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ABSTRACT. 2D NMR has been used to examine the structure and dynamics of a 12-mer DNA duplex,
d(T1A2GsT4CsA6A 7*G 8GoG10C11A 12) —d(T13G14C15C16C17T 18T 19G20A 21C22T 23A24), CONtaining a 1B adduct

at dA*; that corresponds to trans addition of th&amino group of dA to (—)-(7S,8ROR109-7,8-
dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobergpjrene [)-(SRR,S-BP DE-2]. This DNA duplex
contains the base sequence for the major dA mutational hot spot HRR& gene when Chinese hamster

V79 cells are given low doses of the highly carcinogeni¢-(R,.SSR)-BP DE-2 enantiomer. NOE data
indicate that the hydrocarbon is intercalated on thgide of the modified base as has been seen previously
for other oligonucleotides containing BP DE-2 RE&JA adducts. 2D chemical exchange-only experiments
indicate dynamic behavior near the intercalation site especially at tRead@ucted dA, such that this

base interconverts between the normal anti conformation and a less populated syn conformation. Ab initio
molecular orbital chemical shift calculations of nucleotide and dinucleotide fragments in the syn and anti
conformations support these conclusions. Although this DNA duplex containinB dA@dduct exhibits
conformational flexibility as described, it is nevertheless more conformationally stable than the
corresponding 18 adducted duplex corresponding to trans opening of the carcinogenic isomer
(+)-(RSSR)-BP DE-2, which was too dynamic to permit NMR structure determination. UV and imino
proton NMR spectral observations indicated pronounced differences between these two diastereomeric
12-mer duplexes, consistent with conformational disorder at the adduct site and/or an equilibrium with a
nonintercalated orientation of the hydrocarbon in the duplex containing thadduct. The existence of
conformational flexibility around adducts may be related to the occurrence of multiple mutagenic outcomes
resulting from a single DE adduct.

Polycyclic aromatic hydrocarbons (PAH) are common each of these diastereomers exists as a pair of enan-
environmental contaminants whose oxidative metabolism in tiomers. For BP, only the major DE metabolite formed)«
mammals results in the formation of activated species that (7R,8S9S 10R)-7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahy-
are cytotoxic, mutagenic, and/or carcinogenic. Benzo-ring drobenzof]pyrene [(+)-(R,SSR)-BP DE-2], is tumorigenic
diol epoxides in which the epoxide group is located in a bay in several animal models2( 3). The origin of these
region of the molecule have been implicated as ultimate stereochemical differences is not currently understood.
carcinogens formed upon metabolism of carcinogenic PAHS 114 predominant adducts formed upon reaction of diol

(1). The prototypical PAH, benzalpyrene (BPY; is me-  gnoxides with DNA involve ring opening of the epoxide by
tabolized to a diastereomeric pair of 7,8-diol 9,10-epox- ¢is or trans attack of the exocyclié- andNe- amino groups
ides in Whl(_:h the benzylic hydrqul group is either trans of guanine and adenine, respectived. (At high doses of
(DE-2) or cis (DE-1) to the epoxide oxygen. Furthermore, the tumorigenic£)-(R.SSR)-BP DE-2 isomer, dG adducts
account for the preponderance of mutations in HRRT
TITL“S resedarch w?s suppc;rtedc?y N”I' (ES£6839hand ng)O ES06676),locus in Chinese hamster V79 cells. However, treatment of
Welch Foundation (H-1296), and Sealy and Smith Foundation grants the cells with much lower doses such as might realisticall
to D.G.G. Building funds were provided by the NIH (1CO6CA59098). result from metabolism of BP present in thge environmen)t/
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Al07536). results in a large increase in the relative proportion of
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O Untvoraity of o Modical Banen T o-ed of this BP DE, 25% of substitution mutations in th®RT
$Present Address: MD Anderson Cancer Center, Houston, TX gene are A to C transversion§)( At these low doses of
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pyrene; DE, diol epoxide. in the transcribed strand), Notably, no mutations were
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MATERIALS AND METHODS

Preparation of OligonucleotideS.he adducted 12-mers,
5'-d(T1A2G3T4CsAA #GsGoG1oCr1A 12)-3', containing trans
opened {4)- and (—)-BP DE-2 adducts at A*were prepared
as a pair of diastereomers by solid-phase synthesis using the
mixed diastereomers &f6-[105-(7/3,80,9a-triacetoxy-7,8,9,-

trans

opening 10-tetrahydrobenza]pyrenyl)]-5-0-(4,4 -dimethoxytrityl)-
~Q 3'-O-[(N,N-diisopropylamino)g-cyanoethoxy)phosphynyl]-
S 2'-deoxyadenosine (trans-BP DE-2 dA phosphoramidite) that

had been synthesized fromt)-105-amino-75,8a,9.-trihy-
droxy-7,8,9,19-tetrahydrobenzjpyrene (1) by the general
Ficure 1: Trans addition of the exocyclig® amino group of dA  method describedl@). The oligonucleotide was constructed

10 (—)-(7S8R,9R 105)-7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahy- 53 59 mg (7umol) of dA-controlled pore glass (cpg) (170
drobenzaglpyrene [ ) (SRRS-BP DE-2]. Since the adducts arise A, 117 umol/g) by automated synthesis (ABI model 392
by trans attack at C10, configuration of this carbon in the diol " “ 9) by y ) -~

epoxide inverts upon adduct formation. synthesizer), with a manual step for coupling of the modified

phosphoramidite [(2@mol, ~3-fold molar excess) with 100
observed at the first dA in the dCAAG- sequence. The sameuL of 0.5 M 1H-tetrazole in acetonitrile;-18—20 h]. End
dCAA- sequence also comprises codon 61 of Meas capping was omitted after the manual step to ensure that
protooncogene, a triplet that is mutated upon activation to @ny adducted chains that had lost thedBnethoxytrityl
the oncogene in many tumoig)(Sequence context can have (DMT) group would be elongated in subsequent steps. Since,
a profound influence on the type as well as the frequency of IN_Our experience, recovery of the-BMT substituted
the mutations produced. Thus, Loechler and co-work@s ( oligonucleotides on reverse phase HPLC was poor, and the
have shown that B2 dG adduct derived from trans opening two diastereomeric adducted oligonucleotides were not well-

of (+)-(RSSR)-BP DE-2 within a 5dCG*T sequence separated as their DMT derivatives, the terminal DMT
producs a G to Atransition 82% of the time, whereas within protecting group was _remqved and the detritylated (_)I|go-
a dTG*C sequenca G to Ttransversion is found with 97% nucleotides were purified directly by HPLC on a Hamilton
. 7-um PRP-1 column, 10« 250 mm, eluted at 3 mL/min
frequency. Loechler9) hypothesized that the sequence ! : : , -
h o . . with a linear gradient that increased the composition of
dependence of mutational distributions is due to different

o . . . acetonitrile in 0.1 M (NH),CO;s buffer, pH 7.5, from zero
types and/or distributions of major and minor conformations. to 17.5% over 20 min. The two adducted 12-mers eluted at

It has been recently demonstrated that mutational hot spots18.0 and 18.7 min, whereas failure sequences lacking the
for BP DE may correlate with mutations associated with lung hydrocarbon adduct elute much earlier10—13 min).
cancers. Mutations at a specific dG residue in the p53 geneTypically, 30-60 Axgo Units of each pure, diastereomeric
in smokers’ lung tumors correlate with hot spots fer){ oligonucleotide were isolated from aufpol synthesis.
(RSSR)-BP DE-2 adduct formation1Q). This “smoking Circular dichroism (CD) spectra (see Supporting Information)
gun” strongly supports the importance of PAH and BP DE of the early (1&®) and late eluting (18 oligonucleotides
adducts in the etiology of human cancers. permitted assignment of their absolute configuration at the
point of attachment of the purine to the hydrocarbon, on the
basis of previous observation43j that oligonucleotides
containing 1& BP adducts at dA consistently exhibit positive
CD bands for the pyrene chromophore in the 3660 nm
region, whereas their Blliastereomers show negative bands
in this region.

