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Supervisor’s Foreword

During the last three decades, we have seen enormous development in the field of
DNA molecular recognition. There have been plenty of small molecules developed
to target specific DNA sequences in the human genome. Small molecule targeted
therapeutics is increasingly a choice for anticancer drugs and many other diseases.
Our group contributed for last two decades in developing small molecules for
therapeutic applications and this thesis demonstrates some developments in this
area.

In this thesis, Dr. Abhijit Saha made an effort to design and synthesize small
molecules to target specific HDAC inhibition. Though small molecules for HDAC
inhibition are known for several years they are nonspecific in nature. Thus,
sequence-specific HDAC inhibition by small molecules could contribute in
understanding the complex transcription network. The research described in Chaps.
2 and 3 is the development of a small molecule which can express pluripotent genes
and developmental genes from mouse embryonic fibroblast by selective HDAC
inhibition.

We also investigated the photochemistry of ®*U-substituted DNA for the last
three decades in order to understand the underlying mechanism of cleavage. In this
thesis, some useful applications of this modified DNA are shown. In the design and
development of small molecules, it is always necessary to screen a library of
potential binding sites to identify real highest affinity binding sites for the application
in biology. The author developed a photo-footprinting method for the detection
of the binding sites of pyrene-conjugated polyamides using ®"U-substituted DNA.
This method can be useful on a routine basis for detecting the binding sites of small
molecules.

BrU_substituted DNA was further exploited in the detection of cooperative
binding of transcription factors, Sox2 and Pax6, on a ®'U-labeled regulatory ele-
ment DC5 by excess electron transfer. With this tool, it is possible to understand
complex protein—nucleic acids interactions during their cooperative binding and it
may be a useful tool for other biological complex interactions.

At final part of the thesis, the author evaluated the effect of Hoechst 33258 dye in
the double-strand break of ®"U-labeled DNA after UVA irradiation.
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This thesis demonstrates the development of small molecule for the applications
in regenerative medicines. Also, it demonstrates the applications of ®"U-based tool
to study the binding of DNA-binding ligands and proteins.

Kyoto, Japan Prof. Hiroshi Sugiyama
December 2017
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Chapter 1 )
Overview of DNA Minor s
Groove-Binding Synthetic Small

Molecules and Photochemistry

of "U-Substituted DNA

Abstract DNA was the first defined target for the anticancer drugs. Targeting
DNA with small molecules for therapeutic applications is in increasing demand.
Pyrrole-imidazole polyamide is one such molecule, which has shown promising
selectivity for specific DNA sequences of the genome. This can bind to the minor
groove DNA in a sequence-specific manner and the binding efficiency is compa-
rable to the natural transcription factors. This molecule was used extensively to
study gene regulations. In the first part of this thesis, development of this small
molecule for specific gene activation is demonstrated for the purpose of regener-
ative medicine. In the second part, the photochemistry of B'U-labeled DNA is used
to develop ®"U-based detection assay. Several applications of this photochemistry
are demonstrated such as the development of a photo-footprinting technique to
identify the binding sites of pyrrole—imidazole polyamides. This photochemistry is
also used for detection of cooperative binding of transcription factors on
BrU-labeled regulatory element and the double-strand breaks in ®'U-labeled DNA
by Hoechst 33258. The photochemical methods described in this thesis are useful
for studying small molecules and proteins binding on DNA.

Keywords Molecular recognition - Pyrrole—imidazole polyamide
Transcriptional activator - 5-Bromouracil - UV irradiation - Photochemistry

1.1 General Introduction: (A) Molecular
Recognition of DNA

Living organisms store their genetic information in the DNA double helix. The
genomic DNA is a polymer of A, T, G, and C and their unique sequences all over the
genome are crucial for life. In this new era of genetics, it is possible to find the link
between human diseases and the crucial changes in the DNA sequences. Besides this
genetic encoding, the DNA has several conformations such as B-form, A-form,
Z-form, cruciform, triplex DNA and four-stranded G-quadruplex (Fig. 1.1). In
B-form, the most common double helical structure found in nature, the double helix

© Springer Nature Singapore Pte Ltd. 2018 1
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is right handed with 10-10.5 base per turn. The double helix in it contains a wider
major groove and a narrow minor groove. In A-DNA, the conformation adopted by
DNA-RNA hybrids, contains a deep and narrow major groove. In Z-DNA, the
double helix is left-handed and the conformation is favored for alternating G-C
sequences. Cruciform structure forms by negative supercoiling of a B-DNA to adopt
a four-armed, cruciform secondary structure that resembles a Holliday junction.
These structures require > 6—nucleotide inverted repeats (cruciform motif) to form,
and such motifs are located near replication origins, breakpoint junctions and pro-
moters in diverse organisms. Triplex DNA forms when a single-stranded DNA
forms Hoogsteen hydrogen bonds in the major groove of purine-rich double-
stranded B-DNA. Triplexes can form at physiological pH, and these structures are
also stabilized by negative supercoiling. G-quadruplexes are four-stranded DNA
structures formed by G-rich sequence [1]. Such local DNA conformations have been
suggested to be biologically important in processes such as DNA replication, gene
expression, and regulation, and the repair of DNA damage [2].

(d)

®

Fig. 1.1 Structures of a B-DNA, b A-DNA, ¢ Z-DNA, d cruciform, e Triplex-DNA, and
f G-Quadruplex DNA
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In nature, proteins can read out predetermined DNA sequences and control the
biological functions. Sequence-specific interactions between proteins and DNA are
chemically complex [3]. Crystal structures of protein DNA complexes have solved
many of such complicated interactions [4]. Proteins are relatively large in size and
thus can fit predominantly into the major groove (groove width and depth 11.7 and
8.8 A). Well-known proteins including helix turn helix [5], zinc finger motif [6],
homeobox domain [7], and bZip motif [8] are known as major groove binder.
Nature indeed provides clues to build organic small molecules/natural products,
which can distinguish each of the four Watson—Crick base pairings. DNA-binding
organic small molecules, natural products can preferentially fit into the minor
groove because of its narrow width and depth 5.7 and 7.5 A respectively. For
several years, DNA minor groove in the B-DNA is of great interest for developing
new drugs since it is a site of non-covalent high sequence-specific interactions for a
large variety of organic small molecules including natural products. DNA minor
groove-binding small molecules have been extensively studied because of their
several biological properties. In fact, they possess antibacterial, antiviral, antipro-
tozoal, and antitumor properties [9]. Apart from B-DNA, recently small molecules
also developed to target G-quadruplexes as a potential target for cancer treatment.
With the growing advancement of experimental techniques suitable for the deter-
mination of the DNA-binding specificity, for example, footprinting, affinity
cleavage, X-ray crystallography, NMR, molecular modeling, surface plasmon res-
onance (SPR), and more recently introduced Bind-n-Seq have advanced the
understanding of DNA—small molecule interactions and their nature of reactions
[3, 10]. The knowledge of these various techniques permitted the synthesis of
sequence-selective targets with better biological activities both in vitro and in vivo.
To this context, pyrrole—imidazole polyamides achieved considerable interest as
sequence-specific DNA minor groove binder. This small molecule has been used to
target human genome based on its specific-genomic recognition and have evidence
of right biological activity. Overcoming the new synthetic challenges, it is now
possible to convert this molecule into a multifunctional molecule.

1.1.1 Molecular Recognition of Pyrrole-Imidazole
Polyamides (PIPs) on B-DNA

At the early stage, natural products such as Distamycin A, Netropsin, chro-
momycin, Actinomycin D, calicheamicin oligosaccharide were characterized to
bind selected DNA sequences [11]. Interestingly, some small molecules such as
Hoechst 33,258, DAPI, berenil, pentamidine also have been developed which can
bind minor groove of DNA [9]. Most of the natural products actinomycin,
daunomycin, echinomycin, and chromomycin are structurally complex. Among
them, the compounds having the simplest structures are Netropsin and
Distamycin A with two and three consecutive pyrrole rings connected by amide
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HoN .
NH,
X-Ray Crystal Structure of a 1:1 complex of NMR solution structure of 2:1 complex
Netropsin and DNA of Distamycin and DNA

Fig. 1.2 Molecular recognitions of natural products distamycin and netropsin

bonds respectively (Fig. 1.2). These two compounds were studied very carefully to
understand the molecular recognition of the DNA double helix. In this regard, the
first X-ray structure of a complex of netropsin and DNA revealed that the 1:1
complex was a shape-selective recognition with the crescent PyPy bound by the
walls of the narrow minor groove of consecutive A*T tract in the minor groove [12].
From the crystallographic analysis, it was found that NHs of the carboxamides
pointed toward the minor groove floor of the helix making specific hydrogen bonds
with the AT and TeA base pairs (N3 of A and O, of T). Subsequently, another
complex of distamycin (PyPyPy) and nucleic acids were solved by NMR and
demonstrated that distamycin could bind AT sequences of DNA as an antiparallel
2:1 complex as well as 1:1 [13].

Together this recognition of netropsin and distamycin into the nucleic acids led
the foundation to design molecules with better recognition ability. It was then
thought to replace pyrrole (Py) with imidazole (Im) rings in the polyamide which
might allow to read the exocyclic NH, of GeC base pairs in the 1:1 complex [12,
14]. The synthesis of a novel polyamide, ImPyPy was reported which was expected
to bind, according to the 1:1 model, the sequence 5'-(G,C)(A,T),-3" in a single
orientation [15]. After scanning a library of sites on several DNA restriction
fragments using MPE-Fe(Il) footprinting and affinity cleavage techniques, it was
found that the molecule bound not the expected sequence but rather a new
unanticipated five base pair sequence, 5-(W)G(W)C(W)-3 (where W=A/T).
Surprisingly, G was located in the second position and C was preferred in the fourth
position. This time the previous breakthrough NMR of distamycin in 2:1 complex
led to the fact that polyamide ImPyPy binds as an antiparallel dimer, suggesting that
pairs of Im/Py recognize G*C, Py/Im recognizes C*G but they do not recognize
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Fig. 1.3 Molecular recognition of DNA minor groove by a hairpin polyamide

either AT or T+A [16]. The Py/Py pair cannot discriminate between TeA and AT
base pairs. In the next round of studies, these antiparallel dimers were covalently
attached with an aliphatic amino acid (y-aminobutyric acid) to create a U-shaped
motif which bound the minor groove of DNA with very high affinity and specificity
[17]. The hairpin structure kept the rings unambiguously “paired” avoiding slipped
dimers. In Fig. 1.3, the hairpin polyamide originated from ImPyPy dimers by
connecting the amino and carboxy terminus with y-aminobutyric acid is shown.

1.1.2 Molecular Recognition by Small Molecules
on Non-B-Form DNA

Like B-form DNA, G-quadruplex is also can be targeted by small molecules.
However, the recognition of G-quadruplex by the small molecule is different from the
recognition of PIPs on B-DNA. The reason is obvious from the structural point of
view. Four-stranded G-quadruplex (G4) structures, composed of several layers of
guanine quartets which are stabilized by Hoogsteen hydrogen bonds and coordination
to central metal cations. This secondary structure has a planar surface on the top and
bottom by the quartets. Thus, relying on the planar surface of the quartets, small
molecules were designed to target this structure. Some examples of G-quadruplex
binding small molecules are PhenDC3 [18] and Pyridostatin [19] (Fig. 1.4).
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NH HMN
W/, = ZN Nz

PhenDC3 Pyridostatin

(b) QW G17 v

\.’L G1 3 ‘Q

Fig. 1.4 a The chemical structure of G-quadruplex-binding ligands. b The NMR solution
structure of the complex of PhenDC3 and G-quadruplex DNA

The binding of this class of ligands on this secondary structure is demonstrated by
NMR solution structure of the complex of PhenDC3 and intramolecular
G-quadruplex-derived c-myc sequence as shown in Fig. 1.4b. The ligand PhenDC3
interacts strongly through n-stacking with the G bases on the G-tetrads [20]. These
compounds have shown promising biological activities in vivo.

1.1.3 Structural Modifications on PIPs for Better Properties

Later on, important chemical modifications were carried out such as introducing
(a) chiral turn: employing a chiral turn on the y-turn residue by amino-substitution
at the a-position to achieve enhanced binding affinity (10-fold) without loss of
specificity, higher orientational selectivity [21] (b) cyclic polyamide: cyclic poly-
amides show higher affinity with respect to the hairpin structure [22]. (c) f-alanine/
ring pair: the B/ring pair relaxes the ligand curvature and allows the hairpin
structure to adjust to the microstructure of non-B-form helix. In some cases, the
binding affinity of the -alanine/ring-polyamides is significantly higher than that of
the ring/ring analog [23]. (d) Tandem hairpin: the linked hairpins not only increase
the binding site size also significantly increases binding affinity and specificity of
the ligand (Fig. 1.5) [24].
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Fig. 1.5 Examples of different types of polyamide structures starting from hairpin, hairpin with a
chiral turn, cyclic polyamide, f-alanine/ring hairpin, and tandem polyamides

1.2 Biological Activity

There are approximately 19,000-20,000 genes in each human cell. It is fascinating to
realize that how nature controls the expression in time and space of each of these genes
by a remarkable three-dimensional switch, that multiprotein complex assembled on
specific base pairs of “promoter” DNA sequence encoded upstream from the RNA
polymerase start site and coding region. Transcription factors bind very specific DNA
sequences in the promoter region of each gene modulating the expression of that gene.
Therefore, sequence-specific pyrrole-imidazole polyamide is a good candidate to
compete with transcription factors and interferes the gene expression.

1.2.1 PIPs as Gene Down Regulator

PIPs have been extensively studied to inhibit specific gene of interest for many years.
The binding affinities of polyamides are sufficient enough to inhibit and compete with
transcription factors in order to downregulate a specific gene. Transcription factors
bind sequence specifically in the promoter region upstream from the RNA poly-
merase start site and coding region to express a gene of interest. Polyamides have
been shown to modulate the expression of downstream genes regulated by
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Fig. 1.6 a Polyamide targeting the androgen response element (ARE) found in the
prostate-specific antigen (PSA) promoter inhibits expression of PSA as well as the transcripts.
This polyamide has shown antitumor activity in prostate tumor xenograft model with limited host
toxicity. b Polyamide conjugated with alkylating agents Seco-CBI targeting the KRAS codon 12
mutation. This polyamide has shown significant tumor growth suppression, with low host toxicity
in KRAS-mutated but not wild-type tumors

glucocorticoid [25], androgen [26], and estrogen [27] by targeting at their respective
consensus response elements. An example of antitumor activity by a hairpin poly-
amide was demonstrated by targeting 5-WGWWCW-3' (W = A/T) found in
androgen response element in a prostate tumor xenograft model with limited host
toxicity (Fig. 1.6) [28]. Another approach for specific gene inhibition was realized by
designing alkylating agents conjugated with a sequence-specific polyamide targeting
at the coding region of a gene [29]. Alkylating polyamide also ensures specific gene
silencing ability in some oncogene, which is mutated at a specific site. Alkylating
polyamides are designed by conjugating Seco-CBI (1,2,9,9a-tetrahydrocyclopropa
[1,2-c]benz[1,2-e]indol-4-one), derived from the natural product duocarmycin,
which alkylates Adenine at N3 position in a sequence-specific manner. Kras codon
12 mutation was targeted by this class of alkylation polyamides (Fig. 1.6) [30].
Alkylated polyamide can block RNA polymerase in the transcription process at the
coding region that results in the truncated mRNAs.

1.2.2 PIPs as Gene Activator

PIPs were also designed to activate the transcription of a gene. To do that, the
polyamide was attached to a transcription activator domain taken from proteins.
Transcriptional activators are proteins that bind to specific DNA sequences and
recruits transcriptional machinery to a proximal promoter, thereby stimulating
gene expression. Relied on this concept, a hairpin polyamide attached with a short
peptide of 20 amino acids act as an activation domain, for instance PEFPGIEL
QELQELQALLQQ (AH) (20 mer) [31]. This artificial transcriptional activator was
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Fig. 1.7 The concept of transcriptional activation of gene by a polyamide—peptide conjugates.
The hairpin polyamide DNA-binding domain binds to a specific promoter and the activation
peptide domain VP16 binds and recruits parts of the transcription machinery

shown to stimulate promoter-specific transcription in a cell-free system. Later, size of
the polyamide peptide conjugate was cut down from 20 mer peptide AH to 16 mer
peptide DFDLDMLGDFDLDMLG which also results in the transcription activation.
This peptide was derived from the activator domain of viral activator VP16 [32].
Transcriptional activation by peptide—polyamide conjugate is shown in Fig. 1.7.

Another transcriptional activator was reported which combined a hairpin poly-
amide, which can bind to the target DNA sequence and a wrench-shaped small
molecule (wrenchnolol) that can bind to the Sur-2 protein, a subunit of human
mediator complex that links transcription activators to RNA polymerase II (Fig. 1.8)
[33]. This showed that the polyamide—wrenchnolol conjugate could activate the
target gene but was limited due to poor cell permeability. Thus, it was possible to
create synthetic transcription factor out of nonpeptidic component as well.

1.2.3 PIPs with HDAC Inhibitory Activity

Another approach for gene activation was considered by taking into account that
epigenetic modification plays an important role in gene regulation. The eukaryotic
genome is packaged into highly packaged chromatin architecture. Nucleosome is a
fundamental unit of chromatin formed by histone octamer (H3, H4, H2A, and H2B)
wrapping 146 base pairs of DNA [34]. In the tight chromatin structure, it is believed
that genes are silent due to the inaccessibility of transcription factors. Chromatin
modifications such as acetylation, methylation, phosphorylation, and ubiquitination
are known to induce transcriptional activation. In some cases, methylation,
sumoylation, deamination, and proline isomerization exhibit transcriptional repres-
sion [35]. In particular, histone acetylation is a dynamic process that regulates by two
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Fig. 1.8 The chemical structure of wrenchnolol conjugated polyamide as gene activator. This
hybrid design takes the advantage of specific DNA-binding affinity of the polyamide and also the
ability of wrenchnolol to bind sur-2 subunit of human mediator complex

large families of enzymes: (a) the histone acetylatransferase (HAT) and (b) the
histone deacetylase transferase (HDAC). The balance between the action these two
enzymes serve as a key regulatory mechanism for gene expression and govern
several other developmental processes. The presence of acetylated lysine in histone
tails is associated with relaxed chromatin state and gene-transcription activation;
while the deacetylation of lysine residues increases the ionic interactions between the
positively charged histones and negatively charged DNA yielding a more compact
chromatin structure and represses gene transcription by limiting the accessibility of
the transcription machinery. Owing to the fact that HDAC inhibitors have antitumor
activity, hence it is considered as a potential therapeutic agent in recent days [36].
Trichostatin A and SAHA (suberoylanilide hydroxamic acid) are well known as
epigenetic modifying histone deacetylase (HDAC) inhibitor and SAHA has received
Food and Drug Administration approval for treating patients with cutaneous T-cell
lymphoma. Although these HDAC inhibitors are promising, they act in sequence-
independent manner resulting nonspecific gene activation (Fig. 1.9).

To realize specific gene activation, it is necessary to place a selective chromatin
modifier that could precisely modulate the complex transcriptional network by
exogenously introducing transcription factors. Hence, attachment of a HDAC
inhibitor, SAHA, with a DNA-binding module, PI polyamide is an ideal solution to
activate specific gene of interest. Interestingly, the recognition of polyamides was
investigated in the core nucleosome structure resulting no binding hindrance for the
polyamide [37]. Since polyamides can bind in the tight nucleosome structure, with
the presence of SAHA it can open the tight structure and allow the transcription
factor to activate the gene of interest.
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Fig. 1.9 HDAC inhibitors SAHA activate genes through acetylation of lysine residues of the
histone tail. This results in loosening the tight chromatin structure aiding easy access for
transcription factors

Therefore, for the first time a new compound, SAHA-PIP, was designed and
synthesized for specific gene activation [38]. The first SAHA-PIP was designed to
target the DNA sequence, 5'-WGCWGGC-3' (W = A or T), present in the promoter
region of the pl6 tumor suppressor gene (Fig. 1.10). This new compound dra-
matically induced morphological changes in HeLa cells and selective Histone
H3K9 acetylation.

Hence, inspired by this significant morphological changes suggesting selective
gene-inducing ability of SAHA-PIP, a library of sixteen SAHA-PIPs from A to P as
shown in Fig. 1.11 were synthesized [39]. Each individual SAHA-PIP from the
library of 16 SAHA conjugates were treated in mouse embryonic fibroblast
(MEF) cells and their effects on the expression of iPSC factors were screened [40].
Screening of the 16 SAHA-PIPs on MEF cells using pluripotency reprogramming
factors as candidate genes revealed that compound E could activate mOct3/4 and
mNanog by 3 fold, whereas mSox2, mc-Myc and mKIf4 activated around 1.5 fold
[36]. However, the induction values were much lower than that of ES cell. Later on,
various structural modifications were done on E to improve its biological activity
[41]. But, structural modifications of E could not lead to any improvement in the
gene expression. To this point the only choice was to redesign polyamide sequences
by improving their sequence recognition ability, which could lead to the hit com-
pound. Hence, a second generation of another sixteen SAHA-PIPs from Q to ¢
were synthesized (Fig. 1.11) [42]. In a similar set of experiment, each individual
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Fig. 1.10 a Chemical structure of the first SAHA-PIP targeting p16 tumor suppressor gene. SAHA
unit shown in pink color conjugated at the N-terminus of the polyamide. b HeLa cells were cultured
in complete Dulbecco’s Modified Eagle’s Medium (SIGMA, St. Louis, MO, USA) supplemented
with 10% fetal bovine serum in 5% CO, at 37 °C with the following reagents: 150 nM SAHA
conjugate 2 (b) for 2 weeks. Scale bar indicates 100 um. ¢ HeLa cells were treated with the
indicated reagents (150 nM) for 7 days. After immunoprecipitation by acetylated (lysine 9) or
whole H3 antibody, the amount of pl6 promoter sequence in the co-precipitated DNAs was
determined by quantitative PCR. The ratio of the amount of PCR products in acetylated/ whole
immunoprecipitants in 150 nM SAHA-treated cells as 100% in this graph [38]

SAHA-PIP was screened from the second library on MEF using iPSC as candidate
genes. Interestingly two distinct SAHA-PIPs, Q and 6 activated some of the core
pluripotency genes (mOct3/4, mSox2, mNanog, mCdhl, mDppa4) in MEF in just
100 nM (polyamide concentration) for 24 h treatment.

