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Duplex: Structural Refinement froid NMR"

Hui Mao} Zhengwu Deng, Fang Wang, Thomas M. Harris, and Michael P. Stone*
Department of Chemistry and Center in Molecular Toxicology, Vanderbilvétsity, Nashille, Tennessee 37235
Receied July 28, 1997; Résed Manuscript Receed December 12, 1997

ABSTRACT: The structure of a formamidopyrimidine (FAPY) adduct arising from imidazole ring opening
of the initially formedtrans-8,9-dihydro-8-(N7-guanyl)-9-hydroxyaflatoxinyBdduct under basic conditions
and positioned in the'&l(CTATFAPYGATTCA)-3'«5'-d(TGAATCATAG)-3' oligodeoxynucleotide was
determined. The FAPY adduct may be a major progenitor of aflatoxim@iced mutations in DNA.
The freshly prepared sample showed biphasic melting, with transitions at 28 &@l 98MR initially
showed multiple subspectra. Over a period of several days°a, 4he sample converted to a single
species with al, of 56 °C, 15°C greater than the unmodified duplex. The deoxyribose was i the
configuration about the anomeric carbon, evidenced by NOEs betw€&@® H3', H2, H2"', and H1.
FAPY formation resulted in the loss of the guanine H8 proton, and the introduction of the formyl proton,
which showed NOEs t6APYG® H1' and A N6H,. A total of 31 NOEs from AFBto DNA protons were
observed, mostly to the eighboring base,lin the modified strand. Sequential NOEs were interrupted
between T andPYG® in the modified strand, between'Cand A7 in the complementary strand, and
between ¥ N3H and™PYG®> N1H. An NOE betwee*PYG® N1H and G® N4H showed intact hydrogen
bonding afAPYG%C!6, Upfield chemical shifts were observed fot Fi6 and A7 H8. Molecular dynamics
calculations converged with pairwise rmsd differences<6f9 A. The sixth root residual was 87
1072, The AFB, moiety intercalated from the major groove betwééR'G® and TAl?, and stacked
with T4 andFAPYG® and partially stacked with . The base step betweersA1” andFAPYGC6 was
increased from 3.4 to 7 A. The duplex unwound by aboit 1Bhe FAPY formyl group was positioned

to form a hydrogen bond with ®N6H,. Strong stacking involving the ARBmoiety, and this hydrogen
bond explains the thermal stabilization of four base pairs by this adduct, and may be a significant factor
in its processing.

Aflatoxin B; (AFB;)! is the predominant mutagenic fungal 8,9-epoxide {1). This is one of the most reactive epoxides
metabolite which is isolated frorAspergillus flaus para- known withty, <1 s in O (12). The regioselectivity of
siticus andnomius This mycotoxin is of worldwide health  DNA adduction is consistent with a mechanism whereby
concern because of the potential contamination of fddd (  precovalent intercalation on théface of guanineX3) places
AFB; is a mutagen in several tester strains of bact@)ait( the epoxide in close proximity and in the proper orientation
is a hepatocarcinogen in experimental animads 4). to the N7 position of guanine, thus facilitating a backside
Epidemiological studies suggest that it causes cancer inSy2 reaction {4) to yield trans-8,9-dihydro-8-(N7-guanyl)-
humans 8, 5, 6. AFB; may be linked to site-specific ~ 9-hydroxyaflatoxin B (15).
transversions in the tumor suppression gene @538)( and

ras protooncogenesi( 9). ! Abbreviations: AFB, aflatoxin B; AFB,—FAPY, AFB,—forma-
AFB. i . il tabolized in h b toch midopyrimidine adduct; EDTA, ethylenediaminetetraacetic acid; FAPY,
11S p”ma”_y metabo ',Ze in um'ans y cytochrome formamidopyrimidine; HPLC, high-pressure liquid chromatography;
Psso 3A4 (10) to yield the ultimate carcinogen, AREXxo NMR, nuclear magnetic resonance; NOE, nuclear Overhauser enhance-
ment; ppm, parts per million; DSS, sodium 4,4-dimethyl-4-silapen-
tanesulfonate; STG, sterigmatocystin; TPPI, time proportional phase
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Scheme 1: Numbering Scheme for the FAPY-Modified Adduct Preparation. The reaction of 5d(CTATGAT-
Oligodeoxynucleotide TCA)-3'«5'-d(AATCAT)-3' with AFB;-8,9-epoxide was car-
ried out in a two-phase reaction system ¢CH; 0.01 M
sodium phosphate, 0.1 M NaCl, pH 7.0) for 5 min at@

The aqueous phase was transferred into pH 9.0 (uncalibrated
reading) NaCQO; buffer and stirred at 25C for 6 h. The

o AFB;—FAPY-modified strand 5d(CTATAPYGATTCA)-3'
HN was purified by HPLC on a YMC C18 reverse phase semi-
NSy | prep column (ODS-AQ, 25& 10 mm). The FAPY adduct
2!

eluted at 14.5 min at a flow rate of 4.0 mL/min with a
gradient of 9-16% CHCN over 28 min in 0.01 M triethyl-

51 _cl _p2 _p3 _p4™7g5 _a6 _qp7 _q8 _c% _al0_ 3. ammonium acetate (TEAA) buffer, pH 6.5. The AFB

30 _G20_p19_ql8_17_ (l6_ql5_alé_p13_gl2_pll_ 5. FAPY adducted strand was digested enzymatically. The
resulting FAPY nucleoside was compared with a standard

This cationic adduct undergoes base-catalyzed rearrangeffom chemical synthesis and showed the correct mass
ment to the trans-8,9-dihydro-8-(2,6-diamino-4-oxo-3,4-  spectrum of 613.2 for FAB(M + Na').
dihydropyrimid-5-yl formamido)-9-hydroxyaflatoxin B NMR SamplesThe oligodeoxynucleotide concentrations
(FAPY) derivative in which the imidazole ring has opened were determined from extinction coefficients of 9.8110*
(16). The FAPY derivative is chemically stable, and is M~Yecm! for modified and 9.64x 10* M~lecm! for the
reported to be longer-lived than the initially formed cationic complementary strands, calculated at 260 r28).( The
adduct (7, 1§. The FAPY adduct may be responsible for complementary oligodeoxynucleotides were mixed at a 1:1
a significant fraction of AFB-induced mutations. Conse- molar ratio. The mixture was heated to 86 for 5 min
quently, there has been considerable interest in understandingind was cooled to room temperature. The annealed duplex
how the AFB—FAPY lesion perturbs duplex DNA. The was lyophilized and redissolved in 0.5 mL of buffer solution
related sterigmatocystirFAPY lesion had the sterigmato-  containing 0.1 M NaCl, 10 mM NajPQ,, and 50uM Nay-
cystin moiety intercalated on the-8ide of the modified EDTA at pH 6.8. The solutions were lyophilized and
guanine, but a refined structure was not obtairkg). ( exchanged 3 times with 99.96%®. The strand concentra-

