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ABSTRACT: TheNarI recognition sequence (5′-G1G2CG3CN-3′) is the most vulnerable hot spot for frameshift
mutagenesis induced by the carcinogen 2-aminofluorene and its analogues inEscherichia coli. Lesioning
of the guanine in the G3 position induces an especially high frequency of-2 deletion mutations;
vulnerability to these mutations is modulated by the nature of the nucleotide in theN position (C≈ A >
G . T). The objective of the present study was to probe the structural basis of thisN-mediated influence
on the propensity of the G3 lesion to form a slipped mutagenic intermediate (SMI) during translesion
synthesis. We studiedNarI-based fully paired [(5′-CTCG1G2CG3*CNATC-3′)(5′-GATNCGGCCGAG-
3′), N ) dC or dT] and-2 deletion [(5′-CTCG1G2CG3*CNATC-3′)(5′-GATNGCCGAG-3′), N ) dC or
dT] duplexes, in which G* was either AF [N-(2′-deoxyguanosin-8-yl)-2-aminofluorene] or the19F probe
FAF [N-(2′-deoxyguanosin-8-yl)-7-fluoro-2-aminofluorene]. The latter sequences mimic the bulged SMI
for -2 deletion mutations. Dynamic19F NMR, circular dichroism, and UV melting results indicated that
theNarI-dC/-2 deletion duplex adopts exclusively an intercalated conformer, whereas theNarI-dT/-2
deletion duplex exists as multiple conformers. The data support the presence of a putative equilibrium
between a carcinogen-intercalated and a carcinogen-exposed SMI for the dT/-2 duplex. A similar dT-
induced conformational heterogeneity was observed for the fully paired duplexes in which all three guanines
were individually modified by AF or FAF. The frequency of the carcinogen stacked S-conformation was
found to be highest (69-75%) at the G3 hot spot inNarI-dC duplexes. Taken together, our results support
the hypothesis that the conformational stability of the SMI is a critical determinant for the efficacy of-2
frameshift mutagenesis in theNarI sequence. We also provide evidence for AF/FAF conformational
compatibility in theNarI sequences.

Arylamines are an important group of mutagens/carcino-
gens that cause human cancers (1). 2-Aminofluorene and its
analogues are perhaps the most studied mutagens; they
produce two major C8-substituted dG adducts in vivo: AF1

[N-(2′-deoxyguanosin-8-yl)-2-aminofluorene and AAF [N-(2′-
deoxyguanosin-8-yl)-2-acetylaminofluorene] (Figure 1a) (2,
3). AF and AAF induce distinct mutation and repair activities.
Accurate nucleotide incorporation is feasible, albeit at a low
frequency, oppositeN-deacetylated AFs, but not opposite
bulky acetylated AAFs which block nucleotide incorporation
(4, 5). The AF adduct has drawn much attention because of
its unique ability to adopt different conformations depending
on the location of the carcinogen moiety: the major-groove-
binding external “B-type” (B), the base-displaced “stacked”
(S), and the minor-groove-binding “wedged” (W) conforma-

tions (Figure 1b) (6-8). When in fully paired DNA duplexes,
AF equilibrates between B- and S-conformations (9-14).
The W-conformer has been observed in duplexes in which
the AF lesion is mismatched with a purine base (6, 11).
Solution NMR structures of AF adducts have been studied
extensively in various DNA sequence contexts (6-14). AF-
induced S/B/W heterogeneity is modulated not only by base
sequence context, but also by primer length (15). As a result,
the AF adduct influences polymerase function through a
long-range distortion effect (16). A similar conformational
feature has been observed for duplexes containing adducts
derived from the heterocyclic amine mutagens, such as PhIP
(2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine) (17) and
IQ (2-amino-3-methylimidazo[4,5-f]quinoline) (18-20).

Local sequence context plays an important role in adduct-
induced frameshift mutagenesis (21-26). The most well-
known sequence-sensitive mutation locus is theNarI rec-
ognition sequence (5′-G1G2CG3CC-3′), which represents the
most active hot spot for AAF- and AF-induced frameshift
mutagenesis inEscherichia coli(27). Replication of SOS-
induced E. coli pBR322 resulted in-2 deletion (del)
mutations when the bulky AAF was incorporated at the G3

position, but not the G1 and G2 positions, even though the
three guanines have similar chemical reactivities (27). AF
produces-2 deletion mutations at a frequency about 10-
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fold less than that of AAF (22). Interestingly, both AF and
AAF produce point mutations (primarily Gf T transver-
sions) when replicated in COS-7 mammalian cells (28, 29).
Fuchs and co-workers (30, 31) have studied AAF-modified
NarI sequences (5′-NaGCG*CNb-3′) and found that over 90%
of the mutations were targeted-2 deletion mutations, in
which a GC dinucleotide was deleted between the Na and
Nb bases. They also discovered that varying Nb strongly
modulated mutagenesis (C≈ A > G . T), whereas varying
Na located on the 5′ end of the sequence had little effect.
For example, the mutational efficiency of-2 deletion for
the NarI sequence 5′-G1G2CG3*CC-3′ (Na ) G; Nb ) C)
was about 6-fold greater than for the 5′-G1G2CG3*CT-3′
sequence (Na ) G; Nb ) T).

The propensity for deletion mutation generation depends
on the characteristics of the base inserted opposite the
modified G*, the 5′-sequence context surrounding the adduct,
the rate of translesion DNA synthesis (21-24), and the nature
of the polymerases (25). The ability of B-conformeric AF
at G3 to pair correctly with dC during translesion synthesis
facilitates formation of a slippage mutagenic intermediate
(SMI) for eventual-1 or -2 deletion mutation. Gill and
Romano (32) showed that incorporation of AAF at G3 in
the NarI sequence resulted in a-2 deletion in bothE. coli
pol II exo- and E. coli Klenow fragment exo- (KFexo-).
These results implied that there may be a common AAF-
induced SMI structure in this sequence. The study also
showed that incorporation of an AAF adduct in theNarI
sequence produces a very different SMI in the polymerase
activation site compared with that produced by a similar
modification in a non-NarI sequence. Fuchs and co-workers
have shown (25) that DNA pol II is the enzyme responsible
for the AAF-induced frameshift pathway, while bypass is
error free by pol V inE. coli. These results emphasize the
complex role of a polymerase which must be taken into
consideration. Replication of anNarI-based-2 deletion
generated by replication of the food mutagen C8-IQ-dG

adduct inSulfolobus solfataricusP2 DNA polymerase IV
(Dpo4) as well as inE. coli pol II and KFexo- was found to
be strongly influenced by the regioisomeric nature of the
adduct in addition to the local sequence (33).

