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ABSTRACT: DNA damage by adduct formation is a critical step for the initiation of carcinogenesis. Aromatic
amines are strong inducers of environmental carcinogenesis. Their DNA adducts are known to exist in an
equilibrium between the major groove (B) and base-displaced stacked (S) conformations. However, the factors
governing such heterogeneity remain unclear. Here we conducted extensive calorimetry/NMR/CD studies on
the model DNA lesions caused by fluorinated 2-aminfluorene (FAF) and 4-aminobiphenyl (FABP) in order to
gain thermodynamic and kinetic insights into the S/B conformational equilibrium. We demonstrate that there
are large differences in enthalpy—entropy compensations for FABP and FAF. The small and flexible FABP
exclusively adopts the less perturbed B conformer with small enthalpy (AAH-2.7 kcal/mol)/entropy (AAS-0.7
eu) change. In contrast, FAF stacks better and exists as a mixture of B and S conformers with large enthalpy
(AAH-13.4 kcal/mol)/entropy (AAS-34.2 eu) compensation. van’t Hoff analysis of dynamic '’F NMR data
indicated AHp-.s = 4.1 kcal/mol in favor of the B conformer and ASg..g = 15.6 cal mol ' K~ !in favor of the
intercalated S conformer. These findings demonstrate that the favorable entropy of the S conformer over B
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conformer determines the S/B population ratios at physiological temperatures.

The human genome is under constant assault from various
sources of endogenous and exogenous chemical and radiation
insult. Adduct formation is an important type of DNA damage
that has been implicated in the etiology of various human
cancers. Although occurring at a low frequency, DNA adducts
in certain functionally active regions of the genome can elicit
devastating molecular and cellular consequences (/). For exam-
ple, mutations on the p53 tumor suppressor gene that alters
transcriptional activity are responsible for approximately 50% of
all cancers (2, 3). Elucidating the mechanisms of adduct-induced
mutagenesis is an essential first step to developing effective stra-
tegies for risk assessment and novel chemotherapy targets (4—6).

We are particularly interested in the structure—function
relationship of arylamine—DNA adducts, as they display a uni-
que sequence-dependent conformational heterogeneity (7, §8).
Depending on the location of the hydrophobic carcinogen on
the DNA, the prototype arylamine carcinogen 2-aminofluorene
(AF) adduct can exist as a mixture of two well-defined con-
formations: base-displaced stacked (S) or major groove B-type
(B) (Figure 1) (9, 10). The S/B population ratio is dependent upon
the 3'-flanking sequence; that is, 3'-purine promotes S-conforma-
tion (11, 12). The intrinsic fluorescence of 2-aminopurine posi-
tioned on the adducted strand flanking the AF on its 5'-side has
been utilized to emphasize the important role of base stacking
and hydrophobic interactions for sequence-dependent S/B equi-
librium (/3). Quantum mechanics calculations have further indi-
cated the involvement of electrostatic interaction (/2). In addition,
S/B equilibrium is dependent on the size, coplanarity, and
topology of the arylamine carcinogen. For example, B conformation
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is predominant for the flexible one-ring aniline (/4) and two-ring
aminobiphenyl (ABP) adducts (15), whereas the larger amine
adducts such as 1-aminopyrene (AP) (/6) and isoquinoline (IQ)
exist predominantly as S and/or wedge-type (W) confor-
mers (/7—19), the latter resulting from the carcinogen being
pressed further into the narrow minor groove. However, the
food-borne heterocyclic amine imidazopyridine (PhIP) is similar
in size to AF but differs in topology so that the freely rotatable
phenyl at C6 can be accommodated by the minor groove (20). As
a result, a significant shift in the equilibrium toward the S con-
former occurs in a temperature-dependent manner (20).

The AF-induced S/B heterogeneity may permit specific macro-
molecular interactions, thereby influencing binding affinity and
substrate selectivity in repair and translesion synthesis (TLS)
pathways, respectively. Recent crystallographic studies showed
low electron densities around a weakly bound AF moiety in the
active site, giving credence to the solution/solid comparability of
adduct structures (27, 22). Likewise, we have found that S con-
formeric AF adducts are more efficiently excised in the Escheri-
chia coli UvrABC nucleotide excision repair (NER) system (72).
This study represents the first reported case of conformation-
specific repair and provides molecular insights into the mechan-
isms of protein—DNA interactions involved in NER.

