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Fifty years after the discovery of the double-helical structure of DNA, the complete sequence of the human genome
has been determined. All genetic information, which is necessary for life, is written in 30 billion base pairs of DNA.
Many diseases, including cancer, and hereditary and viral diseases, can now be understood at the DNA sequence level.
Local DNA conformations are also thought to play an important role in biological processes, such as gene expression.
Therefore, DNA sequences and local DNA conformations are the targets of novel drugs that would precisely switch cer-
tain genes on or off. Modified bases that perform various functions can also be incorporated into defined DNA se-
quences. DNA can now be synthesized by the phosphoramidite method and amplified by PCR, and by using organisms
such as Escherichia coli, DNA becomes a promising unit for nanotechnology applications. In this review, I focus on our
efforts in understanding the DNA reactivity, structure, and function of DNA. The prospective uses of the chemical
biology of DNA will also be discussed.

Chemistry has greatly contributed to the understanding of
cellular processes by allowing the identification of metabolic
pathways, enzymatic processes, and signal transduction mech-
anisms. Understanding of the chemistry of nucleic acids has
played a key role in the progressive development of molecular
biology and life science through the development of many
epoch-making techniques, such as the DNA sequencing, the
synthesis of oligonucleotides, and PCR amplification. During
my Ph.D. course, I started research on photochemistry between
DNA and proteins as a model of photoinduced DNA–protein
crosslinking for examining the ternary structure of the nucleo-
some and understanding the mechanisms of photodamage of
DNA. We found that the "-amino group of the lysine residues
of histone crosslinked with thymine residues in DNA.1 Inter-
estingly, the crosslink site was cleaved upon heating to regen-
erate the thymine ring on the "-amino group of the lysine res-
idues in the protein by Michael addition (Figure 1). At that
time, not so many researchers were interested in chemical
modification in a nucleosome.

Because we applied this photoreaction for T specific cleav-
age of DNA,1d I was attracted to the molecular mechanisms of
DNA modification at an atomic level. I had the chance to study
the mechanism of action of the antitumor antibiotic bleomycin
at Sidney Hecht’s group at the University of Virginia from
1984 to 1986. We investigated how these glycopeptides rec-
ognize specific DNA sequences and efficiently oxidize C40

deoxyribose to induce DNA strand cleavage using synthetic
oligonucleotides with defined sequences.2 We identified the

formation of C40 hydroxy abasic sites in addition to the known
oxidative direct-strand scission via a Criegee type rearrange-
ment of the C40 hydroperoxy intermediate.3 We found that
the C40 hydroxy abasic site generated by Fe-bleomycin under-
went aldol condensation and subsequent elimination and rear-
rangement to produce cyclic hydroxy pentenone termini.

After returning to Kyoto University, I studied the mecha-
nisms of DNA strand cleavage by various antitumor antibiotics
such as bleomycin,4 neocarzinostatin,5 kapurimycin A3,6 duo-
carmycin A (Duo),7 and carzinophilin.8 Using oligonucleoti-
des, we identified well-programmed and specific reactions
with DNA by these natural products. As shown in Fig. 2, these
antibiotics carry out beautiful atom-specific reactions on super-
ficially monotonous double-stranded DNA. Kapurimycin A3,
Duo, and carzinophiline are antitumor antibiotics produced
by Streptomyces. Kapurimycin A3 and Duo have epoxide or
cyclopropane as their respective active sites, which produce
covalent bonds with DNA at purine N9 and N3, respectively.
Carzinophilin has aziridine and epoxide moieties. We demon-
strated cooperative alkylation at the aziridine moiety with the
adenine N7 and subsequent crosslinking of the epoxide moiety
and the guanine N7 position. We found that C40 hydroxy aba-
sic sites efficiently formed in DNA by Co–BLM complex un-
der UV irradiation conditions.4a Forming C40 radical by Fe–
and Co–BLM was firstly detected using radical clock.4c In
the neocarzinostatin reaction, we found competitive C40 and
C50 hydrogen abstraction at the GT step by thiol-activated neo-
carzinostatin. These results clearly indicated that a carbon radi-
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cal might be located in proximity to C40 and C50 hydrogens.5c

Based on this reactivity, we proposed a binding model of the
DNA–neocarzinostatin complex that is in good agreement with
the NMR structure of a subsequently reported complex.9

The reactivity of antitumor antibiotics is just like that oc-
curring in a primitive version of an enzyme. Even highly skil-
led synthetic organic chemists cannot design DNA-modifying
agents from scratch. Therefore, we need to learn more about
molecular recognition from natural products that act on DNA,
such as how to read sequences, the reaction mechanisms, and
how to achieve efficient and specific reactions. Because the
photocrosslinking reaction of thymine with lysine requires
specific pairs in certain proximity and only proceeds under ba-
sic conditions, it is not a general reaction used to probe DNA–
protein interactions. Therefore, we decided to use 5-halouracil
to examine DNA–protein interactions. However, we found
that photocrosslinks between 5-halouracil-containing DNA
and protein were not always useful in obtaining new general
knowledge of DNA–protein interactions. Interestingly, we
found that hydrogen abstraction in DNA by the uracil-5-yl

radical generated from the 5-halouracil residue under UV
irradiation was atom-specific and highly dependent on DNA
structure. This photochemical method, which reflects DNA
structure, could be applied as a unique conformational probe
of DNA in living cells. Moreover, it was revealed that the pho-
toreactivities of 5-halouracil-containing DNA could be used
to monitor electron-transfer processes that are substantially
influenced by DNA structure. In this account, our recent prog-
ress in the investigation of the chemical biology of DNA is
summarized.

1. Recognition of DNA Sequences

About ten years ago, we discovered that the addition of
distamycin A (Dist) dramatically changes alkylation sites, pri-
marily at the G residues in GC-rich sequences, by forming a
cooperative heterodimer between Duo and Dist.10 The NMR
refined structure of a Duo–Dist–d(CAGGTGGT)/d(ACCAC-
CTG) complex demonstrated that heterodimers of Duo and
Dist tightly bound to the minor groove of DNA duplexes.
Importantly, the replacement of Dist with various Py–Im tri-
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amides changed the sequence-specific alkylation by Duo in a
predictive manner,11 with two N-terminal Py units of Dist rec-
ognizing the complementary strand of the reacting octamer ac-
cording to the base-pair recognition rule of Py–Im polyamides
in the minor groove (Fig. 3).

