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ABSTRACT. TheNarl recognition sequence't&;G,CG3CN-3) is the most vulnerable hot spot for frameshift
mutagenesis induced by the carcinogen 2-aminofluorene and its analodtssherichia coli Lesioning

of the guanine in the &position induces an especially high frequency -e2 deletion mutations;
vulnerability to these mutations is modulated by the nature of the nucleotide M position (C~ A >

G > T). The objective of the present study was to probe the structural basis &f-thisdiated influence

on the propensity of the LHesion to form a slipped mutagenic intermediate (SMI) during translesion
synthesis. We studieNarl-based fully paired [(5CTCGG,CGs*CNATC-3')(5-GATNCGGCCGAG-

3'), N =dC or dT] and—2 deletion [(3>-CTCGG,CGs*CNATC-3)(5-GATNGCCGAG-3), N = dC or

dT] duplexes, in which G* was either ANF(2'-deoxyguanosin-8-yl)-2-aminofluorene] or tH& probe

FAF [N-(2'-deoxyguanosin-8-yl)-7-fluoro-2-aminofluorene]. The latter sequences mimic the bulged SMI
for —2 deletion mutations. DynamiéF NMR, circular dichroism, and UV melting results indicated that

the Narl —dC/—2 deletion duplex adopts exclusively an intercalated conformer, wherebBsthedT/—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 th2 duiplex. 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 (6975%) at the Ghot spot inNarl —dC duplexes. Taken together, our results support
the hypothesis that the conformational stability of the SMI is a critical determinant for the efficac¥ of
frameshift mutagenesis in thidarl sequence. We also provide evidence for AF/FAF conformational
compatibility in theNarl sequences.

Arylamines are an important group of mutagens/carcino- tions (Figure 1b)—8). When in fully paired DNA duplexes,
gens that cause human cancdis 2-Aminofluorene and its ~ AF equilibrates between B- and S-conformatiofs-14).
analogues are perhaps the most studied mutagens; theyrhe W-conformer has been observed in duplexes in which
produce two major C8-substituted dG adducts in vivo:! AF the AF lesion is mismatched with a purine bage 11).
[N-(2'-deoxyguanosin-8-yl)-2-aminofluorene and AAR(2'- Solution NMR structures of AF adducts have been studied
deoxyguanosin-8-yl)-2-acetylaminofluorene] (Figure 22) (  extensively in various DNA sequence conteX@s 14). AF-

3). AF and AAF induce distinct mutation and repair activities. induced S/B/W heterogeneity is modulated not only by base
Accurate nucleotide incorporation is feasible, albeit at a low sequence context, but also by primer lendtf) (As a result,
frequency, opposit&-deacetylated AFs, but not opposite the AF adduct influences polymerase function through a
bulky acetylated AAFs which block nucleotide incorporation long-range distortion effectlg). A similar conformational

(4, 5). The AF adduct has drawn much attention because of feature has been observed for duplexes containing adducts
its unique ability to adopt different conformations depending derived from the heterocyclic amine mutagens, such as PhIP
on the location of the carcinogen moiety: the major-groove- (2-amino-1-methyl-6-phenylimidazo[4/8pyridine) (17) and
binding external “B-type” (B), the base-displaced “stacked” 1Q (2-amino-3-methylimidazo[4,8quinoline) (18—20).

(S), and the minor-groove-binding “wedged” (W) conforma- | o4 sequence context plays an important role in adduct-
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(a) (c) 5/-C-T-C-G,*-G,*-C-G,*-C-N-A-T-C-3"
o 3/-C-A-G-C - C - G-C - G-N-T-A-G-5'
HN oy G* = AF or FAF
) AF, R=X=H N = C: Narl-dC; N = T: Narl-dT
HN" N AAF, R=COCH;, X =H
HO o FAF, R=H X=F 5’-C-T-C-G-G-C-G*-C-N-A-T-C-3’
3/-C-A-G-C-C - - G-N-T-A-G-5’
OH
G* = AF or FAF

N = C: Narl-dC/-2-del; N = T: Narl-dT/-2 del

Ficure 1: (a) Chemical structures of the AF addubsk(2'-deoxyguanosin-8-yl)-2-aminofluorene], AAF addubk(2'-deoxyguanosin-8-
yl)-2-acetylaminofluorene], and FAF addu®¥-[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-confoem&/AF]dG maintains WatsonCrick hydrogen

bonds, thereby placing the AF ring in the major groove. The AF moiety of the S-conformer stacks into the helix with the modified dG in
the synconformation. (c) Sequence contexts of the fully paired ai2ddeletionNarl duplexes.

fold less than that of AAFZ2). Interestingly, both AF and  adduct inSulfolobus solfataricu®2 DNA polymerase 1V
AAF produce point mutations (primarily &> T transver- (Dpo4) as well as irc. colipol Il and KFexo was found to
sions) when replicated in COS-7 mammalian cel8 @9). be strongly influenced by the regioisomeric nature of the
Fuchs and co-worker8(, 31) have studied AAF-modified  adduct in addition to the local sequen@&3)(
Narl sequences (N.GCG*CN,-3) and found that over 90% The objective of the present work was to probe the
of the mutations were targeted?2 deletion mutations, in  structural/conformational basis of the “hotness” of the
which a GC dinucleotide was deleted between theahd arylamine lesion at &for —2 frameshift mutagenesis in the
N, bases. They also discovered that varying stfongly Narl sequence (5CTCGG,CGs*CNATC-3,N=Cor T).
modulated mutagenesis (€A > G> T), whereas varying  The underlined portion of this 12-mer sequence is identical
Na located on the '5end of the sequence had little effect. to that used in the aforementioned mutation study by Fuchs
For example, the mutational efficiency ef2 deletion for  and co-workers30, 31). To this end, we prepared several
the Narl sequence 5G,G,CGs*CC-3' (N, = G; N, = C) model duplexes that were site-specifically modified by AF
was about 6-fold greater than for thé-G,G,CG;*CT-3' or N-(2-deoxyguanosin-8-yl)-7-fluoro-2-aminofluorene (FAF)
sequence (N= G; Np = T). (Figure 1) and then examined their conformational profiles
The propensity for deletion mutation generation depends py dynamic®F NMR, UV melting, and circular dichroism
on the characteristics of the base inserted opposite the(CD) spectroscopy. We hypothesized that the ease with
modified G*, the 5-sequence context surrounding the adduct, which the SMI can form and the SMI's conformational
the rate of translesion DNA synthes&l(-24), and the nature  stability are important factors in determining the propensity
of the polymerases2f). The ability of B-conformeric AF  of a sequence for frameshift mutagenesis. Specifically, we
at G to pair correctly with dC during translesion synthesis investigated the contribution of the identity of nucleote
facilitates formation of a slippage mutagenic intermediate on the conformational stability of the lesion at G3 and its
(SMI) for eventual—1 or —2 deletion mutation. Gill and  propensity to slip during replication. We further examined
Romano 82) showed that incorporation of AAF at G3 in  the nature of the conformational heterogeneity at G3 in the
the Narl sequence resulted in-a2 deletion in botHE. coli —2 deletion duplex and compared it to the well-established
pol Il exo™ and E. coli Klenow fragment exo (KFexo). S/B equilibrium observed in the fully paired duplex.
These results implied that there may be a common AAF-
induced SMI structure in this sequence. The study also EXPERIMENTAL PROCEDURES
showed that incorporation of an AAF adduct in tNarl ) ) o
sequence produces a very different SMI in the polymerase Caution: 2-Am|n0flu_orene derivatives are mutagens and
activation site compared with that produced by a similar sqspecteq human carcinogens and therefore must be handled
modification in a norNarl sequence. Fuchs and co-workers With caution!
have shownZ5) that DNA pol Il is the enzyme responsible ~ Crude oligodeoxynucleotides on the-106 umol scale
for the AAF-induced frameshift pathway, while bypass is in desalted form were obtained from Sigma-Genosys (The
error free by pol V inE. coli. These results emphasize the Woodlands, TX). All HPLC solvents were purchased from
complex role of a polymerase which must be taken into Fisher Inc. (Pittsburgh, PA).
consideration. Replication of aNarl-based —2 deletion Model Sequence Systerniie Narl sequences used in the
generated by replication of the food mutagen C8-4% present study and their respective designations are listed in
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mAu controller. Duplexes with a total concentration in the range
750 G+ G* G,*Gy* of 0.2—14uM were prepared in solutions containing 0.2 M
500 nmo 8 / G,* NaCl, 10 mM sodmm phosphate, and 0.2 mM EDTA at pH
\ ¥ G*GHA s ws % 7.0. Thermomelting curves were constructed by varying the
250 1YY Gy %Gy temperature of the sample cell {C/min) and monitoring
the absorbance of the sample at 260 nm. A typical melting
0 _ _ _ _ experiment consisted of forward/reverse scans and was
0 20 40 60 80 min repeated three times. Thermodynamic parameters were
FicuRe 2: HPLC chromatogram of a mixture from reaction between calculated using the program MELTWIN version 3.5 as
the Narl—dC 12-mer sequence and an activated FNR((ifluo- described previously1).

