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ABSTRACT: Equilibrium binding of aflatoxin B, (AFB 1) to the oligodeoxynucleotide d(ATGCAT)2 was 
examined by using 'H N M R .  AFBl  binds to double-stranded d(ATGCAT), with an apparent binding 
constant of 3.7 X lo3 M-'. The equilibrium is rapid on the N M R  time scale; the observed 'H N M R  spectrum 
represents the population-weighted average of the chemical shifts arising from the free and bound states 
of the oligodeoxynucleotide and the AFBl  . The spectrum of d(ATGCAT), exhibits exchange broadening 
in the presence of AFB1, manifested as decreases in apparent T2 relaxation times for the d(ATGCAT), 
base protons. Upon binding to d(ATGCAT),, the AFBl signals are shifted upfield, indicative of increased 
shielding. The adenine H 2  protons are also shifted upfield in the presence of the carcinogen. Small changes 
in chemical shift are observed for other d(ATGCAT), protons. A substantial decrease in the nonselective 
T1 relaxation time is observed for the adenine H 2  protons in the presence of AFBl .  Competition binding 
experiments in which the competing ligands actinomycin D, ethidium bromide, and spermidine were in- 
dividually added to an AFBl-d(ATGCAT), equilibrium mixture showed that addition of 1 equiv of ac- 
tinomycin D or 4 equiv of ethidium bromide was sufficient to displace bound AFBl  from d(ATGCAT);?. 
In contrast, the addition of spermidine did not result in the displacement of bound AFBl  molecules and 
may have slightly enhanced binding, presumably due to stabilization of the D N A  duplex. 'H NOESY 
experiments confirmed that the overall conformation for the d(ATGCAT), duplex was right-handed both 
in the absence and in the presence of AFB1. Equilibrium binding of AFBl to d(ATGCAT)2 is greatly 
diminished a t  higher temperatures at which the oligodeoxynucleotide is single-stranded. A series of ex- 
periments were performed in which the T,  of d(ATGCAT)2 was increased by increasing the total oligo- 
deoxynucleotide concentration; these experiments showed that AFB 1 would bind to d(ATGCAT), at higher 
temperatures provided that the D N A  was in double-stranded form. Measurement of the overall binding 
equilibrium over the range 0-12 OC indicated that Ah' for the equilibrium binding of AFBl to d(ATGCAT)2 
is --1.2 kcal/mol. Binding of the mycotoxin to (a) negatively supercoiled and (b) relaxed closed circular 
plasmid pBR322 DNA was examined by using gel electrophoresis. Titration of negatively supercoiled plasmid 
with increasing amounts of AFBl  in tubular agarose gels showed a decrease in electrophoretic mobility 
due to unwinding of the plasmid. A similar titration of relaxed closed circular pBR322 D N A  resulted in 
rewinding of the plasmid with introduction of positive supercoils. The critical free concentration of AFBl 
was reached when approximately 50 pg/mL was added to the gels. The results of these experiments provide 
strong evidence that noncovalent binding of AFBl to B-form DNA involves the intercalation of the mycotoxin 
between base pairs; this intercalation could direct subsequent covalent attachment of the carcinogen at the 
N 7  position of guanine. 

A f l a t o x i n  B, is among the most potent of environmental 
mutagens and is implicated as a liver carcinogen; it is of world 
concern because of its widespread occurrence in corn, peanuts, 
cottonseed, and other food commodities. It is the most toxic 
among a family of highly toxic compounds containing the 
coumarin ring structure produced by Aspergillusflavus and 
Aspergillus parasiticus. The structure of AFB1' is shown in 
Figure 1, along with structures of three additional DNA 
binding ligands utilized in this work: ethidium bromide, ac- 
tinomycin D, and spermidine. The covalent attachment of 
AFBl to DNA in vivo is believed to occur via activation of 
the carcinogen by mixed-function oxidases. The ultimate 
carcinogen, aflatoxin B, 8,9-epoxide, attacks the N7 position 
of guanine with high specificity and stereoselectivity [reviewed 
by Essigmann et al. (1983)l. Additional investigations 
(Muench et al., 1983; Misra et al., 1983; Marien et al., 1987; 
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Benasutti et al., 1988) showed that specific guanine residues 
in double-stranded DNA appear to be high-affinity sites which 
show preferential covalent binding. 

The selectivity for covalent attack at the N7 position of 
guanine and the high stereospecificity of binding at this 

Abbreviations: AFB1, aflatoxin B,; AFB2, aflatoxin B,; C,, molar 
concentration of free AFB 1; CPMG, Carr-Purcell-Meiboom-Gill pulse 
sequence; DMSO, dimethyl sulfoxide; DNA, deoxyribonucleic acid; DSS, 
sodium 4,4-dimethyl-4-silapentanesulfonate; EDTA, ethylenediamine- 
tetraacetic acid; NMR, nuclear magnetic resonance; NOE, nuclear Ov- 
erhauser effect; NOESY, two-dimensional nuclear Overhauser spec- 
troscopy; r, [AFBl]baund/[d(ATGCAT)2]; T,,,, melting temperature; T I ,  
spin-lattice relaxation; T,, spin-spin relaxation; TAE, 2-amino-2-(hy- 
droxymethy1)- 1,3-propanediol/acetate/ethylenediaminetetraacetic acid 
buffer; TOPO, 2-amino-2-(hydroxymethyl)- 1,3-propanedioI/magnesium 
chloride/dithiothreitol/ethylenediaminetetraacetic acid buffer; TPPI, 
time-proportional phase increment; Tris, 2-amino-2-(hydroxymethyl)- 
1,3-propanedioI; UV, ultraviolet; vis, visible; 2D, two-dimensional. The 
oligodeoxynucleotides discussed in this work do not have terminal 
phosphates, and the notation is abbreviated by leaving out the phospho- 
diester linkage. 
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handled using containment procedures and respiratory mask 
to prevent inhalation. d(ATGCAT) was synthesized by using 
standard solid-phase phosphoramidite chemistry with an au- 
tomated synthesizer. The amount of single-stranded hexa- 
deoxynucleotide was measured by using an extinction coef- 
ficient of 42,500 M-' cm-' at 260 nm. 