1.1 Design of Sequence-Specific DNA Alkylating Agent.
The above findings suggest that Py–Im polyamides can be used
as versatile sequence-recognition components of sequence-
specific DNA-alkylating conjugates. Py–Im hairpin poly-
amides with a �-aminobutyric acid turn were demonstrated
to be useful DNA-binding units, with both increased specificity
and affinity, as confirmed by NMR spectroscopy.12 Thus, we
linked alkylating Py–Im polyamides and partner polyamides
with a g-aminobutyric acid linker to make 1 and 2. Conjugate
1 mainly alkylated the A of the 50-TGTAAA-30 sequence with-
in several hundred bp DNA fragments. Similarly, alkylation by
conjugate 2 occurred at targeted sequences, such as the G of
50-AGTCAG-30, at nanomolar concentrations (Fig. 4).13 Inde-
pendently, other groups have also synthesized different types
of alkylating Py–Im polyamides.14

Although highly specific alkylation was achieved by 1 and 2
in these systems, alkylation is rather slow; the efficiency of
DNA alkylation by 1 and 2 was 1.6 and 7.4%, respectively.
Molecular dynamics simulation of a 1–octamer complex sug-
gested that the position of cyclopropane is between two bases,
which explains the low efficiency of the reactions by 1 and 2.
It was also suggested that the insertion of a vinyl linker (L)
between the Py–Im polyamide and alkylating moiety of Duo
would change the location of the cyclopropane ring and im-
prove the DNA-alkylating efficacy of the conjugates. Thus,
we synthesized Py–Im diamide conjugates with a vinyl linker.
Due to the low coupling yield of alkylating moiety of Duo with
the PyIm dimer with acrylic acid, we required more rigorous

coupling conditions. We, therefore, introduced cyclopropylin-
dole (CPI), which is more stable than alkylating moiety of
Duo. The DNA-alkylating CPI moiety can be prepared in five
steps from the antibiotic duocarmycin B2 with an overall 25%
yield.15 Thus, we synthesized ImPyLCPI (3) and found that 3
caused DNA alkylation of the 50-PyG(A/T)CPu-30 sequence
with highly efficiently. Quantitative sequencing analysis using
top and bottom strand labeled DNA fragments indicated that
alkylation occurred through highly cooperative homodimer
formation.16 We found that the efficiency of alkylation by 3
was 69%, thus confirming the surprisingly high efficiency of
dialkylation compared to the Py–Im alkylating polyamides
without a vinyl linker (Fig. 5). Analogously, Py–Im triamide
conjugates 4 and 5 sequence-specifically alkylate the target
sequences in supercoiled plasmid DNA such as pQBI PGK
(5387 bp), which then has inhibitory effects on DNA hydroly-
sis by restricting endonucleases BssH II and Eco52 I (Fig. 5).17

These results clearly demonstrate that 4 and 5 selectively
alkylate DNA at matching sequences, even within several
thousand base pairs of supercoiled DNA. These results also in-
dicated that DNA alkylation in the minor groove by Py–Im
polyamides strongly affected DNA–protein interactions.

1.2 Design of Sequence-Specific DNA Interstrand Cross-
linking Agent. The observation of highly efficient DNA
alkylation by polyamides with vinyl linkers encouraged us to
synthesize dimer molecules of 3 to develop DNA interstrand
crosslinking agents with sequence specificity. As DNA inter-
strand crosslinking agents directly inhibit both DNA replica-
tion and gene expression by preventing the melting of DNA
strands, crosslinking agents are expected to have potent antitu-
mor activity.18 We synthesized several dimers of ImPyLCPI 3,
and developed a novel DNA interstrand crosslinking agent 6
with a tetramethylene linker. It was revealed that compound
6 crosslinked double stranded DNA at the nine-base-pair se-
quence 50-PyGGC(T/A)GCCPu-30, but only in the presence
of the triamide ImImPy (Fig. 6).19 The present system consist-
ed of a 1:2 heterodimer complex of the alkylating agent and
partner ImImPy in the DNA minor groove and caused inter-
strand crosslinking in a sequence-specific fashion according
to the base-pair recognition rule of Py–Im polyamides.
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To demonstrate that such interstrand crosslinks occur in
longer DNA fragments, we developed a new method using a
double-labeled DNA fragment system with one strand biotin-
labeled and the other labeled with Texas Red (Fig. 6C). After
DNA alkylation, DNA fragments were separated using strept-
avidin bound to magnetic beads and washed with an alkaline
solution. Under such conditions, the Texas Red-labeled frag-
ments obtained should only be those crosslinked to the bio-
tin-labeled fragment. Densitometric analysis indicated that
the contribution of interstrand crosslinking to the observed

alkylation bands was approximately 40%. This compound ef-
ficiently crosslinked both strands at the target sequence.19b

The system consisted of a 1:2 complex of the alkylating agent
and its partner ImImPy, and interstrand crosslinking occurred
in a sequence-specific fashion according to the base-pair rec-
ognition rule of Py–Im polyamides.
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1.3 Design of Sequence-Specific DNA Alkylating Hairpin
Polyamide. Since insertion of a L between the Py–Im poly-
amides and CPI dramatically enhanced DNA-alkylating reac-
tivity, we synthesized CPI and Py–Im polyamide hairpin con-
jugates 7–10 with vinyl linkers.20 Sequencing gel analysis
indicated that conjugates 7–10 with vinyl linkers effectively
alkylated DNA at the N3 position of both adenines and gua-
nines in each matching sequence in DNA fragment. DNA
alkylation was basically complete within 5min at nanomolar
concentrations. This was in clear contrast to the fact that hair-
pin polyamides without vinyl linkers did not cause alkylation
even after 1 h of incubation.13 The observation of efficient se-
quence-specific alkylation by conjugates 7–10 (Fig. 7) encour-
aged us to examine further the biological activity induced by
specific DNA alkylation with these agents.

