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ABSTRACT. The structure of 5d(ACATCAFBGATCT)-3-5'-d(AGATCAATGT)-3, containing the &A6
mismatch at the base pait t the modifiedA™8G¢, was determined by NMR. The characteristie 5
intercalation of the AFB moiety was maintained. The mismatche8A36 pair existed in the wobble
conformation, with the €imino nitrogen hydrogen bonded to thé®exocyclic amino group. The wobble

pair existed as a mixture of protonated and nonprotonated species KiHerprotonation at the ¥

imino nitrogen was similar to that of the®@\1¢ wobble pair in the corresponding duplex not adducted
with AFB;. Overall, the presence of ARBlid not interfere with wobble pair formation at the mismatched
site. Molecular dynamics calculations restrained by distances derived from NOE data and torsion angles
derived from'H 3J couplings were carried out for both the protonated and nonprotonated wobble pairs at
C5-Al6, Both sets of calculations predicted th&Amino group was withi 3 A of the € imino nitrogen.

The calculations suggested that protonation of theA& wobble pair should shift €toward the major
groove and shift AS toward the minor groove. The NMR data showed evidence for the presence of a
minor conformation characterized by unusual NOEs betwefean@~FBG?. T4 is two nucleotides in the
5'-direction from the modified base. These NOEs suggested that in the minor conformation nucléotide T
was in closer proximity td""8G8 than would be expected for duplex DNA. Modeling studies examined
the possibility that Ttransiently paired with the mismatched®allowing it to come within NOE distance

of AFBGS, This model structure was consistent with the unusual NOEs associated with the minor
conformation. The structural studies are discussed in relationship to nontargetfdtansitions observed

5' to the modified*™8G in site-specific mutagenesis experiments [Bailey, E. A., lyer, R. S., Stone, M. P.,
Harris, T. M., and Essigmann, J. M. (199Bjoc. Natl. Acad. Sci. U.S.A. 93535-1539].

Aflatoxin B; (AFB;)! is a highly mutagenic metabolite  4); it is carcinogenic in fish §, 6), and it is a hepato-
isolated fromAspergillus flausandAspergillus parasiticus carcinogen in rodents/( 8). It is linked to the etiology of
It is of health concern because of its potential to contaminate human liver cancerl), possibly via adduct-induced muta-
human food stockslj. AFB; is a mutagen in bacteri2{ tions in the p53 tumor suppressor gerge-15) and ras

protooncogenes?( 8), and probably exacerbated by co-

infection he h itis B vir 16—-18). | ms likel
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1 Abbreviations: AFB, aflatoxin B;; EDTA, ethylenediamine tetra- 9-hydroxyaflatoxin B (22) (Scheme 1). The regioselectivity
acetic acid; HPLC, high-pressure liquid chromatography; RT, room of adduction at the N7 position of deoxyguanosine is

temperature; NOE, nuclear Overhauser enhancement; NOESY, two-attributed to the precovalent intercalation of the epoxide
dimensional NOE spectroscopy; COSY, correlation spectroscopy; DQF-
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2D, two-dimensional. A right superscript refers to numerical position r i ;
in the sequence starting from th'etrminus of chain A and proceeding nucleophilic attack at the C8 position of the epoxiaé)(

to the 3-terminus of chain A, and then from thé&®rminus of chain When M13 bacteriophages site-specifically adducted with

B to the 3-terminus of chain B. C2, C5, C6, C8, CLC2, C2', etc., _di _q- R _0- i
represent specific carbon nuclei. H2, H5, H6, H8,"H!#2', H2", etc., thetrans-8,9-dihydro-8-(N7-guanyl)-9-hydroxyaflatoxin, B

represent protons attached to these carbons. PEM, potential energy"‘ddUCt. were inserted inﬂésc.herichia coliand evaluated as
minimization; MD, molecular dynamics. to replication 5—27), they induced low levels of & —
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Scheme 1: Structure of the Scheme 2: Protonated and Nonprotonated Wobble Base
trans-8,9-Dihydro-8-(N7-guanyl)-9-hydroxyaflatoxin,B Pairing for GeA'6 Mismatch: (A) Non-Protonated Wobble
Adduct and the Numbering Scheme for the Adducted Duplex Pair and (B) Protonated Wobble Pair
d(ACATCAFBGATCT)ed(AGATCAATGT) Containing the H
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T-A base pair substitutions28). These mutations were
dependent upon expression of the damage-specific bypass dF R
polymerases MucAB and UmuDC. The-&T transversions N—‘—<
were consistent with results of a forward mutation assay in
which metabolically activated AFBnduced G— T trans- ) ) ) )
versions in theE. coli lacl gene 8). Of particular interestin ~ data show evidence of a minor conformation characterized
the site-specific mutagenesis studies was the observation thapy NOES between Tand *"*G®. T* is two nucleotides in
13% of the mutations induced by the AFRdduct were the B direction from the modified base. Modeling studies
nontargeted G~ T transitions at the € base pair 5to the have examined the possibility that in the minor conformation,
lesion site 28). This corroborated NMR studies indicating 1 1S paired not with its complement’A but instead with
that thetrans-8,9-dihydro-8-(N7-guanyl)-9-hydroxyaflatoxin mlsmatcheq AS. This result; in dislocation of nucleotide,C
B, adduct 29—34) and the corresponding deoxyguanosine the nucleotide Sto the modified*™®G®, and complementary
N7 adduct of sterigmatocystir8®) intercalated above the (€ the mismatched & The model is consistent with the
5 face of the modified deoxyguanosine. unexpected NOEs betweer and”A™BGE. The presence of a
Because the site-specific mutagenesis experiments showeinor strand dislocation structure provides a plausible
nontargeted C— T transitions at the ‘Sneighboring base ratlor_h'_ile for nontargeted e>_T mutatp_n; obs_erved in site-
pair (29), it was of interest to examine the structure of a specific mutagenesis experiments utilizing this ARBIduct

dC-dA mismatch located at the base pairtd the AFB- (28). These nontargeted mutations might be the consequence
modified deoxyguanosine. Previous studies ofdfcmis-  Of dislocation mutagenesié@, 41) during error-prone lesion
match pairing in DNA utilized both NMR36—38) and X-ray bypass. If transient dislocation of the damaged template
crystallography 39). These suggested that the -d@ strand occurs following correct incorporation of deoxycy-

mismatch existed in the wobble conformation, in which the t0Sine oppositéTeG, the error-prone replication apparatus
exocyclic amino group of mispaired dA hydrogen bonded might incorrectly use the'51extlneare§t neighbor nucleotide
with the dC N3 imino nitrogen. Protonation of the mis- It template addition of an incoming dATP. Subsequent
matched adenine N1 position allowed formation of a second relaxation of the transient c_hslocatlon structure_would position
hydrogen bond, and stabilization of the d@ mispair. The  the stable €A®wobble pair 5to the AFB-modified" G

stability of the dGdA mismatch was dependent upon pH C'° pair and enable primer extension beyond the damage
(Scheme 2)39). site. If the resulting mismatch is not repaired, this could