Thymidine-methyl3C (Cambridge Isotope Laboratories,
"Andover, MA) was converted to its'®MT-3'-[(N,N-

diisopropyl)#3-cyanoethyl]phosphoramiditd4) and purified
by HPLC on an Axxiom silica column, 18 250 mm, eluted

AT ) : at 8 mL/min with CHCI, containing 0.25% MeOH and
dA; adduct] at dA% as indicated. Note that the configuration 0.25% E4N (1t 2.8 min);m/z (FAB) 746 (M+1)*. Synthesis

at C10 inverts upon trans opening of the epoxide; see FigureOf the isotopically labeled complementary strand; 5

1. In the present s_tu_dy, we describe the solution structure of AT15G14C1CreCr °CT 16T 16Ga0A2CosT23A24-3 , Was carried
the duplex containing the BP DE-2 BPdA*; adduct i 55 described above on a afwl scale using 128mol
derived from the £)-(SRRS-BP DE-2 enantiomer. In 4 the |abeled phosphoramidite (12.8-fold molar excess) and
contrast, the duplex containing the BP DE-2 gHdA*, 150uL of 0.5 M 1H-tetrazole in acetonitrile in the manual
adduct derived from the carcinogenit)t(RSSR)-BP DE-2  ¢oupling step. After cleavage of base labile protecting groups
metabolite was intractable to detailed NMR structural studies, (58 °C, overnight), the oligonucleotide was purified as its
due to apparent motion near the adduct site, as shown bys-DMT derivative by HPLC on the Hamilton PRP-1 column,
broad NMR signals. In addition, the lack of a UV red shift eluted at 3.5 mL/min with a linear gradient that increased
on duplex formation with this (1§-dA*; adduct suggested  the acetonitrile concentration in the aqueous {NEO;
that the stacking of the hydrocarbon with the adjacent DNA buffer from 22.5 to 28.5% over 12 mif; 10.8 min. After
bases is weak. removal of the DMT group (80% HOACc in4®, 30 min, rt)

Is there a unique feature of this sequence in HHRRT
gene that makes it a hot spot for mutation? To help address
this issue, we have investigated the structure of a duplex
consisting of the oligomer &(T1A,G3T4CsAA7*GGoGio-
C11A19)-3 and its complementary strand-&(T13G14C;5
C15C17T18T19G20A21C22T23A24)-3’, which Corresponds to this
site. Two diastereomeric oligonucleotides were prepared
containing either a trans opened dA adductof-(R,SSR)-

BP DE-2 [BP DE-2 (18)-dA*; adduct] or of its noncarci-
nogenic enantiomer)-(SRR,S-BP DE-2 [BP DE-2 (18)-
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FIGURE 2: UV spectrophotometric titration of the RO (left panel) and 18- (right panel) adducted 12-mers-Q.9 Axsd/mL) with their

complementary strand at 2& in the phosphate-NaCl buffer described in the text. The spectrum marked Start corresponds to the adducted

strand in the absence of any complement; the spectrum marked End corresponds to the end point of the titration (stoichiometric formation
of duplex) where further additions of the complementary strand produce no additional spectral change.

the oligonucleotide was chromatographed on the Hamilton (18, 19) and exchange-only experimenf9)] were recorded
PRP-1 column eluted at 3.5 mL/min with the solvent gradient with 200 and 150 ms mixing times, respectively. A DQF-
described above for the detritylated, adducted oligonucle- COSY (1) experiment was recorded at 16. The data were
otides; T, 15.1 min. processed using VNMR on SUN Sparc 10 and Sparc 20
Sample PreparatioriTo determine the correct stoichiom- ~ Workstations or Silicon Graphics Inc. (SGI) workstations.
etry for formation of the 1:1 duplex, each adducted oligo-  Restrained Molecular Dynamics Calculatioriie NMR
nucleotide containing a BP DE-2 RMr 10Sadduct at dA structure refinement followed a MORASS/AMBER protocol
was titrated with its complementary strand;d813G14C15s that has been previously describéd)( Calculations were
C16C17T18T16G20A21C22T23A24-3', at 25°C by measuring the  performed on a SGI Indigo2 workstation. 453 nonexchange-
absorbance decrease at 353 nm on duplex formation in anable proton distance restraints were derived from our hybrid
aqueous buffer containing 12 mM pHPO,, 8 MM NaH- relaxation matrix program, MORASS 2.23), using NOE
PQy, and 56 mM NaCl (total ionic strength 100 mM) as Vvolumes from a 200-ms NOESY done in 99.96%DSixty
described15) (Figure 2). At this temperature, the end point, exchangeable proton NOE restraints were produced by
at which no absorbance change occurred on further additionassigning strong (1.753.50 A), medium (1.754.25 A), and
of the complement, corresponded to a ratio of A6 unit weak (1.75-5.50 A) intensities to cross-peaks from a 90%
of complement/1.2\0 units of adducted strand. The ratio H20/10% DO NOESY at 600 MHz. A total of 522 NOESY
determined from UV titration of a small sample of each flatwell constraints [453 nonexchangeable, 60 exchangeable,
oligonucleotide was then used in the preparation of NMR and 9 imino proton restraints (all base pairs except for-dA
quantities of the duplexes. Melting temperatures of the Tis and the base pairs on either side)] were used for
modified and unmodified duplexes-{0 uM total strand  refinement during our 5 ps AMBER 528) molecular
concentration) were determined in the same buffer by UV dynamics simulations at 300 K for the final round. Earlier
spectroscopy at 270 nm as describ&d) (For NMR studies, rounds used only the 453 nonexchangeable and 9 imino
these adducted duplexes were dissolved in 0.5 mL of the proton restraints. The coordinates of the last picosecond of
above phosphate-NaCl buffer (final pH 6.7) containing 50 MD were averaged using CARNAL2§), and this average
uM sodium azide. coordinate set was refined by 2000 steps of full conjugate

out on Varian UNITYplus 750 and 600 and/or Varian Structure for these calculations was standard B form DNA

VXR500S spectrometers. One-dimensional spectra for non-that contained a normal anti glycosidic angle at the adducted
labile (aromatic and aliphatic) and labile (imino and amino) deoxyadenosine. AMBER solvated sodium counterions were
protons were obtained using WET1D and BINOM pulse included in all structure calculations.

sequences, respectively. NOESY experiments were carried The progress of the iterative refinement process was
out using the WETNOESY pulse sequends)( NOESY monitored by several key factors, indicating the match

experiments carried out in 99.96%® were done at 15C between experimental NOESY volumes and theoretical
at 750.258 MHz with 4096 complex points ip and 512 NOESY volumes calculated from the refined structure. The

complex points in # sweep widths of 7455.7 Hz and a RMS errors in the vo_Iumes were used as the first criterion
relaxation delay of 4.3 s. The 200 ms mixing time NOESY for monitoring the refinements2g). The % RMS (volume)
carried out in 90% kKD/10% DO was done at 5C at is given by
599.800 MHz with 8192 complex points in and 512

complex points in i sweep widths of 12001 Hz, and a Uﬁ — v
relaxation delay of 3.8 s. 9&hifted sine-bells were applied % RMS (volume)= , [ 1/N z

to both dimensions of the NOESY experiments before ]
Fourier transformation. Z-filtered TOCSYLY) experiments

were recorded with 50 and 120 ms mixing times. ROESY wherea or b can be either the experimental or theoretical

b\ 2

| « 100%
vy
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2D volumes to give the % RMS (exp) or % RMS (the),
respectively.

The R-factor that is similar to th&-factor used in X-ray
crystallography was also used as a refinement crite@6h (
The R-factor is given by

W
R= zu i - i
Zij Ujj
wherea represents experimental volumes dntepresents
theoretical volumes.

We have suggested that the % RMS (volume) is a very
useful measure of quality of fit to the spectra since it weighs
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dinucleotide was constrained in either an anti or syn
conformation. As a control, ab initio calculations were also
carried out on the major (syn) and minor (anti) conformers
of the adducted d(pé mononucleotide in a 9-mer duplex
containing a BP DE-2 (19)-dA adduct with a dG mismatch.
As a result of slow interconversion between the two
conformations of this mismatched duplex, we had previously
been able to assign chemical shifts for the major and minor
conformers, corresponding to syn and anti glycosidic tor-
sions, respectively, of the adducted d2{1(33).

