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Abstract

Compounds that bind in the DNA minor groove have provided critical information on DNA
molecular recognition, they have found extensive uses in biotechnology and they are providing
clinically useful drugs against diseases as diverse as cancer and sleeping sickness. This review
focuses on the development of clinically useful heterocyclic diamidine minor groove binders.
These compounds have shown us that the classical model for minor groove binding in AT DNA
sequences must be expanded in several ways: compounds with nonstandard shapes can bind
strongly to the groove, water can be directly incorporated into the minor groove complex in an
interfacial interaction, and the compounds can form cooperative stacked dimers to recognize GC
and mixed AT/GC base pair sequences.
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INTRODUCTION

Small molecules that bind specifically to the DNA minor groove (MG) have been both
influential and experimentally useful in several areas. Many of these compounds, such as
DB75, DAPI and Hoechst 33258 in Figure 1, have intense fluorescence when bound to
DNA and their fluorescence quantum yield can vary significantly depending on which
sequence of the minor groove they bind (Wilson et al., 1990; Karlsson et al., 2003; Stewart
et al., 2005; Wheeler et al., 2012). This has made some minor groove binders useful cellular
DNA stains as well as sensitive DNA probes for polyacrylamide gel electrophoresis
(Karlsson et al., 2003; Stewart et al., 2005; Wheeler et al., 2012). Sequence-specific, minor-
groove-binding compounds have also been developed with affinities rivaling transcription
factors and the compounds have provided a wealth of information on the fundamental
principles of DNA recognition (Lacy et al., 2002; Tidwell and Boykin, 2002; Dervan et al.,
2005; Wilson et al., 2005; Nguyen et al., 2007; Raskatov et al., 2012a). Their effects on
transcription factors or other cellular DNA targeted proteins have led to the development of
MG binders as potential therapeutic agents and animal studies of some compounds are
underway (Peixoto et al., 2008; Cai et al., 2009; Shinohara et al., 2010; Raskatov et al.,
20123, b).

Minor groove binding compounds are also used in humans and animals as effective
antimicrobial drugs (Tidwell and Boykin, 2002; Wilson et al., 2005; Werbovetz, 2006;
Soeiro et al., 2008; Wilson et al., 2008; Cai et al., 2009; Paine et al., 2010; Raskatov et al.,
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2012b). The groove-binding mode is preferred over intercalative binding for therapeutics
due to increased sequence specificity and generally lower toxicity of groove binders. An
additional advantage of MG binding agents for therapy is that they are not generally
mutagenic. A therapeutically successful class of MG binders is based on arylamidines such
as DB75, pentamidine and berenil (Fig. 1) that have biological activity against parasitic
microorganisms (Tidwell and Boykin, 2002; Wilson et al., 2005; Paine et al., 2010).
Pentamidine has been used clinically for over 60 years in humans against a number of
microorganisms. It is particularly effective against human African trypanosomiasis (HAT)
(Werbovetz, 2006; Paine et al., 2010). Although pentamidine has many successful uses, it is
not orally available and has some limiting side effects. DB75, furamidine (Fig. 1), was
identified as a highly active antitrypanosomal drug in animal studies. In a major
breakthrough in HAT, treatment of an oral prodrug of DB75, DB289, pafuramidine (Fig. 1),
was synthesized by Boykin and coworkers (Boykin et al., 1996; Bajic et al., 1996; Kumar et
al., 1999) and found to be active in animals (Mdachi et al., 2009). The prodrug became the
first HAT drug to enter a clinical trial pathway that had to comply with current requirements
in drug testing. The clinical trials in Africa were highly successful with over 300 patients
cured of HAT as the drug reached Phase 11 clinical trials (Paine et al., 2010). Unfortunately,
in a separate and extended Phase | trial, renal toxicity emerged in a small percentage of the
treated group following the last treatment with DB289. Although this has halted the HAT
trials of the drug, many more active and specific compounds have been discovered including
new compounds that show promising activity against stage |1 HAT (central nervous system).
Because of these successful therapeutic applications of aryl diamidines, as well as, the
wealth of information they have provided on DNA molecular recognition, binding induced
conformational changes in DNA, and the energetics of binding and hydration, this review
will focus on the aryl diamidine class of MG binders. An excellent earlier review in this
series (Unit 8.4) focused on synthetic derivatives of minor groove binders with DNA as well
as on the applications of the conjugates.

DNA GROOVE SHAPE AND CHEMISTRY

Molecules searching for a groove binding site on DNA find quite different, sequence-
dependent, groove widths and functional groups in the minor and major grooves of DNA. A
B-form DNA structure (Fig. 2A) and both an AT and a GC base pair (Fig. 2B) are shown to
illustrate this point. In the minor groove, the purine N3 of A and G, as well as, the C2-C=0
groups of C and T serve as H-bond acceptors. On the GC base pair, however, G has a C2-
NH, group, which is not present on A, which H-bonds with C and forms a steric block to
binding of most agents deep into the groove. The groups in the major groove are positioned
in a different array. The purine N7 is an H- bond acceptor while both GC and AT base pairs
have C=0e+sNH, H-bonds, but the groups face in opposite directions on the base pairs (Fig.
2B). The C5-CH3 group on T has both steric and hydrophobic effects on binding of agents
in the major groove, especially when several Ts are positioned closely in the sequence. The
space-filling, electron-density maps at the top of Figure 2B clearly show the strong H-bond
acceptors (in red - negative potential) and donors (blue - positive potential). The schematic
illustrations in the bottom of Figure 2B define the atomic positions in the maps. These
groups are arrayed along the bottom of the minor groove in a sequence dependent manner in
a DNA double helix (Fig. 3).

