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Background: 1,N6-(2-Hydroxy-3-hydroxymethylpropan-1,3-diyl)-2�-deoxyadenosine (1,N6-�-HMHP-dA) adducts are
formed in DNA by 1,2,3,4-diepoxybutane (metabolite of human carcinogen 1,3-butadiene).
Results: hpols � and � carry out translesion synthesis, incorporating T, G, or A opposite the 1,N6-�-HMHP-dA adduct.
Conclusion: Translesion bypass of 1,N6-�-HMHP-dA adducts by TLS polymerases is error-prone.
Significance: This study identifies 1,N6-�-HMHP-dA as the DNA adduct potentially responsible for A3T and A3C trans-
versions and deletions induced by 1,3-butadiene.

The 1,N6-(2-Hydroxy-3-hydroxymethylpropan-1,3-diyl)-2�-
deoxyadenosine (1,N6-�-HMHP-dA) adducts are formed upon
bifunctional alkylation of adenine nucleobases in DNA by
1,2,3,4-diepoxybutane, the putative ultimate carcinogenic
metabolite of 1,3-butadiene. The presence of a substituted 1,N6-
propano group on 1,N6-�-HMHP-dA is expected to block the
Watson-Crick base pairing of the adducted adenine with thy-
mine, potentially contributing tomutagenesis. In this study, the
enzymology of replication past site-specific 1,N6-�-HMHP-dA
lesions in the presence of humanDNApolymerases (hpols)�,�,
�, and � and archebacterial polymerase Dpo4 was investigated.
Run-on gel analysis with all four dNTPs revealed that hpol �, �,
and Dpo4 were able to copy the modified template. In contrast,
hpol � inserted a single base opposite 1,N6-�-HMHP-dAbutwas
unable to extend beyond the damaged site, and a complete rep-
lication block was observed with hpol �. Single nucleotide
incorporation experiments indicated that although hpol �, �,
andDpo4 incorporated the correct nucleotide (dTMP) opposite
the lesion, dGMP and dAMP were inserted with a comparable
frequency. HPLC-ESI-MS/MS analysis of primer extension
products confirmed the ability of bypass polymerases to insert
dTMP, dAMP, or dGMP opposite 1,N6-�-HMHP-dA and
detected large amounts of �1 and �2 deletion products.

Taken together, these results indicate that hpol � and �
enzymes bypass 1,N6-�-HMHP-dA lesions in an error-prone
fashion, potentially contributing to A3T and A3C transver-
sions and frameshiftmutations observed in cells following treat-
ment with 1,2,3,4-diepoxybutane.

Cellular DNA is constantly damaged by physical and chemi-
cal factors, including reactive oxygen species, lipid peroxidation
products, UV light, environmental pollutants, and dietary car-
cinogens (1). If not repaired, the resulting DNA adducts can
block the progression of replicative DNA polymerases along
the damaged strand (2, 3). In this case, a specialized group of
polymerases, translesion synthesis polymerases (TLS),6 are
recruited to the damaged site and can carry out DNA polymer-
ization across the lesion (4, 5). Five TLS DNA polymerases are
primarily involved in translesion synthesis in humans as fol-
lows: hpol�, hpol �, hpol�, andRev1 from theY family and hpol
� from the B family of polymerases (6–8). The archebacterial
translesion DNA polymerase from Sulfolobus solfataricus P2
(Dpo4) has been widely used as a model TLS polymerase for
kinetic and structural studies of DNA lesions due its ready
availability and its functional similarity to human hpol� (9, 10).
This damage tolerance mechanism allows the cell to overcome
replication blocks induced by bulky lesions such asUV-induced
thymine dimers, facilitating cell survival. However, TLS poly-
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merases are less catalytically efficient than replicative DNA
polymerases and have a relatively low fidelity due to an
increased size and flexibility of their active sites (11–15).
An important DNA lesion that occurs upon exposure to the

human carcinogen 1,3-butadiene (BD) is 1,N6-(2-hydroxy-3-
hydroxymethylpropan-1,3-diyl)-2�-deoxyadenosine (1,N6-�-
HMHP-dA) and its isomer 1,N6-(1-hydroxymethyl-2-hydro-
xypropan-1,3-diyl)-2�-deoxyadenosine (1,N6-�-HMHP-dA)
(Scheme 1) (16). BD is an important industrial chemical widely
used in the production of synthetic rubber, resins, and poly-
mers, as well as an environmental contaminant present in cig-
arette smoke, automobile exhaust, and urban air (17). BD is
metabolically activated to 1,2,3,4-diepoxybutane (DEB), which
can alkylate adenine residues of DNA to give 1,N6-HMHP-dA
(16). HPLC-ESI�-MS/MS analysis of DEB-treated calf thymus
DNA revealed a concentration-dependent formation of 1,N6-
�-HMHP-dA and 1,N6-�-HMHP-dA adducts (16). Under
physiological conditions, the two lesions interconvert via a
Dimroth rearrangement-like mechanism (16). Both isomers of
1,N6-HMHP-dA have been detected in liver, lung, and kidney
tissues of laboratory mice exposed to 6.25–625 ppm BD (18).
Although these lesions are less abundant than guanine mono-
adducts and guanine-guanine cross-links of DEB, they are per-
sistent inmouse tissues for at least 10 days, suggesting that they
may contribute to the biological effects of BD (19).
Because both the N6 and the N-1 positions of adenine in

