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ABSTRACT. Solution structural studies have been undertaken on the aminopyfeth®-AP]dG) adduct
in the d(C5-[AP]G6—C7)-d(G16-A17—G18) sequence context in an 11-mer duplex with dA opposite
[AP]dG, using protor-proton distance and intensity restraints derived from NMR data in combination

with distance-restrained molecular mechanics and intensity-restrained relaxation matrix refinement
calculations. The exchangeable and nonexchangeable protons of the aminopyrene and the nucleic acid
were assigned following analysis of two-dimensional NMR data sets on the [ABEGL-mer duplex

in H2O and BO solution. The broadening of several resonances within the d{@&18—G18) segment
positioned opposite the [AP]dG6 lesion site resulted in weaker NOEs, involving these protons in the
adduct duplex. Both proton and carbon NMR data are consistent vaiyimglycosidic torsion angle for

the [AP]dG6 residue in the adduct duplex. The aminopyrene ring of [AP]dG6 is intercalated into the
DNA helix between intact WatsernCrick dC5dG18 and dC-tiG16 base pairs and is in contact with
dC5, dC7, dG16, dA17, and dG18 residues that form a hydrophobic pocket around it. The intercalated
AP ring of [AP]dG6 stacks over the purine ring of dG16 and, to a lesser extent dG18, while the looped
out deoxyguanosine ring of [AP]dG6 stacks over dC5 in the solution structure of the adduct duplex. The
dA17 base opposite the adduct site is not looped out of the helix but rather participates in an in-plane
platform with adjacent dG18 in some of the refined structures of the adduct duplex. The solution structures
are quite different for the [AP]dGA 11-mer duplex containing the larger aminopyrene ring (reported in
this study) relative to the previously published [AF]da 11-mer duplex containing the smaller
aminofluorene ring (Norman et aBiochemistry 287462-7476, 1989) in the same sequence context.
Both the modifiedsyn guanine and the dA positioned opposite it are stacked into the helix with the
aminofluorene chromophore displaced into the minor groove in the latter adduct duplex. By contrast, the
aminopyrenyl ring participates in an intercalated base-displaced structure in the present study of the [AP]-
dG-dA 11-mer duplex and in a previously published study of the [APWG11-mer duplex (Mao et al.,
Biochemistry 3512659-12670, 1996). Such intercalated base-displaced structures without hydrogen
bonding between the [AP]dG adduct and dC or mismatched dA residues positioned opposite it, if present
at a replication fork, may cause polymerase stalling and formation of a slipped intermediate that could

produce frameshift mutations, the most dominant mutagenic consequence of the [AP]dG lesion.

Nitropyrenes have been detected in a variety of environ-
mental samples, including urban air particulate, coal fly ash,

and automobile exhausfi{3). 1-Nitropyrene (1-NP}, a
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representative of this class of compounds, is the most
abundant nitroaromatic compound in the environment. It has
also been detected in certain food items, such as grilled
chicken and te&4( 5). Exposure to nitropyrenes is a concern
because many compounds in this group are mutagenic in
bacterial and mammalian cell&, (6, 7) and tumorigenic in
animals 8—10). Nitroreduction is a major pathway by which
these compounds are metabolizdd, (12). In both mam-
malian cells and bacteria, a major DNA adduct formed by
1-NP upon nitroreduction isN-(deoxyguanosin-8-yl)-1-
aminopyrene ([AP]dG) (Figure 1lall, 12). Both random
and site-specific mutagenesis studiesi»o have suggested
that this adduct is mutagenit3—16). In a forward mutation
assay, DNA sequence analysis of mutants induced by 1-NP

magnetic resonance; NOESY, nuclear Overhauser enhancement specia the reductive pathway in the lambdagene ofEscheri-

troscopy; 1-NP, 1-nitropyrene; TOCSY, total correlation spectroscopy.

chia coli wr-lysogen showed that70% of mutants were
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e H® modified [AP]dG adduct (Figure 1A) positioned opposite dA
0 104 . in the [AP]JdGdA 11-mer duplex (Figure 1B). These
H__ N structural studies establish that the modified dG ring of [AP]-
N)i \>_NH “ dG in asynalignment is displaced into the major groove,
)\ N H6 the aminopyrene ring is intercalated in its place between the
FaN N Ndr OO intact flanking dGdC base pairs, and the dA base located
2y HS opposite the adduct on the partner strand participates in a
A ha I novel in-plane platform with its'dinked neighbor in some

refined structures of the [AP]d@A 11-mer duplex. These
results are compared with the solution structure of the [AP]-
dG adduct positioned opposite dC in the same sequence
e . e o e e e o e . context in the corresponding [AP]d@C 11-mer duplex0).
G22—-G21— T20-A19—G18—A17-G16—A15—-T14— G13— G12 The results are also compared with the solution structure of
the N-(deoxyguanosin-8-yl)-1-aminofluorene ([AF]dG) ad-
duct positioned opposite dA in the same sequence context
in the [AF]JdGdA 11-mer duplex 21).

Cl—C2 - A3— T4— C5-*G6— C7— T8— A9— Cl10—Cll

B

Ficure 1: (A) The chemical formula of th&l-(deoxyguanosiny-

8-yl)-1-aminopyrene ([AP]dG) adduct. (B) The sequence of the
[AP]dG-dA 11-mer duplex. MATERIALS AND METHODS

) - Materials The deoxyoligonucleotides df€C—A—T—C—
one-base deletions or additiors3]. In a subsequent study G-C-T—-A—-C—C)and d(G-G-T-A—-G—-A—G—-A—-T—
in pBR322,—1 deletions and all the targeted base substitu- G—G) were synthesized on an Applied Biosystems Model

tions were observed, bttl additions were not detectetd]. 392 DNA synthesizer and purified by reverse-phase HPLC,
Reductively activated 1-NP mutagenesidEincoli was also as reported previoush2().