Nuclear Magnetic Resonance. IH N M R  frequencies of 
300.13 or 400.13 MHz were utilized. For preparation of 
oligodeoxynucleotide NMR samples in D20, 400 pL of NMR 
buffer (0.1 M NaCl, 5 X M Na2EDTA, and 0.01 M 
sodium phosphate, pH 7.0) was added to the desired amount 
of d(ATGCAT),. Samples were lyophilized three times from 
D 2 0  and then dissolved in 400 pL of 99.96% D20.  AFBl is 
sparingly soluble in aqueous solution; solubility is a limitation 
in the examination of equilibrium systems using NMR. In- 
clusion of DMSO in the aqueous solution increased the solu- 
bility of AFBl.  The concentration of a saturated AFBl so- 
lution in NMR buffer in the absence of DMSO was deter- 
mined to be 0.03 mM and increased to 0.09 mM with the 
inclusion of 2.5% DMSO. Therefore, 2.5% DMSO-d, was 
added to samples prepared for N M R  measurements. Some 
NMR experiments in the presence of d(ATGCAT)2 were 
performed under conditions in which the total amount of AFBl 
present in solution exceeded the aqueous solubility of free 
AFB1. In other experiments a saturated solution was in 
equilibrium with crystalline AFBl ; under these conditions the 
amount of unbound AFBl remained constant and independent 
of the amount of oligodeoxynucleotide present. 2D NOE 
(NOESY) experiments were performed by using a sample that 
contained a saturated AFBl solution in equilibrium with 13.5 
mM d(ATGCAT)2. These experiments were performed by 
using the TPPI (Bodenhausen et al., 1984) phase-sensitive 
pulse sequence, with gated decoupling to suppress the residual 
HDO signal. Tl experiments were performed by using the 
standard inversion-recovery pulse sequence, and T2 experi- 
ments utilized the CPMG spin-echo method. Chemical shifts 
were referenced internally to DSS; sample temperature was 
controlled to within 0.5 OC. 

Equilibrium Binding Experiments. A 0.074 mM sample 
of AFBl in D 2 0  (NMR buffer, as above) was titrated with 
d(ATGCAT), dissolved in deuteriated NMR buffer containing 
0.074 mM AFBl. This concentration was below the saturation 
limit for the carcinogen. Thus, the total concentration of 
AFBl in solution remained constant, but the fraction bound 
varied as a function of the amount of oligodeoxynucleotide 
added to the system. The chemical shifts of the various AFBl 
protons were plotted as a function of equivalents of 
d(ATGCAT)2 added to the solution. Limiting chemical shifts 
for various AFBl protons in the bound state were estimated 
by extrapolation to infinite d(ATGCAT)2 concentration. 

Competitive Binding Experiments. Ethidium bromide and 
actinomycin D were dissolved in D20 and quantitated by using 
extinction coefficients of 5860 M-' cm-' (480 nm) and 24 400 
M-' cm-' (440 nm), respectively. Spermidine trihydrochloride 
was prepared by weight and diluted to a stock concentration 
of 10 mM in D,O. NMR samples for competitive binding 
experiments were 0.5 mM in d(ATGCAT)2 and contained a 
saturated solution of AFBl (in the presence of 2.5% DMSO- 
d6) .  A parallel experiment was performed on a saturated 
sample of AFBl with no oligodeoxynucleotide present. As the 
competing ligand was titrated into the two samples, the AFBl 
chemical shifts in the sample containing the oligodeoxy- 
nucleotide were compared to those in the parallel sample 
containing no oligodeoxynucleotide. The blank sample served 
to control any contribution in the observed chemical shift of 
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FIGURE 1: Chemical structures of aflatoxin B1, ethidium bromide, 
actinomycin D, and spermidine. The numbering system is shown for 
the AFBl molecule. The primary mode of interaction of the planar 
aromatic dye ethidium bromide with DNA is intercalation. Acti- 
nomycin D forms a complex with d(ATGCAT)* in which the planar 
phenoxazone chromophore intercalates at  the GpC site and the two 
cyclic pentapeptide chains lie in the minor groove of the oligo- 
deoxynucleotide. Spermidine forms a tight complex with the oligo- 
deoxynucleotide, presumably resulting from groove binding. 

position suggests that the covalent reaction may be mediated 
by precovalent equilibrium binding, the orientation of which 
controls the stereochemistry of covalent attachment (Misra 
et al., 1983; Loechler et al., 1988). In this report, we present 
results from 'H NMR spectroscopic studies of the noncovalent 
interactions of AFB 1 with the oligodeoxynucleotide 
d(ATGCAT)2. These results are supportive of an intercalation 
model for the precovalent interaction of the carcinogen with 
this oligodeoxynucleotide. In addition, we present corrobo- 
rating evidence for precovalent intercalation of the carcinogen, 
as derived from gel electrophoresis experiments of the inter- 
action of the carcinogen with the DNA plasmid pBR322. 

MATERIALS AND METHODS 
Materials. AFBl (Sigma), ethidium bromide (Sigma), 

topoisomerase I (Promega), the plasmid pBR322 (BRL), and 
all oligodeoxynucleotide synthesis reagents (Pharmacia/P-L 
Biochemicals) were purchased. Crystalline AFBl is extremely 
hazardous due to its electrostatic nature and should be 
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FIGURE 2: A comparison of the 1D ‘H NMR spectrum at 5 ‘C of 
(A) d(ATGCAT)2, (B) AFB1, and (C) the equilibrium mixture of 
AFBl and d(ATGCAT)*. The dotted lines show the change in 
chemical shift for selected AFBl  protons in the presence of the 
oligodeoxynucleotide. The three spectra were processed in the same 
manner but contain differing numbers of acquisitions, resulting in 
the difference in S/N. Increased line width due to exchange 
broadening is visible in the spectrum of the equilibrium mixture. 

the carcinogen derived from interaction of the AFBl with the 
competing ligand. 