Despite the wealth of structural knowledge accumulated thus
far, the factors defining carcinogen-induced conformational
heterogeneity remain uncharacterized and its biological implica-
tions unclear. The objective of the present study was to gain thermo-
dynamic and kinetic insights into the arylamine-induced S/B equi-
librium using dynamic '’F NMR/CD' and DSC measurements.

Abbreviations: FAF, N-(2'-deoxyguanosin-8-yl)-7-fluoro-2-amino-
fluorene; FABP, N-(2'-deoxyguanosin-8-yl)-4’ —ﬂuoro—4—aminobiphena/l;
CD, circular dichroism; DSC, differential scanning calorimetry; YF
NMR, fluorine nuclear magnetic resonance spectroscopy; ICD2go—350nms
induced circular dichroism at 290—350 nm.
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FiGureE 1: (a) Chemical structures of FABP-and FAF-modified DNA. (b) AF-induced S/B-conformational heterogeneity. B and S refers to B-type

and stacked conformers, respectively.

Our results indicate that enthalpy—entropy compensation is
important for modulating bulky adduct-induced conformational
heterogeneity.

EXPERIMENTAL PROCEDURES

Caution: ABP and AF derivatives are suspected human
mutagens/carcinogens and therefore must be handled with caution.

Adduct Synthesis. Following the published procedures (12, 23),
we prepared FABP- and FAF-modified 11-mer oligonucleotides
d(5-CCATCG*CAACC-3), in which G* is either an FABP- or
FAF-modified dG adduct (Figure la). The HPLC system used
for purification of the oligos consisted of a Hitachi EZChrom
Elite unit (Ibaraki-ken, Japan) with a L2450 diode array as a
detector and employed a Phenomenex Luna CI18 column (10 x
150 mm, 2.5 um) (Torrance, CA) with a 40 min gradient system
involving 3—15% acetonitrile in pH 7.0 ammonium acetate
buffer (0.10 M) with a flow rate of 2.0 mL/min. The modified
oligos were characterized by ESI-Linear ion trap/FTMS analysis
as reported previously (/2) (Supporting Information Figures
S1-S2) and annealed individually with the appropriate comple-
mentary strand to produce the desired duplexes. An identical set
of unmodified duplexes was also prepared as controls.

UV-Melting and Circular Dichroism (CD). UV-melting data
were obtained using a Beckman DU 800 UV /vis spectrophoto-
meter using the general procedures reported previously (12, 24).
A typical melting experiment consisted of forward/reverse scans
and was repeated three times. Thermodynamic parameters were
calculated using the program MELTWIN version 3.5. CD
measurements were conducted on a Jasco J-810 spectropolari-
meter using the published procedures (12, 25). Details on UV and
CD are described in Supporting Information.

Dynamic "°F NMR. Duplex samples (20—40 ODS) were
dissolved in 300 uL of a pH 7.0 buffer (100 mM NaCl, 10 mM
Na3PO,, and 100 uM EDTA in 10% D,0/90% H,0) and filtered
into through a Shigemi tube using a 0.2 yum membrane filter. All
'H and F NMR results were recorded using a dedi-
cated 5 mm "F/'H dual probe on a Bruker DPX400 Avance
spectrometer operating at 400.0 and 376.5 MHz, respectively, as
described previously (24, 26). Details on NMR are found in
Supporting Information.

DSC Measurements. Measurements were performed using a
VP-DSC microcalorimeter (Microcal Inc., Northampton, MA).

Prior to temperature scanning, samples were degassed for at least
10 min under house vacuum in a closed vessel. Sample and refe-
rence solutions were loaded into the respective cells with a blunt-
tip syringe. The cells were capped, and external pressure (~3 atm)
was applied to prevent evaporation of the sample solution.

