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ABSTRACT. We have investigated the miscoding properties of the exocyclic DNA addiNte®eno-
2'-deoxycytidine €édC), using an experimental system designed to detect and quantify base substitutions
and deletions generated by primer extension in reactions catalyzed by DNA polymergseand o.
Oligodeoxynucleotides modified site-specifically welC were used as DNA templates for this study.

Pol a catalyzed incorporation of dTMP and dAMP opposit#C, accompanied by lesser amounts of
dCMP and dGMP and some two-base deletions. Ppromoted incorporation of dCMP and dAMP,
along with small amounts of one-base and two-base deletionso Patalyzed incorporation of dTMP

and lesser amounts of dAAMP and dGMP. The frequency of nucleotide insertion opgiSit@nd of

chain extension from the-primer terminus in reactions catalyzed by podnd pols was established by
steady-state kinetic analysis. Results of this study were consistent with those obtained in primer extension
experiments. The miscoding propertiesediC determinedn vitro are consistent with observations of
e¢dC—A transversions anddC—T transitions in site-specific mutagenesis experiments in mammalian
cells (Moriyaet al. (1994)Proc. Natl. Acad. Sci. U.S.A. 911899). We conclude from this study that
DNA polymerases may differ significantly in their miscoding potential and ihaitro analysis can be

used to predict mutagenic specificity of exocyclic DNA adducts in mammalian cells.

Occupational exposure to vinyl chloride, a chemical used undergo cellular repair (Matijasevat al., 1992; Dosanjet
for the production of synthetic polymers, is associated with al., 1994).

the induction of hepatic sarcomas (IARC Monographs, 1979;  The mutagenic properties @fiC in bacteria have been

Merletti et al, 1984). Ethyl carbamate (urethane), found in - ggiaplished by transfecting plasmid vectors modified with
certain foods, wine, and distilled liquor (Ough, 1976), and ¢ into Escherichia coli(Palejwalaet al., 1991; Bastet
used as a co-solvent for certain analgesic agents (Miller, 51 “1993: Moriyaet al, 1994). The miscoding properties
1991), is carcinogenic in rodents (Nettlesteipal, 1943; ¢ yhis adducin sitro have been studied, using the Klenow
M!rwsh, 1968). Both carcinogens are_actlvated by liver fragment ofE. coli DNA polymerase | (Simhat al., 1991;
microsomes to formo-chloroethylene omde,_chloroacetal— Zhanget al, 1995a). In this paper, we explore the miscoding
dehyde, and epoxyethyl carbamate (Barbinal, 1985; properties ofedC in mammalian cells by measuring trans-

e o e A . lsonal sythesis on  itespecically modfied DNA
y template in reactions catalyzed by pal pol 8, and pold.

adducts:dC; edA, andedG (Malaveilleet al., 1975; Scherer Fully-extended products were analyzed quantitatively (Shib-
et al, 1981, Barbin & Bartsch, 1986). These adducts, which y ? prodt yzedq y S
utani, 1993) with an improved experimental system. Kinetic

also arise through the reaction of lipid peroxidation products N . . .
with DNA, have recently been detected in genomic DNA paramgters of nucleotide insertion an_d chain extension were
(Chaudha’ryet al, 1994; Nath & Chung, 1994; Schellet determined under steady-state conditions (Mendeletaih,

al., 1995). The ubiquitous nature and persistence of exo- 1989f’_ 199?)' (;Ne fin(;j_ that miiCO(ngLgAprop;ertie$dC varyd
cyclic DNA adducts suggest the possibility of their involve- significantly, epending on t_ € polymerase use _to
ment as initiators of human cancer. Their physiological catalyze the reaction. The significance of this observation

importance is underscored by reports that these lesionsWith respect to translesional DNA synthesis, mutagenesis,
and carcinogenesis is discussed.
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ES04068.
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Table 1: Sequence of Templates, Primers and Standard Markers { \
Number Sequence N>j
c ’ P
1 CATGCTGATGAATTCCTTCXCTACTTTCCTCTCCATTT 0 N
2 CCTTCXCTACTTTCCTCTCCATTT o, 59
3 AGAGGAAAGT
4 AGAGGAAAGTAG ' TGAAAGGAGA™
5 AGAGGAAAGTAGN *CATGCTGATGAATTCCTTCXCTACTTTC CTCTCCATIT (X =dC or edC)
6 AGAGGAAAGTAGNGAAGG
7 AGAGGAAAGTAGGAAGG boantes
8 AGAGGAAAGTAGAAGG polymerase
9 AGAGGAAAGTAGNGAAGGAATTCATCAGCATG GTACGACTACTTAAGGAAGNGATGAAAGGAGA™  (N:dC, dA, dG or dT)
10 AGAGGAAAGTAGGAAGGAATTCATCAGCATG SCATGCTGATGJAATTCCTTCX CTACTTTC CTCTCCATTT
11 AGAGGAAAGTAGAAGGAATTCATCAGCATG
12 AGAGGAAAGTAGGAGG + EcoRi
13 AGAGGAAAGTAGTAGG GGAAGNGATGAAAGGAGA™
14 AGAGGAAAGTAGCAGG AATTCCTTCX CTACTTTC CTCTCCATTT
aX =dCoredC;N=C, A G, orT. i
GGAAG|G |GATGARAGGAGA™"
EcaRl restriction endonuclease (100 unids) was purchased z
from New England BioLabs. A Waters 990 HPLC instru- cGaal &