Electrophoresis Experiments. Closed circular plasmid 
pBR322 was subjected to electrophoresis on a series of cyl- 
indrical agarose gels which contained increasing amounts of 
AFBl according to the procedure of Espejo and Lebowitz 
(1976). A 1% (w/v) solution of agarose was prepared by 
dissolving agarose in TAE buffer (40 mM Tris, 5 mM sodium 
acetate, and 1 mM Na2EDTA, pH 8.0). AFBl was dissolved 
in DMSO to form a concentrated stock solution, and differing 
aliquots of this stock solution were added to the series of gels. 
The amounts added ranged from 0 to 55  pg/mL. The loading 
buffer for the pBR322 consisted of TAE, with the addition 
of 10% sucrose and 0.04% bromphenol blue. A IO-pL aliquot 
(0.27 pg) of the plasmid in loading buffer was layered on each 
tube gel and subjected to electrophoresis at 60 V for 4-6 h. 
The gels were stained with a solution of ethidium bromide (0.5 
pg/mL) and then visualized by short-wave UV light and 
photographed. For the samples that were treated with topo- 
isomerase I, 4 pL of 10 X T O P 0  buffer (0.5 M Tris-HC1,OS 
M KCl, 0.1 M MgC12, 5 mM dithiothreitol, and 1 mM 
Na2EDTA, pH 7.5),1-10 pg of pBR322, and 10 units (1 pL) 
of topoisomerase I were combined with water to a volume of 
40 pL and incubated at 37 OC for 5 h. The enzyme-treated 
DNA was then diluted with loading buffer to a concentration 
equivalent to the untreated plasmid (0.27 pg of DNA in 10 
pL of loading buffer) and subjected to electrophoresis at 60 
V for 4-6 h. 

RESULTS 
NMR Spectra of an Equilibrium Mixture of AFBl and 0.5 

m M  d ( A T G C A 0 2 .  Figure 2 shows the 400-MHz ‘H NMR 
spectra of d(ATGCAT)2, AFB1, and a mixture in which 0.5 
mM d(ATGCAT), is in equilibrium with a saturated solution 
of AFBl, obtained at 5 OC. The concentration of free AFBl 
in the saturated solution was measured to be 0.09 mM. In- 
tegration of the AFBl signals in the equilibrium mixture 
revealed the total amount in solution to be 0.25 mM. The 
fraction bound to the oligodeoxynucleotide under these con- 

Table I: Chemical Shift Changes Observed for Selected 
d(ATGCAT)2 Protons in an Equilibrium Mixture of d(ATGCAT)2 
and AFBl at 5 OC” 

chemical 
shift (ppm), chemical 

d(ATGCAT),- shift (pprn), 
proton AFB 1 d(ATGCAT)2 Ab 

AH8 (internal) 8.33 8.35 -0.02 
AH8 (terminal) 8.23 8.23 0.00 
AH2 (terminal) 7.92 8.01 -0.09 
GH8 7.91 1.93 -0.02 
AH2 (internal) 7.81 7.87 -0.06 
TH6 (internal) 7.39 7.38 0.01 
TH6 (terminal) 7.32 7.28 0.04 
CH5 5.40 5.41 -0.01 
T-CH, (terminal) 1.53 1.52 0.01 
T-CH, (internal) 1.38 1.38 0.00 
AH1’ (internal) 6.29 6.32 -0.03 
AH1’ (terminal) 6.23 6.26 -0.03 
THl’ (terminal) 6.13 6.13 0.00 
GHl‘ 5.92 5.93 -0.01 
THl’ (internal) 5.74 5.13 0.01 
CH1’ 5.68 5.67 0.01 

“The concentration of free AFBl in the solution was measured to be 
0.09 mM, and the total amount of AFBl in solution was measured to 
be 0.25 mM. The concentration of d(ATGCAT)* was 0.5 mM (3 mM 
base pairs). 

Table 11: Chemical Shift Changes Observed for Selected AFBl 
Protons in an Equilibrium Mixture of d(ATGCAT)2 and AFBl at 5 
OC“ 

chemical 
chemical shift (ppm), 

shift (ppm), d(ATGCAT)2- 
proton AFB 1 AFB 1 A8 

6a 6.93 6.76 -0.17 
5 6.69 5.91 -0.72 
8 6.59 6.51 -0.08 

4-OCH1 3.98 3.72 -0.26 
“The concentration of free AFBl in the solution was measured to be 

0.09 mM, and the total amount of AFBl in solution was measured to 
be 0.25 mM. The concentration of d(ATGCAT)2 was 0.5 mM (3 mM 
Base pairs). 

9 5.57 5.40 -0.17 

ditions is 0.64 (0.16 mM). The AFBl-oligodeoxynucleotide 
complex is in rapid exchange under the conditions studied; the 
resulting NMR spectrum (Figure 2C) consists of an average 
spectrum in which the observed chemical shifts represent the 
population-weighted averages of the various species in rapid 
exchange. These species consist of unbound AFB1, free oli- 
godeoxynucleotide, and all species in which one or more AFBl 
molecules are bound to d(ATGCAT)2. The observed chemical 
shift changes for selected oligodeoxynucleotide and AFB 1 
protons for this sample are given in Tables I and 11. Since 
the oligodeoxynucleotide is in excess, the observed chemical 
shift changes for the d(ATGCAT), protons are small, the 
largest changes being observed for the two adenine H2 protons 
(0.06 and 0.09 ppm upfield shifts, respectively). In contrast, 
a significant increase in shielding is observed for the AFBl 
protons under these conditions, ranging in magnitude from the 
0.08 ppm upfield shift of the 8H proton to 0.72 ppm for the 
5H proton. Increasing the amount of d(ATGCAT)2 in solu- 
tion increases the fraction of bound AFBl and results in larger 
chemical shift changes for the AFBl protons. 

