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Given the increasing significance of diamidines as DNA-targeted therapeutics and biotechnology reagents, it
is important to establish the variations in thermodynamic quantities that characterize the interactions of closely
related compounds to different sequence AT binding sites. In this study, an array of methods including
biosensor-surface plasmon resonance (SPR), isothermal titration microcalorimetry (ITC), circular dichroism
(CD), thermal melting (Tm) and molecular modeling have been used to characterize the binding of dicationic
diamidines related to DB75 (amidine-phenyl-furan-phenyl-amidine) with alternating and nonalternating
AT sequences. Conversion of the central furan of DB75 to other similar groups, such as thiophene or
selenophene, can yield compounds with increased affinity and sequence binding selectivity for the minor
groove. Calorimetric measurements revealed that the thermodynamic parameters (∆G, ∆H, ∆S) that drive
diamidine binding to alternating and nonalternating oligomers can be quite different and depend on both
DNA sequence and length. Small changes in a compound can have major effects on DNA interactions. By
choosing an appropriate central group it is possible to “tune” the shape of the molecule to match DNA for
enhanced affinity and sequence recognition.

Introduction

Synthetic organic dications that bind reversibly to the DNA
minor groove provide important examples of clinically useful
therapeutic agents as well as specific nucleic acid florescence
stains. A prodrug of the diphenylfuran diamidine, furamidine,
DB75 in Figure 1, has progressed to phase III clinical trials
against human African trypanosomiasis, sleeping sickness.1,2 The
prodrug concept provides new opportunities for development
of orally effective agents against lethal parasitic diseases.3,4 Such
compounds also have the potential to provide new types of
cellular biotechnology regents and new approaches to probe the
molecular basis of DNA recognition and control of gene
expression.3 Other dications that are based on the DB75 lead
compound are being tested against trypanosomes as well as other
diseases in humans. Fluorescence microscopy analysis of
trypanosomes from animals treated with the dications shows
that furamidine and related compounds target the parasite
kinetoplast DNA with subsequent, time-dependent, destruction
of the kinetoplast.5,6 Although DNA binding is clearly involved,
not all DNA binding diamidines are active and it is important
to understand the effects on DNA of different compound features
and how the differences lead to variations in biological activity.

In an X-ray structure of the furamidine complex with
d(CGCGAATTCGCG)2, the compound is deep in the minor
groove in the -AATT- site and in close contact with the edges
of AT base pairs at the floor of the groove.7 The amidine groups
form hydrogen bonds with the AT base pairs but such close
contact is sterically prevented by the 2-NH2 group of G in GC
containing sequences. For compounds such as DB75, a site of
four or more AT base pairs in length is required for strong
binding. Recent results show that the affinity of DB75 for
different AT sites can vary by a surprisingly large amount.7,8

The diversity of affinities for minor groove compounds with
AT sequences, however, has not been extensively investigated.
Well-characterized diamidine derivatives such as berenil and
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Figure 1. Structure of the compounds and the DNA sequences used
in this study. The DNA sequences were also obtained with 5′ biotin
for SPR experiments. Additional GC base pairs were added to the ends
of the short and long DNA sequences so that they could be studied at
high temperature.
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DAPI have significant differences in their affinities for AT sites
of different sequence.9

For detailed understanding of the biological mechanism of
the diamidines as well as for drug design and development
progress, it is important to understand how small changes in
compound structure and properties affect DNA interactions.
Such information can provide new insights into how binding
of the compounds to the parasite kinetoplast DNA can yield
biological activity. There are multiple AT sequences in kDNA

that are targeted by the diamidines and we wish to model these
interactions. The kinetoplast of Trypanosoma brucei, the cause
of sleeping sickness, for example, has approximately 10 000
DNA minicircles of 1000 base pairs that are interlinked with
DNA maxicircles.10 The minicircles are AT rich and contain
phased A-tracts that can lead to significant bending of the DNA
helix. The AT-rich minicircle DNAs forms an attractive target
for AT specific DNA binding diamidines. Interference with
transcription and replication of minicircles by the compounds