1,N6-HMHP-dA adducts are blocked by the HMHP exocycle,
they can no longer be used to form complementary hydrogen
bonds with dT. Structurally related 1,N6-ethenodeoxyadeno-
sine (1,N6-�dA) adducts are known to adopt the syn conforma-
tion about the glycosidic bond, allowing them to mispair with
protonated dC in the active site of human DNA polymerase �
(20). We therefore hypothesized that 1,N6-HMHP-dA adducts
can similarly form Hoogsteen base pairs with dG and proto-
nated dA, potentially leading toA3C andA3T transversions,
respectively. Such mispairing could explain the mutational
spectra observed upon treatment of cells and laboratory ani-
mals with BD and DEB (21–23).
The main aim of this study was to investigate the ability of

human TLS polymerases to carry out DNA synthesis past site-
specific (R,S)-1,N6-�-HMHP-dA lesions. We have determined
steady-state kinetic parameters for nucleotide insertion oppo-
site the lesion and identified primer extension products follow-
ing in vitro replication in the presence of polymerases �, �, �,
and Dpo4. Our results indicate that hpol �, hpol �, and Dpo4
are able to bypass (R,S)-1,N6-�-HMHP-dA lesions and to
extend the primer beyond the damaged site by incorporating
either correct (T) or incorrect base (A or G) opposite the

adduct, along with introducing �1 and �2 frameshift muta-
tions. In contrast, replicative hpol � is completely blocked by
the lesion, andhpol � inserts the correct nucleotide but is unable
to extend past the lesion site.

EXPERIMENTAL PROCEDURES

Materials—Full-length recombinant hpol�, hpol �, and hpol
� enzymes used for steady-state kinetics experiments were
obtained from Enzymax (Lexington, KY). Recombinant human
DNA pol � (amino acids 19–526), recombinant human DNA
pol � (amino acids 1–420), and recombinant humanDNApol �
(amino acids 1–437) employed in full-length primer extension
and mass spectrometry experiments were expressed and puri-
fied as described previously (24–26). Dpo4 polymerase was
expressed and purified by Professor Michael Stone (Vanderbilt
University) as per the previously published methodology (10).
hpol � was purchased from Trevigen (Gaithersburg, MD). T4
polynucleotide kinase and Escherichia coli uracil DNA glyco-
sylase (UDG) were obtained from New England Biolabs (Bev-
erly, MA). [�-32P]ATP was purchased from PerkinElmer Life
Sciences. The unlabeled dNTPs were obtained from Omega
Bio-Tek (Norcross, GA). 40% 19:1 acrylamide/bis solution was
purchased from Bio-Rad. All the other chemicals and reagents
were obtained from Sigma and Fisher. Urea, Sigmacote, Tris,
boric acid, ammonium acetate, formamide, BSA, DTT, magne-
sium chloride, and N,N,N�,N�-tetramethylethylenediamine
were purchased from Sigma. Ammonium persulfate, acetoni-
trile, and EDTA were obtained from Fisher.
Oligonucleotide Synthesis—The 18-mer oligodeoxynucle-

otide templates containing site- and stereospecific (R,S)-1,N6-
�-HMHP-dA lesions at the 5th position (5�-TCATXGAATC-
CTTCCCCC-3�) were synthesized by the post-oligomerization
methodology developed in our laboratory (27). Briefly, 18-mer
oligodeoxynucleotides containing site-specific 6-chloropurine
at position X were coupled with (R,R)-N-Fmoc-1-amino-
2-hydroxy-3,4-epoxybutane to generate the corresponding
oligomers containing site- and stereospecific (R,R)-N6-(2-hy-
droxy-3,4-epoxybut-1-yl) adenine (N6-HEB-dA) adducts.
N6-HEB-dA containing oligomers were isolated by HPLC and
incubated inwater at room temperature to allow the cyclization
of (R,R)-N6-HEB-dA to (R,S) 1,N6-�-HMHP-dA (27). The cor-
responding unmodified 18-mer (5�-TCATAGAATCCTTC-
CCCC-3�) and 13-mer primers (5�-GGGGGAAGGATTC-3�
and 5�-GGGGGAAGGAUTC-3�) were purchased from Inte-
grated DNA Technologies (Coralville, IA). All DNA strands
were purified by HPLC, characterized by HPLC-ESI�-MS/MS,
and quantified by UV spectrophotometry.

SCHEME 1. Structures of 1,N6-�-HMHP-dA and 1,N6-�-HMHP-dA adducts formed by 1,2,3,4-diepoxybutane.
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Generation of Primer-Template DNA Substrate for in Vitro
Assays—The 13-mer oligodeoxynucleotide primer (5�-
GGGGGAAGGATTC-3�) was 5�-end-labeled in the presence
of [�-32P]ATP (�6000 Ci/mmol) and T4 polynucleotide kinase
in 50 mM Na-MOPS buffer (pH 7.5), 10 mM MgCl2, and 5 mM

DTT for 1 h at 37 °C. Excess [�-32P]ATP was removed by gel
filtration through Bio-Spin 6 filters (Bio-Rad). The 32P-end-
labeled primerwas annealed to an equimolar amount of 18-mer
oligodeoxynucleotide templates containing either dA or 1,N6-
�-HMHP-dA (1:1 molar ratio) by heating at 95 °C for 3 min in
the presence of 40 mM NaCl, followed by slow cooling
overnight.
Reaction Conditions for Enzyme Assays—Primer extension

assays and steady-state kinetics experiments were conducted
for each of the five DNA polymerases (hpol �, hpol �, hpol �,
hpol �, and Dpo4). The assays were conducted at 37 °C in buff-
ered solutions containing 50 mM Na-MOPS (pH 7.5), 50 mM

