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ABSTRACT: A solution structural study has been undertaken on the aminofluef@hdG ([AF]dG) adduct
located at a single-strandiouble-strand d(A1-A2-C3-[AF]G4-C5-T6-A7-C8-C9-A10-T11-C12-C13)
d(G14-G15-A16-T17-G18-G19-T20-A21-G22-N23) 13/10-mer junction=NC or A) using protor-

proton distance restraints derived from NMR data in combination with intensity-based relaxation matrix
refinement computations. This single-straitbbuble-strand junction models one arm of a replication fork
composed of a 13-mer template strand which contains the [AF]dG modification site and a 10-mer primer
strand which has been elongated up to the modified guanine with either its complementary dC partner or
a dA mismatch. The solution structures establish that the duplex segment retains a minimally perturbed
B-DNA conformation with WatsorCrick hydrogen-bonding retained up to the d@522 base pair.

The guanine ring of the [AF]dG4 adduct adoptsyanglycosidic torsion angle and is displaced into the
major groove when positioned opposite dC or dA residues. This base displacement of the modified guanine
is accompanied by stacking of one face of the aminofluorene ring of [AF]dG4 with thed@®22 base

pair, while the other face of the aminofluorene ring is stacked with the purine ring of the nonadjacent
dA2 residue. By contrast, the dC and dA residues opposite the junctional [AF]dG4 adduct site adopt
distinctly different alignments. The dC23 residue positioned opposite the adduct site is looped out into
the minor groove by the aminofluorene ring. Wyadisplaced orientation of the modified dG with stacking

of the aminofluorene and the looped out position of the partner dC could be envisioned to cause polymerase
stalling associated with subsequent misalignment leading to frameshift mutations in appropriate sequences.
The dA23 residue positioned opposite the adduct site is positioned in the major groove with its purine
ring aligned face down over the van der Waals surface of the major groove and its amino group directed
toward the T6A21 base pair. The Hoogsteen edge of the modified guanine of [AF]dG4 and the Watson
Crick edge of dA23 positioned opposite it are approximately coplanar and directed toward each other but
are separated by twice the hydrogen-bonding distance required for pairing. This structure of [AF]dG
opposite dA at a model template-primer junctional site can be compared with a previous structure of
[AF]dG opposite dA within a fully paired duplex [Norman, D., Abuaf, P., Hingerty, B. E., Live, D.,
Grunberger, D., Broyde, S., and Patel, D. J. (19B@chemistry 287462-7476]. The alignment of the
Hoogsteen edge of [AF]d&Gyn) positioned opposite the Watsefrick edge of dA énti) has been observed

for both systems with the separation greater in the case of the junctional alignment in the model template-
primer system. However, the aminofluorene ring is positioned in the minor groove in the fully paired
duplex while it stacks over the junctional base pair in the template-primer system. This suggests that the
syn[AF]dG opposite dA junctional alignment can be readily incorporated within a duplex by a translation
of this entity toward the minor groove.

The aromatic amines are a class of substances that arsmoke, automobile exhaust, broiled meats, and fish, and as
known carcinogenslf, present in the environment in tobacco byproducts of various industrial process@s-6). 2-Ami-
nofluorene (AF) and 2-acetylaminofluorene (AAF) are
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template complex at an arm of a replication fork by high-
resolution NMR combined with molecular mechanics and
subsequent relaxation matrix refinement computations. In
previous work, we have studied the structure of the [AF]dG
adduct opposite dA in a normal duplekdj by a combined
high-resolution NMR and molecular mechanics approach.
It was found that the AF is sandwiched between the walls
of the B-DNA minor groove, spanning the groove so that
its distal ring is in proximity to the sugar phosphate backbone
of the partner strand. The modified guanine adoptssthre
conformation in the structure but remains stacked into the
helix. The mismatched adenine is in the nornaaiti
* conformation and is also stacked intrahelically. A similar
ArAr— GGy G Te— A= Cp—CoAy0~ T~ Cip=Cis structure has also been observed when the [AF]dG is
Grr-Agi=Tag~Gi9-Gig=Ti7—A1g-Grs—Gre mismatched with dG or dI2Q); we have also studied such
a structure in the sequence context of Figure 1B, in which
the modified guanine has no partner, modeling the situation
in which replication has proceeded up to but not including
Al—Az—C3—-E}k4—C5—T6—A7—C8—C9—A10—T11—C12—C13 the damaged guanine2l). The structure in this case
e e e e e e e contained aynmodified guanine displaced from its normal
stacked position with insertion of the AF in its place.
C In this paper on the [AF]dG adduct at single-strand
double-strand junctions, we investigated the same sequence
= context as previously reported for no base opposite the lesion
A;=A;—C3—G4—Cs5—Tg—A7—Cg—Cy—A o~ T;—C12~Ci3 site (Figure 1B) 21), except that either dC (Figure 1C) or
S S dA (Figure 1D) was positioned opposite the lesion. This
affords the opportunity for envisioning the situation following
D polymerase insertion of correct or mismatched base posi-
FiGure 1: (A) Schematic of the [AF]JdG adduct. Schematic and tioned opposite the lesion site. We find that the dA is situated
3%”‘1%3289 SYSte”LOE(B)htheA@ggAG 11337/196“16“ (C) the [AFIG  jn close proximity to thesyn[AF]dG with structural features
-mer, and (D) the [AF] -mer. that are related to both those of the mismatched full duplexes
and those of the single-strandouble-strand junction with
oncogenesl, 11 or inactivate tumor suppressors such as no partner or dC opposite the [AF]dG. The structures provide
the p53 gene which has been found mutated in about half ofinsights into how a mismatched dA could be potentially
all cancer casesl?, 13. Understanding the nature of this stably incorporated opposite the [AF]dG, while the dC is
damage in atomic resolution detail is a necessary first steplooped out in this sequence context in solution.
to understanding why these substances cause mutations that
can lead to cancer. WATERIALS AND METHODS
It was determined in early work that AF and AAF are Materials N-Acetoxy-2-acetylaminofluorene (AAAF) was
metabolically activated to reactive derivatives that form major purchased from Chemsyn Science Laboratories. The deoxy-
in vivo adducts to €of guanine. Moreover, the AAFCS- oligonucleotides d(A-A-C-G-C-T-A-C-C-A-T-C-C), d(G-G-
dG adduct can be enzymatically deacetylated in vivo to the A-T-G-G-T-A-G-C), and d(G-G-A-T-G-G-T-A-G-A) were
AF—C8-dG adduct (Figure 1A). Therefore, the most impor- synthesized on an Applied Biosystems Model 392 DNA
tant adduct observed in many systems is the AF one, whichsynthesizer and purified by reverse-phase HPLC.
is the focus of our interest here. Preparation of AdductThe AF-modified d(A-A-C-G-C-
The extensive literature on biological effects of AF and T-A-C-C-A-T-C-C) adducted sequence was prepared and
AAF adducts has been reviewed by Heflich and Né&#)( purified using methods described previoushg) Briefly,
Extensive mutagenicity studies both in vivo and in vitro have the oligonucleotide was first reacted with 8 molar equiv of
determined that the AFC8-dG adduct can have miscoding N-acetoxy-2-AAF in 2 mM sodium citrate (pH 7.0) contain-
consequences. These are predominantly mismatches of théng 30% ethanol at 37C for 3 h toproduce the [AAF]dG-
G-A type (15), although other types of mismatches and modified oligomer. The purified [AAF]dG-modified oligo-
frameshifts have also been observed in certain systemsmer was then converted to [AF]JdG-modified oligomer by
Moreover, the AF adduct also readily permits normal reacting wih 1 M NaOH containing 0.3% 2-mercaptoethanol
incorporation of dC opposite the lesion, and polymerases canat a concentration of 2 mg/mL for 45 min at room
generally replicate through the lesion, although specific basetemperature. The [AF]dG-modified oligomer was further

HoN

B

C23=G22—Aq1— T2~ G19=Gig~T17—A16-G15-Gra

A23=G—Ag=Ty0~G19~G1g~T17~A16~G15~Gre

sequence contexts can foster blockab@-18). purified by reverse-phase HPLC, desalted, and converted to
In an effort to elucidate the structural underpinnings sodium form.
associated with the treatment of the AE8-dG adduct by The [AF]dG 13-mer strand was annealed either with the

polymerases and to understand the structural origins to thecomplementary d(G-G-A-T-G-G-T-A-G-C) 10-mer strand or
preference for the & mismatches, we have undertaken an with the complementary d(G-G-A-T-G-G-T-A-G-A) 10-mer
investigation of the solution structures of the adducts at strand at 70°C, and the stoichiometry was followed by
single-strand-double-strand junctions that mimic a primer- monitoring single proton resonances in both strands.
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NMR ExperimentsAll NMR spectra were recorded on first-stage minimizations to aid the minimizer in locating the
Varian Unity plus 600 and 500 MHz NMR spectrometers Watson-Crick hydrogen-bonded structures indicated by the
with a relaxation delay of 2.0 s unless otherwise indicated. NMR data. To locate minimum energy conformations with
A combination of through-space nuclear Overhauser effect interproton distances available from the experimental NMR
(NOESY) and through-bond correlated (COSY and TOCSY) data, pseudo-potentials (permitting upper and lower bound
two-dimensional spectra were recorded in the States-TPPIrestraints) were added to the energy, as described previously
mode @2) on approximately 6 mg of either the [AF]d@C (19, 3. Briefly, the following functions were used:
13/10-mer or the [AF]d@&IA 13/10-mer duplexes in 0.6 mL
of 100 mM NaCl, 10 mM phosphate, aqueous buffer (pH n 5
7.0 and pH 5.0) at 25 and &, and analyzed to assign the Fn= WNZ(d —dy) 1)
aminofluorene and nucleic acid protons. The NOESY spectra
(150 ms mixing time) of the adduct 13/10-mers isgO-buffer n
at5°C were coIIecte(_j using ajumpetur_n pulse for splvent Fay = WNNZ(d _ dNN)2 )
suppression. In addition, one-dimensional NOE difference
experiments were recorded in® buffer at 5°C following
saturation (33 s) of broad imino protons in the spectrum. TheWs are adjustable weights [in the range of43D kcal/
NOESY spectra (50, 100, 150, and 200 ms mixing times) (mol-A?)]. d is the current value of the interproton distance,
were collected to provide NOE buildup data in@buffer dy is a target upper bound, amiy a target lower bound.
at 25°C with a relaxation delay of 2.5 s. The through-bond Equation 1 is implemented whehis greater tharmly, and
TOCSY data sets on the adduct ipgdbuffer were recorded  eq 2 is implemented whethis less thardyy. The functions
at spin lock times of 40 and 80 ms at 26. are summed over afi target distance$:y andFyy can also

