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Abstract

Nucleic acids are the molecular targets of many clinical anticancer drugs. However, compared
with proteins, nucleic acids have traditionally attracted much less attention as drug targets in
structure-based drug design, partially because limited structural information of nucleic acids
complexed with potential drugs is available. Over the past several years, enormous progresses in
nucleic acid crystallization, heavy-atom derivatization, phasing, and structural biology have been
made. Many complicated nucleic acid structures have been determined, providing new insights
into the molecular functions and interactions of nucleic acids, especially DNAs complexed with
small molecule ligands. Thus, opportunities have been created to further discover nucleic acid-
targeting drugs for disease treatments. This review focuses on the structure studies of DNAs
complexed with small molecule ligands for discovering lead compounds, drug candidates, and/or
therapeutics.
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1. INTRODUCTION

Structure-based drug design (SBDD) has been used in the pharmaceutical industry for over
25 years as a guiding approach to identify lead compounds and develop new therapeutics.
The success of SBDD mainly depends on the rapid advances in structural biology, which
provides the detailed three-dimensional (3D) information of the drug targets and, more
importantly, sheds light on the interactions between the targets and small molecule ligands.
Based on the structures, novel small molecules can be designed by molecular modeling for
additional screening. Combined with the co-crystallization studies, optimized compounds
with better specificity and affinity can be further designed.! The biological macromolecules,
including protein and nucleic acid, have naturally become the drug targets. Nucleic acids
play important roles in living systems via participation in genetic information storage,
replication, transcription, and translation directing protein synthesis. Catalytic RNAs also
play critical roles in biological reactions as catalysts.2=> Thus, targeting nucleic acids can
selectively disrupt gene expression for treating virus-caused diseases and cancers at the
genetic level, that is, the nucleic acid level. Actually, it has already been established that
nucleic acids are the molecular targets of many chemotherapeutic anticancer drugs used
clinically. Compared to proteins, however, nucleic acids have traditionally gained much less
attention in the SBDD field, probably because it is challenging to specifically recognize
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nucleic acids by small molecules and it lacks structural information of nucleic acids in
complex with lead compounds and drug candidates. Fortunately, over the past several years,
the fields of nucleic acid chemistry and molecular and structural biology have made
tremendous progresses. Many nucleic acid structures of various complexities have been
determined, including more than 300 structures of ligand—-DNA or ligand—-RNA complexes
deposited in the structural databases since 2004. The structural data provide the molecular
mechanisms and fundamental functions of many nucleic acids and their complexes with
ligands. Therefore, opportunities have been created for further design and development of
nucleic acid-targeting drugs to treat genetic and acquired diseases. Herein we mainly
highlight the recent advancements in structural studies of complexes of DNAs and small
molecules (Table I) for potential drug discovery and investigation of DNA-ligand
interactions.

2. STRATEGY THROUGH CHEMICAL BOND FORMATION

A. Pt-containing Compounds Forming Covalent Bonds with DNA

Cisplatin [or cis-diamminedichloroplatinum (11), Fig. 1A] has become one of the most
widely used and effective anticancer drugs today to treat testicular, ovarian, cervical, head
and neck, esophageal, and nonsmall cell lung cancers, since it was approved by FDA in
1978.5-8 However, the chemotherapeutical treatment by cisplatin always causes severe side
effects, including nausea, vomiting, and ear damage, because cisplatin attacks both cancer
cells and normal ones. It is therefore important to elucidate the details of the cisplatin action
modes in order to design new cisplatin analogs that can specifically target cancer cells.
There are tremendous progresses in studying cisplatin mechanisms over the past three
decades, including the exploration of its possible biological targets, the elucidation of its
mechanisms, and the design of the novel derivatives. Although cisplatin can interact with
many different components in cells, such as phospholipids, phosphatidylserine, DNA, and
RNA,2 10t is generally accepted that DNA is the primary target of cisplatin.1! Cisplatin can
form stable adducts with DNA either in a 1,2-intrastrand cross-links between two adjacent
bases (GG or GA), or a 1,3-intrastrand cross-link between two guanines separated by
another base.12 13 The resulting Pt-DNA adducts can hamper and inhibit a series of
downstream biological processes, including replication and transcription, cell cycle arrest,
and attempted repair of damaged nucleotides, which eventually lead to cell death.14

Extensive structural studies have been performed on cisplatin-DNA adducts by NMR,
molecular mechanics calculation, and X-ray crystallography. The early crystallographic
information of these adducts is mainly limited to short single-stranded DNAs, and it has
been concluded that cisplatin reacted with DNA by covalently linking to the N7 positions of
the adjacent G or A. The milestone in this research area appeared in 1995, when Lippard and
his co-workers determined the first X-ray crystallographic complex structure of a double-
stranded DNA dodecamer with cisplatin.1> The 12mer DNA sequence is
d(CCTCTG*G*TCTCC)* d(GGAGACCAGAGG), where the G*G* means the cisplatin
cross-linked intrastrand GG dimer at N7 positions. As shown in Figure 1B and C, the base
pairs are propeller-twisted, but retain hydrogen-bonding interactions. Very recently, the
same group improved the resolution of the complex structure (PDB 3LPV) to 1.77 A.16 The
higher resolution structure clearly shows the amine ligands and the cross-linked geometry of
both platinum center and nucleobases, although their overall structures are virtually identical
(Fig. 1D). The deoxyribose sugar puckers are also better resolved, allowing reexamination
of the global structure of this platinum-modified DNA. In addition, this new structure
reveals four octahedral [Mg(H,0)g],* ions associated with bases in the DNA major groove
and 124 highly ordered water molecules participating in hydrogen-bonding interactions with
either the nucleic acid or the diammine-platinum(Il) moiety.
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As shown in the Figure 1B and D, the major groove of the platinated DNA is compressed
and the minor groove is widened, making the double-stranded DNA ready for structure-
specific recognition by proteins, such as the high-mobility group domain (HMG). It has also
been known for a long time that the platinated DNA duplex structure can attract HMG and
other proteins.1” To further investigate its molecular basis for this recognition, Lippard and
co-workers accomplished another milestone by solving the X-ray crystal structure of a 1:1
cisplatin-modified DNA/HMG-domain complex, as showed in Figure 2.18 It is revealed
from the structure that domain A of the HMG1 protein binds to the widened minor groove of
a 16mer DNA duplex containing the cisplatin adduct, and the DNA is probably further bent
in order to better interact with the protein.

Besides HMG, it has been shown that two special polymerases (Pol n and Pol £) can also
interact with cisplatin during cellular replication to bypass the platinum lesion, which
reduces the therapeutic effect of cisplatin and contributes to tumor resistance.19 Very
recently, Carell and co-workers20 reported a crystal structure of yeast Pol | pairing the Pt—
GTG lesion with two nucleobases, which revealed the mechanism of the partial bypass
reaction. As shown in Figure 3, the low-fidelity polymerase Pol n can place two nucleobases
opposite the Pt—GTG lesion and the flipped-out central T of the Pt—-GTG cross-link cannot
be positioned in the active site, thus slowing down movement of the polymerase through the
primer—template complex.

Additional understanding of how proteins like HMG and polymerases bind to cisplatin-
modified DNASs has provided a platform for SBDD and optimization in order to develop
better therapeutics. So far, over 3000 cisplatin analogues, including the Pt-containing
prodrugs,2! have been screened for further clinical trials to overcome certain side effects,
such as high toxicity and intrinsic or acquired resistance.22 In addition, special drug delivery
systems have been developed to deliver cisplatin to tumor cells in more efficient ways.23

B. Organic Compounds Forming Covalent Bonds with DNA

In addition to the platinum compounds, other types of small molecules have been found to
covalently bind DNA, including nitrogen mustard drugs (melphalan, uramustine,
chlorambucil, and bendamustine, etc.), mitomycin C and psoralen. The detailed adduct
formation and repairing mechanisms of these compounds in cells have been well
summarized.24 We focus on a few 3D structures to illustrate their modes of molecular
recognition and interaction with DNA.

Nitrogen mustard compounds (Fig. 4A) have been used as effective anticancer drugs for a
long time. Their cytotoxicity is mainly caused by the nonspecific DNA cross-linking, which
prevents DNA duplex separation through the formation of a N7-dG/N7-dG interstrand cross-
linking. To obtain more structural insight into this interaction, Stone, Egli, and their co-
workers inserted the 3-aminopropyl-2/-dU and 7-deaza-dG into the Dickerson-Dew
dodecamer.2® The crystal structure of this modified DNA duplex (Fig. 4B) suggests a
potential mechanism of interstrand N + 2 DNA cross-link formation by nitrogenmustard
compounds without bending DNA.

