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Modulation of DNA adduct formation by pre-existing adducts
was examined in synthetic oligonucleotides and genomic DNA
(calf thymus); genotoxins studied were N-acetoxy-acetylaminoflu-
orene (N-AcO-AAF), aminofluorene (AF), aflatoxin B,-8,9-epox-
ide (AFB;-8,9-epoxide), and dimethylsulfate (DMS). Oligode-
oxynucleotides containing either guanine-C8-AAF (Gua-C8-AAF)
or Gua-C8-AF adducts and a neighboring unadducted guanine
(G) (target G), located 1, 2, or 4 nucleotides from the adduct, were
reacted, as single- (ss) or double-stranded (ds) substrates, with
dimethylsulfate (DMS) or AFB,-8,9-epoxide. A modified Maxam-
Gilbert technique showed that the presence of the AAF adduct
lowered the extent to which AFB,;-8,9-epoxide, but not DMS,
reacted with target G. Binding of AFB,;-8,9-epoxide to the target
G was attenuated (=5-fold) when the target was located immedi-
ately adjacent to an AAF, but not AF, adduct in ds-DNA. Reaction
with AFB,-8,9-epoxide increased when the target G was located 2
or 4 nucleotides from the AAF adduct. Pretreatment of calf thy-
mus DNA with AAF (0-1.8% nucleotides modified) reduced levels
of Gua-N7-AFB, adducts formed after subsequent treatment with
AFB,-8,9-epoxide. Pretreatment of calf thymus DNA with AFB,
did not alter levels of adducts formed after subsequent treatment
with N-AcO-AAF. The supposition that aflatoxin B,-binding to
DNA may be altered by conformational changes in the helix, due
to the presence of a pre-existing AAF adduct, is supported by the
absence of an effect by AF and confirmation of local denaturation
of the oligomer helix by use of chemical probes hydroxylamine and
diethylpyrocarbonate. Nonetheless, the importance of changes in
the nucleophilicity of neighboring nucleotides and local steric
effects cannot be ruled out.

Key Words: guanine adducts; aflatoxin B, (AFB,); AFB,-8,9-
epoxide; N-acetoxy-acetylaminofluorine (N-AcO-AAF); dimethyl-
sulfate (DMS); mixtures.

A little explored area of DNA adduct research is the study }
mechanisms by which genotoxins may interact to modula&e]
adduct formation and subsequent mutagenesis. The toxicolg
of chemical mixtures has important public health implication
since humans are exposed to multiple chemicals in occu
tional settings, as a result of lifestyle choices and environmeﬂi

tal exposures. Cancer and developmental toxicity risks forD
genotoxins in mixture are generally estimated by assumingg
additivity of the components, yet two or more genotoxins z
acting sequentially or simultaneously may present a greater OE:
lesser risk than could be predicted by assuming additivity.3
Indeed, nonadditive mutagenic effects have been described f
combinations of N-acetoxy-acetylaminofluorene N{AcO-
AAF) and aflatoxin B-8,9-epoxide (AFB-8,9-epoxide) in the
Salmonellareversion assay (Saiet al., 1999).

There is considerable evidence that adduct formation i
non-random and occurs with considerable specificity (Hem-
minki, 1993; Warpehoski and Hurley, 1988). DNA sequence-
context is important in influencing the specificity of adduct
formation, and neighboring nucleotides can significantly influ-
ence the reactivity of guanine toward genotoxins. GC-rich
regions and runs of contiguous guanines in the genome have
higher probability of being targeted by genotoxins (Mats
al., 1986; 1988; Said and Shank, 1991). Additionally, 5-meth-
ylcytosine in CpG sites can modulate the distribution of gua-
nine adduct formation by N-methyl-N-nitrosourea (MNU; Ma-
thison et al., 1993; Rosset al., 1999), benzo(a)pyrene
diolepoxide (BPDE; Denissenket al., 1997),N-AcO-AAF
and AFB-8,9-epoxide (Cheret al., 1998).In vitro expert
ments have described enhanced binding of BPDE to guanine
in H-ras codons 12 and 13 (Dittrich and Krugh, 1991) as well
as to guanines ip53codons 157, 248, and 273 (Denisseeko
al., 1996) and preferential binding of ARE,9-epoxide to
guanines in the@53 codon 249 (Puisieuet al., 1991). Muta-
tional hot spots found in the p53 gene in human lung (Denis-
senkoet al., 1996) and liver (Hset al., 1991) tumors corre-
lated with the sequence-specific reactivity of the etiologically
linked chemical carcinogens. Therefore, genotoxins (singly or
combination) may modify DNA bases in close proximity to
e another and this may have important physiological effects,
5 in DNA damage recognition and repair mechanisms
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;g_ridges and Brown, 1992; Jones al., 1998).

Drugs (Bailly et al., 1996; Chaires, 1985; Walket al.,
85a,b) and genotoxins suchMsydroxy-AAF and 4-nitro-

' To whom correspondence should be addressed. Fax: (949) 824-27@9inoline-1-oxide (Winkle and Krugh, 1981) and AFgStone

E-mail: rcshank@uci.edu.

et al., 1988), non-covalently bind with a high degree of coop-
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erativity to a small minority of high affinity sites on the DNAwas obtained from Chemysn (Lenexa, KS). Aflatoxin&9-epoxide (AFB-
lattice. The precovalent binding affinity of these agents Céﬁ)—epomde) was synthesized using the method of lyer and Harris (1993); the

. . e . . final product was dissolved in acetone and stored at —30°C. The stability of the
dictate the ultimate specificity of covalent modification of thSpoxide was repeatedly checked by determining its ability to react with 10m0T

genome'(Warpehos_ki and Hurle)’a 1988). “Clustering” of Ii(control reaction as described below). DMS solutions were prepared fresh
gands within a localized region of the genome may occur abéfore each experiment by mixing appropriate amounts in ethanol. Authentic
high affinity binding sites for different ligands could overlagstandards of dG-C8-AAF and dG-C8-AF were prepared as described by Kriek

one another. This overlapping could be biologically relevarﬁ[‘d coworkers (1967). Gua-N7-Ak®as prepared as described by Essigmann

. . . S . nd coworkers (1977).yf*P]ATP (4500Ci/mmol) was obtained from ICN
particularly since the cooperative phase of binding IS('-)therr@ﬁemicals (Costa Mesa, CA). T4 DNA kinase was from GIBCO-BRL (Be-

described for several drugs and carcinogens (Ballyal., hesda, MD). All other chemicals and reagents not explicitly stated were

1996; Chaires, 1985; Rosenbexigal., 1986; Stonet al, 1988; reagent grade or better.

