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ABSTRACT: Acrolein (Acr), a ubiquitous environmental
pollutant, can react directly with genomic DNA to form
mutagenic adducts without undergoing metabolic activation. To
sensitively and accurately quantify Acr−DNA adducts (includ-
ing structural isomers and stereoisomers) in human leukocytes,
we developed an enhanced stable isotope dilution ultrahigh
performance liquid chromatography (UHPLC)−tandem mass
spectrometry (MS/MS) method using ammonium bicarbonate
(NH4HCO3), which is thermally unstable and degrades readily
to carbon dioxide and ammonia in heated gas phase.
Interestingly, ammonium bicarbonate (as an additive to the
mobile phase) not only improves the protonation of AcrdG adducts but also suppresses the formation of MS signal-deteriorating
metal−AcrdG complexes during electrospray ionization, leading to the enhancement of their MS detection by 2.3−8.7 times. In
contrast, routinely used ammonium salts (ammonium acetate and ammonium formate) and formic acid do not show similar
enhancement. The developed method is potentially useful for enhancing ESI-MS detection of other modified 2′-
deoxyribonucleosides that have difficulty in protonation and may form excess metal complexes during electrospray ionization.
The limits of detection (LODs, S/N = 3) are estimated to be about 40−80 amol. By the use of the developed method, we found
that the Acr adducts of three nucleotides (dG, dA, and dC) can be detected in human leukocytes. In addition to the known γ-
AcrdG, α-AcrdA is also identified as an Acr-adduct of high abundance (2.5−20 adducts per108 nts).

Acrolein (Acr) is one of the most reactive and harmful α,β-
unsaturated aldehydes and is found in cigarette smoke,1,2

the volatiles generated during cooking,3 and automobile
exhaust.4 Acr has been proposed as the major carcinogenic
agent responsible for cigarette-related lung cancer, replacing the
well-known carcinogen benzo(α)pyrene.5 Moreover, Acr can
be endogenously produced during peroxidation of polyunsatu-
rated fatty acids6,7 and degradation of amino acids8 and
polyamines.9 Elevated levels of Acr were found in vulnerable
brain regions of subjects with wild cognitive impairment10 and
preclinical11 and late-stage Alzheimer’s disease (AD).12,13

Endogenously produced Acr may play an important role in
the pathogenesis of AD10−13 and cardiovascular diseases.14

Currently, it is not clear how Acr causes these pathogenic
effects. Because Acr can react directly with the bases of genomic
DNA due to its strong electrophilicity, the formation of stable
Acr−DNA adducts may play essential roles in the pathogenesis
of Acr.
The reaction of Acr with guanine in genomic DNA can

produce two structural isomers of exocyclic adducts (Figure 1):
6-hydroxy-1,N2-propano-2′-deoxyguanosine (α-AcrdG) and 8-
hydroxy-1,N2-propano-2′-deoxyguanosine adducts (γ-

AcrdG).15 Meanwhile, α-AcrdG has two mutually convertible
stereoisomers. Both α- and γ-AcrdG are mutagenic in
bacteria16,17 and mammalian cells.18,19 In human cells, AcrdG
mainly induces mutations of G:C to T:A or A:T.18,19 In an early
report, γ-AcrdG could be detected in human tissues without
Acr treatment, but α-AcrdG was not detectable in most
samples.20,21 The levels of γ-AcrdG in smokers are significantly
higher than that in nonsmokers.22 Recently, both α-AcrdG and
γ-AcrdG could be detected in human placenta, leukocytes, and
lung tissues by LC-MS/MS analysis.23,24 Inconsistently, the
levels of α-AcrdG in human lung were found to be even higher
than that of γ-AcrdG.24 What factors contributed to such
inconsistency is not clear. Nonetheless, an advanced analytical
method for accurate and sensitive quantitation of Acr−DNA
adducts is highly desirable, particularly for the minor but highly
mutagenic α-AcrdG.
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In addition to AcrdG, the adducts of 2′-deoxyadenosine,25−29
2′-deoxycytidine,30,31 and thymidine32 were also identified,
including 9-hydroxy-1,N6-propano-2′-deoxyadenosine (α-
AcrdA)26−28 and 9-hydroxy-3, N4-propano-2′-deoxycytidine
(α-AcrdC).31 Although these non-dG adducts have been
identified in naked DNA or cultured cells treated by Acr, it is
unclear whether they are present in human tissues and their fate
and genotoxicity are also unknown.
Several approaches for the detection of AcrdG have been