ment, equipped with a photodiode array detector, was used
for the separation and purification of oligodeoxynucleotides. | __(Two-phase 20% PAGE)
UV spectra were measured using a Hewlett Packard 8452A Mt E
diode array spectrophotometer. =

Synthesis of OligodeoxynucleotideDNA templates,  FiGure 1: Diagram of method used to determine miscoding
primers, and standard markers listed in Table 1 were preparecfPecificities.
by solid-state synthesis, using an automated DNA synthesizer ) .
(Takeshiteet al., 1987). DNA templates containing a single 3 Min. Samples were subjected to electrophoresis on a 20%
€dC adduct were prepared, using a DMT-phosphoramidite POlyacrylamide gel containing 7 M urea (36 42 x 0.04
derivative of edC (Zhanget al., 1995b). Modified and €M) Bands were located by autoradiography and excised
unmodified oligomers were purified on a reverse-phase fro.m the gell; radioactivity was determined by liquid scintil-
uBondapak G column (0.39x 30 cm, Waters), using a  1ation counting. o
linear gradient of 0.05 M triethylammonium acetate, pH 7.0,  Quantitation of Miscoding SpecificitylUsing a 38-mer
containing 16-20% acetonitrile, with an elution time of 60  template (0.75 pmol, sequence 1) an#Rrlabeled 10-mer
min and a flow rate of 1.0 mL/min (Shibutaet al., 1991a).  Primer (0.5 pmol, sequence 3), reaction mixtures, catalyzed
DNA templates and primers were further purified by elec- by one of several DNA polymerases, were incubated at 25
trophoresis on a 20% polyacrylamide gel in the presence of °C for 1 hin the presence of four dNTPs. Reactions were
7 M urea (35x 42 x 0.04 cm) (Shibutanet al, 1991a).  Stopped by heating at & for 3 min and then subjected to
Bands detected under ultraviolet light were extracted with €lectrophoresis on a 20% polyacrylamide gel containing 7
2.0 mL of distilled water overnight at 2C. Extracts were M urea (35x 42 x 0.04 cm). Fully extended products were
concentrated on a Centricon 3 filter (Amicon) by centrifuga- recovered from the gel and then cleaved wiboR! after
tion at 5000 rpm for 2 h; urea was removed by HPLC annealing with an unmodified 38-mer (sequence 1). Samples
(Shibutaniet al., 1991a). Oligonucleotides were labeled at Were incubated wittEcaR1 (100 units) for 1 h at 30C, and
the B-terminus by treatment with T4 polynucleotide kinase then1h at13C to ensure complete digestion of the reaction
in the presence ofyf3PJATP (Maniatiset al, 1982) and products. Electrophoresis was carried out on two-phase 20%
subjected to acrylamide gel electrophoresis. The position Polyacrylamide gels (15 72 x 0.04 cm) containing 7 M
of bands in the gel and homogeneity was determined by Urea in the upper phase (Shibutani, 1993). The modified
autoradiography, using Kodak X-Omat XAR film. m_ethod for determining miscoding specificity is shown in