studied in single stranded DNAL). In the latter study, a The preparation and purification of the [AP]dG containing
major fraction of mutagenesis, and specifically one-base 11_mer were carried out as reported previougs; £3). The
d'eletlons and insertions, occurred IrdgCG), 5-d(QC), apd _ d(C—C—A—T—C—[AP]G—C—T—A—C—C) 11-mer strand
5 —d(G_G) sequences. Each _of 'Fhe above thrt_ae investigations o< annealed with the complementary e{G—T—A—G—
estab_llshed that base substltutlons, ap_d particularly dG to d.TA—G—A—T—G—G) 11-mer strand at 1C. and the stoi-
substitutions, also occurred at a significant frequency, albeit
much lower than the frameshifts. In a site-specific study in
the d(CG) sequence, [AP]dG induced only frameshift
mutations irE. coli (16). In contrast to the studies in bacteria,
sequence analyses of mutants in mammalian cells indicate
that base pair substitutions, specifically dG to dT-dA
transversions, occurred preferentially by reductively activate
1-NP (17, 18). However, in human T-cells d@C to dT-dA
transitions are the most common mutatio8p [t is unclear
at this time why the kinds of mutations detected in mam-
malian cells are so different from those in bacteria. Although 2du€ous buffer (100 mM NaCl, 10 mM phosphate, pH 7.0
multiple distinctions between the two systems may contrib- ©F PH 5.0) at 25°C and 1°C and analyzed to assign the
ute, absence of an SOS type response in mammalian cell@Minopyrene and nucleic acid protons in the [AP{d& 11
would probably provide the most reasonable explanation for Me" duplex. The NOESY spectrum (1?0 ms mixing time)
the different mutagenic outcomes. Recent studies with the ©f the adduct duplex in 0 buffer at 1°C was collected
C# guanine adduct of 2-acetylaminofluorene strongly suggest USing & jump-return pulse for solvent suppression. NOESY
that elongation of a slipped frameshift intermediate in SPectra (50, 100, 150, and 200 ms mixing times) were
bacteria requires an umuDC-independent, as yet biochemi_pollected to provide NO_E buildup dz_ata on the adduct duplex
cally uncharacterized, SOS functiobj. Although there is in D,O buffer at 25°C with a relaxation delay of 2.5 s. The
no direct evidence either in favor or against the existence of through-bond TOCSY data sets on the adduct duplex® D
such SOS functions in mammalian cells, it is conceivable Puffer were recorded at spin lock times of 40 and 80 ms at
that the lack of these regulatory proteins may be responsible25 C.
for the low level of frameshift mutagenesis by AAF and AP The indirect protor-phosphorus correlation spectrum was
adducts in mammalian systems. In addition, mammalian recorded on the [AP]d@A 11-mer duplex in RO at 25°C
repair of premutagenic intermediates may be more efficient using the pulse sequence described previou2§). (The
in removing frameshift than substitution intermediates. phosphorus spectra were referenced relative to external 10%
Further studies are needed to clarify these issues. trimethyl phosphate (TMP). THél—3C HMQC correlation

The structure of the [AP]dG adduct as manifested in the spectra on the [AP]d@A 11-mer duplex in RO buffer were
relative orientations of the AP and modified dG rings is likely also recorded at 25C. The carbon spectra were referenced
to have a profound impact on its biological effects. Therefore, relative to external 3-(trimethylsilyl)propionate (TSP) using
we have embarked upon a series of NMR-computational the calibration method described previoushg)
investigations of this adduct in a defined sequence context The base proton to sugar HNOE cross-peaks in the
as a function of base positioned opposite the lesion site. Theshortest mixing time NOESY data set in@were evaluated
current inverstigation reports on the solution structure of the to qualitatively differentiatesynandanti glycosidic torsion

chiometry was followed by monitoring single proton reso-
nances in both strands by NMR spectroscopy.

NMR ExperimentsAll one- and two-dimensional NMR
pectra were recorded on Varian Unity plus 600 and 500

Hz NMR spectrometers. A combination of through-space
dnuclear Overhauser effect (NOESY) and through-bond-
correlated (COSY and TOCSY) two-dimensional spectra
were recorded in the States-TPPI mo@d)(on approxi-
mately 4 mg of [AP]dGdA 11-mer duplex in 0.5 mL
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angles 27). The protor-proton vicinal coupling constants T4, T8
among sugar protons were analyzed from phase-sensitive
COSY data to qualitatively distinguish between thé-€3do

and C2-endofamily of sugar puckers2g).

Structure CalculationsWe have performed two stage
calculations to obtain the solution structure of the [AP]dG
dA 11-mer duplex: (1) minimized potential energy calcula-
tions were carried out with DUPLEX, a molecular mechanics
program for nucleic acids that performs potential energy
minimizations in the reduced variable domain of torsion
angle space29), (2) the structures from stage 1 distance-
restrained molecular mechanics computations were next
subjected to intensity-restrained relaxation matrix refinement 13.6 128 12.0 11.2 104
computations to take into account contributions from spin
diffussion.

Distance-Restrained Molecular Mechanics Refinement
The molecular mechanics DUPLEX program uses a potential
set similar to the one developed by Olson and co-workers
for nucleic acids30). Geometry and force field parameters,
including partial charges, for the [AP]dG adduct were the
same as those employed previousBB)( The DUPLEX
computational protocol is similar to that reported previously
in our study of the [AP]d&C 11-mer duplexd0). These B
DUPLEX calculations were carried out at the NSF San Diego
Supercomputer Center and the DOE National Energy Re- ; : : i
search Supercomputer Center. 7.7 7.0 6.3 5.6

The calculation of interproton distance bounds using Ficure2: (A) Imino proton spectrum (10:214.5 ppm) of the [AP]-
volume build-up of NOE cross-peaks was based on the two dtC)5|'dA 1tl-mer dutplex i(r;rla?guﬁer)atflt"r? and (B) aneg(ghanef
spin approximation using the dT(NH3JA(H2) fixed g e proﬁ‘)’: Speg rum The pr’fmr (\)N e S?m,\‘jl aN U? 1upr?1lelln
distance of 2.92 A for the_ NOES,Y data set ip(isolution pﬁgspbhlgtg, O?:t m?/l EDTA,eatbpuH(;.O. 'I?t?e ?mino pro%(ri ’ass(i)gnments
and the dC(H5)dC(H6) fixed distance of 2.45 A for the  are shown over the resonances in the spectrum in A.