The indirect protor-phosphorus correlation spectrum was be employed as relative indices of the goodness-of-fit to the
recorded on the [AF]d&IC 13/10-mer and [AF]d&IA 13/ NMR data. Here thel values are the achieved distances in
10-mer duplexes in D at 25°C using the pulse sequence a given model, and thé/s are the weights employed in the
described previously2@). The phosphorus spectra were searchFy andFyy are composites, reflecting the overall fit
referenced relative to external 10% trimethyl phosphate of all the achieved distances to their targets. They both adopt
(TMP). The *H—3C HMQC correlation spectrum on the values of zero when all model distances are within the upper
adduct 13/10-mers in J® buffer was recorded at 2%C. and lower NMR distance bounds. Small deviations from the
The carbon spectra were referenced relative to externalNMR targets, within the uncertainty of the data, are accepted
3-(trimethylsiyl)propionate (TSP) using the method described in computed models, and these therefore have norzgro
previously @4). and Fyy values.

The calculation of interproton distance bounds using Our search strategy employs a set of key NMR distance
volume buildup of NOE cross-peaks was based on the two- restraints, together with information from the NMR data on
spin approximation using the dT(NH3WJA(H2) distance of the hydrogen-bonding pattern between bases for the hydrogen
2.92 A for the NOESY data sets in,8 and the dC(H5Y bond penalty function. NMR information about the glycosidic
dC(H6) fixed distance of 2.45 A for the NOESY data sets torsion angle and the deoxyribose sugar pseudorotation
in DO solution. The upper and low bound ranges on the parameter is also included. The resulting structures are ranked
estimated interproton distance for nonexchangeable protonsaccording to energy and goodness-of-fit (eqs 1 and 2). At
were determined based on the resolution of the cross-peakshis point, the first set of NMR-assigned distance bounds
in the two-dimensional contour plots and the quality of the are evaluated in relation to achieved distances and energies
NOE buildup plots. in the ensemble of 16 structures. Cross-checks involving

The base proton to sugar HNOE cross-peaks in the  distances not employed as restraints and satisfaction of other
shortest mixing time NOESY data set in@were evaluated  criteria such as chemical shifts are also made. Especially in
to qualitatively differentiatesynandanti glycosidic torsion the case of conformational heterogeneity, this affords feed-
angles £5). The protor-proton vicinal coupling constants  back to the NMR analysis and offers the opportunity for
among sugar protons were analyzed from phase-sensitivereassessment of the distance bounds. This procedure can be
COSY data to qualitatively distinguish between thé-@3do carried out iteratively until structures of lowest energy and
and C2-endo family of sugar pucker26). best goodness-of-fit are located. This part of the computations

Molecular Mechanics Computationdglinimized potential was carried out at the Department of Energy’s National
energy calculations were carried out with DUPLEX, a Energy Research Supercomputer Center and the National
molecular mechanics program for nucleic acids that performs Science Foundation’s San Diego Supercomputer Center.
potential energy minimizations in the reduced variable Relaxation Matrix RefinemenfThe final unrestrained
domain of torsion angle spac27). The vast diminution in energy-minimized structure obtained during the first-stage
the number of variables that must be simultaneously opti- DUPLEX calculation was used as the starting structure for
mized, compared to Cartesian space, permits much largerthe second-stage refinement usidgLOR(32). During the
movements from a given starting geometry, and also ensuressecond stage, we performed molecular dynamics/simulated
correct internal geometry and chirality. DUPLEX uses a annealing calculations guided by the combination of the
potential set similar to the one developed by Olson and co- experimental NOESY intensities and NOE distances. The
workers for nucleic acids28). Geometry and force field pseudo-energy function included two types of restraints: (1)
parameters, including partial charges, for the [AF]dG adduct intensity restraints for nonexchangeable protons were im-
were the same as those employed previougB, 0. A posed as square-well potentials with an exponent of 2 in the
hydrogen bond penalty functior2]) was employed in all penalty function, an isotropic correlation time of 5 ns, and
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anisotropic bounds estimates of 10%; (2) distance restraints
for nonexchangeable protons and exchangeable protons at
the lesion site were retained through our protocol as square-
well potentials with uniform 20% estimation of errors and
30 kcal/(motA?) force constant. A 4.5 A cutoff was imposed

for computing relaxation pathways, and the dynamics were
carried out with a tolerance of 0.03 A.

The relaxation matrix was set up for the nonexchangeable
protons with the exchangeable imino, amino, and hydroxyl
protons exchanged for deuterons. A total of 218 nonex-
changeable distance restraints from the NOESY data sets in
D,O (872 intensities at 4 mixing times of 50 ms, 100 ms,
150 ms, and 200 ms) along with 3 exchangeable distance
restraints at the lesion site from the NOESY data yOH
were included in the calculations for the [AF]el&C 13/10-
mer, and a similar set was used for the [AF}d& 13/10-
mer. Dihedral angle restraints (corresponding to B-DNA)
were included with a very low weight of 5 keehd 2 and
restricted to residues which are two pairs below the modified
deoxyguanosine [AF]dG4.

Six trials of the intensity refinement were performed.
During each trial the starting structure was heated to 1000
K through the assignment of an arbitrary MaxweHoltz-
mann velocity distribution corresponding to a temperature
of 1000 K. Then after 2.4 ps dynamics evolution at that
temperature, the system was gradually cooled to 300 K
during 7.2 ps with the “heat bath” method, and equilibrated

Gu et al.
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at 300 K for 2.4 ps. After equilibration, the coordinates were g re 2: Imino proton spectra (10-414.0 ppm) of (A) the [AF]-
subjected to energy minimization to a gradient of 0.1 kcal dG-dC 13/10-mer and (B) the [AF]d@A 13/10-mer in HO buffer

mol~t A-1.

RESULTS

We first present the results for the [AF]e@C 13/10-mer
sequence (Figure 1C) followed by their counterparts for the

[AF]dG-dA 13/10-mer sequence (Figure 1D).

Exchangeable Nucleic Acid Protons in [AF]ediC 13/
10-mer.The exchangeable proton NMR spectrum-1@.5
ppm) of the [AF]dGdC 13/10-mer in HO buffer solution,
pH 7.0 at 5°C, is plotted in Figure 2A. We observe eight

at 1 °C. The imino proton assignments are shown over the
resonances in the spectra.

formation relative to the control 13/10-me34). We were
only able to observe few very weak intermolecular NOEs
between the imino proton of dG22 and protons on the
aminofluorenyl ring, and these are labeled numerically in
Figure 3A,B.

The imino proton of [AF]dG4 most likely resonates within
the upfield-shifted imino proton envelope at 10.8 ppm. One-

well-resolved imino proton resonances between 12.5 and 14.odimensional NOE experiments on this broad envelope failed
ppm together with upfield-shifted imino resonances at 12.1 to identify NOEs to other exchangeable and nonexchangeable
ppm and broadened resonances centered at 10.8 ppm. Thegdotons in the [AF]dGIC 13/10-mer for data recorded at

imino protons have been assigned following analysis of the PH 7.0 and 5.0. Its upfield chemical shift and exchange cross-

150 ms mixing time HO NOESY spectrum based on

established assignment procedur2s, 33.

peak with HO suggests that the guanine imino proton of
[AF]dG4 is most likely looped out of the helix in the adduct

The NOE connectivities between imino protons on adja- 13/10-mer. The exchangeable imino and amino proton
cent base pairs in the [AF]d@C 13/10-mer can be traced chemical shifts are listed for the entire [AF]ef 13/10-
from the dC5dG22 pair adjacent to the single-strargliplex ~ Mer in supplementary Table S1 (Supporting Information).
junction to the dC18IG14 pair located toward the opposite ~ Nonexchangeable Nucleic Acid Protons in [AF}diE 13/
end of the helix in the expanded NOESY (150 ms mixing 10-mer.The base and sugar Hilonexchangeable protons
time) contour plot of the symmetrical 11-84.0 ppmimino  (5.1-8.5 ppm) of the [AF]dGdC 13/10-mer in RO buffer,
proton region in Figure 3C. An expanded NOESY (150 ms pH 7.0 at 25°C, are shown in supplementary Figure S1A.

mixing time) contour plot of the adduct 13/10-mer correlating We observe narrow and well-resolved resonances for both

NOE connectivities between the imino protons (+118.0
ppm) and the base and amino protons {8B®G ppm) is

the single-strand and double-strand segments of the adduct
13/10-mer. The nonexchangeable proton assignments are

plotted in Figure 3B. The observed NOE patterns establish based on an analysis of through-space NOESY (50 and 300

Watson-Crick base pairing at all dAIT pairs (thymine ~ ms mixing times at 28C and 150 ms mixing time at &)
imino to adenine H2 protons) and at all di€ pairs (guanine
imino to cytosine amino and H5 protons), including the dC5 ms spin lock times) data sets at 26 using established
dG22 base pair (peaks A, Aand B, Figure 3B). assignment proceduregq, 33.

