The role of AlkB protein in repair of 1,N6-ethenoadenine in Escherichia coli cells
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Abstract

The etheno (() DNA adducts, including 1,N6-ethenoadenine ((A), are formed by various bifunctional agents of exogenous and endogenous origin. The AT→TA transversion, the most frequent mutation provoked by the presence of (A in DNA, is very common in critical codons of the p53 and ras genes in tumors induced by exposure to carcinogenic vinyl compounds. Here, using a method that allows to examine the mutagenic potency of a metabolite of vinyl chloride, chloroacetaldehyde (CAA), but eliminates its cytotoxicity, we studied the participation of alkA, alkB and mug gene products in repair of (A in E. coli cells. The test system used involved pIF105 plasmid bearing the lactose operon of CC105 origin which allowed to monitor Lac+ revertants that arose by AT(TA substitutions as a result of modification of adenine by CAA. The plasmid was CAA-modified in vitro and replicated in E. coli of various genetic backgrounds (wt, alkA, alkB, mug, alkAalkB, alkAmug and alkBmug). To modify the levels of AlkA and AlkB proteins, mutagenesis was studied in E. coli cells induced or not in adaptive response to alkylating agents. Considering the levels of CAA-induced Lac+ revertants in strains harboring the CAA-modified pIF105 plasmid and induced or not in adaptive response, we conclude that AlkB dioxygenase plays a major role in repair of (A in E. coli cells. The observed differences of mutation frequencies in various mutant strains indicate that Mug glycosylase is also engaged in repair of (A whereas the role AlkA glycosylase in this repair is negligible.
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Introduction

Etheno (() DNA adducts (see Fig. 1 for structures and abbreviations of etheno adducts), including 1,N6-ethenoadenine ((A), are formed upon exposure to various environmental/industrial carcinogens such as vinyl chloride, vinyl carbamate and urethane. They are also formed endogenously as a result of the oxidative stress driven lipid peroxidation reactions. The basal level of (-adducts increases as a result of enhanced lipid peroxidation in cancer-prone patients with genetic metal storage disorders, such as Wilson’s disease and primary hemochromatosis. Diet rich in (-6 polyunsaturated fatty acids which oxidize readily to generate reactive species forming various DNA exocyclic adducts, also causes a drastic increase of (-adducts level in leukocyte DNA of tested volunteers 
 ADDIN EN.CITE 
(1,2)
. 
1,N6-Ethenoadenine has been shown to be rather weakly mutagenic in vitro and in bacterial cells 
 ADDIN EN.CITE 
(3-6)
. In contrast, (A was found to be highly mutagenic when site-specifically placed in shuttle plasmid vector propagated in cultured mammalian cells 
 ADDIN EN.CITE 
(7,8)
. The mutagenic specificity of (A varies depending on host cells used. For example, in E. coli cells, it causes mainly A→T followed by A→C transversions 
 ADDIN EN.CITE 
(5,6)
, whereas in cultured simian kidney cells, A→G transitions predominate 
 ADDIN EN.CITE 
(7)
. In HeLa cells the output of (A-induced substitutions depends on experimental conditions, with A→T transversions being the most representative class of mutations 
 ADDIN EN.CITE 
(8)
. The analysis of tumors in humans and animals exposed to vinyl compounds showed that mutations occurring at A·T base pairs, mostly AT→TA transversions, are very common in critical codons of the p53 and ras genes (reviewed in 
 ADDIN EN.CITE 
(9,10)
). In an epidemiologic study, a decrease in the excision activities towards (A and (C has been correlated with lung cancer, especially of the adenocarcinoma type 
 ADDIN EN.CITE 
(11)
.
It has been known for long time that ethenobases are repaired through the base excision repair pathway, involving different DNA N-glycosylases (for a recent review see (12)). 1,N6-Ethenoadenine is excised from DNA by human and rat alkyl-N-adenine-DNA glycosylase (ANPG), and also, although much less efficiently, by its E. coli (AlkA) and yeast functional analogues 
 ADDIN EN.CITE 
(13)
. On the other hand, observations that the incidence of carcinoma following treatment with vinyl carbamate was similar in wild type and ANPG-deficient mice, and that (A is also slowly removed from DNA of vinyl carbamate or ethyl carbamate treated ANPG-deficient mice, led to conclusion that this lesion can be eliminated from the genome via an alternative mechanism 
 ADDIN EN.CITE 
(14,15)
. Recently it has been shown that E. coli AlkB protein, an iron- and 2-oxoglutarate-dependent dioxygenase, known to remove the methyl group from N-1 of adenine and N-3 of cytosine via its oxidation to formaldehyde (reviewed in 
 ADDIN EN.CITE 
(16,17)
), also can remove the etheno bridge from εA and εC restoring undamaged bases in DNA 
 ADDIN EN.CITE 
(18)
. Repair of εA by bacterial AlkB and its human homologue hABH3 has been also demonstrated by another group 
 ADDIN EN.CITE 
(19)
. Recent studies on mammalian enzymes revealed that hABH2, but not hABH3, is active in the direct reversal of εA, and that mABH2 is the principal dioxygenase for εA repair in mice. It was subsequently concluded 
 ADDIN EN.CITE 
(20)
 that mammalian ABH2 homologue together with ANPG glycosylase, which is the most effective enzyme for repair of εA, comprise the cellular defense against εA lesions.

