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ABSTRACT We have previously reported that human
cells and tissues contain a 1,NS-ethenoadenine (¢A) binding
protein, which, through glycosylase activity, releases beth
3-methyladenine (mA) and €A from DNA treated with meth-
ylating agents or the vinyl chloride metabolite chloroacetalde-
hyde, respectively. We now find that both the partially purified
human £A-binding protein and cell-free extracts containing the
cloned human m’A-DNA glycosylase release all four cyclic
etheno adducts—namely €A, 3,N4-ethenocytosine (£C), N2,3-
ethenoguanine (N2,3-¢G), and 1,N2-ethenoguanine (1,N2-
£G). Base release was both time and protein concentration
dependent. Both €A and £C were excised at similar rates, while
1,N2-¢G and N2,3-¢G were released much more slowly under
identical conditions. The cleavage of glycosyl bonds of several
heterocyclic adducts as well as those of simple methylated
adducts by the same human glycosylase appears unusual in
enzymology. This raises the question of how such a multiple,
divergent activity evolved in humans and what may be its
primary substrate.

Vinyl chloride is a known human and rodent carcinogen and
causes hepatic angiosarcomas (1, 2). It is metabolized by the
human liver P450 system (3) to the reactive unstable inter-
mediate chloroethylene oxide, which rearranges rapidly to
the more stable bifunctional carcinogen chloroacetaldehyde
(CAA) (4). CAA reacts with nucleic acid bases to ultimately
form four known cyclic adducts: 1, NS-ethenoadenine (A),
3, N4-ethenocytosine (¢C), N2,3-ethenoguanine (N2,3-¢G),
and 1, N2-ethenoguanine (1,N2-¢G) (summarized in refs. 5
and 6). This type of adduct is formed in rodents by admin-
istration not only of vinyl chloride (7) but also of related
compounds such as vinyl carbamate (8, 9), ethyl carbamate
(8-10), acrylonitrile (11), and other two-carbon compounds
that can be converted to 1-halooxiranes after oxidation by
P450 enzymes (3). Lipid peroxidation has also been reported
to form a,B-unsaturated aldehydes that react with deoxynu-
cleosides yielding etheno adducts (12, 13). Adducts, includ-
ing €A, eC, and 1,NZ-propano-G, have been detected in
normal liver DNA from rodents (14, 15) and humans (15),
suggesting that such cyclic adducts are formed endoge-
nously.

The role of each of the known etheno adducts in causing
toxic and carcinogenic effects has not been clearly defined in
animals. The major modified base found in the liver of
animals exposed to vinyl chloride is 7-(2-oxoethyl)guanine,
originating from the first metabolite, chloroethylene oxide
(16, 17). However, this modified base has not been shown to
cause mispairing when replicated in a DNA template (18),
and it is not likely to lead to biological effects unless depu-
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rinated (19). On the other hand, N2,3-¢G, €A, and £C have all
been shown to cause mutations in vitro (20-22) and in vivo
(23-25). Eukaryotic cells could be protected against the
mutagenic effects of vinyl chloride and related compounds if
they possessed a repair mechanism that removes etheno
adducts from DNA.

In 1986, a preliminary report indicated that €A and N2,3-¢G
were released from CAA-treated DNA by extracts from rat
brain cells (26). However, this finding was qualitative and
evidently not pursued. There is also evidence that cloned
Escherichia coli 3-methyladenine (m>A)-DNA glycosylase I
[alkylated-DNA glycohydrolase (releasing methyladenine
and methylguanine), EC 3.2.2.21; also called DNA-3-
methyladenine glycosidase II] can excise N2,3-¢G from
CAA-treated DNA (27). Recently, a eA-specific DNA-
binding protein with éA-DNA glycosylase (glycosidase) ac-
tivity has been characterized in human tissues and cell-free
extracts in our laboratory (28-30). We later found that both
the eA-DNA glycosylase and the human m*A-DNA glyco-
sylase, both partially purified, appeared to be similar in their
ability to release m>A and ¢A and in their ability to bind a
eA-containing probe (30).