In A-tract sequences (consecutive As on one strand and Ts on the other) or in shorter
sequences such as the AATT in Figures 2A and 3, the minor groove generally assumes a
narrow width that provides for tight binding of the heterocyclic-amidine system of the
dications in Figure 1, while the groove in GC or mixed base pair sequences is wider (Neidle,
2001; Nguyen et al., 2009). In the narrow AT base pair sequences, single heterocyclic
compounds can fit tightly and deeply into the groove such that groups on the inner face of
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the compounds can interact, typically through H-bonding and van der Waals interactions,
with complementary groups on the edges of the AT base pairs (Wilson et al., 1990; Neidle,
2001; Tanious et al., 2007). The position of the H-bond acceptors change with the AT
sequence, groove shape and curvature so that even sequences composed of only AT base
pairs can be distinguished by bound agents. This is illustrated in the classical B-form
structure in Figure 3, for example, where in the terminal base pairs of the central AATT
sequence, the N3s of A are separated by over 12 A while the keto groups of T are separated
by less than 10 A (Nguyen et al., 2009). Such differences dictate the sequences to which
compounds with specific H-bond donating groups can bind with high affinity. It should be
remembered, however, that there is a certain amount of flexibility in the DNA double helix
as well as the unfused heterocycles that are characteristic of most minor groove binders.
Induced fit interactions in the minor groove are, thus, quite common (Bostock-Smith, et al.,
2001; Miao, et al., 2005; Tanious, et al., 2007; Chaires, 2008; Moretti et al., 2008).

In addition to the position of functional groups at the floor of the groove and the width, the
minor groove has a helical curvature that can also vary slightly with sequence. This helical
curvature is easily seen in the DNA duplex models at the top in Figures 2 and 3. Agents that
bind to the minor groove must, thus, have a concave shape that complements that of the
groove. Molecules that bind tightly and specifically to the groove (Fig. 1) will fit well within
the walls of the groove (groove width), form optimum H-Bonds with base edges at the floor
of the groove (functional groups) and match the local curvature of the groove (compound
shape). Again, induced fit changes in both DNA and compounds with unfused heterocyclic
systems give some flexibility to all of these recognition features.

The difference in groove width in A-tracts and GC or mixed sequences has been noted
above. A number of groups have pointed out, however, that there are more minor, but quite
significant, variations in local groove width with sequence (Bishop et al., 2011; Parker and
Tullius, 2011). By using sequence dependent variations in hydroxyl radical cleavage of
DNA, for example, Tullius and coworkers have established a large database of variations in
the minor groove with local sequence (Bishop et al., 2011; Parker and Tullius, 2011). They
also have software on the Web for prediction of the local groove width based on their
cleavage database (ORChID software: [OH Radical Cleavage Intensity Database];
experimentally determined hydroxyl radical cleavage patterns of naked DNA molecules;
includes an algorithm to predict the cleavage pattern of any DNA sequence (http://
dna.bu.edu/orchid/). The web page is the direct link to the ORChID database and web
server, where a user can predict cleavage patterns for any sequence, download the ORChID1
and ORChID2 code for large-scale predictions (Greenbaum et al., 2007). The Honig group
has correlated the variations in groove width with electrostatic potential and the favorable
binding affinity of different amino acid side chains, particularly arginine, into the minor
groove (Rohs et al., 2009; Bishop et al., 2011). It should be emphasized, however, that the
wider groove and different functional groups in GC containing sequences of DNA can also
be effective binding sites for minor groove agents, particularly if they can bind as stacked
dimers with H-bond accepting groups to interact with G-NH, functional groups (this feature
is discussed in more detail below).

CLASSICAL -AT- SPECIFIC MINOR GROOVE BINDERS

The dicationic polyamide, netropsin, in Figure 1 is the paradigm for classical AT specific
MG binders. It was isolated in the early 1950s (Finlay et al., 1951) and found to have some
activity against microorganisms and cancer cells. Zimmer and coworkers conducted an
extensive series of studies on netropsin in the early 1970s and found its AT specificity, as
well as, very different effects on DNA as compared to intercalators (reviewed in Zimmer,
1975). In 1974 Wartell et al. proposed a molecular model of netropsin bound into the minor
groove in AT sequences (Wartell et al., 1974). Dickerson and coworkers determined the
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crystal structure of netropsin bound in the AATT minor groove of the oligomer duplex
sequence, d(CGCGAATTCGCG), (Kopka et al., 1985) and all of these results firmly
established the minor groove binding mode. The netropsin structure was the first detailed
molecular level view of a DNA minor groove complex and the same DNA sequence has
been used in many other studies of MG binders, including the heterocyclic amidines (Neidle,
2001). The netropsin results established much of the detailed molecular basis of the classical
AT specific minor groove binding model: the need for a narrow groove, the steric hindrance
that would be caused by the G-NH, group, the molecular curvature and twist of the bound
molecule to match the DNA groove and the advantage of H-bond donating and positively
charged groups. This model supplies molecular detail but its overall structure is quite similar
to that proposed earlier by Wartell et al. (1974).

Starting in the 1980s our laboratory, with that of Boykin and coworkers (Wilson et al., 1990;
Wilson et al., 1993; Tanious, 1994), initiated an extensive series of studies on the minor
groove complexes of aromatic diamidines. These studies clearly showed that there are a
number of important features of the diamidines that lead to their strong MG binding to DNA
as well as their biological activity (Tidwell and Boykin, 2002; Wilson et al., 2005; Nguyen
et al., 2007; Wilson et al., 2008; Nguyen et al., 2009). The Neidle group has determined the
DNA complex structures of a large number of diamidines (Neidle, 2001). Important
molecular features in DNA MG binders, which have been derived from the initial studies of
numerous DNA-targeted aromatic amidines, include a crescent shape that complements the
helical minor groove, positively charged ends to enhance electrostatic interactions and
solubility, H bonds donor/receptors for sequence recognition, and a somewhat flexible
structure to allow thermodynamic optimization of the compound-DNA interactions. These
features fit the classical model, but as will be shown below some of these requirements,
especially the requirement for curvature matching and an AT sequence, can be relaxed in
certain special cases. As noted above, the narrow width of the AT minor groove and lack of
the third H-bond of GC base pairs is optimum for many MG binders such as those shown in
Figure 1. In AT base pair sequences, aromatic amidines can fit into the groove such that
groups on the inner face of the compounds can interact, through H-bonding and van der
Waals interactions, with complementary groups on the edges of the AT base pairs. The
torsional flexibility of the aromatic groups of the compounds lets them make optimum
surface contacts with the DNA groups that form the walls of the minor groove receptor site.
All of these features of the dicationic compounds increase their affinity and specificity for
interaction with sequences of four or more AT base pairs (Neidle, 2001; Nguyen et al.,
2007; Wilson et al., 2008).