developed, including 32P-postlabeling,20−22 immunoassays,33,34

and LC-MS/MS.13,23,24 Due to its advantages in specificity,
structural characterization, separation efficiency, and safety, LC-
MS/MS is of choice. By taking advantage of nano-LC and
nanospray-enhanced MS detection, a highly sensitive method
for simultaneous detection of AcrdG adducts was developed.23

However, one stereoisomer of α-AcrdG coeluted with γ-AcrdG.
The same problem also faced in the capillary LC-MS/MS
method.13 On the other hand, without the application of
nanoflow and nanospray technologies that are not widely
applicable, highly sensitive detection has not been achieved yet.
Moreover, no assay was reported to detect AcrdA and dC
adducts in human tissues.
The objectives of this study are (1) to improve the ESI-MS

detection of Acr−DNA adducts by enhancing protonation, (2)
to improve the separation of Acr adducts and their structural
isomers and stereoisomers, and (3) to accurately quantify α-
AcrdG, γ-AcrdG, α-AcrdA, and α-AcrdC in human tissues by
the use of stable isotope as internal standard. Therefore, we
synthesized the stable isotope standards of Acr−DNA adducts,
investigated the ESI-MS detection and UHPLC separation of
DNA adducts, and tested the abundance of Acr−dG and non-
dG adducts in human leukocytes.

■ EXPERIMENTAL SECTION
Caution: Acr is highly mutagenic and should be handled with
caution.
Chemicals and Materials. Acr was ordered from Aladdin

(Shanghai, China). 2′-Deoxyguanosine monohydrate
(dG·H2O), 2′-deoxyadenosine monohydrate (dA·H2O), 2′-
deoxycytidine (dC), snake venom phosphodiesterase I, and

ammonium bicarbonate were obtained from Sigma-Aldrich Co.
(St. Louis, MO). Ammonium formate and ammonium acetate
were purchased from Agilent (Palo Alto, CA) and Signopharm
Chemical Reagent Co. (Beijing, China), respectively. Deoxy-
ribonuclease I (DNase I) and calf intestinal alkaline
phosphatase (CIP) were obtained from New England Biolabs
(Ipswich, MA).

Synthesis of Stable Isotopic Standards of Acr−DNA
Adducts. Each Acr−DNA standard was prepared by the direct
reaction of Acr with the corresponding 2′-deoxyribonucleoside
(with or without stable isotopic label). In brief, dG, dA, or dC
was separately incubated with an equal mole equivalent of Acr
in 50 mM phosphate buffer, pH 7.0 at 37 °C for 48h, and the
products were purified by reversed-phase HPLC. The collected
fractions were dried by lyophilization and then were weighed
with a Mettler Toledo XS 105 Analytical Balance (Greifensee,
Switzerland). All the Acr−DNA standards were characterized
by ESI-MS/MS and quantitated by UV at their maximum
absorption wavelength (257 nm for AcrdG; 261 nm for α-
AcrdA; 281 nm for α-AcrdC).