These 32 SAHA-PIPs were simultaneously screened on human dermal fibroblast
HDF using the same iPSC candidate genes. In HDF-treated cell, a new SAHA-PIP
known as I could activate pluripotency genes in just 1 uM for 48 h treatment [43].
In contrast, the compounds E, Q, 8 which activated the same iPSC factor in MEF
cell could not activate the same genes in HDF-treated cell. This result demonstrates
the unique sequence selectivity of SAHA-PIP in gene regulation. To further support
the above statement, there was one experimental proof by microarray analysis that
the genome-wide gene expression of each individual SAHA-PIP triggers tran-
scriptional activation of an exclusive cluster of genes and non-coding RNAs
(Fig. 1.11) [44, 45]. The result was consistent in both microarray and qRT-PCR.
Thus, each SAHA-PIP can target separate gene network based on its specific DNA
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Fig. 1.11 a Design of 32 SAHA-PIPs. First library A-P and Second library Q-¢. b An
unsupervised hierarchical clustering analysis of top 100 upregulated genes in SAHA-PIP 1-32
treated fibroblasts suggests that each SAHA-PIP activates a unique cluster of genes. Each result
represents the sum of two individual culture plates. For SAHA-PIP 9 and SAHA, data derived
from additional biological replicates is shown [44]

sequence recognition ability. Some examples of SAHA-PIPs that are characterized
by further experiments on candidate genes of the respective gene networks are
shown in Fig. 1.12.

1.3 Conclusion and Prospect

Generation of induced pluripotent stem cell from the somatic cell by the defined
factors such as Oct3/4, Sox2, Klf4, and c-Myc pay much attention to many
researchers due to its potential clinical applications as regenerative medicine. The
possible risk of carcinogenesis such as potential of retroviruses to cause tumor in
the tissues derived from host iPSC factors was thought to be a factor that could
hamper its clinical translation. Thus, small molecule-based approach for the
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Fig. 1.12 Shown activation of different gene network by individual SAHA-PIPs such as
A-activated GRPR pathway genes (glucose metabolism), G-activated cardiac developmental gene
network, K-activated PIWI pathway gene (germ cell), and $-activated pluripotency gene network
(Oct3/4 as the target gene)
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transition of somatic cell to iPS cell is attractive due to lesser risk of carcinogenesis
in clinical application. In this thesis from Chaps. 2 and 3, we have demonstrated the
synthesis and biological activity of a SAHA-PIP, which activates core pluripotency
genes and developmental genes in mouse embryonic fibroblast. We also demon-
strated the synthesis protocol for improving the biological efficacy of this
SAHA-PIP. Hence, for developing regenerative medicine, this small molecule
could be a useful candidate.

1.4 General Introduction: (B) The Photochemistry
of U-Substituted DNA

Modification of a native DNA sequence by replacing thymidine with 5-bromouracil
(®"U) greatly increases the photosensitivity of the resulting DNA. Creation of such
photoreactive nucleic acid chromophore by replacing methyl group of thymidine
with Br is attractive because the van der Waal radius of Br (1.95 A) is similar to that
of methyl group (2.00 A). However, in the case of iodine, it is 2.15 A, only 8%
larger than the methyl group. Hence, this modification does not change the func-
tionality of the resulting DNA, however it increases the photosensitivity with respect
to protein—nucleic acid crosslinks [46], single- and double-strand breaks [47], and
the creation of alkali-labile sites [48]. The DNA-mediated excess electron transfer
(EET) is considered as the main photochemical events in the degradation or damage
of B'U-substituted DNA. In the following section, the theories of DNA-mediated
charge transfer are described based on two models namely oxidative hole transfer
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Fig. 1.13 Shown the isosteric structure of thymine and 5-bromouracil (B"U). The keto form of B'U
pairs with A similar to T with A. Thus, T can be easily replaced with ®'U which is sensitive to UV.
In rare cases the enol form of ®'U pairs with G. This causes point mutation during the replication of
DNA (the transition from A—T to G—C)

and reductive electron transfer. These studies were particularly important to
understand DNA damage mechanism and also for the development of DNA nan-
otechnology devices. ®'U substitution in DNA was used in clinical studies for cancer
therapy due to its higher sensitivity to ionization radiation. In rare cases, ®'U can also
induce point mutation such as the transition from A—T to G—C (as shown in
Fig. 1.13) [49]. The enol form of ®'U can pair with G and during a subsequent round
of replication this causes a mutation. This point mutation is toxic to cells. Over the
years, the photochemistry of B'U-substituted DNA gained interest for the application
in understanding various biological events under in vitro condition.

1.4.1 Hole Transfer Versus Electron Transfer

In principle, DNA-mediated charge transfer can be categorized as oxidative hole
transfer and reductive electron transfer reactions. Both of these processes are in fact
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Fig. 1.14 Showing the photoinduced hole injection and oxidative hole transfer in HOMO-
controlled versus electron injection and reductive electron transfer in a LUMO-controlled fashion

electron transfer reactions; however, the classification was done on the basis of their
molecular orbital involved. During the oxidative hole transfer, an electron is
transferred from the DNA or the final acceptor to the excited state of the donor in a
HOMO-controlled fashion. In the case of reductive electron transfer, the electron of
the excited state donor is transferred to the final acceptor in a LUMO-controlled
fashion (Fig. 1.14) [50-52].

1.4.2 Mechanism of Oxidative Hole Transfer and Reductive
Electron Transfer

The biological significance related to DNA damage was concerned mainly on
oxidative hole transfer processes through DNA and hence many theories have been
put forwarded [53]. A simplified model for oxidative hole transfer and reductive
electron transfer is given in Fig. 1.15. Basically, two model systems have been
proposed such as (1) super-exchange model and (2) hopping model for charge
transfer in both categories such as oxidative hole transfer [54] and reductive
electron transfer [50]. In a DNA-based donor-bridge—acceptor system, the energy
level of the bridge to donor and acceptor (6Ep and 8E,) determines the charge
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Fig. 1.15 Oxidative hole transfer and reductive electron transfer through DNA bridges via
a superexchanged mechanism b by hopping mechanism. D = Donor, A = Acceptor, B = DNA base

transfer processes. For instance, if the bridge state of the medium DNA is ener-
getically higher than the excited state of the donor, the charge will not be localized
on the bridge. In contrast, if the energy level of the bridge is comparable to the
excited state of the donor, charge transfer could occur through hopping process.
This charge hopping process on the bridge is an intermediate step that occurs via
several multi-step processes to the final charge trapping. Most frequently the bridge
in hole transfer process is G, because it is easily oxidized and hence G serves as a
hole carrier during hopping process [55]. The G hopping model was extended by A
hopping model with longer A-T stretches, if Gs are absent in the sequential context
[56]. In contrast, in case of reductive electron transfer, cytosine (C), thymine (T) or
uracil are reduced more easily than Adenine (A) and G [57]. Hence, it was believed
that pyrimidine radical anions of C and T  play the role of electron carrier during
electron-hopping process. However, the subsequent analysis suggests that C  is not
a good electron carrier.

1.5 Experimental Evidence of Charge Transfer

1.5.1 Hole Transfer

The hole transfer phenomena in DNA are of fundamental importance for DNA
damage and DNA repair. By experimental evidence, it is shown that a positive
charge can move through DNA over significant distances and this may define the
damaged genome sites during oxidative stress. One of the first examples for
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oxidative hole transfer was shown using a metallo-intercalators to introduce a
photoexcited hole into the DNA m-stack at a specific site in order to produce
oxidative damage. A rhodium intercalator is covalently attached to one end of the
DNA and separated spatially from 5'-GG-3’, the site of oxidation (Fig. 1.16) [58].
Since the guanine base is known to have the lowest ionization potential (IP) among
the four DNA nucleobases, the stacking interaction of two consecutive guanine
bases would create a site having an extremely low IP in duplex DNA. It has been
shown that stacking of two guanine bases significantly lowers the IP and that the
HOMO of the stacked 5'-GG-3' is localized mainly on the 5’-G in B-form DNA [59].

1.5.2 Reductive Electron Transfer

Reductive ET processes are currently used in DNA chip technology [60] and DNA
nanotechnology [61]. Reductive ET processes were studied based on two different
kinetic electron traps, which are a specially designed T—T dimer or ®"'U. Some of
the examples are consisting of an artificial DNA base with a flavine structure as the
photoexcitable electron donor and a special T-T dimer as the electron trap [62]. It
has been demonstrated that the amount of T-T dimer cleavage depends rather
weakly on the distance to the flavine group, indicating an electron-hopping process.
In contrast, some other examples demonstrated the reductive ET using a
diaminonaphthalene derivative as the photoexcitable charge donor or phenothiazine
(Pz)-modified 2'-deoxyuridine (Pz-dU) contains g DNA and BrU as the electron trap
(Fig. 1.17) [63, 64]. In these studies, one similar observation was observed that the
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Fig. 1.17 A donor-acceptor-based reductive electron transfer system based on Pz-dU as the
electron donor and P'U as the electron trap. In right some other examples of electron donor/
reductant and an electron acceptor/oxidant that have been used before. (PCET: proton-coupled
electron transfer) [52]

ET is dependent on the intervening base pairs. Because T-A as intervening base
pairs serves better electron transfer efficiency than C-G. This is due to proton
transfer which interferes with the ET in the later case, thus cytosine radical anion
does not serve as a good electron carrier in a mixed DNA sequence.

1.6 Electron Transfer in "U-Substituted DNA

1.6.1 Direct Irradiation and Intramolecular Excess Electron
Transfer

Based on the above-mentioned reductive ET examples, which were found to be
dependent on intervening base pairs between donor and acceptors, direct irradiation
of a B'U-DNA also can be categorized as an example of reductive ET process.
B'U.DNA when exposed to UV light (302 nm) gives sequence-specific strand
cleavages. It was found that 2'- deoxyuridin—S—yl radicals (or uracil-5-yl radical) are
effectively generated in 5'- G/C[A]n 123UBrU—3’, sequences in double-stranded
DNA, resulting in the selective formation of heat labile 2'-deoxyribonolactone
(Fig. 1.18). These sequences are called as hotspot sequences in the ®'U-substituted
DNA [65]. This intramolecular electron transfer is based on donor—acceptor model,
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Fig. 1.18 a The scheme of strand cleavage is shown. Uracil-5-yl radical generates from uracil-5-yl
anion after eliminating the bromide (Br ). The putative electron donor is G from the opposite strand.
In B-DNA, uracil-5-yl radical abstracts H-atom either from C1'-to generate 2-deoxyribonolactone
(path a) or from C2'-o position to generate erythrose-containing sites (path b). The uracil-5-yl
radical also can be quenched to U by the supplement of isopropanol which subsequent treatment of
uracil DNA glycosylase (UDG) can be converted to abasic sites (path c). b The sequence of 450 bp
DNA fragments was photo-irradiated using 302 nm. The cleavage sites are shown in red which are
known as hotspot sequences. All Ts were substituted with either ®'U or 'U [65b]

where G acts as a donor and ®"U as acceptor and consecutive A—Ts acts as a bridge.
In these hotspot sequences, A—T bridges play an important role for charge carrier. It
is to be noted that without such bridges this electron transfer does not occur at all in
5'-GP"UP"U-3' sequences. The mechanism of strand cleavage was established after
several subsequent studies and it is found that generation of uracil-5-yl radical is the
main photochemical event. This radical is a powerful H-atom abstractor and sub-
sequently abstracts a hydrogen atom from the C1' position of the nearest sugar part at
the 5’-end to form heat labile 2-deoxyribonolactone. Another simultaneous hydrogen
abstraction by uracil-5-yl radical was also detected from C2'-oH of the same sugar
moiety to form alkali-labile erythrose-containing sites [66]. This hydrogen
abstraction by the radical species can be quenched by the supplement of excess
hydrogen atom donor such as THF or isopropanol in the reaction mixture [65d].
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More precisely, this hydrogen abstraction by uracil-5-yl radical was found to be
atom specific and highly dependent on the local DNA conformations; such as
A-form, B-form, Z-form, bent DNA, and G-quadruplexes [67]. For example,
competitive C1'- and C2'a-hydrogen abstractions have been observed in B-DNA,
whereas selective C1'-hydrogen abstraction occurs in the A-like structure of DNA—
RNA hybrids. In Z-form DNA, stereospecific C2'f-hydrogen abstraction gives rise
to C2'a-hydroxylation. In protein-induced DNA kinks, photoirradiation causes
intrastrand hydrogen abstraction from the 5-methyl group of thymine on the 5'side.
The photoreactivity of iodouracil-containing telomeric DNA depends on the ori-
entation of the G-quadruplex. The 2'-deoxyribonolactone residue is effectively
produced only in the diagonal loop of the antiparallel G-quadruplex.

1.6.2 Ligand-Sensitized Excess Electron Transfer
to ®"U-Substituted DNA

In order to use the photochemistry of ®'U-DNA for developing DNA-based
detection assay, ligand-sensitized electron transfer to 2'U was proposed. To achieve
this, an organic chromophore which can be easily photooxidized was attached to the
ligand. The DNA minor groove binder, polyamides, was attached with pyrene as an
electron donor. This intermolecular system of donor and acceptor gives an excellent
yield of photoproduct under UVA irradiation condition (Fig. 1.19). This proof of
concept of intermolecular electron transfer on a short oligo opens up the possibility
of developing a photo-footprinting technique for detecting the binding sites of
DNA-binding small molecule in a Bry-substituted DNA [68].

1.6.3 Excess Electron Transfer from Protein
to ®"U-Substituted DNA

A short peptide Lys—Trp—Lys was used to repair the thymine dimer upon UV
exposure [69]. The photoinduced excess electron transfer from the tryptophan
residue of the peptide does the cycloreversion of T dimer. Some reports also
suggest that photolyase repairs thymine dimer by electron transfer from cofactor
domain under the action of UV light [70]. It is also found that photolyase can repair
thymine dimers without the involvement of a cofactor. This suggests that specific
amino acid itself has the potential to repair DNA by a photoinduced electron
transfer mechanism [71]. Some reports suggest that the guanine-cation radical
formed upon oxidative hole transfer is reduced by electron transfer from histone
[72]. A direct evidence of excess electron transfer was from Sso7d, a
nucleohistone-like protein of archaea, to ®'U or thymine dimer in which a trypto-
phan was involved as the electron donor (Fig. 1.20) [73]. Considering this specific
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Fig. 1.19 a Chemical structure of pyrene-conjugated pyrrole-imidazole polyamide and
sequence-specific electron injection. b Site-specific electron injection into DNA. An oligonu-
cleotide containing two ®'U residues and FITC was prepared and photo-irradiated with PPI 1 or
PPI 2 for the indicated time on ice. The resulting samples were cleaved at the uracil site using
UNG following heat treatment and loaded onto gels. A 7-mer, 22-mer, and 30-mer ODNs were
used as a size marker [68]

amino acid as the source of electron in proteins, it can be further exploited to
investigate the complex biological events such as multi-protein complex formation
during transcription process on ®'U-substituted DNA.

1.7 Conclusion and Future Prospect

Based on the strand cleavage chemistry, an overview of the various applications of
BrU-substituted DNA in the past and present can be summarized in the following
Fig. 1.21. In 1990, first by direct irradiation of ®'U-DNA the damage was studied
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based on photodegraded product of six mer oligo d(GCA®'UGC). This was the first
step toward the understanding of DNA damage in ®"U-DNA. From 1990 to 2005,
from six mer to 450 bp, the journey has contributed significant developments to this
field. Specific sequences, called hotspots, were identified on the long DNA, which
are highly sensitive to damage. The damage occurred via an interesting
intramolecular electron transfer process as described in the Sect. 1.6.1. ®'U-DNA
was also used to study the mechanism of photoinduced charge transfer by con-
necting an organic chromophore (with absorbance at around 350 nm) on the DNA.
These studies were devoted to understand how distance and sequence dependence
charge migration could occur and this would also help in developing DNA-based
nanodevices. Later on, DNA damage was studied on the different DNA structures
such as A-DNA, Z-DNA, DNA-kink, and G-quadruplex and compared with
B-DNA. This gives another interesting aspect of photochemical reaction which
suggests that the H-abstraction is dependent on local conformations of the DNA
resulting in specific photoproducts. Simultaneously, protein-sensitized strand
cleavage on P'U-DNA was investigated to identify protein-nucleic acids interac-
tions by excess electron transfer. This tool offers a new concept to investigate
complex biological interactions of proteins with nucleic acids under in vitro con-
dition. Owing to the fact that ®'U-DNA remains undamaged under 365 nm irra-
diation, DNA-binding small molecule with organic chromophore was used for
intermolecular electron transfer.

Combing the previous contributions in this field, it is possible to develop
BrU-DNA-based assay to screen small molecules and proteins by EET. In Chap. 4,
we have demonstrated a photo-footprinting method to screen the binding affinity of
pyrene-conjugated pyrrole-imidazole polyamides by EET. In Chap. 5, we have
demonstrated the cooperative binding affinity of two-transcription factors Sox2 and
Pax6 on a B'U-labeled regulated element DCS by EET. In Chap. 6, the Hoechst
33,258 induced double strand on Bry_labeled DNA is demonstrated. These suc-
cessful studies open up the further application of it in studying the small molecule
and protein interactions in secondary structures of DNA.
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Chapter 2 )
Synthesis and Biological Evaluation s
of Targeted Transcriptional Activator

with HDACS Inhibitory Activity

Abstract We demonstrated the activation of genes that played important roles in
the early development process of living animals. To do that, we developed a new
class of compounds known as SAHA-PIP, which is a combination of two functional
domains. One is DNA minor groove-binding pyrrole—imidazole polyamide and the
other one is histone deacetylase inhibitor HDACi called SAHA. In a previous
study, we developed Sd as one of such compound exhibiting both DNA-binding
and HDAC-inhibitory activity. Epigenetic activity of S6 was attributed to the active
metal-binding (-NHOH) domain of SAHA. We synthesized a derivative of SJ9,
called J9 to evaluate the role of surface recognition domain (—phenyl) of SAHA in
S&-mediated transcriptional activation. In vitro studies revealed that J§ displayed
potent inhibitory activity against HDACS. J& retained the pluripotency gene-
inducing ability of S6 when used alone and in combination with S&; a notable
increase in the pluripotency gene expression was observed. Interestingly, JO sig-
nificantly induced the expression of HDACS8-controlled Otx2 and Lhx1. Our results
suggest that the epigenetic activity of our multifunctional molecule could be altered
to improve its efficiency as a transcriptional activator for intricate gene network(s).

Keywords Biomimetic synthesis + DNA recognition - HDACS inhibition
Transcriptional activators « Developmental genes

2.1 Introduction

DNA  minor groove-binding  N-methylpyrrole  (Py)-N-methylimidazole
(Im) polyamides (PIPs) are used to learn the mechanism of cancer [1, 2]. The reason
is these molecules can recognize each of the four Watson—Crick base pair
sequences through side-by-side stacked-ring pairing: Im/Py distinguishes G—C from
C-G, while the Py/Py pairing is degenerate and targets A—T and T-A [3]. As they
can recognize predetermined DNA sequences with high specificity and high
binding ability, which is similar to the natural transcription factor, thus PIPs have
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been extensively studied for regulating gene expression [4—6]. In recent years, these
PIPs have been conjugated with different functional moieties including alkylating
agents such as seco-CBI [7-10], and fluorescent dyes [11-16], for different bio-
logical activities including gene regulation. In nature, gene regulation is achieved at
various distinctive levels, and programmable gene-based transcriptional activators
have been overlooking the critical epigenetic influence in gene control. Coordinated
epigenetic modifications precisely orchestrate the genome-wide gene expression to
cause transcriptional activation and control cell fate. Several small molecules such
as BIX-01294 [17], valproic acid [18], 5'Azacytidine [19] have been shown to
artificially induce epigenetic modifications, however, they act in a sequence-
independent manner. SAHA (suberoylanilide hydroxamic acid) is one such epi-
genetic modifying histone deacetylase (HDAC) inhibitor that binds directly to the
catalytic site of the class I and class I HDAC enzymes to induce transcriptionally
permissive chromatin. SAHA is currently in advanced clinical trials for the treat-
ment of cancer and has also been shown to be effective against latently
HIV-infected T-cells [20].

To achieve better efficacy and biological properties, SAHA was conjugated with
the sequence-specific PIPs termed as SAHA-PIP. Initially, a SAHA-PIP was
designed to target the promoter region of the pl6 tumor-suppressor gene, which
induced site-specific histone H3 Lys9 acetylation and significant morphological
changes in HeLa cells [20]. Encouraged by its selective inducing ability, we syn-
thesized a library of 32 (A—¢) SAHA-PIPs with differential gene-inducing ability.
HDAC inhibitors including SAHA are known to increase the reprogramming
efficiency of somatic cells to induced pluripotent stem cells (iPSCs). Therefore, we
chose iPSC factors as the candidate genes to evaluate the effect of SAHA-PIPs in
mouse embryonic fibroblasts (MEF) [21]. We identified some SAHA-PIPs could
distinctively activate the iPSC factors (Oct-3/4, Nanog, Sox2, KlIf4, and c-Myc) by
screening them on stem cell-related genes [22]. Among these 32 compounds, a
SAHA-PIP termed as S dramatically induced multiple pluripotency genes by more
than tenfold to initiate cellular reprogramming in just 24 h [23, 24]. The mechanism
regarding the selective induction of pluripotency genes by So in mouse fibroblast
suggests its sequence specificity among the others. Here, in this chapter, we focused
on the modification of S, especially in the SAHA functional domain to modulate
HDAC-inhibitory activity. The goal is to have specific HDAC inhibition by
modifying the original compound S&. This study is one step further to prove HDAC
inhibition by SAHA-PIPs plays a significant role in its specific gene-inducing
ability.

