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Alkylation of poly(dT) by N-[methyl-3H](N-nitresomethylurea) and subse-
quent annealing with poly(dA) yield a substrate containing 02 and 0“-methyl-
thymidine, 3-methylthymidine and phosphotriesters. In an in vitro assay using
this substrate, cell extracts from Escherichia coli catalyse i) the transfer of
the 0" -methyl present in 0* methyTthymidine to a protein which becomes alky-
lated; i) the release of 0Z-methylthymine by a glycosylase activity.

The two DNA repair activities described above appear to be involved in the
adaptive response.

There is now considerable evidence showing that cellular lethality, muta-

genicity and/or carcinogenicity result from a balance between the number and
the structure of the induced DNA Tlesions and the efficiency of the cellular DNA
repair mechanisms.
Loveless suggested (1)} that 0°-methylguanine (0°-MeG) could play an important
role in mutagenesis. Physiological implications of the presence of 0°-MeG was
shown in a variety of experiments reviewed in (2) and especially during inves-
tigations of adaptive response in E.coli (3) and in mammalian cells (2,4).
Studies of the adaptive response at the molecular level have shown that 0°-MeG
is repaired by an alkyltransferase which binds the alkyl group to a cysteine
residue. This protein is present in bacteria and in mammalian cells (5-8).

In vitro replication experiments,using alkylation of poly(dAT) suggested
that D*MeT could miscode. Nther experiments, using alkylated polynucleotides
as template, indicate that besides alkylation at the 0° position of guanine,
substitution at the 0% of the thymine miscodes during DNA (9-10) and RNA
synthesis (11).Thymine methylated at the 02 position, which is in the minor
grove of DNA, miscodes to a lesser extent during DNA synthesis (12,10). There-
fore,the 0 alkylated thymines may be potential harmfull lesions and should be

The abbreviations used are : MNU : N-[methyl-3H] (N-nitrosomethylurea) ;
02MedT : 02-methylthymidine ; 0?MeT : 02-methylthymine ; (*MedT : 0*-methyl-
thymidine ; 3-MedT : 3-methylthymidine ; 06MeG : 0B-methylguanine. MNU
(polydT.dA) : polydT alkyated with [3H] MNU and subsequently annealed with
polydA.
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eliminated by the cell. Investigations on the persistance of 02-ethylthymine
and (" -ethylthymine in rat Tiver (13-15) suggest that they are enzymatically
removed, although at a low rate.Other experiments suggest that 0%-ethyl-
thymidine accumulates in DMA of hepatocytes from rats exposed continuously to
diethyInitrosamine (16)}. Such experiments using methylated DNA are rendered
more difficult due to the low level of alkylation of thymine (15-19). To over-
come this drawback, we studied the repair of alkylated thymine by E.coli
extracts wusing a specific substrate : poly(dT) alkylated with N-[methyl-[3H]
{N-nitrosomethylurea) (MNU)}, purified, then annealed with poly (dA) to yield a
double stranded deoxyribopolymer. We report that 02-methylthymidine (02MedT)
is repaired by a DNA glycosylase whereas O*-methylthymidine (0*MedT) is repai-
red by a transalkylase.

MATERIALS AND METHODS

Preparation of methylated Poly(dT).Poly(dA).

5 units of poly{(dT) (P.L. Biochemicals Inc.) were dissolved in 0.5 ml of
0.1 M sodium perchlorate, 1 mM EDTA, (pH 8.0) ; 1 mCi of [methyl -3H]MNU, (New
England Nuclear, 1.5 Ci/mmole) was evaporated at 0°C to about 200 w1 by blowing
nitrogen, and mixed with 100 nl of 0.2 M Ammediol (Sigma) (pH 9.2). The
poly(dT) solution was added immediately, and incubated at 20°C for 1 hour. The
alkylated poly (dT) was dialyzed against 0.15 M NaCl 0.015 M Na citrate (pH
7.2) to eliminate the remaining unbound radioactivity and finally dialyzed
against 10 mM Hepes-KOH (pH 7.5), 1 mM EDTA. In order to obtain double stranded
substrate, the alkylated poly{(dT) was annealed with 5 units of poly(dA) in 10
mM Tris-HC1, 20 mM NaCl, 1 mM EDTA (pH 8.0), at 55°C for 10 min. then cooled to
room temperature over a period of two hours. This substrate has a specific
activity of 540 cpm per ug. It is abbreviated as MNU-poly(dT.dA).

Cell Extract.

