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In Vitro Replication Study of Modified Bases in ras Sequences
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DNA templates containing a modified base (O°-methylguanine, 8-hydroxyguanine, xanthine or hypoxanthine)
which was located in nucleotide sequences corresponding to the 12th or 61st codon of a ras gene were synthesized and
deoxynucleotide incorporation opposite the lesions was investigated. The templates were replicated by Tag DNA
polymerase, recombinant rat DNA polymerase p and mouse DNA polymerase a-primase complex. Sequence analysis
of the replicated products indicated selective incorporation of nucleotide(s) opposite a modified base, depending on the
kind of base and of DNA polymerase. This system is very useful to obtain results of in vitro replication of modifled

bases in ras sequences.
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Introduction

Activated ras genes detected in human tumors and tumor
cells have been found to have a point mutation at codon
12, 13, or 61 that induces substitution of an amino acid in
the ras-encoded protein, p21." Point mutations are thought
to be induced in many cases by modification of a base by
a mutagen and subsequent misincorporation of an
“incorrect” deoxynucleotide(s) opposite the modified base
by a DNA polymerase.

We have reported construction of synthetic c-Ha-ras
genes containing a modified base (O°-methylguanine,
me®Gua?; 8-hydroxyguanine, oh®Gua®; xanthine, X* or
hypoxanthine, I3) and their transforming activities in
NIH3T3 cells. The modified genes containing me®Gua or
oh®Gua induced significantly more foci than a normal
c-Ha-ras gene, and the genes containing X or I showed
very high transforming activity. The modified bases induced
a point mutation in the modified position (me®Gua—A,
oh®Gua—T,A and C,X—A, I-G),> > and in the adjacent
position in the case of oh®Gua (G—A and T).¥

It is of interest to study incorporation of deoxynucleotides
into the site opposite a modified base in vitro as well as in
vivo or in living cells. Many investigators have reported
nucleotide incorporation opposite various modified bases
(including those mentioned above; for review see ref. 6). It
is possible that neighboring sequence(s) have a great effect
on deoxynucleotide incorporation opposite a modified base.
In order to compare the results obtained in parallel in in
vitro and mammalian systems, it is important to know
nucleotide incorporation into the site opposite the modified
base (and the adjacent position in the case of oh®Gua) in
a ras sequence.

We report here analysis of deoxynucleotide incorporated
in vitro into the site opposite the modified bases in the ras
sequences by Tag DNA polymerase, which is widely used,
and mouse DNA polymerase o« which plays a major role in
DNA replication. Rat DNA polymerase § was also used,
for comparison of deoxynucleotide incorporation in DNA
replication and DNA primed reaction.

Materials and Methods
Materials A/l and EcoRV were obtained from Takara. Tagl and 4

exonuclease were purchased from Nippon Gene and BRL, respectively.
The other restriction enzymes, T4 polynucleotide kinase and T4 DNA
ligase were essentially the same as described previously.? ™7 Rat DNA
polymerase f was prepared as described.®? Mouse DNA polymerase
a-primase complex was purified from FM3A cells as described.®

Oligonuceotides were prepared by the phosphoramidite method using
an Applied Biosystems model 380A DNA synthesizer and purified as
described previously.2 =7

Preparation of DNA Templates Phosphorylation of oligonucleotides
was performed as described.2”>7 DNA templates containing either
me®Gua oh®Gua or X were prepared by enzymatic joining of HRUI,
HRU2 and HRU3 using HRL1? as a splint. A DNA template con-
taining 1 was synthesized in a similar way using U7, U8 and U9 for
the template and L11, L12 and L13% as splints. The ligation products
were purfied by denaturing (8 M urea) 20% polyacrylamide gel electro-
phoresis (PAGE).

DNA Replication DNA templates were annealed with a primer (Seq 2
or L11, Fig. 1) and a DNA polymerase was added. Conditions for
replication reactions in a total volume of 100 ul were essentially the same
as described.!®

Preparation of Single Strand DNA for Sequence Analysis Replicated
DNA by recombinant rat DNA polymerase § or mouse DNA polymerase
a-primase complex was digested with 4lul for me®Gua, oh®Gua and X,
or with EcoRV for 1. After purification by PAGE, they were treated with
J. exonuclease as described.!V

Analysis of Replicated Products Incorporated nucleotide(s) opposite
me®Gua, oh®Gua and X (corresponding to the second position of codon
12 of a c-Ha-ras gene) were analyzed by the polymerase chain
reaction-restriction enzyme (PCR-RE) method as described previously
(Table 1).27% The replicated products by Tag DNA polymerase or the
single strand DNA obtained by treatment with A4 exonuclease were
amplified by the PCR!%? in which a mutagenic primer and Seq 2 were
used. The amplified DNAs were digested with an appropriate restriction
enzyme as described previously.?2”* Analysis of the 5'-flanking site of
oh®Gua (corresponding to the first position of codon 12 of a c-Ha-ras
gene) was done in a similar way using restriction enzymes as previously
described (Table I).¥

