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The mutagenic and carcinogenic potential of a DNA-damag-
ing agent can depend on the chemical nature and sequence
selectivity of the modification caused by the agent. For
instance, there are mutational hot spots which, if modified
and not repaired, are more prone to induce mutations than
other positions of the DNA.[1] Currently available methods
for detecting and mapping sites of modifications in DNA
include polyacrylamide gel electrophoresis (PAGE) and mass
spectrometry (MS). PAGE allows mapping and quantitation
of some sites of modifications in DNA, while MS provides
structural information. However, none of the methods
provides information about both the structure and position
of the damage.

A newer method developed by Tretyakova et al. utilizes
isotopically labeled DNA and MS for mapping and quantify-
ing sites of modifications in DNA,[2] although the method
requires prior knowledge of the modifications for designing
the labeled DNA, and the information obtained from a single
experiment is limited to only one site. Furthermore, all of the
available methods require either cleavage or hydrolysis of the
DNA, which may be a problem with certain lesions. Herein,
we report a simple and“direct” method for the detection and
mapping of sites of modifications in DNA. The method does
not require any prior DNA cleavage or hydrolysis or the use
of radioactive or stable isotopes.

Collision-induced dissociation (CID) of oligonucleotides
results in the formation of two major types of ions, the w and
a-B ions, the spectra of which are unique and depend on DNA
sequence and modifications (Figure 1).[3,4] We have recently
used this CID-based approach to sequence normal bases in
oligonucleotides.[5] McCloskey and co-workers have used this
approach to map a single 5-methylcytosine (5MeC) in an
oligonucleotide.[4] However, DNA modifications by chemical
agents are typically distributed among multiple sites with
varying preferences.[6,7]

A 15-base-pair double-stranded oligonucleotide (1),
which represents a region of exon 5 of the p53 gene and
contains the hot-spot codon 157, was modified with the
carcinogen (� )-anti-benzo[a]pyrene diol epoxide (BPDE)
or N-hydroxy-4-aminobiphenyl (N-OH-4-ABP) under single-
hit conditions. The p53 gene is found to be mutated in more
than 50% of cancers.[8] Alkylation of the p53 gene by BPDE
has been linked to the occurrence of lung cancer andN-OH-4-
ABP to bladder cancer.[9,10] The major alkylation sites of
BPDE and N-OH-4-ABP are the N2 and C8 atoms of
guanine, respectively.[11,12] Alkylation of the noncoding
strand of 1 by BPDE and N-OH-4-ABP has been previously
mapped and therefore provides an excellent system to test our
method.[2,6, 7]

Accordingly, all experiments and data analysis were
limited to the nontranscribed strand of the p53 gene, in
which more than 90% of mutations occur.[6] The quadruply
charged species of m/z 1193.1 eluting at 3.88 min for BPDE
(Figure 2a and b) and m/z 1159.5 eluting at 3.6 min for N-

Figure 1. Fragments (an-Bn and wn) resulting from CID of an oligonu-
cleotide. The top and bottom numbers represent a-B and w ions of the
unmodified oligonucleotide, respectively.
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OH-4-ABP (Supporting Information) were the major mono-
alkylated species detected by liquid chromatography (LC)–
MS. CID of them/z 1193.5 ion generated the spectrum shown
in Figure 2d. The calculated m/z values of the possible w and
a-B ions of the unmodified and modified DNA are shown in
the Supporting Information.

Alkylation of a base should result in an increase in mass
(corresponding to the mass of the alkylating moiety) of all the
fragments in the CID spectra that contain the alkylated base,
while masses of fragments that do not contain the alkylated
base should remain unaltered. Thus, by simply analyzing the
masses of the w or a-B ions, the position of a modification in
an oligonucleotide can be identified. However, this approach
is applicable to only the first and last modification sites (one
from each type of ion).

The nontranscribed strand of 1–4 contains four guanine
residues (G1–G4), each of which is a possible alkylation site
for both BPDE and N-OH-4-ABP. To map and quantify the
relative yields of alkylation at multiple sites, an algorithm
based on a-B ions (Eqs. (1)–(5); M=modified, UM=

an-BnðMÞ ¼
an-BnðMÞ

an-BnðMÞ þ an-BnðUMÞ � 100 ð1Þ

G1*% ¼ a6-B6ðMÞ ð2Þ

G2*% ¼ a9-B9ðMÞ�a6-B6ðMÞ ð3Þ

G3*% ¼ a12-B12ðMÞ�a9-B9ðMÞ ð4Þ

G4*% ¼ a14-B14ðMÞ�a12-B12ðMÞ ð5Þ

unmodified) or w ions (see the Supporting Information) was
developed. Using this approach, either the a-B or the w ions

can be used to map and quan-
tify the relative yields of modi-
fication at multiple sites in an
oligonucleotide.

