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ABSTRACT. A systematic spectroscopic and computational study was conducted in order to probe the
influence of base sequences on stacked (S) versus B-type (B) conformational heterogeneity induced by
the major dG adduct derived from the model carcinogen 7-fluoro-2-aminofluorene (FAF). We prepared
and characterized eight 12-mer DNA duplexes (-Azseries, d[CTTCRAG* NCCTC]; -CG*N- series,
d[CTTCTCG*NCCTC]), in which the central guanines (G*) were site-specifically modified with FAF

with varying flanking basedN = G, A, C, T). S/B heterogeneity was examined by CD, UV, and dynamic

19F NMR spectroscopy. All the modified duplexes studied followed a typical dynamic exchange between
the S and B conformers in a sequence dependent manner. Specifically, purine basesfiriking site
promoted the S conformation (& A > C > T). Simulation analysis showed that the S/B energy barriers
were in the 14-16 kcal/mol range. The correlation times= 1/k) were found to be in the millisecond

range at 20C. The van der Waals energy force field calculations indicated the importance of the stacking
interaction between the carcinogen and neighboring base pairs. Quantum mechanics calculations showed
the existence of correlations between the total interaction energies (including electrostatic and solvation
effects) and the S/B population ratios. The S/B equilibrium seems to modulate the efficidemghefichia

coli UvrABC-based nucleotide excision repair incanformation-specifienanner: i.e., greater repair
susceptibility for the S over B conformation and for the -AG*over the -CGN- series. The results
indicate a novel structurefunction relationship, which provides insights into how bulky DNA adducts

are accommodated by UvrABC proteins.

A mutation is defined as a heritable change in genome mutation at the molecular genetic level is a challenging task
sequence and may occur as a result of an imbalance betwee(8—7). Earlier efforts to simply connect the types and extent
repair and replicationl). Most mutagens and carcinogens of DNA adduct formation with mutations have largely been
are metabolizedn vivo into reactive electrophiles, which  unsuccessful. This is due in part to an oversimplified view
subsequently react with cellular DNA to produce DNA  that damaged DNA adopts a single major structure that is
adducts ). Relating adduct formation with a specific  responsible for a specific mutatios, (8). Certain adducts
derived from bulky carcinogens adopt multiple DNA con-
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Ficure 1: (@) Chemical structures of C8-substituted dG-aminofluorene adducts. AF abd{tdeoxyguanosin-8-yl)-2-aminofluorene;

AAF adduct,N-(2'-deoxyguanosin-8-yl)-2-acetylaminofluorene; FAF addd&(2'-deoxyguanosin-8-yl)-7-fluororo-2-aminofluorene. (b)

The major groove views of the central trimer segments of the B and S conformers of the AF-modified -AG*A- duplex, as an example. 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 slya conformation. (c) Sequence contexts of the -A&%and -CGN-

duplex series (G*= FAF adductN = G, A, C, T).

rene, and its derivatives produce two major C8-substituted of primers, and contribute to polymerase activity through a
dG adducts: AFand AAF in vivo (Figure 1a) 13, 14). long-range effect31).

Despite structural similarities, they exhibit unique mutation Probing the base sequence effects is complicated due to a
and repair activities and have been subjected to extensiveyglicate balance among various contributing chemical forces.
structure-activity studies {3). Translesion synthesis of AF Aromatic base stacking is the most likely factor for deter-
adducts is achieved with high fidelity polymerases, whereas mining the local sequence dependent conformational vari-
replication of AAF adducts requires specialized bypass gplity within the double helical DNA; however, the rela-
polymerases. Accurate nucleotide incorporation has beenjonship is complex32). Intrinsic base stacking (the neat,
shown to be feasible, albeit slow, opposite the AF lesion in gjirect base-base forces) is a relatively simple interaction
the active site of a DNA polymeraseBacillus fragment,  gominated by common van der Waals terms modulated by
but not opposite the rigid AAF adduct which blocks gjecirostatics and steric factor33]. Nucleobases possess
nucleotide incorporationl@). In a similar study involving  ginolar electrostatic distribution and thus prefer large van
T7 DNA polymerase, unlike the AAF adduct, low electron e \waals overlaps between coplanar aromatic rings. The
density was observed around the AF moiety in the poly- nagyre of intercalaterbase stacking is very similar to base
merase active site, suggesting conformational flexibility even 55 stacking3d). However, capturing selectively the role

in the solid state 16). Solution structures of theN- 4t pNA stacking is very difficult since the stacking associa-
deacetylated AF adduct have been studied extensively withijon arises not just from the intrinsic base stacking energy
various DNA sequence contex7/-31). The AF in fully  termg put from their complex interplay with many other

paired DNA duplexes is in sequence dependent equilibrium ¢5,cag including solvation effects3%, 36). The overall

between the external B-type (B) and stacked (S) conforma-pajance of forces varies with environment changes and
tions, as defined by its location (major groove and base- ,y cleic acid structure3(, 38).

displaced, respectively) or the glycosidy) configurations

(anti- and syn-, respectively) of the modified dG (Figure 1b). . . .
A minor groove binding wedged (W) conformer has also pathW?y for removal (.)f a wide variety of bulky lesions,
been observed in duplexes in which the lesion is mismatchedmherw'se’ mutagenesis occu@d{41). Sequence depen-

with purine bases2B, 24, 30). The dynamics of the AF- dence of the efficiencies of DNA repair and replicatioay
induced B/S/W hetéroéeneity have been shown to be account forthe presence of mutational “hot spots”, such as

Escherichia coli Narexonuclease sequencé-(BG;G,-

modulated by both the base sequence contexts and the length'€ ; , 122

y a g GsC-3) (11). Extensive efforts have been directed toward

. o . — . . understanding the detailed molecular mechanisms by which
Abbreviations: NER, nucleotide excision repair; AF, aminofluorene

adduct (\-[deoxyguanosin-8-yl]-2-aminofiuorene); B conformer, Btype  PUlKy adducts are recognized in both bacterial and mam-
external groove-bound conformer; CD, circular dichroism; DFT, density malian NER systems. Although the human NER proteins
functional theory; FAF, fluoroaminofluorene adduit[deoxyguanosin- show no homology to the prokaryotic proteins, the overall

8-yl]-7-fluoro-2-aminofluorene)!*F NMR, 1F nuclear magnetic reso- ; . . ; P i
nance spectroscopy: OM, quantum mechanics: LC-TOF-MS, liquid strategy is the same: recognition, helix unwinding, incision,

chromatography time-of-flight mass spectrometry; S conformer, stacked @nd patch41). The hallmark of NER is its ability to repair
base-displaced conformer; VDW, van der Waals. a wide variety of lesions. IE. coliNER, the DNA damage

Nucleotide excision repair (NER) is the major cellular
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recognition has been shown to be modulated by the adduct29). Briefly, unmodified oligodeoxynucleotides were treated
size and structure, as well as the neighboring base sequencesvith N-acetoxyN-(trifluoroacetyl)-7-fluoro-2-aminofluorene
This has led to several intriguing recognition hypotheses suchin a pH 6.0 sodium citrate buffer and placed in a shaker for
as “multipartite” and “indirect read” models42, 43). 18—24 h at 37°C (Supporting Information (SI) Figure S1).
Similarly dramatic sequence effects have also been observedypical HPLC profiles and their on-line UV spectra are
on mutational outcomes in both bacterial and mammalian shown for the -CGG- sequence (Supporting Information
cells @4). These results clearly reinforce the importance of Figures S2, S3). The early eluting peak at 19.5 min is that
understanding flanking sequence effects and the delicateof an unreacted oligodeoxynucleotide. Two late eluting ones
balance between repair and mutation. The inherent sequenceat 32.8 and 36.7 min exhibited shoulder absorptions in the
dependence of the AF-induced S/B/W heterogeneity could 300—-350 nm range, which are characteristic for modification
be a key driving force to various repair and mutational at the C8 of dG. Purification of the modified oligodeoxy-

outcomes. nucleotides up te-97% purity was accomplished by repeated
In the present study, we have prepared a series of 12-meiinjections onto reverse phase HPLC (S| Figure S2). The
DNA duplexes in which the fluorine probe’-fluoro-2- HPLC system consisted of a Hitachi EZChrom Elite unit

aminofluorine (FAF) (Figure 1) is site-specifically incorpo- With a L2450 diode array as a detector and employed a
rated at the central guanines and the immediate flanking baseyVaters XTerra MS C18 column (10 50 mm, 2.5um) with

are varied systemically. The utility of FAF as a useful a 60 min gradient system involving 3 to 15% acetonitrile in
fluorine structure probe has been well documengsi-31). pH 7.0 ammonium acetate buffer (0.10 M) with a flow rate
Incorporation of a fluorine atom at the remote C7 position 0f 2.0 mL/min. A typical yield for modification was in the

of AF has been shown to maintain similar carcinogenicity range of 26-50% depending on sequences.