roacetyl)N-acetoxy-7-fluoro-2-aminofluorene). The mono-FAF Circular Dichroism Spectra.CD measurements were

(G3*, G1*, G1*) and di-FAF (G1*G3*, G2*G3*, G1*G2*) adducts . ; ; ;
eluted in the 4650 and 60-80 min ranges were purified by conducted on a Jasco J-810 spectropolarimeter equipped with

reversed-phase HPLC and characterized by LC-TOF-MS. The a Peltier temperature Cont,m”er' Typiqally, 2 ODs of each
gradient condition was -315% acetonitrile in triethylammonium  Strand were annealed with an equimolar amount of a

acetate buffer (pH 7.0, 100 mM) for 60 min, followed by-1%0% complementary sequence. The samples were dissolved in 400
for 20 min, and back to 3% acetonitrile in 10 min, flow rate 2 4| of a neutral buffer (0.2 M NaCl, 10 mM sodium
mL/min. phosphate, 0.2 mM EDTA) and placedad 1 mmpath length

Ei 1 The th . i the 12 cell. The samples were heated at®5for 5 min and then
igure 1. The three guanines in the 12-mer sequence.,,iaq to 15°C over a 10 min period to ensure complete

5-CTCGG,CGCNATC-3 (N = C or T) were site- du - . )
o i - plex formation. Spectra were acquired every 0.2 nm with
specifically modified by AF or FAF. The modified sequences a 2 s response time from 200 to 400 nm at a rate of 50 nm/

were annealed with complementary 12-mer sequences to,.: :
; min, were the averages of 10 accumulations, and were
form fully paired 12/12-memMNarl—dC andNarl—dT du- g

: . ) e smoothed using 17-point adaptive smoothing algorithms
plexes, designated by the identity of the nucleoligigure ., iqed by Jasco. For salt experiments, CD spectra were

1c). G3-modified sequences were also annealed with comple- P ; .
mentary 10-mer strands-BATNGCCGAC-3 (N = G or [fgorfgdzag 15 g V;"rfz ploreasing amounts of NaCl: 0.2,
A) to produce 12/10-met-2 deletion duplexeblarl —dC/—2 MDD Eumari, B
del andNarl —dT/—2 del (Figure 1c). These 12/10-mer bulge
duplexes mimic SMIs for-2 deletion mutations. The high-

resolution 'TH NMR solution structures of AF-modified

NMR ExperimentsApproximately 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
Narl—dC (34) andNarl—dC/=2 (35) duplexes were reported  , py Microsep MF centrifugal device (yellow, MW cutoff
previously. 1000). The samples were then dissolved in 800f a pH

Preparation and Characterization of Modified Oligode- 7.0 puffer (10% RO/90% HO, 100 mM NaCl, 10 mM
OXynUCleOtideSAF' or FAF-modified OligOdeoxynUdeOtideS sodium phosphate' and 1Q£]\/| tetrasodium ethy|enedi-
were prepared using the general procedures described previgminetetraacetate) and filtered into a Shigemi tube through
ously ©, 12 14). Briefly, an unmodified oligodeoxynucle- 3 0.2,m membrane filter for NMR measurements.
otide was treated with activated carcinogens in a pH 6.0 Al !H and ¢ NMR results were recorded using a
sodium citrate buffer and placed in a shaker for-28 h at dedicated 5 mni9F/*H dual probe on a Bruker DPX400
37 °C: N-acetoxyN-(trifluoroacetyl)-2-aminofluorenel@) Avance spectrometer operating at 400.0 and 376.5 MHz,
andN-acetoxyN-(trifluoroacetyl)-7-fluoro-2-aminofluorene  regpectively. Imino proton spectra at°& were obtained
(9, 14), respectively, for AF and FAF adducts. Figure 2 ysing a phase-sensitive jumpeturn sequence and referenced
shows a typical reversed-phase HPLC chromatogram of arelative to that of DSS!F NMR spectra were acquired in
mixture derived from treatment of an unmodifibidrl —dC the 'H-decoupled mode and referenced relative to that of
12-mer (5CTCGGCGCCATC-3 with the activated 7-fluoro- CFCk by assigning external §Es in CsDe at —164.90 ppm.
2-aminofluorene. The oligomer FAF adducts appearing in One-dimensional®c NMR spectra were measured between
the 40-80 min range were separated and purified up to 5 and 60°C with increment of 5-10 °C. Temperatures were
>97% purity by repeated injections. The HPLC system maintained by a Bruker-VT unit with the aid of controlled
consisted of a Hitachi EZChrom Elite HPLC unit with an b0|||ng ||qu|d N2 in the probe‘ Each Spectrum was obtained
L2450 diode al’ray detector and a Waters XTerra C18 column by Co||ecting 65 536 points using a 37664 Hz Sweep W|dth
(10 x 50 mm, 5.Qum). A 60 min gradient system involving  and a recycle delay of 1.0 s. A total of 1600 scans were
3—15% acetonitrile in pH 7.0 ammonium acetate buffer (100 acquired for each dynamic NMR spectrum. All free induction
mM) with a flow rate of 2.0 mL/mln was used. The pu”ﬂed decays were processed by Zero_fi”ing and exponentia|
sequences were characterized by analyses of their UV andnyltiplication using a 20 Hz line-broadening factor before
electrospray ionization time-of-flight mass spectrometry Fourier transformation. NOESY/exchan§e NMR spectra
(ESI-TOF-MS) characteristics. The mass analyses wereyere obtained in the phase-sensitive mode using the follow-
carried out Using a Waters ESI-mass Spectrometer in the”']g parameters: sweep width 4529 HZ, number of Comp|ex
negative ion mode on the basis of the exonucleaseX3r  data points int, 1024, number of complex FIDs i 256,
5-3) strategies described previousty2|. number of scans 96, number of dummy scans 16, recycle