The objective of the present work was to probe the
structural/conformational basis of the “hotness” of the
arylamine lesion at G3 for -2 frameshift mutagenesis in the
NarI sequence (5′-CTCG1G2CG3*CNATC-3′, N ) C or T).
The underlined portion of this 12-mer sequence is identical
to that used in the aforementioned mutation study by Fuchs
and co-workers (30, 31). To this end, we prepared several
model duplexes that were site-specifically modified by AF
or N-(2′-deoxyguanosin-8-yl)-7-fluoro-2-aminofluorene (FAF)
(Figure 1) and then examined their conformational profiles
by dynamic19F NMR, UV melting, and circular dichroism
(CD) spectroscopy. We hypothesized that the ease with
which the SMI can form and the SMI’s conformational
stability are important factors in determining the propensity
of a sequence for frameshift mutagenesis. Specifically, we
investigated the contribution of the identity of nucleotideN
on the conformational stability of the lesion at G3 and its
propensity to slip during replication. We further examined
the nature of the conformational heterogeneity at G3 in the
-2 deletion duplex and compared it to the well-established
S/B equilibrium observed in the fully paired duplex.

EXPERIMENTAL PROCEDURES

Caution: 2-Aminofluorene derivatives are mutagens and
suspected human carcinogens and therefore must be handled
with caution!

Crude oligodeoxynucleotides on the 10-15 µmol scale
in desalted form were obtained from Sigma-Genosys (The
Woodlands, TX). All HPLC solvents were purchased from
Fisher Inc. (Pittsburgh, PA).

Model Sequence Systems.TheNarI sequences used in the
present study and their respective designations are listed in

FIGURE 1: (a) Chemical structures of the AF adduct [N-(2′-deoxyguanosin-8-yl)-2-aminofluorene], AAF adduct [N-(2′-deoxyguanosin-8-
yl)-2-acetylaminofluorene], and FAF adduct [N-(2′-deoxyguanosin-8-yl)-7-fluoro-2-aminofluorene]. (b) Major groove views of the central
trimer segments of the B- and S-conformers of AF-modified duplex. 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 Watson-Crick hydrogen
bonds, thereby placing the AF ring in the major groove. The AF moiety of the S-conformer stacks into the helix with the modified dG in
the synconformation. (c) Sequence contexts of the fully paired and-2 deletionNarI duplexes.
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Figure 1. The three guanines in the 12-mer sequence
5′-CTCG1G2CG3CNATC-3′ (N ) C or T) were site-
specifically modified by AF or FAF. The modified sequences
were annealed with complementary 12-mer sequences to
form fully paired 12/12-merNarI-dC andNarI-dT du-
plexes, designated by the identity of the nucleotideN (Figure
1c). G3-modified sequences were also annealed with comple-
mentary 10-mer strands 5′-GATNGCCGAC-3′ (N ) G or
A) to produce 12/10-mer-2 deletion duplexesNarI-dC/-2
del andNarI-dT/-2 del (Figure 1c). These 12/10-mer bulge
duplexes mimic SMIs for-2 deletion mutations. The high-
resolution 1H NMR solution structures of AF-modified
NarI-dC (34) andNarI-dC/-2 (35) duplexes were reported
previously.

Preparation and Characterization of Modified Oligode-
oxynucleotides.AF- or FAF-modified oligodeoxynucleotides
were prepared using the general procedures described previ-
ously (9, 12, 14). Briefly, an unmodified oligodeoxynucle-
otide was treated with activated carcinogens in a pH 6.0
sodium citrate buffer and placed in a shaker for 18-24 h at
37 °C: N-acetoxy-N-(trifluoroacetyl)-2-aminofluorene (12)
andN-acetoxy-N-(trifluoroacetyl)-7-fluoro-2-aminofluorene
(9, 14), respectively, for AF and FAF adducts. Figure 2
shows a typical reversed-phase HPLC chromatogram of a
mixture derived from treatment of an unmodifiedNarI-dC
12-mer (5′-CTCGGCGCCATC-3′) with the activated 7-fluoro-
2-aminofluorene. The oligomer FAF adducts appearing in
the 40-80 min range were separated and purified up to
>97% purity by repeated injections. The HPLC system
consisted of a Hitachi EZChrom Elite HPLC unit with an
L2450 diode array detector and a Waters XTerra C18 column
(10× 50 mm, 5.0µm). A 60 min gradient system involving
3-15% acetonitrile in pH 7.0 ammonium acetate buffer (100
mM) with a flow rate of 2.0 mL/min was used. The purified
sequences were characterized by analyses of their UV and
electrospray ionization time-of-flight mass spectrometry
(ESI-TOF-MS) characteristics. The mass analyses were
carried out using a Waters ESI-mass spectrometer in the
negative ion mode on the basis of the exonuclease (3′-5′ or
5′-3′) strategies described previously (12).

UV Melting Experiments.UV melting data were obtained
using a Beckman DU 800 UV/vis spectrophotometer equipped
with a six-chamber, 1 cm path lengthTm cell. Sample cell
temperatures were controlled by a Peltier temperature

controller. Duplexes with a total concentration in the range
of 0.2-14 µM were prepared in solutions containing 0.2 M
NaCl, 10 mM sodium phosphate, and 0.2 mM EDTA at pH
7.0. Thermomelting curves were constructed by varying the
temperature of the sample cell (1°C/min) and monitoring
the absorbance of the sample at 260 nm. 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 as
described previously (12).

