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ABSTRACT. The solution structure of the 1,4-bis{@oxyadenosimN®-yl)-2R,3R-butanediol cross-link arising

from NS8-dA alkylation of nearest-neighbor adenines by butadiene diepoxide §BD&s determined in

the oligodeoxynucleotideé B(CGGACXYGAAG)-3-5-d(CTTCTTGTCCG)-3 This oligodeoxynucleotide
contained codon 61 (underlined) of the huniunas protooncogene. The cross-link was accommodated

in the major groove of duplex DNA. At the Side of the cross-link there was a break in Wats@nick

base pairing at base paifX'’, whereas at the'Zide of the cross-link at base paif-Y16, base pairing

was intact. Molecular dynamics calculations carried out using a simulated annealing protocol, and restrained
by a combination of 338 interproton distance restraints obtained #bMNOESY data and 151 torsion
angle restraints obtained froAH and 3P COSY data, yielded ensembles of structures with good
convergence. Helicoidal analysis indicated an increase in base pair opening at ba8€lpaiactompanied

by a shift in the phosphodiester backbone torsion afid?& —0O5 —C5—C4' at nucleotide X. The rMD
calculations predicted that the DNA helix was not significantly bent by the presence of the four-carbon
cross-link. This was corroborated by gel mobility assays of multimers containing nonhydroxylated four-
carbonN8,N6-dA cross-links, which did not predict DNA bending. The rMD calculations suggested the
presence of hydrogen bonding between the hydroxyl group located g#t¢hebon of the four-carbon
cross-link and ¥ O% which perhaps stabilized the base pair opening @TX and protected the IT

imino proton from solvent exchange. The opening of base p&ifX altered base stacking patterns at
the cross-link site and induced slight unwinding of the DNA duplex. The structural data are interpreted
in terms of biochemical data suggesting that this cross-link is bypassed by a variety of DNA polymerases,
yet is significantly mutagenic [Kanuri, M., Nechev, L. V., Tamura, P. J., Harris, C. M., Harris, T. M., and
Lloyd, R. S. (2002)Chem. Res. Toxicol. 13572-1580].

1,3-Butadiene (CAS RN 106-99-0) (Bbis used in the BD is epoxidized primarily by cytochrome P450 2E1, but
manufacture of styrenebutadiene rubber (SBR)1{( 2); also by cytochrome P450 2A6, to form 1,2-epoxy-3-butenes
several billion pounds per year are produced in the United (BDO) (Scheme 1)45, 26). These may be further oxidized
States. It is a combustion product from automobile emissions by cytochrome P450 2E1 or 3A4 to form 1,2:3,4-diepoxybu-
(3) and cigarette smoke4). BD is genotoxic and is a tanes (BDQ) (25, 27—31). Hydrolysis of BDO mediated
carcinogen in rodents, particularly in mic<7) and also by epoxide hydrolase forms 1,2-dihydroxy-3-buter3 82,
in rats @). BD was classified by the United States Environ- 33), which are metabolized by cytochrome P450 to hy-
mental Protection Agency as “carcinogenic to humans by droxymethyl vinyl ketone (HMVK) 84). Either BDG or
inhalation” ©). The International Agency for Cancer Re- the 1,2-dihydroxy-3-butenes undergo cytochrome P450-
search (IARC) lists BD as a “probable human carcinogen” mediated oxidation to form 1,2-dihydroxy-3,4-epoxybutanes
(group 2A) (L0—12). Chronic human exposure in the SBR (BDE) (29, 32, 35). Thus, proximate electrophiles arising
industry may induce genotoxic effectd3-15) and is from BD metabolism include BDO, BDand BDE, and,
correlated with increased risk for leukemig (6—24). potentially, HMVK (36).
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Scheme 2: Theas61Oligodeoxynucleotide (A) and the
Chemical Structure of (B) the
(2R,3R)-N¢?-(2,3-Dihydroxybutyl)-2-deoxyadenosyl
Cross-Link Adduct and Nomenclature
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The diepoxide BD@ is highly genotoxic 2, 10, 37),
probably due to its potential to form DNADNA (38—41)
and DNA—protein cross-links, the latter of which have been
observed in mice42, 43). Mice have been shown to possess

Merritt et al.

identified in Chinese hamster ovary cel&3).

The bisalkylation of tandem deoxyadenosines to yield
intrastrand R,R)-Né,N°-dA cross-links is anticipated to be a
rare occurrence. This adduct has not yet been reported from
mass spectrometry analysis of DNA exposed to B4,

54). However, its synthetic accessibilityp¥) facilitated
biochemical structureactivity studies. As compared td-

dA monoadducts arising from BDO or BDEK§, 57), the
(R,R)-N8,N?-dA cross-link was significantly more mutagenic.

It was examined as to site-specific mutagenesis, both in
Escherichia coliand in COS-7 cellsg5). In both systems,
the primary mutations were A- G transitions observed at
the 3-adenine of the cross-link. The levels of mutations
observed in the COS-7 cells were significantly greater than
were observed in the bacterial system.

