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Photoreaction of iodouracil in DNA duplex; C–I bond is cleaved
via two different pathways ‘homolysis and heterolysis’
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Abstract

We recently found that a selective photoreaction of 5-iodouracil (IU) occurs in 50-(G/C)AAIUIU-30 and 50-(G/C)AIUIU-30 sequences
in IU-substituted duplex DNA. In this study, the photoreactivity of the 50-G(A)n

IUT-30 sequence was examined using various IU-con-
taining oligonucleotides. HPLC analysis revealed that their photoreactivity largely depends on the number of As between G and IU. The
most efficient reactivity was observed when the number of As was two and this decreased with increasing numbers from three to five, as
observed for the 50-G(A)n

IUT-30 sequence. These results indicate that the G located 50 from IU acts as an electron donor for IU, as in the
photoreaction of BrU. In sharp contrast to the BrU photoreaction, IU was photoreactive when the number of As was zero or more than
five. These results indicate that both homolytic and heterolytic pathways operate in the formation of the uracil-5-yl radical in the
photoreaction of IU in duplex DNA. In addition, the ratio of these pathways is highly dependent on DNA sequence.
� 2007 Elsevier Ltd. All rights reserved.
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Thymine (T) in DNA can be replaced with 5-halouracils
such as bromouracil (BrU) and iodouracil (IU), and the
resultant photosensitive 5-halouracil-substituted DNA
remains functional in vivo. Therefore, these DNAs have
been used in various studies in biological, and chemical
areas. For example, DNA–protein photocrosslinking1,2

and DNA photofootprinting3 have been based on the
photoreactivity of 5-halouracil, with the generation of the
uracil-5-yl radical in DNA under UV irradiation. Detailed
analysis of the photoproducts generated from irradiated
BrU- or IU-containing oligonucleotides has provided
evidence that the uracil-5-yl radical abstracts hydrogen
from the sugar moiety of DNA located on the 50 side of
the 5-halouracil.4 We have examined the photoreactions
of 5-halouracil in A-form,5 B-form,4,6 Z-form,7,8 and bent
DNA,9,10 and in G-quadruplexes,11 and have demonstrated
that the hydrogen abstraction by the uracil-5-yl radical is
highly dependent on the local DNA conformation. On
the basis of these observations, we have proposed that
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hydrogen abstraction by the uracil-5-yl radical is a useful
method for the detection of various DNA structures.12

Because this assay is highly dependent on the efficiency of
the generation of the uracil-5-yl radical from 5-halouracil,
it is important to understand the reaction mechanism to
improve the detection method.

It is generally accepted that the halogen–carbon bond is
cleaved by a homolytic or heterolytic pathway. These two
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pathways have also been proposed to operate in the gener-
ation of the uracil-5-yl radical (Scheme 1).13,14 Recently, we
discovered that the photoirradiation of BrU-substituted
DNA fragments with 302 nm UV light efficiently produced
ribonolactone residues in the 50-(G/C)AABrUBrU-30 and 50-
(G/C)ABrUBrU-30 sequences.15 Using various oligonucleo-
tides, we demonstrated that sequence-selective electron
transfer plays an essential role in the generation of the ura-
cil-5-yl radical in the hotspot sequence.

We concluded that the hotspot sequence consists of an
electron-donating G/C base pair, the 50-BrUBrU-30 or
50-BrUT-30 sequence as the acceptor, and an appropriate
number of A/T base pairs as the bridge for the electron-
transfer process.16 Recently, the analogous generation of
the uracil-5-yl radical from BrU by electron transfer has
been reported by another group.17–22

Although homolytic cleavage was expected to occur in
IU-containing DNA because the photoreactivities of IU-
containing oligonucleotides differed from those of BrU-con-
taining oligonucleotides,6 the analogous hotspot sequences
50-(G/C)AAIUIU-30 and 50-(G/C)AIUIU-30 were identified
in the photoirradiation of IU-substituted duplex DNA.15

These results clearly suggest that an electron-transfer
mechanism plays an important role in this hotspot
sequence. In this report, the photoreactivities of various
oligonucleotides containing the 50-G(A)n

IUT-30 sequence
were investigated to determine the contributions of the
homolytic and heterolytic pathways.

We first investigated the photoreactivity of 50-
dCGAAIUTATC-30/50-dGATAATTCG-30 (GA2). GA2
was photoirradiated at 0 �C for 15 min using a monochro-
mator (302 nm).23,24 Figure 1 shows the HPLC analysis of
the photolysate,24 and demonstrates that 50-dCGA-
LUTGC-30 (L = ribonolactone residue) was a major pho-
toproduct, together with released free adenine. This
indicates that 50-(G/C)AAIUT-30 retains the high reactivity
of the hotspot sequence, which is similar to that of 50-
dCGAABrUTATC-30/50-dGATAATTCG-30.15 This result
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Fig. 1. HPLC profile of photoirradiated GA2. The reaction mixture
containing GA2 (100 lM total base concentration) in 50 mM sodium
cacodylate buffer (pH 7.0) in the presence of 50 mM NaCl was irradiated
for 5 min at 0 �C using a monochromator (302 nm).
is consistent with the previous observation of selective
ribonolactone formation in B-DNA (Scheme 2).4,6 The
relationship between charge transfer and donor–acceptor
distance along the DNA has been discussed for several
years.25–27 Thus, we next investigated the photoreactivity
of IU when the distance between the putative electron
donor (G) and the electron acceptor IU in the double
strand was altered.