NOESY data sets in fD solution. The upper and lower ) » o

bound ranges on the estimated interproton distances forln D20 (207 intensities per mixing time at 50 ms, 100, 150,
nonexchangeable protons were determined based on thénd 200 ms) and 207 nonexchangeable distance restraints
resolution of the cross-peaks in the two-dimensional contour Were mcIudgd in the caIcuIatlons.. Dihedral gngle restraints
plots and the quality of the NOE build-up plots. However, (corresponding to B-DNA) were included with a very low
several cross-peaks between protons located at or close tyveight of 5 kcal rad? and restricted to residues that are two

the lesion site were somewhat broadened significantly andPairs away from the [AF]dG adduct site.
wider bounds were used. Six relaxation matrix trials were performed for each of

Relaxation Matrix RefinemenTwo final energy mini- the two DUPLEX—based starting structures. During each run,
mized structures obtained from the first stage distance- the starting structure was heated to 1080through the
restrained molecular mechanics DUPLEX calculations were @ssignment of an arbitrary MaxweiBoltzmann velocity
used as starting structures for the second stage intensitydistribution corresponding to a temperature of 10R0Then,
refinements using th¥-PLORprogram 81). In this second after 2.4 ps dynamics evolution at thaF temperatur_e, the
stage, we performed molecular dynamics/simulated annealingSyStém was gradually cooled to 30K during 7.2 ps with
calculations guided by the combination of the experimental the “heat bath” method and equilibrated at 3B0for 2.4
NOESY intensities and NOE distance restraints. The pseu-PS- After equilibration, the coordinates were subjected to
doenergy function included two types of restraints: (1) €Nergy minimization to a gradient of 0.1 kcal mbA~*.
intensity restraints for nonexchangeable protons were im- RESULTS
posed as square-well potentials with an exponent of 2 in the
penalty function, an isotropic correlation time of 5 ns, Exchangeable Nucleic Acid Protan§he exchangeable
anisotropic bounds estimates of 10%, and a force constantproton NMR spectrum (10:214.5 ppm) of the [AP]d&IA
of 50 kcal moft A2 (2) the distance restraints for nonex- 11-mer duplex in HO buffer solution, pH 7.0, at 2C is
changeable protons were retained through our protocol asplotted in Figure 2A. Six well-resolved resonances are
square-well potentials with uniform 20% estimation of errors observed between 12.5 and 14.0 ppm together with two
and 30 kcal moi* A2 force constant. A 4.5 A cutoff was  somewnhat broadened and upfield shifted resonances at 11.6
imposed for computing relaxation pathways, and the dynam-and 11.0 ppm. These imino protons have been assigned
ics was carried out with a tolerance of 0.03 A. following analysis of the NOESY spectrum of the adduct

The relaxation matrix was set up for the nonexchangeableduplex in HO buffer based on established assignment
protons with the exchangeable imino, amino, and hydroxyl procedures (reviewed i28).
protons exchanged for deuterons. A total of 828 nonex- The expanded NOESY (150 ms mixing time) contour plot
changeable intensity restraints from the NOESY data setsof the symmetrical 10.514.0 ppm imino proton region of

G12,G13
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Crick base pairing at all dAIT pairs (thymine imino to
adenine H2 protons) and at all €& pairs (guanine imino
to cytosine amino and H5 protons), including the ei518

[ 50 and dC7dG16 base pairs (peaks A, And B, B, respec-
tively, Figure 3A), which are the nearest residues to the [AP]-
- 5.5 dG adduct site. In addition, the two upfield-shifted imino

protons of dG16 and dG18 show several cross-peaks to
aminopyrene protons (peaks 1 to 3, Figure 3A) in the [AP]-

6.0 dG-dA 11-mer duplex.
We do not detect the imino proton of the [AP]dG6 adduct

- 6.5 in the exchangeable proton spectrum of the [APJii&11-
mer duplex (Figure 2A), suggesting that this imino proton

- 7.0 is not involved in base pairing with dA17 positioned opposite
it and is most likely exchanging rapidly with water.

L 75 The exchangeable imino and amino proton chemical shifts
for the central d(C5[AP]G6—C7)-d(G16-A17—G18) seg-
ment of the [AP]JdGdA 11mer duplex at 2C are listed in

- 8.0 Table 1 and for the entire adduct duplex in Table S1
(Supporting Information).

- 8.5 Nonexchangeable Nucleic Acid Protorihe base and

sugar H1nonexchangeable proton spectrum {5315 ppm)
of the [AP]dGdA 11-mer duplex in RO buffer, pH 7.0 at
25°C, is plotted in Figure 2B. We observe narrow and well-
- 11.0 resolved resonances for the majority of the nucleic acid
protons, while somewhat broadened resonances are observed
- 11.5 for the aminopyrene protons in the adduct duplex. Nonex-
changeable proton assignments are based on an analysis of
through-space NOESY and through-bond COSY and TOC-
SY data sets on the adduct duplex inbuffer at 25°C
based on established assignment procedures (reviev2&l in
- 12.5 The expanded NOESY (300 ms mixing time) contour plot
establishing sequential connectivities between the base
L 130 protons (6.5-8.5 ppm) and the sugar Hand H3 protons
(4.5-6.5 ppm) of the [AP]Jd&JA 11-mer duplex in RO
buffer, pH 7.0 at 25C, are plotted in duplicate in Figure 4.
135 The base to sugar M{and H3) proton connectivities are
traced from dA3 to dA9 along the modified strand (Figure

J ' I ' T ' 4A) and from dA15 to dA19 along the complementary strand
35 130 125 120 115 110 (Figure 4B) in the adduct duplex. The break in the tracing
FiGurRe 3: Expanded NOESY (150 ms mixing time) contour plots gt the dC5-[AP]dG6 step on the modified strand (Figure

of the [AP]dGdA 11-mer duplex in HO buffer at 1°C. (A) NOE ; ; ;
connectivities between the imino protons (1612.0 ppm) and the 4A) is due to the absence of a purine H8 proton following