Both the RR and SS stereoisomers of thi$\é N°-dA
intrastrand cross-link were bypassed by a variety of DNA
polymerases in vitrog5), suggesting that they did not pose
severe blocks to replication; mutagenesi&incoli may be
due to DNA polymerase Il-mediated lesion bypas8)( It
was proposed that these BRDduced cross-links were
accommodated within the major groove, similar to several
Né-dA adducts of styrene oxide, which also did not pose
severe blocks to replicatio®9, 60). This was in contrast to
the correspondingRR)- and §9-N?N>-dG intrastrand
cross-links, which were severe replication blocks when
examined in vitro §1).

The present work characterizes structural perturbation to
the ras61 oligodeoxynucleotide caused by the 1,4-bis(2
deoxyadenosiiN®-yl)-2R 3R-butanediol cross-link. Molecular
dynamics calculations restrained by interproton distances and
torsion angle restraints obtained from NMR spectroscopy
indicate that the cross-linked moiety is accommodated in the
major groove of the DNA double helix. Watserick base
pairing is disrupted at position 8XT', the B-side of the
intrastrand cross-link. Helicoidal analysis suggests an opening
of this base pair. Potential hydrogen bond formation between
the S-hydroxyl group of the cross-link and'T Q% the
nucleotide complementary to 6X shields the ¥ imino

greater sensitivity to butadiene exposure than rats, and thishydrogen from exchange with solvent. In contrast, Watson

is attributed to their efficient oxidation of BD to BD{®)44,

45), presumably facilitating DNA cross-linking. Butadiene
genotoxicty was further enhanced in knockout mice lacking
a functional microsomal epoxide hydrolase ger)(

Crick base pairing is intact at position/™?¢, the 3-side of
the cross-link.

MATERIALS AND METHODS

Polymorphisms in the human epoxide hydrolase gene may Sample PreparationThe oligodeoxynucleotides-8(CG-

also contribute to differences in BD genotoxicty within the
human population47, 48).

The predominant DNA cross-link induced by BRO
involves interstrand bisalkylation at N7-dG in-GNC-3
sequencesd). This cross-link was isolated from DNA and
characterized by mass spectromet#ty)( Recently, additional
guanine-adenine DNA interstrand cross-links induced by
BDO,, including an N7-dG-N°-dA cross-link, were char-
acterized by mass spectrometdQ). The recovery of an
interstrand cross-link involvindy6-dA was significant since,
with respect to alkylation by butadiene epoxide, MfedA
exocyclic amine is less reactive than the N1 imine. The
prevailing hypothesis posits that®dlkylation products of
butadiene epoxides result from initial alkylation at the N1
position, followed by Dimroth rearrangeme® 51). The

GACAAGAAG)-3" and 3-d(CTTCTTGTCCG)-3were syn-
thesized by the Midland Certified Reagent Co. (Midland,
TX) and purified by anion-exchange chromatography. The
cross-linked oligodeoxynucleotide-8(CGGACXYGAAG)-

3 was synthesized by a variation of the postoligomerization
method described for the preparation of monoadducts of
butadiene epoxide$%, 62). The concentrations of the single-
stranded oligonucleotides were determined from their cal-
culated extinction coefficients at 260 n®3j. The modified
oligodeoxynucleotide and its complement were annealed in
a buffer consisting of 10 mM NaiPQ,, 0.1 M NacCl, and

50 uM Na,EDTA at pH 7.0. The modified duplex was eluted
from DNA grade Bio-Gel hydroxylapatite (Bio-Rad Labo-
ratories, Hercules, CA) with a gradient from 10 to 200 mM
NaH,PO;, pH 7.0. It was desalted using Sephadex G-25.

BDT N1-dA adduct has been identified in humans exposed Capillary Gel ElectrophoresisThe purity of the modified

occupationally to BD %2). The N®-dA BDT adduct was

duplex was analyzed using a PACE 5500 (Beckman Instru-
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ments, Inc., Fullerton, CA) instrument. Electrophoresis was of 150, 200, and 250 ms. Spectra for exchangeable protons
conducted using an eCAP ssDNA 100-R kit applying 12000 were recorded using a 150 ms mixing time. These were
V for 30 min. The electropherogram was monitored at 254 recorded with 1024 real data points in tthedimension and
nm. 2048 real data points in thde dimension. A relaxation delay
Mass SpectrometryMALDI-TOF mass spectra were of 2.0 s was used. Water suppression was performed using
measured on a Voyager-DE (PerSeptive Biosystems, Inc.,the WATERGATE sequencé&4). TOCSY experiments were
Foster City, CA) instrument in negative reflector mode. The performed with mixing times of 90 and 150 ms, utilizing
matrix contained 0.5 M 3-hydroxypicolinic acid and 0.1 M homonuclear HartmanHahn transfer with the MLEV17
ammonium citrate. sequence@b) for mixing. DQF-COSY spectra were zero-
Thermal Melting.Thermal melting of duplex DNA was filled to give a matrix of 1024x 2048 real points. A skewed
monitored using UV spectroscopy at 260 nm in a buffer sine-bell square apodization function with & 3hase shift
consisting 61 M NaCl, 10 mM NaHPQ,, 10 mM NaH- and a skew factor of 1.0 was used in both dimensions.
PO, and 50uM Na,EDTA at pH 7.0. Melting temperatures Experimental Restraintga) Distance RestraintsFoot-
were determined by measuring the absorbance change as prints were drawn around cross-peaks obtained at a mixing
function of temperature; the temperature range was8bb time of 200 ms using FELIX2000. Identical footprints were
°C with a 1°C/min increment. transferred and fit to the cross-peaks obtained at the other
Electrophoretic Mobility Adducted or unmodified oligo-  two mixing times. The intensities of cross-peaks were
deoxynucleotides were combined individually with excess determined by volume integrations. These were combined
complement 5d(CGCTTCTTGTC). They were phosphor- as necessary with intensities generated from complete
ylated with 3.8 units of T4 polynucleotide kinase and 20.8 relaxation matrix analysis of a starting DNA structure to
uL of 10 uM ATP at 37°C in 6 uL of 10x DNA kinase generate a hybrid intensity matrigg, 67). MARDIGRAS
buffer (70 mM Tris-HCI, pH 7.6, 10 mM MgG] 5 mM (68—70) was used to iteratively refine the hybrid intensity