UV Melting ExperimentdJV melting data were obtained delays 1.0 s, and mixing time 400 ms. The data were
using a Beckman DU 800 UV/vis spectrophotometer equipped apodized with an SSB function using 2 Hz line broadening
with a six-chamber, 1 cm path lengii, cell. Sample cell in both dimensions and Fourier transformed with the 1024
temperatures were controlled by a Peltier temperature x 256 data matrix.
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Complete Line Shape Analysi€omplete line shape 15 E—
analysis was carried out using the simulation program (a) 10,.AF i A
WINDNMR-Pro (version 7.1.6;). Chem. EducSoftware Q : \
Series; Reich, H. J., University of Wisconsin, Madison, WI)
to determine rate constantk),(the free energy difference
(AG®°, —RT In K¢g), and the S/B interconversion energy
barrier AG¥) (36). The values of the frequencies and the oLl
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). (b) 10 EAF @~
Subsequently, spectra were recorded at various temperatures o
between 5 and 60C. Additional spectra were obtained to

CD[mdegq]
o

clarify coalescence of two slowly exchanging signals. The g
L E 0
samples were then cooled back to the slow exchange limit g
to ensure that no irreversible processes had occurred at the ALy
higher temperatures. g
-10 : b :
RESULTS 200 250 300 350 400

Wavelength [nm]

Synthesis and Characterizatidfigure 2 shows the HPLC  Figure 3: CD spectral overlay of fully paireMarl—dC duplexes
profile of a reaction mixture derived from treatment of an with (a) AF or (b) FAF modification at G1 (green), G2 (red), and
unmodified Narl sequence with an activated 7-fluoro-2- G3 (blue), recorded at 15C.
aminofluorene. The photodiode array UV of the peaks eluting
after 41 min exhibited shoulders in the 36850 nm UV dT duplexes (Supporting Information Figure S2), except that
range (data not shown). These UV shoulders represent thé>1 adducts exhibited negative CD.
aminofluorene chromophore attached at the C8 of dG, and (2) Narl—dC and Nar-dT —2 Deletion Duplexeg=igure
their intensities correlate with the aminofluorene moiety 4 shows the CD spectra of2 deletion duplexes relative to
quantity 8, 37). The relative shoulder intensities of the three the unmodified control duplexes. The CD profiles of the
late-eluting peaks at 63.6, 70.2, and 74.6 min were double control Narl —dC/—2 andNarl—dT/—2 del duplexes were
those of the early-eluting peaks at 42.8, 44.2, and 48.6 min.similar; both exhibited a weak negative 16§ 360 nm The
Hence, the late-eluting peaks were designated as di-FAFfully paired control duplexes exhibited no such 16830 nm
adducts and the early-eluting ones as mono-FAF adducts.(Supporting Information Figure S1). The negative ¥glsonm
Adduct position assignments were made on the basis of theassociated with the deletion duplexes could arise from
exonuclease-digest/ESI-MS procedure as described previbending of the DNA helix as would be expected for bulging
ously (12); the details of the position assignment work will ~ structures &, 8, 35, 38, 39). An observed negative intensi-
be published elsewhere. The molecular mass ions of all thefication of ICD,g0-360 nmupon adduct formation indicated that
modified sequences used herein are listed in Supportingthe bent structures provide binding pockets for the hydro-
Information Table S1. phobic carcinogen and are maintained upon adduct formation

CD Experiments. (1) Fully Paired NafdC and Nark- (Figure 4). AF-modified—1 and —2 deletion duplexes in
dT DuplexesThe CD data of theNarl—dC duplexes in different sequence contexts share the common structural

which the three guanines in the sequence were individually féature of base-displacement intercalation with an increase
modified by either AF or FAF were compared (Figure 3). I Tm anq significant bending of the DNA helix around the
The highly positive CD at around 275 nm represents a typical 2dduct site & 8, 33, 38).

B-DNA helical conformation. We have shown previously  (3) Salt Effects on Narl/G3-FAF-2 Deletion Duplexes.
that induced circular dichroism in the 29860 nm range Salt experiments were performed to assess conformational

(ICD2g0-360 n) iS @ sensitive conformational marker for AF-  flexibility at the lesion site 7). Figure 5 shows overlays of
induced S/B heterogeneity 1—15). The fully paired modi- ~ CD spectra of G3-FAF dG/2 and dT/-2 deletion duplexes

fied duplexes exhibited sequence-dependent 6B nm at_vgr_ious salt concentrations (6:3.0 M NaCl). The
The control duplexes however showed no such ICD (Sup- €llipticity at 275 nm of the dC#2 del duplex decreased
porting Information Figure S1). The IGB-360 nmexhibited incrementally with increasing salt concentration, indicating

by AF adducts (Figure 3a) and that exhibited by FAF adducts @ gradual structural collapse of the helices. In contrast, the
(Figure 3b) were strikingly similar. The data confirm that dT/—2 del duplex exhibited dramatic spectral changes under
incorporation of a fluorine atom at the remote C7 position identical experimental conditions. This modest salt effect
of AF did not change the local conformation in the repetitive With the dC/-2 del duplex is consistent with previodsl

Narl sequences?( 9, 14). In both AF- and FAF-modified =~ NMR findings that showed an exclusive presence of the AF-

sequences, G1 and G3 adducts showed a positivedGE nm intercalative conformer structure. The dramatic salt effect
while the G2 adduct exhibited a strong negative Q6o nm with the dT/2 del duplex provides a robust demonstration
These results are in good agreement with previeLEIMR of the conformational flexibility at the lesion site.

data on the same sequence contexts, which showed that AF NMR. (1) Fully Paired Nart-dC Duplexes. (a) S/B-
at G1, G2, and G3 existed in 70/30, 90/10, and 50/50 ratios Conformational HeterogeneitfFigure 6 shows dynami€F

of B/S-conformer populations, respectiveB4. A similar NMR spectra of three fully paired duplexes with FAF
general trend in ICBYo-360 nmWas observed for thdlarl — modifications at G1, G2, and GBlarl—dC/G1,Narl —dC/
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Narl-dC/-2 Control

Narl-dC-G,

Jain et al.

[AF)/-2 del Narl-dC-G,[FAF)/-2 del

(@_s : : 3 1 :
TOA A -
EO ; : 2 / 0 ;
-8 : : -5 : : “12-
200 250 300 350 400200 250 300 350 400 200 250 300 350 400
Wavelength [nm] Wavelength [nm] Wavelength [nm]
Narl-dT/-2 Control Narl-dT-G,|AF]/-2 Del Narl-dT-G,|[FAF]/-2 Del
(b) _ - : 4 :
g | . I ‘ |
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Ficure 4. CD spectra of-2 deletion duplexes (control, AF- and FAF-modified at G3*) recorded atQ%or the (a)Narl—dC/—2 and
(b) Narl—dT/—2 del series (see Figure 1 for the structures and sequences). The carcinogen-induced ellipticities i 366 280 range

(ICD290-360nm) are colored in green.

6 .
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Ficure 5: CD spectral overlays of G3-FAF-modified (Aarl—
dC/—2 and (b)Narl—dT/—2 deletion duplexes at 15C. Dotted

position of the aminofluorene moiety was replaced with
fluorine. Not surprisingly, our imino proton spectra are nearly
identical to those of Mao et al3§) (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 pres€rt NMR
data (Figure 6) indicated that the FAF duplexes followed a
similar S population trend at a similar temperatureQ:
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) Dynamic'®F NMR. The three fully pairedNarl—dC
duplexes (Figure 6) exhibited a typical two-site chemical
exchange. Thus, the S/&F signals broadened with increas-
ing temperature; the broadening signals gradually moved
closer to one another and eventually coalesced into single
sharp signals in the 5660 °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 aboveC2(14).
Therefore, the signals in the intermediate temperatures (20

arrows denote increasing NaCl concentration: 0.2, 0.5, 1.0, 2.0, 50°C) are a mixture of the two equilibria. Additional signals

3.0, and 5.0 M.