In each case, the coordinates for the ab initio calculation
were obtained by taking either the di- or mononucleotide
directly from the final MORASS calculated structure of the

the percentage differences in the theoretical and experimentaPligonucleotide in question. A fphosphate was retained with

volumes for both large and small cross-peaks equally. The
R-factor is regarded as a poorer measure of the quality of
the refined structure since it is often dominated by the largest
cross-peaks. Another quality of fit, ti@g!/¢ factor (26), also
better reflects the quality of the structure since it weighs more
heavily on the weak cross-peaks (longer, interresidue dis-
tances) as compared to tRefactor. TheQY® factor used in
MORASS is defined as

)= ZiijKUi?)m - (U5)1/6|
Z|J(1/2)Tm|(l/3)1/6+ (Uilj))1/6|

where a represents theoretical volumes ahdrepresents
experimental volumes.
A 70-ps unrestrained molecular dynamics calculation was

Q(1/6

each structure. Thé‘phosphate and thé-Bydroxyl oxygen
were then each terminated with a methyl group using
GaussView 82). The two terminal methyl groups were
subsequently minimized in GaussView while keeping the rest
of the molecule fixed. The resulting structures provided the
input coordinates to Gaussian94. Each calculation required
ca. 5 days of CPU time. All proton chemical shifts were
calculated by comparison with water protons calculated at
the same level of theory.

RESULTS AND DISCUSSION

Nonexchangeable Proton NMR Spectra and Chemical Shift
AssignmentsThe labeling convention for the hydrocarbon
and absolute configuration for the BP DE-2 RQa@IA adduct
are shown in Figure 1. The DNA proton chemical shift

undertaken using the structure from round 5 of the MORASS/ @ssignments were made utilizing NOESY, TOCSY, ROESY,
rMD/minimization cycles as the starting structure, and the and DQF-COSY experiments and by following established
50 lowest energy structures from the last 50 ps were Mmethods for canonical DNA3@). Figure 3 shows the base

minimized. The 50 structures were grouped into 10 clusters t0 H1' region of the 2D NOESY spectrum. The sequential

using the CalcCluster module in MolMol27) with a
maximum RMSD 6 1 A within each cluster. An average
structure was determined for each of these clusters [CAR-
NAL (24)], and these averaged structures were refined by
2000 steps of full conjugate gradient minimization with
NOESY restraints to yield the final 10 structures. The

connectivity is shown by solid lines for the adducted strand
in Figure 3, panel A, and for the complementary strand in
Figure 3, panel B. Although connectivities are drawn for
illustration from the dA H8 and dG H6 base protons to the
dGCs H1' proton, NOESY peaks are not observed for these
correlations. A NOESY peak from d@H6 to T, H1' is

coordinates of these 10 final structures were then averaged®Pserved however. In general, sequential connectivities were

(CARNAL) and subsequently minimized with NOESY
restraints to provide the final average structure. All structures
were built with XLEAP @8) and displayed with MolMol or
MIDAS2.1 (29).

Ab Initio Calculations of the Chemical Shifts of And
A7 Including the HydrocarbonAs discussed below, the
chemical exchange spectrum provides evidence for confor-

missing or very broad from residue gAo both dG and
dA*;. No cross-peaks were observed from the H8 proton of
dAs to the deoxyribose protons of gCand cross-peaks
between dA% H8 and the deoxyribose protons of gitvere
broad and weaker than expected. Typical cross-peaks were
observed for the remaining bases of this strand and all bases
in the complementary strand.

mational changes surrounding the adducted dA site. These To facilitate identification of the two adjacent thymidine
changes could result from either a change in sugar puckerresidues in the complementary strandg With a *°C label

at dAs between C2endo and C3endo 0) and/or rotation

of the y glycosidic torsional angle to the adducted adenine
(32). Ab initio SCF molecular orbital calculations [Gaussian
94 (32)] at the RHF/6-31G* level of theory were carried
out (SGI Octane R10K) to determine the effect of (i) a
change in sugar pucker at gnd (ii) syn-anti interconver-
sion of dA*; on the theoretical chemical shifts for the H8
and H2 protons of dAfand H2 of dA in the d(pApA*7;)

in the methyl group was incorporated into this strand in the
position opposite the adducted dA*The protons of this
methyl group could thus be unambiguously identified by their
13C splitting. These protons (0.44 ppm) as well as H6 (6.08
ppm) are shifted by about 1 ppm upfield from typical values,
indicating that they are stacked above or below the aromatic
portion of the BP DE-2, consistent with intercalation of the
hydrocarbon into the helix. Additional evidence for intercala-

dinucleotide segment of our present structure. In one set oftion is the weak inter H1to base proton NOE between glA

calculations, the d&sugar was fixed in either the G&ndo
conformation or the C3endo conformation. In a second set,
the glycosidic torsional anglg, of the adducted dA in this

and dA (Figure 3). The intra H1to H6 NOE for dG is
missing as well as the inter Hlo H8 NOE between dC
and dA. The dG residue protons were assigned using
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e = ; Table 1: Chemical Shift Assignments (in ppm) of the DNA Protons
residue H1 H2 H2' H3 H4 H6/8 H2/5/Me  NH(2}
dT, 571 162 2.10 456 393 7.24 151

6.8 dA; 6.00 2.82 2.89 4.97 4.35 8.29
7.0 © ¢ o f’ cs dGs 585 245 265 482 4.36 7.64 12.66
T 72 ° .y T1 o . ] & dTs 589 1.81 2.18 4.72 4.09 7.14 1.16 13.62
g8 —Epott ¢ ¢ c | dCs  4.80 1.30 1.34 451 381 7.09 540  8.28,6.82
=74 o ©e D> & - o dAs 587 299 281 513 431 7.81 6.74
76 83610 - ! dAg® 7.40
A dA*; 599 2.83 2.87 509 443 858 7.69  6.67
dA* P 737 8.62
dGs 519 2.58 2.66 4.95 4.25 7.84 12.90
dGo 5.76 2.63 2.73 499 4.36 7.80 13.02
dGyy 5.83 246 2.63 4.92 431 7.69 12.98

dC;; 5.68 1.88 2.24 473 4.05 7.26 5.35 8.35, 6.64
dA;, 6.28 2.61 2.40 4.64 4.14 8.19

dT,;; 5.86 1.86 2.27 4.62 4.36 7.36 1.57

dG, 5.92 2.73 2.73 4.95 4.36 8.00 12.88
dCis 5.97 2.19 244 477 423 7.41 5.34 8.22,6.49
dCys 5.80 1.87 2.25 4.66 4.00 7.38 5.46 8.32,6.81
dC,; 5.66 1.21 1.60 4.44 3.80 7.06 5.37 8.38,7.02
dTis 5.10 1.72 1.99 459 3.85 6.08 0.44 11.63
dTie 5.19 213 2.25 4.60 3.93 7.45 1.95 12.82/11.88
dGy, 5.31 2.71 2.71 495 4.30 7.90 12.57
dA;; 6.16 2.68 2.81 4.96 4.40 8.16 7.77

dC,, 5.73 1.81 229 460 4.24 7.22 5.19 8.06, 6.75
dT,s 5.86 1.97 2.28 4.76 4.02 7.29 1.58

dA;s 6.25 2.63 2.40 4.65 4.13 8.20

almino and amino protong.Minor conformer.