Equilibrium of the AFBl-d(ATGCAO2 Complex. The 
AFBl-d(ATGCAT)2 equilibrium was examined by the ti- 
tration of a 0.074 mM solution of AFBl with d(ATGCAT), 
at 5 O C .  These data are shown in Figure 3, from which it may 
be concluded that, even at a 25-fold molar excess of 
d(ATGCAT),, the observed chemical shifts of the AFBl 
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FIGURE 3: Titration of a 0.074 mM solution of AFBl with 
d(ATGCAT)2. (AX)  The chemical shifts of selected AFBl protons 
are shown as a function of equivalents of d(ATGCAT), added. The 
limiting chemical shifts for the AFBl 6aH, 8H, and 4-OCH3 protons 
in the bound state were estimated by extrapolation of the data to be 
6.65, 6.46, and 3.54 ppm, respectively. 

protons have not reached limiting values characteristic of the 
bound state. These limiting chemical shifts were estimated 
from extrapolation of the data shown in Figure 3 to infinite 
oligodeoxynucleotide concentration. The concentration of 
bound AFBl was calculated from the estimated limiting 
chemical shifts of the carcinogen and the total amount of 
carcinogen in solution. The fraction of free and bound car- 
cinogen was evaluated as a function of the amount of oligo- 
deoxynucleotide present in the system. The binding data are 
displayed as a Scatchard plot in Figure 4. 

Temperature Dependence of the Equilibrium between AFBl 
and d ( A T G C A n 2 .  Figure 5 presents the results for an ex- 
periment in which the chemical shifts of various AFBl protons 
in the AFB1-d(ATGCAT)2 equilibrium mixture are plotted 
as a function of temperature. The experiment was repeated 
at four concentrations of d(ATGCAT),: 0.5,2.0,4.0, and 13.5 
mM. Inspection of Figure 5A, a 6 vs temperature plot of the 
d(ATGCAT)2 cytosine H5 proton at  the four different con- 
centrations, shows the T ,  of d(ATGCAT)2 is shifted to higher 
temperature as oligodeoxynucleotide concentration is increased, 
consistent with expectation. Comparison of Figure 5B with 
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FIGURE 4: Scatchard plot of the titration data shown in Figure 3. 
Analysis of the Scatchard data gives a value for the intrinsic association 
constant K = 3.7 X lo3. The line drawn through the data represents 
the least-squares fit of the data. r = [AFBlIbound/[d(ATGCAT)2]; 
Cf = [AFBl]frcc. 

Table 111: Observed Changes in T2 for Selected d(ATGCAT)2 
Protons in the Absence and in the Presence of AFBl, As Measured 
bv Using the CPMG SDin-Echo Techniaue at 5 "C" 

T2 (s), 
d(ATGCAT)2- T2 (s), 

proton AFB 1 d(ATGCAT), AT7 (s) 

AH8 (internal) 
AH8 (terminal) 
AH2 (terminal) 
GH8 
AH2 (internal) 
TH6 (terminal) 
T-CH3 (internal) 
T-CH, (terminal) 

0.066 
0.11 
0.18b 
0.075b 
0.23 
0.08 1 
0.076 
0.076 

0.073 -0.007 
0.12 -0.010 
0.24 -0.060* 
0.15 -0.075b 
0.34 -0.11 
0.12 -0.039 
0.10 -0.024 
0.10 -0.024 

"The concentration of d(ATGCAT)2 was 1.0 mM (6 mM base 
pairs). The GH8 and AH2 (terminal) protons overlap in the spectrum, 
making intensity measurements uncertain. Estimated changes due to 
spectral overlap in the equilibrium mixture of AFBl and 
d(ATGCAT)2. 

Figure 5A shows that the midpoint of the curve representing 
the cooperative dissociation of AFBl from d(ATGCAT)2 is 
also shifted to higher temperature as d(ATGCAT)2 concen- 
tration is increased. 

The value of AH for the binding of AFBl to d(ATGCAT), 
was estimated from a 4 mM solution of d(ATGCAT)2 in the 
presence of saturated AFB1; under these conditions only the 
highest affinity binding sites are likely to be filled. The ap- 
parent macroscopic binding constant, Kapparent, was measured 
as a function of temperature in the region of the melting curve 
below T, (0-12 "C). A graph of In Kapparen, vs 1 / T  for this 
temperature range is shown in Figure 6 .  The results of this 
experiment indicate that the position of the equilibrium 
changes only slightly over this temperature range; AH is es- 
timated to be -1.2 kcal/mol. 

N M R  Line Shapes of Selected d(ATGCAV2 Protons upon 
Addifion of AFBl to rhe Sample. The chemical shifts of 
various d(ATGCAT)2 protons differ in the bound and free 
state; these chemical shift changes are evidenced by exchange 
broadening of oligodeoxynucleotide signals in the presence of 
AFB1. Visual inspection of the spectra indicates that the 
aromatic resonances of d(ATGCAT)2 are broadened in the 
presence of the carcinogen molecule. This exchange broad- 
ening of the resonances was examined by measurement of 
apparent spinspin relaxation times using the CPMG spin-echo 
method. As compared to observed T2 relaxation times for 
d(ATGCAT)2, apparent spinspin relaxation times measured 
for d(ATGCAT)2 in the presence of AFBl give a measure of 
the effect of exchange broadening at  particular sites on the 
oligodeoxynucleotide molecule (Table 111). A decrease in T2 
is observed for d(ATGCAT)2 aromatic and thymine CH, 
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FIGURE 5: (A) Chemical shift of the d(ATGCAT) cytosine H5 proton as a function of temperature a t  four oligodeoxynucleotide concentrations. 
As the temperature of the sample is increased, d(ATGCAT), undergoes the melting transition to the single-stranded random coil. The midpoint 
of this transition (T,) increases a t  higher concentration. (B) Chemical shift of the AFBl 4-OCH3 protons as a function of temperature. At 
higher temperatures where the oligodeoxynucleotide is single-stranded, AFBl dissociates from the oligodeoxynucleotide. At higher oligo- 
deoxynucleotide concentration the dissociation of AFBl from the oligodeoxynucleotide is shifted to higher temperature. 
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FIGURE 6 :  The logarithm of the apparent binding constant plotted 
as a function of inverse temperature (K) over the range C-12 OC, below 
the melting transition of the oligodeoxynucleotide. The concentration 
of d(ATGCAT)2 was 4 mM. Analysis of the van’t Hoff plot indicates 
that, over this range of temperature, AH for the binding of AFBl 
to d(ATGCAT)* is --1.2 kcal/mol. Error bars represent the range 
of the 80% confidence level in the measurements of K .  

protons in the presence of AFBl . The greatest changes are 
observed for the aromatic protons of the A-T base pairs, in- 
cluding the two AH2 protons, the terminal TH6 proton, and 
the two sets of T CH3 protons. 

