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Incision at Diaminopurine:Thymine Base Pairs but Not at
Guanine:O0*-Methylthymine Base Pairs in DNA by Extracts of Human Cells’
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ABSTRACT: Cell-free extract from the A1235 human malignant glioma cell line was employed to study
the possibility of incision at 2,6-diaminopurine:T (DiAP:T), 2-amino-6-methylaminopurine:T (AMAP:
T), and G:0*methylthymine (G:™T) mismatches, each placed in a 45 bp DNA at a defined site. The
incision of a 45 bp DNA containing a G:T mispair at the same site was followed to determine the
relationship between base pair structure and repair activity (ies) in the extract. The cell-free extract incised
DNA:s containing DiAP:T, AMAP:T, and G:T pairs similarly. Reminiscent of the known pattern of incision
at G:T mismatches, products from each substrate were consistent with two incisions, one immediately 5’
and one immediately 3" to the mismatched T, and only in the strand containing the mismatched T. While
DNA with an OS-methylguanine:T ("°G:T) pair was also incised, DNA containing the G:™T pair was
not, but was rendered inciseable by pretreatment with O%-methylguanine—DNA methyltransferase. Incision
of DiAP:T-containing DNA by the extract was less in the presence of unlabeled DNA containing G:T
mispairs than in the presence of A:T- or G:A-containing DNA or in the absence of competing DNA. We
suggest that the mechanism operating on DiAP:T and/or AMAP:T pairs may be the same as the human
G:T repair pathway, possibly initiated by the action of a glycosylase as described by Wiebauer and Jiricny
[Wiebauer, K., & Jiricny, J. (1989) Nature 339, 234—236; Wiebauer, K., & Jiricny, J. (1990) Proc. Natl.
Acad. Sci. U.S.A. 87, 5842—5845]. That related activities recognize DiAP. T, AMAP:T, G:T, and ™G:T

pairs but not G:™T pairs suggested a unifying mechanism of action.

DiAP! is an analog of adenine that replaces adenine in
the DNA of the cyanophage S-2L (Kirnos et al., 1977;
Khudyakov et al., 1978; Vorlickova et al., 1991) showing
that DiAP in DNA is compatible with normal DNA function.
DiAP:T pairs in DNA exist as Watson—Crick pairs stabilized
by three hydrogen bonds in either A DNA (Vorlickova et
al., 1991), B DNA (Chazin et al., 1991; Howard & Miles,
1984), or Z DNA (Coll et al., 1986) with structural
parameters mimicking those of A:T pairs. Counteracting the
thermostabilizing force produced by the three hydrogen
bonds in B DNA is believed to be a destabilizing effect
caused by the interference of DiAP’s 2-amino group with
the spine of hydration that accompanies sequential A:T pairs
[see Howard and Miles (1984)]. As a consequence of these
unequal opposing effects, DNAs with DiAP:T pairs are more
thermostable than those with A:T pairs (Kirnos et al., 1977;
Khudyakov et al., 1978; Howard & Miles, 1984; Hoheisel
& Lehrach, 1990; Chazin et al., 1991; Cheong et al., 1988)
except when the cooperative stabilizing effect conferred by
the spine of hydration to runs of A:T pairs is reduced by the
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inclusion of a single run-breaking DiAP:T pair (Cheong et
al., 1988).