Raw data were collected as microwatts vs temperature. Typi-
cally, a 0.12 mM duplex sample solution was scanned against a
control buffer from 15 to 85 °C at a rate of 0.75 °C/min with at
least five repetitions. Usually, the first scan showed deviations due
to the conditioning of the DSC cells to the temperature and to
contact of solution and thus was excluded from further analysis.
A buffer to buffer scan was subtracted from the sample scan,
which was then normalized for the heating rate; i.e., each data
point was divided by the corresponding heating rate. This results in
base-corrected AC,™ vs temperature curves. Each transition
showed negligible changes in heat capacity between the initial
and final states; thus it was difficult to detect an appreciable
AAC,™ for the melting transitions; subsequently, AAC,™ = 0 was
assumed. The area of the resulting curve is proportional to the
transition heat, which, when normalized for the number of the
moles of the sample, is equal to the transition enthalpy, AH:

AH = / AC,*dT
T,» was the temperature at half the peak area.

RESULTS

Model Systems. In vivo activation of arylamines and hetero-
cyclic amines followed by reactions with cellular DNA results in
N-deacetylated dG adduct formation as the major and the most
persistent lesion (27). Due to the flexibility around the glycosidyl
bond, these adducts can exist in an equilibrium between B and S
conformations, as illustrated by the AF example in Figure 1b (7).
As model systems, we prepared fully paired fluorine-labeled
7-fluoro-2-aminofluorene- (FAF-) and 4'-fluoro-4-aminobiphenyl-
(FABP-) modified 11-mer DNA duplexes [d(5-CCATCG*CA-
ACC-3)-d(5-GGTTGCGATGG-3)] (G*=FAF and FABP)
(Figure la). The modified oligonucleotides were characterized
by mass spectrometry (Supporting Information Figures S1 and
S2). This duplex sequence has been used previously for structural
investigations of various bulky adducts derived from arylamines
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FIGURE 2: (a) ""F NMR spectra of FABP- and FAF-modified 11-mer (b) CD and (c¢) UV spectra for FABP- and FAF-modified duplexes.

and polycyclic aromatic hydrocarbons (8, 25, 28). FAF and FABP
are versatile fluorinated conformational probes for the potent
carcinogens 2-aminofluorene (AF) and 4-aminobiphenyl (ABP),
respectively (23, 26, 29—31).

UV Melting. The modified duplexes were significantly desta-
bilized thermally and thermodynamically relative to the unmo-
dified control in a wide range of concentrations, 0.3—10 uM
(Supporting Information Figure S3). Adduct formation induced
a major reduction in 7, of FAF and FABP at 0.1 mM by —8.5
and —10.7 °C, respectively (Supporting Information Table 1).
Free energy differences (AGs7c) were similarly decreased by
—3.2 and —3.3 kcal/mol, respectively. The more robust thermal
destabilization exhibited by FABP was unexpected because of
its conformational flexibility and lesser impact on the duplex
structure (detailed below).

F NMR and ICD >9—350,m- The conformation difference
between FABP- and FAF-modified duplexes is clearly evidenced
by their "’F NMR spectra obtained at 20 °C (Figure 2a). The
FABP duplex exhibited a single homogeneous "F signal at
—116.8 ppm. This signal was assigned to a B conformer because
ofits relatively large H/D isotope effect (~0.2 ppm) that indicated
full exposure of the carcinogen to the solvent (23). The FAF
duplex, on the other hand, yielded two signals at an approximate
ratio of 34:66, favoring the S conformer. NOESY data (Sup-
porting Information Figure S4) indicated that the two signals are
gradually exchanged at ambient temperature. The peak at
—117.4 ppm indicated a large H/D solvent effect (~0.2 ppm),
whereas the upfield signal at —118.6 ppm showed a minimal
effect (<0.05 ppm) (Supporting Information Figures S5—S8).
Consequently, these signals were designated as representing
B and S conformers, respectively. The signal assignment
was also verified by analyses of induced CD at 290—350 nm
(ICD»g9—350nm) (Figure 2b). We have previously shown that
ICDy90—350nm ©f @ B conformer is mostly negative, while the
W and S conformers are characterized by positive ICD2gp—350nm
values (25). Figure 2b indicates a clear conformational diffe-
rence between the FABP and FAF adducts, where a negative
ICD»99—350nm Was observed for FABP and FAF exhibited a
strong positive ICD»g9—350nm. This observation is in contrast to
the unmodified control which showed no noticeable ellipticities in
the same region. For comparison, the UV spectra of FAF and
FABP duplexes are shown in Figure 2c.

