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Abstract
2-Amino-3-methylimidazo[4,5-f]quinoline (IQ) is found in cooked meats and forms DNA adducts
at the C8- and N2-positions of dGuo after appropriate activation. IQ is a potent inducer of
frameshift mutations in bacteria and is carcinogenic in laboratory animals. We have incorporated
both IQ-adducts into the G1-and G3-positions of the NarI recognition sequence (5′-
G1G2CG3CC-3′), which is a hotspot for arylamine modification. The in vitro replication of the
oligonucleotides was examined with Escherichia coli pol I Klenow fragment exo−, E. coli pol II
exo−, and Sulfolobus solfataricus P2 DNA polymerase IV (Dpo4), and the extension products
were sequenced by tandem mass spectrometry. Replication of the C8-adduct at the G3-position
resulted in two-base deletions with all three polymerases, whereas error-free bypass and extension
was observed at the G1-position. The N2-adduct was bypassed and extended by all three
polymerases when positioned at the G1-position, and the error-free product was observed. The N2-
adduct at the G3-position was more blocking and was bypassed and extended only by Dpo4 to
produce an error-free product. These results indicate that the replication of the IQ-adducts of dGuo
is strongly influenced by the local sequence and the regioisomer of the adduct. These results also
suggest a possible role for pol II and IV in the error-prone bypass of the C8-IQ-adduct leading to
frameshift mutations in reiterated sequences, whereas noniterated sequences result in error-free
bypass.

Introduction
Aromatic amines are an important class of chemical mutagens and carcinogens (1). Many
simple carbocyclic arylamines such as 4-aminobiphenyl, 2-napthylamine, and benzidine are
important industrial chemicals used in the dye industry; aminopyrene results from the in
vivo reduction of nitropyrene, which is a combustion product of diesel fuel. Perhaps the
most well-studied arylamines are 2-aminofluorene (AF)1 and N-acetyl-2-amino-fluorene
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(AAF), which were originally developed as pesticides but never used as intended because
they were discovered to be animal carcinogens (2).

The browning of meats, poultry, and fish over high heat is a common culinary technique and
a key flavoring step. Sugimura and co-workers demonstrated that this process produced
compounds that were highly mutagenic in Ames Salmonella typhimurium assays (3). Over
20 mutagenic species that result from the pyrolysis of reducing sugars, amino acids, and
proteins (Maillard reaction) have been structurally characterized (4, 5). These compounds
were found to be heterocyclic aromatic amines (HCAs), and their distribution and
concentration are dependent on the type of meat, cooking method, and temperature. In
addition to the HCAs being highly mutagenic in bacteria, some were found to be
carcinogenic in laboratory animals (6, 7). Given the widespread exposure of the HCAs
through diet, they are likely contributors to human cancers (8). Consequently, there is
significant interest in the biological processing of these DNA lesions.

All aromatic amines require prior metabolic activation before they can covalently modify
DNA (9, 10). This involves oxidation of the aromatic amine to the hydroxylamine followed
by esterification by N-acetyltransferase or sulfotransferase. The hydroxylamine esters
undergo solvolysis to the corresponding nitrenium ion, which is the ultimate carcinogenic
species. In general, aryl nitrenium ions react predominantly at the C8-position of dGuo. In
some cases, a minor N2-adduct has also been characterized (11, 12). Feeding studies with
laboratory animals suggest that the minor N2-adducts are more persistent due to less efficient
repair and therefore may be more important to the carcinogenic properties of arylamines (1,
13, 14).

We have developed nonbiomimetic syntheses of the C8- and N2-dGuo-adducts of 2-
amino-3-methylimidazo[4,5-f]quinoline (IQ), one of the most mutagenic of the HCAs
(Figure 1) (15–17). These lesions were site-specifically incorporated into oligonucleotides
by solid-phase synthesis from the adducted phosphoramidite. Spectroscopic analysis of
oligonucleotides containing the C8-adduct suggested that their conformation was highly
dependent upon the specific sequence context (16). In a reiterated CG sequence, the IQ
moiety adopted a base-displaced intercalated conformation but was largely groove-bound in
a noniterated sequence (16, 18). Site-specific mutagenesis of the C8-AAF-adduct in the NarI
recognition sequence (5′-G1G2CG3-CC-3′) resulted in a much higher frequency for two-base
deletions when the adduct was incorporated at the G3-position, which is part of a CG-
dinucleotide repeat (19, 20). An intriguing hypothesis is that the greater proportion of the
base-displaced inserted conformation in reiterated sequences leads to deletions, while the
groove-bound conformation of noniterated sequences gives base-pair substitutions.

Fuchs and co-workers observed that treatment of bacteria with N-acetoxy-AAF resulted in a
large number of two-base deletions in the NarI recognition sequence (21). Reiterated
sequences such as the CG–dinucleotide repeat found in the NarI recognition sequence are
prone to spontaneous and induced frameshift mutations; such mutations may be important
contributors to human cancers (22). The NarI sequence is regarded as a hotspot for
arylamine modification and a prototype sequence for studing frameshift mutations (23). We
have prepared oligonucleotides containing the NarI recognition sequence in which the C8-
or N2-dGuo-adduct of IQ was site-specifically incorporated at the G3- (reiterated) or G1-
positions (noniterated). The in vitro replication of these modified templates was examined

1Abbreviations: AF, 2-aminofluorene; AAF, 2-acetylaminofluorene; IQ, 2-amino-3-methylimidazo[4,5-f]quinoline; HCA,
heterocyclic arylamine; Kf, Escherichia coli polymerase I, Klenow fragment (− denotes exonuclease deficient); pol, polymerase; pol
II−, E. coli DNA polymerase II (− denotes exonuclease deficient); Dpo4, Sulfolobus solfataricus P2 DNA polymerase IV; UDG,
uracil DNA glycosylase; ES, electrospray; TIC, total ion current; CID, collision-induced dissociation; BSA, bovine serum albumin;
DTT, dithiothreitol; MALDI-TOF, matrix-assisted laser desorption/time-of-flight (MS).
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by steady-state kinetics for single-nucleotide incorporation and full-length extension
(standing start) assays using Escherichia coli DNA polymerase I Klenow fragment exo−
(Kf−), E. coli DNA polymerase II exo− (pol II−), and Sulfolobus solfataricus P2 DNA
polymerase IV (Dpo4). The sequences of the full-length extension products from pol II− and
Dpo4 were determined using a robust LC-MS/MS strategy developed in our laboratories and
provides mechanistic insight for the bypass of the IQ lesions. Our results suggest that the
C8-IQ-adduct gives deletions when incorporated at the G3-position and error-free bypass
when incorporated at the G1-position. In some cases, the N2-adduct was more blocking but
tended to give error-free products when bypassed by pol II− and Dpo4.

Experimental Procedures
Materials

Kf −, pol II−, and Dpo4 were expressed and purified as previously described (24, 25). Uracil
DNA glycosylase (UDG) was purchased from Sigma Chemical Co. (St. Louis, MO).
Piperidine was purchased form Aldrich and used as received. dNTP solutions (100 mM)
were purchased from GE Healthcare (formerly Amersham Biosciences, Piscataway, NJ).
[γ-32P]ATP was purchased from NEN Life Sciences (Boston, MA). Unmodified
oligonucleotides were purchased from Midland Certified Reagents (Midland, TX).

