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SEQUENCE SELECTIVE REPAIR AND CONFORMATION OF O'-METHYLGUANINE
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Fig. 3. Immunoprecipitation of different quantities of CGCmeGAGCTCGCG.
the self-complementary 12-mer, and the GGC.GCT.GmeGA.GGC.GTG
(-T.GmeGA.G-) duplex by a 1:30 final antiserum dilution.

Table 2 Immunoprecipitation of the ras-related and control sequences by the
anti-Ot'-methyldeoxyguanosine antiserum

Precipitation(%)Sequences-T.GmeGA.G-"T.GmeGA.G-"-T.meGGA.G--T.TmeGA.G--T.meGGA.G--T.GGA.G--T.TGA.G-DodecamersCGCmeGAGCTCGCG*CGCmeGAGCAATGCDouble

strand36387777760.60.58961Singlestrand404386878586After
total

repair1.80.81.31.01.40.6

Â°Two different synthesis of the GmeGA sequence.
* Self-complementary' oligomer.

This treatment with antiserum successfully separated the al-
kylated from the repaired oligomer. Using 1:30 final antiserum
dilution, less than 2% of the oligomer was precipitated after
the 06-methyl group had been removed by the ada gene alkyl-

transferase. The proportion of the oligomer precipitated was
independent of changes in its concentration over a range of 50
to 200 fmol/75-Ãilassay volume, and addition of nonmethylated
parent oligomer over the same concentration range did not
affect the precipitation of the methylated oligonucleotide (Fig.
3).

Using the immunoprecipitation method to separate the meth
ylated and the nonmethylated parent oligomer, produced during
the repair process, we obtained a rate constant of 2.2 x IO7
M"'sec"' for the repair of the self-complementary 12-mer, which
is virtually identical to that obtained (2.5 x IO7 M~'sec~') for

the same oligomer when HPLC was used to separate the
methylated from the repaired oligomer (23). These results
indicated that immunoprecipitation might be used for kinetic
studies of the repair of the H-ras-related sequences.

Only 0.6% and 0.5% of the nonmethylated -T.GGA.G- and
-T.TGA.G- sequences were precipitated by the antiserum (Table
2) which was similar to the precipitation of the analogous O6-
methylguanine-containing 15-mer after the methyl group had
been fully removed by excess ada alkyltransferase. However,
the antiserum did not precipitate every 15-mer containing Oh-
methylguanine to the same extent. Seventy-seven % of double-

stranded DNA formed from the -T.meGGA.G-, -T.TmeGA.G-,
and -T.meGAA.G- sequences was precipitated, but only about
36% of the duplex formed from the -T.GmeGA.G- sequence,
in which the methylated base is in the position of the second G
in codon 12 of rat H-ras. The single-stranded oligomers were
more completely precipitated than the duplexes, but even in the
single-stranded form, the -T.GmeGA.G- sequence was poorly
precipitated (40% precipitated compared with 87% for the other
sequences). Another oligomer, the dodecamer CGCAGme-
GTGGTCG which contains the sequence around codon 12 of
human N-ras with the meG again in position 2 of the codon,
was also poorly precipitated in the double-stranded form (10%),
but in this case the single-stranded DNA was precipitated well
(87%). It seems unlikely that the poor precipitation of the
-T.GmeGA.G- sequence occurred because it was impure, be
cause when chromatographed on HPLC the oligomer was
eluted as a single sharp peak, and the nucleoside analysis gave
the expected base composition. However, in order to make
certain that the poor precipitation of the -T.GmeGA.G- se
quence was a property of that sequence rather than an artifact,
the oligomer was resynthesized. The product of the second
synthesis gave very similar results to those obtained from the
first synthesis (Table 2).

For all DNA duplexes, including the -T.GmeGA.G- se
quence, the proportion that precipitated was independent of the
duplex concentration, over the range used in the experiments,
meaning that the rate constant for the repair of that sequence
could be as accurately determined as the rates for the sequences
that were more completely precipitated (Fig. 3).

