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ABSTRACT: The @-position of thymine is a major site of base alkylation by N-nitroso-alkylating agents, 
and its biological relevance remains obscure. The potential significance of this DNA damage was ascertained 
by studying in vitro DNA replication properties of @-ethylthymidine (02-Et-dT) site-specifically incorporated 
into a 36-nucleotide template. DNA replication was initiated eight nucleotides away from the 02-Et-dT 
lesion by Escherichia coli polymerase I (Klenow fragment) using a 17-nucleotide primer. In the presence 
of 10 pM dNTP and Mg2+, 02-Et-dT blocked DNA replication predominantly (94%) 3’ to 02-Et-dT, with 
the remainder (5%)  blocked after incorporation of a nucleotide opposite 02-Et-dT (incorporation-dependent 
blocked product). Postlesion synthesis was negligible (< 1%). Nucleotide incorporation opposite 02-Et-dT 
increased to 23% at 200 pM dNTP. Postlesion synthesis remained negligible (<2%). DNA sequencing 
revealed dA present opposite G-Et-dT in the incorporation-dependent blocked product. Negligible postlesion 
synthesis suggests that incorporation of dA opposite 02-Et-dT inhibits in vitro DNA synthesis. The 02- 
Et-dTdA base pair may also impede DNA synthesis in vivo, contributing to the cytotoxicity of the ethylating 
agents. Substitution of Mn2+ for Mg2+ enhanced nucleotide incorporation opposite 02-Et-dT and produced 
postlesion synthesis (16%) at  10 pM dNTP, which increased to 39% a t  200 pM dNTP. DNA sequence 
analysis showed that while dA was present opposite 02-Et-dT in the incorporationdependent blocked product, 
both dA and dT were present opposite this lesion in the postlesion synthesis product. The results indicate 
that when dT is incorporated opposite 02-Et-dT, the nascent chains containing the 02-Et-dT-dT base pair 
at  the 3’-terminus are efficiently extended. The studies suggest a role for 02-EtdT in A-T - T-A transversion 
mutagenesis by ethylating agents. 

M o s t  nitroso-alkylating agents are potent mutagens and 
carcinogens. They are electrophilic reagents either inherently 
or after metabolic activation, and they mediate their biological 
activity in part by interacting with genomic DNA to form 
covalent adducts (Miller, 1978; Singer & Grunberger, 1983). 
During replication and/or repair, these adducts may produce 
mutations (Singer & Kusmierek, 1982; Saffhill et al., 1985; 
Basu & Essigmann, 1988), which in turn may contribute to 
the neoplastic transformation of target cells. Isolation of 
oncogenes from experimental tumors, which contain activating 
mutations consistent with the mutational specificity of the 
agent that induced the tumors, supports this hypothesis 
(Varmus, 1984; Barabacid, 1987; Balmain & Brown, 1988). 

The alkylating agent N-ethyl-N-nitrosourea (ENU) is 
capable of inducing a variety of tumor types in a broad range 
of animal species (Magee et al., 1976; Bogovski & Bogovski, 
1982) and in some human cancers (Bartsch & Montesano, 
1984). The reactivity of ENU allows it to form a diverse set 
of DNA adducts both in vitro and in vivo (Singer & Grun- 
berger, 1983). DNA ethylation occurs at nucleophilic oxygen 
sites, such as the @-position of dG, the 04- and @-positions 
of dT, and phosphodiester groups, and at the nucleophilic 
ring-nitrogen sites. Alkylation of the DNA base may alter 
its base-pairing pattern to form a miscoding lesion such as 
@-alkyldeoxyguanosine or 04-alkylthymidine. Alternatively, 
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alkylation may compromise the ability of a base to serve as 
a template during DNA replication, producing a noncoding 
lesion (Saffhill et al., 1985; Basu & Essigmann, 1988; Bhanot 
et al., 1990). 

In Escherichia coli (E. coli), ENU induces mainly G-C - 
A-T and A-T - G-C transition mutations (Richardson et al., 
1987). Presumably, these mutations result from the unrepaired 
miscoding lesions 06-ethyldeoxyguanosine (@-Et-dG) (Loe- 
chler et al., 1984; Bhanot & Ray, 1986) and @-ethylthymidine 
(04-Et-dT) (Preston et al., 1986), respectively, as a conse- 
quence of their capacity to mispair during DNA replication. 
In the human cell, ENU induces a significant number of 
transversion mutations at A-T base pairs (Eckert et al., 1988), 
in addition to the same G C  - A.T and A-T - G C  transition 
mutations observed in E. coli. The two transition mutations 
induced in human cells are consistent with the predicted 
mispairing of the DNA lesions 06-Et-dG and 04-Et-dT. The 
ENU-induced lesions responsible for transversion mutations 
at A*T base pairs are not known. 

Animal studies have revealed the biological importance of 
A-T transversion mutations. The A.T - T-A transversion 
event has been proposed to account for two mutations of the 
mouse a- and p-globin genes arising in the progeny of ENU- 
treated female mice (Popp et al., 1983; Lewis et al., 1985). 
Neuroblastomas, induced by transplacental treatment of rats 
with ENU, contained the neu oncogene activated by an A*T - T-A transversion mutation (Bargmann et al., 1986; Per- 

’ Abbreviations: @-EtdT, @-ethylthymidine; dT, thymidine; dAMP, 
deoxyadenosine 5’-monophosphate; DMTr-dT, 5’-0-(4,4’-dimeth- 
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nitrosourea; E.  coli, Escherichia coli; 06-Et-dG, 06-ethyldeoxyguanosine; 
U‘-Et-dT, e-ethylthymidine; AP, apurinic/apyrimidinic; M-Et-dT, 
M-ethylthymidine; 02-alkyl-dT, @-alkylthymidine; Kf Pol I, Klenow 
fragment of E.  coli polymerase I; DTT, dithiothreitol. 

