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We report the photochemistry of U substituted DNA as a versatile
platform to investigate the binding sites of pyrene conjugated
pyrrole imidazole polyamides (PIPs). The results suggest that the
approach can be used on a routine basis for the screening of
polyamide binding sites.

Replacement of thymine by isosteric 5-bromouracil (*'U) in
DNA is attractive since it does not affect the functionality of the
resulting DNA due to the similar sizes of Br (1.95 A) and methyl
(2 A).* As a result of this modification, it greatly increases the
photosensitivity with respect to protein-nucleic acid cross-
links,"? single- and double-strand breaks, and the creation of
alkali-labile sites.*” The chemistry of strand cleavage after
irradiation at 302 nm of ®*U-labeled DNA has been investigated
based on the photodegraded products of a model hexamer
d(GCAP'UGC),.® The abstraction of hydrogen by the uracil-5-yl
radical (U*), a powerful hydrogen abstractor, generated from
the ®'U anion radical by eliminating the bromide ion, is the main
photochemical event in such photoinduced strand cleavage. The
isolation of two kinds of photodegraded products has pointed out
two possible ways of hydrogen abstraction from the deoxyribose
moiety at the 5’ position.” The abstraction of hydrogen from the
C1' position generates 2-deoxyribonolactone with the release of A,
and abstraction from the C2’c position generates an erythrose-
containing site.® The detailed mechanism of photodamage in
Br{-labeled DNA has recently been clarified further with the
identification of the hot-spot sequences 5'-G/C[A]-1 55" U U-3’
and their reverse 3’ — 5’ sequence.'®? Initially, the A residue
adjacent to ®'U was considered to be the electron donor;
however, subsequent experiments confirmed that the G residue,
which has the lowest oxidation potential among the four bases,
is the electron donor.*'" Moreover, the A bridge helps to prevent
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rapid back electron transfer.'" In contrast to our observations,
direct strand cleavage has also been reported after aerobic and
anaerobic photolysis.’>'* The proposed mechanism for direct
strand breakage also involves hydrogen abstraction by U* from
the C1’ and C2’ positions at 5, albeit via different mechanistic
pathways. Recently, successful quenching of highly reactive U® in
the hot-spot sequences was shown by supplementation with an
excess amount of the hydrogen donor tetrahydrofuran (THF), to
stop intrastrand hydrogen abstraction.’” The elucidation of the
mechanistic details of the photochemistry of ®"U-labeled DNA
has attracted much attention due to its biological and techno-
logical applications.

Pyrrole imidazole polyamides (PIPs) are synthetic small
molecules that can bind to the minor groove in a sequence
specific manner. These molecules gained much interest in
biology since they have been shown to regulate gene expres-
sion.’® Footprinting and affinity cleavage techniques have
guided the development of the pairing rule of PIPs and it is
likely to be the side-by-side stacked ring pairing such as an Im
opposite to Py (Im/Py) can recognize a G/C base pair from the C/
G base pair, whereas a Py located opposite to Py (Py/Py)
recognizes either an A/T or T/A base pair.">>' It is common
to see a polyamide binding preferentially to a high-affinity
binding site in the presence of several potential binding sites,
although the underlying mechanism remains unclear. There-
fore, it is crucial to screen a library of potential binding sites to
identify real highest-affinity binding sites. The application of
PIPs in biology will require knowledge of its sequence specifi-
city and has necessitated a more advanced screening technique
that can be routinely used in higher throughput. Although
affinity cleavage methods explored polyamide-binding affinity
to a great extent, they are partially sensitive and the synthesis
challenges regarding the attachment of EDTA to polyamide
render them challenging methods for the determination
of binding sites. Because of easier pyrene conjugation and
B'U-substituted DNA being more sensitive than native DNA,
the combined output of the current approach is more facile and
sensitive than previous approach.
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Fig. 1 Generation of the highly reactive uracil-5-yl radical (shown in red)
by B'U, an efficient electron acceptor, by capturing an electron. In the
presence of an excess of the hydrogen atom donor isopropanol, the
radical species can be quenched to uracil (shown in blue). Treatment with
the uracil DNA-glycosylase (UDG) enzyme can convert uracil to the heat-
labile Ap site selectively, which, under heating conditions (at 95 °C), causes
strand breakage.

