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ABSTRACT. °F NMR spectroscopy was used to probe the conformation of a DNA adduct derived from
the carcinogen 7-fluordd-acetyl-2-aminofluorene (FAAF) in three structural contexts: as a monomer
and incorporated into single- and double-stranded DNA. TeNMR spectrum of dG-C8-FAAF
[N-(deoxyguanosin-8-yIN-acetyl-7-fluoro-2-aminofluorene] in methanol at30 °C exhibited four
interconvertible signals in a 11:52:26:11 ratio. Dynamic NMR analysis indicated that the four torsional
isomers arise from restricted rotation about the amjge(14.4 kcal/mol) and the guanyhitrogen ()

bonds. The conformational heterogeneity persisted in a single strand FAAF-12-mer, d(CTTCTTG[FAAF]-
ACCTC), whose'®F NMR spectrum at 22C and pH 7.0 gave only two signals in a 40:60 ratio, instead

of four. The two®F signals followed a two-site exchange with the rotation barrier of 14.7 kcal/mol about
the amide ¢') bond. A similar conformational theme was observed in the FAAF-12-mer duplex,
d(CTTCTTG[FAAF]ACCTC)d(GAGGTCAAGAAG), which revealed tw&F resonances in a 41:59 ratio

at 22°C and pH 7.0. According to solvent-induced isotope and magnetic anisotropy effects, the two
duplex conformers adopt exclusively a base displacement structure, being different only in their relative
acetyl group orientations, cig'(~ 18C) or trans {' ~ 0°). Dynamic NMR data indicated that the two
conformers do not exchange over a wide range of temperatures. This contrasts with the nonacetylated
counterpart, which exhibits an equilibrium between the “B-type” and “stacked” conformers [Zhou, L., et
al. (1997)J. Am. Chem. Soc. 119384-5389]. The exclusive stacked nature of the AAF adducts may
provide insight into why AAF adducts are more mutagenic and prone to repair than the nonacetylated AF
adducts.

Most mutagens and/or carcinogens undergo an oxidativethe mutational spectra of these carcinogens in bacteria are
metabolic activation in vivo and subsequently bind to DNA complex and system-dependent, the AAF adduct gives rise
(1—3). This covalent adduct formation is recognized as an to mainly frameshift mutations and the AF adduct produces
important step in the initiation of multistage tumorigenesis. both point and frameshift mutations. The mutagenic proper-
Arylamine and amide carcinogens are an important class ofties of these adducts have been much less consistent in
chemical carcinogens, some of which induce tumors in mammalian cells 7—11). It has been suggested that the
experimental animals and humar®).(N-2-Acetylamino- mutagenic potentials of these adducts may be modified by
fluorene (AAF} is a prototype arylamine carcinogen, which the presence of accessory proteins operating during trans-
has been studied extensively, 6). When AAF reacts with lational synthesis in mammalian cell$1].

DNA in vivo, two C8-substituted dG adducts are formed as  Nyclear magnetic resonance (NMR) spectroscdgy13)
major products; one retains the acetyl group (dG-C8-AAF), i, conpjunction with site-specific mutagenesid4) has
and the other is the nonacetylated form (dG-C8-AF). While emerged as a powerful tool for probing the structure-

function relationships in adduct-initiated carcinogenesis.

. TThissworkth'slcs NStJl%%C)thed in part by a grant from the American Recent NMR structural studie$%—18) have shown that AF-
ancer soclety - . ‘g . .
* Corresponding author. Telephone: (401) 874-5024. Fax: (401) modified DNA duplexes adopt two slowly interconvertible

874-5048. E-mail: bcho@uri.edu. conformations that are distinct in structure, namely, an
! Abbreviations: AAFFN-acetoxyN-2-(acetylamino)-7-fluorofluo-  yndisturbed “B-type” (or external) conformer and a “stacked”

rene; ABP, 4-aminobiphenyl; AF, 2-aminofluorene; AA¥acetyl-2- i
aminofluorene; AP, 1-aminopyrene: COSY, correlation Spectroscopy: conformer. The stacked conformer exhibits features of base

dG, 2-deoxyguanosine; dG-C8-AR-(deoxyguanosin-8-yl)-2-amino-  displacement, in which the carcinogen is intercalated into
fluorene; dG-C8-AAFN-(deoxyguanosin-8-yIN-acetyl-2-aminofluo- the helix with the modified dG with either syd.T) or anti
dG-C8-FAAF,N-(deoxyguanosin-8-yIN-acetyl-7-fluoro-2-aminofluo- h - -

rene; DNA, deo>§yribo)rllgcleic acid;)IQ:BP’,-ﬂ}lljoro-4-aminobiphenyl; 'nV_eSt'gated an AAF'm_Od'ﬂed 9-mer d‘JP'eX and found
FAAF, 7-fluoroN-acetyl-2-aminofluorene; FAF, 7-fluoro-2-amino-  €vidence for conformational heterogeneities as well. The
fluorene; FID, free induction d_ecay; NMR, nuclear magnetic resonance major conformer, which accounted for more than 70% of
spectroscopy; NOESY, two-dimensional nuclear Overhauser enhance-he totg| population, displayed the characteristics of the
ment correlation spectroscopy; 1D, one-dimensiohalpptical melting . . o

point; TOCSY, total correlation spectroscopy; 2D, two-dimensional; stacked conformer with a syn alignment of the modified dG.

UV, ultraviolet. Intercalation structures similar to the stacked conformer have
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also been observed with the AF modification at various single
strand-double strand junctions or with duplexes containing
AF- or AAF-modified dG positioned opposite deletion sites
(20—24). A recent review by Patel et all$) describes these
and several other intriguing structures associated with
arylamine-modified DNA.

Arylamine-induced conformational heterogeneity in DNA
is modulated by both the nature of the carcinogen and the H,N
base sequence context surrounding the adductlsje\(Ve
have previously shown that a 4-aminobiphenyl (ABP)-
modified 15-mer duplex exists predominantyq0%) in the
B-type conformer 2Z5), whereas an AF duplex in the same
sequence adopts approximately an equal population of the
B-type and stacked conformers5j. Interestingly, an 11- - 2"
mer DNA duplex modified with a highly planar 1-aminopy- OH dG-C8-FAAF
rene (AP) adopts exclusively the stacked confornas).(

The higher content of the stacked conformer in duplexes

modified with the planar AF and AP is due to their efficient

stacking ability as compared to that of the less planar ABP 51— C=T-T-C-T-T-G*-A-C-C-T-C-3 '

and may account for their high incidence of frameshift

mutation @7). Mao et al. {7) have shown that an AF-

modified 11-mer duplex, d(CCATC[AF]GCTAC@)(GG- Single Strand FAAF-12-mer (G* = dG-C8-FAAF)

TAGCGATGG), exists as a 30:70 mixture of the B-type and

stacked conformers. This is contrasted with the results

obtained with the same adduct in d(T[AF]GAJTCA) (60: , ,

40 mixture) (5) and d(AG[AF]G)d(CCT) (50:50 mixture) ~ 2 .~ C -1 1-C-T-T-G*-A-C-C-T-C-3"