Microcalorimetry Data. To further investigate the thermo-
dynamic impact of different carcinogens, the melting enthalpy of
the duplexes with and without lesions was measured via differ-
ential scanning calorimetry (DSC). In contrast to UV melting,
DSC procedures are model-independent, thus yielding more
accurate measurements of enthalpy and T, (37, 32). Figure 3
shows the DSC plots of excess heat capacity (C,™) vs tempera-
tures at a constant oligo concentration of 0.12 mM. The T},
of both FAF and FABP duplexes was reduced by —9.1 and
—10.2 °C, whereas AGs7-c was decreased by —2.4 and —2.8 kcal/
mol, respectively. Consistent with the UV-melting results
(Supporting Information Figure 3 and Table 1), both FABP
and FAF lesions produced significantly lower thermal (7},) and
thermodynamic (AG) stabilities of the duplex (Table 1).

Furthermore, the DSC results indicated that FABP modifica-
tion produces a much smaller effect on the melting enthalpy,
AAH (—2.7 kcal/mol), compared to FAF (—13.4 kcal/mol)
(Figure 3, Table 1). Given similar overall duplex thermodynamic
stability (AAG), the large difference of enthalpy reduction
between the FABP and FAF lesions must have originated from
their differences in adduct conformation. For the FABP duplex,
the carcinogen is bound in a major groove external conformation
to a minimally perturbed B-DNA helix with all base pairs
essentially intact and the modified dG in the normal anti
glycosidic configuration (i.e., B conformer). Unlike FAF, FABP
lacks a methylene group, thus allowing greater conformational
flexibility. The flexible FABP in the major groove maintains its
minimal interaction with the duplex, resulting in a small change
in melting enthalpy (AAH —2.7 kcal/mol) and entropy (AAS
—0.7 eu) (Table 1). Consequently, a small enthalpy—entropy
compensation was obtained. For example, the enthalpy decreases
(AAH —2.7 kcal/mol) observed for the FABP adduct represent
3.4% loss of total enthalpy; nearly all enthalpy loss contributes to
the free energy loss (AAG37c —2.4 kcal/mol), which represents
almost 20% of the total free energy. The large thermal and
thermodynamic destabilization observed for the FABP adduct is
due to the mild interaction that lacks entropy compensation
through adoption of a major groove binding B conformation.

In contrast, the flat FAF interacts strongly with the heli-
cal duplex, resulting in significant enthalpy reduction (AAH
13.4 kcal/mol) with large entropy compensation (Figure 3). At
20 °C, 66% of the FAF duplex adopts the S conformation with
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both the modified dG and dC opposite the lesion being displaced
in the major groove, while the FAF intercalated into the helix via
a base displacement. The large enthalpy reduction observed is a
reflection of the ruptured Watson—Crick base pairs and loss of
normal stacking in the helix. In addition, the effect of the lesion
on the duplex is not limited to the lesion site; it also propagates
into the immediately flanking and next nearest neighbor base
pairs. As shown in Figure 3, the larger entropy compensation,
TAAS, causes AAG to be similar to ABP modification (—2.8 vs
—2.4 kcal/mol) at 37 °C.

Dynamic "’ F NMR. Although DSC is a powerful technique,
the conformational heterogeneity at or near the duplex melting
temperature (7,,,) makes it difficult to separate the respective
contributions of B and S conformers to the thermodynamic
destabilization of the duplex. Dynamic '°F NMR, however,
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FiGURE 3: (a) DSC and (b) thermodynamic plots of the FABP- and
FAF-modified duplexes and the control DNA duplex.
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provides a unique way to investigate the conformational dynamic
and thermodynamic properties of a lesion-containing duplex by
providing simplified NMR spectra in the lower temperature
range (5—40 °C) (12, 23).