NaCl, 5mMDTT, 100	g/ml BSA, 10% glycerol (v/v) with 50 nM
radiolabeled primer-template complexes, and 5 nM polymerase
enzymes (except for Dpo4, which was used at 25 nM and hpol�,
2 units). The reactions were initiated by the addition of individ-
ual nucleotides or a mixture of all four dNTPs andMgCl2 (final
concentration, 5 mM). The reactions were stopped after pre-
selected time intervals by the addition of 36 	l of stop solution
(95% formamide (w/v), 10 mM EDTA, 0.03% bromphenol blue
(w/v), 0.03%xylene cyanol (w/v)) to a 4-	l aliquot of the sample.
Primer Extension Assays—32P-End-labeled primer-template

complexes containing either unmodified dA or 1,N6-�-
HMHP-dA at positionX of the template strand were incubated
withDNApolymerases as described above in the presence of all
four dNTPs (500 	M) for 0–60 min. The reaction products
were separated using a 20% (w/v) denaturing polyacrylamide
gel containing 7 M urea at a constant voltage (2500 V) for 3 h.
The radioactive products were visualized using a phospho-
rimager (Bio-Rad).
Steady-state Kinetics Analyses—32P-End-labeled primer-

template complexes were incubated with TLS polymerases in
the presence of increasing concentrations of individual dNTPs
(0–800	M) for 0–60min. The resulting oligodeoxynucleotide
products were separated by gel electrophoresis as described
above and visualized with a phosphorimager. DNA amounts in
each band were quantified using Quantity One image software
(Bio-Rad), and the steady-state kinetic values were determined
by plotting product formation versus dNTP concentration
using nonlinear regression analysis (one-site hyperbolic fits in
GraphPad Prism).
HPLC-ESI-MS/MS Analysis of Primer Extension Products

from DNA Polymerase Reactions—Oligodeoxynucleotide
18-mers (5�-TCATXGAATCCTTCCCCC-3�, where X � dA
or (R,S)-1,N6-�-HMHP-dA) were annealed to the 13-mer
primer (5�-GGGGGAAGGAUTC-3�) (100 pmol each) in 20 	l
of 50mMNaCl to formprimer-template complexes. The result-
ing partial duplexes were incubated with individual DNA poly-
merases (hpol �, 40 pmol; hpol �, 40 pmol; or Dpo4, 100 pmol)
in 50mMTris-HCl (pH 7.8) buffer containing 5% glycerol, 5mM

DTT, 5 mM MgCl2, 100 	g/ml BSA at 37 °C for 4–6 h. Primer
extension reactions were initiated by the addition of all four
dNTPs (1 mM each) in a final reaction volume of 75 	l. The

reactions were terminated by removing excess dNTPs by size
exclusion using a Bio-Spin 6 column (Bio-Rad). Tris-HCl, DTT,
and EDTAwere added to the filtrate to restore their concentra-
tions to 50, 5, and 1 mM, respectively.

To facilitate MS/MS analyses, oligodeoxynucleotide prod-
ucts were cleaved into smaller fragments by incubation with
UDG (6 units, 37 °C for 6 h), followed by heating with 0.25 M

piperidine at 95 °C for 1 h (28). The final solution was dried
under vacuum, and the residue was reconstituted in 25 	l of
water. The 14-mer oligonucleotide (5�p-CTTCACGAGC-
CCCC-3�; 40 pmol) was added as an internal standard for mass
spectrometry. The injection volume for mass spectrometric
analysis was 8 	l. Primer extension products following reac-
tions catalyzed by hpol � (10 units) and hpol � (80 pmol) were
not cleaved with UDG/piperidine because only short extension
products were observed that could be directly sequenced by
MS/MS.
HPLC-ESI�-MS/MS analysis was conducted on an Eksigent

HPLC system (Eksigent, Dublin, CA) interfaced to a Thermo
LTQOrbitrap Velosmass spectrometer (Thermo Fisher Scien-
tific, Waltham, MA). The instrument was operated in the neg-
ative ion ESI MS/MS mode. Polymerase extension products
were separated with an Agilent Zorbax SB 300 C18 (0.5 � 150
mm, 5 	m) column using a gradient of 15 mM ammonium ace-
tate (Buffer A) and acetonitrile (Buffer B). The column was
eluted at a flow rate of 15 	l/min. The solvent composition was
linearly changed from 1 to 10% Buffer B in 18 min, further to
75% B in 2min, held at 75% B for 3min, and brought back to 1%
B in 2min and held at 1% B for 10min. Under these conditions,
all DNA oligodeoxynucleotides, including extension products,
eluted between 10 and 13 min.
Electrospray ionization conditions were as follows: ESI

source voltage, 3.5 kV; source current, 6.7	A; auxiliary gas flow
rate setting, 0; sweep gas flow rate setting, 0; sheath gas flow
setting, 30; capillary temperature, 275 °C; and S-lens RF level,
50%. The most abundant ions from the ESI�-FTMS spectra
were selected and subjected to collision-induced dissociation
(CID) analysis using the linear ion trap. TheMS/MS conditions
were as follows: normalized collision energy, 35%; activationQ,
0.250; activation time, 10ms; product ion scan range,m/z 300–
2000. The amount of each extension product was calculated by
comparing peak areas corresponding to each product in
extracted ion chromatograms with the peak area of the internal
standard. ExpectedCID fragmentation patterns of oligonucleo-
tides were obtained using the Mongo Oligo mass calculator
version 2.06 available from the Mass Spectrometry Group of
Medicinal Chemistry, University of Utah.

RESULTS

Primer Extension Studies in the Presence of All Four dNTPs—
Our initial studies investigated the ability of DNA polymerases
to bypass 1,N6-�-HMHP-dA lesions in the presence of all four
dNTPs. 1,N6-�-HMHP-dA was site-specifically incorporated
into an 18-mer template (5�-TCATXGAATCCTTCCCCC-3�,
where X � 1,N6-�-HMHP-dA), which was annealed to a
13-mer primer (5�-GGGGGAAGGATTC-3�). In the resulting
duplex (Scheme 2), the primer terminus is positioned immedi-
ately prior to the lesion site. The primer-template complexes
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were subjected to in vitro replication in the presence of hpol �,
�, �, �, and Dpo4. Control experiments with template contain-
ing only native nucleotides (X � dA) confirmed a complete
primer extension by hpol �, hpol �, hpol �, and Dpo4, to form
an 18-mer product (left panels in Figs. 1A and 2). In addition,
some 19-mer products have also been observed with Dpo4 (Fig.
2C, left panel), which could be attributed to template-indepen-
dent nucleotide incorporation (blunt end addition) as observed
previously (29, 30). pol � formed primarily a 16-mer product
(Fig. 1B) due to its low processivity as compared with other Y
family polymerases (31–34).
The presence of 1,N6-�-HMHP-dA at position X led to a