Neidle and coworkers used the sequence d(CGCGAATTCGCG),, as with the netropsin
structure described above, with a large number of different heterocyclic amidines and their
structural results have provided a wealth of detail on how these compounds selectively
recognize the minor groove. They determined the structure of the furan-diphenyl-diamidine,
DB75 (Fig. 1; Laughton et al., 1996), and a number of analogs (Neidle, 2001). A structure of
a derivative with a cyclopropyl substituent on each amidine of DB75 from the Neidle group
is shown as an example in Figure 4 (Trent et al., 1996). As with DB75 (Laughton et al.,
1996; Nguyen et al., 2009), the amidines form H-bonds with the terminal T-C2 carbonyl
groups on opposite chains of DNA (Fig. 4). The compound fits snugly between the walls of
the minor groove while the cyclopropy! groups fit closer to the top of the groove and
partially overlap with the GC base pairs at the ends of the AATT sequence. The compound
excludes water from the groove, particularly from the AATT region, which, as described
above, is strongly hydrated in the free DNA structure. It also binds to this sequence slightly
better than DB75 and this is no doubt at least partially due to removal of the hydrophaobic
cyclopropyl groups from the water environment.
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The Neidle group has continued to provide critical structural information on minor groove
binding agents including other alkyl-amidine derivatives of DB75 (Trent et al, 1996;
Simpson et al, 2000). The alkyl derivatives from ethyl to cyclopropyl (Fig. 4) are essentially
isomorphous. They assume the twist of the minor groove and have a curvature to closely
match the groove. They fit between the walls of the narrow AATT groove and both
unmodified amidine —NH groups form H-bonds with the edges of the AT base pairs at the
floor of the groove, except for the cyclopropyl which forms a single H-bond. All of the alkyl
groups fit into the minor groove near the top edge as in Figure 4.

A particularly informative study and structure was with the phenyl-thiophene-benzimidazole
(DB818 in Fig. 1) analog of DB75 (Mallena et al., 2004). The phenyl-furan-benzimidazole
compound, DB293, is similar to DB75, with conversion of one phenyl to benzimidazole and
has a similar binding constant for AATT to DB75 (Wang et al., 2002). DB818 has only a
one atom difference from DB293, thiophene to furan, and it was thus a surprise to find that it
binds to AATT over 25 times more strongly than DB293. The increase in binding is entirely
due to the binding enthalpy which is over 4 kcal/mol more favorable for DB818 while it has
a less favorable entropy of binding (Mallena et al., 2004).

The crystal structure of DB818 and molecular modeling of DB293 for comparison provides
an explanation for these observations. The larger size of sulfur and the resulting bond angle
change from thiophene to phenyl, DB818, relative to furan-phenyl, DB293, results in an
increased radius of curvature for DB818 (Fig. 5). This slightly flattens DB818 relative to
DB293 (and other furans) which allows it to fit more optimally against the base pair edges at
the floor of the groove. This allows the formation of a better benzimidazole H-bond in
DB818 than in DB293 as well as more favorable van der Waals contacts with the floor and
walls of the groove (Mallena et al., 2004). DB818, for a molecule of its size, can be viewed
as an optimum classical AT specific-binding agent and serves as an excellent example for
this class of minor groove compounds (Nguyen et al., 2009). The tight and favorable
interactions of DB818 account for both its more favorable binding enthalpy and less
favorable entropy. The smaller radius of curvature of DB293 (Fig. 5), due to the furan bond
angle, pushes the benzimidazole slightly away from the floor of the minor groove and
weakens the benzimidazole-base H-bond.

VARIATIONS ON THE CLASSICAL MINOR GROOVE MODEL

Minor Groove Binding and Intercalation of Small Compounds

As described above, the classical model of AT-specific, minor-groove complexes, starting
with netropsin and continuing with the diamidines, successfully provided criteria for strong
MG interactions. This model works quite well for the diamidine DB75 (Laughton et al.,
1996), but we noticed that the compound could also assume a planar shape of the
diphenylfuran core that was similar in size to intercalators. We asked the question of what
would happen to the binding mode if some or all of the AT base pairs in the binding site
were replaced by GC. The answer was quite clear, based on a broad array of biophysical
methods, DB75 switches from a groove binder to an intercalator in GC containing sequences
(Wilson et al., 1990; Tanious et al., 1994). The compound in 0.1 M NaCl buffer has a Kp of
~100 nM in AT binding sites (minor groove) and this increases by over a factor of 100 in
GC sequences (intercalation). The cost of opening an intercalation site and loss of favorable
MG interactions clearly cause this significant reduction in affinity (Wilson et al., 1990,
Tanious et al., 1994). Other similar small and relatively planar AT minor groove binders are
also able to intercalate in GC sequences. Compounds that are non-planar or that are too large
to fit well between base pairs do not form stable intercalation complexes.
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Strong Binding of Compounds with Non-Standard Shapes to the MG

The finding of intercalation of some minor groove binding agents stimulated our interest in
another question: how far can we go in the design of nonclassical minor groove binding
agents that do not perfectly match the shape of the minor groove, one of the classical
requirements. The results described above for DB818 emphasize the importance of shape
matching. Understanding the limits of minor groove complex formation by compounds that
do not fit the classical model is important for extending our knowledge of the broad aspects
of DNA molecular recognition. New types of compounds that target DNA in different ways
can also have many fundamental and applied uses. Two isomeric biphenyl-benzimidazole
diamidine derivatives, DB911 and DB921 in Figure 1, have complementary and very
interesting MG binding results. The central para-substituted phenyl of DB911 has a classical
type curvature for MG binding, similar to that of DB75 and related minor groove binding
agents. The central para-substituted phenyl of DB921, however, has a much more linear
shape that clearly cannot match the curvature of the DNA minor groove. The biphenyl
component of both compounds is expected to be significantly twisted. Based on the dogma
established through classical groove binders, DB911 should bind in a similar manner to
DB75 but DB921 should bind very weakly to the MG.