base and amino proton regions (4®7 ppm). The NOE cross-  covalent AP modification at the ®position of dG6 in the
peaks involving the imino protons are labeled in the figure as adduct duplex. Several base to sugaf ptbton connectivi-
follows: A,A', dG18(NH1)-dC5(NHx-4b,e); B,B, dG16(NH1}- ties are very weak or missing for the d(G1817—G18)
dC7éNbe'4b‘let)- T3he intermolegularfcisllrcinggleN1A8 NOE C';_f"gs_' segment on the complementary strand positioned opposite
5,6?;fe(rﬁmlyf\p(ﬁr%;a§,sg§'§(Na§1§/§’3¥ﬂg).'(B) N(ggmfo(nng&_ the [AP]dG6 lesion site in the adduct duplex. These base
tivities in the symmetrical (10-514.0 ppm) region. The imino  and sugar HIH3' proton assignments have been confirmed
proton assignments are labeled along the diagonal. The lines tracddy cross-checks in other expanded regions of the NOESY
the NOE connectivities where possible between adjacent base pairgontour plot (Figure 5A) as well as from COSY (Figure 5B)
starting at dG21 toward one end of the helix and proceeding to 5ng TOCSY contour plots of the adduct duplex. The
dG12 toward the other end of the helix. nonexchangeable nucleic acid base and sugar proton chemical
the [AP]JdGdA 11-mer duplex is plotted in Figure 3B. The shifts for the d(C5[AP]G6—C7)-d(G16-A17—G18) seg-
connectivities between imino protons on adjacent base pairsment of the [AP]JdGdA 11-mer duplex are listed in Table 1
can be traced from the dC4G12 pair located at one end and for the entire adduct duplex in Table S1 (Supporting
of the helix to the dC2IG21 pair located toward the opposite Information). It should be noted that we have been unable
end of the duplex except that no connectivity is observed to assign an important marker, namely, the H2 proton of
between the two upfield-shifted imino protons of dG16 and dA17 which is positioned opposite to [AP]dG6 in the adduct
dG18 in the adduct duplex. The NOE connectivities between duplex.

the imino protons (10514.0 ppm) and the base/amino We observe an inversion of the chemical shifts of the sugar
protons (4.8-8.6 ppm) are plotted in the corresponding H2' and H2' protons at the [AP]dG lesion site in the [AP]-
expanded NOESY contour plot of the adduct duplex in dG-dA 11-mer duplex. Thus, the M2roton resonates to
Figure 3A. The observed NOE patterns establish Watson the low field at 3.77 ppm relative to the Hzroton that

- 12.0
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Table 1: Proton and Phosphorus Chemical Shifts of the €(@8-[AP]G6—C7—T8)/d(A15-G16—A17—G18-A19) of the [AP]dGdA
11-mer Duplek

G(NH1)/T(NH3) C(NH-4) H8/H6  H5/H2/CH HI' H2 H2" H3' Ha' app
dT4 13.43 7.13 1.44 584 199 237 486  4.14 —4.32
dcs 7.8%6.93 6.98 5.50 593 121 218 459 411 -3.76
[AP]dG6 6.17 377 257 517 442 —3.29
dc7 75%6.17 7.87 5.58 6.00 215 245 481 432 —404
dT8 13.48 7.37 1.54 547 211 239 484 413 —4.11
dA15 7.94 586 254 267 499 430 -4.12
dG16 10.99 6.79 531 178 222 495 ~3.63
dA17 8.10 590 258 276 504 454 -3.86
dG18 11.53 7.63 238 238 468 416 —4.32
dA19 7.92 6.05 245 276 487 431 -454

a All chemical shifts are in ppm. Exchangeable proton chemical shift@t Nonexchangeable proton and phosphorus chemical shifts°&.25
b31p chemical shift corresponds to residu@n n-3'P-(n+1) step.c Hydrogen-bonded amino protohExposed amino proton.

A B
L] ]
8
0 C) ¢ Q@ Q
s
1
] ®
[?)
& 3
2
) ]
0\_% 0~g
0 -]
T T I T T T
8.0 7.5 7.0 8.0 7.5 7.0

Ficure 4: Duplicate expanded NOESY (300 ms mixing time) contour plots of the [ARJAG 1-mer duplex in RO buffer at 25°C
establishing distance connectivities between the base (purine H8 and pyrimidine H6) proter&g&pm) and the sugar HIH3' and
cytosine H5 protons (4:56.5 ppm). The base to sugar Hind H3 proton connectivities are traced in (A) from dT4 to dT8 along the
modified strand and in (B) from dT14 to dA19 along the complementary strand. The assignments label base to their owri sug8 H1
NOEs, while the cytosine H6H5 NOEs are designated by asterisks. Note that the NOE cross-peak at thARJEG6 is missing in (A)
because of the absence of an H8 proton for the [AP]dG6 residue. Note that the base to their protdhINOESs are weak for dG16 and
dA17 and cannot be identified for dG18 in (B). This reflects broadening of some of the base and sugar protons within thti{c16
G18) segment on the partner strand opposite the lesion site in the [Add@-mer duplex. The intermolecular carcinogddNA NOE
cross-peaks are assigned as follows: 1, AP{H5)6(H1); 2, AP(H5)-A17(HY); 3, AP(H6)-G16(H1); 4, AP(H9)-C7(H1); 5, AP-
(H10)-C7(HY1); 6, AP(H10)-G6(H1); 7, AP(H5)-G16(H3); 8, AP(H5)-A17(H4); 9, AP(H6)-A17(H4); 10, AP(H7)-A17(H4). The
chemical shift values for the aminopyrene protons in the [APJFGL1-mer duplex are: AP(H2), 8.07 ppm; AP(H3), 7.59 ppm; AP(H4),
6.95 ppm; AP(H5), 6.61 ppm; AP(H6), 7.10 ppm; AP(H7), 7.34 ppm; AP(H8), 7.56 ppm; AP(H9), 7.58 ppm; AP(H10), 7.46 ppm.

resonates at 2.57 ppm in expanded NOESY (Figure 5A) and Aminopyrene Protong he nonexchangeable aminopyrene

COSY (Figure 5B) contour plots of the adduct duplex. protons were assigned based on the analysis of through-space
There is no H8 proton for the [AP]dG adduct precluding (NOESY) and through-bond (COSY and TOCSY) data sets

discrimination ofsynandanti glycosidic torsion angles based of the [AP]JdGdA 11-mer duplex in RO buffer, pH 7.0 at

on the strength of the NOE between the H8 and ptttons 25 °C. The nonexchangeable aminopyrene protons can be

(27) of this residue in the [AP]d&lA 11-mer duplex. traced and assigned as outlined previously for the corre-

Previous research on guanine adducts modified at positionssponding [AP]dGdC 11-mer duplexZ0), and their values

other than € have established thatyn glycosidic torsion are listed in the caption to Figure 4. The nonexchangeable

angles defined from NOE data are correlated with a large aminopyrene proton chemical shifts (resonating between 6.5

downfield shift in the H2 proton of the modified guanine  and 8.1 ppm) exhibit similar patterns in the [AP]af& 11-

in adduct containing duplexe82). The downfield shifted mer (present study) and [AP]d@C 11-mer 20) duplexes