dithiothreitol) (pH 7.6) and incubated overnight at°&7 with matrix and to optimize the agreement between the calculated
an additional 1.9 units of kinase and 1@/4of 10 uM ATP. and experimental NOE intensities. Calculations were initated
BanHl linker [5'-d(CGGGATCCCGy3] was phosphory-  using isotropic correlation times of 2, 3, and 4 ns and with
lated with 1.9 units of T4 polynucleotide kinase iR of both IniA and IniB starting structures and the three mixing

10x kinase buffer and 10,4L of 10 uM ATP and incubated  times, yielding eighteen sets of distances. Analysis of these
overnight at 37C. Fractions of each reactioBgnHl, 0.025 data yielded the experimental distance restraints used in
Aseo Units; unmodified, 0.02,40 units; four-carbon linker, subsequent restrained molecular dynamics calculations and
0.04 Azgo Units) were removed and incubated with T4 DNA the corresponding standard deviations for the distance
ligase BanHlI, 5 units; unmodified, 2 units; four-carbon restraints. The distance restraints were divided into five
linker, 2 units) in 2uL of 10x T4 DNA ligase buffer (50 classes, reflecting the confidence level in the experimental
mM Tris-HCI, 10 mM MgCh, 10 mM dithiothreitol, 1 mM data.
ATP, 5ug/mL bovine serum albumin) (pH 7.8) and 40 (b) Torsion Angle Restraint®eoxyribose pseudorotation
of 10 uM ATP overnight at 16°C and precipitated with ~ (57) was determined graphically using the sums dfH
absolute ethanol. They were suspended in 6 mL of nonde-coupling constantsg), measured from DQF-COSY spectra.
naturing loading buffer (Sigma). One microliter of a pBR322 DiscreteJ;»» andJ;» couplings were measured from active
Haell digest (0.4ug/mL, 10 mM Tris-HCI, 0.1 mM Nga and passive couplings, respectively, of the'H&,) to H1'
EDTA) (pH 8.0) was mixed with nondenaturing loading (di) spectral region. The data were fit to curves relating the
buffer per each length marker lane. Electrophoresis was coupling constants to the deoxyribose sugar pseudorotation
performed using a nondenaturing 8% polyacrylamide gel angle P), sugar pucker amplitudep), and the percentage
(monoacrylamide:bisacrylamide ratio 29:1, 3.3% catalyst). S-type conformation. The sugar pseudorotation angle and
Gels were run at 1000 V for 2-53 h and stained for 30 min  amplitude ranges were converted to the five dihedral angles
with 250 mL of GelStar nucleic acid stain (1000D vo to v4. Coupling constants measured frék—3P HMBC
(Biowhittaker Molecular Applications, Walkersville, ME) in  spectra were applied{, 72) to the Karplus relationshif¥ @)
250 mL of Ix TBE. Gels were imaged on a UV transillu- to determine the backbone dihedral ang(€4—C3—-03—
minator (Alpha Innotech, San Leandro, CA). Control mul- P), related to the H3-C3—-03—P angle by a 120shift.
timers formed by ligation of the 10-bpanHlI linker were The ¢ (C3—-03—P—-05) backbone angles were calculated
used to calculate apparent lengths of cross-linked multimers.from the correlation betweenand¢ in B-DNA (60).

NMR. The modified duplex was prepared at a concentra- Restrained Molecular Dynamics CalculatiorSlassical
tion of 2 mM. For observation of nonexchangeable protons, A-DNA and B-DNA were used as reference structures to
the sample was dissolved in 0.5 mL of 99.96%CD create starting structures for the refinemeiitd)( The
containing 10 mM NakPQO,, 0.1 M NacCl, and 5¢M Na,- butadiene adduct was constructed &taid bonded to A
EDTA (pH 7.0). For observation of exchangeable protons, using the BUILDER module of INSIGHT II (Accelrys).
the sample was dissolved in 0.5 mL of 9:3D,0 in the A-form and B-form structures of the appropriate sequence
same buffer'H NMR spectra were recorded at 600.13 and were energy-minimized by the conjugate gradients method
800.23 MHz. The nonexchangeable protons were monitoredfor 200 iterations using the AMBER 7.0 force field@5)
at 25 °C; the exchangeable protons were monitored at 17 without experimental restraints to give starting IniA and IniB
°C. Chemical shifts were referenced to water. Data were used for the subsequent relaxation matrix analysis and
processed using the program FELIX2000 (Accelrys, Inc., San molecular dynamics calculations. The restraint energy func-
Diego, CA). NOESY spectra of nonexchangeable protons tion included terms describing distances and dihedral re-
were recorded using TPPI phase cycling with mixing times straints as square-well potential$). Bond lengths involving
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hydrogens were fixed with the SHAKE algorithm7). The Table 1. Analysis of the rMD-Generated Structures of hs61
generalized Born approach was used to model solV&8t ( (RR)-N°,NS-dA Cross-Linked Adduct