As shown in Figure 4a, the FABP duplex exclusively
exhibited B conformer signal throughout the entire tempera-
ture range (5—60 °C), with little change among the chemical
shifts. These results make sense because the fully exposed
characteristic of FABP would protect against substantial
effects resulting from B conformer to random single strand
conformational fluctuations (/2). For FAF (Figure 4b), how-
ever, the S conformer population was favorably interchanged
in a gradual manner until it coalesced around 45 °C and even-
tually stabilized at near complete melting at 60 °C (see Sup-
porting Information Figure S9 for complete spectral series).

The excellent separation of the B and S "’F NMR signals
allowed application of van’t Hoff analysis, an efficient approach
to estimate the relative energy difference between the B and S
adduct conformers. The lower temperature range (0—30 °C) was
used in order to minimize the interference of duplex melting
on the conformational analysis (Figure 5). A matched NMR
sample concentration (0.12 mM) from the DSC experiments
was used. The van’t Hoff plot (In S/B vs 1/7) indicated AHg..g =
4.1 kcal/mol enthalpy difference in favor of the major
groove binding B conformer, and ASg..g = 15.6 cal mol ' K™
in favor of the intercalated S conformer (Figure 5a). Therefore,
the S conformer exhibited greater stability at a physio-
logic temperature due to the favorable entropy (Figure 5b).
It can be concluded that the increased stability exhibited by the
S conformer in response to increasing temperatures is an entropy-
driven event.

The van’t Hoff data indicate that the free energy differences
AGg-gpoecy = —0.39 keal/mol favor S over B conformers at
20 °C. Previous studies of FAF have indicated stacking and van
der Waal dispersive forces (collectively known as “hydrophobic
effect”) as well as electrostatic effects as responsible for shifting
the balance from B to S. Our present data indicate that these
factors may not be sufficiently responsible for the preference of
S conformers at a physiological temperature. In regard to the
S conformer, the possible gain in enthalpy from carcinogen
stacking was offset by rupture of hydrogen bonds, unfavorable
steric interactions, and loss of base stacking induced by base
displacement as well as misplaced nucleotides at the lesion
site (/2). B conformer is favored enthalpically and would be

Table 1: Thermodynamic Parameters Derived from DSC Experiments

CCATCGCAACC
GGTAGCGTTGG
AH keal/mol AS eu AG  keal/mol T ‘c
Control 79.1 214.9 12.45 64.5
FABP 76.4 214.1 10.02 54.3
FAF 65.7 180.7 9.66 55.4
-AAH kcal/mol -AAS eu -AAG37 keal/mol -AT,, °C
FABP 2.7 0.7 243 10.2
FAF 134 342 2.79 9.1
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FIGURE 4: Dynamic '°F NMR of the FABP- and FAF-modified DNA duplexes as a function of temperatures.

expected to dominate the balance at lower temperatures. How-
ever, S-related entropy compensation would lead to dominant
S conformers at higher temperatures. The larger entropy in
S conformers was likely an effect of the increased conforma-
tional freedom of the modified dG and opposite dC that are
displaced into the major groove and the reorientation of water
molecules in the hydration shell of the hydrophobic carcinogen
moiety.

Combining the conformational thermodynamic results de-
rived from DSC melting and '’F NMR measurements, the
destabilization effect of respective B and S conformers
could be estimated. The ratio of B to S was approximately 25:75
at 30 °C (Figure 4b) at which the duplex melting process
begins. The melting enthalpy AH of the integration DSC profile
included contributions from both conformers, and their respective
melting thermodynamic parameters are as follows:

B conformer : AH® = 68.8 kcal /mol,
AS® =192.0 cal/(mol K),
AG®37:c = 9.3 keal /mol
S conformer : AH® = 64.7 kcal /mol,
ASS = 176.4 cal/(mol K),
AGS30c = 10.0 kcal /mol