(16) sequence contexts (vide supra). The same group has3 '~G-A-A-G-A-A-C -T-G-G-A-G-5

described the structurel®) of three DNA duplexes each

containing the [AF]dG adduct opposite dC at guanines of pouble Strand FAAF-12-mer (Duplex) (G* = dG-C8-FAAF)

the Narl Escherichia colirestriction enzyme sequence, Ficure 1: Chemical structures, numbering, and torsional angles

q[CTCGﬁZCGGCCATC]'d[GATGGCGCCGAG]’ amuta- 4G g FAAF IN-(deoxyguanosin-8-yIN-2-(acetylamino)-7-

tional hot spot for this carcinoge2§—30). The mutagenic  fiyorofluorene] and the base sequence of the single- and double-

potential for frameshift mutation is known to be the highest strand FAAF-modified 12-mer. The dihedral angles B—C—D

at G, although the chemical reactivities of the three guanines are defined according to ré8: a, N9—C8-N—C2 (AAF); 8, C8—

are similar. In accord with this expectation, the relative N—C2-Cl (AAF); y, C8-N—Cm-Cm; andy, O4—CI'—N9—

population of the stacked conformer observed for the C[AF]- C4. Cm and Cm represent the Carbonyl_anﬂ methyl carbons in the
. acetyl group, respectively. The angle-B—C—D is measured by

GsC sequence context was found to be 50%, which was 3 clockwise rotation of D with respect to A, looking down the 8

higher than that found in the other two sitds3) bond. Corresponding torsion angles in the single- and double-strand

A basic underlying principle in the structural biology of FAAF-modified 12-mer DNA are designated a3, /', andy’,
DNA adducts is that an adduct is responsible for a specific "€SPectively (see the text).
mutation and has a predominant relevant structure and
conformation {4). However, many DNA adducts, including
those derived from arylamine carcinogens, induce complex
and multiple types of mutations. One plausible scenario,
which has been addressed elegantly by LoecHlgrig that
a DNA adduct in vivo exists in multiple conformations,
where each may yield a different mutation. Due to the
spectral complexities dH NMR, however, most structural

conformeric equilibria of DNA duplexes modified by
fluorine-labeled AF and ABP31). In this paper, we report
the %F NMR probing of the conformational heterogeneity
associated with the fluorine-labeled AAF adducts at three
distinctive structural stages, i.e., monomeric and single- and
double-stranded adducts (Figure 1). The unique static and
dynamic®F NMR results obtained with these adducts will

studies of carcinogen-DNA adducts have focused on the be discussed in terms of distinct mutagenic differences

major conformations. Since mutation is an infrequent bio- between the AF and AAF adducts.

Iogi(_:al _event, observe(_j mutgtions may rgsult from the EXPERIMENTAL PROCEDURES

replication of an adduct in a minor conformation. Moreover,

as elaborated above, the adduct-induced conformationalwarning

heterogeneity in DNA is modulated by both the nature of . . i )

carcinogen structure and the neighboring base sequégice ( 2-Fluoro-7-nitrofluorene and their amino and amide de-

13). Therefore, we need new structure-activity correlation rivatives are potential carcinogens, and t_herefore_ should be

strategies, in which conformations can be grouped into handled in a hood while wearing protective clothing.

certain basic structures; otherwise, it will be extremely

difficult, if not impossible, to pinpoint exactly which

conformation is responsible for the observed mutation. 2-Fluoro-7-nitrofluorene and 2leoxyguanosine (dG) were
We have recently introducéd NMR spectroscopy as a  purchased from Aldrich Chemical Co. (Milwaukee, WI).

unigue, alternative approach for monitoring the multiple Oligodeoxynucleotides [d(CTTCTTGACCTC) and d(GAG-

Chemicals
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GTCAAGAAG)] were obtained from Biosource International- (2D) FT, and 16 scans were collected for edncrement.
Keystone Laboratory (Camarillo, CA). HPLC grade solvents The data were apodized with an unshifted sine-bell window
were obtained from Fisher Scientific, Inc. (Pittsburgh, PA). function in both dimensions before Fourier transformation.
DNase |, phosphodiesterase |, and alkaline phosphatase werd OCSY spectra were measured using a mixing time of 2.5
purchased from Sigma Chemical Co. (St. Louis, MO). All ms and a trim pulse of 3@s. The time-proportional phase
other reagent chemicals were obtained from Aldrich Chemi- increment (TPPI) algorithm was used to obtain a phase

cal Co. sensitive mode. A total of 518 increments was collected
and processed by a 2Kk 1K 2D FT, and 48 scans were
Instruments collected for eaclt; increment. Sixteen dummy scans were

High-resolution electron impact mass spectra (HRMS) €mployed for each FID.
were obtained on a Micromass 70-VSE instrument at the '*F NMR spectra were obtained on the same DPX400
University of lllinois Mass Spectrometry Laboratory (Urbana, NMR spectrometer, operating at 376.5 MHz and were
IL). Electrospray mass spectra of the monomeric dG-C8- referenced relative to the external CECThe available 5
FAAF adduct were recorded on a Micromass VG Quattro mm probe did not allow proton decoupling. Two-dimensional
triple-quadrupole mass spectrometer at the Northeastern™ NMR exchange experiments were carried out using a
University Barnett Mass Spectrometry Laboratory (Boston, NOESY pulse sequenc83). Detailed NMR parameters are
MA). included in the figure legends.

Samples were concentrated using a model AES 1000-120 . .
SpeedVac concentrator (Forma Scientific, Inc., Marietta, Complete Line-Shape Analysis
OH). HPLC data were collected on a Waters Associates
system equipped with model 501 pumps, a U6K injector, a
680 automated gradient controller, and a Hitachi L-3000
photodiode array detector. Separations were conducted usin
either a 5um Ultrasphere ODS analytical (4.6 ms 250
mm) or semipreparative column (10.0 mxm250 mm) from
Beckman Instruments (San Ramon, CA). Optical melting
points were measured on a Hitachi U-2000 spectrophotom-
e_ter equippgd with.a model 9000 Isotemp refrigerated Optical Melting Experiments
circulator (Fisher Scientific).

Theoretical line shapes for two- or four-site exchange
systems with different populations were generated by using
a Windows program (WinDNMR: Dynamic NMR Spectra
Yor Windows, version 1.5Journal of Chemical Education
Software Series D, Volume 3, Number 2; H. J. Reich,
Department of Chemistry, University of Wisconsin, Madison,
WI) and fitted with experimental spectrd4, 35).

) The temperature-dependent absorption change for the

NMR Sample Preparation FAAF-12-mer duplex at 260 nm was analyzed on a Hitachi

The monomer dG-C8-FAAF adduct-8 mg) was dis-  U-2000 spectrophotometer equipped with a model 9000
solved in methanotk and subjected to temperature-depend- !Sotemp refrigerated circulator (Fisher Scientific, Inc., Pitts-
ent’H and’®F NMR experiments. The FAAF-modified 12- burgh, PA). The midpoint transition temperatui)(of the
mer [d(CTTCTT[FAAF]GACCTC)] (75x Acsg) Was dissolved ~ FAAF duplex obtained by the procedure of Marky and
in a pH 7.0 HO buffer containing 100 mM NaCl, 10 mm  Breslauer 86) was 34+ 1 °C for a duplex concentration of
sodium phosphate, and 1M tetrasodium EDTA, and 2 #M.
annealed with an equimolar complementary strand, d(GAG- .
GTCAAGAAG) (88 x Ase). The buffered sample required Preparation of Adducts