79). The calculations utilized a salt concentration of 0.2 mM.

NMR restraints

A series of randomly seeded rMD calculations were per- total no. of distance restraints 338
formed over a time course of 40 ps. These used the SANDER interresidue distance restraints 91
module of AMBER 7.0 and the Cornell et al. force field intraresidue distance restraints 247
(80), including the Parm94.dat parameter set. The simulated torgg‘ﬁ;r:gfes}gg':rg:itgnce restraints 0
annealing protocol utilized a starting temperature of 25 K. sugar pucker restraints 80
In the first picosecond the temperature was increased to 600 backbone torsion angle restraints 71

K. This was maintained for 4 ps, followed by cooling to empirical restraints

; ; H-bonding restraints 46

298 K over 15 ps. During the final 20 ps the temperature dihedral planarity restraints (in X-PLOR) 20
was reduced to 0 K. Temperature was controlled by coupling  siryctural statistics
to a temperature bath. During the first 1 ps of heating a NMR R-factor R¥)? 1.12x 10!
coupling of 0.4 ps was used. During the next 4 ps of constant rmsd of NOE violations (A) A 2.15% 102
temperature dynamics a coupling of 1.0 ps was used. In the "0 of NOE violations=0.15 9
. . pairwise rmsd (A) over all atoms
first 15 ps of cooling, a value of 1.0 ps was used, followed INiA vs IniB 592
by a value of 0.5 ps for the second 15 ps. During the final INiA vs MDA 5, 4.75
5 ps of cooling, the coupling was ramped down to 0.01 ps. INiB vs rMDBay 2.50
In the first 1 ps of heating, the experimental force constants ~ "MDAvs rMDB 0.90

lified by factors that ranged from 0.5 to 1.00 rMDA vs rMIDA 951
were ampli y 9 - 0. rMDB vs rMDB 0.81
During the 4 ps of constant temperature dynamics and the MDA [vS rMDA4y 0.33+0.11
first 15 ps of cooling, the amplification factor was increased EMDBL[Vs rMDB,y 0.52+0.21

to 1.75. In the final 20 ps of cooling, the amplification factor aThe mixing time was 150 m&* = ¥ |(a)i*® — (a)¥9//5 |(a0)i ¥,
was reduced to 1.0. Structure coordinates were archivedwherea, andac are the intensities of observed (nonzero) and calculated
every 0.1 ps over the final 10 ps of the simulation. Structure NOE cross-preaks(EMDAUrepresents a group of six converged

: - structures starting from IniA{fiMDBU represents a group of six
coordinates extracted from the final 4 ps were averaged andconverged structures starting from IniB. rMRAepresents the potential

energy-minimized for 200 iterations using the conjugate energy minimized average structure of all six rMD calculations starting
gradients algorithm. An average structure was obtained fromwith A-form DNA. rMDB ., represents the potential energy minimized

eight randomly seeded rMD calculations. Back-calculation average structure of all eight rMD calculations starting with B-form
of IH NOE data was performed using CORMA (version 4.0) DNA. The comparisons, rMDA vs rMDB, rMDA vs rMDA, and rMDB

s . : vs rMDB, represent the maximum observed pairwise rmsd over all
Eg% 67). Helicoidal parameters were examined using 3DNA - 7 O these groups.

RESULTS (b) Exchangeable Protoné&n expanded region showing

Sample PropertieS he purity of the R R)-N®N6-dA cross- the far downfield region of thtH NMR spectrur_n, _exhibiting _
linked adduct duplex was assessed using capillary gel Cr0SS-Peaks between the hydrogen-bonded imino protons, is
electrophoresis. The electropherogram exhibited two peaksSNown in Figure 2. Sequgpual ?ss,l|gnments l?f thelolmlno
in a 1:1 ratio after correction for the respective absorbance pgg)tons from base pairs?&?! — C*-G'®and X-T17— A'C-
coefficients. The identity of the duplex was verified using 1 Were obtained, ‘é‘”triga break n connectivity observed
MALDI-TOF mass spectrometry. Mass measurement showed b?;ween base pars @'® and XT*". The NOE between
two signals that corresponded to mass units of 3484 and! - N3H and T*N3H was weak. It was not observed at the
3272. These peaks corresponded to the cross-linked adducgontour level plotted in Figure 2. This cross-peak was also
strand 5d(CGGACXYGAAG)-3 and to the complementary weak in theras61 spectrum 84) and prgsuma_bly reflected
strand 5d(CTTCTﬁTCCG)—3 respectively. The melting th_e effects of_strand fraying and resulting rapld e'x.cha_nge of
temperature of the sample was determined by UV spectros-th's proton Wlth sol\(ent. Each of the peaks |dent|f|e_d_|n the
copy as 50°C, less than the observed ST melting Cytosine amino region of th&H NMR spectrum gxh|b|ted
temperature of the unmodifieds61duplex. The cross-link ~ the anticipated cross-peak with the appropriate deoxy-

sample yielded excellent NMR data in the temperature range9Uanosine imino proton as expected in Wats@nick base
of 10—25 °C. pairing. With the exception of*f, each thymine N3H proton