To test this hypothesis, we prepared two long, fully
Bry-substituted DNA fragments (381 bp: DNA1 and 298 bp:
DNA2) using PCR and designed four pyrene conjugated poly-
amides (1-4, Fig. 2) to check their binding affinity and speci-
ficity by electron injection. In early studies, it has been well
characterized that pyrene serves as an electron donor in DNA
mediated excess electron transfer.?*>® Thus, after irradiation
at 365 nm for a minimum of 5 s, each pyrene PIP injected an
electron into ®'U residues at their binding sequences. Using
high-resolution gel electrophoresis, the site of electron injection
was identified from the strand break caused by the sequence-
selective generation of the U*® radical. A photoreaction scheme of
the photo-induced electron injection in a ®"U-substituted DNA is
shown in Fig. 1.

From the analysis of DNA1 (top and bottom strands sepa-
rately) it was revealed that polyamide 1 (pyrene-BBPyImPyIm-vy-
PyPyPyPyBDp), which can recognize 5-WCWCWW-3’' and
5-WWGWGW-3' (W = A/T) sequences, gives strand cleavages
in three match sequences (sites 1, 3, and 5) via electron
injection (shown in red in Fig. 3 and 4 and the ES1}). Moreover,
two 1 bp mismatch sites (sites 2 and 4) were detected by strand
cleavage. The amount of strand cleavage at the mismatch sites
was almost identical to that detected at the match sites. In
DNA2 (Fig. S2, ESIT) 1 exhibited strand cleavages at four match
sequences (sites 1-4). In addition, there were two strong strand
cleavage events at sites 5 and 6, which were considered as 1 bp
mismatch sites. Strand cleavage at the mismatch sites of 1 was
consistently strong, as revealed by both DNA fragments, which
clearly indicates that 1 has low sequence specificity. Moreover,
it has been noticed that the amount of strand cleavage was not
identical at all match sites. This might result from sequence
preference among many potential binding sites, although the
exact reason is unknown.

Polyamide 2 (pyrene-BpPyPyPylm-y-PyImPyPyBDp) can recognize
5-WCGWWW-3' and 5-WWWCGW-3' sequences. However, in the
DNA1 fragment, it did not have any match sequences. However,
the photoreaction revealed the presence of several strong strand
cleavage events at sites 6, 7, 9, 10, and 11, which are considered
as 1 bp mismatch sites, Fig. 3 and 4 and ES1.} Interestingly, a
medium-strength strand cleavage at site 8 shifted our attention
toward the reverse orientation, as it is a 1 bp mismatch reverse
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Fig. 2 (A) Chemical structures of pyrene polyamides 1, and similarly cartoon

of 1-4. (B) Forward binding orientation in which the N to C terminus of
polyamides aligns with 5 — 3’ DNA. (C) Reverse binding orientation in which
the C to N terminus of polyamides aligns with 5° — 3’ DNA.

binding site of 2 (shown in green, Fig. 4). Generally, polyamides
preferentially align with the N terminus of the antiparallel DNA
strand, with its 5’ end in the N — C, 5" — 3’ orientation, which
is known as the forward orientation. In some cases, polyamides
can also recognize the reverse orientation, for example C — N,
5' — 3', as shown in Fig. 2(B) and (C).>” Strand cleavage in the
DNA2 fragment, Fig. S2A (ESIt), was more interesting, as the
reverse orientation binding was consistently observed at site 10,
which was a full match reverse binding site of 2, Fig. S2(C)
(ESIT). The amount of strand cleavage at site 10 was almost
identical to that observed at match sites. This indicates that 2
can bind in the reverse orientation efficiently. As 2 has match
sequences in DNA2, photoirradiation also gave cleavage at
those sites, such as sites 7 and 9. In addition, strong strand
cleavage at 1 bp mismatch sites was also observed at sites 8 and
11. It should be noted that after incubating DNA1-2 fragments
with 2 subsequent photoirradiation results in consumption of
almost nearly 90% of the total amount of unreacted DNA under
conditions that were similar to that used for other polyamides
(Fig. 3 and Fig. S2(A), ESIT). This indicates its strong non-
specific binding preferences.