Primer Extension StudiesA 38-mer (sequence 1 in Table Figure 1.
1) or 24-mer (sequence 2) template (0.75 pmol), annealed Kinetic Studies of Nucleotide Insertion and Chain Exten-
to a3?P-labeled 10-mer primer (0.5 pmol; sequence 3), was sion. Kinetic parameters associated with nucleotide insertion
used for primer extension experiments. Reaction mixtures opposite the lesion and chain extension from thergner
containing pola, pol 3, or pol 6 were incubated at 25C terminus were determined in reactions containing a single
for the designated time in 10L of buffer containing the ~ dNTP (Mendelmaret al, 1989, 1990). Reaction mixtures
template and all four dNTPs (1Q@M each) (Shibutanet containing 0.30.25 unit of polo. or 0.005-0.05 unit of
al., 1991b, 1993). For reactions with paland pol3, the pol 3, 10uL of Tris-HCI (pH 8.0), and 1.0 pmol of 38-mer
buffer consisted of 50 mM Tris-HCI (pH 8.0), 10 MM MgCl  template (sequence 1), primed with 0.5 pmof#i-labeled
2 mM dithiothreitol (DTT), and BSA (0.5ug/uL). Pol 12-mer (sequence 4), were used to measure nucleotide
and proliferating cell nuclear antigen (PCNA) were prepared insertion or, primed with 0.5 pmol oFP-labeled 13-mer
from Xenopus laeis oocytes (Matsumotet al, 1994). For  (sequence 5), to measure chain extension.
reactions with pob, the buffer contained 50 mM Tris-HCI In studies with pob, nucleotide insertion was determined
(pH 6.5), 10 mM KCI, 6 mM MgC4, 2 mM DTT, BSA (0.04 by incubating reaction mixtures containing 0.1 unit of
ugluL), and PCNA (6 ngiL). Reactions were stopped by enzyme for 90 s (G:C pair), 0.25 unit for 90s €&, T:C),
adding formamide dye and heating the sample t6@3or and 0.25 unit for 5 min (CC, GeC). Chain extension
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FIGURe 2: Primer extension on a 38-mer template catalyzed byopok . Using an unmodified oedC-modified 38-mer template
(°CATGCTGATGAATTCCTTCXCTACTTTCCTCTCCATTT, X= dC or «dC, sequence 1) primed with &P labeled 10-mer
(®AGAGGAAAGT, sequence 3), primer extension reactions with DNA @afA) and pol 3 (B) were carried out for 1 h at 25C as
described under Experimental Procedures. One-third of the reaction mixture was subjected to denaturing 20% polyacrylamide gel
electrophoresis (3% 42 x 0.04 cm). A 32-mer containing dA opposite the lesiBAGAGGAAAGTAGAGAAGGAATTCATCAGCATG,

sequence 9) was used as a standard marker to determine the position of fully-extended products.

kinetics were measured by incubating reactions containing reaction product (Clarlet al., 1987) interfered with the
0.1 unit of pola for 90 s (G:C), 0.25 unit for 90 s (€C, guantitative analysis of miscoding. To avoid this problem,
T:eC), and 0.25 unit for 5 min (AC, G«C). In studies we modified our previously-described (Shibutani, 1993)
with pol 8, nucleotide insertion was determined in reactions experimental system by creating a 38-mer template contain-
containing 0.005 unit of pgb for 90 s (G:C), 0.05 unit of  ing an EcaRl restriction site (Figure 1). Fully-extended
pol 5 for 90 s (CeC, A:eC, TC), and 0.05 unit for 5 min  products are first digested tycaRI and then subjected to
(G:C). Chain extension was measured in reactions usingtwo-phase gel electrophoresis (Shibutani, 1993). When a
0.005 unit for 90 s (G:C), 0.05 unit for 90 s €&, A:eC, template containing dC oedC was annealed with a
T:€C), and 0.05 unit for 5 min (GC). Reaction mixtures  complementary strand containing dC, dA, dG, or dT opposite
were subjected to electrophoresis on 20% polyacrylamide the lesion, or with a strand containing one- or two-base
gels (35x 42 x 0.04 cm) in the presence of 7 M urea. The deletions, cleavage tycaR|l was>96% complete (data not
Michaelis constant{;;) and maximum rate of reactio{ay) shown).

were obtained from HanedNoolf plots of the kinetic data. In reactions containing pal and polB, primer extension

Frequencies of insertionFgs) and extension Req) were on an unmodified template produced a fully-extended product
determined relative to the dG:dC base pair according to the(Figure 2). Primer extension anlC-modified templates in

equation developed by Mendelmaral (1989, 1990), where  rections catalyzed by pol was partially blocked opposite

F = (VmaKm)twrong pairf (Vma/Km)(correct pair-da:acyis defined for e jesjon; some fully-extended products were formed (Figure

any base pair containing a single modified nucleoside. All 2A). In reactions catalyzed by pgl primer extension was
reactions were linear over the course of the experiment. Datay|ncked one base before the lesion (Figure 2B); fully-

reported represent the average ef2separate experiments
in which less than 20% of the primer was extended
(Mendelmanet al., 1989).

extended products were formed only when higher concentra-
tions of pol were used.