Circular Dichroism Spectra.CD measurements were
conducted on a Jasco J-810 spectropolarimeter equipped with
a Peltier temperature controller. Typically, 2 ODs of each
strand were annealed with an equimolar amount of a
complementary sequence. The samples were dissolved in 400
µL of a neutral buffer (0.2 M NaCl, 10 mM sodium
phosphate, 0.2 mM EDTA) and placed in a 1 mmpath length
cell. The samples were heated at 85°C for 5 min and then
cooled to 15°C over a 10 min period to ensure complete
duplex formation. Spectra were acquired every 0.2 nm with
a 2 s response time from 200 to 400 nm at a rate of 50 nm/
min, were the averages of 10 accumulations, and were
smoothed using 17-point adaptive smoothing algorithms
provided by Jasco. For salt experiments, CD spectra were
recorded at 15°C with increasing amounts of NaCl: 0.2,
0.5, 1.0, 2.0, 3.0, and 5.0 M.

NMR Experiments.Approximately 50 ODs of a pure
modified oligonucleotide was annealed with an equimolar
amount of a complementary sequence to produce the
corresponding duplex. The samples were centrifugated using
a Pall Microsep MF centrifugal device (yellow, MW cutoff
1000). The samples were then dissolved in 300µL of a pH
7.0 buffer (10% D2O/90% H2O, 100 mM NaCl, 10 mM
sodium phosphate, and 100µM tetrasodium ethylenedi-
aminetetraacetate) and filtered into a Shigemi tube through
a 0.2µm membrane filter for NMR measurements.

All 1H and 19F NMR results were recorded using a
dedicated 5 mm19F/1H dual probe on a Bruker DPX400
Avance spectrometer operating at 400.0 and 376.5 MHz,
respectively. Imino proton spectra at 5°C were obtained
using a phase-sensitive jump-return sequence and referenced
relative to that of DSS.19F NMR spectra were acquired in
the 1H-decoupled mode and referenced relative to that of
CFCl3 by assigning external C6F6 in C6D6 at -164.90 ppm.
One-dimensional19F NMR spectra were measured between
5 and 60°C with increment of 5-10 °C. Temperatures were
maintained by a Bruker-VT unit with the aid of controlled
boiling liquid N2 in the probe. Each spectrum was obtained
by collecting 65 536 points using a 37 664 Hz sweep width
and a recycle delay of 1.0 s. A total of 1600 scans were
acquired for each dynamic NMR spectrum. All free induction
decays were processed by zero-filling and exponential
multiplication using a 20 Hz line-broadening factor before
Fourier transformation. NOESY/exchange19F NMR spectra
were obtained in the phase-sensitive mode using the follow-
ing parameters: sweep width 4529 Hz, number of complex
data points int2 1024, number of complex FIDs int1 256,
number of scans 96, number of dummy scans 16, recycle
delays 1.0 s, and mixing time 400 ms. The data were
apodized with an SSB function using 2 Hz line broadening
in both dimensions and Fourier transformed with the 1024
× 256 data matrix.

FIGURE 2: HPLC chromatogram of a mixture from reaction between
the NarI-dC 12-mer sequence and an activated FAF (N-(trifluo-
roacetyl)-N-acetoxy-7-fluoro-2-aminofluorene). The mono-FAF
(G3*, G1*, G1*) and di-FAF (G1*G3*, G2*G3*, G1*G2*) adducts
eluted in the 40-50 and 60-80 min ranges were purified by
reversed-phase HPLC and characterized by LC-TOF-MS. The
gradient condition was 3-15% acetonitrile in triethylammonium
acetate buffer (pH 7.0, 100 mM) for 60 min, followed by 15-20%
for 20 min, and back to 3% acetonitrile in 10 min, flow rate 2
mL/min.
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Complete Line Shape Analysis.Complete line shape
analysis was carried out using the simulation program
WINDNMR-Pro (version 7.1.6;J. Chem. Educ. Software
Series; Reich, H. J., University of Wisconsin, Madison, WI)
to determine rate constants (k), the free energy difference
(∆G°, -RT ln Keq), and the S/B interconversion energy
barrier (∆Gq) (36). The values of the frequencies and the
S/B population ratios were determined at the slow exchange
limit (5 °C) by area integration of the baseline-corrected
spectra using TOPSPIN software (Bruker, Billerica, MA).
Subsequently, spectra were recorded at various temperatures
between 5 and 60°C. Additional spectra were obtained to
clarify coalescence of two slowly exchanging signals. The
samples were then cooled back to the slow exchange limit
to ensure that no irreversible processes had occurred at the
higher temperatures.

RESULTS

Synthesis and Characterization. Figure 2 shows the HPLC
profile of a reaction mixture derived from treatment of an
unmodified NarI sequence with an activated 7-fluoro-2-
aminofluorene. The photodiode array UV of the peaks eluting
after 41 min exhibited shoulders in the 300-350 nm UV
range (data not shown). These UV shoulders represent the
aminofluorene chromophore attached at the C8 of dG, and
their intensities correlate with the aminofluorene moiety
quantity (28, 37). The relative shoulder intensities of the three
late-eluting peaks at 63.6, 70.2, and 74.6 min were double
those of the early-eluting peaks at 42.8, 44.2, and 48.6 min.
Hence, the late-eluting peaks were designated as di-FAF
adducts and the early-eluting ones as mono-FAF adducts.
Adduct position assignments were made on the basis of the
exonuclease-digest/ESI-MS procedure as described previ-
ously (12); the details of the position assignment work will
be published elsewhere. The molecular mass ions of all the
modified sequences used herein are listed in Supporting
Information Table S1.

CD Experiments. (1) Fully Paired NarI-dC and NarI-
dT Duplexes.The CD data of theNarI-dC duplexes in
which the three guanines in the sequence were individually
modified by either AF or FAF were compared (Figure 3).
The highly positive CD at around 275 nm represents a typical
B-DNA helical conformation. We have shown previously
that induced circular dichroism in the 290-360 nm range
(ICD290-360 nm) is a sensitive conformational marker for AF-
induced S/B heterogeneity (11-15). The fully paired modi-
fied duplexes exhibited sequence-dependent ICD290-360 nm.
The control duplexes however showed no such ICD (Sup-
porting Information Figure S1). The ICD290-360 nmexhibited
by AF adducts (Figure 3a) and that exhibited by FAF adducts
(Figure 3b) were strikingly similar. The data confirm that
incorporation of a fluorine atom at the remote C7 position
of AF did not change the local conformation in the repetitive
NarI sequences (7, 9, 14). In both AF- and FAF-modified
sequences, G1 and G3 adducts showed a positive ICD290-360 nm,
while the G2 adduct exhibited a strong negative ICD290-360 nm.
These results are in good agreement with previous1H NMR
data on the same sequence contexts, which showed that AF
at G1, G2, and G3 existed in 70/30, 90/10, and 50/50 ratios
of B/S-conformer populations, respectively (34). A similar
general trend in ICD290-360 nm was observed for theNarI-

dT duplexes (Supporting Information Figure S2), except that
G1 adducts exhibited negative CD.