Here, the structure of 'SI(ACATCAFBGATCT)-3-5'- account for site-specific nontargeted-€T mutations 5to

d(AGATCAATGT)-3, containing the GA® mismatch at the cationic AFB adduct observed in this sequen@8)(
the base pair'go the modified*™8G® (Scheme 1), has been

refined from NMR data and compared with the structure of MATERIALS AND METHODS
the properly paired €G'6 base pair 5to the AFB adduct Materials AFB; was purchased from Sigma-Aldrich
(30, 31). The characteristic 'Sntercalation of the AFB Chemicals, Inc. (St Louis, MO). Unadducted oligodeoxy-
moiety is maintained. The €A® mismatch exists in the  nucleotides were purchased from Midland Certified Reagent
wobble conformation, in which the imino nitrogen of C  Company (Midland, TX). The oligodeoxynucleotides were
hydrogen bonds with the exocyclic amino group of the desalted using Sephadex G-25 (Pharmacia Biotech, Inc.,
mismatched AS. The K, of the C-A'® wobble pair is Piscataway, NJ).

comparable to that of the SA'® wobble pair in the Sample PreparatiorDimethyldioxirane was prepared?)
corresponding duplex not adducted with AFBhe NMR and reacted at room temperature with ARB give AFB;-
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exo-8,9-epoxide 20). (Caution: Crystalline aflatoxins are  width in both dimensions of 8 kHz. Additional distance
hazardous due to their electrostatic nature and should berestraints were determined from NOESY spectra measured
handled using appropriate containment procedures andin H,O buffer and from NOESY spectra measured 0D
respiratory mask to prevent inhalation. Aflatoxins can be buffer usirg 3 s delay. Phase-sensitive DQF-COSY data were
destroyed by treatment with NaOCI. It should be assumed used to calculate the sugar pucker anghe$.(NMR data
that aflatoxin epoxides are highly toxic and carcinogenic. were processed using FELIX (v. 2000, Accelrys, Inc., San
Manipulations should be carried out in a well-ventilated hood Diego, CA) on Silicon Graphics (Mountain View, CA)
with suitable containment procedures.) The oligodeoxy- Octane workstations. The data in the t1 dimension were zero-
nucleotide d(ACATCFEGATCT) was prepared by adding filled to give a matrix of 2Kx 1K real points. A skewed
the epoxide dissolved in methylene chloride to an aqueoussinebell-square apodization function with a®3thase shift
solution containing d(ACATCGATCT) dissolved in 2 mM  was used in both dimensions. Chemical shifts were refer-
sodium phosphate buffer (pH 7.5) af6 in dark room, to enced internally to the ¥ peak.
form a two-phase mixture. Five equal aliquots of epoxide  Distance RestraintsFootprint boxes selected manually
solution were added sequentially. The modified oligodeoxy- with FELIX fit well-resolved peaks at a contour level that
nucleotide was purified by HPLC using a C18 column showed the weak NOEs but not spectral noise. NOE-derived
(Hamilton, Inc., Reno, NV), equilibrated at room temperature distances from cross-peak volumes measured at mixing times
and eluted with a 45 min gradient from 1% to 30% v/v of 130, 180, and 250 ms were calculated using MARDI-
acetonitrile n a 2 mMsodium phosphate buffer (pH 7.2), GRAS v3.2 @5, 46). The volume error was one-half the
with a flow rate of 1.5 mL/min. The adducted oligodeoxy- volume of the smallest peak. Isotropic correlation times of
nucleotide was desalted with Sepahadex G25 equilibrated2, 3, and 4 ns were used. The RANDMARDI algorithm
with 0.1 mM phosphate buffer (pH 7.2). The adducted duplex carried out 50 iterations for each set of data, randomizing
d(ACATCAFBGATCT)-d(AGATCAATGT) was prepared by  peak volumes within limits specified by the input noise level
titration of the complementary strand. The progress of the (46). The standard deviation in a particular distance served
titration was monitored by NMR spectroscopy. Duplex as the error bound for the distance. Distance restraints were
formation was followed by monitoring the intensity of the divided into classes weighted according to the error assessed
aflatoxin H6a singlet at 6.63 ppm upon addition of the in their measurement. Class 1, class 2, and class 3 distances
complementary strand. The integrity of the samples was were calculated from completely resolved, slightly over-
examined periodically by HPLC because cationic guanine lapped, or medially overlapped cross-peaks, respectively, that
N7 adducts exhibit slow degradation due to spontaneouswere at least 0.5 ppm away from the water resonance or the
depurination. diagonal line of the spectrum. Class 4 distances were
UV Melting. Experiments were carried out on a Cary 4E calculated from all other cross-peaks. Empirical restraints
spectrophotometer (Varian Associates, Palo Alto, CA). The preserved WatsonCrick hydrogen bonding except for the
buffer was 200 mM sodium phosphate, 0.05 MMERTA, C5-Al% mismatch pair and prevented propeller twisting
and 1 M NaCl at pH 7.0. The buffer solution was degassed between base-pairdT). NOEs that did not have a distance
prior to the experiment. The concentrations were adjusted calculated by MARDIGRAS were assessed as strong,
to 4.8 x 10°® M in a 1 cmcuvette. The temperature was medium, or weak. These were assigned as-2.8, 1.8-
increased at a rate of 0°&/min from 5 to 85°C. Absorbance 3.8, or 1.8-5.0 A, respectively. Negative restraints prevented
was measured at 260 nm. The melting temperatures of theprotons for which no NOE was observed from moving closer
native and modified oligodeoxynucleotides were calculated than 5 A.
by determining the midpoints of the melting curves from  Dihedral Angle RestraintsThe deoxyribose DQF-COSY
the first-order derivatives. data were used to calculate the sugar pseudorotation, with
NMR SpectroscopyH NMR spectra were recorded at the exception ofAFBGE. Pseudorotation was determined
500.13, 600.13, and 800.13 MHz. For observation of graphically using sums ofJ *H coupling constants from
nonexchangeable protons, samples were dissolved in 0.5 mLDQF-COSY data 44). These were fit to curves relating
of 0.01 M sodium phosphate buffer containing 0.1 M NaCl coupling constant to the pseudorotation andg®, (sugar
and 0.05 mM NgEDTA at pD 7.2, and 6.7. Samples were pucker amplitude®), and the percentage S-type conforma-
dissolved in 99.96% BD. For observation of exchangeable tion. The pseudorotation angle and amplitude ranges were
protons, samples were dissolved in 9::2Q:D,O. Most converted to the dihedral anglasto n,. For d(AIC?A3T%)-
experiments were performed atG. Spectra of exchangeable d(AYT8G°T?%) and d(AT8C°T19)-d(AMG AT, back-
protons were obtained at both 0 and®. The temperature  bone torsion angles were empirically restricted to ranges,
was controlled tat0.5 °C. Phase-sensitive NOESY spectra which would sample both A- and B-DNA. Force constants
with 250 ms mixing time were used for assignment of for the d(CA™BGP)-d(C*A%) backbone torsion angles were
nonexchangeable protons. The watergate pulse sequencene-half the magnitude of those used elsewhere in the
suppressed the water signdB). The phase-sensitive NOE- molecule.
SY spectra used in the nonexchangeable proton resonance Starting StructuresA-DNA and B-DNA (48) structures
assignments were recorded at® using TPPI quadrature  containing the &A mismatch were built using INSIGHTII
detection. To derive distance restraints from NOESY data, (Accelrys, Inc., San Diego, CA); these were named “IniA”
three spectra were recorded consecutively at mixing timesand “IniB”, respectively. In one set of structuresi®Avas
of 130, 180, and 250 ms, respectively. Typical acquisition protonated at the N1 position. In both instances, ARBs
parameters were as follows: 512 real data points in the dlintercalated above the-face of @ (29). A bond between
dimension with 32 acquisitions per FID, 2K real data points AFB; C8 and G N7 was created. The adductéd®G® N7
in the d2 dimension, relaxation delay of 2 s, and a sweep was assigned $ghybridization. Electrostatic potentials for
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AFBG® and N1-protonated & were obtained from Hartree