In that context, first we look at the X-ray crystallographic data based on the
interaction of SAHA and homolog of HDAC [histone deacetylase-like protein
(HDLP)], which revealed that SAHA inhibits HDACs to induce acetylated histones
via three functional domains: an active metal-binding domain (-NHOH), a linker—
(CH2)¢—domain, and a surface-recognition domain (-phenyl) [25, 26]. Among
these domains, the metal-binding domain is crucial for gene expression. As without
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the active metal-binding domain in S, this compound could not express the same
genes [24]. However, the influence of other two domains, linker and surface-
recognition domain, in SO is unknown. A recent report showed that subtle
manipulations of SAHA like the addition of a ferrocene unit to generate a new class
of compounds called JAHA (Jay Amin hydroxamic acid) could successfully alter its
HDAC specificity [27]. Based on this study, we generated a new compound called
Jo (JAHA-PIP &) by attaching the PIP & with SAHA that does not contain the
surface-recognition domain but retains the other two domains (Fig. 2.1). First, we
demonstrate through studies with in vitro enzymatic assay for HDAC that the
derivative J§ possesses notably a higher HDACS inhibitory activity than that of the
original S3. We also demonstrate a notable increase in the gene expression with
the combination of S& and Jd to suggest the importance of HDACS inhibition in
pluripotency gene expression. HDACS are known to epigenetically control the skull
morphogenesis by the repression of Otx2 and Lhxl [28]. However, mode of
expressing these development-related genes is challenging and no small molecules
have been known to increase the expression of these critical genes. Herein, we
report for the first time, the ability of our new type of synthetic small molecule to
induce the endogenous expression of the HDACS8-regulated Otx2 and Lhx1 via
hyperacetylation of histone H3 in their promoter region.
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2.2 Results

2.2.1 Design of the Synthetic Transcriptional Activator

We designed the new compound by deleting the phenyl group from original
SAHA-PIP (S0) [24]. Structure of our target compound Jo is shown in Fig. 2.1. J§
polyamides were synthesized by Fmoc solid-phase peptide synthesis using
Py-oxime resin (Fig. 2.2). Using Fmoc chemistry, PIP-8 (NH,-f-fS-ImPyPyP-y-
ImPyPyPy-Dp) sequence was synthesized by PSSM-8 peptide synthesizer
(Shimadzu, Kyoto) with a computer-assisted operating system with 45 mg of oxime
resin (ca. 0.2 mmol/g, 200400 mesh). After the solid-phase synthesis, the pre-
cursor was cleaved from the resin using N,N-dimethylaminopropylamine (Dp),
stirred at 45 °C for 3 h. The reaction mixture was filtered, triturated from Et,0, to
yield as a yellow crude powder. The precursor A (about 24 mg) was dissolved in
DMF (0.5ml) and added 10 pul of DIEA (3 equiv.) and finally
methyl-8-cholo-8-oxo-octanoate about 8 pl was added very slowly at room tem-
perature and stirred for 1 h. This allowed the formation of precursor B which then
converted to the active functional group of SAHA-PIP by using an aqueous solution
of 50% (v/v) NH,OH (0.5 ml). The reaction mixture was stirred for 8 h at room
temperature. After the reaction, hydroxylamine was quenched with acetic acid
(0.5 ml) at O °C. The mixture was purified by flash column chromatography. The
purity was checked by HPLC (elution with trifluoroacetic acid and a 0-100%
acetonitrile linear gradient (0—40 min) at a flow rate of 1.0 mL min~' under
254 nm) to yield J§ as a light yellow powder (2.0 mg, 14%). 1H NMR for the
compound JAHA-3 ESI-TOF-MS (positive) m/z calculated for CgoHgoN24O14
[M + 2H]** 740.3612; found 740.3617. 1H NMR (600 MHz, [D6]DMSO):
0 = 10.34 (brs, 1H), 10.28 (s, 1H), 10.26 (s, 1H), 10.01 (s, 2H), 9.94 (s, 3H), 9.90
(s, 2H), 9.24 (brs, 1H), 8.15 (brt, 2H), 8.03 (brs, 2H), 7.96 (s, 1H), 7.77 (s, 1H),
7.45 (s, 1H), 7.43 (s, 1H), 7.26 (s, 1H), 7.22 (s, 1H), 7.20 (s, 1H), 7.16 (s, 1H), 7.14
(s, 1H), 7.12 (s, 1H), 7.06 (s, 1H), 7.03 (s, 1H), 6.94 (s, 1H), 6.90 (s, 1H), 3.95 (s,
1H), 3.85 (s, 1H), 3.84 (s, 1H), 3.80 (s, 1H), 3.79 (s, 1H), 3.42 (s, 1H), 3.41 (s, 1H),
3.38 (s, 1H), 2.78 (s, 1H), 2.38 (s, 1H),2.20 (s, 1H), 2.00 (t, 2H), 1.91 (t, 2H), 1.82
(m, 2H), 1.79 (m, 2H), 1.44 (m, 2H), 1.18 (m, 2H).

ESI-TOF-MS (positive) m/z calculated for Cg9HooN24014 [M+2H]2+ 740.3612;
found 740.3617.
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2.2.2 Determination of HDAC Activity in Vitro

18 HDAC enzymes have been found in human and these are divided into three
classes based on their homology to yeast deacetylases (Fig. 2.3) [25]. Class I
includes HDACI, 2, 3, and 8 with molecular weights of 22-55 kDa and
homogenous in their catalytic site, Class II includes HDAC4, 5, 7, and 9 with
molecular weight 120-135 kDa. A subclass of HDAC, class Ila includes HDAC6
and 10 containing two catalytic sites and HDAC11 is referred to as class IIb or class
IV because it conserved residues in the catalytic core region shared by both class I
and class II. Class III belongs to Sir2 family (SIRT1-7) that does not have histone as
a primary target. Class I, II, and IV are zinc-dependent enzymes bearing a highly
conserved catalytic domain with a Zn** ion [25].

It is identified that some HDAC enzymes play specific role in the development
process. For example, HDAC6 promotes survival and regrowth of neurons fol-
lowing injury [29], HDACI regulates pluripotency [30], HDAC4 regulates skele-
togenesis [31], and also HDACS controls skull morphogenesis [28]. SAHA is a
pan-HDAC inhibitor that has a relatively higher specificity against class I HDACs
[32]. S8 was previously shown to epigenetically induce the endogenous expression
of multiple pluripotency genes. However, the actual specificity of SO against
individual HDAC enzymes was not evaluated. Here, we used a fluorogenic-based
assay kit that contains individually purified HDAC enzymes such as HDACI,
HDAC?2, or HDACS, to evaluate HDAC activity of S6 and Jo in a 384-well plate
using trichostatin (TSA) as the control [27]. ICs, values were normalized to a
control sample by logistic regression and triplicate values were plotted (Fig. 2.4). In
this assay, JO and SO exhibited similar potency against HDAC1 with ICs, values of
0.37 and 0.49 uM respectively. Against HDAC2, S& showed a relatively higher
potency than that of J3 (Table 2.1). Interestingly, a notable and substantial

Fig. 2.3 a Different classes (a)
of HDAC enzyme are shown
with their family partners and

their specific role. b Structure
of SAHA shown with
different functional domains
- Class1I l
(b) H i
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Table 2.1 ICs, values for HDAC inhibitors”

Test inhibitor HDACI1?* (uM) HDAC2* (uM) HDACS8* (uM)
Jo 0.49 + 0.07 1.12 + 04 0.13 4+ 0.06
So 0.37 £ 0.09 0.77 £ 0.18 0.82 £ 0.1
Trichostatin A 0.0043 £+ 0.001 0.014 £ 0.03 1.36 + 0.2

“ICsq values for the compounds (uM) with SD in parenthesis

®In vitro enzymatic activity assay for HDACI, 2, and 8 enzymes by trichostatin (TSA), S8, and J&
with their ICsog values. Compounds were arrayed in a 384-well plate format as library stock
solutions, with a maximum concentration of 5 mM and were serially diluted. HDAC enzymatic
reactions were conducted at 37 °C for 30 min followed by the addition of a fluorogen. Enzymatic
activity was determined by fluorometry at 350-380 nm excitation and 440-460 nm emission. The
data comprise the mean of three individual experiments. Curves were fitted by logistic regression

using Graph Pad Prism

difference in ICsy values was observed in HDACS inhibition by both the com-
pounds. J§ was found to be about 6 times more specific toward HDACS than that of
S6. J5 and Sd displayed an ICs( value of about 0.13 and 0.82 puM respectively. It is
important to note here that when compared with the TSA, J6 was about ten times
higher specific toward HDACS (Table 2.1 and Fig. 2.4). However, TSA showed a
superior specificity against HDAC1 and HDAC?2 than that of J§ and S6. Taken
together, our result supports the notion that the modifications in the
surface-recognition domain could alter the specificity of SAHA moiety in
SAHA-PIP against different HDACs (here HDACS).
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2.2.3 Gene Expression

In vitro HDAC activity analysis indicated Jo to be more HDACS specific than Sd.
Also, its specificity against HDACI1 activity remains in the same range as S9.
Because HDACT is known to regulate pluripotency [30], we performed screening
studies in MEF to determine the effect of J& on pluripotency gene. Following the
protocol described before [24], the effect of our synthetic small molecules on the
endogenous expression of iPSC factors was evaluated after 24 h incubation at
100 nM concentration. We chose the critical markers associated with pluripotency
and cell fate conversion (Oct-3/4, Sox2, Nanog, Dppa4, Rex1, and Cdhl) as the
candidate genes. First, we evaluated their effect independently. We observed, about
20- to 25-fold increase in the endogenous expression of Oct3/4 with both S§ and J9.
Then, we checked their effect in combination since they have different HDAC
specificities. We used 50 nM of each of SO and J6 in MEF. Interestingly, we
observed together these two compounds strikingly improved the efficacy to induce
Oct3/4 by about 1.6-times induced Oct-3/4 by about 40-fold (Fig. 2.5a, Bar
S& + J3). SO and J§ induced Nanog by about 20-fold, and 16-fold, respectively.
Consistent with the pattern observed in Oct-3/4, S& and J& combination also
showed improvement in the induction values (30-fold) of Nanog (Fig. 2.5b).
Individual treatment of S and Jd induced the expression of Sox2 by about sixfold,
whereas their combined treatment cause about tenfold increase in their induction
values (Fig. 2.5¢).

Rex1 is a critical pluripotency gene that is found in the undifferentiated cells and
is silenced in somatic cells like MEF [33]. Interestingly, the combination of S6 and
Jd induced the expression of Rex1 by about 100-fold in just 24 h (Fig. 2.5d, Bar S&
+J5). Individual treatment of S and J§ also induced the Rex1 expression by about
60- to 70-fold. Cdhl is a critical marker for mesenchymal epithelial transition
(MET), an important rate-limiting step during the de-differentiation of the somatic
genome [29]. SO and Jo induced the expression of Cdhl by about 25- to 30-fold
when individually treated and in combination they induce the expression of Cdhl
by about 45-fold (Fig. 2.5e). In the case of Dppa4, only about two fold increase was
observed with the individual and combined treatment of S and J3 (Fig. 2.5f). The
acquisition of an epithelial fate during cellular reprogramming appears to be closely
associated with the pluripotent state [34]. In this regard, dramatic induction of the
core pluripotency genes including Cdhl and Rex1 is just 24 h suggests that both S
and Jo switch ‘ON’ the transcriptional machinery conferring to pluripotency. We
reported previously that SO did not influence the expression of both c-Myc and
Kif4; similarly, J5 also did not have any effect on the induction of c-Myc and Klf4
when treated individually or in combination. The c-Myc and KIf4 pathways are
different from that of the core pluripotency gene network [24] and our result is in
accordance with this notion. Similar to S8, Jd also displayed no cytotoxic effect on
MEFs even at 10 uM, which implies that the cytotoxic effect is not correlated with
its gene-inducing ability as shown in Fig. 2.8. Our results clearly suggest that J&
retained the ability of SJ to activate the pluripotency gene expression in mouse
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Fig. 2.5 Effect of Jo on the endogenous expression of pluripotency genes. Expression levels of
a Oct3/4, b Nanog, ¢ Sox2, d Rexl, e Cdhl, and f Dppa4 were determined by treating MEF with
100 nM of Sd and J9 either individually or together at 50 nM each, and with 0.1% DMSO as a
control. Each bar represents the mean+SD from 18 well plates

embryonic fibroblasts. Our results also suggest the possible need to inhibit HDACS
for pluripotency gene expression as induction values of almost all pluripotency
genes excluding Dppa4 was improved by combining S& with J§.

2.2.4 Chromatin Immunoprecipitation (ChIP)

In living cells, histone acetylation and deacetylation are catalyzed by histone acetyl
transferase (HAT) and histone deacetylase (HDAC), respectively [33]. Histone
acetylation is important in nucleosome assembly and chromatin folding as it con-
trols the gene regulation [32]. Acetylation favors a loose chromatin structure by
interfering with the interactions between nucleosomes and releasing histone tails
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Fig. 2.6 JJ retains the ability to hyper acetylate histone H3 in the promoter region of the core
pluripotency genes. MEF were treated with S& and Jd either individually or in combination as
mentioned in the experimental section. After immunoprecipitation with H3ac antibody, the amount
of promoter sequence of a Oct3/4, b Nanog, ¢ Cdhl, d Rexl in the co-precipitated DNAs was
determined by qPCR. 0.1% DMSO that was used as the control displayed no effect. Percent input
was calculated by normalizing the data against input DNA, the enrichment with IgG antibody, and
with internal control primers as mentioned previously [21]. The experiment included four
treatments, each conducted in duplicate. Each bar represents the average of 12-well plates

from the linker DNA. Acetylation of lysine residues in histone H3 is commonly
seen in genes that are being actively transcribed into RNA.

Therefore, MEF cells treated with J& were immunoprecipitated against acety-
lated histone H3 antibody to check the level of histone acetylation. We used S& and
DMSO as positive and negative controls, respectively. We also employed the
combination of J§ and S3 to show that their combination displayed better efficacy
than the individual treatment. Our results indicate that JO triggered marked
enhancement of the endogenous acetylation of histone H3 in the promoter region of
Oct3/4, Nanog, Cdhl, and Rex1 (Fig. 2.6a—d). It is important to note here that the
combination of J& with S& enhanced the enrichment in acetylated histones when
compared to SO (Fig. 2.6a—d, Bars S6+J9). This result is consistent with the pattern
observed in gene expression studies. Acetylation level of histone H3 in Sd-treated
MEFs was shown to be comparable and occasionally surpass than that in ES cells.
Therefore, it is reasonable to suggest that our targeting small molecules (J6 and Sd)
could epigenetically induce cellular reprogramming by switching “ON” some of the
transcriptional gene network conferring to pluripotency.
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2.2.5 Specific HDACS Inhibition

Next, we looked at HDACS8-regulated genes and their potential role in the devel-
opmental process. Haberland et al., revealed the central role of HDACS in skull
morphogenesis through loss of function studies [28]. Their study in mice showed
that HDACS specifically represses the aberrant expression of the homeobox tran-
scription factors, Otx2 and Lhx1. The ICs( values shown before (Table 2.1) clearly
suggested that JO is relatively specific against HDAC8 when compared to S& and
TSA. Since Otx2 and Lhx1 were shown to be specifically regulated by HDACS, we
studied the effect of S& and J6 on the expression of these two genes in MEF. DMSO
alone did not have any effect on these genes (Fig. 2.7a, b, Bars DMSO). J3 notably
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Fig. 2.7 a Effect of HDACS-specific J& on the endogenous expression of skull morphogenesis
associated Lhx! and Ox2. For the individual treatment of the effectors (J& and S&), the
concentration used was 100 nM, which was based on the initial optimization studies. For the
combined treatment, 50 nM of each effector was used as mentioned in the experimental section.
b The amount of promoter sequence of Lhx! and Otx2 in the co-precipitated DNA was determined
by qPCR to calculate the percent input as mentioned in Fig. 2.6. ¢ Schematic representation of the
role of HDACS Inhibition in causing mesodermal fate by the inhibition of Lhx! and Otx2 and
inhibition of HDACS8 is known to promote neuroectodermal fate that is essential for skull
morphogenesis (Upper panel) [28]. Inhibition of HDACS by Jd results in induction of Lhx/ and
Omx2. Hence, J§ could be improved to modulate cell fate (lower panel)
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induced the expression of Otx2 and Lhx1 by about 74-fold and 2.6-fold, respec-
tively (Fig. 2.7a, b, Bars J3). S6 alone induced the endogenous expression of Otx2
by about 40-fold but had no effect on Lhx1 (Fig. 2.7a, b, Bars S8). Since SJ is
relatively specific against HDACS, the difference in the acetylated histones was
suggested to be the reason behind this differential gene expression. Hence, ChIP
analysis was done to assess the acetylation status of histone H3 in the promoter
region of Otx2 and Lhx1. Consistent with the pattern obtained with HDACS assay
and gene expression studies, J& showed better enrichment of the acetylated histone
H3 in Otx2 than that obtained with S (Fig. 2.7b, Patterned Bar J3). A distinctive
difference was observed in the case of Lhx1, where Jd showed a notable increase in
the level of acetylated histones. On the other hand, in comparison with DMSO, S&
showed little or no increase in the level of acetylated histone H3 (Fig. 2.7b,
Patterned Bar DMSO and S9). This result is consistent with our notion that dif-
ferential gene expression is caused by the difference in the level of acetylated
histones. Activation of HDACS8-regulated Otx2/Lhx1 shifts neural crest cells
(NCC) to neuroectodermal, while their inhibition shifts NCC to mesodermal fate
[28]. Hence, rapid activation of Otx2/Lhx1 by J§ through HDACS inhibition is
strikingly important as it could be used to change the cell fate as illustrated in
Fig. 2.7c.

2.3 Discussion

We have developed a new class of small molecules, termed S as targeted tran-
scriptional activators that could differentially activate certain genes associated with
pluripotency [22-24]. Microarray analysis suggested that S could switch the
transcriptional network from the fibroblast to the dedifferentiated state in just 24 h
by rapidly overcoming the MET stage that is associated with initiation phase of
cellular reprogramming. Unlike other small molecules currently employed to
improve reprogramming efficiency, S& can be tailored to bind predetermined DNA
sequences owing to their ease and flexibility of design and the presence of flexible
sites for covalent attachment to other molecules [35]. Here, we explored the effect
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of modification in SAHA by introducing a new compound J§. In vitro enzymatic
activity assay for an individual class I HDACs showed that J3, the synthesized
derivative of S9o, is relatively specific toward HDACS8 (Table 2.1). J& not only
retained the ability of S to epigenetically induce multiple pluripotency genes but
also improved the efficacy of Sd, when incubated together (Figs. 2.5 and 2.6 Bars
S6+1J9). Since the combination of J& with S& increased the level of acetylated
histones, the potential importance of HDACS inhibition in pluripotent gene acti-
vation is suggested. However, further studies are needed to validate this hypothesis.
Nevertheless, it is clear that our programmable small molecules could selectively
switch “ON” some of the transcriptional machinery conferring to pluripotency in
just 24 h.

HDACS is known to be involved in several biological processes including
centrosome cohesion and metabolic control of estrogen-related receptors [36]. One
of the well-characterized functions of HDACS8 was their ability to epigenetically
regulate the fate of neural cranial cells by repressing Otx2 and Lhx1 [28]. J§
notably induced the endogenous expression of the HDACS8-specific Otx2 and Lhx1
via hyperacetylation of histone H3 in their promoter region. Otx2 is important in the
development of the brain and the sense organs [37]. Recent studies have indicated
Otx2 as the intrinsic determinant of the pluripotent state that antagonizes the ground
state pluripotency to promote commitment to differentiation [38]. Lhx1 plays a vital
role in early mesoderm formation and later in lateral mesoderm differentiation and
neurogenesis [39]. Since these two genes are normally not expressed in somatic
cells like MEF, their rapid activation by J§ in somatic cells like MEF is biologically
significant. Interestingly, SAHA alone did not induce the expression of these two
genes [21]. Therefore, strategies to expand our tunable epigenetic-based genetic
switches could create an epoch-making approach in cellular reprogramming as they
may precisely coax the somatic cells into pluripotent stem cells and/or a totally new
type of cells.

2.4 Summary

In summary, a new compound, J§, lacking the surface-recognition domain of
SAHA, was synthesized. Through enzymatic activity assay and biological studies,
it was demonstrated that the chemical modification of functional SAHA in
SAHA-PIP was shown to alter its activity against HDACS but not against HDACI.
An additive effect was observed with the combination of HDACS8-specific Jo with
S6. Rapid activation of skull morphogenesis associated HDACS regulated Otx2 and
Lhx1 were demonstrated for the first time to open up exciting opportunities in
regenerative medicine. Recent progress in the development of programmable
DNA-binding SAHA-PIPs suggests that it is possible to alter the epigenome in a
site-specific manner through transcriptional activation. Synthetic SAHA-PIPs gain
an advantage over other natural DNA-binding proteins as effective transcriptional



44 2 Synthesis and Biological Evaluation of Targeted Transcriptional ...

activators because they can bind to the methylated DNA sequences and hence can
disrupt the packed chromatin structure [40]. Small molecules should possess
multifunctional properties to effectively mimic the natural transcription factors and
reset the signaling or epigenetic pathways. In this regard, SAHA-PIP is shown here
to not only have the flexibility to bind to predetermined DNA sequences but could
also be altered to bind to different HDAC enzymes. Development of our targeted
transcriptional activators could be useful in regenerative medicine. However, care
should be taken in the design of these small molecules because chromatin
remodeling is not an isolated event. Moreover, factors such as accessibility and
genome-wide specificity need to be addressed to avoid side effects. Nevertheless,
the development of small molecules with multiple, but specific functionalities open
up new opportunities in the regulation of specific gene(s) of interest.

2.5 Experimental Section

2.5.1 Cell Culture and Treatment of PIP Conjugates
in MEF

MEF cells in the sixth passage were trypsinized for 5 min at 37 °C and were
resuspended in fresh DMEM medium to give a concentration of 2 x 107 cell/mL in
a 30 mm dish culture plate. After overnight incubation for attachment, the medium
was replaced with fresh DMEM (2 mL) containing each individual PIP conjugates
(S8 and J5) in 100 nM concentration. This concentration was found to be effective
based on our previous reports and initial optimization studies. In the case of
additive effect, both S6 and Jo were added together in 50 nM concentration each.
DMSO (0.1%)-treated MEF was used for control. All the plates were incubated in a
5% CO,-humidified atmosphere at 37 °C. MEF treated with both the effectors (S
and J§) were harvested at 24 h based on the previous studies [22-24].

C57BL/6 mouse embryonic fibroblasts (MEF) were purchased from the American
Type Culture Collection (ATCC). MEF cells were cultured and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with heat-inactivated
fetal bovine serum (FBS) (15%), penicillin (100 IU/mL), and streptomycin (100 pg/
mL) at 37 °C in a humidified atmosphere of CO, (5%) in air (95%).