Labeling and Annealing of Oligonucleotides
The primer was 5′ end-labeled using T4 polynucleotide kinase with [γ-32P]ATP and purified
on a Biospin column (BioRad, Hercules, CA). Template and 32P-labeled primer (1:1 molar
ratio) were annealed in 50 mM Tris-HCl buffer (pH 7.8) by heating at 90 °C for 5 min and
then slowly cooling to ≤30 °C.

Single-Nucleotide Incorporation Assays
32P-labeled primers were annealed to either the unmodified or the modified (adducted)
template, and extension reactions were then carried out in the presence of single dNTPs. All
reactions were initiated by the addition of the dNTP (final dNTP concentration was 25, 50,
and 100 μM) to preincubated enzyme/DNA mixtures giving a final reaction volume of 10
μL. The final concentrations for Dpo4 assays were 50 mM Tris-HCl (pH 7.8), 100 nM DNA
duplex, 100 nM Dpo4, 1 mM dithiothreitol (DTT), 50 μg of bovine serum albumin (BSA)
mL−1, 50 mM NaCl, and 5 mM MgCl2. The final concentrations for Kf− assays were 50
mM Tris-HCl (pH 7.8), 100 nM DNA duplex, 30–60 nM Kf −, 1 mM DTT, 50 μg of BSA
mL−1, 50 mM NaCl, and 5 mM MgCl2. The final concentrations for pol II− assays were 50
mM Tris-HCl (pH 7.8), 100 nM DNA duplex, 30–60 nM pol II−, 1 mM DTT, 50 μg of BSA
mL−1, 50 mM NaCl, and 5 mM MgCl2. Dpo4 reactions were run at 37 °C for 30 min, and
Kf− and pol II− reactions were run at room temperature for 15 min. Reactions were
quenched with 100 μL of 20 mM EDTA in 95% formamide (v/v) containing xylene cyanol
and bromophenol blue dyes. Aliquots (4 μL) were separated by electrophoresis on a
denaturing gel containing 8.0 M urea and 16% acrylamide (w/v) (from a 19:1 acrylamide/
bisacrylamide solution, AccuGel, National Diagnostics, Atlanta, GA) with 80 mM Tris
borate buffer (pH 7.8) containing 1 mM EDTA. The gel was exposed to a PhosphorImager
screen (Imaging Screen K, Bio-Rad) overnight. The bands were visualized with a
PhosphorImaging system (Bio-Rad, Molecular Imager FX) using the manufacturer’s
Quantity One software, version 4.3.0.

Full-Length Extension Assay with All Four dNTPs
A 32P-labeled primer was annealed to either an unmodified or an adducted template and
extended in the presence of all four dNTPs (100 μM each) at 37 °C for Dpo4 for 30 min or
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to Kf− and pol II− at 25 °C for 15 min. Each reaction was initiated by adding the mixture of
dNTPs to preincubated enzyme/DNA mixtures in a mixture of 50 mM Tris-HCl (pH 7.8),
100 nM DNA duplex, three varying concentrations of polymerases, 1 mM DTT, 50 μg of
BSA mL−1, 50 mM NaCl, and 5 mM MgCl2, giving a final reaction volume of 10 μL.
Reactions were quenched by the addition of 100 μL of 20 mM EDTA in 95% formamide (v/
v) containing xylene cyanol and bromophenol blue dyes. Aliquots (4 μL) were separated by
electrophoresis on a denaturing gel containing 8.0 M urea and 16% acrylamide (w/v) (from a
19:1 acrylamide/bisacrylamide solution, AccuGel, National Diagnostics, Atlanta, GA) with
80 mM Tris borate buffer, pH 7.8, containing 1 mM EDTA. Gels were exposed to a
PhosphorImager screen (Imaging Screen K, Bio-Rad) overnight. The bands were visualized
with a PhosphorImaging system (Bio-Rad, Molecular Imager FX) using the manufacturer’s
Quantity One software, version 4.3.0.

Steady-State Kinetics
A 32P-labeled primer, annealed to either an unmodified or an adducted template, was
extended in the presence of a single dNTP in the presence of a DNA polymerase (Dpo4,
Kf−, or pol II−). Reaction times varied from 5 to 10 min (at 37 °C for Dpo4 and room
temperature for Kf− and pol II−). The molar ratio of primer–template/enzyme varied from
20:1 to 5:1 for modified oligonucleotides and up to 40:1 for unmodified oligonucleotides.
Enzyme concentrations, dNTP concentrations, and reaction times were chosen so that the
maximium product formation would be ~20% of the substrate concentration. All reactions
(10 μL final volume) were run at eight dNTP concentrations (in duplicate) and quenched
with 100 μL of 20 mM EDTA in 95% formamide (v/v) containing xylene cyanol and
bromophenol blue dyes. Aliquots (4 μL) were separated by electrophoresis on denaturing
gels containing 8.0 M urea and 16% acrylamide (w/ v) (from a 19:1 acrylamide/
bisacrylamide solution, AccuGel, National Diagnostics, Atlanta, GA) with 80 mM Tris
borate buffer (pH 7.8) containing 1 mM EDTA. The gel was exposed to a PhosphorImager
screen (Imaging Screen K, Bio-Rad) overnight. The bands were visualized with a
PhosphorImaging system (Bio-Rad, Molecular Imager FX) using the manufacturer’s
Quantity One software, version 4.3.0. Graphs of rates versus dNTP concentration were fit
using nonlinear regression (hyperbolic fits) in GraphPad Prism (version 4.0, GraphPad, San
Diego, CA) for the estimation of kcat and Km values.

LC-MS/MS Analysis of Oligonucleotide Products from Dpo4, Kf−, and pol II− Reactions
Dpo4, Kf−, and pol II− reactions were performed for 6 h in 50 mM Tris-HCl (pH 7.8), 100–
500 nM DNA duplex, 1 mM DTT, 50 μg of BSA mL−1, 50 mM NaCl, and 5 mM MgCl2
(200 μL total reaction mixture). The reactions were done with all four dNTPs at 1 mM each
and polymerase concentrations of 100–500 nM Dpo4 and 60–200 nM Kf− and pol II−,
respectively. The reaction was terminated by extracting the dNTPs using a spin column
(Bio-Spin 6, Bio-Rad). The concentrations of Tris-HCl, EDTA, and DTT were restored in
the filtrate, and 20 units of UDG was added to the mixture. The reaction was allowed to
incubate at 37 °C for 4 h. Piperidine (0.25 M) was added to the reaction mixture, which was
then heated at 95 °C for 1 h followed by lyophilization to dryness. The residue was
dissolved in 80 μL of H2O for LC-MS/MS analysis.