in various rat tissues including the live8)( The profiles of Enzyme Digestion/HPLO.he FAF-modified 12-mer oli-
DNA adduct formation and optical behavior of AF and FAF gonucleotides were determined to be C8-substituted guanine
are also similar. The S/B conformational heterogeneities of adducts by a standard sequential enzyme digestion procedure
these modified duplexes were examined by CD and UV to 2-deoxynucleosides and cochromatography with the
melting curve experiments, as well as dynarfie NMR standard FAF adduct\-[deoxyguanosin-8-yl]-7-fluoro-2-
spectroscopy. The van der Waals (VDW) energy and aminofluorene Z8). Each sample~1 OD) was dissolved
quantum mechanics (QM) calculations were carried out in in 3 mL of Bis-Tris- EDTA (pH 7.0) buffer and 0.5 mg of
order to gain theoretical insight into the observed sequenceDNase and incubated at 3€ with shaking for 3-4 h. Snake
effects on S/B heterogeneities. We also measured the NERvenom phosphodiesterase | (140 ~0.05 unit) and alkaline
activities of the modified sequences in tBecoli UvrABC phosphatase~2.5 unit) were then added, and the incubation
system, and the results were examined in terms of the S/Bwas continued for +2 days. The sample was loaded on a
population ratios obtained from the dynariie NMR data. Millipore Centricon YM-3 centrifugal filter (Yellow, MW

Our results showed that both the basarcinogen stacking  cutoff = 3000) and centrifuged, and the filtrate was extracted
interaction and solvation play a critical role in the sequence three times with HO-saturated 1-butanol. The butanol
effect on the AF heterogeneity. TR% NMR/NER correla- fractions were combined, back-washed with water, and then
tions suggested that the S conformer is more susceptible toevaporated to dryness using a SpeedVac (Thermo Savant).
repair than the B conformer, and that excision efficiency is The sample was dissolved in methanol and subjected to
preferred for those with dC over dA on the-dide of the  reverse phase HPLC. Supporting Information Figure S3
lesion. Taken together, the results provide novel insights into shows a typical HPLC chromatogram (-CG*G- sequence)
how bulky carcinogerDNA adducts are accommodated by of the resulting digests and the HPLC conditions.

NER proteins in a conformationally specific manner. A Sequence Analyses by Enzyme Digest/LC-TOFWS.
preliminary account of the present work has been com- FAF-modified oligonucleotides were sequenced using a

municated 45). Waters ESI-time-of-flight-mass spectrometer (LC-TOF-MS)
in the negative ion mode based on the exonucleds® (3
EXPERIMENTAL PROCEDURES 5'-3') strategies described previousBg. Briefly, 5—10ug

. - of FAF-modified oligodeoxynucleotides was combined with
CAUTION! 2-Aminofluorene deriatives are mutagens .o 01 unit of a 35- or a 3-3-exonucleasenia 1 mM

and suspected human carcinogens and must be handled Wm%olution of MgCh and incubated for different times up to 2

caution. o . h. Enzyme digests were separated online using a 10 min
Crude oligodeoxynucleotides in +A5 umol scales in  water/acetonitrile gradient. The aqueous phase was 5 mM
desalted form were obtained from Sigma-Genosys (The jn hoth ammonium acetate and dimethylbutylamine (pH 5.6),
Woodlands, TX). All HPLC solvents were purchased from and the acetonitrile was made 0.1% in formic acid. The spray
Fisher Inc. (Pittsburgh, PA). voltage was 3.4 kV. lllustrative assignment details are given
Synthesis and Purification of FAF-Modified Oligodeoxy- in Supporting Information Figures S4&7 for the FAF-
nucleotidesWe prepared two sets of 12-mer oligonucleotides modified -CG*G- and -CGG*- sequences. The molecular ion

(namely, -AG™N- series, d[CTTCAG*NCCTC]; -CG*N- results of all the eight FAF-modified sequences used in the
series, d[CTTCTG*NCCTC]), in which the FAF-modified present study are summarized in S| Table S1.

guanines (G*) are flanked by four natural basis< G, A, UV-Melting ExperimentdJV-melting data were obtained
C, T] (Figure 1c). Additional FAF adduction occurred when  ysing a Beckman DU 800 UV/vis spectrophotometer equipped
N was G as in the -AGG*- and -CGG*- sequences. with a 6-chamber, 1 cm path lengih, cell, and a Peltier

Preparation of FAF-modified oligodeoxynucleotides was temperature controller, according to the procedure described
conducted using the procedures described previoy (  previously @9). Duplex solutions (0.214 uM) were pre-
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pared in a pH 7.0 buffer containing 0.2 M NaCl, 10 mM 60 °C including at coalescence and into the fast exchange
sodium phosphate, and 0.2 mM EDTA. Thermodynamic region. The samples were then cooled back to the slow
parameters were calculated using the program MELTWIN exchange limit to ensure that no irreversible process have

version 3.5.
Circular Dichroism (CD) SpectraCD measurements were

occurred at the higher temperaturd$)(
Modeling. The NMR structures of the S- and B-conform-

conducted on a Jasco J-810 spectropolarimeter equipped witheric AF-modified 11-mer duplexed 9, 20) were adjusted

a variable Peltier temperature controll@9). Typically, 2

to that of the target 12-mer sequence (Figure 1c). The

ODS of each strand was annealed with an equimolar amounthydrogen atom on C7 of AF was replaced with a fluorine

of a complementary sequence in 400 of a neutral buffer

containing 0.2 M NaCl, 10 mM sodium phosphate, 0.2 mM

EDTA. Spectra were acquired ugia 1 mmpath length cell.
NMR ExperimentsApproximately 56-80 ODS of pure

atom (Supporting Information Figure S11). The additional
base pair was added with Insight Il (Accelrys Software, Inc.),
using classic B-DNA conformation as a guide. Partial charges
in S conformer were obtained with Gaussian 03 (Gaussian,

modified oligonucleotides were annealed with an equivalent |nc.) (47). Force field parameters for FAF-dG were obtained
amount of complementary sequences to produce the correpy finding the closest analogies in the parm8s)(and
sponding fully paired 12-mer duplexes. The duplex samples GAFF (49) force fields, and full details are given in
were centrifugated using a Pall Microsep MF centrifugal Supporting Information Table S5. HF calculations with the
device (Yellow, MW cutoff = 1000). The centrifuged 6-31G* basis set were used to calculate the electrostatic
samples were dissolved in 3@ of a neutral buffer (10%  potential using Gaussian 030), and the restrained elec-
D,0/90% HO containing 100 mM NacCl, 10 mM sodium  trostatic potential (RESP) fitting algorithm was employed
phosphate, and 106M tetrasodium EDTA, pH 7.0) and  to fit the charge to each atom centd7). Full details of
filtered into in a Shigemi tube through a Q& membrane  RESP results are given in Supporting Information Tables
filter. S6 and S7. Molecular dynamics (MD) simulations were
All 'H and**F NMR results were recorded ugim 5 mm  carried out with AMBER 8.0, employing the modified
19F/'H dual probe on a Bruker DPX400 Avance spectrometer Cornell et al. force field parm99 versiob1).
operating at 400.0 and 376.5 MHz, respectively. Imino proton /a3 der Waals (VDW) Energy Analysi§ ns MD
spectra were obtained using phase sensitive jgreurn - gimylation was carried out for each system. The MD
sequences at & and referenced relative to DSS (SI Figure sty ctures stabilized after 2 ns with the & ns time frame
S8). *F NMR spectra were acquired in thel-decoupled  ysed for analysis. The unstacked complementary dC of the
mode and referenced to CRQly assigning external & 5 conformer displaced into the major groove was excluded
in C¢Ds at —164.90 ppm. Long-term acquisition witii- from the calculation, similar to the FAF moiety in the major
coupling did not improve signal-to-noise ratios. One- groove of the B conformer. The VDW stacking interactions
dimensionalF NMR spectra were measured betweéiC5  \yere computed with the program ANAL of AMBER 8. The
and 60°C with increments of 5 and 10C. Additional ~  stacking interaction energies between G-FAF and its adjacent
temperatures were used as needed to clarify signal exchang§yatson-Crick base pairs were evaluated for both S and B
process (see figure legends). Temperatures were maintainedonformers. A total of 3000 snapshots were utilized. MOIL-
by a BRUKER-VT unit using liquid N Spectra were  yjew was used to do a cluster analysis of the52ns
obtained by collecting 65,536 points using a 37,664 Hz rajectory to identify the most representative structubs, (
sweep width and a recycle delay of 1.0 s. A total of 1600 representing the lowest average root-mean-square deviations
scans were acquired for each dynamic NMR spectrum. High (ymsd) to all of the others in the cluster. The average values

quality spectra at 26C were obtained in separate acquisitions 4 standard deviations are given in Supporting Information
using 4000 scans (Supporting Information Figure S9). All Taples S3 and S4.