for ana_Iysis of the nonexchangeabl_e proton§ was lyophilized Acetoxy-N-2-(acetylamino)-7-fluorofluorene (AARE)
three times from 99.96% 4D and finally adjusted t0 250 5 4ctivated amide ester carcinogen, which was prepared
uL with 99.996% DO (designated asdD buffer). FOrimino ¢4 ting from 2-fluoro-7-nitrofluorene (Aldrich) by a modi-
proton spectra, the lyophilized sample was dissolved in 250 fication of the procedure of Cramer et a87}. 2-Fiuoro-7-
uL of 90% H,0/10% DO (v/v) (designated as#d buffer). nitrofluorene (92 mg, 0.4 mmol) was dissolved in a mixture
The NMR sample solutions were degassed with argon before ¢ 5 atic anhydride (0.4 mL), ethyl acetate (4 mL), pyridine
capping. (4 mL), and 10% Pd/C (14 mg). The mixture was then
hydrogenated under an atmospheric pressure. After being
stirred fa 4 h atroom temperature, the mixture was filtered
'H NMR spectra were obtained on a DPX400 Bruker through Celite, and evaporated under reduced pressure. The
NMR spectrometer, operating at 400 MHz. Chemical shifts dark-colored concentrate was poured onto ice water with
are reported in parts per million downfield from internal vigorous shaking. The resulting yellow precipitate was
tetramethylsilane (TMS) and 2,2-dimethyl-2-silapentane-5- filtered and dried. The solid was sufficiently pure 7%
sulfonate, sodium salt (DSS), for organic and aqueousby HPLC) to be used for the next step without further
samples, respectively. For observation of imino protons, one- purification: HPLC (90% methanol/10%-B, isocratic, 1
dimensional (1D) proton spectra in® buffer were collected ~ mL/min) tg 3.24 min;H NMR (CDCl;) 6 7.75 (m, 2,
with 16K data points over a 9980 Hz sweep width. Th®H  HA4,5), 7.64 (s, H, H1), 7.47 (d, H, H3, J;4, = 7.9 H2z),
resonance was suppressed by using a 1-1 jump and returr.26 (d, H, H8,Jgr= 7.9 Hz), 7.11 (dd, H, H6,Jsc = 8.3
pulse sequence3®) with the carrier frequency set on the Hz, Jsr = 8.3 Hz), 3.92 (s, B, H9), 2.22 (s, 8l, COCHp),
H,O resonance. COSY experiments in buffer were 2.09 (bs, 81, OCOCH;); UV Amax 273, 302 nm (shoulder);
acquired in the magnitude mode. A total of 25@crements LRMS mv/z (relative intensity) 299 (M, 33%), 257 ([M" —
was collected and processed by a 51212 two-dimensional ~ CH,CO], 40%), 241 ([M — CH3CO;], 39%), 215 ([M" —

NMR Experiments
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Table 1: *H NMR Chemical Shifts in Parts per Million of dG-C8-FAAF at 35 an@®0 °C2P

—30°C
assignment 38C conformer | conformer Il conformer lll conformer IV

F1e 7.68 (br) ~7.78 (br)

F3 7.48 (br) ~7.60 (br)

F4 7.80-7.83 7.86-7.90

F5 7.80-7.83 7.86-7.90

F6 7.10 7.15 7.18 7.09 7.15
F8 7.30 7.37 7.30 7.44 7.37
F14 3.94 3.97 3.97 3.97 3.97
Gl 6.27 6.33 6.26 6.39 6.33
G2 3.01 3.14 2.84 2.84 3.14
G2' 2.23 2.28 1.52 2.03 2.07
G3 4.57 4.64 4.45 4.57 4.61
G4 4.05 4.13 4.04 4.09 4.13
G5,5" 3.75-3.88 3.713.95

CHs; 2.17 2.18 2.22 211 2.19

a Assigned by COSY and TOCSY experimeritRecorded in methanal,. ¢ F represents fluorene and G dG.

2CH,CO0O], 100%), 197 (FArN, 73%), 183 (Ar", 14%), 170 min; UV Amax 268, 305 nm (shoulder). The modified
(36%); HRMS calcd for @H1/NOsF 299.0957, found  oligodeoxynucleotide was characterized by a standard three-
299.0958. step enzymatic degradation analysi3l,(39, 40). The
N-(Deoxyguanosin-8-yl)-N-2-(acetylamino)-7-fluorofluo- presence of a single dG-C8-FAAF adduct in the enzymatic
rene (dG-C8-FAAF)The monomer dG adduct was prepared hydrolysate mixture was confirmed by comparison of the
by following a general literature metho@8), except that HPLC retention time and UV spectral pattern with those of
the adduct was isolated by filtratioN-AcetoxyN-2-(acetyl- a standard (see Results for further NMR characterization of
amino)-7-fluorofluorene (AAFF, 35 mg) in 10 mL of the FAAF-12-mer).
absolute ethanol was added dropwise to a pH 7.0 citrate
buffer (10 mM) solution containing 10 mg of dG. The RESULTS
mixture was stirred at 37C under an argon atmosphere. Preparation of the Model Adduct$he model**F NMR
After 8 h, a second batch of AAFF (20 mg) was added to probes chosen for this study ax¥e(deoxyguanosin-8-yIN-
the mixture. On-line HPLC analysis indicated that the 2-(acetylamino)-7-fluorofluorene (dG-C8-FAAF) and a 12-
reaction was>90% complete after the mixture had been mer oligodeoxynucleotide containing a single dG-C8-FAAF.
stirred for 24 h. The mixture was evaporated to dryness underThe structure of dG-C8-FAAF along with the numbering
reduced pressure and the residue partitioned between ethegystem, torsional angles, and the DNA base sequence are
and water. This resulted in precipitation of a brown solid, shown in Figure 1. The main rationale for choosing this
which was collected by filtration and found to contain carcinogen was because fluorine substitution at the longest
exclusively the monomer product. HPLC analysis indicated axis (i.e., 7-position) does not alter the carcinogenicit~
that the aqueous layer contains mainly the unreacted dG,43) or the metabolic and conformational profiles of the parent
while the ether layer consists primarily of decomposition non-fluoro compound (AAF) 44, 45). The 12-mer base
products of AAFF. Pure dG-C8-FAAF was obtained by sequence employed in this study is essentially that of the
repeated purification using semipreparative reverse phasel5-mer mouse ras sequence [d(TACTCTTCTTGACCT)
HPLC (20 min linear gradient, from 60 to 90% methanol in d(AGGTCAAGAAGAGTA)] used in our earlietH NMR
H,0, at a rate of 2 mL/min). The yield was in the range of studies 15), but shortened to improve synthesis and spectral
30—50% based on the starting dG: HPLL13.71 min; UV interpretation without perturbing the unique conformational
Amax 278, 305 nm (shoulder)H NMR, see Table 1*°F NMR features at the adduct site. The 12-mer sequence was used
(methanold, at —30°C) 6 —116.8, 116.9;-117.3,—117.5 in our previous'®F NMR work on the nonacetylated FAF-
(see Results for details); electrospray MS (30 @Vvz 507 and FABP-modified adducts30).
(M + H]), 391 (IM + H — dG]); MS (70 eV)m/z 349 ([M Synthesis of the adducts was accomplished by treatment
+ H — dG — CH,Q]), 332, 183, 171. of dG or d(CTTCTTGACCTC) withN-acetoxyN-2-(acetyl-
FAAF-Modified 12-merThe FAAF-modified 12-mer was  amino)-7-fluorofluorene (AAFF). The latter is an activated
prepared similarly by treating d(CTTCTTGACCTC) with form of the model carcinogen, which was prepared by a
AAFF at 37°C (31). Twenty milligrams of AAFF in 3 mL partial hydrogenation of 2-fluoro-7-nitrofluorene in the
of absolute ethanol was added dropwise to 10 mL of a 10 presence of acetic anhydride and pyridine. The identity of
mM citrate buffer solution (pH 7.0) containing the 12-mer the N-acetylN-acyloxyl structure in AAFF was confirmed
oligodeoxynucleotide. After the mixture had been stirred for by mass and NMR spectral data. The mass fragmentation
8 h under a nitrogen atmosphere, the excess ethanol wagattern is similar to that of the non-fluoro analogdé)(in
evaporated and the aqueous layer extracted several times witlthat the molecular ion atvz 299 expelled the acetyl (257,
ether. The aqueous layer, which contained the adduct, wasM* — CH,CO) and the acyloxyl (241, M — CH,COOQ)
concentrated and purified by semipreparative HPLC (30 min radicals separately, as well as two acetyl radicals simulta-
linear gradient, from 5 to 25% acetonitrile in 10 mM neously affording the base ion atz 215. In the'H NMR
ammonium acetate, at a rate of 2 mL/min). The yield which spectrum, the 2.09 ppm resonance belonging ti\tiaeety!
was >98% pure was approximately 40%: HPItg20.34 protons was significantly broadened compared to that of the
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O-acyloxyl at 2.22 ppm, further substantiating the presence @) (b) © CH;
of an amide-ester functionality, 48). H1 1
The structure of dG-C8-FAAF was fully characterized by
means of UV, mass, and NMR spectral data. Its UV ' ;  H u
absorption pattern is similar to that of the non-fluoro u
analogue, dG-C8-AAF39), but differs significantly from wom ﬁw " v m
the nonacetylated dG-C8-FABY). The identity of dG-C8- va AN
FAAF was further confirmed by electrospray mass spec- w0 TR E ST m ik s i