Biosensor-SPR experiments with these compounds, and an AATT binding site, provided
very surprising results for the binding kinetics and affinities (Fig. 6). DB921 binds much
more strongly than DB911 (K of approximately 2 x 108 M1 for DB921 and 2 x 107 M1
for DB911) and has much slower dissociation kinetics (kg of 0.014 s~1 for DB921 and 0.24
s~1 for DB911). As expected, DB911 binds very similarly to DB75 but contrary to
expectations, DB921 binds more, not less, strongly than these classical compounds.
Isothermal titration calorimetry (ITC) of the two compounds showed that the stronger
binding of DB921 was due to a more favorable binding enthalpy (Miao et al., 2005; Liu et
al., 2011). The AH for binding of DB921 to the AATT site is —4.5 kcal/mol at 25 °C while
the value for DB911 is only —2.5 kcal/mol. The =T AS contributions to the binding free
energy are more similar, —=7.0 kcal/mol for DB921 and -7.5 kcal/mol for DB911. The
overall binding, for both compounds, is entropy driven with the AATT site but the favorable
binding enthalpy provides a much higher affinity for DB921.

Insight into the reasons for these binding and thermodynamic differences was proved by a
crystal structure from the Neidle group (Miao, et al., 2005; Nguyen et al., 2009) and by
molecular dynamics calculations (Athri and Wilson, 2009). As expected, DB911 binds to the
AATT site in agreement with the dogma from the classical model (see Fig. 4), but DB921 is
clearly too linear to bind in this manner. In the crystal structure, the benzimidazole-amidine
end of DB921 is anchored strongly to the floor of the minor groove by amidine and
benzimidazole H-bonds to the base edges at the floor of the groove (Fig. 7). The central
phenyl makes van der Waals contacts with the base edges and walls of the groove. The
benzimidazole end of DB921 thus binds in a relatively classical manner. The terminal
phenyl and especially the amidine attached to it, however, rise off of the floor of the groove
due to the linear structure of DB921 as can be seen in Figure 7B. The molecule is “rescued”
as a strong MG complex, however, by an interfacial water molecule that bridges the distance
between the floor of the groove and the amidine. An amidine -NH H-bonds to the water O,
while an— OH group on the same water forms an H-bond to an AN3 at the floor of the
groove. This water is also H-bonded to a network of other waters that are in the same local
area of the minor groove (Miao et al., 2005; Athri and Wilson, 2009; Liu et al., 2011). The
ternary complex thus forms an optimized set of compound interactions with DNA both
directly and through the water which forms a somewhat flexible linker that allows
optimization of the interactions. The DB921-DNA and water interactions that stabilize the
complex so strongly are illustrated in Figure 7. A combination of H-bonds, van der Waals
and favorable electrostatic interactions with DB921, water and DNA, as well as, release of
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water from the compound and tightly bound water from the minor groove contribute to the
affinity through the binding entropy.

To evaluate how the bound water in the DB921 complex contributes to affinity, DB1055
(Fig. 1), which has the terminal amidine group of DB921 moved from the parato the meta
position, was synthesized. As expected, crystallographic results show that this structural
change removes the need for the interfacial water in the complex (Liu et al., 2011). DB1055
binds slightly more weakly than DB921 (loss of 0.5 kcal/mol in AG) with a significant
decrease in the binding entropy relative to DB921, but with a more favorable AH of binding.
The terminal phenylamidine of DB1055 forms a more rigid H-bonded system with the floor
of the minor groove with somewhat better stacking with the groove walls than the water-
linked complex of DB921. This leads to an improved binding enthalpy for DB1055 but a
lower entropy with a slight loss in the Gibbs energy.

Changes such as that from DB921 to DB1055 have frequently been considered as a way to
improve binding energetics through replacement of a linking water with a fixed compound
group and a subsequent improvement of binding entropy. The results with DB1055 do show
that it is able to replace the interfacial water of DB921, but with slightly less favorable
energetics. This result illustrates that a dynamic and flexible linking water molecule can be
energetically favorable in a complex. Clearly incorporation of water, at least near the end of
DNA minor groove complexes, can be favorable and is a feature that deserves more
attention.

EXTENSION TO GC BASE PAIR RECOGNITION

The Move of Minor Groove Binding From All AT to GC Recognition

The remarkable success with the human genome project not only opened a broad horizon of
possibilities to further enhance our fundamental understanding of DNA and its associated
biochemical processes but also to explore novel strategies to effectively use DNA as a
practical therapeutic target. The decoding of the human genome at the nucleotide level also
brought attention to the presence of a high GC-content (almost 40%) interspersed within the
AT-rich genome. GC-rich sequences are dispersed within many biologically important
stretches of DNA and are shown to play pivotal as well as accessory roles in various
biological pathways (Zerial et al., 1986; Gardiner-Garden and Frommer, 1987; Gruss et al.,
1991; Kim and Tinoco, 2000; Zhang et al., 2004 and Khuu et al, 2007). Another important
guanine-mediated non-canonical DNA target that is gaining high therapeutic interest is the
highly stable G-quadruplex structure (reviewed in Unit 17.2; Balasubramanian et al., 2011).
In addition, locally repeated guanine sequences are found throughout the human genome and
have been shown to fold into a plethora of G-quadruplex architectures (Burge et al., 2006;
Patel, Phan and Kuryavyi, 2007; Balasubramanian et al., 2011; Petraccone et al., 2011). An
overwhelming rise in the evidence of their potential role in several important biochemical
pathways also provides an additional platform to develop G-quadruplex mediated
therapeutic agents (Balasubramanian and Neidle, 2009). The complementary cytosine-rich
strand of the duplex is shown to fold into i-motif structures under unique physiological
conditions and has also gained prominence as a potential therapeutic platform (Brooks et al.,
2010).