DNA H Resonance Assignments. (a) NonexchangeableeXhibitEd an NOE to the corresponding adenine H2 proton
Protons The sequential NOEs between the aromatic and I" the Con;plementary strand. Cross-geaks were observed
anomeric protons are displayed in Figure 1. These werePetween T N3H and the ° CHz and T CH; resonances.
assigned using standard metho88, (83). There were no . (c) Butadiene Protondhe protons of the buta@ene cross-
breaks observed in connectivity in either the cross-linked Nk were observed as separate resonances, with spectral line
strand or the complementary strand. With assignments of Widths corznparable_tp the oligodeoxynucleotide protons
the sugar H1 protons in hand, the remainder of the (Figure 3)7 At a mixing time of 200 ms, NOEs were
deoxyribose sugar protons were assigned from DQF-COSY observed between the butadiene cross-link protons. The H
spectra. With the exception of several of the' ld&d H5'
protons, assignments of the sugar protons were made ?The definitions of the prochiral protons at @nd G of the N°,N°-
unequivocally. Table S1 in the Supporting Information details 94 Crosf““”k molety are b.asgdf.“pgn thﬁ Cahn, Ingold, and Prelog
th mplete nonexchangeaB& NMR assignments of the s qofine arure. The protondHs defined as thero-R proton at G; H

€ comp ang SSIg is defined as th@ro-Sproton at G. Likewise, H is thepro-R proton
cross-linked adduct oligodeoxynucleotide duplex. at G;; Hy is thepro-S proton at G.
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Ficure 1: Expanded plots of a NOESY spectrum at a mixing time i 3.3 ppm

of 200 ms showing sequential NOE connnectivities from aromatic
to anomeric protons of thér(R)-BD-(61,2—3) cross-linked adduct.
(A) Nucleotides @ — G!! of the modified strand. (B) Nucleotides

C12 — G?2 of the complementary strand. -
ﬁ -13.2 ppm
D
18 124
1 h?ﬁ 12,6
a8 2.8 13.2 ppm
180 g FicURE 4: NOE observed betweert®IN3H and the H proton of
T the R R)-BD-(61,2—3) cross-linked adduct. The experiment was
13.4 at 800.23 MHz and 17C.
. [136 NOESY experiments. These revealed weak NOEs between
13.8 the purine H8 or pyrimidine H6 protons and the anomeric
H1' protons of the attached deoxyribose sugars, consistent

with glycosyl torsion angles in the normahti conforma-
i) tional range. There were also no unusual chemical shifts or
3 H H .
Ficure 2: Expanded plot of a NOESY spectrum at a mixing time Ji—2ip couplings observed in téP spectrum. Data obtained

of 200 ms showing NOE connectivities for the imino protons for from *Jw- experiments indicated that the torsion angles
the base pairs from @C2L to A1%-T13, Note that there is a break in ~ associated with the backbone phosphodiester linkages were

14.0 13.8 13.6 13.4 13.2 13.0 128 12.6 124 122

thf V\1/$1|k between the imino resonances for basg pair€*Gand not significantly perturbed by the presence of the cross-link.
iﬁ] T Tthe resonance observed for base p&TX' is shifted in Karplus analysis yielded values within the standard ranges
€ spectium. of 165.00 + 10° and 235 + 10° for the backbone torsion