UHPLC-ESI-MS/MS Analysis. The UHPLC-MS/MS anal-
ysis was performed on Agilent 1290 UHPLC system coupled
with a G6410B triple quadrupole mass spectrometer (Agilent
Technologies, Palo Alto, CA). Zorbax Eclipse Plus C18 column
(100 mm × 2.1 mm i.d., 1.8 μm particle size, Agilent
Technologies, Palo Alto, CA) was used for separation of
modified 2′-deoxyribonucleoside. The optimized mobile phase
consisted of two solvents: 10 mM NH4HCO3, pH 9.0 (solvent
A), and pure methanol (solvent B). An optimized gradient
elution was used for UHPLC separation: 0−6 min, 5% B; 6−10
min, 15% B; 10−15 min, 5% B. The flow-rate was 0.25 mL/
min, and the column temperature was set at 30 °C. We also
tested formic acid (0.1%, 0.01%, and 0.001%) and three volatile
ammonium buffers (0.5−10 mM) as an additive to the mobile
phase.
The mass spectrometer was operated in the positive ion

mode. A multiple reaction monitoring (MRM) mode was
adopted for selective detection of the Acr−DNA adducts: m/z
324 → 208 for AcrdG (collision energy, 5 eV); m/z 308 → 192
for α-AcrdA (15 eV), and m/z 284 → 168 for α-AcrdC (5 eV);
m/z 329 → 213 for [15N5] AcrdG (5 eV), m/z 313 → 179 for
[15N5] α-AcrdA (35 eV), and m/z 287 → 171 for [15N3] α-
AcrdC (5 eV). Nitrogen was used for nebulization and
desolvation. The nebulization gas was set at 40 psi, the flow-
rate of desolvation gas was 9 L/min, and source temperature
was set at 300 °C. Capillary voltage was set at 3500 V. High
purity nitrogen (99.999%) was used as the collision gas. Each
sample was at least analyzed for three times with an injection
volume of 15 μL. The adduct frequency was calibrated
internally by the stable isotopic standards.
The separation resolution (Rs) was calculated following

Chinese National Standards (GB4946-85) as below.

= × − +R t t t t2 ( )/( )R R w ws ,2 ,1 ,1 ,2 (1)

where tR,1 and tR,2 are the respective retention time of peaks 1
and 2, and tw,1 and tw,2 are the respective peak widths of peaks 1
and 2.

Calibration Curves and Recovery. Calibration curves
were constructed using the prepared standards of Acr adducts.
The stable isotopic standards of a constant amount were mixed
with nonisotope Acr adducts of varying amounts, and then the
mixtures were analyzed by UHPLC-MS/MS. Calibration curves
were obtained by linearly plotting the peak area ratios of

Figure 1. Chemical structures of Acr−DNA adducts studied in this
work.
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nonisotope Acr adducts to the stable isotopic standards versus
the amount of the added nonisotopic Acr adducts.
The recovery was tested by measuring the content of adducts

in A549 genomic DNA spiked with the known amounts of Acr
standards (1.5, 4.5, and 15 fmol) and calculated according to
the formula shown below.

= −

×

recovery% (the measured level the background level)

/added amount 100% (2)

A549 Cell Culture and DNA Extract. Human lung
epithelial carcinoma A549 cells (5 × 105 cells/dish) were
seeded in 10 cm plastic dishes (Corning, NY) and cultured in
10 mL (per dish) RPMI 1640 growth medium supplemented
with 10% fetal bovine serum (Invitrogen, Carlsbad, CA),
containing 100 U/mL penicillin G and 100 U/mL
streptomycin sulfate. The dishes were put in a humidified 37
°C incubator supplied with 5% CO2. After the A549 cells were
cultured for 48 h, the genomic DNA was extracted with the
Promega Wizard genomic DNA purification kit according to
the manufacturer’s instructions. The isolated DNA was air-
dried and stored at −20 °C prior to enzymatic digestion.
Genomic DNA Isolation from Human Leukocytes.