Thus, GA0–GA7, which have different numbers of As in
the 50-G(A)n

IU-30 sequence, were synthesized and their
photoreactivities compared. The extent of the hydrogen
abstraction reaction was estimated from the yield of free
adenine released, which is shown in Figure 2. The amount
of free adenine increased with increasing numbers of A/Ts
from zero to two, and gradually decreased with more than
three A/Ts. Analogous to the reaction mechanism for
BrU,16 the reactivity of IU can be explained by an elec-
tron-transfer mechanism as follows: When the number of
A/Ts is zero or one, the back electron transfer is much fas-
ter than the release of iodide ions, whereas for n = 2, the
back electron transfer is slow enough to allow the release
of iodide ions from the anion radicals of IU. These results
suggest that the G located 50 upstream from IU acts as an
electron donor for IU and the intervening A/T base pairs as
a bridge for the electron-transfer process, as in the case of
the photoreaction of BrU.16

It is important to note that a significantly different reac-
tivity was observed in the IU photoreaction relative to that
of BrU when the number of As was 0, 6, or 7 (Fig. 2). With
BrU, almost no reactivity was observed in such sequences.16

These results suggest the coexistence of a distance-indepen-
dent hemolytic process in the generation of the uracil-5-yl
radical in the IU photoreaction. To test this hypothesis,
photoreactions of IA2–IA5 were performed, in which the
electron-donating Gs were replaced with electron-deficient
deoxyinosine (I). The substitution of the electron-donating
G with I completely abolished their photoreactivity in the
IU photoreaction, because G and I have different ioniza-
tion potentials: G = 1.2 V and I = 1.4 V.25 The photoreac-
tivites of IA2–IA5 were significantly lower than those of
GA2 and GA3, and approximately the same amounts of
free adenine were released from photoirradiated IA2–IA5
as from GA0, GA6, and GA7 (Fig. 3). These results can
be explained by the fact that the lack of an electron donor
eliminates the heterolytic pathway from the C–I cleavage
pathways, and only the homolytic pathway remains
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Fig. 2. (a) Series of IU containing DNA. (b) Structure of deoxyinosine. (c)
Amount of free base produced from oligonucleotides with different
numbers (n) of intervening bridges (A/Ts).
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Fig. 3. (a) Series of inosine- and IU-containing DNA. (b) Amount of free
base produced from inosine (I)-containing oligodeoxynucleotides with
different numbers (n) of intervening bridges (A/Ts). Open bars and black
bars indicate double-stranded and single-stranded DNAs, respectively.
The experiments using single-stranded DNA were performed with only the
IU-containing strand.
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(Scheme 3). The photoreactivities of GA7I and IA5I were
almost the same with that of GA7 and IA5, respectively,
indicating that the G located at the 50 end of the comple-
mentary strand does not act as an electron donor (Figs. 2
and 3).
Because the free As from irradiated GA1–GA5 are
derived via the heterolytic and homolytic pathways, the
proportion of the reaction contributed by heterolysis can
be evaluated by subtracting the background-level homoly-
sis from the average yields. For example, the photoreaction
of GA2 via the electron-transfer process is approximately
seven times higher than the reaction via homolysis.

We also investigated the photoreactivity of IU in single-
stranded DNA (IA2–IA5) (Fig. 3). The disruption of p-
stacking in the single-stranded form is known to reduce
the electron transport along the DNA.25 The fact that the
photoreactivities were retained in photoirradiated single-
stranded IA2–IA5 further supports the reaction pathway
of C–I homolysis. The photoreactivities of IU in single-
stranded DNA were slightly higher than those of IU in
double-stranded DNA. This increase of photoreactivity
may be due to different properties of single-stranded
DNA, such as increasing incident light absorption or differ-
ent reactivity of uracil-5yl and sugar radicals. Further
investigation is necessary to clarify this point.

The distance dependency of the electron transfer (b)
of IU was estimated as 0.25 Å (Fig. 4). This value is similar
to that for BrU (0.20 Å).16 The lifetime of the anion radical
of BrU has been estimated as 7 ns and this value is longer
than that for the anion radical of IU, which is 1.5 ns.28

However, no significant relationship between the b value
and the lifetime of the anion radical was observed.

In summary, we clearly demonstrated that both homo-
lytic and heterolytic pathways are involved in the C–I bond
cleavage mechanism of IU in DNA duplexes. In addition,
the ratio of these pathways is highly dependent on the
sequence of DNA. Previously, we found that IU and BrU
have different sequence dependencies, in that the photo-
reaction occurs at the GIU but not at the GBrU sequence.4,6

Present results imply that the GIU sequence produces
hydrogen abstraction products via the homolytic pathway.
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Fig. 4. In (k) plotted against the G–XU distance. In (k) is calculated from
yields of free adenine via heterolytic pathway obtained from Figure 2. The
amount of adenine via heterolytic pathway in the case of IU reaction was
estimated as the subtraction of the average of adenine via homolytic
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includes heterolytic and homolytic pathways. Data for BrU are taken from
Ref. 16.
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In the case of irradiated GBrU sequence, rapid back elec-
tron transfer does not allow the reaction.4 This also sup-
ports the evidence that heterolysis is the main pathway in
dehalogenation of BrU. The coexistence of heterolytic and
homolytic pathways in the photoreaction of IU is consis-
tent with the reactivities at the hotspot sequence and
GIU. These fundamental properties of the 5-halouracils
provide useful information when choosing a 5-halouracil
for photochemical applications, such as photocrosslinking
or photofootprinting. For example, in a situation in which
no electron donor is located around the 5-halouracil incor-
porated into the DNA, IU is more suitable because of the
efficient generation of the uracil-5-yl radical via the homo-
lytic pathway.
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