(2) NarI-dC and NarI-dT-2 Deletion Duplexes.Figure
4 shows the CD spectra of-2 deletion duplexes relative to
the unmodified control duplexes. The CD profiles of the
control NarI-dC/-2 andNarI-dT/-2 del duplexes were
similar; both exhibited a weak negative ICD290-360 nm. The
fully paired control duplexes exhibited no such ICD290-360 nm

(Supporting Information Figure S1). The negative ICD290-360 nm

associated with the deletion duplexes could arise from
bending of the DNA helix as would be expected for bulging
structures (6, 8, 35, 38, 39). An observed negative intensi-
fication of ICD290-360 nmupon adduct formation indicated that
the bent structures provide binding pockets for the hydro-
phobic carcinogen and are maintained upon adduct formation
(Figure 4). AF-modified-1 and-2 deletion duplexes in
different sequence contexts share the common structural
feature of base-displacement intercalation with an increase
in Tm and significant bending of the DNA helix around the
adduct site (6, 8, 33, 38).

(3) Salt Effects on NarI/G3-FAF-2 Deletion Duplexes.
Salt experiments were performed to assess conformational
flexibility at the lesion site (37). Figure 5 shows overlays of
CD spectra of G3-FAF dC/-2 and dT/-2 deletion duplexes
at various salt concentrations (0.2-5.0 M NaCl). The
ellipticity at 275 nm of the dC/-2 del duplex decreased
incrementally with increasing salt concentration, indicating
a gradual structural collapse of the helices. In contrast, the
dT/-2 del duplex exhibited dramatic spectral changes under
identical experimental conditions. This modest salt effect
with the dC/-2 del duplex is consistent with previous1H
NMR findings that showed an exclusive presence of the AF-
intercalative conformer structure. The dramatic salt effect
with the dT/-2 del duplex provides a robust demonstration
of the conformational flexibility at the lesion site.

NMR. (1) Fully Paired NarI-dC Duplexes. (a) S/B-
Conformational Heterogeneity.Figure 6 shows dynamic19F
NMR spectra of three fully paired duplexes with FAF
modifications at G1, G2, and G3 (NarI-dC/G1,NarI-dC/

FIGURE 3: CD spectral overlay of fully pairedNarI-dC duplexes
with (a) AF or (b) FAF modification at G1 (green), G2 (red), and
G3 (blue), recorded at 15°C.
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G2, andNarI-dC/G3, respectively). These duplexes exhib-
ited two major 19F signals, each representing a unique
conformation. The19F signal assignments were based
primarily on the deuterium isotope and NOESY results as
described previously (9, 13-15). NOESY spectra (Support-
ing Information Figure S3) showed that two prominent
signals in each of the duplexes slowly interconvert between
S- and B-conformers. The downfield B-conformer peaks
consistently exhibited a larger D2O effect (0.19-0.28 ppm)
than the upfield S-conformer peaks (0.07-0.18 ppm) (40).
The H/D isotope effect details are summarized in Supporting
Information Table S2.

The base sequence context of the fully paired FAF-
modifiedNarI-dC duplexes investigated in the present study
was identical to that used in a previous1H NMR study by
Mao et al. (34), except that herein the hydrogen at the C7

position of the aminofluorene moiety was replaced with
fluorine. Not surprisingly, our imino proton spectra are nearly
identical to those of Mao et al. (34) (Supporting Information
Figure S4). They reported the relative S-conformer popula-
tion at 1 °C for the G1-, G2-, and G3-AF duplexes to be
30%, 10%, and 50%, respectively. The present19F NMR
data (Figure 6) indicated that the FAF duplexes followed a
similar S population trend at a similar temperature (2°C):
56%, 29%, and 69%, respectively. The population of S at
20 °C was 75%, 35%, and 44%, respectively (Table 1). A
collectively greater S-conformer population was observed
for the FAF-modified than for the AF-modified duplexes (see
below).

(b) Dynamic19F NMR. The three fully pairedNarI-dC
duplexes (Figure 6) exhibited a typical two-site chemical
exchange. Thus, the S/B19F signals broadened with increas-
ing temperature; the broadening signals gradually moved
closer to one another and eventually coalesced into single
sharp signals in the 50-60 °C range, which represented the
denatured FAF-modified single strands. The dynamic system
is comprised of two well-defined equilibria: the S/B equi-
librium below 10°C and the melting equilibrium between
the duplex and separated single strands above 20°C (14).
Therefore, the signals in the intermediate temperatures (20-
50 °C) are a mixture of the two equilibria. Additional signals
observed in this intermediate range are probably due to transit
conformers (B* or S*).

The results of complete line shape analyses performed to
calculate kinetic and thermodynamic parameters are sum-
marized in Table 1. An example of the computer simulation
is shown in Supporting Information Figure S5. The S/B
interconversion energy barriers (∆Gq) were found to be in a
narrow 14-15 kcal/mol range. The energy differences (∆G°
) -RT ln Keq) of the two conformers at 20°C were small
(140-639 cal/mol). We were unable to determine exact
coalescence temperatures (TC) due to a lack of sufficient
numbers of recorded dynamic spectra. However, a close
inspection of emerging signals indicated thatTC decreases
in the order NarI-dC/G3 (-CG*G-) ≈ NarI-dC/G2
(-GG*C-) > NarI-dC/G1 (-CG*G-). The Tm values
were within the narrow range of 59-62°C, probably because
the FAF lesions were flanked by G:C or C:G pairs.

FIGURE 4: CD spectra of-2 deletion duplexes (control, AF- and FAF-modified at G3*) recorded at 15°C for the (a)NarI-dC/-2 and
(b) NarI-dT/-2 del series (see Figure 1 for the structures and sequences). The carcinogen-induced ellipticities in the 290-360 nm range
(ICD290-360 nm) are colored in green.