These results indicated that the FAF in a B conformer also
interacts considerably with the duplex, resulting in reduction of
melting enthalpy (AAH = —10.3 kcal/mol) and gain of entropy
(AAS = —22.9 cal/(mol K)), although to a lesser degree than that
in an S conformer (AAH = —14.4 kcal/mol, AAS = —38.5
cal/(mol K)). As shown above, FABP produces minimal dis-
turbances with duplex structures by adopting the B conformer

H
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FIGURE 5: (a) van’t Hoff plot of the FAF-induced B/S conforma-
tional equilibrium as a function of 1/7° (0—30 °C). (b) Conforma-
tional thermodynamics of B—S equilibrium derived from van’t Hoff
parameters.

state, resulting in nominal reduction of enthalpy and entropy
compensation. The stronger interaction of the FAF B conformer,
relative to FABP existing exclusively in B conformer state, may
be a reflection of its larger ring size and more rigid nature. It is
noteworthy that the interaction among the carcinogen, DNA
duplex, and solvent system may produce a more complex
situation. The differences between B and S conformer heat
capacity, AC,, might be significant because of considerable
structural differences. Thus, the conformational enthalpy differ-
ence, AHys, and entropy difference, ASg/s, might be tempera-
ture-dependent.

Line Shape Analysis. A two-site dynamic exchange line
shape was applied to calculate the kinetic parameters for the
FAF duplex (Table 2) (12, 23). The S/B interconversion energy
barrier (AG*) obtained at 20 °C and using the Eyring equation,
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Table 2: Kinetic and Thermodynamic Parameters Derived from Dynamic
“F NMR Experiments for the FAF-modified DNA Duplex

B:S ratio, 20 °C 34%:66%

AG°ypec —0.39 kcal/mol
AH° 4.04 kcal/mol
k30°c 300 Sil

7 (1/k) 3.33 ms

ke = 2.22Av 921 57!

AG* ¢ 14.3 keal/mol
AH* 13.6 kcal/mol

AG*c = 4.58 T(10.32 4 log T¢/kc) cal/mol, was 13.6 kcal/mol.
The exchange rate constant at T (k¢ = 2.22Av) was determined
to be 921 s~ . The correlation time (r = 1/k) of the FAF duplex,
which signifies the amount of time the lesion spends in the B
conformer state before changing to S, or vice versa, was 3.3 ms at
20 °C. This value is comparable to the lifespan in G-tract G-C
pairs but is about 10-fold smaller than those for regular G-C
Watson—Crick base pairs (33, 34).

DISCUSSION

Our results showed a typical carcinogen-induced thermal
(AT,,) and thermodynamic (AAG) destabilization upon FABP
and FAF modification (24, 35). AAG is considered to be a more
reliable predictor for lesion-induced destabilization because of its
focus on the behavior of the DNA duplex at physiologically
relevant temperatures (25 or 37 °C) (32). The exclusive B con-
former FABP interacts with the helix and causes minimal
disturbance at the lesion site resulting in a small change in both
enthalpy and entropy, both of which are compensated. The
coplanar FAF, however, interacts significantly with the duplex,
yielding an S/B conformational heterogeneity. Consequently,
FAF duplex formation resulted in a major reduction in enthalpy
changes, the bulk of which was compensated for by favorable
entropy gained from the conformational freedom of the displaced
base and the rearranged water molecules in the hydration shell of
the hydrophobic carcinogen at the lesion site. This enthalpy—
entropy compensation appears to minimize sequence-dependent
variations in duplex stability (AGs7-c) (12, 24). The compensation
effect could also explain why the B conformer is dominant at low
temperatures, while the S conformer becomes favored at higher
temperatures (/2). Thus, favorability of the B conformer is enthal-
pic in origin at lower temperatures, but the equilibrium becomes
entropically driven at higher temperatures and favors the S con-
former. This appears to be the case regardless of the nature of seq-
uence contexts flanking the FAF-modified DNA duplexes (12, 24).
A greater stacking ability of the hydrophobic FAF, in comparison
to FABP, should play a role in shifting equilibrium toward the
S conformer, but the stacking alone may not be sufficient to com-
pensate for the loss of enthalpy resulting from ruptured hydrogen
bonding, loss of base stacking, and unfavorable steric strain at the
lesion site (/2). It should be noted that the larger amine adducts
such as aminopyrene (/6) and isoquinoline (/9) favor the S con-
formation. It is the favorable entropy of the S over B confor-
mer that defines the relative S/B population ratio at a given tem-
perature.