MS was performed in the Vanderbilt facility on a DecaXP ion trap instrument
(Thermofinnigan, San Jose, CA). The mixture was separated on a Jupiter microbore column
(1.0 mm × 150 mm, 5 μm, Phenomenex, Torrance, CA). Buffer A contained 10 mM
ammonium acetate (pH 6.8) and 2% CH3CN (v/v). Buffer B contained 10 mM ammonium
acetate (pH 6.8) and 98% CH3CN (v/v). Using a flow rate of 0.1 mL min−1, the gradient
was 0–2 min, hold at 100% A; 2–20 min, linear program to 100% B; 20–30 min, hold at
100% B; 30–32 min, linear program to 100% A; and 32–40 min, hold at 100% A (for next
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injection). Oligonucleotides eluted at retention times varying from 5 to 12 min. Samples
were injected using an autosampler, with 10 μL withdrawn from the reaction mixture.
Electrospray conditions were as follows: source voltage 3.4 kV, source current 8.5 μA,
sheath gas flow-rate setting 28.2, auxiliary sweep gas flow-rate setting 4.3, capillary voltage
49 V, capillary temperature 230 °C, and tube lens voltage 67 V. MS/MS conditions were as
follows: normalized collision energy 35%, activation Q 0.250, time 30 min, and one scan.
Product ion spectra were acquired over the range m/z 300–2000. The abundant ions were
selected for CID analysis. The calculations of the CID fragmentations of the candidate
oligonucleotide sequence were done using the Mongo Oligo Mass Calculator (v. 2.6) from
the Mass Spectrometry Group of Medicinal Chemistry at the University of Utah
(http://library.med.utah.edu/masspec/).2,3

In the case of the sequence analysis Kf−-catalyzed full-length extension, the initial analysis
was equivocal, and subsequent LC-MS/MS was performed on a Waters Acquity UPLC
system (Waters, Milford, MA) connected to a Finnigan LTQ mass spectrometer
(ThermoElectron) using an Aquity UPLC BEH C18 column (1.7 μm, 1.0 mm × 100 mm).
LC conditions were as follows: buffer A contained 10 mM NH4CH3CO2 plus 2% CH3CN
(v/v) and buffer B contained 10 mM NH4CH3CO2 plus 95% CH3CN (v/v). The following
gradient program was used with a flow rate of 150 μL min−1: 0–3 min, linear gradient from
100% A to 97% A; 3–4.5 min, linear gradient to 80% A; 4.5–5 min, linear gradient 100% B;
5–5.5 min, hold at 100% B; 5.5–6.5 min, linear gradient to 100% A; and 6.5–9.5 min, hold
at % A. The temperature of the column was maintained at 50 °C. Samples (10 μL) were
infused with an auto-sampler. ES conditions were as follows: source voltage 4 kV, source
current 100 μA, auxiliary gas flow-rate setting 20, sweep gas flow-rate setting 5, sheath gas
flow setting 34, capillary voltage −49 V, capillary temperature 350 °C, and tube lens voltage
−90 V. MS/MS conditions were as follows: normalized collision energy 35%, activation Q
0.250, and activation time 30 ms. Product ion spectra were acquired over the range m/z 345–
2000 and analyzed as described previously.

Results
Oligonucleotide Synthesis

We have previously reported the site-specific incorporation of the IQ-modified dGuos into
oligonucleotides using a manual coupling protocol (16). Using this method, the C8- and N2-
IQ-adducts of dGuo were incorporated into 27-mer oligonucleotides at the G1- and G3-
positions of the NarI recognition sequence (1 and 2, Figure 2). Oligonucleotides were >95%
pure as judged by capillary gel electrophoresis and further characterized by MADLI-TOF
mass spectrometry (Figures S1–S8 in the Supporting Information).4

2The nomenclature for the mass spectral CID fragments of the oligonucleotide is the same as proposed by McLuckey and coworkers
(refs 28–31) and is shown below; −2 refers to the −2 charge state of the fragment.

3The composition and theoretical CID spectrum of the extension products were calculated using the Oligo Composition Calculator (v.
1.2) and the Mongo Oligo Mass Calculator (v. 2.6), respectively. These web-based programs are maintained by the Department of
Medicinal Chemistry, University of Utah and are available at http://library.med.utah.edu/masspec/.
4Figures and tables with an S preceding the number are found in the Supporting Information.
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Translesion Synthesis by Kf −

The Klenow fragment (Kf−) inserted only dCTP opposite the C8- and N2-IQ lesions. The
insertion efficiency opposite the C8-IQ-adduct at the G3-position (1b) was about 2300 times
lower than for the unmodified template (1a) (Table 1). Incorporation of a second dCTP was
also observed, suggesting a two-base slippage phenomenon (Figure S9). The insertion
efficiency opposite the C8-adduct at the G1-position (2b) was about 5-fold lower than at the
G3-position. There is a modest sequence effect for the incorporation of dCTP opposite the
unmodified dGuo with the insertion opposite the G1-position (2a) being nearly 2-fold more
efficient than opposite G3 (1a). The N2-IQ-adduct at the G3-position (1c) represented a
significant block to replication by Kf−, and no dNTP incorporation was observed.
Incorporation opposite the N2-adduct at the G1-position (2c) was slightly less efficient than
for the C8-adduct (2b).

In the presence of all four dNTPs (Figure 3A–F), the N2-adduct at the G1-position (2c) was
extended most efficiently by Kf−, giving a product that appeared to be one nucleotide short
of full-length (Figure 3F). Interestingly, the C8-adduct at the G3-position (1b), which
appeared to give a two-base deletion in the single-nucleotide incorporation studies, was
extended to give a 26-mer product, one base less than the expected full-length product
(Figure 3B). The extension of 1b stalled after the incorporation of one nucleotide
(presumably dCTP); however, no intermediate that corresponded to incorporation of two
nucleotides was observed, suggesting that insertion of the second dCTP may be rate-limiting
for the two-base deletion mechanism. Extension of the C8-adduct at the G1-position (2b) is
completely inhibited after insertion of one nucleotide (Figure 3E). The N2-IQ-adduct at the
G3-position was highly blocking (Figure 3C), while this adduct was bypassed and the primer
extended when at the G1-position (Figure 3F).

We further examined the extension of the C8-adduct at the G3-position (1b) using a 20-mer
primer with dCyd already positioned opposite the adduct. In single-nucleotide insertion
assays, we observed that only dCTP was added to this primer, consistent with the extension
of a two-base slippage template (Figure S10). When an additional dCyd was added to the
primer (21-mer), we observed that only dGTP was incorporated, which is also consistent
with the elongation of a two-base slipped conformation of the template (see Scheme 2 for
the slippage mechanism).

To more fully understand the bypass mechanism of the C8-IQ-adducts by Kf− and other
polymerases, we determined the nucleotide sequences of the extension products using an
LC-MS/MS method recently reported by our laboratories (25–27). A dUrd was incorporated
at position 17 of the primers and annealed to the modified templates (Scheme 1). After
extension in the presence of all four dNTPs, the primer was hydrolyzed with uridine DNA
glycosylase (UDG) followed by piperidine treatment to give a shorter oligonucleotide (≤10
nucleotides) that would be easier to analyze by MS. The extension products were then
analyzed by LC-ESI-MS/MS. In general, we do not attempt to separate the extension
products. Rather, they are coeluted, and all products are observed in the full-scan spectrum
from the first sector. In this manner, the total ion current (TIC) spectrum provides the
approximate relative distribution of extension products. Subsequent analysis of the collision-
induced dissociation (CID) spectrum provides sequence information (28–31).