Q 1992 American Chemical Societv 



4182 Biochemistry, Vol. 31, No. 17, 1992 

antoni et al., 1987). An A-T - T-A activating mutation was 
also observed in c-Ha-ras genes of liver tumors induced by 
treating mice with diethylnitrosamine (Stowers et al., 1988), 
which produces the same pattern of base alkylation as ENU 
(Singer & Grunberger, 1983). These animal studies together 
with mutagenesis studies in human cells (Eckert et al., 1988; 
Moriya et al., 1988) emphasize the existence of an important, 
but as yet uncharacterized (Brent et al., 1988), pathway for 
the fixation of ENU-induced DNA lesions to yield transver- 
sions at A-T base pairs in mammalian cells. 

A general mechanism for induction of transversion muta- 
tions is misincorporation of nucleotides opposite DNA lesions 
that block DNA replication. The lesions produced by ENU 
that impede the progress of in vitro DNA replication include 
AP (apurinic/apyrimidinic) sites (Strauss et al., 1982; Loeb 
& Preston, 1986; Takeshita et al., 1987), N3-ethylthymidine 
(N3-Et-dT) (Huff & Topal, 1987; Bhanot et al., 1990; Grevatt 
et al., 1991), and 02-Et-dT (SaEthill et al., 1985; Singer, 1986). 
Alkylated DNA lesions which normally block DNA replication 
are thought to induce SOS-dependent mutagenesis in E. coli 
(Witkin, 1976; Little & Mount, 1982; Walker, 1984). 
Transversion mutations at A-T base pairs form an important 
component of alkylating agent-induced SOS-dependent mu- 
tagenesis in E. coli (Foster & Eisenstadt, 1985; Eckert & 
Drinkwater, 1987; Cuoto et al., 1989; Eckert et al., 1989). 

The preference for A-T mutations, induced by alkylating 
agents in mammalian cells or through the SOS-dependent 
pathway in bacteria, suggests that the dA or dT adduct and/or 
breakdown products of these adducts are responsible for 
transversion mutations at A.T base pairs. On the basis of a 
comparison of ENU-induced mutations in human cells with 
the type of base-substitution mutations observed for other 
alkylating agents, it was suggested (Eckert et al., 1988) that 
02-Et-dT may be a significant premutagenic lesion that is 
capable of inducing A.T - T.A transversion mutations in vivo. 
However, the involvement of other DNA replication-blocking 
lesions produced by ENU at A.T base pairs cannot be ruled 
out. We recently have shown (Grevatt et al., 1991) that 
N3-ethylthymidine (N3-Et-dT) can mispair with dT during 
in vitro DNA replication and may induce A.T - T-A trans- 
versions in vivo. 

Studies reported here demonstrate that in the presence of 
Mg2+ and a low concentration of dNTP (10 pM), 02-Et-dT 
blocked DNA synthesis by the Klenow fragment of E. coli 
polymerase I (Kf Pol I) 3’ to the lesion. At a higher dNTP 
concentration (200 pM), dA was incorporated opposite @- 
Et-dT. Postlesion synthesis was negligible, indicating that 
formation of an Q-Et-dT-dA base pair at the growing end of 
the chain inhibits DNA synthesis. These results suggest a role 
for the 02-Et-dT lesion in cytotoxicity of the ethylating agents. 
In the presence of the mutagenic metal ion Mn2+ (Beckman 
et al., 1985), postlesion synthesis occurred. Both dA and dT 
were incorporated opposite 02-Et-dT. Incorporation of dT 
opposite 02-Et-dT during in vitro DNA synthesis implicates 
02-Et-dT in A-T - T-A transversion mutagenesis. These 
studies provide insight into the molecular mechanism by which 
ethylaiing agents may induce transversion mutations at A-T 
base pairs in human cells (Eckert et al., 1988) and activate 
cellular protooncogenes by an A-T - T-A transversion event 
in tumors induced by ethylating agents (Bargmann et al., 1986; 
Perantoni et al., 1987; Stowers et al., 1988). 

MATERIALS AND METHODS 
Ultrapure grade dNTP, thymidine (dT), and deoxy- 

adenosine 5’-monophosphate (dAMP) were purchased from 
Pharmacia P-L Biochemicals. ~ - ~ ~ P - L a b e l e d  adenosine 5’- 
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triphosphate (ATP) was obtained from Du Pont-New England 
Nuclear. Kf Pol I and T4 DNA ligase were purchased from 
Boehringer Mannheim. One unit of Kf Pol I (as reported by 
the supplier) incorporates 10 nmol of total nucleotides into 
acid-precipitable material in 30 min at 37 OC, using poly[d- 
(A-T)] as the primed template. T4 polynucleotide kinase was 
obtained from New England Biolabs. The ultrapure electro- 
phoresis reagents were purchased from Bio-Rad. All other 
chemicals were of high-grade quality and were purchased from 
different sources. 