Here, we studied the role of AlkB, along with AlkA and Mug, all proteins engaged in repair of (-adducts, in repair of εA in E. coli cells. Chloroacetaldehyde (CAA), a metabolite of vinyl chloride, was used to generate ε-adducts in DNA. CAA is a highly toxic and weakly mutagenic agent. These features make studies of its mutagenicity by direct treatment of bacteria very difficult. Here, we used a method that allows to examine the mutagenic potency of CAA but eliminates its cytotoxic action on the cell. It involved pIF105 plasmid 
 ADDIN EN.CITE 
(21)
 containing the lactose operon of the CC105 strain 
 ADDIN EN.CITE 
(22)
 which allowed to monitor Lac+ revertants that arose by AT(TA substitutions. The plasmid DNA was modified with CAA in vitro, but DNA repair processes were studied in vivo. Transformation of CAA-pretreated plasmid DNA into E. coli cells allowed to study of CAA-induced AT(TA transversions that arose from modification of adenine only since thymine does not react with CAA. The use of wild type E. coli and its mutants deficient in either AlkB dioxygenase, or AlkA and Mug glycosylases, allowed to estimate the role of each enzyme in repair of εA in bacterial cells. To modify the levels of AlkA and AlkB proteins, mutagenesis was studied in E. coli cells induced or not in adaptive response to alkylating agents (Ada response, reviewed in 
 ADDIN EN.CITE 
(23)
). The system developed in our laboratory was recently successfully used to study CAA-induced GC(AT and GC(TA mutations and to estimate the role of AlkB in repair of cytosine-CAA adducts 
 ADDIN EN.CITE 
(24)
.
Materials and methods
The materials and methods which were used in the study we described previously for analogous experiments with pIF 102 and pIF104 plasmids 
 ADDIN EN.CITE 
(24)
. Shortly , we constructed a set of E. coli K12 DH5α but recA+ derivative strains (AMM strains) defective in alkB dioxygenase and alkA and mug glycosylases genes (single and double mutants, as indicated in Table I). The pIF 105 plasmid was treated with different concentrations of CAA. To convert the 1,N6-α-hydroxyethano intermediate to εA (see Fig. 1 for structures), the plasmid solutions were brought to pH 6.5 and incubated at 37°C for 18 h (overnight). Modified and mock treated plasmids were introduced by electroporation into electrocompetent cells of the above strains prepared in two versions: with induced (by 7.5 mM MMS (methyl methanesulphonate) pretreatment of cells) or not induced Ada response. Appropriate dilutions of the transformation mixture were spread on LB plates containing chloramphenicol (30 μg/mL) to count the total number of transformed cells and on lactose minimal plates for selection of mutants. Transformation efficiency was defined as the number of colony forming units (cfu) produced by 1 μg of plasmid DNA in a transformation reaction. Mutation frequency (MF) was calculated as the number of mutants per 104 transformed cells. Each experiment was carried out three times. Data are presented as mean with standard deviation (SD). Analysis of variance (ANOVA) on ranks with Kruskal-Wallis test was applied. Differences between the groups were compared using the Mann-Whitney U test. The statistical evaluation was performed using a commercial statistical package (Statistica v.6, StatSoft Poland).