2.5.2 Cytotoxicity Assay

Colorimetric assays using WST-8 (Dojindo, Kumamoto, Japan) were carried out in
96-well plates with various concentrations of the effectors DMSO, SAHA, and
JAHA-S.
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2.5.3 Biological Procedures

HDAC enzyme activity was measured using the HDAC Fluorogenic Assay Kit
supplied from BPS Bioscience. Experimental procedures were maintained in
accordance with the supplier’s instructions. Fluorescence measurements were
obtained using a JASCO FP-6300 fluorimeter. Read sample using this fluorimeter
was capable of excitation at a wavelength in the range of 350-380 nm and detection
of emitted light in the range of 440-460 nm. Each plate was analyzed by plate
repeat. Replicate experimental data from incubations with inhibitor were normal-
ized to control ICs, determined by logistic regression.

2.5.4 Quantification of Expression of Marker Genes
in Mouse Embryonic Fibroblasts

Total RNA was extracted from JAHA-3, SAHA-3, and DMSO-treated MEF using
an RNeasy Mini Kit (Qiagen) and cDNA was synthesized with ReverTra Ace
qPCR RT kit (Toyobo, Japan), in accordance with the manufacturer's instructions.
SYBR green real-time RT-PCR amplifications were carried out in triplicate with the
protocol and conditions mentioned in THUNDERBIRD SYBR qPCR Mix
(TOYOBO, Japan) on an ABI 7300 Real-Time Detection System (Applied
Biosystems, USA) and were analyzed using a 7300 System SDS Software v1.3.0
(Applied Biosystems, USA). Melting curve analysis of amplification products was
performed at the end of each PCR reaction to confirm that only one PCR product
was amplified and detected. After normalization with housekeeping gene GAPDH,
using the comparative cycle threshold (CT) method, the relative expression level of
each gene was analyzed by considering the gene expression in DMSO-treated cells
as 100%. Primer pairs used for the endogenous gene such as Oct-3/4, Nanog, Sox2,
Kif4, Dppa4, Cdhl, Rexl and c-Myc were reported before. The primers used for
HDAC 8-specific genes such as Otx2 and Lhx1 were reported.

2.5.5 Chromatin Immunoprecipitation (ChIP) Analysis

ChIP assay was performed according to the protocol described in a previous report
7 and supplied kit manual. Antibodies for acetylated histone H3 and normal rabbit
IgG were purchased from Upstate (Millipore) having the product name ChIPAb
+acetyl-Histone H3. Compounds were treated in 100 nm concentrations to MEF
and after 24 h incubation ChIP analysis was performed. ChIP-purified DNA frac-
tion was then purified QIAquick PCR Purification Kit (Qiagen, USA) and analyzed
with qRT-PCR using THUNDERBIRD SYBR gqPCR Mix (TOYOBO, Japan).
Primers used for the promoter region of mouse Oct3/4, Nanog, CDHI1, and Rex1
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for gPCR was reported [4]. For the control, input DNA that is collected after adding
ChIP dilution buffer but before the addition of ChIP antibody was used. Enrichment
fold is calculated by normalizing the data against input DNA and IgG as follows
ACt [normalized ChIP] = (Ct [ChIP] — (Ct [Input] — Log2 (Input Dilution
Factor))); AACt [ChIP/NS]=ACt [normalized ChIP] — ACt [normalized NS] NS
indicated nonspecific antibody, here IgG. Finally, fold enrichment was calculated
from 2-AACt to ensure the normalization of all the background signals.

2.5.6 PCR Protocol

PCR cycle:

Stage 1 50 °C for 2 min, 1 cycle
Stage 2 95 °C for 10 min, 1 cycle
Stage 3 95 °C for 15 s, 40 cycles
60 °C for 1 min
Stage 4 95 °C for 15 s, 1 cycle
60 °C for 30 s,
95 °C for 15 s.
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Chapter 3 M)
Chemical Modification of a Synthetic Sesia
Small Molecule Boosts Its Biological

Efficacy Against Pluripotency Genes

in Mouse Fibroblast

Abstract Our synthetic transcriptional activator SAHA-PIP, S6 (described here as 1),
encompassing both sequence-specific pyrrole-imidazole polyamides (PIPs) and an
epigenetic activator (SAHA) was shown to induce the endogenous expression of core
pluripotency genes in mouse embryonic fibroblasts (MEFs). However, the expression
levels of pluripotency genes by 1 in MEFs were relatively lesser than that in mouse
embryonic stem (ES) cells. Here, in this chapter, we carried out studies to improve the
efficacy of 1 and show that the biological activity of 1 got significantly (P < 0.05)
improved against the core pluripotency genes after the incorporation of an isophthalic
acid (IPA) in its C-terminus. The resultant IPA conjugate 2 dramatically induced
Oct-3/4 to demonstrate a new chemical strategy for developing PIP conjugates as
next-generation genetic switches.

Keywords Biological activity - Cellular uptake - Gene expression
Polyamides - Transcription

3.1 Introduction

A recent study showed an artificial induction of pluripotency in mouse somatic cells
using a combination of seven small molecules [1]. Since this transgene-free
approach enhances the clinical prospects of induced pluripotent stem (iPS) cell
technology, screening and identification of small molecules that could influence the
pluripotency genes are now in rising demand [2a]. Several chemical modulators of
epigenetic enzymes and/or signaling pathway factors have shown success in
enhancing the somatic cell reprogramming [2b]. However, the lack of selectivity
and requirement of many small molecules is a major concern. In this regard, we
previously conjugated the histone deacetylase inhibitor SAHA (suberoylanilide
hydroxamic acid) with hairpin pyrrole-imidazole polyamide (PIPs) to create a new
class of small molecules called SAHA-PIP [3]. PIPs are sequence-specific DNA
minor groove-binding small molecules having the binding ability similar to natural
transcriptional binding proteins [4, 5]. Sequence selectivity of PIPs is programmed
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by the side by side stacked ring pairing, where I/P distinguishes G.C from C.G and
P/P pair with either A.T or T.A [6]. Hence, distinctive PIPs may direct SAHA to
their match sequences and induce differential transcriptional activation [7, 8].
Screening studies carried out for evaluating the effect of 32 distinct SAHA-PIPs on
pluripotency genes in mouse embryonic fibroblasts (MEFs) revealed that certain
SAHA-PIPs could differentially induce Oct-3/4, Sox2, KlIf4, and c-Myc [8]. In
particular, SAHA-PIP 1 (Fig. 3.1), targeting 5'-WGWWC-3' (W = A/T) sequence
induced core pluripotency genes in just 24 h with 100 nM treatment [9-11].
Extensive analysis of the microarray data on genome-wide gene expression in
MEFs revealed that 1 significantly induce Oct-3/4 pathway genes that are related to
embryonic stem cell pluripotency [10]. None of the top ten significantly enhanced
pathways in SAHA-treated MEF were related to embryonic stem cell pluripotency.
Although, 1 could notably upregulate pluripotency genes in MEFs, the expression
levels were still lower when compared to that in ES cells.

A general hypothesis for PIP biological activity relied on its cell uptake and
competing for efflux pathway can influence its accumulation in cell nucleus and hinder
its effect on endogenous gene expression [12]. Therefore, a decrease in efflux could
increase the biological activity of PIP [13]. Hence, in this study we first employed the
carbohydrate-solubilizing agent 2-hydroxypropyl-f-cyclodextrin (HpffCD) in cell
culture medium. Since PIPs are known to form measurable particle size or aggregates
under biologically relevant conditions [13], we checked the ability of HpfCD to
reduce the aggregation of 1. HpfCD increased the solubility of 1 under in vitro
conditions, but the biological efficacy of 1 was only marginally improved.
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Fig. 3.1 Chemical structures of 1 and its C-terminus-modified analog as 2
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A varied structural motif change at the C-terminus of a PIP has been studied by
Dervan and co-workers and among many choices, an isophthalic acid (IPA)
incorporation notably enhanced its solubility [12]. Therefore, we incorporated IPA
in the C-terminus of 1 to synthesize a new compound called 2 (Fig. 3.1). Through
real-time PCR studies, we demonstrate here for the first time that the biological
activity of a SAHA-PIP could be significantly enhanced with the incorporation of
an IPA moiety in its C-terminus.

3.2 Results and Discussion

3.2.1 Solubility of 1 in the Presence of HpfCD

Increasing the solubility of 1 could improve its biological efficacy as cellular uptake
and nuclear localization often hinder the PIP-mediated endogenous gene regulation.
Employment of 2-hydroxypropyl-f-cyclodextrin (HpCD) is known to increase the
solubility of PIP, however, its effect on SAHA-PIP like 1 is unknown. In order to
determine the effect of HpffCD on 1, first we checked its solubility in the presence or
absence of cyclodextrin. By measuring the HPLC peak area detected at 254 nm, the
macroscopic solubility of the respective PIP solutions (same concentration) were
investigated in the presence of 0—50 mM HpSCD. For comparison of the solubility,
the peak area of the same PIPs dissolved in DMSO was assigned as 100%.

For each PIP, two kinds of solubility were measured; one in the presence of
HppBCD (+) and another in its absence (—). Conjugate 3 containing an acetyl cap at
the N-terminus showed enhancement in solubility in the presence of CD (+). On the
other hand, in the absence of CD (—), the solubility became lower. Interestingly,
conjugate 1 having f-Ala-f-Ala-SAHA at the N-terminus showed reduced solu-
bility in absence of CD (—); however its solubility got dramatically increased in the
presence of CD (+). This result suggests that aggregation or precipitation occur in
both 1 and 3 under biologically relevant conditions. Furthermore, this result implies
that the presence of SSSAHA at the N-terminus could increase the aggregation
propensity in SAHA-PIPs (Fig. 3.2).

For checking the solubility of 1 using HppCD, we choose another compound 3,
which is a precursor of 1 without having SAHA part. For each PIP (1 and 3), two types
of solubility were checked. The one is in the presence of HpffCD (+) and another one is
in its absence (—). Conjugate 3 containing an acetyl cap at the N-terminus showed
enhancement in solubility in the presence of CD (+). On the other hand, in the absence
of CD (—), the solubility became lower. Interestingly, conjugate 1 having f-Ala-f-
Ala-SAHA at the N-terminus showed reduced solubility in absence of CD (—);
however, its solubility got dramatically increased in the presence of CD (+). This
result suggests that aggregation or precipitation occur in both 1 and 3 under biolog-
ically relevant conditions. Furthermore, this result implies that the presence of
BBSAHA at the N-terminus could increase the aggregation propensity in SAHA-PIPs.
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Fig. 3.2 Calculated solubility of polyamide 1 and 3 in 0.1% DMSO/PBS containing 0-50 mM
HpfCD at room temperature. Resultant solubility was determined by HPLC peak area at 254 nm
detection. 100% solubility was calculated from the peak area of the respective polyamide dissolved
only in DMSO

3.2.2 Effect of HppCD in MEF Treated by 1

Next, we thought if the barrier of solubility could be overcome by employing
HppCD in cell culture. Since the endogenous mRNA levels of the target genes can
be inferred as a biological readout of the effectors, quantitative real-time poly-
merase chain reaction (QRT-PCR) was used to monitor the cellular uptake of PIPs.
As compound 1 can induce Oct-3/4 pathway genes, thus those selected genes were
used. Relying on the fact, we carried out screening studies to evaluate the effect of
CD (5 or 50 mM) on the endogenous expression of the core pluripotency genes.
While 1 notably induced the endogenous expression of the core pluripotency genes
as reported before,10 CD alone did not influence any of the genes under study
(Fig. 3.3). Treatment of 1 dissolved in either 5 or 50 mM of HpSCD showed only a
marginal (a maximum of about 1.5-fold) increase in the endogenous expression of
the core pluripotency genes (Oct-3/4, Nanog, Cdhl, Rexl, Sox2, and Dppa4)
(Fig. 3.3). Statistical analyses verified that this marginal increase observed with the
treatment of 1 with CD (5 or 50 mM) is not significant. Therefore, CD could
improve the solubility of 1 under in vitro conditions but as a vehicle it could not
significantly enhance its biological activity. Thus, an alternative strategy is required
to improve the biological efficacy of 1.

3.2.3 Synthesis of Isophthalic Acid (IPA) Tail and 2

Previous gene regulation studies in cell culture relied on the results obtained with
fluorescent-labeled PIPs as a cell-permeable small molecule [14]. In recent years, a
non-fluorescent agent like isophthalic acid (IPA) at the C-terminus of a polyamide
has substituted the fluorescent tag and rivaled the activity of the original
FITC-labeed polyamides [12, 15]. Encouraged with these previous reports,
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Fig. 3.3 Effect of HpfCD (5 and 50 mM) on 1 on the endogenous expression of pluripotency
genes. Expression levels of a Oct3/4, b Nanog, ¢ Rexl, d Cdhl, e Sox2, and f Dppad4 were
determined by treating MEF with 100 nM of 1 to each sample, and with 0.1% DMSO, 5 and
50 mM of CD as a control experiment. Each bar represents the mean + SD from 12-well plates

we analyzed the biological activity of 1 after the incorporation of an IPA moiety in
its C-terminus. However, the synthesis scheme of IPA conjugated SAHA-PIP is
difficult with the existing synthetic route. Hence, a milder approach to achieve such
compound in good yield is proposed. Herein, we described the synthesis of IPA
conjugated 1, termed as 2. We incorporated an isophthalic acid (IPA) at the
C-terminus of 1 by first making an IPA-tail (Scheme 3.1) and then coupled it with
COOH group present at the C-terminus of the PIP as shown in Scheme 3.2.

The synthesis of IPA-tail was started with the monoprotection of isophthalic acid
(IPA) [16] using benzyl bromide and then we tried monoprotection of 3, 3-diamine
N-methyldipropylamine (triamine). In a previous protocol, mono Boc-protected
triamine was used to synthesize the IPA-tail [17]. However, the synthesis is difficult
as while we tried the mono Boc protection of the triamine, a large amount of
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Scheme 3.1 Synthesis of C-terminus IPA-tail. Reagents and conditions: a BnBr, NEt3, MeOH/
H20, DMF, reflux; b 4, PyBOP, DMF, rt

diprotection occurred. Then without monoprotection of the triamine, we tried the
coupling with monoprotected IPA using PyBOP. Within 1 h, we obtained our
desired product in 80% yield while the rest was detected by decoupling product.

Next, we synthesized the polyamide sequence (Boc-f-f-Im-Py-Py-Py-y-
Im-Py-Py-Py-COOH) 6, using Fmoc solid phase chemistry by PSSM-8 peptide
synthesizer (Shimadzu, Kyoto) with computer-assisted operating system. Already
one pyrrole-loaded oxime resin 45 mg (ca. 0.2 mmol/g, 200-400 mesh) was used
to start the synthesis in the solid-phase machine. Fmoc unit (such as Fmoc-Py-
COOH, Fmoc-Im-COOH, or Fmoc-f-Ala-OH) (0.20 mmol) used in each step,
were dissolved in NMP. The condition in each cycle of solid phase synthesis was as
follows: deblocking (twice) with 20% piperidine/DMF (0.6 mL) for 4 min, pre-
activation of -COOH group for 2 min with HCTU (88 mg, 0.21 mmol) in DMF
(1 mL), and 10% DIEA/DMF (0.4 mL), coupling for 1 h and washing with DMF.
After SPPS, the polyamide was detached from the resin using 2 M NaOH (aq.) in
dioxane at 55 °C for 3 h (Scheme 3.2). The reaction mixture was filtered and
washed with Et,O, to yield a crude yellow powder. Without further purification, the
precursor 6 (20 mg) was dissolved in DMF (0.5 mL) and coupled with pre-
assembled IPA-tail (5) using PyBOP and DIEA. This allowed the formation of
precursor 7 containing C-terminus IPA-tail. The reaction was quenched by adding
water and then washed with Et,O several times to achieve powder. The crude 7
without further purification was reduced using H,/Pd-C and then Boc deprotection
was done at the N-terminus using TFA. Excess TFA was removed by a vacuum
pump and the crude reaction mixture was washed with Et,O, which yielded a crude
gray powder. In the next step, the polyamide having free amine at N-terminus was
coupled with HOOC-SAHA-(Ome) using PyBOP and DIEA. This reaction allowed
the formation of methylester of 2. In the last step, methyl ester of SAHA got
converted to the active NH,OH and provided the final product 2 after the reaction in
aqueous solution of 50% (v/v) NH,OH (0.15 mL).
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Scheme 3.2 Design and synthesis of isophthalic acid (IPA)-conjugated SAHA-PIP 2. Reagents
and conditions: ¢ 5, PyBOP, DIEA, DMF, tt; d Pd-C, H, (g), MeOH, 1t; e 10% DCM in TFA, rt;
f PyBOP, DIEA, DMF, rt; g 50% (v/v) NH,OH, NMP, rt

3.2.4 The Effect of Compound 2 in MEF

MEEF cells were treated with the purified 1 and 2 at the concentration of 100 nM. After
24 h of incubation, the effect of 1 and 2 on the endogenous expression of the core
pluripotency genes was studied. The compound 2 induced the endogenous expression



56 3 Chemical Modification of a Synthetic Small Molecule Boosts ...

(a) Oct-3/4 (b) Nanog
150 150 -+
c P =0.0256 |
% 2 P =0.0046
S 100 - S 100-
=] =)
= £
T 2w
£ 507 e
0 - 0-
(c) (d) Cdh1
900 - Rex1 ——
= [
2 o
T 600 - £ 200
= 3
2 P =0.0251 2
S 300 - ’—| T 100
o Q
'8 'S
0- 0-
(e) Sox2 f 241+412
60 - ® 30, Dppad
c c
el P =0.0291 S
S 40- T 20-
- 3
E E
el °
S 20- S 10-
2 2
[ 0-
DMSO 1 2 ES DMSO 1 2 ES

Fig. 3.4 Effect of 2 on the endogenous expression of pluripotency genes. Expression levels of
a Oct3/4, b Nanog, ¢ Rex1, d Cdhl, e Sox2, and f Dppa4 were determined by treating MEF with
100 nM of 1 and 2 individually, and with 0.1% DMSO as a control. ES cells were used as positive
control. Each bar represents the mean + SD from 12 well plates. Statistical significance was
determined by t-test and p-values less than 0.05 is considered to be significant

of Oct-3/4 and Nanog by about 80-fold and 60-fold, respectively (Fig. 3.4a, b). These
induction values were significantly (P < 0.05) higher than that observed in MEFs
treated with 1 (Fig. 3.4a, b). Likewise, in 2-treated MEFs, about 100-fold increase in
the endogenous expression of Rex1, which is a critical pluripotency gene typically
silenced in somatic cells like MEFs was observed (Fig. 3.4c). Also, 2 notably induced
Cdhl, a critical mesenchymal—epithelial transition (MET) marker by about 100-fold
(Fig. 3.4d). The critical pluripotency genes like Sox2 and Dppa4 also got notably
upregulated in 2-treated MEFs (Fig. 3.4d, e). It is important to note here that the
expression levels of all the core pluripotency genes in 2-treated MEFs were signifi-
cantly (P < 0.05) higher than that in 1-treated MEFs.
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Table 3.1 Statistical analysis  Gepes > vereus ES
f SAHA-PIP 2 versus E

gellss shown in Fivgef ;uz i Oct3/4 0.3
Nanog 0.0240
Rexl 0.0004
Cdhl 0.0358
Sox2 0.0102
Dppad 0.0151

The expression levels of pluripotency genes clearly indicated that the incorpo-
ration of IPA at the C-terminus of 1 could significantly (P < 0.05) boost its bio-
logical efficacy. Interestingly, the expression level of Oct-3/4 in 2-treated MEFs
was not significantly different from that observed in ES cells (Table 3.1).

Therefore, taken together, IPA incorporation could contribute as a vital trou-
bleshooting strategy while designing PIPs capable of enhanced DNA recognition.

In recent years, many groups including our group have extensively studied the
issue of PIP solubility. Consequently, many new developmental solutions have
been developed to enhance the cellular uptake including pyrrole/imidazole content
[18], C-terminus modification with isophthalic acid [11], and the presence of S-aryl
turn at the yp-aminobutyric acid turn of a hairpin polyamide [19]. In particular,
designing PIPs with more number of DNA base pair recognition ability could be
hindered due to their poor cellular uptake. SAHA-PIP 1 having 6 base pair DNA
recognition sequence can switch “ON” the silent pluripotency gene network in
MEFs but with lower induction values when compared to that observed in ES cells.
The efflux of PIP could be a limiting factor or a sufficient number of PIPs could not
be reaching the target region of the gene(s) to activate transcription. Since the
incorporation of IPA is known to increase the efficacy of PIPs [12], we synthesized
the IPA conjugated SAHA-PIP 2 and tested its biological efficacy using qRT-PCR.
In accordance with our notion, the biological efficacy of 2 was significantly higher
than 1 in almost all tested genes. Recently certain SAHA-PIPs were shown to
distinctively activate developmental genes in human dermal fibroblasts. Longer
PIPs would be more specific to target sequences, however, the cellular uptake of
such PIPs could hamper its use in gene regulation. The novel synthetic route
described in this study to achieve PIP-IPA would be helpful for the future devel-
opment of PIPs, which will be aiming at the selective induction of a therapeutically
important or cell-fate-specifying target gene. We propose that such a challenging
feat could be achieved through chemical modification of PIP such as IPA
incorporation.
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3.3 Conclusion

In summary, we carried out studies to enhance the efficacy of 1 and focused on
improving the cellular uptake of 1 in cell culture medium. We first used the car-
bohydrate formulating agent cyclodextrin to prevent the aggregation of the poly-
amide, which in turn could increase its biological activity. The solubility of 1 could
indeed be improved in the presence of cyclodextrin; however, the effect of 1 did not
have a significant impact on the endogenous expression of its target pluripotency
genes. In contrast, the alternative approach of modifying the chemical structure of 1
to synthesize the isophthalic acid (IPA) containing SAHA-PIP 2 had a significant
impact as all the core pluripotency genes could be dramatically induced by 2. In our
new synthetic procedure, we also overcome the low yield of the existing protocol
and generate a PIP-IPA conjugate with high purity. Introduction of IPA in
SAHA-PIP significantly improved its potency in pluripotency gene expression.
Therefore, such chemically modified SAHA-PIPs could find its use in cellular
reprogramming that requires long-term treatment. Also, the lesser number and
concentration of effectors could help us to overcome the challenges associated with
the solubility of PIP conjugates and its formulation. The amenability of IPA con-
jugation at the C-terminus of SAHA-PIP also open up the possibility of further
modifications for improving the biological efficacy like the placement of a f-aryl
turn at the y-aminobutyric acid turn in the hairpin structure of PIP.

