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ABSTRACT

The DNA adduct 8-amino-2 '-deoxyguanosine
(8-amino-dG) is found in liver DNA of rats treated with

the hepatocarcinogen 2-nitropropane. Site-specifi-
cally modified oligodeoxynucleotides were used to
explore the mutagenic potential of 8-amino-dG in
simian kidney (COS-7) cells. Oligodeoxynucleotides
(5'-TCCTCCTX1G,CCTCTC and 5'-TCCTCCTG1X,CC-
TCTC, X=dG or 8-amino-dG) with the lesion positioned

at codon 60 or 61 of the non-coding strand of the
human c-Ha- rasl gene were inserted into single-
stranded phagemid vectors and transfected into
COS-7 cells. The progeny plasmid obtained was used

to transform Escherichia coli DH10B. Transformants
were analyzed by oligodeoxynucleotide hybridization

and DNA sequencing to establish the mutation fre-
guency and spectrum produced by the modified base.
The correct base, dCMP, was incorporated preferen-
tially opposite 8-amino-dG at X  ; and X». When 8-amino-
dG was at X 4, targeted G NH2_ T transversions were
detected, along with smaller numbers of G NHZ_ A
transitions and G NH2_ C transversions. When the
adduct was at X 5, only GNH2 T transversions were
observed. The frequencies of targeted mutation at X 1
and X, were 2.7 and 1.7%, respectively. Mutation
frequency and mutagenic spectrum were sequence
context dependent. In addition, non-targeted G = T
transversions, accompanied by some G A trans-
itions, were detected 5 ' to 8-amino-dG when the lesion
was at X 5. We conclude that 8-amino-dG is a mutagenic
lesion, generating G - T and G - C transversions and
G - A transitions in mammalian cells.

INTRODUCTION

2-Nitropropane, an important industrial chemica) énd a

component of cigarette smoke),( has been shown to be

mutagenic inSalmonella typhimurium(3-5) and a potent
hepatocarcinogen in rats when administered by inhala)aor (

by gavage?).

8-Amino-2-deoxyguanosine (8-amino-dG) and 8-oxo-7,8-

known product of oxidative DNA damage, is mutagémigitro

and in vivo (11-14). Escherichia coliand mammalian DNA
polymerases incorporate dAMP and dCMP opposite this lesion:
the dAMP/dCMP ratio depends on the DNA polymerase used
(11). 8-Ox0-dG generates GT transversions irE.coli and
mammalian cells12-14).

It has been hypothesized that 2-nitropropane is metabolized to
hydroxylamine O-sulfonate or acetate, generating a reactive
nitrenium ion, NH*, that can react with DNA to form
8-aminoguanine9). The aminating species is produced by aryl
sulfotransferaself). The incorporation of 8-amino-dGTP into
DNA, catalyzed by several DNA polymerases, has been
measuredl(6). Mammalian DNA polymerasesandf3 incorpor-
ate much higher amounts of 8-amino-dGTP opposite a template
cytidine residue than of 8-oxo-dGTPg]. The contribution of a
template 8-amino-dG to 2-nitropropane mutagenesis is not
known.

In this paper, site-specifically modified oligodeoxynucleotides
containing a single 8-amino-dG were inserted into a single-
stranded shuttle vector that minimizes repair of DNA adducts
(13). These vectors were used to establish the mutagenic
specificity and frequency of 8-amino-dG in simian kidney
(COS-7) cells. These studies reveal that 8-amino-dG has
significant mutagenic potential, generating-& transversions
in mammalian cells.

MATERIALS AND METHODS
Materials

[y-32P]ATP (specific activity, >6000 Ci/mmol) was obtained
from Amersham CorpEscherichia colDH10B was purchased
from Gibco BRL. The simian kidney (COS-7) cell line was
obtained from the tissue culture facility of SUNY at Stony Brook.
T4 polynucleotide kinase and helper phage VCSM13 were
purchased from Stratagene. A Waters 990 HPLC instrument,
equipped with a photodiode array detector, was used for
separation and purification of oligodeoxynucleotides. UV spectra
were measured with a Hewlett Packard 8452A diode array
spectrophotometer.