Results
Transformation efficiency of bacterial cells with non-treated (control) pIF105 plasmid varies within the range of 1(105-5(105 cfu/μg DNA, depending on the batch of competent cells. These values are two orders of magnitude lower than the reported 6(107 cfu/μg DNA for transformation with pSP18 
 ADDIN EN.CITE 
(25)
. This difference can be attributed to the fact that pIF plasmids ((15 Kb) are three times larger than pSP189 ((5 Kb), and hence their effective insertion into bacterial cells is more difficult. The treatment of plasmids with CAA causes a dose dependent decrease in transformation efficiency to 5(104-1(103 for the highest CAA concentrations used. The lowest efficiency was observed for alkB and alkB mug strains.
The frequencies of CAA-induced mutations in the lacZ gene of the pIF105 plasmid replicated in various E. coli strains of different genetic backgrounds are presented in Table I and in Fig. 2. In Table I the statistical significance of differences among the bacterial strains are analyzed whereas in Fig. 2 only the comparisons of MF values obtained in experiments with and without of induction of Ada response are shown. In all strains tested, with and without induction of Ada response, the increase of CAA concentration used for plasmid modification resulted in an increase in MF, and the level of CAA-induced mutations was always significantly higher than that of background mutations, even at the lowest concentration of CAA tested. The induction of Ada response diminishes MF 2-3-fold in all AlkB-proficient (wt, alkA, mug and alkAmug) whereas such effect is not observed in all AlkB-deficient strains (alkB, alkAalkB and alkBmug). In all AlkB-deficient the MF values are strikingly higher than in all AlkB-proficient strains for each CAA concentration tested. For example, the MF values for alkB strain are (5 times higher than for wt strain whereas difference between these strains after adaptation is (10-fold.
Discussion
Chloroacetaldehyde is routinely used to generate ε-adducts of DNA bases. The relative efficiency of formation of CAA-induced (-adducts in dsDNA in vitro was found to be: (C > (A ≥ N2,3(G >>> 1,N2(G 
 ADDIN EN.CITE 
(26)
. Thymine, in contrast to the remaining DNA bases bearing exocyclic amino groups, does not react with CAA (27). The reaction of CAA proceeds via formation of transient exocyclic hydroxyetano intermediates which are spontaneously dehydrated to (-adducts 
 ADDIN EN.CITE 
(28,29)
. In the case of cytosine, the intermediate 3,N4-(-hydroxyethanocytosine is stable enough (t1/2 = ( 1 day at 37ºC, pH 7.25) to study its mutagenic properties and repair independently from that of (C 
 ADDIN EN.CITE 
(24,30)
. The intermediate 1,N6-(-hydroxyethanoadenine (Fig. 1) is much less stable (t1/2 = 1.4 h at 37ºC, pH 7.25) than analogous cytosine adduct. Therefore we studied here the properties of (A only using pIF105 plasmid CAA-treated and then subjected to prolonged incubation, a procedure assuring complete transformation of the intermediate into (A. 
The predominant mutations caused by CAA in E. coli cells are GC(AT transitions (65%) followed by AT(TA transversions (12.5%); therefore, AT(TA transversions are the most frequent mutations originated from modification of A·T pair 
 ADDIN EN.CITE 
(31)
. Since thymine is not modified by CAA, our test system using pIF105 plasmid to study AT(TA mutations scores selectively the mutations that arose as a result of modification of adenine. Although the other CAA-induced lesions can influence the survival of plasmid, we assume that the observed mutagenic effect in the pIF105 plasmid system comes solely from the presence of (A in plasmid DNA.
The main aim of this work was to establish the role of AlkB protein in repair of (A in E. coli cells. It is known that the E. coli AlkA glycosylase in vitro removes (A from DNA, albeit with efficiency 104-fold lower than the main substrate of this enzyme, 3-methyladenine 
 ADDIN EN.CITE 
(13)
. Likewise, the E. coli Mug glycosylase in vitro excises (A from (A·T pair, with the relative rate 105 times lower than that for excision of (C from (C·G pair, the best known substrate for this enzyme 
 ADDIN EN.CITE 
(32)
. Although the in vitro data indicate that (A is a very poor substrate of AlkA and Mug glycosylases, we included them to our studies in order to estimate their possible role in vivo. Therefore, we used the wild-type E. coli, and AlkB-, AlkA- and Mug-deficient strains. Since AlkA and AlkB are inducible within Ada response proteins, we compared mutagenesis in non-adapted and adapted with a low dose of MMS E. coli cells. N-Methyl-N'-nitro-N-nitrosoguanidine is reported to be the most potent Ada response inducer, however, because of its high toxicity and suspected carcinogenicity, companies removed this compound from their offer and then it is not commercially available. Nevertheless, the other alkylating agents can be also used for this purpose and we have successfully applied MMS for induction of Ada response in our laboratory for many years 
 ADDIN EN.CITE 
(24,30,31)
. Recently, transcriptosome and proteome analyses have shown that MMS induces the Ada regulon in E. coli indeed 
 ADDIN EN.CITE 
(33)
.