Human blood samples were kindly provided by five volunteers.
Freshly drawn human blood was stored at 4 °C in the presence
of 10% (v/v) citrate−dextrose solution as anticoagulant. Red
blood cells were lysed by addition of cell lysis solution, and the
leucocyte pellets were obtained by centrifuging the mixture at
12000 rpm for 1 min at room temperature.
Genomic DNAs were extracted from the isolated leucocytes

with the Promega Wizard genomic DNA purification kit. The
extracted genomic DNA was redissolved in 50 μL of water. The
amount of genomic DNA was determined at 260 nm using
Nanodrop 2000 by assuming that 1.0 OD equals 50 μg/mL.
The DNA samples (20 μg each) were mixed with a known
amount of [15N] Acr−DNA and digested with 2.0 units of
DNase I, 4.0 units of CIP, and 0.008 units of snake venom
phosphodiesterase I at 37 °C for 12 h. The total volume was
100 μL. The enzymatic digests were filtered by ultrafiltration
tubes (MW cutoff: 3 KDa, Pall, Port Washington, NY) to
remove the enzymes and then analyzed by UHPLC-ESI-MS/
MS. Note, the DNA samples were stored at −20 °C prior to
enzymatic digestion.

■ RESULTS AND DISCUSSION

Ammonium Bicarbonate Improves the Separation of
the Structural Isomers and Stereoisomers of AcrdG. We
first optimized the separation of Acr−dG adducts and their
isomers by a reversed-phase UHPLC. By adding 0.1% formic
acid into the mobile phase, we observed that the peaks of
AcrdG isomers are broadened and cannot be well resolved
(Figure 2a). The two stereoisomers of α-AcrdG are coeluted
with γ-AcrdG. When the concentration of formic acid is
reduced to 0.001%, the two stereoisomers of α-AcrdG are
completely separated, but one stereoisomer of α-AcrdG (with
longer retention) could not be well resolved from γ-AcrdG (R3,2
< 0.8). For all the tested concentrations of formic acid, the peak
of γ-AcrdG is broadened (Figure 2a). The separation of α-
AcrdG and γ-AcrdG can be markedly improved with any tested
ammonium salt (formate, acetate, or bicarbonate salt) (Figure
2b). The optimum separation of α-AcrdG and γ-AcrdG can be
obtained with ammonium bicarbonate (R3,2 = 1.7). However,

ammonium acetate (R3,2 = 1.4) and ammonium formate (R3,2 =
1.2) can provide satisfactory separation.

Ammonium Bicarbonate Enhances the MS Detection
of AcrdG Isomers. By including ammonium bicarbonate as an
additive of the mobile phase, we found that ammonium
bicarbonate can greatly enhance the MS detection of AcrdG
isomers no matter whether the MS signal is evaluated by peak
height or peak area (Figure 2b). Even involved with high
concentrations of the additive (5−10 mM), ammonium
bicarbonate can enhance the MS detection of AcrdG isomers
(Figure 2c). Compared with ammonium formate and
ammonium acetate in the same concentration range,
ammonium bicarbonate can increase the MS signals of all
AcrdG isomers significantly by 2.3−8.7 times (Figure 2b and
2c). In contrast to formic acid, ammonium bicarbonate also

Figure 2. The effects of mobile-phase additives on the UHPLC
separation of and MS detection sensitivity to Acr−dG isomers. (a)
The UHPLC separation of α-AcrdG and γ-AcrdG using HCOOH as
an additive to the mobile phase. Peaks 1 and 2 represent the two
stereoisomers of α-AcrdG, and peak 3 is γ-AcrdG. (b) The separation
of AcrdG isomers was obtained by using one additive (NH4HCO3,
HCOONH4, CH3COONH4, or HCOOH) in the mobile phase as
indicated in the figure. (c) The plots of the peak area of AcrdG
standards (10 nM for each isomer) against the concentration of the
additive ammonium salt (0.5−10 mM) or HCOOH (0.001%−0.10%)
as indicated. The peak areas were estimated as the sum of peaks 1−3.
The mobile phases consisted of two solvents A and B (pure
methanol). Solvent A: 10 mM ammonium salt or 0.001−0.1% (v/v)
HCOOH in water. Gradient elution was used: 0−6 min, 5% B; 6−10
min, 15% B; 10−15 min, 5% B. The other chromatographic conditions
are described in Experimental Section.
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increases the MS detection of AcrdG isomers by 5.2 fold (10
mM NH4HCO3 vs 0.1% HCOOH).
To explore the mechanism of the enhancement of MS