The imino proton of dG22, located at the junction site, is  The expanded NOESY (300 ms mixing time) contour plot

data sets and through-bond COSY and TOCSY (40 and 80

broadened and upfield-shifted (12.01 ppm) upon adduct establishing sequential connectivities between the base
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[AF]dGedC 13/10-mer NOE connectivity at the dC3[AF]dG4 step on the modified

A strand is due to the absence of a purine H8 proton following
- AF modification at the € position of dG4 in the adduct

4 —p - duplex. We observe weak interresidue NOE cross-peaks for

the single-stranded d(A1-A2-C3) segment (Figure 4A) on
the modified strand of the adduct 13/10-mer. These base and
sugar H1proton assignments have been confirmed by cross-
checks in other regions of the NOESY plot (Figure 5A), as
well as from COSY (supplementary Figure S2A) and

o TOCSY plots of the adduct 13/10-mer. A complete set of
- © nonexchangeable nucleic acid base and sugar proton chemical
shifts for the entire [AF]Jd&C 13/10-mer is listed in Table
S1.

We also observe an inversion of the 'Hihd H2' sugar
proton chemical shifts of [AF]dG4 at the lesion site in the
=N adduct 13/10-mer. The Hproton of [AF]dG4 undergoes a
dramatical downfield chemical shift to 3.56 ppm as can be
seen in both NOESY (Figure 5A) and COSY (Figure S2A)
plots of the [AF]JdGdC 13/10-mer. By contrast, the H2
. proton of [AF]dG4 has an unperturbed chemical shift of 2.38
- ppm.

Aminofluorene Protons in [AF]d&C 13/10-mer.The
nonexchangeable aminofluorene protons have been assigned
based on the analysis of the through-space NOE patterns and
through-bond coupling connectivities in the [AF]eif& 13/
10-mer. These nonexchangeable aminofluorene proton chemi-
cal shifts in the [AF]dGdC 13/10-mer are compared in
Figure S3 to the corresponding values of the AF-stacked
conformer in the [AF]dG 13/9-meR() and those in the AF-
intercalated35) and AF-external36) conformers of the [AF]-
dG-dC 12-mer duplex published previously. The aromatic
aminofluorene ring protons resonate between 6.5 and 7.3 ppm
in the [AF]dGdC 13/10-mer (closed squares, Figure S3),
very similar to what was reported previously for the [AF]-
dG 13/9-mer (open squares, Figure S3) in which the AF
stacks on one face with the d&i&22 base pair and the other
face with the purine ring of dA22(1). By contrast, downfield
shifts are observed for the AF protons in the AF-external
| conformer 86) of the [AF]JdGdC 12-mer duplex (open
13.2 12.6 circles, Figure S3). The chemical shifts of the aminofluorene

Ficure 3: Expanded NOESY (150 ms mixing time) contour plots protons in the [AF]dGIC 13/10-mer are listed in the caption

of the [AF]dG-dC 13/10-mer in HO buffer at 1°C. (A) NOE to Figure S3.
connectivities between the imino protons (1+118t.0 ppm) and the We have not been able to locate the resonance from the

AF methylene protons (3:68.2 ppm). The carcinogerDNA cross- NH proton involved in the covalent linkage between the

peak 4 is assigned as follows: 4, G22(NHBF(H9a,b). (B) NOE ; ; ; _
connectivities between the imino protons (3+118.0 ppm) and the aminofluorene and the G4 residue in spectra of the [AF]
base and amino proton regions (5.0 to 8.5 ppm). The NOE cross-dGdC 13/10-mer recorded at both pH 7.0 and pH 5.0.

peaks involving the imino protons are labeled in the figure as  Intermolecular NOEs in [AF]Jd&C 13/10-mer.The
follows: A, A", G22(NH1)-C5(NH,-4b.e); B, G22(NH1)}A21- intermolecular AF-DNA NOE cross-peaks which have been
(H2). The carcinogenADNA NOE cross-peak 1 is assigned as dentified in the NOESY spectra of the [AF]d&C 13/10-

follows: 1, G22(NH1)-AF(H3,H4). (C) NOE connectivities in the : : ;
symmetrical (11.814.0 ppm) region. The imino proton assignments mer are listed in Table 1. Some of these intermolecularAF

are labeled along the diagonal. The lines trace the NOE connec-DNA NOE cross-peaks are labeled by numbers in the
tivities between adjacent base pairs starting at dG22 toward oneexpanded NOESY plots of the exchangeable protons@ H
end of the helix and proceeding to dG14 toward the other end of spolution (Figure 3) and nonexchangeable protons i® D
the helix. solution (Figures 4 and 5A), and their assignments are listed
protons (6.4-8.4 ppm) and the sugar Hand cytosine H5 in the figure captions.

protons (5.156.35 ppm) of the [AF]dGIC 13/10-mer in The observed intermolecular NOE patterns (Table 1) are
D0 buffer, pH 7.0 at 258C, is plotted in duplicate in Figure  consistent with a single alignment of the aminofluorene at
4. The base to sugar Hproton NOE connectivities are  the junction site in the [AF]d@&C 13/10-mer. The amino-
traced from dAl to dA7 along the modified strand (solid fluorene AF(H1) proton exhibits intermolecular NOEs to
line, Figure 4A) and from dT20 to dC23 along the comple- dA2(H1'), dA2(H8), dC5(H1), and dC5(H5) protons, while
mentary strand (dashed line, Figure 4B) in the contour plot the AF(H3) proton on the opposite side of the aminofluorene
of the adduct 13/10-mer. The observed break in the sequentiaking exhibits intermolecular NOEs to the minor groove sugar

T
12.6

T
13.2
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Ficure 4: Duplicate expanded NOESY (300 ms mixing time) contour plots of the [ARJ@3A.3/10-mer in RO buffer at 25°C establishing
distance connectivities between the base (purine H8 and pyrimidine H6) protors8(%.4pm) and the sugar Hand deoxycytidine H5
protons (5.2-6.4 ppm). The NOE connectivities between the base and their own'dlahking sugar H1protons are traced in (A) from

dAl to dA7 on the modified strand (solid lines) and in (B) from dT20 to dC23 on the unmodified partner strand (dashed lines). The

assignments label the base to their own sugdrMQEs, while the deoxycytidine H6H5 NOEs are designated by asterisks. Note that the
NOE cross-peak at the dC3-[AF]dG4 step is missing because of the absence of an H8 proton for [AF]dG4. The caibiNAgROE
cross-peaks are assigned as follows: 1, AFHS82(H1); 2, AF(H3)-C5(H1); 3, AF(H3)-[AF]G4(HY1); 4, AF(H4)-A2(H1); 5,
AF(H4)—C5(H1); 6, AF(H8)—G22(H1); 7, AF(H6)—G22(H1); 8, AF(H7)-G22(H1); 9, AF(H1)-A2(H1'); 10, AF(H1)}-C5(H1); 11,

AF(H1)—[AF]G4(HY).

protons of dA2(HJ), [AF]dG4(HZ), and dC5(H) in the
adduct 13/10-mer (Table 1). The AF(H4) proton only shows

Carbon Spectra of [AF]d&IC 13/10-merThe expanded
contour plot of a natural-abundance protaarbon HMQC

relatively weak NOESs to the minor groove sugar protons of experiment that correlates the Hind C1 chemical shifts

dA2(H1) and dC5(HY, while the AF(H6) and AF(H7)
protons exhibit NOEs to dG22(H1dG22(H2), and dG22-
(H2") (Table 1). However, none of the aminofluorene protons
exhibit any NOE with dC23 which is positioned opposite to
the modified dG4 in the [AF]d&C 13/10-mer. These
intermolecular NOE data help position the [AF]JdG4 and
dC23 bases relative to the d@%&22 base pair and the dA2
base in the adduct 13/10-mer.

of individual residues of the [AF]d€@IC 13/10-mer in RO
buffer at 25°C is plotted in Figure S4A. The carbon C1
resonances are assigned on the basis of the known sufjar H1
proton assignments in the adduct 13/10-mer. Thé C1
chemical shift assignments for residues in the d(A2-C3-[AF]-
G4-C5-T6)d(A21-G22-C23) segment of the adduct duplex
are labeled in Figure S4A. It is noted that tR€ chemical

shift of the C1 carbon of [AF]dG4 resonates at 86.7 ppm,
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Ficure 5: Expanded NOESY (300 ms mixing time) contour plots of (A) the [AFdIG 13/10-mer and (B) the [AF]d@A 13/10-mer in
D,0 buffer at 25°C showing NOEs between the sugar'ktotons (5.16.5 ppm) and the H2H2" protons (1.6-3.7 ppm). The H2and
H2" protons of dA1, dA2, dC3, [AF]dG4, dC5, dA21, dG22, and dA23/dC23 are connected by lines and labeled: predt® resonate
upfield of the H2' protons for the majority of these residues except for [AF]dG4 and dA2 where thetdons resonate upfield of the
H2' proton. The intermolecular AFDNA NOE cross-peaks are assigned in both (A) and (B) as follows: 1a,b, AF(H6GZ2(H2');
2a,b, AF(H6,H7)-G22(H2).