Mitomycin C (Fig. 5A) is a potential antitumor drug that works through alkylation of
guanine in the d(C-G)+d(C-G) steps of the DNA duplex.2® Patel, Tomasz, and their co-
workers solved a NMR solution structure of a 9mer DNA duplex containing this
monoalkylated mitomycin C. As shown in Figure 5B, the mitomycin ring is located in the
minor groove with its indologuinone aromatic ring system at a 45° angle relative to the helix
axis. As a result, conformational perturbation has been observed in this modified DNA
structure, presumably through widening of its minor groove in order to stack the
indoloquinone ring over the neighboring bases.2’ Interestingly, the mitomycin alkylated
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DNA presents B-form sugar puckers and A-form base stacking patterns. The major
metabolite of mitomycin C in cells, 2,7-diaminomitosene (2,7-DAM, Fig. 5C) has been
identified and studied structurally to provide new insight into the interaction with DNA. The
NMR structure of this drug—-DNA complex (2:1 ratio) (Fig 5D) contains a self-
complementary DNA dodecamer d(GTGG*TATACCAC) with G4 modified with mitosene
at its N7 position. Surprisingly, 2,7-DAM is located in the major groove of DNA and
oriented 3’ to the modified guanine, which explains why the overall conformation does not
change significantly after the bulky modification.28

Psoralens, a class of photomutagenic and photochemotherapeutic agents, have been widely
used for the treatment of vitiligo, psoriasis, and other cutaneous diseases. It is believed that
they play these roles through interstrand cross-linking with DNA and RNA, specifically
through the 5,6 double bond in pyrimidines, thereby blocking replication, transcription, and
other DNA activities. 4’-(Hydroxymethyl)-4,5",8-trimethylpsoralen (HMT, Fig. 6A) is one
of the major synthetic psoralen derivatives that enhances its solubility in water and form
higher yields of DNA adducts. Wemmer and co-workers reported a solution structure of
HMT-monoadduct and cross-linked DNA duplex [5-(GCGTACGC),-3], as shown in
Figure 6B. It has been observed that the HMT molecule spans across both the major and
minor grooves by attaching with 5,6 double bonds in the two T4 bases, while maintaining
the overall conformation. The aromatic rings of HMT have obvious stacking interactions
with the surrounding four bases, which form van der Waals interactions with the HMT
methyl groups. The cross-linking, base stacking, and hydrophobic interactions result in
significant enhancement of the duplex stability. The X-ray crystallographic investigation of
the interaction between HMT and DNA by Ho and co-workers revealed that the HMT-
d(CCGCTAGCGG), adduct can form a psoralen-induced four-way Holliday junction (Fig.
6C). Surprisingly, the HMT-d(CCGGTACCGG), adduct with a single switched base pair
forms a distorted junction (Fig. 6D).2° This sequence-dependent interaction might also
indicate a role of this important class of chemotherapeutics in initiating repair of psoralen
lesions in mammalian DNA. In both structures, the assembly of four DNA strands forms a
junction with two strands crossing over to connect the stacked helical arms. The two stacked
DNA helical arms are related by crystallographic twofold symmetry, so that the two cross-
linked strands define the asymmetric unit in the crystal. Both duplexes are highly distorted at
the thymine bases linked to the six-member pyrone ring of the drug.

Aflatoxin B1 (AFB) is involved in mutation of the p53 tumor suppressor gene and the
etiology of human liver cancer.3% The metabolism of AFB includes oxidation to AFB-
exo0-8,9-epoxide by cytochrome P450.3 This epoxide can react with duplex DNA efficiently
to yield the N7 adducts of guanosine, a cationic adduct. The cationic species undergoes
hydrolysis of the imidazole ring to form the AFB form amidopyrimidine adduct (AFB-
FAPY, Fig. 7A).32 Recently, Stone and co-workers solved an NMR structure of the DNA
adduct containing the a form of this AFB-FAPY moiety (Fig. 7B).33 This structure study
indicated that the AFB moiety intercalates on the 5’-face of pyrimidine at the damaged
nucleotides, causing obvious backbone torsion and overall duplex perturbation.

As discussed above, these covalent binders can cross-link to DNAs, causing modifications
and perturbations in the DNA structures. The modified DNAs can no longer interact with
their protein partners, thereby blocking the replication or transcription processes. This is
probably the main mechanism of these covalent binders during the chemotherapy
treatments. Due to relatively low selectivity, however, these agents are of high toxicity.
Moreover, cells can develop different strategies to identify and repair the inter- or
intrastrand DNA cross-links, which could play major roles in the drug resistance of certain
cancers to chemotherapeutic treatments. In order to enhance the selectivity and reduce drug
resistance, a clear understanding of the molecular mechanisms involved in the recognition
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and repair of cross-linked DNA will be especially important. From a structural point of
view, characterization of various types of DNA adducts can largely facilitate the study in
this field. These structural studies can also provide direction toward molecular design and
synthesis. For example, a synthetic N4C-ethyl-N4C interstrand cross-linked DNA was
structurally characterized by Miller, Kielkopf, and co-workers as both a platform for drug
design and a model system for DNA repair study. As shown in Figure 8, the detailed
structure studies revealed that the ethyl cross-link in the CpG major groove does not
significantly disrupt the B-form DNA helix and can selectively stabilize a preexisting
conformation, although it can result in subtle differences in the roll of base pairs and loss of
some divalent cation binding sites.34 Moreover, Stone and co-workers solved two solution
structures of DNA duplexes containing the cross-linked trimethylene moiety with the
sequence contexts of GpC and CpG.3° The structures indicated that both duplexes can
maintain B-form geometry as well as the hydrogen bonds. However, the stacking between
the cross-linked bases and the neighboring ones is quite different in these two structures
(Fig. 9). The interaction in the GpC-containing duplex is greatly reduced, which is also
consistent with the duplex stability result. The same research group also studied a DNA
duplex structure with the hydroxytrimethylene interstrand linkage at the two N2 positions of
guanosine using 1N NOESY-HSQC NMR (Fig. 10), providing evidence for the
stereochemical preference of this type of linkage and its thermal stability in duplex DNA.36
Very recently, the same group also investigated a similar DNA structure modified with
trans-4-hydroxynonenal (HNE) moiety (Fig. 11).37

3. TARGETING DNA WITH MINOR AND MAJOR GROOVE BINDERS

A. Minor Groove Binders

To disrupt the specific gene expression, the minor groove binding offers the highest
sequence specificity between a small molecule and DNA. Classic minor groove binders are
polyamides or heterocyclic dications, such as DAPI, berenil, Hoechst 33258, netropsin,
distamycin, and pentamidine (Fig. 12). These groove binders were originally developed to
prefer AT-rich regions and later further developed to expand to all A/T, T/A, G/C, and C/G
pairs.38: 39 Due to their capability to interact with DNA in a more specific manner, minor
groove binders hold a great promise to treat the diseases at the DNA level. Actually, these
minor groove-binding agents have been extensively studied as a class of potential
therapeutics with antibacterial, antiprotozoal, antitumor, and antiviral activities.#0-42
Dickerson, Sundaralingam, Dervan, Neidle, Wilson, and their co-workers have pioneered
this research area by revealing the 3D structures of DNA complexed with minor groove
binders,*3-47 and some of the investigations in this research field have been summarized
recently.#8-50 The shapes of the groove-binding molecules typically match the curve of the
minor groove, thus allowing a perfect fit via interactions such as van der Waals contacts and
hydrogen bonding. Here we listed some of the typical complex structures.52-56 The structure
of the DNA in complex with Hoechst 33528 is shown in Figure 13. In the structure, the
ligand is clamped by the phosphate backbone of the DNA in the minor grove and forms
extensive van der Waals contacts with the DNA. Although the hydrogen bonds (total of 2)
do not play an essential role in the recognition between Hoechst 33528 and DNA, H-bonds
do play an essential role in the cases of the netropsin~-DNA and distamycin—-DNA
interactions (Fig. 14). In the netropsin—-DNA structure (Fig. 14A), eight hydrogen bonds
have formed between the ligand and DNA. In the distamycin—DNA structure (Fig. 14B),
even more hydrogen bonds (total of ten) have been observed. In these structures, the ratios
between the DNA and ligands are different. In the 1:1-binding mode, the minor groove of
the DNA duplex is compressed, and the major groove is widened, which gives the access to
other molecules binding to the major groove of the DNA duplex. In the 1:2-binding mode,
the DNA minor groove binder works through the opposite way, that is, widening the minor
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grove and compressing the major grove. Other similar drug—DNA complexes, such as
imidazole-pyrole-hydroxypyrole polyamide,5” benzimidazole,8: 59 and tribenzimidazole?,
have been extensively discussed and summarized previously.

The classic polyamides, composed of amide monomers linked by peptide bonds, can bind
many different DNA sequences, permeate the cellular membrane, access chromatin, and
disrupt interactions between the target DNA and transcriptional factors, such as hypoxia-
inducible factor, androgen receptor (AR), and glucocorticoid receptors (GRs).61-63 Their
hairpin derivatives containing two (R)-B-amino-y-turns (Fig. 15A) have been demonstrated
to have favorable DNA-binding affinities and better gene regulating ability.54-66 The
binding location and orientation of the polyamides have been widely studied through several
complex structures.>”- 67-69 The high-resolution structures provide valuable insights into
their molecular interactions with the DNAs and DNA—protein complexes, which serves as
the foundation for further drug optimization. Recently, Dervan and co-workers reported a
complex structure of an 8-ring cyclic Py-Im polyamide and a DNA duplex
[d(CCAGGCCTGG)], at 1.18 A resolution (Fig. 15B). The determined structure shows that
the overall duplex conformation has been dramatically perturbed. The minor groove is
widened by 4 A, while the major groove is compressed by ~4 A .Moreover, the helix axis is
bent toward the major groove by more than 18°, compared to the native counterpart.56 These
large distortions provide a molecular basis for supporting the idea of allosteric perturbation
of the DNA helix by small molecules as minor groove binders, thereby chemically and
selectively regulating gene expression.%® In addition, this complex structure elucidates the
source of sequence-specific recognition. The interactions between DNAs and ligands
include hydrophobic packing, specific hydrogen bonding of the connecting amides to the
groove floor before and after the turn, water-mediated hydrogen bonding of the a-amine to
the groove floor, and a conformational pucker that minimizes steric interactions of a-amino
substituents. From this structure, it is also clear that the exocyclic amine of the guanine base
under the turn will cause a large steric interference with the f-methylene of the amino
turn.66

To further address the issue of sequence recognition specificity, Dervan and co-workers
reported another high-resolution complex structure (0.95 A resolution) containing the cyclic
polyamide with two antiparallel ImPyPyPy strands capped by (R)-p-amino-y-turns (Fig. 16).
In the complex structure, the DNA is a 10-mer DNA duplex [(5-CCAGTACTGG-3'),],
where the middle TA replaced the GC of the previous sequence.’® Very similar to the
previous structure, a large perturbation is observed following ligand binding. The minor
groove is widened by more than 4 A, while the major groove is also compressed by more
than 4 A. The narrow major groove is too small to accommodate the typical proteins, such
as transcription factors. The helix is also bent toward the major groove by over 15°. To
better understand the impact of the major groove compression on the binding of
transcription factors, they further analyzed the previously reported structures of AR and GR
in complex with ds DNA.”% 72 From the structural comparison, it turns out that after ligand
binding, the major groove is no longer compatible with AR and GR binding, which may be
taken as a potential mechanism to control gene expression chemically. As shown in Figure
16C, the A/T pair forms two hydrogen bonds with two Py groups of the ligand, suggesting
that Py/Py can selectively interact with T/A pair. Moreover, the structure information
allowed the chemical modification to achieve more specific T/A pair recognition. As shown
in Figure 17, Hp forms one extra hydrogen bond with T, due to the addition of OH group at
the C3 position. The space-filling model also shows that the Hp/Py pair fits tightly with the
T/A pair and will sterically overlap with the A/T pair.

