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ABSTRACT Exocyclic adducts are unique DNA modifica-
tions resulting from bindin at two sites of bases that normally
are involved in hydrogen-boning for maintaining the double-
helical structure ofDNA. These adducts have been shown to be
formed in rodents upon exposure to carcinogens. Using a
sensitive 32P-postlabeling method combined with high perfor-
mance liquid chromatography, we obtained evidence that
1,N2-propanodeoxyguanosine adducts of acrolein (AdG) and
crotonaldehyde (CdG) are present in the liver DNA ofhumans
and rodents without carcinogen treatment. The identities of
these adducts were verified by cochromatography with the
synthetic adduct standards. Further proof of identities was
obtained by conversion mediated by nuclease P1 of the labeled
AdG and CdG 3',5'-bisphosphates to their corresponding
5'-monophosphates. This treatment converted the in vwo ad-
ducts into products that again cochromatographed in a char-
acteristic pattern with the synthetic 5'-monophosphates ofAdG
and CdG. Using this assay, we also demonstrated the in vivo
stereoselective formation of one of the AdG isomers. The
estimated total levels of modification were 1.0-1.7, 0.2-1.0,
and 0.3-2.0 adducts in 10' guanine bases in the liver DNA of
mice, rats, and humans, respectively. The detection of these
adducts in relatively high levels without carcinogen treatment
suggests that the endogenous factors such as lipid peroxidation
may be important for their formation. This study provides
evidence for the presence of acrolein- and crotonaldehyde-
derived exocyclic adducts as common lesions in the liver DNA
of rodents and humans.

a,3-Unsaturated aldehydes (enals), such as acrolein and
crotonaldehyde, are widespread in the environment. They
are generated by burning fats and by cigarette smoking (1)
and occur not only as pollutants but also as metabolism
products of drugs and carcinogens and by oxidation of
membrane lipids (2-4). The endogenous aldehydes may play
a role in tissue toxicity (5, 6), as lipid peroxidation has been
implicated in carcinogenesis (7-10). The exact mechanism by
which lipid peroxidation induces tumors is not clear. While
free radicals and malondialdehyde formed during lipid oxi-
dation may be important, enals are also likely to be involved
because they are mutagens and carcinogens (11-13). Enals
react readily withDNA bases by forming a series ofexocyclic
propano adducts (14, 15). Immunoassays have demonstrated
1,N2-propanodeoxyguanosine adducts in the DNA of Sal-
monella typhimurium tester strains and cultured Chinese
hamster ovary cells exposed to acrolein or crotonaldehyde
(16, 17). Since acrolein and crotonaldehyde are mutagenic in
these cell cultures, the presence of 1,N2-propanodeoxygua-
nosine adducts in the DNA of these cells suggests that these
adducts contribute to mutagenicity. The crotonaldehyde-
derived exocyclic adducts are detected in the liver DNA of

rats treated with the hepatocarcinogens N-nitrosopyrrolidine
and crotonaldehyde and in the skin DNA of mice topically
treated with crotonaldehyde (18). The acrolein-derived ad-
ducts are found in lymphocyte DNA of a dog treated with
cyclophosphamide (19). Upon metabolism, N-nitrosopyrro-
lidine and cyclophosphamide yield crotonaldehyde and ac-
rolein, respectively (2, 3). Although the exact role of the
propano adducts in carcinogenesis is not fully understood,
site-specific mutagenesis studies have shown that transfect-
ing a DNA vector containing a model adduct of 1,N2-
propanodeoxyguanosine into Escherichia coli caused either
base substitution or frameshift mutations (20, 21).
The ubiquity of enals suggests that 1,N2-propanodeoxy-

guanosine adducts of acrolein (AdG) and crotonaldehyde
(CdG) may be present in tissue DNA of rodents and humans
as common lesions. We have developed a method for detec-
tion and quantification of exocyclic adducts in DNA; the
method combines HPLC with the 32P-postlabeling technique
and enables us to detect as low as 1 adduct in 107 to 108 bases
(22). In this study, we used this method to show that AdG and
CdG (Fig. 1) are present in the liver DNA of rodents and
humans and that the in vivo formation of these adducts
appears to be stereoselective.