This work presents a refined structure of an extraordinarily tions of the samples were approximately 1.5 mM. The
thermally stable AFB-FAPY adduct. The adduct is em- samples used for examining nonexchangeable protons were
bedded in the oligodeoxynucleotide d(CTATYGATTCA)s dissolved in 99.996% D buffer. The samples used for
d(TGAATCATAG), as shown in Scheme 1. Structural the examination of the exchangeable protons were in buffer
refinement, using molecular dynamics restrained by NOE- solution containing 9:1 pD/D-0.
based distances, shows that the stacking of thelAﬁﬁ(ﬂety uv Me|ting_ The experiments were carried out on a

above the 5face of the modified guanine results in unwind- \/grian Cary 4E spectrophotometer. The buffer was 10 mM
ing of the DNA by approximately 15 While the cationic sodium phosphate, 0.05 mM MEDTA, ard 1 M NaCl at
adduct increased the stability of the DNA duplex slightly pH 7.0. The buffer solution was degassed prior to the
(20), in this OligOdeoxynUdeOtide the FAPY adduct stabilizes experiment_ The concentrations were adjusted to41® ©

four base pairs surrounding the lesion. Intercalation of the p in a 1 ecmcuvette. The temperature was increased at a
FAPY moiety occurs with little or no adduct-induced bending rate of 0.5°C/min from 2 to 85°C. Absorbance was

of this duplex, and maximum stacking interactions with the measured at 260 nm. The melting temperatures of the native
modified and 5neighbor base pairs. Moreover, refinement ang modified oligodeoxynucleotides were calculated by

predicts the formation of a stabilizing hydrogen bond getermining the midpoints of the melting curves from the
between the formyl group of the FAPY moiety and the fjrst-order derivatives.

exocyclic amino group of the'deighbor adenine. NMR. NOESY and DQF-COSY experiments were
MATERIALS AND METHODS performed at &H frequency of 750.13 MHz. TOCSY and
ROESY experiments were performed at-hfrequency of
Materials. Oligodeoxynucleotides were purchased from 500.13 MHz. The temperature was 25. TMS was used
the Midland Certified Reagent Co. (Midland, TX). The to reference the spectra. Phase-sensitive NOESY spectra
purities were checked by HPLC, and SureCheck oligode- used in the resonance assignments were recorded using TPPI
oxynucleotide analysis kits (Amersham Life Science). AFB phase cycling with a mixing time of 350 ms. For examining
was purchased from Sigma&ldrich Chemicals, Inc. (Mil- exchangeable protons, phase-sensitive NOESY experiments
waukee, WI). Caution Crystalline aflatoxins are hazardous were carried out in 9:1 ¥0/D,0O buffer at a'H frequency
due to their electrostatic nature and should be handled using of 600 MHz. The field-gradient watergate pulse sequence
appropriate containment procedures and respiratory mask suppressed the water signaB). The spectra were recorded
to prevent inhalation. Aflatoxins can be destroyed by at 5°C with a mixing time of 250 ms. Phase-sensitive
treatment with NaOCI. It should be assumed that aflatoxin TOCSY experiments were performed using a mixing time
epoxides are highly toxic and carcinogenic. Manipulations of 80 ms and MLEV17 spin lock pulse with TPPI phase
should be carried out in a wellentilated hood with suitable  cycling. To derive the distance restraints from NOESY
containment proceduresDimethyldioxirane was prepared experiments, three NOESY spectra were recorded consecu-
(21) and reacted with AFBto give AFB;-exa8,9-epoxide tively at mixing times of 150, 250, and 350 ms, respectively.
(1D). In these experiments, the data were recorded with 1024 real




4376 Biochemistry, Vol. 37, No. 13, 1998 Mao et al.

data in the d1 dimension and 2048 real data in the d2 WINDOWS (35) to obtain the helicoidal parameters for both
dimension. The data were processed using FELIX (Biosym modified and unmodified oligonucleotides.

Technologies) on Silicon Graphics Indfgworkstations. The

data in the d1 dimension were zero-filled to give a matrix RESULTS

of 2K x 2K real points. A sinebell apodization function Thermal Stability. Thermal denaturing of a freshly

with a 9C¢ phase-shift was used in both dimensions. prepared sample of the ARBFAPY-modified duplex
Structure RefinementFootprints were drawn around the  showed biphasic melting. The first transition occurred at
NOE cross-peaks for the NOESY spectrum measured at a28 °C, and the second at 58C. A NOESY experiment
mixing time of 350 ms to define the size and shape of the performed~24 h after the modified oligodeoxynucleotide
individual cross-peak using FELIX. The same set of was prepared revealed multiple isomeric species. The sharp
footprints was applied to spectra measured at other mixing resonances for both conformations in the NMR spectra
times. Cross-peak intensities were determined by volume obtained shortly after the duplex sample was prepared, and
integration of the areas under the footprints. The intensities the absence of exchange peaks, indicated that interconversion
were combined as necessary with intensities generated fromwas slow on the NMR time scale. The initial conformation
complete relaxation matrix analysis of a starting DNA converted to a more stable form over a period of several
structure to generate a hybrid intensity matrix. MARDI- days at £C; eventually only the spectrum corresponding to
GRAS (24) was used to iteratively refine the hybrid matrix the more stable conformation was observed. The rate of
to optimize the agreement with experimental NOE intensities. interconversion was not determined. The sample which had

Classical B-DNA and A-DNA25, 26 were used to create undergone conformational conversion for several days at 4

reference structures. The AEBnoiety was intercalated < €xhibited a single melting point at 56:Q, 15°C higher
between FoAL” and GsC16 from the major groove side. The than that of the native oligodeoxynucleotide. This paper
atomic charges of the ARBFAPY nucleotide were assigned describes refinement of the solution structure of the thermally
using MOPAC 27), and are collected in Table 4S and Figure stablg ponformation. At. this junpture, the identity(ies) of
1S in the Supporting Information. The reference structures the initially formed species remain(s) to be det_ermlned.
were energy-minimized for 500 iterations by the conjugate ~ Nonexchangeable DNA Protonghe FAPY lesion inter-
gradient method to give the starting structures used in MD fUPted the sequential NOE connectivities of B-form DNA
calculations, FAPY-Bi and FAPY-AI, respectively. Ste- &t T the nucleotide immediately 5o the adduct in the
reoviews of these are shown in Figure 2S in the Supporting mOd'f'Ed 'st'rand I(Flgure 1)'| FO?. hG ,Iopenlfngh of the_
Information. Calculations using DNA starting models gener- E'Léanme lmldadzohe fing Lesu_ted 'fn }EfégYC(;-)SS%got € guanine
ated by INSIGHTII, the three mixing time NOE experiments, proton, and the introduction of t proton,
and DNA correlation times of 2, 3, 4, and 5 ns yielded 12 azé 8.25 ppm. NoFf;ayquSenual NOE was observ_ed between
sets of distance data. These data were pooled; average vaIuewa?t bosrelr-ivzeé a;)r(]a?we éﬁ%PYg:gH é”a'r']"éﬁgt‘égegti‘,’e _'Fﬁ E

of all minimum and maximum distances were used in setting I - - ¢
error bounds to give the experimental NOE restraints used normal intrastrand NOE connectivities resumed starting from

in subsequent molecular dynamics calculatia?f).( TGP HI~A® H8 and continued to the'3erminus. In
q y ' the complementary strand, interruption of the sequential

