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CONSPECTUS
Targeting the minor groove of DNA through binding to a small molecule has long been considered
an important molecular-recognition strategy in biology. A wide range of synthetic heterocyclic
molecules bind non-covalently in the minor groove of the double helix and are also effective against
a number of human and animal diseases. A classic structural concept, the isohelicity principle, has
guided much of this work: such heterocyclic molecules require a shape that complements the convex
surface of the minor groove. Researchers have used this principle to design molecules that can read
DNA sequences. This principle also predicts that molecules that lack the complementary shape
requirement would only bind weakly to DNA. Recently, however, researchers have unexpectedly
found that some essentially linear compounds, which do not have this feature, can have high DNA
affinity.

In this Account, we discuss an alternative recognition concept based on these new findings. We
demonstrate that highly structured water molecules can play a key role in mediating between the
ligand and DNA minor groove without loss of binding affinity. Combined structural and
thermodynamic approaches to understanding the behavior of these molecules have shown that there
are different categories of bound water in their DNA complexes. For example, application of this
water-bridging concept to the phenylamidine platform has resulted in the discovery of molecules
with high levels of biological activity and low non-specific toxicity. Some of these molecules are
now in advanced clinical trials.
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Introduction
Designed synthetic dicationic compounds that specifically recognize the DNA minor groove
are providing clinically useful therapeutic agents against a number of diseases and serving as
well-defined model systems giving insight into the structural and thermodynamic features that
characterize DNA molecular recognition.1–4 The interactions of dicationic organic molecules
with the minor groove are characterized by both general and specific factors. The former
include electrostatics, van der Waals contacts, hydrophobicity and groove hydration. Specific
factors in particular sequences include H-bonding groups, steric differences and water/ion
arrangements. The minor groove contains primarily hydrogen-bond acceptor groups, the purine
N3 and pyrimidine O2 at the floor of the groove as well as the deoxyribose O4' at the groove
walls (Figure 1).3,5–7 The 2-NH2 of G makes the third H-bond in G•C base pairs and can
prevent deep penetration into the minor groove. Structured solvent and increased electrostatic
potential in A/T sequences also distinguish A/T from G/C minor groove binding sites.3,5–10
Thus, for compounds that bind in the minor groove, shape that complements the groove
curvature (“isohelicity”) and functional group placement, charge and H-bonding groups have
been identified as critical components for binding affinity and recognition.2,3,9–16

Recent studies on a range of heterocyclic dications, particularly diamidines and analogs, have
significantly extended and modified our understanding of how such compounds can interact
with the minor groove, and how ligand curvature, dihedral twist, charge, and in particular
interactions with water molecules in the DNA complex can lead to highly specific and very
strong interactions with the groove. Crystallographic and thermodynamic studies have
provided complementary insights into the details of minor-groove binding. Diamidines are
currently the primary class of reversible DNA minor groove binding compounds with
therapeutic utility, and we survey here their DNA interactions, comparing and contrasting
structural features for classical recognition of the minor groove with new models for non-
classical interactions. In particular, the fundamental molecular recognition features among
compound shape, water, and base edges will be described and correlated with DNA-ligand
binding thermodynamics.

General features of DNA–minor groove complexes at the -GAATTC- site
The first B-form DNA crystal structure to be solved was of the DNA duplex, d
(CGCGAATTCGCG)2, and has subsequently been studied in detail by both solution and
crystallographic studies.3,6,7,17–22 It contains a core of four A–T base pairs, and has been
frequently used as a platform for binding of specific DNA minor groove interactions. Figure
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2 shows a solution structure of this duplex (“A2T2”) and some critical distances between H-
bond groups on base pair edges at the floor of the groove. The right-hand twist of B-DNA
creates unequal inter-strand acceptor–acceptor distances for a given base pair separation
(Figure 2A). For the AATT site, for example, the O2 of T8 to O2 of T20 is 9.1 Å, while the
distance between N3 of the complementary bases A17 and A5 is 12.6 Å (the base numbering
scheme on the duplex strands is given in Figure 3). These are linear distances so that in order
to form direct H-bonds with the two DNA groups, a bound ligand must have a concave
curvature to complement the convex shape subtended by successive base edges along the floor
of the groove. The distance difference for H-bond acceptors is a critically important feature
for minor groove binding. Shorter ligands that just cover the four base pairs in the AATT
sequence will opt for H-bonding with the O2 of T8 and O2 of T20 while longer, crescent-
shaped, ligands prefer the N3s of the complementary A17 and A5. These distances change with
sequence and this can lead to specificity in recognition of different AT sequences with
appropriately designed compounds.