FIGURE 5: CD spectral overlays of G3-FAF-modified (a)NarI-
dC/-2 and (b)NarI-dT/-2 deletion duplexes at 15°C. Dotted
arrows denote increasing NaCl concentration: 0.2, 0.5, 1.0, 2.0,
3.0, and 5.0 M.
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The exchange rate constants atTC (kC ) 20.5π*∆ν, ∆ν )
the separation in frequency (Hz) between the two conformer
signals at 5°C, when dynamic exchange is minimal) were
determined to be in the range of 903-1170 s-1 (Table 1).
The correlation times (τ ) 1/κ), which signify the amount
of time the lesion spends in one conformation before
changing to another conformation, were in the narrow range
of 2.2-5.2 ms at 20°C (14).

(2) Fully Paired NarI-dT Duplexes.Figure 7 shows
dynamic19F NMR spectra of three fully paired duplexes with

FAF modification at G1, G2, and G3 (NarI-dT/G1,NarI-
dT/G2, andNarI-dT/G3, respectively). At low temperatures
(5–10 °C), both G3 and G2 duplexes exhibited dynamics
and signal patterns similar to those of dC duplexes discussed
above. The two signals were slowly exchangeable as
evidenced by NOESY (Supporting Information Figure S3).
The downfield signals showed greater (0.19-0.30 ppm) H/D
effects than the upfield ones (0.07-0.14 ppm) (Supporting
Information Table S2). These results confirm the presence
of a typical S/B equilibrium (14, 15). It should be noted that
the dT/G1 duplex displayed at least five major conformations
in the 5-10 °C range. In the 20-35 °C range, all three
NarI-dT duplexes exhibited significantly greater confor-
mational heterogeneity than theirNarI-dC counterparts. This
is probably due to the presence of additional intermediate
conformers (B*, S*). The heterogeneity persisted at high
temperatures (40-60 °C) and was complicated by a melting
equilibrium. Conformeric complexities in the intermediate
temperature range precluded execution of line shape analyses.

It should be noted that the only difference between the
fully pairedNarI-dC andNarI-dT duplex series is the base
(dC or dT) at theN position (5′-CTCG1G2CG3CNATC-3′).
It appears that the primary effect of the dC/dT swap is to
increase conformational complexities. Conformational dis-
turbance was the greatest for FAF modification at G1, a
remarkable long-range conformational effect. These data
indicated that the thermodynamic properties depend not only

FIGURE 6: Dynamic19F NMR spectra of fully pairedNarI-dC duplexes with FAF modification at (a) G3, (b) G1, and (c) G2. Spectra were
obtained at seven standard temperatures (5, 10, 20, 30, 40, 50, and 60°C). Additional temperatures were used to clarify the coalescent
exchange process (see the text).

Table 1: Dynamic NMR and Thermodynamic Parameters for the
FAF-Modified 12-merNarI-dC Duplexes

NarI-dC/G3 NarI-dC/G1 NarI-dC/G2

B/S ratioa at 20°C 25%/75% 56%/44% 65%/35%
B/S ratioa at 2°C 31%/69% 46%/56% 71%/29%
kc

b at 30°C (s-1) 163 378 378
τc at 30°C (ms) 6.14 3.00 3.00
∆G° d (cal/mol) -639.6 140.4 360.3
∆Gq e at 30°C (kcal/mol) 14.7 14.2 14.2

a Population (%) of B- and S-conformers based on integration of
19F NMR signals.b Rate constant (STD( 25%). The data were obtained
by complete line shape analysis of temperature-dependent19F NMR
results using the WINDNMR-Pro Shareware.c The exchange time (1/
k) indicates the amount of time the adduct spends in one conformation
before jumping into another conformation.d Energy difference between
the two conformers: ∆G° ) -RT ln Keq [Keq ) [S]/[B]]. e S/B
interconversion energy barrier at 30°C obtained from the Eyring
equation (36): ∆Gq

C ) 4.58TC(10.32+ log(TC/kC)) cal/mol. STD(
0.2 kcal/mol.
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on the flanking sequences, but also on sequences surrounding
the lesion site.

(3) NarI-dC/-2 and NarI-dT/-2 Deletion Duplexes.
Dynamic 19F NMR spectra were recorded for theNarI-
dC/-2 and NarI-dT/-2 del duplexes, in which G3 was
modified by FAF. Using1H NMR, Mao et al. found an AF-
intercalated conformer with-CG*- unpartnered (Figure 1c)
with the modified G* and its 5′-C displaced into the major
groove (35). The modified G* adopted asyn-glycosidyl
conformation, and the methylene edge of the aminofluorene
ring was directed toward the minor groove. The imino
spectrum of the dC/-2 del duplex showed 10 well-resolved
signals, indicating a single predominant conformation (Sup-
porting Information Figure S6). Consistent with this observa-
tion, the dC/-2 del duplex exhibited a single exclusive19F
signal throughout the entire temperature range tested (5-60
°C) (Figure 8a). The small signal at-120 ppm was
determined to be an impurity when it shifted upfield at
increasing temperatures and disappeared after membrane
filtering. The signal at-118.8 ppm at 20°C displayed a
very small H/D isotope effect (+0.02 ppm), indicative of a
buried19F signal as predicted for the intercalated conformer
(9).

A similar set of dynamic NMR spectra were obtained for
the FAF-modifiedNarI-dT/-2 del duplex. The imino proton
spectrum exhibited complex proton signals with varying
degrees of intensity, in contrast to the dC/-2 counterpart,

which showed well-resolved signals (Figure S6, Supporting
Information). The19F NMR spectrum for the FAF-modified
NarI-dT/-2 del duplex (Figure 8b) showed pronounced
conformational heterogeneity with at least three signals at
-116.8,-117.9, and-119.0 ppm at 5°C; each of these
signals represents a distinct conformer with a population ratio
of 18%, 47%, and 35%, respectively. Only the major signal
at -117.9 ppm exhibited a H/D isotope effect (+0.15 ppm).
These results suggest that the intense signal is probably due
to an external B-type conformer, while the minor signals
likely represent the FAF-intercalated S-type conformers. As
the temperature was raised from 5 to 22°C, the main signal
broadened and ultimately merged with the two minor signals.
Over this low-temperature range, the population intensities
of the minor signals were reduced significantly. Off-diagonal
contour peaks in the NOESY spectra were intense at 5°C,
but disappeared at 15°C (Figure 8, insets). This strong
temperature dependence indicates that the conformers were
in slow exchange. Upon raising the temperature further from
20 to 40°C, the major peak-117.9 ppm narrowed as a new
downfield signal emerged at-117.5 ppm. Thus, the ex-
change dynamic characteristics of the dT/-2 del duplex were
distinct from the S/B equilibrium observed with the corre-
sponding fully paired dT duplex described above.