Synthesis of oligodeoxynucleotides

dihydroxyguanine (8-oxo-dG) have been identified in liver DNAAn unmodified 15mer oligodeoxynucleotide -(BCCTCC-

of rats treated with 2-nitropropang&—L0). 8-Oxo-dG, a well-

TGGCCTCTC) was prepared by solid state synthesis, using an
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TCCTCCTGGCCTCTC (X = 8-amino-dG)
Ban| TCCTCCTXGCCTCTC Hae I
| L13 TCCTCCTGXCCTCTC  R13 )
SGAGATCGAATTCGAGCTCGGTACCAGCGAT ATCGCTTGCAGGGGCCCTCGAGATCTGAT
CTTAAGCTCGAGCCATGGTCGCTAAGGAGGTTTGGAGAGTAGCGAACGTCCCCGGGAGCTC,

1 $13 1
Ban | Hae Il

Probes: P5'N13(°-XG-) CCTCCTNGCCTCT (N=AorT)
P5'N12(°-XG-) CCTCCTNGCCTC (N=GorC)
P3'N13(°-GX-) CCTCCTGNCCTCT (N=AorT)
P3'N12(*-GX-) CCTCCTGNCCTC (N=GorC)

P5'&3'A13 TCCTCCTGCCTCT
Transfection
mto CO0Ss-7

odlﬁed 15-mer

/ L
EcoRV o
.Anneahn\% ‘ Cutting hairpin Digestion of scaffold

with a scal Scaffold with Eco RV

Figure 1. Construction of a single-strand vector containing a single 8-amino-dG. The upper strand is part of the single-strand @\82 Xagpresents
8-amino-dG. The underlined 13mer of the 61mer scaffold (bottom strand) was used to determine the concentration of thesssBiNAtwnnderlined L13 and
R13 probes were used to detect the correct insertion. The probes listed were used for oligodeoxynucleotide hybridizatinimeonugation specificity of
8-amino-dG.

automated DNA synthesizer{). Oligodeoxynucleotides contain- annealed to a 61mer then digested &ithRV to create a 15mer

ing a single 8-amino-dG 'BCCTCCTXG,CCTCTC or gap (Figl). An unmodified or 8-amino-dG-modified 15mer was
5-TCCTCCTGXCCTCTC, X = 8-amino-dG) were synthesizedligated to the gapped vector. A portion of the ligation mixture was
by the phosphoramidite technique, as described previol&ly ( used to establish ligation efficiency. The ligation mixture was
Modified and unmodified oligodeoxynucleotides were purified orincubated for 2 h with T4 DNA polymerase (1 U/pmol DNA) to

a reverse phaggondapak @g column (0.3% 30 cm; Waters), digest the hybridized 61mer, then treated &ithRV andSal to

using a linear gradient of 0.05 M triethylammonium acetate, pldleave residual single-stranded pMS2. The reaction mixture was
7.0, containing 10—20% acetonitrile, an elution time of 60 min anédxtracted twice with phenol/chloroform (1:1 v/v) and twice with

a flow rate of 1.0 ml/min 9). These oligomers were further chloroform. Following ethanol precipitation, the DNA was
purified by electrophoresis on a 20% polyacrylamide gel in thdissolved in distilled water. A portion of the ligation mixture and
presence of 7 M urea (3642 x 0.04 cm) (9). Bands were known amounts of single-stranded pMS2 were subjected to
detected under UV light and extracted overnight with 2.0 ml oglectrophoresis on a 0.9% agarose gel to separate closed circular
distilled water at 4C. Extracts were concentrated on a Centricorand linear sSDNA. DNA was transferred to a nylon membrane
3 filter (Amicon) by centrifugation at 5000 r.p.m. for 2 h thenand hybridized to &2P-labeled S13 probe complementary to
subjected to HPLC to remove ure), Oligonucleotides were DNA containing the 15mer insert. The absolute amount of closed
labeled at the 'Berminus by treatment with T4 polynucleotide circular sSDNA was established by comparing the radioactivity
kinase in the presence of-32PJATP (20) and subjected to in the sample with that in known amounts of sSDNA.