Fock calculations using GAUSSIAN 989) and basis set
6-31G* (50, 51). The RESP module of AMBER 6.0 was
used to derive the charges?j from electrostatic potentials.

Giri and Stone

protonated &A base pair. The systems were solvated with
a rectangular box of TIP3P water§7j extending~10 A

from the DNA atoms in three dimensions. The solvated
systems were equilibrated with the DNA structure fixed.

The partial charges and AMBER atom type assignments for Solvent equilibration involved four stages that totaled 140

protonated A® and forA*BGS are shown in Figures S1 and
S2 in the Supporting Information.

Potential Energy MinimizationConjugate gradient PEM
calculations using X-PLOR5Q) and the CHARMM force

field (54) relaxed the starting structures described above.

PEM calculations used to model the proposed minor
conformation containing a transient-A® base pair were
restrained by two WatsenCrick hydrogen bonds assigned
to T4A using an error bound of0.5 A. These were
performed using the conjugate gradients routine in AMBER
6.0.

Restrained Molecular Dynamic€alculations in vacuo
without explicit counterions utilized X-PLOR58) and the
CHARMM (54) force field. The electrostatic term used the

Coulomb function based on a reduced charge set of partial
charges and a distance dependent dielectric constant of 4.0;
The van der Waals term was approximated using the 2

Lennard-Jones potential energy function. The cutoff radius

for nonbonding interactions was 11 A. The nonbonded pair

list was updated if any atom moved more than 0.5 A. The

restraint energy function contained terms describing distance

and dihedral restraints, both in the form of square well
potentials $5). Bond lengths involving hydrogens were fixed
with the SHAKE algorithm %6).

Calculations were initiated by coupling to a heating bath

with a target temperature of 1000 K. Force constants of 10

kcal mott A2 for empirical hydrogen bonding, 20 kcal
mol-* A~2 for torsion angle restraints, and 50, 45, 40, 35,
and 30 kcal molt A—2, for the five classes of NOE restraints,

ps of MD calculations in 1 fs steps. In the 30 ps first stage,
the system was heated from 0 to 300 K, at constant volume,
and with a 1 pxoupling constant to the temperature bath.
In the 20 ps second stage, MD was continued at constant
pressure to obtain the correct density at 300 K. In the 40 ps
third stage, the coupling constant to the temperature bath
was relaxed to 2.0 ps, and MD was continued at 300 K at
constant pressure. During the first three stages of relaxation,
a harmonic restraint of 5.0 kcal mélwas used on the
restrained atoms. In the 50 ps fourth stage, the MD was
continued at constant volume and the DNA structure was
allowed to relax. A harmonic force constant of 0.5 kcal Mol
was applied to the restrained atoms.

Subsequent rMD calculations of the solvated systems were
performed, using the SANDER module of AMBER 638

and the Cornell et al. force field59), including the
Parm94.dat parameter set. These were performed without
artificial constraints for 200 ps. The systems were coupled
to a 300 K temperature bath using a coupling constant of
1.4 ps. The Particle Mesh Ewald metho@0( 61) was
employed to approximate Coulombic interactions. The
SHAKE algorithm constrained bonds involving protons
(tolerance= 0.0005 A), ad a 1 fstime-step was used
throughout the simulation. The MD calculations ran for 1.0
ns, and coordinates were captured after every 200 steps to
evaluate the dynamics.

CORMA Calculations and Helical Analysi€alculation
of NOE intensities from the structures emergent from rMD

were used. The target temperature was reached in 5 ps andalculations utilized CORMAG?2). Input volumes (intensi-
was maintained for 15 ps. The molecules were cooled to ties) were normalized from the intensities of protons with
300 K over 5 ps and maintained at that temperature for 25 fixed internuclear distances (i.e., cytosine-H36 distance).

ps of equilibrium dynamics. The force constants for the five
classes of NOE restraints were scaled up feb3s during
the heating period to 150, 130, 100, 100, and 100 kcat ol

Random noise was added to all intensities to simulate spectral
noise. An isotropic correlation timerd) of 3 ns was used.
The rotation of thymidine Ckgroups was modeled using

A-2,in the order of the confidence factors. These weights an 18-jump site model6@). A sixth root residual R
were maintained during the reminder of the heating period factor was calculated for each structulg4) Helicoidal

and for the first 5 ps of the equilibrium dynamics period.

analysis was performed using the program 3DNA (http://

They were then scaled down to 50, 45, 40, 35, and 30 kcal/ rutchem.rutgers.edwkiangjun/3DNA/) 65).

mol~-! A=2in the order of the confidence factors. The torsion

angle and base pair distance force constants were scaled URESULTS

to 100 kcal mot* A2 during the same period as for the

NOE restraints. They were scaled back to 20 and 10 kcal

NMR Spectroscopy. A. pH Dependend®IR spectra of

mol-1 A2, also at the same time as the NOE restraints. The d(ACATCA"BGATCT)-d(AGATCAATGT) were anticipated

structure coordinate sets were archived every 0.1 ps, overto show pH dependence because protonation of #ieNA
the last 15 ps. These average rMD structures were subjectedmino nitrogen would enable protonated™&'® wobble

to 1100 iterations of conjugate gradient energy minimization.

pairing. Spectra obtained from the unmodified oligodeoxy-

Convergence was monitored by pairwise calculations of rmsd nucleotide d(ACATCGATCTH(AGATCAATGT) at pH 4.8

for emergent structures.
The structures emergent from the X-PLOR calculations

and pH 7.8 showed the anticipated pH dependence, consistent
with formation of a protonated wobble pair at the lower pH

were solvated, and explicit counterions were added. The bond(38). Consequently, spectra of d(ACATCGATCT)-
angle and improper torsion parameters were assigned byd(AGATCAATGT) were examined at pH 6.7, 7.2, and 7.8.