Miscoding Specificity otdC. Fully-extended products
RESULTS formed in reactions catalyzed by polor pol 5 were digested
by EcdRl and analyzed by two-phase polyacrylamide gel
Primer Extension StudiesPrimer extension reactions electrophoresis. A mixture GPP-labeled oligodeoxynucle-
catalyzed by pob. were conducted in the presence of four otides containing dC, dA, dG, dT, and one- or two-base
dNTPs using unmodified adC-modified 24-mer templates  deletions served as standard markers for these experiments
(’CCTTCXCTACTTTCCTCTCCATTT, X= dC or edC, (Figure 3A, lanes 2 and 8). Using paland pols, primer
sequence 2) (data not shown). Using small amounts of polextension on an unmodified template led to the expected
o, fully-extended products were generated on unmodified product (Figure 3A, lane 1; Figure 3B, lane 1). Using pol
andedC-modified templates. When the amount of enzyme a and anedC-modified template, dTMP and dAMP were
was increased, blunt-end addition to the fully-extended preferentially incorporated opposite the lesion (Figure 3A,
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Ficure 3: Miscoding specificities in reactions catalyzed by pabr pol 5. The fully-extended products formed by pol(A) or pol 5 (B)

in the experiment shown in Figures 2A and 2B were recovered from the gel and digested by treatment with 10(EcoRs$ fofr 1 h at

30 °C and, additionally, for 1 h at 15C, as described under Experimental Procedures. Aliquots removed from the reaction mixture were
subjected to two-phase 20% polyacrylamide gel electrophoresis. Mobilities of reaction products were compared with those of 18-mer standards
(Table 1, sequences-®) containing dC, dA, dG, or dT opposite the lesion and one-bA¥eof two-base 42) deletions (lanes 2 and 8).

Table 2: Miscoding Properties efiC in Reactions Catalyzed by Paland Polsa ¢

enzyme
lesion (units) de (%) dA (%) dG (%) dT (%) Al (%) A% (%)
Polymeraser

dc 0.3 9.9+ 0.8
0.6 14.4+1.3
1.2 40.6+ 4.6
2.4 57.0+ 1.3

edC 0.6 ND 0.10+ 0.01 ND 1.26+ 0.07 ND 0.17+ 0.02
1.2 0.04+ 0.01 2.01+ 0.13 ND 7.29+ 0.38 ND 0.38+ 0.04
2.4 0.23+0.01 7.33£0.35 0.18+ 0.02 21.2+ 1.7 ND 1.40+0.11
3.6 0.31+ 0.04 13.4+1.6 0.38+ 0.08 21.4+ 1.1 ND 3.11+0.28
4.8 0.38+0.03 197+ 1.1 0.43+0.04 26.9+ 0.8 ND 5.63+ 0.25

Polymerase

dC 0.05 2.0+ 0.1
0.2 27.0£1.1
0.5 69.6+ 3.2
1.0 71.4+ 2.8

edC 0.05 0.02t 0.01 ND ND 0.02+ 0.01 ND ND
0.2 0.38+0.03 0.08+ 0.01 ND 0.11+ 0.01 ND
0.5 47.4+ 0.8 9.97+ 0.65 ND 3.72+£ 0.16 0.07+ 0.02 0.08+ 0.01
1.0 45.8+ 3.1 10.6+ 0.5 ND 3.84+ 0.09 0.09+ 0.01 0.12+ 0.02
2.0 46.1+ 5.0 172+ 04 ND 9.14+ 0.41 0.11+ 0.01 0.14+ 0.04

a Primer extension reactions were conducted for 1 h at@%s described in the legend of Figure®Expressed as fraction of starting primer
converted to fully-extended produétND indicates not detectablé Data were expressed as meahnsSD.

lanes 3-7). Small amounts of dCMP and dGMP also were frequency increased proportional to the amount of enzyme
incorporated. In addition, two-base deletions were observed.used (Table 2) and the time of the reaction (data not shown).
The sequence of these products was confirmed by the Kinetic Studies of Nucleotide Insertion and Extension.
Maxam—Gilbert technique (1980). The frequency of trans- Steady-state kinetic parameters were established for nucle-
lesional synthesis in reactions catalyzed by adiollows otide insertion oppositedC and for chain extension from
the order: dTMP> dAMP > A? > dCMP, dGMP. 3'-termini containing this lesion. When pol was used
When polS was used to catalyze primer extension on the (Table 3), the frequency of dAMP insertioRifs) opposite
edC-modified template, dCMP was incorporated preferen- edC was 1.7 times higher than that of dTMP and 57 and 87
tially opposite the lesion. Lesser amounts of dAMP and times higher than that for dCMP and dGMP, respectively.
dTMP incorporation also were observed. dGMP was not The frequency of chain extensiofre() from 3-termini
incorporated (Figure 3B, lanes—3, and Table 2). With containing dA¢dC was 2.3 and 3.8 times lower than chain
longer exposure, small amounts of fully-extended products extension from dGdC and dTedC, respectively, and similar
containing one-base and two-base deletions were detectedo extension from 3termini containing dGdC. The relative
(Table 2). The frequency of translesional synthesis catalyzedfrequency of translesional synthesi.{ x Fex) pastedC
by pol 3 follows the order: dCMP> dAMP > dTMP > in reactions involving dT is 2.3-fold higher than for dA and
A2, Al. Inreactions catalyzed by paland polS, miscoding 55- and 240-fold higher than for dC and dG, respectively.
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Table 3: Kinetic Parameters for Nucleotide Insertion and Chain Extension Reaction Catalyzeddsy Pol