complete blockage of primer extension by hpol �, whereas hpol
� inserted a single nucleotide but was unable to extend past the
lesion site (right panels in Fig. 1). In contrast, hpol � and hpol �
were able to extend the primer to the terminus, forming the
expected 18-mer products (right panels in Fig. 2). The efficiency
of primer extension was markedly reduced in the presence of
1,N6-�-HMHP-dA as compared with unmodified dA, as evi-
dent by the presence of incomplete extension products (15-,
16-, and 17-mers). No primer extension was observed in Dpo4
reactions with 1,N6-�-HMHP-dA-containing DNA template
until the enzyme/DNA ratio was increased to 1:2.
To determine whether the incomplete extension products

generated by hpol � (which is stalled after the insertion of dTMP
opposite the 1,N6-�-HMHP-dA adduct, Fig. 1B) can be
extended by hpol � or �, 32P-end-labeled primer-template
complexes were first incubated in the presence of hpol �, result-
ing in the extension of primer by one base to form a 14-mer
product. Upon subsequent addition of hpol � to the above reac-
tion mixture, the 14-mer product was completely extended to

form the expected 18-mer product (Fig. 3). Similar results were
obtained in the presence of hpol � (data not shown). This pro-
vides preliminary evidence for possible cooperativity of TLS
polymerases during the replication of 1,N6-�-HMHP-dA-con-
taining DNA, with hpol � adding one nucleotide across the
damaged base, polymerase switching, and hpol � or � complet-
ing the bypass synthesis.
Steady-state Kinetic Analysis of dNTP Incorporation Oppo-

site 1,N6-�-HMHP-dA Adducts—Single nucleotide insertion
assays were conducted to compare the rates of incorporation of
each nucleotide opposite 1,N6-�-HMHP-dA lesion by individ-
ual TLS DNA polymerases. Primer-template complexes con-
taining 1,N6-�-HMHP-dA or unmodified dA (control) were
incubated with polymerase enzymes in the presence of each of
the four individual dNTPs.Our pilot experiments have revealed
that hpol �, hpol �, and Dpo4 incorporate dTMP, dAMP, and
dGMP, but not dCMP, opposite the 1,N6-�-HMHP-dA lesion
(Fig. 4). hpol � preferentially inserted dTMPopposite the lesion.
Subsequently, the rates of incorporation of dAMP, dGMP, and
dTMPopposite 1,N6-�-HMHP-dA by hpol�, hpol �, andDpo4
were determined in kinetic experiments. No kinetic analysis
was possible for hpol �, because it was completely blocked by
1,N6-�-HMHP-dA (Fig. 1). In the case of hpol �, the kinetics
experiments were limited to dTMP, because no incorporation
of other nucleotides was observed. The insertion rate for each
nucleotide was calculated by plotting reaction velocity against
dNTP concentration. The kinetic results are summarized in
Table 1, where the catalytic specificity constant (kcat/Km) pro-
vides a measure of catalytic efficiency for each dNTP insertion,

SCHEME 2. Sequences of DNA substrates employed in primer extension
assays.

FIGURE 1. Extension of 32P-labeled primer opposite templates containing
unmodified dA or 1,N6-�-HMHP-dA adduct by hpol � (A) and hpol � (B).
The 13-mer primers (Scheme 2) were annealed with 18-mer template con-
taining either unmodified dA or 1,N6-�-HMHP-dA adduct. The resulting prim-
er-template complexes (50 nM) were incubated at 37 °C in the presence of hpol �
(2 units) or hpol � (5 nM). Reactions were started by the addition of all four dNTPs
(500 	M) and quenched at the indicated time points. The extension products
were separated by 20% (w/v) denaturing PAGE and visualized by phosphorim-
aging analysis. X represents the migration of the starting primer.
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and the misinsertion frequency ( f) reflects the probability of
insertion of an incorrect dNTP as compared with that of the
correct one (dTTP).
Our kinetic data indicate that hpol �, hpol �, and hpol �

polymerization rates for primer-template complexes contain-
ing 1,N6-�-HMHP-dA were 3–8-fold slower than for the con-

trol templates containing unmodified dA (Table 1). In the case
of Dpo4, the efficiency of incorporation of correct base (dTMP)
opposite 1,N6-�-HMHP-dA was 600-fold lower than dT incor-
poration opposite unmodified dA. The preference order for the
insertion of individual dNTPs opposite the 1,N6-�-HMHP-dA
adduct by hpol �was T�G�A, with�1.5-fold preference for
incorporation of dTMP as compared with dGMP and dAMP
(Table 1). A similar specificity (T � G � A) was observed for
hpol �, which was 1.5-fold more likely to incorporate dTMP
rather than dGMP opposite the lesion and 5-fold more likely to
insert dTMP rather than dAMP (Table 1). The preference order
for Dpo4 was T � A � G, and this polymerase was 2-fold more
likely to incorporate dTMP rather than dAMP and 3-fold more
likely to incorporate dTMP rather than dGMP (Table 1).
LC-MS/MS Analysis of Primer Extension Products—A mass

spectrometry-based strategy was employed to confirm the
identities of nucleotides incorporated opposite 1,N6-�-
HMHP-dA adduct by various DNA polymerases and to detect
any insertion/deletion events. Synthetic primer-template com-
plexes were incubated with individual polymerases in the pres-
ence of all four dNTPs, and the primer extension products were
sequenced by capillary HPLC-ESI�-MS/MS using an LTQ
Orbitrap Velos instrument. Because of the high sensitivity of
this method, 100 pmol of DNA was sufficient to obtain
sequence information for the extension products.
Parallel reactionswere conductedwith unmodified and 1,N6-

�-HMHP-dA-containing primer-template complexes (Scheme
2, bottom). To facilitate MS analysis of the products, one of the
thymine residues within the primer was substituted for uridine
(5�-GGGGGAAGGAUTC-3�) to allow for selective cleavage of
the extension products with UDG/hot piperidine. This gener-
ates oligonucleotides (5-, 6-, or 7-mers) that are short enough to
be readily sequenced by HPLC-ESI-MS/MS (10). However, the
extension products from hpol�- and hpol �-catalyzed reactions
were not cleaved because these polymerases generated short
products by adding 0–1 nucleotides (Fig. 1).
Each primer extension reaction mixture was analyzed twice.