Figure 2. SPR binding affinity: (A) Representative SPR sensorgrams for the interaction of DB1213 with alternating and nonalternating DNA
sequences at different lengths. The compound concentrations for DB1213 from bottom to top are 0 to 0.5 µM. (B) Comparison of the SPR binding
affinity for nonalternating and alternating DNA sequences with different compounds. RU values from the steady-state region of SPR sensorgrams
were converted to r (r ) RU/RUmax) and are plotted against the unbound compound concentration (flow solution) for DB1213 (circles), DB351
(squares) and DB75 (triangle) binding with alternating and nonalternating DNA sequences at different lengths. The lines are the best fit values
using appropriate binding models as described in the text.
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is a possible mechanism for destruction of the complex
interlocked kinetoplast structure that leads to death of the
trypanosome. A-tract bent DNA was discovered in early studies
of minicircle DNAs from both trypanosomes and Leishmania
organisms.11-13 Clearly, to better understand the biological
action of the diamidines in parasites and to design a broader
range of improved drugs, it is essential to investigate the
interaction of diamidines related to DB75 with DNAs of
different AT sequences.

The approach that we describe here involves making single
atom changes in the furan of DB75 by substitution of the O for
S and Se (Figure 1) and analyzing the interaction of the
compounds with different AT DNA sequences. Our goal is to
understand the molecular recognition of DNA and use this
understanding to develop a more detailed model to better
understand the antiparasitic biological action of this class of
dicationic heterocycles. We have used DNAs with alternating
and nonalternating AT base pairs as our model systems and
the interactions of the compound set with AT polymers and
oligomers have been investigated. The results for binding to
the alternating and nonalternating AT sequences are quite
different at the fundamental thermodynamic level.

Materials and Methods

Materials. DB1213, DB351 and DB75 were synthesized
as previously described.1,14 Their purity was verified by NMR
and elemental analysis. The double stranded polymers poly-
(dA) · poly(dT), poly(dA-dT) · poly(dA-dT) were purchased
from Pharmacia (U.S.A.). The hairpin oligomers used in this
study were A15 [d(CCAAAAAAAAAAAAAAAGCCCCC-
GCTTTTTTTTTTTTTTTGG)], A8 [d(CAAAAAAAACCCC-
TTTTTTTTG)],A4 [d(CCAAAAGCCCCCGCTTTTGG)], (AT)7

[d(CCATATATATATATATAGCCCCCGCTATATATATATAT-
ATGG], (AT)4 [d(CATATATATCCCCATATATATG)], and
ATAT [d(CCATATGCCCCCGCTATAGG] with the hairpin
loop sequences underlined. The above hairpin oligomers are
all from Integrated DNA Technologies, Inc. with reverse phased

HPLC purification and mass spectrometry characterization. In
SPR experiments, 5′-Biotin labeled hairpin DNA oligomers were
used. The MES10 buffers used in these experiments contained
0.01 M [2-(N-morpholino)ethanesulfonic acid] (MES), 0.001
M EDTA, 0.1 M NaCl, pH 6.25.

UV Melting Studies. Ultraviolet melting curves were deter-
mined in 1 cm path length quartz cells using a Cary 300
UV-visible spectrophotometer (Varian Inc., Palo Alto, CA),
equipped with a thermoelectric temperature controller. Absor-
bance versus temperature profiles were measured at 260 nm
with a heating rate of 0.5 °C/min. Experiments were generally
conducted at a concentration of 1.5 × 10-6 M oligomers for
hairpin DNA. Thermal melting experiments for the DNA-
compound complexes were conducted as a function of different
ratios. Melting temperature (Tm) was taken as the temperature
of half-dissociation of the DNA duplex or hairpin and was
obtained from the maximum of the first derivative dA/dT plots
(where A is absorbance and T is temperature).

CD Titration Studies. CD spectra were recorded using a
Jasco J-810 instrument with a 1 cm cell and a scan speed of
50 nm/min with a response time of 1 s. The spectra from 500
to 220 nm were averaged over five scans. A buffer baseline
scan was collected in the same cuvette and subtracted from the
average scan for each sample. The titration experiments were
performed at 25 °C. The desired ratios of compound to DNA
were obtained by adding compound to the cell containing a
constant amount of DNA. Data processing and plotting were
performed with Kaleidagraph software.