detection by ammonium bicarbonate, the UHPLC fractions of
AcrdG are directly scanned from m/z 100 to 380 in the positive
ion mode by ESI-triple quadrupole mass spectrometer. Figure 3

shows the formation of [AcrdG + Na]+ and [AcrdG + K]+

complexes by using HCOOH, HCOONH4, or CH3COONH4
as an additive to the mobile phase. By assuming that the
abundance of [AcrdG] is 100%, the metal−AcrdG complexes
account for 22.8−72%. Regarding the instability of these metal
complexes during ESI-MS detection, the observation of metal
complexes at an un-neglected ratio may indicate the formation
of paramount metal complexes during the ESI process, which
will significantly deteriorate the MS detection.35 Interestingly,
the metal−AcrdG complexes significantly reduce down to 3.6%
by using NH4HCO3 as an additive. These data suggest that
ammonium bicarbonate can suppress the formation of MS
signal-deteriorating metal−AcrdG complexes during the ESI
process. Probably, ammonium group of NH4HCO3 may form
ionic complexes with AcrdG, which can be further deammon-
ized to form protonated AcrdGs during the ionization process
presumably in a heated gas phase. Meanwhile, the HCO3

− may

form carbonic acid and thermally degrade to carbon dioxide
and water. This process is expected to favor the protonation of
AcrdG isomers. This mechanism should not be limited to
AcrdG, and we found that a number of modified 2′-
deoxyribonucleosides can benefit from this enhancement
mechanism (unpublished data). Therefore, we provide a
general method for enhancing ESI-MS detection of modified
2′-deoxyribonucleosides that have difficulty in protonation due
to the formation of excess metal complexes during the
ionization process.

Separation and Detection of 8-oxodG and α-AcrdC.
Unexpectedly, oxidatively generated damage 8-oxo-7,8-dihydro-
2′-deoxyguanosine (8-oxodG), which is unavoidably present in
genomic DNA, may have the same chromatographic retention
as α-AcrdC when ammonium bicarbonate is included in the
mobile phase (Figure 4a). Moreover, 8-oxodG and α-AcrdC
have the same molecular weight (283 Da) and same MRM
transition (m/z 284 → 168) for sensitive MS/MS detection.
Therefore, the overlapped peaks of 8-oxodG and α-AcrdC
cannot be indirectly resolved by MS detection without
separation. In light of this problem, we optimized the pH of
the mobile phase without sacrificing the MS detection
sensitivity. This was achieved by titration of the mobile phase
with ammonia. We found that, by increasing the pH to 9.0, the
peak of α-AcrdC will have stronger retention than the two
peaks of 8-oxodG (Figure 4b), rendering satisfactory
separation.
Consistent with previous work,36 two peaks (peaks 1 and 2)

were observed as assigned to 8-oxodG in Figure 4a and 4b. The
first peak of 8-oxodG has the same chromatographic retention
pattern as that of dG regardless of the change in the stationary
and mobile phases of UHPLC (data not shown), assuming it is
the product of the spontaneous oxidation of dG during the ESI
process. The injection of authentic dG also generated this peak,
further supporting the peak assignment. The second peak of 8-
oxodG has the same chromatographic retention as that of
standard 8-oxodG and is assigned to 8-oxodG present in
genomic DNA (data not shown).

Calibration Curves, Limits of Detection (LOD), and
Recovery. The obtained calibration curves are shown in Table
1. Excellent linearity for each Acr−DNA adduct (correlation
coefficient: R2 ≥ 0.998) is achieved with a dynamic range of
0.15−15 fmol. The LODs of these adducts (S/N = 3) are
estimated to be about 40 amol except for α-AcrdG because α-
AcrdG can be split into two peaks and thus has a higher LOD
(80 amol, Table 1).
The recovery is measured by spiking A549 DNA with the

known amounts of standard Acr adducts. By deducting the
corresponding control level, the estimated recovery for the
added adducts ranges from 83 to 92% for α-AcrdA, 84 to 99%
for α-AcrdC, 85 to 95% for α-AcrdG, and 81 to 97% for γ-
AcrdG (Table 2).