3.4 Experimental Section

3.4.1 Materials and Methods

All reagents and solvents used in this study were purchased from standard
suppliers and were used without further purification. Abbreviations used here:
P, N-methylpyrrole; I, N-methylimidazole; Fmoc, 9-fluorenylmethoxycarbonyl;
HCTU, 1-[bis(dimethylamino)methylene]-5-chloro-1H-benzothiazolium 3-oxide
hexafluorophosphate; DMSO, dimethylsulfoxide; DMF, dimethylformamide;
NMP, 1-Methyl-2-pyrrolidone; DIEA, N,N-diisopropylethylamine; [-alanine; 7-
aminobutyric acid; SAHA, suberoylanilide hydroxamic acid, HpfpCD, 2-
hydroxypropyl-f-cyclodextrin; Pd-C, Palladium on carbon (10% of loading) and
Dp, N,N-dimethylaminopropylamine. 1H NMR spectra were recorded on a JEOL
JNM-FX 600 model NMR spectrometer. HPLC analysis was performed with a
4.6 x 150 mm column on a JASCO PU-2089 plus pump model with UV-2075
plus HPLC UV/VIS detector and a Chemcobond 5-ODS-H 10 x 150 mm column
(Chemco Scientific Co., Ltd, Osaka, Japan) was used for the purification of poly-
amide conjugates. Electrospray Ionization Time-of-Flight mass (ESI-TOF-MS) was
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recorded on BioTOF II ESI-TOF Bruker Daltonics Mass Spectrometer (Bremen,
Germany). Flash column system was performed using CombiFlash Companion
model (Teledyne Isco Inc., NE, USA).

3.4.2 Synthesis of Polyamides

Synthesis of SAHA-g-f-Im-Py-Py-Py-y-Im-Py-Py-Py-Dp (1). Using a solid-
phase peptide synthesizer, conjugate 1 was synthesized as mentioned before [10].
After SPPS, it was detached from the resin using N,N-dimethylaminopropylamine
(Dp) and stirred at 45 °C for 3 h. The reaction mixture was filtered, triturated from
Et,0, to yield a yellow crude powder (21 mg). Without further purification, the
precursor was dissolved in 150 pL. of NMP and later another 150 pL of aqueous
solution of 50% (v/v) NH,OH were added, to convert the methylester of SAHA to the
active NHOH and this allows the formation of 1. The reaction was quenched by
adding 150 pL of acetic acid. The crude 1 was then purified by flash column chro-
matography. HPLC was checked to confirm the purity (elution with trifluoroacetic
acid and a 0-100% acetonitrile linear gradient (0—40 min) at aflow rate of 1.0 mL/min
under 254 nm). Yield (5 mg, 23%) (ESI-TOF-MS (positive) m/z calcd for
C¢Ho7N,5052* [M + 2H]** 799.87; found 799.89).

Synthesis of IPA(OBn) (4). Isophthalic acid (1.66 g, 10 mmol) was dissolved in a
mixture of 15 mL methanol and 1 mL water and was stirred at room temperature.
To the stirred solution, triethylamine (1.4 mL, 10.1 mmol) dissolved in methanol
(10 mL) was added. The reaction mixture was stirred at room temperature for 12 h.
The solvent was removed by vacuum pump and the residue was dissolved in 15 mL
of DMF. Benzyl bromide (1.3 mL, 11 mmol) was added very slowly and the
reaction mixture was stirred for another 2 h at 100 °C. The reaction was quenched
by dropping the temperature to 0 °C and by adding 5% sodium bicarbonate
(50 mL). The reaction mixture was then extracted with EtOAc (3 x 30 mL). The
aqueous layer was carefully acidified with 10% HCL to pH 5-6 and then was
extracted with EtOAc (2 x 30 mL) to remove the diester. The aqueous part was
further acidified to pH 3 and again extracted with EtOAc (3 x 30 mL) to achieve 4.
To the organic layer, Na,SO,4 was added and then concentrated under reduced
pressure to yield a white powder (1.18 g, 46%). TLC was checked to confirm the
purity. 1H NMR (600 MHz, [d6] DMSO): ¢ = 8.79 (t, 1H), 8.32 (d, 1H), 8.30
(d, 1H), 8.29 (d, 1H), 7.56 (t, 2H), 7.47 (d, 2H), 7.41 (m, 1H), 5.40 (s, 2H).

Synthesis of IPA-tail (5). To a solution of 4 (300 mg, 1.17 mmol) dissolved in
DMF (1 mL), PyBOP (912 mg, 1.75 mmol) was added and stirred at room tem-
perature for 5 min. To the reaction mixture 3,3-diamine N-methyldipropylamine
(0.282 mL, 1.75 mmol) was added and stirred at room temperature for about an
hour. TLC was analyzed to check the status of the reaction and to confirm the
complete disappearance of starting material. The reaction mixture was dissolved in
5% HCL and extracted with EtOAc (15 mLx2). To the aqueous layer, saturated
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NaHCO; was added very slowly at ice bath till pH levels reach 12—14. Again it was
extracted with EtOAc (15 mLx2) and then concentrated by rotavapor. The purity
was checked using HPLC (elution with trifluoroacetic acid and a 0-100% ace-
tonitrile linear gradient (0—20 min) at a flow rate of 1.0 mL/min under 254 nm).
Yield (358 mg, 80%) (ESI-TOF-MS (positive) m/z calcd for CyHp9N30;
[M + H]* 384.23; found 384.20. 1H NMR (600 MHz, [d6] DMSO): § = 8.66
(s, 1H), 8.46 (s, 1H), 8.10 (d, 2H),8.06 (d, 2H), 7.47 (s, 1H), 7.37 (m, 2H), 7.28
(m, 2H), 5.31 (s, 2H), 3.49 (br, 2H) 3.39 (s, 2H), 3.12 (br, 2H) 2.89 (s, 2H), 2.74
(s, 3H), 2.04 (br s, 2H), 1.97 (br s, 2H).

Boc-f--Im-Py-Py-Py-y-Im-Py-Py-Py-COOH (6). After the solid phase synthe-
sis, the resin (60 mg) was added to 400 pL. of 2 M NaOH and later 100 pL of
1,4-dioxane was added and were stirred at 55 °C for 3 h. The resin was filtered out
and the filtrate was concentrated by vacuum pump. To the crude yellow paste-like
material, Et,O was added for precipitation with very little amount of H,O. After
washing 2-3 times with Et,O and subsequent centrifugation, a powder form of the
compound 6 (20 mg) could be obtained. ESI-TOF-MS (positive) m/z calcd for
Ce1H74N»1014 [M + H]+ 1324.57; found 1324.98.

Boc-f--Im-Py-Py-Py-y-Im-Py-Py-Py-L-IPA(OBn) (7). Conjugate 6 (17 mg)
was dissolved in 0.5 mL of DMF. To it, PyBOP (3 equiv.) and DIEA (3 equiv.)
were added, stirred for 10 min at room temperature. Then 5 (5 equiv.) were added
to the reaction mixture and stirring was continued for 2 h. After the completion of
the reaction, the solvent was removed by vacuum pump and excess Et,O were
added for precipitation. The crude product 7 was washed several times with DCM
and Et,0 to get a powder form. The resulting mixture was dried in a desiccator and
HPLC analysis was done to confirm the purity. ESI-TOF-MS (positive) m/z calcd
for C83H102N24016 [M + 2H]2+ 845395, found 845.5.

SAHA--f-Im-Py-Py-Py-y-Im-Py-Py-Py-L-IPA (2). Conjugate 7 (12 mg) was
dissolved in methanol (3 mL). To it, Pd-C (5 mg) was added and then H, gas was
passed into the reaction vessel with a balloon and was stirred at room temperature
for 12 h. It was then filtered and concentrated using vacuum pump. In the next step,
10% DCM in TFA was used to cleave Boc group. After the Boc cleavage, it was
then coupled with HOOC-SAHA (Ome) using PyBOP and DIEA. At the final step,
the crude product having a methyl ester were dissolved in 150 pL of NMP and
another 150 pL of aqueous 50% (v/v) NH,OH was added and then the reaction
mixture was stirred at room temperature for 12 h. The reaction was quenched with
acetic acid and the product was purified by HPLC. Final purity was checked using
HPLC (elution with trifluoroacetic acid and a 0-100% acetonitrile linear gradient
(0-40 min) at a flow rate of 1.0 mL/min under 254 nm) (tg = 19.4 min). Yield
(27 mg, 135%) ESI-TOF-MS (pOSitiVe) m/z calecd for C86H106N26018
[M + 2H]** 895.41; found 895.38.

Ac-Im-Py-Py-Py-y-Im-Py-Py-Py-Dp (3). After SPPS, 3 having a free amine
group at the N-terminus end was washed with 20% chloroacetic anhydride/DMF for
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30 min for capping. It was then detached from the resin using N, N-dimethylami-
nopropylamine (Dp) and was stirred at 45 °C for 3 h to form 3. Final purification
was done by flash column chromatography. Purity was checked by HPLC (elution
with trifluoroacetic acid and a 0-100% acetonitrile linear gradient (0—40 min) at a
flow rate of 1.0 mL/min under 254 nm) (fg = 15.6 min). Yield (2.7 mg, 14%).
ESI-TOF-MS (positive) m/z calcd for Cs57HgoN»1019 [M + 2H)** 604.80; found
604.79.

3.4.3 Solubility Analysis Using HPLC

Stock solutions of PIPs 1 and 3 with a concentration of 4 mM each were prepared
in DMSO. A 0.5 pL from each polyamide were added to 500 pL. of DMSO (so-
Iution A), 500 pL of PBS pH 7.00 (solution B) and 500 pL of PBS containing
50 mM of HPBCD (solution C) to achieve 4 uM solutions. Each solution was
vortexed and then solution B and C were sonicated for 10 min. Next, B and C were
allowed to equilibrate for 2 h at the room temperature and then were centrifuged for
10 min at 10000 rpm. 15 pL supernatant of each solution was analyzed using
HPLC (elution with trifluoroacetic acid and a 0-50% acetonitrile linear gradient
(0-20 min) at a flow rate of 1.0 mL/min under 254 nm. Solubility was calculated
from the HPLC peak area of the respective polyamides and 100% solubility was
considered for solution A.

3.4.4 Cell Culture and Polyamide Treatment to MEF

Mouse embryonic fibroblasts or MEF cells (C57BL/6) was purchased from
American type culture collection (ATCC). About 1.5 x 10° cell/mL of MEF cells
were seeded in a 30 mm dish culture plate containing DMEM medium. After
overnight incubation for attachment, the medium was replaced with fresh DMEM
(2 mL) containing polyamide conjugates in 100 nM concentrations. In the CD
study, first 1 was dissolved in 1:1 mixture of 2X PBS and in either 5 or 50 mM of
CD. Then sonication was done for 10 min followed by equilibration for about an
hour prior to the treatment in MEF. DMSO (0.1%) treated MEF was used for the
control experiment. All the plates were incubated in a 5% CO, humidified atmo-
sphere at 37 °C. MEF treated with effectors were harvested at 24 h. Mouse
embryonic stem (ES) cell lines R1 is used as a positive control in this study and is a
kind gift from Prof. Nakatsuji lab, iCeMS, Kyoto University.
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3.4.5 Quantification of Expression of Marker Genes
in MEF

Total RNA was extracted from ES cells and 1, 2 and DMSO-treated MEF using an
RNeasy Mini Kit (Qiagen) and cDNA was synthesized with ReverTra Ace qPCR
RT kit (Toyobo, Japan). SYBR green real-time RT-PCR amplifications were carried
out in triplicate with the protocol and conditions mentioned in
THUNDERBIRD SYBR gPCR Mix (TOYOBO, Japan) on an ABI 7300
Real-Time Detection System (Applied Biosystems, USA) and were analyzed using
a 7300 System SDS Software v1.3.0 (Applied Biosystems, USA) as mentioned
before. After normalization with the housekeeping gene GAPDH, using the com-
parative cycle threshold (CT) method, the relative expression level of each gene
was analyzed by considering the gene expression in DMSO treated cells as onefold.
As shown in the previous reports [10, 20], primer pairs for the endogenous genes
such as Oct-3/4, Nanog, Sox2, Klif4, Dppa4, Cdh1, and Rex1 were used. Statistical
analysis was done using GraphPad Prism software and the results are shown as
mean values £ standard deviation (SD). Statistical significance was determined by
t-test and p-values were obtained with two-tailed method. The p-values less than
0.05 reflect the significance of the difference and the values more than that is
assigned as non-significant (NS).
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Chapter 4 M)
Development of a Novel Photochemical ki
Detection Technique for the Analysis

of Polyamide-Binding Sites

Abstract We demonstrated sequence-specific electron injection using pyrene-
conjugated pyrrole—imidazole polyamide (PIP) on 5-bromouracil (*"U)-substituted
DNA. U is a good electron acceptor and is able to trap an electron from
pyrene-conjugated polyamides after irradiation at 365 nm. This results in strand
cleavage of the DNA by generating uracil-5-yl radical from U after eliminating
the bromide anion. Using this exciting photochemical tool, we have analyzed the
binding affinity, specificity, and binding orientation of four pyrene PIPs (1-4) using
two long ®"U-substituted DNAs (298 and 381 bp). The electron injection sites of
1-2 confirm very low sequence specificity, whereas 3, 4 exhibited high sequence
specificity; moreover, electron injection by 2 also confirms its preference for reverse
binding site. The binding affinity was further validated by SPR. Thus, these results
suggest that it can be a useful tool for detecting binding sites of small molecules.

Keywords Pyrene polyamide - Strand cleavage - Intermolecular electron transfer
BrU_substituted DNA - Binding affinity

4.1 Introduction

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 similar sizes of Br
(1.95 A) and methyl (2 A) [1]. As a result of this modification, it greatly increases
its photosensitivity with respect to protein—nucleic acid crosslinks, [1, 2] single- and
double-strand breaks, and the creation of alkali-labile sites [3—7]. The chemistry of
strand cleavage after irradiation at 302 nm of ®'U-labeled DNA has been investi-
gated based on the photodegraded products of a model hexamer d(GCAP'UGC),
[8]. The abstraction of hydrogen by the uracil-5-yl radical (U"), a powerful
hydrogen abstractor, generated from the ®*U anion radical by eliminating the bro-
mide 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 [9].
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The abstraction of hydrogen from the C1’ position generates 2-deoxyribonolactone
with the release of A, and abstraction from the C2'a. position generates an
erythrose-containing site [9]. The detailed mechanism of photodamage in
Br{J_labeled DNA has recently been clarified further with the identification of the
hotspot sequences 5'-G/C[A],=12.3 BrUBrU-3' and its reverse 3' — 5’ sequence
[10-12]. Initially, the A residue adjacent to By 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 [8, 11].
Moreover, the A bridges help to prevent rapid back electron transfer [11]. In
contrast to our observations, direct strand cleavage has also been reported after
aerobic and anaerobic photolysis [13, 14]. The proposed mechanism for direct
strand breakage also involves hydrogen abstraction by Ue from the C1’ and C2'
positions at 5', albeit via different mechanistic pathways. Recently, successful
quenching of highly reactive Ue in the hotspot sequences was shown by supple-
mentation with an excess amount of the hydrogen donor tetrahydrofuran (THF), to
stop intra-strand hydrogen abstraction [12]. The elucidation of the mechanistic
details of the photochemistry of B'U-labeled DNA has attracted much attention to
its biological and technological applications.

Pyrrole-Imidazole Polyamides (PIPs) are synthetic small molecules that can
bind to the minor groove in a sequence-specific manner. This molecule gained
much interest in biology since it has been shown to regulate gene expression [15].
Footprinting and affinity cleavage techniques have guided the development of
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 [15-21]. 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. Therefore, 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 specificity and
has necessitated a more advanced screening technique that can be routinely used in
higher throughput. Although affinity cleavage methods explored affinity to a great
extent, they are partially sensitive and the synthesis challenges regarding
polyamide-bindingthe attachment of EDTA to polyamide render them challenging
methods for the determination of binding sites. Because of easier pyrene conju-
gation 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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4.2 Results

4.2.1 Analysis of Photoreacted Sample Using PAGE

To test this hypothesis, we prepared two long, fully ®'U-substituted DNAs frag-
ments (381 bp: DNAIl and 298 bp: DNA2) using PCR and designed four
pyrene-conjugated polyamides (1-4, Fig. 4.1) to check their binding affinity and
specificity by electron injection. In early studies, it has been well characterized that
pyrene serves as an electron donor in DNA mediated excess electron transfer [22—
26]. Thus, after irradiation at 365 nm for a minimum of 5 s, each pyrene PIP
injected an electron to ®'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 U’ radical.
A photoreaction scheme of the photoinduced electron injection in a ®"U-substituted
DNA is shown in Fig. 4.2.

The two DNA fragments (DNA1 and DNA2) were incubated with pyrene
polyamide in sodium cacodylate buffer (pH 7.00) and isopropanol and were irra-
diated with 365 nm LED at 0 °C for 0-30 s. Isopropanol acts as a hydrogen donor;
thus, when supplied in excess amount (500 mM), it quenched the U" to uracil (U).
The photoreacted sample was then digested with uracil-DNA glycosylase (UDG),
which converted the U residue to a heat-labile abasic site. Under heating conditions
(95 °C for 10 min), the abasic site was easily cleaved and the resultant strand break
was then analyzed by 6% denaturing polyacrylamide gel electrophoresis (PAGE),
Fig. 4.2. The results of PAGE are shown in Figs. 4.3a and 4.4a.

4.2.2 Data Analysis of Polyamide-Binding Sites
Jrom Photoreaction

Polyamide 1 (pyrene-BpPyImPyIm-y-PyPyPyPyBDp) can recognize 5'-WCW
CWW-3"and 5-WWGWGW-3" (W = A/T) sequences. The analysis of DNA1 from
the top and bottom strand separately revealed the presence of strand cleavage in three
match sequences (site 1, 3, 5) via electron injection (shown in red in Fig. 4.3b).
Moreover, two 1 bp mismatch sites (site 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 contrast, in DNA2 (Fig. 4.4a) 1 exhibited four match
sequences, and consistent strand cleavage was observed in all match sequences (site
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 pref-
erence among many potential binding sites, although the exact reason is unknown.
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Fig. 4.2 Reaction scheme used to detect strand cleavage via electron injection using
pyrene-conjugated pyrrole—imidazole polyamide in Br{J_substituted DNA. A pyrene polyamide
that can bind to the minor groove can be targeted to bind at specific sites and under
photoirradiation, the pyrene moiety of the polyamide would be excited to transfer an electron to
B residues at its binding site. U is an efficient electron acceptor that generates the highly
reactive uracil-5-yl radical (shown in red) by capturing an electron. In the presence of excess
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 heat-labile Ap
site selectively, which under heating conditions (at 95 °C) causes strand breakage

Polyamide 2 (pyrene-BpPyPyPyIm-y-PylmPyPyBDp) can recognize 5'-WCG
WWW-3" and 5'-WWWCGW-3' sequences. However, in the DNA1 fragment, it
did not have any match sequence. But, the photoreaction gives several strong strand
cleavage events at sites 6, 7, 9, 10, 11, which are considered as 1 bp mismatch sites,
Fig. 4.3a, c. Importantly, a strand cleavage at site 8 shifted our attention toward the
reverse orientation of Polyamide 2. Surprisingly, the sequence of cleavage is a 1 bp
mismatch reverse binding site of 2 (marked in green). 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. 4.1b, ¢ [27]. Strand cleavage in the DNA2
fragment, Fig. 4.4a, was more interesting. Similarly, a reverse orientation binding
was observed at site 10, which is a full match reverse binding site of 2, Fig. 4.4c.
The amount of strand cleavage (band intensity) at site 10 was almost identical to
that observed at match sites. This implies that 2 can bind in the reverse orientation
efficiently. Since polyamide 2 have match sites in DNA2, thus it gave cleavage at
match sites, such as sites 7 and 9. In addition, some 1 bp mismatch sites were also
observed such as sites 8 and 11. It should be noted that photoirradiated DNA1-2
fragments incubated with 2 consumed almost nearly 90% of the total amount of
unreacted DNA in a condition that was similar to that used for other polyamides
(Figs. 4.3a and 4.4a). This suggests nonspecific binding of polyamide 2.

Polyamide 3 (pyrene-fpPyImIlmPy-y-PyPyPyPyBDp), can target 5-WWG
GWW-=-3' and 5'-WWCCWW-3' sequences. The location of these sequences in the
DNA1 was completely different from the cleavage sites of 1 and 2. Thus, strand



70 4 Development of a Novel Photochemical Detection ...

(a)
top strand bottom strand
1 2 3 4 1 2 3 4
P e J— | ——
GCATa bcde abcde abecde abecde GCATabcdeabecde abecde abede

Qfogﬂ_‘..-.“....uﬂ _pbachan. Ahaahanbhnd
4 ]
i

.

iil .
s

: “hEb
g ited site19 =
| B
* - | ‘_.
‘ r 81 Y .
= B FRL aand
- Site site18
s 5&16
vy .13 ; L A | LI
‘b - site _ - sited  siteb
: site9 = 11l
; " site? site17
CRil:] | site12 .
‘B b .
£ . li.
SERIE R : s ) 3
) .
: !
L ' ! EERT i
- ! A i i < y site8 | | '
i wittbad T TR T
TIIETTT I -
site2 sitel site17 i
SEREEEE LY o T4
ERLELE  site9,
; Site ? SRRt iesR R REEY
: i 1t 'T = site5  sitel10 site14
. s s =
site1 . - - |
=_ At _:f, sttt
—— SESE S = s_lte11

Fig. 4.3 a Slab gel sequencing analysis of a 6% denaturing (7 M urea) polyacrylamide gel for the
DNAL1 (381 bp) after photoreaction using polyamides 1-4. Lanes a—e, photoirradiation period 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 on the left and right, respectively. b Mapping of the electron
injection site from the gel as shown in Fig. 4.3a for DNA1 in both the top and bottom strands.
¢ Electron injection sites for polyamides 1, 2, 3, and 4 at sites 1-5, 6-11, 12-16, and 17-19,
respectively. The 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
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Fig. 4.3 (continued)

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. 4.3a, was detected, which strongly implies
electron injection through sequence selectivity of 3. 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 a similar condition. In
contrast, in the DNA2 fragment there was no match sequence; however, three
extremely weak strand cleavage events, which were considered as 1 bp mismatch
sequences (sites 12—14, Fig. 4.4a, c), were observed. This observation was con-
sistent in both DNA fragments.