analogy to chemically similar types in the AMBER database

Over this range of pHH NMR spectra were characterized

Parm94.dat parameter set. Using the Leap module inby line broadening of the mismatched®aromatic H2 and

AMBER 6.0, 17 Na ions were added to neutralize the
system containing the nonprotonate& A2 base pair; 16

H8 resonances, as well as for the mismatchédi@matic
H5 and H6 resonances. This was attributed, in part, to

Na' ions were added to neutralize the system containing the exchange broadening arising from protonated and nonpro-
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Ficure 1: Expanded plots from the aromatianomeric region of the 600.23 MHz NOESY spectrum &€ausing a 250 ms mixing time,
showing sequential NOE connectivities for (A) the modified strand and (B) the complementary strand. The resonant&Gframare
obtained in HO buffer.

tonated populations of mismatched base p&iA®. It was G19H1124
not possible to examine a wider range of pH range because 62
the cationic AFB adduct was sensitive to depurination at i 1
acidic pH and to conversion to the corresponding formami- (Trﬁaﬁg) Gleht
dopyrmimidine (FAPY) derivative at basic pH. THg, of J 132§
d(ACATCAPBGATCT)-d(AGATCAATGT) was compared

with that of d(ACATCGATCT)d(AGATCAATGT). UV

~© T4 H3 (minor)
> p9 136

melting profiles demonstrated that the presencé8G°¢ - ‘T14 H3T13 H3 0
resulted in a highefl, for this mismatched duplex at pH o
7.2. In comparison to the unmodified mismatched duplex 138 136 134 132 130 128 12.6 ppm
that exhibited &, of 27 °C, the AFB-modified mismatched

. o FiGurRe 2: An expanded plot of the far downfield region of the
duplex showed an increasdg, of 35 °C. 600.23 MHz NOESY spectrum in 90%,8: 10% DO showing

B. DNA Proton Resonance Assignmerithe NOESY sequential NOE connectivities for the imino protons of base pairs
connectivity of the nonexchangeable protor&s)(was CZTGlg_'tT“'A?tﬁ”ddN T t_’dCS'Glz' The labels represent the
. ImIiNno proton O e designate ase.
affected both by the presence of the &' mismatch and P g

thi presence of the cationic AfResion at base paf®G® protons were made primarily from DQF-COSY spectra. With
C' (Figure 1). In addition to being broad, the' H6 the exception of the H5and H3' resonances, unique
resonance was observed éat 6.8 ppm. This was ap-  assignments were made for all deoxyribose protons.
proximately 0.5 ppm more upfield than its position in the Ty sharp resonances arising from imino protons were
corresponding AFBmodified oligodeoxynucleotide having  gpserved ad 13.6 andd 13.7 ppm, which were assigned to
correct base pairing at positiorPG?*€. In addition, the € T8 N3H and T4 N3H, respectively (Figure 2). Two imino
H5 and H6 resonances were shifted approximately 0.5 PPMproton resonances overlappeddat3.5 ppm. These were
downfield as compared to the corresponding adducted assigned as“IN3H and T8 N3H. The line broadening was
oligodeoxynucleotide having correct base pairing aG. attributed to ¥ N3H, suggesting enhanced exchange with
The NOESY connectivity through the adducted strand was \yater at base pair“TAL”. This observation was consistent

disrupted by the presence of the aflatoxin lesion. NO ity the broadening for nonexchangeable protons of base

connectivity was observed betweet B1' — AFBGS H8, pair T#Al7 seen in Figure 1. This was the base paic&he
observed at 9.33 ppm. TREEG® H8 proton exhibited NOES (5. 516 mispair and the second base pair in theBection
to aflatoxin H6a as well as an intranucleotide NOEt8G® relative to*FBGE. In the 3 direction, at the AFBadduct site,

H1'. The latter showed the expected NOE toH8 (Figure AFBGE N1H broadened to the extent it was not observable.
1). Likewise, C H6 exhibited a weak NOE to aflatoxin H6a, The terminal T° and T° imino proton resonances were

allowing sequential connectivity to be traced frorht@ A’ observed ad 13.1 ppm. These resonances were broadened,
in the modified strand. suggesting rapid exchange with water. The hydrogen bonded
In the complementary strand, the presence of the mis- and non-hydrogen-bonded amino protons for nucleotides C
matched AS strongly perturbed sequential NOE connectivi- C°, and G°>were observed as expected. For the mismatched
ties. The NOE between'®H1' — A H8 was weak. Itwas  C®, only one amino resonance was observed, &9 ppm.
only observable at the longest mixing time. Its intensity This was confirmed by an NOE to%G45. The hydrogen
increased at pH 7.8. Likewise, the %48 — A6 H1' cross- bonded and non-hydrogen-bonded amino protons for nucleo-
peak was weak, as was thé®1’ — A17 H8 NOE. The tides A3, A7, A3 and A" were observed as expected. The
Al"H8— A" H1' NOE was of reasonable intensity but was hydrogen-bonded amino proton from mispaired® Avas
broadened. The adenine H2 protons were assigned fromidentified from an NOE to the Tamino protons. It also
NOEs with their own Hlprotons and the NOEs to the H1 ~ showed an NOE to the hydrogen bonded amino protéh A
protons of the 3neighboring nucleotide. They showed NOE N®H, These assignments are listed in Table S2 of the
cross-peaks to the thymine N3H imino protons associated Supporting Information.
with their Watsonr-Crick pairing partners. The assignments  C. Aflatoxin Proton Resonance AssignmeAtsingle set
of the DNA proton resonances are tabulated in Table S1, in of resonances was observed for the ARfBotons (Figure
the Supporting Information. Assignments for the deoxyribose 3). The connectivities between the furanose protons of
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>

13.6 Table 1: NOEs Observed between AFPBrotons and DNA Protons
that Were Utilized as Restraints in the RMD Calculations
AFB;
proton DNA protons
H2a A H2, A6 H8, A6 H1', A6 H4' A H5, A H5"
H23 A% H2
H3a A H2, A6 Hg
4-OCH;  C°H6, CCHY', C° H2",AFBGS H8, A6 HT'
H5 C H1', CCHZ, C° H4', AFBG® H8, AFBGE H1', AFBGS H3'
H6a CH5, CH6, CHI', CCH2", C°H4', AFBGE H8
H8 AFBGS H8, AFBGS H1'
H9 AFBGS H8
H9a C H5, C H6,AP8GS H8