H2' proton (3.77 ppm) of [AP]dG6 is characteristic oyn (Figure S1, Supplemenatry material).

glycosic torsion angle at this position in the [AP]a{& 11- We have also been unable to identify the NH proton

mer duplex. involved in the covalent linkage of the aminopyrene and
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FiGurRe 5: (A) An expanded NOESY (200 ms mixing time) contour plot of the [APJdI& 11-mer duplex in RO buffer at 25°C showing
NOEs between the sugar Hdrotons (5.2-6.4 ppm) and H2 H2" protons (1.13.9 ppm). (B) An expanded phase sensitive COSY contour
plot of the [AP]JdGdA 11-mer duplex in BO buffer at 25°C establishing coupling connectivities between the ptbtons (5.2-6.4 ppm)

and H2, H2" protons (1.33.9 ppm). In both (A) and (B) the Hand H2' protons of dC5, [AP]dG6, dC7, dG16, dA17, and dG18 are
connected by lines and labeled. The'lggotons resonate upfield of the Mprotons for the majority of these residues except for [AP]dG6
where the H2 proton resonates upfield of the H@roton. Note the large downfield shift of the H2roton of [AP]dG6 at 3.77 ppm.

Table 2: Intermolecular NOEs between Aminopyrene Protons and

DNA Protons

AP protons DNA protons with NOEs to AP proténs
AP(H3) G18(NH1)w
AP(H5) G16(HD)w; G16(H2")m; G16(H3)ow; A17(H1)w;
A17(H4)vw; G18(H8Ww
AP(H6) G16(HD)w; G16(H2)w; G16(H2")m; A17(H4)m;
G18(H8w
AP(H7) G16(NH1yv; A17(H4)ow

AP(HO) C7(HI)m; G16(NH1W

AP(H10)  G6(HL)m; C7(H6)m, C7(HI)m

aThe symbolsn, w, andvw stand for medium, weak, and very weak

NOEs, respectively.

modified guanine rings in the spectrum of the [AP}d&
11-mer duplex at either pH 7.0 or pH 5.0 in® buffer

solution.

Carcinogen-DNA NOEs The intermolecular NOEs be-

Gu et al.
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able protons in BO solution (Figure 4) with their assign-
ments listed in the figure captions.

The observed NOEs between the H3, H7, and H9
aminopyrene protons and the dG16 and dG18 imino protons
position the aminopyrene between the dfi518 and dCv
dG16 base pairs in the adduct duplex. The NOEs between
the H5, H6, and H7 aminopyrene protons at the [AP]dG6
adduct site, the HLH2", and H3 sugar protons of dG16,
and the H1and H4 sugar protons of dA17 establish that
the aminopyrene ring edge furthest from the covalent linkage
site is positioned near the sugar protons of dG16 and dA17
on the unmodified strand of the [AP]d@A 11-mer duplex.

By contrast, the H9 and H10 aminopyrene protons that are
close to the covalent linkage site show NOEs to théddiyar
protons of dG6 and dC7 of the modified strand in the adduct
duplex.

tween the aminopyrene ring and DNA protons that have been Carbon SpectraThe expanded contour plot of a natural
identified in the NOESY spectra of the [AP]d@A 11mer
duplex are listed in Table 2. Some of these intermolecular correlates the Hland C1 chemical shifts of individual
AP—DNA NOE cross-peaks are labeled by numbers in the residues for the [AP]d&A 11-mer duplex in RO buffer at
expanded NOESY plots of the exchangeable protons of the25 °C is plotted in Figure 6A. The carbon resonances are

adduct duplex in KD solution (Figure 3) and nonexchange-

abundance'H—13C HMQC correlation experiment that

assigned on the basis of the known' toton assignments
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FIGURE 6: (A) An expanded contour plot dH/*3C heteronuclear multiple-quantum coherence (HMQC) experiment on the [ABAdG
11-mer duplex in RO buffer at 25°C. The C1 assignments are marked for residues in the e{CT8—[AP]G6—C7—T8)-d(A15—-G16—
Al17—G18-A19) segment. (B) An expanded contour plot of the proton-detected phosptmnisn heteronuclear correlation experiment

on the [AP]dGdA 11-mer duplex in BO buffer at 25°C. The phosphorus assignments are listed for steps centered about the lesion site.
The correlation cross-peaks between the phosphorus andfigsmking sugar H3protons are boxed.

in the [AP]JdGdA 11-mer duplex. The Clchemical shift dG16-dA17 (—3.63 ppm), and dC5d[AP]G6 (—3.76
assignments for residues in the d(JBP]G6—C7)-d(G16— ppm) steps are shifted to the lower field of th&.8 to—4.5
A17—G18) segment in the adduct duplex are labeled in ppm unperturbed phosphodiester backbone chemical shift
Figure 6A. It is noted that the 86.7 ppHC chemical shift range.
of the C1 carbon of [AP]dG6 is downfield shifted relative Distance-Restrained Molecular Mechanics Refinement
to other assignable Ctarbons of guanine residues in this The search strategy employed began with a B-DI8A) (
segment of the adduct duplex (Figure 6A). It has been central d(T4-C5—[AP]G6—C7—T8)-d(A15—G16—Al7—
previously established that sugar'€arbon chemical shifts ~ G18-A19) base pair segment of the [AP]eliA 11-mer
of DNA residues adoptingynglycosidic torsion angles can  duplex. The computations were guided by the intramolecular
downfield shift by up to 5 ppm when these DNA residues DNA and intermolecular APDNA distance restraints within
retain C2-endosugar pucker geometrie83, 34). We have this segment of the adduct duplex. The-APNA orientation
detected a relatively strong coupling cross-peak between thespace was searched with 16 energy minimization trials in
H1' (6.17 ppm) and H2(3.77 ppm) protons of [AP]JdG6  which the linkage torsion angles (JAP]dG6(N°)—[AP]dG6-
(Figure 4B) placing this sugar within the G@ndorange. (C®—[AP](N)—[AP](CY) ands' ([AP]dG6(C})—[AP](N)—
Phosphorus Spectralhe proton-decoupled phosphorus [AP](CH—[AP](C'4) were each started ar,090°, 180,
spectrum of the [AP]d&@lA 11-mer duplex has been recorded and 270 in all combinations, and the glycosidic torsion angle
in D,O buffer at 25°C. The phosphorus resonances are y for [AP]dG6 residue was started ayn (60°) consistent
dispersed over a 1.4 ppm chemical shift range with severalwith the NMR data. Searching orientation space at 90
resonances shifted to lower field relative to thg.8 to—4.5 intervals ofa’ andf' is a robust procedure for locating all
ppm spectral region. The phosphorus resonances have beetine important potential energy wells because our minimiza-
assigned from an analysis of the proton detected phosphorus tion protocol permits torsion angle variations of up to 100
proton heteronuclear correlation experiment with the ex- in each minimization stef2@). Consequently, energy minima
panded contour plot shown in Figure 6B and their values in each quadrant af’ andg' are accessible and the reduced
listed for the central segment in Table 1 and for the entire variable domain of torsion angle space greatly enhances the
molecule in Table S1. The three- and four-bond preton likelihood of finding the important structures. In these trials,
phosphorus vicinal couplings permit the correlation of the the DUPLEX hydrogen-bond penalty functior29j for
phosphorus resonances with theilibked H3 proton and Watson-Crick base pairing was utilized at all base pairs,
the 3-linked H4 and HB,5" protons. The phosphorus exceptthe [AP]JdG&IA17 site since the NMR data indicated
chemical shifts for the d[AP]G6dC7 (—3.29 ppm), these pairing alignments.
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The 16 computed structures produced five structures with 1,113 NMR Refinement Statistics for the [APJe@\ 11-mer
low energies and goodness-of-fit indices that fell into two pyplex
families. The AP ring is intercalated between flanking-dG