The PCR-RE method was also used for analysis of nucleotide(s) opposite
I (corresponding to the second position of codon 61). The mutagenic
primers used for the PCR were dGATATCCTTGATACCGCNGGC,
which correspond to synthetic c-Ha-ras sequence from codon 54 to codon
60, except that the third position of codon 59 (N) was replaced by T, A
or G to detect incorporation of dTMP, dAMP or dGMP, respectively: a
primer dAGATATCCTTGATACCGCAGGTC was used in the case of
dCMP. The PCR was carried out using L11 and one of the mutagenic
primers in the reaction mixture. Restriction enzymes, Mscl, Stul, Apal
and Tagql were used for detection of incorporated dTMP, dAMP, dGMP
and dCMP, respectively (Table I).

The digested PCR products were analyzed by 20% PAGE together with
controls which were not digested with the restriction enzyme.
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a)
12

5' CGAT ATG ACG GAA TAT AAG CTG GTG GTG GTG GGC GCC GNC GGT GTG GGC AAG AGCGCGCTGTAGG 3' template
3' CCG TIC TCGCGCGACATCC 5' Seq 2

N = me®Gua, oh®Gua, X

b)
61
5’ GAG ACC TGT CTG CTG GAT'ATC CTT GAT ACC GCA GGC CNA GAA GAA TAC TCT GCG ATG CGT GAT CAG TAT ATG CGT ACC 3’ template
3' GC TAC GCA CTA GTC ATA TAC GCA TGG CCG CTT CCG AAG 5' LIl
Fig. 1. Nucleotide Sequences of DNA Templates and Primers for me®*Gua, oh®Gua and X (a) and I (b)

a) A template corresponding to a c-Ha-ras fragment around codon 12 and a primer, Seq 2 are shown. An Alul sequence is indicated by shading. b) A template corresponding
to a c-Ha-ras fragment around codon 61 and a primer, L11 are shown. An EcoRV sequence is indicated by shading.

Results
Replication of Template DNA Containing a Modified )
Base Figure | shows sequences of template DNA and annealing

primers used in this study. me®Gua, oh®Gua and X, which
are derived from guanine, are located in the site
corresponding to the second position of codon 12 of the

synthetic c-Ha-ras gene (Fig. 1a). An adenine-derived I base DNA polymerase

is in the second position of codon 61 (Fig. 1b). DNA

templates containing the modified base were prepared by $

enzymatic ligation of 3 oligonucleotide fragments which are A E o
parts of the synthetic c-Ha-ras gene.2~> After purification Lisz;':;m"

by denaturing gel electrophoresis, they were annealed with
a primer and then replicated by DNA polymerases. sequence analysis PP
Obtained duplex DNAs were purified by PAGE. In the case
of Tag DNA polymerase, the replication products were
analyzed directly by the PCR-RE method?~* (Fig. 2,
method A). Those by recombinant rat polymerase  and N

A exonuclease

mouse FM3A cell-derived polymerase a-primase complex ¢
were digested with 4/ul for me®Gua, oh®Gua and X, or
EcoRYV for Ito generate 5'-phosphorylated blunt ends. After sequence analysis

purification, they were treated with A exonuclease which Fig. 2. Schemes for Replication of a DNA Template Containing a
preferentially recognizes a 5'-phosphorylated blunt end and  Modified Base and Analysis of the Product
hydrolyzes the strand possessing 5’-phosphate. The single A DNA template was annealed with a primer (Seq 2 or L11) and replicated by a
: : : : DNA polymerase. In the case of Tag DNA polymerase, replicated DNA was directly
strfinds which did not contain a modified base were analyzed analyzed (method A). Replicated DNA by recombinant rat DNA polymerase f or
(Flg. 2, method B) by the PCR-RE method. mouse DNA polymerase a-primase complex was digested with A/l for me®Gua,
Analysis of Incorporated Nucleotide The incorporated oh®Gua and X, or with EcoRV for I. After purification by PAGE, it was treated
4 . . with A exonuclease (method B). Open circles and closed circles indicate modified
nucleotide was investigated by the PCR-RE method (Table positions and the opposite positions, respectively. P indicates 5'-phosphate groups.
I).2~* This method has been proven very useful to detect
a point mutation in a definitive site. The purified dupleX T,p5 1 Restriction Enzymes Used in the PCR-RE Method