8.6 = e >
62 60 58 If'zs(ppm)s"‘ 52 50 48 Table 2: BP DE-2 Proton Chemical Shifts
FiGURE 3: The base (F1) and M{F2) proton region of a 200-ms proton % (pPm) proton ¢ (ppm)
mixing time NOESY experiment of the 12-mer duplex is@® (A) H1 7.37 H7 5.24
The sequential connectivity (solid lines) between the base and the H2 7.43 H8 3.98
H1' protons of the adducted strand, @fEGsT4CsAA* 7GgGo- H3 7.44 H9 4.83
G10C11A12), Where the A% represents the BP DE-2 (BpdA adduct H4 7.53 H10 5.66
and (B) the sequential connectivity of the complementary strand, H5 7.82 H11 6.30
d(T13G;L4C15C16017T13T19G20A21C22T23A24). Note the unusually up- H6 8.19 H12 6.91

field shifted Ts HE position (6.08 ppm). a Corresponding chemical shifts for the BP DE-2 protons in the N-ras

. ) o 11-mer (30) were within 0:80.05 ppm of those observed in the present
TOCSY and DQF-COSY data. The difficulty in assigning study.

almost all of the dgprotons is due to their broad line widths,

WhiCh. are indicativg of dynamic motion involving §CThe proton at 8.19 ppm, which was assigned to H6. A strong
chemical shift assignments for the DNA and hydrocarbon NOE between H6 and a signal at 7.82 ppm was attributed

protons are listed in Tables 1 and 2, respectively. to an interaction between H5 and H6. A resonance at 7.53
Benzga]pyrene ProtonsThe protons of the BP DE-2  ppm was assigned to H4 based on both TOCSY and NOE
system were assigned using both TOCSY (Figure 4, panelspeaks from 7.53 to 7.82 ppm (H5). Finally, an NOE peak
A and B) and NOESY (Figure 4, panel C) data, as well as from H4 to a resonance at 7.44 ppm was attributed to an
comparisons to other BP DE systen®0,(33). Aromatic H3—H4 interaction. Definitive cross-peaks between H2 and
protons H11 and H12 were readily assigned by their H3 could not be observed because of their nearly degenerate
relatively upfield chemical shifts, 6.30 and 6.91 ppm, chemical shifts, 7.43 and 7.44 ppm, respectively.
respectively, and confirmed in both the TOCSY (Figure 4,  Evidence for 5 Direction of Intercalation for the Hydro-
panel B) and NOESY (Figure 4, panel C) data. An NOE carbon from DNA to BP NOEJhe BP H10, H11, and H12
peak (Figure 4, panel C) and a weak TOCSY peak (Figure protons are located on the edge of the hydrocarbon that is
4, panel A) between H11 and H10 (5.66 ppm) provided a nearest to the modified deoxyadenosine, gdAFhere are
connection between the aromatic and the aliphatic portions several NOEs from protons on g&he nucleotide 5o dA*-,
of the BP DE-2. The remaining aliphatic BP DE-2 protons and the BP H10, H11, and H12 protons. BP H10 has NOEs
were assigned by sequential TOCSY peaks (Figure 4, panelto dAs H1', H2, H2', H3, and H8. BP H11 has NOEs to
A) and by NOESY peaks (data not shown). In Figure 4, panel dAs H1', H2, H2", and H8. BP H12 has an NOE to gA
A, the H9—-H8 cross-peak on one side of the diagonal is H1'. These NOEs are evidence that the edge of the
missing due to water saturation, so the connectivities of H9 hydrocarbon near the site of adduction is pointed towargl dA
to both H10 and H8 are indicated with a single line. The H1 in the 5 direction relative to dAs3.
proton was assigned based on a strong NOE peak from H12 The BP H1, H2, H3, H4, H5, and H6 protons are located
to a resonance at 7.37 ppm. A strong TOCSY peak from on the edge of the hydrocarbon farthest away from dA*
H1 to 7.43 ppm was used to assign H2. Aliphatic proton H7 There are NOEs from1k, the base complementary to dA*
on the other side of the BP DE-2 had a strong NOE to a to this far edge of the BP. BP H1 has NOEs tg H6 and
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Ficure 4: (A) 120 ms mixing time TOCSY spectrum of the
aliphatic proton region of the BP DE moiety (H7, H8, H9, H10).
(B) The aromatic proton region of the above TOCSY spectrum
containing protons H1, H2, H3, H4, H5, H6, H11, and H12. The
spin system HtH2—H3 gives a single cross-peak due to the
degeneracy of H2 and H3. (C) 150 ms mixing time NOESY
spectrum of the aromatic pyrene proton region.

H1'. In addition, T;s H6 has NOEs to BP H2, H3, and H4.
The methyl protons of 1§ have NOEs to BP H3, H4, H5,
and H6. These NOEs from the BP moiety tqgTare
indicative of hydrocarbon intercalation.

Exchangeable DNA Proton Spectrl! of the exchange-

Biochemistry, Vol. 39, No. 46, 2004045

establishes WatserCrick base pairing between the modified
dA*; and the Tg opposite on the unmodified strand by the
presence of a weak NOE from the imino proton qf 1o

the H2 proton of dA%. The base-to-base connectivity in the
imino water/NOESY spectrum shows a break between base
pairs dA*—Tig and dA—Ti9 Which is presumably due to
intercalation of the hydrocarbon between them (Figure 5,
panel A). Further, the large upfield chemical shift of the
dAs—T19imino proton is associated with the location of these
bases on the'side of the pyrene ring system. A larger
upfield shift is observed for the dA*Tigimino proton. In
addition to the NOE between thegland G imino protons,

the Tygimino proton has a weak NOE to a resonance at 11.88
ppm that appears to be a minor conformation gffiossibly
associated with a change in glycosidic torsion angle of base
dA*; and subsequent repositioning of the BP DE ring system
(see below).

Structure Refinement of the Major ConformAithough
it was clear from peak broadening in the vicinity of the
adduct as well as the presence of several chemical exchange
cross-peaks (see below) that dynamic behavior involving one
or more minor conformations was occurring, it was possible
to refine a structure for the major conformer. Because of
fast chemical exchange for the vast majority of the peaks
and a small population for the minor conformer, the single
set of observed NOE cross-peaks measured is largely
associated with the major conformer or an averaged structure
representing both major and minor conformations. However,
some of the calculated distances may be in error because of
the presence of a finite population of the minor form. Several
different starting model structures for the major conformer
were considered. All NOEs were consistent with a B-DNA
duplex, and this was used as an initial model. The NOESY
spectra provided unambiguous evidence that in the major
form of the adduct, the dA*base was in the anti glycosidic
conformation, and the water/NOESY spectrum showed that
it was base paired to;3. The observed NOEs indicated that
the hydrocarbon was intercalated, rather than in the major
or minor groove, consistent with all previous NMR structures
for BP DE dA adducts 15, 30, 31, 33, 35—37) including
the same trans opened BP DE-2R@A adduct in a related
N-rassequence30). NOEs also established that the BP ring
was intercalated on the'-Side of the adducted base as
observed in all other BP DE (F)-dA adducts 15, 30, 35—

37).

The progress of the iterative MORASS/rMD structural
refinement starting from a B-DNA model with the hydro-
carbon intercalated from the major groove is shown in Table
3. All of the volumes merged by the fifth iteration of the
MORASS/rMD structural refinement, and the final total
restraint energy penalty in round 5 was 231.8 kcal/mol. In
the final iterations, 522 distance restraints were incorporated
into the refinement with 17 of them between the nonex-
changeable hydrocarbon protons and the DNA duplex. The
measure of the quality of the refinement{{decreased to

able base protons for the present adducted 12-mer could bé.0778 in the final MORASS iteration. The structure from

assigned by a 2D NOESY spectrum taken in 903® Huffer

this round was subjected to 70 ps of free MD and the 50

solution, except for the terminal base pairs at each end oflowest energy structures in the last 50 ps were used to

the duplex. Both imino to imino (Figure 5, panel A) and
imino to H2 (Figure 5, panel B) proton NOE peaks were

generate 10 structures (see experimental details) from which
an average structure was determined. MORASS was used

used to assign the exchangeable protons, which are listed irto determine the quality of all 10 structures as well as for

Table 1. As shown in Figure 5, the spectrum clearly

the average structure. The final (averaged) structure has a
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Ficure 5: Expanded regions of a 150-ms mixing timgQHNOESY spectrum of the 12-mer duplex showing NOE peaks from the imino
protons to (A) imino protons or (B) H2 and amino protons. Base pair-to-base pair connectivity can be traced oo, &, to Gy (base
paired with G), and Ggto Tig and from G to Gy and G to G4 (base paired to ). The G and G imino protons are nearly degenerate.
The broadened imino proton of d(which is base paired to the BP DE-2-adductedl does not have an NOE to either thg, ®r Gg imino

protons, although  does have an NOE to a resonance at 11.88 ppm which has no diagonal peak. This resonance may correspond to a

minor conformation of the 1k imino proton.