DiAP is toxic to cultured cells, and most mutants that are
resistant to DiAP have reduced APRT (Lieberman & Ove,
1960; Harris & Ruddle, 1961; Blair & Hall, 1965; Atkins &
Gartler, 1968) or elevated levels of ADA (Dutton &
Chovnick, 1990). This is consistent with biochemical
findings that it is normally metabolized to DiAP ribonucleo-
side by APRT (Blair & Hall, 1965) and then deaminated to
guanosine by ADA (Weckbecker & Cory, 1989) as suggested
by Garber and Gots (1980) on genetic grounds. Further,
DiAP is mutagenic, albeit weakly (Alderson, 1964). The
picture is consistent with the view that DIAP somehow
produces at least some of its cytotoxic effects by being
incorporated into DNA. Its base pairing structure (Figure
1) suggested to us a possible cellular response to DiAP:T
pairs. This paper describes our finding that extracts of a
human glioblastoma cell line incise a 45 bp double-stranded
oligodeoxynucleotide containing a single DiAP:T base pair
and an initial characterization of the products of the reaction.
For comparative purposes we studied whether 45 bp DNAs
containing a single AMAP:T pair or a single G:™T pair are
incised. The structure of AMAP:T base pairs was expected
to mimic closely that of ™G:T pairs (see Figure 1) that were
found to serve as substrates for incision by cell-free extracts
in a previous study (Sibghat-Ullah & Day, 1992).

EXPERIMENTAL PROCEDURES

Oligodeoxynucleotides and Preparation of Double-Stranded
DNAs. Forty-five nt single-stranded DNA oligos with the
four naturally occurring bases were prepared as described

© 1995 American Chemical Society
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FIGURE 1: Structures of some of the base pairs incorporated into
the 45-bp substrates used in this study. G:™T and ™G:T are weak
Watson—Crick pairs (Kalnick et al., 1990; Swann, 1990), G:T is a
wobble pair (Kennard, 1985; Swann, 1990), and DiAP:T is a strong
Watson—Crick pair (Coll et al., 1986; Chazin et al., 1991).

previously by the DNA Synthesis Laboratory, Department
of Microbiology, University of Alberta by conventional
phosphoramidite technology (Sibghat-Ullah & Day, 1992).

5! ~GGCCAGCTAGTGGTGGTGGGCGCCRGCGGTGTGGGCATTCGTAAT-3/
3’ ~CCGGTCGATCACCACCACCCGCGGYCGCCACACCCGTAAGCATTA-S!

Oligos, containing either DiAP or AMAP at the purine
position (designated R), were prepared as described (Xu et
al., 1992a,b) as 26-mers having sequences representing the
3’-most 26 nt of the top strands. To prepare the 45 bp DNAs,
these 26-mers were 5’-phosphorylated with T4 kinase and
unlabeled ATP, mixed with equimolar amounts (~7 pmol)
of both the 19 nt 5'-most segments of the top strand and
entire 45 nt bottom strands containing T at the pyrimidine
position Y (3’ labeled as above). In each case (DiAP:T or
AMAP:T DNAGs), the three oligos were hybridized by heating
to 65 °C and cooling to room temperature and incubated
with 2 units of T4 DNA ligase for 4 h at room temperature.
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Another 2 units of ligase was added and allowed to react at
4 °Cfor 4 h. After electrophoresis through DNA sequencing
gels, the 45-mer region was excised, and the DNAs were
electroeluted, rehybridized, and repurified by phenol, chlo-
roform, and ethanol precipitation. Substrates were repurified
either on denaturing gels (in which case they were rehy-
bridized later) or on native gels. G:T and G:A mismatched
DNAs, as well as A'T and G:C matched DNAs, were
prepared from 45 nt oligos as described previously (Sibghat-
Ullah & Day, 1992).

The ™T-containing bottom strand was prepared (Xu et
al., 1992b) in two segments, the 3’-most 30 nt containing
™4T at the position designated Y and the 5”-most 15 nt. The
30-mer was 5’-phosphorylated with unlabeled ATP, hybrid-
ized along with the 15-mer (5’-phosphorylated with ATP 5
y-32P), to the top strand (R = G), ligated and purified as
described in the preceding.

The DIiAP.T, AMAP.T, G:T, and G:™T base pairs
comprise the base at position 25 from the 5" terminus of the
top strand and the base at position 21 from the 5’ terminus
of the bottom strand. For convenience this base pair is
referred to in the text as “the base pair at position 25”.