Figure 2B illustrates the three shortest (3.7 Å) inter-strand H-acceptor distances on adjacent
bases (O2 of T8 to N3 of A18, O2 of T7 to O2 of T19, and N3 of A6 to O2 of T20) at the
AATT site. These atoms frequently interact with ligand indole or benzimidazole -NH- groups
to form bifurcated H-bonds with the central region of the AATT sequence (Figure 3). The
netropsin-AATT structure, (Figure 3B), provided the basis for the classical minor groove
recognition model that emphasizes appropriate ligand curvature to match the groove, ligand
and DNA complementary H-bonding groups and displacement of water/ions from the -AATT-
groove on complex formation.23,24 Based on the shape-complementarity concept, the classical
model has been used to predict that ligands with incorrect curvature would bind poorly to DNA.
The netropsin amide -NH- groups arranged in a crescent fashion, take advantage of the shortest
inter-strand H-bond acceptor distances in the minor groove by forming an array of bifurcated
H-bonds with N3 of A6 and O2 of T20, O2 of T7 and O2 of T19, and O2 of T8 and N3 of A18
(Figure 3B). In contrast to many diamidine compounds (discussed below), isothermal titration
calorimetry (ITC) studies indicated that the interaction between netropsin and AATT is
enthalpically driven with a free energy of −12 kcal/mole, presumably due in part to the large
number of H-bonds formed in this complex.25

Figure 3 illustrates specific interactions of all synthetic dicationic amidine analogs that have
been crystallized with AATT. For assistance in correlating the compound names, structures,
and PDB identifications, a reference list is shown in Table 1. The diamidines and analogs in
Figures 3C–I closely match the curvature and H-bonding groups of AT sequences in the DNA
minor groove, an isohelical interaction, as well as complement the negative charge of the DNA
phosphates. This is the "classical type" of minor groove complex that provides AT base pair
sequence recognition. A different and unexpected type of complex, based on the classical
model, however, is observed for the compounds bound to AATT in Figures 3J–L. Comparison
of these two distinct complex classes shows that the requirements for minor groove interactions
to occur can result in the shape of the compounds deviating significantly from an isohelical
match to the groove.

Structures and thermodynamics of diamidine complexes with the A/T minor
groove

In many of the DNA complexes in Figure 3 the amidine or modified-amidine cationic group
is linked to the groove floor-base edge and/or groove wall-O4’ by bridging water molecules
that flank the ends of the bound molecule. While interactions with the groove walls and
phosphate groups can enhance overall complex stability, they generally have more limited
effects on sequence specificity. We will therefore emphasize the interactions among the ligand,
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the base edges and bridging water molecules at the floor of the minor groove where sequence
specificity is primarily defined.