The LC-ESI/MS spectrum from the extension reaction of the C8-IQ-adduct at the G3-
position (1b) revealed that two products were formed with masses at m/z 842.5 and 946.7
(Figure 4A). These products were assigned as the [M – 3H] ions by the observation of the
appropriate mass difference of the isotopic cluster (~0.3 Da). The mass difference between
the products is 312.6 Da, indicating that they differ by a dAdo. Indeed, a composition
calculator3 gave three possibilities for m/z 2527.5 (±2), two of which were judged as
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unlikely candidates given the sequences of the template and starting primer; the most likely
composition consisted of two dCyds, one dTyd, four dGuos, one dAdo, and a phosphate
(pC2T1G4A1). The sequence of 5′-pGGCCGAGT-3′ for the m/z 842.5 [M – 3H] product
matched well with the predicted CID spectrum3 and is the result of a two-base deletion
opposite the C8-IQ-adduct followed by error-free extension (Figure 4B). The masses for the
predicted and observed fragment ions from the CID spectrum are given in Table 2.2,3
Analysis of the CID spectrum from the second product (m/z = 946.7) indicated that its
sequence was 5′-pGGCCGAGTA-3′ and arises from a two-base deletion opposite the IQ-
adduct followed by error-free extension and a blunt end addition of dATP (Figure 4C). The
sequences could be differentiated by the presence of w1 and w2 fragment ions at m/z 321.1
and 650.2 for the m/z 842.5 product, which correspond to the pT-3′ and pGT-3′ ions.3 The
m/z 946.7 product possessed a w2 ion at m/z 634.1, which corresponds to a p-TA-3′
fragment. The a-B ion series, which sequences from the 5′ end, were very similar for both
products. The peaks in the TIC spectrum at m/z 1264.0 and 1420.6 represent the [M – 2H]
charge state of these products. The ratio of the extension products (842.5 + 1264.0/946.8 +
1420.6) was ~2:1.

One major product was identified from the Kf− extension of the N2-IQ-adduct at the G1-
position (2c) with m/z of 1152.8 (Figure 5A). The composition of this product was
calculated to be pC3T1G5A2 for an [M – 3H] ion, and the mass at m/z 864.8 represents the
[M– 4H] ion. Analysis of the CID spectrum (Figure 5B) indicated that its sequence is 5′-
pGGCGCCGAGTA-3′ and corresponds to an error-free extension product with a blunt end
addition of dATP. A nearly complete set of a-B and w ions provide strong evidence for this
sequence and are given in Table 3. The identity of the minor product of m/z 1011.3 could not
be determined. A summary of the KF− extension and product analysis is given in Table 4.

Translesion Synthesis by E. coli pol II−

Pol II− favored insertion of dGTP over dCTP opposite the C8-IQ-adduct at the G3-position
(1b) with catalytic efficiencies (kcat/Km) significantly lower than the insertion of dCTP
opposite an unmodified dGuo (Figure S11 and Table 4). The efficiency for dGTP insertion
opposite the C8-IQ-adduct in oligonucleotide 1b was only 2-fold lower than
misincorporation opposite an unmodified template. In addition to a simple misinsertion, the
incorporation of dGTP is consistent with a one-base slippage, while incorporation of dCTP
is consistent with a two-base slippage or error-free bypass. In the presence of all four
dNTPs, pol II− extended 1b to give a full-length extension product plus a minor product that
was one base shorter (Figure 3H). When the C8-IQ-adduct was incorporated into the
noniterated G1-position (2b), we observed only incorporation of dCTP (Table 5); the
catalytic efficiency of dCTP incorporation was 2600 times worse than for the unmodified
template. In the presence of all four dNTPs, the primer was efficiently extended past the C8-
adduct of 2b to give a 27-mer (full-length) and 26-mer product (Figure 3K).

LC-ESI/MS analysis of the pol II− extension of 1b showed that two products were produced
with m/z of 944.1 and 1053.7 in a 1.2:1 ratio as judged by the TIC spectrum (Figure S13).
Assignment of these products as the [M – 3H] ions gave a mass difference of 327 Da,
indicating that they differ in composition by a dGuo. The most likely oligonucleotide
composition for m/z 2832.2 (±2) was calculated to be pC2T2G4A1. The sequence of 5′-
pGGCCGAGTT for the m/z 944.1 product matched well with the predicted CID spectrum
(Figure S14) and is the result of a two-base deletion opposite the C8-IQ-adduct followed by
error-free extension and a blunt end addition of a dThd. The predicted fragments with the
observed masses from the CID spectrum are given in Table S1 of the Supporting
Information. Analysis of the CID spectrum of the second product from the extension of
oligonucleotide 1b (m/z = 1053.73, Figure S16) indicated that its sequence was 5′-
pGGGCCGAGTT-3′ and arises from a one-base deletion opposite the IQ-adduct and
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subsequent error-free extension. The addition of dATP is the more common outcome of a
noninstructive blunt end addition (32). The unusual blunt end addition of dThd, which was
identified by the presence of a w2 fragment ion at m/z 625.2 (pTT-3′) in the CID spectrum
(Figures S14 and S16), probably arises from a misalignment at the end of the template and
primer and subsequent insertion opposite the 5′-terminal dAdo.

The mechanism for one- and two-base deletions is shown in Scheme 2. The relative
efficiencies for single-nucleotide insertion of dCTP opposite the C8-adduct of 1b by pol II−
is 43-fold lower than for dGTP. This suggests that the subsequent extension from the initial
insertion of dCTP leading to the two-base deletion product is significantly more favorable
than the extension from the initial insertion of dGTP leading to the one-base deletion
product.

A single product from the pol II− extension of the C8-IQ-adduct at the noniterated G1-
position (2b) was observed by LC-MS with an m/z of 1152.8 (Figure S19), which was
assigned as an [M – 3H] ion and predicted to be composed of pC3T1G5A2. Analysis of the
CID spectrum (Figure S20 and Table S3) indicated that the product was an error-free bypass
and extension of the 2b followed by a blunt end addition of dAdo (5′-
pGGCGCCGAGTA-3′).

The catalytic efficiency for insertion of dCTP and dGTP opposite the N2-IQ-adduct at the
G3-position (1c) by pol II− was poor, and further extension was blocked (Table 5 and Figure
3I). Pol II− inserted only dCTP opposite the N2-adduct at the noniterated G1-position (2c),
although the catalytic efficiency was significantly lower than for the unadducted
oligonucleotide. Pol II− was able to extend the primer past the N2-lesion of 2c to give a full-
length product (Figure 3L). LC-MS analysis of the extension reaction showed that a single
product was produced with an m/z of 1048.7 (Figure S22). The CID spectrum (Figure S23
and Table S4) was a good match to the predicted fragmentation for the error-free bypass and
extension product (5′-pGGCGCCGAGT-3′).

In summary, pol II− replication resulted in one- and two-base deletions when the C8-IQ-
adduct was placed at the G3-dinucleotide repeat position of the NarI recognition sequence
(1b) but error-free bypass and extension when the adduct was at the noniterated G1-position
(Table 6). Pol II− favored incorporation of dCTP over dGTP opposite the regioisomeric N2-
IQ-adduct when placed at the G3-position (1c) but was unable to extend either of these
initial insertion products. Pol II− replication of the N2-adduct at the G1-position (2c) resulted
in an error-free extension product.