Next, we designed polyamide 3 (pyrene-BBPyImImPy-vy-
PyPyPyPyBDp) to target 5-WWGGWW-3’ and 5-WWCCWW-3’
sequences. The location of these sequences in DNA1 was
completely different from the cleavage sites of 1 and 2. Thus,
strand cleavage at the target site of 3 was deemed as crucial
to support electron injection based on sequence specificity.
Interestingly, strong strand cleavage at the target sites of 3,
such as sites 15 and 16, Fig. 3, was detected, which strongly
supports the sequence selectivity. As polyamides targeting 6 bp
DNA sequences can also bind to mismatch sequences, cleavage
at 1 bp mismatch sites, such as sites 12-14, by 3 was normal.
However, the amount of cleavage at these sites was lower than
that detected at match sites, which also indicates that 3 can
differentiate between match and mismatch sites under similar
conditions. In contrast, in DNA2 there was no match sequence;
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site 1
5'-TAATACGACTCACTATAGGGCGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGGGAGCCGGAACACTATCCGAC
3'-ATTATGCTGAGTGATATCCCGCTTAAGCTCGAGCCATGGGCCCCTAGGAGATCTCAGCCCTCGGCCTTGTGATAGGCTG

sites,6 site2,7,17
TGG CGGCAAGGTCGCTGTT TACATGCACAGGATGTATATATCTGACACGTGCCTGGAACTAGGGAGTAATCCC
ACCGTGGCCGTTCCAGCGACAAGTTATGTACGTGTCCTACATATATAGACTGTGCACGGACCTTGATCCCTCATTAGGG

sites _sitel2
CTTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGTTTAAGCGGTGCTAGAGCTTGCTACACCAATTGAGCGGCCT
GAACCGCCAATTTTGCGCCCCCTGTCGCGCATGCACGCAAATTCGCCACGATCTCGAACGATGTGGTTAACTCGCCGGA
sitessitel siteld

sites site13 sitels
CGGCACCGGGATTCTCCAGGGCGGCCGCGTATAGGGTCCATCACATAAGGGATGAACTCGGTGGAAGAATCATGCTTTC

GCCGTGGCCCTAAGAGGTCCCGCCGGCGCATATCCCAGGTAGTGTATTCCCTACTTGAGCCACCTTCTTAGTACGAAAG

sitels sitell,16 siterg__ite3
CTTGGTCATTAGGATCCCGGACCTGCAGGCATGCAAGCTTGAGTATTCTATAGTGTCACCTAAA

GAACCAGTAATCCTAGGGCCTGGACGTCCGTACGTTCGAACTCATAAGATATCACAGTGGATTT

Fig. 3 Slab gel sequencing analysis of a 6% denaturing (7 M urea) polyacry-
lamide gel for the DNAL (381 bp) after photoreaction using polyamides 1-4.
Lanes a—e, photoirradiation periods of 0, 5, 10, 15, and 30 s, respectively, at
365 nm UV using 10 nm DNA and 100 nm polyamide. Top- and bottom-
strand analyses are shown. The sequence of DNAL is shown in which all Ts are
replaced with 5'U.

however, three extremely weak strand cleavage events, which
were considered as 1 bp mismatch sequences (sites 12-14,
Fig. S2, ESIt), were observed. This observation was consistent
in both DNA fragments.

In a similar way, we designed polyamide 4 (pyrene-BpPy-
ImPyPy-y-PyImPyPyBDp), to target 5-WWGCWW-3’ sequences
because of their unique places in both DNA fragments. Strand
cleavage events at sites 18 and 19 confirmed its match sequences in
the DNA1 fragment, Fig. 3 and 4 and ES1.} Moreover, a weak strand
cleavage observed at site 17 confirmed its 1 bp mismatch sequence.
In DNA2 (Fig. S2, ESIY), site 15 was the only match sequence for 4 in
the entire DNA fragment, and strong strand cleavage at that
sequence further confirmed the sequence selectivity. In addition,
two 1 bp mismatch sequences, sites 16 and 17, were also cleaved
after the photo-irradiation. It should be noted that, although these
types of polyamides can easily bind to 1 bp mismatch sequences,
the number of mismatches and the amount of cleavage in the
case of 4 were lower. This implies its higher sequence specificity
among the four designed polyamides. Again it is to be noted
that whether pyrene has any influence on polyamide binding
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Fig. 4 Representative examples of electron injection in DNAL from sites
1-5, 6-11, 12-16, and 17-19 by polyamides 1, 2, 3 and 4, respectively, are
shown. The remaining examples are shown in Fig. S1 (ESIt). Binding sites
are shown in different colors: red indicates a match site, blue indicates a
1 bp mismatch site, and green indicates a reverse binding site; the boxes at
mismatch sites indicate the mismatched base pair. Arrows indicate the
strand-break site, with intensity.