Furamidine, DB75 (R=H in Figure 3C), is a therapeutically useful heterocyclic dication that
has been crystallized as an AATT complex (PDB 227D). A neutral, orally available prodrug
of the compound is currently in Phase III clinical trials against human African trypanosomiasis.
26 The compound selectively targets repeated A/T sequences in the trypanosome mitochondrial
kinetoplast DNA and has exhibited no significant toxicity to patients at therapeutic levels.12
The primary H-bond contacts from DB75 and derivatives to DNA are consistently between
the amidines and O2s of T8 and T20.27–31 In addition, water molecules are observed to bridge
the amidine -NH2 and N3 of A5 (PDB 1 EEL and 289D) or both N3 of A5 and N3 of A17
(298D, 360D, and 1FMQ). Under physiological conditions, DB75 and close analogs have a
binding constant, Ka, with the AATT sequence in the range of 1 – 5×107 M−1 with a small
ΔH and large T•ΔS for binding.31,32 Shape recognition and van der Waals interactions thus
appear to play a larger role in specific recognition of -AATT- by these compounds than with
netropsin. This set of diamidines (Figure 3C) thus provides a well-defined structural and
thermodynamic benchmark for comparison with other minor groove binders. It should be noted
that the thermodynamic values reported in this paper are at 25°C and since these complexes
have negative heat capacity change values for binding, the ΔH and T•ΔS will become more
negative or less positive, depending on the initial values.

Unlike the relatively rigid diphenylfuran core of DB75 and analogs (Figure 3C),
pentamidine33 and derivatives34 (Figure 3D) have flexible linkers connecting two
benzamidines. Pentamidine also binds to the four base pairs of AATT (PDB 1D64), but it
utilizes the N3s of A5 and A17 as amidine H-bond acceptors rather than O2 of the
complementary T20 and T8 as with furamidine. Since the separation of the two inner-facing
amidine -NH2 groups in bound pentamidine (15.3 Å) is significantly longer than in DB75 (12.8
Å), pentamidine interacts with the longer inter-strand H-bond acceptor pair within AATT (H-
bond distances shown in Figure 3D). The shorter diphenylfuran derivatives select the closer
O2 of T8 to O2 of T20 for H-bonding (Figure 3C).

Propamidine (Figure 3E) is a shorter version of pentamidine but the amidine N-N distance
(14.6 Å) in its AATT complex (PDB 1PRP) is longer than that of furamidine. While one of
the amidines of propamidine forms a direct H-bond with N3 of A17 (as with pentamidine), the
other amidine cannot reach the N3 of A5 of the opposite strand and it is closer to N3 of A6
(3.4 Å). The propamidine molecule is longer than furamidine but interacts with N3 of A17 and
N3 of A6 because it is more acutely concave than furamidine. This curvature helps it wrap
around the base edges for the N3 distances noted above. In spite of its relatively long H-bonds
(to N3 of A6), propamidine binds more strongly than pentamidine,35 probably because of a
smaller conformational entropy loss when the trimethylene linker fits into the minor groove
relative to the pentamethylene of pentamidine. Both pentamidine and propamidine bind more
weakly than furamidine and ITC studies indicate that their interactions are entropically driven.

Berenil (diminazene) (Figure 3F)36 resembles furamidine and is an important
antitrypanosomal drug in animals. In its AATT complex berenil (PDB 2DBE, 2GVR) has an
amidine N-N distance (13.3 Å) that is slightly longer than that of furamidine. However, it only
binds across the -ATT- site with a weak (3.4 Å) H-bond from one amidine to O2 of T8. The
other amidine interacts with N3 of A5 through a bridging water molecule in the groove. The
longer propamidine also covers three base pairs (-ATT-) but no water molecule is required to
link it to the floor of the groove. A crystal structure with a longer AAATTT site37 shows that
berenil binds to the central -AATT- by forming H-bonds with inter-strand O2s of T in much
the same way that DB75 binds to DNA. Berenil binds with a slightly lower affinity than
furamidine (1×107 and 2×107 M−1, respectively)38 and with a small ΔH and large T•ΔS of
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binding. The furamidine, pentamidine and berenil group of compounds thus illustrate the
flexibility of amidine-DNA H-bonding interactions that are possible for ligands of similar size
within an expanded classical model of minor groove complex formation. The compounds, and
to a lesser extent DNA, have sufficient conformational flexibility to allow these differences in
AATT recognition to optimize the Gibbs energy of binding in each case.