Polyamide 4 (pyrene-BpPylmPyPy-y-PyImPyPyBDp) In a similar way, we
designed polyamide 4, to target S'-"-WWGCWW-3' sequences because of their
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unique places in both DNA fragments. Strand cleavage events at sites 18 and 19
confirmed its match sequences in the DNA1 fragment as shown in Figs. 4.3 and
4.4. Moreover, a weak strand cleavage observed at site 17 confirmed its 1 bp
mismatch sequence. In the DNA2, 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 photoirradiation. 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 specificity or
not is unknown. However, pyrene is known to bind DNA relatively, nonspecifically
by intercalating between the base pairs [28]; the absence of such cleavages suggest
that pyrene conjugation with polyamide might not influence the specificity. Because
in the present study we admitted that binding affinity, binding orientation, and
specificity can be estimated by strand cleavage via electron injection, we performed
SPR on biotinylated DNA [29] containing those particular sequences of match,
mismatch, and reverse binding sites for further validation of the results.

4.2.3 SPR Analysis

First, we examined the binding affinity of polyamide 1 at match and 1 bp mismatch
sites. The results are shown in Table 4.1, Fig. 4.5. The Kp values for match and
mismatch sites were 5.96 x 107® and 1.05 x 1077 (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
cleavage in both DNA fragments. As photoirradiation of DNA incubated 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 were 5.13 x 10°% and 1.51 x 1077 (M),
respectively, and the specificity was just 2.94. This result suggests that 2 can bind in
the reverse orientation at site 10 in the DNA2 fragment with almost the same
affinity as that detected in the forward orientation; see Fig. 4.4a, b. The ~ 3.5 times
higher k, value observed 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. 4.3b. Polyamide 1 exhibited a Kp 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.
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Fig. 4.4 a Slab gel sequencing analysis of a 6% denaturing (7 M urea) polyacrylamide gel for the
DNAZ2 (298 bp) after photoreaction using polyamides 1-4. Lanes a—e, photoirradiation period 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 on the left and right, respectively. b Mapping of the electron
injection site from the gel as shown in Fig. 4.4a for the DNAI in both the top and bottom strands.
¢ Electron injection sites for polyamides 1, 2, 3, and 4 at sites 1-6, 7-11, 12-14, and 15-17,
respectively. The 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
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Table 4.1 SPR analysis validated the binding affinity

75

Pyrene polyamide k, (M's™h kq s7h Kp (M) b Specificity
PIP 1- Match 196 x 10* |1.17 x 107 [5.96 x 10°® 027 |-
5’ -Biotin-GCGCTTGAGTCGCGT
[ ae s T
CGCG.\ACTCAGCGCTT
PIP 1-Mismatch 235 x 10° 246 x 107* [1.05 x 1077 |0.62 |1.76
5'=Bioti r.—GC(?CAT-’J‘-.‘XTCGr_‘G’ZT
3 .,-'..":T
555 x 10 [3.09 x 107 [557 x 1077 |1.75 [9.34
623 x 10> [3.19 x 107* [5.13 x 10°® |047 |-
B'Aaictir.{,_q ATACG ':r,c:.rT
céésfn?gérs:ccf
PIP 2-Reverse 219 x 10* 331 x 107 |1.51 x 1077 |1.24 [2.94
5'—B:ot'..‘\‘G" ._;‘GCGTT

4.3 Conclusion

In this chapter, we have demonstrated that the photochemistry of ®'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
BrU_substituted DNA fragments (381 and 298 bp) by photoinduced electron
injection and estimated their binding affinity, specificity, and orientation prefer-
ences. Using high-resolution denaturing gel electrophoresis, the site of electron
injection was analyzed. PAGE analysis revealed a unique pattern of electron
injection from polyamides 14 in both DNA fragments. Our results suggest that 1
and 2 inject electron with low sequence specificity and 3 and 4 inject electron 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 plat-
form would be a useful screening tool in the design and development of PIPs.

4.4 Methods

4.4.1 Preparation of TexasRed End-Labeled ® U-Substituted
DNA

The DNA fragments were amplified by PCR using d®"UTP instead of dTTP using
respective plasmids. The DNA1 was amplified by using forward 5-TAATACG
ACTCACTATAGG-3' and reverse 5-ATTTAGGTGACACTATAGAATAC-3’
primers from pGEM3Z-601, and DNA2 was amplified by using forward 5'-GCAG
GTCGACTCTAGAGGAT-3'and reverse 5-GAGTCAGTGAGCGAGGAAG-3'
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Fig. 4.5 SPR analyses of pyrene polyamides. a Polyamide 1 at match site b polyamide 1 at 1 bp
mismatch site ¢ polyamide at reverse binding orientation d polyamide 2 at match site e polyamide
2 at reverse binding orientation. X-axis indicates running time and Y-axis is the corresponding RU

primers from pUCI18. Primers shown above, either forward or reverse having
TexasRed at the 5'-end, were used for making either top strand or bottom strand
labeled B'U-DNA. After PCR amplification, DNA was purified using the
GenElute PCR Clean-Up Kit (Sigma-Aldrich, St. Louis, MO, USA) and quantified

by Nanodrop.
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4.4.2 Synthesis of Polyamides

Polyamides, 1-4, were synthesized using a -ala-Wang resin under solid phase
peptide synthesizer PSSM-8 with Fmoc chemistry for repetitive coupling. Once the
machine-assisted synthesis was finished, polyamides were detached from the resin
by using Dp at 55 °C for 3 h. It was then freshly washed with cold Et,O and
without further purification it was coupled with a pyrene butyric acid N-hydro-
xysuccinimide ester to achieve the final products. Within 1 h, the reaction was
finished and final purification was done by HPLC. The product was confirmed by
TOF-MS and TOF Mass.

Polyamide 1 ESI-TOF Mass m/z calcd. Cg4HogN»4O15 [M + 2H]** 825.39; found
825.26

Polyamide 2 ESI-TOF Mass m/z calcd. Cg4HogN>4O 3 [M + 2H]2+ 825.39; found
825.25
"HNMR for polyamide 1 and 2 was reported in the reference 18.

Polyamide 3 ESI-TOF Mass m/z calcd. Cg4HogN»4O15 [M + 2H]** 825.39; found
826.35
"HNMR (600 MHz, DMSO-d6) & 10.227 (s, 1H; NH), 10.187 (s, 1H;
NH), 10.985 (s, 1H; NH), 9.906 (s, 1H; NH), 9.867 (s, 1H; NH), 9.858
(s, IH; NH), 9.828 (s, 1H; NH), 9.814 (s, 1H; NH), 8.339 (d, 1H; CH,
J =4.5), 8227 (s, 1H; CH), 8.213 (s, 1H; CH), 8.176 (s, 1H; CH),
8.160 (d, 1H; CH, J = 1.8), 8.085 (d, 2H; CH, J = 1.5), 8.021-7.996
(m, 4H, CH), 7.944 (m, 1H; CH), 7.89 (m, 1H; CH), 7.877 (m, 1H;
CH), 7.505 (s, 1H; CH), 7.459 (s, 1H; CH) 7.288 (s, 1H; CH), 7.225 (s,
1H; CH), 7.213 (s, 1H; CH), 7.197 (s, 1H; CH), 7.133 (m, 2H; CH),
7.055 (s, 1H; CH), 7.027 (s, 1H; CH), 6.887 (br, 2H; NH), 6.846 (br,
3H; NH), 3.941 (s, 3H; N-CH3), 3.903 (s, 3H; N-CH3) 3.816 (s, 6H;
N-CHs), 3.808 (s, 6H; N-CH3), 3.788 (s, 6H; N-CH3), 3.084 (m, 2H;
CH), 2.973 (m, 4H; CH), 2.713 (d, 8H; CH, J = 2.7), 2.64 (s, 3H),
2.373-2.316 (m, 6H, CH) 2.174 (m, 6H) 1.961 (m, 2H; CH), 1.786—
1.689 (m, 5H; CH), 1.138 (t, 3H; CH)

Polyamide 4 ESI-TOF Mass m/z calcd. Cg4HogN»4O15 [M + 2H]** 825.39; found
825.25
'"H NMR (600 MHz, DMSO-d6) & 10.243 (s, 1H, NH), 10.219 (s,
1H, NH), 10.025 (s, 1H, NH), 10.005 (s, 1H, NH), 9.897 (d, 2H,
NH), 9.885 (s, 1H, NH), 9.854 (s, 1H, NH), 8.370 (d, 1H; CH,
J =4.2), 8.259 (s, 1H; CH), 8.247 (s, 1H; CH), 8.207 (d, 1H; CH,
J =2.04), 8.199 (d, 1H; CH, J = 2.1), 8.119 (d, 2H; CH, J = 1.5),
8.026-8.055 (m, 4H, CH), 7.978 (m, 1H; CH), 7.922 (d, 1H; CH),
7.858 (m, 1H; CH), 7.540 (d, 2H; CH, J = 3), 7.272 (s, 2H; CH),
7.252 (s, 2H; CH), 7.178 (brs, 1H; CH), 7.162 (brs, 1H; CH), 7.149
(brs, 1H; CH), 6.931 (br, 3H; NH), 6.910 (br, 1H; NH), 6.879 (br,
1H; CN), 3.977 (d, 6H; N-CHj;, J = 1.8), 3.851 (d, 6H; N-CH3;,
J=1.2), 3.827 (d, 6H; N-CHs;, J = 1.3), 3.802 (d, 6H; N-CHs;,
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J = 1.6), 3.107 (m, 2H; CH), 3.010 (m, 2H; CH), 2.746 (d, 6H; CH,
J=2.4), 2.413-2.208 (m, 13H, CH) 1.994 (m, 2H; CH), 1.792—
1.725 (m, SH; CH), 1.186 (t, 3H; CH, J = 7.2).

4.4.3 Photoreaction

Photoreaction sample was prepared by mixing 10 nM DNA, 10 mM Sodium
Cacodylate buffer pH 7.00, 500 mM isopropanol, 100 nM polyamide (0.1%
DMSO) and Milli-Q water (total volume 13 pL) and incubated at room temperature
for 1 h. For UV irradiation, LED light (model ZUVC30H manufactured by
OMRON) with 300 mW at 365 nm was used. The reaction mixture was then treated
with 1.25 unit of Uracil-DNA Glycosylase (UDG) and incubated at 37 °C for 1 h.
The sample was dried in spin vaccum pump. About 6 pL loading dye was added to
the sample and heated at 95 °C for 10 min.

Before loading into the gel, the photoreacted sample was mixed with 6 pL of
loading dye (loading dye was prepared by using 300 pl of 0.5 M EDTA, 200 pL of
Milli-Q water, 10 ml of formamide, and 2.5 mg of New fuchsin) and heated at 95 °C
for 10 min. After cooling down gradually, 1.5 pL of the sample was loaded on a 6%
denaturing polyacrylamide gel (7 M Urea). It was then analyzed with sequencing
ladder and detected by sequencer (SQ5500E, HITACHI). The sequencing ladder
was prepared by Thermosequenase Dye Primer Manual Cycle Sequencing Kit
protocol using the template DNA used in this study.

4.4.4 The Methods for SPR Analysis

SPR analysis was performed using BIOCORE X instrument [28, 29]. Biotinylated
hairpin DNA was immobilized on streptavidin-coated sensor chip SA to obtain the
desired immobilization level (approximately 1200 RU rise after the loading of DNA
on the sensor chip). The measurements were carried out using HBS-EP (10 mM
HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.005% Surfactant P20), pur-
chased from GE Healthcare, with 0.1% DMSO at 25 °C. Different concentrations of
polyamides sample were prepared in the HBS-EP buffer with 0.1% DMSO and
injected at a flow rate of 20 pL/min. Association rate (k,), dissociation rate (kq), and
dissociation constant (Kp) were calculated through data processing and fitting with
1:1 binding with mass transfer model using BIAevaluation 4.1 program. The
closeness of fit is described by the statistical value >. Specificity was calculated by
dividing mismatch/reverse with the match site. All the biotinylated DNA were
purchased from JBios and their sequences are as follows:

5'-Biotin-GCGCTTGAGTCGCGTTTTCGCGACTCAAGCGC (PIP1-match)
5'-Biotin-GCGCATGTATCGCGTTTTCGCGATACATGCGC (PIP1-mismatch)
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5'-Biotin-GCGCTATGCTCGCGTTTTCGCGAGCATAGCGC (PIP2-reverse)
5'-Biotin-GCGCTTCACTCGCGTTTTCGCGAGTGAAGCGC (PIP1-reverse)
5'-Biotin-GCGCATACGACGCGTTTTCGCGTCGTATGCGC (PIP2-match)
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Chapter 5 )
Examining Cooperative Binding of Sox2 s
on DCS Regulatory Element Upon

Complex Formation with Pax6 Through

Excess Electron Transfer Assay

Abstract Functional cooperativity among transcription factors on regulatory
genetic elements is pivotal for milestone decision-making in various cellular pro-
cesses including mammalian development. However, their molecular interaction
during the cooperative binding cannot be precisely understood due to lack of
efficient tools for the analyses of protein—-DNA interaction in the transcription
complex. Here, we demonstrate that photoinduced excess electron transfer assay
can be used for analyzing cooperativity of proteins in transcription complex using
cooperative binding of Pax6 to Sox2 on the regulatory DNA element (DC5
enhancer) as an example. In this assay, Bry_labeled DC5 was introduced for the
efficient detection of transferred electrons from Sox2 and Pax6 to the DNA, and
guanine base in the complementary strand was replaced with hypoxanthine (I) to
block intra-strand electron transfer at the Sox2-binding site. By examining DNA
cleavage occurred as a result of the electron transfer process, from tryptophan
residues of Sox2 and Pax6 to DNA after irradiation at 280 nm, we not only con-
firmed their binding to DNA but also observed their increased occupancy on DC5
with respect to that of Sox2 and Pax6 alone as a result of their cooperative
interaction.

Keywords Excess electron transfer - Transcription factor - Tryptophan
BrU-substituted DNA - Cooperative effect

5.1 Introduction

The complexity of an organ development is manifested through spatiotemporal
expression of genes involved in development, which is tightly regulated to a large
extent by the combination of transcription factors in multiprotein complexes [1-13].
In these processes, the binding affinity of transcription factors to their genetic
elements, which is crucial for transcription activity, is modulated by cooperative
binding: low inherent binding affinity of the individual factors is largely enhanced
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when they present together by their synergistic action. One example that shows this
plasticity and diverse combinatorial transcription activity is Sox2, which activates
its downstream transcriptional targets by forming cooperative complexes with
various factors in each developmental stage. For example, it maintains pluripotency
by partnering with various factors like Oct4 and Nanog [5, 7, 11, 12], and controls
neurogenesis and retinal developmental by forming complexes with Pax6 [7-10],
Otx2 [11], TIx [12] or Brn2 [13]. Therefore, it is essential to investigate the
dynamics of their cooperativity to understand functional intricacies involved in the
process of transcription.

Electrophoretic mobility shift assay, widely used for probing the cooperativity
and synergistic activity of transcription factors, is often very time-consuming and
comes with varying sensitivity. Most importantly, observing the ternary complex
between coexisting proteins and DNA is not straightforward because, in many
cases, the partner transcription factors interact with low affinity, which limits the
possibility to run the intact complex through the gel even at low temperature. In
addition, this method cannot provide any detailed molecular mechanism of coop-
erative binding. Alternatively, high-resolution structural studies such as protein
crystallography and NMR can surely give the picture for understanding coopera-
tivity of transcriptional complex, but these methods have limitations in term of
sample preparation and technical difficulty. Therefore, there is a need of quick,
sensitive, and reproducible alternative method to determine cooperativity of tran-
scription factors in detail. Here, we propose that photoinduced excess electron
transfer (EET) from the tryptophan residues of protein to ®'U labeled DNA is an
alternative to the classical ways to probe cooperativity by examining the synergistic
action of Sox2 and Pax6 on their putative regulatory genetic element called DCS.
Transcription factor Pax6 initiates lens development by forming a cooperative
complex with Sox2 on the DC5 element, which enhances the lens-specific
expression of the d-crystallin gene (Fig. 5.1a). This specific alliance is responsible
for the development of neuronal and retinal tissues [7-10]. For instance, when the
Pax6 binding sequence of the DC5 enhancer is replaced with Pax6 binding con-
sensus (DC5con, Fig. 5.1a), the cooperation in binding between Sox2 and Pax6
decreases and the complex failed to activate the reporter gene. Previously, forma-
tion of this functional ternary complex was shown by classical EMSA [7, 8] and it
was recently analyzed by AFM on a DNA origami frame [14]. Although DNA
origami is an attractive platform to observe these complex biological events, the
facilities and technical knowledge required to prepare DNA origami frames are
available to only a limited number of laboratories. Thus, our proposed method can
be used in many cases to detect such crucial biological events based on photo-
sensitive platform.

Long-range EET leads to a great deal of redox chemistry that is widely observed
in key biological events such as signaling and sensing [15]. This long-range
electron transfer is possible within a distance of 10-25 A in biological redox
reactions [16]. It has been proposed that some repair enzymes use electron transfer
from redox cofactors to allow the detection of DNA lesions generated by the
oxidation at remote site [17-19]. However, it was also observed that EET can go
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Fig. 5.1 a DC5 enhancer element of d-crystallin gene, in which Sox2 and Pax6 interact during the
transcription process leading to the development of neuronal and retinal tissues. The binding sites
of Sox2 and Pax6 are shown in red and green, respectively. Also shown the sequence, when the
DCS5 enhancer is replaced with Pax6 binding consensus (DC5con). b DC5 element was modified
into DNA1 by replacing thymine residues with its analogous ®'U residues (B represents ®"U) in
one strand to capture the excess electrons from the protein. But the motif 5'-CABB in the
Sox2-binding site of DNAI is known for “Hotspot”, which is labile for intra-strand electron
transfer as shown in the figure. Therefore, DNA1 was further modified to DNA2 by replacing G
with hypoxanthine (I) (indicated by an arrow in DNA?2) to prevent intra-strand electron transfer.
Also shown, the schematic representation of the photoinduced electron transfer from the excited
state of tryptophan residues of Sox2 alone (left) and Sox2 with its partner Pax6 to the DC5 DNA
element (right). ¢ DNA3 was designed to capture an electron from Pax6 by replacing “T” with
“Br” in the Pax6 binding sites as shown in Fig. 1b (right). DNA4 was designed to check the
photoreactivity of the complementary strand by incorporating ®"'U residues. DNAS5 and DNA6
were designed based on DC5con sequence. d The amino acid sequences of Sox2(HMG) and Pax6
(DBD) are shown. Trp residues are shown in red

through without redox cofactors as evidenced in the case of Escherichia coli DNA
photolyase that can repair thymine dimers without the aid of redox cofactors [20,
21]. Moreover, it was also reported that thymine dimers can be repaired by
Lys-Trp-Lys motif under irradiation conditions [22-25]. These results together
suggest that specific amino acids are responsible for the repair process through
EET. Requirement of specific amino acids as electron donor was further supported
in a previous report, where it was observed that the photoreactivity of DNA can be
achieved by the photoinduced single-electron transfer from Trp residue of the
DNA-binding protein using an electron acceptor ®"U base [25, 26]. Based on these
results, we hypothesized that photoinduced electron transfer from proteins to DNA
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could be applied to check the specific interaction between protein and DNA, and
can be further utilized to probe cooperativity of proteins in transcription complex.
To test this possibility, we applied our strategy to detect protein—-DNA interaction
conducted by Sox2 or Pax6 alone or in their complex. We modified DC5 element
and DC5 Con by replacing thymine with its ®"U analog at the binding site of the
protein. ®U is an attractive synthetic nucleotide as its substitution does not affect
the functionality of the resulting DNA but can easily trap an electron during
DNA-mediated EET. The trapped excess electron converts ®'U to a uracil-5-yl
radical (U") by eliminating the bromide ion [27]. As a result, EET from protein to
B'U results in the strand cleavage by the heat treatment since the heat-labile
2-deoxyribonolactone is generated from U" radical by intra-strand hydrogen
abstraction from the deoxyribose moiety of the 5'-side at the C1' and C2a/ position,
respectively [28, 29]. The strand cleavage can be accelerated further by including
isopropanol (‘PrOH) as an excess H-atom source and subsequent treatment of
uracil-DNA glycosylase (UDG) as previously reported [30, 31]. Under this strategy,
Sox2- or Pax6 and their cooperative binding to DNA can be monitored by the
strand cleavage due to trapping of excess electrons from tryptophan residues to >"U.
For this purpose, we used purified recombinant DNA-binding domains: Sox2
(HMG), HMG representing high-mobility group, and Pax6(DBD), DBD repre-
senting DNA-binding domain.

5.2 Results and Discussions

5.2.1 Designing DC5 by Incorporating ®'U
and Hypoxanthine (I) to Capture an Electron
Jrom Sox2(HMG) or Pax6(DBD)

To test the aforementioned possibility, we applied our strategy to detect protein—
DNA interaction conducted by Sox2 or Pax6 alone or in their complex. We
modified DC5 element and DC5 Con by replacing thymine with its ®'U analog at
the binding site of the protein (as shown in Fig. 5.1b, c). Under this strategy, Sox2-
or Pax6 and their cooperative binding to DNA can be monitored by the strand
cleavage due to trapping of excess electrons from tryptophan residues to ®'U. It is to
be remembered that as a result of EET from protein to ®'U, can generate the reactive
uracil-5-yl radical (U") giving strand cleavage by H-atom abstraction from nearest
sugar moiety. For this purpose, we used purified recombinant DNA-binding
domains: Sox2(HMG), HMG representing high-mobility group, and Pax6(DBD),
DBD representing DNA-binding domain (Fig. 5.1d).