trometry. The mass fragmentation resembles closely that of figure 2: Expanded portions [(a) 116.36-6.26 ppm), (b) H3
dG-C8-FAF @1), except for the presence of an acetyl group. (4.70-4.40 ppm), and (c) COCH(2.25-2.05 ppm)] of theH

The electrospray spectrum at 30 eV exhibited fivH] ™ at NMR spectrum of dG-C8-FAAF recorded in methanglat —30
m/z 507 and a fragment ion at/z 391, which is consistent °C. The data were apodized with a Lorentzian to Gausssian

- . resolution enhancement window function using a line broadening
with the loss of the dG moiety. The presencenuz 349 of —1 Hz and the GB factor of 0.12. The conformeric assignments

fragmentation at 70 eV supports the presence of the acetyl(—|v) were made according to the structure shown in Figure 3
group ([M+ H — dG — CH,0]). TheH NMR spectrum of (see the text).

dG-C8-FAAF at the probe temperature (Z2) exhibited a

mixture of broad and narrow resonances, indicating multiple oﬁi“ S ) BN Hse\ﬁo
conformations (Figure A in the Supporting Information). This Wl S ,N¥“ D

is contrasted with the nonacetylated dG-C8-FAF, which H_°_< 1%{ H,&:\f“\m

revealed only narrow proton signals under the same condition . F wa F

1 (52%) 11 (26%)

(31). Upon lowering of the temperature t630 °C, the
monomer displayed four distinct subspectra.

The FAAF-modified 12-mer was purified and character- "M
ized similarly as described for the FAF analog3&)( The ' |
UV spectrum of the FAAF-12-mer exhibited a shoulder o ok, Hac\%o
around 300 nm (not shown), which is characteristic of the , w N
extended conjugation expected from an oligodeoxynucleotide NF\Nf D R N \N{
containing AAF rather than AF3Q, 49, 50). The presence Hz~—</,:2 S vl ”Z”*/NTZ' S .
of an acetamido functionality in the adduct is evidenced by ~ # ™o F W o
its pronounced temperature-sensitive line broadening in the
IH NMR spectra (see below}#8). The existence of a single  FIGURE 3: Schematic representation of the cyclic interconversion
adduct, dG-C8-FAAF, in an enzymatic hydrolysate of the between the four conformers (I, II, 1ll, and IV) of dG-C8-FAAF.

o . . . . The torsion angle values of andy shown here were taken from
modified DNA was confl_rm.ed by comparison of its on-line ¢ 51 I 90° and 180: II, 270° and O: Ill, 90° and O: and IV,
HPLC and UV characteristics with those of a stand&d).( 270C° and 180. The torsion anglgd was kept at 69 for all four

Four Torsional Conformers of dG-C8-FAAHRhe 400 conformers. See Figure 1 for the definition of torsion angles. The
MHz H NMR spectrum at 22C exhibited a mixture of Eelqtive percent population based’8h NMR measurement at30
narrow and broad signals, indicating the occurrence of ~C IS Shown (see the text).
multiple conformations (Figure A in the Supporting Informa-
tion). The line broadening was notable especially with the
sugar H2, H2', and H3 protons, as well as with the

aminofluorene H1 and H3 protons that are adjacent to the ' _ ALY .
acetamido group. At 35C, the aromatic protons were nitrogen () bonds (Figure 1). Their principal reasoning for

somewhat narrowed, while the sugar 'Hgroton signals the restriction about the bond was based on the unusual
became extremely broadened. All resonances were col-shielding of the protons and carbons ortho to the acetamido
lectively broadened at 8C, but became narrowed substan- moiety and their close resemblance to those observed with
tially on further lowering the temperature te30 °C, in the cis and trans isomers df-acetoxyN-acetyl-2-amino-
which four clearly discernible subspectra were obtained. fluorene (N-AcO-AAF) (48). On the other hand, large
While the signals in the aromatic region were severely differences in the chemical shifts of the Hehd H2' sugar
congested, the acetyl and the sugat, B, and H4 protons protons among the isomers were attributed to the restricted
were relatively well-resolved (Figure 2). The intramolecular rotation about the guanyhitrogen bond ). The relative
sugar proton connectivities (HH2' and H2'—H3'—H4') populations of dGMP-C8-AAF according to decreasing
within each subspectrum were established by analyses ofintensities were 53:26:13:8, which were assigned respectively
COSY and TOCSY experiments (not shown), and the resultsto conformer I ¢ = 180° anda. = 90°), conformer Il § =
are summarized in Table 1. The relative populations occurred180° anda. = 27(¢°), conformer Ill (f = 0° and o = 0°),
in a 23:11:57:9 ratio, as measured for the four well-separatedand conformer IV { = 0° ando. = 90°) (see Figure 3)§1).
acetyl proton signals at 2.22, 2.19, 2.18, and 2.10 ppm, The striking similarities in théH NMR subspectral patterns
respectively (Figure 2c). and relative population ratios suggest that the two adducts,
These results indicate that dG-C8-FAAF adopts four dGMP-C8-AAF and dG-C8-FAAF, maintain a similar sets
interconverting conformers through chemical exchange andof conformers; hence, the four conformers of dG-C8-FAAF
are reminiscent of an earlier NMR study with the corre- have been assigned accordingly: 57% conformer |, 23%
sponding nonfluorinated - Bnonophosphate analogue (dAGMP- conformer 1l, 11% conformer 1V, and 9% conformer ||
C8-AAF). Using temperature-dependéht and *C NMR (Figure 3).