Synthesis of the Site-Modified Oligodeoxynucleotide. The 
2 1 -nucleotide-long oligomer, SAATAAAAGTCT*AAA- 
ACATGAT (T* = 02-Et-dT) was synthesized on an Applied 
Biosystems Model 38 1A synthesizer using phosphite triester 
chemistry (Caruthers, 1985). 02-Et-dT was introduced at the 
desired site during synthesis using @-ethyl-5’-0-(4,4’-di- 
methoxytrityl)-2’-deoxythymidine 3’-(2-cyanoethyl N,N-di- 
isopropylphosphoramidite) synthesized in our laboratory 
(Bhanot et al., 1992). After completion of the synthesis, the 
oligomer was deprotected by treatment with 1 ,8-diazabicy- 
clo[5.4.0]undec-7-ene (Li et al., 1987; Borowy-Borowski & 
Chambers, 1989). The oligomer was purified by electropho- 
resis on a 20% polyacrylamide8 M urea gel and labeled with 
32P at the 5’4erminus. DNA sequencing by the modified 
Maxam-Gilbert procedure (Maxam & Gilbert, 1980) revealed 
the expected sequences. The presence of the @-Et-dT moiety 
in the oligomer was demonstrated by HPLC analysis of the 
nucleosides released from the site-modified oligomer following 
digestion with phosphodiesterase and phosphatase. Com- 
parison of the observed and calculated ratios of the nucleosides 
indicated that 02-Et-dT is present in essentially all oligomer 
molecules. Details of the synthesis of the @-Et-dT-containing 
oligomer have been described elsewhere (Bhanot et al., 1992). 

The 02-Et-dT-containing oligomer is complementary to 
4x174 sequences from position 2392-2412 (Sanger et al., 
1978) and contains the 02-Et-dT lesion at position 2402. This 
position corresponds to the second nucleotide in the third codon 
of c$X gene G. In a separate investigation, this site-modified 
oligomer will be used to study the in vivo mutagenic properties 
of 02-Et-dT using a 4 x 1  74-based site-specific mutagenesis 
system (Bhanot & Ray, 1986). 

Construction of a 36-Nucleotide-Long Template Containing 
02-Et-dT at a Single Site. A 36-nucleotide-long template 
containing a single 02-Et-dT adduct at position 26 from the 
3’-end was constructed by ligating the site-modified @-Et- 
dT-containing 2 1-mer (1 25 pmol) to a second 32P-labeled (<3 
Ci/mmol) 15-mer (32pTAAACTCCTAAGCAG) (125 pmol) 
in the presence of an 18-nucleotide 
(S’HOTTAGGAGTTTAATCATGT) complementary oli- 
gomer (75 pmol) that held the two ligating primers together. 
The three oligomers, in 50 pL of a solution of 25 mM Tris- 
HC1, pH 7.5, 10 mM MgC12, and 5 mM dithiothreitol (DTT), 
were annealed by heating at 55 OC for 15 min with subsequent 
slow cooling to 4 OC (4 h). ATP was added to the final 
concentration of 1 mM, and the reection was started by the 
addition of T4 DNA ligase (50 units as reported by the sup- 
plier) and incubation at 16 OC. After 2 h, the reaction was 
stopped by the addition of EDTA to 12 mM. The ligated 
complex was denatured by the addition of an equal volume 
of formamide and heating at 55 OC for 3 min. The 36-nu- 
cleotide ligated product was isolated as described (Bhanot et 
al., 1990). The low radioactivity present in the template did 
not interfere in the following experiments. 

Formation of the Primed Template. The primed template, 
with the 3’-terminus of the primer eight nucleotides away from 
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17.mer primer s .“p c T G c T T A GG A G T T T A A T  
36-mer template 3 .HO.GA C GA A T C C T C A A A T  T A G T A C  A A  A A T’C T G A A  A A  T A AS 
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17 26 36 

T* = 0‘- Et-dT 
FIGURE 1: “Running start” primed template. The 36-nucleotide 
template contains a single @-Et-dT adduct at template position 26 
from the 3’-end. The adduct is eight nucleotides away from the 3’-end 
of the hybridized 17-nucleotide primer. 

the @-EtdT lesion in the template, was prepared by annealing 
about a 2-fold molar excess of complementary 5’-32P-labeled 
(3000 Ci/mmol) 17-nucleotide primer to the site-modified 
template in 30 mM Hepes buffer, pH 7.5, 50 mM NaCl. The 
annealing mixture (10 pL/pmol of the template) was heated 
at 55  OC for 15 min followed by slow cooling to 4 OC (4 h). 
Formation of the primed template was checked by electro- 
phoresis on a nondenaturing 12% polyacrylamide gel. A single 
batch of primed template was used in all DNA replication 
studies with 02-Et-dT. 

A control primed template, containing dT in place of 02- 
Et-dT, was prepared in a similar manner except that the an- 
nealing mixture contained equivalent amounts of primer and 
template. 

DNA Polymerase Reaction. Polymerase reactions were 
conducted on 0.05-0.1 pmol of primed template in 10 mM 
Hepes buffer, pH 7.5, containing 1 mM DTT (total volume 
of 8 pL). Polymerization was started by adding 0.2 unit of 
Kf Pol I. The concentration of dNTP and Mgz+ or MnZ+, 
incubation time, and temperature were varied depending upon 
the type of study being conducted. In some reactions, 10 mM 
dAMP was used to inhibit the 3’+5’ exonuclease activity 
associated with Kf Pol I (Que et al., 1978). The exact con- 
ditions used are documented in the figure legends. 

The polymerization reaction was terminated by the addition 
of EDTA (to a final concentration higher than the divalent 
cation used) and an equal volume of formamide and subse- 
quent heating at 100 OC for 3 min. DNA synthesis products 
were separated by electrophoresis on 16% polyacrylamide8 
M urea sequencing gels. Product bands were visualized by 
autoradiography and excised, and the radioactivity was counted 
after suspension in 5 mL of scintillation cocktail (aqueous- 
based). The radioactivity present in each product band was 
used to calculate the abundance of each of the DNA synthesis 
products in the polymerization reaction. 