Compounds with additional types of H-Bond interactions
DB185 (Figure 3G) is distinct from furamidine but similar in structure to Hoechst 33258,
another well-established minor groove binder. DB185 binds to the minor groove of AATT
much more strongly than furamidine or Hoechst 33258.39 It is one of a small number of DNA
minor groove binders with a high affinity (Ka > 1011 M−1). The strong binding results in part
from the H-bond network between the ligand and DNA, van der Waals interactions and
extensive water release from the minor groove and ligand.39–41 A bifurcated H-bond is formed
between the terminal benzimidazole -NH- and the inter-strand O2 of T7 and T19 as well as
between the amidine attached to this benzimidazole and N3 of A6 and O2 of T20 (Figure 3G).
Extensive water bridges are also observed at the amidine attached to benzimidazole with water
molecules linked to O2 of C21 and O4’ of G22 on the backbone.

DB818 (amidine) and DB819 (imidazoline) have the furan of DB75 converted to a thiophene
and a phenyl replaced by a benzimidazole (Figure 3H).42,43 The larger size of the sulfur atom
(compared to oxygen in furan) and resulting bond angle changes become magnified at the
molecular extremities in terms of overall ligand shape. The leads to a lower curvature and a
superior fit within the minor groove with a binding affinity that is over 30 times greater for
DB818 than for furamidine.43 This change is due to the thiophene substitution since the
benzimidazole derivative of DB75 has similar binding affinity to DB75.44,45 With DB818
(Figure 3H, PDB 1VZK), there are direct amidine H-bonds to O2 of C9 and bifurcated H-bonds
to O2 of T20 and N3 of A6. There are also two water molecules mediating the interactions
between one of the imidazoline ends with O2 of C9 and N3 of A17.

DB884 was the first reversed-amidine to be crystallized with DNA (Figure 3I),46 In its AATT
complex one rev-Am -NH- forms a bifurcated H-bond with intra-strand O2 of T8 and O2 of
C9 while the other reversed-amidine interacts with the opposite strand through a bifurcated H-
bond with intra-strand O2 of T20 and O2 of C21 (Figure 3I). An important feature in this
complex that differs from furamidine is an H-bond between the pyrrole -NH- and O2 of T19.
Although reversed-amidines generally bind more weakly than the corresponding amidines,
DB884 is an exception, with a Ka similar to that of furamidine.46 Replacement of the pyrrole
NH with a NCH3 or with O (furan) leads to a destabilization of the complex indicating the
importance of the pyrrole-DNA H-bond.46 The extra H-bond contributes to a larger ΔH on
binding of DB884 relative to DB75.46

The phenyl-indole diamidine, DAPI, has been used for many years as a DNA stain. Although
DAPI is small, it binds to AATT with a higher affinity than DB75.25,31 The indole -NH- forms
a bifurcated H bond with the inter-strand O2s of T7 and T19 (Figure 3J).47 The amidine
attached to this indole forms a bifurcated H-bond with N3 of A6 and O2 of T20 while a flanking
water molecule also bridges the amidine with O2 of T20. The other amidine is above the floor
of the minor groove but no water molecule is observed in the relatively low resolution DAPI
structure. As with many diamidine compounds, ITC shows that the binding enthalpy
contributes less than half of the binding free energy.25

"Nonclassical" minor groove complexes
The minor groove ligands described above obey the requirement for isohelicity to complement
the DNA minor groove. Recent results, however, have shown that the "classical model", which
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is described above and which originated when the database of structures was small, is only one
way to obtain high affinity and specific DNA minor groove recognition. The AATT complex
of CGP 40215A (Figure 3K) differs significantly from the classical model (Figures 3C–I)48
because of the linear shape of the compound. In contrast to pentamidine (of similar size), only
one of the amidines of CGP 40215A can form direct H-bond contacts with AATT. While this
would be expected to significantly reduce the binding affinity, CGP 40215A actually binds
stronger than the curved pentamidine (40 - 50 times stronger) or furamidine (5 times stronger).