[a]

vV (11%) m (11%)

spectroscopy, Evans et alj showed that AGMP-C8-AAF
exists in four interchangeable torsional isomers owing to
large rotation barriers about the amidg) @nd guanyt+
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Despite the similarity in their overaltH subspectral 45
patterns, there are some notable differences. In general,
deshielding of the H2resonance relative to that of dG is
considered a good indicator for increased population of the
syn conformation{2). The close proximity of the HXugar
proton to the guanine N3 in the syn conformation is believed
to be responsible for the downfield shift. Compared to those
of dG, the H2 resonances of dG-C8-FAAF at30 °C were 30
generally shifted to downfield; however, the magnitude
(0.15-0.45 ppm) of the deshielding was significantly smaller
than that (0.630.89 ppm) observed for thé-Bnonophos-
phate analogue, dGMP-C8-AAF (see Table &))( This 22
result suggests that dG-C8-FAAF may adopt less of the syn
conformation as compared to dGMP-C8-AAF. This is
unexpected since the freetbydroxyl group in dG-C8-FAAF
may favor hydrogen bonding with the guanine N3, possibly
shifting the equilibrium toward the syn domain. The occur-
rence of a similar intramolecular hydrogen bonding has been
detected in certain methylated aniline nucleoside adducts
(53). Such a possibility, however, does not exist in dGMP-
C8-AAF. The H2 resonances of dGMP-C8-AAF have been
reported to be sensitive to temperature chabde However,
aside from line broadening due to exchange, there was little
detectable temperature dependence in therékbnances of
dG-C8-FAAF.

Dynamic'®F NMR ExperimentsThe 1°®F NMR spectrum
of C8-dG-FAAF recorded at30 °C exhibited four well-

O——J_/\
separated signals at116.8,—166.9,—117.3, and—117.5
ppm (Figure 4). The spectral pattern did not change on further _10
lowering temperature te-50 °C. Their relative populations
I

at —30 °C were 11, 52, 26, and 11%, respectively, which

are slightly different but in relatively good agreement with

those obtained with th#d NMR subspectra discussed above.

It should be noted that the corresponding nonacetylated dG- I
C8-FAF has exhibited a singléF NMR resonance at120.0 _30° v I
ppm under similar measuring conditior3l). The signals

at —166.9 and—117.3 ppm can readily be assigned to
conformers | and Il (Figure 4), respectively, on the basis of
the comparison of their population with that obtained with pon -116.5 -117.0 -17.5 -118.0

'H NMR, i.e., conformer | (52%'%F and 57%H) and FiIGURE 4: Temperature-dependent one-dimensiol& NMR
conformer Il (26%*°F and 23%'H). Identification of the spectra of dG-C8-FAAF recorded in methamplfor the region

remaining two minor conformers, which exist in equal gotm —116.0 t?j_—léBB_trl?pm- Before Folurierdtranfsforrtr_nation,_ all
: 0 : ata were apodized with an exponential window function using a
proportions (11%), was made on the basis of the a‘nalyseﬁine broadening of 5 Hz. The conformeric assignment3d\{)) were

of dynamic*°F NMR data (Figure 4). Briefly, the signal at  mage according to the structure shown in Figure 3 (see the text).
—116.9 ppm, which was assigned to the conformer I, forms

a two-site exchange pair with that-a16.8 ppm. Conformer
Il at —117.3 ppm exhibits a similar conformeric relationship cally between conformers IV and |, and between conformers

with the most upfield signal at117.5 ppm. These con- Il and lll, in a pairwise fashion.
formeric pair patterns presumably arise from torsional The dynamic behavior of the four conformers of dG-C8-
isomerism along with the guanyhitrogen bond ¢) with a FAAF was investigated by analyses of one-dimensiéffal

fixed amide bond configuration (Figure 3). Hence, the minor NMR spectra recorded betweer80 and 45C. The results,
signals at—116.8 and—117.5 ppm have been assigned to which are shown in Figure 4, represent a four-site chemical
conformers IV and Ill, respectively. exchange process. As discussed above, these signals have
The interconversion nature of the four conformers of dG- been assigned to conformers IV, |, I, and Il from the
C8-FAAF was established by two-dimensiort&F NMR downfield to the upfield, respectively. While the four
exchange experiments. Figure 5 shows the contour plots ofresonances were in relatively slow exchange-30 °C, the
the results recorded at three different temperatures, whereexchange broadening took place in a pairwise fashion as the
off-diagonal peaks represent a magnetization transfer amongemperature was raised, giving rise to two time-averaged
the conformers. Even at30 °C, all four conformers were  coalescent signals at 2C, A (—117.1 ppm, i.e., conformers
rapidly interconverting, although the exchange between IV and ) and B (-117.6 ppm, i.e., conformers Il and Il1) in
minor conformers Ill and IV was relatively slow. As the a 54:46 ratio. They eventually coalesced into a single broad
temperature was raised, rates of exchange increase dramatresonance-<{117.5 ppm) at 30C with line-shape changes
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(a) -30° (b) 0° (¢) 10°
I Ad+1IV)
I B (I1 + III)
v 11 _JLA
iy 9 o o ©

o0 o o

5

ppm S117.0 S117.5 ppm Z117.0 2117.5 pom S117.0 C117.5

FicurRe 5: Two-dimensional®F NMR exchange spectra of dG-C8-FAAF recorded in methapalt (a) —30, (b) 0, and (c) 10C for the

region from—116.6 to—117.8 ppm. See Figure 3 for the structure of confomed¥| The spectra were obtained using a NOESY sequence

(33). The time-proportional phase increment (TPPI) algorithm was used to obtain a phase-sensitive mode: sweep width of 2259 Hz, 1024
complex data points itp, 256 complex free induction decaystin 72 scans, 16 dummy scans, recycle delay of 1.0 s, and mixing time of

700 ms. The data were subjected to exponential line broadening of 8 Hz in both dimensions and then zero-filled before Fourier transformation
of the 1K x 512 data matrix. The data were not symmetrized.