G2, andNarl —dC/G3, respectively). These duplexes exhib-
ited two major %F signals, each representing a unique
conformation. The'®F signal assignments were based

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-

primarily on the deuterium isotope and NOESY results as Marized in Table 1. An example of the computer simulation

described previouslyd( 13—15). NOESY spectra (Support-
ing Information Figure S3) showed that two prominent

is shown in Supporting Information Figure S5. The S/B
interconversion energy barrierAG¥) were found to be in a

signals in each of the duplexes slowly interconvert between narrow 14-15 kcal/mol range. The energy differencé<’
S- and B-conformers. The downfield B-conformer peaks = —RTIn K¢g) of the two conformers at 20C were small

consistently exhibited a larger,D effect (0.19-0.28 ppm)
than the upfield S-conformer peaks (0-07.18 ppm) 40).

(140-639 cal/mol). We were unable to determine exact
coalescence temperatureg) due to a lack of sufficient

The H/D isotope effect details are summarized in Supporting numbers of recorded dynamic spectra. However, a close

Information Table S2.

The base sequence context of the fully paired FAF-

inspection of emerging signals indicated tAatdecreases
in the order Narl—dC/G3 (CG*G—) ~ Narl—dC/G2

modifiedNarl —dC duplexes investigated in the present study (—GG*C—) > Narl—dC/G1 (-CG*G—). The Ty, values

was identical to that used in a previolld NMR study by

were within the narrow range of 5%2 °C, probably because

Mao et al. 84), except that herein the hydrogen at the C7 the FAF lesions were flanked by G:C or C:G pairs.
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(a) Narl-dC/G, (b) Narl-dC/G, (¢) Narl-dC/G,

60 °C ::j\‘:: WJLW
A Y, G
50 e N
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FiIGURE 6: Dynamic'®F NMR spectra of fully pairetNarl —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, a@&).68dditional temperatures were used to clarify the coalescent
exchange process (see the text).

Table 1: Dynamic NMR and Thermodynamic Parameters for the FAF modification at G1, G2, a”?’ G3arl—dT/G1,Narl —

FAF-Modified 12-merNarl—dC Duplexes dT/G2, andNarl—dT/G3, respectively). At low temperatures
Narl—dC/Gs Narl—dC/G, Narl—dC/G, (5-10°C), both G3 and G2 duplexes exhibited dynamics

and signal patterns similar to those of dC duplexes discussed

B/S ratid* at 20°C 25%/75%  56%/44%  65%/35% .

B/S ratid at 2°C 3106/69%  469%/56%  71%/29% above. The two signals were slowly exchangeable as
ko at 30°C (sY) 163 378 378 evidenced by NOESY (Supporting Information Figure S3).
7°at 30°C (ms) 6.14 3.00 3.00 The downfield signals showed greater (61930 ppm) H/D
AG? ¢ (cal/mol) ~639.6 1404 360.3 effects than the upfield ones (0:08.14 ppm) (Supporting
AG*eat 30°C (kcal/mol) 14.7 14.2 14.2 e

Population (%) of B and S-conformers based on integration of Information Table S2). These results confirm the presence
a ulati (] - - i i . e

19 NMR signals? Rate constant (STB: 25%). The data were obtained of a typical S/B qulllbrlum 14, 19). |t_ShOUId_ be noted th"_it

by complete line shape analysis of temperature-deperiertiMR the dT/G1 duplex displayed at least five major conformations
results using the WINDNMR-Pro Sharewafé& he exchange time (1/  in the 5-10 °C range. In the 2635 °C range, all three

k) indicates the amount of time the adduct spends in one conformation Nar|—dT duplexes exhibited significantly greater confor-
before jumping into another conformatighEnergy difference between mational heterogeneity than thélarl—dC counterparts. This

the two conformers:AG® = —RT In Keq [Keq = [S)/[B]]. ¢S/B . o . -
interconversion energy barrier at 3C obtained from the Eyring IS probably due to the presence of additional intermediate
equation 86): AGc = 4.58T¢(10.32+ log(Tc/ke)) cal/mol. STD+ conformers (B*, S*). The heterogeneity persisted at high
0.2 keal/mol. temperatures (4660 °C) and was complicated by a melting

The exchange rate constantathc = 25 v v = EUIBIUM, Conormerc complexes s e pleredate
the separation in frequency (Hz) between the two conformer P 9ep P yses.

signals at 5°C, when dynamic exchange is minimal) were It should be noted that the only difference between the
determined to be in the range of 998170 s (Table 1). fully pairedNarl —dC andNarl —dT duplex series is the base
The correlation timest(= 1/k), which signify the amount ~ (dC or dT) at theN position (3-CTCG,G,CG:CNATC-3).
of time the lesion spends in one conformation before It appears that the primary effect of the dC/dT swap is to
changing to another conformation, were in the narrow range increase conformational complexities. Conformational dis-
of 2.2—5.2 ms at 20°C (14). turbance was the greatest for FAF modification at G1, a
(2) Fully Paired NardT Duplexes.Figure 7 shows remarkable long-range conformational effect. These data
dynamic®F NMR spectra of three fully paired duplexes with indicated that the thermodynamic properties depend not only
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Ficure 7: Dynamic'®F NMR spectra of fully pairedNarl—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, &@).68dditional temperatures were used to clarify the coalescent
exchange process (see the text).

on the flanking sequences, but also on sequences surroundinghich showed well-resolved signals (Figure S6, Supporting

the lesion site. Information). The!*F NMR spectrum for the FAF-modified
(3) Narl—=dC/~2 and NardT/—2 Deletion Duplexes.  Narl—dT/—2 del duplex (Figure 8b) showed pronounced
Dynamic °F NMR spectra were recorded for thdéarl— conformational heterogeneity with at least three signals at

dC/—2 and Narl—dT/—2 del duplexes, in which G3 was —116.8,—117.9, and—119.0 ppm at 5C; each of these
modified by FAF. UsingH NMR, Mao et al. found an AF-  signals represents a distinct conformer with a population ratio
intercalated conformer with CG*— unpartnered (Figure 1c)  of 18%, 47%, and 35%, respectively. Only the major signal
with the modified G* and its 5C displaced into the major  at—117.9 ppm exhibited a H/D isotope effeetd.15 ppm).
groove @5). The modified G* adopted &ynglycosidyl These results suggest that the intense signal is probably due
conformation, and the methylene edge of the aminofluoreneto an external B-type conformer, while the minor signals
ring was directed toward the minor groove. The imino likely represent the FAF-intercalated S-type conformers. As
spectrum of the dGf2 del duplex showed 10 well-resolved the temperature was raised from 5 to°Z2, the main signal
signals, indicating a single predominant conformation (Sup- broadened and ultimately merged with the two minor signals.
porting Information Figure S6). Consistent with this observa- Over this low-temperature range, the population intensities
tion, the dC-2 del duplex exhibited a single exclusit of the minor signals were reduced significantly. Off-diagonal
signal throughout the entire temperature range teste@@  contour peaks in the NOESY spectra were intense 4,5
°C) (Figure 8a). The small signal at120 ppm was but disappeared at 1%C (Figure 8, insets). This strong
determined to be an impurity when it shifted upfield at temperature dependence indicates that the conformers were
increasing temperatures and disappeared after membrané slow exchange. Upon raising the temperature further from
filtering. The signal at—118.8 ppm at 20°C displayed a 20 to 40°C, the major peak-117.9 ppm narrowed as a new
very small H/D isotope effect#0.02 ppm), indicative of a  downfield signal emerged at117.5 ppm. Thus, the ex-
buried'°F signal as predicted for the intercalated conformer change dynamic characteristics of the-dZ/del duplex were
(9). distinct from the S/B equilibrium observed with the corre-
A similar set of dynamic NMR spectra were obtained for sponding fully paired dT duplex described above.
the FAF-modified\Narl —dT/—2 del duplex. The imino proton Thermodynamic Comparison between the NaC and
spectrum exhibited complex proton signals with varying Narl—dT SeriesTable 2 summarizes the van't Hoff param-
degrees of intensity, in contrast to the é@/ counterpart, eters obtained for the FAF-modifiedarl —dC andNarl—
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FiGURE 8: Dynamicl%F NMR spectra of G3-FAF-modified (&yarl —dC/—2 and (b)Narl —dT/—2 deletion duplexes. Spectra were obtained

at seven standard temperatures (5, 10, 20, 30, 40, 50, af@d)6@dditional temperatures (15, 22, 25, 35) were used foNarl —dT/—2
to clarify the coalescent exchange process (see the textfH&)MR NOESY/exchange spectra Wfrl—dT/—2 recorded at 5 and 1%.

