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The combined action of glycosylases and abasic site-specific endonucleases on dam-
aged bases in DNA results in single strand breaks.In plasmid DNA, as a consequence,
the covalently closed circular (ece) form is converted to the open circular (oc) form,
and this can be quantitated by agarose gel electrophoresis. We studied DNA lesions
sensitive to E. coli 3-methyladenine-DNA glycosylase II (AlkA) and cloned human N-
alkylpurine-DNA glycosylase (ANPG-40) which are known to excise alkylated bases
and etheno adducts. pBR322 and pAlk10 plasmids not pretreated with mutagens
were cleaved by both glycosylases in the presence of enzymes possessing endonu-
cleolytic activity, which indicates that plasmids contain unknown, endogenously
formed adducts. Plasmids pretreated with chloroacetaldehyde, a mutagen forming
etheno adducts, exhibited enhanced sensitivity to both glycosylases. Adducts formed
by acrolein and eroton aldehyde were excised by AlkA, but not by ANPG-40, whereas
malondialdehyde adducts were not excised by either glycosylase. Bulky p-benzoch-
inone adducts were not excised by AlkA, however, the plasmid pretreated with this
mutagen was incised by endonucleases, possibly without prior generation of an abasic
site. These examples show that examination of conformational changes of plasmid
DNA can be taken advantage of to study the specificity of N-alkylpurine-DNA-
glvcosylases.
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Most of the work on the chemistry and biol-
ogy of DNA damage has focused on adducts
derived from exogenous chemicals, related to
environmental or occupational exposure of
humans. However, DNA in cells undergoes
continuous damage by both, exogenous as
well as endogenous factors. Hydrolytic reac-
tions, exposure to active oxygen species
formed during normal metabolism and non-
enzymatic methylation by S-adenosylmethio-
nine are well known endogenous sources of
DNA damage [1]. Recently, the occurrence of
cyclic adducts, which are most likely endoge-
nously formed in the reaction of lipid peroxi-
dation products (LPO) with DNA bases, was
ascertained in tissues of mammals not ex-
posed to exogenous chemicals. These include
adducts of malondialdehyde (MDA} [2], the
most abundant carbonyl compound generated
by LPO, and adducts of acrolein (ACR) and
crotonaldehyde (CRA) [3]. The identity of
some | (indigenous)compounds [4] with
MDA-adducts was also suggested [5]. Etheno
adducts which are markers of industrial expo-
sure to the carcinogen vinyl chloride, were
found in liver DNA of rodents and humans
who were not exposed, and the possibility of
formation of these aducts via LPO was sug-
gested [6]. Since LPO generate a great diver-
sity of reactive substances, it is very likely
that the above mentioned examples are just
the tip of the iceberg.

Both hydrolytic and oxidative DNA lesions
are repaired in cells and a number of enzymes
participating in their repair are known and
characterized. However, there is much less in-
formation on the repair of cyclic adducts, ei-
ther of endogenous or exogenous origin (see
[7, 8] for recent reviews). Nevertheless, the ex-
cision by human glycosylases of etheno ad-
ducts has been well documented and enzyme
excising ethenoA appears to be identical with
N-alkylpurine-DNA glycosylase [8-11]. In our
studies we have found that induction of adap-
tive response to alkylating agents increases
survival and decreases mutagenesis of chlo-
roacetaldehyde (CAA)}reated E. coli cells and

phages, and this phenomenon is alkA depend-
ent. This indicates that bacterial 3-methyl-
adenine-DNA glycosylase 1T encoded by alkA
excises the CAA-generated etheno adducts
[12, 13). The repair of other cyclic adducts,
such as adducts of MDA, ACR, or CRA, the
presence of which in DNA of mammals is well
documented, remains rather obscure.

The aim of our study was to establish a
method for screening the N-alkylpurineDNA
glycosylases from various sources for muta-
gen specificity. The combined action of glyco-
sylases and abasic site-specific endonucleases
on damaged bases in DNA results in forma-
tion of single strand breaks. In plasmid DNA,
as a consequence, the covalently closed circu-

" lar (ece) form is converted to the open circular

(oe) form and this can be quantitated by aga-
rose gel electrophoresis. This relatively sensi-
tive method allowing to detect one lesion in
one plasmid molecule (about 1/10* bases) was
recently employed to study oxidative [14-16]
and alkylation [17] damage in DNA. Here, we
studied DNA lesions sensitive to bacterial
AlkA and cloned human ANPG40 glycosy-
lases in mutagen treated and non-treated
pBR322 and pAlkl0 plasmids. Both glycosy-
lases were tested in the presence of NTH or
FPG glycosylase/endonuclease or exonucle-
ase III (EX0) which also acts as an abasic site-
specific endonuclease,