Nonselective Spin-Lattice Relaxation Measurements on the 
AFB1-d(ATGCAn2 Equilibrium Complex. Table IV con- 
tains the nonselective spin-lattice relaxation times observed 
for various protons of a 0.5 mM sample of d(ATGCAT)2 in 
the absence and in the presence of 0.25 mM AFBl. Signif- 

A 

5H 

0 2 4 6 8 1 0  1 2  
[ethidium bromidap[d(ATGCAT)~] 

Table IV: Nonselective T I  Relaxation Rate Changes Observed for 
Selected d(ATGCAT), Protons in an Equilibrium Mixture of 
d(ATGCAT), and AFBl at 5 OC” 

TI (s), 
d(ATGCAT)2- TI (SI, 

proton AFBl d(ATGCAT)Z AT,  (s) 

AH8 (internal) 1 .o 1.2 -0.2 
AH8 (terminal) 1.5 1.5 0.0 
AH2 (terminal) 3.7 4.3 -0.6 
GH8 1.4 1.5 - 0 . 1  
AH2 (internal) 3.7 4.2 -0 .5  
TH6 (terminal) 1.2 1.4 -0.2 

“The concentration of free AFBl in the solution was measured to be 
0.09 mM, and the total amount of AFBl in solution was measured to 
be 0.25 mM. The concentration of d(ATGCAT), was 0.5 mM (3 mM 
base pairs). 

icant decreases of the relaxation time are observed for the 
adenine H2 protons in the presence of AFB1: the observed 
value of T ,  for the AH2 (terminal) proton decreases from 4.3 
to 3.7 s (14%), and the observed value for the AH2 (internal) 
proton decreases from 4.2 to 3.7 s (12%). These results are 
similar to previous results obtained for the interaction of af- 
latoxin B2 with this sequence (Stone et al., 1988). 

Competitive Binding Experiments. Figure 7A illustrates 
the changes in the observed chemical shifts of various AFBl 
protons as the equilibrium between the carcinogen and 
d(ATGCAT)2 is altered by the addition of ethidium bromide. 
The observed chemical shifts of the AFBl protons are plotted 
as a function of the ratio [ethidium bromide]:[d(ATGCAT),]. 
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FIGURE 7: Chemical shift of the various AFBl proton resonances as a function of (A) [ethidium br~mide]/[d(ATGCAT)~] and (B) [actinomycin 
D]/[d(ATGCAT),]. As the competing ligand is titrated into the equilibrium mixture, AFBl is displaced from d(ATGCAT)2. 
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FIGURE 8: NOESY data for a 13.5 mM sample of d(ATGCAT), in (A) NMR buffer and (B) NMR buffer containing AFBI. The crowpeaks 
shown represent the dipolar coupling interactions between the deoxyribose anomeric protons and the purine H8 or pyrimidine H6 protons. 

The chemical shifts of the AFBl protons approach the chem- 
ical shifts of free AFBl as the [ethidium]:[duplex] ratio 
reaches 4.0, indicating that, a t  a ratio of 4 ethidiums per 
duplex, the AFBl molecules are displaced from the DNA. 
This experiment was repeated with actinomycin D the results 
are shown in Figure 7B. When the molar ratio of [actinomycin 
D] to [d(ATGCAT),] is I : I ,  the AFBl molecules are entirely 
displaced from the oligodeoxynucleotide. In contrast to the 
results observed for ethidium bromide and actinomycin D, 
when spermidine trihydrochloride was titrated into the 
AFBI-oligodeoxynucleotide equilibrium mixture, AFBl was 
not displaced. 

2D NOE Spectroscopy. Figure 8 shows a portion of the 
phase-sensitive (TPPI) NOESY contour plot for a 13.5 mM 
solution of d(ATGCAT), in the absence and in the presence 
of AFBI. The pattern of NOE connectivities between the 
purine H8, pyrimidine H6, and deoxyribose HI' protons in- 
dicates that the overall conformation of the oligodeoxy- 
nucleotide duplex is consistent with the B-DNA conformation 
[reviewed by Wiithrich (1986)]. In the presence of the AFBI, 
changes in the location of the cross-peaks are observed. The 
fraction of oligodeoxynucleotide in the bound state is low, and 
the chemical shift changes for the DNA cross-peaks are small. 

Gel Electrophoresis. Figure 9 shows the results of AFBl 
titrations of supercoiled and relaxed circular pBR322 DNA, 
monitored by gel electrophoresis. As seen in the first set of 
gels, increasing amounts of AFBl cause an unwinding of the 
supercoiled plasmid. The amount of AFBl that causes neg- 
atively supercoiled plasmid to comigrate with nicked circular 
DNA [the critical free concentration (c?]  was reached when 
-50 pg/mL AFBl was added (lane j, Figure 9A). This is 
near the maximum solubility of AFBl in TAE buffer (the 
molar concentration of AFBl in each cylindrical gel was not 
measured). A second experiment was performed, in which the 
supercoiled pBR322 was relaxed by treatment with topo- 
isomerase I and then electrophoresed in the presence of in- 
creasing amounts of AFBl as before. Addition of carcinogen 
molecules into relaxed closed circular plasmid leads to the 
incorporation of positive supercoils, seen in Figure 9B as an 
increase in electrophoretic migration rate with increasing 
carcinogen concentration. 