Different from the prevention of DNA—protein binding interactions, some chemicals,
following exposure to ionizing radiation or UV light, will result in the formation of cellular
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DNA-—protein conjugates, thereby interfering with both DNA replication and transcription.”3
One of the repair mechanisms involves the formation of DNA-peptide conjugates as
substrates for nucleotide excision repair.”* 7> Recently, Stone and co-workers linked the
amino-terminal lysine of the peptide KWKK to the exocyclic amino group of dG in the
DNA duplex (5-GCTAGCG*AGTCC-3*5’-GGACTCGCTAGC-3') through a trimethylene
linkage (Fig. 18A).76 Strictly speaking, this work should be catalogued into covalent
binding, since the small peptide ligand is covalently bound with DNA. But it was observed
from the complex structure (Fig. 18B) that the amino acids are in the minor groove, which
provides the 3D interaction information of the DNA and its ligand, and serves as a good
model for designing novel minor groove binders. This study also indicated that the small
peptide conjugation can stabilize the DNA duplex.

It has been well known that alternating AT sequences, which may contain Hoogsteen base
pairs and form coiled coil structures, are extremely abundant in most eukaryotic genomes.
For example, the (AT)s sequence occurs over a million times in the human genome.”’
However very little structural data is available to help understand its cellular functions,
probably due to the difficulty of crystallization. Subirana, Campos, and their co-workers
have recently studied this type of sequence with minor groove-binding agents.’® The X-ray
complex structure (Fig. 19A and B) of a DNA duplex [d(ATATATATAT),] with
pentamidine was found to be able to stabilize a left-handed coiled coil arrangement through
formation of cross-links between neighboring duplexes (Fig. 19C). The DNA duplex
exhibits a mixture of Watson—Crick and Hoogsteen base pairs (in the bottom base pair).
Unlike the previous complexes, pentamidine is not entirely bound within the minor groove.
Instead, only the central portion of pentamidine resides inside the groove, leaving the
positively charged ends detached from the DNA and free to interact with phosphate groups
from adjacent duplexes in the crystal. This novel binding mode has potential implications
for the antiprotozoal and antibacterial activities of pentamidine as anti-HIV drug.

5-Formyluracil (fU) is one of the major damaged thymidine derivatives, and is caused by the
attack of hydroxyl radicals, inducing pyrimidine transition during replication.”® In order to
obtain structural information regarding this mutagenesis, Takenaka and co-workers solved
the X-ray structure of a DNA duplex [d(CGCGGATfUCGCG),] containing a fU-G wohble
pair and complexed with the minor groove-binding dye Hoechst33258.8% The main purpose
of the ligand was to stabilize the DNA duplex and obtain high-quality crystals. Despite no
direct interaction between the fU residue and ligand, the structure still provided a potential
starting point in the design of drugs to treat fU-caused diseases. It was revealed that the
overall duplex structure did not have any obvious changes compared to the unmodified
DNA. However, analysis of minor groove widths indicated that the minor groove of the fU-
G base pair is wider, compared with other base pairs in the same DNA duplex. The crystal
structure clearly indicated that the widening is caused by the binding of the ligand. The
complex structure and its comparison with the corresponding native Dickerson-Drew DNA
(12mer) are shown in Figure 20A and B.

As one of the traditional design rules, most of the classical models for minor groove binding
emphasize the importance of the ligand curves in order to fit the groove shape and achieve
high binding affinity.81-83 However, one famous exception is compound DB921 (Fig. 21A),
which is a linear heterocyclic diamidine able to strongly bind the DNA minor groove much
stronger than similar and curved compounds.84 For example, the crystallographic analysis of
DB921 bound to AATT indicates its indirect contacts with the base through bound water
molecules, resulting in an induced structural change in DB921 by forming a curve that
perfectly matches the shape of minor groove (Fig. 21B).84 Wilson, Neidle, and co-workers
have carried out systematic studies for the role of water molecules in recognizing both the
ligand and DNA minor groove. This represents an alternative recognition concept and has a
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great potential to guide novel drug design.% Very recently, through a series of biophysical
and crystallographic investigations, the same groups of scientists have systematically
modified the DB921 structure and further studied the role of bound water molecules
bridging the DNA and ligand.8> The complex crystal structure of dodecamer DNA
(CGCGAATTCGCG), with DB1055, which was derivatized from DB921 by shifting the
amidine at the phenyl group to the meta position (Fig. 21C), has been presented and
compared with the DB921-bound DNA structure. The structure confirmed that the ligand
binds in the AT region of DNA minor groove in a typical interaction mode. Both amidine
groups interact with the O2 atom of the neighboring cytosine bases through the hydrogen-
bonding network formed by the two highly conserved water molecules in the minor groove.
(Fig. 21D) These studies provide the structural basis for designing sequence-specific minor
groove bhinders, which interacts with DNA through the water-mediated hydrogen binding.

It is also worth mentioning that in addition to the drug—DNA binary complex systems,
Georgiadis and co-workers have developed a novel host—-guest complex system for studying
the drug—DNA interaction. They have used the N-terminal fragment of Moloney murine
leukemia virus reverse transcriptase (MMLV-RT) as a host and a DNA 16mer
d(CTTAATTCGAATTAAG), as a guest.8® As an example, they co-crystallized netropsin
(Fig. 12) with this DNA—protein system and determined the structure at 1.85 A resolution.
The crystal asymmetric unit contains one protein molecule and half of the 16mer DNA
bound with one netropsin molecule (Fig. 22). The guanidinium moiety of netropsin binds in
the minor groove, while the amidinium is bound to the widest region of the enlarged minor
groove. By comparing this structure to other netropsin-DNA structures, different hydrogen-
bonding patterns were found, and the orientation of netropsin within the groove was
attributed to the asymmetry of the minor groove in the AATT site.86 This work not only
revealed the possible antiviral mechanism of the DNA groove binders but also established a
powerful platform to study ligand—DNA interactions, although the DNA length is the major
limitation for complex crystallization.

Recently, this host—guest approach has been further applied to solve the crystal structure of a
DNA duplex [d(CTTAATTCGAATTAAG),] in complex with CD27 [4,4’-
bis(imidazolinylamino)diphenylamine], a potent antitrypanosomal agents, which binds to its
preferred AATT site.87 Although the therapeutic effects of this compound have been
explored previously,88 the further development and optimization of this compound series
requires more detailed structural and binding information. In the structure determined at
1.75A resolution (Fig. 23), a planar crescent shape of CD27 was observed upon binding to
the DNA minor groove, although it was predicted to be highly twisted in its energy-minimal
state. The crystal structure reveals that CD27 interacts with the DNA by forming bifurcated
hydrogen bonds with AATT, which results in the minor groove widening and the formation
of favorable van der Waals interaction. This induced fit with conformational changes in both
the ligand and DNA has provided another rationalization and base for designing effective
minor groove binders.

B. Major Groove Binders

Compared to minor groove binding, interactions between small molecules and the DNA
major groove have not been extensively explored. There are also very few structural reports
on complexes of DNA and major groove binders, probably due to the requirement of much
larger molecules and the difficulties to conduct the complex structure studies. Carbohydrates
represent a class of agents capable of binding the major groove due to their size and intrinsic
distribution of hydrophobic and hydrophilic moieties in their molecular structures, although
the majority of them still show significant binding with the DNA minor groove. To date, the
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carbohydrate compounds that can bind within the major groove include neocarzinostatin,
nogalamycin, and several aminoglycoside (neomycin) conjugates (Fig. 24).89

As a representative antitumor agent, the neocarzinostatin chromophore (NCS-chrom) and its
derivatives have been studied for more than four decades.% °1 It has been well-known that
this small molecule exists by forming a complex with a protein in its natural form and
causes DNA damage by hydrogen abstraction from DNA strands through a diradical
intermediate, while the drug itself forms the postactivated derivatives.%0 92 However, the
molecular recognition and mechanism of this complex system have yet to be clearly
elucidated through structural investigation. The previous structure study revealed that this
type of drug interacts with a specific sequence of DNA through both minor groove binding
and intercalation.®3-9% Another interaction mode between NCS-chrom and DNA contains a
bulge-forming structure, which leads to the single strand cleavage.®: 97 In this bulge
structure, the drug molecule works as a major groove binder and its ring systems fill the
bulge cavity and interact with DNA aromatic bases.® To better understand the molecular
interaction and mechanism of this unusual complex, Goldberg and co-workers analyzed and
compared the detailed NMR structures (Fig. 25) of the NCSi-gb-bulge-DNA, bulge-free
DNA, as well as the NCSi-glu-DNA.?8 As shown in Figure 25C, conformational changes in
both DNA and ligand are observed. The NCSi-gb mainly binds at the major groove and the
two ring systems of the drug are brought closer to each other in the complex. More
interestingly, this binding promotes the formation of a bulge pocket and this was not found
in the unbound DNA structure. The bulge formation represents the potential transition of
DNA conformation.?8 On the contrary, NCSi-glu, which is generated by glutathione induced
activation, binds with the DNA duplex in the minor groove (Fig. 25D). Considering that
these two NCS derivatives have the similar composition and structure, the striking
differences observed from their DNA complexes provided important insight into DNA
recognition and specificity, which are valuable for drug design and discovery. Later on, the
same research group designed a new spirocyclic helical ligand, which is similar to the NCSi-
gb structure without the bulky cyclocrabonate moiety, and they solved the solution structure
of a two-base bulge-containing DNA bound with this new ligand.? However, the structure
revealed that this ligand binds to the minor groove. This example also indicates the
flexibility of DNA recognition and interaction with small molecules and the importance in
studying individual complex structures at high resolution.