1.4 Improvement of the Alkylating Moiety of Hairpin
Polyamide. Although the insertion of L between CPI and
the Py–Im polyamides dramatically enhanced the DNA-alkyl-
ating activity by more than 100-fold compared to that without
L,19 it was not practical for us to synthesize sufficient quanti-
ties of Py–Im CPI conjugates for animal studies. To overcome
this problem, we searched for an alternative alkylating moiety
that is equivalent to CPI in terms of its DNA alkylation and
that could be synthesized from commercially available starting
materials using a general synthetic methodology. Boger and
colleagues have demonstrated that 1,2,9,9a-tetrahydrocyclo-
propa[1,2-c]benz[1,2-e]indol-4-one (CBI) is more stable than
CPI in aqueous solution and that DNA-alkylating conjugates
with high stability at neutral pH have a higher cytotoxicity.21

Therefore, we selected CBI as the DNA-alkylating unit and
synthesized hairpin polyamides possessing both enantiomers
of CBI, 11S and 11R. High-resolution denaturing gel electro-
phoresis indicated that 11S efficiently alkylated the target se-
quence 50-TGACCA-30 in DNA fragments. The specificity
and efficiency of DNA alkylation by 11S were comparable
to or even higher than those of the corresponding CPI conju-
gate 11.22 In contrast, enantiomer 11R with an unnatural orien-
tation of the cyclopropane ring showed very weak DNA-alkyl-
ating activity. Molecular modeling suggested that the different
binding orientations of the S- and R-CBI units explained well
the significant enantioselective reactivities of 11S and 11R.

Interestingly, despite having similar DNA-binding orienta-
tions, DNA alkylation CPI conjugate 7 occurred equally at
N3 of both the A and G of the matching sequence, whereas
CBI conjugate 11S specifically alkylated only N3 of the A.23

Importantly, it was also observed that CBI conjugates reduced
the alkylation of mismatch sites. These results indicated that
lowering the reactivity increased the base and sequence speci-
ficity, and the introduction of CBI further improved specificity
to target sequences (Fig. 8).

1.5 Improvement of the Linker Region of Hairpin Poly-
amide. The L moiety has certain disadvantages in the synthe-
sis of alkylating Py–Im polyamides, because it is relatively un-
stable under acidic and basic conditions and it suffers from low
chemical yields. Since ethyl 3-(4-amino-N-methylpyrrol-2-yl)-
acrylate is extremely unstable, solid-phase synthesis of Py–Im
polyamides with vinyl linkers was not successful. Therefore,
we synthesized various alkylating Py–Im polyamides by a
combination of time-consuming liquid-phase coupling reac-

tions.13,16,17,19,24 To overcome these problems, we searched
for a new linker that is stable and could provide the same ge-
ometry as Py with L. A 5-amino-1H-indole-2-carbonyl linker
(indole linker) was used as the new linker, because the amide
linkages of this unit were approximately superimposable with
Py with a vinyl linker, which was supported by molecular or-
bital calculations at the B3LYP/6-31G� level. Thus, CBI con-
jugates 12, 13, and seco-CBI conjugate 14 with an indole link-
er were synthesized by a combination of Fmoc solid-phase
synthesis using an oxime resin25 and a subsequent liquid-
phase coupling procedure. Conjugates 12, 13, and 14 efficient-
ly alkylate the specific sequences, 50-WWWCCA-30 and 50-
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WGWCCA-30 (W ¼ A or T). These results indicated that the
indole linker was as an appropriate substitute for L. In partic-
ular, seco-CBI conjugate 15 alkylates a specific nine-base-pair
sequence, 50-ACAAATCCA-30 (Fig. 9).26 Introduction of an
indole linker greatly facilitated the synthesis of sequence-spe-
cific alkylating Py–Im polyamides by effective use of solid
phase Py–Im polyamide synthesis.

1.6 Gene Silencing by Sequence-Specific Alkylation by
Py–Im Polyamide Conjugates. The control of specific gene
expression by synthetic small molecules has emerged as a
promising approach for gene-targeting drugs. We have recent-
ly shown that Py–Im polyamide 9, which alkylates a specific
site on the template strand of the coding region of green fluo-
rescent protein (GFP), effectively inhibited transcription by
alkylation, producing truncated mRNAs in an in vitro tran-
scription system.27 In sharp contrast, alkylation in the nontem-
plate strand did not give such truncated products. The inhibi-
tion of transcription by deactivated conjugate 16 was not ob-
served by PAGE analysis, which confirmed that noncovalent
binding does not cause inhibition of transcription (Fig. 10).

Sequence-specific gene silencing by the alkylating Py–Im
conjugates 7 and 8, which target the coding regions of renilla
and firefly luciferases, respectively, was investigated. Two
vector plasmids were transfected into HeLa cells, and their
ability to silence luciferase expression was examined in vitro28

(Fig. 11). Selective reduction of luciferase activities occurred

using caused by both polyamides. Based on this sequence-spe-
cific alkylation and gene silencing activity, these alkylating
Py–Im polyamides thus have potential as antitumor drugs to
target specific gene expression in human cells.

1.7 Selective Cytotoxicity of Sequence-Specific Alkyla-
tion by Py–Im Polyamide Conjugates. DNA-alkylating
agents, such as the nitrosoureas, mitomycin C, and cisplatin,
which constitute a major class of antitumor drugs, have long
been of interest for their biological properties and are routinely
used for cancer therapy. These drugs are usually very toxic to
normal cells. One important question to be addressed is wheth-
er the introduction of sequence selectivity to an alkylating
agent can improve its efficacy as an anticancer agent. In addi-
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tion, the question arises as to whether one can tailor the bind-
ing preference of DNA-binding agents to particular sequences
to create thereby a tailor-made antitumor agent.

The progress in our study of DNA alkylation has led to
methodology for the development of novel antitumor agents
with sequence recognition ability, and DNA sequence specific-
ity is one important component contributing to the cytotoxic
potency of several alkylating Py–Im polyamides. We exam-
ined in detail comparative studies of DNA sequence-specific
alkylation and the antitumor activity of the alkylating ImPy
conjugates using high-resolution denaturing gel electrophore-
sis and the panel of 39 human cancer cell lines.29 Recently,
we found that alkylating Py–Im polyamides 9 and 10, which
differ only in that the C–H atoms is substituted by an N atom
in the second ring, showed significantly different cytotoxicity
in the 39 human cancer cell line panel (Fig. 12).30 The mean
log IC50 values of 9 and 10 were �6:14 (0.72mM) and �6:22
(0.60mM), respectively, which are better than those for mito-
mycin C (�6:0), and cisplatin (�5:2). A graph of the means
showed that the Py–Im conjugates 9 and 10 did not correlate
well with each other (r ¼ 0:65), confirming the notion that
sequence specificity may correlate with their cytotoxicity.