DNA or the single strand DNA was subjected to PCR, in —

which mutagenic primer was employed. DNA was then Recognition Incorporated
treated with adequate restriction enzymes and analyzed DNA lesion Enzyme sequ%nce“’ nucleotideb,
together with controls by PAGE. detectable”
. Figure 3 shpws results. of analygis of deoxynucleotides meSGua Hapll 5 CCGG ¥ C
incorporated into the site opposite me®Gua by DNA oh®Gua Aar1l § GACGTC 3’ A
polymerases. All of the DNA polymerases inserted both X Sall 5 GTCGAC ¥ T
dTMP and dCMP at different ratios. Tag polymerase and Bbel 5 GGCGCC ¥ G
polymerase « preferred dTMP to dCMP, while polymerase oh®*Gua® Hapll 5" CCGG ¥ C
B incorporated dCMP and dTMP at a similar level. Stul ¥ AGGCCT ¥ A
Incorporation of other nucleotides (dGMP and dAMP) into %;;11 g é(é((}}%(é% 33 (T}
the opposite site was not detected in any case (Fig. 3). I Taol S TCGA 3 c
Sy . . 8 ag G

Nucleotide incorporation opposite oh®Gua, X and I was Stul 5 AGGCCT 3 A
investigated in a similar way. Figure 4 shows the results in Msel 5 TGGCCA 3’ T
the case of polymerase o and Table II summarizes the Apal 5 GGGCCC 3 G

results: dAMP and dCMP were incorporated opposite ——————————

8 . a) Investigated positions and altered positions by mutagenic primers are underlined
oh*Gua by Taq polymerase and polymerase ﬁ’ while JAAMP and italicized, respectively. b) Nucleotides which form the recognition sites when

was exclusively inserted by polymerase o dCMP was incorporated are shown. ¢) Position opposite 5'-flanking site of oh®Gua.
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a) b)
M12345678

Fig. 3.

 (c)

M12345678
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c)

1234567 8M

Sequence Analysis of Replicated Products of me®Gua by Tag DNA Polymerase (a), Rat DNA Polymerase § (b) and Mouse DNA Polymerase

The PCR-RE method used was described previously.?~* Incorporation of dCMP, dAMP, dTMP and dGMP were indicated by cleavage of the PCR products by Hapll,
Aatll, Sall and Bbel, respectively (shown as Hapll +, for example). To confirm the cleavage, the controls which were omitted from digestion with the enzyme are also
shown (as Hapll —, for example). Lane 1, Hapll +; lane 2, Hapll —; lane 3, Aall +; lane 4, Aarll —; lane 5, Sall +; lane 6, Sall —; lane 7, Bbel +; lane 8, Bbel —.
M and M’ indicate marker DNA (pBR322-Haelll digests) and an uncleaved PCR product, respectively.

a)

M123456 7891011121314

Koot e RS o R i AR oty

b) c)
M123456 78

M123456 78

Fig. 4. Sequence Analysis of Replicated Products of oh®Gua (a), X (b) and I (c) by Mouse DNA Polymerase «

a) Incorporation of dAMP, dTMP and dGMP opposite oh®Gua are indicated by cleavage of the PCR products by Aarll, Sall and Bbel, respectively. Incorporation of
dAMP, dTMP and dGMP opposite 5'-flanking site of oh®Gua are indicated by cleavage of the PCR products by Stul, Mscl and Apal, respectively. Hapll cleavage was
carried out for detection of dCMP incorporation at both sites. Lane 1, Hapll +; lane 2, Hapll —; lane 3, Aarll +; lane 4, Aatll —; lane 5, Sa/l +; lane 6, Sall —; lane
7, Bbel +; lane 8, Bbel —; lane 9, Stul +; lane 10, Stul —; lane 11, Mscl +; lane 12, Mscl —; lane 13, Apal +; lane 14, Apal —. M, an uncleaved PCR product. b)
Incorporation of dCMP, dAMP, dTMP and dGMP opposite X are indicated by cleavage of the PCR products by Hapll, Aarll, Sall and Bbel, respectively. Lane 1, Hapll
+; lane 2, Hapll —; lane 3, Aa/Il +: lane 4, Aatll —; lane 5, Sall +; lane 6, Sall —; lane 7, Bbel +; lane 8, Bbel —. M, an uncleaved PCR product. c) Incorporation
of dAMP, dGMP, dTMP and dCMP opposite I are indicated by cleavage of the PCR products by Stul, Apal, Mscl and Tagl, respectively. Lane 1, Stul +; lane 2, Stul —;
lane 3, Apal +; lane 4, Apal —; lane 5, Mscl +; lane 6, Mscl —; lane 7, Tagl +; lane 8, Tagl —. M, an uncleaved PCR product.