Pronounced enthalpy—entropy compensation has widely been
observed for various weakly interacting macromolecular settings,
including conformational fluctuations occurring during the melt-
ing of the DNA helix and the binding of small ligands or drugs to
DNA and/or proteins (34, 36, 37). It is difficult to dissect the
myriad of forces that govern the kinetic and thermodynamic
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parameters involved in damaged DNA and protein phenomena.
The molecular contacts between lesion-bound DNA and nearby
amino acid residues, such as those in the active site of a poly-
merase or a repair protein, can also alter the conformational
dynamics at the lesion site (38, 39). Thus, protein enzymatic
actions can magnify the enthalpic effects of the lesion while
minimizing the entropy compensation; indeed, the enthalpy
differences induced by adduct formation may serve as a better
indicator of how enzymes perform replication and repair
proteins recognize DNA damage (40). Other, more subtle con-
tributory factors, such as changes in solvation characteristics
around and within the protein—DNA assembly complex, can
further complicate the analysis (36). For instance, the enhanced
free energy differences which guide the competition between
correct and incorrect base pairing during DNA replication could
be large when considered as enthalpy differences, presumably
accounting for the fidelity of a polymerase (3/). These scenarios
appear to be generally valid for many entropy-driven biological
systems.

The AF-induced S/B equilibrium is analogous to the so-called
“base flipping”, a mostly enzyme-induced mechanism that is
frequently involved in precarious epigenetic control of gene
expression as well as base excision repair (BER) of a damaged
DNA (33). In the latter, upon recognition of DNA damage a
glycosylase utilizes base flipping to form a catalytic package in
the active site of the enzyme, and then a glycosidic bond is broken
to form an abasic site followed by insertion of the correct base. It
has been shown that the enthalpy cost of removing a base from its
helical stack is compensated for by the entropy gain from the
increased conformational freedom gained upon base flipping
(41,42). Usually, the voided helix space created by base flipping is
transiently occupied by nearby amino acids in the active site of
the enzyme (43, 44). The AF-induced S/B equilibrium is different
in that the duplex cavity created by the rotation of the gycosidyl
bond of the modified dG at the lesion site is occupied by either the
hydrophobic carcinogen (as with S conformer) or modified dG
(as with B conformer) (/2). The compensation effect observed for
the S/B equilibrium, therefore, appears to be a consequence of the
intrinsic ability of the carcinogen to influence its interaction with
the helical DNA structure. The correlation time (7 = 1/k) of the
FAF duplex was found to be 3.3 ms at 20 °C. This value
is comparable to the lifespan in G-tract G+ C pairs but is about
10-fold smaller than those for regular G- C Watson—Crick base
pairs (33, 34). The amount of time the lesion spends in the B state
before changing to “S” includes an anti to syn conformational
change of the glycosidic bond, which is not normal in unmodified
DNA. Perhaps G tracts have some unusual properties, and the
low correlation time for the adduct compared to normal G-C
pairs may reflect the syn/anti transition. This situation is
reminiscent of a model study conducted by Jiang et al. (45), in
which the aromatic surrogate pyrene in a DNA strand opposite
the uracil nucleotide acts both as a wedge to push the uracil away
from the base stack in the free DNA and as a plug to hinder its
reinsertion after base flipping, restoring the catalytic activity
of mutant uracil DNA glycosylase. Using difluorophenyl as a
model uracil, the same group has shown that the hydrophobic
moiety is stabilized within the helix despite a rapid exchange
rate (ke > 1200 s ') between stacked and unstacked states, a
range comparable to that observed for the S/B equilibrium (k¢ >
92157 1) (45).