Moreover, the growth inhibitory effects of Py–Im indole-

seco-CBI conjugates, such as 14 and 17–20, against 10 differ-
ent cell lines were dramatically different from indole-seco-
CBI 21 conjugated with various Py–Im polyamides (Fig. 13).
These results further confirmed that differences in sequence
specificity might affect the pattern of cytotoxicity.31

2. Recognizing DNA Structures

Duplex DNA can adopt a variety of sequence-dependent
secondary structures, which range from the canonical right-
handed B form through to the left-handed Z form.32 DNA
bending and G-quadruplex are also known to exist in vitro.33

Figure 14 shows the characteristic deviation of DNA struc-
tures: the A-form, B-form, Z-form, protein-induced DNA kink,
and G-quadruplex. These conformations are assumed to play
important biological roles in several processes, such as DNA
replication, gene expression and regulation, and repair of
DNA damage.34 Recently, light has again been shed on the
biological relevance of Z-DNA. Rich and colleagues have
discovered that double-stranded RNA adenosine deaminase
(ADAR1),35 the tumor-associated protein DLM-1,36 and the
E3L37 protein of vaccinia virus specifically bind to Z-form
DNA. Moreover, Liu and colleagues have presented evidence
that Z-DNA-forming sequences are required for chromatin-
dependent activation of the CSF1 promoter.38 In addition to
the DNA structure itself, the binding of a transcription factor,
such as a TATA box binding protein, induces significant DNA
bending, which is believed to be essential for the initiation of
transcription.39 For these reasons, investigation of local DNA
conformational changes associated with biological events is
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indispensable for understanding of the function of DNA.
X-ray crystal analysis and NMR techniques provide struc-

tural information about DNA with defined sequences at atomic
resolution. Various other spectroscopic methods, such as CD
and Raman spectroscopy, can also be used to study DNA
structures. These methods deal with model systems of DNA,
such as with synthetic oligonucleotides or homopolymers;
however, the average conformation of the entire sample is re-
ported, and so, they cannot be used to pinpoint local conforma-
tional differences. Moreover, these approaches still cannot be
applied directly to probe local DNA structures inside living
cells. Although various chemical probes and antibodies have
been developed, these methods usually require the isolation
of DNA from the nucleus. Because DNA conformational

changes are likely to occur in a short period within a living
cell, a method that uses the DNA photoreaction and that is
capable of fixing DNA conformation in vivo would be very
useful. The photoproducts reflecting the DNA local structure
should be indicative of the DNA conformational change at se-
quence resolution during irradiation. In this section, the photo-
reactivities of 5-halouracil in the five characteristic local DNA
structures, that is, the A form, B form, Z form, protein-induced
DNA kinks, and G-quadruplexes, are described (Fig. 14). We
found that hydrogen abstraction in DNA by the uracil-5-yl
generated from the 5-halouracil residue under UV irradiation
is atom-specific and highly dependent on the DNA structure.
This photochemical method, which reflects DNA structure,
could be applied as a unique conformational probe of DNA
in living cells.

2.1 Competitive C10- and C20�-Hydrogen Abstraction by
the Uracil-5-yl Radical B-Form DNA. Replacement of thy-
mine in DNA by 5-halouracil (BrU or IU) enhances the photo-
sensitivity of the cell with respect to DNA–protein cross-link-
ing, DNA strand breakage, and the creation of alkali-labile
sites by forming uracil-5-yl radicals under irradiation condi-
tions.40 Therefore, we assumed that the photoreactivity of 5-
halouracil could be used to probe local DNA conformation.
To elucidate the structure of DNA lesions, we started our pro-
ject by careful product analysis of photoirradiated 5-haloura-
cil-containing hexanucleotides. We found that photoirradiation
of the self-complementary B-form duplex d(GCABrUGC)2 and
d(GCAIUGC)2 resulted in the formation of deoxyribonolac-
tone (1) as a C20 oxidation product and erythrose-containing
hexamer products 2 as a C20 oxidation product, together with
release of adenine (Fig. 15).41 Using a C20 stereospecifically
deuterated oligonucleotide of the deoxyribose moiety, we

Fig. 14. DNA local structures. From left, B form, A form, Z form, Bent DNA, and G-quadruplex.
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demonstrated that the formation of the C20 oxidation product 2
occurred via a rate-limiting abstraction of the C20� hydrogen
of the deoxyribose moiety by the uracil-5-yl radical. Kinetic
isotope effects (kH=kD) obtained for the formation of C20 oxi-
dation product, the erythrose-containing site, by photoirradia-
tion of BrU- and IU-containing DNA hexamers were 7.5 and
7.2, respectively.42 The results clearly indicated that the ura-
cil-5-yl radical competitively abstracted the C10- and C20� hy-
drogens of the deoxyribose residue of A at the 50 side.

We also demonstrated that erythrose-containing sites in
DNA were readily cleaved via retro aldol condensation to give
two aldehyde termini under hot alkaline condition. We propose
that this method can be used for the detection of C20 oxidation
in DNA (Fig. 16).41b

2.2 Selective C10 Hydrogen Abstraction in A-Form DNA.
DNA–RNA hybrid 50-d(CGAIUGC)-30/50-r(GCAUCG)-30

possessing the A-type structure indicated that the selective
C10 oxidation product 1 was obtained as a major product with
release of free adenine (Fig. 17).43 Similar results were ob-
tained for BrU-containing DNA–RNA hybrids and for DNA
oligomers.41b To examine the origin of the selectivity of H ab-
straction, a putative transition state for H abstraction in a DNA
duplex and a DNA–RNA hybrid was constructed, and the con-
formational energy required to achieve their transition states
was evaluated.43 New sets of parameters of the transition state
of H abstraction for the AMBER force field were prepared by
ab initio molecular orbital calculations on H abstraction from
ethanol by vinyl radicals. In the DNA–RNA hybrid, the mini-
mized energy of the C10 transition state was the lowest, which
explains the observed selective C10 H abstraction. The calcu-
lated structure of the AU step, which contains the putative
transition state of C10 H abstraction in DNA–RNA hybrid, is

shown in Fig. 4b. Taking into account the intrinsic susceptibil-
ity of H abstraction due to a more stabilized C10 radical com-
pared with that of C20 H abstraction, the activation energy lev-
el of C10 and C20 transition states in the B-form are roughly
equivalent, which would explain the observed competitive
C10 and C20 H abstraction. Although, for a more precise de-
scription of H abstraction, the dynamic aspects of the nucleic
acids need to be included, the results provide a qualitative
explanation of conformation-dependent H abstraction by the
uracil-5-yl radical in a DNA duplex and DNA–RNA hybrid.