We initially tested this
approach on an authentic mix-
ture of two oligonucleotides (10
and 20 pmol) with 8-oxo-7,8-
dihydroguanine (8-oxoG) at
G1 or G3. The relative amounts
of the adduct at G1 and G3

obtained from the w and a-B
ions using the method de-
scribed here gave values similar
(1:2) to the prepared mixture
(see the Supporting
Information). The results also
indicated that 0.5–1 pmol of
modified oligonucleotide is suf-
ficient for detection, whereas 5–
10 pmol of each modified oligo-
nucleotide is necessary for
determining the relative yield
of alkylation at various sites.
The length of oligonucleotides
that can be used can be

extended by high-resolution MS; however, for larger oligo-
nucleotides overlapping of peaks might become an issue.

The CID spectrum of the monoalkylated noncoding
strand of 1 contains a single peak corresponding to the
unmodified a5-B5 ions (5’-ACCC), which clearly indicates the
absence of an alkylation site in this fragment. For the a6-B6

ions two peaks were identified, one each for the unmodified
and alkylated 5’-ACCCG1 fragments. Together, these results
indicate that there is alkylation at G1. The percent yield of
alkylation at G1 was calculated from the area under the
modified and unmodifed a6-B6 ion peaks in the CID spectrum
[Eqs. (1) and (2)].

The relative yield of alkylation at the next alkylation site
G2 was determined from the a9-B9 or a10-B10 ions instead of a8-
B8 ions (5’-ACCCG1CG2) because CID of the monoalkylated
oligonucleotide did not generate any a8-B8 ions. As neither
BPDE nor N-OH-4-ABP alkylates T or C in this sequence,
the relative abundance of the modified and unmodified peaks
of the a8-B8 ions should be the same as that of the a9-B9 ions.

[7]

Analysis of the CID spectrum revealed the presence of
unmodified and modified fragments corresponding to the a9-
B9 ions. Interestingly, unlike the 5’-ACCCG1 fragment, the
presence of the monoalkylated 5’-ACCCG1CG2T fragment
simply indicates that either G1 or G2 is alkylated.

To detect the presence of alkylation at G2, the percent
yields of alkylation were calculated from the areas under the
unmodified and modified peaks for a9-B9 ions. This value is
the sum of alkylation at G1 and G2. To obtain the yield of
alkyation at G2, the percent alkylation at G1 was subtracted
from the G1 +G2 value. Likewise, the relative yields of
alkylation at the next alkylation sites, G3 and G4, were
calculated using a12-B12 and a14-B14 ions, respectively. Follow-
ing a similar approach, the relative yields of alkylation at sites

Figure 2. Alkylation of 1 with (� )-anti-BPDE. A solution of 1 (40 mm) in Tris-HCl buffer (50 mm) was
treated with BPDE (150 mm) for 24 h at 4 8C. a) Total ion current (TIC) chromatogram of 1 treated with
(� )-anti-BPDE. The peaks at 3.75 and 3.88 min correspond to the unmodified and BPDE-modified
noncoding strand of 1, respectively. b) Mass spectrum of the 3.88 min peak in the chromatogram shown
in (a). c) TIC chromatogram of the m/z 1193.1 ion. d) CID spectrum of the m/z 1193.1 ion.
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G1 to G4 were also calculated using the w ions. The results
obtained from the a-B and w ions were remarkably similar,
clearly indicating that both the a-B and w ions can be used for
mapping sites of modifications in oligonucleotides.

For BPDE, the relative yields of alkylation at G1 to G4 are
shown in Figure 3 (a-B and w ions). This result is in contrast to
an earlier observation that the least-preferred site of alkyla-
tion is G3,[7] probably because of the possibility of the
nucleotide excision-repair-mediated DNA cleavage being

sequence dependent. The relative yields of alkylation at G1,
G3, and G4 by N-OH-4-ABP are consistent with those
reported by Feng et al.[7] The difference in alkylation at G2

between the two studies may be a result of the higher
concentration of N-OH-4-ABP used in our experiments.