a b c d e f g h  i j k l  

a b c d e f e h  i i k l  

FIGURE 9: (A) Conformational changes in pBR322 caused by non- 
covalent interaction with AFBl.  Electrophoretic titration of super- 
coiled pBR322 was performed in I% agarose as described under 
Materials and Methods. The amount of AFBl (#g/mL) added to 
each lane was as follows: lane a. 0.0 (control); lane b, 10.0; lane c, 
15.0;laned,20.0:lanee,25.0;lanef,30.0;laneg,35.0;laneh,40.0: 
lane i, 45.0: lane j, 50.0: lane k, 55.0: lane I, 0.0 (control). The speckled 
appearance of lane k is due to partial precipitation of AFBl at this 
concentration. OC = open circular; SC = supercoiled. (B) Elec- 
trophoretic titration of enzymatically relaxed pBR322 with AFBl 
as described under Materials and Methods. The amount of AFBl 
(pglmL) added to each lane was as follows: lane a, 0.0 (control): 
lane b, 10.0: lane c, 15.0; lane d, 20.0; lane e, 25.0; lane f, 30.0: lane 
g, 35.0: lane h, 40.0; lane i, 45.0; lane j, 50.0; lane k, 55.0; lane I, 0.0 
(control). Tubes a-j were loaded with enzymatically relaxed pBR322 
while tubes k and I were loaded with native pBR322 to demonstrate 
the presence of supercoiled plasmid in the absence of AFBl (I)  and 
the loss of superhelicity with saturating amounts of AFBI (k) .  

DISCUSSION 
Equilibrium between AFBI and the Oligodeoxynucleotide 

d(ATGCAn2. AFBl spontaneously forms noncovalent com- 
plexes with a variety of polymeric nucleic acids, and (at low 
temperature) with the oligodeoxynucleotide d(ATGCAT)*. 
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Evidence for the formation of noncovalent complexes is derived 
from a number of different approaches, including UV-vis 
spectroscopy (Sporn et al., 1966; Clifford & Rees, 1967; King 
& Nicholson, 1969; Fujimoto & Ohba, 1975; Stone et al., 
1988), equilibrium dialysis (Black & Jirgensons, 1967), and 
fluorescence spectroscopy (Neely et al., 1970). 

Equilibrium binding of AFBl to d(ATGCAT)2 is potentially 
complex, as there are likely to be multiple binding sites on the 
oligodeoxynucleotide for the carcinogen. Covalent AFB 1- 
DNA binding occurs at dG-dC base pairs to form guanine 
N7-AFB1 adducts (Essigmann et al., 1977, 1983). In con- 
trast, UV-vis binding studies on a variety of polymeric DNAs 
and synthetic copolymers (Sporn et al., 1966; Clifford & Rees, 
1967; King & Nicholson, 1969; Stone et al., 1988) show that 
noncovalent binding occurs at dA-dT as well as dG.dC base 
pairs. At high oligodeoxynuc1eotide:carcinogen ratios, binding 
sites having the highest affinity constants are expected to be 
occupied. In the case of multiple binding sites for the car- 
cinogen, these binding sites could be characterized by different 
affinity and may not be independent. Analysis of noncovalent 
aflatoxin B1 and B2 binding to poly(dA-dT).poly(dA-dT) and 
poly(dG-dC).poly(dG-dC) indicated that the affinity constants 
for the two alternating sequences are comparable but not 
equivalent: poly(dA-dT).poly(dA-dT) appears to have 
somewhat greater binding affinity for the carcinogen (Stone 
et al., 1988). 

Weak binding data as are shown in Figure 3 are better 
characterized in the form of a Scatchard plot. Figure 4 shows 
that the Scatchard plot for binding of AFBl to d(ATGCAT)* 
is linear over the range of r values that were examined. Ex- 
trapolation of the data to the y intercept yields an intrinsic 
association constant of -3.7 X lo3 M-I. Extrapolation of the 
Scatchard data either to lesser or greater r values is speculative 
because of the small range of r values which are accessible 
in the experiment. However, it is interesting to note that UV 
measurements of AFBl binding to calf thymus DNA, which 
included data obtained at lower r values, indicated that AFBl 
binds with apparent positive cooperativity as is evidenced by 
concave-downward Scatchard plots derived from UV-vis 
binding isotherms (Stone et al., 1988). 

Relationship between the Precovalent Orientation of AFBl 
and the Subsequent Covalent Adduct That Is Formed. The 
relative extent of covalent modification of various guanine 
residues in double-stranded DNA depends on the nearest- 
neighbor sequence at specific guanines, and it appears that 
empirical rules to predict reactivity for specific guanines may 
be formulated (Misra et al., 1983; Marien et al., 1987; Be- 
nasutti et al., 1988). Misra et al. (1983) discussed two possible 
mechanisms mediating the sequence specificity of AFBl co- 
valent adduct formation. In the first model, the carcinogen 
diffuses freely along the lattice, but different G residues have 
differing reactivity. In the second model, the G residues have 
equal reactivity, but the carcinogen preferentially binds to 
particular high-affinity sites, followed by subsequent covalent 
attack. A major argument against the first model is the ob- 
served low reactivity of AFB 1 toward single-stranded DNA; 
the free-diffusion model would presumably not require duplex 
DNA. 

The utilization of d(ATGCAT)2 to study the binding 
equilibrium allowed examination of the relationship between 
the single strand-double strand equilibrium and the binding 
affinity of AFBl. Our results indicate that equilibrium binding 
to d(ATGCAT)2 exhibits a marked preference for the duplex 
state. The enthalpy for binding to d(ATGCAT)?, although 
apparently negative, is relatively low (---1.2 kcal/mol). 
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Under conditions in which this oligodeoxynucleotide is in the 
single-stranded state, binding of AFBl is negligible, as can 
be determined from inspection of Figure 5 .  The melting 
transition of d(ATGCAT)2 occurs cooperatively, evidenced 
by the sigmoidal plot that is obtained when the chemical shifts 
of the oligodeoxynucleotide are plotted as a function of tem- 
perature. The dissociation of AFBl from d(ATGCAT)2 as 
temperature is increased also results in a sigmoidal plot, in- 
dicative of a cooperative process. Figure 5 shows that as the 
T,  of the single strandauplex equilibrium for d(ATGCAT)* 
is increased, the effective temperature midpoint for the dis- 
sociation of AFBl from d(ATGCAT), also increases. Our 
results are consistent with the second model described above, 
in which the carcinogen preferentially binds to particular 
high-affinity sites, and suggest that these sites are dependent 
upon maintenance of the B-DNA duplex. 