proton at 3.51 ppm showed NOEs tg Ht 4.03 ppm and anglese _and 3 .respectlvely £9. ) )
H,, along with a weak NOE to Hat 3.62 ppm and K at linked duplex were compared to those of the unmodified
3.26 ppm. The Hproton showed a weak NOE tozHinot ras61 oligomer @4). Figure 5 shows that chemical shift
observed in Figure 3) along with NOEs toy kit 3.01 ppm differences were localized in the cross-linked strand at the
and Hy, respectively. A cross-peak was observed betweentWo cross-linked nucleotides °Xand Y'. The X° HY'
TY7N3H and the k3 proton of the cross-link (Figure 4). This ~ fesonance shifted 0.6 ppm upfield, while theH8 resonance
was the only cross-peak observed between the butadieneshifted 0.4 ppm downfield. In the far downfield region of
cross-link and the oligodeoxynucleotide. thetH spectrum, the ¥ N3H imino resonance shifted upfield
Torsion Angle Measurementnalysis of DQF-COSY  approximately 1.0 ppm. The complementary strand did not
data suggested that all deoxyribose pseudorotation angle$xhibit significant changes ifH chemical shifts.
remained in the C2endo range anticipated for B-family Structural Refinementhe structural refinement incorpo-
DNA. The glycosyl torsion angles were monitored usthig rated 338 experimental distance restraints. There was one
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Nucleotide
1.0
B 0.8
0.6
— 04
g_ 0.2
:%-0_0__'_._.... ._I._._,_-__...l
g 02
0.4
-0.6 FIGURE 6: A stereoview of six superimposed structures emergent
08 from the simulated annealing rMD protocol; the structures resulted
10 20 21 20 19 18 17 16 15 14 13 12 from randomly seeded calculations.
Nucleotide
Ficure 5: Chemical shift differences of protons of tHe R)-BD- A 0
(61,2-3) cross-linked adduct duplex relative to the unmodified i
ras61oligodeoxynucleotide. (A) The modified strand of the cross- 0ct0
linked adduct. (B) The complementary strand of the cross-linked 0.35
adduct. Gray bars represent the deoxyribosegtdtons; black bars _x 030
represent the purine H8 or pyrimidine H6 protons, respectively. c 0.25
0.20
NOE observed between the cross-linked butadiene moiety 0.15
and the DNA. The distance restraints were evenly distributed 0.10
over the length of the cross-linked oligodeoxynucleotide. In 0.05
addition, 80 deoxyribose pseudorotation restraints were T S g
included. There were 106 phosphodiester backbone torsion Nucleatide
angle restraints. The phosphodiester backbone aaglag B 0.50
¢ were restrained at angles of T6% 10° and 248 + 10°, 0.45
respectively. Empirical WatserCrick hydrogen-bonding 0.40
restraints were used for all base pairs except BiTX, as 0.35
NMR data indicated no base pairing at this site. Inspection i
of the structures that emerged from an initial series of 925
randomly seeded rMD calculations suggested that the C %9
hydroxyl of the cross-link and T O* were within hydrogen- E:Z
bonding distance. It was therefore decided to add an 0..05
empirical restraint for this hydrogen bond in subsequent b
calculations. 22 21 20 19 18 17 16 15 14 13 12
A stereoview of six energy-minimized structures emergent Nucleotide

from the rMD calculations is shown in Figure 6. These rMD FIGURE 7: Ry* values as a function of position in th& R)-BD-
calculations were initiated from both the A-form and B-form  (61,2-3) cross-linked adduct. (A) The cross-linked strand. (B) The
starting structures. These two starting structures exhibitedggmglgn;ﬁgti%iv"ﬁ?g'bgvg Pé;?lésziir]rtsi:ﬁg:ﬁﬁilnet(;gggygfgﬁde R
an rmsd of 5.92 A. The rMD calculations converged to

similar ensembles of structures irrespective of starting calculations §6, 67). Figure 7 show&;* values as a function
structure. The maximum pairwise rmsd between these of nucleotide position. The residual values were consistent
emergent structures was 0.90 A, suggesting that the experi-over the length of the modified oligodeoxynucleotide and
mental distance and torsion angle restraints, combined withranged from 3.1 to 14.8< 102 The inclusion of the
the additional empirical hydrogen-bonding restraints, enabled empirical hydrogen-bonding restraint between thehg-

the rMD calculations to converge to a well-defined set of droxyl of the cross-linked adduct and”1O* resulted in a
structures. The average structure emergent from the rMD 10% improvement in thé&,* residual for base step5C—
calculations exhibited a rmsd of 2.50 A as compared to the X5, as compared to the corresponding calculations in which
IniB starting structure. This deviation from canonical B-form this empirical restraint was not utilized.

DNA resulted primarily from structural variation associated  Structure of the (R,R)-BD-(612,3) Cross-Linked Adduct
with the cross-linked base pair$X*” and Y- T, The structures that emerged from the rMD calculations
The validities of the structures emergent from the rMD indicated that thé\®,N6-dA butadiene cross-link oriented in
calculations were evaluated using complete relaxation matrixthe major groove of the DNA, as shown in Figure 8.
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FicurRe 8: A close-up view of theR R)-BD-(61,2—3) cross-linked
duplex. View from the major groove ofXT17 and Y-T16 and the
flanking base pairs €G'® and G-C'5. The duplex DNA is shown
in blue; the cross-link is in red.

Watson-Crick base pairing was disrupted at-X*’. In
contrast, base pairing at’~*® was maintained. Helicoidal
analysis 81) suggested a change of the phosphodiester
backbone torsion angjg, PS—O5—C5 —C4, at X®. In the
presence of thdl®,Né-dA cross-link, angle8 at X8 increased
to approximately 20Q as compared to the expected range
of 165-18C°. The emergent structures suggested the forma- FIGURE|_9|1( ga:jseftacg])gTor:ientationﬁ gf Jhg,'R)l-BDé(?lgl_Z—C‘”)b
H Cross-linke uplex. € Cross-linke uplex detalling base
Ez?ag:eiehgggsgjP]kb:r?(;jl#g}\,vtiig ;Tgb%?r:gxglzcoléct)gge stacking of the X and Y’ base pairs. (B) The cross-linked duplex
- v detailing base stacking of the®Xand A’ base pairs. (C) The

T'"in the complementary strand in the absence of Watson  ynmodified ras61 oligodeoxynucleotide duplex detailing base
Crick hydrogen bonding with cross-linked nucleotid& X stacking of the A and A’ base pairs.