Walker et al, 1985a,b; Winkle and Krugh, 1981) saturate at preparation of DNA oligomers containing site-specific Gua-C8-AAF-and

low levels of bound ligand. This may apply to environmentalF-adducts. Single and double stranded oligomers (~50—4@0f 10mOT,

exposures to genotoxins. 10miT, 10m3T, 10m0C, and 10m3C) were treated with a molar excess of
Previously, we have shown that prior treatment of DNA Witﬁl-AcO-AAF in 10 mM sodium citrate buffer, pH 7.2 (total volume of 20),

incubated up to 12 h at 37°C, recovered free of unreacted carcinogen ang,
both small (MNU) and bUIky (AFB' AAF, benzo(a)pyrene) purified by reversed-phase HPLC (described below). Aliquots were taken to2

genotoxins inhibited the formation of DNA adducts after sulfetermine oligomer vyields and for 5'-end labeling (~250-500 ng). AAF =
sequent treatment of the adducted DNA with a second gen@eucts were converted to AF adducts by treating oligomers (10m0C.1AAF org
toxin of different chemical structure (Sait al., 1995; Said 10mOC.2AAF) with basic mercaptoethanol (Zhou and Romano, 1993).
and Shank, 1991); this effect is not due to saturation of avail-Characterization of site-specific AAF adducts in DNA oligomersOligo-
able guanines by the initial carcinogen treatment (Sxiell., nucleotide constructs (Fig. 1) were characterized by 3 different methods. Firstz
1995). These binding alterations could be caused by (a) St%igomers containing AAF adducts were initially characterized by showing 2

D L. : at their UV spectra agreed with literature reports (Kasthél., 1989; Kriek
effects due to the initial DNA adduct, (b) Conformatlonalt al., 1967). Second, approximately 500 ng of each purified oligomer was 5'§Q

changes within the DNA polymer induced by the pre-existinghd-labeled with{-*P]ATP and T4 kinase and analyzed by a modification of ¢
adduct, and/or (c) decreases in the nucleophilicity of reactitte Maxam-Gilbert (1977) piperidine method to determine adduct position.
centers in the DNA molecule (e.g., thN& position of guanine). Third, selected oligonucleotides containing site-specific AAF or AF adducts

These possible mechanisms are addressed in the current exgigrstandards of dG-C8-AAF or dG-C8-AF were hydrolyzed in either anhy-
. hat i . d the eff " isting AAF add rous trifluoroacetic acid or 0.1 M HCI to liberate free GD&-AAF or
iments that investigated the effect of pre-existing AdAUCE; a-c8-AF adducts. Hydrolysates were analyzed by reversed-phase HPLQ

on the reactivity of neighboring guanine bases (target guam ultraviolet detection. Identification was made by co-elution with authentic'S
nines) toward both small and bulky carcinogens. standards of Gua-C8-AAF or Gua-C8-AF.

In the present study, defined sequences of DNA containin@uplex DNA formation. Complementary strands of oligomers were an-
a single adduct were used to determine what effect the addustled by mixing each in a 1:3 molar ratio (L0mxT: 20mxA; X1, or 3) in
had on the reactivity of neighboring target guanines. Thfsotal volume of 2Qul of annealing buffer (40mM Tris—HCl, pH 7.5; 20mM
allowed control of adduct distribution, site-selectivity, anf!9¢!z S0mM NaCl). Samples were heated at 37°C for 15 min to completely

. . L. ﬁnature the two strands, followed by a 15°C incubation for 30 min for
nelghbormg base content within the sequence of DNA sug nealing to take place, then cooling on ice¥ak h. Double-stranded 10m0C

that modulations of target guanine reactivity could be directhad 10m3c were prepared similarly by heating complementary oligonucleo-@
attributed to the presence of initial adduct and not to nearetides at 70°C (2 min) and slowly cooling over 1 h to ~35°C; the annealed DNA §
neighbor effects, saturation of available sites by the initi#f® th;” pltaceg o iIGe (0°C) forl ha'” all (tfisecsvtsumequfntt mZ”LPU'a“F’”t_S n%
: : of double-stranded oligomers were done at 4°C to prevent strand dissociatio
carcinogen, or other unlnterpretable effects. Duplex DNA formation was confirmed by electrophoretic separation of dou- §
ble- and single-stranded DNA on a 20% non-denaturing polyacrylamide gelpy
(run at 250 V for 24 h at 4°C), as described previously (8ual., 1995), and
comparing their different mobilities.
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MATERIALS AND METHODS

702 T

Chemicals and reagents. Calf thymus DNA (Type 1), aflatoxin Band Rgactions_ of oligomers with chemical carcipqgens_End-Iab_e.Ied oligonu-
piperidine were obtained from Sigma (St. Louis, Mo). The DNA was mechaﬁl_eotldes (single- or double-s_tranded) containing site-specific adduc_ts (~60
ically sheared and contaminating RNA and proteins were removed with RNA$Y Were reacted with DMS (final conc. 10 or 53 mM) or AR 9-epoxide
A and phenol extraction. The following oligodeoxynucleotides were obtainddC O 100uM) in 10 mM sodium citrate buffer, pH 7.2 (final volume of 200
from Genosys Biotechnologies (The Lakes, TX): 5'-TTTGGITTT-3' wl per reaction) and the final solvent concent_ratlon wel0% (v/v). Single-
(10mOT), 5'-TTTTGTG,TTT-3’ (10m1T), 5'-TTTTGTTTG,T-3' (10m3T), stranded DNA was re_acted at 37°C for 30 min and double—stra}n_dec_] DNA at
5'-CCCCGG,CCCC-3' (10m0C), 5'-CCCC@CCG,C-3 (10m3C), and 4°C fqr 60 mln.. Reactlo_ng were stopped py elther_ethanol pr_empltatlon or by
their complementary strands. The shorthand notation for these oligomers refSgan!c extraction. Posmons °f_addF‘CfS In th_e oI_|g_onucIeot|des were _deter-
to their size (e.g., 10m= 10-mer) as well as the number of intervening™ined by Maxam-Gilbert analysis using 1 M piperidine (90°C) for 30 min or
nucleotides between the two guanine residues (e.g., OT, 1T, and &% 8 h. The extent c_>f reaction at the target guanine ¢GG,) was_determlned by
number of thymidines interspersed between the guanines). Thymidine dgnsitometry using the freeware program NIH Image version 1.60.
cytosine nucleotides were interspersed between guanines to control for nearestPLC analysis of products derived from reaction of ds10mOT,
neighbor effects on guanine reactivity. Oligomers were purified by HPL@s10mO0T.1AAF, and ds10mOT.2AAF with ARBB,9-epoxide. Non-radiola
when necessary. Dimethylsulfate (DMS) was obtained from Eastman Kodadled oligonucleotides 10mOT, 10mO0T.1AAF, and 10mOT.2AAFud of
Chemicals (Rochester, NYN-acetoxy-2-acetylaminofluorene (N-AcO-AAF) each) were individually mixed with a 3-fold molar excess of its complementary
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Oligonucleotide Constructs