The observed changes in chemical shift, line width, and T I  
of the adenine H2 protons as a function of addition of AFBl 
are of particular interest because these protons in B-DNA are 
oriented such that they face into the minor groove, away from 
the covalent binding site at N7 of guanine, in the major groove. 
This suggests that a portion of the AFBl molecule is in or 
adjacent to the minor groove of the DNA when the carcinogen 
is bound to the DNA. If the noncovalent AFBl binding site 
were entirely contained within the minor groove, it could be 
concluded that noncovalent binding does not lead directly to 
formation of covalent AFBl DNA adducts. T2 changes are 
also observed for dA.dT base pair protons facing the major 
groove of the DNA, which suggests that the equilibrium 
binding site for the carcinogen is not exclusively within the 
minor groove of the oligodeoxynucleotide. The large upfield 
chemical shift changes observed for the AFBl protons upon 
complexation with d(ATGCAT)2 also do not appear consistent 
with a model where the carcinogen is contained within the 
minor groove of the oligodeoxynucleotide. Instead, we favor 
a model in which noncovalently bound AFBl intercalates 
between base pairs and spans the oligodeoxynucleotide, re- 
sulting in changes for DNA protons in both the major and 
minor groove. 

Evidence Supporting Intercalation as a Model for  Preco- 
valent Orientation of AFBl.  Intercalation of AFBl in the 
noncovalent AFBl-d(ATGCAT), complex appears to be a 
reasonable hypothesis due to the planar nature of the coumarin 
chromophore. The intercalation model derives support from 
the observation that AFBl is capable of forming photoadducts 
with DNA (Israel-Kalinsky et al., 1982; Misra et al., 1983); 
these photoadducts may result from 2 + 2 cycloadditions 
between DNA bases and the coumarin chromophore of AFB1, 
analogous to the well-characterized photoadducts formed 
between psoralen and DNA (Straub et al., 1981; Kame et al., 
1982), but their structures have not been investigated. 

The observed chemical shift changes for the AFBl protons 
upon interacting with d(ATGCAT)2 are substantial (0.1-0.7 
ppm increased shielding; Table 11) and clearly consistent with 
the intercalation model for the interaction. In the intercalated 
state, the chemical shifts for AFBl protons would be influenced 
by ring-current effects arising from interactions with the ad- 
jacent aromatic rings of the nucleotide bases. These ring- 
current shielding effects are expected to be as large as 1.5 ppm 
(Giessner-Prettre & Pullman, 1976, 1982; Giessner-Prettre 
et al., 1976, 1981). By varying the d(ATGCAT)2 concen- 
tration to increase the fraction of AFBl in the bound state, 
we have observed upfield chemical shifts up to - 1.4 ppm for 
the AFBl 5H proton. 



Association of Aflatoxin B1 with DNA 

The interaction of actinomycin D with DNA has been 
characterized by using both crystallographic (Sobell & Jain, 
1972; Takusagawa et al., 1982) and NMR methods (Krugh 
& Neely, 1973; Patel, 1974; Krugh & Chen, 1975; Chiao & 
Krugh, 1977). The phenoxazone chromophore intercalates 
at the dG.dC base pair, while the cyclic peptide side chains 
of this drug form specific hydrogen-bonding interactions in 
the minor groove of B-DNA. The overall span of the acti- 
nomycin D molecule is about 4-5 base pairs in the double 
helix. The binding constant of actinomycin D to polymeric 
DNA is - lo6 (Rosenberg et al., 1982). 

The binding of ethidium bromide to DNA has also been well 
characterized by a variety of methods (LePecq, 1971; Rein- 
hardt & Krugh, 1978; Winkle et al., 1981) and exhibits a 
binding constant ( N IO5) substantially greater than that for 
AFBl. NMR studies using dinucleotides showed a preference 
for pyrimidine( 3’-5/)purine sequences (Krugh & Reinhardt, 
1975), although the planar drug will intercalate between other 
sequences as well. 

The polyamine spermidine forms a tight complex with 
B-DNA, evidenced by measurements of (a) the spermidine 
activity coefficient in the presence of DNA, (b) reduced 
electrophoretic mobility of DNA in the presence of spermidine, 
and (c) increase in the melting temperature of DNA in the 
presence of spermidine (Liquori et al., 1967). The particular 
stability of DNA-spermidine complexes is believed to result 
from the ability of spermidine to bind to B-DNA such that 
bridging hydrogen bonds between phosphate groups of the two 
DNA strands are formed (Liquori et al., 1967; Suwalsky et 
al., 1969; Woo et al., 1979; Drew & Dickerson, 1981). A 
binding site for the related molecule spermine in B-DNA in 
the solid state was defined when a crystal structure was solved 
for the dodecamer d(CGCGAATTCGCG)2 grown in the 
presence of spermine (Drew & Dickerson, 1981). In this 
structure, spermine was found to straddle the major groove 
of the dodecamer and form bridging hydrogen bonds with the 
two oligodeoxynucleotide chains. The location of the spermine 
molecule in the major groove was unexpected as previous 
modeling studies (Liquori et al., 1967; Suwalsky et al., 1969) 
had predicted that polyamines such as spermine and sper- 
midine were likely to bind in the minor groove. 

Competitive binding experiments involving actinomycin D 
and ethidium bromide provide evidence in support of the in- 
tercalation model. These experiments indicate that both ac- 
tinomycin D and ethidium bromide displace AFBl from its 
binding sites on d(ATGCAT)2. In contrast, binding of 
spermidine does not displace AFBl from its binding sites on 
d(ATGCAT)2. The latter experiment is somewhat more 
difficult to interpret, since the binding site for spermidine on 
d(ATGCAT)2 is not known. The conformation of spermidine 
and the crystal structure with spermine for d(CGCG- 
AATTCGCG)2 (Drew & Dickerson, 1981) suggest that the 
spermidine is a groove binder, although its location is uncertain. 
It was observed that in the presence of spermidine and d- 
(ATGCAT)* the chemical shifts of the AFBl protons were 
shifted slightly upfield as compared to a sample that contained 
an equivalent amount of d(ATGCAT)2 and AFBl in the 
absence of spermidine. This suggests that AFBl association 
is favored in the presence of spermidine, possibly as a result 
of greater thermal stabilization of the oligodeoxynucleotide. 