Table 2: Structural Refinement Statistics for the Nonprotonated

20E RMD-Generated Structures of the
Ta trans-8,9-Dihydro-8-(N7-guanyl)-9-hydroxyaflatoxinBAdduct in
25 the Adducted Duplex
5'-d(ACATCAFBGATCT)-3+5'-d(AGATCAATGT)-3', Containing
3.0 the Mismatched &A¢ Pairing Interaction
2.8 2.4 2.0 1.6 1.2 ppm _ _ Experimental Restraints
FIGURE 3. Expanded plot showing assignments for the ARibiety toﬁh’:gﬁﬁ:&ﬁg (ﬂlsif:cc: rreessttrglnrgs ggg
and cross-peaks between Affrotons and the imidazole proton intranucleotide distance restraints 110
AFBGS H8. (A) Downfield region of the'H spectrum. Cross-peaks DNA—AFB; distance restraints 30
a, AFB; H6a— AFBGS H8; b, AFB, H8 — AFBGS H8, ¢, G H1' — deoxyribose pseudorotation restraints 15

AFBGS H8; d, AFB, H9a— AFBGS Hg; e, AFB, 4-OCH; — AFBGS

H8; f, AFB, H6a— AFB, H8, g, AFB, H6a— C5 H5: h, AFB, Empirical Restraints

Hea— C5 H1', i, AFB; H6a— AFBy HO; j, AFB, Hea— AFB,  FyosProdiester lorsion angle restraints s
H9a; k, AFB, H8 — AFB; H9; I, AFB; H8 — AFB; H9a; m, AFB o
H5 — AFB; 4-OCH. (B) Upfield region of thelH spectrum na,  Stuctural Statistics
showing assignments of the cyclopentenone ringH225, H3a, NMR R-factor ®) *
IMDRg 0.089+ 0.007
and H3J protons. - .
root-mean-square deviations from ideal geonfetry

) rmsd of NOE violations (&) 0.066: 0.001
aflatoxin located the AFBH6a, H8, H9, and H9a resonances number of NOE violations- 0.2 A in the entire duplex 11
ato 6.6, 6.3, 5.9, and 3.9 ppm, respectively, whereas the improper angle (deg) 0.380.03

NOE between AFB4-OCH; and AFB, H5 located these pa'&”&%ﬁ::ﬁf’s%\)ﬂg";éa” atorfis 1154 015
resonances at 6.05 and 3.46 ppm. The methylene protons " : : _ _
on the cyclopentenone ring' were partially superimposed with Them&‘;‘}gi'inﬁ?ig'ﬁ&%ﬂ}?%{ ?Ig;uﬁ'\s"E;ix':r‘éviigf%go;;?('g;:ﬁgon-
the deoxyribose H2and H2' protons as well as the thymine  _ (@) 8173 [(ao) Y6, where &) and &) are the intensities of observed
CHs protons. Stronger cross-peaks were observed betweernnonzero) and calculated NOE cross-pedks8MD andj average of 10
the diastereotopic geminal protonsddand HZ3, and H3x converged structures generated from rMD calculations starting from
and H3; weaker NOEs were observed between the vicinally random coordinatesiiMDBL] average of 10 converged structures
coupled H2y, H28, and H3x H3p protons at each positidh. starting from B-DNA coordinates, using X-PLOR.
The assignments of the AFRBH resonances are listed in
Table S3 of the Supporting Information. showed NOEs to deoxyribose protons Ig1', C°> H2', C°

D. NOEs Between ARRind the DNAA total of 32 NOEs H2", and C H4. The NOE to C H4' was possibly
were observed between AEBrotons and DNA protons; 10 secondary, a consequence of spin diffusion in the deoxyribose
of these were cross-strand NOEs involving mismatch&d A ring. Both AFB, H6a and H9a showed NOEs #6°G° H8.
(Table 1). Overall, the distribution of these NOEs was Additional AFB,—DNA cross-peaks were obtained from the
consistent with 5intercalation of the AFBmoiety atF8G®, AFB; 4-OCH; and AFB H5 protons, located on the
AFB; H6a and H9a, the protons located at the juncture of coumarin ring. The AFB4-OCH; protons showed NOEs
the fused furan rings, showed major groove NOEs in the 5 to C° H6 and to C H1' and C H2". They also showed an
direction, to C of the mismatched €A base pair. Previous NOE to A"G® H8. A cross-strand NOE was observed
studies of the cationic AFBadduct 81, 33, 34) showed  between AFB4-OCH; and A®H1'. AFB; H5 showed NOEs
strong cross-peaks betwet®G H6a and H9a, and“CGH6. to deoxyribose protons®H1', C° H2', and C H4'. It also
In the present study, ARBH6a showed a weaker cross-peak showed NOEs t678G® H8, AFBG® H1', and""BG® H3'. AFB;
to C° H6, and AFB H9a showed a weak NOE to*El6 and H8 showed NOEs t¢"8G® H8 and*"BG® H1'. AFB; H9
no NOE to C H5 at the mismatch site. ARBH6a also showed an NOE t6FBGf H8. The remainder of the cross-

strand NOEs with mismatched'@involved the cyclopen-

2 The definitions of the enantiotopic protons at C2 and C3 are based [€NON€ protons of AFBNOEs were observed between AFB
upon the Cahn, Ingold, and Prelog nomenclature. We definedts2 ~ H2a and A6 H2, Al® H8, A6 H1', A6 H4', A® H5', and
be thepro-R proton at C2; HZ is defined to be thero-Sproton at A H5" and between AFBH23 and A6 H2. AFB; H3a

C2. H3u is defined to be thero-Sproton at C3, and H3is defined 6 A
to be thepro-Rproton at C3. H& and H3x lie on the same face of the showed NOEs to & H2 and A°H4'. In all cases, the NOEs

cyclopentenone ring, as do Héa and H9a;8Hhd H3 lie on the between the cyclopentenone protons of AlRd Ae H2 at
other face of the cyclopentenone ring. the mismatch site were weak. These NOEs established the
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FiGure 4. Tile plots showing NOEs associated with a minor S 0}
conformation for base pairs*RA!” and mismatched €A1, (A) &
Far downfield region of théH spectrum. Cross-peaks arising from o) b
the wobble G-Al6 base pair: a, overlap of three resonancég, T z
N3H — A3 H2, T8 N3H — A3 NéH,, and P N3H — A" H2; b, 10
T4 N3H— A7 N®H,; c, overlap of two resonancesl®IN3H — A3
NéH, and T N3H — A7 NfH,. Resonance d, arising from a minor
conformation involving base pairs*A!7 and mismatched €AS,

. 0 WL P G M D
assigned as overlap of two resonancesNBH — A6 NéH, and 20 19 18 17 16 15 14 13 12 11
T4 N3H — A6 H2. The 800.13 MHz spectrum was collected at

150 ms mixing time, and OC. (B) Aromatic region of the'H o ) .
spectrum. The arrows indicate NOEs between AFBa — T4 Ficure 5. Distribution of NOE restraints used for rMD calculations

CHs (6 6.6 ppm,d 1.26 ppm), and between ARB-OCH; — T4 of the protonated and nonprotonated wobble pairs*aA®. (A)