Table 1: Intermolecular NOEs between Aminofluorene Protons and [AFIdG4 (—3.61 ppm), dG22-dC2313.56 ppm), and [AF]-

DNA Protons in the [AF]JdGJC 13/10-mer dG4-dC5 3.24 ppm) steps are shifted to lower field relative
AF to the —3.8 to —4.5 ppm unperturbed phosphodiester
protons DNA protons with NOEs to AF protons backbone chemical shift range.
AF(H1) A2(H8) 2w, A2(H1'),m; A2(H2), m; A2(H2").m; Molecular Mechanics Computations on [AF]_ddIZ 13/
G4(HI),m; C5(HT),m 10-mer.The search strategy employed began with a B-DNA
AF(H3) A2(HL),m; A2(H2),0w; A2(H2"),0w; G4(HL),m; (37) central d(A1-A2-C3-[AF]G4-C5-T6J(A21-G22-C23)
AF(HA) Az%jg")'%v)gﬁj%g'\iul)clg"a_ll) e G22(NHLw base pair segment of the [AF]d@C 13/10-mer with the
AF(H8) GZZ(Hé);fW; G22(|—’|1),'m; 622(|1|2’),m; G22(H2V'),m computations _gwded by the mtermolecqlar —AI_BNA re-
AF(H7) G22(H8)W; G22(H1),m: G22(H2),m; G22(H2').m straints listed in Table 1. The AFDNA orientation space
AF(H8) G22(H1),w; G22(H2),w; G22(H2"),w was searched with 16 energy minimization trials in which
AF(H9)  G22(NHI1)yw the linkage torsion angles’ ([AF]dG4(N°)-[AF]dG4(C?)-
aThe symbolsn, w, andow stand for medium, weak, and very weak  [AF](N)-[AF](C?)) and ' ([AF]d4(C8)-[AF](N)-[AF](C?)-
NOEs. [AF](CY) were each started at,0(C°, 180, and 270 in all

combinations. Searching the orientation space atriérvals

which is downfield-shifted relative to other assignable dG of o' and ' is a robust procedure for locating all the
residues in this segment of the adduct duplex (Figure S4A). important potential energy wells because our minimization

Phosphorus Spectra of [AF]d@C 13/10-merThe proton- protocol permits torsion angle variations of up to 100
decoupled phosphorus spectrum of the [AHdG 13/10- each minimization ste2{). Consequently, energy minima
mer has been recorded in,® buffer at 25°C. The in each quadrant af’ andf’ are accessible, and the reduced
phosphorus resonances are dispersed over a 1.5 ppm rangéariable domain of torsion angle space greatly enhances the
with three resonances shifted to lower field relative to the likelihood of finding the important structures. In these trials,
—3.8 to —4.5 ppm spectral region. The phosphorus reso- the DUPLEX hydrogen bond penalty functio27 for
nances have been assigned from an analysis of the protonWatson-Crick base pairing was utilized at all base pairs
detected phosphoragroton heteronuclear correlation ex- except at the [AF][dG4IC23 site for which there was no
periment with the expanded contour plot shown in Figure indication of hydrogen bonding in the NMR data of the
S4B. The three- and four-bond protephosphorus vicinal ~ adduct 13/10-mer.
couplings permit the correlation of the phosphorus resonances Of the 16 structures computed, 3 structures exhibited good
with the B-linked H3 proton and the 'dinked H4 and H5, fit to the NMR data and had low energies (Table S2,
5" protons. The phosphorus chemical shifts for the dC3- Supporting Information). These three structures for the [AF]-
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Table 2: NMR Refinement Statistics for the [AF]ef&C 13/10-mer Table 3: Intermolecular NOEs between Aminofluorene Protons and
NMR restraints DNA Protons in the [AF]dGdA 13/10-met
NOE distance restraints for entire 218 AF
13/10-mer o protons DNA protons with NOES to AF protons
NOE distance restraints in central 117
6/3-mer regior? AF(HL)  A2(HB)w; A2(HL),m; A2(HZ),m; A2(H2"),m;
Carcinoger-DNA distance restraints 27 G4(HT),m; C5(H5)w; A23(H2)w
entire 13/10-mer intensities 872 (total for 4 mixing times) AF(H3) A2(H8)pw; A2(H1'),m; A2(H2),0w; A2(H2"),w;,
central 6/3-mer regicdtintensities 468 (total for 4 mixing times) G4(HT),m; G4(HZ"),uw; C5(HL),m; G22(NH1)w
structure statistics AF(H4) A2(HT),w; A2(H2'),0w; A2(H2"),0w; A2(H8),uw;
NMR R-factor Rue) 2.8% GA4(HI),ow; C5(HT),w; G22(NH1)w; A23(H2).w
rmsd of NOE violations 0.08% 0.004 AF(H6) G22(NH1)w; G22(HT),m; G22(H2),m; G22(H2'),m
no. of NOE violations>0.2 A 14+1 AF(H7)  G22(NHL)w; G22(H1),m; G22(H2),m; G22(H2'),m
no. of NOE violations>0.2 A in 7+1 AF(H8) G22(H2'),w; A23(H2) pw
center 6/3-mer regicén AF(H9) G22(NH1)w
deviations from ideal geometry
bond length (A) 0.01% 0.001 aThe strengths of the NOE cross-peaks are designateanby
bond angle (deg) 3.80.1 (medium),w (weak), andvw (very weak).
impropers (dzg) 0.40.1
airwise rmsd among six intensit
P refined struc(tu)rés g Y [AF]dGedC 13/10-mer
entire 13/10-mer 1.52 0.26
central 6/3-mer regich 1.37+0.20

6/3-mer regioAwithout backbone 1.1#0.21

2The d(A1-A2-C3-[AF]G4-C5-T6X(A21-G22-C23) segmeritHeavy
atoms only.

dG-dC 6/3-mer segment viewed normal to the helix axis are
superpositioned in Figure S5. The structure with the lowest
value of the goodness-of-fiffy = 5.7, Fny = 0.1, with W

= 30 kcal/(motA?)] and the lowest energy—{192.7 kcal/
mol) was embedded into an energy minimized B-form 13/
10-mer and reminimized with all restraints. Subsequently,
the hydrogen bond penalty function and the distance restraints
were released with energy minimization in one step, yielding
the unrestrained DUPLEX-based structure of the [AF]dG
dC 13/10-mer. G5 B 23

Relaxation Matrix Refinement on [AF]d@C 13/10-mer.

The DUPLEX-based unrestrained structure of the [AF]dG

dC 13/10-mer served as the starting structure for intensity- [AF]G4
based relaxation matrix refinements using the XPLOR-based ’
computational protocol3@) outlined under Materials and Neac= g {. XA G2
Methods. An ensemble of six structures obtained during ' '
intensity refinement demonstrated an improved correspon-
dence with experimental intensity and distance restraint data
sets. The number of NOE distances violated by more than
0.2 A decreased from 69 to 14 (with 7 violations in the FiGURE 6: Superposition of six intensity refined structures of the

central d(A1-A2-C3-[AF]G4-C5-T6Ji(A21-G22-C23) 6/3- [AF]dG-dC 13/10-mer. (A) View looking into the major groove

; ; : and normal to the helix axis of the d(A2-C3-[AF]G4-C5-TfA21-
mer Si?mem (;’v';h LTAS;IFI)Qe?t to dlffere_znt StI’U((,;[L]iI’ES in the G22-C23) segment. (B) View looking down the helix axis of the
ensemble), and the -factor (Rys) improved from an d(A2-C3-[AF]G4-C5)d(G22-C23) segment.

initial value of 8.2% to 2.8% following intensity refinement.
The refined structures exhibit good stereochemistry with  The superpositioned view of six intensity refined structures
rmsd values for bond length violations of 0.0410.001 A, of the d(A2-C3-[AF]G4-C5-T6)(A21-G22-C23) 5/3-mer
and bond angle and improper dihedral angle violations of segment of the [AF]d&IC 13/10-mer is plotted in Figure
3.0° £ 0.1° and 0.4 + 0.1°, respectively. 6A. The corresponding view looking down the helix axis of
The rmsd of all heavy atoms between the six intensity the central 4/2 segment is plotted in Figure 6B.
refined structures and the initial DUPLEX structure is 2.3 Solution Structures of [AF]d&IC 13/10-mer.A view
+ 0.2 A for all heavy atoms and 2% 0.3 A for the 6/3- normal to the helix axis and looking into the major groove
mer d(A1-A2-C3-[AF]G4-C5-T6d(A21-G22-C23). At the of the central d(A2-C3-[AF]G4-C5-T&)(A21-G22-C23)
same time, good convergence was observed among theé/3-mer segment of a representative structure from the
intensity refined structures. The pairwise rmsd in the set is ensemble of six intensity refined structures of the [AFdG
1.52+ 0.26 A for all heavy atoms, 1.3% 0.20 A for the dC 13/10-mer is shown Figure 7A. The corresponding
heavy atoms of the d(A1l-A2-C3-[AF]G4-C5-T-@)(A21- structure for the entire adduct 13/10-mer is shown in stereo
G22-C23) 6/3-mer segment, and 140.21 A for the heavy  in Figure S6. The covalently linked aminofluorene ring stacks
atoms of the 6/3-mer excluding backbone atoms (see Tableover the dC5dG22 base pair and also stacks with the purine
2). ring of the unpaired dA2 residue (Figure 7A). The guanine