The insertion of GC-base pairs within AT-rich DNA significantly alters the physical and
chemical characteristics of the sequence. GC-containing sequences have higher thermal
stability because of their increased base-stacking potential and partly due to the additional
H-bond within the GC base pair. As described above, GC-containing sequences also
significantly alter the groove dimensions (both major and minor) of DNA. Contrary to the
narrow and deep minor groove characteristics of AT-containing sequences, the grooves of
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GC-containing sequences are wider with decreased electronegative potential and have the
third base pair in the minor groove. The fact that the G-NH, group constitutes a critical
negative recognition element for binding of many small molecules in the minor groove of
DNA has now been unambiguously demonstrated using modified DNA bases in which the
amino group has been either deleted from guanines and/or added to adenines (Waring and
Bailly, 1994; Bailly and Waring, 1995). Given both the strategic position of the amino group
in the minor groove and its potential to participate in hydrogen bonding, it was proposed that
the introduction of an H-bond acceptor heteroatom in the pyrrole rings of netropsin might
allow the drug to bind to GC-containing sequences (Goodsell and Dickerson, 1986; Lee et
al., 1988, Lee et al., 1989; Mrksich et al., 1992; Dervan et al., 2005). The wider groove
width of GC sequences can also favor the formation of stacked heterocyclic complexes
within the groove and also to target both strands of DNA with improved selectivity. These
concepts have been extensively exploited and developed into a series of polyamides that
have increased selectivity for GC-containing sequences (Walker et al., 1997; Kielkopf et al.,
1998; Reddy et al., 1999). Despite the elegant design strategy for GC-specific sequence
recognition using polyamides, the biological activity of this class of minor groove binders
has not yet led to clinically useful drugs although a number of promising developments have
recently been described (Dervan et al., 2005; Franks et al., 2010; Edwards et al., 2011,
Pandian et al. 2011; Raskatov et al., 2012b).

One of the major targets of heterocyclic dications is the mitochondrial kinetoplast-DNA.
The AT-rich minicircles of kDNA are separated by short fragments of GC base pairs and are
an optimum platform to develop small molecules to recognize mixed DNA sequences
(Shapiro and Englund, 1995; Liu et al., 2005). Small molecules that have the appropriate
features to recognize AT stretches as well as the GC motifs provide further understanding to
develop selective ligands with increased therapeutic potential. In an effort to expand the
repertoire of heterocyclic diamidines for duplex DNA recognition beyond the AT sequences,
several new diamidines were rationally designed and developed using DB75 as the platform
molecule. Systematic modifications were performed on the different ring systems of DB75
to give modules that were hypothesized to specifically recognize the potential H-bond
donors and acceptors of GC motifs while still maintaining the AT-specific dicationic charge
system. The remainder of this section will provide a brief overview of three representative
classes of heterocyclic dications that were shown to recognize a wide range of DNA
sequences with different GC composition. The synthetic accessibility and the excellent cell
uptake of this class of minor groove binders provides alternate ways to better understand and
establish newer DNA recognition principles and also to develop the next generation of
ligands with better therapeutic potential.

Dimers of Dicationic Heterocyclic Amidines can Recognize GC Base Pairs

Interestingly, the initial breakthrough in recognizing a GC-containing sequence was
provided by a simple substitution of one of the phenyl moieties of DB75 with a
benzimidazole ring system, DB293 (Fig. 1). DNase | footprinting studies of DB293 showed
a strong footprint with a mixed DNA sequence containing a single central GC step, 5'-
ATGA-3" (Wang et al., 2000; Wang et al., 2001). The larger benzimidazole ring of DB293
decreases the curvature of the ligand when compared to DB75 and also increases the
stacking surface. The benzimidazole unprotonated nitrogen or the furan- oxygen atom can
also potentially participate in H-bonding with the G-NH, group. Thermal melting studies of
DB293 with an oligomer containing the -ATGA- motif increased the thermal stability of the
DNA by almost 30 °C suggesting a high stabilization potential by the ligand. Interestingly,
the melting temperature values do not saturate until a compound:DNA ratio of 2:1 is reached
and the intermediate ratio of 1:1 exhibited a biphasic transition in the melting curve with the
two transition values coinciding with the T, values of free DNA and the 2:1 complex. This
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behavior in the thermal melting studies suggests that the recognition of GC-containing DNA
by DB293 is characterized by the formation of a stable dimer complex in the minor groove.
Surface plasmon resonance studies with the -ATGA- oligomer further showed the formation
of a strong, positively cooperative dimer by DB293 with the binding affinity of the second
ligand ~25-fold stronger than the first ligand (K7 = 2.8 x 108 M~1; K5 = 7.3 x 10’ M71).
Two dimensional proton NMR titrations of DB293 with an -ATGA- containing oligomer
further confirmed the highly cooperative dimer formation (Fig. 8). The COSY spectra at the
intermediate ratio of 1:1 contained peaks from the 2:1 complex and the free DNA
establishing the positive cooperativity.

High resolution 2D-NMR studies of DB293 with the -ATGA- sequence further revealed
several interesting DNA recognition features upon complex formation. The unsymmetrical
phenyl-furan-benzimidazole units stacked in an antiparallel orientation in the minor groove
of -ATGA- with several NOESY cross peaks with important minor groove protons. Strong
cross peaks were also observed between the two stacked molecules of DB293 and both
DNA strands suggesting the sequence-specific recognition of both strands. The discovery of
the heterocyclic dication, DB293, forming a highly cooperative, antiparallel stacked dimer
with a GC-containing mixed DNA was very significant because this was the first instance
where a heterocyclic diamidine was shown to recognize a non-AT DNA sequence and other
dications such as netropsin have not been discovered to form stacked dimers with any DNA
sequences. The dimer with a local charge of +4 was unusual and a surprise (Wang et al.,
2000; Wang et al., 2001). Several analogs of DB293 have been designed with better DNA
binding affinities. The stacked-dimer recognition mode of these ligands is completely
different from the traditional DNA recognition exhibited by lexitropsins and offers new
ideas for developing new agents to recognize diverse motifs.

DB293 provided the initial breakthrough that was required for developing compounds
targeting GC-containing sequences. The information obtained not only aids in developing
better synthetic strategies for the ligands in a cost-effective manner but also provides useful
information about targeting DNA sequences per se. The binding sequence for DB293
contained a GC base pair, however, it also contained multiple AT base pairs. Moreover,
DB293 was also found to bind strongly to pure AT-rich sequences where it exhibited a
classical monomer mode of binding (see above).