In the DNA complex (PDB 1M6F) one amidine of CGP 40215A forms H-bonds with O2 of
T8 along with indirect H-bonds, through a bridging water molecule, with N3 of the
complementary A17, and O2 of C9. An -NH- on the linker forms a bifurcated H-bond with the
inter-strand O2 of T7 and T19, the shortest inter-strand H-bond acceptor distance in the minor
groove (Figure 3A). The amidine group at the other end of CGP 40215A cannot form a direct
H-bond with the base edges because it protrudes away from the groove floor, but instead forms
an H-bond bridge with two water molecules to N2 and N3 of G4. A molecular dynamics
simulation suggests that due to the symmetry of the ligand and the AATT DNA duplex, an
equivalent structure exists with a similar pattern of H-bonds. This compound thus shows a
distinct mode of groove binding in which water molecules can compensate for the lack of
curvature of the ligand and can complete the crescent shape requirement for minor groove
recognition and strong binding.48 Thermodynamic studies indicate that the binding enthalpy
contributes slightly more than entropy to the binding free energy.49

To provide additional insight into and tests of the curvature requirements for minor groove
binding, DB921 and other relatively linear diamidines have been designed and synthesized.
DB921 is an adaptation of DAPI that lengthens the molecule without introducing additional
curvature. In the DB921 complex (PDB 2B0K), the benzimidazole group is in the groove while
the biphenyl-amidine projects to the top edge of the minor groove. The benzimidazole -NH-
forms a bifurcated H-bond with the inter-strand O2s of T7 and T19 and the amidine on the
benzimidazole forms an H-bond with the O2 of T8. This structure creates an optimum pocket
for a direct bridging water molecule between the phenyl-amidine and N3 of A5 (Figure 3L),
50 which forms a link of flexible orientation and H-bonding ability between the amidine and
the N3 H-bond acceptor on the groove floor and is sandwiched between the base and the
amidine. This water interaction differs from that of berenil in which a terminal water molecule
is linked to an acceptor atom of the next base along the sequence. Surprisingly, the binding
constant for DB921 is more than 25 times higher than that of furamidine and ITC results reveal
that the interaction with AATT is entropically driven.50 This demonstrates that a concave
shape is not a requirement for a ligand to have strong and specific interactions with the minor
groove.

Water-mediated H-bonds in diamidine complexes
Figure 4 illustrates examples of hydrated amidine groups (from Figure 3) within the minor
groove, showing different types of ligand-DNA water bridges. Only water molecules that are
within 3.3 Å or less between ligand and base edge(s) are shown. Figures 4A, B show different
views of a furamidine derivative (PDB 298D) that forms two water bridges with N3s of A17
and A5. Figures 4C and 4D illustrate water bridges of the linear CGP 40215A with −NH2 of
G4 (lower) or with O2 of C9 and N2 of A17. Figures 4E, F show berenil with water bridges
to N3 of A5 or A17. DAPI forms a water bridge at its indole end with O2 of T20 (Figures 4G,
H). In a water-dependent interaction that is very different from the classical model, the
phenylamidine of DB921 and the first A base of AATT sandwich a buried water molecule that
is an essential and intrinsic part of the complex (Figures 4I, J). The imidazoline-thiophene
derivative DB819 (Figures 4K, L) has two types of water interactions: one water molecule is
between the imidazoline and N3 of A17 while the other reaches to the O2 of C9 on the opposite
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strand. Clearly, water is an important component of most diamidine minor groove complexes
and in cases such as DB921, it is an essential part of the complex structure.

New and extended design features for biologically-active diamidines
Binding to sites, such as the A/T-rich kinetoplast of trypanosomes and leishmania or the A/T-
rich nuclear DNA of the malaria parasite, provide excellent targets for biological activity with
little host toxicity.2 This mirrors the "AT island" concept proposed for minor groove binding
anticancer drugs and it may be possible that appropriately designed diamidines can also be
developed as anticancer agents.51 For effective cell uptake the compound size should be kept
small and synergistic biological effects that can take place at multiple A/T sequences, such as
those in kinetoplast DNA, offer attractive biological targets. The inclusion of water interactions
and ligand flexibility into the design of new ligands is a challenging problem, and additional
compounds and DNA interactions studies will be required to establish the limits of this new
approach to achieve satisfactory binding affinity, sequence selectivity, site recognition, and
biological activity. Results with DB921 (Figures 4I, J) illustrate the utility of water as a flexible
adapter for DNA complexes and provide optimism for this design approach.