Cultured Cells, Cell Extracts, and DNA Incision Assay.
The A1235 human malignant glioma cell line was cultured
in Dulbecco’s Modified Eagle Medium plus 10% fetal calf
serum and antibiotics (Sibghat-Ullah & Day, 1992). Cell-
free extract was prepared according to the procedure of
Manley et al. (1980) as described previously (Sibghat-Ullah
et al., 1989). Incision reactions were performed as described
(Sibghat-Ullah & Day, 1992, 1993) generally following the
procedures of Wiebauer and Jiricny (1989, 1990).

For the incision assay, substrates (2 ng) were prepared
either 3?P-labeled on the 5’-termini of their bottom strands
using T4-kinase and 5'-[y-**P]ATP or on the 3’-termini of
their bottom strands using TDT and cordycepin-5'-[a-3?P]-
triphosphate. Substrates were incubated with 10 ug of
A1235 extract in buffer (25 mM Hepes, pH 7.9, 0.5 mM
EDTA, 0.01 M ZnCl,, 0.5 mM DTT, 100 u#g/mL BSA) and
8—10 ng of unlabeled nonmismatched double-stranded 45
bp DNA in 50 uL reaction volumes at 30 °C for 16 h
(Sibghat-Ullah & Day, 1992). The treated DNAs were
extracted with phenol and then chloroform, precipitated with
ethanol, vacuum-dried, and dissolved in 20 yL of formamide/
dyes. After electrophoresis through 12% acrylamide se-
quencing gels, gels were exposed to X-ray film at —80 °C
for 1—3 days to obtain autoradiograms.

Treatment of ™T-Containing DNA with Ada Protein. Five
nanograms of the G:™T double-stranded DNA (~0.2 pmol),
32p_labeled at the S'-termini of the bottom strands, was
incubated for 2 h at 37 °C in the presence (or absence) of 1
ug (~50 pmol) of the 19 kDa MGMT portion of the
Escherichia coli Ada protein (McCarthy et al., 1984; a kind
gift of Dr. Daniel Yarosh, Applied Genetics, Inc., Freeport,
NY) in 50 yL. volumes in 50 mM Tris-HCl, pH 7.6, 50 mM
NaCl, 1 mM EDTA, and 5 mM DTT. Ada-treated and
mock-treated control DNAs were repurified with phenol and
chloroform, ethanol precipitated, dried, and resuspended in
10 uL of TE. They were then incubated with A12335 extract
and analyzed for mismatch incision as described in the
preceding.

RESULTS

Incision of DNAs Containing Modified Bases. Forty-five
bp DNAs containing either G:T, DiAP:T, or AMAP:T pairs
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FIGURE 2: Incision of 3’-terminally labeled 45 bp DNAs containing
DIiAP:T or AMAP:T pairs by cell free extract of A1235 human
malignant glioma cells. The DNAs indicated were prepared with
label at the 3’-terminus of their bottoms strands (see structure in
Experimental Procedures). They were incubated with cell-free
extract (lanes 2—4) or without cell-free extract (lanes 5—7) from
A1235 cells. The DNAs were repurified, subjected to electrophore-
sis along with a 23 base marker, and autoradiographed.