FIDs were processed by zero-filling, exponential multiplica-
tion using a 20 Hz line broadening factor and Fourier Quantum Mechanics (QM) Calculations
transformation. The S/B population ratios were obtained by
area integration of the base-line corrected spectra (Bruker, GeometriesQM calculations were carried out based on
Billerica, MA). NOESY/exchangé® NMR spectra were  MD structures. The G*:C modified pair and its two flanking
obtained in the phase-sensitive mode using the following base pairs were dissected for QM calculations, and all
parameters: sweep width 4529 Hz, number of complex datanhucleobases were terminated by hydrogen atoms at the
points int, 1024, number of complex FIDs ta 256, number  glycosidic positions (Figure 2). Each “AMBER” nucleobase
of scans 96, dummy scans 16, recycle delays 1.0 s, anddeometry was replaced (overlay via rms fit using heavy
mixing time 400 ms. The data were apodized with sine atoms) with an in vacuo QM-optimized planar monomer.
function using 2 Hz line broadening in both dimensions and Then, an additional constrained gradient optimization was
Fourier transformed with the 1024 256 data matrix. carried out for the hydrogen-bonded base pairs (each pair
Complete Line Shape Analysi€omplete line-shape separately) with the positions of the heavy atoms frozen and
analysis was carried out using the simulation program the hydrogen atoms relaxed. Optimizations were carried out
WINDNMR-Pro (version 7.1.6,). Chem. EducSoftware  in Gaussian 0350) using B3LYP £3) density functional
Series; Reich, H. J., University of Wisconsin, Madison, WI). and 6-311G(d,p) basis set.

Examples of simulation are shown in Supporting Information
Figure S10 for the -AGN- duplex series. The values of

Interaction Energy Calculation$nteraction energy\EAB
of a dimer (the individual base pair stack or pair) A-B is the

frequencies and the S/B-population ratios were determineddifference between the electronic energy of the diit

at the slow exchange limit (8C). Subsequently, several

and the electronic energies of the infinitely separated

spectra were recorded at various temperatures between 5 anchonomers, i.e. AEAB = EAB — EA — EB (33, 36).
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A T radioactivity. At least three independent experiments were

ﬁwq o performed for determination of the rates of incision.
ﬂj ) RESULTS
G-W =} Circular Dichroism

o s Circular dichroism (CD) results show sequence-dependent

ﬁ f’:’ differences in the S/B population ratios. Figures 3a and 3b
c G

show overlays of CD spectra of the FAF-modified -AG*
and -CG™N- duplex series, respectively. The profiles of FAF-
FiGURE 2: A model for quantum mechanic calculations of the S induced ellipticities in the 296360 nm range (ICEo-3s0nm)
conformer -AG*C- duplex. G*-FAF, FAF-modified G; C*, comple- ~ were uniquely sequence dependent, similar to those observed
mentary C opposite the lesion. for the non-fluoro AF duplexes reported previousBo)
) ) ) Table 1 summarizes the CD patterns in terms of the €D
The total interaction energy for a given conformer and ygjues, which have been defined as the ratio of the negative
sequence was calculated as a sum of dimer interactiongyer the positive areas between 250 and 360 2@ (The
energies considering all pairs of interacting monomers. Thus, results indicated that all the FAF duplexes adopted global
the total interaction energy of the -AG*C- sequence in its B.DNA conformations. However, they differed in the extent
S-conformeAE(S) (Figure 2) was obtained as a sum of nine of the carcinogen-induced ellipticity between 290 and
interactions: A-T, A-G*[FAF], T-G*[FAF], T-C*, G*[FAF]- 360 nm: i.e, the greater the CD. values, the greater the
C*, G*[FAF]-C, G*[FAF]-G, C*-G, and C-G (C* stands for  population of B-type conformer3Q). In particular, the
C opposite the adduct). The in vacuo (intrinsic) interaction sequences with a thymine base®the lesion exhibited the
energies were calculated using the DHY method with  |3rgest negative induced shifts, 0.85 and 0.39, for -AG*T-
empirical dispersion energy correctios4f with TPSS and -CG*T- duplexes, respectively. These CD results were
exchange-correlation functionab), 6-31H+G(3df,3pd) iy accordance with th&#F NMR and van der Waals energy
basis set and the B-0.96-27 dispersion parameters usinqypw) data (see below). The general similarity of the CD
TurboMole 5.7 coded6). The gas phase interaction energy patterns between the FAF and AF duplexes indicated that
calculations were followed by evaluation of the solvation the replacement of the remote C7 hydrogen with fluorine
energy of the whole model (three base pairs) with continuum giq not change the overall adduct conformation. Thus, FAF
solvation calculation (C-PCM method with the B3LYP/6- a5 an excellent probe for conformational analysis of AF
31G* solute description) using the Gaussian 03 prog&n ( py 19 spectroscopy.
Interactions in the corresponding B structurkE(B), were
determined in the same way, and the interaction energy UV-Thermomelting Data
difference between S and B conformers was calculated as ) ) ) )
AAE(S—-B) = AE(S) — AE(B). We present only the As in the CD experiments, the thermodynamic profiles
differencesAAE(S—B) while all dimer interaction terms and ~ (Table 1) of the FAF-modified duplexes were found to be
solvation energies are given in S| Table S8. The main sourcesSimilar to those of the AF-analogues. The effects of the FAF
of possible errors in the QM calculations are the approxima- !€sions on the thermal\Tr)) and thermodynamic{AAG®
tions of the solvation model. However, these errors for S @nd —AAH®) stabilities were clearly sensitive to the im-
and B conformers should largely cancel out to give reason- Mediate flanking base sequencés)( An excellent correla-
able S-B differences, provided the MD simulations are tion (R* = 0.90) (not shown) betweer-AG® and Tn

sufficiently representative. indicated that the modified duplexes followed an adduct-
induced destabilization of the DNA secondary structure at
Nucleotide Excision Repair Assays or near the adduct site due to the loss of base stacking and
base pairing at or near the lesion site. As expected, the duplex
NER assays were conducted using thecoli UvrABC stability was typically sensitive to the nature and the polarity

nuclease system. DNA duplex substrates were constructechf base pairs neighboring the lesion si8,(62). Therefore,

by ligating an AF- or FAF-12-mer (CTTCTAG*NCCTC),  theT, and—AG" values of duplexes with d3lanking G:C
with a flanking 20-mer (GACTACGTACTGTTACGGCT)  base pair were consistently higher than those with an A:T

and a 19-mer (GCAATCAGGCCAGATCTGC) oligonucle-  pair (.e., -AG*A-, -AG*T-, -CG*A-, and -CG*T-). Conse-
otide on the 5and 3 sides, respectively5f—59). The 20-  quently, the -CGN- duplexes exhibited consistently greater
mer was 5terminally labeled with®?P. The 5-terminally Tm and —AG° stabilities than the -AGN- series (Table 1).
labeled DNA substrates (2 nM) were incised by UVrABC These results indicated the importance of the total number
(UvrA, 15 nM, UvrB, 250 nM, and UvrC, 100 nM) in the  of hydrogen bonds available at the flanking region for duplex
UvrABC buffer (50 mM Tris-HCI, pH 7.5, 50 mM KCI,  stabilization. In the case of the AF analogues, we reported a
10 mM MgChk, 5 mM DTT, 1 mM ATP) at 37Cinatime-  general inverse trendRf = 0.675-0.826) betweerT,/—
course dependent mann&oj. AG® and % B conformer and suggested the importance of
Quantitative data of radioactivity were obtained using Fuji the carcinogen stacking interaction in the enhanced stability
FLA-5000 Image Scanner. The amount of DNA incised (in of the S conformerZ9). No such correlations were observed
pmol) by UvrABC was calculated based on the total molar for the FAF-modified duplexes in the present study. The
amount of DNA used in each reaction and the percentage ofreason for this discrepancy is not clear and could be complex.
radioactivity in the incision products as compared to the total It seems that a major contributing factor is the aforemen-
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Table 1: Effects of FAF-modification on the Thermal and Thermodynamic Stability of DNA Duplexes