This raised the question as to the substrate range of the
eA-DNA glycosylase purified from human cells and tissues
and the cloned human m3A-DNA glycosylase (31-34). We
now report that all four known etheno adducts (including the
most stable hydrated intermediate ¢C-H,O; ref. 22) are re-
leased by both types of glycosylases (Fig. 1). It remains to be
shown whether the €A-binding protein and any of the m3A-
DNA glycosylase clones (31-34) are the same enzyme or
whether further investigation of substrate range will indicate
divergence.

MATERIALS AND METHODS

Materials. CAA, 45% solution in water (=6.9 M), was
purchased from Merck. €A and 1,NS-etheno-2’-deoxyade-
nosine (edA) were purchased from Sigma, whereas ¢C and
3,N*-etheno-2'-deoxycytidine (¢dC) were prepared by the
method of Barrio et al. (35). N2,3-¢G and 1,N2-¢6G were
synthesized as described by Sattsangi et al. (36) and
Ku$mierek and coworkers (37, 38). [8-3H)dGTP, [*H]dCTP,
and [*H]dATP (20 Ci/mmol; 1 Ci = 37 GBq) were purchased
from Amersham.

Preparation of Glycosylases. Human cells. Whole-cell ex-
tracts from HeLa cells (Cell Culture Center, Minneapolis)
and nuclear extracts from human placenta were prepared and
partially purified as described by Rydberg et al. (28, 29).

Abbreviations: €A, 1, NS-ethenoadenine; £C, 3, N4-ethenocytosine;
edA, 1,NS-etheno-2’'-deoxyadenosine; edC, 3,N4-etheno-2'-
deoxycytidine; N2,3-¢G, N2,3-ethenoguanine; 1,N2-¢G, 1,N2-
ethenoguanine; CAA, chloroacetaldehyde; m3A, 3-methyladenine.
$To whom reprint requests should be addressed.
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Cloned human m’A-DNA glycosylase. Crude extracts
from E. coli expressing human m3A-DNA glycosylase (32)
were prepared by using a protocol similar to that for HeLa
cells (28, 29). (Note that the E. coli host strain was deficient
in the endogenous AlkA and Tag I glycosylases.) Briefly,
exponentially growing bacteria were harvested by centrifu-
gation, suspended in 50 mM Tris-HCI (pH 7.8), recentrifuged,
suspended in a small volume of 50 mM Tris-HCI, pH 7.8/5
mM EDTA/1 mM phenylmethylsulfonyl fluoride, and stored
at —70°C. The thawed cells were disrupted by incubation
with the same buffer containing 0.07% Nonidet P-40 and
lysozyme at 0.2 mg/ml for 30 min on ice. After addition of 2
mM dithiothreitol, 0.4 M ammonium sulfate, 20% (vol/vol)
glycerol, 0.1 mM spermine, and 0.5 mM spermidine, the
extracts were kept on ice for a further 20 min followed by
centrifugation for 2 hr at 50,000 rpm in a Beckman SW50.1
rotor. The supernatant was collected as crude extract (pro-
tein at =1 mg/ml) and stored at —70°C.

DNA Substrates. Oligonucleotides. A probe was con-
structed containing a single, site-specifically placed £C. This
monomer was prepared as the deoxynucleoside (edC) by
using the methodology for the ribo derivative (35). The
oligonucleotide was synthesized on an Applied Biosystem
model 381 automated DN A synthesizer using standard phos-
phoramidite chemistry. The coupling time was prolonged to
15 min to improve the coupling efficiency, and the resulting
oligomer was deprotected in 1,8-diazabicyclo[5.4.0lundec-7-
ene (DBU) rather than ammonia to minimize possible ring
opening. The oligonucleotide was then gel-purified and used
for binding assays as described for the ¢A-containing probe,
which was a gift from A. K. Basu (39). The A probe was
5'-CCGCTeAGCGGGTACCGAGCTCGAAT-3'; the «C
probe was 5'-CCGCTAGeCGGGTACCGAGCTCGAAT-3'.
Each of the probes was 32P-labeled at the 5’ end and hybrid-
ized to the complementary sequence in which T was opposite
€A and G was opposite C.