G22

A21




[AF]dG-dC/dA 13/10-mer Adduct Biochemistry, Vol. 38, No. 33, 19990863

[AF]dGedC 13/10-mer Table 4: NMR Refinement Statistics for the [AF]et@\ 13/10-mer
Duplex

NMR restraints
NOE distance restraints for entire 13/10-mer 216
NOE distances in the central 6/3-mer regioh28

carcinoger-DNA distance restraints 33
entire 13/10-mer intensities 864 (4 mixing times)
central 6/3-mer regidrintensities 512 (4 mixing times)

structure statistics
NMR R-factor Ruye) 2.5%
rmsd of NOE violations 0.06&: 0.006
no. of NOE violations>0.2 A 6+2
no. of NOE violations>0.2 A in 441

center 6/3-mer regién

deviations from ideal geometry
bond length (A) 0.009 0.001
bond angle (deg) 2801
impropers (deg) 0.40.1

pairwise rmsd (A) among six intensity

C5 B refined structures
entire 13/10-mer 1.86:0.42
central 6/3-mer regicn 1.36+ 0.36
[AF]G4 6/3-mer regiofwithout backbone 1.04 0.37
aThe d(A1-A2-C3-[AF]G4-C5-T6H(A21-G22-A23) segment.Heavy
G2 atoms only.

Comparison of Junctional [AF]d€&IC 13/10-mer and [AF]-

) O - . dG 13/9-mer StructuresWe previously reported on the
Ficure 7: (A) View looking into the major groove and normal to - .
the helix axis of the central d(A2-C3-[AF]G4-C5-T6-A7-G8) sqluuon structure of the .[AF]dG 13/9—mer_(sequence in
d(A21-G22-C23) segment of a representative intensity refined Figure 1B), where there is no base opposite the [AF]dG
structure of the [AF]Jd&C 13/10-mer. The AF ring system is adduct at the junctional site2]). This structure spanning

shown in darkened bonds and is stacked over thedG&2 base the d(A2-C3-[AF]G4-C5)(G22) junctional segment is
pair. The modified dG4 base is displaced toward the major groove. shown in Figure 8A. It can be compared with the corre-

B) View looking down the helix axis for the d(A2-C3-[AF]G4- . .

(CS))-d(G22-C23)g segment of a representative( intensEty ]refined sponding solution structure of the [AF]d@C 13/10-mer
structure of the [AF]d&IC 13/10-mer. Figures were prepared using (sequence in Figure 1C), whose d(A2-C3-[AF]G4-C5)
Molscript VI.1 (52). d(G22-C23) junctional segment is shown in Figure 8B.
ring of the syn [AF]dG4 is displaced toward the major groove ~ Exchangeable Nucleic Acid Protons in [AF]ddA 13/
side while dC23 positioned opposite it is looped out toward 10-mer.The exchangeable proton NMR spectrum (10.0
the minor groove side and positioned outside the helix 14.5 ppm) of the [AF]JdGdA 13/10-mer in HO buffer
(Figure 7A). solution, pH 7.0 at 3C, is plotted in Figure 2B. Seven well-

A view looking down the helix axis of the central d(A2- resolved imino proton resonances are observed between 12.5
C3-[AF]G4-C5)d(G22-dC23) 4/2-mer segment of the [AF]- and 14.0 ppm together with a narrow imino proton resonance
dG-dC 13/10-mer is shown in Figure 7B. This view at 12.1 ppm and a somewhat broadened imino proton
emphasizes the overlapping geometry between the aminof-resonance at 10.8 ppm. The connectivities between imino
luorene ring system and the flanking d@&22 base pair  protons on adjacent base pairs in the [AF]d& 13/10-mer
and the dA2 residue. The long axis of the aminofluorene are traced in the symmetrical 13-84.0 ppm imino proton
ring of AF is approximately parallel to the long axis of the region of the NOESY (150 ms mixing time) spectrum in
dC5dG22 base pair (Figures 7B). The carcinogease Figure 9C. The NOE connectivities between the imino
linkage site for the [AF]dG4 residue is defined by the torsion protons (11.8-14.0 ppm) and the base and amino protons
angles o' (JAF]dG4(N°)-[AF]dG4(C8)-[AF](N)-[AF](C?)) (5.0-8.5 ppm) are plotted in Figure 9B. The observed NOE
andf’ ([AF]dG4(C)-[AF](N)-[AF](C %-[AF] (CY). Thesex, patterns establish WatselCrick base pairing at all dAIT
p' angles adopt values of 229 10° and 10 + 4°, and at all dGdC pairs including the dG8G22 base pair
respectively. Thef' = 10° orientation directs the € (peaks A, A, and B, Figure 9B). The somewhat broadened
containing edge of the aminofluorene toward the major 12.01 ppm imino proton of dG22 of the d&522 base pair
groove side (Figure 7B) for the [AF]d@C 13/10-mer. The  exhibits several intermolecular NOEs to aminofluorene
pseudorotation angles and glycosidic torsion angles for theprotons, and these are labeled¢4lin Figure 9A,B.
d(A1-A2-C3-[AF]G4-C5-T6)d(A21-G22-dC23) segment of The upfield-shifted imino proton at 10.8 ppm is assigned
the [AF]dGdC 13/10-mer are listed in Table S3. The to [AF]dG4 based on NOEs to the Nidnd H2, H2" protons
(04 —C1'—N9—C4) glycosidic torsion angle of the [AF]dG4 of dC5 identified in a one-dimensional difference NOE
residue issyn with a value ofy = 104+ 8°. Torsion angles ~ experiment on the adduct 13/10-mer inQHbuffer at 1°C
and pseudorotation parameters of the [AFdG 13/10-mer (Figure S7). The imino proton of [AF]dG4 also shows a weak
are within or near ranges observed in B-DNA cryst&) ( NOE to the H2 proton of dA23 in this difference spectrum
although some values are in less common domains as(Figure S7). The exchangeable imino and amino proton
indicated in Table S3. These values are essentially confinedchemical shifts for the entire [AF]Jd@A 13/10-mer at 5C
to the single-stranded region and its immediate vicinity.  are listed in Table S5.
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[AF]dGedA 13/10-mer
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[AF]dGedC 13/10-mer
Ficure 8: Comparison of the solution structures of (A) the [AF]- ©
dG 13/9-mer showing the d(A2-C3-[AF]G4-CH|G22) junctional L o
segment?1) and (B) the [AF]dGdC 13/10-mer showing the d(A2- A
C3-[AF]G4-C5)d(G22-C23) junctional segment. The [AF]dG4 and
dC23 residues are shown in darkened bonds. Figures were prepared
using Molscript VI.1 62).

Nonexchangeable Nucleic Acid Protons in [AF}di@ 13/ g
10-mer.The base and sugar Hhonexchangeable proton B
spectrum region (5:08.5 ppm) of the [AF]JdGdA 13/10-
mer in D,O buffer, pH 7.0 at 25C, is shown in Figure S1B.

The expanded NOESY (300 ms mixing time) contour plot T T
establishing sequential connectivities between the base 13.3 12.6

protons (6.75-8.3 ppm) and the sugar Hand cytosine H5 Ficure 9: Expanded NOESY (150 ms mixing time) contour plots
protons (5.16.4 ppm) of the [AF]dGdA 13/10-mer in RO of the [AF]JdG-dA 13/10-mer in HO buffer at 1°C. (A) NOE
buffer, pH 7.0 at 25C, is plotted in duplicate in Figure 10. connectivities between the imino protons (+1181.0 ppm) and the

; s AF methylene protons (3-63.2 ppm). The intermolecular AF
The base to sugar Hproton connectivities can be traced pya cross-peak 4 is assigned as follows: 4a,b, G22(NH5-

from dA1 to dA7 along the modified strand (solid line, Figure  (H9a,b). (B) NOE connectivities between the imino protons (1.8
10A) and from dT20 to dA23 along the complementary 14.0 ppm) and the base and amino proton regions{8.8 ppm).
strand (dashed line, Figure 10B). The break in the tracing at The NOE cross-peaks involving the imino protons are labeled in

the dC3-[AF]dG4 step on the modified strand is due to the Enggffzi(ﬂ%uoévsé2A2’(NAH?%%(Q'(:g—gﬁg\i'r';t'gfn?jg;cafié'
absence of a purine H8 proton following AF modification A NOE cros’s-p;eaks 43 are assigned as follows: 1, G22-

at the C position of dG4 in the adduct duplex. We also (NH1)~AF(H3,4); 2, G22(NHL}-AF(H5); 3, G22(NH1)-AF(H6,7).

observe weaker interresidue cross-peaks for the single-(C) NOE connectivities in the symmetrical imino proton (11.8

sranded d(A1.A2.C3) segment on the madiied stand of LLO JPE) S0 T 0B O e ey

the, adduct 13./10'mer (Figure 10A). These base and Sngarzatdjacengt base pairs starting at dG22 toward one end of the helix

H1’ proton assignments have been confirmed by cross-checksing proceeding to dG14 toward the other end of the helix.

in other regions of the NOESY plot (Figure 5B), as well as

from COSY (Figure S2B) and TOCSY plots of the adduct in both NOESY (Figure 5B) and COSY (Figure S2B) plots

13/10-mer. The H2 protons of A2 (7.52 ppm) and A23 (7.80 of the [AF]dGdA 13/10-mer. The nonexchangeable nucleic

ppm) exhibit weak intermolecular NOEs to several amino- acid base and sugar proton chemical shifts for the entire [AF]-

flourene protons in the [AF]dG 13/10-mer as shown in Figure dG-dA 13/10-mer are listed in Table S5.