Molecular Dynamics and Simulated Annealingotential NOEs was observed betweerf&i1' or H2', and A7 HS.
energy minim.ization and restrained MD caIcuIations'were Corresponding interruptions of the sequential NOE con-
performed using X-PLOR (v. 2.420) implemented with  pectivities between the base aromatic H6 or H8 protons were
the CHARMM (30) force field. The empirical energy 50 observed. For the modified strand, these connectivities
function @1) consisted of energy terms for bonds, bond \yere interrupted at “TH6, which did not show an NOE to
angles, torsion angles, tetrahedral and planar geometryFapvGs CHO, and then resumed fromfAl8 onward to the
hydrogen bonding, and nonbonded interactions including van 3._terminus. For the complementary strand, the sequential
der Waals and electrostatic forces. The van der Waals energyonnectivities were interrupted at&6, which did not show
term was approximated using the Lennadines potential  an NOE to A7 H8, and then resumed from*AHS to the
energy function. The electrostatic term used the Coulomb 3'-terminus. At the nucleoside level, FAPY adduct formation
function, based on a full set of partial chargesl(residue).  was reported to result in rearrangement at the anomeric
A distance-dependent dielectric constant of 4 was applied carbon from theB to the o. configuration 86). The 8
for all calculations. The nonbonded pair list was updated if configuration at C1 was determined by unequivocally
any atom moved more than 0.5 A, and a cutoff distance of identifying the H2 and H2' resonances based upon NOE
11 A was used for the nonbonded interactions. The effective intensities to H3 and subsequently comparing the intensities
energy function was composed of two terms describing of NOEs between H2and H2' to H1 (Figure 2). The
distance and dihedral restraints, which were in the form of spectral assignments for both the FAPY-modified and
a square well potential3@). All bond lengths involving unmodified oligodeoxynucleotide duplexes are summarized
hydrogen were kept fixed with the SHAKE algorithi33} in Tables S1 and S2 in the Supporting Information.
during MD calculations. The integration time step used in  Exchangeable ProtonsThe imino protons were assigned
the molecular dynamics calculations was 1 fs. Structure from NOE connectivities between adjacent base pairs and
coordinates were archived every 0.1 ps. All calculations connectivities to the base-paired amino prot@%®.( Figure
were performedh vacuowithout explicit counterions. Back- 3 shows NOE conectivities of exchangeable protons for the
calculation of NMR data was performed using CORIVBA) modified oligonucleotide. An interruption of the sequential
The refined structure was analyzed using DIALS AND imino-to-imino proton NOEs of adjacent base pairs was
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Ficure 1: Expanded plots from the aromatianomeric region of the 750.13 MHz NOESY spectrum at 350 ms mixing time, showing
sequential connectivities. (A) The modified strand. (B) The complementary strand.

found between TN3H and*PYGS N1H. The strong cross- H‘z" ""2'
peaks betweef*"YG® N1H and CG® N4H,, indicated that

Watson-Crick hydrogen bonding betwedrt*YG® and C*¢ A
was intact. Complete assignments of the exchangeable 4 ]
protons are listed in Table S3 in the Supporting Information.

AFB;—FAPY Protons.The AFB, H5, H6a, H8, H9, H9a,
and —OCH; resonances were assigned from NOE connec-
tivities (Figure 4). AFB H6a and H9a were identified from
both COSY and NOESY experiments. H8 and H9 were

assigned based on NOEs to H6a or H9a, and between B
themselves. A strong NOE from ARBI5 to AFB; —OCH;

revealed that that the latter resonance wa8 8t52 ppm,

while AFB; H5 was atdé 5.89 ppm. A new resonance at

8.25 ppm was observed, which was assigneédas® CHO.

This was suggested by NOEsWYG® H1', and AFB H6a
and H8. A HMQC?H—'C experiment verified a cross- c
peak between this proton and a carbon atom 467 ppm,
consistent with the formyl moiety. The assignment of the R
formyl proton was also supported by observing its cross-

peak to AFB H8 in the TOCSY spectrum. The methylene
resonances from the cyclopentenone ring of Akre in

the crowded deoxyribose HH2" region of the spectrum.

NOE cross-peaks from the methylene protong H2d H3 D

were weak at all mixing times, possibly due to long relaxation
times @8). Table 1 lists the assignments of the AFB
protons.

AFB,—FAPY to DNA NOEs.A total of 31 NOEs from

AFB; protons to DNA protons are listed in Table 2. The : : ; - : : :
protons of the two AFBfused furan rings showed NOEs to 2.16 2.04 1.92 1.80

major groove and imino protons of the DNA; most of these ppm

were to the 5neighboring base-pairdA’ (Figure 5). Thus,

H6a and H9a, which were located on the same face of theFicure 2: Expanded plots of a 750.13 MHz NOESY spectrum
AFB; moiety, both exhibited NOEs to*H6 and CH. AFB; with mixing time 80 ms, at 23C, show (A) the cross-peaks from
H8 and H9 exhibited similar NOEs, although in the case of #gmtoH'ifztéHﬁz ?4”20,', (aBg dﬂzg')r tﬂgﬁifgg‘g{ggiﬁéﬁi the cross-peaks
H9, which was located on the opposite face of the AFB ' '

moiety from H6a and H9a, the observed NOEs fa:duld NH, and T4 N3H. The AFB H5 and —OCH; protons

be due to spin diffusion. AFBH9a showed an NOE to'A showed NOEs to a number of minor groove and imino DNA

- 4.50

ppm

|~ 4.56
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Ficure 3: (A) Expanded plot showing the sequential NOE connectivities for the imino protons to the amino protons. The cross-peaks are
assigned as (AJAPYG® N1H—C6 H5; (B) FAPYGS N1H—A® N6H,; (C) "PYGS—C6 N4H,; (D) FAPYG® N1H—FAPYG® N2H; (E) FAPYG®

N1H—A® N6H; (F) FAPYG® N1H—C6 N4Hy,; (G) G2 N1H—C?® H5; (H) G2 N1H—C® N4H,; (1) G2 N1IH—A® N6H,; (J) G° N1H—C!

N4Hp; (K) G12 N1IH—C? N4H,; (L) T4 N3H—FAPYGS H6a; (M) T* N3H—A3 N6H,; (N) T4 N3H—A" N6H,; (O) T4 N3H—A17 H2; (P) T*
N3H—A" N6Hy; (Q) T N3H—AS® N6H,; (R) T5 N3H—AS® N6Hy,; (S) T'> N3H—AS® H2; (T) T N3H—C' N4H,; (U) T8 N3H—AS3

N6Hy; (V) T8 N3H—AS3 H2; (W) T*® N3H—A3 N6Hy; (X) T2 N3H—A® N6H,; (Y) T2 N3H—A® H2; (Z) T2 N3H—A® N6H,; (a) T’
N3H—AN6H,; (b) T N3H—A3 N6H,; (c) T” N3H—A® N6H,; (d) T8 N3H—A3 N6Hy,; (e) T8 N3H—A1314H2; (f) T8 N3H—C® N4H,,.