ITC Thermodynamic Studies. The ITC experiments were
performed with a MicroCal VP-ITC (MicroCal Inc., Northamp-
ton, MA) interfaced with a computer for instrument control and
data collection with Origin 7.0 software. Binding enthalpies for
nonalternating and alternating oligmers [A15, A8, A4 hairpins
and(AT)7,(AT)4,ATAThairpins]andpolymers[poly(dA) ·poly(dT)
and poly(dA-dT) ·poly(dA-dT)] binding with different com-
pounds were determined using a protocol with a high DNA
concentration in the calorimeter to ensure that all added
compound is effectively bound after each addition in the low
ratio region.15,16 Specifically, for oligomeric DNA, a 0.03 mM
DNA solution was loaded into the sample cell and a 0.15 mM
compound solution in MES10 buffer was added. For polymeric
DNA, a 0.24 mM base pair DNA solution was loaded into the
sample cell and a 0.08 mM compound solution was added.
Usually 20 injections of 7 µL were done with 300 s between
injections to ensure equilibration. For the additions where all
compound is bound the heat of reaction (∆H) is obtained by
integration of the peaks after each injection. The dilution heats,
determined by injecting drug solution into the same sample cell
loaded with buffer alone, were subtracted from the ∆H value
determined for addition into DNA solution to render a corrected
value for the binding-induced enthalpy change. An average over
all low ratio values gives the ∆H of binding.

Biosensor-SPR Studies. SPR measurements were performed
with a four-channel BIAcore 2000 optical biosensor system
(BIAcore Inc.). 5′-Biotin labeled DNA samples [A15, A8, A4

hairpins and (AT)7, (AT)4, ATAT hairpins] were immobilized
onto streptavidin-coated sensor chips (BIAcore SA) as previ-
ously described.17 Three flow cells were used to immobilize
the DNA oligomer samples, while a fourth cell was left blank
as a control. The SPR experiments were performed in filtered,
degassed MES10 buffer with 5 × 10-3% v/v Surfactant P20.
Steady state binding analysis was performed with multiple
injections of different compound concentrations over the im-
mobilized DNA surface at a flow rate of 25 µL/min and 25 °C.

TABLE 1: Thermodynamic Parameters for the Interactions
of the Compounds in Figure 1 Binding to Nonalternating
and Alternating Sequences at Different Lengths

DNA
sequence

compound
Kmean

a

(M-1)
∆G

(kcal/mol)
∆Hb

(kcal/mol)
-T∆S

(kcal/mol)

A15 DB1213 1.01 × 108 -10.91 -1.34 -9.57
DB351 1.90 × 107 -9.92 -0.37 -9.55
DB75 1.02 × 107 -9.56 3.02 -12.58

A8 DB1213 5.57 × 107 -10.56 -5.66 -4.90
DB351 2.03 × 107 -9.96 -4.75 -5.21
DB75 1.37 × 107 -9.73 0.22 -9.95

A4 DB1213 1.71 × 107 -9.86 -4.11 -5.75
DB351 6.06 × 106 -9.25 -3.27 -5.98
DB75 3.59 × 106 -8.94 -3.04 -5.9

(AT)7 DB1213 2.72 × 107 -10.14 -7.17 -2.97
DB351 1.98 × 107 -9.95 -4.80 -5.15
DB75 1.82 × 107 -9.90 -4.42 -5.48

(AT)4 DB1213 2.29 × 107 -10.03 -6.87 -3.26
DB351 1.11 × 107 -9.61 -5.74 -3.87
DB75 1.13 × 107 -9.62 -5.92 -3.7

ATAT DB1213 5.62 × 106 -9.22 -9.15 -0.07
DB351 4.80 × 106 -9.11 -8.25 -0.86
DB75 2.52 × 106 -8.73 -7.31 -1.42

a Kmean values are from SPR experiments as described in
Materials and Methods, and ∆G is obtained from the equation ∆G
) -RT ln Kmean. b ∆H binding values are from ITC as described in
Materials and Methods. Experimental error limits for SPR K values
and ITC ∆H values are both approximately (10%.
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Solutions of known ligand concentration were injected through
the flow cells until a constant steady-state response was obtained.
Compound solution flow was then replaced by buffer flow
resulting in dissociation of the complex. The reference response
from the blank cell was subtracted from the response in each
cell containing DNA to give a signal (RU, response units) that
is directly proportional to the amount of bound compound. The
predicted maximum response per bound compound in the
steady-state region (RUmax) was determined from the DNA
molecular weight, the amount of DNA on the flow cell, the
compound molecular weight, and the refractive index gradient
ratio of the compound and DNA, as previously described.17,18