CpG dinucleotides in exon 5–8 of the p53 gene are
methylated[13] and can affect guanine alkylation. Alkylation
by BPDE, N-OH-4-ABP, and mitomycin C is significantly
increased upon cytosine methylation, whereas for nitroso-
ureas there is a decrease in alkylation.[6,7, 14–16] With the
method described here, the presence of 5MeC on the 5’ side of
G2 (2) had little or no effect with BPDE, whereas the
presence of 5MeC on the opposite strand (3) or on both the
5’ side and opposite strand (4) increased the relative yield of
alkylation by 1.6- and 2.4-fold, respectively (Figure 4), con-
sistent with that reported by Tretyakova et al. using the same
sequence.[2] This result suggests that the discrepancy of our
data compared to those of Weisenberger and Romano may be
a sequence effect;[17] sequence-dependent alkylation of
methylated CpG dinucleotides was observed for mitomy-
cin C.[14]

For N-OH-4-ABP, the effect of 5MeC was less pro-
nounced; 5MeC on the 5’ side (2) or on both the 5’ side and on
the opposite strand (4) of G2 increased the relative yield of
alkylation at G2 by only 1.6- and 1.3-fold, respectively
(Figure 4). The contrasting effects of the position of 5MeC
on DNA alkylation by BPDE and N-OH-4-ABP may be
because of their modes of alkylation, noncovalent association
with DNA, or local changes in the DNA structure.

Another aspect of the method described here is its ability
to provide regioselectivity of the alkylation. CID of DNA also
results in the elimination of the base as a negatively charged
species that can be detected in the CID spectrum.[3,4]

Accordingly, analysis of the CID spectrum of BPDE-
adducted DNA revealed the presence of three peaks
(m/z 452, 434, and 416) corresponding to the BPDE-G
adduct and its dehydration products (see the Supporting
Information). LC–MS3 of them/z 452 peak provided the CID
spectrum shown in Figure 5, in which the m/z 300 peak
resulting from the fragmentation of the C2 and N2 bond of
the BPDE-G adduct is indicative of an N2 adduct and not an
O6 adduct, because an O6 adduct of guanine should give a
peak at m/z 301. This result is consistent with a previous
report that BPDE alkylates the N2 atom of guanine.[18]

Figure 3. Relative yields of guanine alkylation at various sites in the
noncoding strand of 1. a) A solution of 1 (40 mm) in Tris-HCl buffer
(50 mm, pH 7.4) was treated with BPDE (150 mm) for 24 h at 4 8C. b) A
solution of 1 (80 mm) in potassium phosphate buffer (10 mm, pH 7.0)
containing ethylenediaminetetraacetic acid (1 mm) and acetylsalicylic
acid (10 mm) was treated with N-OH-4-ABP (400 mm) for 8 h at 37 8C.
The relative yields of alkylation were determined from the area under
the modified and unmodified a-B or w ion peaks in the CID spectra by
using Equations (1)–(10) (see the Supporting Information).

Figure 4. Effect of 5MeC on the relative yield of alkylation of guanine
at codon 157 (G2) of the p53 gene by BPDE and N-OH-4-ABP.
Oligonucleotides 1–4 were alkylated with BPDE or N-OH-4-ABP by
following the same procedure as that described in the legend of
Figure 3. The relative yields of alkylation were determined from the
areas under the modified and unmodified a-B ion peaks using
Equations (1)–(5).

Figure 5. LC–MS3 spectra of the guanine–BPDE adduct (m/z 452).
BPDE-alkylated 1 was subjected to LC–MS/MS analysis as shown in
Figure 2. The m/z 452 ion in the CID spectrum (Figure 2d) was further
subjected to CID (m/z 1193.5 and 452 at an energy setting of 35).
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In conclusion, we have presented a direct method for the
detection and mapping of DNA alkylation. BPDE and N-
OH-ABP modifications were analyzed and the effects of
5MeC on adduct formation were elucidated. This method
may be applicable to a wide variety of DNA modifications
including alkylation and oxidatively generated, nonlabile,
bulky adducts. No cleavage or hydrolysis of the DNA is
necessary, samples can be directly loaded onto a LC–MS
system, and the use of radioactive or stable isotopes is not
required. The method can be extended to the analysis of
multiple DNA fragments simultaneously in a single experi-
ment. Multiple DNA adducts in the same DNA molecule or
in various DNA molecules can also be analyzed, thus
providing opportunities to study chemistry in the relevant
oligonucleotides instead of nucleosides and model com-
pounds.[19]
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