CAA-treated DNA. Calf thymus DNA (Sigma) was radio-
labeled in either guanine, cytosine, or adenine with individual
[*HI]dNTPs by using the nick-translation kit purchased from
Amersham. The nick-translation reaction mixtures routinely
contained 5 ug of DNA, 100 uCi of [*H]dNTP, unlabeled
dNTPs at 50 uM each, 25 units of DNA polymerase I, and 0.5
pug of DNase 1.

The reaction mixture was nick translated by incubation for
2 hr at 15°C with DNA polymerase I and DNase I. The DNase
I was then inactivated by heating at 65°C for 5 min. Ten units
of DNA polymerase I was added, and the reaction was then
continued for a further 15 min. Finally, replication was
terminated by heating the mixture at 65°C for 5 min. Unin-
corporated dNTPs were removed by centrifugation with a
Centricon 10 filter (Amicon). The resulting DN A was washed
twice with 0.1 M sodium cacodylate buffer (pH 7.25) again
with use of the Centricon 10 filters. The specific activity of
the resulting DNA was found to be ~1.8-2.6 X 10 cpm/ug
of DNA for each of the PH]JANTP used. CAA modification of
the labeled DNA was carried out in 0.1 M sodium cacodylate
buffer (pH 7.25) containing 0.69 M CAA at room temperature

Proc. Natl. Acad. Sci. USA 91 (1994) 1025

. OH
) [\ “>Z\ I

\> N | H N)j
{ o1

3NedCyd  3N*edCyd eH,0

Chemical structures of the cyclic products formed by reaction of vinyl chloride with DNA and one of the hydrated intermediates

for 18 hr to 3 days depending on the extent of modification
desired. The CAA-treated DNA was purified by using Cen-
tricon 10 filters washed three times with 500 ul of glycosy-
lase/nicking buffer (35 mM Hepes'’KOH/0.5 M EDTA/0.5 M
dithiothreitol/40 mM KCl at pH 7.2).

Analysis of CAA-Treated DNA. The percentage modifica-
tion of the DNA by CAA was determined by HPLC after
hydrolysis. DNA was hydrolyzed either by acid (for €A,
N2,3-¢G, and 1,N2-¢G) or by enzymes (for C) (see below).
Authentic markers were used to identify the radiolabeled
peak fractions, which were collected and assayed for radio-
activity by liquid scintillation.

Acid hydrolysis. Purines were released from CAA-treated
DNA with 0.1 M HCI for 3 hr at 37°C (for ¢A) and 12-18 hr
at 37°C for the others. This depurination method prevents
secondary reaction of A in acid (data not shown).

Enzymatic hydrolysis. To a neutralized sample (after acid
hydrolysis), 1 M Tris-HCl (pH 9) and 0.1 M MgCl, were added
to a final concentration of 0.1 M and 0.01 M, respectively.
DNA was incubated with 0.25 ug of DNase I per ml for 3 hr
at 37°C, followed by the addition of 0.12 ug of snake venom
phosphodiesterase, 0.4 ug of bacterial alkaline phosphatase,
and 0.25 ug of nuclease P1 per ml. The mixture was incubated
for a further 12 hr. Low molecular weight products (below the
cutoff limit of M, 10,000 of the Amicon 10 filters) were
separated from the bulk of the proteins and any high molec-
ular weight compounds by diluting the samples with 1 ml of
H,0 followed by ultrafiltration. The filtrates were concen-
trated by evaporation under vacuum to 100 pl for HPLC
analysis.

Binding and Nicking Assay. Prior to the use of the cell
extracts for glycosylase reaction, all extracts were tested for
their binding activity toward £A- and eC-containing oligonu-
cleotide probes. The DNA binding assay in 6% polyacryl-
amide gels with either a ¢A- or a eC-containing 25-mer
oligonucleotide hybridized to the complementary sequences
with T opposite €A and G opposite ¢éC was carried out as
described (28). To test for nicking, the cell extracts were
incubated with the 32P-labeled probe for 1 hr at 37°C. The
samples were then heat-denatured and electrophoresed on a
12% denaturing gel at 2500 V for =1 hr. These conditions
separated the small cleaved fragments (five or seven bases)
from the larger fragments. The size of these fragments
resulting from cleavage of an abasic site was determined by
the appropriate size markers.