STTTTG,G,TTTT® = 10mOT Scceeg,G,ceee 10moC
AAF AAF
I I
STTTTG,G,TTTT® = 10mOT.1AAF °CCCCGG,CCCC = 10mOC.1AAF
AAF
AAF |
, | SCCCCG,G,CCCCY = 10mOC.2AAF
STTTTG,G,TTTT® = 10mOT.2AAF
AAF SCCCCG,CCCG,C* 10m3C
| AAF o
STTITTG,TG,TTT® = 10mi1T.1AAF | g
SCCCCG,CCCG,C* 10m3C.1AAF =
8
AAF AAF 8
. | o
5 3 ! 3
TTTTG TG, TTT> = 10m1T.2AAF S0CCCG,COCG,CY = 10m3C.2AAF 3
°
AF g
AAF &
| | 8
STTTTG,TTTG,T® = 10m3T.1AAF SCCCCaG,G,cece? 10mOC.1AF g
=1
AF £
FIG. 1. Synthetic oligonucleo- A?F | %
tide constructs containing site-spe- 5 3 _ 5CCCCG.G,CCCC¥ = 10mO0C.2AF Q
cific adducts used in study. TTTTGTTTG,T> = 10m3T.2AAF = %
c
=)
g
strand, and annealed. The duplex DNA was reacted with AFB-epoxide from the DNA. Hydrolysates were cooled, filtered (04) and analyzed by Q.
exactly as described above for the radiolabeled oligomers (@W0final  reversed-phase HPLC (Supelco LC-18u81, 250 X 4.6 mm, i.d., column; ;

concentration). Following extraction of the reaction mix with ethyl acetate, tf®upelco, Bellefonte, PA). Purines were eluted with 5% methanol in 0.01 M z
aqueous layers were analyzed by reversed-phase HPLC to determine the eigtalssium phosphate, pH 7.0 for 5 min, followed by a linear gradient of 5— 80%%
of reaction at the target guanine by the epoxide. Eluted oligomers wegigyv) methanol (in 0.01 M potassium phosphate buffer, pH 7.0) over 30 min =
detected by UV absorption at 260 nm. and then holding at 80% methanol for 10 min; the flow rate was 1.0 ml/min.
Chemical probe analysis of DNA conformation.Conformation of duplex Eluted compounds were detected by ultraviolet absorbance (260 nm).
oligonucleotides, 10m0C:*10m0G and 10mO0C.1AAF:*10mO0G (*denotes 5'-
*P labeled oligonucleotide) was analyzed by the chemical probe method of
Johnston and Rich (1985) using hydroxylamine and diethylpyrocarbonate.
In vitro treatment of calf thymus DNA with combinations of N-AcO-AAF
and AFB;-8,9-epoxide. Pretreatment of DNA with N-AcO-AAF was fel
lowed by reaction with AFB1-8,9-epoxide. Calf thymus DNA (0.9 mg/ml) in - Preparation of DNA oligomers containing Gua-C8-AAF ad-
10 mM sodium citrate buffer, pH 7.2 (total volume 2p0) was reacted (in ducts at G or G, positions. The modified 10-mers (Fig. 1)’

triplicate) in the presence of variable amounts\eAcO-AAF (250-500uM) . . - .
or vehicle at 37°C for various times up to 21 h to create increasing levels BFeparEd by reactiny-AcO-AAF with unmodified ollgomers,

AAF adducted DNA. Following initial treatment wittN-AcO-AAF, each Were isolated by HPLC; separation of the oligomer products is
sample was extracted with ethyl acetate 3—4 times and the DNA was pregrown in Figure 2A. The major fractions were characterized as
itated with ethanol. Following centrifugation, the DNA pellet was washed witfy[|ows: (1) UV spectra of the adducted 10-mers (Fig. 2B)

100% ethanol and dried. After suspension in 3d010mM sodium citrate ere similar to literature spectra of oligonucleotides containin
buffer, pH 7.2, each sample was pre-incubated at 37°C for 10 min followed P 9 g

treatment with a final concentration of 1@V AFB,-8,9-epoxide. Reaction C8-AAF guanine adducts (Essigmaenal., 1977), (2) a mod-
mixtures were incubated for 30 min at 37°C followed by organic solveified Maxam-Gilbert sequencing technique that enabled loca-
extraction and ethanol precipitation as above. After washing with ethanol agn of the site-specific adduct to be determined (Fig. 2C), and

drying the pellets for 5-10 min in a Speed-Vac centrifuge, the DNA w . . ) . e
resuspended in 180l of water and heated for 5-10 min at 37°C to ensuregé) acid hydronS|s of selected adducted 10-mers and identifi

complete dissolution. Samples were subjected to mild acid hydrolysis (0.1G&tion of released modified guanine bases by HPLC (data not
HCI, 70°C, 45 min) to liberate both Gua-C8-AAF and Gua-N7-ARBducts Shown).

RESULTS
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Reaction of adducted DNA oligomers with a second carcin-
A e prr ogen. Modified 10-mers containing a single AAF or AF
Lt L adduct were reacted with AREB,9-epoxide or dimethylsulfate
to determine the effect of the first adduct on the formation
- . Gua-N7-AFB or Gua-N7-Me adducts.

\ Gua-C8-AAF influences alkylation by AFB,9-epoxide.
/ Reaction of AFB-8,9-epoxide (10 and 100M) with the target
guanine in 10mOT.1AAF or 10mOT.2AAF was inhibited in
both double- and single-stranded DNA (Fig. 3; data not shown
" | for single-stranded DNA). The inhibition was significantly
: | more pronounced in double-stranded DNA than single-
stranded. Figure 3A shows results obtained when piperidine
incubation lasted for 30 min instead of 8 h. In this instance,
cleavage of DNA at sites modified with AAF adducts (lanes g
' () (b) 4-9) was barely detectable since AAF adducts do not desta%
bilize guanine to the same degree as ABBducts (Johnsoet
» é al., 1987); however, cleavage of DNA modified with AF&d
occur (lanes 1-3). Attenuation of ARBpoxide binding due to
the presence of an AAF adduct is clearly evident (lanes 4-9)=
Densitometry of autoradiograms of polyacrylamide gelsg
* showed that reactivity of the target guanine in 10mOT.1AAF &
(i.e., G) towards 100uM AFB;-8,9-epoxide was reduced
o ~4-fold when compared with the same guanine in the unad-g
ducted control oligomer (10mOT) (Fig. 3B, compare lanes 55
B rTarrarre R T and 3; inset) following 8 h piperidine incubation. Similarly, the
Wavelengh (om) Wavslength (am) reactivity of the target guanine in 10mOT.2AAF (i.e.,,)G
towards AFB-8,9-epoxide (at the same concentration) was
C ApF decreased about 19-fold when compared to its control guanin
1 5TTTTG,G,TTTT (Fig. 3B, inset).
g ApF Similar results that confirmed the above binding modula-
. STTTTG,G,TTTT tions were obtained when unlabeled double-stranded oligonu
- cleotides, either unmodified or modified with AAF adducts
& ' (ds10mOT, ds10mOT.1AAF, and ds10mOT.2AAF), were re-

’ acted witt AFB—8,9-epoxide (1OQ_LM) and the resulting ad
‘
- .