Insertion Extension
dNTP dGTP
IGATGAAAGGAGA®*P INGATGAAAGGAGA®*P
SCCTTCXCTACTTTCCTCTCCATTT SCCTTCXCTACTTTCCTCTCCATTT

N:X Km (M) Vinax (% min2) Fins Km (M) Vinax (% min1) Fext Fins X Fext
G:.C 2.3+ 0.2 75.0+£11.0 1.0 2.6t 0.3 36.8+ 0.2 1.0 1.0
C:edC 813+ 52 7.2+ 1.6 2.71x 104 444+ 67 7.1+ 0.7 1.16x 1073 3.14x 1077
A:edC 50+ 6 248+ 1.4 1.54x 1072 243+ 12 1.7+ 0.1 4.95x 104 7.62x 1076
G:edC 919+ 132 5.3+ 04 1.77x 104 327+ 14 1.9+ 0.1 4.09x 104 7.24x 1078
T:edC 87+ 12 26.0+ 0.1 9.20x 1073 199+ 26 5.2+ 0.1 1.87x 1073 1.72x 1075

aKinetics of nucleotide insertion and chain extension reactions were determined as described under Experimental Procedures. Frequencies of
nucleotide insertionKjns) and chain extensiorf¢,,) were estimated by the equatiof: = (VmadKm)wrong pairf (VmadKm)icorrect paip X = dC oredC
lesion.? Data were expressed as means$SD.

Table 4: Kinetic Parameters for Nucleotide Insertion and Chain Extension Reactions Catalyzed by DBA Pol

Insertion Extension
dNTP dGTP
IGATGAAAGGAGA®2P INGATGAAAGGAGA®*P
SCCTTCXCTACTTTCCTCTCCATTT SCCTTCXCTACTTTCCTCTCCATTT

N:X Km (uM) Vimax (% min1) Fins Km (uM) Vimax (% min™?) Fext Fins X Fext
G:.C 88+ 3° 261+ 29 1.0 63+ 18 98.3+ 14 1.0 1.0
C:edC 181+ 36 5.98+ 0.04 1.13x 1072 181+ 17 10.6+ 1.3 3.70x 102 4.18x 1074
A:edC 174+ 28 2.47+ 0.04 4.79% 1073 278+ 25 11.0+ 0.9 2.49x 1072 1.19x 104
G:edC 174+ 58 0.11+ 0.02 2.40x 104 164+ 6 0.9+0.1 3.48x 1073 8.35x 1077
T:edC 345+ 5 0.94+0.12 9.10x 104 235+ 13 30.4+ 3.3 8.09x 102 7.30x 10°°

aKinetics of nucleotide insertion and chain extension reactions were determined as described under Experimental Procedures. Frequencies of
nucleotide insertionKj,s) and chain extensior¢,,) were estimated by the equatiof: = (Vma/Km)wrong pairf (VmadKm)(correct paip X = dC oredC
lesion.” Data were expressed as means$D.

Using polp, Fins for dCMP opposite:dC is 2.4 and 12.4 A.
times higher than for dAMP and dTMP, respectively (Table dC edCg,
4). Fex from 3-termini containing dGdC is 1.5 times B.
higher than from dAedC, but 2.2 times lower than from dT: ' -- 32 _dC g eC g

€dC. Fins for dAGMP andFey from dGiedC are much less
than for other DNA bases. The relative frequency of \

translesional synthesis pasiC in reactions involving dC is — 186
3.5- and 5.4-fold higher than for dA and dT, respectively, !-m
and 500-fold higher than for dG. S1eT