were prepared with *2P label in the 3" termini of their bottom
strands using cordycepin-5"-[a-**P]triphosphate and TDT.
(The bottom strand is designated. as shown in Experimental
Procedures, as the strand containing the T that pairs with
the G, DiAP, or AMAP residue. That particular T will be
designated the T at base pair 25.) These DNAs were
incubated for 16 h with or without cell-free extract from the
A1235 human glioblastoma cell line at 30 °C. The DNAs
were freed from protein and electrophoresed along with a
23 nt marker that was prepared by Hpall digestion of the
G:C counterpart of the substrate labeled in the 3’ terminus
of the top strand. Figure 2 shows the results of the
experiment. Each of the three DNAs served as substrate
for a process that produced a 3’-labeled 25 nt fragment (lanes
2. 3. and 4) in an extract-requiring reaction (compare lanes
2—4, obtained with extract, with lanes 5—7, without extract).
Because the 3’-labeling process added 1 nt to the 3’ terminus,
the 25 nt lengths of the reaction products indicate that
incision was immediately 3’ to the T at base pair 25. This
is a site at which human extracts incise G:T mismatches in
DNA (Wiebauer & Jiricny, 1989: Sibghat-Ullah & Day,
1992). A similar experiment, in which the 5 termini of the
bottom strands were labeled with T4 polynucleotide kinase
and 5[y-"P]ATP. showed that the 5" products of reactions
of extract with DNAs having DiAP:T, AMAP:T, or G:T pairs
were 20 nt long in all cases (Figure 3, lanes 3—5), indicating
that an incision had been made immediately 5" to the T at
position 25. A DNA with an A:T pair was not incised
(Figure 3, lane 2). When DNAs were prepared with either
3" or 5’ label in their top strands, no product was observed
(data not shown). Thus, the DNAs containing DiAP:T,
AMAP:T, and G:T base pairs were incised only in their
bottom strands and both immediately 3" and immediately 5
to the T belonging to the base pair at position 25. DNAs
having the same overall sequences, but containing A:T pairs
or G:C pairs in the R and Y positions, were not incised
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FIGURE 3: Incision of 5'-terminally labeled 45 bp DNAs containing
DIiAP:T or AMAP:T pairs by cell free extract of A1235 human
malignant glioma cells. The DNAs indicated were prepared with
label at the 5'-terminus of their bottom strands. They were incubated
with cell-free extract from A1235 cells, repurified, and subjected
to electrophoresis along with 20 and 21 base markers, and
autoradiographed. The markers were the 5-labeled 20 and 21 nt
oligos 5-ATTACGAATGCCCACACCGC-3" and 5-ATTAC-
GAATGCCCACACCGCT-3" having sequences of the 5" terminus
of the bottom strand of the DNA shown in Experimental Procedures.

[Figure 3 and Sibghat-Ullah and Day (1992)]. The reaction
rates were low, as observed previously for the incision of
DNAs with either G:T or ™G:T mispairs (Wiebauer &
Jiricny, 1989; Sibghat-Ullah & Day, 1992). Ten micrograms
of extract protein usually converted about 3—5% of the
substrate (~2—3 fmol) to product in 16 h.

Incision of Modified DNAs in the Presence of Competitor
DNAs. To test whether the activity that acts on DNAs with
DiAP:T or AMAP:T pairs binds to DNAs having G:A pairs
(Yeh et al., 1991) or G:T pairs (Wiebauer & Jiricny, 1989),
competition experiments were performed. DNA with Di-
AP:T pairs (5'-terminally labeled in the bottom strands) was
incubated with extract from A1235 cells in the presence of
5, 10, and 20 ng of unlabeled DNAs containing either G:C,
AT, G:A, or G:T pairs (as R and Y, respectively) as the
base pair at position 25. Figure 4 shows that incision of the
labeled DiAP:T-containing substrate was strongly inhibited
by unlabeled DNA having the G:T mismatch (lanes 12—
14), somewhat by 20 ng of the DNA with the A:T match
(lane 8), but not by unlabeled nonmismatched G:C or
mismatched G:A DNAs (lanes 3—5 and 9—11). Very similar
results were obtained in another such experiment and in two
experiments using labeled DNA with an AMAP:T pair as
substrate (data not shown). Insufficient amounts of unlabeled
DiAP:T- or AMAP:T-containing DNAs remained for the
reverse competion experiments. We conclude that the 45
bp DNA having a G:T mismatch interferes with the activity
(ies) that incises DNAs having DiAP:T pairs or AMAP:T
pairs in a way that DNAs containing G:C, A:T or G:A pairs
do not.
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FIGURE 4: Effect on incision of labeled DiAP:T substrate of added
unlabeled DNAs. Aliquots of DiAP:T-containing DNA, prepared
with label at the 5’-terminus of the bottom strand, were incubated
with cell-free extract from A1235 cells in the presence and absence
of 5, 10, and 20 ng of the DNAs having the base pair at position
25 as designated.

