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We report a systematic and quantitative structidftaction relationship study of the majdi-[deoxy-
guanosin-8-yl]-2-aminofluorene adduct (AF) derived from the prototype carcinogen 2-aminofluorene and
its derivatives. The AF adduct is known to exist in two distinct conformational motifs, depending upon
the location of the hydrophobic fluorine moiety: major groove binding “B type” (B) conformation (AF-
dG.ni) and base-displaced “stacked” (S) conformation (AkygGThe AF-induced S/B conformational
heterogeneity is sequence-dependent and follows a typical two-site dynamic chemical exchange. The
population of S conformation decreases in the order'@ 3> A > C > T, indicating the importance
of the purine flanking bases in promoting the stacking structure. Line-shape analysis showed that the
S/B interconversion energy barriers@*) are in the narrow 1416 kcal/mol range. The energy differences
of the two conformers are relatively smak Q.5 kcal/mol), suggesting a possibility for a facile adduct
conformation switch in the active site of a polymerase. The S/B equilibrium modulates the efficiency of
Escherichia coliUvrABC-based nucleotide excision repair (NER) in a conformation-specific manner.
The'®F NMR/NER results indicate greater repair susceptibility for the base-displaced S conformer, which
lacks a WatsonCrick base pair at the lesion site. These findings represent the first of its kind quantitative
structure-function work relating NER activity to a specific adduct conformer and will lead to a better
understanding of how bulky DNA adducts are accommodated by the repair protein.

Introduction 3). The sequence dependence of NER efficiency has since been

well-documented in both bacteriaB)( and mammalian 9)

systems and may account for so-called “hot” mutation spots.
Solution NMR studies have shown that AF in fully comple-

Genetic degeneration is linked closely with maintenance of
DNA integrity and gene functionlj. DNA adduct formation

is a signature hallmark for mutation, leading to the initiation of tary DNA dupl dont d dent ilib
chemical carcinogenesi®)( The complexity of adduct struc- mentary uplexes adopls a sequence-dependent equilib-

tures, however, has impeded the elucidation of an unambiguous”um. betw_een B anq S conformatlons_deflned by the gl_y_003|dyl
structure-mutation relationship at the molecular genetic level co_nflguratlons (anti and syn, respectively) of the .mOd'f'ed dG
(3, 4). A case in point is the prototype arylamine carcinogen (Flgurg 1b) ¢, 10, ll.)' In the B conformer, theann-[AF].dG
2-aminofluorene and its derivatives, which upon activation in ma!ntalns Watspﬁerck hydrpgen bonds, thgreby placing th.e
vivo, produce two major d&C8-modifiedN-[deoxyguanosin- amlnof!uorene ring in Fhe major groove. This is cqntrasted Wlth
8-yl]-2-aminofluorene (AF)and AAF adducts (Figure 1aby, the aml_nofll_Jorene moiety of the_ S conformer,_wh_|ch stacks into
They exhibit uniquely different mutation and repair activities. the hehxf with syn.[ﬁF]dG. Admmrc])r grolovebbmdm% Wedgdeq
Translesional synthesis of the N-deacetylated AF is achieved ((jW)lcon orr;:er Wlk;[ slyn_[AF] G as asoh cejen_ ﬁ serve bm
with high-fidelity polymerases, whereas replication of the bulky uplexes where the lesion was mismatched with purine bases
AAF requires bypass polymerasé. (Nucleotide excision repair (.12). Interestmgly,. ev!dence exists fpr a similar S/B conforma-
(NER) of the two adducts is modulated by base sequences. Fortlonal heterogeneity in the active site .Of a CW?‘?" polymerase
example, Mekhovich et al7f have shown in 1998 that the rate .(13)' I-_iere, we report a noyel con_formatlon-spemﬂ_c repair study
of incision of both AF and AAF adducts in thBscherichia involving the S/B population ratios and NER activities.

coli UvrABC system is significantly faster when they are .

positioned in the mutation hotspiiarl sequence (SGGCG*CC- Experimental Procedures

3) than when located in a random sequence (5-GATG*ATA-  caytion: 2-Aminofluorene deriatives are mutagens and a

suspected human carcinogen and must be handled with caution

*To whom correspondence should be addressed. Crude desalted oligodeoxynucleotides in /Aol scales were

! University of Rhode Island. obtained from Sigma-Genosys (The Woodlands, TX). All HPLC