Table 2: Effects of FAF Moadification on the Thermal and Thermodynamic StabilitMaf-Based DNA Duplexe®

—AG° ¢ —AH° ¢ Tirod AAG® ©€ AAHP ¢f ATrS9
entry (kcal/mol) (kcal/mol) (°C) (kcal/mol) (kcal/mol) (°C)
Narl—dC Control 16.2 107.9 68.5
Narl —dC/G; 12.0 65.9 60.2 4.2 42 —8.3
Narl—dC/G, 11.7 76.7 59.1 45 31.2 -9.4
Narl—dC/G; 11.6 70.7 61.7 4.6 37.2 —6.8
Narl—dT Control 11.7 77.5 66.3
Narl —dT/G; 11.0 81.9 56.3 0.7 4.4 —10.0
Narl —dT/G, 12.3 85.7 59.3 -0.6 8.2 -7.0
Narl —dT/G; 12.2 121.4 52.6 —-0.5 43.9 —-13.7

2 See Figure 1 for full structure and sequence details¥G*AF adduct).” The results of the curve fitting anti,—In C; dependence were within
+15% of each other, and therefore, these numbers are the average of the two nfefhedsverage standard deviations faAG°, —AH°, and
Tm are £0.22, £6.33, and+0.4 respectivelyd T, values at 14«M taken from the IF,,—In(Cy/4) Meltwin plots.¢ AAG = AG°(FAF-modified

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

AH°(control duplex).8 ATn = Tm(FAF-modified duplex)— Tr(control

dT of both fully paired and-2 deletion sequences relative
to their controls. The fully pairedNarl—dC duplex was
thermally ATy, = +2.2 °C) and thermodynamicallyNAG

= +4.5 kcal/mol) more stable than th¢arl—dT duplex.
FAF modification resulted in the expected thermallf, =
6.8-8.3°C) and thermodynamidNAG = 4.2—4.6 kcal/mol)
destabilization. No significant differences were observe
among the isomeritlarl —dC duplexes. Thus, the position

multiple signals forNarl—dC/—2 and Narl—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 & del duplex

is prone to destabilization.

4 DISCUSSION
The focus of the present work is the examination of the

of the adduct and the polarity (G:C vs C:G) of the base pairs sequence-specific conformatiefunction relationships. Here
surrounding the lesion did not seem to significantly influence we used a combination dfF NMR, UV melting, and CD

the duplex stability.

spectroscopy to probe the hotness of the FAF lesionsat G

Relative to the fully paired dC duplexes, the fully paired andN in the Narl sequence (53CTCGG,CGs*CNATC-3',
dT duplexes exhibited a similar extent of thermal destabiliza- N = dC and dT). The present experiments demonstrated that

tion (7.0-13.7 °C) but less thermodynamic destabilization
(AAG = —0.5-0.7 kcal/mol).

FAF modification of the dT+2 del duplex produced only
a small increase in free energhAG = —0.5 kcal) and a
small decrease iy, (AT, = —1.0°C). On the other hand,
FAF modification of the dC+2 duplex resulted in significant
thermal ATy, = 3.3°C) and thermodynamicdNAG = —3.0

the AF-induced conformational heterogeneity a* Gs
strongly dependent on the nature of the bashl & both

the fully paired and-2 deletion duplexes. While the d€2
deletion duplex Il = C) adopted exclusively a single
intercalated S-type conformer, the corresponding-@Tdel
duplex (N = T) existed as multiple conformers. A similar
dT-induced conformational heterogeneity was observed for

kcal/mol) stabilization. These data are consistent with the the fully pairedNarl duplexes. The results support a model
%F NMR results described above in which single and that the conformational and thermodynamic stabilities of the
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Ficure 9: Cartoon representation of translesion synthesiasf-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). (&arl—dC/—2 del resulted in an exclusive formation of S-SMI. (b) In contrast, the-@Tdel 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 (Wats@rick, orientation) of the base pairs at tNeposition (red colored) (see the

text).

induced SMI are critical determining factors for the efficacy  Unlike the dCf-2 del duplex, the dF2 del duplex
of —2 frameshift mutagenesis in tidarl sequence. displayed severe conformational heterogeneity in Béfh
dT-Induced Conformational Heterogeneithe Narl—dC and '™H NMR spectra (Figure 8b, Supporting Information
duplexes exhibited typical S/B equilibrium characteristics as Figure S6). We observed at least three major conformers
evidenced by two-site exchanges in their dynatPfctNMR exchanging slowly at low temperaturesi5 °C). Consistent
spectra (Figure 6, Table 1). The correspondiay| —dT with van't Hoff parameters, out®F NMR results showed
duplexes exhibited marked conformational heterogeneity that the dT+2 del duplex exhibited significantly smaller
(Figure 7), probably due to the considerable presence ofincreases in thermal and thermodynamic stabilities than the
various intermediate B*- and S*-conformers. We refer to dC/—2 duplex (Table 3). Furthermore, the &2 del duplex
this phenomenon as “dT-induced conformational heterogene-exhibited a dramatic salt-dependent CD effect, indicating the
ity”. This effect was particularly dramatic for the G1 duplex conformational flexibility at the lesion site. Thus, it appears
(Figure 7B), which is surprising given that G1 is located that the so-called “dT-induced heterogeneity” also plays a

five bases away from thd position. The reason for this
unusual long-range effect is unknown.
A previous'H NMR study on theNarl—dC/—2 deletion

key role in deletion duplexes.
The dT/~2-induced heterogeneity can be envisioned as a
putative equilibrium between the B- and S-conformeric SMI

(del) sequence with AF at G3 indicated an exclusive S-type as depicted in Figure 9b. The signals observed in‘the

intercalated SMI structure3g). As depicted in Figure 9a, in
this structure the modified G and its-6 residues are
displaced into the major groove. A similar intercalated SMI
structure was reported for a ndtarl-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

NMR spectra of the dF2 del duplex (Figure 8b) are
probably due to an equilibrium between B- and S-conform-
eric SMIs and other intermediate conformers (S*-SMl, B*-
SMI, etc). Theoretical studies suggest thatdheglycosidic
S-conformeric SMI is much more stable than tuati-B-
conformeric SMI AE > 30 kcal/mol) and that it can be

(37). These intercalated structures have shown unusualstabilized by many favorable interactions between a car-
thermal stability independent of sequence context. Our cinogen and flanking base pairs inside the bulging pocket

dynamic'®F NMR data showed a single signal for the FAF-
modified dC/~2 del duplex throughout the entire melting

(39). In theanti-B-SMI structure, however, the carcinogen
is situated in the major groove with both faces completely

process (Figure 8a), indicating conformational homogeneity. exposed to solvent and virtually no interaction with DNA.