S8. Aminofluorene Protons in [AF]d&IA 13/10-mer.The
The sugar H2proton chemical shift of [AF]dG4 (3.60 aromatic aminofluorene ring protons resonate between 6.2

ppm) is dramatically downfield shifted as can be observed and 7.2 ppm in the [AF]d&IA 13/10-mer (closed circles,
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Ficure 10: Duplicate expanded NOESY (200 ms mixing time) contour plots of the [AF]dG 13/9-mesOrbbffer at 25°C establishing
distance connectivities between the base (purine H8 and pyrimidine H6) protors8(%.@pm) and the sugar Hand deoxycytidine H5
protons (5.16.4 ppm). The NOE connectivities between the base and their own'dlahking sugar H1protons are traced in (A) from

dAl to dA7 on the modified strand (solid lines) and in (B) from dT20 to dA23 on the unmodified partner strand (dashed lines). The
assignments label the base to their own sugdrMQEs, while the deoxycytidine H6H5 NOEs are designated by asterisks. Note that the
NOE cross-peak at the dC3-[AF]dG4 step is missing because of the absence of an H8 proton for [AF]dG4. The intermole@N&k AF

NOE cross-peaks are assigned as follows: 1, AFHS(HL'); 2, AF(H3)-C5(H1); 3, AF(H3)-[AF]G4(H1'); 4, AF(H4)—A2(HY1'); 5,
AF(H4)—C5(HY); 6, AF(H1)-[AF]G4(HY); 7, AF(H1)-A2(H1'); 8, AF(H1)-[AF]G4(HY1'). The cross-peak between AF(H1) and C5-
(HY') is overlapped with T20(H6)G19(HZI) and is not indicated.

Figure S9) with values very similar to those observed in the [AF]dG-dA 13/10-mer are listed in the caption to Figure S9.
related [AF]dGdC 13/10-mer (open circles, Figure S9) and We have been unable to locate the linker NH proton

[AF]dG 13/9-mer (open squares, Figure S2})(junctional resonance of [AF]dG4 in the NMR spectra of the [AFIG
sequences. The aminofluorene proton chemical shifts in thedA 13/10-mer.
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Intermolecular NOEs in [AF]JdGA 13/10-mer.The [AF]dGedA 13/10-mer
intermolecular AF-DNA NOE cross-peaks which have been
identified in the NOESY spectra of the [AF]d@A 13/10-
mer are listed in Table 3. Some of these intermolecularAF
DNA NOE cross-peaks are labeled by numbers in the
expanded NOESY plots of the exchangeable protons (Figure
9) and nonexchangeable protons (Figures 10A, 10B, and 5B)
of the [AFJdGdA 13/10-mer, and their assignments are listed
in the figure captions. The majority of the intermolecular
NOEs are between the aminofluorene ring protons and the
base and sugar protons of dA2 and the &it®?2 base pair
in the adduct 13/10-mer (Table 3). In addition, the H2 proton
of dA23 exhibits weak NOEs to the aminofluorene H1 proton
and very weak NOEs to the aminofluorene H4 and H8
protons in the adduct 13/10-mer (Table 3).

Carbon and Phosphorus Spectra of [AF]ed& 13/10-
mer. The expanded contour plot of a natural-abundance
proton—carbon HMQC correlation experiment that correlates B
the H1 and C1 chemical shifts of individual residues in the
[AF]dG-dA 13/10-mer in RO buffer at 25°C is plotted in
Figure S10A. The Clchemical shift of [AF]dG4 at 86.7
ppm resonates to low field of other assignable dG residues
in this segment of the adduct duplex (Figure S10A).

The proton-decoupled phosphorus spectrum of the [AF]-
dG-dA 13/10-mer has been recorded igMbuffer at 25°C
(Figure S10B). The phosphorus chemical shifts for the dC3-
[AF]dG4 (—3.64 ppm), dG22-dA23+3.68 ppm), and [AF]-
dG4-dC5 (-3.32 ppm) steps are shifted to the low field of

the—3.8 to—4.5 ppm region characteristic of the unperturbed FIGURE 11: Superposition of six intensity refined structures of the

; ; ; [AF]dG-dA 13/10-mer. (A) View looking into the major groove
phosphodiester baCKbone chemical .Shlft range. . and normal to the helix axis of the d(A2-C3-[AF]G4-C5-T{A21-
Molecular Mechanics and Relaxation Matrix Refinement G25_a23) segment. (B) View looking down the helix axis of the

Computations on [AF]d@IA 13/10-merThe search strategy  d(A2-C3-[AF]G4-C5)d(G22-A23) segment.

employed began with a B-DNAL1@) central d(A1-A2-C3-

[AF]G4-C5-T6Yd(A21-G22-A23) base pair segment of the ) . o

[AF]dG-dA 13/10-mer with the molecular mechanics DU- structures is reflected in the pairwise rmsd of 1-8®.42
PLEX computations guided by the intermolecular-ABPNA A for all heavy atoms, 1.36 0.36 A for the heavy atoms
restraints listed in Table 3. Of the 16 computed structures, 3 ©f the d(A1-A2-C3-[AF]G4-CS-T6)(A21-G22-A23) 6/3-
exhibited good fit to the NMR data and had low energies Mer segment, and 1.G4 0.37 A for the heavy atoms of the
(Table S6). These three structures are shown in Figure S116/3-mer segment excluding backbone atoms (see Table 4).
and their energies and goodness-of-fit indices are listed in A superpositioned view of the six intensity refined
Table S6. The structure with the lowest value of the structures of the d(A2-C3-[AF]G4-C5-T@)A21-G22-A23)
goodness-of-fit fy = 9.8, Fyy = 5.2, with W = 30 kcal/ 5/3-mer segment of the [AF]d@A 13/10-mer is plotted in

(mol-A2?)] was embedded into an energy-minimized B-form Figure 11A. The corresponding view looking down the helix
13/10-mer and reminimized with all restraints. axis of the central 4/2 segment is plotted in Figure 11B.
The DUPLEX-based unrestrained structure of the  Solution Structures in [AF]d&IA 13/10-mer.A view
[AF]dG-dA 13/10-mer served as the starting structure for normal to the helix axis and looking into the major groove
intensity-based relaxation matrix refinements using the of the central d(A2-C3-[AF]G4-C5-T&)I(A21-G22-A23)
XPLOR-based computational protoc@2j. The ensemble  5/3-mer segment of a representative structure from the
of six intensity-refined structures exhibited an improved ensemble of six intensity refined structures of the [AHdG
correspondence with experimental intensity and distancedA 13/10-mer is shown Figure 12A. The corresponding
restraint data sets relative to the DUPLEX-based structures.structure for the entire adduct 13/10-mer is shown in stereo
The number of NOE distances violated by more than 0.2 A in Figure S12. The guanine ring syn[AF]dG4 is displaced
decreased from 29 to 6 (with only 4 violations in the central toward the major groove along with the dA23 positioned
6/3-mer d(A1-A2-C3-[AF]G4-C5-T6JI(A21-G22-A23) seg-  Opposite it at the junctional site (Figure 12A).
ment with respect to different structures in the ensemble), A view looking down the helix axis of the central d(A2-
and the NMRR-factor (Ry) improved from an initial value ~ C3-[AF]G4-C5)d(G22-dA23) 4/2-mer segment of the [AF]-
of 8.2% to 2.5%. dG-dA 13/10-mer is shown in Figure 12B. The covalently
The rmsd of all heavy atoms between the six intensity linked aminofluorene ring stacks with the d@&22 base
refined structures and the initial DUPLEX structure is 3.3 pair in one direction and stacks with the purine ring of the
+ 0.5 A for all heavy atoms and 26 0.4 A for the d(A1- unpaired dA2 residue in the other direction (Figure 12B).
A2-C3-[AF]G4-C5-T6)d(A21-G22-A23) 6/3-mer segment. The long axis of the aminofluorene ring of AF is ap-
The quality of convergence within the intensity refined proximately parallel to the long axis of the d@%&22 base
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[AF]dGedA 13/10-mer A

[AF]dGedA 13/10-mer

FIGURE 12 (A) View looking into the major groove and normal ~ FIGURE 13: Overlap geometries between the [AF]dG opposite dA
to the helix axis of the central d(A2-C3-[AF]G4-C5-F8jA21- alignment and the flanking d@G base pair in (A) the [AF]d&IA
G22-A23) segment of a representative intensity refined structure 11/11-mer duplex showing the d([AF]G-@(G-A) segment19)
of the [AF]dG-dA 13/10-mer. The AF ring system is shown in and (B) the [AFJdGdA 13/10-mer showing the d([AF]G4-C5)
darkened bonds and is stacked over the-dG&2 base pair. The ~ d(G22-A23) segment. The [AF]dG and dA positioned opposite it

modified dG4 base and dA23 positioned opposite it are displaced @€ Shown in darkened bonds.
toward the major groove. (B) View looking down the helix axis
for the d(A2-C3-[AF]G4-C5)X(G22-A23) segment of the [AF]dG resonances for the [AF]d@C 13/10-mer of a quality

dA 13/10-mer. Figures were prepared using Molscript V1.1 (Kraulis, comparable to those observed previously for the control 13/
1991). 10-mer @4) and the [AF]dG 13/9-mei21). The imino proton

of [AF]dG4 resonates within an envelope of broad peaks
centered about 11.0 ppm. We do not know the origin of the
other components within the 11.0 ppm broad envelope at