To prepare various DNA synthesis products in amounts 
sufficient for DNA sequencing, the polymerase reaction was 
performed at 37 OC using 5-10 pmol of primed template in 
the presence of the desired concentration of dNTP and MgZ+ 
or MnZ+. Bands were separated by electrophoresis as described 
above except that a 1-mm-thick gel was used. Product bands 
were visualized by autoradiography, excised, crushed, and 
extracted with 4 X 10 mL of methanol to remove the urea. 
The products were then eluted with a minimum volume of 10 
mM NaCl in 2.5 mM Tris-HC1, pH 7.5, 0.25 mM EDTA. 

Identification of the Nucleotide Incorporated Opposite 
02-Et-dT. The identity of the nucleotide incorporated opposite 
02-Et-dT was established by sequencing (Maxam & Gilbert, 
1980) the DNA products synthesized by Kf Pol I on an 
02-Et-dT-containing template. 
RESULTS 

In Vitro DNA Replication System. In vitro DNA repli- 
cation studies were initiated on the primed template shown 
in Figure 1. In this system, the 3’-terminus of the primer is 
eight nucleotides away from the 02-Et-dT lesion present in 
the 36-nucleotide template. This system represents a “running 
start” for 02-Et-dT in DNA replication (Mendelman et al., 
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1989), in that synthesis occurs prior to the polymerase reaching 
the 02-Et-dT lesion. 

The DNA replication properties of the CP-Et-dT lesion were 
studied using Kf Pol I in the presence of Mgz+ or Mn2+ as the 
enzyme cofactors and varying concentrations of dNTP at 37 
OC for 30 min. The effect of the 3’-.5’ exonuclease-editing 
activity of Kf Pol I on DNA replication past 02-Et-dT was 
investigated by inhibiting this activity in some experiments by 
adding 10 mM dAMP. 

In the DNA replication system used in these studies, >95% 
of the annealed primer was extended [calculated as described 
by Grevatt et al. (1991)l by the DNA polymerase. When 
encountered by e-Et-dT, the following products, reflecting 
the influence of template 02-Et-dT, are feasible. First, the 
progress of the polymerase is blocked 3’ to the lesion. No 
nucleotide is incorporated opposite the lesion and a prein- 
corporation blocked product is accumulated. Variable amounts 
of the 22-25-nucleotide preincorporation blocked product were 
obtained, especially in the presence of Mg2+. These products 
were included in the quantitation of the preincorporation 
blocked product. Second, DNA synthesis is stopped after 
incorporation of a nucleotide opposite 02-Et-dT, producing 
a 26-nucleotide incorporation-dependent blocked product. 
Finally, the adduct does not represent a block to DNA rep- 
lication and the synthesis proceeds past the 02-Et-dT lesion, 
yielding a postlesion synthesis product. The efficiency of DNA 
synthesis past the 02-Et-dT lesion was reduced by the presence 
of this lesion in the template, producing products ranging from 
27 to 36 nucleotides. Furthermore, a nucleotide addition at 
the blunt end (Clark et al., 1987) of the synthesized 36-nu- 
cleotide duplex produced a 37-nucleotide product. Postlesion 
synthesis included 27-37-nucleotide products. For DNA se- 
quencing by the Maxam-Gilbert procedure, only 35-37-nu- 
cleotide postlesion synthesis products were used. Postlesion 
synthesis products ranging from 27 to 34 nucleotides comprised 
less than 10% of the total postlesion synthesis. 

The products of DNA synthesis on the site-modified 
template were characterized by polyacrylamide gel analysis. 
Since each synthesis product was only labeled once at the 
5’-end (5’-32P-end-labeled primer was used to prime the DNA 
synthesis), the abundance of a particular synthesis product was 
directly proportional to the radioactivity present in the band 
after gel electrophoresis. The radioactivity associated with 
the individual product bands was measured and used to cal- 
culate the relative percentage of DNA synthesis products in 
the polymerization reaction. 

DNA Synthesis Block by 02-Et-dT. The 02-Et-dT lesion, 
present at a single site in the template, blocked DNA synthesis 
by Kf Pol I in the presence of 10 pM dNTP and 5 mM Mg2+ 
(Figure 2A, lane 1). In the control, containing dT in place 
of 02-Et-dT in the template, DNA synthesis proceeded to the 
5’-terminus of the template without interruption (Figure 2B, 
lane 1). Formation of the 36-nucleotide product in the control 
indicated that 02-Et-dT was responsible for blocking DNA 
synthesis in the site-modified template. The observed DNA 
replication block by 02-Et-dT is consistent with published 
reports that the 02-alkyl-dT lesions present in synthetic 
polymers impede DNA synthesis by DNA and RNA polym- 
erases (Saffhill et al., 1985; Saffhill, 1985). The results are 
also consistent with the low efficiency of incorporation of the 
triphosphates of 02-Me-dT and 02-Et-dT by Kf Pol I and E. 
coli polymerase I using synthetic polymers as templates (Singer 
et al., 1983; 1989). In our studies, the major product (94%) 
of the DNA synthesis at 10 pM dNTP and 5 mM Mgz+ was 
a preincorporation blocked product, indicating that the ma- 
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FIGURE 2: Analysis of DNA products synthesized by Kf Pol I on a 
primed template. The primed template contained a normal nucleoside 
(dT) or a single 02-Et-dT adduct at template position 26 from the 
3'-end. The primed template was incubated at 37 "C for 30 min with 
0.2 unit of Kf Pol I in the presence of Mg2+ or Mn2+ and different 
concentrations of dNTP. Products were analyzed by gel electro horesis 
and autoradiography. (A) Primed template containing an 8-Et-dT 
adduct: lane 1, DNA synthesis in the presence of 10 pM dNTP and 
5 mM Mg2+; lane 2, 25-nucleotide marker; lane 3, DNA synthesis 
in the presence of 200 pM dNTP and 0.5 mM Mn2+. (B) Control 
primed template containing a normal nucleoside dT: lane 1, DNA 
synthesis in the presence of 10 pM dNTP and 5 mM Mg2+; lane 2, 
DNA synthesis in the presence of 200 pM dNTP and 0.5 mM Mn2+; 
lane 3, 36-nucleotide marker. 