AaF
STTTTG,6,TTTT STITTO,G,TTTT

Absorbance at 260 nm

Elution time (min)

Absorbance
5
LwioJ} pepeo

Absorbance

X0 105

P /Hlospeuin

SBAIU

STITTG,G,TTTT g

1 YUoN jo &1

STITIG, _g -

ducted oligonucleotides separated by HPLC instead of bein
5TTTT — .

subjected to piperidine treatment (Fig. 4).

nuer Uesexs

Site-specific Gua-C8-AAF adducts do not mask reactivity of3

target guanine. dG-C8-AAF adducts are less sensitive to
piperidine cleavage than al¥-guanine adducts, and chemical
adducted 10mOT fsomers (as defned i Fig. (3 HPLC fractionation of C c2./20€ Of DNA containing AAF adducts at 188 position of
the aqueous phase following reaction Witth-AcO-AAF and 10mOT. Moguanlne IS not quanptatlve. The presence of ap _AAF_addUCt
bile-phase: elution gradient of 5-50% (v/v) methanol (in 0.05 M triethyllocated on the 5guanine does not mask the reactivity of tHe 3
ammonium phosphate, pH 7.0) over 60 min with a flow rate of 1.0 mi/mirguanine. As evidence of this, Figure 5 shows the piperidine
(B) UV spectra of unadducted 10mOT (panel a) and adducted 10mOT.1ARfeavage products of 10mi1T.1AAF, 10milT.2AAF, and
(panel b). The arrow denotes e} shoul'de'r at 305 rjm that is pharacteristiﬁqjmlT_DA (5’-TTTTG_(AAF)TGZ(AAF)TTT) after a 30-min

the presence of an AAF moiety within the oligonucleotid€): The . . ° . . .
designated fractions i\ above were isolated and ¥nd-labeled with incubation at 90°C. The intensity of the 2 bands derived from
[y-2P]ATP and fraction identities confirmed by 1 M piperidine cleavagAF adducts on the 10m1T.DA oligomer (Lane 3) were ap-
and subsequent 20% denaturing polyacrylamide gel electrophoresis. Lgreximately equal (G 9.1% of normalized radioactivity; G
i:numnon;i?ideigedltl)?nrg(T)T’ ?rgﬂelstggea\t/vnilﬁntio”l\o/lwedi bgriﬁmepi%erf.id.i”f a"nae”e32_8.8% of normalized radioactivity); this is evidence that a G
10mOT.1AAF, trea£ed with 1 M piperidizs; Lane 4: yr'nixture of.a‘ddg(_:t does not alt_er the ability to dete_Ct thea@duct t_)y the
10mOT.1AAF and 10mOT.2AAF that resulted from incomplete fractiontodified Maxam-Gilbert method used in these studies. A re-

ation of the two products, treated with 1 M piperidine. cent study (Raneet al., 1990) reported that cleavage of

LT02 ‘T2 A8
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AﬁF AﬂF
A . 5TTTTG,G,TTTT 5TTTTG,G,TTTT 5TTTTG,G,TTTT
DNA target. double-stranded deouble-stranded double-stranded

AFB1-epoxide: T il
0.5 hrpiperidine 12 3 4 5 6 7 8 9

- 5TTTTG,(AAF)G,TT

5TTTTG,G,TTTT P> 5'TTTTG,G,(AAF)TT
L ]
 sd - 57TTTTG,(AAF)
5TTTTG, B
5TTTT B o - 5TTTT

Reactivity of Target Guanine
Towards AFB1-8,9-epoxide (100 uM)

120]

2
b
c
<]
[*]

1001

S ol <
& 2w
B AﬁF O 60 = <
DNA target: 5TTTTGG,TTTT  STITIGG,TTTT S g S
double-stranded double-stranded 2 901 o '5
AFB1-epoxide: 5 s

8 hr piperidine 1 2 3 4 5

STITQ,Q,TTTT -

/T0Z ‘TZ Arenuer uo sexa | YLON Jo A1SeAIuN 12 /B10'S[euInolploxo’ 10sx0)//:01y Wwouj papeo|umoq

STITTG, —gp

; 5TTTY
ST oeo®P® <«

FIG. 3. Effect of N-AcO-AAF adduct on AFB-8,9-epoxide formation in 10-mer oligonulcetides. Autoradiogram of a denaturing 20% PAGE of cleavage
products following exposure of double-stranded 5’-end-labeled 10m0T, 10m0T.1AAF, and 10mOT.2AAFt8 Afdpoxide and subsequent 1 M piperidine
incubation for 30 min (Panel A) and 8 h (Panel B). Details of reaction conditions are given in Materials and Mésth@n)T Lane 1: control (no carcinogen
treatment); Lane 2: AFB8,9-epoxide (1QuM); Lane 3: AFB-8,9-epoxide (10QuM). ds10mOT.1AAF Lane 4: control (no carcinogen treatment); Lane 5:
AFB;-8,9-epoxide (1uM, Panel A; 100uM, Panel B); Lane 6: AFB8,9-epoxide (10QuM). ds10m0T.2AAF Lane 7: control (no carcinogen treatment); Lane
8: AFB;-8,9-epoxide (1QuM); Lane 9: AFB-8,9-epoxide (10QwM). Panel B Inset: Relative amounts of Gua-N7-ARBormed on target guanine, expressed
as percent of control reaction [i.e., reaction of AFB9-epoxide with unmodified 10mOT]. The column denoted by 10mOT.1AAF represents the relative band
intensity of 5'TTTTG(AAF) (lane 5) divided by the band intensity of 5'-TTTT@ane 3) multiplied by 100. Background band intensities (determined from
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A 1 1 5AAAACCAAAA®
2 STTTTG,G,TTTT®
AFB1
2 3 |
3 STTTTG,G,TTTT®

A ' 4 AI|=B1

1 4 STTTTG,G,TTTT®

AAF

|
5 STTTTG,G,TTTT®

_ ‘]/ AII\F

6 STTTTG,G,TTTT?

Absorbance (260 nm)