More drastic differences in diamidine-DNA interactions are observed with DB293 and DB1242
which form cooperative stacked dimers to recognize more complex sequences with G–C base
pairs than is possible for the compounds in Figure 3.44,52 A single molecule of DB1242, for
example, can extend over 3–4 base pairs but by stacking of two molecules, a five base-pair
sequence including four G–C base pairs can be targeted.52 Positively-charged amidine,
reversed-amidine, or guanidine groups (Figure 3) are favorable for hydration, solubility,
stacking with the minor groove, H-bonding and electrostatic interactions with the anionic field
of the minor groove. Benzamidine motifs are not only important for DNA binding because of
charge complementarity to the DNA and as H-bond donors but also for cellular uptake.53–
55 Amidine derivatives, thus, continue to offer exciting opportunities for development of drugs
that target DNA. Polyamides that target the minor groove have excellent sequence recognition
capability9,10,12,14,56 and many useful applications in fundamental molecular recognition.
Unlike the amidines, however, the polyamides have poor cell uptake and limited stability with
no potential for oral drug administration. They have, therefore, not been used in any clinical
application. Ongoing research with the new amidine derivatives, such as DB293 and DB1242,
which recognize mixed DNA sequences, may provide a bridge between the therapeutic and
sequence design areas.
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Figure 1.
Schematic of the Watson-Crick base pairs showing hydrogen-bond donors and acceptors
involving the bases.
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Figure 2.
Interstrand distances of H-bond acceptor groups at the AATT site in d
(CGCGAATTCGCG)2. (A) Two sets of H-bond acceptors are within a four-base pair length.
The N3 of A5 to N3 of A17 distance (yellow) is longer than the O2 of T8 to O2 of T20 distance
(green), and it is a through-base distance so that a bound compound must have some curvature
in order to form H-bonds with the two Ns. (B) The shortest inter-strand acceptor-acceptor
distances (3.7 Å) within the minor groove of -AATT- are illustrated. The three lines indicate
O2 of T8 to N3 of A18 (magenta), O2 of T7 to O2 of T19 (yellow), and N3 of A6 to O2 of
T20 (green). Compound -NH- groups (from amidine, amide, benzimidazole, or indole) can
form bifurcated H-bonds with these three pairs of H-bond acceptors.
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Figure 3.
(A) Crystal structures (with PDB IDs) of the dodecamer duplex d(CGCGAATTCGCG)2 with
some important inter-strand H-bond acceptor distances and with minor groove binding
diamidines and analogs (B - L). The light magenta lines depict the base edges that form the
floor of the groove at which specific interactions occur and the dashed lines indicate compound-
DNA H-bonds. Water molecules that connect the bound compound to the minor groove floor
are indicated with “w”. In (K), lighter gray lines indicate the interaction of another equivalent
structure.
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Figure 4.
Types of amidinium-water-base interactions. Bridging waters in furamidine (A, B),
CGP40215A (C, D), berenil (E, F), DAPI (G, H), sandwiching water of DB921 (I, J), and a
mix of both types with DB819 (K, L). Water molecules are shown as white spheres, ligands
and interacting nucleotides as tubes, and other nucleotides as stick representations.
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Table 1

Ligand Structure shown in Figure PDB IDs

Netropsin 3B 101D

Furamidine & closely related 3C 227D, 360D, 298D, 289D,

ligands 1FMQ, 1EEL, 1FMS

Pentamidine & derivative 3D 1D64, 166D

Propamidine 3E 1PRP

Berenil 3F 2DBE, 2GVR

DB185 3G 311D

DB818 & DB819 3H 1VZK, 2B3E

DB884 3I 2GYX

DAPI 3J 1D30

CGP 40215A 3K 1M6F

DB921 3L 2B0K
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