Primer Extension Reactions Catalyzed by Rbl In
experiments with pod, 38% of the primer was extended on
an unmodified template to form a single fully-extended
product. Twenty-five percent of the starting primer was
degraded by the'3-5' exonuclease of this enzyme (Figure
4A, lane 2). Primer extension ardC-modified templates
was blocked opposite and one base before the lesion. Small S s 7 s
amounts (1.68%) of fully-extended products were formed
(lane 3). Using two-phase polyacrylamide gel electrophore-
sis to separate components of the reaction, preferential 1.2 3 4
incorporation of dTMP (1.45%) was detected (Figure 4B, Ficure 4: Primer extension catalyzed by pdl (A) Primer
lane 3). With longer exposure, small amounts of dJAMP extension reactions on templates contairidg or dC at the lesion

0 0 site were conducted at Z& for 1 h using 0.03 unit of pob, as
(0.12%) and dGMP (0.11%) were observed (data not Shown)'described in the legend of Figure 2. (B) Fully-extended products

Generation of Deletions.Two-base deletions in fully-  recovered from a mixture of five separate reactions obtained from
extended products were detected when @okas used to  the experiment shown in panel A were digesteddogR| and then
catalyze primer extension on amiC-modified template subjected to two-phase gel electrophoresis. Experimental conditions

. . o are as described in the legend to Figure 3.

(Figure 3A and Table 2). These experiments utilized a 13-

mer primer containing dA, dG, dT, or dC at theet8rminus Following cleavage of fully-extended products BgadRl,

with this base positioned opposi#dC. When dT ordCwas  3%P-labeled fragments were analyzed by two-phase gel
positioned opposite the lesion, 79% and 67% of the primer electrophoresis. In experiments in which the 13-mer contains
was converted to fully-extended products (data not shown). dA at the 3-primer terminus, 3.6% of the full length products
When dA or dG was at the'-primer terminus, the yield of  contained two-base deletions; when dG was positioned
fully-extended products was 17% and 18%, respectively. opposite the lesion, 2.6% of the product contained one-base

S -17a’
-13X
-18C

Primer - -16a*

I!n it
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Ficure 5: Chain extension from thé-primer terminus in reactions
catalyzed by polo. Using anedC-modified 38-mer template
(*CATGCTGATGAATTCCTTCXCTACTTTCCTCTCCATTT, X

= dC, edC, sequence 1) primed with a 13-m8AGAGGAAAG-
TAGN, sequence 5) containing dA (lane 2), dG (lane 4), dT (lane

6), or dC (lane 8) positioned opposite the lesion, primer extension

reactions were conducted for 1 h at 3D using 2.4 units of pof.
Fully-extended products were digestedigaR| and then subjected
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A) B)
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-CCTTCECCTA-- --CCTTCeCCTA--
N=A ‘ N=G ;
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-CCTTC,  TA- -CCTTC_ CTA-
¥cC C

FiGure 6: Proposed mechanism for one- and two-base deletions.

translesional synthesigifs x Fex) wWith pol o is 1.6-fold
higher for dTMP than for JAMP and 2.3-fold lower with
pol 3. Fins X Fex for dCMP in reactions catalyzed by p6l
is 1000-fold higher than for pab.

We conclude from these results thatlC promotes
misincorporation of dTMP, dAMP, and dCMP, the relative
predominance of a given nucleotide depending on the DNA
polymerase used to catalyze the reaction. The miscoding
potential of the mammalian replicative polymerases, ol
and polJ, for edC is similar and differs significantly from
that observed with polymerase, pgl Pol |, the repair
polymerase oE. coli, shows similar frequencies for dAAMP
and dTMP on templates containiedC (Zhanget al,, 1995a).

to two-phase gel electrophoresis as described in the legend in Figure It is instructive to compare the miscoding properties of

3. Mobilities of reaction products were compared with 18-mers
containing dA (lane 3), dG (lane 5), dT (lane 7), or dC (lane 9)

and with comparable sequences containing a two-base deletion

(sequences 7, 1214).

Table 5: Summary of Miscoding Properties of DNA Polymerases

polymerase miscoding specificity
pol o T>A>A2>C,G
pol 8 C>A>T>AL A2
pol & T>AG
pol I2 A T>C

aData for pol | reported by Zhanet al. (1995a).

deletions (see arrow in Figure 5, lane 4). When a 13-mer

with dT or dC at the 3terminus was used as primer,
deletions were not detected (lanes 6 and 8).

DISCUSSION
Miscoding Properties oédC. The miscoding properties

«dC with those of another endogenous-generated DNA
lesion, 7,8-dihydro-8-oxo*aleoxyguanosine (8-oxodG) (Shib-
utaniet al, 1991b). Poktand polo preferentially catalyze
incorporation of dAMP opposite 8-oxodG while peland

the Klenow fragment of pol | preferentially incorporate
dCMP, the nonmutagenic base, opposite the lesion. The
difference in miscoding specificity contributes to the effective
repair of 8-oxodG irkE. coli (Tchou & Grollman, 1993). It
appears that the miscoding specificity of DNA polymerases
for any given adduct may vary, depending on the polymerase
involved.