MATERIALS AND METHODS

Bacterial 3-methyladenine-DNA glycosylase
IT (AlkA protein, ALK) was purified from E.
coli strain JM105 harboring pAlk10 plasmid
containing alkA gene using the modified pro-
cedure described in [18]. The preparation of
ALK (1400 units/mg, 1000 units/ml) was es-
sentially homogeneous, as judged by SDS-
polyacrylamide gel electrophoresis/PAGE.
Cloned human truncated N-alkylpurine-DNA
glycosylase (ANPG-40, 40 units/ml) was a
generous gift from Dr. Timothy R. O'Connor
[19]. One glycosylase unit releases 1 pmol of
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methylated bases from IEH]methyl.nitrnso
urea-treated DNA in 5 min at 37°C under lim-
ited enzyme conditions [18]. FPG and NTH
were provided by Dr. Barbara Tudek of our In-
stitute, whereas E. coli exonuclease III
(175000 units/m), defined by supplier as
nmole units of exonucleolytic activity) was
from Promega.

pBR322 and pAlk10 plasmids were isolated
from DH5a and JM105 E. coli strains, respec-
tively, following known procedures [20]. The
ratio of cec to oe forms varied from one isola-
tion to an other, and plasmids from the same
batch were used in particular experiments.
The plasmid DNA (140-200 ug) was resus-
pended in 70 mM cacodylate buffer, pH 7.5
(total volume 100 ul) and treated with muta-
gens as follows: CAA (0-100 mM) 18 h, pBQ
(0-50 mM) for 3 h, ACR (0-50 mM) for 3 h,
CRA (0-160 mM) for 3 h, MDA (0-100 mM)
for 18 h. All reactions were performed at room
temperature and plasmid DNA was purified
from reagents by ethanol precipitation.

To the ice-chilled solution of 20-40 ug of
plasmid DNA in 17 ul of buffer appropriate
for the glycosylase tested, the enzyme solu-
tions were added and samples were incubated
for 10 min at 37°C. For AlkA 10 mM Hepes-
Na/HCI, pH 7.6, 2 mM EDTA, 5 mM mercap-
toethanol and 5% glycerol was used, whereas
for ANPG40 this buffer was supplemented

Table 1. Number of endonuclease sensitive sites
{ess) per plasmid molecule formed in CAA-
pretreated plasmid DNA upon action of AlkA and
ANPG-40 glycosylases (0.08 and 0.016 unit/as-
say, respectively)

0° 0.45 0.63 0.34 0.31
ot 0.82 0.80 0.49 0.51
2 0.75 0.70 0.45 0.65
20 0.92 0.87 0.56 -
50 1.16 0.99 0.60 -
100 1.35 1.39 0.71 1.05

{a) pBRA22 plasmid; (b) pAlk10 plasmid: (¢) control with-
out enzymes; (d) control with enzymes.

with 100 mM KCL The amounts of glycosy-
lases added are specified in figure legends and
in Table 1. Samples were again icechilled, en-
donucleases were added and samples were in-
cubated for another 10 min at 37°C. FPG was
used in the amount of 2.7 ug/assay (this
preparation had low activity because of long
storage), NTH — 1.4 ng, whereas EXO — 1 en-
zyme unit, in all assays. The samples contain-
ing endonucleases were supplemented with 1
il of 1 M KCl for FPG and NTH, and 0.4 ul 45
mM MgCls for EXO.

After incubation, samples were again ice-
chilled and loaded on 0.8% agarose gel con-
taining ethidium bromide (0.5 ug/ml) and
electrophoresed at 80 V for 2 h. The gel slabs
were photographed in UV light using Polaroid
665 films. In order to obtain quantitative data,
films were scanned and peaks corresponding
to bands of ece, oc or linear, forms were inte-
grated. The number of endonuclease sensitive
sites (ess) per plasmid molecule were calcu-
lated from the equation: ess = -In(1.4 % 1/1.4
X I+1I), where I is the intensity of ece band
and II is the intensity of oc band [14]. The in-
tensity of linear form band, usually not ex-
ceeding 10 % intensity of all three bands, was
added to the intensity of oc band.