(B) An expanded plot showing the sequential NOE connectivities for the imino protons. Dashed lines indicate interrupted NOE connectivities
which were observed in the unmodified duplex. The data were collected at 600 MHz at 250 ms mixing tiMi€, at 5

protons. These were primarily to base pafsA'’, in the strand. There were no internucleotide NOEs observed
5'-direction, and the modified nucleotid#”YG®. These between AFB and the 3neighbor &R«T° base pair.

included NOEs between ARB-OCH; and 7 H1',H2 ,H2", Chemical Shift PerturbationsThe greatest effects were
FAPYGS H1', FAPYG® NH,, FAPYG® N1H, and P N3H. The observed for the modified strand (Figure 6). In the major
cyclopentenone ring Hand H; protons exhibited NOEs to  groove, T H6 and CH shifted downfield 0.15 and 0.3 ppm,
the minor groove Hlproton of G8in the complementary  respectively. In the minor groove, the deoxyribose protons
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Ficure 4: Tile plot of an expanded 750.13 MHz NOESY spectrum at 350 ms mixing time showing the assignments for thpeciéiis.

H1', H2, and H2 were affected, at nucleotides* Bnd nucleoside, upfield shifts of 0.50 ppm for H5, 0.46 ppm for
FAPYGS, and to a lesser extent,'T Examination of the  H6a, 0.65 ppm for H9a, and 0.41 ppm fetOCH; were
exchangeable protons revealed thAfNBH at the 5-side of observed. The exception was AFBHO which shifted 0.15
FAPYG® shifted ~0.6 ppm downfield. FAPYG®S N1H showed ppm downfield. The chemical shifts of the AFBrotons

a smaller<0.2 ppm downfield shift. The € N4H, and were also compared to the corresponding ABBifts in two
N4H, amino protons shifted 0.3 and 0.2 ppm downfield, cationic adducts previously examined, d(AFBGAT)ed-
respectively. A’ N6H, shifted 0.2 ppm upfield. The amino  (ATCGAT) and d(AT*FBGCAT), (38). With the exception
proton A N6H,, at the 3-side of the adduction site, displayed of AFB; H5, the remaining AFB protons were shifted

a 0.62 ppm downfield shift, while AN6H, experienced<0.1 substantially upfield as compared to the two cationic adducts.
ppm chemical shift perturbation. ”IN3H, two base pairs
from the adducted site, experienced a 0.15 ppm downfield
shift. With the exception of ANGH,, large chemical shift

perturbations were not observed in tHed8ection from the temperature (Figure 7). For the modified duplex, at65

i i 15
site of the Iespn, at AT™. FAPYG® N1H remained the sharpest signal in the imino region
~Compared with AFB(39) and the AFB—FAPY nucleo-  of the spectrum. Three additional broadened imino reso-
side? the AFB, resonances showed upfield shifts in the nances were also observed at €5 which were assigned
oligodeoxynucleotide duplex (Table 1). As compared to the a5 T N3H of the B-neighbor base pair, ¥ N3H of the 3-
neighbor base pair, and N3H. Thus, the presence of the
2R.S. lyer, L. G. lyer, M. W. Voehler, and T. M. Harris, manuscript FAPY lesion stabilized 4 base pairsjeR!’, FYG%C,
in preparation. ABT15 and TeA, with regard to DNA melting. In contrast,

NMR Melting ExperimentsThe thermal melting of the
modified duplex was compared to the unmodified duplex
by monitoring spectra of the imino protons as a function of
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Table 1: Chemical Shifts of the ARBFAPY Protons in the Modified Oligodeoxynucleotide As Compared to the FAPY Nucleoside and Two
trans-8,9-Dihydrd-8-(N7-guanyl)-9-hydroxyaflatoxin BAdducts

cationic adduct

AFB1—FAPY AFB:—FAPY (ppm), cationic adduct
AFB fred (ppm) AS (ppm) AS AO d(ATCATBGAT):  0A (ppm), OA

proton  (ppm)  (nucleoside) (ppmf (oligonucleotide) (ppmy (ppmf  d(ATCGAT)  (ppmp d(ATAFBGCAT)," (ppm)
H5 6.69 6.39 —0.30 5.89 —0.80 —-0.50 5.75 —0.94 5.80 —0.89
H6a 6.93 6.45 —0.48 5.99 —-0.94 -0.46 6.75 —0.18 6.65 —0.28
H8 6.59 6.27 5.63 6.37 6.26

H9%a 4.80 3.92 —0.88 3.27 —-153 -0.65 3.93 —0.87 3.71 —1.09
HY 5.57 4.92 5.97 6.07 5.98

—OCH; 3.98 3.93 —0.05 3.52 —0.46 -041 3.64 —0.34 3.81 —0.17
—CHO 8.10 8.25 0.15

H3a 3.22 3.30 1.85 —1.37 —-1.45 241 —0.81 2.22 —1.00
H3p 3.22 3.30 2.25 —0.97 -1.05 2.66 —0.56 2.73 —0.49
H20 2.42 2.62 1.36 —1.06 —-1.26 1.49 —0.93 151 —-0.91
H2p 2.42 2.62 1.72 —0.70 —-0.90 1.80 —0.62 1.94 —0.48

2From @9). °R. S. lyer, L. G. lyer, M. W. Voehler, and T. M. Harris, personal communicatidx = 0AFB1, rapv(nucieosidey~ OAFB1 free ¢ AD
= 6AFBI, FAPY (oligonucleotide) 5AFBl,free eAd = 6AFBI, FAPY(oligonucleotide) éAFBl, FAPY(nucleoside)f From (3’8) YA = 6d(ATCAFBGAT)'d(ATCGAT)
— OAFBj free "From 38). ' Ad = dd(ATCAFBGAT), — dAFB11ee | Ad values are not provided for H8 and H9 since these change hybridization
upon adduct formation.

Table 2: NOE Connectivities Observed between the Protons of the th€ intercalated FAPY lesion unwound the modified duplex,

AFB;—FAPY Lesion and DNA Protons and increased the base-step betwe®AYT and™PYGPC6
AFB,—FAPY to 7 _A (Figure 11). The adduct-induced unwinc_jing was
protons DNA protons localized to the adducted base pBiPYG®C!® and its 5
120, TIvIE and 3-neighbor base pairs’dA'” and A%T'5. The modified
H38 Cl6 H1' duplex was unwound approximately°l&t the adducted site,
H5 T4H6, T*H1', T4 H2, T4 H2", FAPYGS HE' which was observed in the ribbon representation of the DNA
Héa F’T\'f:é,ﬂﬂ“gHT“ HL, T*H2', T*H2", phosphodiester backbone.
H8 T4 H6, T4'CH3 ’ The structure refinement was evaluated for precision by
Ega ;j:g, E ggg AYH2 comparing pairwise root-mean-square deviations (rmsd) of
ockh T*H T4H2§’ T4 H2", FAPYGS HE', T N3H, Fhe individual structures to the average structure, tabulated
ALNBH, FAPYGS N1H, FAPYGS NH, in Table 3. That the final structures converged to a more
—CHO FAPYGS H1', A® N6H, B-like conformation was evidenced by the large rmsd

between IniA andiMDA Cas compared to the smaller rmsd
complete broadening of the imino protons occurred at 50 between IniB andiMDBLL. The rmsd calculations showed
P 9 P that both the FAPY-Ai and FAPY—BIi sets of calculations