* East Tennessee State University. lvent hased f Fisher | Pitt 6 h. PA

1Abbreviations: NER, nucleotide excision repair; AF adddtfdeoxy- solvents wgre purchase rc_)m 1S _er nc. (Pitts Urg ! )-
guanosin-8-yl]-2-aminofluorenéF NMR, 1°F nuclear magnetic resonance Preparation of FAF-Modified Oligodeoxynucleotides. The
spectroscopy. FAF-modified oligonucleotides (Figure la) were prepared by
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Figure 1. (a) Chemical structures of aminofluorenBNA adducts and duplex sequences used in this study. (b) The central trimer segments of the
B and S conformers of AF-modified DNAH(AG*A — duplex is shown as an example). Views from the major groove. The modified dG and the
complementary dC are shown in red and green, respectively, and the AF moiety is highlighted with gray CPK. In the B conformer, anti-[AF]dG
maintains WatsonCrick hydrogen bonds, thereby placing the AF ring in the major groove. The AF moiety of the S conformer stacks into the helix
with the modified dG in the syn conformation. (¢ NMR spectra of the-AG[FAF]N— duplex sequenceN(= G, A, C, T) in a pH 7.0
10%D,0/90% HO phosphate buffer at 20C.

treating a desalted oligonucleotide (Sigma-Genosys) WNiic- both dimensions and then zero-filled before Fourier transformation
etoxyN-(trifluoroacetyl)-7-fluoro-2-aminofluorendl.Q). Each modi- of the 1024x 256 data matrix.

fied oligo was purified by reverse phase HPLC and characterized Complete Line Shape Analysisinitially, the values of frequen-

by UV/enzyme digest/eletrospray mass spectrometry as describecties and the S/B population ratios were determined at the slow
previously (0, 12, 14). The HPLC system consisted of a Hitachi exchange limit (5C). Next, several spectra were recorded at various
EZChrom Elite system with a L2450 diode array as a detector and temperatures between 5 and 8D including at coalescence and

a Luna column (10 mnx 150 mm, Sum) (Phenomenex, Torrance, into the fast exchange region. Finally, the sample was cooled back
CA). The mobile phase system involved a 30 min linear gradient to the slow exchange limit to ensure that no irreversible process
profile of 3—15% acetonitrile/0.1 M ammonium acetate buffer (o0H occurred at the higher temperatures. Complete line-shape analysis
7.0) with a flow rate of 2.0 mL/min. Approximately 80.00 ods was carried out using WINDNMR-Pro (version 7.18,Chem.

of pure modified oliognucleotides were annealed with appropriate Educ Software Series; Reich, H. J., University of Wisconsin,
complementary sequences to form fully complementary heterodu- Madison, WI) to calculate rate constanks, free energy difference
plexes and centrifuged through a Millipore Centricon YM-3 AG° (—RTInKeq), and the S/B interconversion energy barN&*
centrifugal filter (Yellow, molecular weight cutof= 3000). The (Table 1) @5).

filtered samples were redissolved in a Shigemi NMR tube contain- Modeling. The solution structure of the AF-intercalated S

ing 300uL of pH 7.0 NMR buffer (10% O/90% HO): 100 conformer opposite dC in an 11-mer DNAG) was employed as
mM NaCl, 10 mM sodium phosphate, and 100! tetrasodium the starting model for the FAF-modified S conformer. The
EDTA. sequences of NMR-derived structures were adjusted to that of the
NMR Experiments. All H-decoupled®F NMR results were  target 12-mer sequence (CTTCTAG[FARCTC;N = G, A, C,
recorded using a dedicated 5 niff¥/*H dual probe on a Bruker or T) (Figure 1a). The hydrogen atom on C7 of AF was replaced
DPX400 Avance spectrometer operating at 376.5 MHz. Spectra with a fluorine atom. The additional base pair was added with
were referenced to CF&by assigning external hexafluorobenzene Insightll (Accelrys Software, Inc.), using classic B-DNA conforma-
in CsDg at —164.90 ppm. One-dimension&iF NMR spectra at tion as a guide. Partial charges in the S conformation were obtained
various temperatures {350 °C) were obtained by collecting 65536  with Gaussian 03 (Gaussian, Inc.) following the standard procedure
points using a 37664 Hz sweep width and a recycle delay of 1.0 s (17). Force field parameters for FAF-dG were obtained by finding
between acquisitions. A total of 1600 scans were acquired for eachthe closest analogies in the PARM988) and GAFF (9) force
spectrum. The spectra were processed by zero-filling, exponentialfields. Molecular dynamics (MD) simulations were carried out with
multiplication using 20 Hz line broadening, and Fourier transforma- AMBER 8.0 (University of California, San Francisco), employing
tion. The peak areas were baseline corrected and integrated usinghe modified Cornell et al. force field20).
XWIN software (Bruker, Billerica, MA). Two-dimensional NOESY/ Substrate Construction and Protein Purification. DNA sub-
exchange!®F NMR spectra 10) were carried out in the phase- strates of 51 bp containing a single FAF or AF adduct with different
sensitive mode using a NOESY pulse sequence: sweep width, 452%lanking sequences were constructed as described previdly (
Hz; number of complex data pointsty 1024; number of complex  22). Briefly, the substrates were constructed by ligating a modified
free induction decays i3, 256; number of scans, 96; dummy scans, 12-mer (CTTCTAG*NCCTC) with a flanking 20-mer (GAC-
16; recycle delays, 1.0 s; and mixing time, 400 ms. The data were TACGTACTGTTACGGCT) and a 19-mer (GCAATCAGGCCA-
subjected to sine bell apodization using 2 Hz line broadening in GATCTGC) oligonucleotides on thé-fand 3-sides, respectively.
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Table 1. Dynamic NMR and Thermodynamic Parameters for the—AG[FAF] N— Series Duplexe%