Table 3: MORASS Structure Calculation Progression

iteratiorf % RMSy01 R-factor QY¢factor E(amber) Econst) forces/% error
0 10594.2 0.6074 0.1184

1 310.84 0.5927 0.0997 —1582.9 53.2 10/25

2 145.41 0.5881 0.1025 —1577.6 66.1 5/20

3 104.95 0.5947 0.0876 —1482.3 430.1 5/13

4 131.62 0.5451 0.0851 —1460.6 382.8 15/11

5 85.57 0.5412 0.0778 —1473.8 231.8 17(16)0
6 (SAy 91.9 0.4938 0.0745 —1450.2 250.6 20(1810
BAT 84.0+ 9.5 0.477% 0.022 0.073# 0.0013 —1427.1+ 20.7 311.2+32.2 20(10y10

aMORASS iteration numbef The average of the % RMS differences between the experimental and theoretical vdl&taesell potential
function parameters (force constant in kcal/md| Arror is the permitted error on the constraining distanc€Bhe number in parentheses is the
force constant applied to 60 additional restraints derived by estimating NOE strengths from dafainvélving exchangeable protorfsValues
for the final average structure (SA)SAJAverage values for the 10 cluster derived structures.

Q¢ factor of 0.0745, aR-factor of 0.4938, atha % RMS

respectively. The pairwise RMSD for the heavy atoms of

of 91.9% (Table 4). The average values of the structure the starting B-DNA model structure and the final average

quality factors for the 10 structures a@/® = 0.0737+
0.0013,R=0.4775+ 0.022, and % RM%, = 84.0+ 9.5.

structure is 3.36 A, while the average RMSD of the 10 final
structures as compared to the final averaged structure is 1.14

The quality factors for the final average structure are higher & 0.27 A for the central 10 base pairs. The RMSD of the
than the averages of the factors for the 10 structures. Thisheavy atoms near the adducted site (residues 6, 7, 18, and
reflects the fact that 3 of the 10 structures fit significantly 19) is 1.22+ 0.25 A.

worse than the remaining seven and that the number of

In the final structure, the hydrocarbon remains intercalated

structures within each cluster were not used to weight the in the 5 direction from the modified dA#, and Tgis stacked
averaging for the final structure. The RMSD of the NOE underneath the aromatic portion of the hydrocarbon (Figure

deviations for the average structure is 0.0860.147 A,

6). To accommodate the bulky lesion, both the dA*; and

however, the number of NOE violations greater than 0.3 and T15dAs base pairs are buckled away from the intercalated
0.5 A, 50 and 16, respectively, is relatively large. In a similar BP DE-2. Although no hydrogen bond restraints were used

structure, Stone and co-worker80[ reported 24+ 4

for these base pairs in the structure refinements, the hydrogen

deviations greater than 0.3 A. The RMS deviations of bond bonds of both base pairs remain intact. The @4 oxygen
lengths and angles of the final 10 structures from ideal is only 1.75 A from the closest dfamino proton, and the

geometry are 0.0118& 0.0002 A and 2.878+ 0.062,

T1o H3 proton is 2.16 A from the dénitrogen N1. The
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Table 4: Analysis of the MORASS/MD Generated Structures of the appear to be involved in some chemical exchange dynamics

BP DE-2 1®R Adduct that dramatically alters the environments of the; ¢H® and
NMR Distance Constraints dA*7 H8 and H2 protons.
total no. of distance restraints 522 After the D,O sample had been kept at room temperature
interresidue restraints 179 for 45 days, most of the labile H8 base protons had
'E’;gfg Esrlglsjter;ﬁlsttsramts 31174 exchanged with the solvent deuterium atoms, and a second
H-bonding restraints (empirical) 9 100-_ms NOESY spectrum was acquired (Fi_gure 7, panel C).
In this subsequent 100-ms NOESY experiment, the cross-
Structural Statistics peak assigned to the dAH8 proton is no longer observed.
NMR Q"factor However, the cross-peaks for the H2 protons of gdf&*69
final averaged structure 0.075 ! Y
best-fitting structure 0.072 and 8.62 ppm) and dA(6.74 and 7.40 ppm) are still
worst-fitting structure 0.077 observed. These observations validate the assignments of
;\l”(‘jsg of ’I\'?E V'S'g“sogs A 160-08& 0.147 these three peaks despite the rather large downfield chemical
NOE violationes 0.3 & 50 shift observed for the H2 proton of dA*in the minor
RMS deviations from ideal geometry conformation (8.62 ppm). In all three spectra, the cross-peak
bond length (&) 0.0118&- 0.0002 for the dAs H2 proton is significantly stronger and broader
bond angle) 2.878+ 0.062 than the other cross-peaks, suggesting that the dynamics at
palrise rmsd ééirﬁxérn'lﬁé‘éy atoms 236 this residue may be different from that of residue dA*
final ave vs 10 clusters 1.14 0.27 (perhaps involving a conformational inversion of the sugar
worst cluster vs cluster 2.81 ring). The absence of several sequential NOESY peaks from
best cluster vs cluster 1.80 both dA*; and dG to the dA; residue is presumably due to

this dynamic behavior. Because of peak overlap in the

corresponding distances for thggFdA*; base pair are 2.02  spectrum of the unexchanged sample, it was not possible to
and 2.31 A, respectively. The structure is further stabilized quantify the population of the minor conformation. However,
by three hydrogen bonds between the BP DE-2 hydroxyl after deuterium exchange of the labile H8 protons, the
protons (purple) and the DNA. The O4 oxygen af {royal intensity of the overlapping protons was reduced enough
blue) is only 1.60 A from the BP DE-2 hydroxyl group (Figure 7, panel C) that we could estimate from signal
proton at carbon C7, and the O2P nonbridging oxygen of integration that the population of the minor conformer was
dAs is 1.44 A from the hydroxyl proton at C9 of BP DE less than 5% (major conformer 95%).
and 1.60 A from the hydroxyl proton at C8 of BP DE. The Weak NOESY peaks between the dA48 proton in the
deoxyribose rings of both dand dA* are in a C2endo minor form and resonances at 6.08, 5.66, and 5.19 ppm were
conformation. also observed (data not shown). The resonance at 6.08 may

Several other refinements were carried out in which the be the minor form of the dA* H1' proton, which has a
dAs sugar ring was constrained to either the'-€@do or chemical shift of 5.99 ppm in the major form. Although the
C3-endo conformations. Th®Y¢ value for the dA C2- chemical shift of the s H6 proton is 6.08 ppm, an NOE
endo constrained structure was 0.0815 and for theGiZ\- interaction between the;dH6 and dA*% H8 protons is highly
endo constrained structure was 0.0831. These differences arenlikely given the long distance between them. A strong
too small to distinguish whether the gl8ugar ring was C2 NOE should be observed between the H8 and pidtons
endo or C3endo. Therefore, no sugar pucker constraints in a nucleoside with a syn conformation, although the signal
were used in the structures reported. In all three structuresintensity would be a function of the syn population. Thus,
(sugar unconstrained, G&ndo or C3endo constrained), the  the weak intensity of the cross-peak between the minor form
final refined structure of the major form (Figure 6) shows of the dA*; H8 proton and the resonance at 6.08 ppm is
the hydrocarbon intercalated from the major groove, betweenconsistent with a small population of dAin the syn form.
the dA*-dTis and the dA-Ti9 base pairs with an overall The resonance at 5.19 ppm may be the minor form of the
B-DNA duplex geometry. The modified dA*emained in dA*; H3' proton which has a chemical shift of 5.09 ppm in
the anti conformation, forming a normal Watse@rick base the major form, and the resonance at 5.66 may correspond
pair to the opposite T in all three NMR structure calculations. to the BPDE H10 proton. Additional weak NOE peaks are