Acr−DNA Adducts in A549 Cells. We further applied the
developed UHPLC-MS/MS assay to the quantification of Acr−
DNA adducts in cultured A549 cells. Both α-AcrdG and γ-
AcrdG are detected in A549 cells (Figure 5a), which is not
treated with any Acr. The mean frequency of γ-AcrdG (15 ± 3
adducts per 108 nts) is 4 times higher than that of α-AcrdG (3.5
± 0.8 adducts in 108 nts) (Table 3). The observed peaks of
AcrdG in A549 DNA (m/z 324→ 208) are further validated by
spiking with the nonisotope standards of α-AcrdG and γ-AcrdG
(Figure 5b). Although it is a minor adduct, α-AcrdG is >10
times more mutagenic than γ-AcrdG.37 Surprisingly, the signal

Figure 3. The typical ESI-MS spectra of AcrdG isomers were obtained
when different additives to the mobile phase were used. The
concentrations of NH4HCO3, HCOONH4, and CH3COONH4 in
mobile phase A were kept at 10 mM, and HCOOH was kept at 0.1%
(v/v).
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of the second stereoisomer (10.0 min) of α-AcrdG is much
smaller than that of the first one (9.3 min) (bottom trace in
Figure 5a). This is also true for the stereoisomers of isotopic
and nonisotopic standards of the α-AcrdG when spiked with
the digested genomic DNA (top trace in Figure 5a and top and
bottom traces in Figure 5b). The exact reason is not clear, but
we speculated that it is probably due to the ionization
suppression by other unseen fractions that are coeluted with
the second stereoisomer during the ESI process.
Both AcrdC and AcrdA adducts are detected in untreated

A549 cells (Figure 5c−f). The level of α-AcrdC is 3.6 ± 0.3
adducts per 108 nts, while α-AcrdA is the least adduct (1.4 ±
0.3 adducts per 108 nts, Table 3). The two non-dG adducts in
A549 cells (m/z 284 → 168 and 308 → 192) are also validated
by spiking corresponding standard (Figure 5d and 5f). It is clear
that both α-AcrdC and α-AcrdA can be detected in genomic
DNA from cultured human A549 cells without Acr treatment,

implicating the spontaneous generation of non-dG adducts in
cultured human cells, which are probably attributed to
metabolic processes.

Quantification of Acr−DNA Adducts in Human
Leukocytes. It is known that AcrdG isomers were found in
various human tissues, including lung, liver, brain, placenta, and
leukocytes. However, it is not clear whether the non-dG
adducts discussed above are present in human tissues, although
they are detected in cultured human A549 cells as described
above. So we further characterized the Acr adducts in human
leukocytes by employing the developed UHPLC-MS/MS
method.
The major adduct γ-AcrdG is detectable in all the genomic

DNA samples of extracted human leukocytes (n = 5, Table 3).
The adduct level ranges from 7.5 to 11 adducts per 108 nts for
γ-AcrdG, and the mean level is about 9.0 ± 1.3 adducts per 108

nts. α-AcrdG is detected only in two subjects with a much
lower level than that of γ-AcrdG (ND−3.3 adducts in 108 nts).
These results are consistent with previous reports.23

α-AcrdA is detected in all five leukocyte samples with a
frequency of 2.5−20 adducts per108 nts, and the mean adduct
level is 8.7 ± 6.6 adducts per 108 nts. Obviously, the level of α-
AcrdA in leukocytes is comparable to that of γ-AcrdG and is
much higher than that in A549 cells (1.4 ± 0.3 adducts per 108

nts). Another non-dG adduct AcrdC is detected in three
leukocyte samples with a frequency of about ND−16 adducts
per 108 nts.
In this study, we demonstrate that ammonium bicarbonate

can enhance the protonation of AcrdG and suppress the
formation of metal−AcrdG complexes, thereby improving the
MS detection. Due to the enhancement of MS detection, even
without the use of nano-LC and nano-ESI, the LODs (S/N =
3) for detection of Acr adducts by our approach are estimated
about 40−80 amol, which are comparable to that of nano-LC-
MS/MS.23 This is the first report showing the enhancement of
MS detection of modified 2′-deoxyribonucleoside by ammo-