The structures that emerged from the rMD calculations
suggested that the four-carbdi§,Né-dA cross-link did not DISCUSSION
bend the DNA duplex. To confirm this observation, a series o ) ) -
of electrophoretic mobility assays were conducted on ligated ~ The genotoxicity of butadiene may be related to its ability
multimers of an oligodeoxynucleotide containing the non- t0 form cross-links in DNA via its diepoxide oxidation
hydroxylated analogue of tHé®,N°-dA cross-link. Thermal pr_oduct. Animal §tud|es revealed species d_|fferencgs bet\_Neen
melting studies monitored by UV spectroscopy indicated that Mice and rats with regard to BD genotoxicity, which mice
the nonhydroxylated alkyl tether also lowered fheof the exhibiting greater sensitivity7( 8, 87). This was explained
duplex by approximately* as observed for the hydroxylated by the observat|on_ t_hat in mice the conversion _of BD_to
NG NS-dA cross-link, suggesting that the nonhydroxylated BDO; was more efficient than in rats,_an observat|0n_wh_|ch
alkyl tether provided a reasonable model for MfeNe-dA also pointed to BD@as the key proximate electrophile in
cross-linked oligodeoxynucleotide studied by NMR. The BD-mediated genotoxicity4®). This suspicion was con-
mobilities of the ligated cross-linked multimers were ana- firmed by studies showing that BDWas indeed consider-
lyzed by nondenaturing polyacrylamide gel electrophoresis @bly more mutagenic than the monoepoxide EB)(
(86). The electrophoretic migration data corroborated NMR Probably due to its cross-linking ability. The primary
data suggesting that this cross-linked oligodeoxynucleotide €vidence suggesting the presence of RE@uced DNA
did not undergo significant bending. cross-linksin vivo comes from_ studies in which human

The base-stacking patterns at the cross-link site are showrdymphoblastoid TK6 and splenic T cells were exposed to
in Figure 9. Helicoidal analysis suggested a decrease in thelow levels of BDQ (37, 88, 89). These experiments revealed
base pair opening parameter at base p&iTX, from the transitions and transversions at both GC and AT sites,
expected range of & 5° (base pair closed) to a value of suggesting the presence of both dG and dA addu_cts_z_insmg
approximately—13°. Intrastrand cross-link formation was ~from BDO,. They also revealed the presence of significant
accompanied by a decrease in the twist angle between pasievels of delgtlon mutants, consistent with the presence of
pairs G-G'8and X-T17, resulting in unwinding of the duplex.  DNA cross-links.
Consequently, in the cross-linked structure, nucleotides X  Structural Perturbations Associated with the®,Nf-dA
and Y did not exhibit the typical 36twist as was observed Intrastrand Cross-LinkThis intrastrand cross-link, tethering
for the monodentate butadienetriol adduct located at positionnucleotides X and Y’ in the ras61 oligodeoxynucleotide,
X® or for the unmodifiedras61 oligodeoxynucleotide. The  oriented in the major groove. That there were no interruptions
opening of the duplex at &XT'" resulted in the six-carbon in DNA sequential NOE connectivities (Figure 1), and all
pyrimidine ring of the X purine stacking above the imidazole Watson-Crick base pairs, with the exception of base pair
ring of the Y’ purine. In the complementary strand, the base X8T?, were intact (Figure 2), suggesting that the cross-link
stacking of the T and T” nucleobases appeared unperturbed did not substantially perturb the right-handed DNA helix.
by the presence of this® N6-dA cross-link. Bending of the intrastrand cross-linked duplex was not
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observed. This was consistent with the fact that the major
groove of B-family DNA had capacity to accommodate the
four-carbon cross-link. One NOE was observed between the
(RR)-N8,N6-dA cross-linked adduct and the DNA, an ob-
servation which was consistent with the major groove
orientation of the adduct, since the major groove contains
few protons as potential sources of dipolar relaxation with
the BD protons. An approximate 1 ppm upfield shift of the
T N3H imino proton resonance was consistent with a loss
of hydrogen bonding and supported the conclusion that
Watson-Crick base pairing was disrupted at base péir X FicURe 10: Molecular modeling of thé\é-dA BDO adduct at
TY. The formation O.f a hydrlogen bond. between fhaH position X of theras610|igodeox?/nucleotide. The®BDO adduct
group of the cross-link and*T O, predicted by the rMD  ig predicted to orient in the'3lirection, toward the exocyclic amino
calculations, possibly explained the observation of the T  group of A. This might faciliate direct attack by the exocyclic
N3H resonance. It suggested that, in the cross-linked adduct,i':_llmkim(%D Oln the tlépotxéde, iqeadigg&o_ fOtrrTationdefNglNi-dAdCFC;StSh-
this non-hydrogen-bonded proton was sheltered from fast'ink. ©nly nucieotides A and /' in the moditied strand of the
exchange with the solvent. The rMD calculations predicted gUpleX DNA are shown. The BD moiety is in red; the DNA is in
that the cross-linked duplex was characterized by an increase

in the 8 torsion angle at X This facilitated opening of the Structure-Activity RelationshipsThe major groove ori-

duplex and enabled ?;‘ approximate #hwinding of the  entation and the small conformational perturbation of the
duplex at base pair XT*". The resulting changes in stacking pNA structure induced by the cross-link are possibly

lue.