Chemical Exchange-Only SpectraziBience for a Minor observed. Although we may speculate on the origins of these
Conformer.Three relatively large cross-peaks observed in data, they cannot be unambiguously assigned given their
the base region of the 100 ms NOESY spectra could not beweak intensities and small number.
assigned to any of the typical interactions observed in We considered two possibilities for the conformational
NOESY experiments and were thus presumed to be chemicalinterchange with a minor species that gives rise to the
exchange peaks for the dAH2 (7.68 and 8.62 ppm), dA* chemical exchange cross-peaks. These are (i) interconversion
H8 (8.58 and 7.36 ppm), and gAl2 (6.74 and 7.40 ppm)  between a C2endo and C3endo conformation of the sugar
protons (Figure 7, panel A). That these peaks arise from aof dAs, as previously reported by Stone and colleagues for
chemical exchange process was verified by a 150-msa relatedN-ras sequence (dCAA*G) in an 11-mer duplex
chemical exchange-only experiment (Figure 7, panel B) in containing the same BP DE-2 BBdA adduct 80) and (ii)
which NOESY and ROESY peaks are eliminated. In the interconversion between syn and anti conformations of the
chemical exchange-only experiment, three significant peaksadducted dA3%, as demonstrated by us for two conformations
are detected on both sides of the diagonal. These corresponthat are resolvable on the NMR time scale for a BP DE-2
to the three unassigned peaks indicated in the NOESY (10S)-dA adduct in a 9-mer duplex with a mismatched dG
experiment. Therefore, both the gand the dA% bases opposite the adducB(, 33). Our NMR data for the present
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FiGurE 6: Stereoview of the refined structure of the major conformer (anti conformation g) dAthe 12-mer duplex containing a trans
opened DE-2 (1R)-dA adduct. The deoxyribose ring and base of the adducted dfshown in pink and the BP DE-2 system is shown

in yellow. Bases Tg, T1o, and dA are orange, cyan, and green, respectively. Phosphate groups are shown with red phosphorus atoms and
yellow nonbridging oxygen atoms (O1P and O2P). The O4 oxygen (royal blugkddifns a hydrogen bond (1.60 A) with the BP DE-2
hydroxyl proton (purple) at carbon C7, and the O2P oxygen qffdAms hydrogen bonds with the BP DE-2 hydroxyl protons (purple) at
carbons C8 and C9.

12-mer are insufficient to distinguish between these two Ab Initio Calculations of the Chemical Shifts of glénd
possibilities. In the present duplex, the population of the dA*; Including the Hydrocarbon.To help differentiate
minor conformer is much smaller (on the order of 5%) than between these two competing explanations, we carried out
in the mismatched 9-mer (83% syn/17% anti), making ab initio molecular orbital chemical shift calculations at the
identification of weak cross-peaks extremely difficult, even RHF/6-31G* level of theory for the protons and heavy atoms
at 750 MHz. Furthermore, the rate of chemical exchange Of the d(pApA*-) dinucleotide of our present duplex. In a
for the present duplex is faster on the NMR time scale than Pair of calculations using the geometry from our refined
that for our previous mismatched 9-mer, so that only those Structure with the anti conformation of di‘the d/As sugar
protons (H2 and H8) that have a large chemical shift Was constrained to either the @hdo or the C3endo
difference in the two conformations are observed separately,cc,mformft"?n' The corresponding chemical shift calculations
whereas other protons give very broad or averaged signals.W'th. dA*7 in th_e C2-endo, syn conform_atlon were al_so
The two protons with large chemical shift differences carried out. Since we have no experimentally derived

. : . structure for the syn conformation in the present 12-mer,
between the major and minor conformations,;d48 (Ao we accomplished the necessgrprsional rotation by drivin
= 1.21 ppm) and dAH2 (A6 = 0.93 ppm), exhibit relatively P 2 y 9

narrow peaks in the exchange-only spectrum. In contrast it with a series of highly restrained AMBER minimizations.
: i - —~"We used the d mononucleotide from the major (syn
the dAs H2 proton, which has a smaller chemical shift (PAY jor (syn)

. _ _ and minor (anti) conformers of the (30dA adduct in our
difference between the two conformationsd(= 0.66)  previously studied mismatched 9-mé¥(33) as a model
provides an extremely broad exchange-only peak. In the BPtq see if the ab initio calculations can accurately predict the

DE-2 (108)-dA adduct in a 9-mer duplex with a mismatched - switch in chemical shifts observed for H8 and H2 of the
dG opposite the adducd{, 33) the chemical shift differences  adducted dA when the glycosidic angje,rotates between
for the BPDE protons in the two conformations were all less syn and anti.

than 0.5 ppm and all but three were less than 0.15 ppm. Thus, can the change in sugar pucker atsc#one account for
while the BPDE moiety and dC5 are undoubtedly involved the differences seen in the chemical shifts of the chemical
in the conformational exchange process, the small magnitudeexchange peaks for H8 and H2 of gand H2 of dA? The

of the chemical shift changes precludes the observation ofab initio calculations of the chemical shifts of the dgpA
related exchange-only cross-peaks and provides broad averpA*,) dinucleotide containing the hydrocarbon suggest that
aged signals in the NOESY data. the chemical exchange peaks seen for H2 of dAd H2
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dA*s syn), the values of the calculated and observed chemical
shifts agree within+ 0.2 ppm. Interestingly, the large
chemical shift differences between the syn and anti conform-
ers do not appear to result primarily from interactions with
a neighboring or complementary base, since the calculations
for the isolated d(pA2) of the 9-mer correctly predict these
differences.

Similar chemical shifts observed for the present 12-mer
duplex are fully in accord with the hypothesis of a rotation
of the dA*; base from anti to syn in the minor conformer

B s 150ms Exchange On ey Table 5). Th hemical shift for H2 of dA
6.8 150ms Exch !g Only [0 w&/@@%f (Table 5). The observed chemical shift for of dAS
[y , \\\/G“H
/Q%

A 6.8.] 100 ms NOESY
Before exchange

F1(ppm)

7.69 in the major conformation. The calculated chemical shift
for this proton in the anti conformation is 7.74 ppm (for a
C2-endo dA sugar conformation), consistent with the
assigned anti conformation (based on NOE data, see above)
of the major species. From the chemical exchange spectra,
the corresponding H2 chemical shift in the minor (putative
84] 4 syn) conformation is 8.62 ppm. We anticipate that the
8.6 r@@;‘ A7H2 mA”ﬂm chemical shift for the H2 proton of the adducted dA in a
- sl T 5 syn conformation should shift1 ppm to lower field upon
anti to syn rotation [experimental value for the 9-mer, 7.93
ppm (anti) to 8.72 (syn)], in good agreement with the
experimental downfield shift from 7.69 (major) to 8.62 ppm
(minor) for the present 12-mer. Similarly, the observed and
calculated chemical shifts for H8 of dAtn the major (anti)
conformer of the 12-mer are 8.58 and 8.88 ppm (for & C2
endo dA sugar conformation), respectively. We anticipate
; ; that the chemical shift for H8 of the adducted dA in a syn
86 [] a7n2 conformation should shift te-1 ppm higher field [8.73 ppm
88 86 84 82 80 78 76 74 72 70 68 (anti) to 7.81 (syn) for the 9-mer], consistent with our
F2 (ppm) experimental upfield shift from 8.58 (major) to 7.37 ppm
FIGURE 7: Base proton region of three spectra collected on the (minor) for this proton in the 12-mer. As shown in Figure
12-mer duplex: (A) a 100 ms mixing time NOESY spectrum in 6, depending upon the glycosidic conformation for the

0 > A ) .
235%?@3]?’"(]8,)38 12?]dm?Cr;m§n%0t(l)m%§ hri?(:ﬁgl ﬁ)rfg a’(:%%gr\l(ly adducted dA, either the H2 or H8 protons will be stacked

spectrum in 99.6% D in which most of the H8 protons (ca. 80%) under the aromatic ring of the BP DE, producing large ring
have been exchanged with solvent deuterium atoms. Cross-peakgurrent shifts, as reflected in these calculations.