acrylamide gel electrophoresis. The position and homogeneity of COS-7 cells were transfected with ssSDNA (100 fmol) over 18 h
oligonucleotides following gel electrophoresis was determined bysing lipofectin 21), after which the cells were grown for 2 days

autoradiography using Kodak X-Omat XAR film. in Dulbecco’s modified Eagle’s medium/10% fetal calf serum.
Progeny plasmids were recovered by the method described by
Site-specific mutagenesis in COS cells Hirt (22) and treated with S1 nuclease to digest input ssDNA. We

confirmed using agarose gel electrophoresis that the sample of
SV40-transformed simian kidney cell line COS-7 and a singlgsrogeny plasmids contains only double-stranded vector. These
stranded shuttle vector, pMS2, which confers neomycinfNeo plasmids were used to transfoErcoli DH10B. Transformants
and ampicillin (Amf¥) resistance1(3), were used to establish were analyzed for mutations by oligodeoxynucleotide hybridiza-
mutagenic specificity. Construction of a circular single-strandetlon (23,24). The oligodeoxynucleotide probes used to identify
(ss)DNA containing a single DNA adduct followed procedureprogeny phagemids are shown in Figiwr®robes L13 and R13
established previously in this laboratofy8). pMS2 DNA was were used to select phagemids containing the correct insert.
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Table 1. Transformation efficiency dt.coli DH10B with a COS-7

o0 : -
[ & <} cell-derived progeny phagemid
IS CPS < o
6 St
n. ssDNA? Number of transformants

pMS2 (3-GG) 2385 (100%)
pMS2 (3-GNH2G) 2090 (87%)
pMS2 (3-GGNH2) 1557 (65%)

2100 fmol of ssDNA was transfected into COS-7 cells. The progeny phagemid

S e - 40-met was used to transforé.coli DH10B for ampicillin resistance.
Sequence context effects
- When 8-amino-dG was at 1X preferential incorporation of

dCMP (95.6%), the correct base, was observed opposite the
lesion (Table2). Ten targeted &12_, T transversions were
detected, along with four M52 A transitions and four
GNH2Z_, C transversions. The targeted mutation frequency was
2.7%. Some non-targeted mutations were also observed, as
- 5 Analvsis of products inserted into bMS2. A bortion of th . shown in Figure3. When 8-amino-dG was atpXpreferential
B ot e " Incorporaton of dCMP (95,6%) was observed opposite the esion
subjected to 12% denaturing polyacrylamide gel as described in Materials anbTable 2). Nine targeted @H2_.T transversions were detected,
Methods. along with one BH2_, A transition; no &H2_, C transversions
were observed. The frequency of targeted mutations &taxs
1.7%; the overall mutation frequency was 1.6 times less than that
observed at the ¥site. In addition, 13 non-targeted mutants
showing G- T transversions were detected opposite the dG
Transformants that failed to react with L13 and R13 were omittggbsitioned 5to 8-amino-dG at the Xsite, accompanied by three
from the analysis. When L13/R13-positive transformants faile® -, A transitions. The frequency of these non-targeted mutations
to hybridize to the probes designed to detect events targeted todees 3.1%.
lesion site, double-stranded (ds)DNA was prepared and subjected

to dideoxy-nucleotide sequencing analyais) ( DISCUSSION
Mutagenic specificity in mammalian cells
RESULTS A single-stranded plasmid vector was used to establish the
mutagenic specificity of 8-amino-dG in COS-7 cells. Single-
Mutational specificity in vivo stranded SV40-based shuttle vectors have been shown to be

converted to its double-stranded form in several cultured cells

Unmodified and 8-amino-dG-modified 15mer oligodeoxy-(26,27). Crude extracts ofenopuseggs £8) or COS cells13)
nucleotides were inserted into a gapped single-stranded vectohase an ability to convert ssDNA to dsDNA. DNA polymerase
described in Materials and Methods. The construct was cleavadprimase has been shown to be involved in replication on
with Banl andHad Il and subjected to 12% denaturing polyacryl- non-primed ssDNA template&q). Thus, ssDNA could be used
amide gel electrophoresis (Fi@). The digestion product to study mutagenic events in mammalian cells.
containing the unmodified or 8-amino-dG-modified 15mer When 8-amino-dG was positioned opposite the third base of
migrated identically to the 40mer standard marker. This resutbdon 60 in the non-coding strand of the human cadagene
indicates that unmodified and modified oligomers were inserteds'-TGGNH2C-), targeted mutations representing Gtransver-
No significant difference in ligation efficiency was observed. sions were detected (Takig When 8-amino-dG was opposite