TasLE II. Nucleotides Incorporated by DNA Polymerases

me®Gua oh8Gua X I
Taq T>»C A, C C C
B T,C A<C C C
o T»C A T, C C>»T

incorporated into the site opposite X by Tag polymerase
and polymerase 8, while both dTMP and dCMP were
inserted by polymerase a; dCMP was selected opposite |
and dTMP was also incorporated by polymerase a.
Incorporation of incorrect deoxynucleotides opposite the
5'-flanking site of oh®Gua was not observed with any of
the DNA polymerases (Fig. 4a).

Discussion

When a synthetic c-Ha-ras gene containing me®Gua in
the second position of codon 12 was transfected into
NIH3T3 cells and the c-Ha-ras genes present in transformed
cells were analyzed, we detected exclusive mutations to A.?
This implied that dTMP was incorporated by DNA
polymerase(s) in NIH3T3 cells. Our in vitro study using the
DNA template having the same nucleotide sequence as that

of the c-Ha-ras gene revealed that dTMP and dCMP were
incorporated opposite me®Gua: Tag DNA polymerase and
mouse DNA polymerase o showed selective incorporation
of dTMP while rat DNA polymerase § inserted both dTMP
and dCMP at a similar level (Fig. 3). Incorporation of
dTMP and dCMP opposite me®Gua, the results obtained
in this study, agreed with our previous results.? They are
also consistent with those reported by others using
site-directed mutagenesis studies in in vitro,'? procaryotic!?
and mammalian!?!% systems.

Selective incorporation of dAMP and dCMP opposite
oh®Gua was observed in in vitro study by Shibutani ez al.}®
and in vivo studies using procaryotic systems showed that
G- T transversions occurred in the positions where oh®Gua
were introduced.!® On the other hand, we obtained different
results in a mammalian system using the same oligonucleo-
tides as those in this study.® Our previous report showed
random incorporation of nucleotides at the modified
position (0h8Gua—T, A and C) although the transversion
to T was most frequent. Also, we observed incorrect
nucleotide incorporation at the 5'-flanking site of oh®Gua
(G—A and T) in the mammalian system. In this study
selective incorporation of dAMP and dCMP opposite
oh®Gua was observed and we detected no point mutations
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at the adjacent position in vitro (Fig. 4a). It is likely that
discrepancy between in vitro results and our previous results
is due to protein(s) involved in replication or other factor(s)
in mammalian cells (NIH3T3 cells) rather than difference
of nucleotide sequences.

Eritja et al. reported that deoxynucleotides were in-
corporated into the site opposite X in the order of T>
C>»A, G by Drosophila DNA polymerase o in vitro.'”
Our present results are different: dCMP was incorporated
by Tag polymerase and rat polymerase  while both dTMP
and dCMP were inserted by mouse polymerase o at a similar
level. Our previous report indicated that the c-Ha-ras gene
containing X showed high transforming activity (30 to 50%
of an activated ras gene) and transition (X—A) was
observed.” No repair enzyme for X has been reported. If
it does not exist in NIH3T3 cells, the transforming efficiency
may correlate with the ratio of _TMP/dCMP incorporated
by DNA polymerase(s) in NIH3T3 cells. Our present finding
which shows dTMP was incorporated at a similar level to
dCMP may support this idea.

Incorporation of dCMP by DNA polymerases opposite
I is consistent with previous reports using Klenow
fragment'® or Escherichia coli system,'3? in which exclusive
I->G mutations were observed. It also agrees with our
previous results of mutational analysis in the mammalian
system (I-G).” Incorporation of dTMP, however, is a
novel finding although such an event does not activate a
ras gene.

DNA polymerase « may have lower affinity for dCTP
because the ratio of dCMP/incorporated nucleotide(s) was
lower than other polymerases in all of the cases investigated.

We have been investigating mutation-inducibility of DNA
lesions produced by mutagens and carcinogens and have
been analyzing a point mutation induced by the DNA
lesions. To study mutation spectra of DNA lesions, in vitro
replication experiments using DNA templates which have
the same nucleotide sequence as studied in the mammalian
system are also very important. In this work we examined
nucleotide incorporation opposite the modified base
(me®Gua, oh®Gua, X or I) in vitro by Tag DNA polymerase,
rat DNA polymerase f# and mouse DNA polymerase a.
Similar results between in vitro and mammalian systems
were obtained in the cases of me®Gua, X and I, although
the results on oh®Gua were different. To study mutation-
inducibility of oh®Gua more precisely, in vitro systems
containing proteins which are involved in DNA replication
or repair should be employed. Our system reported here
can be replaced by more complicated systems. This system
is also useful to detect nucleotide incorporation opposite
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the modified base by other DNA polymerases and for
analysis of other DNA lesions. Studies along these lines are
in progress.
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