H6 (6 3.6 ppm,d 6.8 ppm). (C) Upfield region of th&H spectrum. Adducted strand. (B) Complementary strand. The bars with diagonal
The arrow indicates a NOE between AFBOCH; — T4 CHs (& crosshatching represent intranucleotide NOEs, the stippled bars
3.6 ppm,d 1.26 ppm). (D) Cross-peaks between AfBsa and T represent internucleotide NOEs, and the black bars indicate AFB
CHs, and between AFB4-OCH; and T H6 are not observed in ~ DNA NOEs.

the spectrum of d(ACATEBGATCT)-d(AGATCGATGT), having

normal base pairing at base paif-G'® (30). angle restraints were used. The restraints used for these two
sets of rMD calculations, along with the upper and lower

the B-neighbor G+A® mismatched base pair. bounds of distance restraints, are collected in Table S4 of

E. Dihedral Torsion AnglesThe deoxyribose pseudo- the Supportllng Information. )

rotation values were derived from analysis %f DQF— The precision of both sets of rMD calculations as
COSY spectra. These were found to be within the expectedmonitored by pairwise rmsd measuremeig) (vas excel-
C2-endo range, with the exception of the deoxyribose of lent, particularly at and adjacent to the aflatoxin lesion and
mismatched nucleotide®CThe calculated sugar puckering heighboring C-A*® mismatch site (Figure 6). This site was
of the mismatched deoxycytosine was'@8o. It was not  Well-defined by NOEs between the ArBnoiety and the
possible to measure heteronucl&-*H coupling constants ~ DNA duplex. The degree of convergence was less at the
necessary to restrain phosphodiester backbone torsion angle&rminal base pairs, consistent with the lower number of

minimize sample degradation. the unprotonated oligodeoxynucleotide, the maximum pair-

Structural Analysis The wobble pair at BA® was wise rmsd for the 20 structures calculated from the IniB
modeled using two sets of rMD calculations. In the first, Starting structure was 0.55 A, and 0.30 A for 20 structures
the mismatched & was protonated at the N1 position. In  calculated from the randomized coordinates. The maximum

the second, the mismatched®Avas not protonated. Each Pairwise rmsd for twenty structures calculated from proto-
set of calculations utilized 445 experimental distance re- nated IniB was 0.35 A.

Nucleotide

5'-intercalation of the AFB moiety and the orientation of

straints derived from nonexchangeaBlé NOEs. These Complete Relaxation Matrix Calculation§he two struc-
consisted of 309 intranucleotide restraints and 136 inter- tures emergent from the rMD calculations on the protonated
nucleotide restraints, among which 42 were AFBNA or nonprotonated wobble pairs were evaluated by complete

restraints. The inter- and intranucleotide restraints were relaxation matrix analysis using CORMAZ). This allowed
approximately evenly distributed along the length of the theoretical NOE intensities to be compared with experimental
oligodeoxynucleotide, except for'Tand A (Figure 5). NOE intensities. Overall, for the duplex oligodeoxynucleo-
Fifteen deoxyribose pseudorotation restraints were derivedtides containing either the protonated or nonprotonated
from DQF-COSY data, and 33 hydrogen bonding restraints wobble structures, this approach yielded sixth root residuals
derived from observation of Watson Crick hydrogen bonding of approximately 9.1%. The presence or absence of proto-
in the NMR spectra, were used. In addition to the experi- nation at wobble pair €A had minimal effect on the
mentally derived restraints, 93 empirical backbone torsion overall sixth root residuals. This was consistent with the
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FIGURE 6: Stereo drawing of a superposition showing 20 structures emergent from rMD calculations which were initiated from a nonprotonated

Giri and Stone

B-DNA starting conformation, using XPLOR. Excellent convergence was obtained at and adjacent&Ghiesion site and the €A

wobble pair.

expectation that protonation of adenine N1 in the wobble
pair should not have a large impact upon the pattern or
magnitude of NOEs at the lesion site. Significantly however,
for either the protonated or nonprotonated wobble structures,
base pairs A" and C-Allocated 5to the AFB, damage

site exhibited 1520% sixth root residuals. Thus, these
CORMA calculations suggested that neither the protonated
nor the nonprotonated wobble pair af-& accounted
satisfactorily for all of the experimental NOEs at these two
base pairs located’'5to the AFB damage site. This

observation suggested the existence of a minor conformation,

to be discussed below.

Structure of the &A% Wobble Pair 5to the AFB Adduct.
Both sets of rMD calculations yielded similar structures for
the AFB-adducted oligodeoxynucleotide. The AfRoiety
intercalated above thé face of the modified guanine, such
that the AFB—OCH; and cyclopentenone ring protons faced
into the minor groove, whereas the furofuran ring protons
faced into the major groove (Figure 7). The presence of the
AFB; moiety resulted in a rise of 7.8 A betweérBGe-C1°
and mismatched €A6, as compared to the value of 3.4 A
observed for B-DNA. These two base pairs buckled in
opposite directions away from the intercalated ARBiety.
Helicoidal buckle measurements, of°2and —12°, were
calculated for €A and AFBGE-C', respectively, similar
to previous studies3(l, 34) and to intercalation structures
determined crystallographically68, 69). The mispairing
of adenine opposite Tresulted in unwinding of the
helix as compared to %G'® in the correctly paired
d(ACATCAFBGATCT)-d(AGATCGATGT) AFB;-modified
duplex @1) (Figure 8).

Conformation of the &A® Wobble Pair.Stacking inter-
actions for both the protonated and nonprotonated wobble
pairs were compared with the stacking of the correeG®
base pair 5to the AFB, lesion in d(ACATC BGATCT)-
d(AGATCGATGT) (30, 31) (Figure 8). Formation of the

T4

AFBG6 - %

FIGURE 7: View of base pairs #A17, C>A16 andAFBGS-C15 from

the major groove. The AFBmoiety is intercalated above the 5
face of the guanine nucleobaseffG¢. The AFB, H5 and 4-OCH
protons face into the minor groove. The AFHB6a and H9a protons
face in the major groove in thé 8irection. Unwinding of the duplex

and an increased rise is observed at the intercalation site. The
wobble base pair €A% stacks above the ARBmoiety and is
contained within the helix. Protons are indicated in yellow.
Nucleotide T is green, nucleotide s blue, and nucleotide &

is purple.

protonated €A mismatch shifted Etoward the major
groove and shifted & toward the minor groove, as a result
of the hydrogen bond betweert¥N1 and C N3H (Scheme
2). This resulted in the stacking of@irectly below * and
may account for the upfield shift ofTH6 and downfield
shifts of G H5 and H6 observed in Figure 1. It may also
account for the weaker NOE observed frothil' — A6
H8. The mismatched & stacked well with the AFBmoiety,
which perhaps accounted for the increas&.ras compared
to the same BA1® mismatch in the absence of the damaged
nucleotide” BGS8,