Escherichia coli strain BS21 (20), a B/r mutant constitutive for adaptative
response (obtained from B. Sedgwick) was grown at 37°C in L broth to late expo-
nential phase., Bacteria were centrifuged, washed, resuspended in lysis buffer
(50 mM Tris-HC1, pH 7.5, 1 mM EDTA, 5 % glycerol) and stored at -70°C.

Bacteria were lysed as already described (21) by adding lysozyme (0.05 ml of a
4 mg/ml solution in 0.25 M Tris-HC1 (pH 7.0) per ml of bacteria suspension),
phenylmethane sulfonylfluoride and p-toluenesulfonylfluoride (Sigma) (1 wM each
final concentration) and protease inhibitors : Aprotinin (Choay, Paris), Leu-
peptin and Antipain (Sigma) (2 ng/ml final concentration each). The cells were
kept at 0°C for 30 min. then incubated at 37°C until they began to lyse, NaCl
was added (400 mM final concentration) and the lysis was completed at 0°C. The
lysate was sonicated at 0°C with a Branson Sonifier B-12 to reduce viscosity.
It was clarified by centrifugation. A1l centrifugations described below are at
25,000 g for 15 min at 0°C. The supernatant (Fraction 1) was collected.

Enzyme purification.

The cell extract (Fraction 1) was precipitated by an equal volume of 1.6 %
streptomycin sulfate (Rhone Poulenc, Paris) freshly dissolved in water, added
dropwise under continuous stirring over a period of 30 min. The suspension was
stirred for a further 45 min period and centrifuged. The supernatant (Fraction
11) was precipitated by adding ammonium sulfate (Schwarz/Mann, Special Enzyme
grade) to 75 % saturation under continuous stirring over a 45 min period. The
precipitate was allowed to form for a further 20 min and collected by centrifu-
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gation. The pellet was suspended in buffer A (50 mM Hepes-KOH, 1 mM EDTA, 1 mM
dithiothreitol, 5 % glycerol, final pH 7.5). It was dialyzed for 2 hours again-
st the same buffer (two changes of 250 ml) (Fraction III, contains 20 mg/ml of
proteins). It was chromatographied on a column of DEAE cellulose (DE 52,
Whatman) (1.5 cm X 8 cm) packed and equilibrated with buffer B(buffer A con-
taining 0.25 M NaCl). Under these conditions,the active proteinswere eluted
after the bulk of proteins. The most active fraction contained 1.2 mg per ml of

proteins (Fraction IV) and was used unless otherwise stated.

Standard assay conditions.

MNU-poly(dT.dA} (2.19 ug) in 100 ul of assay buffer containing 50 mM
Hepes-KOH, 1 mM EDTA, 1 mM DTT, 5 % glycerol, (pH 7.5) was incubated with
E.coli purified proteins for 20 min. at 37°C. The reaction was terminated by
chiTTing the mixture to 0°C. For analysis purpose at the nucleoside level, the
incubation mixture was supplemented with deoxyribonuclease-1 (Sigma), snake
venom phosphodiesterase (Boehringer, Mannheim, RFA), 4 ug each, bacterial alka-
line phosphatase (Worthington) 10 ug, in the presence of 5 mM MgCly and 1 mM
CaCly, and incubated overnight at 37°C. The resulting nucleosides and phos-
photriesters were supplemented with authentic 0*-MedT, 02-MedT and 3-MedT cold
markers (22-24) (obtained from Dr R. Saffhill and T. Lindahl) and analyzed by
HPLC using either of the following systems.

1. "Resolve" 5u Bondapak C18 Column (Waters Associates) was used as des-
cribed by Saffhill and Fox (23) with a 1inear gradient of 30 min, between 10 %-
40 % methanol in water (v/v) at pH 5.0 at a flow rate of 1 ml min~!. The reten-
tion periods of the various markers were 5 min., 9.5 min., 12.5 min., 14.5 min.
and 17.5 min. for T, 02-MedT, 02MeT, 3-MedT and 0*-MedT respectively. Frac-
tions of 0.5 ml were collected and radioactivity measured.

2. Partisil M9 10/25 SCX (Whatman) column was eluted with a linear gradient
of 20 min. between 20 mM ammonium formate (pH 4.0}, 3 % methanol (v/v) and 40
mM ammonium formate (pH 4.0), 8 % methanol{v/v) at a flow rate of 4 ml! min-!
with retention periods of 4 min., 6 min. and 9 min. for dT, 3-MedT and 0%-
MedT respectively. This column does not allow the separation of 0%Z-MedT from 3-
MedT. The disappearance of the radioactivity eluting at the position of 0"-MedT
was taken as the measure of the O"-methylthymine transferase activity. The
appearance of the radioactivity eluting at the position of 02-MeT was taken as
the measure of the 02-methylthymine glycosylase.