Base flipping is also observed in nucleotide excision repair
(NER), the major pathway for repair of bulky DNA lesions (46).
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During prokaryotic NER, lesions are excised through an
elaborate two-tier damage recognition process involving initial
binding to UvrA and verification of the damage by UvrB (47, 48).
The tandem detection by UvrAB mediates the subsequent
formation of a stable preincision complex using a padlock-like
mode of binding in which a S-hairpin is inserted between the two
strands of the DNA duplex in the vicinity of the DNA damage.
Finally, a dual incision of the strand containing the lesion is
carried out by UvrC. Correspondingly, Malta et al. (49) have
shown that several bases around a cholesterol adduct, includ-
ing the base immediately adjacent to the lesion on the 3'-side as
well as its partner base on the complementary strand, are
flipped out of the DNA duplex in NER. It has been shown that
the yeast XPC orthologue Rad4 inserts a f-hairpin through the
DNA duplex, causing the cyclobutane pyrimidine dimer
(CPD) lesion to flip out of the double helix. The expelled
nucleotides of the undamaged strand are recognized by Rad4,
whereas the two CPD-linked nucleotides become disor-
dered (50). Tubbs et al. (57) have recently shown that alkyl-
transferase-like proteins (ATLs) generate a stable complex
involving an nonenzymatic flipping of the endogenous alky-
guanine lesions into a bulky lesion for the NER pathway.
Flipping patterns involving NER proteins appear to be
dependent on the nature of lesions.

We have shown previously that the S-conformeric FAF lesion
is more susceptible to repair than the B conformer in the E. coli
UvrABC system (//). The molecular basis of this conformation-
specific NER is not well understood, although the presence of
Watson—Crick hydrogen base pairs at the lesion site and groove
surface characteristics could be important (12). The influence of
sequence context and the quality of Watson—Crick base pairs at
or in the vicinity of the lesion are also important. For example,
the AF adduct in the TG*T sequence context is incised by
UvrABC proteins with consistently greater efficiency than in
the CG*C context (52—54). Similar results have been obtained
for nucleotide excision repair of oxidative DNA damage (8-o0xo-
dG and FAPY) (55, 56) and DNA modified by the 10(S)-(+)-
trans-anti-{BP]-N2-dG adduct (57), a major bulky adduct derived
from a prominent environmental carcinogen. Results indicate a
weakening of local base stacking interactions and poor quality of
Watson—Crick base pairing at and in the vicinity of the lesion in
the TG*T sequence context. A similar sequence effect has been
observed in human NER for the BP lesion; i.e., the ...CG*GC...
sequence context elicited NER efficiency 4 times greater than did
the ...CG*C... context, and a destabilized Watson—Crick hydro-
gen bonding in the CG*GC elicited the most robust NER
responses (58). Taken together, these results indicate that the
local distortion of base pairing interactions constitutes a recogni-
tion element for the NER repair apparatus.

In summary, combined calorimetric/CD/"’F NMR studies
provide valuable mechanistic insights into how arylamine carci-
nogens interact with the duplex at the lesion site. Our results also
demonstrate how thermodynamic parameters contribute to
conformational equilibrium of the AF—DNA adduct. The
AF-induced S/B equilibrium strongly depends on not only the
nature of the carcinogen’s structure and flanking sequences but
also its entropy compensation effect. A more complete under-
standing of these types of entropy-driven conformational hetero-
geneity requires additional investigations of the adducts in other
DNA sequences, alone or in combination with appropriate repair
proteins or polymerases. These investigations are in progress in
our laboratory.
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SUPPORTING INFORMATION AVAILABLE

Experimental details, ESI-MS spectra (Figures S1 and S2) and
UV melting curves (Figure S3) of FABP- and FAF-modified
oligonucleotides, NOESY/EXSY spectra of the FAF duplex
(Figure S4), H/D isotope effects (Figures S5 and S7), imino
proton spectra (Figures S6 and S7), full dynamic '’F NMR
spectra (Figure S9), and UV melting thermodynamics (Table S1).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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