characteristic of two-site exchang®@/( 35). On the temper- Single-Strand FAAF-12-mer. (3H NMR.The *H NMR
ature being raised further, the coalesced signal becamespectrum of the single-strand FAAF-12-mer adduct y©D
sharper, and narrowed at & (—117.5 ppm). At this buffer taken at 22C exhibited an array of broad signals as
temperature, the rotations about the guamjtrogen () and a result of chemical exchange (Figure B of the Supporting
amide ) bonds are faster than the NMR scale. During the Information). Partial resonance assignments have been made
first coalescent period—«30 to 10°C), rates of exchange by comparisons with proton assignments for the monomeric
between A (IV and I) and B (Il and Ill) (for examplé& —, dG-C8-FAAF adduct, and the unmodified 12-mer, as well
Kiv—n1, ki—i1, andk—y) appear to be very low. Therefore, the as by the observation of the temperature dependence of
coalescent exchange between conformations IV and | andresonances. Although the spectral quality was improved upon
between conformations Il and Ill can be regarded as two the temperature being raised to 4C, the broadening
separate two-site exchange processes. persisted particularly with the acetyl (2.18 ppm) and the
While there are many possibilities for a given system of fluorene H1 and H3 protons (7.3 and 7.5 ppm, respectively)
the fourl%F signals, it can be best described by a semicyclic that are located adjacent to the acetamido group. The
conformational interconversion similar to that previously observed line broadening is due to conformational hetero-
proposed for dGMP-C8-AAF (Figure 351). The rotation ~ geneity and must be induced by the presence of a bulky
about the acetamido bong/)(at 10 °C was sufficiently acetyl group on the central nitrogen, since the same 12-mer
restricted, resulting in two principal conformers A and B at Sequence containing the nonacetyl FAF analogue exhibited
—117.12 and—117.61 ppm, respectively (Figure 4). This no such unusual broadening.
argument is supported by large temperature-dependent The appearance of the aminofluorene protons in a rela-
shielding of the aminofluorene H1 and H3 protons (ortho to tively upfield region (6.6-7.4 ppm) is regarded as an
the acetamido group) and by their unusual line broadening indication of stacking interaction with adjacent bases. Similar
effect (vide supra). The presence of two additional conform- collective shielding of aromatic protons was observed with
ers below 10°C is a consequence of slowing of the rotation several other AAF-modified single-strand DNA=]. It has
of bulky dG group about the fluorenyhitrogen bond &). been shown that significant stacking occurs even as short as
As in the case of the dGMP-C8-AAF workl), the rotation dimer (CG*) 64) and tetramer (TG*CA)g5), in which G*
about the fluorenytnitrogen ) bond was assumed to be is modified by AAF and ABP (4-aminobiphenyl), respec-
faster than the NMR scale. According to complete line-shape tively.
analysis in terms of a two-site exchan@d,(35), the energy (2) *F NMR.In accord with théH NMR data, the single-
barrier to rotation about thg bond, which is attributed for  strand FAAF-12-mer in thé’F NMR spectrum at 22C
the presence of the first two set of conformers (A and B, displayed two broad resonancest15.1 and-115.3 ppm
Figure 4), was found to be 14.4 kcal/mol. in a ratio of 2:3 (not shown). While the two signals were
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significantly broadened at &, they coalesced into a single  (a) (b)

resonance at-115.1 ppm at 40C by following a typical

pattern of two-site chemical exchange. Line-shape analyses FAF 65 FAAF
(34, 35 of the dynamic!®F NMR data provided an

interconversion energy barrier of 14.7 kcal/mol. This con- 65 Jk

trasts with the nonacetylated FAF analogue, which exhibited

a single narrow°F resonance under identical experimental 54
conditions B1). M
50

Shapiro et al. §6) have examined the conformation of
AAF-modified dG with all possible nearest neighbors and

found that the principal effect of the acetyl group on the 48

central nitrogen is the destabilization of anti conformations 40 M
for the modified guanine. The bulky acetyl group induces

the guanine base to adopt a syn conformation, resulting in a 22 U/L
strong stacking interaction of the fluorene moiety with ___“__J\_/g

neighboring bases. Evans and LeviB#)(have observed two 50 B 50

proton subspectra for the dimeric AAF adduct (ACG[AAF]) S M

in a ratio of 4:1, which have been assigned to conformers | ———————F————5F——

T T [s T ¥ T
oom -116 -7 -118 L -1s e 20

LAy 2 e A A
(' ~ 180°)*and 1l (' ~ 0%) in the fully stacked statex( FiGURE 6: Temperature-dependefE NMR spectra of the FAF-

| FAF-12-mer

~ 90%). The assignment was accomplished by analyzing the and FAAF-modified 12-mer duplexes recorded isgCHbuffer. The
'H NMR spectra measured as a function of varying methanol emperature range was-85 °C. Before Fourier transformation,
concentration and temperature. Their resd®y éare in good all data were apodized with an exponential window function using
agreement with the calculations done by Shapiro e6&), (2 line broadening of 10 Hz.
except that the’ ~ 0° conformer (i.e., conformer IIl) was
found to have the lowest energy. @ FABP-12-mer

Our NMR data, together with previous findings discussed
above, indicate that the single-strand FAAF-12-mer exists
in a 40:60 mixture of two slowly exchanging conformers at (b)
room temperature. The restricted rotations about the gaanyl
nitrogen (') and glycosyl ) bonds afford only two |
conformeric possibilities along the amidg)(bond, instead
of four as detected in the monomeric dG-C8-FAAF adduct ()
(vide supra). The orientation of the acetyl group is defined FAAF-12-mer
as cis {' ~ 180) or trans §' ~ 0°) depending on whether
the carbonyl oxygen is located on the same or opposite side -7 T T ] T
of the modified guanine5d). The calculated 14.7 kcal/mol _115 116 117 118 119
ehnergy barrier is(;n good agreeznent vl\éithl';hoslt;z E)bjerved wi)th '°F Chemical Shift (ppm)
the monor.neri(.: G-C8-FAAF (14.4 kealimal) (vide supra FIGURE 7: Schematic representation ¥F NMR chemical shifts
and the dimeric dCG(AAF)34) ad,CjUCtS (14.3 kcal/mql)' for the 12-mer oligodeoxr))/nucleotides modified by the carcinogens
We were, however, unable to assign the t#e signals in FABP, FAF, and FAAF at the single- (dotted line) and double-
the spectrum of the single-strand FAAF-12-mer to the strand (duplex) (solid line) levels.
specific individual trans or cis conformers.

Double-Strand FAAF-12-mer (Duplex). () NMR.The The downfield region of the proton spectrum of the FAAF
'H NMR spectrum of the FAAF-12-mer duplex recorded in - duplex recorded in a # buffer at 18°C is compared with
a D0 buffer at 22°C (not shown) displayed a mixture of  those of the nonacetylated counterpart FAF and the control
narrow and broad resonances. Again, this is a clear indicationguplexes (Figure C of the Supporting Information). The
of the presence of multiple conformations. The intercalated varying intensities of the imino protons are similar to those
nature of the carcinogen moiety in the duplex is also evident of the FAF duplex, which was shown to adopt at least two
from the appearance of unusually broad fluorene proton conformers in slow exchange at this temperat@®.(All
signals in the upfield region (6:37.1 ppm) (5-19, 26). the imino signals of the FAAF duplex were gradually
On the temperature being raised to°€5 all signals became  proadened as the temperature increased and completely
narrowed, while the upfield aromatic resonances were movedexchange broadened at around°42
downfield and merged with other aromatic nucleic acid  (2)19F NMR.A 19 NMR spectrum of the FAAF duplex
protons in the region of #8 ppm. A similar collective 4t 22 °C exhibited two prominent signals at116.7 and
shielding of carcinogenic protons has been observed for the_113 o ppm in a 41:59 ratio (Figure 6b). These chemical
DNA duplexes modified with AAF 19) and AP @6), in shifts represent a significant shielding from that of the single
which the carcinogenic moieties intercalate between flanking strand, and closely resemble those observed with the FABP
Watson-Crick base pairs. and FAF duplexes3d).