MATERIALS AND METHODS
DNA Isolation and Hydrolysis and Collection of Adduct

Fractions by HPLC. Male A/J mice (25-30 g) and Fischer rats
(200-230 g) were purchased from Charles River Breeding
Laboratories and housed in polycarbonate cages (250C ± 2TC,
50 ± 10% relative humidity, and 12-hr light/dark cycle).
These animals were fed the modified AIN-76A diet and tap
water ad libitum. After 3 weeks of acclimatization, all ani-
mals were sacrificed. Livers were quickly removed, minced,
and frozen at -800C until DNA isolation. DNA was isolated
by a modified Marmur's procedure (23). DNA samples were
stored at -800C until analysis.
DNA (105-300 pg) was obtained from livers ofeach offour

mice and four rats and from each of five humans (two males
of ages 37 and 94 years; three females of ages ranging from
50 to 60 years). Human liverDNA was isolated from autopsy
samples and was provided by Regina Santella (Columbia
University). The DNA was enzymatically hydrolyzed to
3'-monophosphates (22). The enzyme digest was filtered
through a 0.2-gm Acrodisc Mini Spike syringe filter (Gelman)
and was analyzed by HPLC system 1. Fractions correspond-
ing to AdG 3'-monophosphate and CdG 3'-monophosphate
were collected according to the retention times of the syn-
thetic standards (22). To ensure that the assay was free of
contamination, blank samples were obtained after injecting
300 p4 of water prior to the collection of fractions of DNA
hydrolysates from each species. The fractions from the

Abbreviations: enals, a,jf-unsaturated aldehydes; AdG, acrolein-
derived 1,N2-propanodeoxyguanosine; CdG, crotonaldehyde-
derived 1,N2-propanodeoxyguanosine.
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FIG. 1. Structures of AdG and CdG isomers. The absolute configurations of isomers are not determined.

blanks and the DNA hydrolysates were evaporated and
reconstituted in 200 pI of water. Two separate experiments
were carried out; each used liver DNA of four mice and four
rats. However, DNA from the same five human subjects was
used in both experiments.

32P-Postlabeling. Thirty microliters of each reconstituted
AdG and CdG monophosphate fraction collected as de-
scribed above was combined, evaporated to dryness in a
Speedvac concentrator (Savant), and again reconstituted in
30 IA of distilled water. This sample was then subjected to
32P-postlabeling. Briefly, the aliquot was mixed with 12 A4 of
the aqueous solution of nuclease P1 (4 ,g/ld), 2.5 p1 of 1 M
sodium acetate (pH 5), and 5.5 p1 of 1 mM zinc chloride.
Since AdG and CdG 3'-monophosphates are relatively resis-
tant to nuclease P1, this treatment removes the majority of
unmodified nucleotides in the collected fractions. The mix-
ture was incubated for 60 min at 370C, subsequently neutral-
ized with 6 pI Tris base (500 mM), dried in a Speedvac,
reconstituted in 10 p1 of distilled water, and postlabeled as
described (22) to convert the unlabeled monophosphate to a
labeled 3',5'-bisphosphate by treatment with [y-32P]ATP and
T4 polynucleotide kinase.

Detection of Adducts. The adduct spots identified on TLC
plate were excised, extracted, and subsequently reconsti-
tuted in 200 i1 of water. The entire sample was then spiked
with the authentic standards ofAdG and CdG bisphosphates
as UV markers and purified by HPLC system 2. The radio-
active peaks, corresponding to the UV standards ofAdG and
CdG, were collected. Fractions were dried in vacuo, recon-
stituted in 200 Al of water, and purified separately by HPLC
system 3. Fractions containing AdG and CdG were again
collected, dried, and reconstituted in 200 pI ofH20. Aliquots
of these samples (100 pl) were combined, mixed with the UV
standards ofAdG and CdG, and analyzed in HPLC system 4.

in
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To estimate recovery, adduct standards were labeled along
with the samples and analyzed in an identical manner.
Fractions from the blank samples were analyzed in the same
manner.