The'°F signal at 5°C was significantly shielded, indicating

As shown in Figure 9b, the carcinogen in the S-conformeric

that the fluorine atom was buried within the helix as occurs dC/—2 duplex is well-accommodated within the bulge pocket
in the S-type conformation. This conformational homogeneity with significant stacking with the’3mmediate neighbor G:C
was further evidenced by the presence of well-resolved base pair. The SMI structure of the @12 del duplex has

signals in the imino proton NMR spectrum (Supporting
Information Figure S6).

not yet been elucidated Bi# NMR. However, out°F NMR
results indicate clearly that the presence of dT at posikion
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Table 3: Effects of FAF Modification on the Thermal and Thermodynamic Stabilithat/—2 Deletion Duplexe®

entry sequence -AGO¢ SAH® Tm™ AAG™* AAH®Y  ATm®¢
(kcal/mol) (°C)  (kcal/mol) (kcal/mol) (°0)

(kcal/mol)
Narl-dC/-2 Control -GGCG*CC- 8.2 30.5 545
-CC-- GG-
Narl-dC/G3%/-2 del -GGCG*CC- 11.2 91.3 57.8 -3.0 -60.8 3.3
-CC-- GG-
NarI-dT/-2 Control -GGCG*CT- 8.5 305 457
-CC-- GA-
NarI-dT/G3*/-2 del -GGCG*CT- 9.0 58.5 447 +0.5 -28.0 -1.0
-cC-- GA-

2 See Figure 1 for full structure and sequence details¥G*AF adduct).” The results of the curve fitting antl,—In C; dependence were within
+15% of each other, and therefore, these numbers are the average of the two nfefhedsverage standard deviations faAG°, —AH°®, and
Tm are £0.22, £6.33, and+0.4, respectivelyd Tr, values at 14M taken from the ITn—In(C/4) Meltwin plots . AAG = AG°(FAF-modified
duplex) — AG°(control duplex)! AAH = AH°(FAF-modified duplex)— AH°(control duplex)? ATy, = Tm(FAF-modified duplex)— Tr(control
duplex).

causes pronounced conformational flexibility of the FAF conformer directs incorporation of dG or dT, which is
adduct at G3 within the SMI pocket. required for the slippage to occur in these sequences. The
The “dT effect” in theNarl sequences described above formation of mispaired intermediates that lead to base
applies to both fully paired ane-2 deletion duplexes. It  substitutions can compete with the formation of bulge
should be noted that in both cases the intercalated carcinogelintermediates that produce deletion mutations. Also, repair
moiety stacks with the'3lanking C:G base pair rather than enzymes may stabilize helical forms of DNA and prevent
with N. This type of long-range conformational effect is bulge formation, or vice versa, depending on the nature of
novel and has not been reported previously. However, anadduct and local base sequences.
immediate flanking dT effect has been observed previously. Our working hypothesis is that the conformational stability
For example, Geacintov and co-workef4,(42) have shown of adduct-induced SMis is a key determining factor for the
that trans-anti-BaP-dG flanked by dTTG*T—) existed propensity to form—2 deletion mutations. Fuchs and co-
in multiple conformations, whereas the same adduct in the workers have suggested that the intrinsic tendency of the
—CG*C— context adopted a single conformation. Multicon- carcinogen to slip during translesion synthesis determines
formeric TG*T sequences have been shown to be morethe hotness d in theNarl 5'-GGCG*ON-3' sequence3l).
susceptible to NER than a single conformeric CG*C In principle, there are two possible SMI structures to account
sequence4d). Similar sequence-dependent NER results have for —2 mutations in theNarl sequence: CG*- or G*C-
also been obtained for various AF- and AAF-modified unpartnered. Fuchs et al. have used the latter scenario, albeit
sequencesl@, 14, 44). The results indicated greater NER without structural proof, to argue that greater stacking of
susceptibility for intercalated S-conformers than Watson the carcinogen with the C:G base pair over T:ANatis
Crick-paired B-type conformers and hence reinforce the responsible for its significantly higher>Gx) deletion
complexity of a multipartite model for NER4E). frequency 81). Theoretical calculations indicated théarl-
Biological Implications.Translesion DNA synthesis and based SMIs are more stable than their normally extended
subsequent elongation are most likely achieved by recruit- counterparts and that carcinogen stacking is more important
ment of specialized lesion-bypass polymeragés (Ve have than the number of correct base pairs around the primer
shown that the AF lesion at the primer terminus exists in a template junction38). However, high-resolutioftH NMR
flexible S/B equilibrium (5). The AF lesion in repetitive  studies by Mao et al. have shown unequivocally the
sequences may result in polymerase pause in the S-formation of CG*-unpartnered in the exclusive presence of
conformer, which may lead to DNA synthesis blockage or the S-conformeric SMI for the AF-modified d€2 del
slippage. However, the correct dCTP may be incorporated duplex @5) (Figure 9a). Out°F NMR data showed that the
opposite the modified dG in the B-conformer, followed by dC/—2 del duplex adopts a single stable S-type conformer,
elongation, producing error-free replication or rearrangement while the corresponding d¥2 duplex produces complex
into a stable SMIZ1—-24) (Figure 9). Deletions are frequent conformational heterogeneities involving the putative equi-
under conditions where the newly inserted nucleotide op- librium between S- and B-SMls (Figure 9b). Taken together,
posite the lesion can pair with a complementary base 5 it can be concluded that the conformational stability of the
the lesion. For example, when there is a d@fhe lesion, SMl is an essential determinant for inducin@ frameshift
the newly inserted dC can pair with this base to produce a mutations.
—1 deletion 21, 22). Similarly, —2 deletions can occur when As mentioned above, the intercalated carcinogen moiety

there is a complementary base two positiongfihe lesion. in the S-conformeric SMI stacks with thé 8nmediate
The relative frequencies of base insertions opposite theflanking C:G base pair, not the nucleotide at posithdn
adduct were dCMP> dAMP > dGMP > dTMP (24). Interestingly, however, equally high mutational frequencies

Mutations did not occur readily in'8G* and 3-AG* have been reported for dC and dAMNt(30, 31). Whether
sequences because neither the S-conformer nor the B-and to what extent base pair polarity (T:A vs A:T) Idt
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affects SMI conformational stability is not known. There are (Figure S4) spectra oNarl—dC andNarl—dT duplexes,
no structural data of any kind yet available for tNarl — examples of line shape dynamic analysis (Figure S5), imino
dA/—2 deletion duplex. If our hypothesis is correct, then the proton spectra ofNarl—dC and Narl—dT —2 deletion
dA/—2 duplex should form a conformationally stable SMI. duplexes (Figure S6), calculated and measured molecular
Our findings indicate that SMI conformational stability is mass ions (Table S1), and summary of H/D isotope effects
determined not only by the nature of Watse@rick base (Table S2). This material is available free of charge via the
pairs (A:T vs G:C), but also by base pair polarity (A:T vs Internet at http://pubs.acs.org.
T:A or G:C vs C:G).