A Minor Conformation Imolving Base Pairs Al and
C®-Al%, The CORMA calculations discussed above suggested
the presence of a minor conformation. A small NOE was
observed between*TCH; and AFB H6a, as was an NOE
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Ficure 8: Stacking interactions of the protonated and nonprotonafed€wobble pair as predicted by rMD calculations. (A) The
nonprotonated wobble pair. At the top is the stacking 6AF” above G-A6, Below is the stacking of €A1¢ above the AFB moiety of
AFBGS, (B) The protonated wobble pair. At the top is the stacking AT above C-Al6. Below is the stacking of €A1 above the AFB
moiety of AFBGS, (C) Stacking interactions of the normab-G1¢ base pair as predicted by rMD calculatior®,3]. At the top is the
stacking of *-Al” above C-G'6. Below is the stacking of €G!¢ above the AFB moiety of A"BGE. Protons are indicated in yellow. The
AFB; moiety is indicated in purple. In the protonated wobble pair, the rMD calculations predict stackifgabbife G due to the shift

of C® toward the minor groove. This may account for the unusual upfield shift of tHé6Tresonance. Also, note the favorable stacking
interactions of wobble pair €A6 above the AFB moiety.

between ¥ H6 and AFB 4-OCHs. T* CHz and H6 also above the 5face of the modified deoxyguanosine nucleotide
showed a small NOE to ARBH9a. In addition, a small NOE (29, 32—34). The existence of these nontargeted mutations
was observed betweert TH; and AFB, OCHs. That these is of interest, in part because it indicates that site-specific
were observed over a range of mixing times from 130 to DNA damage can induce specific mutations at adjacent
250 ms suggested they did not result from spin diffusion. nondamaged base pairs. The modift€#G°-C?5 pair having

These were unexpected sincéwWas the second nucleotide g 5-neighbor G-A6 mismatch examined in the present study
in the B direction from*"8G"; hence, it would not have been  models the situation that exists in duplex DNA after incorrect

expected to show NOEs t§°G°. Moreover, similar NOES  jncorporation of dATP oppositesC5' to the cationic guanine
between T and AFB protons were not observed in spectra N7 AFB, lesion located atFBGS.

of d(ACATCAFBGATCT)-d(AGATCGATGT), having nor-
mal base pairing at base paif-G'¢ (30, 31). The NOEs
between T and the AFB protons ofAFBG® suggested an g . X ; .
unusually close proximity tl?etween nucleotidé‘ggﬁdAFBG6 C™ pair ?X'Sted n the. wobble conformation. In this
in the minor conformation. A broad resonance was observedconformation, th? imino nitrogen“ 3 formed a hydrogen

in the imino region of the spectrum &t13.4 ppm (Figure bond with the A% exocyclic amine. The result was a shift

2). Its integral did not correspond with those of the assigned ©f the mispaired A°toward the minor groove, accompanied
imino proton resonances. This resonance exhibited a weakdy @ shift of the mispaired Ctoward the major groove
NOE to a resonance &t7.65 ppm and showed an exchange (Figures 7 and 8). The insertion of‘Ainto the duplex was
peak with the water resonance. It also showed an exchangeestablished by NOEs between th&amino protons and“T
peak with the overlapped resonances 6HB and T8 H3 CH; at the 5-neighbor base pair‘TA'’. The amino protons
observed ad 13.5 ppm. The possibility that this resonance of A also showed the expected NOE to the Ngfioup of
arose from the terminal thymine imino resonances was mismatched € That only one resonance was observed for
discarded by the observation of°IN3H and ?° N3H as both the amino protons of the mismatchetcGnfirmed that
weak signals at approximately 13 ppm. It was also attributed the A' amino protons and not the SCamino groups
to a minor conformation involving TN3H. The small participated in the hydrogen bondirnggj. The rMD calcula-
presence of the minor conformation and the small number tions predicted that €stacked with T. The weaker-than-
of resonances attributed to it precluded its structural refine- expected NOEs between ArBi6a and € H5 and H6 and
ment. between AFB H9a and € H5, and the lack of an NOE
between AFBH9a and € H6, were consistent with the shift
DISCUSSION of C® toward the major groove in the wobble pair. The weak
The nontargeted € T mutations induced by the cationic NOEs observed between the AF8yclopentenone protons
guanine N7 8,9-dihydro-8-(N7-guanyl)-9-hydroxy aflatoxin and mismatched R were consistent with the notion that®
B; adduct at nucleotide T5' to a modifiedA™8G8-C*S pair shifted toward the minor groove in the wobble pair, resulting
(28), correlated with structural studies which have consis- in greater distance between the minor groo¥&H2 proton
tently shown the cationic AFBlesion to be intercalated and AFB H2c, H3a protons.

Wobble Base Pairing at the Mismatch SifEhe mis-
matched €A base pair adjacent to the modifiétPGS-
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Protonation State of Adenine in the Wobble Pdihe
wobble pair C-A¢ existed as an equilibrium blend of the
protonated and nonprotonated forms. It was not possible to
establish the I, of the A® N1 at the C-A wobble pair
because the cationic ARRdduct*FBG® underwent depuri-
nation as pH was lowered and underwent conversion to the
corresponding formamidopyrmidine (FAPY) derivative as pH
was raised. It was not possible to identify a resonance from
the protonated X imine, presumably due to rapid exchange
with solvent. The broadening of thé 85 and H6 resonances
and of the A® H8 resonance (Figure 1) was attributed to
proton exchange at ‘A N1. This suggested a similakKp
for the wobble mismatch in the presence of AFBresum-
ably, formation of a second hydrogen bond betweé&rO€
and the protonated ‘Aimine stabilized the wobble pair. It
may be further stabilized by favorable stacking interactions
with the cationic AFB adduct located at™G®-C'® (Figure
8). The presence of a significant population of the protonate
C>A wobble pair was consistent with the’8 increase in
the Ty, value of the mispaired oligodeoxynucleotide. Parallel
studies of the unmodified d(ACATCGATCT)(AGATCAAT-
GT) duplex, which lacked the ARBadduct, were instructive.
In those studies, at neutral pH, thé®Ad8 resonance was

d
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T4

Ficure 9: A possible structure for the minor conformation
involving base pairs #A1” and mismatched €A derived from
molecular modeling studies. Transient dislocation &f allows
formation of a T-A® pair aboveAFBGS, leaving & and A
unpaired. This brings “Tinto proximity of the AFB moiety and
accounts for the unexpected NOEs betweéhid and 7 CHz and
the AFB; moiety.

observed broadening of spectral lines at base FakT. In
addition, Figure 9 suggested transient base pairind @fith
A6 could place T CH; proximate to the AFB moiety at
AFBGS, potentially explaining the unusual NOEs betweén T
andA"BG® (Figure 4). Also, the model structure suggested

broad, presumably due to proton exchange at adenine N1that cross-peak “d” in Figure 4 resulted from dipolar coupling

At pH 4.8, the A% H8 resonance sharpened and shifted 0.3 between ¥ N3H and the hydrogen bonded amino proton of

ppm downfield. This was consistent with previous studies A6, |t might also include a contribution from dipolar

on CA mismatches that suggestel{for adenine N1 ina  coupling between TN3H and A® H2, although the H2

wobble GA pair was near pH 738, 39, 70). resonance arising from the minor conformation was not
Aflatoxin Adduct StructureThe orientation of the aflatoxin  unequivocally identified.