Confirmation of Identities of Adducts. For confirmation of
identities, portions of the purified samples were converted to
the 5'-monophosphates by nuclease P1. Comigration of the
labeled 5'-monophosphate with the 5'-monophosphate UV
markers of AdG and CdG was used as a confirmation of
identity. The collection from the ion-pair HPLC (system 5)
prior to nuclease P1 treatment was necessary because the
3'-dephosphorylation was retarded in phosphate medium.
Aliquots (40 pl) from each fraction were treated with 10 i1 of
the aqueous solution of nuclease P1 (4 pLg/p1), 4 p1 of 1 M
sodium acetate (pH 5), and 6 p1 of 1 mM zinc chloride, and
the mixture was incubated at 370C for 24 or 48 hr for AdG or
CdG adducts. After incubation, the mixture was analyzed for
AdG and CdG adducts by using HPLC systems 6 and 7 with
3',5'-bisphosphate and 5'-monophosphate UV standards.

Quantitation of Adduct Levels. Recoveries from labeling to
final analysis in each assay were determined by the use of
adduct standards. Radioactivities associated with the comi-
grating peaks from DNA of each species were corrected for
decay and recovery and were adjusted for dilution in various
steps. The levels of each adduct were expressed as imol of
adduct per mol of guanine (based on an [-32P]ATP specific
activity of 4500 Ci/mmol; 1 Ci = 37 GBq). Since the adduct
standards were labeled without collection from HPLC (sys-
tem 1), the recoveries estimated do not include this step.
HPLC Systems. Waters 501 and/or 510 pumps connected to

an automatic gradient controller and a photodiode array
detector (Waters, model 990) were used with HPLC systems
1, 2, 3, and 5. HPLC systems 4, 6, and 7 used a UV detector
(Waters model 440) and Flow-One P (Radiomatic Instru-

A/J Mouse F344 Rat
'-

5

Human

26 30 4 30 n 36 4

Retention time (min)

FIG. 2. Comigration ofUV markers of the 3',5'-bisphosphates ofAdG and CdG with the purified radioactive peaks obtained from liverDNA
ofvarious species after 32P-postlabeling. The radioactive peak at 20 min comes from residual 3',5'-bisphosphate deoxyadenosine in AdG fractions
collected from DNA hydrolysate. Only a representative chromatogram from each species is shown. HPLC system 4 was used.
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Table 1. Retention time (min) of AdG and CdG adducts in
HPLC systems

HPLC* AdG 1 AdG 2 and 3 CdG 1 CdG 2
System 3 (SAX) 32.5 35.8 35.7t 35.7t
System 5 (ion-pair) 45.0 54.0 43.5 48.0
*Systems other than HPLC system 4 (Fig. 2) used to show comi-
gration. SAX, strong anion exchange.

tln system 3, CdG 1 and 2 were eluted as a single peak.

ments and Chemicals, Tampa, FL). For HPLC systems 1, 2,
4, and 5, two Burdick & Jackson (Baxter Health Care,
McGaw Park, IL) 5-pim, 4.6 x 250 mm C18 reverse-phase
columns in series were used at a flow rate of 0.6 ml/min. A
linear increase was used for all gradient programs with
solvents A and B.
System 1. A: 5 mM Tris HCO (pH 5.8); B: 50% CH30H in