First, samples were analyzed by full scan HPLC-ESI�-FTMS to

FIGURE 2. Extension of 32P-labeled primers opposite templates contain-
ing unmodified dA or 1,N6-�-HMHP-dA adduct by hpol � (A), hpol � (B),
and Dpo4 (C). The 13-mer primers (Scheme 2) were annealed with 18-mer
template containing either unmodified dA or 1,N6-�-HMHP-dA adduct. The
resulting primer-template complexes (50 nM) were incubated in the presence
of hpol �, hpol � (5 nM), or Dpo4 (25 nM). The polymerase reactions
were started by the addition of the four dNTPs (500 	M) and quenched at the
indicated time points. The quenched samples were separated by 20% (w/v)
denaturing PAGE and visualized by phosphorimaging analysis. X represents
the migration of the starting primer.

FIGURE 3. Cooperativity of human TLS polymerases � and � during the
bypass of 1,N6-�-HMHP-dA adduct. Primer-template complex containing
1,N6-�-HMHP-dA (50 nM) was incubated with hpol � (10 nM) for 0 –30 min. After
30 min, 5 nM of hpol � was added to the reaction mixture to determine
whether the primer extension started by hpol � and stalled by the adduct can
be completed by hpol �. The extension products were resolved by PAGE.
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detect the molecular ions of the major extension products (Fig.
5). The same sampleswere then re-analyzed in theHPLC-ESI�-
MS/MSmode (Fig. 6). MS/MS spectra of the observed oligode-
oxynucleotide products (Figs. 7 and 8) were compared with the
predicted CID spectra of each extension product to determine
their nucleobase sequence (supplemental Tables S1–S6).
HPLC-ESI�-MS/MS analysis of the hpol � reactions with

unmodified primer-template complex and all four dNTPs
revealed the presence of the fully extended primer (5�-
GGGGGAAGGAUTCTATGA-3�; m/z 1015.17; [M � 4H]4�)
as the major product (�95%) (data not shown). This is consist-
entwith our previous observation (Fig. 1A, left panel) that in the
absence of the lesion the primer is completely extended by hpol
�. In contrast, the corresponding reactionmixtures fromhpol�
extension of 1,N6-�-HMHP-dA containing primer-template
complexes contained mainly the unextended primer (5�-
GGGGGAAGGAUTC-3�; m/z 1406.23; [M � 4H]4�) (results

not shown). These results indicate that primer extension by
human pol � is completely blocked by the 1,N6-�-HMHP-dA
lesion, in accordance with our previous data from the gel elec-
trophoresis analysis (Fig. 1A, right panel).
HPLC-ESI�-MS/MS analysis of the primer extension prod-

ucts generated upon incubation of 1,N6-�-HMHP-dA contain-
ing primer-template complexes with hpol � has revealed six
major peaks at m/z as follows: 777.6, 929.6, 942.1, 1086.2,
1090.7, and 1098.7, which correspond to the doubly charged
ions of 5�-pTC__TGA-3�, 5�-pTCT_TGA-3�, 5�-pTCG_TGA-
3�, 5�-pTCTATGA-3�, 5�-pTCAATGA-3�, and 5�-pTC-
GATGA-3�, respectively (Scheme 3 and Fig. 6). CID spectra of
each extension product were obtained to determine their exact
nucleobase sequence (Figs. 7 and 8). This sequence information
cannot be obtained from molecular weight only. For instance,
the molecular weight of the doubly charged ions atm/z 1086.2
(M � 2175.4) is consistent with an oligonucleotide product

FIGURE 4. Single nucleotide insertion by hpol � (A) and hpol � (B) opposite unmodified dA (control) and 1,N6-�-HMHP-dA. Primer-template complexes
(50 nM) were incubated with polymerases (5 nM) in the presence of specific dNTPs (500 	M) for 0 –30 min at 37 °C. The reaction mixtures were quenched and
separated by 20% PAGE.

TABLE 1
Steady-state kinetic parameters for single nucleotide incorporation opposite dA and 1,N6-�-HMHP-dA adduct by hpol �, hpol �, and Dpo4
f � misinsertion frequency � (kcat/Km)incorrect dNTP/(kcat/Km)correctdNTP (dTTP).

Polymerase Template Incoming nucleotide kcat Km kcat/Km) f

min�1 	M (	M�1 min�1)
hpol � dA dTTP 0.3 � 0.01 0.8 � 0.1 0.38 1

dATP 0.06 � 0.005 20 � 4.6 0.003 0.008
dGTP 0.27 � 0.01 73 � 10.4 0.004 0.01

1,N6-�-HMHP-dA dTTP 0.3 � 0.02 4.0 � 1.0 0.07 1
dATP 0.2 � 0.004 13 � 3.5 0.01 0.2
dGTP 1.8 � 0.008 35 � 7.4 0.05 0.7

hpol � dA dTTP 1.6 � 0.1 3.2 � 0.9 0.5 1
dATP 0.04 � 0.002 5.6 � 2.3 0.007 0.01
dGTP 0.09 � 0.02 35 � 25 0.002 0.004

1,N6-�-HMHP-dA dTTP 0.6 � 0.03 4.4 � 1.2 0.14 1
dATP 0.7 � 0.03 9.2 � 2.2 0.08 0.57
dGTP 0.9 � 0.04 10 � 2.0 0.09 0.65

Dpo4 dA dTTP 0.6 � 0.03 2.8 � 0.4 0.21 1
dATP 0.05 � 0.005 471 � 112 0.00016 0.0004