Gel filtration of the methylated protein in the denatured form

The methylated protein was characterized by separation from the substrate by
gel filtration under denaturing conditions as described for the 0% methyl-
guanine-DNA methyltransferase (8), using a Sepharose 6B-CL column (0.9 X 78 cm)
equilibrated with 6 M guanidine hydrochloride-1 mM EDTA (pH 5.0). Elution was
performed at room temperature (6 ml per hour) and fractiocns of 1 m! were col-
lected.

RESULTS

Figure 1 shows the HPLC analysis of MNU poly(dT.dA) hydrolysed to nucleo-
sides by pancreatic DMase, phophodiesterase and phosphatase. Coelution with
authentic markers allows the identification of three well resolved peaks as
phosphotriesters, 02MedT, and 0*MedT which elute with increasing times. The
amount of N3MedT wich appears in the third peak is higher than expected from
previous experiments in wich poly(dAT) was used (15,20).The identity of the
component{s) of this peak has to be resoived although it chromatographed with
3MedT in two different HPLC systems,thus nothing can be concluded regarding the
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Figure 1 : HPLC analysis using a reverse phase column of the radioactive pro-
ducts released from MNU poly(dT.dA) dincubated with (@ - @) or without (O - Q)
purified £.coli extracts then digested to nucleosides with DNase, phospho-
diesterasé and phosphatase. The substrate was incubated with 40 ug of E.coli
proteins (Fraction III) for 20 min. The authentic markers were localized as
ultraviolet-absorbing material. For details see Materials and Methods.

exact amount of the N3MedT. The yield of the different alkylated products,
excluding the peak wich coelutes with 3MedT relative to the total alkylation is
33 %, 5% and 12 % for phosphotriesters, 02MedT and 0*MedT respectively.

MNU poly (dT.dA) was incubated with extracts of E.coli (Fraction II1), hy-
drolysed to nucleosides and analysed by HPLC. Figure 1 shows that compared to
the untreated substrate, the peaks of phosphotriesters and 02MedT are reduced,
the peak of (*MedT does not exist anymore, whereas the peak wich coelute with
3-MedT is unchanged. A new peak appears at the position of 0Z-methylthymine.
Under the chromatographic conditions used, dT, 3-methylthymine, 02-methyl-
thymine, and O*-methylthymine elute in fraction 14, 18, 25, 28 respectively
{data not shown). When the substrateis incubated with previously boiled
enzyme, analysis at the nucleosides level shows a chromatogram similar to that
obtained with the native substrate. The chromatographic characterization of
the nucleosides and bases was confirmed using a cation exchange column as des-
cribed in Material and Methods (data not shown).

The concomitant lowering of the 02MedT peak with the appearance of a new
peak at the position of 02-methylthymine strongly suggests that this lesion is
excised by a DNA glycosylase yielding a free base : 0Z-methylthymine.

As shown in Figure 2A, the removal of O0*MedT is proportional to the
amount of protein added. This protein is particularly heat resistant as 80 % of
the activity remains after heating Fraction IIl for 2 min at 80°C. However the
activity is lost by heating at 100°C for 5 min. The disappearance of 0“MedT
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Figure 2A : Removal of 0“MedT from MNU poly(dA.dT) by a partially purified cell
extracts from E.coli. MNU poly(dT.dA) was incubated for 20 min. with increasing
amounts of proteins (Fraction IV) then hydrolysed to nucleosides and analysed
for remaining 0“MedT by HPLC as described in Figure 1.

Figure 2B : Kinetics of removal of 0“MedT from MNU poly{dT.dA) by purified
F.coli BS21 extracts. Each assay contained 19 ug of proteins (Fraction IV).
KnaTysis was performed as described in Figure 1

is not affected (less than 20 %) between pH 6.8 and 8.2 either in phosphate or
in Hepes buffer. It is not affected neither by low concentration (1 to 5 mM)
of MgClz nor by the presence of EDTA 1 mM which was routinely used to inhibit
contaminating nucleases. Kinetics of 0*MedT removal as a function of time was
measured and shows that the reaction is rapid and then levels off (Fig. 2B).
It should be noted that the transferase activity can be separated from that of
DNA glycosylase by the DEAE chromatography used to obtain fraction IV (data not
shown).