Arya and co-workers pioneered the design and development of a novel neomycin-Hoechst
33258 conjugate (Fig. 26) for probing the binding effect of an aminoglycoside antibiotic
(neomycin, Fig. 26A) on the B-DNA structure.100-102 Neomycin is known to bind A-like
conformations of nucleic acids including DNA and RNA, and is able to stabilize triplex
formation. Since A-form DNA has a narrow major groove, it is suspected that neomycin
binds in the major groove of these structures, 190 although no direct structure evidence is
available. It is also known that neomycin itself cannot bind to the major groove of B-form
DNA. Therefore, in order to examine whether this type of aminoglycoside can bind to the
major groove of B-from DNA, Arya and co-workers covalently attached neomycin with a
strong minor groove-binding moiety (i.e., Hoechst 33258, Fig. 26A), which has preference
to bind AT-rich DNA sequences and is used to block the minor groove space.103 Systematic
biophysical studies, such as UV melting, isothermal fluorescence titration, differential
scanning calorimetry, circular dichroism, and computational modeling, have indicated that
the neomycin moiety interacts with the DNA major groove (Fig. 26B and C), while the
Hoechst moiety binds to the minor groove. It is also worth mentioning that the linker
connecting these two moieties can also be adjusted for better binding efficiency and
sequence selectivity. Although X-ray crystallographic or NMR studies of these complexes
are not yet available to confirm this binding model, the design of such dual-binding ligands
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opens up great potential to develop novel conjugates for selective nucleic acid targeting and
gene expression inactivation.

Recently, along this line of the covalent binder conjugation, the same group further included
an intercalative moiety as a third party of the complex system.104 For better comparison,
they synthesized a neomycin-Hoechst 33258-pyrene conjugate (NHP, Fig. 27A) and studied
DNA binding with this triple-recognition ligand. The computational modeling of the
interaction between this ligand and a DNA duplex (CGCAAATTTGCG), (Fig. 27B) clearly
suggested a “clamp” model: the Hoechst moiety fits very well with the minor groove curve,
and the neomycin moiety binds tightly and selectively with the major groove through
hydrogen-bonding interactions. Moreover, the pyrene moiety intercalates into stacked base
pairs by enlarging their distance at its binding site. Clearly, the high-resolution structure
study will provide invaluable information to confirm the biophysical data and the binding
model.

Other than the small molecule ligands, some typical additives in crystallization conditions
can also bind DNA in the major groove. Lattman and co-workers reported these interactions
during their study of transcriptional inhibitor PAN with the Sp1 consensus sequence.1%5 The
structural study revealed specific interactions between polyethylene glycol (PEG) molecules
and the major groove of the Sp1-DNA recognition site. The DNA adopts the A-
conformation and contains three curved PEG molecules. In addition, a cobalt hexamine ion
per DNA duplex binds to the major groove. It is likely that these PEG molecules open the
major groove by approximately 1 A, compared to the modeled A-form DNA. The specific
binding of these small ligands to the DNA major groove opens many opportunities to design
novel small molecules for major groove recognition and interaction.

Although these DNA groove-binding agents hold the great promise in modulating specific
gene expression, in terms of clinical applications, the successful use of these compounds is
largely limited by cell uptake and nuclear localization. They are dependent on a wide range
of molecular determinants, such as the Py/Im content of polyamide compounds, the number
and location of charges, composition and the attaching position of linkers. Recently, various
chemical modifications have been introduced into small molecule ligands, and some
compounds have showed improved biological activity. For example, experimental data
suggested that the polyamides derivatized with isophthalic acid (IPA) at the C-terminus have
improved activities in He La (cervical cancer) and U251 (glioma) cell lines.19¢ This
enhanced potency by IPA modification was also observed in other cell lines.1%” A more
recent study suggested that polyamide potency can also be enhanced by other modifications
at the C-terminus, such as a C3-aliphatic linker tethered to an aromatic group through an
oxime linkage. This modification resulted in approximately 20-fold enhancement of the
potency of the polyamides targeting the androgen response element in LNCaP cells.108 |n
general, the C-terminus modification may be a common strategy to overcome the problems
in cellular uptake and nuclear localization. Solving these problems will significantly broaden
the applications of the polyamides in biology and human medicine.

4. INTERCALATING INTO DNA

Intercalation is another binding mode of small molecule drugs with nucleic acids. It involves
the insertion of a planar molecule between DNA base pairs, thereby interrupting DNA
functions. Intercalators bind to the DNA duplex well, normally with association constants of
10°-101 M1, This is due to several favorable forces, including hydrophobic, ionic,
hydrogen-bonding, and van der Waals interactions.19° The intercalation decreases the DNA
helical twist and lengthens the DNA.110. 111 Traditionally, it has been thought that only
molecules with fused-ring structures could be good intercalators. But it was later found that
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the presence of basic, cationic, or electrophilic functional groups is often necessary for a
compound to be a good intercalator, while the fused-ring structures are not always
required.112. 113

DNA intercalators, such as adriamycine, daunomycin, daunorubicin, dactinomycin,
echinomycin, and ditercalinium, have been extensively used as antitumor, antineoplastic,
antimalarial, antibiotic, and antifungal agents, as well as the chemotherapeutic agents to
inhibit the growth of cancer cells. Unfortunately, the requirement for a ligand to function as
an intercalator is relatively low. Therefore, although thousands of different intercalators
have been identified, most of them were eliminated from clinical application due to their
high toxicity and nonspecificity.114 Again, the structure-based research of these DNA—-drug
complexes is very important, not only for biochemical and biophysical studies, but also to
shed new light on further design and optimization of novel compounds with better target
specificity and low toxicity. So far, many crystal structures are available for typical
intercalators. Herein we will discuss complex structures of DNA molecules with several
important intercalators, such as daunomycin, adriamycine, echinomycin, and ditercalinium,
as well as their derivatives.

Daunomycin, an anthracycline-type antibiotic, consists of a planar aromatic ring system, a
fused cyclohexane ring, and an amino sugar moiety (Fig. 28A). It is a naturally occurring
agent that is widely used in chemotherapy treatment of cancer. It is also the starting model
for thousands of potential drugs.11° Extensive studies, including high-resolution
crystallographic and NMR investigations, have been performed to understand the structural,
kinetic, and energetic contribution of this drug upon interaction with nucleic acids.116-122
Most of these structure studies have revealed that two drug molecules intercalate between
the GC steps with the sugar moiety placed in the minor groove in each duplex unit (Fig
28B), though the DNA duplexes are usually short (hexamers or octamers). Through
sequence selectivity investigation by different biophysical methods, it was revealed that this
ligand prefers a purine-pyrimidine step23 and the DNA molecules are usually elongated or
twisted after binding. A complementary computational modeling by Liedl and co-workers
described a possible 1:1 binding mode in its complex with a 14mer DNA duplex.124 By
comparing the two binding modes with different ligand ratios, they found that the sugar ring
was highly flexible in the minor groove. Furthermore, this intercalation increased duplex
stability by reducing the flexibility of phosphate groups at DNA backbone.

Adriamycin is the closest derivative of daunomycin with only an extra hydroxyl group at the
C14 position (Fig. 28C), but their biomedical functions are significantly different.
Daunomycin is most effective in the treatment of leukemias, while adriamycin is more
effective in solid tumor treatment.118 Rich, Wang, and co-workers pioneered the structural
determination of these anthracycline compounds in complex with DNA. To better
understand a more detailed relationship between the structure and function, they also
compared the binding of these two compounds to the same DNA duplex d(CGATCG)5.
Only very subtle differences were found in terms of the binding mode. However, additional
solvent interactions were observed for the extra hydroxyl group in the adriamycin-DNA
complex (Fig. 28D). Moreover, they found that the conformations of spermine in these two
complexes were different. These changes may be the reason for the different clinical
activities of these important drugs.

Ditercalinium, a dimer of 7H-pyridocarbozole (Fig. 29A), is a widely used synthetic
anticancer drug that plays its role by binding to DNA through bis-intercalation and inducing
DNA repair in both prokaryotic and eukaryotic cells.125-127 This noncovalent binding with
DNA is recognized by the cellular repair system as a covalent interaction, therefore
activating the repair process until the cell death. This is a novel mechanism for cancer
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treatment. Many chemical derivatives and their biomedical effects have been
evaluated.128-130 The complex structure (Fig. 29B) indicated that ditercalinium bis-
intercalates at the two CpG steps of a short DNA (CGCG),, and the DNA retains an
underwound and right-handed double helix with the linker of drug molecule located in the
major groove. The positively charged nitrogen atoms of ditercalinium are located near the
bottom of the DNA major groove, making charge—charge interactions with the DNA groove
that prove to be another important factor in the complex stability.131 Upon binding, the
DNA is bent toward the minor groove at about 15°. These aforementioned structural
properties provide further direction in the optimization of these types of drugs.