2.3 Stereospecific C20� Hydroxylation in Z-Form DNA.
Z-form DNA is one of the characteristic and significant local
structures of DNA that has been determined by using X-ray
crystallography and has been extensively investigated in rela-
tion to transcription, the methylation of cytosine, and the level
of DNA supercoiling.44 However, the biological relevance of
Z-form DNA is not well understood, presumably because of
its short lifetime under torsional stress, which is caused by un-
winding of DNA during transcription. Investigating hydrogen
abstraction by the uracil-5-yl radical in Z-form DNA, we need
to overcome the experimental difficulty in obtaining stable
Z-form oligonucleotides under physiological salt conditions.
For example, the duplex deoxyoctadecamer d(GmZ5C)4A

BrU-
(Gm5C)4, which has an ABrU sequence in the middle, retains
the typical B-form even in 4M NaCl solution. To obtain stable
Z-form DNA, various modified guanine units were synthesized
and introduced into duplex oligonucleotides to evaluate their
capacity to stabilize Z-form DNA. It was found that incorpora-
tion of 8-methyl-20-deoxyguanosine (m8G)45 and 8-methylgua-
nosine (m8rG)46 into DNA dramatically stabilized the Z-form.
The development of the Z-stabilizing monomeric unit, i.e, the
Z stabilizer, has allowed us to understand the photoreaction of
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IU in Z-DNA. We found that the IU-containing Z-form, 50-
d(CGCGIUGCG)-30/50-d(Cm8GCACm8GCG)-30, underwent
20�-hydroxylation of the duplex under UV irradiation (302
nm), as shown in Fig. 5.47 Stereospecific 20�-hydrogen ab-
straction producing 20�-hydroxylation (3) was demonstrated
using a stereospecifically deuterated octanucleotide in Z-form
DNA.48 Importantly, because the 20�-hydroxylation site in
DNA can be easily hydrolyzed by ribonuclease T1, this photo-
chemical and enzymatic hydrolysis is useful for detecting Z-
form regions in DNA (Fig. 18).

Recently, Rich and colleagues have discovered that several
proteins bind specifically to Z-form DNA, including the ubiq-
uitous enzyme double-stranded RNA adenosine deaminase
(ADAR1).35–37 The possible biological roles of Z-DNA have

come to attract much interest. We examined the photoreaction
of Z-DNA induced by the binding of Z�, the NH2-terminus of
ADAR1, which is responsible for high-affinity binding to Z-
DNA.35 Stereospecific 20�-hydroxylation occurred efficiently
at the 50 side of the IU in the Z form induced by Z�.49 The
X-ray structure of the Z�-d(CGCGCG)2 complex showed that
the ribose C20�-H of the G at the 50 side is located very close
to the uracil-5-yl radical, whereas C10- and C20�-H are located
very far from the C5 of uracil, as depicted in Fig. 18. The cal-
culated structure of GBrU step, which contains the putative
transition state of the C20�-H abstraction in the Z-DNA, is
shown in Fig. 19. These results suggested that, in Z-DNA,
Z� packed tightly, with the C30-endo sugar puckering the G
of the duplex, and promoted specific C20�-H abstraction by
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the uracil-5-yl radical to omit C10 and C20 oxidation.
2.4 Hydrogen Abstraction from the 5-Methyl Group of

Thymine at DNA Kinks. The binding of a protein often
induces significant DNA conformational changes, which are
thought to play important biological roles.32,33 For example,
the TATA box binding protein induces DNA bending that
is essential for the initiation of transcription. To detect the
DNA kink induced by protein binding, the photoreaction of
5-halouracil-containing DNA in the presence of Sso7d protein
was examined. Sso7d is a small chromosomal protein from the
hyperthermophilic archaeabacterium Sulfolobus solfataricus,
which exhibits high thermal, acid and chemical stability. The
crystal structure of the complex of Sso7d and d(GTAATTAC)2
has been solved at high resolution.50 The protein binds in the
minor groove, causing a sharp bending (60�) at the TpT step;
this kink results from the intercalation of the hydrophobic side
chains of Val26 and Met29. Consistent with previous observa-
tions involving B-form DNA, photoirradiation of d(GTAA-
TIUAC)2 produced C10 and C20 oxidation products in the ab-
sence of Sso7d. In the presence of Sso7d, the formation of 5-

hydroxymethyluracil- and 5-formyluracil-containing octanu-
cleotides was observed (Fig. 20).51 These results clearly indi-
cated that the protein-induced DNA kink caused intrastrand
hydrogen abstraction from the 5-methyl group of thymine. In-
spection of the X-ray structure indicated that the T5-Me was in
close proximity to the uracil-5-yl radical, whereas the T5-C10H
and T5-C20H are located far from the adjacent uracil-5-yl radi-
cal, as shown in Fig. 20C. We concluded that the unusual in-
trastrand H abstraction from T5-Me by the radical occurred ef-
ficiently at the observed bending site in the crystal structure.50

This specific-intrastrand methyl H abstraction provides a pow-
erful tool to detect directly DNA kinks in solution.

HPLC analysis of the photoirradiated d(GTAATIUAC)2–
Sso7d complex also indicated that the Sso7d was efficiently
oxidized to Sso7dOH. Lysyl endopeptidase-treated Sso7dOH
showed that the oxidation occurred mainly at the fragment
from residues 29 to 40 (78%). Post source decay (PSD)–
MS/MS indicated that specific photo-oxidation occurred at
Met29 during photoirradiation of the d(GTAATIUAC)2–Sso7d
complex. Inspection of the X-ray structure suggested that res-

B)A)

Fig. 19. Structure of the Z�-d(CGCGCG)2 complex based on the X-ray crystal structure (a) and a structure of G-BrU step for a
minimized Z-DNA which contains the putative transition state of C20�H abstraction and a close-up view of one G-BrU step (b).
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idue Met29 was in close proximity to the uracil-5-yl radical,
which was intercalated with the major groove at the bending
site in the crystal structure. These results suggested that the in-
teraction of DNA–Sso7d in solution is substantially similar to
its crystal structure.