Translesional synthesis pastC in simian kidney (COS)
cells is accompanied by targetedC—A and edC—T base
substitutions (Moriyaet al,, 1994). This result, established
by site-specific techniques, is consistent with the miscoding
specificity of pola andd observed in the present study.

Mechanism of DeletionsOne- and two-base deletions
generated during primer extension reactionsitro may be
explained by a general mechanism proposed for frameshift

of edC, observed during translesional synthesis in reactions(deletion) mutations in which the propensity for template
catalyzed by mammalian DNA polymerases, are summarizedmisalignment can be shown to depend on the (a) sequence
in Table 5. Then vitro experimental system used for these context of the lesion, (b) nature of the base inserted opposite
experiments detects all base substitutions and deletionsthe lesion, and (c) frequency of translesional synthesis

targeted to the site of the lesion. In reactions catalyzed by (Shibutani & Grollman, 1993; Kunkel, 1990). With pal

pol o, dTMP and dAMP were incorporated preferentially
oppositeedC, accompanied by two-base deletions. dTMP

Fins OppositeedC follows the order: dAMP> dTMP >
dCMP > dGMP; Fey from dA:edC is relatively low. Thus,

was incorporated preferentially in reactions catalyzed by pol when dAMP is inserted oppositelC, the newly incorporated

d. In contrast, pop3 preferentially catalyzed incorporation
of dCMP.
Analysis of full length reaction products should reflect

base is predicted to pair preferentially with dT located two
positions 5to the lesion. The template becomes misaligned,
generating a bulge and promoting two-base deletions (Figure

relative rates of nucleotide insertion opposite the lesion. This 6A). This prediction was confirmed by annealing &C-
assumption was confirmed by steady-state kinetic analysis,modified template to a primer containing dA, dG, dT, or dC

in which the frequency of nucleotide insertion opposd€
and chain extension from thé-Brimer terminus are mea-
sured in the presence of a single dNTP. With @and pol

B, Fins for dTMP was 1.7 and 5.3 times lower, respectively,
than for dAMP, whileFy from a dTedC terminus was 3.2
and 3.6 times higher than from d&tC. The frequency of

at the 3-terminus. With pola, two-base deletions were
detected only when dA was positioned opposite the lesion
(Figure 6A). When dG is incorporated opposédC, the
newly inserted base could pair with dC t6 the lesion to
form a one-base deletion (Figure 6B). HoweVEgs for
dGMP was much lower than for other dNMP's; thus, one-
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base deletions were not detected. In experiments with polChaudhary, A. K., Nokubo, M., Reddy, G. R., Yeola, S. N,
B, Fexx Was much higher thaRis for all bases tested. Since Morrow, J. D., Blair, I. A., & Marnett, L. J. (1994%cience 265
primer extension is not blocked as strongly as with qpl 1580-1582.

. . . L Clark, J. M., J C. M., & Beardsley, G. P. (1987Mol. Biol.
formation of deletions is minimized. DNA templates used alrgé 123_’1(2)%/?6’ » & Bearcsiey, ( Mol. Bio

in COS cell experiments (T&AICGT) (Moriyaet al, 1994) Cullinan, D., Korobka, A., Groliman, A. P., Patel, D. J., Eisenberg,
should generate one-base deletions since dTMP inserted M., & de los Santos, C. (199@iochemistry 35133106-13318.
oppositecdC can pair with dA 5to the lesion. This reaction ~ Dosanji, M. K., Chenna, A, Kim, E., Fraenkel-Conrat, H., Simson,
was not observed. Presumably, the proofreading exonuclease L & Singer, B. (1994)roc. Natl. Acad. Sci. U.S.A. 91024~

functions of pold (Bryneset al, 1976) operates to minimize 1028

IARC M.onograph Series (1979) EBvaluation of the Carcinogenic

deletions during DNA synthesia vivo. Alternatively, the Risk of Chemicals to Human¥ol. 19, pp 348-377, IARC,
replication complex in cells may stabilize the DNA template,  Lyon, France.
minimizing the tendency to misalign. Korobka, A., Cullinan, D., Cosman, M., Grollman, A. P., Patel, D.