1,N6-�-HMHP-dA dTTP 0.35 � 0.04 979 � 194 0.00035 1
dATP 0.14 � 0.05 884 � 272 0.00016 0.45
dGTP 0.07 � 0.004 596 � 77 0.00011 0.31

hpol � dA dTTP 1.6 � 0.2 21 � 7 0.08 1
1,N6-�-HMHP-dA dTTP 0.06 � 0.004 4.6 � 1.5 0.01 1
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containing three Ts, two As, one C, and one G. Extension prod-
ucts 5�-pTCTATGA-3� (insertion of T opposite the lesion and
A opposite the next base) and 5�-pTCATTGA-3� (insertion of
A opposite the lesion and T opposite the next base) are indis-
tinguishable by gel electrophoresis or by molecular weight. By

comparing the CID spectra obtained from MS/MS analysis
with the predicted CID fragments (a-B and w ions, Fig. 7C and-
supplemental Table S3), the sequence of the product was deter-
mined as 5�p-TCTATGA-3�, with the correct base (T) inserted
opposite the adduct. Detailed MS/MS analysis was conducted
for each of the hpol � extension products detected by HPLC-
ESI�-FTMS. According to HPLC-ESI�-FTMS peak areas, 18%
of the extension products were error-free, with the incorpora-
tion of correct base (T) opposite the lesion (Scheme 3). Approx-
imately 21 and 25% of the extension products were formed by
misincorporation of dAMP and dGMP opposite the lesion,
respectively. In addition, three deletion products were
detected. 5�-pTCG_TGA-3� (22%) was formed as a result of
misinsertion of G opposite 1,N6-�-HMHP-dA and deletion of
the next base. 5�-pTCT_TGA-3� (13%) was formed upon
incorporation of the correct base (T) opposite the lesion and
skipping the next base. A minor �2 deletion product,
5�-pTC__TGA-3� (	 1%), was also detected, in which no base
was incorporated opposite the lesion or the 3�-neighboring
base. These results are summarized in Scheme 3. Overall, our
HPLC-ESI�-FTMS results for hpol � are consistent with the gel
electrophoresis data, but they revealed several additional prod-
ucts generated upon deletion of one or two bases.
HPLC-ESI�-MS/MS analysis of the primer extension prod-

ucts from hpol �-catalyzed reactions revealed the same six
major products as observed with hpol � (5�-pTC__TGA-3�,
5�-pTCT_TGA-3�, 5�-pTCG_TGA-3�, 5�-pTCTATGA-3�,
5�-pTCAATGA-3�, and 5�-pTCGATGA-3�), but their relative
contributions were entirely different (Scheme 4). Error-free
replication past the adduct (5�-pTCTATGA-3�) accounted

FIGURE 5. HPLC-ESI�-MS/MS analysis of hpol � in vitro replication products on 1,N6-�-HMHP-dA-adduct containing template. Primer-template com-
plexes (100 pmol) were incubated at 37 °C for 4 h in the presence of hpol � (40 pmol) and the four dNTPs. The primer extension products were subjected to UDG
hydrolysis and piperidine treatment to yield shorter oligonucleotide fragments that can be sequenced by HPLC-ESI-MS/MS. A, Total Ion Chromatogram of
primer extension mixtures; B, mass spectra of the primer extension products eluting between 10 and 13 min.

FIGURE 6. Extracted ion chromatograms of the six major polymerase
extension products formed upon in vitro replication on 1,N6-�-HMHP-
dA- adduct template by hpol � (Fig. 5).
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for over 80% of the total products. The relative yields of
5�-pTCGATGA-3� and 5�-pTCAATGA-3� corresponding to
the incorporation of incorrect bases, G and A, opposite the
lesion, accounted for 	10%, whereas single deletion products,
5�-pTCG_TGA-3� and 5�-pTCT_TGA-3�, accounted for 	5%.
The double deletion product (5�-pTC__TGA-3�) was also
detected, with the relative yield of 	1%. These results are sum-
marized in Scheme 4. Taken together, these results indicate
that hpol � makes fewer errors than does hpol � upon replicat-
ing 1,N6-�-HMHP-dA containing DNA.
HPLC-ESI-FTMS analysis of hpol � extension products of

1,N6-�-HMHP-dA containing 18-mer oligonucleotide prim-
er-template complexes revealed the formation of a single
productwith anm/z of 1091.20 (data not shown). CID fragmen-
tation of m/z 1091.20 confirmed that the product was
5�-GGGGGAAGGAUTCT-3�, which is formed upon incorpo-
ration of the correct base (T) opposite the lesion, but no further
extension by the enzyme (results not shown). As discussed
above, UDG/piperidine cleavage was not employed for hpol
�-generated products due to their relatively short length, ena-
bling their direct sequencing byMS/MS. These results confirm
that human hpol � is able to insert the correct base (T) opposite

1,N6-�-HMHP-dA, but it is unable to extend the primer beyond
the damaged site. This result is consistent with our gel electro-
phoresis results (see Fig. 1B above).

HPLC-ESI�-MS/MS analysis of the Dpo4 primer extension
mixtures has revealed the presence of five major DNA peaks at
m/z 929.6, 934.2, 1086.2, 1090.7, and 1098.7 (Scheme 5). The
nucleobase sequences of these products were determined by
MS/MS as described above. We found that the major products
were 5�-pTCTATGA-3� (59%) and 5�-pTCAATGA-3� (30%),
corresponding to error-free replication and the misinsertion of
A opposite the lesion, respectively. A low abundance product,
5�-pTCGATGA-3� (4%) formed by the misinsertion of G, was
also observed. Analogous to our results for hpol �, a single
nucleotide deletion product 5�-pTCT_TGA-3� (5%) was found.
A novel deletion product, 5�-pTCA_TGA-3� (2%), was formed
by misinsertion of A opposite the adduct, followed by skipping
of the neighboring 3� base. These results are summarized in
Scheme 5.