—AGP —AHP Tm® AAGY AAH® ATy CD_;49
sequence (kcal/mol) (kcal/mol) (°C) (kcal/mol) (kcal/mol) (°C) (nm)
-AG*G- 9.8 (12.7) 75.8 (101.0) 51.0 (56.2) 2.9 25.2 5.2 0.20
:/Txg**CA- 8.2 (11.1) 63.5 (87.8) 45.6 (54.2) 2.9 24.3 -8.6 0.36
I\CC:;JC 9.1 (11.0) 63.4 (74.4) 50.4 (56.6) 1.9 11.0 -6.2 0.39
:;(C:;*GT_- 8.4 (10.2) 68.6 (76.8) 45.6 (52.8) 1.8 8.2 -7.2 0.85
:gc:;fé- 10.2 (13.5) 73.8(87.8) 54.1 (63.5) 3.3 14.0 -9.4 0.11
:gg*%- 9.4 (11.7) 75.2 (77.7) 49.2 (59.8) 2.3 2.6 —10.6 0.08
SSE 10.0 (12.7) 67.2 (74.2) 54.5 (64.4) 2.7 7.0 -9.9 0.06
ZE(E*E: 9.3 (11.7) 72.3 (76.0) 49.9 (59.6) 2.4 3.7 -9.7 0.39

aThe central trimer portion of the 12-mer duplex (&* FAF adduct, see Figure 19.The results of curve fit and-InC; dependence were
within +15% of each other, and therefore these numbers are averages of the two methods. The average standard devia@nafét, -and
Tm are+0.22,+6.33, and+0.4, respectively. The values in parentheses are for the unmodified control dupléxe&lues at 14(M taken from

the 1My, — InC/4 Meltwin plots .9 AAG = AG® (FAF-modified duplex)—
(control duplex).f AT,
region Q9) (see Figure 3).

AG° (control duplex).e AAH = AH° (FAF-modified duplex)— AH®

Tm (FAF-modified duplex)— Tm (control duplex).9 Ratio of the negative over the positive areas in the-250 nm

tioned flanking sequence effect, not the AF/FAF swap, which
has been demonstrated to be conformationally compatible
at various sequence contex8.(

19F NMR Spectroscopy

Signal Assignment3he S/B'°F signal assignments were
made using the general strategy described previo@gy (
30, 31). Figure 4 shows dynamit® NMR spectra of the
-AG*N- and -CG™N- duplexes recorded in thel15 to—121
ppm range between 5 and 8C. All eight FAF-modified
duplexes exhibited two major well-resolvé®¥ signals at
or below 20°C, which represented uniqd# environments,
namely, the S and B conformation (see below). S/B
heterogeneity was evidenced by the varying intensities of
the imino proton signals in théd NMR spectra (Supporting
Information Figure S8). The low intensity imino proton
signals at 16-12 ppm usually represent those of the modified

conformers (S and B) originated from the same chemical
structure 28). Similar NOESY profiles were observed for
all the duplexes studied in the present study.

Specific S/B signal assignments were made based on ring
current and H/D isotope effect@g 31). The S conformer
was more susceptible to a ring current effect, which enabled
the base-displaced FAF to be better shielded than the B
conformer. The rationale for the H/D effect was that e
resonance of the exposed FAF residnaiB conformer is
more susceptible to solvent-induced shielding (usually
>0.2 ppm) than the buried FAF in an S conformer (usually
<0.1 ppm) upon increasing the deuterium content from 10%
to 100% 63). The H/D isotope effects were measured at 20
and 60°C for all the duplexes studied, and the results are
summarized in Supporting Information Table S2. In all cases,
the downfield B conformer signals exhibited consistently
greater H/D shielding effects (0.1£8.22 ppm) than the

dG at the lesion site and the nearby base pairs. The slowupfield S conformer signals (0.6D.06 ppm) at 20°C.

interconversion of the two conformers in each duplex was
confirmed by temperature dependent NOESY/exchange

Sequence-Dependent S/B Heterogen8ig.heterogeneity
was markedly sequence-dependent, especially on the 3

spectroscopy. For example, Figures 5a and 5b show theflanking bases. Supporting Information Figure S5 compares

NOESY/exchange spectra of the -AG*T- duplex taken at 5
and 20°C, respectively. Strong temperature dependence of
the off-diagonal cross-peaks implied a transfer of magnetiza-
tion from one peak to another, indicating that the two

the 1% NMR spectra of the -AGN- and -CG™N- duplex
series acquired at 28C in a stacked format. Specifically,
the population of S conformer for the -AGE series
decreased in order of-8IG (68%)> dA (61%)> dC (40%)
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Ficure 4. Dynamic'®F NMR spectra {115 to—121 ppm) of the -AGN- and -CG™N- duplexes (G*= FAF adductN = G, A, C, T).
Spectra of all sequences were obtained at seven standard temperatures (labeled as 5, 10, 20, 30, 40,°8)), Adldi&iOnal temperatures
were recorded for -AG*G (25, 35, 45, 4T), -AG*A- (35, 43°C), -AG*C- (37°C), -AG*T- (15, 25, 33, 35C), -CG*G- (45°C), -CG*A-

(25, 35°C), -CG*C- (45), and -CG*T- (35C).
(b) Thermodynamics of the FAF-Modified Duplex Syst&m.

s overall thermodynamic picture of the FAF-modified duplex
JL N V,JL_.AS system can be characterized by two different equilibriums:
first, the equilibrium between the S and B conformers in
0 0 ] the duplex, and second, a melting equilibrium between the
duplex and single strands. Dynamif& NMR data (Figure
4) provided valuable kinetic and thermodynamic information

o on both equilibria (Table 3, see below). Description of the
@ thermodynamic diagram and assumptions undertaken in the
present study are given in Supporting Information Figure
PPM PPM S12. The dynamic NMR results showed that the S signal

Ficure 5: Temperature dependetff NMR NOESY spectra of incr_e_ased with increasing temperatures.’ MH(.S_B) was
the -AG*T- duplex recorded in 10% 2/90% HO pH 7.0 buffer posmvg. The S conformer was enthalpically disfavored, .but
at (a) 5°C and (b) 20°C. B = B-type conformer; S= stacked entropically favored with respect to the B conformer. Using
conformer (see Figure 1). Off diagonal cross-peaks are shown inthe van't Hoff equation, the values afAH(S—B) were
the dotted circles. estimated to be about kcal/mol, which depended on the
> dT (36%). A similar trend was obtained for the -OG* sequence contexts. These values may be inaccurate since the
series, 3dG (66%)> dA (56%)~ dC (53%)> dT (37%). temperature dependepce qf the S signal was obscured by an
Sequence-DependelfE NMR Chemical ShiftsThe 19F unknown heat capacity difference between the S and B
signals for the B conformer in both the -AG* and -CGN- conformers, and melting of the duplex at higher temperatures.
series appeared at less than 0.13 ppm (Supporting Informa- Dynamic ' NMR Spectra.All eight FAF duplexes
tion Figure S9 and Sl Table S2). This was in contrast to the exhibited a typical two-site chemical exchange behavior
S conformer signals in the same contexts, which exhibited (Figure 4). The S/B°F signals were in slow exchange at or
significant deshielding (0-:30.7 ppm) going from 3T to A below 5°C, but upon raising the temperature they broadened
or G. The results clearly indicated the sensitivity of the S and moved closer together, and eventually coalesced between
conformer'®F chemical shifts to the nature of thefBanking 40 and 55°C. Sharp signals at 68C were due to the fast
base. The stacking efficiencies between the carcinogen andotating modified G* FAF residues of denaturing duplexes
the 3-flanking base play an important role (see below). The (see below), and substantial H/D isotope effects (6.16
largest chemical shift difference between the two signals was0.20 ppm) were observed (Sl Table S2). The B conformer
observed for the -AG*T- duplex. signals of certain duplexes (i.e., -AG*C-, -AG*T-, and