The number of binding sites and the equilibrium constant were

obtained from fitting plots of RU versus Cfree. Binding results
from the SPR experiments were fit with two- (K3, K4 ) 0), three-
(K4 ) 0) or four-sites interaction models:

r) (K1Cfree + 2K1K2Cfree
2 + 3K1K2K3Cfree

3 +

4K1K2K3K4Cfree
4) ⁄ (1+K1Cfree +K1K2Cfree

2 +

K1K2K3Cfree
3 +K1K2K3K4Cfree

4)

where r represents the moles of bound compound per mole of
DNA hairpin duplex, K1, K2, K3, K4 are macroscopic binding
constants, and Cfree is the free compound concentration in

Figure 3. Comparison of CD spectra of nonalternating (A-I) and alternating (J-R) DNA sequences of different lengths in complex with different
compounds at various mixing ratios. Inset: increase in induced CD magnitude plotted versus the binding ratio of compound per oligomer.
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equilibrium with the complex. Kmean is calculated as the average
of the binding constants obtained.

Molecular Modeling. Geometry optimized structures for
DB75, DB351, and DB1213 were calculated at the Hartree-Fock
631G** level with the Spartan 04 software package.19,20 Docking
studies were performed with SYBYL 7.3 software package on
a Fedora Core 5 Linux Workstation.20,21 DNA duplexes
d(CCAAAAGC) ·d(GCTTTTGG) and d(CCATATGC) ·d(GCA-
TATGG) with the recognition sites -AAAA- and -ATAT-
were constructed in the Biopolymer module. A crystal structure,
227D from the protein data bank, of d(CGCGAATTCGCG)2

with bound DB75 was selected as a template. The designed
DNA was aligned to the DNA of the crystal structure and the
single atom changes were made to the docked structure to create
DB351 and DB1213.

Atoms of the ligand to be docked were assigned Gasteiger-
Marsili charges and then minimized using the Tripos force field
until a terminating conjugate gradient of 0.01 kcal/mol Å was
reached. The DNA from 227D was deleted leaving the designed
DNA in complex with the respective ligand. Before each
docking, the ligand of interest (DB75, DB351, or DB1213) was
moved to a second memory location, so that the ligand could
move independently of the DNA. For each docking, the genetic
algorithm of the Flexidock module was employed implementing
five different random numbers and a large number of genera-
tions.19

To ensure that low-energy complexes were obtained, 348 000
generations, 3000 × 116 rotatable bonds, were used for each
docking. The suggested minimum number of generations to be
used in Flexidock studies should be the number of rotatable
bonds plus 6 times 500. To ensure that we received low-energy
complexes, we recalculated one compound from each prior
docking by implementing five different random numbers for
61 000 generations. Both the DNA and the bound compounds
were permitted torsional flexibility in the docking process.
Atomic charges were calculated using the Kollman all-atom
protocol for the DNA, and all of the hydrogen bond sites were
marked for the DNA and compounds. Each docking generated
20 low-energy structures for a total of 1200 structures, 2 ×
6 DNA-ligand complexes × 5 random number starting points
× 20 compounds produced for docking, were obtained.

Results

Biosensor-SPR: Quantitative Binding Affinity and Stoi-
chiometry. To quantitatively compare the interactions of the
compounds of Figure 1 with alternating and nonalternating DNA

sequences of different lengths, biosensor-SPR experiments were
carried out as previously described.22 Representative SPR
sensorgrams for the binding of DB1213 to the immobilized
alternating and nonalternating DNA are compared in Figure 2a.
Essentially, the same number of moles of DNA oligomer were
immobilized on the surface of sensor chips so that the sensor-
gram saturation levels can be compared directly for stoichiom-
etry differences. The differences in interaction strength and
binding stoichiometry for all three compounds can be visualized
in a plot of r (moles of compound bound/mol of hairpin DNA)
versus Cfree, the free compound concentration (Figure 2b). The
data for compound binding were best fit with a one-site binding
model for A4 and ATAT, a two-site binding model for A8 and
(AT)4 hairpin and a four-site binding model for A15 and (AT)7

hairpin.
The Kmean values for these compounds binding with alternat-

ing and nonalternating DNA sequences at different lengths are
shown in Table 1. As can be seen, the binding constants for
DB1213 with nonalternating DNA oligomers (A4, A8, A15)
increased significantly (almost 10 times higher) with increasing
DNA length. Similar behavior is seen for DB1213 binding to
the alternating DNA oligomers [ATAT, (AT)4, (AT)7] with an
approximately 5-fold increase with increasing length. For all
lengths the K for binding of DB1213 to the nonalternating
sequence is approximately 3-fold higher than with the alternating
sequence. When the central atom of DB1213 is converted from
C-Se-C to C-S-C (DB351) or to C-O-C (DB75), de-
creased affinity and sequence binding selectivity are obtained
and the effect is larger for the nonalternating sequence. For
example, the binding constant for DB75 with the A15 hairpin is
almost 10 times lower than that for DB1213. Thus, the binding
affinity with AT sequences for compounds in this series
increases with DNA length, central atom size and from
alternating to nonalternating sequences.