. . . . this time. In addition, well-resolved NOE connectivities are
The carcinogentbase linkage site for the [AF]dG4 residue  jpcanved involving exchangeable (Figure 3) and non-

is defined by the torsion angles ([AF]dG4(N°)-[AF]dG4- exchan ; ; )
; geable (Figure 4) protons for the single-strand and
(CO)-IAFIN)-[AF](C %)) andf’ ([AF]dGA(C)-[AF](N)-[AF]- double-strand segments in the NOESY data sets of the [AF]-

(_CZ)'[AF](C?) which adopt Va'“‘?s of’ = 210+ 8° andﬁ'. . dG-dC 13/10-mer. The assignments of these proton reso-
- 3’.07 + 9°. The pseudorotation angles and glycosidic nances and the identification of the intermolecularAMNA
torsion angles for the d(A1-A2-C3-[AF]GA-C5-TOIA21-  NoEs provide sufficient restraints (Table 1) to define the
GZZTdAZ"’T) 6/3-mer segment of the [AFjei 13’1°'f."?f solution structure at the junction site of the [AF]d& 13/
are listed in Table S7. ThgO4 —C1 —N9—C4) glycosidic 10-mer.
torsion angle of the [AF]dG4 residue syn with a value of The one-dimensional (Figures 2B and S1B) and two-
x=98% 11 , _ dimensional (Figures 9 and 10) spectra of the [AFdG

Comparison of [AF]JdGAA Alignments in 13/10-mer  13/10.mer are also of unusually high quality. The imino
Junctional and 11/11-mer Duplex Structurédle have 401 of [AF]dG4 resonates as a single somewhat broadened
previously reported on the solution structure of [AF}d& resonance at 10.82 ppm in the [AF]di3 13/10-mer (Figure
alignment within a duplex context§). This alignment of 5y This contrasts with a much broader resonance within
the [AF]dG positioned opposite dA for the d([AFIG-QJG- 5 °enyelope of peaks for the imino proton of [AF]dG4 in
A) segment in the [AF]d&IA 11/11-mer duplex is shown o [AFIdG-dC 13/10-mer (Figure 2A). The exchangeable
in Figure 13A 9). It can be compared with the correspond- 504" nonexchangeable protons have been assigned in the
ing solution structure of the [AF]Jd@A 13/10-mer (sequence  gnecira (Table S5) and have yielded sufficient intermolecular
in Figure 1D), whose d([AF]G4-C=(G22-A23) junctional  Ar_pNA restraints (Table 3) to define the solution structure
segment is shown in Figure 13B. at the junction site of the [AF]d@A 13/10-mer.

[AF]dG Opposite dC at the Junction Sitelhe key

DISCUSSION structural feature of the [AF]d@C 13/10-mer solution

Spectral QualityWe observe well-resolved exchangeable structure is the displacement of the modifchguanine of
(Figure 2A) and nonexchangeable (Figure S1A) proton [AF]dG4 into the major groove while dC23 is looped out of

pair (Figures 12B). The position of the major groove
displaced dA23 base is well-defined among the intensity
refined structures of the [AF]d@A 13/10-mer (Figure 11B).
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the helix (Figure 7A). Such an alignment results in the

Gu et al.

agreement with the stacking interaction between the amino-

absence of pairing between junction site residues [AF]dG4 fluorene ring and the dCBG22 base pair in the solution
and dC23 which are positioned opposite each other in thestructure of the [AF]dG 13/9-meR() and [AF]dGdC 13/

sequence (Figure 7B).
The assignment of theynglycosidic torsion angle at the

[AF]dG4 lesion site has been based on the downfield shifts

observed for the HZoroton (3.56 ppm) (Figure 5A) and the
C1 carbon (86.7 ppm) (Figure S4A) resonances in the
spectra of the [AF]dG 13/10-mer. The downfield shift of
the H2 proton of [AF]dG4 probably reflects in-plane ring
current contributions from the modified guanine of the adduct
in asynalignment. Similar large downfield Hproton shifts
have been reported for the bendplyrene-N2-guanine
adduct positioned at a duplesingle-strand junction30)
and specific guanines in G-quadruplex48)( Thesynalign-

10-mer. The purine ring of the dA2 residue is stacked with
the AF ring in both cases.

[AF]dG Opposite dA at the Junction Sitelhe key
structural feature of the [AF]Jd@A 13/10-mer solution
structure is the displacement of the modif@chguanine of
[AF]dG4 andanti dA23 positioned opposite each other into
the major groove (Figure 12A). The Hoogsteen edge of the
modified guanine of [AF]JdG4 and the Watseg@rick edge
of dA23 are approximately coplanar and directed toward each
other but remain unpaired (Figure 12B).

The observedynglycosidic torsion angle for [AF]dG4 is
supported by the observation of a large downfield shift of

ment at guanines in these systems was independentlythe H2 proton (3.60 ppm) (Figures 5B and S2B) and the
established from the strong NOE between the base H8 anddownfield shift of the Clcarbon (86.7 ppm) (Figure S10A)

its own H1 proton in short mixing time NOESY spectr2g.
The downfield shift of the Clcarbon (86.7 ppm) of the

modified guanine residue can be compared with the corre-

of the modified guanine residue for [AF]dGA 13/10-mer.
Similar Alignments of [AF]JdG with No Partner and
Opposite dC and dA at Junctional Sitdhe key common

sponding chemical shifts of adjacent dG22 (84.2 ppm) and structural features of the [AF]d@C 13/10-mer, the [AF]-

dG19 (85.1 ppm) guanine residues in the [AFdG 13/

dG-dA 13/10-mer, and the [AF]dG 13/9-me21) solution

10-mer (Figure S4A). It has been previously established thatstructures are (1) the aminofluorene ring of [AF]dG4 stacks

sugar C1 carbon chemical shifts of the DNA residues
adoptingsyn glycosidic torsion angles can shift downfield
by up to 5 ppm provided the DNA residues retain-@@do
sugar pucker geometriegtl, 42. We have observed a
coupling cross-peak between the'H6.05 ppm) and H2
(3.56 ppm) protons of [AF]dG4 (Figure S2A) consistent with
placement of this sugar within the G@ndorange.

We do not detect an NOE connectivity between the
upfield-shifted imino proton of [AF]dG4 and other amino
and imino protons from both one-dimensional NOE differ-

between the nonadjacent dA2 base and the-dG32 base
pair located at the junction site, (2) the modified guanine
adopts asynalignment, and (3) the duplex segment excluding
the [AF]dG adduct remains in an unperturbed B-DNA
conformation with all WastonCrick alignments retained,
including the dC5dG22 base pair.

The observed stacking of the fluorene ring with the dC5
dG22 base pair results in displacement of the modial
guanine toward the major groove in the solution structures
of the [AF]dGdC 13/10-mer (Figure 7), the [AF]dGA 13/

ence and two-dimensional NOESY data sets. This suggestslO-mer (Figure 12), and the [AF]dG 13/9-me21). The

that the imino proton of [AF]dG4 is exposed to solvent and
not hydrogen-bonded to dC23 in the solution structure of

linkage torsion angleg’ ([AF]dG4(N°)-[AF]dG4(CP)-[AF]-
(N)-[AF](C?)) andp' ([AF]dG4(C)-[AF](N)-[AF](C?)-[AF]-

the [AF]dG 13/10-mer. The observed NOE cross-peaks (C')) adopt similar values of’ = 229 + 10° andp’ = 10
between the upfield-shifted dG22 imino proton and the amino + 4° for the [AF]dGdC 13/10-merp’ = 210+ 8° andf’

and H5 protons of dC5 (Figure 3B) establish that the dC5
dG22 base pair maintains a Wasta@rick pairing alignment.

= 307+ 9° for the [AF]dGdA 13/10-mer, and/' = 231+
28° andp' = 11 + 3° for the [AF]dG 13/9-mer 21). The

The imino proton resonance of dG22 broadens and exchangesimilar stacking of the fluorene ring between the dA2 base

more rapidly with solvent following AF modification at the
C8 of the adjacent dG4 residue, indicating that the ¢iCG®R2
base pair is destabilized on going from the control 13/10-
mer (34) to the [AF]dGdC 13/10-mer.

Comparison of [AF]dG with and without Opposing dC at
the Junction SiteThere are similarities between the NMR
spectra of the [AF]dG 13/9-mei2() and the [AF]dGdC
13/10-mer, and in their solution structures (Figure 8A,B).

and the dC&5G22 base pair in the [AF]d@C 13/10-mer
(Figure 7), the [AF]JdGdA 13/10-mer (Figure 12), and the
[AF]dG 13/9-mer 21) is reflected in the similar chemical
shifts of the fluorenyl protons for these three systems (Figure
S9).