due to chemical exchange processes are noted for H8 and H2 of . .
the adducted residue (d&and for H2 of dA. Despite excellent agreement between the experimental and

calculated chemical shifts for dA*the experimental and

and H8 of dA are not due solely to a change of theedA calculated chemical shifts for dAare significantly different
sugar pucker from C2ndo to C3endo. The calculated for the major conformation. The experimental chemical shifts
chemical shift values for the H2 protons of dA4nd dAs for the H2 and H8 protons of dfare 0.95 and 0.75 ppm
with the dAs sugar pucker fixed in either G2ndo or C3 upfield from those predicted by theory for the major
endo are similar (Table 5) and do not predict the substantial conformation (dA% anti) in which dAs is restricted to the
differences in chemical shift seen in the exchange-only data. C2-endo conformation. In contrast, the experimental (7.40
Thus the chemical shift of the dAH2 proton signal is ~ Ppm) and calculated (7.37 ppm) chemical shifts for the dA
calculated to change only from 7.69 to 7.68 ppm if the sugar H2 proton in the minor conformation agree quite well. In

flips from a C2-endo to C3-endo conformation. Similarly,  addition, the chemical shift of the @Ad8 proton (7.81 ppm)
the dA* H2 proton shifts only 0.05 ppm upon this agrees quite well with the calculated chemical shift for the

conformational change. major conformation (dA¥anti) in which the dA deoxyribose

In contrast, the ab initio calculations predict large differ- is in the C3-endo conformation (7.75 ppm), suggesting that
ences in chemical shifts for H8 and H2 of an adducted dA residue dA may be undergoing a G2ndo to C3endo
upon syr-anti interconversion. Most importantly, they conversion as previously noted by Stone and co-workd)s (
accurately predict the direction of the chemical shift changes The poor agreement between theory and experiment for the
observed for the H8 and H2 protons of a BP DE-29t0  dAs H2 and H8 protons in the major, anti conformation may
dA adduct in the mismatched 9-mer whose major (syn) and be a reflection of the poor quality of the structure at this
minor (anti) solution conformers have been assigned by 2D position. No NOE peaks were observed from thes ¢#8
NMR (31, 33) (Table 5). The calculations correctly predict proton to the dg deoxyribose protons, and those observed
a ca. 1 ppm downfield shift for this H8 proton when the from dAsto either dA% or the hydrocarbon were weak and
dA* converts from a syn to an anti conformation, in contrast very broad. Because the dhase is stacked above the BP
to the upfield shift of nearly the same magnitude predicted DE system, a small change in their relative positions could
and observed for the H2 proton. In all but one case (H8 of result in significant shielding differences.

Y

4 i

ABH2

=

F1 (ppm)

C 100 ms NOESY
After exchange

F1 (ppm)
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Table 5: Comparison of Experimentally Determined Proton Chemical Shifts with ab Initio Calculated Chemical Shifts for Key Protons with
Detectable Chemical Exchange Cross Peaks

calculated ppm

proton (conformation at adducted dA*) Gendo C3endo experimental (pprh) exchange peaks
AcH2 (A*7 anti) 7.69 7.68 6.74 yes

AcH2 (A*7 syn 7.37 7.40

AgH8 (A*7 anti) 8.56 7.75 7.84 no

AgH8 (A*7 Syl') 8.43

A*7H2 (A*7 anti)/A* sH2 (A*s anti)’ 7.74/7.67 7.69 7.69/7.93 yes
A*7H2 (A*7 syn/A* sH2 (A*ssyn)' 8.16/8.65 8.62/8.72'

A*7H8 (A*7 anti)/A* sH8 (A*s anti)f 8.88/8.50 9.36 8.58/8.73f yes

A*7H8 (A*7 syr)/A* 5H8 (A*5 syr)f 707/688 7373/781f

a Chemical shifts are derived from ab initio calculations. See Methods for dét&lsemical shifts for 12-mer derived from this study from a
200-ms mixing time NOESY experimerftChemical shifts derived from a 150-ms mixing time chemical exchange-only experiment. See Methods
for details.d Chemical shift of the 12-mer major conformaticrChemical shift of the 12-mer minor conformatidrtChemical shifts (A*5) for the
9-mer; experimental values are from Schwartz et38).(Syn and anti glycosidic angles at nucleotide dA5* correspond to the major and minor
solution conformations, respectively. Chemical exchange cross-peaks are seen at the positions of the major and minor dA5* H2 and H8 chemical
shift values.

Table 6: Comparison of Chemical Shifts of tRRT 12-mer (present study) arid-ras 11-mer (30) Duplexés

base H1 H2 H2" H3 H4' H6/8 CHyH5
adducted strand
Cs 4.80 (4.44) 1.30(0.92) 1.34(1.22) 451 (4.01) 3.81(3.94) 7.08 (6.78) 5.40 (4.96)
As 5.87 (5.81) 2.99 (2.63) 2.81(2.92) 5.13 (5.08) 4.31 (4.25) 7.81(7.67)
A7 5.99 (5.88) 2.83(2.75) 2.87 (2.82) 5.09 (5.05) 4.43 (4.38) 8.58 (8.56)
Gg 5.19 (4.93) 2.58 (2.53) 2.66 (2.63) 4.95 (4.21) 4.25 (4.06) 7.84 (7.84)
complementary strand
C17(Cis) 5.66 (5.68) 1.21 (1.31) 1.60 (1.62) 4.44 (4.48) 3.80 (3.98) 7.06 (7.08) 5.37 (5.38)
T18(T10) 5.10 (5.10) 1.72 (1.73) 1.99 (1.98) 4.59 (4.60) 3.85 (4.25) 6.08 (6.09) 0.44 (0.46)
T19(T17) 5.19 (5.31) 2.13(2.20) 2.25(2.36) 4.60 (4.63) 3.93 (4.18) 7.45 (7.45) 1.95 (1.95)
G20(Ga1g) 5.31 (5.90) 2.71 (2.68) 2.71(2.77) 4.95 (4.92) 4.30 (4.35) 7.90 (7.94)

aValues not in parentheses are for the pre$#AiRT 12-mer duplex; values in parentheses are the chemical shifts for the corresponding protons
in the N-ras 11-mer30).

The above calculations and comparisons support oursome degree of conformational variation (at least on the 5
conclusion that the observed exchange peaks result fromside of the adduct) between thas and HPRT sequences.
interconversion of the adducted dAsetween an anti and a Comparison of Diastereomeric BP DE-2 (10R)- and (10S)-
syn orientation in these two conformers, respectively, and dA Adducts: Possible Roles of Adduct Conformation and
they clearly indicate that the large chemical shift differences Sequence in Dynamics of Adducted Duplefas. synthetic
for H2 and H8 of dA* between the two conformers do not approach yields the diastereomeric, adducted oligonucleotides
result from changes in the sugar pucker og@one. Indeed,  corresponding to trans opening of the two enantiomers of
the calculations are consistent with either 8-€2do or C3 ()-BP DE-2 by the exocyclic amino group of dASince
endo conformation (or a combination of these) since the these diastereomeric oligonucleotides are generally quite
predicted chemical shift differences resulting from this conveniently separated by reverse phase HPLC, a single
conformational change are generally small. Thus it is quite synthetic procedure generates both structures. Absolute
possible that, in addition to the syn/anti interconversion of configurations of the separated diastereomers at C10, the
dA*;, such a C2endo/C3-endo interconversion also takes point of attachment of the base to the hydrocarbon, were
place with the present oligonucleotide but is not experimen- assigned on the basis of their CD spectra as described in the
tally detected because of the time scale on which it is Materials and Methods (cf. Supporting Information).
occurring. As far as we are aware, ab initio calculations of A goal of the present study was to compare the solution
chemical shift at this high level of theory have not been structure of the 12-mer duplex that contains the trans opened
reported for a system this large in applications to biomo- (109-dA adduct derived from the carcinogenic and meta-
lecular structures. bolically most significant€)-(R SSR)-BP DE-2 isomer with

It is possible that syranti interconversion of the glyco-  the oligonucleotide containing the correspondin® adduct,
sidic torsion angle takes place in addition to the;&figar whose precursor diol epoxide lacks significant tumorigenic
pucker interconversion in the 11-mer containing a sequenceactivity. UV spectral observations indicated pronounced
surrounding theN-rascodon 61 80). However, one should  differences between these two diastereomeric 12-mer du-
be cautious when interpreting the results of these two relatedplexes and suggested that the duplex containing thg){10
structural studies, because the sequence context outside théA adduct is conformationally disordered at the adduct site
central four base pairs is different. Indeed as shown in Tableand/or exists in part in conformation(s) in which the
6, while the chemical shifts of the dA;*Gg sequence within ~ hydrocarbon is not intercalated into the DNA: (i) Upon
the dGAsA7*Gg sequence of both the Ms and HPRT titration (Figure 2) of the 1R adducted oligonucleotide that
sequences are quite similar, the chemical shifts of the dC is the subject of this NMR study with its T-containing
(and its complementary base) are quite different, suggestingcomplementary strand, a red shift of the pyrene bands occurs
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10S Adduct 12-mer thus precluded attempts to determine its solution
structure by NMR.