DNA Glycosylase Assay. DNA glycosylase activity was
measured by incubation of CAA-treated DNA with partially
purified extracts from HeLa cells, nuclear extracts from
human placenta, or crude E. coli extracts containing the
cloned human m3A-DNA glycosylase. The ethenobases en-
zymatically released from the CAA-treated [PH]DNA were
analyzed by HPLC after separation from proteins and high
molecular weight DNA.

HPLC Analysis. For quantitating base modification after
the hydrolysis of CAA-treated DNA and for measuring
etheno adducts released by the protein extracts, samples
were analyzed on a 250 X 4 mm Aminex A8 HPLC cation-
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Table 1. HPLC retention times

Retention time,
min
Compound pH7 pHY9
2’-Deoxyadenosine 14
Adenine 23
edA 30
eA 46
2’-Deoxycytidine 8
edC 15
eC 23
eCH0 48
2'-Deoxyguanosine 20 11
Guanine 24 21
1,N2eG 46 41
N23-6G 23 16

HPLC analysis used an Aminex A-8 column with 0.4 M ammonium
formate as the mobile phase and a flow rate of 0.5 ml/min at 45°C.
eC'H,0, 3, N4-(N4-a-hydroxyethene)cytidine. See Fig. 1 for struc-
tures.

exchange column (Bio-Rad) eluted with 0.4 M ammonium
formate (pH 7 or 9) at 45°C (Table 1). Separation of guanine
and the two £G adducts was only possible at pH 9. The eluate
was simultaneously monitored for fluorescence and UV.
Radioactivity was measured by liquid scintillation counting
using 1-min fractions. Peaks were identified by subsequent
coelution of a portion of relevant fractions with authentic
markers. The coincidence of the UV marker with radioac-
tivity was used to confirm the identity of the peak.

RESULTS

Human Binding Protein That Recognizes Both €A and £C.
Partially purified HeLa extract was found to bind to both £A-
and C-containing probes. The binding was stronger with the
eC oligonucleotide (Fig. 2), since the fraction of the probe
that was retarded is greater and also the eC-containing
oligonucleotides competed with the A binding more effec-
tively. Similar results for ¢C and €A binding were obtained
when using the cloned m3A-DNA glycosylase and placental
extracts.

Probe cA'T

Competitor EA-T eCG
0.04.2 4

.

pmoles

Binding
Complex

Free

Probe BT

i R 2

.04 2 4
e - - - e -

v i
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Specific Nicking at the 5’ Side of the £A and £C Adduct. To
measure nicking by HeLa cell extracts as a result of the
glycosylase action, binding reaction mixtures were incubated
at 37°C for a further 1 hr and analyzed on a 12% denaturing
polyacrylamide gel. A 32P-labeled band that ran as a 5-base
oligonucleotide was seen with the eA-containing probe, and
a 7-base fragment was seen with the C-containing probe,
indicative of specific nicking of the abasic site resulting from
glycosylase activity on the 5’ side of these two etheno
adducts (Fig. 3). No additional endonuclease was required for
cleavage, indicating that the partially purified extracts also
contained an endonuclease.

Release of Ethéno Bases from CAA-Treated DNA. Since we
did not have site-specifically-placed probes for all four etheno
adducts (¢A, €C, 1,N2-¢G, and N2,3-¢G), we used CAA-
treated nick-translated PH]JDNA because these radiolabeled
substrates made it possible to independently examine the
release of all four etheno adducts. Nick-translation allows the
incorporation of a specifically labeled dNTP with the radio-
label in the base, sugar, or the phosphate groups. The method
is general in its application and helps in the identification of
adducts, since only the moiety containing the label is de-
tected by scintillation counting. In these assays the
[PHJANTP contained the label in the base moiety, and
[PH}dNTPs were individually incorporated so that there were
three DNA samples: [*H]JC-DNA, [*H]G-DNA, and [*H]A-
DNA. The DNA was then modified with CAA as outlined in
Materials and Methods and incubated with partially purified
HelLa, placenta, or crude m3*A-DNA glycosylase. The result-
ing reaction mixture was analyzed by HPLC for the release
of etheno bases. Fig. 4 shows the simultaneous release of eC
and £A from a single sample in the presence of excess crude
protein. The release of ¢C was quantitated by scintillation
counting, and the release of ¢éA was determined by fluores-
cence. The picomoles released for these adducts were sim-
ilar.