DISCUSSION

DEB is a key carcinogenic metabolite of BD, an important
industrial and environmental chemical present in urban air

FIGURE 7. MS/MS spectra of the extension products observed following in vitro replication of 1,N6-�-HMHP-dA-containing template by hpol �. A, CID
spectrum of the extension product 5�-pTCGATGA-3�. B, CID spectrum of the extension product 5�-pTCAATGA-3�. C, CID spectrum of the extension product
5�-pTCTATGA-3�.
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and in cigarette smoke. DEB is considered the ultimate car-
cinogenic metabolite of BD due to its potent genotoxicity
(17). Studies in the HPRT gene have revealed that DEB

induces a large number of A3T mutations and deletions,
along with smaller numbers of A3G and A3C base substi-
tutions (21, 35). Furthermore, exposure of Rat2 laci trans-
genic cells and human TK6 lymphoblasts to DEB induced an
increased frequency of A3T transversions and partial dele-
tions (23).
Despite significant efforts, specific DNA adducts responsible

for DEB-induced genetic changes have not been previously
identified. DEB-mediated DNA alkylation gives rise to a com-
plex mixture of nucleobase adducts, including 2,3,4-trihy-
droxybut-1-yl (THB) monoadducts, 2,3-dihydroxybutane-
1,4-yl DNA-DNA cross-links, DNA-protein lesions, and

FIGURE 8. CID spectra of the �1 and �2 deletion products observed following in vitro replication of 1,N6-�-HMHP-dA-containing template by hpol �.
A, CID spectrum of the product 5�-pTCG_TGA-3�. B, CID spectrum of the extension product 5�-pTCT_TGA-3�. C, CID spectrum of the extension product
5�-pTC__TGA-3�.

SCHEME 3. Summary of primer extension products formed by hpol � as
identified by capillary HPLC-ESI-MS/MS.

SCHEME 4. Summary of primer extension products formed by hpol � as
identified by capillary HPLC-ESI-MS/MS.

SCHEME 5. Summary of primer extension products formed by Dpo4 as
identified by capillary HPLC-ESI-MS/MS.
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exocyclic dG and dA adducts (22, 36–39). Polymerase bypass
studies of synthetic DNA templates containing N6-THB-ade-
nine monoadducts revealed essentially error-free replication,
producing very low levels of A3G and A3C base substitu-
tions (	0.3%) (22). N2-Trihydroxybutylguanine lesions com-
pletely blocked DNA replication (37). The N1-trihydroxybu-
tane-deoxyinosine lesions originating from deamination of the
correspondingN1-dA adducts induced high numbers of A3G
transitions (38). Similar studies conducted with putative
N2-guanine andN6-adenine intrastrandDNA-DNAcross-links
have revealed that bis-N2G-BD cross-links are not bypassed by
DNA polymerases, whereas bis-N6A-BD lesions induce A3G
base substitutions at the 3�-base (36, 38). It should be noted that
N1-trihydroxybutane-deoxyinosine, bis-N6A-BD, and bis-
N2G-BD have not yet been detected in tissues of BD-treated
animals andmay not be relevant in vivo. In summary, studies to
date have not uncovered the origins of A3T transversions that
predominate in DEB-treated cells and tissues.
Previous studies in our laboratory have revealed that DEB

can sequentially react with the N1 and the N6 positions of ade-
nine in DNA to form 1,N6-�-HMHP-dA adducts (Scheme 1)
(16). 1,N6-�-HMHP-dA can undergo a slow, reversible Dim-
roth-like rearrangement in water at room temperature to 1,N6-
�-HMHP-dA adducts (16). The concentrations of both exocy-
clic 1,N6-HMHP-dA adducts increased linearly when calf
thymus DNA was treated in vitro with increasing concentra-
tions of DEB (50–1000 	M) (16). Furthermore, 1,N6-
HMHP-dA adducts were formed in a dose-dependent manner
in liver, kidney, and lung DNA of B6C3F1 mice exposed to BD
by inhalation (18). Importantly, these lesions persisted in vivo,
with an estimated half-life of �40 days (19). Based on their
stability and their chemical structure that resembles known
promutagenic lesions such as 1,N6-etheno-dA and 1,N6-
ethano-dA, 1,N6-HMHP-dA adducts have been proposed to
contribute to the mutagenicity of BD (19).
In this study, in vitro polymerase bypass experiments were

conducted employing synthetic DNA templates containing
site-specific 1,N6-�-HMHP-dA adducts. Human lesion bypass
polymerases hpol �, hpol �, hpol �, hpol �, and archebacterial
DNA polymerase Dpo4 were investigated, because these poly-
merases are known to conductDNAreplication past a variety of
DNA lesions. For example, hpol � is capable of bypassing 8-
oxoguanine, O6-methylguanine, and cis-syn-TT dimer (15),
whereas hpol � efficiently bypasses bulky N2-guanine adducts
(8, 40). Additionally, hpol � has been proven to conduct transle-
sion synthesis across several DNA lesions, including N2-ethyl-
guanine (31). 1,N2-Ethenoguanine and M1dG lesions are
bypassed by archebacterial polymerase Dpo4 (10, 41).
Primer extension experiments combined with gel electro-

phoresis and HPLC-MS/MS analyses of the products revealed
that hpol�, hpol �, andDpo4were able to bypass the lesion and
to extend the primer completely to the terminus (Fig. 6). In
contrast, hpol � was completely blocked by the lesion, whereas
hpol � incorporated the correct nucleotide (dTMP) opposite the
lesion but was unable to extend the primer further (Fig. 1B).
However, incomplete primer extension products generated by
hpol � can be completed either by hpol � or hpol � (Fig. 3).
Similar cooperativity experiments conducted for N2-ethylgua-

nine adducts revealed that hpol� can successfully complete the
polymerization started by hpol � (42).