jority of DNA synthesis terminated 3' to 02-Et-dT. A small 
amount (5%) of the 26-nucleotide incorporation-dependent 
blocked product was also obtained, indicating incorporation 
of a nucleotide opposite @-Et-dT with subsequent inhibition 
of DNA synthesis. A postlesion synthetic product (Figure 2A, 
lane 1, and Figure 3A, 10 pM dNTP point) was obtained at 
<I%, suggesting that DNA synthesis past the @-Et-dT lesion 
is not efficient in the presence of 10 pM dNTP and Mg2+. The 
concentration of divalent cation, Mg2+ (1-10 mM), in the 
polymerization reaction and the incubation temperature (from 
16 to 37 "C) had no significant effect on the relative per- 
centages of DNA synthesis products. Unless otherwise stated 
in this report, all polymerization experiments containing Mg2+ 
were conducted using 5 mM Mg2+ at 37 "C for 30 min. 

The effect of the dNTP concentration on incorporation of 
a nucleotide oppsite 02-Et-dT in the presence of Mg2+ was 
significant. Figure 3 presents the effect of dNTP concen- 
trations on the relative percentage of various DNA synthesis 
products in the absence (Figure 3A) and presence (Figure 3B) 
of 10 mM dAMP. When the dNTP concentration was in- 
creased from 10 pM to 200 pM, the 26-nucleotide incorpo- 
ration-dependent blocked product increased from 5% to 23% 
(Figure 3A). Presumably, the high concentration of dNTP 
induced the polymerase to incorporate a nucleotide opposite 
02-Et-dT, extending the preincorporation blocked product an 
additional nucleotide. This was evident from the decrease of 
the preincorporation blocked product from 94% at 10 pM 
dNTP to 75% at 200 pM dNTP (Figure 3A). Postlesion 
synthesis was <2% even at 200 pM dNTP. 

Inhibition of the 3/45? exonuclease activity associated with 
Kf Pol I by the addition of 10 mM dAMP (Que et al., 1978) 
to the polymerization reaction increased the accumulation of 
the incorporation-dependent blocked product, apparently by 
eliminating degradation of the nucleotide incorporated opposite 
02-Et-dT in the incorporation-dependent blocked product. The 
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FIGURE 3 : Effect of dNTP concentration on DNA products synthesized 
by Kf Pol I on the primed template containing a single 02-Et-dT 
adduct in the presence of 5 mM Mg2+. The primed template (0.05 
pmol), containing 5 mM Mg2+ and varying concentrations of dNTP, 
was incubated at 37 "C for 30 min with 0.2 unit of Kf Pol I in the 
presence or absence of dAMP. The products were analyzed as de- 
scribed in the text. Each point represents an average of three ex- 
periments: 0, preincorporation blocked product; ., 26-nucleotide 
incorporation-dependent blocked product; 0, postlesion synthesis 
product. (A) No dAMP added. Standard deviations ranged from 
3.4% to 4.0% for preincorporation blocked products, 0.7% to 2.0% 
for incorporation-dependent blocked products, and 0.03% to 0.5% for 
postlesion synthesis products. (B) 10 mM dAMP added. Standard 
deviations ranged from 3.0% to 4.1% for preincorporation blocked 
products, 1.2% to 2.0% for incorporation-dependent blocked products, 
and 0.2% to 1.4% for postlesion synthesis products. 

effect of dAMP was more pronounced at higher dNTP con- 
centrations. At 200 pM dNTP, the incorporation-dependent 
blocked product was increased from 23% to 37% in the 
presence of dAMP (Figure 3B). The postlesion synthesis was 
increased only from <2 to 7%. Presumably, distortion of the 
DNA structure by @-Et-dT (Saffhill, 1985; Saffhill et al., 
1985) interfered with the formation of the phosphodiester bond 
5' to the paired @-Et-dT. Effects of dAMP in facilitating 
the bypass of lesions by DNA polymerases are known (Larson 
& Strauss, 1987). In our system, the exonuclease activity was 
efficiently inhibited, as judged by negligible degradation of 
the 5'-32P-labeled primer by Kf Pol I in the presence of 10 mM 
dAMP as compared with the extensive degradation in the 
absence of dAMP. Attempts were not made to maximize 
postlesion synthesis using dAMP. 

Specijkity of Nucleotide Incorporation Opposite 02-Et-d T 
in the Presence of M$+. The 26-nucleotide incorporation- 
dependent blocked product, synthesized in the presence of 200 
pM dNTP and Mg2+, was sequenced by the Maxam-Gilbert 
procedure. Sequencing revealed that dA was incorporated 
opposite @-Et-dT (Figure 4). Negligible postlesion synthesis, 
at both low and high concentrations of dNTP (Figure 3A), 
suggests that incorporation of dA opposite @-Et-dT does not 
represent a favorable base pair for further extension and that 
it impedes DNA synthesis in the presence of Mg2+. 