Heterocyclic Amidine Dimers that Recognize a Majority GC Base Pair Sequence

Compounds specifically developed to target GC-containing motifs should ideally exhibit
very low to zero selectivity for AT-rich sequences. In addition, GC-specific ligands should
be able to target a small number of continuous GC base pair steps -- a commonly observed
theme in biologically important genomic regions. As mentioned earlier in this section, the
minor groove characteristics of GC-containing sequences differ significantly from AT-rich
DNA. To design compounds that are selective only to GC motifs therefore requires
reevaluating the design strategies for ligands. Heterocyclic diamidines that have unusual
shape and geometry that do not match the curvature of minor groove, surprisingly, have
been shown to target AT-rich sequences with excellent binding affinities (see DB921
description above). Such compounds can be used as paradigms to test the hypothesis of
linear-shaped ligands for multiple GC recognition. Binding of small molecules in the narrow
minor groove of AT-rich sequences is generally entropically driven due to the release of the
structured water from the spine of hydration upon complex formation. The wider grooves of
GC-rich sequences and the bulky -NH, group of guanines disrupt the formation of any such
ordered water complexes. Therefore, designing small molecules to recognize such GC-rich
sequences can be achieved by incorporating H-bonding partners at appropriate positions.
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Using this shape-based design strategy, a series of linear heterocyclic diamidines that did not
match the curvature of DNA minor groove were rationally designed, and nitrogen atoms
were strategically placed at different positions that were proposed to be useful in

recognizing important minor groove elements of GC-rich motifs (Munde et al., 2007). One
compound that provided the necessary breakthrough in recognizing multiple GC base pairs
using this design strategy was a linear, unfused, tricyclic diamidine, DB1242 (Fig. 1). The
amidine-phenyl-pyrimidine-phenyl-amidine moieties of DB1242 were para-substituted to
each other giving the overall molecule a very linear shape and with zero radius of curvature.
DNase | footprinting studies showed the compound exhibited a strong footprint for a unique
GC-rich sequence, 5'-GCTCG-3" (Munde et al., 2007). Interestingly, no detectable footprint
was seen for DB1242 with any of the AT-containing sequences even up to high ligand
concentrations (5 wM). This was very promising since this was the first instance where a
non-polyamide was shown to target a GC-rich motif and with very high selectivity over AT-
containing sequences. This also suggested that DB1242 has a unique interaction mode with
the -GCTCG-sequence considering the linear shape of the ligand.

Surface plasmon resonance studies of DB1242 with the cognate sequence interestingly
showed a very strong and highly cooperative dimer formation (Munde et al., 2007). In this
case, the binding affinity for the second DB1242 molecule was much stronger than the first
(K1 =2.0x10* ML, K, = 9.1 x 10 M~1). Moreover, the binding affinity of DB1242 for
the AATT sequence was very weak (K = 3.1 x 10° M~1) as compared to the affinity of
DB293 with the AATT sequence (K = 2.1 x 107 M~1). Based on the revised design
principles, not only was DB1242 able to target sequences with multiple GC motifs but also
was significantly selective over AT-rich sequences. Detailed molecular modeling studies of
DB1242 with the -GCTCG- sequence revealed very important interactions between the two
ligands and the DNA that favored the formation of a very uniquely stacked dimer in the
minor groove in a sequence-dependent manner (Fig. 9, also Fig. 7 in Munde et al., 2007).
The two molecules stack in an anti-parallel orientation with the terminal amidines of the two
ligands extending to the edges of the binding site as well as being located deep in the minor
groove. Several inter-ligand and DNA-ligand H-bonds are observed in the models that help
in the overall complex stability. The amidine units of both ligands make strong H-bonds
with the -C=0 groups of cytosines throughout the binding site. Also, the inner facing
nitrogens of both pyrimidine rings make H-bonds with the -NH, group of different guanines
in the minor groove. The overall stacked geometry of the two linear ligands match the
curvature of the minor groove with the overlapped region of the ligands containing the
phenyl rings optimally stacked on each other and the protruded amidine moieties making H-
bonds with the outer facing nitrogen of pyrimidine rings on the other molecule of the
stacked dimer (Fig. 9). The overall stabilization of the complex predominantly guided by H-
bond interactions also explains the largely enthalpy-driven complex formation observed in
calorimetry (Munde et al., 2007).

Designed Compounds that Recognize Two AT Sites Separated by One or More GC Base

Pairs

While DB293 and DB1242 provided the breakthrough in designing compounds that can
target single as well as multiple GC units as non-covalent stacked maotifs, covalently linking
such molecules using simple linker systems would establish new DNA recognition
principles. Such covalently linked monomer units can either fold into hairpin like structures,
very similar to hairpin polyamides, and form a stacked complex within a single binding site,
or can remain as linear elongated structures and recognize relatively longer DNA sequences
with multiple binding sites. The idea behind such a design strategy is that even ligands with
relatively weak affinity for a single site can synergistically bind to multiple target sites on a
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stretch of DNA and induce conformational changes that would be sufficient to elicit some
level of desired biological response.

The AT-rich minicircles of ADNA are an excellent starting point to test for such compounds
since the AT-rich sites are frequently separated by a small number of GC base pairs. The
linking units, with enough conformational flexibility, can fold-back, recognize or “jump-
across” the intervening GC base pairs. Considering the cost of synthesizing complex organic
molecules can always be a limiting factor, simple, well-characterized systems that can target
AT-rich sequences are excellent starting points. As shown above, the amidine-
benzimidazole-phenyl (ABP) moieties are very effective in recognizing AT-rich sites and,
therefore, were incorporated into the design strategy as the primary recognition units. A
series of linked, symmetrical ABP units were rationally designed with varying linker lengths
(-O-(CH2)n-0O-, n = 3, 4, 5: Fig. 10) (Liu et al., 2012). Also, a series of DNA sequences
mimicking the AT-rich minicircles of ADNA, with a varying number of intervening GC-base
pairs, were designed for this purpose. Surface plasmon resonance and mass spectrometry
results quite interestingly show that the number of GC base pairs can significantly influence
the interaction mode (Liu et al., 2012). Detailed molecular modeling studies using
experimental results provided an explanation for the different binding modes observed with
different DNA sequences and the results are summarized below.