AF/FAF Conformational CompatibilitjtVe demonstrated =~ REFERENCES
previously the utility of the fluorine probe FAF for studying 1. Luch, A. (2005) Nature and nature-lessons from chemical car-
the structure/function of 4-aminobipheny)( AF (9, 11— cinogenesisNat. Re.. Cancer 5 113-125.
15), and AAF @6) adducts. The H/F swap on the aminof- 2. I;eﬂich,I R. Hi‘i and Neéft, R. % (1994) Gdenetic tc}xi(r:]ity of
luorene moiety generally had little effect on the spectroscopic taggﬁttgsa;”rzgom‘é‘(’ﬁ“;é taggl‘i't”d%’u‘ig{f’g% 5“3 1;?’3“_611’ 4.t eir me
and repair characterlsucs. in various sequence contexts. IN 5 gejand F. A. and Kadiubar, F. F. (1990) Handbook of
the present Work, we prOVlde evidence for AF/FAF compat— Experimental Pharmacolog¢Cooper, C. S., and Grover, P. L.,
ibility with repetitive Narl sequences. Eds.) pp 267325, Springer-Verlag, Heidelberg.

The CD profiles of AF and FAF adducts are strikingly 4. Hsu, G. W., Kiefer, J. R., Burnouf, D., Becherel, O. J., Fuchs, R.

.. . .. . P. P., and Beese, L. S. (2004) Observing translesion synthesis of
similar at various positions of the fully pair@tarl sequences an aromatic amine DNA adduct by a high-fidelity DNA poly-

(Figures 3 and 4 and Supporting Information Figure S1). merase,). Biol. Chem. 27950280-50285.
We demonstrated previously that AF- and FAF-induced CD 5. Dutta, S., Li, Y., Johnson, D., Dzantiev, J., Richardson, C. C.,
in the 290-360 nm range (ICBo_360nn) arises from interac- Romano, L. J., and Ellenberger, T. (2004) Crystal structures of

. . - . 2-acetylaminofluorene and 2-aminofluorene in complex with T7
tions between the nonchiral carcinogen and the DNA and is DNA polymerase reveal mechanisms of mutagen&isg. Natl.

a useful marker for sequence-dependent S/B-conformational  Acad. Sci. U.S.A. 10116186-16191.
heterogeneity (1, 12, 14, 15). The G2-modified duplexes 6. Patel, D. J., Mao, B., Gu, Z., Hingerty, B. E., Gorin, A., Basu, A.

; indinati - _ K., and Broyde, S. (1998) Nuclear magnetic resonance solution
showed negative ICkh-ssonm indicative of the B-conforma structures of covalent aromatic amine-DNA adducts and their
tion, while the G1 and G3 duplexes exhibited positive mutagenic relevanc&hem. Res. Toxicoll, 391—407.
ICD2g0-360 nm indicative of the S-conformation. In concor- 7.Cho, B. P. (2004) Dynamic conformational heterogeneities of
dance with these CD data, o#F NMR data indicated that carcinogen-DNA adducts and their mutagenic relevanke,
S-conformer populations were 56%, 29%, and 69%, respec- EnUII’OE. Sci. Health, Part C: Eniron. Carcinog. Ecotoxicol. Re
- - . 22, 57-90.
tively, for the G1-, G2-, and G3-modified fully pairéarl — 8. Lukin, M., and de Los Santos, C. (2006) NMR structures of
dC duplexes. This convergence of findings supports the damaged DNAChem. Re. 106, 607—686.
compatibility of CD and'®F NMR. Although a similar trend 9. Zhou, L., Rajabzadeh, G., Traficante, D. D., and Cho, B. P. (1997)

was detected, the present S-conformer population values (%) ﬁ&”&o‘gﬁiﬂ;ﬁ' Jh?&ﬁ;ro%ehr;?nitySca;grlgagwsjgzrggggied DN#F

derived from?®F NMR were greater than those previously 10 cho, B. P., Beland, F. A., and Marques, M. M. (1994) NMR
revealed by'"H NMR (30%, 10%, and 50%, respectively) structural studies of a 15-mer duplex from a ras protooncogene
(34). While data are limited, it is not likely that the AF/FAF modified with the carcinogen 2-aminofluorene: conformational

; : heterogeneityBiochemistry 331373-1384.
swap contributes to the greater S population observed for 11. Liang, F., Meneni, S., and Cho, B. P. (2006) Induced circular

FAF. For example, we have shown previously that FAF- or dichroism characteristics as conformational probes for carcinogenic
FABP-modified 12-mer duplexes with the TG*A context aminofluorene-DNA adduct€hem. Res. Toxical9, 1040-1043.
result in S/B population ratios similar to the ratios seen with  12. Meneni, S. R., D'Mello, R., Norigian, G., Baker, G., Gao, L.,

_ o . Chiarelli, M. P., and Cho, B. P. (2006) Sequence effects of
AF-modified duplexesd). Furthermore, a similar AF/FAF aminofluorene-modified DNA duplexes: thermodynamic and

compatlblll_ty was obtained for theZ deletion duplexes. circular dichroism propertief\ucleic Acids Res34, 755-763.
Concluding Remarkdn conclusion, the nature of the base  13. Meneni, S., Shell, S. M., Zou, Y., and Cho, B. P. (2007)

pair and base pair polarity configuration Mdtin the FAF- Conformation-specific recognition of carcinogen-DNA adduct in

modified Narl sequence (SCTCGGCG*QNATC) have a E. coli. nucleotide excision repai€hem. Res. Toxicak0, 6—10.

s . . 14.Meneni, S. R, Shell, S. M., Gao, L., Jurecka, P., Lee, W., Sponer,
substantial influence on conformational and thermodynamic J., Zou, Y., Chiarelli, M. P., and Cho, B. P. (2007) Spectroscopic

stabilities in both fully paired and-2 deletion duplexes. and Theoretical Insights into Sequence Effects of Aminofluorene-
Dynamic%F NMR results reveal the presence of an unusual Induced Conformational Heterogeneity and Nucleotide Excision

R wqTi : T Repair,Biochemistry 4611263-11278.
long-range “dT-induced conformational heterogeneity.” Ex- ¢ Meneni, S. R., Liang, F., and Cho, B. P. (2007) Examination of

perimental evidence suggests the existence of a putative  the long-range effects of aminofluorene-induced conformational

equilibrium between the S- and B-conformer SMis in the heterogeneity and its relevance to the mechanisms of translesion
bulged dT+2 deletion duplex. The yield of-2 deletion 1 “DA’}‘IA SygthESISdJ.(l;/loh Biol. 325 338(71_9194;()’0-}(_ ics of DNA
. : . . . Miller, H., an rollman, A. P. inetics o

mUta_tlonS at G3 in th\arl sequence _IS dEterm|_r]_ed to a polymerase | (Klenow fragment exo-) activity on damaged DNA
considerable extent by the conformational stability of the templates: effect of proximal and distal template damage on DNA
S-conformer SMI. In addition, we have provided CD and synthesisBiochemistry 3615336-15342. _
F NMR evidence for AF/FAF compatibility inNarl 17. EFOWC;‘: Ks I;m?elity,bB.KE.\}vGuerétP};er, E. A"MKr('SBSi‘?‘S Vi Y

- [ royde, S., Turteltaub, K. W., and Cosman, M. olution
Sequence,s’ demonstratlng thPT Ut!“ty of FAF as a useful structure of the 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
conformational marker in investigating AF adduct structures. C8-deoxyguanosine adduct in duplex DNZoc. Natl. Acad. Sci.

U.S.A. 98 8507/8512.
SUPPORTING INFORMATION AVAILABLE 18. Elmquist, C. E., Wang, F., Stover, J. S., Stone, M. P., and Rizzo,
. . C. J. (2007) Conformational differences of the C8-deoxyguanosine
CD spectra oNarl—dC (Figure S1) antllarl—dT (Figure adduct of 2-amino-3-methylimidazo[4ffguinoline (1Q) within

S2) duplexes!®F NOESY (Figure S3) and imino proton the Narl recognition sequence&hem. Res. Toxicoi45-454.