C 1 AArAIFm

\l’ STTTTG,G,TTTT®

25 32 39 46 53 60
Elution Time (min)

FIG. 4. HPLC chromatograms of duplex d(TTTTG,TTTT)ed(AAAACCAAAA) (A), duplex d(TTTTG(AAF)G,TTTT)ed(AAAACCAAAA) (B), and
d(TTTTG,G,(AAF)TTTT)ed(AAAACCAAAA) (C) following reaction with 10QuM AFB ;-8,9-epoxide. Peak numbers in each chromatogram are identified t
the right. Details of reaction are given in Materials and Methods. HPLC conditions are the same as described in Fig. 3. Only the region on the chromaEgra
between 25 and 60 min is shown. The arrow ( | ) designates the elution time of dual adducted oligomer, d(FRF)G,(AFB,)TTTT). To quantitate the <
amount of dual adducted oligomer ( | ) formed in chromatogBarthe normalized % of UV absorbing material eluted as the dual adduct (3.4%), was divide®
by the normalized % of UV absorbing material eluted as peak 3 (43.5%) (which represents the control level of modificationtbe@on-AAF adducted ]
oligomer) in chromatogram. The level of dG-N7-AFB modification found at G in an oligomer that contained a site-specific AAF adduct, w&%6 of the N
AFB,-derived modification level found for control ,GNote that inC, no dual adducted oligomer was detected.
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dG-N7-AFB, adducts by piperidine at 90°C after 30 min wagadduct at G was attenuated in 10mOT.1AAF as compared to
guantitative. control 10mOT (Fig. 3A). Cleavage due to the AAF adduct is
When both 10mOT and 10mOT.1AAF were treated with 100arely detectable in this set of reactions, but the presence of the
uM AFB;-8,9-epoxide and incubated with piperidine for 3®AF adduct in the oligomer is confirmed by the observation
min, the intensity of the band on the gel due to NG-AFB, that uncleaved oligomer, with AAF adduct, migrates more

control reactions; lanes 1 and 4) were subtracted out. The relative amount of Gua-N7eokFBd on target guanine (5in 10m0OT.2AAF is also shown.
Reactivity of target guanines (i.e., band intensities at eitheorG5;,) in control oligonucleotides were set at 100%. Column denoted as control is shown for
comparison purposes. (Error bars represent the SD of 3 separate reactions).
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Densitometry of Lanes
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FIG. 5. The presence of two AAF adducts in a single oligonucleotide visualized by piperidine treatmenend-fbeled DNA. Autoradiogram of a
denaturing 20% PAGE of cleavage products from piperidine treatment of single-stranded end-IHhalEB,1AAF (Lane 1), 10m1T.2AAF(Lane 2), and
10m1T.DA (dual adducted oligomer) (Lane 3) is shovinset: Graphical representation of densitometry of lanes in autoradiogram.
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slowly in the 20% polyacrylamide gel than in the oligomereactivity of the target guanine towards AFB,9-epoxide (100
without AAF adduct. This is consistent with the higher molecaM final concentration) was moderately attenuate@;fold in
ular weight of the AAF adducted oligomer as compared ®Om1T (both isomers gave similar results; gel data not shown)
unmodified oligomer, and confirms that the decrease in baadd~1.5-fold in 10m3T (both isomers gave similar results; gel
intensity on the autoradiograms at, Gfter treatment with data not shown), when compared to the strong attenuation that
AFB,-epoxide, is due to modulation of ,Geactivity by the occurs when the AAF adduct was located immediately adjacent
presence of an AAF adduct found at.G to the target guanine (~4-fold for 10m0T.1AAF and 9-fold
Increasing distance between Gua-C8-AAF adduct and tdier 10mOT.2AAF). Because of the strong negative influence of
get guanine. Double-stranded oligonucleotides, containinghe 5’ and 3'nearest neighboring thymidines surrounding the
AAF adducts at Gor G, with intervening nucleotides (eithertarget guanine in 10m3T oligos and because of unexplained
1 or 3) between the site-specific adduct and the target guanihigh background that was consistently found after piperidine
were also reacted with AFRB3,9-epoxide. The effect of the treatment of control 10m3T, another double-stranded oligonu-
AAF adduct on the formation of the ARBadduct decreased cleotide was constructed (10m3C; see Fig. 1). This oligonu-
with increasing separation of the target guanine (Fig. 6). Tleéeotide contained cytosines as the intervening nucleotides
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FIG. 6. Reactivity of target guanine towards AFR-B,9-epoxide (10QwM) as a function of increasing distance between AAF adduct and target guanine. AQ
10-mer oligomer containing one AAF adduct and one target guanine separated from the adducted guanine by 0, 1, or 3 pyrimidine oligonucleotides was gac
with 100 uM AFB;-8,9-epoxide. The extent of interaction between the epoxide and the target guanine was determined by modified Maxam-Gilbert sequeﬁcing
PAGE, and densitometry. Dotted lines indicated 100% of control, i.e., the level of Afiduict formation achieved in the absence of a pre-existing AAF adduct.§
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between the site-specific AAF adduct and the target guanimehen 10mOT.1AAF was similarly treated (compare Fig. 7, lane
When this oligomer was annealed with its complement aréd with Fig. 3B, lane 5). The target guanine JGof
reacted with AFB-8,9-epoxide, results similar to the inhibitionl0mOT.1AAF was slightly more reactive than that of
seen with AAF-modified 10m3T oligomers were observed (aXdm0OC.1AAF. However, the reactivity of the target guanine in
~1.5-fold decrease) (Fig. 6). It therefore appeared that them0C.2AAF was significantly greater than the same guanin
reactivity of the target guanine towards AFB,9-epoxide in 10mOT.2AAF. This may be due to the difference in nucle-
increased as a function of the number of intervening nuclegide type that neighbors the target guanine on thside.
tides between the target guanine and the AAF adduct.
Comparison of AAF adduct with AF adduct on target gua;
nine reactivity. DNA conformation may play a primary role
in aflatoxin B, binding alterations. To investigate this, 1Om0(?I

SBAIUN B

Distortion of local DNA conformation caused by the pres-
nce of a site-specific AAF adductChemical probes were
sed to confirm that the AAF adduct caused local distortions in&

. . . . c
oligomers containing an aminofluorene (AF) adduct instead g helix. When unlabeled 10mOC.1AAF was mixed with ts 5 3

an acetylaminofluorene (AAF) adduct were constructed (Fi -end-labeled complement (10m0G) and treated with theR