The progress of the repair differed significantly between the
sequences examined (Fig. 4). In order to quantitate the observed
differences, the removal of the methyl group by the alkyltrans
ferase was considered a second-order reaction (23, 24), and
graphs like these in Fig. 5 were obtained. Subsequently the rate
constants were calculated (Table 3). The rate of the repair of
06-methylguanine was 18 times faster when present at position
1 (-T.meGGA.G- sequence) than at position 2 (-T.GmeGA.G-
sequence) of codon 12 of the ras-related oligomers. Substitu
tion of the guanine preceding the O6-methylguanine in the
-T.GmeGA.G- sequence by a thymine (-T.TmeGA.G- sequence)
increased the rate of the reaction by 25 times. Substitution of
the second guanine of the -T.meGGA.G- sequence with an

60 120

time (min)
Fig. 4. Differential repair for the raj-related sequences by the E. coli ada

alkyltransferase. Four hundred fmol of ada protein were incubated with 60 fmol
of each oligomer in a volume of 40 d as described in "Materials and Methods."
O, -T.TmeGA.G- duplex; â€¢¿�,-T.meGGA.G-; D, -T.meGAA.G-; and â€¢¿�
-T.GmeGA.G- duplexes.
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Fig. 5. Rate of repair of O6-methyldeoxyguanine in the -T.GmeGA.G- duplex

(4.2 pmol) by the ada alkyltransferase (3 pmol).. I. the rate of formation of the
parent oligomer by repair of the alkylated oligomer: B, graph of ln|( W,,- ui.-l,,)
(/<â€ž)(.â€¢(â€ž- .v)| as a function of time. I, and //â€žare the initial concentrations of
oligomer and enzyme, respectively; v is the amount reacted after time /. The slope
of the line is equal to k(llâ€žâ€”¿�.-I,,),where k is the rate constant.

adenine to give the -T.meGAA.G- sequence reduced the rate of
the repair by 2.6 times.

The rate constants determined for these ros-related pentade-
camers were 2 orders of magnitude less than that observed for
the self-complementary dodecamer CGCmeGAGCTCGCG.
To discover whether the rapid repair of the self-complementary
oligomer was a consequence of its sequence or a consequence
of it being self complementary, a dodecamer CGCme-
GAGCAATGC was synthesized and annealed to its comple
mentary strand. This was repaired an order of magnitude slower
(2.0 x IO6 M"'S"') than the self-complementary oligomer, even
though the base composition around the 06-methylguanine was

the same for both oligonucleotides.
Avidity Constants. DNA-anti-DNA interactions are com

monly studied using either saturated ammonium sulfate or PEG
to precipitate the antibody-antigen complex. PEG has the ad
vantage of precipitating low avidity as well as high avidity
DNA-anti-DNA complexes, whereas the ammonium sulfate is
selective for precipitation of high avidity interactions, possi
bly because it dissociates the low avidity DNA-anti-DNA
complexes (33, 34). Fig. 6 shows the precipitation of the
-T.GmeGA.G- and -T.TmeGA.G- duplexes at different anti-
serum dilutions using either ammonium sulfate or PEG. While
both gave similar precipitation of the -T.TmeGA.G- duplex,
there was a 2-fold difference in the amount of the -T.GmeGA.G-

duplex precipitated. PEG always gave the higher precipitation.
At a 1:30 final antiserum dilution, 60% and 38% of the -
T.GmeGA.G- duplex were precipitated using the PEG and
ammonium sulfate, respectively.

PEG was thus preferred for the determination of the avidity
constants. Different amounts of antiserum were used to give 50
to 60% precipitation for different oligomers (1:42 dilution for
the -T.GmeGA.G- and 1:504 dilution for both -T.meGGA.G-
and -T.TmeGA.G- duplexes). The Sips plots for the sequences
-T.GmeGA.G-, -T.meGGA.G-, and -T.TmeGA.G- (Fig. 7) were
obtained as described in "Materials and Methods." From the

intercepts of these plots, the avidity constants (Table 3) were
calculated [\og(b/Ab - b) - 0, log c = -log A"].The ranking

order for the avidity constants parallels with the order of the
rates of repair. In particular, the -T.GmeGA.G- sequence was
repaired 25 times slower and had an avidity constant 8 times
lower than the -T.TmeGA.G- sequence, which had the fastest
repair. In addition, the avidity constants for the self-comple
mentary CGCmeGAGCTCGCG and the single-stranded
CGCmeGAGCAATGC oligonucleotides were an order of mag
nitude higher than that of the -T.TmeGA.G- sequence and had
values closer to that of the free nucleoside (1 x IO9 M"') as it

was previously determined using the same antiserum (35).