RESULT AND DISCUSSION

Endogenous lesions

It appears that plasmids isolated from bacte-
ria and non-reated with external mutagens,
contain lesions which are recognized by
ANPGs. Figure 1 shows that significant trans-
formation of ece to oc form of pBR322 plasmid
occurs upon combined action of AlkA and
each of the endonucleases tested. Each of the
enzymes tested alone gives results similar to
the control. An increase of concentration of
AlkA and ANPG-40 glycosylases at a constant
concentration of NTH results in an inerease of
the ess number (Fig. 2). It is interesting to
note that AlkA and ANPG40 alone gives some
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transformation of ece to oc form. This would
indicate that the preparations of glycosylases
are contaminated by an endonuclease or that
endonucleolytic activity is an integral part of
these enzymes.

FGP and NTH are repair enzymes which pos-
sess glycosylase and endonuclease activities.
They recognize various oxidative lesions and
abasic sites. EXO can act as abasic site spe-
cific endonuclease [7]. Our results have shown
that the plasmid isolated from bacteria does
not contain a significant amount of lesions of
this type. In contrast, it seems that lesions
which are recognizable by AlkA and ANPG

FPG NTH EXO

Figure 1. Action of AlkA glycosylase
(0.5 unit/assay) in the presence of
various endonucleases on pBR322
plasmid.

are present in plasmid DNA at a higher pro-
portion than are oxidized bases or abasic
sites. The nature of these lesions is not
known, however.

Etheno adducts

Chloroacetaldehyde (CAA, CICH;-CHO), a
vinyl chloride metabolite, is routinely used for
formation of etheno adducts under laboratory
conditions. Figure 3 shows the effect of action
of ANPG-40 and AlkA in the presence of NTH
on CAA-pretreated pAlkl0: the cce form un-
dergoes transformation into oc form. Treat-
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ALK - Ix 2x 5x 10x Ix - - ANPG - 10x 5x 2x Ix 2x -
NTH - + + + + = 4+ - NTH - + + + + - +

ess 0.09 051 039027022016 0.200.06 ess

0.11 0.25 0.37 0.42 0.54 0.370.29 0.13

Figure 2. Comparison of action of AlkA (panel A) and ANPG-40 (panel B) glvcosylases at different con-

centrations in the presence of NTH endonuclease on pBR322 plasmid.

Dilution factor of a glycosylase (dilution factor 1 corresponds to 0.4 unit of AlkA and to 0,08 unit of ANPG-40), pres-

ence (+) or absence (-) of an enzyme and calculated ess number are indicated at each lane.
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Figure 3. Action of ANPG-40
(left part, 0.016 unit/assay)
and AlkA (right part, 0.08

ANPG + NTH

ment of plasmid by CAA itself (without subse-
quent glycosylase/endonuclease treatment),
as well as the action of NTH or EXO alone
(without AlkA or ANPG40) on the CAA-
modified plasmid, does not induce conforma-
tional changes (not shown). In Table 1 the
quantitative data from four experiments are
gathered. It is seen clearly that the number of
ess, formed via excision of etheno adducts, is
dependent on concentration of CAA used for
modification of plasmids.

Our results are consistent with the results
obtained by other methods [8, 12, 13, 21] and
all this leads to the general conclusion that
etheno adducts are repaired by ANPGs of bac-
terial and human origin. It should be empha-
sized, however, that the method used in this
study does not provide information about re-
pairability of particular adducts. The recogni-
tion of a certain adduct by homologous
ANPGs from different organisms can differ
considerably. For example, it has been shown
that the release of ethenoA by AlkA occurs

" ALK +NTH

— unit/assay) in the presence of
NTH on pAlk10 plasmid pre-
treated with CAA.

about 1000-fold, and by yeast enzyme about
100-fold slower than by rat or human enzymes
[22]. On the other hand, in the same organism
the particular enzymes can recognize differ-
ent adducts belonging to the same category.
This is exemplified by the fact that ethenoA
and ethenoC are excised by different human
glycosylases and there is no overlap in speci-
ficity for these two substrates [11].