-117 118 -119 -117 118 -119
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Table 2: Dynamic NMR and Thermodynamic Parameters for the
FAF-modified 12-mer Duplexes

K3rc  T3cC ke AG°3pc AG*so"c
sequenck % B® % S (sY)° (msy (s He (cal/moly (kcal/moly
-AG*G- 32 68 200 5 1214 —438 14.6
-T CC-

-AG*A- 39 61 191 52 1202 —94 14.6
-TCT-
-AG*C- 60 40 263 3.8 1240 388 15.4
-TC G-
-AG*T- 64 36 200 5.0 1715 334 14.6
-TCA-
-CG*G- 36 64 435 2.3 1097 —419 14.1
-GC C-
-CG*A- 44 56 450 2.2 739 —140 14.1
-GC T-
-CG*C- a7 53 200 5.0 1377 -—70 14.6
-GC G-
-CG*T- 63 37 446 2.2 1321 309 14.1
-GC A-

aThe trimer core sequence of the FAF-modified 12-mer duplexes
used in this study. See Figure 1c for full sequence contexts=G*
FAF adduct? % population of B and S conformers by integration of
1%F NMR signals at 20C (SD= +3%). ¢ Rate constant. (SB- 25%.)

Meneni et al.

obtained from the Eyring equatiohG*c = 4.587¢(10.32

+ log Te/ke) cal/mol, at 3C°C was found to be 1415 kcal/
mol. The energy differenceAG° = —RT In K¢y of the
two conformers were relatively smalk600 cal/mol). The
coalescence temperaturg) is defined as the temperature
at which the two signals are merged into a single, flat-topped
peak @6). Determination of exaclc values for each duplex
was difficult since sufficient numbers of dynamic spectra
were not obtained. A close inspection of emerging signals,
however, indicated th&i: decreased in the order of -CG*C-

> -CG*G- > -AG*G-, -CG*A- > -AG*A-, -AG*C-,
-AG*T-, -CG*T-. These results were consistent with thg
trend (Table 1) and appeared to be in line with the number
of Watson-Crick hydrogen bonds surrounding the lesion
site, i.e., the -CG*C- and -CG*G- sequences have three
hydrogen bonds on both sides of the lesion (Table 1). The
exchange rate constants & (kc = 2.22Av, Av = the
separation in frequency in Hz between the two conformer
signals at 5°C, when dynamic exchange is minimal) were
determined to be in the range of 738715 s!. The
correlation times € = 1/k) of the modified duplexes were

The data were obtained by complete line shape analysis of temperaturfound to be in the narrow range of 2:8.2 ms at 20C and

dependent®F NMR results using the WINDNMR-Pro (see Experi-
mental Proceduresy.Exchange time (k) indicates the amount of time

the adduct spends in one conformation before jumping into another
conformation.® Rate constants at a coalescence temperature, a lower

limit on the exchange rate between the two conformiers= 2.22Av

(the chemical shift difference between the two signals in Hz at slow
exchange, i.e., at 8C).fThe energy difference between the two
conformers:AG® = —RTIn K [Keq= S/B]. ¢ The S/B interconversion
energy barrier @ 30C obtained from Eyring equatiod§): AG'c =
4.58T¢ (10.32+ log Tc/ke) cal/mol. SD+ 0.2 kcal/mol.

-CG*T-) were split between 20 and 3@, suggesting the
existence of additional B-like conformer intermediates (B*).
A similar observation was made in the primer-template
sequence context81).

signify the amount of time the lesion spends in one
conformation before changing to another conformation.

Quantum Mechanics (QM) Calculations

Full computational evaluation of the free energy changes
is unfeasible, due to major methodological uncertainties, even
when resorting to the force field descriptioB6( 38). In
addition, the variationfo% S conformer corresponded to a
few tenths of a kcal/mol of the free energy change between
S and B (Table 2). Therefore, instead of evaluatingAlz
directly we focused on some of the key contributions to the
free energies, with the aim to obtain theoretical insight into
the forces governing the S/B equilibrium. Fairly accurate

It should be noted that for all sequences the intensity of quantum mechanical calculations can be performed to

the downfield fluorine signal initially decreased with increas-

evaluate interaction (base stacking and base pairing) and

ing temperatures and then increased again. A key toSolvation energies, which can be correlated with the interac-

understanding this behavior is to realize that the downfield
signal belonging to thé%F exposed to solvent is a sum of

tion enthalpy or other measurable quantities.
The NMR S/B Ratios and QM Calculatiorfsirst, we

the signals coming from the B conformer and denatured determined whether theAH(S—B) calculated using the QM

modified single strands. This is depicted in Figure 6, which
captures the S/BXs, red curve) and melting equilibria

(melting curve, black line) for the -AG*G- duplex as modeled
by the van't Hoff equation. The diagram is only an
illustration of principle, and the thermodynamic character-

methods correlates with the S/B ratio (more precisely, with
In(S/B)) from the NMR experiment. The S/B ratio was
determined by the free energy difference between S and B.
The underlying assumption fatAH(S—B) to correlate with

the S/B ratio is that the entropy change between S and B is

istics used to generate it are approximate and were chosersimilar for all four sequences in a series. If this were the

to resemble the steepness of #agcurve at low temperatures
(e. g.,AAH(S—B) ~5 kcal/mol); the real behavior if’F
NMR (Figure 4) is somewhat obscured by nonideal DNA

case, theAAG(S—B) trend would be given primarily by the
enthalpy changAAH(S—B). More details about the model
are given in Supporting Information Figure S12. The results

melting etc. The blue and orange curves represent signalsof our QM calculations and the enthalpy difference between

of 1°F exposed to solventXg) and shielded Xs) by the

S and B are summarized in Table 3. The correlation

flanking base pairs, respectively. At low temperatures, the coefficients R?) of the calculated interaction energy differ-

ratio of the two signals corresponded primarily to the S/B

ences with In(S/B) were 0.86 and 0.44 for the -AG*and

equilibrium, whereas at high temperatures it represented-CG*N- series, respectively. With inclusion of the continuum

exclusively the melting process.

solvent correctionR? were 0.63 and 0.57 for the -AGE

We conducted |ineshape ana|ysis by assuming two-site and -CGN- SerieS, reSpeCtively. ThUS, the S/B ratio is Only

exchange for all the dynami®F NMR spectra (Figure 4,
see Supporting Information Figure S1@pJ. The resulting

marginally correlated with the base interaction energies.
Thein vacuointeraction energy los\AE;(S—B)) of B

kinetic and thermodynamic parameters are summarized into S conversion was clearly due to the loss of hydrogen

Table 2. The S/B interconversion energy barriessst)

bonding at the lesion site, which ranged between 17.6 and



Nucleotide Excision Repair Biochemistry, Vol. 46, No. 40, 200711271

Table 3: Calculated Quantum Mechanics (QM) Stabilization Energies (kcal/mol) of the FAF-Modified DNA Duplexes

AAE(S-B)°

DFT disp AAE(S-BY'
sequence AAEin(S—B)P only only AAEsq? AAE(S—B)® weighted
-AG*G- 17.6 17.8 —-0.2 -9.3 8.3 5.6
-TCC-
-AG*A- 21.9 18.0 3.9 —13.8 8.1 4.9
-TCT-
-AG*C- 24.0 22.6 1.4 —15.0 8.9 3.6
-TC G-
-AG*T- 25.2 20.2 5.1 —14.2 111 4.0
-TC A-
-CG*G- 19.4 20.8 —-1.4 —-17.2 2.2 1.4
-GC G
-CG*A- 24.7 24.4 0.3 —254 —0.6 —-0.4
-GC T-
-CG*C- 23.3 23.7 —-0.4 —18.2 51 2.7
-GC G-
-CG*T- 24.2 24.1 0.1 —-16.7 7.5 2.8
-GC A

aThe trimer core sequence of the FAF-modified 12-mer duplexes used in this study. See Figure 1c for full sequence cortdxAd: &dduct.
bDifference between stabilization energies of S and B conformers calculated by TPSS/6-G(adf,3pd)/B-0.96-27 DFT + dispersion method.
°DFT and empirical dispersion components of the total interaction energy difference form the previous édliffarence between solvation
energies of S and B conformers {SB), calculated with COSMO/B3LYP/6-31G*, electrostatic contribution oAMyAE(S—B) = AAE(S—B) +
AAEsq,. TAAE(S—B) corrected for the expected population of the S structure at the melting temperature; to be comparetityitee text.