The alleviation of CAA-induced mutagenesis in E. coli cells by induction of the Ada response was revealed in our laboratory several years ago 
 ADDIN EN.CITE 
(30,31)
. The results indicated that the inducible AlkA glycosylase excising N2,3(G 
 ADDIN EN.CITE 
(34)
, one of the main CAA-generated lesions, is responsible for the observed decrease in mutagenesis and increase in survival of CAA-treated E. coli upon induction of Ada response 
 ADDIN EN.CITE 
(31)
. The actual studies emphasized the role of another component of Ada response, AlkB dioxygenase, in reduction of harmful effects of CAA in E. coli and in repair of (-adducts 
 ADDIN EN.CITE 
(18,24,25)
. We have also lately found that AlkB, but not AlkA what we erroneously postulated in our earlier work 
 ADDIN EN.CITE 
(30)
, repairs (C and also its hydrated intermediate 
 ADDIN EN.CITE 
(24)
.

The results presented in this work clearly show that AlkB protein plays a pivotal role in repair of εA in E. coli cells (Fig. 2 and Table I). In all AlkB-deficient (alkB, alkAalkB and alkBmug) the MF values are significantly higher than in all AlkB-proficient (wt, alkA, mug and alkAmug) strains for each CAA concentration tested. The induction of Ada response causes a significant decrease of MF in all AlkB-proficient but not in AlkB-deficient strains. The alkAmug strain, which is AlkB-proficient but AlkA- and Mug-deficient, and the level of AlkB protein can be enhanced by MMS treatment of bacterial cells, showed a significant decrease in MF upon adaptation. All these observations point out the essential role of AlkB in repair of εA.

It is interesting to note that there are no statistically significant differences in CAA-induced mutation levels between wt and alkA strains (with one exception: alkA versus wt at 500 mM CAA, P<0.05; Table I). In contrast, the mutation levels in the mug strain are significantly higher than in the wt strain. In addition, the mutation levels in mug and alkAmug are practically undistinguishable. With exception of one case (alkAmug vs mug at 100 mM CAA, p<0.05; Table I) no significant differences in the MF values between these strains are noted. These comparisons indicate that Mug glycosylase plays a role in repair of (A in E. coli cells whereas AlkA glycosylase rather does not.
On the other hand, the similar comparison of CAA-induced mutation levels in alkB and alkBmug strains also shows that there are not significant differences in the MF values between these strains (with one exception: alkBmugad versus alkBad at 100 mM CAA, p<0.05; TableI). This would then implicate that Mug glycosylase is not engaged in repair of (A. However, one should take under consideration that here the strong mutator alkB was compared with the weak one, i.e. with mug, therefore the small effect of mug could be covered by large effect of alkB. In former case where mug and alkAmug strains were confronted, both mutators, mug and alkA, were the weak ones. Comparisons of alkA and mug versus wt strain, discussed before, together with the lack of any effect of induction of Ada response in alkBmug strain clearly indicate that the role of AlkA glycosylase in repair of (A in E. coli cells is negligible if any.

In contrast, a functional analogue of bacterial AlkA, alkyl-N-adenine-DNA glycosylase, appears to be the major enzymatic activity in the in vivo clearance of (A from DNA in mice 
 ADDIN EN.CITE 
(14,15)
. On the basis of comparison of survival of CAA-treated E. coli alkA and alkB mutants Delaney and co-workers 
 ADDIN EN.CITE 
(18)
 postulated that also in E. coli AlkA is the more important enzyme than AlkB in repair of (A. However, the authors have not taken into account the fact that AlkA glycosylase repairs of N2,3(G 


