatel and primer5. The results of these studies
Studies of the 13-mer duplexes containing OG in a C(OG)C are summarized in Table 1 and represent the averages of
sequence contexb®) demonstrated that the OG lesion is experiments performed at least three times. The results
stabilizing when A is the opposing residue due to the syn demonstrate thakt.: suffers by 56-70-fold for Gh/la and
structural accommodation of the lesion in the @G uplex Sp lesions compared to the insertion of dCMP opposite
(20, 60). Our template/primer systems produced similar unmodified G in the template. The differencekifa; is less
results. The stabilizing effect of the O& base pairs was  dramatic when compared with insertion of dCMP, dAMP,
more pronounced in the set of 16-mer primers (XGG/CC16A and dGMP opposite OG and corresponds to less than an order
and XAA/TT16A, X = OG; Figure 1b). In the GC-rich  of magnitude K, increases by 100170-fold for oxidized
sequence (Table 2), the O& containing duplex was  OG lesions compared to the correct dCMP insertion opposite
stabilized by 0.5 kcal/mol compared to the unmodified duplex G. Ky, values for the O@A pair are 50 times lower than the
containing GA mismatch (Table 2). Interestingly, a some- corresponding values for Gh/ka and SpA. However,Kn,
what higher degree of stabilization was observed in the AT- values for Gh/laG and SpG are slightly lower than that for
rich sequence (1.21 kcal/mol; Table 3). the OGG pair (2.9+ 0.9 and 16+ 1.9 uM vs 48 £+ 12
Analysis of the GA- and Gh/laA-containing duplexes  uM). Interestingly, SpA, Gh/la-A, and SpG “mismatches”
revealed that the putative Gh/fa base pair thermally vyielded similarke/Kny ratios, while thek../Km for the Gh/
stabilized the duplex in both GC- and AT-rich sequences la-G pair is about an order of magnitude higher. This might
(~1.4 and 2.6°C, respectively). However, Gh/a-contain- be due to the slightly better hydrogen-bonding opportunities
ing duplexes are destabilized by2.2 and 0.3 kcal/mol, that the Gh and la isomers provide when paired with G. In
respectively, compared to-& mismatch, suggesting that addition, either Gh or la could exist in enol tautomers
changes in thermal stability do not necessarily correlate with yielding a planar hydantoin heterocycle that could be
differences in thermodynamic stability, as previously reported intrahelical and well stacked. Insertion of dCMP was never
by Plum et al. for OG-containing 13-mer duplexes. Overall, observed opposite the oxidized lesions, suggesting again that
when there was a high AT content flanking the lesion site, the oxidative event that produced Gh/la and Sp causes
Gh/la showed some thermodynamic preference for £, significant distortions in the duplex or does not provide
G, whereas Sp-containing duplexes were stabilized to someappropriate hydrogen-bonding opportunities for cytosine, and
extent when paired with G. The 8p duplex (SpGG18/  dCTP is no longer a substrate for the polymerase in this case.
CC16C) was destabilized by 0.7 kcal/mol compared to the In conclusion, our results provide evidence that chemical
corresponding 13-mer control (Table 2). When there was alesions produced from one-electron oxidation of OG induce
high AT content flanking the lesion site, Gh/la was stabilized misinsertion of dAMP and dGMP during in vitro DNA
when paired with A> G, C (14-mer series, Table 3), whereas synthesis and cause a significant block for DNA elongation.
Sp showed some preference for G in the SpGG18/TT16G However, our findings for in vitro running start DNA
duplex. In general, the presence of the Sp lesion had a seversynthesis raise the possibility that the lesions can be more
effect on the duplex stability regardless of the opposing base,easily bypassed by polymerases in an appropriate sequence
the primer length, and sequence context. context. These data suggest that it will be important to
Analysis of the template/primer systems containing ter- understand the effect of the lesions on duplex structure in
minal mismatched pairs (XGG/CC14,%X G) demonstrated  different sequences and to investigate base-pairing features
that the difference ilAGs between correct @ vs GA, G- between the lesions and the purines A and G by means of
G, or GT mismatches was not as prominent as when theseNMR studies. In addition, studies of the effect of the terminal
base pairs are stabilized by the two additional GC pairs on oxidized lesions on the efficiency of primer elongation and
the B8 side (Table 2). However, when & and GG the insertion of oxidized dOGTP lesions opposite normal
mismatched duplexes are further extended by two AT basebases using different DNA polymerases are also of interest
pairs (XAA/TT16N, X= G), the duplexes were destabilized in order to wholly estimate the in vitro mutagenic potential
compared to the 13-mer control and corresponding 14-merof Gh/la and Sp lesions. These studies are currently in
systems (Table 3). Furthermore, pairing with T seems to haveprogress in our laboratory. Studies of the base excision repair
a destabilizing effect in both GC and AT sequence contexts. activity of various DNA glycosylases such as Fpg, yOgg1l,
This destabilizing effect is particularly apparent in GFlla  yOgg2, and hOgg1 toward guanidinohydantoin and spiroimi-
and SpT duplexes (Tables 2 and 3), and this correlates with nodihydantoin are also under wayg( 61).
the fact that insertion of T was never observed opposite these
lesions in primer extension studies. ACKNOWLEDGMENT
Upon the transition from 14-mer primers (duplexes  We thank Profs. Bradley Preston, Sheila David, and Darrell
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la-C and SpC duplexes demonstrated decreases in either
thermal ATn,) or thermodynamic AAG) stability. The SUPPORTING INFORMATION AVAILABLE
conclusion might be drawn that distortions in the duplex =~ HPLC data for purity of lesion-containing synthetic
induced by the lesions make base pairing with the “correct” oligodeoxynucleotides and graphical and tabular steady-state
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kinetic data for purified diastereomers of Sp and for Gh/la.
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