In all intercalated dA DE adducts studied to date, the
absolute configuration at the point of attachment determines
to which side of the modified dA residue the hydrocarbon

10R Adduct will intercalate, such that the aromatic portion is intercalated
to the 3-side of the modified adenine for adducts wigh
configuration at the site of attachment to the base at this
carbon and to the'Side for adducts witlR configuration.
When the parent hydrocarbon is BP, oligonucleotide duplexes
containing 1®& adducts with a normal T complement have
: r ' thus far been too disordered to permit determination of their
14 13 12 solution conformations by NMR3g). However, NMR
Chemical Shift (ppm) structures have been determined for duplexes with comple-
FiGURE 8: NMR spectra at 500 MHz (@, 5 °C) for the imino mentary T opposite both B)- and (19-dA adducts derived
proton region of the 12-mer duplex containing the trans opened from benzof]phenanthrene (BPh) DE-39, 40) and benzo-
BP DE-2 (16 adduct at dA} (upper trace), and of the same duplex  [g1anthracene (BA) DE-24(1, 42). Interestingly, Sadducts
containing the diastereomeric trans opened BP DE-RYadduct from both these hydrocarbons show evidence for minor
that is the subject of this NMR study (lower trace). For th& 10 y :
adducted duplex, note the broad signals and the lack of any conformers, whereas minor conformers were not detected
observable signals in the-42 ppm region characteristic of base for their 1R diastereomers. Thusy20% of a minor con-
paired imino protons adjacent to the adduct. former with a syn glycosidic torsional angle was observed
for an oligonucleotide duplex containing a BA DE-251
aromatic hydrocarbon into the duplex (left panel) and (42). Notably, the syn conformer is actually the major one

consistent with our NMR structure. In contrast, the diaster- for 3 BP DE-2 (18)-dA adduct when it is stabilized by base
eomeric, 16 adducted duplex (right panel) shows no red pairing with a dG mismatch3(L, 33).

phosphate/NaCl buffer used for the NMR studies were 47 i stapility between (1R)- and (1(8)-dA adducts of BP DEs
and 37°C for the duplexes containing the presentREAA arises from steric interference between the DNA and the

adduct and its 18diastereomer, respectively, as compared gjiphatic portion of the DE that is more severe with th&10
with 50 °C for the normal duplex. Lowell, values are  than the 1®adducts, because of a tilting of the hydrocarbon
generally typical of oligonucleotides containing 3@s  (whose aromatic portion is intercalated at thesigle of the
opposed to 1R BP adducts at dA38). (iii) The UV spectra  modified base) that places the partially saturated ring close
in the pyrene region for the present,Rl@dducted 12-mer {5 the DNA bases on the more hinderetisiile. Changing
duplex, measured as a function of temperature, are consistengne glycosidic torsion angle from anti to syn moves the
with normal melting behavior between 30 and ®5 (shift ~ ajiphatic portion of the hydrocarbon out and away from the
of Amaxto shorter wavelength and increase in absorbance dues_pase pair and thus relieves some of the unfavorable steric
to loss of stacking) and are essentially independent of jnteractions, as indicated in the solution structure of the BP
temperature below 3TC. In contrast, spectra of the diaster- pg.2 (109-dA adduct with a dG mismatct8L, 33). This
eomeric 1Gadducted duplex are temperature-dependent well gnajysis suggests that chirality at the point of attachment of
below theTn, such thatlma shifts to shorter wavelength by the hydrocarbon to the adenine base contributes to the
approximately 3-4 nm, and the absorbance increases slightly preference for a syrf] vs anti ®) glycosidic torsion angle
on cooling from 30 to 7C (38). Both the blue shiftand the  of the adducted dA when the aromatic portion of the
absorbance increase suggest a conformational change of thﬁydrocarbon is intercalated.
duplex on coqling that favors conformation(s) in which the Interestingly, even with the Badducted duplex that is
hydrocarbon is not intercalated. the subject of the present NMR study, there is evidence for
Further evidence for conformational heterogeneity of the significant conformational dynamics near the lesion site.
10S adducted duplex was obtained from the imino proton These results as well as those of Stone and co-worBéjs (
spectrum in water (Figure 8). Even at®, the imino proton for the N-ras sequence discussed above suggest that in at
signals are weak, broad, and poorly resolved, suggestive ofleast some cases oligonucleotide duplexes containing a trans
weak base pairing in this duplex. Most significantly, the opened BP DE-2 (1®)-dA adduct may also show dynamic
absence of any detectable signals between 9 and 12 ppmbehavior. Since the contributions of minor R)@dA adduct
the region in which base paired imino protons directly above conformers to the NMR in both these cases are subtle, and
or below the modified dA¥ normally appear, suggests high may have been present but not detected in previous studies
conformational flexibility near the adduct site. An attempt using different sequences, the role of sequence in promoting
to slow the dynamics of the duplex structure by use of 20 such dynamic behavior is at present a fascinating, but open,
mM imidazole buffer, pH 7, containing 100 mM MgCl  question. Our observations constitute the first clear evidence
(which increased the intensity of the blue shifted band at for a minor conformer of a IRadduct in which the modified
low temperature and raised thie, by 11 °C under UV base is in the unusual syn conformation. In the preseRt 10
spectrophotometric conditions) resulted in an even pooreradduct, however, the contribution of this conformational
appearance of its imino proton spectrud8)( Apparent motif is small in comparison with the contributions of syn
conformational disorder at the adduct site in th&a@ducted conformers in duplexes containin§ adducts 81, 42).
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Although the equilibrium for the present adduct lies quite
far toward the anti conformer, the energy difference between
the two conformers is less than 2 kcal/mol, and perturbations
in the environment, such as binding to an enzyme, could
easily shift the equilibrium position.

The S dA-adducts in oligonucleotides are formed upon
trans ring opening of the tumorigeniR,§SR)-DE-2 stere-
oisomers, whereas the correspondihgdducts are derived
from trans opening of their§RRS)-DE-2 enantiomers,
which are generally only weakly tumorigenic or nontum-
origenic. In a related study of dG adducts (presumably groove
bound) using ligase-induced circularization experiments,
Geacintov and co-workergl®) demonstrated that duplexes
containing such trans opened @G adducts derived from
the tumorigenic {)-(RSSR)-BP DE-2 are also more
flexible and bent than either the unmodified duplexes or the
duplexes containing the corresponding @G adducts
derived from the weakly or nontumorigenic enantiomer,
(—)-(SRR,S-BP DE-2. A correlation has been proposéy (
between the distribution of mutations and conformational
heterogeneity of the modified DNA. In the case of the dA
adducts, an important factor contributing to such conforma-
tional heterogeneity is equilibration between the syn and anti
conformations of the torsion angle between the adducted base
and its sugar, as documented in this and otBér 83, 42)
NMR studies.

SUPPORTING INFORMATION AVAILABLE

Circular dichroism spectra of the purified, single-stranded
oligonucleotide 12-mers containing the B0 and (1(®)-
BP DE-2 adducts at dA*(1 page). This material is available
free of charge via the Internet at http://pubs.acs.org. Coor-
dinates have been deposited, PDB ID 1FYY.
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