; ; ; ; ; J., Eisenberg, M., & de los Santos, C. (198chemistry 35
Structural Basis for Miscoding bydC. As shown in this 13319-13327.

paper,edC promotes incorporation of dAMP, dTMP, or Kunkel, T. A. (1990)Biochemistry 298003-8011.

dCMPin witro, depending on the DNA polymerase used to Malaveille, C., Bartsch, H., Montesano, R., Barbin, A., & Camus,
catalyze the reaction. In bacteria, dG is predominantly A. M. (1975) Biochem. Biophys. Res. Commun, 883-370.
targeted to the lesion site (Moriyet al. 1994); thus, under ~ Maniatis, T., Fritsch, E. F., & Sambrook, J. (198Hplecular

: ; i Cloning: A Laboratory ManualCold Spring Harbor Laboratory
appropriate experimental conditions, any of the four DNA Press, Cold Spring Harbor, NY.

bases may be inser'Fed opposite the Ie.sion.- Matijasevic, Z., Sekiguchi, M., & Ludlum, D. B. (199Pyoc. Natl.
edC can adopfnti or syn conformations in DNA. In Acad. Sci. U.S.A. §9331-9334.

either conformation, only a single hydrogen bond can Matsumoto, Y., Kim, K., & Bogenhagen, D. F. (199¥fpl. Cell.

potentially form betweenedC and certain DNA bases. Biol. 14, 6187-6197.

Furthermore, steric considerations preclude structures inMaxam, A. M., & Gilbert, W. (1980Methods Enzymob5, 499~

which d_A or dG are_ accommodated_ ina coplar_lar arrange- Mendelman, L. V., Boosalis, M. S., Petruska, J., & Goodman, M.

ment withedC in a right-handed undistorted helix. Never- F. (1989)J. Biol. Chem. 26414415-14423.

theless, the apparent fidelity of DNA replication in nonin- Mendelman, L. V., Petruska, J., & Goodman, M. F. (19908iol.

ducedE. coliis relatively high (Moriyaet al., 1994). Chem. 2652338-2346. . . .
2D-NMR studies ofedC have been performed in which Merletti, F., Heseltine, E., Saracci, R., Simonato, L., & Wilbourn,

he lesion i L d ite dA and dT i DNA dupl J. (1984)Cancer Res. 442244-2250.

the lesion Is positioned opposite dAanddT inal UPIEX \giller, J. M. (1991)Jpn. J. Cancer Res. 82323-1324.

and permitted to assume its preferred conformation (Cullinan wmirvish, S. S. (1968)Adv. Cancer Res. 111—42.

et al, 1996; Korobkeet al, 1996). These solution structures Moriya, M., Zhang, W., Johnson, F., & Grollman, A. P. (1994)

reveal thatdC:dA pair adopts a staggered conformation with ~ Proc. Natl. Acad. Sci. U.S.A. 911899-11903. _

each residue displaced toward tHetd&rminus and partially Nagt)g, 54961:782%“”9’ F.-L. (1994proc. Natl. Acad. Sci. U.S.A.

intercalated b_etween bas_es on the oppo_SIte S”af‘d- «BGth Nettléship, A., Henshaw, P., & Meyer, H. (194B)Natl. Cancer

and dA areanti. Intercalation allows partial stacking edlC Inst. 4 309-310.

with dA and with base pairs adjacent to the lesion. These Ough, C. S. (1976Agric. Food Chem. 24323-328.

hydrophobic interactions may stabilizdC during transle- Palejwala, V. A., Simha, D., & Humayun, M. Z. (1998)ochem-

sional synthesis, permitting a high frequency of extension Scilf(terl)lle?QNSnS)Ga_nS?a"laSH 5. Ranasinghe. A. Amarmath. V.. Gold
whenedC:dA is at the 3primer terminus. A & Swenberg 3. A. (1995Ehem. Res, Toxico, 333-337.
WhenedC is positioned opposite dT, a coplanar structure gcherer, E., Van Der Laker, C. J., Gwinner, L. M.. & Laib, R. J.
is formed, stabilized by a single hydrogen bond between the  (1981)Carcinogenesis 2671-677.

imino protein of dT and N4 otdC. Thus, it appears that  Scherer, E., Winterwerp, H., & Emmelot, P. (198B)e Role of
structures containing single hydrogen bonds or partial base- Cyclic Nucleic Acid Adducts in Carcinogenesis and Mutagenesis

. .. . . . IARC 70, 109-125, IARC, Lyon, France.
stacking participate in translesional synthesis pei€. Shibutani S.p(p1993§:hem. Res. T)c/)xicol. ®25-629.

Structures of duplexes in which dC or dG are positioned gty tanj, s., & Grollman, A. P. (1993) Biol. Chem. 26811703

opposite this lesion have not been reported. 11710.
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