Echinomycin (Fig. 30A) is a quinoxaline antibiotic that also binds to DNA duplexes by bis-
intercalation and interferes with both replication and transcription.132 These types of
compounds have great potential as anticancer agents.133 Therefore, the investigation of the
interaction between echinomycin and DNA will be very helpful for drug optimization and
novel design. Several NMR structure studies have been reported for echinomycin-bound
DNA complexes.134 135 Crystal structure studies of its closely related derivative (i.e.,
triostin A) bound DNA complexes were reported as well.138. 139 |n 2005, Sheldrick and co-
workers reported three complex structures of echinomycin with different DNA sequences
and revealed binding details for this compound. It was found that the complex structures of
echinomycin and DNA are very similar to that of the triostin A-bound DNA structure.140 |t
is shown in Figure 30B that one complex structure of DNA d(GCGTACGC), bound two
drug molecules intercalating between two CpG steps in each duplex. The main moiety of the
drug is located in the minor groove, with the quinoxalines protruding into the major groove.
Except for the Watson—Crick base pairs in the binding sites, all other base pairs are
Hoogsteen base paired. In addition, the base stacking of the DNA is obviously extended,
imposing more rigidity on the structure. Moreover, several hydrogen bonds between the
drug and DNA have also been observed, which are consistent with previous studies. It is
also worth pointing out that, from an energetic point of view, binding of the first
intercalating group will increase the entropy, allowing the second intercalator to bind much
easier than the first one. Therefore, bis-intercalators often bind much stronger than a single
intercalator. Although only the Hoogsteen pairs were found outside the echinomycin binding
site, a complex structure solved later by the same group (Fig. 30C) demonstrated that
Watson-Crick base pairs can also exist outside and close to the bis-intercalation site.141
Clearly, these structures indicate that the drug acts as a rigid body with a conformation
independent of the presence of DNA and promotes DNA structure distortions. This and
other structural investigations provide novel structures that can be investigated for drug
discovery.

Generally speaking, the binding specificity of DNA intercalators is relatively low, which is
the reason why most of the intercalators are too toxic to be used as drugs. Occasionally, new
molecules with unexpected sequence preferences can still be discovered as candidates for
novel therapeutic development. For example, cryptolepine (5-methyl indolo[2,3b]-quinoling,
Fig. 31A), a naturally occurring indoloquinoline alkaloid isolated from the roots of
Cryptolepistriangularis collected in Kisantu, has been found to have many pharmacological
effects, especially as an antimalarial and cytotoxic drug as well as a potent topoisomerase I1
inhibitor.242 This drug was found to intercalate preferentially with CpG-rich sequences and
go to the cytosine—cytosine sites, instead of CG steps.143 The crystal structure solved by
Aymami and co-workers showed, for the first time, how a drug interacts with the d(CpC)-
d(GpG) site of a DNA duplex [d(CCTAGG),] in a base-stacking intercalation mode (Fig.
31B). This binding to nonalternating bases is unusual among the nearly 100 intercalator—
DNA complexes, most of which have a CG intercalation site, a few with GC sites, and a few
with TG sites. Revealed by the structure, the drug molecule is sandwiched between two
consecutive C-G base pairs, with the six-member ring stacking between two cytosines and
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the fused aromatic rings between two guanines. As a result, cryptolepine is slightly bent,
with a 6.8° angle between the two aromatic rings, which probably formed due to the five-
membered ring between the two aromatic functionalities. In addition, the positive charge
interactions between the drug and DNA can enhance stability of the duplex. The
intercalation parallel to the base pairs and the asymmetry of the drug molecule are both key
factors for such a nonalternating site preference, which enhances its accommodation in
nonalternating sites (CC)-(GG) by allowing a distinct stacking interaction with either (CC)
or (GG), without hydrogen-bonding interactions.144

5. TARGETING DNA THROUGH MULTIFUNCTIONALIZED LIGANDS

On the basis of the discussed binding modes, it is rational to design small molecule ligands
with multiple interacting elements, which will presumably improve the stability and
specificity of the target recognition. Several compounds designed using this strategy have
been examined.49: 145. 146 Actually, most of the covalently bound complex structures always
contain a second interacting element. Several previously discussed examples (e.g., the major
groove hinder, neomycin-Hoechst 33258-pyrene, in Fig. 27) also fit in this category. Other
than those, very limited progress in structure study has been made in this area, including a
few NMR solution structures with multiple binding modes. For example, Weisz and co-
workers solved a complex structure containing a pyrrolo[2,1-c][1,4]benzodiazepine-
benzimidazole hybrid (PBD-BIMZ) (Fig. 32A) that was covalently linked to a guanine base
at its exocyclic 2-amino group in a DNA duplex [(5-AACAATTGTT-3"),]. These hybrids
have significant anticancer activity in a number of cancer cell lines. This NMR structure
indicated that the ligand binds to one of the two symmetric guanine bases in a special
configuration and is oriented in the minor groove with its benzimidazole moiety toward the
5’-end of the modified guanine (Fig. 32B). The overall DNA structure is still the B-form,
and only the local region with the covalent binding site has certain helical distortions. In
contrast, the terminal N-methylpiperazine ring appears to be more flexible with various
conformations.14” More recently, the same research group also solved the structure of a
PBD-naphthalimide derivative in complex with the same DNA decamer (Fig. 32C) by 1H
and 31p 2D-NMR. This bis-functional hybrid covalently links to a guanine within the minor
groove and the naphthalimide moiety inserts between the A-T and A-T base pair step. The
intercalation results in an opposite buckling of the base pairs at the intercalation site and
duplex unwinding at adjacent internucleotide steps (Fig. 32D).148

Likewise, recently several other minor groove binders or intercalating agents have also been
covalently linked with DNA at specific positions.33: 149 |t was revealed that this covalent
bonding can greatly stabilize DNA-ligand interactions, and the duplex conformation can
also be altered. More importantly, since most molecules only have weak preference for a
specific sequence and binding to several alternative sites often happens, these combination
modes thus provide a convenient way of “site-specific DNA-targeting.”150-153 This
combination of binding elements opens up huge opportunities for synthetic and medicinal
chemists to design, synthesize, and evaluate a variety of hovel compounds with multiple
functions. This exploration will in turn stimulate structural studies in this field,1>* especially
high-resolution crystal structural analysis, which will further provide insight into these
combined binding modes and reveal more structural details.

6. TARGETING THE DNA QUADRUPLEX

Telomere recognition and regulation have been recognized as an important potential strategy
for cancer therapy. The 3’-end of eukaryotic DNA (telomere) contains 100-200 copies of a
G-rich sequence, which can fold into G-quadruplex structures intermolecularly or
intramolecularly. The formation of G-quadruplex structures can inhibit and regulate
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telomerase activity, which is critical in maintaining telomere length in cancer cells during
replication. Besides telomeres, G-quadruplex-forming sequences have also been found in the
promoter regions of many other genes, such as c-MYC, chicken $-globin gene, human
ubiquitin-ligase RFP2, and the protooncogenes: ¢-KIT, BCL2, VEGF, H-ras, and N-ras.
Structural studies have clearly revealed the conformational diversity of these G-quadruplex
structures. These structures or conformations are highly dynamic and sensitive to cations,
proteins, flanking sequences, and even concentrations. Biological studies have further
confirmed that small molecules stabilizing G-quadruplex structures can also inhibit
telomerase activity as well as telomere-binding proteins, which are often overexpressed in
most cancer cells.15-157 Therefore, the G-quadruplex structures, as novel anticancer targets,
have naturally become a focus of novel drug discovery.

Since G-quadruplex structures mainly contain stacked guanine tetrads with several planar
layers, a large number of small molecules, especially compounds with electron-deficient
aromatic systems (such as the amidoanthraquinone derivatives), have been examined for
binding.1%8 It has been demonstrated that molecules like daunomycin and distamycin A,
which are known to intercalate into duplex DNA, are also capable of binding to these
quadruplex structures. But whether the planar ligands are intercalated in the center of the G-
quadruplex structure or stacked on the exterior needs to be further investigated.159 160
Despite their low selectivity, G-quadruplex recognition by anthracyclines (e.g., doxorubicin
and daunomycin) has been biochemically investigated.161: 162 _ater on, Neidle and co-
workers presented the first complex structure of parallel G-quadruplex and daunomycin.163
The asymmetric unit includes a quadruplex molecule formed by four parallel d(TGGGGT)
strands, and three end-stacking daunomycin molecules associated with three sodium cations
(Fig. 33A). The G-quadruplex complex structure is very similar to the native counterpart.
And the daunomycin moiety has interactions with the quadruplex grooves through hydrogen
bonding and van der Waals contacts. This structure indicates that the complex might be
more stable with the ligand stacking on the end compared to the intercalation, since the
surface around the terminal is large.164 These results are consistent with another complex
structure containing a disubstituted acridine, where aG-quadruplex was formed by two
strands of d(GGGGTTTTGGGG) and the ligand was also bound at the end of the G-
quartet.16% In addition, these binding modes provide clues on how the molecules may
interfere with telomere modification and maintenance by related proteins.

Similarly, distamycin A is known to bind side by side to the minor groove of duplex DNA.
The complex solution structure of a parallel quadruplex DNA [d(TGGGGT),4] and
distamycin A has been accomplished recently by Randazzo and co-workers. The structure
shows that drug binding is also similar to DNA minor groove binding, and two drug dimers
bind two opposite sites of the quadruplex structure (Fig. 33B).166 Because the minor groove
environment of quadruplexes differs from each other, this structure provides a fine starting
point for designing quadruplex groove-specific binders. It was also found that the affinity
between distamycin A and the G-quadruplex was enhanced approximately tenfold when the
ratio of ligand to DNA was increased.