2.5 Efficient C10 Hydrogen Abstraction in the Antiparal-
lel G-Quadruplex. G-quadruplexes are four-stranded DNA
structures formed by G-rich sequences.52 Although G-quadru-
plexes have so far been studied only in vitro, they are attract-
ing increasing attention because of their postulated involve-
ment in a variety of biological processes. The DNA of human
telomeres consists of repeats of the nucleotide sequence
TTAGGG, ending in a single-stranded segment that overhangs
at the end of the double-stranded DNA helix. The single-
stranded repeats can form four-stranded G-quadruplex struc-
tures.53 NMR analysis has demonstrated that the solution struc-
ture of a 22-mer of 50-d[AGGG(TTAGGG)3]-3

0 in the pres-
ence of Naþ ions possesses an antiparallel G-quadruplex struc-
ture, in which the opposing GGG columns are antiparallel with
one diagonal and two lateral TTA loops (Fig. 21).54 In con-
trast, the same 22-mer adopts a completely different G-quadru-
plex architecture in a crystal grown in the presence of Kþ ions,
in which four core GGGs are parallel, with the three linking
external loops positioned on the exterior of the G-quartet
core.55 Using 8-Br-guanine-substitution, we recently deter-
mined the topology of the 22mer as a mixed chair form by
CD spectroscopy.56

To explore the structure-dependent hydrogen abstraction in
antiparallel and parallel G-quadruplex, one of the six thymine
(T) residues in 22-mer human telomeric DNA 50-d(AGGG-
T1T2AGGGT3T4AGGGT5T6AGGG)-3

0 was substituted with
IU to generate six types of oligodeoxynucleotide (ODNs
1–6).57 Under UV irradiation, more than 60% of antiparallel
ODN 4, in which T4 in the middle of the diagonal loop was
substituted with IU, was consumed. In marked contrast to
the photoreactivity of the antiparallel ODN 4, the parallel
ODNs 1–6 were not consumed (<2%) under the same irra-
diation conditions. Product analysis indicated that 20-deoxy-
ribonolactone was efficiently produced with release of thy-
mine from photoirradiated ODN 4 in the antiparallel structure
(Fig. 22).

The high photoreactivity of ODN 4 in the antiparallel G-
quadruplex can be explained by comparing the loop regions
of the antiparallel structure (Fig. 23).54 In the antiparallel G-
quadruplex, uracil-5-yl radical and C10 H are in close proxim-
ity in the diagonal loop structure of the antiparallel G-quadru-
plex, thereby allowing C10-hydrogen abstraction by the uracil-
5-yl radical in the loop. Furthermore, the NMR structure sug-
gests that the uracil-5-yl radical is positioned closer to the C10

hydrogen of the adjacent T3 than the other hydrogens in the
lateral loop.

Our data indicated that the hydrogen abstraction of DNA by
the uracil-5-yl radical generated from 5-halouracil under irra-
diation was atom specific and highly dependent on DNA con-
formation (Fig. 24). Competitive C10- and C20�-hydrogen ab-
stractions were observed in B-DNA, whereas selective 10-hy-
drogen abstraction occurred in the A-like structure of DNA–
RNA hybrids. In Z-form DNA, stereospecific C20�-hydrogen
abstraction gave rise to C20�-hydroxylation. In protein-in-
duced DNA kinks, photoirradiation caused intrastrand hydro-
gen abstraction from the 5-methyl group of thymine at the 50

side. The photoreactivity of IU-containing telomeric DNA de-
pended on the orientation of the G-quartet: the 20-deoxyribono-
lactone residue was effectively produced only in the diagonal
loop of the antiparallel G-quartet. These studies determined the
detailed relationship between the DNA local structure and pho-

A) B) C)

Fig. 21. Schematic representations of the folded structures
of d[AG3(T2AG3)3]. (a) The Naþ-stabilized solution
structure, with one diagonal and two lateral TTA. (b) The
Kþ-stabilized crystal structure, with TTA external loops
abutting the sides of the G-quartet and parallel GGG
columns. (c) The mixed chair structure determined by 8-
Br-guanine substitution and CD spectroscopy. Guanine
residues in syn conformation are shown in black.
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Fig. 22. Formation of ribonolactone containing 22mer
from photoirradiated oligonucleotide d(AGGGTTAGGG-
TIUAGGGTTAGGG) (ODN 4) in Naþ-form not from
Kþ-form.
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Fig. 23. Structure of photoirradiated d(AGGGTTAGGG-
TIUAGGGTTAGGG) (ODN 4) based on the NMR struc-
ture (Naþ-form), and a close-up view of the loop region.
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toproduct and showed the potential of this photochemical
method in detecting DNA structure. Ligation-mediated poly-
merase chain reaction (LMPCR) is a useful technique to
detect photoproducts in vivo.58 Because 5-halouracil-substitut-
ed DNA is functional in living-cell systems, such as E. coli,
use of the photochemical reactions of 5-halouracil-containing
DNA would provide a powerful tool to probe local DNA con-
formations in vivo.

3. Electronic Structure of DNA

Recently, there has been growing interest in the use of DNA
as a nanomaterial, as DNA fragments with defined sequence
can be prepared chemically and enzymatically. Charge transfer
along DNA is currently of intense interest because it is related
to DNA damage and repair, and the use of DNA as a nano-
device. DNA has four bases—C, G, T, and A—with different
electronic properties. Extensive research has demonstrated that
charge transfer along DNA dramatically depends on base se-
quence as well as the stacking orientation of DNA structures.

3.1 Oxidation of Guanine in B-DNA. The genome is con-
stantly assaulted by endogenous and exogenous oxidative
stress. Independent of the source, reactive species are potent
genotoxins that attack duplex DNA and generate oxidative le-
sion products. These genotoxin-induced alterations in the ge-
nomic message have been implicated in aging and cancer.
From bacteria to humans, various types of repair enzymes
maintain the integrity of the genome. Therefore, considerable

effort has focused upon understanding the mechanisms of ox-
idative DNA damage and repair.59 Currently, over 50 oxidative
DNA lesions have been characterized.60 Guanine is highly sus-
ceptible to one-electron oxidation by singlet oxygen and per-
oxynitrite,61 because it has the lowest redox potential among
four bases.62 A typical lesion product is 8-oxoguanine (8-
oxoG), which is formed under various oxidative conditions
(Fig. 25). Thus, the biological impact of 8-oxoG has been ex-
tensively investigated.63 It is well documented that 8-oxoG
causes G–C to T–A transversions by forming specific base pair
with adenine (Fig. 25).63e