Incision of DNA Containing G:"4T Pairs. We had
previously found that DNA containing a single ™*G:T base
pair at position 25 was a substrate for incision (Sibghat-
Ullah & Day, 1992). The thermodynamic stability of the
DiAP:T pair should be much greater than that of the "*G:T
pair (cf. Howard & Miles, 1984; Swann, 1990), yet DNAs
containing either pair served as substrate for a G:T mismatch-
like incision process. Thus we tested whether DNA contain-
ing a G:™T base pair (see Figure 1E), which has a binding
energy which approximates that of the ™G:T pair (see Figure
1B; Swann, 1990), was incised. We incubated the 45 bp
DNA containing a single G:™T base pair at position 25 with
extract from A1235 cells and processed the products as
before. We found very little, but detectable, incision of the
G:™T substrate compared to a G:T substrate (data not shown)
that may have arisen from a small amount of substrate that
had suffered demethylation of ™T during preparation. To
show that the reaction would have taken place to a greater
extent if the same DNA had contained G:T pairs, and to
demonstrate that ™T was indeed present in the substrate,
we treated the G:™T DNA as well as control A:T and G:T
DNAs with and without E. coli Ada protein to convert G:™T
pairs to G:T pairs (McCarthy et al., 1984) prior to assaying
for mismatch incision. The demethylation of ™T to T was
accompanied by a substantially increased sensitivity to the
mismatch incision activity (compare lanes 3 and 4, Figure
5). In the same experiment, the lack of incision of the control
nonmismatched A:T DNA (lane 1) was unaltered by MGMT
treatment (lane 2), and the incision of control mismatched
G:T DNA (lane 5) was not enhanced by the treatment (lane
6). Thus, even though the binding energies of the ™G:T
and G:™T base pairs may be approximately equal, only the
former is incised by extracts of human cells.

DISCUSSION

We have presented evidence that 45 bp DNAs containing
either a single DiAP:T pair or a single AMAP:T pair are
incised by extract from human cells, but that a similar DNA
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FIGURE 5: DNA containing G:™T pairs is a poor substrate for G:T-
type mismatch incision. A:T, G:™T, and G:T DNAs were prepared
labeled on the 5’-terminus of their bottom strands and were either
mock treated or treated with the 19 kDa MGMT portion of the E.
coli Ada protein. The DNAs from all samples were repurified,
incubated with extract from A 1235 (which lacks detectible MGMT
activity: Sibghat-Ullah & Day, 1992), again repurified, and
subjected to electrophoretic analysis.

containing G:™T pairs is not. The pattern of incision of
the DiAP:T- and AMAP:T-containing DNAs is the same as
that for incision by human extracts of G:T pairs (Wiebauer
& Jirincy, 1989) and ™G:T pairs (Sibghat-Ullah & Day,
1992): all of these DNAs are incised both immediately 3
and immediately 5" to the T of the respective base pair and
only in the strand that contains that T. The result is
somewhat surprising given that the stability of DiAP:T base
pairs is reported to be greater than that of A:T base pairs,
except in regions of runs of As. The fact that a DNA having
a single ™G:T base pair is incised, while DNA having a
single G:™T pair is not, even though the two share similar
stability (Swann, 1990), strengthens the argument that base
pairing energy may be a relatively minor factor in determin-
ing proclivity toward such incision.