Translesion Synthesis by Dpo4
Dpo4 favors insertion of dCTP opposite the C8-IQ lesion at both the G1- and the G3-
positions with catalytic efficiencies about 450 times lower than insertion opposite an
unmodified template (Table 7). At higher dCTP concentrations, a less efficient insertion of a
second dCTP was observed with 1b, which is consistent with a two-base deletion. dTTP was
also inserted opposite the G3-modified oligonucleotide 1b with a misincorporation
frequency of 0.13 (cf. dCTP). Extension past the modified base was observed at both
positions for the C8-adduct, although the major product from the G3-modified template (1b)
appears to be one and two bases shorter than the expected full-length 27-mer (Figure 3N).
The catalytic efficiency for dCTP insertion opposite the N2-adduct at the G3-position (1c)
was about 1 order of magnitude lower than for the C8-adduct (1b) and ~65% lower than the
N2-adduct at the G1-position (2c). Dpo4 also inserted dGTP opposite the N2-adduct at the
G3-position (1c) with a misincorporation frequency of 75%. Insertion of all four nucleotides
was observed opposite the N2-adduct at the G1-position (2c) with a misincorporation
frequency ranging from 9 to 46% (Figure S25) (33). Dpo4 was able to extend the N2-adduct
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(1c and 2c) to give full-length products in both sequences (Figure 3O,R). In contrast to pol
II−, the efficiency for dCTP insertion opposite the unmodified templates 1a and 2a by Dpo4
showed a modest sequence effect with the insertion being about 2-fold more efficient at the
reiterated G3-position (1a).

LC-MS/MS analysis was used to identify a single unique product (m/z 1043.6) from the
extension of 1b with Dpo4 (Figure S27). This product was identified as an [M – 3H] ion
with a composition of pC4G5A. The sequence of this extension product (5′-
pGGCCCGCGAG-3′) was determined by LC-MS/ MS after UDG hydrolysis and was
unusual in that it contained a number of mismatches downstream from the adduct (Figure
S28 and Table S5). Significant to this study, the extension product is consistent with an
initial two-base deletion. A tentative mechanism for the bypass and extension of 1b to give
the observed product is shown in Scheme 3 and involves a number of template–primer
realignments, which may reflect the low processivity of Dpo4. The Dpo4 extension product
from 2b had a m/z value of 1048.5, which corresponds to the error-free bypass and extension
product (5′-pGGCGCCGAGT-3′); the sequence of this product was confirmed by analysis
of its CID spectrum (Figure S32 and Table S6).

Replication of both N2-IQ-modified templates (1c and 2c) with Dpo4 resulted in single
products with an m/z 1153.1 and 1048.8, respectively. These products have the same
nominal masses expected for the error-free bypass and extension products with and without
a blunt end addition of dATP, which were observed previously. Analysis of the CID spectra
indicated that these products were indeed derived from error-free replication of the N2-
adduct.

Table 8 summarizes our results for the translesion synthesis of the IQ-modified
oligonucleotides by Dpo4. In all cases examined, extension was observed only after the
initial insertion of dCTP opposite the IQ-adducts. Replication of the C8-IQ-adduct at the G1-
position (2b) and the N2-adduct at the G1- and G3-positions resulted in error-free extension
products (1c and 2b). In the case of the C8-adduct at the reiterated G3-position (1b), we
observed an initial two-base deletion and subsequent error-prone extension.

Discussion
IQ is among the most mutagenic of the HCAs and is significantly more mutagenic than
benzo[a]pyrene and aflatoxin B1 in Ames assays (3). Detailed studies on the biological
processing of IQ- and other HCA-adducts using site-specifically adducted oligonucleotides
have been limited due to a lack of synthetic accessibility (34, 35). A wealth of studies have
been reported on the C8-dGuo-adducts of AF and AAF, including in vivo and in vitro
replication studies, repair studies, and structural analyses (2, 36). Similar studies on the
minor N2-dGuo-adduct of AAF are emerging (37–39).

The NarI recognition sequence (5-G1G2CG3CC-3′) is considered a hot spot for arylamine
modification, and the AF- and AAF-adducts have been studied extensively in this sequence
(21, 40). Although structurally similar, AF and AAF elicit significantly different biological
responses. For example, the C8-dGuo-adduct of AF is bypassed by the E. coli pol III
holoenzyme, although the efficiency of the bypass is dependent on the sequence (20, 41).
Pol III bypassed the C8-AF-adduct at the G3-position of the NarI recognition sequence with
noticeably lower efficiency than modification of the G1- or G2-positions (20). In contrast,
DNA synthesis was arrested when pol III encountered the C8-AAF-adduct at all three
positions. These results are in accord with the observation that the mutagenicity of AF is
SOS independent while AAF requires an SOS-dependent mechanism (42). Additionally, AF
and AAF elicit different types of mutations. AAF gives largely one-base deletions in runs of
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dGuo’s and two-base deletions in CG-dinucleotide repeat sequences (19, 21, 43–45). The
C8-AF-adduct induces base-pair substitutions of which G → T transversions are the most
prominent. Site-specific mutagenesis of the C8-AAF-adduct at all three positions of the NarI
recognition sequence in SOS-induced E. coli revealed that the majority of the two-base
deletions occurred when the G3-position was modified (46). The C8-AF-adduct did not
produce any deletions independent of the sequence context.

Differences in the processing of the C8-AF- and AAF-adducts by DNA polymerases have
been attributed to distinct conformations (20, 47, 48). Solution structures of oligonucleotides
containing site-specific C8-AF, AAF, and other simple aromatic amine derivatives have
been determined by a combination of NMR and constrained molecular dynamics
calculations (36, 49–62). These studies have indicated that the C8-AAF-adduct favors a
base-displaced intercalated conformation and is significantly more distorted than the C8-AF-
adduct, which is predominately groove-bound. The structures of the C8-dGuo-adduct of the
heterocyclic amine 2-amino-1-methyl-6-phenylimidazo[4,5-b]-pyridine (PhIP) in a
noniterated sequence as well as the C8-IQ-adduct at the G3-position of the NarI recognition
sequence have been determined (18, 63); these C8-HCAs have a strong preference for the
base-displaced intercalated conformation, similar to AAF. Conformational preferences due
to adduct structure or local sequence effects can lead to different interactions within the
polymerase active site and consequently lead to different mutagenic outcomes.
Crystallographic analyses of AF- and AAF-modified oligonucleotides bound to high-fidelity
DNA polymerases have provided a more detailed structural basis for the mechanism of
bypass and inhibition by these adducts (64, 65).