Steady-state kinetic analysis of the incorporation of single
nucleotide opposite the lesion was completed for human pol �,
pol �, pol �, and Dpo4 to determine the specificity constants
(kcat/Km) and to obtain the misinsertion frequencies (f). The
kcat/Km values for the incorporation of correct nucleotide
(dTMP) opposite 1,N6-�-HMHP-dA by hpol � and hpol �
were 0.14 and 0.07 	M�1 min�1, respectively; in comparison,
the corresponding values for dTMP insertion opposite struc-
turally analogous 1,N6-�dA lesions were 0.004 and 0.001 	M�1

min�1, respectively (43). The efficiency of incorporation of
dTMP opposite the lesion by hpol � and hpol � was 3–8-fold
lower than those for the control template containing unmodi-
fied dA (Table 1). An even greater decrease (600-fold) was
observed for archebacterial DNA polymerase Dpo4. Similar
decreases in the efficiency of Dpo4 upon replication of
damaged templates have been previously reported for the
incorporation of dCTP opposite guanine adducts 7,8-di-
hydro-8-oxodeoxyguanosine (44), O6-methylguanine (45),
and 1,N2-ethenoguanine (10).
In addition to the correct base (dTMP), hpol �, �, and Dpo4

also inserted incorrect bases (dGMPand dAMP) opposite 1,N6-
�-HMHP-dA lesions. Themisinsertion frequency was between
0.2 and 0.7, depending on specific polymerase (Table 1). For
example, the frequency of dAMP incorporation opposite 1,N6-
�-HMHP-dA by hpol � was 0.7 (Table 1). If observed in vivo,
suchmis-incorporation is expected to causeA3T transversion
mutations.
An important limitation of gel electrophoresis experiments

is that they cannot determine the nucleotide sequence of the
primer extension products, potentially yielding misleading or
incomplete results. Zang et al. (10) have developed a robust
methodology for the analysis of primer extension products by
HPLC-ESI-MS/MS. In their approach, a uracil residue is intro-
duced into the primer, and the extension products are cleaved
with UDG/hot piperidine to facilitate their sequencing by tan-
demmass spectrometry. Thismethodology has been previously
applied in polymerase bypass studies of several DNA lesions
(28, 30, 40, 44, 45). We adopted a similar methodology to
sequence the in vitro replication products of 1,N6-�-HMHP-dA
containing templates by HPLC-ESI-MS/MS (Figs. 5–7 and
Schemes 3–5). To enhanceHPLC-ESI�-MS/MS detection sen-
sitivity, a capillary HPLC column was employed instead of the
conventional 1.0–2.0-mm inner diameter columns used previ-
ously (28, 30, 40, 44, 45). Using this modified HPLC-ESI�-
MS/MS methodology, it was possible to characterize primer
extension products using only 100 pmol of modified oligonu-
cleotide. In comparison, the previous analytical methods
required 1–4 nmol of modified oligonucleotide and large
amounts of recombinant polymerases (28, 30, 40, 44, 45). The
observed CID spectra of the primer extension products were in
good agreement with the predicted CID spectra (Figs. 7 and 8
and supplemental Tables S1–S6).
HPLC-MS/MS sequencing has revealed that among the

three polymerases that are able to conduct DNA synthesis past
1,N6-�-HMHP-dA (hpol �, hpol �, and Dpo4), primer exten-
sion by hpol � was the most error-prone. hpol � displayed a
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greater preference for the incorporation of incorrect nucleotide
dGMP opposite the lesion (Scheme 3) as compared with the
correct nucleotide dTMP. Only 18% of the total extension
products formed corresponded to error-free replication prod-
ucts. In addition, �1 frameshift products accounted for �35%
of the total hpol � extension products (Scheme 3 and Fig. 8). In
these cases, dGMP or dTMP was incorporated opposite the
lesion, and the next base was skipped, followed by correct
primer extension all the way to the terminus (Scheme 3). How-
ever, in vitro replication past 1,N6-�-HMHP-dA by hpol � and
Dpo4 was less error-prone, with a higher production of error-
free extension products that accounted for more than 60% of
the products and a lower percentage of single nucleotide dele-
tion products (	10%) (Schemes 4 and 5). For both hpol � and
Dpo4, misincorporation of dGMP opposite the lesion
accounted for less than 10% of total products. However, Dpo4
reaction mixtures also contained significant amounts of the
extension product corresponding to the incorporation of
dAMP opposite the lesion (30%). In addition, small amounts of
�2 frameshift deletion products were observed in primer
extensions catalyzed by pol � and � but not Dpo4.

Taken together, our gel electrophoresis and tandem mass
spectrometry results indicate that human TLS polymerases
�, �, and Dpo4 are able to bypass DEB-induced 1,N6-�-
HMHP-dA lesions and to extend the primer to the terminus,
but they are potentially error-prone. In addition to correct
nucleotide (dTMP), these bypass polymerases incorporate
dAMP and dGMP opposite the lesion and produce �1 and �2
deletion products (Schemes 3–5). In contrast, hpol � is unable to
extend beyond the 1,N6-�-HMHP-dA lesion, and hpol � is
completely blocked at the modification site.
A possible model for the insertion of dA, dT, dG opposite

1,N6-�-HMHP-dA is shown in Scheme 6. 1,N6-�-HMHP-dA
adduct can exist in two tautomeric forms. The N1-C6 immo-
nium ion tautomer can be envisioned to adopt a syn confirma-
tion and form a stable Hoogsteen base pair with dT or dG. The
C6-N6 imino tautomer could form a Hoogsteen base pair with
protonated dA. The ability of 1,N6-�-HMHP-dA adduct to
adopt a syn confirmation and mispair with dG and protonated
dA is not unprecedented. For example, 1,N6-etheno-dA

adducts have been shown to adopt the syn confirmation in the
active site of hpol �, forming a Hoogsteen base pair with dT or
protonated dC (20). Taken together, our results provide a pos-
sible mechanism for the induction of A3T and A3C trans-
versions and frameshift mutations by DEB and its metabolic
precursor 1,3-butadiene.
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