Sobent-Induced Isotope Experimentsigure 7 shows a

2The primed torsional anglesi( #, andy") in the single- and  SChematic representation of tH€ signals derived from the
double-strand DNA are distinguished from those used for nucleoside. three fluorine-labeled FABP, FAF, and FAAF adducts in
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both the single- and double-strand contexts. The FABP-12-isomers of N-acetoxyN-acetyl-2-aminofluorene N-AcO-
mer duplex, which adopts exclusively the B-type conformer, AAF) and N-hydroxy-N-acetyl-2-aminofluorene N-OH-
exhibited a'°F resonance at116.9 ppm (Figure 7a, solid  AAF) were the largest for C1, C3, C11, and C14-8ppm)
line) (31). The same adduct in a single-strand form (Figure (48). The effect was observed throughout the whole ring
7a, dotted line) exhibited a resonance at a very similar system as evidenced by the significant upfield shift (0.7 ppm)
chemical shift £117.0 ppm). These results indicate that the of the remotely located C7, to which the fluorine label is
FABP adduct in both the single- and double-strand DNA attached %1).
exists as the B-type conformer. The FAF duplex, on the other Dynamic’®F NMR ExperimentThe FAAF-induced con-
hand, exhibited two distiné®F signals at-117.4 and-118.3 formational heterogeneity at the duplex level was investigated
ppm in a 55:45 mixture (Figure 7b), which have previously by one- and two-dimensional dynamic NMR spectroscopy.
been assigned to the B-type conformer and stacked con-Figure 6b shows a series 8 NMR spectra of the FAAF
former, respectively31). The conformer assignment was duplex measured as a function of different temperatures (5
primarily based on solvent-induced isotope experimesits ( 65 °C). A temperature profile for the corresponding non-
59). The expectation was that the exposed fluorine in the acetylated FAF duplex3(l) is also shown for comparison
B-type conformer would be susceptible to large solvent (Figure 6a). The line widths of the two FAAFF signals
effect, whereas the buried fluorine in the stacked conformer (Figure 6b) were not significantly altered until 4C, at
would not @1). The downfield 117.4 ppm) B-type  which temperature the corresponding resonances of the FAF
conformer signal was shifted upfield by 0.24 ppm, while the duplex completely coalesced (Figure 6a). The FAAF signals
effect on the upfield{118.3 ppm) stacked conformer signal (Figure 6b) were broadened somewhat between 45 and 48
was negligible (0.08 ppm). As anticipated, a comparable °C. Several additional resonances were formed on further
shielding (0.23 ppm) was observed for the sole signal in the raising the temperature to 3C. Although the signals were
spectrum of FABP duplex, which adopts predominantly the significantly broadened at 54, giving rise to a single broad
B-type conformer. resonance, there were no truly identifiable coalescent sig-
We have conducted similar isotope experiments to ascer-nal(s) as observed in the case of the FAF duplex. Upon the
tain the nature of the two FAAF duplex conformers. The temperature being raised further to 85, the FAAF signals
chemical shifts of the two signals changed very litted(04 were merged to a narrow signal atl15.4 ppm, which
ppm) when the deuterium content of the solvent increasedrepresents a single average conformation of the unpartnered
from 10 to 100% at 18C. This lack of significant isotope  12-mer adduct. It should be noted that tfe signals of the
effects contrasts with the results obtained with the corre- single-strand FAAF adduct resonate in the similar range
sponding nonacetylated FAF duplex discussed above. The(—115.0 to—115.3 ppm) (see Figure 7c, dotted lines).
result implies that both conformers of the FAAF duplex adopt  The dynamic profiles of the FAAF duplex represent a
a typical base displacement structure, in which the carcinogensimple helix-coil melting transition without any evidence
moiety is intercalated into the helix, thus protecting the of chemical exchange between the two major duplex
fluorine atoms on the fluorene moiety from exposure to conformers over a wide range of temperatures. Two-
solvent. This, coupled with strong syn preference for the C8- dimensional exchange experiments (not shown) conducted
substituted guanine (vide supra), is in good accord with at various temperatures fail to provide any evidence of
previous computational results, which have consistently exchange between the two signals. The lack of dynamic
predicted the syn conformation to be more stable than theexchange in the double-strand FAAF adduct is contrasted
anti for the AAF adduct at various sequence conte%6. ( with a facile cis-trans amide bond torsional isomerism
The exclusive stacked conformation observed for the observed in the single-strand one, which followed a typical
FAAF duplex is clearly due to the steric interference between two-site exchange process with a rotation energy barrier of
the bulky acetyl group at the central nitrogen and the sugar 14.7 kcal/mol (vide supra). It appears that the steric constraint
phosphate backbone linked to the modified guanine. Thus, between the bulky acetyl group and the nearby sugar and
the syn guanine configuration limits the rotations about the base atoms increases dramatically going from the single- to
guanyl @) and fluorenytnitrogen 3') bonds, resulting in ~ double-strand helixes.
a cis—trans amide torsional isomerism depending on whether  The occurrence of several broad signals atGkuggests
the carbonyl oxygen of the acetyl group is oriented the samethe presence of multiple unstable intermediate conformations
as (for cis,y’ ~ 18C) or opposite from (for trang;’ ~ 0°) (Figure 6). Upon the temperature being raised, the double-
the modified guanine residue. This is essentially an extensionhelical structure unwound into individual coils, thereby
of a two-stage model that has been established with therelieving steric constraint on the central nitrogen at the adduct
FAAF adduct in both the monomeric (dG-C8-FAAF) and site. This lowers the energy barriers for the rotation of the
single-strand levels (vide supra). guanyl @) and fluorenyt-nitrogen 3') bonds as well as
The'®F NMR chemical shift difference (1.3 ppm) observed that of the amide i) bond, all of which could produce
between the cis and trans acetyl conformers of the FAAF multiple conformations, thereby creating differéf nuclear
duplex is relatively large compared to those with the environments. In this regard, it should be noted that the AF
monomeric (0.5 ppm) or single-strand AAF adducts (0.2 duplex adduct opposite a1 deletion site exists in an
ppm). It may be due to a change in the geometry of the equilibrium of the two conformers depending on whether
adduct. Although several bonds away, the orientation of the the C9 edges of the fluorene ring face the major or minor
acetyl group at the central nitrogen has apparently a groove at the intercalate sit2@). The twof' rotamers were
significant effect on the electron density of the fluorene ring. found to rapidly interconvert on the NMR time scale. The
For example, it has been shown that the chemical shift same authors have provided evidence for the existence of a
differences for carbon resonances between the cis and transimilar rotameric interconversion of AF as well as the-syn
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anti equilibrium for the AF adduct positioned opposite dC
in a duplex (7).

The available data did not allow us to make assignments
of the two 1°F signals into specific individual trans or cis
conformers. It is worth noting though that the major
conformer of an AAF-modified 9-mer duplex studied by
O’Handley et al. 19) (vide supra) adopts a trans orientation
(y' = 37°), which exhibits an energy that is slightly lower
than the corresponding cis one. Accordingly, the highly
populated—118.0 ppm signal was tentatively assigned to
that belonging to the trans isomer.

DISCUSSION

The **F NMR data presented in this paper convincingly
demonstrate that the monomeric adduct dG-C8-FAAF exists
in at least four different conformers in methanol at low
temperatures 30 to —50 °C). Since the nonacetylated

counterpart dG-C8-FAF exhibits a single resonance under

the same condition, it is clear that the presence of the bulky
acetyl group places restrictions on the conformation at the
central nitrogen. Temperature-depend&rt NMR studies
showed that dG-C8-FAAF at 1T exists in an about 60:40
ratio of two energetically distinct conformations (A and B
in Figure 4), which presumably arise from a large restricted
rotation barrier (14.4 kcal/mol) about the amide bomdl (
Further lowering the temperature-80 °C) resulted in two
additional torsional conformers due to the restriction of the
rotation along the guanyinitrogen () bond. The four
torsional conformers interconvert rapidly over the wide range
of temperatures that were utilized (Figure 5).