1.00 4 . ing to hydration of the guanine and cytosine Wats@mick
X / edges exposed to solvent in the S conformation (see Table
0.80 - s 3, column 5, and the sum of the energy differences and
hydration corrections in column 6). For instance, in the case
0604 of -CG*T- sequence (last line) the dispersion contribution
X to S destabilizationn vacuois only 0.1 out of 24.2 kcal/
. mol. Then, the difference in hydration energies of S and B
0407 T is —16.7 kcal/mol in favor of S, and the resulting S energy
Fexposed =~ % F-shielded destabilization thus falls to 7.5 kcal/mol only. The final
0.20 - energy destabilization still originates in the lost hydrogen
bonding, but is much smaller than vacua
0.00 f . i . Sequence Dependence of the Melting Enthalpy Differences.
0 10 50 60 70 Next, we estimated the difference between the melting

Temperature [°C] enthalpy of the modified and unmodified duplexes and

FiGURe 6: An illustration of temperature dependence of the s/8 compared them with van't Hoff thermodynamic results. The
(Xs, orange) and melting (melting curve, black) equilibria for the Melting enthalpy was not calculated directly because our
-AG*G- duplex modeled by van't Hoff equation. The F-shielded calculations were hampered by our inability to estimate the
(yellow) signal represents S conformers. The F-exposed (blue) enthalpy of the melted single strands, among other issues
signal is a sum of the B conformer and denatured FAF-modified (38). However, as explained in Supporting Information
single strand signals. See text. e ! : :

Figure S12, theAAH of melting was approximated by the

enthalpy difference between the S and B conforméxAH

25.2 kcallmol for the -AGN- series and 19424.2 keal/l = AAE(S—B)weighted= XsAAE(S—-B), whereXs is the
mol for the -CGN- series. This roughly corresponded to molar fraction of S at the melting temperature. Because we
the interaction energy of the G:C p&irvacua The DFT-D did not knpw Xs, we used the values at 28C. The .
interaction energy can be decomposed to the DFT part (Tab|ecorrespond|ng errors sh_ould _be moderate, and the resulting
3, column 3) and the dispersion part (column 4). The former AAE(S—B) values are given in Table 3 (last column). The
covered the electrostatic interaction, polarization contribution, Magnitude of the calculateAE(S—B) corresponded well
and short-range repulsion between interacting molecules. TheVith the measuredAAH of melting (Table 1), but no
latter was the attractive London dispersion interaction which correlations were observed due to significant error with both
usually dominates aromatic stacking. Only small differences the experimental and theoretical values.
in dispersion energies (Table 3, column 4) indicated that the The standard deviation of the experimentally measaidd
dispersion interaction lost in the original B duplex was almost of melting was estimated to be 6.3 kcal/mol and may be
completely compensated by the dispersion stabilization of larger for the resulting\AH values. In particular, experi-
stacking of the FAF moiety with its flanking pairs in the S mental values above 20 kcal/mol seemed to be overestimated
conformer. Therefore, the S destabilization was due almostgs they were much larger than both the theoretical and NMR
exclusively to the loss of hydrogen bonding. estimates. SmallekAH were to be expected from the nearest
In an aqueous environment, the energy penalty for S neighbor model, in which th&AH associated with breaking
conformer coming from the loss of hydrogen bonding is one base pair is about 9 kcal/mol. If we assume that there is
largely diminished because of the hydration gain correspond-only one base pair broken in the S structure (i.e., the G[FAF]:
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Table 4: Van der Waals Base Stacking Interaction Energies 2.0
(kcal/mol) c 1.8
sequence S conformet B conformef %S - 1 H cor
-AG*G- —30.05+ 2.41 —29.72+1.92 68 .E 1.4 -
-AG*A- —32.04+ 2.46 —30.03+ 1.93 61 c 1.2 1
-AG*C- —30.89+ 2.29 —29.92+ 2.02 40 Qo
-AG*T- —28.66+ 3.39 —30.09+ 1.90 36 D 1.0 -
-CG*G- —29.06+ 2.28 —29.37+ 2.15 64 =08
-CG*A- —29.21+ 2.23 —29.70+ 2.18 56 o
-CG*C- —29.61+2.13  —29.64+ 2.20 53 £ 0.6 ;
-CG*T- —26.04+ 3.88 —29.61+ 2.27 37 o 04 -
aThe trimer core sequence of the FAF-modified 12-mer duplexes © 0.2 1
used in this study. See Figure 1c for full sequence contexts=G* ’
FAF adduct? The sum of van der Waals interaction energies in kcal/ 0.0 ' ' ! ' ' ' !
mol between the trimer containing FAF-G antd &nd 3-base pairs. 30 35 40 45 50 55 60 65 70

¢ Taken from Table 2.

% S Conformer

C pair), then the real enthalpy loss should be even smaller,Ficure 7: Incision efficiencies (% DNA incision/min) of the
since the stacking enthalpy of the G:C pair was not 'AG*Nh(r‘?dr)].a”d 'l.CGN' (blue) Tequences vers@o S conformer
completely lost but was replaced by stacking of the FAF PY Escherichia coliUvrABC nuclease.

moiety. Therefore, th\AH values around and below 10

kcal/mol, as those obtained from the QM calculations,
seemed to be more realistic.

symbols, respectively. An excellent correlatid®f & 0.93)

was obtained when only the -AG¥ series were considered

(45). Consistently greater incision efficiencies were observed

Van der Waals (VDW) Base Stacking Interactions for duplexes that are predominantly S conformer, the -AG*G-
(68%) and -AG*A- (61%) sequences. However, no such

We monitored the pure van der Waals (VDW) energies correlation was found for the -C®E series. Consequently,

by the Amber Lennard-Jones term as sampled in MD when eight data points were plotted together, a poor

simulations. In all the S conformer duplexes examined, the correlation was obtained. Nevertheless, the trend persisted:

G[FAF] stacked well with adjacent base pairs. Table 4 lists i.e., low NER was associated withwo% S conformation

the sum of total stacking stabilization of G[FAF] wit-5  (shaded cyan; -AG*C-, -AG*T-, -CG*T-), and high NER

and 3-base pairs. The duplexes with B(-AG*T-, -CG*T-) was associated with Higt S conformation (shaded orange;

in each series were noticeably less stabilized by the VDW -AG*G-, AG*A-, -CG*G-, -CG*A-, -CG*C-).

stacking energies. This contrasts the B-type conformers, in  |n other words, the lesions with higher S/B ratio appeared

which the VDW energies of the two'-3 duplexes were  to be more susceptible to NER repair than most of the lesions

comparable to others, but represented a significant increasewith lower S/B ratio (except CG*T). Moreover, the -C8*

in stacking stabilization relative to the corresponding S series exhibited greater incision efficiencies than the -NG*

conformers (by+1.43 and+3.57 kcal/mol, respectively).  counterparts.