Thermodynamic Comparison between the NarI-dC and
NarI-dT Series.Table 2 summarizes the van’t Hoff param-
eters obtained for the FAF-modifiedNarI-dC andNarI-

FIGURE 7: Dynamic19F NMR spectra of fully pairedNarI-dT duplexes with FAF modification at (a) G3, (b) G1, and (c) G2. Spectra were
obtained at seven standard temperatures (5, 10, 20, 30, 40, 50, and 60°C). Additional temperatures were used to clarify the coalescent
exchange process (see the text).
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dT of both fully paired and-2 deletion sequences relative
to their controls. The fully pairedNarI-dC duplex was
thermally (∆Tm ) +2.2 °C) and thermodynamically (∆∆G
) +4.5 kcal/mol) more stable than theNarI-dT duplex.
FAF modification resulted in the expected thermal (∆Tm )
6.8-8.3°C) and thermodynamic (∆∆G ) 4.2-4.6 kcal/mol)
destabilization. No significant differences were observed
among the isomericNarI-dC duplexes. Thus, the position
of the adduct and the polarity (G:C vs C:G) of the base pairs
surrounding the lesion did not seem to significantly influence
the duplex stability.

Relative to the fully paired dC duplexes, the fully paired
dT duplexes exhibited a similar extent of thermal destabiliza-
tion (7.0-13.7 °C) but less thermodynamic destabilization
(∆∆G ) -0.5-0.7 kcal/mol).

FAF modification of the dT/-2 del duplex produced only
a small increase in free energy (∆∆G ) -0.5 kcal) and a
small decrease inTm (∆Tm ) -1.0 °C). On the other hand,
FAF modification of the dC/-2 duplex resulted in significant
thermal (∆Tm ) 3.3 °C) and thermodynamic (∆∆G ) -3.0
kcal/mol) stabilization. These data are consistent with the
19F NMR results described above in which single and

multiple signals forNarI-dC/-2 and NarI-dT/-2 del
duplexes, respectively, were observed. In other words, the
dC/-2 del duplex is homogeneous, and thus conformation-
ally stable, whereas the multiconformeric dT/-2 del duplex
is prone to destabilization.

DISCUSSION

The focus of the present work is the examination of the
sequence-specific conformation-function relationships. Here
we used a combination of19F NMR, UV melting, and CD
spectroscopy to probe the hotness of the FAF lesion at G3*
andN in the NarI sequence (5′-CTCG1G2CG3*CNATC-3′,
N ) dC and dT). The present experiments demonstrated that
the AF-induced conformational heterogeneity at G3* is
strongly dependent on the nature of the base atN in both
the fully paired and-2 deletion duplexes. While the dC/-2
deletion duplex (N ) C) adopted exclusively a single
intercalated S-type conformer, the corresponding dT/-2 del
duplex (N ) T) existed as multiple conformers. A similar
dT-induced conformational heterogeneity was observed for
the fully pairedNarI duplexes. The results support a model
that the conformational and thermodynamic stabilities of the

FIGURE 8: Dynamic19F NMR spectra of G3-FAF-modified (a)NarI-dC/-2 and (b)NarI-dT/-2 deletion duplexes. Spectra were obtained
at seven standard temperatures (5, 10, 20, 30, 40, 50, and 60°C). Additional temperatures (15, 22, 25, 35°C) were used forNarI-dT/-2
to clarify the coalescent exchange process (see the text). (c)19F NMR NOESY/exchange spectra ofNarI-dT/-2 recorded at 5 and 15°C.

Table 2: Effects of FAF Modification on the Thermal and Thermodynamic Stability ofNarI-Based DNA Duplexesa,b

entry
-∆G° c

(kcal/mol)
-∆H° c

(kcal/mol)
Tm

c,d

(°C)
∆∆G° c,e

(kcal/mol)
∆∆H° c,f

(kcal/mol)
∆Tm

c,g

(°C)

NarI-dC Control 16.2 107.9 68.5
NarI-dC/G3 12.0 65.9 60.2 4.2 42 -8.3
NarI-dC/G1 11.7 76.7 59.1 4.5 31.2 -9.4
NarI-dC/G2 11.6 70.7 61.7 4.6 37.2 -6.8

NarI-dT Control 11.7 77.5 66.3
NarI-dT/G3 11.0 81.9 56.3 0.7 4.4 -10.0
NarI-dT/G1 12.3 85.7 59.3 -0.6 8.2 -7.0
NarI-dT/G2 12.2 121.4 52.6 -0.5 43.9 -13.7

a See Figure 1 for full structure and sequence details (G*) FAF adduct).b The results of the curve fitting andTm-ln Ct dependence were within
(15% of each other, and therefore, these numbers are the average of the two methods.c The average standard deviations for-∆G°, -∆H°, and
Tm are (0.22, (6.33, and(0.4 respectively.d Tm values at 14µM taken from the 1/Tm-ln(Ct/4) Meltwin plots.e ∆∆G ) ∆G°(FAF-modified
duplex)- ∆G°(control duplex).f ∆∆H ) ∆H°(FAF-modified duplex)- ∆H°(control duplex).g ∆Tm ) Tm(FAF-modified duplex)- Tm(control
duplex).
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induced SMI are critical determining factors for the efficacy
of -2 frameshift mutagenesis in theNarI sequence.

dT-Induced Conformational Heterogeneity.TheNarI-dC
duplexes exhibited typical S/B equilibrium characteristics as
evidenced by two-site exchanges in their dynamic19F NMR
spectra (Figure 6, Table 1). The correspondingNarI-dT
duplexes exhibited marked conformational heterogeneity
(Figure 7), probably due to the considerable presence of
various intermediate B*- and S*-conformers. We refer to
this phenomenon as “dT-induced conformational heterogene-
ity”. This effect was particularly dramatic for the G1 duplex
(Figure 7B), which is surprising given that G1 is located
fiVe bases away from theN position. The reason for this
unusual long-range effect is unknown.