These studies also imply that DNA duplex-binding ligands should be reevaluated in G-
quadruplex systems. In addition to the typical duplex DNA-binding agents, new types of
compounds that can specifically bind to quadruplex DNA have been found and
characterized by a series of biochemical and structural studies. These new compounds
include BRACO 19, RHPS4, TMPyP4, and telomestatin (Fig. 34). These biochemical and
structural investigations not only revealed more details about the interaction between the G-
quadruplex DNA and ligands, such as the effects of external loop rearrangement, hydration
patterns, and strands conformations, but also offered new platforms for further drug
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discovery to target G-quadruplex structures and regulate gene expression. The progresses in
this area have been summarized recently by Neidle.167

7. TARGETING UNMATCHED BULGE, DNA JUNCTIONS, AND PHOSPHATE
BACKBONE

Besides the discussed binding modes, several other interesting “non-standard” interactions
have also been observed between DNA and small molecules with therapeutic potential. A
few examples of small molecules, which target the unmatched bulge, DNA junction, and
phosphate backbone and have the DNA-complex structure information, are discussed here.

Mismatched and bulged DNAs can happen in hairpins or be caused by mutations of either of
the paired bases, especially at extended triplet-repeat sequences in the genome of human
diseases.168 Therefore, specific recognition of these structures may result in novel therapies.
Several studies have shown that these types of local topology of nucleic acids can indeed be
recognized by small compounds, following the study of a complex structure of an
aminoglycoside antibiotic and a small ribosomal RNA.169 170 Goldberg and co-workers
solved a solution structure of a designed spirocyclic helical ligand (SCA-alpha2) (Fig. 35A)
bound at the two-base bulge site in a DNA duplex [d(5’-
CCATCGTCTACCTTTGGTAGGATGG-3),].99 SCA-alpha2 is a close mimic of the
previously discussed NCSi-gb binder to the major groove. As shown in Figure 35B, the two
rigid aromatic rings of the ligand stack on the DNA bulge bases and form a right-handed
helical wedge that can penetrate the bulge-binding pocket and immobilize the two bulge
residues (GT), which point toward the minor groove. The amino sugar anchors in the DNA
major groove and points toward the 3’-bulge-flanking base pair.?° These details suggest that
both shape and space are important in designing novel ligand targeting the duplex bulge site.
The same group also solved the complex structure of a DNA duplex containing a GT bulge
(5-CACGCAGTTCGGAC-5-GTCCGATGCGTG) and DDI (NCSi-gb synthetic mimic,
Fig. 35C). As shown in Figure 35D, the benzindanone moiety stacks with neighboring G and
A bases in the bulge site. The dihydronaphthalenone and aminoglycoside moieties are
aligned to each other and are positioned in the minor groove, preventing its intercalation into
the bulge site. In this complex, the unpaired guanosine is intrahelical and stacks with the
intercalating moiety of DDI, while the unpaired thymine is extrahelical.1”! Later, the ent-
DDl (the DDI enantiomer, Fig. 35A) has also been examined in the same DNA duplex with
the two-base bulge. It was found that ligand binding in the bulge area was opposite due to
the opposite spirocycle chirality.172 The complex structure formed by binding of the
synthetic agent to the two-base bulged DNA reveals a binding mode that differs in important
details from that of the natural product, explaining the different binding specificity for the
DNA bulge sites. Both structures indicated a large conformation change of the DNA upon
the complex formation. This information at the molecular level provides a platform for
designing stereochemically controlled drugs that recognize bulged DNA.

A conventional strategy to recognize the mismatched bases is to use an intercalator to
replace the mismatched base, while avoiding the phosphate backbone adjustment. For
example, in a complex structure of a rhodium compound ([Rh(bpy),chrysi]3*, Fig. 36A),
there are several intercalating moieties (or ligands) capable of binding to a bulged DNA
duplex. The ligand intercalates at the mismatch site, ejecting the mismatched base and
replacing this pair with the aromatic four-ring system (Fig. 36B). The ejected bases can stay
in both the minor and major groove.173 This interaction mode can be expected to displace a
protein (such as DNA repair enzymes), thus making the damaged DNA unrepaired.

Recently, a naphtyridine-azaquinoline (NA) derivative (Fig. 36C), containing two aromatic
ring systems connected by a spacer, was found to bind to DNA with triplet-repeat
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sequences, especially CAG repeats.1”4 As shown in Figure 36D, the two intercalating
moieties of the ligand simultaneous pair with the mismatched A and the adjacent-G. Both of
the A and G nucleobases are still located in the duplex structure, while the C paring with the
adjacent G was pushed away from the original position. It is also observed that the spacers
of the ligand molecules are parallel to each other in the major groove. Using this structure as
a starting point, it is possible to design compounds that can mimic base pairs and recognize
the mismatched DNA structure.

It is well known that DNA can form other higher ordered structures, such as the three-way
junction and Holliday junction, under certain conditions. Three-way junctions have been
found to be present in diseases, such as Huntington’s diseasel’® and myotonic dystrophy176,
in viruses and in replicating DNAs, especially during the rapid growth of cancers. Small
molecules have been developed to target three-way junctions.1’7 178 Similar to bulge DNA
targeting, these compounds usually contain two intercalating groups connected by a rigid
linker, which forces the compounds to adopt elongated conformation. Recently, a complex
structure of three-way junction bound to a small molecule was determined (Fig. 37A). In the
structure, the ligand forms extensive interactions with the DNA. Its arms wrapped around
the central iron atoms and form n—m stacking interactions with the central DNA bases. The
shapes of the ligand and the DNA central cavity are complementary to each other. The DNA
in the structure adopts an open and Y -shaped conformation with three arms extended away
from the ligand-binding cavity. The DNA minor grooves interact with the pyrimidine rings
of the ligand, which dominate the interactions between the DNA and ligand. The DNA
major grooves are open for accepting more interactions to form tighter and more specific
binding.

Moreover, homologous recombination is a biological process for repair of a collapsed
replication fork, which involves strand invasion, branch migration, and resolution of the
Holliday junction formed by two adjacent duplexes.1”® Homologous recombination-
deficient cells are sensitive to poly(ADP-ribose) polymerase (PARP) inhibitors,180. 181
Inhibition of Holliday junction resolution may lead to general PARP1 sensitivity in
replicating tumor cells. Recently, one Holiday junction structure in complex with an acridine
derivative has been determined.182 In this structure (Fig. 37B), the two acridine moieties of
the ligand functionalize as intercalators. The spacer has an appropriate length, which places
the two acridine moieties at the correct distance for insertion at two distant sites. In addition
to the four direct hydrogen bonds, m—m stacking interactions were also observed between
DNA and ligand. These unique interactions in the structure can guide and facilitate design of
new ligands that specifically bind the Holiday junction. To develop Holiday junction-
specific binders, it is essential to avoid the molecular scaffold that binds duplex DNA. It is
expected that more effective Holiday junction inhibitors will be discovered, when more
Holiday junction structures complexed with ligands become available.

To target DNA with high specificity, most of the work in this area focuses on the
nucleobases, which of course play the central role in the function of DNA through both
hydrogen bonding and base stacking. Targeting other parts of the DNA structure (e.g., ribose
and backbone) for specificity has not attracted much attention. In principle, it is also
essential to target these components, since each DNA sequence presents a unique array of
nucleobases, sugars, and backbone phosphates with subtle differences, which can result in
high specificity in the DNA recognition. A recent study by Williams and co-workers
described the targeting of the phosphate backbone by a novel type of platinum compound
through a binding mode named “phosphate clamps.”183 In the complex structure of the
ligand and DNA at 1.2 A high resolution, a double-stranded Dickerson dodecamer DNA
[(CGCGAATTCGCG),] is recognized by a cytotoxic platinum (1) complex (Triplatin NC).
This Pt-compound, without the covalent bonding potential, consists of three cationic Pt(11)
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centers and hydrogen-bonding functionalities linked by a flexible hydrophobic linkage. As
shown in Figure 38, this ligand associates with the backbone by binding with the phosphate
oxygen atoms, and presents its hydrophobic linkages over the minor groove. Interestingly,
the ligand appears to prefer O2P over O1P atoms. Recognition of the subtle differences on
the backbone may offer a new potential to target DNA sequence specifically, especially in
combination with other recognizing elements.