Different Alignments of dC and dA Positioned Opposite
[AF]dG at the Junctional Site.There is an important
distinction between the structures of the [AFIdIG 13/10-

Both adducts show essentially the same NOE patterns in themer (Figure 7) and the [AF]d@A 13/10-mer (Figure 12)
NOESY spectra, and the chemical shifts of the aromatic as related to the alignment of the base positioned opposite

protons of aminofluorene are also very similar (Figure S3).
In both structures, theyrnrmodified guanine is displaced into
the major groove and is replaced with the aminofluorene.
The AF ring is stacked on one face with the d@622 base
pair and on the other face with the purine ring of dA2 in the
solution structures of the [AF]dG 13/9-mer (Figure 82))
and the [AF]dGdC 13/10-mer (Figure 8B). The chemical
shifts of the imino protons of dG22 and the amino protons
of dC5 are dramatically upfield-shifted in both cases when

the [AF]dG4 adduct junctional site. The dC23 residue
opposite [AF]dG4 did not show any detectable intermolecular
NOEs and was looped out into the minor groove in the
structures of the [AF]d&@IC 13/10-mer (Figure 7). By
contrast, the dA23 residue opposite [AF]dG4 showed several
intermolecular NOEs (Table 3 and Figure S8), which
positions it in the major groove in an in-plane alignment
with the modified guanine positioned opposite it in the
structure of the [AF]Jd&A 13/10-mer (Figure 12). This

compared to their corresponding values in the control 13/ orientation of the dA23 positions one face of its purine ring

10-mer B4) or 13/9-mer B89). This observation is in

over the van der Waals surface of the major groove with its
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amino group directed toward the d'B&\21 base pair. The
Hoogsteen edge of [AF]dG4 and the Wats@rick edge

Biochemistry, Vol. 38, No. 33, 19990869

Biological Implications DNA polymerases can, in many
instances, readily synthesize past the [AF]dG adduct, and

of dA23 are directed toward each other but are separated bytranslesion synthesis can be highly accurate (reviewéd)in
twice the normal hydrogen-bonding distances in the intensity On the other hand, the [AF]dG adduct can cause mutations:

refined structures of the [AF]d@A 13/10-mer (Figure 12B).

mismatches (primarily &\, and others), frame shifts, as well

The observed differences between dC23, which is loopedas polymerase blockage in certain systems. Both the base

out into the minor groove in the [AF]d@C 13/10-mer
(Figure 7), and dA23, which adopts a defined orientation in
the major groove in the [AF]d@A 13/10-mer (Figure 12),
may reflect the relative abilities of the narrow minor and
wide major grooves to accommodate pyrimidine versus
purine residues.

The imino protons of both dG22 and [AF]dG4 are
narrower in the imino proton spectrum of the [AF]ai&
13/10-mer (Figure 2B) compared to the [AF]&i& 13/10-
mer (Figure 2A). This may reflect the greater participation
of dA23 with the junctional site based on its positioning in
the major groove (Figure 12) relative to dC23 which is
looped out into the minor groove (Figure 7).

Comparison between Structures of [AF]di& 13/10-mer
and [AF]dG-dA 11/11-merWe have previously character-
ized the solution structure of the [AF]dG adduct positioned
opposite dA in the d(C-[AF]G-Cl(G-A-G) sequence con-
text at the 11/11-mer duplex level9). The alignment of
the AF ring in this complex is such that both its faces are
buried within the walls of the minor groove with only its
edges exposed, tilted slightly in the-drection of the
modified strand, and with its distal ring directed toward the
sugar-phosphate backbone of the partner strah).(In
addition, thesyn [AF]dG and its mismatchednti dA are

sequence and the nature of the polymerase are key deter-
minants governing the biological response to this lesiah (
16, 17. NMR-based studies have established that the [AF]-
dG adduct is capable of adopting baymandanti glycosidic
torsion angles depending on base sequence corggxs6,
43—46), and that this is likely to play a key role governing
the biological response to the lesion. Presumably when
accurate translesion synthesis takes place, the [AF]dG is in
a normalanti conformation, as it is in part of the confor-
mational mix in certain sequence contex@$,(36, 43, 44
However, in the solution structures of [AF]dG at model
primer-template junctions, the [AF]dG adopts tlsgn
conformation, both in the [AF]dG 13/9-mer lacking a partner
opposite the adduct sit21) and in the present [AF]d@C
13/10-mer where dC is positioned opposite the adduct site.
The similarity between these two structures (Figure 8) is
striking, except for the looped out position of the additional
dC opposite [AF]dG in the [AF]d@C 13/10-mer. The
position of the looped out dC may suggest how an incoming
dCTP might fail to position itself properly for faithful
extension opposite an [AF]dG containingyandG residue.

A structure of this type could also possibly be responsible
for polymerase blockage with the opportunity for slippage
mispairing that can introduce frameshift mutations in a

stacked into the helix. There are no hydrogen bonds betweersuitable sequence contex7-51).

the [AF]dG and the opposite dA at neutral pH, but at acidic

The tendency for G to T transversions at sites of [AF]dG

pH the NMR data indicate a slight shift in the position of adduct formation may reflect the stabilizing interactions
the AF ring such that a single hydrogen bond could form associated with the [AF]dG alignment opposite dA at a
between the ©of the [AF]dG and the Nof the protonated  junctional site as determined in the present structural study.
dA ring. The neutral pH structure is stabilized by hydro- This stabilization could reflect contributions from the stack-
phobic interactions between the faces of the AF moiety and ing of the AF ring of [AF]dG4 with the flanking dC8G22
the walls of the minor groove and by the maintenance of a base pair in the [AF]d@A 13/10-mer and the van der Waals
stacked-in position of the [AF]dG and the mismatched dA, contacts between the faces of the modified guanine and the
while the acidic pH structure adds the opportunity for one opposing dA23 with the floor of the major groove. The
hydrogen bond to these stabilizing forcd9) preference for adenine may reflect both the larger ring size
The relative orientations of the [AF]dG opposite dA pair associated with a purine and the hydrogen-bonding potential
and the flanking d@G pair looking down the helix axis  of its exocyclic amino group which is directed toward the
are shown for the fully paired [AF]Jd@A 11/11-mer duplex  duplex segment within the major groove.
in Figure 13A (@9) and for the junctional [AF]dGIA 13/ We can also draw correlations for [AF]dG aligned opposite
10-mer in Figure 13B. Thus, the modifisynguanine and dA at junctional sites and within fully paired duplexes. We
its opposing dA stack with the flanking d@G pair while note that thex’ andf’ linkage torsion angles are similar for
the AF ring is positioned in the minor groove in the fully the syn[AF]dG residue in the fully paired [AF]d&A 11/
paired [AF]JdGdA 11/11-mer duplex (Figure 13A10). By 11-mer duplex ¢’ = 208 and ' = 317) (19) and the
contrast, the AF ring is stacked with the flanking-dG pair junctional [AF]dGdA 13/10-mer ¢ = 210 andp’ = 307).
while the modifiedsyn guanine and its opposing dA are Further, the Hoogsteen edge of [AF]dG is directed toward
positioned in the major groove in the junctional [AF]dia the Watsor-Crick edge of the opposing dA in both the fully
13/10-mer (Figure 13B). It therefore appears that [AF]dG paired [AF]JdGdA 11/11-mer duplex (Figure 13A10) and
opposite dA alignment is similar in both systems except that the junctional [AF]JdGdA 13/10-mer (Figure 13B). This
this alignment is shifted toward the minor groove in the fully suggests that the [AF]dG opposite dA junctional alignment
paired [AF]JdGdA 11/11-mer duplex (Figure 13A)19) while (Figure 13B) could be readily incorporated within a duplex
it is shifted toward the major groove in the junctional [AF]- (Figure 13A) by a translation of this entity toward the minor
dG-dA 13/10-mer (Figure 13B) (this study). In addition, the groove. Thus, there would be a switch from a stabilizing
separation between the Hoogsteen edge of [AF]dG and thestacking interaction involving the AF ring and flanking bases/
Watson-Crick edge of its opposing dA is smaller for the base pairs associated with the junctional alignment (Figure
fully paired [AF]JdGdA 11/11-mer duplex (Figure 13A19) 13B) to a stabilizing stacking interaction involving the
relative to the junctional [AF]d@IA 13/10-mer (Figure 13B).  modified guanine and opposing adenine and flanking base
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pairs associated with the fully paired duplex (Figure 13A). 17.
Similarly, there would be a switch from a stabilizing van
der Waals interaction involving the modified guanine and
opposing adenine aligned face down within the walls of the
major groove in the junctional alignment to a stabilizing van
der Waals interaction involving the aminofluorene ring
sandwiched between the walls of the minor groove in the
fully paired duplex 19). Such an analysis reasons that dA
can be misincorporated because the [AF]dG can adopt the
abnormalsyn conformation, and when this happens a dA 9o
can be stably accommodated opposite the lesion at both the
template-primer junction site and the full duplex lev&d).
Coordinates DepositionThe coordinates of the [AF]dG
dC 13/10-mer (file name 1c0z) and [AF]dd@A 13/10-mer
(file name 1c0y) have been deposited in the Brookhaven Data 25
Base.

18.
19.

20.
21.

23.

24.

26

SUPPORTING INFORMATION AVAILABLE -

Eight tables listing the complete exchangeable and non-
exchangeable proton chemical shifts, the energy and good- 28
ness-of-fit parameters for the three low-energy DUPLEX- 29
based structures, the rangePandy values for the central '
7/4-mer segment among the intensity refined structures, and 3q.
comparison of experimental and computed carcined2NA
distance restraints for the [AF]d@C 13/10-mer and [AF]-
dG-dA 13/10-mer; and twelve figures showing one- and two-
dimensional NMR spectra, intermolecular NOEs, plots of
[AF]dG proton chemical shift$3C and®'P two-dimensional
data, the superposition of the 5/3-mer segment of the three
DUPLEX-based structures, and a representative full-length
intensity refined structure of the [AF]¢@C 13/10-mer and
the [AF]JdGdA 13/10-mer (28 pages). This material is
available free of charge via the Internet at http://pubs.acs.org.

31.

w

2.
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