IQ is a potent inducer of one- and two-base frameshift deletions in reiterated sequences. The
mutagenicity of IQ was reported to be SOS independent (66). Thus, the interaction between
DNA polymerases and IQ-adducts may share properties with both AF and AAF. It should be
noted that the mutagenicity of the closely related 2-amino-3,8-dimethylimidazo[4,5-f]-
quinoxaline (MeIQx) was reported to be enhanced 6-fold upon SOS induction (67).
Replication studies of the IQ-adducts using site-specifically modified oligonucleotides have
not been evaluated to date. Using synthetic approaches previously developed in our labs, the
C8- and N2-dGuo-adducts of IQ were site-specifically incorporated at the G1- and G3-
positions of the NarI recognition sequence. These two positions were chosen because we
have insight into the conformation of the C8-IQ-adduct in these sequences (16, 18).

E. coli DNA polymerase I (Kf−) is readily available and often used to evaluate the effect of
DNA lesions on the mechanism and fidelity of DNA replication. The bypass of the C8-
dGuo-adducts of AF and AAF has been extensively studied with Kf. Translesion synthesis
and extension of the C8-AF-adduct was reported at all three dGuo positions of the NarI
sequence with Kf−, although there were significant pauses at the adduct site and one base
prior. Interestingly, exonuclease proficient Kf (Kf+) was not able to extend pass the C8-AF-
adduct when it was at the G3-position (20). Bacteriophage pol T7− also bypassed the C8-
AF-adduct at the G1- and G2-positions, but polymerization was blocked one base prior, one
base after, and at the adduct site when incorporated at the G3-position (68).

The C8-AAF-adduct represents a strong block to replication; however, when the lesion is
bypassed, insertion of dCTP was favored, although the efficiency of incorporation can be as
much as 106 lower than the unmodified oligonucleotide (68, 69). Gill and Romano examined
the C8-AAF-adduct at the G3-position of the NarI recognition sequence and found that when
Kf− bypassed the lesion, a two-base deletion resulted (70). The bypass and extension of the
C8-IQ-adduct at the G3-position by Kf− resulted in a two-base deletion and paralleled the
results of Gill and Romano for the C8-AAF-adduct in the same local sequence context.
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Extension of an N2-AAF-adduct by Kf in a noniterated sequence has been reported to insert
all four dNTPs with varying efficiencies, although further extension was most efficient when
dAdo was opposite the N2-adduct (37). We observed that Kf− inserted only dCTP opposite
the N2-IQ-adduct at the noniterated G1-position and that further extension was efficient and
error-free. No dNTP incorporation was observed opposite the N2-IQ-adduct at the G3-
position.

The three SOS-inducible DNA polymerases in E. coli—pol II, pol IV, and pol V—can all be
involved in the replication of damaged DNA. Using in vivo and in vitro methods, Fuchs
observed that pol II and IV were responsible for error-prone bypass of the C8-AAF-adduct
and that pol II was specifically responsible for two-base deletions when incorporated at the
G3-position of the NarI recognition sequence (71–73); on the other hand, error-free bypass
of AAF-adducted DNA was observed with pol V. In vitro extension of the C8-AAF-adduct
at the G3-position of the NarI sequence with pol II resulted in one- and two-base deletions
(73).

We observed a striking sequence dependence for the in vitro bypass of the C8-adduct by pol
II−. One- and two-base deletions were observed with equal frequency for the translesion
synthesis across the C8-IQ-adduct at the GC-repeat portion of the NarI sequence (1b), but
error-free bypass and extension were observed at the noniterated G1-position (2b). The
observation that replication of oligonucleotide 1b with pol II− results in one- and two-base
deletions parallels the results of Becherel and Fuchs with the C8-AAF-adduct in the same
local sequence context (73).

Pol II− was able to insert dCTP or dGTP opposite the N2-adduct at the G3-position, but
further extension was completely inhibited, while this adduct led to error-free bypass and
extension when incorporated at the noniterated G1-position (2c). If bypass of IQ-adducts by
pol II is the in vivo mechanism for two-base deletions in bacteria as in the case of the AAF-
adducts, our studies suggest that the N2-IQ-adduct does not play a significant role in this
particular mutagenic outcome. This result is in contrast to our recent in vitro analysis with
human Y-family polymerases (74). In this work, we found that both the C8- and the N2-
regioisomer represented significant blocks to replication with human pol δ, ι, and κ but were
bypassed and extended by hpol η. Interestingly, bypass and extension of the C8-adduct
resulted in error-free products, while the N2-adduct led to a two-base deletion when
positioned at the reitertaed G3-position (1c). These observations implicate the minor N2-IQ-
adduct in repeat sequences as the important premutagenic lesion in mammals.

Dpo4 is an archaeal DinB homologue related to E. coli pol IV and eukaryotic pol κ, although
it possesses lesion bypass properties similar to pol η (RAD30) (75, 76). Crystallographic
analyses of modified oligonucleotides bound to Dpo4 have been reported and provide
valuable insight into the mechanism of lesion bypass (25, 26, 77–80). Dpo4 gives rise to
one-base deletions when it replicates through the 1, N2-etheno-dGuo and the tetrahydrofuran
model lesion for an abasic site (25, 78); these deletions arose from significantly different
geometries of the bound templates. Previous studies showed that Dpo4 exclusively inserted
dCTP opposite a C8-AAF in a noniterated sequence (75). The in vitro replication of the C8-
AAF and AF-adducts have been examined in a noniterated sequence with E. coli pol IV
(81). The bypass was inefficient for both adducts, and extension was blocked at the adduct
site and one base prior. When the primer was extended, one- and two-base deletions were
the major miscoding event accompanied by misinsertion of dATP, dGTP, and dCTP.
Significant error-free bypass and extension were also observed.

We found that replication of the C8-IQ-adduct at the G3-position of the NarI sequence by
Dpo4 also resulted in a two-base deletion. Further extension past the adduct was inefficient
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and error-prone. Pause sites were observed at the adduct site and to a lesser extent one base
after. Further analysis of the extension reaction revealed numerous minor pauses between
the adduct site and the final product (Figure 4E). The low processivity of Dpo4 may
contribute to the inefficient and error-prone extension of 1b. Interestingly, Dpo4 was able to
bypass and extend the other oligonucleotides (2b, 1c, and 2c) in an error-free manner;
however, the efficiency of the extension appeared to vary depending on the regioisomer and
sequence context. The extension of the C8-adducts (1b and 2b) appeared to be more
efficient than for the N2-adducts (1c and 2c).

Replication of the C8-IQ-adduct at the reiterated G3-position of the NarI sequence (1b)
resulted in two-base deletions with all three polymerases studied; additionally, an equal
proportion of a one-base deletion product was observed with pol II−. Structural studies of
the C8-IQ-adduct in this local sequence context (in the absence of polymerase) showed that
it exists in the base-displaced intercalated conformation with a syn-glycosidic geometry
(18). Insertion of dCTP requires that the modified dGuo be in the anti-geometry. Modeling
studies of the C8-AAF-adduct in the active site of Dpo4 suggest that hydrogen-bonding of
dCTP to the anti-conformation can be accommodated with minimal perturbation (82). The
current model for two-base slippage involves an error-free insertion of dCTP opposite the
C8-modified dGuo followed by a conformational reorganization to the slippage intermediate
(23). DNA replication is inhibited or significantly slowed by damaged DNA bases, and this
slowed progression of the replication fork may allow for a conformational exchange after
insertion of dCTP across from the adduct. The active sites of lesion bypass polymerases are
often spacious and may be able to accommodate the extra helical loop of the slipped
conformation. The active site should be equally capable of accommodating the one-base
slippage intermediate as well.