8. TARGETING DNA BY TRIPLEX FORMATION

As another type of DNA-major groove binder, single-stranded DNA can also bind to a DNA
duplex sequence specifically through Hoogsteen or reverse Hoogsteen-type interactions.
These are called triplex-formation oligonucleotides (TFOs).184 This research subject has
been extensively reviewed recently.185 186 As this review focuses mainly on the interactions
of nucleic acids and small molecules, we will just briefly discuss the TFO strategy here. The
binding of TFOs can block the DNA major groove and prevent access of other molecules,
such as proteins, thereby inhibiting transcription.187 The resulting overall conformation of
the triplex is similar, but different from the B-form. DNA triplex structures can form either
intermolecularly through binding of an exogenously applied oligonucleotide to a target
duplex sequence,88 or intramolecularly by the naturally existing endogenous mirror-repeat
sequences.8 Currently, the intermolecular triplexes have gained much more attention
because of their potential clinical applications in treating cancer and other human diseases.
The only requirement of this binding mode is the existence of purine-rich tracts in the target
duplex in order to gain high-binding affinity and specificity.190: 191

In theory, the TFO should be a good strategy target DNA, but there are several practical
drawbacks preventing them from being a useful therapeutic tool, such as nuclease
sensitivity, tendency to form self-associating structures, poor discrimination of DNA from
RNA, triplex instability, and difficult cellular uptake.144 However, a lot of research efforts
have been made in order to overcome these drawbacks and make it feasible for therapeutic
use, including the introduction of chemical modifications such as threose nucleic acid
(TNA), peptide nucleic acid (PNA), and locked nucleic acid (LNA). Furthermore, detailed
structural studies of these systems have facilitated advancement in this area. Since the TFO
naturally exists in biological systems, therefore, the TFO itself can also serve as a
therapeutic target for novel drug development. Actually, most of the previously mentioned
DNA intercalators can also bind and stabilize the triplex system due to their planar
structure,192 though the selectivity is expected to be low. Moreover, Arya and co-workers
have presented an alternative method to recognize the DNA triplex using aminosugar
compounds. For example, neomycin, a major groove binder, can stabilize both the TAT
triplex and base-mixed DNA triplexes without affecting the DNA duplex. This selectivity
was attributed to its potential and shape complementarity to the triplex Watson—Hoogsteen
groove, which was supported by biophysical and computational studies.19% Based on that,
intercalator-neomycin conjugates have also been developed, similar to the major groove
binders. Among them, pyrene—neomycin194 and BQQ-neomycin!% are the two most
effective conjugates. These principles of dual recognition should be applicable to design
ligands that can bind any nucleic acid target with high affinity and selectivity. The
associated structure is yet to be determined, which will demonstrate the proposed binding
modes and serve as a platform for further ligand design and drug development.

9. PERSPECTIVES

Drug discovery is a very complicated process and involves many different steps, such as
target selection, target site identification, lead compound selection, and optimization.
Integrated efforts are required from structural biology, computational modeling, and
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biophysical studies. The majority of currently marketed drugs target proteins, such as G-
protein-coupled receptors, nuclear hormone receptors, and other proteins involved in disease
pathway. Due to the accessibility of proteins, drug design, and discovery have being
predominantly focused on this class of macromolecule since the beginning. The therapeutic
potential of other macromolecules, such as nucleic acids as drug targets, has been largely
ignored mainly due to their apparent chemical composition and similarity. For example,
only about 2% of drugs targeted DNA and RNA molecules in 2003. Over the past few years,
significant advances have been made in the nucleic acid research field both functionally and
structurally. Functionally, it has been realized that besides genetic information storage and
transfer, nucleic acids also play critical roles in many other biological processes, such as cell
growth, development, and neoplastic transformation. Structurally, it has been revealed that
in addition to forming duplex structures, nucleic acids can fold into higher ordered structures
such as triplexes, quadruplexes, riboswitches, and ribozymes. When combined with proteins,
nucleic acids can assemble into much more complicated structures, such as the ribosome.

Nucleic acids functioning as the primary molecular targets of some clinical drugs, such as
anticancer drugs and antibiotics, have been experimentally confirmed. It is also clear that
small molecule drugs can affect the function of nucleic acids through different mechanisms,
such as altering the nucleic acid conformation or competing with the endogenous molecule
regulators of nucleic acids. Unfortunately, many drug candidates have failed before or
during the clinical trails due to their low sequence specificity or high toxicity. Thus, to speed
up the process of drug discovery, scientists have developed many different strategies,
including virtual screening, molecular modeling, and SBDD. Compared to other methods,
SBDD, which depends on the availability of the target structure, especially the high-
resolution crystal structures, is more rational. By summarizing many different DNA-ligand
complex structures, we show in this review that small molecules can interact with nucleic
acids through various interactions, such as hydrogen bonding, stacking, van de Waals
interaction, salt bridge, solvent network, and shape complementary. These interactions and
principles will undoubtedly stimulate the design of novel drugs targeting nucleic acids.
Moreover, on the basis of extensive structure and function studies, it is expected that the
proper arrangement and combination of multiple interacting elements will significantly
increase target specificity as well as affinity.

Compared with determined protein structures, the number of determined nucleic acid
structures is very limited (approximately 4% of protein structures), which is one of the main
reasons for the lagging development of drugs targeting nucleic acids. Structure
determination of nucleic acids is hindered by two main bottleneck problems, including
crystallization and phase determination. Similar to protein, the phase problem of nucleic
acid structure determination can be solved by molecular replacement, multi wavelength
anomalous dispersion (MAD) and single wavelength anomalous dispersion (SAD) methods.
Conventionally, heavy metal atoms such as iodine or bromide atoms are either soaked or
chemically introduced into the nucleic acid structures for SAD and/or MAD,196-198
Recently, our laboratory has pioneered and developed a novel technology, the selenium
derivatization of nucleic acids (SeNA).50: 199-207 oyr experimental results have shown that
the Se atom can be stably introduced to various positions of nucleic acids and significantly
facilitate structural and functional studies of nucleic acids and protein-nucleic acid
complexes. SeNA has great potentials to facilitate phase determination as well as the
crystallization of nucleic acids, their small molecule complexes, and their protein
complexes. Drug discovery to target nucleic acids has advanced significantly over the past
several years in treating various human diseases, such as cancer, inflammation, and viral
infections. Despite the many challenges (such as toxicity and sequence nonspecificity) that
remain to be solved, continuing research on nucleic acid structure and function will rapidly
advance our understanding of nucleic acid-ligand interactions as well as novel drug
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discovery. It is clear that nucleic acid targeting is an emergent area in both therapeutic and
diagnostic development.
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(B)

Figure 1.

(A) Chemical structure of cisplatin. (B) Overall structure of DNA duplex (5'-
CCTCTG*G*TCTCC-3’ and 5-GGAGACCAGAGG-3') in complex with cisplatin (PDB
ID: 1AIO). (C) Close view of G*G* platination sites. The base pairs are propeller-twisted,
but retain the hydrogen-bonding interactions. (D) Superimposition of the low-resolution
structure (PDB: 1AIO) and high-resolution structure (PDB: 3LPV) of DNA duplexes
modified with a 1,2-cis-{Pt(NH3),}2*-d(GpG) cross-links. The DNA is shown as sticks, the
N and Pt atoms are shown as the cyan and red spheres in 1A10, and the yellow and red
spheres in 3LPV, respectively.
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Figure 2.

Overall structure of the HMG in complex with platinated DNA duplex (PDB ID: 1CKT).
The protein is shown in cartoon mode and the DNAs are shown in sticks with the cis-
[Pt(NH3)2{d(GpG)-N7(G8),-N7(G9)}] intrastrand adduct with the N and Pt atoms in
spheres.

Med Res Rev. Author manuscript; available in PMC 2014 March 14.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Sheng et al.

Page 33

Figure 3.
The overall crystal structure of Pol n in complex with a DNA primer and template

containing a cisplatin—(1,3-GTG) lesion (PDB ID: 2WTF). Protein is shown as cartoon.
DNAs are shown as sticks outlined with cartoon backbone. Pt and N atoms are shown as
spheres. The central flipped-out dT is indicated by arrow.
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Figure4.
(A) Chemical structures of the typical nitrogen mustard compounds HN1, HN2, and HN3.

(B) Duplex structure of the Dickerson—-Dew dodecamer containing 3-aminopropyl-2/-dU
and 7-deaza-dG (PDB ID: 2QEF).
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(A) Chemical structure of mitomycin C. (B) NMR complex structure of DNA-9mer duplex
with mitomycin C, the red stick representing the mitomycin—-monoalkylateddG (PDB ID:
199D). (C) Chemical structure of the 2,7-diaminomitosene (2,7-DAM). (D) NMR complex
structure of DNA-12mer duplex with 2,7-DAM, the red stick representing the mitosene—
monoalkylateddG (PDB ID: 1JO1).
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Figure6.

(A) Chemical structure of 4’-(hydroxymethyl)-4,5’,8-trimethylpsoralen (HMT). (B) NMR
structure of DNA-8mer [5-(GCGTACGC),-3'] complexed with HMT, with two psoralens
alkylating two thymidines (PDB ID: 204D). (C) Crystal structure of the Holliday junction
induced in the HMT-d(CCGCTAGCGG), complex. (D) Crystal structure of the distorted
junction induced in the HMT-d(CCGGTACCGG), complex.
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Figure7.

(A) Structures of the FAPY adduct following the base-catalyzed ring opening of the AFB-
N7-dG cationic adduct. (B) Overall structure of a AFB-FAPY-G containing DNA duplex
{5’-d[CTAT(AFB-FAPY-G)ATTCA]-3’ and 5-d(TGAATCATAG)-3’ (PDB ID: 2KH3)}.

Med Res Rev. Author manuscript; available in PMC 2014 March 14.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Sheng et al.

Page 38
(@)
@)
N._O
T
_N
HN
: {
NH
B
0 N/gO
o
minor
groove ?
(A) (B) ©

Figure8.

(A) and (B) Overall X-ray crystal structure of DNA [d(CCAAC*GTTGG),] bound by the
N4C-ethyl-N4C interstrand cross-link between the cytosines of the central CpG (*). The
ethyl cross-linked cytosine bases are in the middle of duplex. (PDB ID: 20KS). (C)
Chemical structure of the N4C-ethyl-N4C interstrand cross-link.
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(A) Overall NMR structure of the CG-containing DNA duplex [(5’-TCCG*CGGA-3),;
PDB ID: 2KNL)] with the N2G-trimethylene—N2G interstrand cross-link in the middle of
the duplex. (B) Overall NMR structure of the GC-containing DNA duplex [(5’-
AGGCG*CCT-3'),; PDB ID: 2KNK] with the N2G-trimethylene—N2G interstrand cross-
link in the middle of the duplex. (C) The chemical structure of the N2G-trimethylene—-N2G
interstrand cross-link.
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Figure 10.
(A) The Ny5-labeled DNA duplex cross-linked with hydroxytrimethylene. (B) Local 3D

structure of the cross-linked DNA duplex.
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(A) The DNA duplex linked with the trans-4-hydroxynonenal (HNE) moiety. (B) Local 3D

structure of the cross-linked DNA duplex.
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Figure12.
Chemical structures of the typical DNA minor groove-binding agents: DAPI, berenil,
pentamidine, Hoechst 33258, netropsin, and distamycin.
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Figure 13.