A previous1H NMR study on theNarI-dC/-2 deletion
(del) sequence with AF at G3 indicated an exclusive S-type
intercalated SMI structure (38). As depicted in Figure 9a, in
this structure the modified G and its 5′-C residues are
displaced into the major groove. A similar intercalated SMI
structure was reported for a non-NarI-based d(CG*AC)‚
d(G-G) duplex; however, the modified G3 was found to
stack with its 3′ neighbor A bulging into the major groove
(37). These intercalated structures have shown unusual
thermal stability independent of sequence context. Our
dynamic19F NMR data showed a single signal for the FAF-
modified dC/-2 del duplex throughout the entire melting
process (Figure 8a), indicating conformational homogeneity.
The19F signal at 5°C was significantly shielded, indicating
that the fluorine atom was buried within the helix as occurs
in the S-type conformation. This conformational homogeneity
was further evidenced by the presence of well-resolved
signals in the imino proton NMR spectrum (Supporting
Information Figure S6).

Unlike the dC/-2 del duplex, the dT/-2 del duplex
displayed severe conformational heterogeneity in both19F
and 1H NMR spectra (Figure 8b, Supporting Information
Figure S6). We observed at least three major conformers
exchanging slowly at low temperatures (<15 °C). Consistent
with van’t Hoff parameters, our19F NMR results showed
that the dT/-2 del duplex exhibited significantly smaller
increases in thermal and thermodynamic stabilities than the
dC/-2 duplex (Table 3). Furthermore, the dT/-2 del duplex
exhibited a dramatic salt-dependent CD effect, indicating the
conformational flexibility at the lesion site. Thus, it appears
that the so-called “dT-induced heterogeneity” also plays a
key role in deletion duplexes.

The dT/-2-induced heterogeneity can be envisioned as a
putative equilibrium between the B- and S-conformeric SMI
as depicted in Figure 9b. The signals observed in the19F
NMR spectra of the dT/-2 del duplex (Figure 8b) are
probably due to an equilibrium between B- and S-conform-
eric SMIs and other intermediate conformers (S*-SMI, B*-
SMI, etc). Theoretical studies suggest that thesyn-glycosidic
S-conformeric SMI is much more stable than theanti-B-
conformeric SMI (∆E > 30 kcal/mol) and that it can be
stabilized by many favorable interactions between a car-
cinogen and flanking base pairs inside the bulging pocket
(39). In theanti-B-SMI structure, however, the carcinogen
is situated in the major groove with both faces completely
exposed to solvent and virtually no interaction with DNA.
As shown in Figure 9b, the carcinogen in the S-conformeric
dC/-2 duplex is well-accommodated within the bulge pocket
with significant stacking with the 3′ immediate neighbor G:C
base pair. The SMI structure of the dT/-2 del duplex has
not yet been elucidated by1H NMR. However, our19F NMR
results indicate clearly that the presence of dT at positionN

FIGURE 9: Cartoon representation of translesion synthesis ofNarI-induced-2 deletion mutations. Incorporation of correct dC opposite the
AF and subsequent nucleotide incorporation (e.g., dC) can lead to formation of stable S- and B-conformeric slipped mutagenic intermediates
(S-SMI and B-SMI, respectively). (a)NarI-dC/-2 del resulted in an exclusive formation of S-SMI. (b) In contrast, the dT/-2 del produced
a complex conformational heterogeneity involving not only S- and B-SMI, but also various intermediate conformers (*). The conformational
stability of SMI is strongly modulated by the nature (Watson-Crick, orientation) of the base pairs at theN position (red colored) (see the
text).
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causes pronounced conformational flexibility of the FAF
adduct at G3 within the SMI pocket.

The “dT effect” in theNarI sequences described above
applies to both fully paired and-2 deletion duplexes. It
should be noted that in both cases the intercalated carcinogen
moiety stacks with the 3′ flanking C:G base pair rather than
with N. This type of long-range conformational effect is
novel and has not been reported previously. However, an
immediate flanking dT effect has been observed previously.
For example, Geacintov and co-workers (41, 42) have shown
that trans-anti-BaP-dG flanked by dT (-TG*T-) existed
in multiple conformations, whereas the same adduct in the
-CG*C- context adopted a single conformation. Multicon-
formeric TG*T sequences have been shown to be more
susceptible to NER than a single conformeric CG*C
sequence (43). Similar sequence-dependent NER results have
also been obtained for various AF- and AAF-modified
sequences (13, 14, 44). The results indicated greater NER
susceptibility for intercalated S-conformers than Watson-
Crick-paired B-type conformers and hence reinforce the
complexity of a multipartite model for NER (45).

Biological Implications.Translesion DNA synthesis and
subsequent elongation are most likely achieved by recruit-
ment of specialized lesion-bypass polymerases (25). We have
shown that the AF lesion at the primer terminus exists in a
flexible S/B equilibrium (15). The AF lesion in repetitive
sequences may result in polymerase pause in the S-
conformer, which may lead to DNA synthesis blockage or
slippage. However, the correct dCTP may be incorporated
opposite the modified dG in the B-conformer, followed by
elongation, producing error-free replication or rearrangement
into a stable SMI (21-24) (Figure 9). Deletions are frequent
under conditions where the newly inserted nucleotide op-
posite the lesion can pair with a complementary base 5′ to
the lesion. For example, when there is a dG 5′ of the lesion,
the newly inserted dC can pair with this base to produce a
-1 deletion (21, 22). Similarly,-2 deletions can occur when
there is a complementary base two positions 5′ of the lesion.
The relative frequencies of base insertions opposite the
adduct were dCMP> dAMP > dGMP > dTMP (24).
Mutations did not occur readily in 5′-CG* and 5′-AG*
sequences because neither the S-conformer nor the B-

conformer directs incorporation of dG or dT, which is
required for the slippage to occur in these sequences. The
formation of mispaired intermediates that lead to base
substitutions can compete with the formation of bulge
intermediates that produce deletion mutations. Also, repair
enzymes may stabilize helical forms of DNA and prevent
bulge formation, or vice versa, depending on the nature of
adduct and local base sequences.