specificity or not is unknown. However, pyrene is known to bind
DNA relatively non-specifically by intercalating between the base
pairs,®® thus the absence of such cleavages suggests that pyrene
conjugation with polyamide might not appreciably influence the
specificity. Because in the present study we admitted that bind-
ing affinity, binding orientation, and specificity can be estimated
by strand cleavage via electron injection, we performed SPR on
biotinylated DNA*® containing those particular sequences of
match, mismatch, and reverse binding sites, for further valida-
tion of the results.

First, we examined the binding affinity of polyamide 1 at match
and 1 bp mismatch sites. The results are shown in Table 1. The Kp,
values for match and mismatch sites were 5.96 x 10% and 1.05 x
10~ (M), respectively. The specificity between these two values was
just 1.76. These values indicate almost a similar binding affinity in
match and mismatch sites that were observed from strand clea-
vage in both DNA fragments. As photoirradiation of DNA incu-
bated with 2 pointed out the possibility of binding in the reverse
orientation, binding affinity in forward and reverse orientations
was further examined by SPR. The K, value in the forward and
reverse orientations of 2 was 5.13 x 10~ % and 1.51 x 107 (M),
respectively, and the specificity was just 2.94. This result suggests
that 2 can bind in the reverse orientation at site 10 in DNA2 with
almost the same affinity as that detected in the forward orienta-
tion; see Fig. S2A (ESIT). The ~ 3.5 times higher k, value observed
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Table 1 SPR analysis validating the binding affinity
Pyrene polyamide kM s ka(s™h Kp (M) e Specificity

PIP 1- Match 1.96 x 10* 1.17 x 103 5.96 x 108 0.27 —
5'fBiotinfGCECTTGAGTCGCGTT

CGCGAACTCAGCGCTT

PIP 1-Mismatch 2.35 x 10° 2.46 x 1074 1.05 x 1077 0.62 1.76
S'fBioLinfGCQCATG CGCGTT

cccgﬁ%mscﬂ

PIP 1-Reverse 5.55 x 10° 3.09 x 1073 5.57 X 1077 1.75 9.34
5’—Elotin—GC?@TTCACTCGCGTT

CGCGAAGTGAGCGCT |

PIP 2-Match 6.23 x 10° 3.19 x 10°* 5.13 x 108 0.47 —

5'*Blot1n’GgGCAT CGACGCGTT

cGCeTATeCTGCGCTT

PIP 2-Reverse 2.19 x 10* 3.31 x 1073 1.51 x 1077 1.24 2.94

5'—Biotin—GCGCTATGCTCGCGTT

CGCGATACGACGGCT

in the reverse site compared with the forward site also indicates
that 2 can access the reverse sequence more efficiently. We also
checked the reverse binding affinity of 1, as it contains several
reverse binding sites in both DNA fragments. However, those
reverse sequences overlapped with forward sequences; for
example, site 1 in Fig. 3. Polyamide 1 exhibited a Ky value of
5.57 x 1077 (M) in the reverse orientation, and its specificity
with respect to the forward orientation was 9.34. This value
indicates a significant low binding affinity for 1 in the reverse
orientation. Moreover, the k, value for the forward orientation
was ~3.5 times higher than that for the reverse orientation,
which is completely opposite to what was observed for 2.

In conclusion, we have demonstrated that the photochemistry of
P'U-substituted DNA can be used to detect the binding site of PIPs.
Using this technique, we have successfully analyzed the binding sites
of four pyrene conjugated PIPs in two long ®'U-substituted DNA
fragments (381 bp and 298 bp) by photo-induced electron injection
and estimated their binding affinity, specificity and orientation
preferences. Using high-resolution denaturing gel electrophoresis,
the site of electron injection was analyzed. PAGE analysis revealed a
unique pattern of electron injection from polyamides 1-4 in both
DNA fragments. Our results suggest that 1 and 2 inject electrons
with low sequence specificity and 3 and 4 inject electrons with high
sequence specificity. Moreover, using this technique we can also
detect reverse orientation binding sites, as observed for 2. As it is
crucial to scan libraries of many potential binding sites to identify
binding sites with the highest affinity, this platform would be a
useful screening tool in the design and development of PIPs.
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