DNA Synthesis Past the @-Et-dT Lesion. Relaxation of 
the polymerase fidelity by substitution of Mg2+ with Mn2+ 
(Beckman et al., 1985) increased the incorporation of a nu- 
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FIGURE 4: DNA sequence analysis of incorporation-dependent blocked 
product by the Maxam-Gilbert procedure. The product was isolated 
from the DNA synthesis reaction in the presence of 5 mM Mg2+ and 
200 pM dNTP. The presence of a band in the dA-specific lane at 
position 26 indicates incorporation of dA opposite 02-Et-dT. G-EtdT 
is present in the template at position 26 from the 3'-end. 

cleotide opposite @-EtdT and produced a postlesion synthesis 
product (Figure 2A, lane 3). At 10 pM dNTP, the incorpo- 
ration-dependent blocked product increased from 5% in the 
presence of Mg2+ (Figure 3A) to 14% with Mn2+ (Figure 5A), 
while the postlesion product increased from <1% to 16%. This 
was associated with a decrease in the preincorporation blocked 
product from 94% (Figure 3A) to 70% (Figure 5A). The 
relative percentage of the postlesion synthesis product was 
increased with the increasing Mn2+ concentration; however, 
the total DNA synthesis was decreased by a factor of 3 at 5 
mM Mn2+ as compared to synthesis at 0.5 mM Mn2+ (data 
not shown). In this paper, all experiments using Mn2+ were 
performed in the presence of 0.5 mM Mn2+. Whenever EDTA 
was present in the reaction mixture, the Mn2+ concentration 
was increased to compensate for EDTA. Formation of the 
postlesion synthesis product in the presence of Mn2+ was 
further enhanced using higher dNTP concentrations. Figure 
5A presents the effect of dNTP concentration on the relative 
percentage of DNA synthesis products synthesized by Kf Pol 
I in the presence of Mn2+. Postlesion synthesis was increased 
from 16% at 10 pM to 39% at 200 pM dNTP and was asso- 
ciated with a decrease in the preincorporation blocked product 
from 70% to 40%. Accumulation of the incorporation-de- 
pendent blocked product was not changed significantly (Figure 
5A). 

Addition of 10 mM dAMP to the polymerization reaction 
further increased postlesion synthesis (Figure 5B). At 10 pM 
dNTP, postlesion synthesis increased from 16% in the absence 
to 44% in the presence of dAMP. A similar effect was ob- 
served at 200 pM dNTP, when postlesion synthesis increased 
from 39% to 66%. This was associated with a decrease in 
preincorporation and incorporation-dependent blocked products 
(Figure 5B). The results indicate that inhibition of the 3'+5' 
exonuclease proofreading activity of Kf Pol I facilitated DNA 
synthesis past the lesion. The increase in postlesion synthesis 
by dAMP was more pronounced in the presence of Mn2+ 
(Figure 5B) compared to the presence of Mg2+ (Figure 3B). 
Attempts were not made to optimize postlesion synthesis in 
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FIGURE 5: Effects of dNTP concentration on DNA products syn- 
thesized by Kf Pol I on the primed template containing a single 
02-Et-dT adduct in the presence of 0.5 mM Mn2+. The primed 
template (0.05 pmol), containing 0.5 mM Mn2+ and varying con- 
centrations of dNTP, was incubated at 37 "C for 30 min with 0.2 
unit of Kf Pol I in the presence or absence of dAMP. The products 
were analyzed as described in the text. Each point represents an 
average of three experiments: 0, preincorporation blocked product; 
W, 26-nucleotide incorporation-dependent blocked product; 0, pos- 
tlesion synthesis product. (A) No dAMP added. Standard deviations 
ranged from 2.7% to 3.9% for preincorporation blocked products, 1.5% 
to 3.3% for incorporation-dependent blocked products, and 1.6% to 
2.6% for postlesion synthesis products. (B) 10 mM dAMP added. 
Standard deviations ranged from 1.7% to 2.7% for preincorporation 
blocked products, 2.2% to 2.9% for incorporation-dependent blocked 
products, and 4.0% to 4.4% for postlesion synthesis products. 

the presence of Mn2+ by changing the concentration of dAMP 
in the polymerization reaction. 

The postlesion synthesis product included a 37-nucleotide 
product containing an additional base (+1) (Figure 2A, lane 
3), which was one nucleotide longer than the 36-nucleotide 
site-modified template. Apparently, the +1 product is formed 
by a nucleotide addition to the blunt end of the 36-nucleotide 
duplex formed after postlesion synthesis. Such additions have 
been reported by others (Clark et al., 1987). The +1 product 
has sequences identical to those of the 35- and 36-nucleotide 
postlesion synthesis products. The nucleotide incorporated at 
the 3'-end of the +1 product was not investigated. Formation 
of this product was negligible (<1%) at 10 pM dNTP and 5 
mM Mg2+ (Figure 2A, lane l), increasing to -15% at 200 pM 
dNTP in the presence of 10 mM dAMP. Substitution of 0.5 
mM Mn2+ for Mg2+ further increased +1 product formation 
to >50% at 200 pM dNTP (Figure 2A, lane 3). Failure to 
detect the +1 product in the controls (Figure 2B, lanes 1 and 
2) containing dT in place of 02-Et-dT in the template suggests 
that formation of the +1 product may be stimulated by the 
following factors: (a) presence of the 02-Et-dT lesion in the 
template, (b) inhibition of 3'+5' exonuclease activity asso- 
ciated with the polymerase by deoxymononucleotides (Clark 
et al., 1987; Bhanot & Grevatt, unpublished results), (c) high 
dNTP concentrations, and (d) presence of Mn2+ as the divalent 
cation in the polymerization reaction. 