°C in the unmodified duplex. . .
) ) ) ) converged to common structures, independent of starting
Distance RestraintsA tptal of 549 restraints were derlved. structure. Accuracy was evaluated by comparing the sixth
from the NOESY experiments. In addition to the experi- o residuals between theoretical NOE intensities calculated

mentgl restraintsz 23 empirical'distances' based on hydrogen, the emergent structures and the NMR data (Table 4).
bonding geometries were applied. The final 572 interproton T4t the modified duplex more closely resembled the B-like

restraints consisted of 382 intranucleotide restraints, and 1gostarting structure was revealed by the improwd factor
internucleotide restraints. A total of 26 of the 572 restraints between the FAP¥Bi starting structure and the emergent

were either mt_ranuclgoude or mternu.cleotlde AFEAPY average structure, as compared toR@efactor between the
to DNA restraints. Figure 8 summarizes the distribution of Fapy_ j starting structure and the emergent average

distance restraints among the nucleotides. The Sma”erstructure. The refined set of structur8dD FAPY—Bill

number of distance restraints fOT some nucleotides, ., c starting from FAPY-Bi was slightly more accurate than the
was generally due to overlapping resonances, preventingqeimyp FAPY—Ai (derived from FAPY-AI, but both were
accurate measurement of prps_s—peak Intensities. The,nUC|e'significantly improved as compared to the starting structures.
otldes_on both 5 and 3-termini yielded fewer internucleotide The major improvement between the starting structures and
restraints. _ N _ the final refined structures was observed in the internucle-

Structural Refinement.Superposition of the six MD-  otide NOEs, consistent with the expectation that intercalation
generated structures for the AFBFAPY-modified oligode-  and associated unwinding of the duplex perturbed the pattern
oxynucleotides from the FAPYAI family and the FAPY-  of NOEs between adjacent base pairs, but not the intranucle-
Bi family is shown in Figure 9. The stick model shown in  gtide NOEs. The finaR;* value of iMDavlof 8.7 x 102

Figure 10 represents the final refined structure obtained by syggested that the refined structures were in good agreement
averaging 6 structures @D FAPY—Ai[land six structures  \yith the NOESY data.

from OMD FAPY —Bifollowed by 2000 steps of potential

energy minimization using conjugate gradients. The overall p|SCUSSION

structure maintained WatseiCrick base pairing. The AFB

moiety was intercalated from the major groove between Aflatoxin B;, a mycotoxin and a strong environmental
FAPYGS and TeAl”. Helicoidal analysis 35) revealed that ~ mutagen, is of concern due to its frequent contamination of



Formamidopyrimidine Adduct of Aflatoxin B Biochemistry, Vol. 37, No. 13, 19981381

~
3
a
N
Q
6.0 5.7 54 5.0 4.2 3.5 3.2
D1 (ppm)
B T “N3H FAPYGS N1H A"NHb A"H2 PP'GNH2
i { L | |
AFBi-H9a —=m e d ) c b a | ;")
AFB1-OCHa—W® £ ? Y M0 (] -
0 ® [0 o @0 o N g
) é Ve < &
° R A
b . Dicgo o ¢ [ 1 Q
0. (] 0‘ @ ' o . ° L 2
T T T T T T 1
13.8 13.2 12.6 12.0 8.0 7.4 6.8
D1 (ppm)

FiIGURE 5: (A) Tile plot showing NOE cross-peaks between nonexchangeable protons of DNA angAf@ns. (A) AFB H9a—T* CH;;
(B) AFB; H9a—T* H6; (C) AFB, —OCHz—T* H2'; (D) AFB; —OCH;—T* H2"; (E) AFB; H9—T* CHs; (F) AFB; H9—T* H6; (G) AFB,
H6a—T*H3’; (H) AFB; —OCH;—FAPYG® H1'; (I) AFB; H8—T* CHg; (J) AFB; H8—T* H6; (K) AFB; H31—C* H1'; (L) AFB; Ha2—C'6
H1'; (M) AFB; H5— FAPYG® HE'; (N) AFB; H5—T* H2'; (O) AFB; H5—T* H2"; (P) AFB, H5—T* H6; (Q) AFB; —OCH;—T* H1'; (R)
AFB; H5—T* H1'; (S) AFB, H6a—T* H6; (T) AFB; H6a—T* CHs; (U) AFB; H6a—T* H2'; (V) AFB; H6a—T* H2". (B) Tile plot
showing NOE cross-peaks between exchangeable protons of DNA angdpk&i®ns. (a) AFB —OCH;—FAPYGS NH,; (b) AFB; H9a—A1?
NH,; (c) AFB; —OCH;—A1" H2; (d) AFB; —OCH;—APYG® N1H; (e) AFB, H9a—T* N3H; (f) AFB; —OCH;—T* N3H.

a variety of economically important agricultural products. lesion site, an observation consistent with the structural
Two cationic guanine N7 adducts of ARBd(ATCA™E- studies 41). The present structural study was motivated by
GAT)ed(ATCGAT) and d(AT"BGCAT),, intercalated above  the general observation that adducts at guanine N7 are
the B-face of the modified guanine8§). A cationic guanine  susceptible to base-catalyzed conversion to the corresponding
N7 adduct of sterigmatocystin intercalated in a similar imidazole-ring-opened FAPY adducts. Inthe case of AFB
manner 40). Subsequently, site-specific mutagenesis ex- the chemical stability of the AFB-FAPY lesion, and its
periments revealed that the cationic AF&Jduct induced  reported long half-life 17, 18, suggested that it could be a
mutations at the lesion site, and in thedirection from the major progenitor of AFB-induced mutations. Hence, the
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Ficure 6: Chemical shift changes of selected protons relative to the unmodified oligodeoxynucleotide duplex. (A) Major groove protons
in the modified strand. (B) Minor groove protons in the modified strand. (C) Major groove protons in the complementary strand. (D) Minor
groove protons in the complementary strand. (E) Exchangeable imino and amino préns: [Sunmoditied oligodeoxynucleotide —
Omodified oligodeoxynucleotide (PPM).

structure and mutagenic properties of the AFBAPY isomers about the CA\5 bond of the pyrimidine moiety.
adduct are of considerable interest. A study of the sterigmatocystirtFAPY adduct at the
The AFB—FAPY Adduct. The approach to this site- oligodeoxynucleotide level advanced a similar hypothesis
specific FAPY-AFB; adduct involved reaction of the duplex (19). Alternatively, the potential for interconversion between
oligodeoxynucleotide containing a single guanine in the the 8 anda configurations at the anomeric carbon existed
target strand with AFBepoxide (L1, 2Q. There were initial (36).
concerns that the FAPY adduct would exist as multiple  Despite these concerns, the previous study of the sterig-
species, complicating both the isolation and subsequentmatocystin-FAPY adduct at the oligodeoxynucleotide level
spectroscopy. At the nucleoside level, NMR studies of other (19) reported that while a mixture of species initially formed,
FAPY adducts42, 43 indicated the presence of rotational these subsequently rearranged with a half-life of several days
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A AFBi1-FAPY B Unmodified

55°C

PPM PPM

Ficure 7: Expanded spectra of imino protons of (A) the modified
and (B) the unmodified oligonucleotides as a function of temper-

Biochemistry, Vol. 37, No. 13, 19981383

100 5
AFB1-F/ PY Modified Strand

NOE Restraints

.