H20; from 0 to 45% B in 60 min.
System 2. A: 50 mM NaH2PO4 (pH 5.8); B: 50% CH30H

in H20; isocratic system with 0% B from 0 to 25 min, then
from 0 to 20% B in 35 min.
System 3. Two Whatman Partisil 10 strong anion-exchange

columns (Baxter) in series; A: NaH2PO4 (pH 4.5); B: 50%
CH30H in H20; 10%6 B isocratic at 0.75 ml/mmi.
System 4. A: 50 mM NaH2PO4 (pH 5.8); B: 50%6 CH30H

in H20; from 0 to 25% B in 50 min.
System 5. A: 3% acetonitrile in 50 mM triethylammonium

bicarbonate (pH 7.4 adjusted with glacial acetic acid); 100%1
A isocratic.
System 6. Two Waters 10-,um, 3.9 x 300 mm C18 reverse-

phase columns (Millipore, Milford, MA) in series; solvents A
and B as in system 2; isocratic system with 0% B from 0 to
20 min, then from 0 to 20% B in 40 min at 1 ml/min.
System 7. Identical to system 6, except the gradient was

from 0 to 30% B in 60 min.

RESULTS
Comigration of Liver DNA Adducts with the Synthetic

Adduct Standards. We had earlier characterized the AdG and
CdG isomers at the nucleoside level (14, 24). The AdG
isomers were separated by HPLC into three peaks designated
AdGs 1, 2, and 3; the CdG isomers resolved into two peaks
designated CdGs 1 and 2. AdGs 1 and 2 are diastereomers
with the hydroxyl group attached to C-6, and they exist in

equilibrium in equal amounts. AdG 3 is a regiostereoisomer
of AdGs 1 and 2 with the hydroxyl group positioned at C-8;
it actually may be composed of two diastereomers, but these
isomers were not separated under the conditions used. CdGs
1 and 2 are diastereomers with the hydroxyl group at C-8.
Since the absolute configurations of AdG and CdG isomers
have not been determined, the stereochemical assignments
are arbitrary in Fig. 1. As bisphosphates, the isomers ofAdG
and CdG were each separated into two peaks. UV markers of
the synthetic 3',5'-bisphosphates ofAdG and CdG are shown
in Fig. 2 Upper. For AdG, the peaks eluted at 22.3 min and
26 min were AdG 1 and AdGs 2 and 3, respectively. CdGs 1
and 2 were eluted at 38.2 min and 41.7 min. These assign-
ments are based upon conversion of the 3',5'-bisphosphate
adducts to their nucleosides with alkaline phosphatase.

After labeling, the one-dimensional TLC provided an initial
purification. The adduct areas excised from the TLC plates
were extracted and further purified by sequential HPLC. The
first reverse-phase HPLC removed bulk radioactivity, which
appears as early peaks. The fractions corresponding to AdG
and CdG were collected and purified again on a pair of strong
anion-exchange columns. The final chromatograms (Fig. 2)
show three major radioactive peaks comigrating with the UV
standards of AdGs 2 and 3 and CdGs 1 and 2. The radioac-
tivity coeluting with AdG 1 was considerably less than that
with AdGs 2 and 3 in all species. Since AdGs 1 and 2 are in
equilibrium, both AdG 1 and AdG 2 had to be present inDNA
at much lower levels than AdG 3. No significant radioactivity
was detected in the blank samples. The control experiments
described in this study rule out chromatography as a source
of contamination. However, they do not exclude possible
artifacts during isolation of DNA. Two pieces of evidence
suggest this is highly unlikely: (i) DNA isolated from mouse
skin showed no detectable levels of CdG (18); (ii) the ste-
reochemistry for the formation of AdG in vivo was uniquely
different from that observed in DNA modified in vitro (14).
Comigration ofDNA adducts with the UV markers was also
demonstrated in two other HPLC systems using either a
strong anion-exchange column (system 3) or a reverse-phase
column with an ion-pair mobile phase (system 5). The reten-
tion times are summarized in Table 1. The comigrations serve
as an initial identification of these adducts in liver DNA.