DISCUSSION

In this paper, we report that the repair of the O6-methylgua-

nine by E. coli ada alkyltransferase is highly sequence depend
ent. Using synthetic 15-mer as substrate for the E. coli ada
alkyltransferase, the rate of the repair of O6-methylguanine was
found to differ as much as 25-fold, depending on the flank
ing base sequence (Table 3). Surprisingly, the DNA duplexes
-T.TmeGA.G- and -T.meGAA.G-, which have the same bases
flanking the alkylated base, were repaired with rates differing
by 3.6 times. A possible explanation for this observation could
be a next-to-neighbor effect (16, 36). The -T.GmeGA.G- se
quence was the most poorly recognized by the alkyltransferase
and was repaired 18 times slower than the -T.meGGA.G-
sequence.

The effect of sequence on the rate of repair seems to be a
reflection of the conformation and accessibility of the alkylated
base, because the association of antibodies to 06-methyldeox-

yguanosine with the DNA duplexes was also affected by the
base sequence flanking the alkylated base. Those duplexes
which were repaired most slowly were also those where the
methylguanine was least accessible to the antibody (Table 3). A
more subtle correlation exists between stability of DNA du
plexes, as reflected in the Tm, and protein-DNA interactions,
as reflected in the avidity between duplex and antibody and rate
of repair (Table 3). Recently, Voigt and Topal (37) observed
that sequences, similar to those used in the this study, have
different electrophoretic mobilities on a nondenaturing poly-
acrylamide gel. In this case, however, it appeared to be a direct
correlation between the Tm and the effect on the DNA struc
ture. These observations indicate that 06-methylguanine could

have a global effect in the structure of DNA which is greatly
dependent upon the flanking base sequence.

The most poorly repaired methylguanine and the one most
weakly interacted with the antibody to 06-methylguanosine was

in the sequence with the alkylated base surrounded by the same
sequence as the second G of codon 12 of H-ras gene. Therefore,
our results argue strongly for a contribution of repair specificity
in the observed nonrandom distribution of mutations observed
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Table 3 Relationship between the rate of repair and recognition by the anti-Ob-methyldeoxyguanosine antibodies

All the sequences, except the CGCmeGACGTCGCG which is self-complementary, were present with an excess (20%) of the complementar)' strand, so that a
double helix would be formed. However, the avidity of antibodies to O'-methyldeoxyguanosine was also measured for the CGCmeGAGCAATGC 12-mer in the

absence of the complementary strand (single strand). The ihn values are also included.

SequencesGGCGCTGmeGAGGCGTGGGCGCTmeGAAGGCGTGGGCGCTmeGGAGGCGTGGGCGCTTmeGAGGCGTGCGCmeGAGCAATGC

CGCmeGAGCAATGC (single strand)
CGCmeGAGCTCGCGdmeG

(free nucleoside)Rate

ofrepair1.1
X 10* M~'S~'7.7

x 10'M-'s~'2.0
x 10s M's12.0

x IO6M'1 s-'

2.2 x IO7M-' s-'Avidity

constant0.24
x IO7M'1

No dataavailable0.86
x IO7M '

1.85 x IO7M'15.0

x IO7M-'
1.5 x 10' M'1
2.0 x 10' M~'
1.0 x 10' M-'ATm"9Â°C12'C*ire12-C

>20'C

" The ATm was calculated by subtracting the Tm value of the parent duplexes from each observed value.
* Value calculated by subtracting the Tm value of the -TGA- duplex which has the same flanking bases.
' Value calculated from Li and Swann (28).

in both eukaryotes and prokaryotes. However, two previous
observations have seemed inconsistent with the existence of
repair specificity in vivo. When Mitra et al. (38) put the rat li
rai oncogene containing an O6-methylguanine placed in either

position 1 or 2 of codon 12 into a shuttle vector and studied
the mutations caused upon transfection of Rat 4 (TK-) cells,
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Fig. 6. Comparison of the amount of the -T.TmeGA.G- and -T.GmeGA.G-

duplexes precipitated using either saturated (NH4)iSO4 (amm. sulphate) or PEG
as precipitating agents. All the samples had the same total protein concentration
of 30 mg/ml.