By using DNA individually labeled with [*H]A, [*H]C, or
[*H]G it was found that all four known etheno adducts were
released when samples were incubated with glycosylases in
parallel under the same conditions. In the case of CAA-
treated [PH]JC-DNA, both ¢C and ¢C-H,0, the unsaturated
hydrated intermediate (Fig. 1), were released. When the
DNA sample was dehydrated (22) prior to the incubation with

eCG

EA-T €C-G
0 .04.2 4 042 4

12 13 14

'8 9 10 11

Fig. 2. A typical autoradiogram of a bandshift assay using 0.01 pmol of eA-containing (Left) or 0.01 pmol of ¢C-containing (Right)
double-stranded 25-mer oligonucleotides. Partially purified HeLa extract was incubated with the 5’-32P-labeled probes and increasing amounts
of unlabeled competitor probe (0.04-0.4 pmol). An arrowhead indicates the resulting oligonucleotide—protein complexes. Lanes 1-7 contain the
probe in which [32P]¢A is paired with thymine, and lanes 8-14 contain the probe in which [32P]eC is paired with guanine. In the first four lanes
in each group are increasing amounts of unlabeled sA-containing oligonucleotide competitor prabe, and the following sets of three lanes contain
increasing amounts of unlabeled £C oligonucleotide competitor. Note that the ¢C-containing oligonucleotide appears to both bind and compete
more effectively than that with eA. Similar results were found with placental extracts and cloned m3A-DNA glycosylase (data not shown).
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the glycosylase, only one peak corresponding to ¢C was
detected.

The identity of all released adducts was confirmed by
collecting the appropriate fractions followed by coelution
with authentic UV markers. Fig. 5 illustrates this technique
for identification of the release of N2,3-¢G and 1,N2-¢G,
using the crude human cloned m3A-DNA glycosylase. Both
placental and HeLa extracts also released the ethenogua-
nines.

Relative Rate of Release of the Etheno Adducts. The data in
Fig. 4 and Table 2 show that both A and ¢C are good
substrates for the glycosylase and are released rapidly and at
approximately the same rate. However, the two ethenogua-
nine adducts are released at a lower rate than A or C. This
differential release of adducts was observed for both the
HeLa and placenta extracts as well as the E. coli extracts
containing the cloned glycosylase. The excision of all four
etheno compounds is both time and protein dependent (data
not shown).

DISCUSSION

In recent papers, we described the release of €A by a binding
protein isolated from a variety of human cells and tissues (28,
29). Later, m3A-DNA glycosylase from human lymphoblasts
was also found to bind and release €A (30), in addition to its
previously defined specificity for N-3- and N-7-alkylated
bases. The unexpected glycosylase activity found for A led
us to address the question whether the other cyclic etheno
derivatives could also be substrates for the éA-binding pro-
tein and the cloned human m3A-DNA glycosylase (32).
Interestingly, both enzymes released all four known etheno
bases (eA, £C, 1,N2-¢G, and N2,3-¢G) as well as the struc-
turally different hydrated intermediate of £C (23) (Fig. 1). eC
is released by both glycosylases at a rate similar to €A, while
1,N2-¢G and N2,3-¢G are released much more slowly. It
should be noted that the planar 1, N2-¢G has a more stable
glycosyl bond than that of deoxyguanosine (38), while angu-
lar N2,3-¢G is highly labile, even at pH 7.0 (37). «C is a
pyrimidine, and both edC and the parent nucleoside, deoxy-

Probe eAT | eC-G

Competitor (pmoles)
EA-T €C-G €AT I £C-G
0.04.2 4 |.04 2 4 0.04.2 4104.2 4
.. 7-mer
5-mer » - . -