The VDW results supported a general trend, i.e., the greater

the VDW stacking, the greater the S conformer population. DISCUSSION

The full details of the VDW interactions are given in

Supporting Information Tables S3 and S4. The precise mechanisms by which DNA adducts exert

mutations are of immense interest from the standpoint of
structure-function relationships 2—4). It is known that
certain bulky carcinogenDNA adducts produce complex

Control ExperimentsThe biological and spectroscopic  sequence-dependent conformational heterogeneities in DNA
utilities of 7-fluoro-2-aminofluorene (FAF) as a fluorine (4, 8—10). A profound sequence effect on mutation has been
structure probe have well been document28-31). The reported for a variety of lesions on both bacterial and
CD profiles of FAF-modified DNA duplexes (this study, mammalian cells §4—69). The key question is how base
Figure 3) are similar to those of the AF ones we reported sequence context governs equilibria between adduct confor-
previously @9). Control repair experiments were performed mations. IS one sequence context more prone to repair or
to verify that the incision efficiency was not also affected miscode during replication than another? Are there unique
by the hydrogen/fluorine swa@¥). For that, we employed  or a combination of conformers that are more or less repair
the -AGG- sequence (ETTCTAGGCCTC-3), in which susceptible, and/or more likely to produce mutations upon
each of the two central guanines were modified with either replication? Answers to these questions can, in principle, be
AF or FAF. Incision efficiencies of the resulting four gleaned from understanding the nature of chemical forces
sequences were found to be comparable under identicalnecessary to maintain adduct structures/conformations and
experimental conditions4f). These results confirmed that their interactions with relevant proteins. The established
the fluorine substitution had little or no effect on the incision sequence dependence of AF-induced S/B heterogeneity make
efficiency of the AF adduct. it uniquely suited for addressing these questions.

Incision of the -AG*N- and -CG*N- SerieBigure 7 shows Sequence Effects on S/B Conformational Heterogeneity.
a plot of theE. coli UvrABC incision efficiencyversus% S We employed eight of the 16 possible flanking sequence
conformer for the eight FAF-modified sequences. The contexts that are modified by the fluorine probe FAF (Figure
-AG*N- and -CGN- series are labeled as red and blue 1). The!®F NMR results (Figure 4) showed that all the fully

E. coli UsrABC Nucleotide Excision Repair
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complementary 12-mer duplexes existed as a mixture of Sphosphate segments into the calculations would create
and B conformers and their population balances were insurmountable methodological problems and reduce the
modulated by the nature of flanking base sequence contextsquality of the predictions. In view of all the approximations,
When measured at 2, the population of S conformer for  the complexity of the system, and relatively small enthalpy
both the -AG™N- and -CG™N- series decreased in order of differences, the observed nonideal correlation was not
3-dG > dA > dC > dT. The results clearly indicated the surprising. Alternatively, the free energy difference could
importance of a purine base flankingt8 the lesion site for ~ be acquired by postprocessing the MD trajectories, using the
promoting the S conformation. Although data are limited, MM-PBSA method. Although this method is extensively
the B-flanking base did not seem to exert a similar effect used in the literature, it is based on approximations and the
on S/B heterogeneity. For example, the population of S uncertainty of the results would be in the low kcal/mol range
conformer was similar for -AG*G- and -CG*G-, and for (38).
-AG*A- and -CG*A-. The QM results described above indicate that both
We carried out three distinct computational analyses to electrostatics and solvation were important sequence effectors
determine which energy terms correlate with the NMR-based as their sequence variation and magnitude were larger than
S/B population ratios. We first determined the pure van der the variability of the dispersion energy contribution. Although
Waals (VDW) energy (Table 4), which neglects the elec- inclusion of these factors did not significantly improve the
trostatic portion of stacking. Not surprisingly, correlations correlation between the interaction energyAE:.«(S—B))
between the VDW energy difference and the S/B ratios were and the S/B population ratios (Table 3), the enthalpy
found to be poor. Nevertheless, analysis of the individual differences calculated were similar to the values estimated
VDW contributions suggested that purine bases at the 3 from the NMR and thermomelting measurements. Despite
flanking position increased stacking energies, thereby favor-the lack of quantitative correlation, we believe that our
ing the S conformation. Conversely, pyrimidine bases present model, the QM description augmented by solvent
reduced stacking which promoted the B conformation. The effects, is a good compromise and provides valuable qualita-
results were in agreement with the experimental observa-tive insights into the sequence effect.
tions: i.e., the nature of 3flanking bases was important for The Dynamics of S/B Conformational Heterogenéitye
promoting (.e., G and A) or reducing (T) stacking energy, dynamics of S/B heterogeneity were complicated by the
thus vyielding greater populations of S and B conformers, concomitant presence of the S/B equilibrium and the melting
respectively. These results were also in accordance with theprocess of the modified duplex. Nevertheless, valuable
CD data which showed largest negative CD ellipticities for kinetic and thermodynamic properties were obtained from
the -AG*T- and -CG*T- duplexes. UV melting (van't Hoff) and'®F NMR (dynamic exchange)
We then evaluated the full intrinsic (direct) base stacking experiments. Analysis of the van’t Hoff parameters indicated
(or base-base) forces. For this purpose we utilized complete that the thermal and thermodynamic stabilities of the FAF-
QM calculations using the latest dispersion-augmented DFT modified duplexes were dictated primarily by the polarity
method (Table 3)53), which provide a full description of  and the numbers of hydrogen bonds associated with the
the stacking (including also electrostatics, induction, and flanking base pairs. The small energy differencA&{ <
charge-transfer forces38—36). The magnitude of the S/B 0.5 kcal/mol) observed between the two conformers from
energy difference was closer to the expected enthalpythe dynamicd®F NMR experiments suggest a possible facile
difference than the VDW analysis, and the correlations adduct conformation switch when in contact with repair
represent improvement over the pure VDW description proteins or the active pocket of a polymera8e8). Rapid
discussed above. Finally, we added solvent screening effectddynamics of S/B conformational heterogeneity were ob-
to the QM stacking data. The solvent was approximated by served. The exchange rate constants at the coalescent
the QM-based continuum solvent approach because we werdemperature were found to be faster than average rates of
unable to account for the exact shape of the whole DNA spontaneous base pair opening of the Watdorick base
dodecamerife., only the trimer segment was considered). pairs in B-DNA ©69). The highly lipophilic carcinogenic
Upon inclusion of solvation, we achieved an overall agree- moiety in the S conformer was not involved with any
ment between the magnitude of the calculated interaction hydrogen bonds, but adopted a stable stacked conformation
and the expected values (Table 1), although the correlationwithin the helix.
coefficients were still relatively poor. The S/B exchange occurred in milliseconds and was
Next, let us comment on the inaccuracies in the QM significant because it was in the physiological range of DNA
calculations. Although evaluation of the interaction energy synthesis. Eckel and Krugii®) have previously coined the
itself was fairly accurate, especially when consideryE term “mutagenic switch” to describe S/B conformational
(major error cancellation), there were at least two additional heterogeneity. We have shown recently the dynamic presence
sources of error in our theoretical model. First, the calculated of the S/B equilibrium at the replication fork, rationalizing
interaction was critically dependent on the geometries takeneither error-free or error-prone replicatioddj. The results
from MD simulations, which can be biased by force field also support a model in which the conformational hetero-
and limited sampling of the MD, especially for short geneities at positions remote from the primer-terminus
simulations. Thus, some simulations may give geometries influence polymerase function through a long-range BNA
that poorly represent the real ones. Perhaps less importanprotein interaction 31). The S/B equilibrium situation is
was the error of the solvation model (see for instance the reminiscent of the extensively studied base flipping by the
outlaying solvation energy of -CG*A- in Table 3), which DNA repair enzyme uracil DNA glycosylase. An important
stems from having only three dissected base pairs for distinction is that the inner helix of the S/B model is always
solvation. However, attempting to include the sugar- occupied by either the hydrophobic carcinogere.( S
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conformer) or the modified dG.€., B conformer). Jiang et  hydrophobic carcinogen moiety in the major groove may
al. (70) have studied the role of hydrogen bonding and steric create a solvation environment favorable for repair. Zou et
effects in uracil DNA glycosylase using difluorophenyl as a al. (59) have shown that AF and AAF adducts in the -TG*T-
model uracil. They concluded that the hydrophobic moiety sequence context are incised more efficiently by UvrABC
is stabilized within the helix despite a rapid exchange than in the -CG*C- context. Similar results have been
between the stacked and unstacked stdtes (1200 s?), obtained with the minor groovéransBPDE adduct by
which could also explain the S/B equilibrium in our UvrABC proteins from bothE. coli and the thermophilic
experiments. It has been shown that base-stacking interactiorBacillus caldotenax76). The presence of the T:A flanking
dominates not only in the duplex stability but also contributes base pairs adjacent to the modified dG* allowed for greater
into the dependence of the duplex stability on its sequencelocal bend, flexibility, and conformational heterogeneity than
(71). A recent theoretical study indicated that the fluorescence in the -CG*C- sequence. This is consistent with the lower
quenching effect of 2-aminopurine is more pronounced when T,, and —AG® values observed for the -TG*T- sequence.
it is stacked with a purine base than with a pyrimidine base, Interestingly, we have shown in the present study that the
indicating the importance of extendaebribital conjugation ~ -CG*N- duplex series were more stable (greafer and
(72). The sequence dependent base stacking and unstacking-AG® values) than the -A@¥- counterpart, yet they were
has been shown to be enthalpic in naturd)( Adduct more susceptible to repair (Figure 7). It appears that
formation induced weakened base stacking, and the resultingimportant recognition factors of UvrABC NER are not
conformational flexibility could be an important determining necessarily thermal and thermodynamic stabilities, but rather

factor for many repair proteins, including t&e coli UvrABC the quality of Watsor Crick base pairs and conformational
system {3, 74). . _ flexibility at the lesion site. Taken together, these results
Nucleotide Excision Repairersus S/B Conformational illustrated the complexity of the way multiconformeric