Verificltion of Adduct Identities by Conversion with Nucle-
ase P1. The unequivocal proof of identities is obtained by
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FIG. 3. (Lower) Conversion of labeled synthetic 3',5'-bisphosphates (Before) ofAdG (a) and CdG (b) to the 5'-monophosphates (After) by
nuclease P1. (Upper) Chromatograms of UV standards of AdG (a) and CdG (b) in which I indicates 3',5'-bisphosphates and II indicates
5'-monophosphates.
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FiG. 4. (Lower) Confirmation of identities of AdG adducts in liver DNA of each species by conversion of bisphosphates (Before) to the
5'-monophosphates (After) upon nuclease P1 treatment. (Upper) Standards as in Fig. 3. HPLC system 6 was used.

conversion of the 3',5'-bisphosphates of adducts to the
5'-monophosphates with nuclease P1, an enzyme that selec-
tively hydrolyzes the phosphate at the 3'-position. Fig. 3
depicts the conversion ofthe 32P-labeled synthetic standards.
After conversion, two features are noted in the chromato-
grams: (i) AdG 3 and AdG 2 were coeluted as bisphosphates,
but AdG 3 was separated from AdG 2 at the 5'-monophos-
phate level; and (ii) CdG 5'-monophosphates were eluted in
a reversed order as their bisphosphates. These features are
consistent with those observed with the UV standards (Fig.
3 Upper), indicating that nuclease P1 treatment quantita-
tively converted the AdG and CdG bisphosphates to 5'-
monophosphates.

Figs. 4 and 5 show that nuclease P1 treatment converted
the 3',5'-bisphosphates of AdG and CdG detected in liver
DNA into products that comigrated with the corresponding
5'-monophosphates. The characteristic pattern of the three
peaks of AdG isomers and the opposite order of elution of
CdG isomers after the conversion provide further proof of
identities of these in vivo adducts.

Levels and Stereoselective Formation of AdG and CdG in
Liver DNA. The recoveries of adducts in this assay were
determined to be 22% for AdG 1, 2, or 3; 8% for CdG 1; and
22% for CdG 2. The low recovery of CdG 1 was due in part
to its poor labeling efficiency (22). Together with factors such
as dilution and radioactivity decay, these values were used to
quantify the levels of adducts in DNA. Although these

AJ Mouse F

6c

E

before

1

2

2

25 50 70

after

21

25 50 70

before

measurements are relatively crude, the results do show the
ranges ofadduct levels in liverDNA ofvarious species (Table
2). AdGs 1 and 2 were detected in much lower quantities than
AdG 3 and were not consistently detected. AdG 3 was
present as the dominant adduct in all species examined. CdG
1 levels were greater than that of CdG 2 in most of the liver
DNA analyzed. Among the species studied, humans showed
the greatest variability. The total levels of exocyclic adduct
modification in the liver DNA of mice are on average 2-fold
greater than those found in rats.

DISCUSSION
Results of this study provide unambiguous evidence for the
presence of acrolein- and crotonaldehyde-derived 1,N2-
propanodeoxyguanosine adducts in liver DNA of A/J mice,
F344 rats, and humans. Since the rodents in this study were
not treated with carcinogens it is conceivable that endoge-
nous factors may contribute to adduct formation. One plau-
sible endogenous source is lipid peroxidation, since this
normal biochemical process releases a host of enals as end
products, including acrolein and crotonaldehyde, although
the levels of acrolein and crotonaldehyde detected were low
(4). Crotonaldehyde has been found in the blood of healthy
individuals (25). Acrolein can also be formed intracellularly
by enzymatic oxidation of polyamines (26).
The finding of acrolein- and crotonaldehyde-derived DNA

adducts in human liver DNA is intriguing. One of the main
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FIG. 5. (Lower) Confirmation of identities of CdG adducts in liver DNA of each species by conversion of bisphosphates (Before) to the
5'-monophosphates (After) upon nuclease P1 treatment. (Upper) Standards as in Fig. 3. HPLC system 7 was used.