We first designed DNA1, a double strand DC5 element containing ®'U residues
at the binding site of Sox2 and Pax6 (Fig. 5.1b). We expected that DNA1 would
capture electrons at the respective protein-binding sites due to close proximity of
any of the tryptophan residues of the binding protein when incubated with proteins
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under UV irradiation (Fig. 5.1d). But it is known that specific sequences in the
Bry-substituted DNA, for instance, 5'-G/C[A], - 1,2’3BrUBrU-3' sequences, called
hotspots can induce intra-strand electron transfer under UV irradiation condition
[33, 34]. Since G has the lowest oxidation potential among the four bases (The
oxidation potentials of G, A, T, and C are 1.24, 1.69, 1.9, and 1.9 V, respectively
[32]), an electron from G transfers to BrUBU residues through intervening A
bridges adjacent to ®'U (as shown in the Fig. 5.1b) and A bridges in this case helps
in forward and backward electron transfer process [33, 34]. A same hotspot
sequence, CAP"UP'U was found in the Sox2 binding sequence while in the Pax6
binding site (in both cases DC5 and DC5con) no such sequences were noticed (even
though there are many G’s but lacks A bridges between G and ®"'UP"U). To quench
this intra-strand electron transfer from G to U ®'U in the Sox2 binding site of
DNA1 and to eliminate unintended false positives, we constructed DNA2
(Fig. 5.1b) in which G was replaced by hypoxanthine (I), a modified purine base, in
its complementary strand (indicated by an arrow) only in the Sox2 site. We
hypothesized that this modification would prevent any intra-strand electron transfer
due to the higher oxidation potential of I than that of G (1.4 vs. 1.24 V) as depicted
in a schematic representation shown in Fig. 5.1b [32]. To test this principle, we
irradiated DNA1 and DNA2 at 280 nm for 30 min and analyzed the resulting
samples by denaturing gel electrophoresis (Fig. 5.2).
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Fig. 5.2 Deactivation of hotspot sequence in the DC5 enhancer, in which Sox2 and Pax6
cooperatively interact during transcription process. DNA1 contains the hotspot sequence shown in
red, whereas in DNA2 the same hotspot sequences were deactivated by replacing G with I shown
in red. DNAI and 2 were irradiated using 280 nm for 30 min and after subsequent UDG treatment,
it was then analyzed by denaturing PAGE (20%). Distinct cleavage band appeared in the hotspot
sequence of DNA1 (lanel), whereas almost no cleavage appeared in the hotspot sequence of
DNAZ2 (lane 2). The concentration of DNA in all samples was 1.25 pM
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Fig. 5.3 The EMSA (5% polyacrylamide native gel) for Sox2 protein is shown in the unmodified
DC5 (left) and ®'U labeled DC5 (right), DNA2. With the increase in concentration of Sox2, clear
gel shift was observed. Lane 1 and 6, DNA; lane 2 and 7, DNA2 + Sox2 (1.25 uM); lane 3 and 8,
DNA2 + Sox2 (2.5 pM), lane 4 and 9, DNA2 + Sox2 (6.25 uM); lane 5 and 10, DNA2 + Sox2
(12.5 pM). In all sample, 1.25 pM DNA was used. The sample was prepared in a buffer containing
10 mM Tris-HCI pH 7.5, 1 mM EDTA, 50 mM KCl, 100 pg/mL BSA, 5% v/v glycerol, and
before loading into gel it was incubated at 4 °C for 2 h

While DNAT1 got cleaved, almost no cleavage was observed in DNA2, sug-
gesting the absence of intra-strand electron transfer. Therefore, this method was
employed in other assays to eliminate any false readout in the hotspot. This exercise
was not necessary for Pax6 binding site due to lack of similar hotspots (Fig. 5.1a).
To examine whether DNA2 limits DNA binding capacity of Sox2, we performed
EMSA using Sox2(HMG) on DNA2 and compared with unmodified DC5. We
observed Sox2(HMG) binds to DNA2 in almost similar stoichiometric ratio to
unmodified DC5 (Fig. 5.3).

5.2.2 Capturing an Electron from Sox2(HMG)
Upon Binding to DNA

We checked the photoreactivity of DNA2 upon treatment of Sox2(HMG) at a molar
ratio of 2:1 and 5:1 (protein: DNA) under irradiation at 280 nm for 15 min at 0 °C
in a buffer containing Tris-HCI pH 7.5 and 200 mM 'PrOH. After irradiation, the
sample was subjected to UDG treatment for converting U into the heat-labile abasic
site (AP site). When the sample was heat treated at 95 °C for cleavage and analyzed
by 20% denaturing polyacrylamide gel electrophoresis (PAGE), two distinct DNA
fragments were observed (lane 5 in Fig. 5.4). Based on the size of the fragments,
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Fig. 5.4 Analyses of the DNA cleavage as a result of photoinduced electron transfer from Sox2
(HMG) to the modified DC5 element (DNA2) using 20% polyacrylamide denaturing gel (7 M
urea). The gel electrophoresis was performed at 200 V and 250 mA for 140 min and checked by
Fujifilm (FLA-3000). Lanes 1, 2, and 3 are DNA size markers with sizes of 45, 10, and 13 mer,
respectively; Lane 4, DNA2 with UV irradiation at 280 nm for 15 min; lane 5, UV irradiation at
280 nm for 15 min on Sox2(HMG): DNA2 at 2.5 pM:1.25 uM ratio; lane 6, UV irradiation at
280 nm for 15 min on Sox2(HMG): DNA2 at 6.25 uM:1.25 pM ratio. Concentration of DNA was
1.25 pM. Reaction was performed in a buffer containing 10 mM Tris-HCI pH 7.5, 1 mM EDTA,
50 mM KCI, 100 pg/mL BSA, 5% v/v glycerol, and 200 mM ‘PrOH. Each sample was incubated
with 1.25 U of UDG at 37 °C for 1 h after irradiation and finally heated at 95 °C for 10 min

they were expected to be the cleavage products at the Sox2-binding site (indicated
by arrows in Fig. 5.4). This interpretation is further confirmed by the increased
band intensity when DNA?2 was incubated with the higher concentration of Sox2
(HMG) (lane 6 in Fig. 5.4). Interestingly, no DNA cleave was detected other than at
the Sox2-binding site, manifesting that Sox2 binding to the DC5 element is
sequence-specific. It should be noted that there was no strand cleavage in absence
of Sox2(HMG) under the same reaction condition (lane 4 in Fig. 5.4). Taken
together, it can be concluded that the photoinduced electron transfer from protein to
DNA and subsequent cleavage of DNA can be used for investigating
sequence-specific binding of transcription factors to their corresponding DNA
elements.
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5.2.3 Locating the Tryptophan Residues of Sox2(HMG)

To get a clear view of placement of electron donor—acceptor couples within the
protein-DNA complex, a model of human Sox2(HMG) bound to 5'-
CAP'UP'UGP'UP'U-3'/5-GTAACAA-3' was constructed by placing the hSox2
(HMG) to the DC5 element (5'-CATTGTT-3'/5'-GTAACAA-3") after replacing
thymine with ®'U (see materials and methods). The complex model reveals that the
first two helices comprising 45 residues in the HMG domain are involved in the
sequence-specific binding to the minor groove of DNA (Fig. 5.5). Inspection of
the crystal structure inferred that both W51 and W79 located near the DNA—protein
interface are in close proximity to each other (Fig. 5.5a). As a result, tryptophan
residues, W51 and W79, are located close to the electron acceptor Bry (B1 and B2)
at distances of 17.5 and 13.0 A, respectively, which are within the range of distance
for potent electron transfer. We anticipate that both the tryptophan residues are
putative electron donors but W79 might play a major role in the photoreactivity
considering their orientation and distance. From the surface representation of Sox2
(HMG) in the model, it can be inferred that W79 located on the DNA-protein
interface is in close proximity to the electron acceptor 'U (B1 and B2) at distances
of 13 and 11 A, respectively (Fig. 5.5b). In addition, W79 seems to also transfer the
electrons to B3 and B4 as well, since distances from indole nitrogen of W79 to
bromine are 10 and 14 A, respectively (Fig. 5.5b). However, W51 appears to be
located on the surface opposite to that of protein—~DNA interface and thus it might
have less electron transfer propensity.

5.2.4 Capturing an Electron from Pax6(DBD) Upon
Complex Formation with Sox2(HMG) and DNA3

We then designed DNA3 to capture the transferred electrons from Pax6 by sub-
stituting thymine with ®'U in the Pax6 binding region (Fig. 5.1c). The photoreac-
tivity of DNA3 was examined similarly in the presence of either Pax6(DBD) alone
or in combination of Pax6(DBD) with Sox2(HMG) (Fig. 5.6). It is well known that
most of the transcription co-activators of Sox2 have low inherent DNA binding
affinity in the absence of Sox2 but gain affinity when they form a ternary complex
in the presence of Sox2. As expected, Pax6(DBD) alone was not able to induce any
DNA cleavage, representing that electrons were not transferred from the tryptophan
residues of Pax6 to DNA, possibly due to the transient binding of protein to DNA
(lane 5 in Fig. 5.6). However, in the presence of both Sox2(HMG) and Pax6(DBD),
electron transfer from Pax6 led to strand cleavage (lane 6 in Fig. 5.6). Pax6(DBD)
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Fig. 5.5 a Ribbon diagram of hSox2(HMG) bound to 5'-CAB1B2GB3B4-3'/5'-AACAATG-3',
which was constructed based on the structure of human Sox2(HMG) and structure of DCS5
Sox2 DNA element as shown below. B base represents ®"'U. Tryptophan residues (W51 and W79)
and B'U nucleosides (B1-B4) are drawn as green and blue stick models, respectively, and Br and
oxygen atoms in ®'U are shown in yellow and red, respectively. b Surface representation of hSox2
(HMG) bound to 5'-CAB1B2GB3B4-3'/5'-AACAATG-3". B represents ®"U. Tryptophan residue
(W79) and B'U nucleotides (B1-B4) are colored in green and blue, respectively, and Br and
oxygen atoms in ®'U are shown in yellow and red, respectively. The sequence is shown below

contains three Trp residues, thus it cannot be concluded that which residues are
involved in electron transfer due to the lack of high-resolution model of Pax6/DC5
complex. However, it is obvious that one of Trp residues of Pax6 approaches to
proximal position to ®'U by forming a stable complex with DNA due to the
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Fig. 5.6 Analyses of DNA cleavage by photoinduced electron transfer from Pax6(DBD) to
DNA3 in the Sox2-Pax6-DNA3 complex using 20% polyacrylamide denaturing gel (7 M urea).
Lane 1, 45 mer DNA marker; lane 2, 20 mer DNA marker; lane 3, UV irradiated DNA3 at 280 nm
for 30 min; lane 4, UV irradiated DNA3 with 6.25 uM of Sox2, lane 5, UV irradiated DNA3 with
6.25 UM of Pax6; lane 6, UV irradiated DNA3 with 6.25 pM of Sox2 and Pax6; The concentration
of DNA3 was 1.25 puM in all samples

conformation change accompanied by Sox2 binding. The cooperative binding of
Sox2-Pax6 on DNA3 and increased DNA binding affinity of Pax6 were also
confirmed by a conventional EMSA (Fig. 5.7), which validated the result of EET
assay. It is to be noted that photoreaction by these proteins on the opposite strand
containing ®"U, DNA4 doesnot have any excess electron transfer. It suggests that
the putative electron donor are far from this strand.

5.2.5 Validating the Influence of Pax6(DBD) on Sox2
(HMG) Binding by Electron Transfer

It has been demonstrated that Pax6 enhances the binding affinity of Sox2 to DCS5 by
AFM on a DNA origami frame [14]. To confirm the enhanced binding affinity of
Sox2 upon cooperative binding of Pax6 using EET assay, we investigated the
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Fig. 5.7 EMSA (5% polyacrylamide native gel) is shown to confirm the cooperativity between
Sox2-Pax6 and DNA3. Lane 1, DNA3; lane 2, DNA3 + Pax6 (12.5 uM); lane 3, DNA3 + Sox2
(2.5 uM); lane 4, DNA3 + Sox2 (2.5 uM) + Pax6 (2.5 uM), lane 5, DNA3 + Sox2
(2.5 uM) + Pax6 (6.25 puM); lane 6, DNA3 + Sox2 (2.5 uM) + Pax6 (12.5 pM). The sample
was prepared in a buffer containing 10 mM Tris-HCI pH 7.5, 1 mM EDTA, 50 mM KCl, 100 pg/
mL BSA, 5% v/v glycerol, and before loading into gel it was incubated at 4 °C for 12 h

electron transfer from Sox2 to DNA?2 in the presence and absence of Pax6 under
irradiation conditions by examining the DNA cleavage (Fig. 5.8). DNA2 was
incubated with Sox2(HMG) alone or with Sox2(HMG)/Pax6(DBD) and irradiated
for 15 min following the similar photoreaction procedure, and the amount of the
cleavage DNA was compared. To assess the extent of any synergistic effect, we
added a minimum amount of Pax6 (0.5 equiv.) to a sample containing two
equivalent Sox2, thus to ensure that at this amount it should not cleave the DNA at
its binding site. Consistently with the previous report confirmed by AFM, the DNA
binding affinity of Sox2 was enhanced about two folds by Pax6 binding as mani-
fested by the increased cleavage content from 42.1 to 82.5% before and after Pax6
binding, respectively. It is to be noted that Pax6 alone (lane 2) at 2 equiv. was
unable to give any cleavage. This result suggests that, like Sox2, Pax6 also plays an
important role in stabilizing the protein/DNA complex. Given that strand cleavage
through electron transfer from Sox2—Pax6 to DNA is more extensive than that from
Sox2 or Pax6 alone, it is clear that a cooperative binding partnership is in operation.
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Fig. 5.8 a The analyses of the DNA cleavage by photoelectron transfer from Sox2 to DNA in the
presence of Pax6. The photoreaction procedure is described in Fig. 5.3. Lane 1, DNA2 irradiated
by UV 280 nm for 15 min; lane 2, Pax6(DBD) (2.5 uM) in lane 1 condition; lane 3, Sox2(HMG)
(2.5 pM) in the lane 1 condition; Lane 3, Sox2(HMG) (2.5 M) and Pax6(DBD) (0.625 uM) in the
lane 1 condition. The concentration of DNA2 was 1.25 pM in all samples. b Quantification of the
extent of strand cleavage shown in lanes 2, 3 and 4

5.2.6 Electron Transfer from Pax6(DBD) on DC5con:
Determining the Structure-Function Relationship
Between DC5 and DC5con

Because it has been found that DNA molecule commonly plays an active role in
cooperative interactions, thus we were interested to see whether EET can help in
finding the structure—function relationship or not [35]. One such example is the
replacement of Pax6 binding sequence from the DC5 enhancer with Pax6 binding
consensus as shown in Fig. 5.1a, results in the disruption of cooperation between
Pax6 and Sox2. As a result the complex could not activate the reporter gene [7]. In
order to probe this crucial structure—function relationship using EET we modified
the DC5con by DNAS and DNAG6 (Fig. 5.1a, c). We designed DNAS by replacing
thymine with ®'U in the DC5con sequence to confirm EET by Sox2. Our results
revealed that Sox2 alone was able to cleave DNAS as shown in Fig. 5.9 (lane 6).
Since there is a possibility that Sox2 may degrade by the electron injection (oxi-
dation of tryptophan) to DNAS, thus it may disturb the formation of ternary
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DNA 5 5 6 6 6
Pax6 - 5 -t +

Marker ~ Sox2 - * *s & *

1 2 3 4 5 6 7 8 9

5 -FAM-AACGCGTTCABBGBBGABGBBCACGCABCABGGABCCGBGCGCTT
3" -TTGCGCAAI ACTACAAGTGCGTAG 'CTAGGCACGCGAA
DNA5 DC5con

5" -FAM-AACGCGTTC

SCABCABGGABCCGBGCGCTT
3" -TTGCGCAAIL TAGT

'CACGCGAA

Fig. 5.9 Analyses of DNA cleavage by photoinduced electron transfer from Sox2(HMG) and
Pax6(DBD) to DC5Con sequence (DNAS5-6) using 15% TBE-Urea Gel (Invitrogen), 180 V,
90 min. Lane 1, 20 mer DNA marker; lane 2, 14 mer DNA marker; lane 3, 11 mer DNA marker;
lane 4, 45 mer marker; lane 5, UV irradiated DNAS5 at 280 nm for 30 min; lane 6, UV irradiated
DNAS with 6.25 uM of Sox2; lane 7, UV irradiated DNA6 with 6.25 pM of Pax6; lane 8, UV
irradiated DNA6 with 6.25 uM of Sox2 and Pax6. The concentration of DNA was 1.25 pM in all
samples. Asterisk represents an impurity and it is not generated by photoreaction (because it is
seen in control lane 4)

complex. That is why we decided to design DNAG6 in which thymine was replaced
with ®"U only in the Pax6 binding site. A similar strategy was applied with DNA2
(DCS5 sequence) which was used for Sox2 (Fig. 5.4), while a different DNA3 was
used for Pax6 induced EET (Fig. 5.6). Interestingly in the DC5con, we revealed
that Pax6 alone cleaved the DNAG6 at 17.5% at its binding site (Fig. 5.9, lane 8),
while in case of DC5 no such cleavage was seen (Fig. 5.6, lane 5). When we added
Sox2 and Pax6 with DNA6 we observed that it induces strand cleavage higher than
Pax6 alone (lane 9), which indicates that still the cooperativity is active but less
compare to DCS.
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5.2.7 Examining the Fate of Tryptophan Residues After
Electron Injection

Finally, we examined the fate of the tryptophan residues of Sox2 after electron
injection into the DNA. Previously, we reported that the fluorescence intensity of
tryptophan in Sso7d was quenched after electron transfer to DNA [26]. We were
thus interested to know the fate of the tryptophan residues of both proteins after
irradiation at 280 nm. Upon excitation at 295 nm, both Sox2(HMG) and Pax6
(DBD) release a characteristic emission peak from tryptophan at 330 and 350 nm,
respectively. Interestingly, a significant loss of fluorescence intensity of tryptophan
residues of Sox2(HMG) was observed after irradiation for 15 min, as shown in
Fig. 5.10a. The loss of emission at 330 nm indicates the photodegradation in
tryptophan residues. In contrast, no significant loss of fluorescence intensity, except
a little quenching caused by the direct binding was observed in the tryptophan
residues of Sox2(HMG) after irradiating the DC5 DNA element that has no ®'U
residues. The fluorescent intensity of tryptophan was recovered after adding a high
concentration of NaCl (2.0 M) into the reaction mixture. This result suggests that
electron transfer occurs from Sox2(HMG) to the By residues of DNA2. In contrast,
the intensity of fluorescence of Pax6 with DNA2 was not affected even after 30 min
irradiation, confirming that no electron transfer from the protein occurs due to the
weak binding affinity of Pax6 to DNA2 (Fig. 5.10b).

Irradiation

280 nm Pax6 (No Irradiation) Izr:]diation
nm

Sox2 15 min 500 /\ .
Pax6 30 min
450 /

Sox2 (No irradiation)

Z > 400 /
% 300 ;
2 Sox2 + DC5(No %) 2 .0
] g
£ 250 £
= = 2™ |/ pax6+ DNA2
=
& 200 g 250
- @
@ @
5 £ 200
- 32
Lt o 150
100 Sox2 + DNA2
100
50 <0
0 0 -
315 365 415 465 315 365 415 465
Wavelength (nm) Wavelength (nm)

Fig. 5.10 a Fluorescence intensity of tryptophan residues of Sox2. Fluorescence emission spectra
of Sox2 before irradiation (blue) and after irradiation (dark blue) at 280 nm for 15 min. Emission
spectra of Sox2 incubated with DNA2 (green) and with DC5 (orange), after irradiation for 15 min
(excitation at 295 nm, 10 nm slit width). b Fluorescence emission spectra of Pax6 alone before
irradiation (blue), after irradiation (green) and Pax6 when incubated with DNA2 irradiated at
280 nm for 30 min (orange) (excitation at 295 nm, 5 nm slit width). Photoreaction procedure for
Sox2 and Pax6: reaction mixture was prepared using 20 mM sodium cacodylate buffer pH 7.50
and 2 uM of each protein and DNA in 50 pL (final volume), irradiated at 0 °C
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5.3 Conclusions

To summarize, we demonstrate the characteristic features of cooperativity of Sox2
and its partner Pax6 during the formation of a functional ternary complex with
DC5 DNA element by examining electron transfer processes. This approach
involved selected substitution of thymine with ®'U residues at the protein-binding
sites on the DCS5 element and confirmation of binding by the cleavage of the
BrU-substituted DNA. Since Trp is frequently involved in protein-DNA interaction,
Trp-induced EET assay can be a powerful tool for investigating protein—DNA
interaction and possibly applied to many cases. To our knowledge, this is the first
time to observe a crucial biological event, such as cooperative binding of tran-
scription factors to DNA using the EET assay. This study opens up ample
opportunities to use EET as an efficient photosensitive method for probing DNA—
protein interactions. Consequently, the application repertoire of this method can be
expanded to various important biological events accompanied by a dynamic
assembly of macromolecular complexes.

5.4 Materials and Methods
5.4.1 Preparation of DNA

All the oligos were purchased from Jbios and Sigma Genosys and used without
further purification.