Heterogeneity.The majority of NER studies to date have adducts interact with repair proteins, information that is
assumed that a bulky lesion adopts a single conformation incrycial to the first step in damage recognition in NER.
the DNA duplex 9, 49 57-60). Clearly, this is not the Several mechanisms have been proposed to explain how

case for the AF adducts which equilibrated dynamically the NER machinery recognizes lesions situated within an

between the S and B conformations. The sequence depen- . .
dence of NER has been documented in both bacterial and> P ar>c of intact genomic DN/8$—43). However, there

. is no single one-fits-all mechanism. The concept of “thermal/
mammalian systems39, 40) and may account for the : - .
. 3 , . thermodynamic probing” has evolved in recent years to
presence of mutational “hot spots”, such asEheoli Nar

) involve more complex “bipartite” or “multipartite” mecha-
exonuclease sequencé-(BG;G,CGsC-3) (11). Mekhovich . :
et al. (/5 have ghown thatlthia rate of)ifmi;ion of both AF  SMS 62, 43). The latter focuses on the quality of Watson

and AAF adducis in theE. coli UABC system s it B8 RO B TECC T B Sl et
significantly faster when they are positioned in tNarl ' P

sequence (5SGGCG*CC-3) than when located in a random readout mechanisms which emphasize the local conforma-
* tional distortion of either the modified or the complementary
sequence (5-GATG*ATA-3. o .

The key issue here is which conformer, S or B, is strand at the modification sit'{, 78).
recognized as a defect in the first stepiofcoli NER. This It has been shown that the DNA sequence itself has no
is an important question since S/B interconversion occurs intrinsic or direct effect on the incision efficiency, as the
in physiologically relevant scales (see above). Our presentdamage recognition factor UveR also binds to undamaged
19 NMR/NER results provided structural/conformational DNA in a sequence-independent mannég)( The DNA
insights into this very intriguing matter. Control experiments Sequence at a lesion may only affect the structure of the
showed that the incision efficiencies of two different AF lesion which is recognized and incised. Since all the
adduct sequences were not affected by the presence ofubstrates examined in this study contained the same adduct
fluorine, thus justifying the use of FAF as repair prob#s)(  FAF, they should be recognized equally well by Uvia).

It has been shown previously that the exclusively stacked Our repair results reinforced the importance of Watson
AAF adduct is repaired more readily than the conforma- Crick base pairing at the lesion site for the initial recognition
tionally flexible AF adduct 89, 40). The S conformation, by the UvrAB proteins. Our CD data indicated, however,
which lacks WatsorCrick base pairs at the lesion site, is that neither the B nor the S conformer significantly altered
also structurally similar to the base-displacgstbenzof]- the global DNA conformation. So, what differentiates B and
pyreneN2-dG (BPDE-dG) adducts. In contrast, the minor- S conformers in terms of NER recognition? Figure 8 shows
groovetransBPDE adducts maintain WatseiCrick base the surface models of B and S conformers and highlights
pairs at the lesion site8( 9). The cis adducts have been the polarity and shape differences in their major groove
shown to be incised by UvrABC more efficiently than the area:i.e., the extrusion of the highly hydrophobic carcinogen
trans adducts %9). Thus, our NER results support growing moiety in the B conformerersusthe adduct-displaced highly
evidence that a base-displaced intercalated conformer is morgoolar dG and dC in the S conformer. It is plausible that this
efficiently repaired than adducts with intact Watsa®rick subtle electrostatic difference may be responsible for the
hydrogen bonds. However, it should be pointed out that observed conformation-specific repair. Direct identification
carcinogen stacking in certain intercalated S-like conforma- of the lesion structures at those sequence-dependent hot spots
tions is responsible for increased thermal and thermodynamicin cells is almost impossible. However, otiF NMR/NER
stabilization of a duplex9, 10), a known negative indicator  results provided insights into the three-way relationship of
for NER @3). While the modified dG of the B conformer  sequence, conformation specificity, and NER, a biological
maintains WatsonCrick bonds at the lesion site, the highly consequence closely associated with mutagen8g)s (
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Ficure 8: Surface model illustrations which highlight the polarity and shape difference in the major groove area of the B and S conformers;
i.e., the extrusion of the highly hydrophobic carcinogen moiety (red) in the B confarersusthe adduct-displaced highly polar dG (cyan)
and dC (green) in the S conformer.

S/B conformational heterogeneity may also play an picture and stressed the importance of both electrostatic and
important role in modulating the mutational outcomes of the solvation forces. Thé® NMR/NER results suggested that
AF adduct. Significant sequence effects were observed onthe lesions with higher S/B ratio appeared to be more
both frameshift and substitution mutation frequency of AAF, susceptible to NER repair than most of the lesions with lower
AF, and PhIP adducts derived bothiincoliand mammalian  s/B ratio (except CG*T). The results represented the first
cells @4, 64). Shibutani et al. §6) have shown that the  gyantitative structurefunction investigation relating frac-
mutation frequency and specificity of AF in COS-7 cells vary jons of S conformers with increased NER efficiencies and
significantly depending on the nature of the bases flanking provided valuable insights into how bulky DNA adducts are

the lesion. For example, the base substitution mutation of oo :
. ’ . ) accommodated by the NER protein in a conformationall
AF in the 8-GG*C-3 context was 50-fold higher than in specific manner y P y

the B-TG*C-3' context. The presence of a dGds the lesion
increases the overall mutational frequency dramatically.
These effects must originate from the sequence dependenc
of S/B heterogeneity. A more complete set'8f NMR
results will be required to establish meaningful conforma-
tion—mutation correlations.

§UPPORTING INFORMATION AVAILABLE

Synthesis (Figure S1), HPLC purification (Figures S2, S3),
and ESI-TOF-MS characterization (Figures-S8W) of FAF-
Summaryln the present study we conducted a systematic modified 12-mer oligodeoxynucleotides; imino. proton

(Figure S8) and®F (Figure S9) NMR spectra of the -AG*N-

spectroscopic (UV, CD*F NMR) and computational AN T . .

(VDW, QM) investigation in order to gain structural insight gq% C(? t'r\: dg;zlﬁilsznesl, S|m.ultr;1]ted tdyna;mlc spec_:tra (F|gtur?
into AF-induced S/B conformational heterogeneity. We found )o(l) - ) l_Jp Exes, de a EWI' ype das_&gngjen N
that FAF-modified DNA duplexes equilibrated between s FAF-dG (Figure S11); assumed enthalpy ordering diagram

and B conformations and interconverted slowly at room (Figure S12); calculated and measured molecular ion mass
temperature. The S/B population ratios were modulated by (Table S1):*%F NMR H/D isotope effects (Table S2); van
the 3-flanking sequence. Specifically, purine bases at the der Waals parameters for B (Table S3) and S (Table S4)
3-flanking site promoted the S conformation (GA > C conformers; force field parameters for dG-FAF (Table S5);
> T). Van der Waals energy calculations indicated that the RESP charge results for B (Table S6) and S (Table S7)
stacking interaction between the carcinogen and neighboringconformers; QM calculations, DFID dimer interaction
base pairs was a key to the observed sequence effectenergies (Table S8). This material is available free of charge
Quantum mechanics calculations provided a more completevia the Internet at http://pubs.acs.org.
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