B1 moiety in the presence of thé-Beighboring wobble pair Implications for Nontargeted Mutagenesistb the Cat-

was reminiscent of previously refined structures of site-
specific aflatoxin B adducts 81—34). The A"BG® protons
had similar chemical shifts and showed NOEs to the
5'-flanking C-A® wobble pair. This structural motif appears
to be a characteristic of the cationic guanine N7 ABBduct,
which is conserved irrespective of the nature of the 5

ionic Guanine N7 Adduct of ARBIn E. coli, error-prone
bypass of the cationic ARBlesion is dependent upon the
presence of the UmuDC or MucAB damage-specific poly-
merasesZ8). The formation of the &A'®wobble pair 5to

the AFB, moiety atA"BG® during error-prone replication, if
not subsequently repaired, would yield the observed non-

flanking base pair. However, the shift of @ward the major
groove and of AStoward the minor groove in the protonated
C5>A wobble pair altered the distribution and intensities
of NOEs, particularly between ARBH6a and H9a, facing

targeted C— T transitions induced by the cationic guanine
N7 AFB; lesion £8). The present observation that thé- C
A wobble pair is stable and is accommodated by the DNA
duplex without major distortion suggests that it might allow
in the B direction, and protons of the wobble pair. for 3-primer extension at & The extent to which the
Structural Hypothesis for the Minor Conformatiomhe wobble CG-A¢ pair studied here in duplex DNA exists in
small number and low intensity of the unexpected NOEs the presence of a damage-specific replication apparatus and
assigned to the minor conformation precluded the extraction facilitates primer extension, remains to be determined.
of detailed structural information from the spectra. The However, damage-specific Y-family DNA polymerases
observation that they were betweeh@H; and T H6 and probably facilitate error-prone replication bypass, in part, by
the AFB, protons (Figure 4) suggested that they arose from relaxing the geometric constraints for correct nucleotide
a conformation in which Twas closer to the AFBmoiety incorporation at the active sit@J).
than expected. Model building suggested a possible explana- DNA replication errors involving transient strand slippage
tion. If C°were to be transiently dislocated from the duplex, were postulated by Streisinger to generate frameshift muta-
this would allow pairing of T with Al® (the mismatched tions (72, 73). Kunkel and Alexander4(, 41) suggested
dA), instead of A7 (its complement). This hypothesis was transient strand slippage, followed by realignment prior to
examined using PEM calculations restrained by the\ T subsequent extension of the replication complex, might also
pairing, and leaving €and A7 unpaired. cause point mutations. They termed this “dislocation mu-
The model structure (Figure 9) was consistent with tagenesis”. Dislocation mutagenesis might explain nontar-
spectroscopic observations. Proton exchange between progeted C— T mutations 5to theAFBG lesion inE. coli (28)
tonated and nonprotonated wobble pairs at positiow & In this scenario (Scheme 3), after correct incorporation of
did not easily account for spectral broadening of tHeAt” dCTP opposité G, the 3-neighbor cytosine would undergo
resonances (Figure 1), since the structures of the protonatedransient dislocation, enabling the next-nearésteésghbor
and nonprotonated wobble pairs are similar (Figure 8). On thymine to template for an incoming dATP. Relaxation of
the other hand, equilibration of*between a major “FA1’ the transient dislocation structure would result in formation
and a minor 1A% conformation might account for the of the GA mismatch 5to the”8G lesion.
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Scheme 3: A Possible Mechanism for Nontargetee-@
Transitions Induced by the Cationic Guanine N7 AFB
Adduc#

AFB¢-Damaged Template
5'—A1 Cz A3 T4 cs AFBGG a7 78 c9 T1°—3'
3" _c15T14A13G12A11_5-
Primer Strand

transient dislocation of damaged template
Step 1
P +dATP l allows misincorporation of dATP opposite T*

LR
5'— Al c2a3 2 AFBg6 a7 q8 9 plO_3-
3’ _A16 C15T14A13G12A11—5 '
r prior to ex ion

Step 2 +dATP | forms wobble C°-A'® pair and enables
correct incorporation of dATP opposite T*

5'-al ¢2 a3 7% ¢S5 AFBg6 a7 m8 9 plO_3-
3 '-A17A16 C15T14A13G12A11—5 0
Step 3 If not repaired, wobble C5-A'® pair generates non-targeted C—T transition
during subsequent round of replication
aTransient strand dislocation allowd o template for an incoming
dATP. Relaxation of the dislocation complex to form theAC5 wobble
pair prior to extension then allows 1o template for an incoming dATP.
If the wobble pair is not repaired, it leads to a nontargetee-@
transition in a subsequent round of replication.

The proposed structure of a minor conformation in

equilibrium with the wobble pair €A1 adjacent to the

cationic guanine N7 AFBlesion (Figure 9) suggests that

the cationic guanine N7 adduct of AlrBnight facilitate

transient strand slippage in duplex DNA. The extent to which

a similar dislocation of €might occur at the moment of
replication, enabling Tto template for an incoming dATP
and forming a transient*TA6 pair adjacent t6*8GS$, is not

known. It is of interest that crystallographic studies of the

Y-family dinB homologue polymerase fronsulfolobus

solfataricusrevealed a relaxed active site geometry charac-

terized by two template bases entering the active g (

A transient dislocation intermediate involving the cationic
guanine N7 adduct of AFBmight be accommodated by the

UmuDC or MucAB damage-specific polymerasegircoli.

Upon the basis of their observation of AFBiduced
nontargeted 5C — T mutations inE. coli, Bailey et al. 28)

suggested the possibility that mutation data from forward

assays utilizing metabolically activated AFBiight have

been mistakenly scored. Specifically, nontargeted AFB
induced mutations located & adducted deoxyguanosines
might have been misinterpreted as resulting from adjacent
AFB;-modified deoxyguanosines in either the template or

Biochemistry, Vol. 42, No. 23, 2007033

possible to obtain a refined structure of the minor conforma-
tion, the available data suggest that it arises from a transient
dislocation structure, in which“Tis paired not with A7, but
rather with the mismatched'A The formation of such a
structure during error-prone replication might provide a
mechanism for the nontargeted-€ T mutations located'5

to aA™BG damage site2g).

SUPPORTING INFORMATION AVAILABLE

Figures showing atomic names and types used for AMBER
calculations, and the partial charges, as well as the expanded
sequential NOE connectivities. Tables showittty NMR
chemical shift assignments and the experimental distances
and classes of restraints. This material is available free of
charge via the Internet at http://pubs.acs.org.
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