The final concentration of ssDNA vector was quantified bythe first base of codon 61 in the non-coding strartd (5
Southern blot hybridization (data not shown). The S13 prob€GNH2GC-), G- A transitions and G C transversions were
hybridized to the ligation site of the single-stranded vectoalso observed. Thus the mutational frequency and spectrum of
(Fig. 1). Using &3-phosphorimager, the net product of the close@-amino-dG varies according to the sequence context of the
circular (cc)DNA of each construct was estimated by comparisdasion.
to pMS2 DNA standards. The concentration of the closed circular Primer extension reactions catalyzed by DNA polymerases
vector sample was 5.1 md)/for the unmodified oligomer ando proceeded readily on an 8-amino-dG-modified template
(5'-GG-) and 5.0 (5GNH2G-) and 3.0 ngfl (5'-GGNH2-) for the  (Shibutaniet al, unpublished data). Both of these replicative
8-amino-dG-modified oligomers, respectively. enzymes incorporate primarily dCMP, the correct base, opposite

pMS2 modified with 8-amino-dG was used to transfect COS8-amino-dG. In addition, polymerasasandd misincorporate
cells; the number of transformants recovered were comparedsome dAMP and dGMP, respectively, opposite the lesion
those in the unmodified control (Talile The presence of a single (Shibutaniet al, unpublished data). Based on these results,
8-amino-dG residue reduced transformation efficiency bg-amino-dG was predicted to generate Gand G- C transver-
65-87%, depending on the position of the adduct. sions in mammalian cells. Thus, the miscoding specificity and
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Table 2. Mutational specificity of the 8-amino-dG adduct in mammalian &ells

No. of colonies Number of Targeted Mutations
analyzed (dG or 8-amino-dG - X)

Plasmid G T A c A others®
5'-TGG- Exp.1° 172 171 0 0 0 0 1

Exp.2 150 150 0 0 0 0 0

Exp.3 280 277 0 1 0 0 2

Total 602 598 (99.3%) 0(<0.2%) 1(0.2%) 0(<0.2%) 0(<0.2%) 3(0.5%)
§-TGM?G- Exp.1° 235 226 3 1 0 0 5

Exp.2 159 152 4 2 0 0 1

Exp.3 265 252 3 1 4 0 5

Total 659 630 (95.6%)10 (1.5%) 4 (0.6%) 4(0.6%) 0 (<0.2%) 11(1.7%)
5'-TGG- Exp.1¢ 172 171 0 0 0 0 1

Exp.2 150 150 0 0 0 0 0

Exp.3 280 278 0 0 0 0 2

Total 602 599 (99.5%) 0 (<0.2%) 0 (<0.2%) 0 (<0.2%) 0 (<0.2%) 3 (0.5%)
5'-TGGM*2. Exp.1° 190 180 2 0 0 0 8

Exp.2 141 133 3 0 0 0 5

Exp.3 286 277 4 1 0 0 6

Total 619 590 (95.3%) 9 (1.5%) 1(0.2%) 0(<0.2%) 0(<0.2%) 19 (3.1%)

a8Adducted ssDNA (250 and 170 ng) was used to transfect COS-7 cells. The progeny phagemid was recovered and used to
transformE.coli DH10B for mutation analysis.

bNon-targeted mutations are listed in Figure 3.

CData of experiments 1-3 were obtained using independently prepared progeny phagemids.

We conclude from this study that 8-amino-dG has significant

*TCCTCCTGGCCTCTC mutational potential, generating primarily-@ transversions in
A & A mammalian cells. Frequencies of targeted mutations induced by
1 1 1 8-amino-dG (1.7-2.7%) were 1.9-4.0 times lower than the
5 NH2 mutational frequency of 8-oxo-dG (5.2—6.8%) under comparable
T??TC?TF Gl??TCTC conditions. However, the level of 8-amino-dG adducts in the liver
TT TAC TGA DNA of rats treated with 2-nitropropane was 5-6 times higher
21 211 112 than the level of 8-oxo-dG1(). Thus, the contribution of
\ 8-amino-dG to mutagenesis induced by 2-nitropropane may be
N
ST?CTC?T?G—HZCCTCTC greater than that of 8-oxo-dG.
A T TAC
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