5.4.2 Preparation of Sox2 and Pax6

These two proteins were amplified in a similar way as before [14]. The gene
encoding the HMG domain (residues, 1-117) of human Sox2 was amplified and
cloned in pVFTI1S using EcoR1 and Xhol sites and, the gene encoding the
DNA-binding domain (residues 4-169) of human Pax6 was amplified and cloned
into pET41a (Novagen, Darmstadt, Germany) using Ncol and Xhol sites. E. coli
BL21 (DE3) Star (Invitrogen, CA, USA) transformed with pVFT1S-Sox2(HMG)
and pET41a-Pax6(DBD) were grown in LB media containing Kanamycin (Duchefa
Biochemie, Netherlands) at a concentration of 50 pg/ml. Both cultures were grown
for 12 h and then diluted 1:100 into fresh LB media and incubated at 37 °C by
shaking until the OD 600 was 1.0. Cells were then induced with a final concen-
tration of 0.5 mM isopropyl-B-D-thiogalactopyranoside (IPTG) (EMD Chemicals,
CA, USA) and incubated for 6 h. Cells were harvested by centrifugation at
5000 rpm for 15 min at 4 °C and stored at —80 °C until used. Cell pellets
expressing Sox2(HMG) were suspended in buffer A (25 mM Tris-Cl, pH 8.0,
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500 mM NaCl, 40 mM imidazole, and 1 mM PMSF) and disrupted with a vibra
cell sonicator (Sonics & Materials Inc., CN, USA) using a pulse of 2 s ON and 4 s
OFF for a total of 10 min at an amplitude of 60%. Cell lysate was clarified by
centrifugation at 30,000 g for 90 min at 4 °C. The supernatant was applied to a
nickel-charged NTA column (GE Healthcare, NJ, USA), pre-equilibrated with
buffer B (25 mM Tris-HCI, pH 8.0, 500 mM NaCl, and 40 mM imidazole). The
column was washed with ten column volumes (CV) of buffer B, and the protein was
eluted with a gradient from 40 mM to 1 M imidazole in 40 CV. The fractions
containing Sox2(HMG) were concentrated to less than 5 ml using a centrifuge
filtration device Vivaspin 20 (Sartorius Stedim Biotech, Goettingen, Germany) and
then applied to a Superdex 200 column (GE Healthcare, NJ, USA) equilibrated with
buffer C (25 mM Tris—HCI, pH 8.0, 500 mM NaCl, and 1 mM DTT). Cell pellets
expressing GST-Pax6(DBD) were suspended in buffer D (25 mM Tris-HCl, pH
7.5, 500 mM NaCl, 40 mM imidazole, and 1 mM PMSF) and disrupted with a
vibra cell sonicator (Sonics & Materials Inc., CN, USA) using a pulse of 2 s ON
and 4 s OFF for a total of 10 min at an amplitude of 60%. The cell lysate was
clarified by centrifugation at 30,000 g for 90 min at 4 °C. The supernatant was
applied to a nickel-charged NTA column (GE Healthcare, NJ, USA)
pre-equilibrated with buffer D. The column was washed with 10 CV of buffer B,
and the protein was eluted with a gradient from 40 mM to 1 M imidazole in 50 CV.
The fractions containing Pax6(DBD) were concentrated using a centrifuge filtration
device Vivaspin 20 (Sartorius Stedim Biotech, Goettingen, Germany). The proteins
were then moved to buffer E (25 mM Tris-HCI, pH 7.5, 500 mM NaCl, and 1 mM
DTT).

5.4.3 Irradiation Set Up

HM-3 hypermonochromator (Jasco) was used for irradiation at 280 nm. The
Eppendorf tube containing the sample (DNA and protein) was attached vertically
with the light fiber using a holder so that the light can pass through the sample and
placed in an ice box. The description of the machine used in this study can be found
at [36].

5.4.4 Photoreaction Scheme

DNA and protein were mixed in a buffer containing 10 mM Tris-HCI pH 7.5,
1 mM EDTA, 50 mM KCI, 100 pg/mL BSA, 5% v/v glycerol, and 200 mM
'PrOH. The sample was incubated at 4 °C for minimum 1 h and then irradiated
using 280 nm UV transilluminator. The sample was treated with UDG enzyme
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(1.25 U), incubated at 37 °C for 1 h. After the enzymatic digestion the sample was
dried up completely using high vacuum pump and to it about 10 pL of loading dye
(containing of 300 pl of 0.5 M EDTA, 200 pl of Milli-Q water, 10 ml of for-
mamide, and 2.5 mg of new fuchsin) were added and finally heated at 95 °C for
10 min. The sample was then analyzed by denaturing PAGE (20%).

5.4.5 Fluorescence Measurements

Steady state fluorescence measurements of photoirradiated Sox2 and Pax6 samples
were conducted with a Jasco FP-6300 spectrofluorometer. Measurements were
performed by using a fluorescence cell with a 0.5-cm path length. Fluorescent
intensity of Sox2 was quenched when it forms a complex with DNA2, it was
difficult to estimate the conversion of the Trp in Sox2. To overcome this trouble, we
added a high concentration of NaCl (2 M final concentration) to the reaction
mixture after the photoirradiation and checked the fluorescent intensity after
keeping the solution in ice for at least 30 min. Gradually, the fluorescence intensity
of the Trp is recovered (~90-95%) because Sox2 cannot bind to DNA in such
high-salt conditions. The fluorescence intensity of the Trp of Sox2 was not affected
in these conditions. A similar condition was used for Pax6.

5.4.6 Page

After photoreaction cleaved DNA was analyzed on a 20% polyacrylamide dena-
turing gel (7 M Urea). The condition of electrophoresis was 200 V and 250 mA for
140 min. For EMSA, the electrophoresis condition was 80 V and 140 mA for
80 min. The gel was analyzed by FLA-3000 (Fujifilm) and the cleavage amount
was measured by using multigauge v3.1 software.

5.4.7 Model Building

The model of hSox2(HMG) bound to DCS5 element was made using coordinates of
hSox2(HMG) in the structure of hSox2/FGF4 (PDB ID: 1GTO) and the DNA
corresponding to DC5 Sox2 DNA element in the structure of SRY(HMG)/DC5
(PDB ID: 2GZK) by superposing the hSox2 (HMG) on SRY in 2GZK followed by
manual modeling and energy minimization to get a pose of possible interaction of
hSox2(HMG) with DC5 Sox2 DNA element.
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Chapter 6 )
UVA Irradiation of B"U-Substituted ek o
DNA in the Presence of Hoechst 33258

Abstract Given that our knowledge of DNA repair is limited because of the
complexity of the DNA system, a technique called UV A micro-irradiation has been
developed that can be used to visualize the recruitment of DNA repair proteins at
double-strand break (DSB) sites. Interestingly, Hoechst 33258 was used under
micro-irradiation to sensitize 5-bromouracil (BrU)-labeled DNA, causing efficient
DSBs. However, the molecular basis of DSB formation under UVA
micro-irradiation remains unknown. Herein, we investigated the mechanism of
DSB formation under UVA micro-irradiation conditions. Our results suggest that
the generation of a uracil-5-yl radical through electron transfer from Hoechst 33258
to ®'U caused DNA cleavage preferentially at self-complementary 5'-AABTUPTU-3
sequences to induce DSB. We also investigated the DNA cleavage in the context of
the nucleosome to gain a better understanding of UVA micro-irradiation in a
cell-like model. We found that DNA cleavage occurred in both core and linker
DNA regions although its efficiency reduced in core DNA.

Keywords Micro-irradiation - Electron transfer - 5-Bromouracil
DNA photoreaction - Nucleosome

6.1 Introduction

Ionizing radiation causes double-strand breaks (DSBs) in DNA, leading to severe
damage to chromosomes in cells. Nuclear proteins accumulate at DNA-damaged
sites to execute DNA repairing functions [1-9]. In the field of molecular cell
biology, the behavior of DNA repair proteins induced by DSB formation has been
studied extensively. However, our understanding of the repair mechanism of DNA
remains limited because of the complexity of the DNA repair process; many of the
proteins involved in DNA repair remain unidentified. Recently, a sophisticated
technique called UVA micro-irradiation was developed to provoke DSBs in living
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Fig. 6.1 Schematic representation of the UVA micro-irradiation technique, which requires
labeling of genomic DNA with d®UTP followed by sensitization of ®'U-labeled DNA with
Hoechst 33258

cells (Fig. 6.1). In this approach, nuclear DNA is labeled with the thymidine analog
5-bromodeoxyuridine (®"U), and the DNA is stained with Hoechst 33258; after
UVA laser (365 nm) exposure, single-strand breaks and DSBs are produced [10-
12]. By using this technique, it was revealed that DNA repair proteins, Rad51 and
hMrel1-hRad50 complex, assemble in discrete nuclear loci as part of the cellular
response to DNA damage [13]. These studies established the potential of this
technique in the field of experimental cell research and radiation biology and led to
a better understanding of the DNA repair mechanism.

In this study, we investigated the photoirradiation of ®'U-substituted DNA
fragments in the presence of Hoechst 33258. We also investigated the photoirra-
diation of B'U-substituted DNA fragments in the context of the nucleosome to gain
a better understanding of nucleosome to gain a better understanding of UVA
micro-irradiation in a cell-like model.

6.2 Results and Discussions

6.2.1 Photoreaction on B U-Labeled DNA

To gain insight into Hoechst 33258-induced DNA damage under UVA
micro-irradiation, we constructed the DNA1 (298 bp) fragment, in which all the
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Chart 6.1 Chemical compounds known as DNA minor groove binder used in this study

thymine residues were replaced with ®'U, by performing PCR using d®"UTP instead
of dTTP. DNAI1 was then irradiated with 365 nm UVA light in the presence of
minor-groove-binding Hoechst 33258 [14, 15] and 500 mM isopropanol
(Chart 6.1) for 0—4 s. Under these conditions, the presumable uracil-5-yl radical
generated upon capturing an electron from the dye abstracts hydrogen from the
isopropanol to provide the uracil residue almost quantitatively [16, 17]. The sites
containing the uracil residues were then cleaved by uracil glycosylase and heat
treatment, and the cleavage sites were subsequently identified by slab gel
sequencing. Isopropanol or THF acts as an H-atom donor under in vitro condition,
which can trap the reactive radical species [16]. It is also known that without the use
of H-atom donor (THF or isopropanol), uracil-5-yl radical can cleave the DNA by
abstracting an H-atom from the C1' position of nearest sugar moiety to produce
easily cleavable 2-deoxyribonolactone. Another, simultaneous H-atom abstraction
is also known from C2' o position of the sugar to produce alkali-labile erythrose
containing site [18]. As a result, the total DNA cleavage under this condition is
lower. But practically, in vivo system of Hoechst-induced DNA damage might
consider the generation of labile 2-deoxyribonolactone instead of uracil residues
prior to DNA damage. The use of isopropanol followed by UDG enzymatic
digestion in the present system is only to produce one photoproduct thus making the
DNA damage more visible in the in vitro system. We analyzed DNA cleavage sites
for both top and bottom strands of DNAT1 by using two differently labeled DNAs in
which either the top or the bottom strand of DNA1 was labeled with Texas-Red. As
a result, several distinct DNA cleavage bands were observed on the gel (Fig. 6.2a).
Importantly, DNA cleavage did not occur in the absence of Hoechst 33258, sug-
gesting that photoinduced electron transfer from Hoechst 33258 to ®'U residues is
indispensable for uracil-2-yl radical formation, as reported previously [18, 19].



104 6 UVA Irradiation of 'U-Substituted DNA in ...

(a) UV irradiation UV irradiation
Top time (sec) Bottom| time (sec)
Strand| 0 12 3 4| Strandf 0123 4

GCAT 123 45 GCAT 12345

:'*‘....-

-

33 = 1
ﬁ; - :_:: ¢
"'! - -": :'
‘.-:-".-l 7 N ,‘b“s
ku‘; .= s b . 'R} ' 1
g‘_ o t'....
=Y < 111
= =
Sllisis == }
=3t =1
ot 2= §
XY ==
= =
._g-::.. <3 30
=3 = =
::H:::s = 1
-_— -_"--
== 3 - 12
® =3

== 5
= *

L
-
o

=~
ses4 = 13
: = 14

N W

: -.dﬂlwl

(b)

2}
5 =GCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATTCGTAATCATGGTCATAGCTGTT
3'—CGTCCAGCTGAGAAL1Lu1nuuubLuLaiuuL1LbﬁGCTTAnuLAxAAGTACCAGTATCGACAA
L 1

3 4
TCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGT
AGGACACACTTTLQCAATAGGCGAGTGTTAAbu1uxu;xuxhlbLLLuuLLA1Lb;A§T;CACA

4

5
AMAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGT TGCGCTCACTGCCCOGCTT
T TCGG!\CCCCACGG.’“‘T f:\C‘#‘CAC TCGATTGAGTGTAATTAACGCAACGCGAGTGACGGGCGAA

n 12 5

146
TCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGG
AGGTCAGCCCTTTGGACAGCACGGTCGACGTAATTACTTAGCCGGTTGCGCGCCCCTCTCCGCC

1t 1t tetl 1t
71
TTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTC -3
RHACGChiAHCCCGCGhGAAGGCGﬂAGGHGCGAGTGHCTGAG-5'
7

Fig. 6.2 a Analysis of DNA1 fragment by using 6% denaturing gel electrophoresis. The DNA
cleavage sites are marked from 1 to 14 in both strands. The band marked * derives from secondary
structure of the DNA. b Mapping of DNA cleavage sites after photoreaction of DNAI1 fragment
(all Ts were replaced with ®"Us). The cleavage sites are indicated by numbers (from 1 to 14)
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The mapping of DNA cleavage sites on DNAI is shown in Fig. 6.2b. We detected
DNA cleavage at Sites 1, 3, 4, 5, 6, and 7. Among them, Sites 1, 3, 4, and 5
correspond to self-complementary 5'-AAP"UP'U-3’ sequences with high intensity.
Several DNA cleavages were also observed in other AT-rich sequences, such as
Sites 10, 11, and 12. In addition to AT-rich sequences, other DNA cleavage sites
(Sites 2, 8, 9, 13, and 14) contained a mix of GC- and AT-rich sequences. It was
reported that Hoechst 33258 preferentially binds to AT-rich sequences (especially
at 5'-AATT-3' sequence) [15]. Therefore, this result is consistent with the con-
clusion that electron transfer occurred from bound Hoechst 33258 to B'U in the 5'-
AAPTUPTU-3' sequence to produce uracil-5-yl radical in this sequence. In cell, it is
thought that the formed uracil-5-yl radical abstracts C1’ hydrogen of deoxyribose
from the neighboring 5'-side nucleotide to produce 2'-deoxyribonolactone, which
can cause DNA cleavage by following B- and 6-eliminations [20]. Given that 5'-
AAPTUPTU-3' is a self-complementary sequence, it is thought that DNA cleavages
at both strands lead to DSB formation.

To examine whether other DNA-binding ligands can cause DNA cleavage, we
irradiated B'U-substituted DNA with other fluorescent chromosomal-staining
agents: DAPI, DB2277, and DB2120 (Chart 6.1) with 365 nm irradiation. DAPI
is a DNA minor-groove-binding ligand that is normally used for fluorescence
imaging. This dye also preferentially recognizes the 5'-AATT-3' sequence [16].
DB2277 recognizes a single G in sequences such as 5-AAGTT-3’ through an
aza-benzimidazole group and DB2120, a bis-benzimidazole can recognize either
A4GT4 or A4T4 sequences [21, 22]. Interestingly, although the three compounds
have similar absorption maxima to that of Hoechst 33258 (ca. 350 nm), slab gel
sequencing results showed that these compounds failed to cause any strand
cleavage in ®"U-substituted DNA (Figs. 6.3 and 6.4). It is thought that compared
with these three compounds, Hoechst 33258 more easily donates electron into ®'U
by photoexcitation.

6.2.2 Photoreaction in Nucleosome Structure

We wondered whether such photoinduced DNA cleavage happens on a nucleosome
structure, given that DNA inside a eukaryotic cell is intimately associated with
proteins to form the nucleosome; that is, the DNA is wrapped around a histone
octamer, which is composed of pairs of H2A, H2B, H3, and H4 [23, 24].
Nucleosomes are assembled into higher order structures, so that genomic DNA can
fit into the nucleus. Therefore, we reconstituted a mononucleosome by using
Bry_substituted Widom 601-nucleosome-positioning-sequence-containing 382 bp
DNA (DNA?2) (Fig. 6.7) [24].
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After preparation of the reconstituted nucleosome, the ®'U-substituted nucleo-
some was irradiated with Hoechst 33258 and the sites of formation of the uracil-5-yl
radical were detected as described previously. At Site 3 (5-AAPTUP'U-3'
sequence), DNA cleavage was significantly reduced on core DNA (Fig. 6.5).
Although it is reported that Hoechst 33258 can bind to nucleosomal DNA which
face both toward and away from the histone core without affecting the nucleosome
structure [25], our result suggests that the binding of Hoechst 33258 to core DNA is
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weaker than that of Hoechst 33258 to linker DNA. At Site 2 and Site 4, the
efficiency of DNA cleavage was almost same between free DNA and nucleosomal
DNA. Its reason seems to be that at both Site 2 and Site 4, the nucleosomal DNA
highly fluctuates to enable readily access of Hoechst 33258 to those sites. Previous
reports also suggest undisturbed access of small compound and protein to the edges
of core DNA [26, 27].
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Fig. 6.5 a Reconstitution of mononucleosome using 382 bp DNA containing 146 bp of Widom
601 sequence and histone octamer. b Analysis of DNA2 fragment by using 6% denaturing gel
electrophoresis. The DNA cleavage sites are marked from 1 to 9. The band marked * derives from
secondary structure of the DNA. (Lane 1) DNA only (Lanes 2—6) 365 nm irradiation for O, 1, 2, 3,
4 s with 10 nM DNA and 30 nM Hoechst 33258. Photoreaction result on the nucleosome is
shown on the left side, and the photoreaction result in free DNA is shown on the right side.
¢ Mapping of DNA cleavage sites after photoreaction of DNA?2 top strand (all Ts were replaced
with B'Us). The cleavage sites are indicated by numbers (from 1 to 9). The underlined area in the
DNA sequence indicates the 146 bp of core DNA. d Densitometric analysis of the cleavage bands
in free DNA (top) and in nucleosomal DNA (bottom)

6.3 Conclusion

In summary, we have demonstrated that DNA cleavages occur on ®'U-substituted
DNA sensitized with Hoechst 33258 under UVA irradiation. DNA cleavage also
occurred in nucleosomal DNA. These results suggest the following mechanism for
DSB formation in UVA micro-irradiation: electron transfer from Hoechst 33258 to
BrU occurs to yield a uracil-5-yl radical (Fig. 6.6). In the absence of a hydrogen
donor, the uracil-5-yl radical abstracts C1’ hydrogen of the sugar moiety, this can
cause single-strand breaks and DSBs in the DNA.
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Fig. 6.6 The suggested mechanism of DSB formation by UVA irradiation in the presence of
Hoechst 33258

6.4 Materials and Methods

6.4.1 General

Hoechst 33258 and DAPI were purchased from Sigma Aldrich (St. Louis, MO,
USA) DB2120 and DB2277 were kindly provided by Prof. David Boykin and Prof.
W. David Wilson (Georgia State University, USA).

6.4.2 Preparation of ®"U-Labeled DNA

In this study, we have used two DNA fragments: 298 bp DNA1 and 382 bp DNA2.
These two DNAs were amplified by PCR. pUCI18 plasmid and pGEM-3z/601
plasmid were used as PCR templates for DNA1 and DNAZ2, respectively. Primers
used for DNA1 amplification; forward primer: 5-dGCAGGTCGACTCT
AGAGGAT-3', reverse primer: 5-dGAGTCAGTGAGCGAGGAAG-3'. Primers
used for DNA2 amplification; forward primer: 5-dTAATACGACTCACT
ATAGGG-3', reverse primer: 5'-dATTTAGGTGACACTATAG-3'. For the anal-
ysis of top strand, 5'-Texas-Red-labeled forward primer was used, while for the
analysis of bottom strand, 5'-Texas-Red-labeled reverse primer was used. All
primers were purchased from Sigma Aldrich.

6.4.3 Polymerase Chain Reaction

Master mix for PCR reaction contains: 20 pl. of 10 x buffer (500 mM KClI,
100 mM Tris-HCI (pH 8.3), 25 mM MgCl,), 20 pL of each 2 mM dATP, dGTP,
dCTP, and d®"UTP, 6 pL of each 10 uM forward and reverse primers, 2 pL of 10 U
Taq DNA polymerase, 50 ng of DNA template, and Milli-Q water to total volume
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of 200 pL. PCR was performed with iCycler (BioRad, Hercules, CA, US) in the
following condition: 95 °C for 2 min; 30 cycles of (a) 95 °C for 20 s, (b) 52 °C for
30 s, (c) 68 °C for 30 s; finally 68 °C for 7 min. PCR products were purified with
GenElute™ PCR Clean-Up Kit (Sigma Aldrich) and confirmed by 2% agarose gel
electrophoresis, quantified by Nano Drop 1000 (Thermo Fisher Scientific,
Waltham, MA, USA).

6.4.4 Nucleosome Reconstitution Using 601 Sequence

Texas-Red-labeled DNA (200 nM) and recombinant human histone octamer
(EpiCypher, Davis Dr, Durham, NC, USA) (300 nM) were mixed in 2 M NaCl and
20 mM HEPES KOH (pH 7.5) (total volume 50 pL), and placed in Oscillatory Cup
MWCO: 8000) (COSMO BIO, Tokyo, Japan). The dialysis tube was immersed
into 500 mL of 2 M NaCl and 20 mM HEPES KOH (pH 7.5) for 2 h at 4 °C,
followed by 1.5 M NaCl (overnight), 1.0 M NaCl (8 h), 0.75 M NaCl (overnight),
and 0 M NaCl (8 h) (each contains 20 mM HEPES KOH (pH 7.5)). After dialysis,
the sample was collected from the tube and stored at 4 °C until use. The formation
of Nucleosome was confirmed by native gel eletrophoresis as shown in Fig. 6.7.

6.4.5 Irradiation Set up

LED light (model ZUVC30H, OMRON, Kyoto, Japan) with 300 mW at 365 nm
was used for irradiation. The irradiation was performed at 0 °C by keeping the

Fig. 6.7 6% native

polyacrylamide gel

electrophoresis result of free

DNA (lane 1) and

mononucleosome (lane 2),

which was reconstituted using

DNAZ2 (containing 146 bp of 400 bp
Widom 601 sequence) and 300 bp
histone octamer

CLHLI

200 bp =

100 bp
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sample (13 pL) in the cap of 1.5 mL Eppendorf Tube which was placed on a metal
plate cooled with ice.

6.4.6 Photoreaction

Photoreaction was performed in 10 nM Bry-substituted DNA, 10 mM sodium
cacodylate (pH 7.0), 500 mM isopropanol, and 30 nm Hoechst 33258 (total vol-
ume: 13 pL). After irradiation, the reaction mixture was treated with 1.25 unit of
UDG (Takara, Kusatsu, Japan) and incubated at 37 °C for 1 h. The reaction mixture
was dried up and 6 pL of gel loading dye was added, followed by heat treatment at
95 °C for 10 min. Then, all of the sample was used for slab gel sequencing.
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