1). Gua-C8-AF adducts do not disrupt normal Watson—Cricaj gbes diethylpyropgrbonate or hyd_roxyl_amine, there was SigJ.‘\B)
base pairing between G:C base pairs within the DNA helix &4icant hyperreactivity of both cytosines in the complementary ™
opposed to Gua-C8-AAF adducts, which are inserted into tffand towards hydroxylamine, with the cytosine opposite the
helix and the guanine moiety displaced out such that typicdimodified guanine demonstrating a greater degree of en-
base-pairing is disrupted (lyet al., 1994: Pullman and Pull- hanced reaction (Fig. 8). The band intensities due to hyper-
man, 1981; Raneet al., 1993). Therefore, AF and AAF reactivity of cytosines towards hydroxylamine were approxi-
adducts induce different conformational states within DNANately 2-fold greater than the control cytosines found in the
When oligomers 10m0C.1AF and 10mOC.2AF were react&figonucleotide not containing an AAF adduct, as determined
with AFB.,-8,9-epoxide, the target guanine was more reactif® densitometry. In addition, there appeared a slight enhance-
than the same guanine in oligonucleotides containing AARent in the reaction of guanines in the complementary strand
adducts; particularly the target guanine in 10mO0C.1AF (Fig. Qward the probe diethylpyrocarbonate. These results are con-
compare lanes 6 and 12; compare lanes 9 and 16). Additisistent with the observations of Belguise-Valladier and co-
ally, results from the 10m0OC.1AAF treatment with AFB,9- workers (1991), who described a site of local denaturation
epoxide confirmed the inhibition of aflatoxin, Binding seen around an AAF adduct found in a 162-bp fragment of DNA.
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FIG. 7. Autoradiogram of a denaturing 20% PAGE of cleavage products following exposure of double-stranded end-labeled 10m0OC, 10mOC.18AF,
10mOC.2AAF, 10mOC.1AF, and 10mOC.2AF (as indicated) to either DMS or A58-epoxide and subsequent 1 M piperidine incubation (8-h incubation).g
Details of reaction conditions are given in text. Lanes 1, 4, 7, 10, and 13: control (no carcinogen treatment); Lanes 2, 5, 8, 11, and 14: DMS (50 mM); Qane
3,6,9, 12, and 16: AFB8,9-epoxide (10QwM). (Lane 15 is a repeat load of the sample in Lane 14. The arrow denotAdnigrks the location of full-length
oligonucleotide (i.e., material resistant to piperidine-mediated cleavage) (all lanes);Bamaunks the location of 5'-CCCCGAAF) [lane 5 (indicates reaction
of DMS at G2)] or 5'-CCCCG(AF) [lanes 11, 12 (indicates reaction of DMS or AFBpoxide at G2)]; arrow C marks the location of 5’-CCCQfanes 2,
3 (indicates reaction of DMS or ARRpoxide at G2), lanes 7-9 (due to presence of AAF adduct at G2), lanes 13-16 (due to presence of AF adduct at &)];
arrow D marks the location of 5'-CCCC [lanes 2, 3 (indicates reaction of DMS or,Ap&xide at G1), lanes 4—6 (due to presence of AAF adduct at G1), lane
8, 9 (indicates reaction of DMS or AFB1l-eposide at G1), lanes 10-12 (due to presence of AF adduct at G1), lanes 14-16 (indicates reaction of DS c
AFB;-epoxide at G1)]Inset: Relative amounts of Gua-N7-ARBormed on the target guanine (G1 or G2) in the respective oligomers, expressed as the perc@ﬂt
of control reaction [i.e., reaction of ARB3,9-epoxide (10QuM final concentration) with unmodified 20mOTC]. The reaction of DMS in each case~488%
of the control reaction (densitometry data not shown). Quantitation is as described in the legend to Figure 3.
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Both chemical probes are used to sense the degree of denadducts. When the order of carcinogens was reversed, no effe
ation or single-strandedness of DNA bases. was observed. (Fig. 9B).

Inhibition of aflatoxin B adduct formation in calf thymus
DNA by pre-existing AAF adducts.To determine the appli-
cability of the oligomer studies to genomic DNA, calf thymus DISCUSSION
DNA, treated with 10QuM AFB ;-8,9-epoxide only, contained
63 pmol Gua-N7-AFBnmol total guanine. When calf thymus Only a few investigations have examined the effects of*
DNA was pretreated withN-AcO-AAF, so that between 0—7% mixtures of genotoxins or drugs at the level of DNA binding. 2
of the total guanine nucleotides were adducted with AAF arResults similar to those reported here have been obtained for
then treated with AFB8,9-epoxide (10QuM), the extent of combinations of antitumor drugs and DNA binding. Tullius
adduction by the epoxide was inversely correlated with tteand Lippard (1982) demonstrated that pretreatment of a 165-bp
amount of initial modification by AAF (Fig. 9A). The regres-restriction fragment derived from pBR322 with ethidium bro-
sion was significantt(= 3.024,p = 0.05) when analyzed by mide switched cis-diaminedichloroplatinum (II) dis-platin)
ANOVA. Additionally, when each data point was consideretlinding sites; sites that were usually preferentialdiz+platin
as an individual treatment group and compared to the contbahding were blocked or attenuated and new sites, particularly
treatment group by Dunnett’s test, two points (marked withg d(GGGGGGCGG) sequence, were dominant.
symbol in Fig. 9A) were significantly differenfp(= 0.05). Bailly and coworkers (1997) found in three different restric-
When the level of AAF modification was7% of the available tion fragments that prior treatment of DNA with actinomycin
guanines, the extent of d§7-AFB, adduction had decreasedcaused alterations in the sequence specificity of bleormizen
to 28 pmol/nmol total guanine, which is just less than one-hatiediated cleavages, including the disappearance of cleavage
the initial level of modification by AFBin the absence of AAF sites and appearance of new sites. The authors argued that the
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to competitive non-covalent binding by the noeactive li-

F gands and/or to alterations in helix conformation due to the
§CCCCG,G,CCCC  SCCCCG,G,CCCC binding of intercalative agents.

double-stranded double-stranded The findings reported here describing attenuation or block-

\‘o\ G 60\ Qo age of. reactlon_ by AFBepoxide on guanine when located

S 043 X L OQ/ R\ o immediately adjacent to a dG8-AAF adduct, on the same
g P sequence of DNA, are similar to those of Kobertz and cowork-
ers (1997), who showed that the presence of an intercalation

1723 456

inhibitor (a thymidine-benzofuran derivative) on the flanget
strand, at an intercalation site immediatelytd a guanine on
the target strand, protected the guanine from reaction with

35 AFB;-epoxide (due to prevention of epoxide intercalation).
The reactivity of the epoxide shifted to another intercalation
G C site and reacted with tH¢7 atom of guanine in a stereospecific
G C manner. g
G C An initial AAF adduct, but not an AF adduct, inhibits Gua- §
G C N7-AFB, formation at the target guanine in oligonucleotides. %
C G-AAF The efficient alkylation by AFB8,9-epoxide of G in E
cC G ds10mOT oligomers (which did not contain AAF adducts 3
concurs with the reported sequence-specificity of aflatoxing
adduction (Benasuttet al., 1988). 5'-GG*T closely follows §
G C 5-GG*G as the most reactive sequence in DNA towards8

X0

AFB,-8,9-epoxide (G* = targeted guanine). The nearest
neighboring bases to a target guaniné X&*Z-3’) that best
predict reactivity towards AFB8,9-epoxide are described as
follows, 5’-side (i.e, X-position): G- C > A > T and 3'-side
(i.e., Z-position): G> T > C > A (Benasultti, 1988).