The competition experiment showed that DNA that
contains G:T base pairs interferes with incision of DNA at
DiAP:T or AMAP:T pairs, while DNA containing A:T pairs
shows very weak interference, and DNAs with G:C and G:A
pairs show none. The competition we observe reflects
binding to G:T mispairs by at least one protein involved in
incision of DIAP:T or AMAP:T pairs. Such a protein could
be a G:T-binding protein involved in mismatch recognition
and/or a glycosylase specific for G:T mismatches (Nedder-
mann & lJiricny, 1993). Thus, the G:T mismatch repair
system described by Wiebauer and Jiricny (1989, 1990) may
also incise DNAs containing DIAP:T, AMAP:T and "G:T
base pairs. This G:T mismatch repair system, which possibly
arose to correct base mismatches caused by the spontaneous
hydrolytic deamination of C to U or ™C to T, was found to
involve a 55 kDa G:T- or G:U- specific thymine (or uracil)
glycosylase, now purified to apparent homogeneity (Ned-
dermann & Jiricny, 1993). The glycosylase initiates the
removal of the mismatched thymine as the free base
(Wiebauer & lJiricny, 1990; Nedderman & lJiricny, 1993)
without breaking the DNA backbone (Nedderman & Jiricny,
1993). In the extract, other proteins, presumably an AP-
endonuclease or AP-lyase, produce a one-nucleotide gap by
incising the DNA backbone just 3" and just 5" to the
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thymineless site (Wiebauer & Jiricny, 1989). DNA poly-
merase 3, presumably followed by one of the DNA ligases,
restores the G:C pair (Wiebauer & Jiricny, 1990).

The possiblity that one glycosylase. initiates the incision
of DiAP:T, AMAP:T, ™G:T, and G:T pairs is consistent with
the competition data as well as with observation that the
incision products of DNAs containing these base pairs are
the same, 1.¢., incision both immediately 3" and immediately
5" to the T of the respective base pair. If the same
glycosylase is responsible, a possible implication with regard
to the mechanism of recognition of base mismatches by the
repair protein may be drawn. Recognition of target base
pairs could be achieved by the glycosylase scanning base
pairs simultaneously for purine 2-amino groups and for
pyrimidine 4-keto oxygens (or N3 protons). The G:T
mismatch glycosylase, at ~55 kDa (Nedderman & Jiricny,
1993), is larger than other glycosylases: the protein sequence
may include purine 2-amino/pyrimidine 4-keto (and/or N3-
proton) recognition motifs.

It will be interesting to determine whether the effective
antitumor DiAP analogue 2-chlorodeoxyadenosine (Saven
et al., 1992), which is resistant to adenosine deaminase
(unlike DiAP), owes a portion of its considerable toxicity to
such a mechanism.

An analogue of DiAP, 2AP, produces C—T transitions
predominantly at m5C sites in three C"C(A/T)GG locations
(hot spots) when generating amber mutations in the lacl gene
of E. coli K strains (Coulondre et al., 1978; Glickman, 1985).
A high level of spontaneous C—T transitions occurs at these
same sites because the very short patch (VSP) repair of G:T
mispairs (Lieb, 1991; Hennecke et al, 1991) that are
produced when mS5C spontaneously deaminates to T [see
Duncan and Miller (1980)] is not totally effective (Claverys
& Lacks, 1986; Modrich, 1991; Radman, 1988). Were the
E. coli VSP system to have a recognition mechanism similar
to that described in the preceding, the DNA sequence
specificity of 2AP in E. coli could arise when VSP repair
becomes saturated by aitempting to restore VSP-restoration
sites [CC(A/T)G, C(A/T)GG; see Hennecke et al. (1991)]
that contain 2AP:T pairs. The repair of G:T mismatches
that arise via SmC deamination would then be less effective,
and the observed specificity would result. This expection
is strengthened by the finding that dem mutants, lacking m5C
in their DNA, show 5—6-fold reduced levels of 2AP-induced
mutants at these hot spots (Glickman, 1985).

mT js 15—22-fold more mutagenic than ™G when
incorporated into single-stranded lac Zo.-containing plasmids
and analyzed in repair-deficient (Ada~, MNNG-treated) E.
coli (Dosanjh et al., 1991). This disparity may be due, in
part, to mismatch repair recognition of ™6G:T pairs, but not
of G:™T pairs.
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