In contrast to the G–C to T–A transversions, molecular
mechanism for G–C to C–G transversions has not been well
understood, even though they frequently occurs. Previously,
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our laboratories have demonstrated that naphthalimide deriva-
tive selectively generates piperidine-sensitive alkaline labile
sites at the 50-guanine (G) of 50-GG-30 sequence with a lower
frequency at the 50-G of 50-GA-30 sequence upon 366 nm pho-
toirradiation.64 A similar 50-GG-30 specificity for the formation
of alkaline labile sites has been observed for the photoirradia-
tion in the presence of various types of photocleaving mole-
cules, including Co(NH3)6

3þ, riboflavin, benzophenone, and
anthraquinone derivatives as well as for the direct irradiation
of DNA with 193 nm excimer laser. The common pattern of
these 50-GG-30 specific DNA cleavage strongly suggests that
such specificity is not determined by the binding orientation
of the photocleaving molecules but must be originated from
a common intrinsic chemical property of DNA itself, which
has not been well recognized. Ab initio molecular orbital cal-
culations of stacked DNA bases with various orientations indi-
cate that stacking of two guanine bases significantly lowers the
ionization potential and that the HOMO of the stacked 50-GG-
30 is localized mainly on the 50-G in B form DNA (Fig. 26).65

3.2 The Generation and Mutagenicity of Imidazolone.
Iz and Oz are major products of guanine via one-electron pho-
to-oxidation using photosensitizers, such as benzophenone, ri-
boflavin, and anthraquinone.66 We have recently demonstrated
that Iz is a key UV-detectable product formed in double-
stranded DNA during photo-oxidation with riboflavin. Photo-
sensitization of 8-oxoG with riboflavin also provides Iz and

Oz preferentially under basic conditions (Fig. 27).67 Molecular
orbital calculations suggested that �-stacking in B form DNA
significantly enhanced the reactivity of 8-oxodG68 in a similar
manner as G at GG step.65 In fact, Cadet et al. have demon-
strated that guanine is not oxidized until 8-oxoG is completely
oxidized using monomer.69 Thus, the amount of 8-oxoG does
not directly reflect the strength of oxidative stress, even though
it is a useful marker for it. Since 8-methoxyguanine has a
low oxidation potential similar to 8-oxoG, it is a useful syn-
thetic precursor for Iz.70 Iz-containing sites can be generated
at specific sequences using UV irradiation in the presence of
riboflavin.

Long-range guanine oxidation at GG and GGG sequences,
through a DNA base �-stack, has been observed using a range
of tethered oxidants,71 such as anthraquinone and phenanthro-
line Ru or Rh complexes, and 8-oxoG is an oxidation product
of this system.72 Here, the contributions of singlet oxygen and
hydroxyl radical are negligible. We photo-irradiated a cova-
lently anthraquinone-linked oligomer with a complementary
oligomer containing 8-oxoG and found that Iz was produced
from 8-oxoG through long-range hole migration.73 Important-
ly, the H-bonding donor and acceptor abilities of Iz closely re-
semble cytosine; Iz is assumed to be able to form base pairs
with guanine (Fig. 28). The estimated stabilization energy of
an Iz–G base pair by ab initio molecular orbital calculations
in vacuo and in water showed that the stabilization energy of
Iz–G is similar to that of C–G.66b,73

Though primer extension by DNA polymerase, we showed
that only guanine was specifically incorporated opposite Iz.73

However, in contrast, non-mutagenic cytosine was incorporat-
ed opposite 8-oxoG, in addition to mutagenic incorporation of
adenine. Kinetic analysis indicated that the frequency of gua-
nine incorporation opposite Iz was similar to that of adenine
incorporation opposite 8-oxoG. Although the efficiency of
chain extension from the Iz–G pair was lower than that from
8-oxoG–A base pairs in the kinetic analysis, the yield of trans-
lesions across Iz was similar to that across 8-oxoG. Thus, the
Iz–G base pairing possibly occurs during replication, and Iz
may explain G–C to C–G transversions (Fig. 29). In addition,
the ‘‘reverse’’ approach consisting of DNA polymerization

Fig. 26. 50-Localization of HOMO of stacked GG bases in
B-DNA.
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using dIzTP showed that Iz was incorporated opposite guanine.
The results confirmed the possible formation of Iz–G base
pairs.

3.3 Examination of Electron-Transfer Process Using
BrU. The photoreactivity of 5-halouracil-containing DNA
was investigated using uniformly XU-substituted DNA frag-
ments under 302 nm irradiation. In contrast to the fact that pho-
toirradiation of d(GCABrUGC)2 gives rise to efficient forma-
tion of C10 and C20 oxidation products, hexanucleotides that
do not have an ABrU sequence, such as 50-d(GCGBrUCG)-
30/50-d(CGACGC)-30, showed very poor photoreactivity.
Based on these results, we initially proposed a mechanism,
in which sequence-specific electron transfer occurs from the
adjacent A at the 50 side to BrU, forming the BrU anion radical
in the duplex structure. Forming a uracil anion radical elimi-
nates the Br anion to generate a uracil-5-yl radical that ab-
stracts the C10 hydrogen of A, and subsequent oxidation of
the C10 radical by the cation radical of A produces ribonolac-
tone via a C10 cation. The Greenberg group has also confirmed
this type of selectivity.74 Since G is a better electron-donating
base, the reactivity has been labeled a ‘‘contrathermodynamic
reaction.’’ Recently, BrU was used as a probe of excess electron
transfer.75 We investigated the electron transfer along DNA
using uniformly 5-halouracil substituted DNA.76 Using PCR,
we prepared DNA fragments, in which all thymine residues
were substituted with BrU or IU. The DNA fragments were ir-
radiated with monochromatic 302 nm UV light and then ana-
lyzed on sequencing gels. Surprisingly, specific cleavage at
50-(G/C)AAXUXU-30 and 50-(G/C)AXUXU-30 sequences in
both BrU- and IU-containing DNA fragments was observed on-

ly after heat treatment. HPLC product analysis of oligonucleo-
tides indicated that the major products were ribonolactone-
containing octamer. When oligonucleotides were irradiated
in H2

18O, incorporation of 18O atoms into ribonolactone resi-
dues from the H2

18O was observed, indicating that H2O is
the source of the carbonyl oxygen of the ribonolactone. From
these observations, we have proposed a possible mechanism
for the efficient photoreactions at 50-GAAXUXU-30 sequences
(Fig. 30). Initial electron transfer would occur from G to the
electron-deficient XUXU step through stacked AA and A.76 Re-
lease of the halide anion from the XUXU anion radical gener-
ates uracil-5-yl radicals, which abstracts the C10 hydrogen
from the adjacent A of the XUXU step. One electron oxidation
of the C10 radical of dA by the cation radical of G gives rise to
a C10 cation and regeneration of guanine. The intervening A
bases between G and the XUXU step are considered to act as
a bridge between the electron donor and acceptor for charge
separation after electron transfer from G to the XUXU step,
thus preventing rapid back electron transfer. Previously ob-
served ABrU sequence specificity can be explained by the same
role of adenine.