The (*MedT appears to be repaired by a DNA-methyltransferase as no free
base is detectable ( 0“MeT elutes in fraction 28,vide supra). If the methyl is
removed by a DNA methyltransferase, a methylated protein should appear. In
order to investigate the repair of (“MedT, MNU poly(dT.dA) was analysed by
exclusion chromatography : 95 % of the material behave as high molecular weight
material and 5 % is eluted at the position of bases or very small oligo-
nucleotides (Fig.3). When MNU poly{(dT.dA) is incubated with E.coli extracts
(Fraction IV}, then analyzed under the same conditions, (guanidine denaturation
yielding unfolded proteins), the results (Fig.3) show that compared to the
untreated substrate,the excluded peak of substrate is reduced whereas the peak
of low molecular weight is unchanged. A new peak appears between the two
already described,its molecular weight is in the range 20-25,000 daltons.

The specific activity of (*-methylthymidine-DNA-transmethylase from E.coli
extracts was 20 times higher than that measured in the parental strain F26
(7.7 ug of proteins from the BS21 extract removed 140 fmoles of 0*MedT whereas

160 ug of proteins from the F26 extracts or 180 pg of proteins from the AB 1157

5



Vol. 120, No. 1, 1984 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

I T T T
T 2000+ 't —
G
51
~ [N
= 1
>
5
5 1000 -ﬂ
<
v F . ox . B
o
g\o \o
\o:;:.,& \ .
0 sassnnsden 8 mnngnt i 2ennane®® “sa00qn0
0 10 20 30 40 50

FRACTION NUMBER

Figure 3 : Separation by gel filtration of MNU poly(dT.dA) from the E.coli [3H]
methyTated protein in its unfolded form. Reaction mixture containing WNU poly-
(dT.dA) was scaled up 7 times and incubated with 280 ug (@) or without (O)
partly purified E.coli extracts (fraction IV), supplemented with guanidine
hydrochloride and then chromatographied on a Sepharose 68 CL column. For de-
tails see Materials and Methods.

(25)extracts were needed to remove the same amount of 0*MedT). This property
holds also true for 02MedT-glycosylase. Since the BS21 mutant is constitutive
for adaptive response this result strongly suggests that the two DNA repair
activities described here are part of the adaptative response.

DISCUSSION

The repair of alkylated purines in DNA is now quite well documented. It
depends so far upon DNA glycosylases (26-28) and a 0%-alkylguanine-DNA methyl-
transferase (5,6,7,8,29). Studies of the repair of methylated pyrimidines have
been hampered by the scarcity of these lesions among the alkylated purines and
phosphotriesters {17,20). The MNU poly{dT.dA) substrate used in our experiments
obviates these drawbacks as it yields a higher amount of alkylated thymine than
MNU alkylated poly (dAT.dAT) (15,20).

The 0*-methylthymine-DNA~methyltransferase described in this paper elimi-
nates a clearly miscoding lesion (10) and seems to act in a same way as the
transferase which repairs 0°MeG .It transfers the methyl from the 0“-methylated
thymine to an acceptor protein. The unusual thermal resistance of this protein
suggests that the transferase and methyl acceptor functions reside in the same
heat stable protein as it has also been observed for 0®-methylguanine trans-
ferase from E.coli (5) and Raji cells (8). The biological properties exhibited
by the 0*MedT and 0%MeG transferases are similar : the elimination of miscoding
lesions. They are clearly part of the adaptive response as the constitutive
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mutant has a much higher quantity of these activities than the parental
strain.

The question of the specificity of these molecules arises. McCarthy et al.
(30) have independently observed that 0*-MedT residues in MNU-treated E.coli
are repaired by pure 08-methylguanine-DMA-transalkylase. As their experiment
was performed with the pure protein, it does not answer the question as to
whether removal of the methyl from 0*MedT could be a side effect of the 0®MeG
transferase: the real 0*-methyltransferase being an other protein P. Schendel
(paper in press) has observed that E.coli extracts repair 0*MedT by trans-alky-
lase activities yielding alkylated proteins of 15, 18 and 20,000 molecular
weight and that two of them are different from the 0°-methylguanine transferase
(18,000 + 1,000)(5).He also observed that phosphotriesters are repaired by a
methyltransferase activity { MW 39,000). This observation fits with our finding
that in HPLC analysis of MNU poly(dTdA) products, the peak of radicactivity
eluting at the position of phosphotriesters is lower after incubation with
E.coli extracts and that, therefore, it could also be part of the adaptive res-

ponse. Repair of methylphosphotriesters would appear to be advantageous for the
cell as they slow down DNA replication (31) and probably DNA methylation
(32).
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