:

5 6 7 8

1 2 3 4
Nucleotide

100 7
B Complementary; Strahd
w 80 [ [ AFB,-DNA
- |
£ W Intranucleotide
g 60 [ % Internuclegtide
17
[
C 40
o
= 20 % 7
7 "
2 )

20 19 18 17 16 15 14 13 12 11
Nucleotide

ature. R . o
Ficure 8: Distribution of NOE restraints applied in the structural

refinement. (A) AFB—FAPY-modified strand. (B) Complementa
to a homogeneous sample. It was concluded that for thegirand. (W) AFR ®) P Y

stable species, the sterigmatocystin chromophore was inter-

calated 5to the modifed guanine, with the chromophore support of the notion that the ARBnoiety was intercalated

spanning the helix. Our work revealed that the AFBAPY

between these two base pairs.

No sequential NOE was

adduct behaved similarly, with regard to the rearrangementobserved between“TH1' or H2', and "APYG® CHO. An
over a time period of several days to a homogeneous sampleintranucleotide NOE was observed betw&&G> CHO and

and the general features of theibtercalated AFB chro-
mophore. Significantly, the present work revealed the
extraordinary thermal stability of the ARBFAPY lesion

FAPYGS H1'.

The normal intrastrand NOE connectivities
resumed starting frof"YG® H1'—A® H8 and continued to

the 3-terminus. In the complementary strand, interruption

in this DNA sequence. The stacking patterns and potential of the sequential NOEs was observed betweé&hHl' or
hydrogen bonding interactions which may provide a basis H2", and A H8. Corresponding interruptions of the
for this unusual thermal stability emerged from a detailed sequential NOE connectivities between the base aromatic H6

structural study.
Structure of the AFB-FAPY Lesion. Figure 12 shows
stacking patterns calculated for the AFB-APY-modified

or H8 protons were also observed. For the modified strand,

these connectivities were interrupted &t H6, which did

not show an NOE t6~PYG® CHO, and then resumed from

oligomer, as compared to the corresponding unmodified A® H8 onward to the 3terminus. For the complementary

oligomer. The intercalated aflatoxin moiety stacked with
the T and FAPYG® pyrimidine rings in the modified strand
and partially stacked with € and A in the complementary

strand, the sequential connectivities were interrupted*at C
H6 and H1, which did not show NOEs to # H8, and then
resumed from A’ H8 to the 3-terminus. An interruption

strand. This was consistent with the pattern of NOEs in the of the sequential imino-to-imino proton NOEs of adjacent

5'-direction from the AFB moiety to base pair A". As
in the cationic adduct38), NOEs between AFBH6a and
H9a, located at the juncture of the two furan rings, tdHb
and CH provided diagnostic markers of thé-@rientation
of the aflatoxin moiety. The NOEs from ARB16a, H8,
H9, and H9a to major groove protons, from AFBOCH;
to T and™PYG® deoxyribose protons, in the minor groove,
and the cross-strand NOEs from the AF®/clopentenone
ring to C'® H1', also in the minor groove, provided strong
evidence that AFBspanned the helix.

The interruptions of sequential NOE connectivities be-
tween base pairs 4AY" and FAPYG%C'® provided further

base pairs was found betweehN3H and™PYG® N1H. The
strong cross-peaks betwe&ffYG® N1H and G® N4H,,
indicated that WatsonCrick hydrogen bonding between
FAPYG® and G® was intact.

Unusual Stability of the FAPY LesiorA striking feature
of this AFB;—FAPY adduct was the 13C increase inly,
for the modified duplex, as compared to the parent duplex.
In comparison, the cationic lesions stabilized the d(ATE
GAT)ed(ATCGAT) and d(APFBGCAT), duplexes by 35
°C (20, 38, which was attributed to the formation of stacking
interactions between the AiBnoiety and the adjacent base
pairs. To our knowledge, with the exception of cross-linking
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<rMDB>

<rMDA>

Ficure 9: Stereoviews showing the comparisons of (A) six superimp#dFAPY —Bistructures and (B) six superimpodéiiDFAPY —
AiOstructures.

agents, these aflatoxin adducts are thus far unique inwhich suggested that rotation about the formyl bond was
increasing the thermal stability of the DNA duplex. The restrained in duplex DNA. The 0.6 ppm downfield shift of
present structure suggests that stacking interactions areA® N6H, was consistent with redistribution of the electron
enhanced in the FAPY lesion, since ring opening of the density from the formyl oxygen to AN6H,. The NOE
imidazole allows the AFB to intercalate approximately observed from th&APYG® formyl proton to 4 N6H, also
parallel to the DNA base pairs, and with minimal helical suggested that the two protons were in proximity.
bending. The AFB moiety was approximately parallel to The thermal stability of this FAPY adduct was also evident
base pairs ®C' and FAPYG%C'6, although the refined in the NMR spectra of the WatsetCrick imino resonances
structures predicted a downward buckling of base pair as a function of temperature (Figure 7). For the modified

FAPYGSeC16, duplex, at 65°C, FAPYG® N1H remained the sharpest signal
The predicted hydrogen bond between the formyl group in the imino region of the spectrum. Three additional
of the pyrimidine moiety and AN6H, of the base pair AT broadened imino resonances were also observé@ givhich

provides an additional potential source of thermal stability. were assigned as*N3H, of the 3-neighbor base pair, ¥
The calculated distance between the formyl oxygen ahd A N3H, of the 3-neighbor base pair, and N3H. Thus, the
N6 was 2.68 A, and the calculated angle<®l—N was 130. presence of the FAPY lesion stabilized 4 base pairs with
Only one resonance signal was observed™6¥G® CHO, regard to DNA melting, TeA7, FAPYGS(C6, A%T!5 and
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Ficure 11: Comparison of base twist and base step between the
unmodified and AFB—FAPY-modified oligonucleotide.