Our working hypothesis is that the conformational stability
of adduct-induced SMIs is a key determining factor for the
propensity to form-2 deletion mutations. Fuchs and co-
workers have suggested that the intrinsic tendency of the
carcinogen to slip during translesion synthesis determines
the hotness ofN in theNarI 5′-GGCG*CN-3′ sequence (31).
In principle, there are two possible SMI structures to account
for -2 mutations in theNarI sequence: CG*- or G*C-
unpartnered. Fuchs et al. have used the latter scenario, albeit
without structural proof, to argue that greater stacking of
the carcinogen with the C:G base pair over T:A atN is
responsible for its significantly higher (>6×) deletion
frequency (31). Theoretical calculations indicated thatNarI-
based SMIs are more stable than their normally extended
counterparts and that carcinogen stacking is more important
than the number of correct base pairs around the primer-
template junction (38). However, high-resolution1H NMR
studies by Mao et al. have shown unequivocally the
formation of CG*-unpartnered in the exclusive presence of
the S-conformeric SMI for the AF-modified dC/-2 del
duplex (35) (Figure 9a). Our19F NMR data showed that the
dC/-2 del duplex adopts a single stable S-type conformer,
while the corresponding dT/-2 duplex produces complex
conformational heterogeneities involving the putative equi-
librium between S- and B-SMIs (Figure 9b). Taken together,
it can be concluded that the conformational stability of the
SMI is an essential determinant for inducing-2 frameshift
mutations.

As mentioned above, the intercalated carcinogen moiety
in the S-conformeric SMI stacks with the 3′ immediate
flanking C:G base pair, not the nucleotide at positionN.
Interestingly, however, equally high mutational frequencies
have been reported for dC and dA atN (30, 31). Whether
and to what extent base pair polarity (T:A vs A:T) atN

Table 3: Effects of FAF Modification on the Thermal and Thermodynamic Stability ofNarI/-2 Deletion Duplexesa,b

a See Figure 1 for full structure and sequence details (G*) FAF adduct).b The results of the curve fitting andTm-ln Ct dependence were within
(15% of each other, and therefore, these numbers are the average of the two methods.c The average standard deviations for-∆G°, -∆H°, and
Tm are(0.22,(6.33, and(0.4, respectively.d Tm values at 14µM taken from the 1/Tm-ln(Ct/4) Meltwin plots .e ∆∆G ) ∆G°(FAF-modified
duplex)- ∆G°(control duplex).f ∆∆H ) ∆H°(FAF-modified duplex)- ∆H°(control duplex).g ∆Tm ) Tm(FAF-modified duplex)- Tm(control
duplex).
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affects SMI conformational stability is not known. There are
no structural data of any kind yet available for theNarI-
dA/-2 deletion duplex. If our hypothesis is correct, then the
dA/-2 duplex should form a conformationally stable SMI.
Our findings indicate that SMI conformational stability is
determined not only by the nature of Watson-Crick base
pairs (A:T vs G:C), but also by base pair polarity (A:T vs
T:A or G:C vs C:G).

AF/FAF Conformational Compatibility.We demonstrated
previously the utility of the fluorine probe FAF for studying
the structure/function of 4-aminobiphenyl (9), AF (9, 11-
15), and AAF (46) adducts. The H/F swap on the aminof-
luorene moiety generally had little effect on the spectroscopic
and repair characteristics in various sequence contexts. In
the present work, we provide evidence for AF/FAF compat-
ibility with repetitive NarI sequences.

The CD profiles of AF and FAF adducts are strikingly
similar at various positions of the fully pairedNarI sequences
(Figures 3 and 4 and Supporting Information Figure S1).
We demonstrated previously that AF- and FAF-induced CD
in the 290-360 nm range (ICD290-360 nm) arises from interac-
tions between the nonchiral carcinogen and the DNA and is
a useful marker for sequence-dependent S/B-conformational
heterogeneity (11, 12, 14, 15). The G2-modified duplexes
showed negative ICD290-360 nm, indicative of the B-conforma-
tion, while the G1 and G3 duplexes exhibited positive
ICD290-360 nm, indicative of the S-conformation. In concor-
dance with these CD data, our19F NMR data indicated that
S-conformer populations were 56%, 29%, and 69%, respec-
tively, for the G1-, G2-, and G3-modified fully pairedNarI-
dC duplexes. This convergence of findings supports the
compatibility of CD and19F NMR. Although a similar trend
was detected, the present S-conformer population values (%)
derived from19F NMR were greater than those previously
revealed by1H NMR (30%, 10%, and 50%, respectively)
(34). While data are limited, it is not likely that the AF/FAF
swap contributes to the greater S population observed for
FAF. For example, we have shown previously that FAF- or
FABP-modified 12-mer duplexes with the TG*A context
result in S/B population ratios similar to the ratios seen with
AF-modified duplexes (9). Furthermore, a similar AF/FAF
compatibility was obtained for the-2 deletion duplexes.

Concluding Remarks.In conclusion, the nature of the base
pair and base pair polarity configuration atN in the FAF-
modified NarI sequence (5′-CTCGGCG*CNATC) have a
substantial influence on conformational and thermodynamic
stabilities in both fully paired and-2 deletion duplexes.
Dynamic19F NMR results reveal the presence of an unusual
long-range “dT-induced conformational heterogeneity.” Ex-
perimental evidence suggests the existence of a putative
equilibrium between the S- and B-conformer SMIs in the
bulged dT/-2 deletion duplex. The yield of-2 deletion
mutations at G3 in theNarI sequence is determined to a
considerable extent by the conformational stability of the
S-conformer SMI. In addition, we have provided CD and
19F NMR evidence for AF/FAF compatibility inNarI
sequences, demonstrating the utility of FAF as a useful
conformational marker in investigating AF adduct structures.

SUPPORTING INFORMATION AVAILABLE

CD spectra ofNarI-dC (Figure S1) andNarI-dT (Figure
S2) duplexes,19F NOESY (Figure S3) and imino proton

(Figure S4) spectra ofNarI-dC andNarI-dT duplexes,
examples of line shape dynamic analysis (Figure S5), imino
proton spectra ofNarI-dC and NarI-dT -2 deletion
duplexes (Figure S6), calculated and measured molecular
mass ions (Table S1), and summary of H/D isotope effects
(Table S2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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