AJ Mouse

-

a

before

&

2501

E
.5

1S 35 55 15 35 55

I

Proc. Nad. Acad. Sci. USA 91 (1994)



Proc. Nadl. Acad. Sci. USA 91 (1994) 7495

Table 2. Estimated ranges of AdG and CdG adducts detected in
human and rodent liver DNA

Adducts, pmol/mol of guanine

Species AdG 3 CdG 1 CdG 2 Total
Mouse 0.23-0.67 0.63-0.86 0.10-0.16 0.96-1.69
Rat 0.01-0.04 0.14-0.74 0.05-0.20 0.20-0.98
Human 0.03-0.74 0.14-1.03 0.13-0.34 0.30-2.11

exogenous exposures to acrolein and crotonaldehyde in
humans is by smoking. Unfortunately, we lack information
regarding the smoking status of these individuals from whom
the liver tissues were obtained. Diets containing low levels of
aldehydes, nitrosamines such as N-nitrosopyrrolidine, or its
precursor amine, which can be endogenously nitrosated, may
also contribute to the formation of AdG or CdG in vivo.
However, the amounts of these compounds in diets are
usually quite low. The significant levels ofmodification ofthe
liver DNA of untreated animals suggest an important endog-
enous pathway for the formation ofthese adducts. Randerath
et al. (27) also detected by the 32P-postlabeling method
indigenous adducts (I-compounds) of unknown source and
identity in tissue DNA that were not directly related to
carcinogen exposure.

In an earlier study of in vivo DNA adduction by N-ni-
trosopyrrolidine using the 32P-postlabeling method, we de-
tected a background adduct in rat liver DNA that was
chromatographically similar to CdG. However, the identity
of this adduct was not rigorously studied (18). In the inves-
tigation of vinyl chloride-induced etheno adducts, Fedtke et
al. (28) observed a low level of N2,3-ethenoguanine in the
liver DNA of untreated rats. More recently, other etheno
adducts, 1,N6-ethenoadenine and 3,N4-ethenocytosine, also
were found in liver ofrats (29). In this study, we did not detect
1,N2-ethenodeoxyguanosine, possibly because of its low
level of formation as compared with the propano adducts.
The present study demonstrates that the exocyclic propano
adducts are present in human DNA and that they appear to
be common DNA lesions in the species studied so far.
Previously both hemoglobin and urinary alkylated adducts
were detected as background in humans (30, 31). Our results
also show that among AdG isomers, AdG 3 appears to be
preferentially formed in vivo. It is possible, however, that
AdGs 1 and 2 are initially formed but are less stable or more
efficiently repaired than AdG 3. Although the sources re-
sponsible for in vivo formation ofthese exocyclic adducts are
still uncertain, there is ample chemical evidence supporting
the derivation of the propano and etheno adducts from
acrolein, crotonaldehyde, and trans4hydroxy-2-nonenal
(14, 32-34). Clearly, more studies are needed to establish the
involvement of these pathways in vivo.
The potential roles of exocyclic adducts in carcinogenesis

are underscored by several observations: they are formed
upon carcinogen treatments (35), they are mutagenic lesions
(20, 21, 36, 37), and some of them appear to be persistent in
target tissues (38). However, in vitro repair assays of such
lesions have shown rather efficient repair by purified glyco-
sylase fromE. coli and humans (39, 40). Regardless ofthe rates
of their repair, exocyclic adducts represent a class of recently
identified in vivo DNA lesions. Other known common endog-
enous DNA lesions include oxidative damage, deamnination,
methylation, and apurinic sites. All of these, together with
exocycic adducts, constitute DNA damage that results from
normal biochemical and physiological functions ofcells. When
one considers the high frequency with which these lesions
occur in tissue DNA and their potential mutagenic properties,
the presence ofthese lesions in tissue DNA could very well be
involved in the development of cancers.

This paper is dedicated to Dr. Leroy B. Townsend for his 60th
birthday. This work was supported by Grant CA-43159 from the
National Cancer Institute.
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