Table 3: Root Mean Square (rms) Deviations, Excluding the
Terminal Base Pairs, between the Initial Structures, the Various

el . ' rMD Structures, and Final Average Structures of the
Ficure 10: Stick-ribbon model representation of the final structure AFB,—FAPY-Modified Oligodeoxynucleotide

of AFB;—FAPY-modified oligodeoxynucleotiddfMDavL] aver-

aged from the 12 sets of 2 families of rMD structur@JDA [ atomic rms
and IMDB[ The AFB; moiety is colored in yellow. difference (A)
. . initial structures

T7Al. In contrast, complete broadgr_nng of the imino FAPY—Ai vs EAPY—Bi 573

protons occurred at 5¢C in the unmodified duplex. The rms shifts

stabilization of the TeAl* base pair was surprising, since it FAPY—Aivs [IMD FAPY—Ai[3 4.23+0.32

is 2 base pairs downstream of the FAPY adduct. The FAPY—Bi vs (IMD FAPY—Bi[3 0.86+0.12

kable stabilization of 4 base pairs is believed to result "> distributions :

remar D112 P elie _ [BMD FAPY —Ai s [IMD FAPY —Ai[] 0.84+0.15

from a combination of enhanced stacking interactions [EMD FAPY—Bilvs IMD FAPY—BiO 0.764+0.14

between TeA'7, the AFB, moiety, and™FPYG%C1¢, and on BMD FAPY—Ai s EIMD FAPY—Bill 0.93+0.25

the 3-si f the lesion. from ilization of P L5 IMD FAPY —Ai[vs rMD¢ 0.86+ 0.18
e 3-side of the lesion, from stabilization of base pa VD FAPY—BiDvs rMD 073+ 014

by hydrogen bond formation betweerf N6H, and AFB
CHO, which holds TeA# in place also. This observation a[BMD FAPY—Ai [represents the set of six structures which emerged

- - : - from MD calculations starting with rMD FAP¥AI. ® [BMD FAPY—
correlated with the downfield chemical shift fof N3H of Bilrepresents the set of six structures which emerged from MD

0.15 ppm, which was consistent With stronger hydrogen cajculations starting from FAPYBI. ¢rMD represents the average
bonding of the AsT*> and TeA'*base pairs. This hydrogen minimized structure from all 12 MD calculations.

bond suggests that the both the physical properties and the
biological processing of the FAPY lesion may depend upon in significant differences in lesion processing vivo.

the DNA sequence. Furthermore, the positively charged guanine base in the

Structure-Function Relationships.The biological rel- initially formed cationic lesion and the neutral pyrimidine

evance of this structure remains to be determined. Themoiety in the FAPY adduct possess differing electronic and
present results suggest that both this stable form of the FAPYhydrogen bonding properties. Of particular interest is the
adduct and the initially formed cationic adduct are interca- possibility that the cationic adduct may bend the DNA
lated into the DNA duplex. On this basis, one might predict duplex, which perhaps makes it more recognizable to repair
the processing of the two lesions would be similar. However, enzymes. InE. coli, both the cationic and FAPYAFB;
despite apparent similarities in structure, the increasedlesions were processed similarly by uvrAB@4). In
thermal stability and the hydrogen bond formation between contrast, the FAPY lesion was persistent in rat livég)(
FAPYG® CHO and A N6H, in the FAPY adduct could result  suggesting its greater resistance to repair, and giving basis
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Table 4: Comparison of Sixth Root Residual Indexesg, (x 1),
for Starting Models and Resulting MD Structutés

intranucleotideR*  internucleotideR;*  overallR*
FAPY—AI 9.5 12.1 115
FAPY—Bi 8.8 9.9 8.9
[MDAO 8.6 9.5 8.7
MDBO 8.5 9.4 8.6
MDavl] 8.5 9.5 8.7

Mao et al.

on mucAB while those derived from the corresponding
apurinic site were dependent upomuDC This supported
the contention that therans-8,9-dihydro-8-(N7-guanyl)-9-
hydroxyaflatoxin B lesion was responsible for GEAT
transversions. Approximately 13% of the AFBiduced
mutations were targeted at the cytosiriédbthe lesion site.
This asymmetry was consistent with NMR data in which
the cationic AFB moiety was intercalated on thé&-&de of

20nly the inner 8 base pairs were used in the calculations, to exclude the modified guanine.

end effects. The mixing time was 350 MR* = 5 |(a)i’® — (ac)i¥8|/

> |(a0)i|, wherea, and a. are the intensities of observed (non-zero)
and calculated NOE cross-peak&:APY—AI, starting energy-mini-
mized A-DNA with the AFB moiety intercalated between base pairs
4 and 5; FAPY-BI, starting energy-minimized B-DNA with the ARB
moiety intercalated between base pairs 4 andVB)A [] average of 6
rMD structures starting from FAPYAI; IMDBL] average of 6 MD
structures starting from FAPYBi; TMDavl] average of 12 rMD
structures starting from FAPYAI, FAPY —Bi.

to the notion that the FAPY lesion may be of greater
mutagenic significance.

It will be of interest to compare site-specific mutagenesis
for the cationic and FAPY adducts. Site-specific mutagen-
esis on the cationic AFBesion in the sequence context 5
d(CAFBGA)-3' (45) revealed the predominant mutation to be
GC—TA, consistent with earlier studied§, 47. The site-
specific approach distinguished G€AT transversions in-
duced by the cationic lesion from those induced by depuri-

That the initially formed d(CTATAPYGATTCA)-3'e5'-
d(TGAATCATAG)-3' slowly converted to a single species
amenable for structural analysis suggested that the structure
refined in the present work represents the energetically most
stable form of AFB—FAPY in this duplex. Substantial
effort is now being made to identify the species initially
present in the d(CTATPYGATTCA)-3'¢5'-d(TGAATCAT-
AG)-3 duplex, since the less stable structure might lead to
a different biological response than does the structure
identified in the present workd@). The term “mutagenic
switch” was introduced to describe a potential situation in
which one of two adduct conformations was mutagenic and
the other not, or two conformations potentially leading to
differing mutations 49).

In summary, the AFBmoiety in this AFB—FAPY adduct
intercalates from the major groove above thefdge of
FAPYGS, reminiscent of the 'Sintercalation of the correspond-

nation of the N7 adduct. These transversions were dependening cationic guanine N7 adduct, but with substantially

Ficure 12: Stacking patterns of the ARBnoiety relative to DNA base pairs. (A) Base pairsA*" (colored in blue) and &C!¢ (colored
in red) for the unmodified duplex. (B) The ARBnoiety (colored in yellow) and %A17 (colored in blue). (C) The AFBmoiety and
FAPYGP(C16 (colored in red). (D) A side view from the major groove of the adducted site (the formyl proton is colored in green). (E) A side

view from the minor groove of the adducted site.
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increased thermal stability. This stability is attributed to
strong stacking interactions, and to a sequence-specific
hydrogen bond between the carbonyl oxygen of the formyl
group and the amino proton of thé8eighboring adenine.

In addition to the chemical stability of this FAPY adduct

which may make it an important mutagenic species, increased 23.

thermal stability may also contribute to its biological
processing.
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SUPPORTING INFORMATION AVAILABLE

Tables 1S-3S detail the assignments of the FAPY-
modified and unmodified duplexes. Table 4S shows partial
charges calculated for the FAPY lesion. Figure 1S shows
stereoviews of the starting structures used in the MD
refinements (12 pages). Ordering information is given on
any current masthead page.

REFERENCES

1. Qian, G.-S., Ross, R. K., Yu, M. C,, Yuan, J. M., Gao, Y. T.,
Henderson, B. E., Wogan, G. N., and Groopman, J. D. (1994)
Cancer Epidemiol. 33—10.

.McCann, J., Spingarn, N. E., Koburi, J., and Ames, B. N.
(1975)Proc. Natl. Acad. Sci. U.S.A. 7279-983.