Adducts of o S-unsaturated aldehydes

Acrolein (ACR, CHo=CH-CHO) and croton
aldehyde (CRA, CH3CH=CH-CHO) are a,f-
unsaturated aldehydes and they form ecyclic
hydroxypropano and methylhydroxypropano
adducts, respectively, with DNA bases [3].The
action of AlkA in the presence of NTH on
pBR322 plasmid pretreated with ACR results
in transformation of ecc to oc form and the ex-
tent of this transformation depends on con-
centration of mutagen (Fig. 4). Virtually iden-
tical resulls were obtained with CRA-

=111

“ WEWw-Eeww

ACRmMM) 0 1 10 50 0 1

ALK + NTH

ess

NTH
0.34 0.39 0.51 0.82 0.36 0.33 0.33 0.40

10 50

Figure 4. Actien of AlkA (0.02
unit/assay) in the presence of
NTH (left paxt) or only NTH
(right part) on pBR322 plas-
mid pretreated with ACR.
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—— ot
X1 r e w
pBQ(ITlM) 0 10 50 U 10 50 0 Figure 5. Action
L 1 - — of AlkA (0.02
unit/assay) in the
AlkA + NTH NTH resenice of NTH
(left part) or only
NTH (right part)
E55 047 0.79 1.05 044 0.69 0.98 0.16 on pBR322 plas-
mid pretreated
with pBQ.

pretreated plasmid (not shown). The analo-
gous experiments, in which ACR- and CRA-
pretreated plasmids were reacted with ANPG-
40 and NTH, gave, however, negative results
(not shown). Here, ANPG40 was tested at
higher concentrations (0.02 and 0.04 unit/as-
say) than in experiments with excision of
etheno adducts (0.016 units/assay, see
above).

The existing reports suggest that ACR and
CRA adducts are repaired via the nucleotide
excision repair (NER) pathway. It has been
shown that mutagenicity of these a,S-unsat-
urated aldehydes in S. typhimurium strains is
uvrB dependent [23]. ACR is more mutagenic
and toxic for Xeroderma pigmentosum fibro-
blasts than for normal human fibroblasts
what implies that NER is involved in repair of
its adducts also in higher organisms [24]. On
the other hand, our results indicate that ACR
and CRA adducts can be repaired also via the
base excision repair (BER) pathway, at least
they are excised by E. coli AlkA glycosylase.

Malondialdehyde (MDA, CH5(CHO)s) in so-
lution exists in tautomeric form of S-hydroxy-
acrolein (HO-CH=CH-CHO). MDA, similarly
to ACR and CRA, forms threecarbon bridges
between exocyclic and ring nitrogen atoms of
DNA bases [2]. In contrast to saturated pro-
pano bridges formed by ACR and CRA, the

MDA bridges contain two double bonds which
are conjugated with the double bond system of
nucleobase. The rigid and planar structure of
MDA adducts resembles rather structures of
etheno adducts than structures of ACR or
CRA adducts. However, despite structural
similarity to etheno adducts, MDA adducts
are not excised either by AlkA or by ANPG40
glycosylases. In experiments with MDA modi-
fied plasmids, under conditions identical with
those for excision of etheno adducts, and also
at higher concentrations of glycosylases, we
did not notice any significant increase of the
ess numbers over control values (not shown).

para-Benzoquinone adducts

para-Benzoquinone (pBQ) is one of metabo-
lites of benzene, a human carcinogen, and it
forms bulky cyclic hydroxybenzeteno adducts
with DNA bases [25]). Figure 5 shows the ef-
fect of AlkA action in the presence of NTH,
and of NTH alone on pBQ-pretreated pBR322
plasmid. NTH alone produces essentialy the
same ess number as the combination of AlkA
and NTH, which indicates that in this case
NTH but not AlkA is responsible for cce to oc
conversion. Similarly, EXO tested alone gives
ess numbers of (.15, 0.25 and 0.38 for pBR322
pretreated with 0, 10, and 50 mM pBQ, respec-
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tively. The effect is not caused by mutagen it-
self, since the incubation of pBQ-treated plas-
mid does not give the increase of ess numbers.
This rather unexpected finding can be ex-
plained on the ground of recent works from
Dr. B. Singer’s laboratory [8, 25]. The authors
found that major human apurinic/apyrimidi-
nic site endonuclease (HAP1), E. coli exonu-
clease III (EXO) and E. coli endonuclease IV
catalyze incision of DNA at 5'-side of pBQ ad-
ducts without prior generation of an abasic
Bite.
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Note added in proof:

When this communication was being edited,
a paper describing a low, but measurable level

of excision of normal bases from intact DNA
by E. coli AlkA and related glycosylases of
higher organisms, was published — Berdal,
K.G., Johansen, R.F. & Seeberg, E. (1998)
EMBO J. 17, 363-367. In the view of conclu-
sions presented in that paper, at least part of
the effects observed by us in experiments with
intact plasmids and ascribed to the presence
of unknown endogenous adducts, could be ex-
plained as the result of enzymatic release of
normal, unmodified bases.