NMR distance restraints

dC base pairs in both families of structures. In one family entire 11-mer adduct duplex 207

with three-members, the dG6 wa'sdrected (Figure S2A, central 5-mer regioh 95

Supporting Information), while it was'&lirected in the carcinogen-DNA restraints 19

second family that contains two members (Figure S2B, NMReIm?rZSH :ﬁ::rglj“(}ﬁct duplex 628 (4 mixing times)
Supporting Information). The energies and goodness-of-fit central 5-mer regich 380 (4 mixing times)

indices for these two families are listed in Table S2 g cture statistics

(Supporting Information). One member of each family with NMR R-factor Rye) 0.035- 0.001
lowest combined goodness-of-fit indices was embedded into rmsd of NOE violations 0.068- 0.006
an energy minimized B-form 11-mer and reminimized with number of NOE violations-0.2 Ainthe 8.2+ 1.8
all restraints. These two structures were employed as starting entire adduct duplex .

. . . . number of NOE violations-0.2 Ainthe 1.2+ 1.1
points fo_r the subsequent relaxation matrix refinement central 5-mer regich
computations. deviations from the ideal geometry

Relaxation Matrix RefinemenA total of 21 structures bond length (&) 0.01% 0.001
corresponding to the'&lirected dG6 in the [AP]d&IA 11- bond angle (deg) 2.9%0.12

mer duplex were obtained following intensity refinement . MPropers (deg) . . 0.460.13
pairwise rmsd (A) among the nine refined

from the two starting structures provided by the molecular ™ g ctures (heavy atoms only)

mechanics calculations. By contrast, only 3 structures cor- entire 11-mer adduct duplex 1.210.34
responding to the'3irected dG6 were obtained following central 5-mer regich 1.2640.18
intensity refinement. The majority of the structural features  aThe d(T4-C5-[AP]G6—C7—T8)-d(A15-G16-A17—G18-A19)
are the same for the'Blirected and 3directed conforma-  segment.

tions, which differ primarily at thex’ and 5’ angles of the

aminopyrene linkage site. the Watson-Crick dC5dG18 base pair that flank the

An ensemble of nine intensity-refined structures corre- jniarcalated aminopyrene ring in the structures of the adduct
sponding to the sdirected conformation demonstrated an duplex (Figure 7A).

improved correspondence with experimental intensity and
distance restraint data sets compared to thdirgcted
structure obtained from the first stage molecular mechanics
calculations. The number of NOE distances violated by more
than 0.2 A decreased from 40 to 8 [with only 1 to 2 violations
in the central 5-mer d(T4C5—[AP]G6—C7—-T8)-d(A1l5—

Solution StructuresThe same two views as in Figures
7A and 7B for the central d(CHAP]G6—C7)-d(G16—
C17-G18) segment in one representative refined structure
of the [AP]JdGdA 11-mer duplex are shown in Figures 8A
and 8B, respectively. The covalently linked aminopyrene ring
; : intercalates between Watse@rick dC5dG18 and dC%
G16-A17-G18-Al19) segment with respect to different dG16 base pairs by displacing the modified guanine ring

structures in the ensemble], and the NNRRactor Rye) . . .
improved from a value of 8.6% after distance refinement to pftthtehsyn [AP]dGG resu?:ge andsgm _?glageAT7dbAl7 res;]d.ur(]a
3.5% after intensity refinement. The experimental distance Into the major groove (Figure 8A). The ase, whic

bounds of the [AP]d@IA 11-mer duplex are compared with S less well-defined, is not looped out of the helix but rather
those observed after relaxation matrix refinement in Table for_ms an in-plane base platform with dG18 n several of ';he
S3 (Supporting Information). refined structures of the complex. The aminopyrene ring

- i : ; ides in a hydrophobic pocket generated by the base rings
The pairwise rmsd of the nine intensity refined structures resi .
in the set is 1.7H 0.34 A for the heavy atoms of the entire of dC5, dC7, dG16, dA.17.' and .d.G18 in the adduct duplex.
adduct duplex and 1.2& 0.18 A for the heavy atoms of The dedGlG bas_e pair 1S p05|t|c_>neq below the center of
the central d(T4 C5—[AP]G6—C7—T8)-d(A15—G16— the aminopyrenyl ring with the purine ring of dG16 overlap-

P o] ignificantly with the intercalated aminopyreneyl ring
A17—G18-A19) segment (Table 3). The structures exhibit P9 SIGN! _
good stereochemistry with reasonable rmsd values for bong(Figure 8B). By contrast, the de#G18 base pair only

. . C partially overlaps with the intercalated aminopyrenyl ring
I((?I.r;%tlg’ g)ond angle, and improper dihedral angle violations (Figure 8B). In addition, there is stacking between the dC5