We can rule out the possibility that AFBl binding occurs 
predominantly at the ends of the oligodeoxynucleotide, on the 
basis of the competitive binding experiments. The addition 
of actinomycin D should not have affected potential AFBl 
binding sites at the ends of the oligodeoxynucleotide. In fact, 
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since the binding of actinomycin D increases the thermal 
stability of the oligodeoxynucleotide duplex, one might expect 
to see increased binding of the carcinogen to the oligodeoxy- 
nucleotide in the presence of the actinomycin D, were the 
carcinogen binding to the ends of the oligomer. Likewise, if 
end stacking were the primary phenomenon occurring for 
AFBI, then the AFBl chemical shifts would be unaffected 
by low levels of ethidium bromide. Figure 7 shows that this 
is not the case. The AFBl proton chemical shift changes 
decrease in a gradual and continuous manner as the concen- 
tration of ethidium bromide is increased. 

Displacement of AFBl by actinomycin D or ethidium 
bromide does not provide unequivocal evidence that the ac- 
tinomycin D or ethidium molecules are binding at the same 
site as AFBl.  An alternative scenario which could explain 
this result is that the binding of actinomycin D or ethidium 
bromide alters the oligodeoxynucleotide conformation such that 
the binding site for AFBl is disrupted. The competitive 
binding experiments provide evidence consistent with inter- 
calation as a model for the AFBl-d(ATGCAT), interaction. 
Misra et al. (1983) examined the effect of ethidium bromide 
on the covalent binding of AFBl to pBR322 DNA. Their 
experiments showed that, in the presence of ethidium bromide, 
the covalent reaction of AFBl to the DNA was substantially 
reduced. Their observations, and our results which show that 
the presence of ethidium bromide inhibits the equilibrium 
binding of AFBl, support the hypothesis that the precovalent 
orientation of the carcinogen involves intercalation. 

To obtain additional evidence in support of an intercalation 
model for the interaction of AFBl with DNA, equilibrium 
binding of the carcinogen to supercoiled plasmid pBR322 was 
examined. The ability of AFBl to unwind and rewind the 
supercoiled plasmid provides corroborating evidence for the 
intercalation model (Waring, 1970; Espejo & Lebowitz, 1976). 
Unwinding results in the removal of supercoils from the closed 
circular plasmid DNA and is readily quantitated by techniques 
sensitive to the tertiary structure of the DNA molecule, such 
as gel electrophoresis. Nonintercalative binding can also affect 
electrophoretic mobility of DNA, if the binding involves charge 
neutralization or a change in the persistence length of the 
DNA molecule. The latter was observed in the case of covalent 
cis-dichlorodiammineplatinum( 11)-DNA adducts (Cohen et 
al., 1979; Ushay et al., 1981). With noncovalently bound 
molecules, however, nonintercalative binding would not be 
expected to introduce positive supercoils into relaxed closed 
circular DNA (Figure 9B). Furthermore, AFBl is a neutral 
species and association of the carcinogen with the plasmid 
should not affect the negative charge on the DNA. 

Orientation of Bound AFBl Molecules. Chemical shift 
data, competitive binding experiments, and the gel electro- 
phoresis data with pBR322 are consistent with intercalative 
binding. The oligodeoxynucleotide contains five potential sites 
where the AFBl molecule could intercalate (or partially in- 
tercalate) with more than one geometry. Unfortunately, ‘H 
NOE experiments designed to reveal specific dipolar inter- 
actions between the AFBl molecule and d(ATGCAT), were 
inconclusive, presumably because of the low solubility of 
AFBI. However, the results of T I  and T2 relaxation studies 
described here suggest binding involves the dA-dT base pairs 
on the oligodeoxynucleotide. This is consistent with evidence 
derived from studies on polymeric DNA (Stone et al., 1988) 
which suggests that the AFBl molecule can interact with 
dA-dT as well as dG-dC base pairs. Presumably, only dG-dC 
interactions lead to subsequent covalent attachment of the 
carcinogen. In the oligodeoxynucleotide system, it is likely 
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that transient intercalation of AFBl is occurring at multiple 
potential intercalation sites, with comparable binding constants. 

Covalent attachment occurs at the guanine N7 position with 
high stereoselectivity. Examination of molecular models in- 
dicates that the AFBl molecule can be intercalated into the 
B-DNA helix in an orientation such that the exo-8,9-epoxide 
species is correctly oriented for attack at N7 of guanine. This 
orientation of AFBl would position the carcinogen on the 5’ 
face of guanine with the AFBl H5 proton above the purine 
ring and thus would be expected to result in a substantial 
ring-current shielding for the H5 proton, consistent with our 
experimental results (Table 11). An intercalation model for 
covalently bound AFBl has recently been considered in a 
molecular modeling study by E. L. Loechler and co-workers 
(Loechler et al., 1988). Intercalation was compared with 
major groove binding for the AFBl-N7 guanine adduct, and 
it was concluded that the latter orientation for the bound 
carcinogen was favored. One major groove binding orientation 
could explain previously obtained sequence-specific binding 
data (Benasutti et al., 1988), although Loechler et ai. (1988) 
cautioned that their calculations ignore potentially significant 
contributions of entropic/solvation terms in the interaction of 
AFBl with DNA. AFBl might interact with DNA both via 
intercalation and, for specific high-affinity sequences, from 
the major groove. While a major groove location for covalently 
bound AFBl could exist, the present results support interca- 
lative noncovalent association between AFBl and B-DNA. 
We emphasize that verification of the conformation of 
AFB 1-DNA adducts must await experimental evidence from 
analysis of adducts with several sequences. Such experiments 
are currently in progress in this laboratory. 
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