. Busby, W. F., Jr., and Wogan, G. N. (1984) @hemical
Carcinogens(Searle, C. E., Ed.) pp 9451136, American
Chemical Society, Washington, DC.

. McMahon, G., Davis, E. F., Huber, L. J., Kim, Y., and Wogan,
G. N. (1990)Proc. Natl. Acad. Sci. U.S.A. 871104-1108.

. Groopman, J. D, Cain, L. G., and Kensler, T. W. (198BC
Crit. Rev. Toxicol. 19 113-145.

.Wogan, G. N. (1992prog. Clin. Biol. Res. 374123-137.

. Bressac, B., Kew, M., Wands, J., and Ozturk, M. (1994fure

350 429-431.

Hsu, I. C., Metcalf, R. A., Sun, T., Welsh, J. A., Wang, N. J.,

and Harris, C. C. (1991)Nature 350 427—428.

9. Soman, N. R., and Wogan, G. N. (1993joc. Natl. Acad.
Sci. U.S.A. 902045-2049.

10. Ueng, Y. F., Shimada, T., Yamazaki, H., and Guengerich, F.
P. (1995)Chem. Res. Toxicol., 218-225.

11. Baertschi, S. W., Raney, K. D., Stone, M. P., and Harris, T.
M. (1988)J. Am. Chem. Soc. 113@929-7931.

12. Johnson, W. W., Harris, T. M., and Guengerich, F. P. (1996)
J. Am. Chem. Soc. 118213-8220.

13. Gopalakrishnan, S., Byrd, S., Stone, M. P., and Hatrris, T. M.
(1989) Biochemistry 28726-734.

14. lyer, R. S., Coles, B. F., Raney, K. D., Thier, R., Guengerich,
F. P., and Harris, T. M. (1994). Am. Chem. Soc. 116603—
1609.

15. Essigmann, J. M., Croy, R. G., Nadzan, A. M., Busby, W. F.,
Jr., Reinhold, V. N., Buchi, G., and Wogan, G. N. (19Pr)c.
Natl. Acad. Sci. U.S.A. 74870-1874.

16. Hertzog, P. J., Smith, J. R. L., and Garner, R. C. (1982)
Carcinogenesis ,3723—-725.

17. Groopman, J. D., Croy, R. G., and Wogan, G. N. (198bg.
Natl. Acad. Sci. U.S.A. 78%445-5449.

18. Croy, R. G., and Wogan, G. N. (198Txncer Res. 41197—
203.

19. Gopalakrishnan, S., and Patel, D. J. (12B3m. Chem. Soc.
115 9321-9322.

~N o

8.

Biochemistry, Vol. 37, No. 13, 19981387

20. Gopalakrishnan, S., Stone, M. P., and Harris, T. M. (1989)

Am. Chem. Soc. 117232-7239.

21. Murray, R. W., and Jeyaraman, R. (19850rg. Chem. 50

2847-2853.

.Borer, P. N. (1975) inHandbook of biochemistry and

molecular biology CRC Press, Cleveland.

Piotto, M., Saudek, V., and Sklenar, V. (1992Mol. Biol.

6, 661—665.

24. Borgias, B. A., and James, T. L. (199D)Magn. Reson. 87

475-487.

Arnott, S., and Hukins, D. W. L. (1978iochem. Biophys.

Res. Commun. 471504-15009.

Arnott, S., and Hukins, D. W. L. (1973) Mol. Biol. 81, 93—

105.

Stewart, J. P. (198%)uantum Chem. Prog. Bull., 33.

Schmitz, U., and James, T. L. (1998¢thods Enzymol. 261

3—44.

Brunger, A. T. (1992) irX-Plor. Version 3.1. A system for

X-ray Crystallography and NMRrale University Press, New

Haven.

Brooks, B. R., Bruccoleri, R. E., Olafson, B. D., States, D. J.,

Swaminathan, S., and Karplus, M. (198B8)Comput. Chem.

4, 187-217.

Nilsson, L., Clore, G. M., Gronenborn, A. M., Brunger, A.

T., and Karplus, M. (1986J. Mol. Biol. 188 455-475.

Clore, G. M., Gronenborn, A. M., Carlson, G., and Meyer, E.

F. (1986)J. Mol. Biol. 19Q 259-267.

Ryckaert, J.-P., Ciccotti, G., and Berendsen, H. J. C. (1977)

J. Comput. Phys. 2827-341.

Keepers, J. W., and James, T. L. (1984Magn. Reson. 57

404-426.

Ravishankar, G., Swaminathan, S., Beveridge, D. L., Lavery,

R., and Sklenar, H. (1989). Biomol. Struct. Dyn. 6669~

699.

Tomasz, M., Lipman, R., Lee, M. S., Verdine, G. L., and

Nakanishi, K. (1987Biochemistry 262010-2027.

Boelens, R., Scheek, R. M., Dijkstra, K., and Kaptein, R.

(1985)J. Magn. Reson. 6378-386.

Gopalakrishnan, S., Harris, T. M., and Stone, M. P. (1990)

Biochemistry 2910438-10448.

39. Stone, M. P., Gopalakrishnan, S., Raney, K. D., Raney, V.
M., Byrd, S., and Harris, T. M. (1990) iMolecular Basis of
Specificity in Nucleic AcigDrug Interactions(Pullman, B.,

& Jortner, J., Eds.) pp 451480, Kluwer Academic Publishers,
Dordrechts, The Netherlands.

40. Gopalakrishnan, S., Liu, X., and Patel, D. J. (19B@chem-
istry 31, 10796-10801.

41. Bailey, E. A, lyer, R. S., Stone, M. P., Harris, T. M., and
Essigmann, J. M. (1996proc. Natl. Acad. Sci. U.S.A. 93
1535-1539.

42. Beranek, D. T., Weis, C. C., Evans, F. E., Chetsanga, C. J.,
and Kadlubar, F. F. (1988iochem. Biophys. Res. Commun.
110 625-631.

43. Humphreys, W. G., and Guengerich, F. P. (190h¢m. Res.
Toxicol. 4 632—636.

44. Oleykowski, C. A., Mayernik, J. A., Lim, S. E., Groopman,
J. D., Grossman, L., Wogan, G. N., and Yeung, A. T. (1993)
J. Biol. Chem. 2687990-8002.

45. Bailey, E. A., lyer, R. S., Harris, T. M., and Essigmann, J. M.
(1996) Nucleic Acids Res. 242821-2828.

46. Foster, P. L., Eisenstadt, E., and Miller, J. H. (19B8)c.
Natl. Acad. Sci. U.S.A. 8@2695-2698.

47. Foster, P. L., Groopman, J. D., and Eisenstadt, E. (1988)
Bacteriol. 170 3415-3420.

48. Broyde, S., and Hingerty, B. E. (1984hn. N.Y. Acad. Sci.
435 119-122.

49. Eckel, L. M., and Krugh, T. R. (199Mat. Struct. Biol. 1
89—-94.

22

25.
26.

27.
28.

29.

30.

31.
32.
33.
34.
35.

36.
37.
38.

BI19718292