A view of six superpositioned structures from the set of base and the looped out modified guanine of [AP]dG6

nine structures of the d(FAC5—[AP]G6—C7—T8)-d(A15— (Figure 8A)_' ) ) )
G16-A17—G18-A19) segment of the [AP]d@IA 11-mer The carcinogen-base linkage site for the [AP]dG6 residue
duplex is plotted in Figure 7A. The corresponding view IS Sefmed by the t0f3|01n angles([AP]dGG(l\P)'—[AP]dGG-
looking down the helix axis of the central dEFAP]G6— (C°)—[AP](N)—[AP](C?)) = 148.6+ 9.4 ands' ([AP]dG6-

C7)d(G16-A17—G18) segment of the adduct duplex is (C)—[API(N)—[AP](C)—[AP](C'*)) = 213.8+ 8.5, with
plotted in Figure 7B. The refined structures of the central @ resultant tilt of the looped out modified dG6 ring toward
segment of the adduct duplex have several features inthe 3 end (Figure 8A). Thesynglycosidic torsion angle at
common and some segments that are less well-defined. BotHhe [AP]dG6 residue spans the rand®4 —C1'—N9—C4)

the aminopyrene ring and the modified guanine ring of [AP]- = 76° + 6°. The deoxyribose conformation at dG18 is'C3
dG6 adduct site are well-defined in contrast to dA17 endo(P = 10° & 6°) among the refined structures of the
positioned opposite it, which is poorly defined among the adduct duplex.

ensemble of refined structures (Figure 7A). Further, the A stereoview of one intensity-refined structure of the entire
Watson-Crick dC7dG16 base pair is better defined than [AP]dG-dA 11-mer duplex is shown in Figure 9.
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FIGURE 8: A representative relaxation matrix refined structure of
FiGUrRe 7: (A) The superposition of the d(TAC5—[AP]G6—C7— the [AP]dGdA 11-mer duplex. (A) View looking into the major
T8)-d(A15—G16-A17—G18-A19) segments of six relaxation groove and normal to the helix axis of the central d{TZb—[AP]-
matrix refined structures of the [AP]d@A 11-mer duplex. View  G6—C7-T8)-d(A15-G16-Al7—G18-A19) segment. The [AP]-
looking into the major groove and normal to the helix axis. (B) dG6 ring system is shown in darkened bonds and is intercalated
The superposition of the d(CGFAP]G6—C7)-d(G16-A17—G18) between the dC8G18 and dC#IG16 base pairs. The modified
segments of six relaxation matrix refined structures of the [AP]- dG6 base is displaced into the major groove and directed toward

dG-dA 11-mer duplex. View looking down the helix axis. the B-end of the modified strand. (B) View looking down the helix
axis for the d(C5[AP]G6—C7)d(G16-Al7—-G18) segment.
DISCUSSION Figures were prepared using Molscript VI132].
Spectral Quality and Information Conterithe majority The stacking of the dC5 residue over the purine ring of

of the exchangeable and nonexchangeable protons exhibithe looped out modified guanine of [AP]dG6 is reflected in
narrow and well-resolved spectra facilitating the assignment the upfield shifts for the HX1.21 ppm) and H2(2.18 ppm)
of the resonances in the [AP]d@A 11-mer duplex. The  Sugar protons of dC5 in the spectrum of the adduct duplex.
broadening of several protons associated with the d{G16 Comparison of [AP]dGIC 11-mer and [AP]Jd&A 11-
A17—G18) segment opposite the [AP]dG6 adduct site has mer DuplexesA comparison of the solution structures of
resulted in weak NOE (Figure 4) and weak or absent the [AP]JdGdC 11-mer 20) (Figure S3, Supporting Informa-
coupling (Figure 5B) cross-peaks for protons originating in tion) and the [AP]JdGdA 11-mer (present study) (Figure 8A)
this segment of the adduct duplex. duplexes establishes common structural features as well as
Chemical Shift Patterns in the [AP]dGA 11-mer The some differences centered about the adduct site. Thus, the

intercalation of the aromatic aminopyrenyl ring of the [AP]- @minopyrene ring intercalates between intact base pairs with
dG6 between dGEG18 and dCHG16 base pairs is strongly the_ modified guanine in ayn alignment displaced into the
supported by the observed experimental chemical shift Major groove in both adduct duplexes.

patterns for the adduct duplex. Thus, the imino protons of  This base displacement architecture appears to be achieved
dG16 and dG18 undergo upfield shiftsefl..2 ppm, while either through alignment of the modified guanine toward the
the amino protons of dC7 and dC5 undergo upfield shifts of 3'-direction of the modified strand as observed for the [AP]-
~0.4-0.5 ppm on proceeding from the unmodified control dG-dC 11-mer duplex20) (Figure S3, Supporting Informa-
11-mer duplex to the [AP]d@A 11-mer duplex. These shifts  tion) or toward the 5direction of the modified strand as
must reflect upfield ring current contributions from the observed for the [AP]d&A 11-mer duplex (present study)
aminopyrene ring that is intercalated between the-dG38 (Figure 8A). It is unfortunate that we have been unable to
and dC7dG16 base pairs in all the refined structures of the identify the NH proton involved in the covalent linkage of
adduct duplex. the aminopyrene and modified guanine rings in the adduct
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FIGURE 9: A stereoview of a representative relaxation matrix refined structure of the entire [Adjd@-mer duplex.