Sequence Effects dflarl-Based—2 Frameshift Mutagenesis

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Wang, F., DeMuro, N. E., EImquist, C. E., Stover, J. S., Rizzo,
C.J., and Stone, M. P. (2006) Base-displaced intercalated structure
of the food mutagen 2-amino-3-methylimidazo[4,5-f|quinoline in
the recognition sequence of therl restriction enzyme, a hotspot
for —2 bp deletions,). Am. Chem. Sod.28 10085-10095.

Wang, F., EImquist, C. E., Stover, J. S., Rizzo, C. J., and Stone,
M. P. (2007) DNA sequence modulates the conformation of the
food mutagen 2-amino-3-methylimidazo[4]§uinoline in the
recognition sequence of tiNarl restriction enzymeBiochemistry

46, 8498-8516.

Hoffmann, G. R., and Fuchs, R. P. P. (1997) Mechanisms of
frameshift mutations: Insight from aromatic amin€sem. Res.
Toxicol 4, 347—359.

Shibutani, S. (2004) Requirements for frame-shift deletion during
translesion synthesignviron. Mutagen. Res26, 135-141.

Tippin, B., Kobayashi, S., Bertram, J. G., and Goodman, M. F.
(2004) To slip or skip, visualizing frameshift mutation dynamics
for error-prone DNA polymerasesd, Biol. Chem 279, 45360~
45368.

Shibutani, S., Suzuki, N., and Grollman, A. P. (2004) Mechanism
of frameshift (deletion) generated by acetylaminofluorene-derived
DNA adducts in vitro,Biochemistry 4315929-15935.

Fuchs, R. P. P., and Fujii, S. (2007) Translesion synthesis in
Escherichia coti Lessons from th&larl mutation hot spotDNA
Repair (Amsterdam),61032-1041.

Shibutani, S., Suzuki, N., Tan, X., Johnson, F., and Grollman, A.
P. (2001) Influence of flanking sequence context on the mutage-
nicity of acetylaminofluorene-derived DNA adducts in mammalian
cells, Biochemistry 2737173722.

Burnouf, D., Koehl, P., and Fuchs, R. P. P. (1989) Single adduct
mutagenesis: Strong effect of the position of a single acetylami-
nofluorene adduct within a mutation hot spBtoc. Natl. Acad.

Sci. U.S.A. 864147-4151.

Tan, X., Suzuki, N., Grollman, A. P., and Shibutani, S. (2002)
Mutagenic events inEscherichia coliand mammalian cells
generated in response to acetylaminofluorene-derived DNA ad-
ducts positioned in thiar | restriction enzyme sitdBiochemistry

41, 14255-14262.

Shibutani, S., Suzuki, N., and Grollman, A. P. (1998) Mutagenic
specificity of (acetylamino)fluorine-derived DNA adducts in
mammalian cellsBiochemistry 3712034-12041.

Koffel-Schwartz, N., and Fuchs, R. P. P. (1995) Sequence
determinants for -2 frameshift mutagenesis\airl-derived hot
spots,J. Mol. Biol. 252, 507-513.

Broschard, T. H., Koffel-Schwartz, N., and Fuchs, R. P. P. (1999)
Sequence-dependent modulation of frameshift mutagenesis at
Narl-derived mutation hot spotd, Mol. Biol. 288 191—199.

Gill, J. P., and Romano, L. J. (2005) MechanismNeacetyl-2-
aminofluorene-induced frameshift mutagenesig&bgherichia coli
DNA polymerase | (Klenow fragmentgiochemistry 4415387
15395.

Stover, J. S., Chowdhury, G., Zang, H., Guengerich, F. P., and
Rizzo, C. J. (2006) Translesion synthesis past the C8- and N2-
deoxyguanosine adducts of the dietary mutagen 2-amino-3-
methylimidazo[4,5-f]quinoline in th&arl recognition sequence

by prokaryotic DNA polymerase§hem. Res. Toxicdl9, 1506-
1517.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Biochemistry, Vol. 46, No. 46, 200713321

.Mao, B., Hingerty, B. E., Broyde, S., and Patel, D. J. (1998)

Solution structure of the aminofluorene [AF]-external conformer
of the anti-[AF]-C8-dG adduct opposite dC in a DNA duplex,
Biochemistry 3795-106.

. Mao, B., Gorin, A, Gu, Z., Hingerty, B. E., Broyde, S., and Patel,

D. J. (1997) Solution structure of the aminofluorene-intercalated
conformer of the syn [AF]-C8-dG adduct opposite-a deletion

site in the Narl hot spot sequence contexBiochemistry 36
14479-14490.

Friebolin, H. (1998)Basic one- and two-dimensional NMR
spectroscopy3rd ed., pp 301329, Wiley-VCH, New York.

Koehl, P., Valladier, P., Lefee, J.-F., and Fuchs, R. P. P. (1989)
Strong structural effect of the position of a single acetylaminof-
luorene adduct within a mutation hot spdtucleic Acids Res.
17, 9531-9541.

Mao, B., Hingerty, B. E., Broyde, S., and Patel, D. J. (1995)
Solution conformation of [AF]dG opposite-a2 deletion site in

a DNA duplex: intercalation of the covalently attached aminof-
luorene ring into the helix with base displacement of the
C8-modified syn guanine and adjacent unpaireddenine into

the major grooveBiochemistry 3416641-16653.

Roy, D., Hingerty, B. E., Shapiro, R., and Broyde, S. (1998) A
slipped replication intermediate model is stabilized by the syn
orientation ofN-2-aminofluorene- antll-2-(acetyl)aminofluorene-
modified guanine at a mutational hotsp@hem. Res. Toxicol

11, 1301-1311.

Hansen, P. E., Dettman, H. D., and Sykes, B. D. (1985) Solvent-
induced deuterium isotope effects on fluorine-19 chemical shifts
of some substituted fluorobenzenes. Formation of inclusion
complexes,J. Magn. Reson. 62487—496.

Xu, R., Mao, B., Amin, S., and Geacintov, N. E. (1998) Bending
and circularization of site-specific and stereoisomeric carcinogen-
DNA adducts,Biochemistry 37769-778.

Ruan, Q., Liu, T., Kolbanovskiy, A., Liu, Y., Ren, J., Skorvaga,
M., Zou, Y., Lader, J., Malkani, B., Amin, S., Van Houten, B.,
and Geacintov, N. E. (2007) Sequence context- and temperature-
dependent nucleotide excision repair of a benzo[a]pyrene diol
epoxide-guanine DNA adduct catalyzed by thermophilic UvrABC
proteins,Biochemistry46, 7006-7015.

Zou, Y., Shell, S. M., Utzat, C. D., Luo, C., Yang, Z., Geacintov,
N. E., and Basu, A. K. (2003) Effects of DNA adduct structure
and sequence context on strand opening of repair intermediates
and incision by UvrABC nucleaseBiochemistry 42 12654~
12661.

Gillet, L. C., and Scharer, O. D. (2006) Molecular mechanisms
of mammalian global genome nucleotide excision rep@lirem.
Rev. 106, 253-276.

Geacintov, N. E., Broyde, S., Buterin, T., Naegeli, H., Wu, M.,
Yan, S., and Patel, D. J. (2002) Thermodynamic and structural
factors in the removal of bulky DNA adducts by the nucleotide
excision repair machinenBiopolymers 65202-210.

Cho, B. P., and Zhou, L. (1999) Probing the conformational
heterogeneity of the acetylaminofluorene-modifiégi2oxygua-
nosine and DNA by**F NMR spectroscopyBiochemistry 38
7572-7583.

BI701386F