Steric influences and conformational alterations in the DNA
.o polymer, mediated by the site-specific AAF adduct, were ini- =
5 3 tially thought to be probable causes of the described AFB
adduction alterations. The bulkg8-acetylaminofluorene ad-

FIG. 8. Chemical probes used to determine DNA conformation. AutorlUct destabilizes the normahti conformation of guanine in
diogram of a denaturing 20% PAGE of cleavage products following exposuNA in favor of thesynconformation, wherea&;8-aminoflu-
of double-stranded 10mOC and 10mOC.1AAF to either diethylpyrocarbongigene adducts do not (Evaes al., 1980). Hydrogen bonding

(DEPC) or hydroxylamine (HA) and subsequent 1 M piperidine incubatio . - : . -
(30-min incubation) is shown. The complementary strand wasn8*labeled Bf Gua and Cyt is dlsrupted because the guanine molety i

. . . . . o
(as designated by the bold type face of the sequence on the right side ofqlnéplaced OUt_ of the double hel'xj “?to the m_alor groove., Whl'le P
autoradiogram). Details of reaction conditions are given in Materials atBe acetylaminofluorene moiety is inserted into the helix with 2

Methods.ds10m0C Lane 1: control (no probe); Lane 2: DEPC; Lane 3: HA;some evidence of base-fluorene stacking interactions, whic
ds10mOC.1AAF Lane 4: control (no probe); Lane 5: DEPC; Lane 6: HA. The-ay contribute to structural stabilization (O’Handley al.,
asterisks dgn'ote cytosines in the complementary strand that exhibited mari%:g). The initial intercalation of AFBepoxide may be re
hyper-reactivity towards the probe HA. . . . ;

duced by either (or a combination of) (ocal denaturation of

DNA, caused by the AAF adduct, oii)( steric interference
results provided evidence of “mutual interference” betweetmhich physically blocks the AFBepoxide from effectively
two individual small molecules binding with DNA. intercalating. The fact that alkylation of the target guanine by

Misra and co-workers (1983) used combinations of intercthe epoxide increases as it is placed 2 and 4 nucleotides away

lative agents and AFBto study the mechanisms of sequencdrom the site-specific AAF adduct supports both possibilities.
specific binding to DNA by AFB-8,9-epoxide; simultaneous The distortion of local DNA conformation in ds10mOC.1AAF,
treatment of a 174-bp restriction fragment derived fromaused by the presence of the AAF adduct, was confirmed with
pBR322 with fH]-AFB, (activated by chloroperoxybenzoicthe chemical probes, hydroxylamine and diethylpyrocarbonate,
acid) and either various nemeactive AFB structural ana and is consistent with reports describing AAF-induced pertur-
logues or ethidium bromide led to a decreased level of AFBations of DNA conformation cited above. It was also ob-
covalently bound to DNA, and a reduced sequence-specificiigrved that the reactivities of single-stranded AAF-adducted
of AFB, reactivity. These observations were thought to be dd®m1T and 10m3T towards ARERpoxide were not attenuated
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to the same degree as their corresponding double stranded
oligonucleotides (data not shown). This would also support a
conformational rationale for binding alterations. Additionally,
the observation that a bulky AF adduct does not lead to
significant changes in AFB8,9-epoxide binding to a neigh
boring guanine, while an AAF adduct does, suggests that
conformation may be a more important parameter than steric
hindrance.

There are two possible reasons for the apparent contradiction
in data that describes a block in the reaction of Afepoxide
with guanine in the sequence contextT5,G,(AAF)-3’,
while there appears no block in the contesd@5,G,(AAF)3'.

First, the difference may be related to the enhanced neighbor-
ing effect C has, relative to T, when founditb a target G. The
sequence-context 5'-CGG is4-fold more reactive than 5'-
0- TGG towards AFB-epoxide (Benasuttet al., 1988). The
T T T positive influence of the 5C neighboring the target guanine
0.00 0.50 1.00 1.50 may override the negative influence of theG(AAF) adduct.
Mean Gua-C8-AAF adduct level (% of nucleotides) Second, the difference may lie in the thermal stability of the 2§
oligonucleotides. Double-stranded 10mOC.2AAF is GC-rich Z S
6 and presumably has a higher melting temperature thare
B T 10mOT.2AAF. The decreased stability of the 10mOT.2AAF
5 oligomer could lead to increased single-strandedness with &
subsequent reduction in the concentration of intercalation site
® 5’ to the target guanine and subsequent reduced covale
-[ ® adduct formation. Therefore, perturbations in DNA conforma-
L Jeiniieieieieietatetaty et B tion, induced by an AAF adduct, may be dependent upon the‘g
sequence-context in which it is found.

It is therefore a reasonable assumption, with the modelc
oligonucleotides used in the present study, that the efficiencyg
of initial non-covalent binding of AFB8,9-epoxide with DNA
substrate will determine the rate of GNa-AFB, formation.
1+ This non-covalent binding serves to concentrate the reactivez
epoxide from the bulk solution by intercalation of the planar 5
0 : | : portion of the aflatoxin moiety above thé face of t.he target

0.00 0.05 0.10 0.15 0.20 9uanine (Ranegt al., 1990; 1993). The molecule is therefore
oriented for efficient backside attack By7-guanine on the
exo-stereoisomer of the epoxide (via afeSype mechanism)
to form the covalently bonded adduct (lyet al., 1994).
FIG. 9. (A) Extent of AFB-8,9-epoxide adduct formed in calf thymus Therefore, the inhibition oN7-AFB, formation on the target