duplex. This proton would be directed toward and show reported in this study is distinctly different from the
NOEs to the dC&IG18 base pair when the modified guanine corresponding structure at the adduct site in the [AFHAG
of [AP]dG is directed toward the }lirection, while it would 11-mer duplex 21). Both the modified dG and the dA
be directed toward and show NOEs to the eiffi16 base positioned opposite it are stacked into the helix with the
pair when the modified guanine of [AP]dG is directed toward aminofluorenyl ring sandwiched between the walls of the
the B-direction. The torsion angles linking the modified minor groove and directed toward the partner strand in the
deoxy guanosine to the pyrenyl ring adopt valuestof= solution structure of the [AF]d@A 11-mer duplex (Figure
209 andp' = 147 for the [AP]JdGdC 11-mer duplex30) 10). The torsion angles linking the modified guanine to the
andao' = 149 andf' = 214 for the [AP]JdGdA 11-mer aminopyrenyl ring adopt values of = 149 andg' = 214
duplex (present study). for the [AP]JdGdA 11-mer duplex (present study), while
The least well-defined segment of the [APJdI€& 11-mer those linking the modified guanine ring to the aminofluorenyl
(200 and [AP]dGdA 11-mer (present study) duplexes ring adopt values oft' = 208 andp’ = 317 for the [AF]-
concerns the bases positioned opposite the adduct site. ThisiG-dA 11-mer duplex 21).
is in part due to the broadening of proton resonances of It, therefore, appears that the bulkier aminopyrenyl ring
residues in the d(G6C/A17—G18) trinucleotide segment  in the [AP]dGdA 11-mer duplex cannot be accommodated
positioned opposite the adduct site in both duplexes. The edge-wise within the walls of the minor groove without
pyrimidine ring of dC17 is displaced into the major groove significant exposure of its aromatic surface to solvent in
and does not interact with either the [AP]dG adduct or contrast to adoption of this architecture by the smaller
residues centered about the adduct site in the [ARJ@G  aminofluorenyl ring in the [AF]Jd&A 11-mer duplex.
11-mer duplex 20). By contrast, the purine ring of dA17 is  Hence, the aminopyrenyl ring prefers to intercalate into the
positioned closer to the helix axis and, in some of the refined helix maximally burying its aromatic surface and achieves
structures, participates in an in-plane base platf@637) this through base displacement of its modified guanine into
at the dA17dG18 step in the [AP]d&A 11-mer duplex the major groove in the [AP]d@A 11-mer duplex.
(Figure 8A). Such an in-plane stacking alignment contributes  Biological SignificanceFrameshift mutagenesis has long
to formation of a hydrophobic core involving the dC5, dC7, been hypothesized to occur as a result of misaligned
dG16, dAl17, and dG18 residues surrounding the intercalatedstructures in appropriate sequence contexts, which can be
aminopyrenyl aromatic ring system in the adduct duplex. stabilized by intercalation of planar aromatic moietig8
Comparison of [AP]JdGJA 11-mer and [AF]dGJA 11- 40). More recently, the concept has been developed further
mer DuplexesThe solution structure of of the [AP]dGA and applied to unmodified DNA4(, 42) and carcinogen-
11-mer duplex reported in this study can be compared with modified DNA (43—47). The essential idea involves stalling
the solution structure reported previously for the [AF{dG of a polymerase in the vicinity of the damaged base, which
dA 11-mer duplex Z1) in the same sequence context. The permits time for a rearrangement in which an unopposed
aminopyrene AP ring is larger than the aminofluorene AF bulge can form. It is not surprising that [AP]dG, a lesion
ring, and this has dramatic consequences relating to thethat predominantly induces frameshift mutagenesis in bac-
alignment of both the adduct and the dA positioned opposite teria, does not maintain hydrogen bonding with either dC
it in the [AP]JdGdA 11-mer and [AF]JdGJA 11-mer (20) or dA (present study) in the complementary strand. This
duplexes. must reflect displacement of the modified dG into the major
The base displacement-intercalation structure at the adducigroove, with intercalation of the aminopyrene residue into
site (Figure 8A) observed for the [AP]d@A 11-mer duplex the helix, but with little distortion beyond the lesion site and
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FiGURE 10: A representative distance-restrained molecular mechan-
ics DUPLEX program refined structure of the [AF]el@\ 11-mer
duplex. (A) View looking into the major groove and normal to the
helix axis of the central d(T4C5—[AF]G6—C7—T8)-d(A15—
G16-A17—G18-A19) segment. The [AF]dG6 ring system is
shown in darkened bonds with the modified guanine and dA17
stacked into the helix between the d8518 and dC:tiG16 base
pairs and the aminofluorene ring positioned in the minor groove
and directed toward the partner strand. (B) View looking down
the helix axis for the d(C5[AF]G6—C7)-d(G16-A17—G18)
segment. Figures were prepared using Molscript V54).(

with flanking base pairs intact. If such non-hydrogen-bonded
duplexes featuring base displacement with carcinogen in-
tercalation occurred at a replication fork, irrespective of
whether dCMP or dAMP was incorporated opposite the
adduct, polymerase stalling might become more probable,
with formation of a slipped frameshift intermediate in an

appropriate sequence context. Because of the absence of

hydrogen bonding interactions, the nucleotide opposite the
adduct may also be subject to excision by the proofreading
exonuclease of the DNA polymerase. The latter would also
cause stalling of the DNA polymerase, which in turn may
allow more time for the formation of slipped frameshift
intermediates. While translesion synthesis may be induced
by the SOS type of inducible proteins, such forced replication
would likely result in increased mutagenesi$)
In conclusion, incorporation of dA opposite [AP]dG

produces a base-displaced, intercalated structure without 15

hydrogen bonding between the [AP]dG and the opposite
mismatched dA. Such a structure, if present at a replication
fork, may cause polymerase stalling and formation of a
slipped intermediate that could produce frameshift mutations,
the most dominant mutagenic consequence of the [AP]dG
lesion in bacteria. It is interesting to note that 2-acetylami-

Biochemistry, Vol. 38, No. 33, 19990853

nofluorene (AAF) modified dG, which also adopts a base-

displaced, AAF intercalated conformatio#8(-50), also has

a very high propensity to cause frameshift mutatiosd).(
Coordinates DepositiarniThe coordinates of the [AF]dG

dA 11-mer duplex have been deposited in the Protein Data

Base, Brookhaven National Laboratory, Upton, New York

11923, (acquisition number: laxu) from whom copies can

be obtained.

SUPPORTING INFORMATION AVAILABLE

Four tables listing the complete exchangeable and non-
exchangeable proton chemical shifts, goodness-of-fit data
following distance-restrained DUPLEX refinement, com-
parison of experimental distance restraints with correspond-
ing values in relaxation matrix refined structures and
pseudorotation and glycosidic torsion angles for the [AP]-
dG-dA 11-mer duplex, and three figures comparing ami-
nopyrene chemical shifts for [AP]dG positioned opposite dC
and dA, distance-restrained DUPLEX structures of the central
segment of the [AP]d&lA 11-mer duplex and the central
segment of the [AP]d&IC 11-mer duplex. This material is
available free of charge via the Internet at http://pubs.acs.org.
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