1 2 3456 7 8 9 10 1112 1314

Fi1G. 3. A typical autoradiogram of a nicking assay of oligonu-
cleotides containing €A or ¢C with and without competitors. The
same reaction mixtures as used in Fig. 2 were incubated for an
additional hour at 37°C, then denatured in formamide, and subjected
to electrophoresis on a 12% denaturing gel (28). (Left) Experiments
using the probe with €A paired with thymine. (Right) Experiments
using the probe with eC paired with guanine. The mobility of the
original 25-mers is indicated by an arrowhead, and the resulting
5-base fragment from the A probe or the 7-base fragment from the
€C probe is also indicated with an arrowhead. These fragment sizes
are expected if the oligonucleotide is cleaved on the 5' side of the
etheno adduct (see Materials and Methods for the sequences used).
Each lane corresponds to the same lane in the binding assay shown
in Fig. 2. Note that the £C-containing oligonucleotide appears to be
a better competitor than the A-containing oligonucleotide for both
probes. This conclusion is based on a number of additional experi-
ments showing the same differential.
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100—'—l71 T T LI T 7
124 8 12 16 20

Time of incubation, hr

FiG.4. Time-dependent release of €A and £C bases by m>A-DNA
glycosylase. Nick-translated DNA with [*H]JdCTP incorporated was
modified with CAA as described in text and incubated with 500 ug
of crude cell-free extract from bacteria expressing the cloned human
m3A-DNA glycosylase (30). The €A release was quantitated from a
standard curve of fluorescence intensity of authentic eA base. This
allowed quantitation of €A (pmol). Radioactivity assay via scintilla-
tion counting was the only method of determining £C, and the
specific activity allowed a direct comparison of the two bases. With
the amount of protein used, almost complete release of €A and ¢C
was found after 8 hr of incubation.

citidine, are 2 orders of magnitude more stable than the
purines, deoxyadenosine and deoxyguanosine (40). It thus
appears that the rate of release of these adducts does not
correlate with the strength of the individual glycosyl bonds.

In vivo, the extent of formation of each of these etheno
derivatives may be influenced by the rate of formation of the
reactive intermediate of the several carcinogens forming such
adducts (41) as well as by the extent of DN A modification and
repair of the resulting adducts. 1,N2-¢G is formed in low

500 + B
N2,3-€G |
400 - - -
1, N>-€G |
£ 300 4 150} v _
Q
o
T 200+ 4 100} -
100+ 4 sof .
o | ol o—o !
10 15 20 35 40 45

Fraction number

Fig. 5. Coelution of a portion of [3H]eG adducts, originally
collected at the retention time of authentic markers (Table 1). HPLC
was performed in 0.4 M ammonium formate (pH 9). These samples
were obtained after incubation of the CAA-treated [*H]deoxygua-
nosine-inserted DNA with partially purified HeLa extracts. The
arrows indicate the peak of authentic UV markers.
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Table 2. Approximate extent of modification of DNA treated
with CAA and release of the resulting etheno adducts using
limiting amounts of protein

% of the modified
% modification of base released by
Adduct parent base* glycosylase’
A 12 15
eC 14 20
N2,3-¢G 6 2
1,N2-¢G 0.4 4

Twenty-four-hour reaction of DNA with 0.69 M CAA at room

temperature in 0.1 M sodium cacodylate (pH 7.25).

*Purine bases were determined by mild acid depurination (0.1 M HCI
for 3 hr at 37°C) and pyrimidine deoxynucleosides were determined
by enzyme hydrolysis.

TEighteen-hour incubation with a limiting amount of crude human
m3A-DNA glycosylase protein (100 ug). Under the conditions used,
the release of all four adducts was linear during the 18-hr period.
Complete release of €A and eC by using excess protein is shown in
Fig. 4.

amounts in vitro (38) but has not been detected in vivo (42),
probably because of its low level of formation and the low
affinity of the antibody used (42). This does not necessarily
exclude it from being a possible initiator of malignant trans-
formation.

N2,3-¢G is a major etheno adduct formed in liver, the target
organ, of rats given vinyl chloride by inhalation (43). Simi-
larly, when mice or rats were administered vinyl carbamate
epoxide, the reactive metabolite of vinyl carbamate and ethyl
carbamate, N2,3-¢G was again the major etheno adduct in the
target organ (10). N2,3-¢G is formed in vivo in substantial
amounts and is known to be highly mutagenic, producing G
— A transitions exclusively (20, 23). Based on the present
study, its repair is predicted to be slow. Thus, this adduct is
likely to be primarily responsible for the observed carcino-
genesis resulting from exposure to vinyl chloride and related
compounds.
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