The control compound, DB184 (Fig. 1), with a mono-ABP moiety, as expected, binds as a
weak monomer to a single-site DNA and as a non-cooperative dimer to the two-site
sequences regardless of the number of GC base pairs (Liu et al., 2012). An asymmetric
compound, RT533, with a single ABP module linked to a phenyl-amidine unit, had a 100-
fold stronger affinity to the single AATT sequence when compared to the control
compound, DB184. The phenyl-amidine moiety of RT533 can fold back and favorably stack
on the benzimidazole-phenyl module resulting in increased affinity. With the sequences that
have intervening GC base pairs, RT533 formed a 2:1 complex suggesting that the compound
was binding to both AATT sites. With one and two intervening GC base pairs, RT533 shows
negative cooperativity suggesting the two compounds bind too close at the two AATT sites
to form a favorable, fold-back type complex. As the number of intervening GC base pairs
was increased, the negative cooperativity decreased and with very long GC spacer lengths
no cooperativity was observed.

The symmetric compounds with two ABP units exhibit a large variation in the binding mode
and affinities with the different sequences (Liu et al., 2012). However, no significant
differences in the affinities among the compounds are observed as the linker length is varied,
and therefore, only the simplest molecule, DB2232 with an -O-(CHy)3-O- linker, is
discussed here. The different modes of binding observed with DB2232 can be extrapolated
to the other compounds with varying linker lengths. Interestingly, DB2232 binds very
weakly to the single AATT sequence as a 1:1 complex when compared to the asymmetric
RT533. This is because of the limited conformational flexibility imposed on DB2232 by the
narrow minor groove of the AATT sequence. The two ABP units of DB2232 are too large to
favorably stack on each other in the minor groove. With the two-site sequence separated by
a single GC base pair, DB2232, however, forms a very strong 1:1 complex. This is very
interesting since RT533 was able to form a 2:1 complex with the same sequence. Molecular
modeling studies showed that DB2232 can bind to the AATTGAATT sequence with the two
APB units stacking favorably in the two AATT sites while the linker spans over the single
GC site (Liu et al., 2012).

As the number of GC base pairs is increased, quite surprising binding results are obtained.
SPR and mass spectral studies show the formation of a very strong 2:1 complex with the
AATTGCAATT sequence with the binding affinity of the second molecule much higher
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than the first ligand (K7 = 1.1 x 108 M~1; K, = 9.4 x 108 M~1). Detailed molecular modeling
studies provided a satisfactory explanation for the unusual dimer formation by DB2232 with
this sequence (Fig. 10). The presence of the two GC base pairs between the AATT sites
creates a wider groove that is energetically favorable to accommodate a stacked complex.
The two molecules of DB2232 bind in an offset manner with the maximum overlap region
of the two molecules located in the widest part of the minor groove, with the two GC base
pairs (Fig. 10B) and the non-overlapped ABP moieties of DB2232 favorably located in the
narrower AATT site. The offset orientation also puts the terminal amidines of the two
molecules away from each other and decreases the electrostatic repulsion while forming
optimum cation-re interactions with the inner phenyl rings of the stacked ligand. The
complex is, thus, able to form a significant number of favorable interactions with base edges
at the floor of the minor groove as well as with the groove walls. Other docked models of
the 2:1 complex are less favorable than the overlapped model in Figure 10.

CONCLUSION AND PROSPECTS

From the discovery of netropsin in the early 1950s and the beginning studies with DNA by a
number of pioneer investigators, the model of AT-specific minor groove binders was
developed. Extensive synthetic efforts have provided a variety of heterocyclic diamidines
that have provided clinically useful agents, extensive structural models for minor groove
complexes and a greatly expanded understanding of DNA molecular recognition. The
synthetic efforts also produced new types of derivatives that helped to show that the original
model for AT specific minor groove binders was far too limited. The shape recognition
requirement was shown to be too limited by very strong minor groove binding compounds
that have a linear structure. It is highly likely, based on these results, that an entirely new
class of minor groove binders can be developed that incorporate a bound water molecule
into their DNA minor groove complex and form a very strong ternary complex. The
requirement for an all AT base pair binding site has also been shown to be too limiting.
Cooperative stacked dimers of a heterocyclic diamidine that actually have a total charge of
+4 can bind into GC containing sequences better than they bind to pure AT sequences.
Developments in this area are at the beginning stages and will certainly continue to produce
new ways to recognize the minor groove. Developments of the compounds as transcription
factor inhibitors and activators are also at an early stage and offer new agents and
approaches in chemical biology. Finally, the heterocyclic diamidines have a record of
clinical usefulness and they should continue to produce exciting new results in this critical
area.
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Figure 1.

Compound structures for the heterocyclic compounds discussed in this paper as well as
some well-known reference compounds: DAPI, netropsin, Hoechst 33258, berenil and
pentamidine. The heterocyclic diamidines are listed from top (DB75) to bottom as classical
binders, nonclassical binders, and GC recognizing compounds.
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Figure 2.

(A) A B-form DNA model with the chains colored blue and pink is tilted so that the width of
both the minor and major grooves can be seen and compared. (B) Space-filling models of
AT and GC base pairs (top) is shown with electrostatic potential coloring: from blue for
positive to red for negative partial charges. The same base pairs are shown as line models
(bottom) with the base pairs labeled and lone pair electrons shown on H-bond accepting
groups.
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Figure 3.

The minor groove of a B-form DNA model with the central sequence 5'-AATT-3" shown
with the DNA as a gray stick model. The connecting distances between the 5”-As and 3”-Ts
on opposite chains are shown.
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Figure4.

(A) A space filling crystal model of a cyclopropyl substituted diamidine derivative (DB193
in Fig. 1) bound to an AATT sequences is shown with the DNA strands colored blue and red
and the compound shown as a tube model. (B) The complex is shown tilted so that the
compound (space filling model) can be seen bound in the DNA (tube model) minor groove.
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Figure5.