The mechanism for the one-base deletion may involve direct insertion of dGTP opposite the
dCyd that is 5′ to the extrahelical, modified base (as shown in Scheme 2). Alternatively, the
deletion may involve a misinsertion of dGTP opposite the modified base followed by
slippage and extension (83). This misinsertion may utilize a Hoogsteen interaction with the
incoming dGTP with the syn-conformation of the C8-modified dGuo. Crystallographic and
kinetic studies suggest that that nascent Hoogsteen pairing between template and dNTP may
play an important role for error-free translesion synthesis by pol ι (84–86).

Dpo4 inserted only dCTP opposite the C8-IQ-adduct at the noniterated G1-position.
Preliminary structural analysis indicated that the C8-adduct adopts a predominately groove-
bound conformation in noniterated sequences. A groove-bound conformation for the C8-
modified dGuo would allow for Watson–Crick pairing between modified base and incoming
dCTP. The preference for the IQ moiety to remain groove-bound in noniterated sequences
and not undergo a conformational exchange to a slippage intermediate during the elongation
of the primer may play a role in such noniterated sequences giving base-pair substitution
rather than frameshift mutations.

Forward mutation analysis in E. coli treated with IQ using the yeast URA3 reporter gene
showed that the predominant base-pair substitution mutation was a G → A transition,
followed by G → T and G → C transversions (87). In single-nucleotide insertion
experiments, we observed misinsertions opposite the modified base with pol II and Dpo4;
however, most of these initial misinsertions opposite the IQ-adduct were not extended. It is
possible the initial misinsertions are further extended at very low efficiency and below the
detection limits of our MS analysis. Dpo4 is the most error prone of the polymerases
examined for the IQ-adducts, and this result suggests that pol IV may be the source for the
base-pair substitution mutations in bacteria. Of note, Dpo4 gave extension products for the
C8-adduct at the G1-position (1c) and the N2-adduct at the G3-positions (2b), whereas pol
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II− and Kf− did not. It is likely that cells use multiple DNA polymerases to replicate
damaged DNA, and our observations may indicate a specialized role for pol IV in the bypass
of a specific regioisomer of the IQ-adduct as well as in specific sequence contexts.

Differences in the bypass of the C8-AAF-adducts in the NarI sequence have been attributed
to different sequence-dependent, local conformations of the modified base. The different
conformations of the C8-IQ-adduct at the G1- (groove-bound) and G3-positions
(intercalated) correlate to specific polymerase bypass products (deletions vs error-free
bypass) and fit this hypothesis. The dramatic difference in the ability of E. coli pol II− to
bypass the N2-adducts depending on the local sequence may be indicative of sequence
dependent, conformational preferences for this regiosiomer as well.

In summary, we have examined the in vitro bypass and extension of the C8- and N2-dGuo-
adducts of the dietary mutagen IQ at the G3- and G1-positions of the NarI recognition
sequence. Our results suggest a role of pol II and perhaps pol IV in the bypass of C8-IQ-
adducts leading to two-base deletions. The SOS-inducible polymerases are expressed in low
constitutive levels and are believed to be involved in the rescue of stalled replication forks
(88, 89). These phenomena may provide a partial explanation for IQ mutagenesis being SOS
independent. In vitro analysis of the IQ-adducts with the other E. coli polymerases (pol III,
IV, and V) as well as exonuclease proficient polymerases may provide further insight into
the mechanism of bypass.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of IQ and its C8- and N2-dGuo-adducts.
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Figure 2.
Modified oligonucleotides (1 and 2) and primers used in extension reactions.
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Figure 3.
Full-length extension of the oligonucleotides 1 and 2 by Kf−, pol II−, and Dpo4.
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Figure 4.
LC-MS/MS analysis of the Kf− extension products of oligonucleotide 1b. (A) TIC spectrum;
(B) CID spectrum from m/z 946.7; and (C) CID spectrum from m/z 842.5.
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Figure 5.
LC-MS/MS analysis of the Kf− extension products of oligonucleotide 2c. (A) TIC spectrum
and (B) CID spectrum of m/z 1152.8.
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Scheme 1.
LC-MS/MS Sequencing
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Scheme 2.
One- and Two-Base Slippage Mechanism for pol II− Bypass of the C8-IQ-Adduct in the
Dinucleotide Repeat Position of the NarI Sequence (1b)
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Scheme 3.
Mechanism for the Bypass and Extension of Modified Template 1b by Dpo4

Stover et al. Page 26

Chem Res Toxicol. Author manuscript; available in PMC 2011 August 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Stover et al. Page 27

Ta
bl

e 
1

St
ea

dy
-S

ta
te

 K
in

et
ic

 P
ar

am
et

er
s f

or
 S

in
gl

e-
N

uc
le

ot
id

e 
In

co
rp

or
at

io
n 

O
pp

os
ite

 th
e 

C
8-

 a
nd

 N
2 -

IQ
-A

dd
uc

ts
 a

t t
he

 G
3-

 a
nd

 G
1-

Po
si

tio
ns

 o
f t

he
 N

ar
I

R
ec

og
ni

tio
n 

Se
qu

en
ce

 b
y 

K
f−

te
m

pl
at

e
X

dN
T

P
k c

at
 (s

−
1  ×

 1
0−

3 )
K m

 (μ
M

)
k c

at
/K

m
 (μ

M
−

1  s
−

1  ×
 1

0−
3 )

1
a 

(d
G

uo
)

C
46

 ±
 5

.5
0.

29
 ±

 0
.0

5
16

0

b 
(C

8)
C

1.
3 

± 
0.

04
19

 ±
 5

0.
06

8

c 
(N

2 )
C

<0
.1

>5
00

2
a 

(d
G

uo
)

C
65

 ±
 9

0.
18

 ±
 0

.0
3

36
0

b 
(C

8)
C

0.
66

 ±
 0

.0
2

52
 ±

 9
.3

0.
01

3

c 
(N

2 )
C

0.
32

 ±
 0

.0
5

38
 ±

 6
.6

0.
00

8

Chem Res Toxicol. Author manuscript; available in PMC 2011 August 4.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Stover et al. Page 28