—AG[FAF]G— —AG[FAFJA— —AG[FAFIC— —AG[FAF]T—

% B/S 32/68 39/61 60/40 64/36
conformatiof

ksoec (s71)C 200 191 263 200

7 (1K) (msy 5.0 5.2 3.8 5.0
ke = 2.22* Avf (571 1214 1202 1240 1715
AGapct (kcal/molyp 14.6 14.6 15.4 14.6
AG®0c = |—RTINK¢q| (cal/mol) 439 376 236 334

aThe trimer core sequence of thReAG[FAF]N— series duplexes used in this study;GI TCTAG*NCCTC-3) (5-GAGGNCTAGAAG-3) (N=G, A,
C, T). P Percent population of B and S conformers by integratioFBfNMR signals at 20C (SD = +3%). ¢ Rate constants obtained from complete line
shape analysis of temperature-depend#NMR spectra using WINDNMR-Pro shareware developed by at the University of Wisconsin at Madison (http:/
www.chem.wisc.edu/areas/reich/plt/windnmr.htfhExchange time (k) indicates the amount of time the adduct spends in one conformation before jumping
into another conformatiorf.Rate constants at a coalescence temperature, which represents a lower limit on the first-order exchange rate between the two
conformersf Chemical shift difference between the two signals in Hz at slow exchange, i.e.?@t95/B interconversion energy barrier in kcal/mol
calculated from Eyring equationAG¥¢c = 4.58 Tc (10.32+ log T/K) (SD + 0.2 kcal/mol)." Energy difference between the two conformers in absolute

values,Keq = S/B.

The 20-mer was'&erminally labeled witt¥2P. The ligation products
were purified by urea-PAGE under denaturing conditions. After
purification, the ligated 51-mer was annealed with their corre-
sponding complementary strands (bottom 51-mer) and purified
again on an 8% polyacrylamide native gel for use.

The UvrA, UvrB, and UvrC proteins were overexpressed and
purified fromE. coli in our laboratory as described previousha).
The estimated purity of three proteins was more than 95%. The
protein concentration was determined by Bio-Rad protein assay
using BSA as a standard following the manufacture’s procedures.

Nucleotide Excision AssaysThe B-terminally labeled DNA
substrates (2 nM) were incised by UvrABC (UvrA, 15 nM; UvrB,
250 nM; and UvrC, 100 nM) in the UvrABC buffer (50 mM Tris-
HCI, pH 7.5, 50 mM KCI, 10 mM MgGJ, 5 mM DTT, and 1 mM
ATP) at 37°C in a time-course-dependent manner. The Uvr
subunits were diluted and premixed into storage buffer before
mixing with DNA. Aliquots of the reactions were collected at 0, 5,
10, 15, and 20 min, and the reaction of the aliquots was terminated
by adding EDTA (20 mM) or heating to 90C for 3 min. The
samples were denatured with formamide and heated t€36r 5
min and then quick-chilled on ice. The digested products were

analyzed by electrophoresis on a 12% polyacrylamide sequencing

gel under denaturing conditions with TBE buff@4j.

Quantification of Incision Products. Quantitative data of
radioactivity were obtained using Fuji FLA-5000 Image Scanner
and Image Gauge V3.46 software and using the volume integration
method. The amount of DNA incised (in pmol) by UvrABC was
calculated based on the total molar amount of DNA used in each
reaction and the percentage of radioactivity in the incision products
as compared to the total radioactivity. At least three independent
experiments were performed for determination of the rates of
incision. The initial rate was determined by a linear least-squares
fit of the data collected over the incision period.