An overlay tube model of optimized structures for DB293 (grey) and DB818 (blue) is shown
with the furan O in red and the thiophene S in yellow. A red arc connects the amidine
carbons of the furan, DB293, while a yellow arc connects the equivalent atoms in the
thiophene, DB818. The slight difference in bond angles in the furan and thiophene, due to
the size difference of O and S, creates a significant curvature difference between the
compounds that gives DB818 a better binding constant for the DNA minor groove. The two
arcs clearly show the differences in radius of curvatures for the compounds.
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Figure6.

In a Biacore T100 biosensor surface plasmon resonance (SPR) instrument, the DNA hairpin
shown in the figure was immobilized on a Biacore SA streptavidin coated sensor chip by
biotin capture. After cleaning the instrument and chip with standard protocols (Nanjunda et
al., 2011), buffer flow was started until a stable baseline was obtained. To monitor the
compound-DNA association reaction, DB921 (A) and DB911 (B) was then injected over the
DNA surface (the bracket region in both panels) at concentrations from 1- 100 nM and
binding was monitored by the change in SPR signal (RU) observed in real time. After
sample injection, buffer flow was again started and the dissociation reaction was observed.
Fitting these curves with a global 1:1 kinetic fit model (black lines through the curves in
both panels) provides the association and dissociation rate constants and the equilibrium
constants for binding of both compounds (Nanjunda et al., 2011). The binding in the Figure
is only shown to 10 nM to illustrate the much stronger binding of DB921. The flow rate in
the experiment was 100 pL/min at 25 °C and 0.01 M MES buffer at pH 6.5 with 0.2 M
NaCl.
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Figure?.

The figure is from a crystal structure by Neidle and coworkers (2BOK. pdb). (A) The DNA
duplex is shown in space filling with one strand in blue and one in red. DB921 is shown as
large tubes in the AATT minor groove sequence. The phenyl-amidine that rises off the floor
of the groove points towards the reader in this view. The interfacial water that connects this
end of the DB921 complex to the floor of the groove can be seen near the floor of the groove
with important DNA contact atoms in space filling representation, T-C=0 in red and AN3 in
blue. H-bonds are shown as dashed lines. (B) The contacts that help with the strong affinity
of DB921 are highlighted. Starting at the phenyl-amidine end (bottom of the diagram) there
is the interfacial water-AN3 H-bond (this is the first A of AATT) and the water is closely H-
bonded to other water molecules in the minor groove. The phenyl proton that is metato the
amidine points into the groove and makes a close contact with the interfacial water. The
central phenyl has a close —-CH «sAN3 contact that certainly provides a stabilizing
interaction. The benzimidazole —-NH points into the center of the groove and forms a
bifurcated H-bond with the two middle T C2=0 of AATT. The benzimidazole amidine -NH
that points into the groove forms an H-bond with the last T C2=0 of AATT. These contacts
as well as the van der Waals contacts with the floor and walls of the groove and the amidine
positive charges, result in a very high binding for DB921 binding to the AATT sequence.
These features could not be seen without the structural model.
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Figure8.

Two-dimensional COSY spectra of the -ATGA- sequence and with DB293 complex
showing the T-CHz and T-H6 correlations at different ratios of DB293. The DNA sequence
contains six thymine residues and all the six methyl-aromatic proton scalar couplings are
observed in the absence of DB293 (0:1, top). At the intermediate ratio (1:1, middle), a
doubling in the number of signals is observed suggesting the presence of two distinct
species. One set of these peaks correspond to the free DNA (indicated with solid lines
between 0:1 and 1:1). The other set of peaks correspond to the 2:1 complex based on the
spectra at 2:1 ratio (bottom, indicated with broken lines between 1:1 and 2:1). The absence
of any free DNA cross peaks at 2:1 highly suggests the complete saturation of free DNA at 2
molar equivalents of DB293. The presence of two distinct sets of signals at the intermediate
ratio of 1:1 for the free DNA and the 2:1 species clearly shows the formation of a strong and
highly cooperative stacked complex by DB293 with the —~ATGA- sequence as also observed
in SPR studies.
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A docked model for the stacked complex of DB1242 with the 5'-GCTCG-3’ sequence is
shown. (A) The DNA helix is shown in a space filling model with one chain in blue and one
in red. The two DB1242 molecules are shown as tube models with CPK color schemes.
Hydrogens are not shown for clarity. (B) Several of the major interactions that help in the
stabilization of the complex are highlighted. The amidine of the top molecule (bottom of the
figure) makes strong contact with the outer nitrogen of the pyrimidine of the bottom
molecule. The inner nitrogen of the same pyrimidine makes strong contacts with the G-NH,
in the minor groove with the 5’G of GCTCG (red colored DNA strand). Similar interactions
are observed with the amidine of the bottom molecule to the pyrimidine nitrogens of the top
molecule and to the G-NH, of the first G of the 5'-CGAGC-3" sequence of the
complementary strand (blue colored DNA strand). The other amidine of the top molecule
(top of the figure) makes a strong interaction with the carbonyl group in the minor groove of
the first C in -CGAGC- (blue strand). All the DNA-ligand and the inter-ligand interactions
help in the formation of a very strong and highly cooperative dimer in the wider minor
groove of this DNA sequence.
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Figure 10.

A model for the stacked complex of DB2232 docked into the AATTGCAATT sequence is
shown. (A) The DNA helix is shown as a tube model with one chain in blue and one in red.
DB2232 is shown in space fill with carbons in light blue, nitrogens in dark blue and oxygens
in red. Hydrogens are not shown for clarity. (B) The two central GC base pairs are shown in
space filling representation with the same atom colors as in (A). The two stacked amidine-
benzimidazole-phenyl modules are shown as purple tube models. The other DNA base pairs
and backbone atoms are shown as thin red or blue tubes. The close interactions of the
compounds with the GC base pairs and widened minor groove to accommaodate the stacked
modules are easily seen in this view. In the AATT sequences only single modules fit snugly
into the narrow A-tract type groove structure. This model clearly provides the rationale for
the 2:1 model of DB2232 at AATTGCAATT.

Curr Protoc Nucleic Acid Chem. Author manuscript; available in PMC 2013 December 01.