T.TmeGA.G-

T.meGGA.G-
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Fig. 7. Sips plots for the DNA-anti-DNA interactions of the -T.TmeGA.G-,
-T.TmeGA.G-, and -T.TmeGA.G- duplexes. The avidity constants of Table 3
were obtained from the j'-intercept of these graphs as described in "Materials and
Methods."

they found that the mutation frequency, although very low
(1%), was independent of the position of the 06-methylguanine.

In this system, however, a small number of plasmids enter each
cell, and the alkyltransferase molecules would always be in a
vast excess over the number of alkylated bases. This is not
comparable to the situation where mammary tumors are in
duced by administration of MNU (39), where more O6-meth-

ylguanine residues are produced than the available alkyltrans
ferase molecules. Under such conditions, the difference in rates
of the repair we observed could have a disproportionate and
greater effect in the mutation frequency because the enzyme
molecules would be exhausted on the repair of the most favored
sites, while the least repairable sites would remain untouched,
and thus, a higher frequency of mutations at these positions is
to be expected.

In another study, a similar mutational spectrum was obtained
in the gpt gene of the pSV2gpt plasmid grown in unadapted,
i.e., low ada alkyltransferase content, adapted, i.e., high alkyl
transferase content, or alkyltransferase-deficient E. coli cells
and then exposed to yV-methyl-jY-nitrosoguanidine (40). An
unusual aspect of these results was that the mutations observed
were almost exclusively at the antisense strand, and such strand
specificity was not observed when the chromosomal E. coli laci
gene was used as target for alky latiÂ»n (8-10, 41-43). However,
in this study and in experiments with mammalian mer* and
mer~ cells (44), there are some indications that preferential

repair had taken place. In the latter, Sikpi et al. (44) treated the
E. coli supF gene with MNU before its insertion into a shuttle
vector and the subsequent transfection of mer* and mer~ cells.

Positions 128 of the gpt gene (40) and 129 of the supF gene
(44) appeared to be stronger mutagenic hotspots in the repair-
deficient cells, while positions 402 and 123, respectively, ap
peared to be stronger mutagenic hotspots in the repair-profi
cient cells. Such differences would be expected only if a non-
random repair process follows a nonrandom alkylation process.

The rate constants for the repair of O6-methylguanine, ob

tained in this study, are one to two orders of magnitude slower
than the rates determined previously (18, 22, 23) and show a
much greater effect of the sequence than was found by Dolan
et al. ( 17). The reason for the difference in results seems to be
that previous authors have all used shorter and self-comple
mentary oligomers. Comparison of the rate of the repair of a
non-self-complementary and a self-complementary 12-mer with
the same bases flanking the O6-methylguanine showed that the
self-complementary oligonucleotide was repaired with unusual
speed. The reason is probably that, in repair assays a low
concentration of oligomer, a low-salt concentration, and a 37Â°C

temperature are used. Under these conditions, self-complemen-
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tary oligonucleotides exist mainly in a hairpin-loop conforma
tion (45-48). The avidity constant between the antibodies
against the O6-methyldeoxyguanosine and the self-complemen

tary oligomer we used is very high and close to that between
the antibody and the free nucleoside (Table 3), suggesting that,
as one would have suspected, the O6-methylguanine in a hair
pin-loop oligomer is probably mostly frayed out of the helix
rather than stacked into it and, hence, could be more accessible
and removed faster by the alkyltransferase.

In summary, it seems likely that the high specificity for
activating mutations in the H-ras gene results as a combination
of selectivity of alkylation and inefficient repair, with the latter
amplifying to a great extent the effect of the first.
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