between cross-linked nucleotides Xnd Y’ possibly ac-  correlated with facile bypass of this lesion by a variety of

counted for the upfield shift of the ¥H8 resonance (Figure  pNA polymerases. It was of interest to compare this cross-

5). link structure with those of twd®-dA butadienetriol adducts,
Mechanistic Insights into Formation of®N\®-dA Intra- which are products of monoalkylation is-dA by BD (93,

strand Cross-LinksThis N6, N6-dA cross-linked adduct has ~ 94). The monoalkylated\®-dA BDT adducts also did not
not yet been reported from mass spectrometry analysis ofpose blocks to replication5¢). Perhaps significantly, the
DNA exposed to BD@(49, 54). It is generally argued that ~ R(61,2) and both thd?- and §61,3) N®-dA a adducts of
Né-dA alkylation products of butadiene oxides arise not by Styrene oxide also did not pose blocks to replicati68, (
direct attack at the exocyclic amine but rather by initial 60) and also oriented in the major groo\&7¢-99). The R-
alkylation at the more nucleophilic N1 imine, followed by and S(61,2) 8 adducts of styrene oxide behaved similarly
Dimroth rearrangement to yield ti¢-dA product 60, 51, (99). Collectively, these results fit an emerging pattern in
90). One might predict that formation of an intrastraxiiNe- which lesion bypass by DNA polymerases is minimally
dA cross-link would require tandem N1-dA alkylation by affected by the presence of small major groavedA
BDO, at the neighboring adenines, followed by tandem adducts, although it should be noted thatf(@1,2)o adduct
Dimroth rearrangements of both alkylated dA nucleotides. Of styrene oxide did block replicatiors9). In contrast, the
Alternatively, formation of a X N1-dA adduct by BDG, ~ (RR)-and §9-N°N*-dG intrastrand cross-links were severe
followed by Dimroth rearrangement, would result ifN& replication blocks when examined in vitr61).

dA BDO adduct 91, 92). Orientation of the X N6-dA BDO The R,R)-N8,N8-dA intrastrand cross-link was significantly
adduct similar td\®-dA butadiene triol adduct®8, 94) might more mutagenic than twii®-dA BDT monoadducts previ-
facilitate direct attack on the BDO epoxide by the less ously examined as to mutagenesi®)(and structure 93,
nucleophilicNé-dA at the neighboring A To examine this 94). In the mammalian COS-7 site-specific mutagenesis assay
possibility, theNé-dA BDO adduct was modeled at position the most frequent mutations were A G transitions,

X6 on the basis of the experimentally determined solution followed by A— C and A— T transversions, located at the
structures of the correspondih-dA BDT adducts 93, 94). 3'-adducted dA in the tandem cross-link. E coli wild-

The modeling study (Figure 10) suggested that this might type and AB2480 urA-, recA) cells the RR)-N¢,N°-dA

be a reasonable hypothesis. However, the initially formed cross-link was significantly less mutagenic, yielding-A
N1-monoalkylated intermediate might also reorient about the G transitions §5). Recent data suggest thatHEncoli, DNA
glycosyl bond into thesynconformation. Although this has ~ polymerase Il is responsible for the mutagenic bypass of the
not been confirmed for the N1-dA monoalkylation product (RR)-N8N°-dA cross-link £8).

of BD, theN1-(1-hydroxy-3-buten-Z)-yl)-2'-deoxyinosine The observation of A~ G transitions at the 'gosition
adduct arising from deamination following N1-dA alkylation  of the tandem cross-link suggested that tiRg}-N°® N°-dA

at N1-dA by BDO was accommodated in duplex DNA by cross-link facilitated incorrect incorporation of dCTP opposite
rotation about the glycosyl torsion angle into tlsgn cross-linked nucleotide ¥ It will be of interest to examine
conformation 95, 96). Overall, formation of theN® Né-dA the structure of a mismatched dC opposite the cross-link.
intrastrand cross-link seems likely to represent a rare event,NMR studies on mismatched dC opposite t8€1,2) o
with hydrolysis of the monoalkylated BDO intermediates adduct of styrene oxidel00), which induced low levels of
prevailing. Indeed, the BDT N1-dA adduct was identified A — G mutations %9), and opposite th& and §61,3) a

in humans exposed occupationally to BER)Y. The N6-dA adducts of styrene oxidel@1), which were nonmutagenic
BDT adduct was identified in Chinese hamster ovary cells (59), revealed both sequence- and stereospecific differences
(53). in the mismatched duplexes.
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The corresponding §9)-N6,N6-dA cross-link was less
mutagenic in the COS-7 systerBy 61). This may predict
stereospecific structural differences between R&) and
(S9-N8,N6-dA cross-links, and it will be of interest to
compare the structure of th&$)-N8 N°é-dA cross-link with
that of the RR)-N°N8-dA cross-link.

Biological Significance.When B6c3F1llacl transgenic

Biochemistry, Vol. 44, No. 30, 2009.0089
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