Specificity of Nucleotide Incorporation Opposite @-Et-dT 
in the Presence of Mn2+. Both postlesion synthesis and in- 
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FIGURE 6: DNA sequence analysis of incorporation-dependent blocked 
product and postlesion synthesis product by the Maxam-Gilbert 
procedure. The products were isolated from the same DNA synthesis 
reaction carried out in the presence of 0.5 mM Mn2+ and 200 pM 
dNTP at 37 OC. 02-Et-dT is present in the template at position 26 
from the 3’-end. (A) An autoradiogram of the DNA sequencing gel 
obtained from the 26-nucleotide incorporation-dependent blocked 
product. The presence of a band in the dA-specific lane at position 
26 indicates incorporation of dA opposite 02-Et-dT. (B) An auto- 
radiogram of the DNA sequencing gel obtained from the postlesion 
synthesis product (nucleotides 36-37). The presence of bands in the 
dA- and dT-specific lanes at position 26 indicates incorporation of 
both dA and dT opposite 02-Et-dT. 

corporation-dependent blocked products from the same ex- 
periment (0.5 mM Mn2+ and 200 pM dNTP) were sequenced 
by the modified Maxam-Gilbert procedure. The incorpora- 
tiondependent blocked product contained dA as the nucleotide 
incorporated opposite the 02-Et-dT lesion (Figure 6A). 
Results from the postlesion synthesis product revealed that both 
dA and dT were incorporated opposite the lesion (Figure 6B). 
The accumulation of an incorporation-dependent blocked 
product containing dA opposite @-Et-dT (position 26 in 
Figure 6A) suggests that in the presence of Mn2+ the @- 
Et-dTdA base pair present at the 3’-end of the growing chain 
can be extended but inefficiently. Absence of accumulation 
of the incorporation-dependent blocked product containing dT 
opposite 02-Et-dT indicates that formation of an G-Et-dT-dT 
base pair at the replication fork can be extended to yield a 
postlesion synthesis product. The results implicate @-Et-dT 
as a potentially mutagenic lesion capable of inducing A-T - 
To A transversion mutations. 

The relative incorporation of dT and dA opposite @-Et-dT 
at position 26 in the postlesion synthesis product was estimated 
by comparing the relative intensity of neighboring bands in 
the same lane. The autoradiogram (Figure 6B) was scanned 
at T and A lanes using Ultroscane XL. From the peak areas, 
the dT-26:dT-25 and dA-26:dA-28 ratios were calculated to 
be 0.65 and 0.37, respectively. The ratios totaled 1.02 as 
compared to the expected value of 1.0. The results indicate 
that in the postlesion synthesis product, synthesized in the 
presence of Mn2+ and 200 pM dNTP, the number of molecules 

containing dT at position 26 was approximately twice the 
number of those containing dA at this position. 

The autoradiogram (Figure 6B) was also scanned at C and 
G lanes. The faint bands at position 26 have the same in- 
tensities as those of the nearby “background” bands. The data 
indicate that the incorporation of dC or dG opposite 02-Et-dT, 
if any, is negligible. 

DISCUSSION 
The in vitro DNA replication studies described in this paper 

demonstrate that the @-Et-dT lesion, which is among the 
highly persistent DNA alkylation products in eukaryotes (Den 
Engelse et al., 1987), can direct incorporation of both dA and 
dT when encountered by Kf Pol I. Formation of the @-Et- 
dT*dA base pair greatly decreases the efficiency of DNA 
synthesis in vitro when it is present at the 3’-end of the growing 
chain. This base pair may also impede the progress of DNA 
synthesis in vivo, implicating 02-Et-dT as a potentially cyto- 
toxic lesion produced by ethylating agents. Formation of the 
@-Et-dT*dT base pair at the replication fork is not inhibitory 
to DNA synthesis. By pass of the @-Et-dT lesion occurs, 
which could lead to an A-T - T-A transversion mutation. Our 
results suggest that formation of the persistent 02-Et-dT lesion 
in DNA is biologically significant and may contribute to the 
cytotoxicity, mutagenicity, and carcinogenicity of the ethy- 
lating agents long after the original exposure has occurred. 

In the presence of Mg2+, DNA synthesis past 02-Et-dT by 
Kf Pol I was effectively blocked (Figure 3A), consistent with 
a published report (Saffhill, 1985). When Mn2+ was sub- 
stituted for Mg2+, incorporation of a nucleotide opposite 
@-Et-dT and subsequent postlesion synthesis were enhanced 
(compare Figures 3A and 5A). Significant postlesion synthesis 
in the presence of Mn2+ (Figure 5) as compared to in the 
presence of Mg2+ (Figure 3) demonstrates that Mn2+ stimu- 
lated the formation and subsequent extension of the base pair 
at @-Et-dT. Whether the effects of Mn2+ are primarily on 
the enzyme conformation or are secondary to changes in DNA 
structure is not known. At low concentrations, Mn2+ resulted 
in decreased specificity of base selection and proofreading by 
E.  coli DNA polymerase I (El-Deiry et al., 1988). 