The same adduct (dG-C8-FAAF) embedded in a 12-mer
single strand DNA, d(CTTCTTG[FAAFJACCTC), revealed
two slowly exchanging®F NMR signals in a 2:3 ratio. This
result is contrasted with the nonacetylated counterpart FAF-
12-mer, which exhibited a single narrd# resonance under
the identical experimental condition81). The observed
conformational heterogeneity in the single-strand form is due

to the presence of a bulky acetyl group at the central nitrogen.

An extensive stacking of the fluorene moiety with the
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the amide ‘) and glycosyl ) bonds can be envisioned.
The y" bond model is essentially an extension of that
proposed for the single-strand FAAF adduct (vide supra).
Thus, both conformers of the FAAF duplex adopt essentially
the identical base displacement stacked structure, but differ
only in their acetyl group orientation: trang (~ 0 °C) and

cis (y' ~ 180 °C) (Figure 3). Alternatively, the observed
FAAF-induced conformational heterogeneity may arise from
the restricted rotations about the glycosyl bopdl ¢f the
modified dG, e.g., anti and syn. Such a conformeric
equilibrium has been observed with nonacetylated AF
duplexes in several different base sequence cont&@s (
The lack of a solvent-induced+D isotope effect as well

as the exclusive stacking of the carcinogenic moiety in the
FAAF duplex clearly favors a cistrans conformeric equi-
librium over the B-type/stacked one. The steric interference
between the bulky acetyl group at the central nitrogen and
the sugar phosphate backbone is responsible for the prefer-
ence of the syn guanine conformation.

The exclusive base displacement structure of the FAAF
duplex deduced above is in good accord with those obtained
with AAF adducts investigated in various sequence contexts
(19, 23, 24). Using a combination ofH NMR, energy
minimization, and molecular mechanics, O’Handley et al.
(19) have shown that the AAF adduct positioned opposite
dC in a 9-mer duplex exists in multiple conformations, with
the major conformation being about 70% of the total. The
modified dG in the major conformer adopts the syn
conformation and resides in the major groove, while the
fluorene moiety is inserted into the helix and protrudes into
the minor groove. According to their NOESY-based energy-
minimized structure, the torsion angles of the guamy) (
and fluorenyt-nitrogen (3') bonds are 4%and 23, respec-
tively. The carbonyl oxygen of the acetyl group in the major
groove was found to be trang'(= 37°) to the C8 position
of the modified guanine. Milhe et al28, 24) have reported
the presence of multiple conformations for the AAF adduct
positioned opposite a1 as well as—2 deletion sites at the
Narl mutational hotspot oE. coli. Although interpretation

neighboring base is indicated by collective shielding of ©f the NMR data was complicated due to chemical exchange,
fluorene aromatic proton signals. The strong preference for they all share the base displacement stacked structure as the
the syn domain for the modified dG restricts the internal Major conformation. Conformational heterogeneity, thus,

rotations on both the glycosyf)Y and guanytnitrogen (')
bonds, resulting in only two conformeric possibilities about
the amide bond [conformers §'(~ 18C) and Il (y' ~ 0°],

appears to be a common theme for the AAF adducts in DNA.

The AAF-induced conformational heterogeneity is not as
clearly defined as that of the AF one, which was shown to

rather than four as detected for the monomeric adduct. Theadopt a well-characterized B-typstacked equilibriumi3).
14.7 kcal/mol energy barrier calculated for the restricted In the work cited earlier, O’'Handley et all9, 60) made
amide bond ") of the single strand adduct is also in good some efforts to define the structure of minor conformers of
agreement with those observed for the monomeric dG-C8-the AAF-modified 9-mer duplex. Of several theoretical
FAAF (14.4 kcal/mol, this study) and dimeri&4) AAF models that have been mentioned, the torsional conformer
adducts (14.3 kcal/mol). Theoretical calculations have shownwith the cis acetyl group orientation (i.e:;, = near 180
that the energies of the twg conformers occur within a  domain) is of special interest in the context of our discussion.
narrow range (2.1 kcal/mol), and the reversal of the acetyl The cis conformer was calculated to have a slightly higher
group orientation has relatively little effect on the remainder energy than the trans, which was the configuration adopted
of the overall single-strand structurgg). by the major conformer (vide supra). Shapiro etaf) have

A similar conformational heterogeneity persists in a shown that the reversal of the acetyl orientation does not
double-strand duplex DNA, d(CTTCTTG[FAAFJACCTEC) have much impact on the remainder of the overall single-
d(GAGGTCAAGAAG). The®F NMR spectrum revealed strand DNA and that the energies of the two extremes occur
two °F NMR signals in a 41:59 mixture. While several within a narrow 2.1 kcal/mol range. A somewhat higher
conformational possibilities may exist at the duplex setting, energy barrier difference~5.7 kcal/mol) was obtained for
two two-stage models based on the restricted rotations about misaligned slipped intermediate of tNerl sequence, in
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which the AAF-modified guanine and its-Beighbor cy- stacked conformation for the AAF adduct may explain why
tosine in the template strand are unpartne@l). ( the AAF adduct is more prone to repair and mutation than

The exclusive stacking nature of the FAAF duplex the AF adduct.
conformers is similar to that observed with the AP-modified ~ Concluding Remark®©ur results demonstrate that tHe
11-mer duplex, in which the pyrene ring intercalates into nucleus is extremely sensitive to conformational changes of
the helix while the modified guanine is displaced into the the AAF-modified DNA adduct at various structural settings.
major groove 26). The difference between the AP and AF Other nucleic acid isotopes such &€, N, or 3P have
adducts is presumably due to the much greater stackingpreviously been used to probe adduct structure, but shown
ability between the aromatic amine ring and flanking base to be much less sensitive and therefore not as practi@al (
pairs of the larger pyrene ring compared to that of the smaller 13, 48, 51, 63). Although the detailed structural interpretation
fluorenyl ring 62). However, the difference in the stacking of *®F NMR is rather limited, the sensitivity 0ffF NMR
ability between the AF and AAF adducts must be due to the chemical shifts in the macromolecular environment and the
bulky acetyl group present at the central nitrogen at the latter lack of background nois&8, 59) clearly offers advantages
adduct site, which prohibits a facile syanti conformational in dealing with adduct-induced multiple conformeric equi-
interconversion. libria in vivo. An ultimate structural biology challenge in

Taken together, the available data support the presencechemical carcinogenesis is to conduct adduct, site-specific
of a cis—trans model for the FAAF-modified duplex. This mutagenesis in a conformationally specific manrigrif a
is essentially an extension of a two-stage model that has beerbiologically simulated environment. This will require probing
established with the FAAF adduct in both the monomeric the adduct-induced conformational heterogeneity at the single
(dG-C8-FAAF) and single-strand levels (vide supra). The strand-double strand junction in the presence of replication
lack of a discernible dynamic exchange between the two and repair enzymes, dNTPs, and divalent cations, all of which
FAAF duplex conformers is probably due to the increased are important components for mutation. These experiments,
rotation energy barrier of the acetyl group located in the which are otherwise difficult to conduct, should be feasible
major groove at the duplex setting. with the newly developed®’F NMR approach.
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