DNA pretreated with N-AcO-AAF. The abscissa represents initial mean lev
anine in oligonucleotides containing site-specific AAF ad-
of DNA modification by AAF expressed as % of total nucleotides (mes8D eéﬁ'l 9 9 P

of 3 separate Gua-C8-AAF determinations: 0.2840.117, 0.253*+ 0.039, ducts may resqlt’_flrStly’ from a reducFlon in the ra’Fe of non
0.312+ 0.039, 0.585 0.059, 0.838+ 0.019, 1.014+ 0.039, 1.053+ 0.059, Covalent association, thereby decreasing the effective concen-
1.326+ 0.370, 1.365+= 0.273). The ordinate represents the subsequent levigation of intercalated nenovalent AFB-epoxide complex. It

of DNA modification by AFB. The solid line through the data points wasthen follows that less covalently bound AF®ould be formed

determined by the method of least squares: ¥1.0—4.08xR* = 0.535. Error h r
uanine. Secondly, the attenuated adduction b
bars represent the SD of 3 separate Gua-N7-AdiBerminations. Data points at the target g y y

designated by the 1 were significantly different from the control group when
ANOVA and Dunnett's tests were performed (@ 0.05). The inset is a
representative HPLC chromatogram for the fractionation of an acid hydrolxFB,. The abscissa represents initial mean levels of DNA modification by
sate of dual treated DNA. The broad peak indicated by an asterisk was fo®B, expressed as % of total nucleotides (mea&D of 3 separate Gua-N7-
after both control and carcinogen treatments of DNA,; it consisted of pyrimhFB, determinations: 0.0z 0.01, 0.14+ 0.02, 0.15+ 0.02). The ordinate
dine oligonucleotides as determined from absorbance spectra measured @pesents the subsequent level of DNA modification by AAF (nmol Gua-C8-
different pH values (1, 7, 13). Continued acid hydrolysis of samples did naiAF/total nmol nucleotides) (+SD). No significant differences in Gua-C8-
increase the relative amounts of eluted material indicated by the as@)sk. AAF levels were observed when the amounts of Gua-N7-ABBducts in
Extent of N-AcO-AAF adduct formed in calf thymus DNA pretreated withDNA increased (p<= 0.05).
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AFB;-epoxide is probably not due to perturbations in theelguise-Valladier, P., and Fuchs, R. P. P. (1991). Strong sequence-dependent
“molecular electrostatic potential" (i.e., nucleophilicity) (PuII- polymorphism in adduct-induced DNA structure: Analysis of single N-2-

. acetylaminofluorene residues bound within the Narl mutation hot spot.
man a?r:j Pullman, 19?)1) of 'glle tﬁrg‘GV gl'Jartlr;ne ato;rj,_tbe—f Biochemistry30, 1009110100,
cause there W.ere noo Serva. € changes in the re.ac ity Igéﬁasutti, M., Ejadi, S., Whitlow, M. D., and Loechler, E. L. (1988). Mapping
Sw2-type carcinogen DMS with AAF'a_ddUCted ollgomers .aS the binding site of aflatoxin Bin DNA: Systematic analysis of the reactivity
compared to control oligomers. DMS is a small methylating of aflatoxin B, with guanines in different DNA sequenc&iochemistry27,
agent that was used to probe the nucleophilicity of the targe#72-481.
N7-guanine. Bridges, B. A., and Brown, G. M. (1992). Mutagenic DNA repairEsche-

HPLC analysis of calf thymus DNA treated sequentially with rlchla_l coli XXI: A stable SOS-inducing signal persisting after excision
. . . . repair of ultraviolet damageMutat. Res270, 135—44.
carcinogens. In order to confirm the observations in the_ . o
l del in which the presence of an AAF addu&halres, J. B. (1985). Long-range allosteric effects on the B to Z equilibrium
oligomer mo . P by daunomycinBiochemistry24, 7479—7486.
contributed to formation of a subsequent adduct by AFRlf Chen, J. X., Zheng, Y., West, M., and Tang, M. S. (1998). Carcinogens
thymus DNA was treated with the 2 carcinogens in each ordekyeferentially bind at methylated CpG in the p53 mutational hot spots.
of sequence. Prior modification of calf thymus DNA with Cancer Res58, 2070-2075.
N-AcO-AAF caused a reduction in the number of AR  Denissenko, M. F., Chen, J. X., Tang, M. S., and Pfeifer, G. P. (1997).§
oxide-derived Gua-N7-AFBadducts that was dependent upon Cytosine methylation determines hot spots of DNA damage in the human%
the initial levels of AAF adducts. However, when the order of P53 geneProc. Natl. Acad. Sci. USA4, 3893-3898. 8
CarCInogens was reversed, no effect was Observed. Defnlsser'\ko, ’\f/le, Pao, A, Tangc,i(;\/l S, arlld Pfelfer, G.P. (1996)| Ereferentl'al::
It is unlikely that the decrease in the number of AFB ormatlgno enzo[a]pyrene adducts at lung cancer mutational hot spots |r§
. . . . p53. Science274, 430-432.
adducts was due to saturation of available binding sites BX . . .
. . trich, K. A. and Krugh, T. R. (1991). Mapping of (+/—)-anti-benz[a]pyrene
AAF molecules, as the maX|_mum level of AAF ?‘d‘?'UC“Q” diol epoxide adducts to human c-Ha-rasl proto-oncog&tem. Res.
involved <7% of the total guanine bases. Favored binding siteSroxicol. 4, 277-281.
along the DNA lattice for both AAF and AFBwith a potential Essigmann, J. M., Croy, R. G., Nadzan, A. M., Busby, Jr., Reinhold, V.N.,
for overlap (or close interaction) of these bhinding sites isBuchi, G., and Wogan, G. N. (1977). Structural identification of the major
possible. The presence of an AAF adduct at its high affinity siteDNA adduct formed by aflatoxin Bin vitro. Proc. Natl. Acad. Sci. USA4,
could effectively occupy the high affinity site for Akpox ~ 1870-1874. o
ide, although global levels of AAF adducts may be relativel§vans: F. E.. Miller, D. W., and Beland, F. A. (1980). Sensitivity of the
conformation of deoxyguanosine to binding at the C-8 position by N-

low. However, the molecular details of such an interaction A€, etylated and unacetylated 2-aminofluoreBarcinogenesis., 955-959.

not apparent and Wer.e mveSt.Igated further by using OIIgOI’]Hémminki, K. (1993). DNA adducts, mutations, and can€gaircinogenesis
cleotides containing site-specific adducts. 14. 2007—-2012.

In conclusion, non'additi\/ity between 2 chemical CarCinQ-Tsu, I. C., Metcalf, R. A., Sun, T., Welsh, J. A., Wang, N. J., and Harris, C. C
gens at the level of DNA adduct formation has been demony1991). Mutational hot spot in the p53 gene in human hepatocellular carci-S-
strated and may help understand similar interactions demornsomas.Nature 350, 427-428.
strated in anin vivo system in which pretreatment ofliyer, R., and Harris, T. M. (1993). Preparation of aflatoxin 89-epoxide
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