DNA sequencing of the incorporation-dependent blocked 
product synthesized in the presence of Mg2+ revealed that 
mainly dA was incorporated opposite @-Et-dT (Figure 4). 
The formation of the postlesion synthesis product in insig- 
nificant yields suggests that the P-Et-dTdA base pair formed 
at the replication fork does not represent a favorable base pair 
for extension. The ethyl group of @-Et-dT is not located in 
the Watson-Crick base-pairing region, but alkylation at the 
@-position fixes the base in the enol tautomer, resulting in 
the loss of the N3 hydrogen atom, as confirmed by nuclear 
magnetic resonance (Bhanot et al., 1992). When dA is in- 
serted opposite @-Et-dT, two hydrogen bonds may form be- 
tween O4 of @-Et-dT and the N6 hydrogen atom of dA and 
between N3 of @-Et-dT and a protonated N1 of dA. NMR 
studies have suggested similar hydrogen bondings for the 
@-Me-dT-dA base pair (Kalnik et al., 1988a,b). The @- 
Et-dTedA base pair, with two hydrogen bonds, is expected to 
be thermodynamically stable. This is supported by the thermal 
denaturation studies demonstrating that @-Me-dT present in 
alternating poly(dAdT) polymers does not alter the secondary 
structure of the DNA helix (Singer et al., 1983). Reduced 
extension (=20% efficiency) of the @-Me-dT-dA or @-Et- 
dT*dA base pair at the 3’-primer termini as compared with 
the dTdA termini extension (Singer et al., 1989) suggests that 
the 02-alkyl-dTdA base pair may have a “wobble” alignment. 
In the absence of normal Watson-Crick alignment, the @- 
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Et-dTdA base pair may produce distortion of DNA structure 
that would present steric difficulties as the newly synthesized 
DNA passes through the double-stranded DNA-binding cleft 
of the polymerase, leading to retardation of DNA synthesis. 
This hypothesis is consistent with the findings reported here 
that formation of the 02-Et-dTd4 base pair at the replication 
fork impeded DNA synthesis in vitro. Under normal cellular 
conditions, replication past the 02-Et-dT-dA base pair may 
either not occur or occur with low efficiency. Our in vitro 
DNA replication studies in the presence of Mgz+ suggest that 
02-Et-dT may contribute in part to the cytotoxicity of the 
ethylating agents. 

DNA sequencing of the postlesion synthesis product ob- 
tained in the presence of MnZ+ and 200 pM dNTP revealed 
that both dA and dT are incorporated opposite 02-Et-dT 
(Figure 6B). Incorporation of dT opposite 02-Et-dT is not 
an artifact of the specific DNA sequence used in the studies 
reported here. When 02-Et-dT was replaced with O‘-Et-dT 
in the same DNA sequence, both dA and dG (but not dT) 
were incorporated opposite o4-Et-dT (P. C. Grevatt and 0. 
S .  Bhanot, unpublished results), consistent with studies re- 
ported earlier (Saffhill, 1985; Singer, 1986; Preston et al., 
1986). The incorporation of dT opposite 02-Et-dT (Figure 
6B) occurs when Mn2+ is substituted for Mgz+ in the polym- 
erization reaction. The results suggest a role for MnZ+ in the 
formation of the 02-Et-dT.dT base pair, probably through a 
novel interaction of MnZ+ in the replication complex. The 
nascent chains containing an 02-Et-dT-dT base pair at the 
3’-terminus are efficiently extended, implicating the 02-Et-dT 
lesion in A-T - T.A transversion mutagenesis. 

Using an alternating poly(dA-dT)polymer, 02-Me-dT was 
shown to subsitute as the triphosphate for dTTP and on rep- 
lication the 02-Me-dT-containing polymer directed incorpo- 
ration of dG at low efficiency (Singer et al., 1983). Poly(dT) 
containing random 02-Me-dT or 02-Et-dT adducts directed 
the incorporation of dG during DNA replication in the 
presence of MnZ+ (Saffhill, 1985). Incorporation of dG was 
not detected in the presence of Mgz+ (Saffhill, 1985). In those 
studies, the suggested incorporation of dC opposite the 02- 
alkyl-dT lesion was not directly established. In our assay, 
where the identity of the nucleotide incorporated opposite 
02-Et-dT is directly established by sequencing the DNA 
product synthesized on the 02-Et-dT-containing template, only 
the incorporation of dA and dT was detected. If incorporation 
of dG was below detectable limits in this assay, it may be 
revealed by the more sensitive in vivo site-specific mutagenesis 
studies currently in progress. 

Formation of the pyrimidinepyrimidine base pair is rare. 
The 02-Et-dT-dT base pair probably has one hydrogen bond 
forming between the N3 nitrogen atoms. The pairing of two 
pyrimidines would allow for a long hydrogen bond, which 
would decrease steric hindrance between the ethyl group of 
02-Et-dT and the carbonyl group at the C2 of dT. This could 
result in a normal sugar-phosphate backbone with the 02- 
Et-dT*dT base pair retaining the Watson-Crick alignment. 
The normal Watson-Crick alignment of the 02-Et-dTdT base 
pair would facilitate formation of phosphcdiester bonds on both 
the 3’ and 5’ sides of dT. This is consistent with the results 
reported here. An incorporation-dependent blocked product 
containing dT opposite 02-Et-dT was not accumulated. Our 
results support the hypothesis that normal Watson-Crick 
alignment (backbone) rather than the strength of the base pairs 
and the extent of hydrogen bonding between them may be the 
crucial factor in the miscoding (Swann, 1990). 

Biochemistry, Vol. 31, No. 17, 1992 4187 

DNA lesions that impede the progress of in vivo DNA 
replication require the “error-prone” functions of the SOS 
response to produce mutations in bacteria (Witkin, 1976; Little 
& Mount, 1982; Walker, 1984). A significant component of 
the SOS-dependent mutational spectra induced by alkylating 
agents in bacteria includes events at AeT base pairs (Foster 
& Eisenstadt, 1985; Zielenska et al., 1988; Cuoto et al., 1989; 
Eckert et al., 1989). In vivo, SOS-induced proteins may fa- 
cilitate incorporation of dT opposite @-Et-dT and subsequent 
extension of the 02-Et-dTdT base pair, as mediated by MnZ+ 
in vitro, generating A-T - T-A transversion mutations. The 
studies reported here provide a basis for understanding the 
molecular mechanisms by which ethylating agents induce A-T 
transversions and activate oncogene neu by an A-T - T-A 
transversion event in rat neuroblastomas induced by ENU 
(Bargmann et al., 1986; Perantoni et al., 1987). 

Registry No. O*-Et-dT, 59495-21-5; dNTP, 56-38-2; Mg2+, 
1439-95-4; Mn2+, 1439-96-5. 
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