Table 2

Observed and Theoretical Fragmentation for the Kf−Extension Products of 1b

A. 5′-pGGCCGAGT-3′, m/z 842.5 (M-3H)

Fragment assignment observed theoretical

5′-pG (a2-B) 506.1 506.05

5′-pGGC (a4-B) 1123.9 1124.68

    (a4-B, −2) 561.6 561.84

5′-pGGCC (a5-B) 1413.9 1413.87

     (a5-B, −2) 706.2 706.43

5′-pGGGCC (a6-B, −2) 870.6 871.03

5-pGGGCCG (a7-B, −2) 1027.0 1027.64

 pGCCGAGT-3′ (w7, −2) 1099.1 1099.70

  pCCGAGT-3′ (w6, −2) 934.6 935.10

   pCGAGT-3′ (w5, −2) 790.2 790.51

    pGAGT-3′ (w4) 1291.9 1292.83

        (w4, −2) 645.6 645.91

     pAGT-3′ (w3) 963.0 963.62

      pGT-3′ (w2) 650.2 650.41

       p-T-3′ (w1) 321.1 321.20

B. 5′-pGGCCGAGTA-3′, m/z 946 (M-3H)

Fragment assignment observed theoretical

5′-pG (a2-B) 506.1 506.05

5′-pGG (a3-B) 834.9 835.10

5′-pGGC (a4-B) 1124.0 1124.14

5′-pGGCC (a5-B) 1412.8 1413.19

   (a5-B, −2) 706.1 706.09

5′-pGGCCG (a6-B, −2) 870.6 870.62

5-pGGCCGA (a7-B, −2) 1027.0 1027.15

 pCCGAGTA-3′ (w7) 1091.0 1091.18

  pGAGTA-3′ (w5) 1604.8 1605.27

      (w5, −2) 802.1 802.13

   pAGTA-3′ (w4) 1275.9 1276.21

    pGTA-3′ (w3) 963.0 963.16

     p-TA-3′ (w2) 634.1 634.11
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Table 3

Observed and Theoretical Fragmentation for the Kf− Extension Products of Oligonucleotide 2c

5′-pGGCGCCGAGTA-3′, m/z 1152.8 (M-3H)

Fragment assignment observed mass theoretical mass

5′-pG (a2-B) 506.1 506.05

5′-pGG (a3-B) 834.1 835.1

5′-pGGC (a4-B) 1124.0 1124.68

5′-pGGCG (a5-B) 1452.1 1453.20

5′-pGGCGC (a6-B, −2) 870.7 870.62

5-pGGCGCC (a7-B, −2) 1015.6 1015.14

5-pGGCGCCG (a8-B, −2) 1179.6 1179.67

5-pGGCGCCGA (a9-B, −2) 1336.06 1336.20

 pGCGCCGAGTA-3′ (w9, −2) 1400.7 1400.22

  pCGCCGAGTA-3′ (w8, −2) 1256.2 1255.70

   pGCCGAGTA-3′ (w7, −2) 1091.1 1091.18

    pCCGAGTA-3′ (w6) 1895.6 1894.31

     pCGAGTA-3′ (w6, −2) 946.7 946.65

      pGAGTA-3′ (w5) 1605.2 1605.27

       pAGTA-3′ (w4) 1276.0 1276.21

        pGTA-3′ (w3) 963.1 963.16

         p-TA-3′ (w2) 634.1 634.11
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Table 4

Summary of the Kf− Extension of IQ-dGuo-Modified Oligonucleotides.

template extension products identified by MS comments

3′----CCXCGGCTCA-5′ X = C8-IQ (1b) 5′-pGGCCGAGT-3′, 5′-pGGCCGAGTA-3′ two-base deletion products

X = N2-IQ (1c) insertion inhibited

3′----CCGCGXCTCA-5′ X = C8-IQ (2b) extension inhibited

X = N2-IQ (1c) 5′-pGGCGCCGAGTA-3′ error-free product
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Table 6

Summary of the pol II− Extension of IQ-dGuo-Modified Oligonucleotides

template extension products identified by MS comments

3′----CCXCGGCTCA-5′ X = C8-IQ (1b) 5′-pGGCCGAGTT, 5′-pGGGCCGAGTT-3′ two- and one-base deletion products

X = N2-IQ (1c) extension inhibited

3′----CCGCGXCTCA-5′ X = C8-IQ (2b) 5′-pGGCGCCGAGTA-3′ error-free product

X = N2-IQ (1c) 5′-pGGCGCCGAGT-3′ error-free product

Chem Res Toxicol. Author manuscript; available in PMC 2011 August 4.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Stover et al. Page 33

Ta
bl

e 
7

St
ea

dy
-S

ta
te

 K
in

et
ic

 P
ar

am
et

er
s f

or
 S

in
gl

e-
N

uc
le

ot
id

e 
In

co
rp

or
at

io
n 

O
pp

os
ite

 th
e 

C
8-

 a
nd

 N
2 -

IQ
-A

dd
uc

ts
 a

t t
he

 G
3-

 a
nd

 G
1-

Po
si

tio
ns

 o
f t

he
 N

ar
I

R
ec

og
ni

tio
n 

Se
qu

en
ce

 b
y 

D
po

4

te
m

pl
at

e
X

dN
T

P
k c

at
 (s

−
1  ×

 1
0−

3 )
K m

 (μ
M

)
k c

at
/K

m
 (μ

M
−

1  s
−

1  ×
 1

0−
3 )

fa

1
a 

(d
G

uo
)

C
2.

23
 ±

 0
.4

0.
13

 ±
 0

.0
2

17
.2

1

T
0.

55
 ±

 0
.0

2
14

 ±
 2

0.
04

0.
00

2

b 
(C

8)
C

0.
44

 ±
 0

.0
2

11
 ±

 2
0.

04
0

1

T
0.

34
 ±

 0
.0

3
66

 ±
 2

0.
00

5
0.

13

c 
(N

2 )
C

0.
29

 ±
 0

.0
2

69
 ±

 4
0.

00
4

1

T
0.

23
 ±

 0
.0

1
84

 ±
 8

0.
00

3
0.

75

2
a 

(d
G

)
C

1.
8 

± 
0.

5
0.

21
 ±

 0
.0

5
8.

6
1

T
0.

25
 ±

 0
.0

1
85

 ±
 8

0.
00

3
0.

00
04

A
0.

18
 ±

 0
.0

1
11

4 
± 

13
0.

00
2

0.
00

02

G
0.

21
 ±

 0
.0

2
96

 ±
 9

0.
00

2
0.

00
02

b 
(C

8)
C

0.
42

 ±
 0

.0
3

22
 ±

 4
0.

01
9

1

c 
(N

2 )
C

0.
22

 ±
 0

.0
2

20
 ±

 2
0.

01
1

1

T
0.

18
 ±

 0
.0

5
36

 ±
 3

0.
00

5
0.

46

A
0.

11
 ±

 0
.0

4
12

0 
± 

22
0.

00
1

0.
09

1

G
0.

14
 ±

 0
.0

5
82

 ±
 7

0.
00

2
0.

18

a f =
 m

is
in

co
rp

or
at

io
n 

fr
eq

ue
nc

y 
= 

(k
ca

t/K
m

) in
co

rr
ec

t d
N

TP
/(k

ca
t/K

m
) c

or
re

ct
 d

N
TP

 (d
C

TP
).

Chem Res Toxicol. Author manuscript; available in PMC 2011 August 4.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Stover et al. Page 34

Table 8

Summary of the Dpo4 Extension of IQ-dGuo-Modified Oligonucleotides

template extension products identified by MS comments

3′----CCXCGGCTCA-5′ X = C8-IQ (1b) 5′-pGGCCCGCGAG-3′ two-base deletion and error prone extension

X = N2-IQ (1c) 5′-pGGCGCCGAGTA-3′ error-free product

3′----CCGCGXCTCA-5′ X = C8-IQ (2b) 5′-pGGCGCCGAGT-3′ error-free product

X = N2-IQ (1c) 5′-pGGCGCCGAGT-3′ error-free product
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