Overall structure of the Hoechst 33258 (structure showed in Fig. 12) in complex with DNA
[5-d(CGCGAATTCGCG),-3] (PDB ID: 8BNA). The DNA is shown in the surface view.
Hoechst molecule is shown as sticks. The two hydrogen bonds are indicated by the black
dashed lines.
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Figure 14.

(A) The chemical structure of netropsin (left) and its crystal structure in complex with DNA
[5/-d(C3-BrCCCClllII,-3’; PDB ID: 358D]. (B) The chemical structure of distamycin (left)
and its crystal structure in complex with DNA [5/-d(GTATATAC),-3’; PDB ID: 378D]. The
structures are presented in two different formats to show the van der Waals interaction
(middle) and hydrogen bonding (right, indicated by black dashed lines). Some H-bonds are
obscured at the current view angle.
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Figure15.

(A) Chemical structure of the 8-ring pyrole—imidazole cyclic polyamide. (B) Overall
structure (PDB ID: 3I5L) of the DNA duplex [d(CCAGGCCTGG),] complexed with the
Py-Im ligand (in the middle). (C) The hydrogen-bonding interactions between the Py/Im and
G/C pair. (D) The hydrophobic packing between the O4” atom and the amide ring systems.
(E) The direct and water-mediated hydrogen-bonding interactions between the turn and the
AJT pair.
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Figure 16.

(A) Chemical structure of the 8-ring pyrrole—imidazole cyclic polyamide. (B) Overall
structure of the DNA duplex [d(5-CCAGTACTGG-3'),] complexed with the ligand (0.95 A
resolution and PDB ID: 30MJ). (C) The hydrogen-bonding interactions between the Py/Py
and A/T pair. (D) The direct and water-mediated hydrogen-bonding interactions between the
turn and the A/T pair.
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Figure 17.

(A) The hydrogen-bonding interactions between the HP/Py and T/A pair observed in the
DNA duplex (5-CCAGTACTGG-3'), complexed with ImHpPyPy (PDB ID: 407D). (B)
The space-filling model showing the tight fitting between the Hp/Py pair and T/A pair.
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Figure 18.

(A) Chemical structure of the DNA-KWKK conjugate. The trimethylene moiety was hamed
as residue X25. (B) An expanded view of the average structure of the peptide-conjugated
DNA duplex (PDB ID: 2KV6). The peptide is in the middle.
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(A) Complex structure of pentamidine bound with the DNA duplex [d(ATATATATAT),].
(PDB: 3EY0). The drug is in the minor groove at the center of sequence. The water
molecules interact with the DNA and drug through hydrogen bonding (dashed lines). (B)
Structure of pentamidine and its electron-density map (2Fo-Fc, contoured at 1 o level). (C)
Stereo view of one and a half turns of the coiled coil structure.
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Figure 20.

(A) Overall crystal structure of the DNA duplex [d(CGCGGATfUCGCG),] bound with
Hoechst33258 (PDB ID: 3AJK). (B) Superimposition of the ligand-bound DNA duplex (the
ligand is not shown.) with the native Dickerson—-Drew DNA 12mer
[d(CGCGAATTCGCG),] (PDB ID: 5BNA). The rms is 0.28 A.
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Figure 21.

(A) Chemical structure of DB921. (B) Water network observed in the structure of DNA in
complex with of DB921 (PDB: 2B0K). (C) Chemical structure of DB1055. (D) Local
hydrogen-bonding interaction in the DB1055-DNA complex structure. Water molecules are
shown as spheres. (PDB: 2I5E).
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Figure 22.
The crystal structure (PDB ID:1ZTT) of an RT fragment-DNA-netropsin complex. The
DNA sequence is 5-d(CTTAATTCGAATTAAG)-3'. Netropsin is shown as spheres.
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(A) Chemical structure of CD27. (B) The overall structure (PDB ID: 3FSI) of a RT fragment
in complex with DNA duplex and CD27. The DNA duplex is
d(CTTAATTCGAATTAAG),.
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Figure 24.
Chemical structures of neocarzinostatin (A), nogalamycin (B), and a neomycin-groove

binder conjugate (C).
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Figure 25.

(A) Chemical structure of NCSi-gb, formed by the postactivated NCS-chrom under basic
conditions. (B) Chemical structure of NCSi-glu in presence of a thiol agent. (C) Induced
formation of a DNA bulge structure (PDB 1D: 1KVH) by binding of NCSi-gb on the DNA
major groove. (D) Complex structure (PDB ID: 1MP7) of a DNA duplex bound by NCSi-
glu.
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Figure 26.

(A) The chemical structure of Hoechst 33258, neomycin, and their two conjugates (NH1 and
NH2). (B) and (C) Computation models of NH1- and NH2-bound DNA duplex
(CGCAAATTTGCG),.
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Figure 27.

(A) The chemical structure of the NHP conjugate containing the neomycin, Hoechst 33258,
and pyrene moieties. (B) Computer model of NHP binding to a DNA duplex
(CGCAAATTTGCG),.
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Figure 28.
(A) Chemical structure of daunomycin. (B) Overall structure (PDB ID: 1D10) of the

daunomycin—-DNA complex (2:1 ratio). The duplex is a B-form DNA/RNA chimera (dC)
(rG)d(ATCG). (C) Chemical structure of adriamycin. (D) Overall structure (PDB ID: 1D12)
of the adriamycin-DNA complex (2:1 ratio). The DNA duplex is 5’-d(CGATCG),-3'. Water
molecules are shown as spheres.
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Figure 29.

(A) Chemical structure of ditercalinium. (B) Overall structure (PDB ID: 1D32) of the
ditercalinium—-DNA complex (1:1 ratio). The DNA duplex is 5’-d(CGCG),-3’, and the
darker structure is ditercalinium.
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Figure 30.

(A) Chemical structure of echinomycin. (B) Overall structure (PDB ID: 1PFE) of the
echinomycin—-DNA complex (2:1 ratio). The DNA duplex is 5-d(GCGTACGC),-3, and the
darker structure is echinomycin. (C) Overall structure (PDB ID: 2ADW) of the
echinomycin—-DNA complex (2:1 ratio). DNA duplex is 5-d(ACGTACGT),-3/, and the
darker structure is echinomycin.
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Figure 31.

(A) Chemical structure of cryptolepine. (B) Overall structure (PDB ID: 1K9G) of the
cryptolepine-DNA complex (4:1 ratio). The DNA duplex is 5’-d(CGTACG),-3/, and the
darker structure is cryptolepine.
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Figure 32.

(A) Chemical structure of the PBD-BIMZ conjugate. (B) Overall structure (PDB ID: 2KTT)
of the DNA decamer complexed with PBD-BIMZ. The DNA duplex is 5'-
d(AACAATTGTT),-3, and the darker structure is PBD-BIMZ. (C) Chemical structure of
the PBD-naphthalimide conjugate. (D) Overall structure (PDB ID: 2KY7) of the DNA
decamer with PBD-naphthalimide. The DNA duplex is 5-d(AACAATTGTT),-3’, and the
darker structure is PBD-naphthalimide.
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(B)

Figure 33.

(A) Overall structure (PDB ID: 100K) of the G-quadruplex [d(TGGGGT)4] complexed with
daunomycin (the darker structures). (B)Overall structure (PDB ID: 2JT7) of the G-
quadruplex [d(TGGGGT),] complexed with distamycin A (the darker structures). The
ligand molecules are in black. The dark spheres represent the sodium atoms.
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Figure 34.
Chemical structures of several DNA quadruplex-binding ligands.
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Figure 35.

Structures of SCA-a2, DDI, ent-DDI, and their DNA complexes. (A) Overall structure
(PDB ID: 20EY) of SCA-a2-bound DNA duplex with a two-base bulge [d(5'-
CCATCGTCTACCTTTGGTAGGATGG-3'),]. (B) Overall structure (PDB ID: 1P96) of
DDI-bound DNA duplex with a two-base bulge. (C) Overall structure (PDB ID: 1R4E) of
ent-DDI-bound DNA duplex with a two-base bulge. The duplex sequences for C and D are
5-CACGCAGTTCGGAC-3 and 5-GTCCGATGCGTG-3'. The ligands are showed as
black spheres.
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Figure 36.

(A) Chemical structure of rhodium compound ([Rh(bpy),chrysi]3*. (B) Overall structure
(PDB ID: 2011) of the rhodium complex (red sticks) bound to the DNA duplex [d(5'-
CGGAAATTCCCG-3'),], with the bulge bases (purple sticks) ejected. (C) Chemical
structure of naphtyridine-azaquinoline conjugate (NA). (D) Overall structure of NA (red
sticks) bound with a DNA duplex (5-CTAACAGAATG-3«5’-CATTCAGTTAG-3),
ejecting the two mismatched cytosine bases (purple sticks), PDB: 1 x 26.
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Figure 37.

(A) Structure of the three-way junction-binding ligand and the overall complex structure
(PDB 2ET0) with the DNA three-way junction. (B) Structure of the Holiday junction-
binding ligand and the overall complex structure (PDB 2GWA) with the Holiday junction.
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Figure 38.

(A) Chemical structure of triplatinNC. (B) Overall structure (PDB ID: 2DYW) of
triplatinNC (darker sticks) bound to DNA duplex [d(5-CGCGAATTCGCG-3'),]. The
spheres represent the platinum atoms.
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