Figure 4. The effects of pH of mobile phase A on the separation of α-AcrdC and 8-oxodG. Mobile phase A consisted of 10 mM NH4HCO3, pH 8.0
(a), 10 mM NH4HCO3 adjusted to pH 9.0 by NH3·H2O (b). A 5.0 μL volume of the mixture of 10.0 nM α-AcrdC, 10.0 nM 8-oxodG, and 100 nM
dG were each injected. Gradient elution was used: 0−3 min, 5% B (methanol); 3−8 min, 15% B; 8−15 min, 5% B. The flow rate is 0.25 mL/min,
and the column temperature is set at 30 °C. Peak 1 is 8-oxodG from the spontaneous oxidation of dG in the ESI source, and peak 2 represents 8-
oxodG generated in genomic DNA.

Table 1. Dynamic Range, Linearity, and LOD of Acr−DNA
Adducts by UHPLC-MS/MS Analysis

analyte
dynamic range

(fmol) linearity R2
LOD
(amol)

α-
AcrdA

0.15−15 y = 0.0575x − 0.0066 0.999 40

α-
AcrdC

0.15−15 y = 0.0570x − 0.0117 0.999 40

α-
AcrdG

0.15−15 y = 0.0869x − 0.0217 0.998 80

γ-AcrdG 0.15−15 y = 0.0885x − 0.0156 0.999 40

Table 2. Recovery of the UHPLC-MS/MS Method for
Determination of Acr−DNA Adducts in A549 DNA

α-AcrdA (%) α-AcrdC (%) α-AcrdG (%) γ-AcrdG (%)

1.5 fmol 83 ± 4 99 ± 4 94 ± 6 97 ± 9
4.5 fmol 85 ± 2 84 ± 2 95 ± 7 86 ± 2
15 fmol 92 ± 4 87 ± 1 85 ± 5 81 ± 1
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Figure 5. UHPLC-MS/MS chromatograms obtained from analysis of A549 DNA for detection of Acr−DNA adducts. The chromatograms a, c, and
e obtained from the unspiked genomic DNA, and b, d, and f from the genomic DNA spiked with 1.5 fmol standard Acr adducts (as indicated) to
confirm the identity of each Acr−DNA adduct in A549 DNA. The optimized chromatographic conditions were used, and the details are described in
Experimental Section.
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nium bicarbonate. In contrast, the other ammonium salts do
not have this enhancement effect. These improvements allow
us to accurately determine the levels of each isomer of AcrdG.
By employing the developed sensitive method, α-AcrdG is

found in cultured human cells even without Acr treatment.
Although its level is just comparable to 30% of γ-AcrdG, α-
AcrdG should be paid more attention regarding its higher
mutation potency. Besides AcrdG isomers, non-dG adducts
(AcrdA and AcrdC) are also found in untreated A549 cells and
leukocytes. Some non-dG adducts (α-AcrdA) may be present at
levels even comparable to that of the predominant γ-AcrdG.
These results may suggest that the Acr−DNA adducts can be
spontaneously generated through normal cellular metabolism.

■ CONCLUSIONS
We developed a sensitive and accurate method for simulta-
neous quantification of α-AcrdG (two stereoisomers), γ-AcrdG,
α-AcrdC, and α-AcrdA in human cells using stable isotope
dilution UHPLC-MS/MS, which only requires 3 μg of genomic
DNA for each analysis. We also demonstrate that ammonium
bicarbonate not only improves the separation of the Acr−DNA
adducts and their isomers but also enhances the MS detection
of modified 2′-deoxyribonucleosides with difficulty in proto-
nation during the ESI process.
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