(34) ADDIN EN.CITE . Thus, the observed higher sensitivity of AlkA-deficient than AlkB-deficient strain can be caused by the lack of repair of N2,3(G in alkA mutant strain. Although bacterial AlkA and mammalian alkyl-N-adenine-DNA glycosylases are called “functional analogues”, they differ in structure, in mechanism of recognition of substrate and in their basic mechanism of rupture of N-glycosylic bond 
 ADDIN EN.CITE 
(35)
. Therefore, it should not be surprising that they can substantially differ in their ability to excise a particular adduct.
The E. coli Mug glycosylase in vitro very efficiently excises (C 
 ADDIN EN.CITE 
(36)
 and less so 1,N2-(G 
 ADDIN EN.CITE 
(37)
. The Schizosaccharomyces pombe analogue of Mug protein, Thp1p protein, excises in vitro (A from (A·T pair quite well, with 15% of the efficiency of (C excision from (C·G pair 
 ADDIN EN.CITE 
(38)
. Although (A seems to be very poor substrate of E. coli Mug glycosylase in vitro 
 ADDIN EN.CITE 
(32)
, our results indicate that this enzyme, along with the most essential AlkB dioxygenase, is also engaged in repair of (A in E. coli cells.
Several different repair mechanisms have been shown to target etheno adducts. The instances discussed here indicate that a particular adduct can be repaired by a different type of enzyme, and that in various species, analogous enzymes can exhibit different abilities for repair of the same adduct.
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Figure legends
Figure 1. Structures of chloroacetaldehyde (CAA) adducts to DNA bases. 

Figure 2. Influence of adaptation of various E. coli K12 AMM strains on frequencies of AT→TA mutations induced by CAA in the lacZ gene of the pIF105 plasmid. The genetic backgrounds of strains are indicated on each panel. Data are expressed as mean ± S.D. of three independent experiments. The crossed and filled bars represent MF values obtained in bacteria with and without induction of adaptive response, respectively. The statistical significance of difference between these groups for each bacterial strain is denoted by asterisks (* P<0.05, ** P<0.01, *** P<0.001). 

Table I. Frequencies of CAA-induced mutations in the lacZ gene of the pIF105 plasmid replicated in various E. coli K12 AM strains.
	Strain
	               CAA concentration used for plasmid modification (mM) 

	
	
	0
	     100
	       200
	       500
	

	
	Frequencies of CAA-induced mutations (( 10-4 ± SD)a

	wt

wtadb
	1.5 ± 1.1
1.6 ± 2.3
	 14 ± 5
5.4 ± 4.9
	  21 ± 8
 7.5 ± 5.4
	  37 ± 19
  16 ± 9

	alkB

alkBad
	10.1 ± 5.6 ***c
  9.8 ± 5.0 ***
	60 ± 37 ***
45 ± 28 ***
	  85 ± 40 ***
115 ± 76 ***
	160 ± 73 ***
167 ± 18 ***

	alkA

alkAad
	1.4 ± 0.4
1.8 ± 0.4
	 14 ± 3
7.7 ± 6.7
	  20 ± 8
  9.3 ± 6.0
	  59 ± 17 *
  20 ± 10

	mug

mugad
	2.6 ± 0.5 **
1.6 ± 1.2
	35 ± 11 ***
17 ± 3   ***
	  48 ± 21 ***
  19 ± 4   ***
	  87 ± 29 **
  44 ± 7   ***

	alkAalkB

alkAalkBad
	2.2 ± 0.5 *
5.9 ± 1.4 ***
	57 ± 10 ***
44 ± 21 ***
	  91 ± 18 ***
115 ± 38 ***
	244 ± 79 ***
225 ± 68 ***

	 alkBmug

alkBmugad
	3.9 ± 2.1 **,#
5.1 ± 2.2 ***,##
	82 ± 25 ***
73 ± 33 ***,#
	  97 ± 19 ***
108 ± 27 ***
	201 ± 47 ***
200 ± 92 ***

	alkAmug

alkAmugad
	3.1 ± 2.4 *
3.3 ± 2.1 ***, +
	44 ± 19 ***,+
19 ± 11 ***
	  57 ± 21 ***
  28 ± 4   ***
	102 ± 54 ***
  33 ± 21 **


aData are expressed as mean ± SD. 

bThe “ad” subscript denotes strain adapted by MMS pretreatment. 

cThe statistical significance of difference between each mutant strain and wt strain is denoted by asterisks (* P<0.05, ** P<0.01, *** P<0.001); # (P<0.05) and ## (P<0.01) refers to comparison between alkBmug and alkB strains; + (P<0.05) refers to comparison between alkAmug and mug strains. 
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