Results and Discussion

Figure 1c show$°F NMR spectra of four 12-mer heterodu-
plexes modified by the “fluorine reporter probe” FAF (Figure
la): d(CTTCTAG[FAFNCCTC):d(GAGGNCTAGAAG), in
which the 3-flanking base to the lesion is systemically altered
(N=G, A, C, or T) 0. The population of S conformation
decreases in the order of-G > A > C > T, indicating the
importance of the purine flanking bases in promoting the
stacking structure. A S> B interconversion requires a swing
of the bulky intercalated carcinogen residue frorsya to an
anti-glycosidic angle x) (Figure 1b). Molecular modeling
(Figure 2) indicates that the-Banking G:C base pair of the
—AG*G— duplex is broken, which enables the amino protons
of 5'-dAmed and 3-dCeomp to form multifurcated hydrogen
bondings with the oxygens of the carcinogen-modified,g{>
3'-dGmog and 3-dTeomp The highly coordinated hydrogen-

-AG*(3-

-AG*T -

Figure 2. Average structures in the trajectory of the trimer segments
for the S conformeric (a)-AG[FAF]G— and (b) —AG[FAF]|T—
duplexes are shown. Color code: FAF, red-CPK; fluorine, purple CPK;
gray, modified (mod) strand; blue, complementary (comp) strand;
yellow, FAF-modified G; green, cytosine opposite FAF-modified G;
and orange and white balls are oxygens and hydrogens involved in
hydrogen bonding, respectively $G* nod5'-A mod-nHnb = 2.8 A; OF-
3'-Gmod5'-Cinod-nHb = 2.1 A

bonded structure may stabilize the S conformation relative to
the B conformation. The WatserCrick geometry for the
flanking base pairs of the low (36%) S conformerAG*T —
duplex (Figure 2a), however, resembles that of the unmodified
control duplex.

Line-shape analysis of temperature-dependent dynamic NMR
results (Table 1) showed that all four duplexes follow a typical
two-site chemical exchange. The S/B interconversion energy
barriers AG¥) are of the order of 1416 kcal/mol. The energy
differences AG® = —RTInK¢y) of the two conformers are
relatively small 0.5 kcal/mol), suggesting a possibility for
facile adduct conformation switch in the active pockets of a
protein @, 13, 25). Exchange rates at coalescence temperature
(kc = 2.22 x Av) were found to be in 12021715 s, which
are faster than those typically observed for spontaneous opening
of Watson-Crick base pairs 26). Despite the absence of
hydrogen bonds, the carcinogenic moiety in the S conformation
spends significant timer(= 3.8-5.2 ms) at 20°C. The
millisecond level S/B exchanges suggest their physiologic
accessibility by repair proteins. A similar scenario can be made
for a DNA polymerase, rationalizing either error-free or error-
prone replication.
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Figure 3. Incision efficiency (%DNA incision/min) of (a) AF and FAF adducts on two different sequen¢eSTBCTAG*GCCTC-3 and 53-
CTTCTAGG*CCTC-3, G* = AF or FAF adduct) and (b) thee AG*N— sequencess/% S conformer by. coli UvrABC nuclease.

It is not known which conformer, S or B, is recognized as a strand 82) at the modification site. An alternative scenario is a
defect in the first step of NER. The S-exclusive AAF adduct is subtle difference of polarity and shape in the walls of the major
repaired more readily than the AF addu8t 9). However, the groove area: extrusion of the highly hydrophobic AF moiety
AF stacking in the S conformation has been shown to be in B conformer or the highly polar dG and dC at the lesion site
responsible for the thermal and thermodynamic stabilization of in S conformer (Figure 1b).

a duplex (4), which are known negative indicators for NER In conclusion, thé°F NMR/NER data presented in this study
(27). Although the modified dG of B conformer maintains lead to an understanding of how bulky DNA adducts are
Watson-Crick bonds at the lesion site (Figure 1b), it is possible accommodated by the NER protein in a conformationally
that the hydrophobic AF moiety in the major groove may create specific manner. The results represent the first of its kind
an unfavorable solvation, inducing a greater repair. Figure 3 quantitative structurefunction investigation relating fractions
shows repair results for the aforementioned sequences incisedf S conformers with increased NER efficiencies, which are
by the E. coli UvrABC excinuclease system. Control experi- the novel aspects of this study.

ments (Figure 3a) with two different sequences indicated that

the incision efficiency is not affected by the presence of fluorine. ~ Acknowledgment. We are grateful to the NIH (RO1CA-
In addition, the DNA sequence itself should have no intrinsic 098296) for their financial support for this work. This research
effect on the incision efficiency as UvrA binds to undamaged was made possible in part by the use of the RI-INBRE Research
DNA nonspecifically or in a sequence-independent mar2gr ( Core Facility supported by the NCRR/NIH (P20 RR016457).
DNA sequence at a lesion may only affect the structure of the S-M. and S.M.S. contributed equally to this work.

lesion, which is recognized and incised by the UvrABC system.
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