3.4 Four Base �-Stack in Z-DNA. In contrast, the photo-
reactivity of 50-CGCGBrUGCG-30/50-CmGCACmGCG-30 in
Z-DNA is completely different from B-DNA. Z-form DNA
underwent efficient photoreaction to provide rG-containing
DNA.77 The results clearly indicate that structural changes
caused by the B–Z transition dramatically increased the photo-
reactivity of BrU-containing DNA. Inspection of the molecular
structure of the Z-form suggested that unique four-base �-
stacks were formed at the G4-

BrU5-C11-G10 sequence, whereas
there is a continuous �-stack along each strand in B-DNA. In-
terestingly, G in the complementary strand was oxidized to the
Im-containing DNA. These results suggested the intriguing
possibility that the G10 in a complementary strand located at
the end of the four-base �-stacks act as an electron donor.
In addition, they clearly indicated that the interstrand charge-
transfer from mG10 to

BrU5 initiated the photoreaction. A pro-
posed mechanism for the photoreaction of BrU-containing Z
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DNA is shown in Fig. 31. Under irradiation conditions, effi-
cient electron transfer from G10 to BrU5 in four-base �-stacks
produces cationic and anionic radicals. The anionic radical of
BrU eliminates bromine to generate a uracil-5-yl radical, which
abstracts hydrogen to produce the rG residue. Cationic radicals
of G or methoxyG generate Im.

3.5 Monitoring Conformational Change of B–Z Form
Using Aminopurine. We expected that different �-stacks in-
fluenced the electronic properties between B- and Z-DNA. We
used aminopurine (Ap) as a probe for charge-transfer within
DNA duplexes, where the purine (G and A) and pyrimidine
(C and T) bases function as donors and acceptors, respectively.
Thus, the fluorescence intensity of the Ap-containing duplex
decamer was monitored under various conditions. In 1M
NaCl, this oligomer existed in the B-conformation and showed
very weak fluorescence. However, the fluorescence of this
decamer increased proportionally when the ratio of Z-confor-
mation was increased by increasing the NaCl concentration.78

These results indicated that the restricted charge-transfer be-
tween different four-base �-stacks of Z-DNA compared with
B-DNA could be monitored by the fluorescence of Ap. We
also designed a molecular thermometer based on the change
in electronic properties when converting from B- to Z-DNA.
It is known that the equilibrium between the Z- and the B-con-
formations can be controlled using temperature (Fig. 32). At
low temperature, the proportion of the Z-conformation is
high, due to its lower entropy. Thus, the fluorescence of the
oligomer was monitored at different temperatures. The inten-

sity of the fluorescence correlated with the temperature. At
32 �C, where 23% of the oligomer was in the Z-conformation,
the fluorescence of the oligomer was very weak, whereas the
fluorescence dramatically increased at 2 �C, where 53% of
the oligomer was in the Z-conformation. Under repetitive tem-
perature changes, a reproducible fluorescence change was ob-
served, meaning that the B–Z transition induced by a change in
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temperature can be readily monitored by the fluorescence in-
tensity of Ap. To the best of our knowledge, this is the first
demonstration of the control of charge-transfer caused by the
alteration of �-stacks in DNA induced by conformational
change.

3.6 Biomolecule-Based Switching Devices that Respond
Inversely to Thermal Stimuli. Surprisingly, these phenom-
ena were completely inverted in RNA.79 At higher tempera-
tures, RNA converted to the Z form to enhance emission. At
low temperature, DNA emitted fluorescence and at high tem-
perature, RNA emitted fluorescence. The response of this
RNA and DNA device to thermal stimuli was completely re-
versible. Because both RNA and DNA show stronger fluores-
cence in the Z form than in the A and B form, these DNA and
RNA devices together can serve as a ‘‘right–left’’ or ‘‘off–on’’
switch. By using the different properties of DNA and RNA, we
successfully constructed molecular devices that showed com-
pletely inverted responses to temperature (Fig. 33), which
were the first examples of reversible switching devices with
inverted responses to be the same stimulus. This switching
may provide a new programming and sensing system for
nano-devices.

Conclusion

We have been examined DNA with respect to the sequence
read out and its intrinsic reactivity based on electronic property
of DNA. Based on the investigation of DNA modification by
natural products, we have successfully developed Py–Im hair-
pin polyamide conjugates that precisely alkylate DNA at spe-
cific matching sequences at nanomolar concentrations. The se-
lectivity and the efficiency of DNA alkylation were higher than
those of DNA-alkylating antibiotics. Preliminary examination
of cytotoxicity using a nude mouse xenograft model revealed
that alkylating Py–Im conjugate inhibits the growth of a hu-
man breast cancer cell lines, suggesting that Py–Im poly-
amides targeting specific sequences in individual cancer cell
lines will provide a promising methodology for the develop-
ment of tailor-made antitumor drugs. Our data of photoreac-
tion of 5-halouracil-containing DNA indicated that hydrogen
abstraction from DNA by the uracil-5-yl radical generated
from 5-halouracil under irradiation was atom specific and
highly dependent on DNA conformation. These studies deter-

mined the detailed relationship between the DNA local struc-
ture and photoproduct and showed the potential of this photo-
chemical method in detecting DNA structure. Ligation-mediat-
ed polymerase chain reaction (LMPCR) is a useful technique
to detect these products in vivo.80 Because 5-halouracil-substi-
tuted DNA is functional in living-cell systems, use of the pho-
tochemical reactions of 5-halouracil-containing DNA would
provide a powerful tool to probe local DNA conformations
in vivo. During our investigation, I realized that although these
reactions in macromolecules are completely different from
those in monomeric components and proceeds in aqueous
solution, most of the reactions there can be understand as com-
binations of typical organic chemistry textbook reactions.
Knowledge of reactivity of DNA is very important to under-
stand mutation, carcinogenesis and design of antitumor agnets.
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