Circular Dichroism: Probing the Binding Mode and
Binding Ratio. CD titration experiments as a function of
compound concentration were utilized to monitor the binding
mode and saturation limit for compound binding with alternating
and nonalternating DNA sequences of different lengths (Figure
3). CD spectra monitor the asymmetric environment of the
compounds when bound to DNA and therefore can be used to
obtain information on the binding mode. The free compounds
do not exhibit CD signals, however, upon addition of the
compounds to DNA, substantial positive induced CD signals
arise between 300 and 400 nm. These large positive induced
CD signals for the complexes are characteristic patterns for a

Figure 4. UV melting profiles at 260 nm of the DNA hairpins in the absence and presence of compounds. (A) Thermal melting curves of A15

hairpin at the indicated ratio of compound per oligomer. (B) Thermal melting curves of (AT)7 hairpin at the indicated ratio of compound per
oligomer.
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minor grove binding mode in AT sequences.23,24 The induced
CD signals were also plotted against compound-DNA ratio (inset
in Figure 3). The saturated maximum compound to DNA ratios
obtained from the inset plot are 4 compounds/hairpin for A15

and (AT)7, 2 compounds/hairpin for A8 and (AT)4 and 1
compound/hairpin for A4 and ATAT respectively, and these
values are consistent with results from SPR experiments.

Thermal Melting: Relative Affinity Ranking. DNA thermal
melting studies provide a rapid, qualitative method for ranking
compounds according to their binding affinity. To obtain more
information on the different complexes of the compounds with
long nonalternating and alternating sequences [A15 and (AT)7],
relative stabilities of the compound-DNA complexes at satura-
tion binding ratio 4:1 were evaluated by temperature-dependent
UV absorbance measurements at 260 nm (Figure 4). Large
increases in melting temperature are observed for all of the

compounds with A15 and (AT)7. For the A15 sequence converting
from C-O-C (DB75) to C-S-C (DB351) makes small change
in the ∆Tm values but the conversion to C-Se-C (DB1213)
results in a larger Tm increase. In additional Tm determinations
with poly(dA) ·poly(dT), DB1213 again had a significantly
larger ∆Tm value (Figure S1, Supporting Information) than the
other compounds. For the (AT)7 sequence, the central atom
conversion results in smaller changes of ∆Tm values. These
observations are in agreement with the SPR results.

Isothermal Titration Calorimetry (ITC): Detailed Ther-
modynamics of the Interaction. To probe the detailed energetic
basis of the interaction differences between DB1213 and the
other two compounds in more detail, ITC experiments were
conducted. Binding enthalpies (∆H) for different length DNA
hairpins with these compounds were determined at low binding
ratios to directly obtain the ∆H for binding.16 Figure 5 shows

Figure 5. Comparison of the ITC results for nonalternating (A-I) and alternating (J-R) DNA sequences binding with different compounds in
MES10 at 25 °C. Every peak represents the instrument response for injection of compound into DNA (top). The area of each peak is determined
and corrected by subtracting the heat of dilution (bottom).
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representative primary data from the addition of nonalternating
(A-I) and alternating (J-R) DNA sequences with different
compounds at 25 °C, respectively. Integration of the peaks
followed by normalization for the number of moles of added
compound and subtraction of the blank heat provides a direct
estimate of the binding enthalpy. The average binding enthalpy
values for the alternating and nonalternating DNA oligomers
binding with these compounds are shown in Table 1.

Binding enthalpies for nonalternating and alternating polymers
[poly(dA) ·poly(dT) and poly(dA-dT) ·poly(dA-dT)] with these
compounds were also determined and a comparison of the ITC
results for nonalternating and alternating polymers and oligomers
[A15 and (AT)7] with different compounds is shown in Figure
6. The values with the oligomer duplexes closely match the

values for poly(dA) ·poly(dT) and poly(dA-dT) ·poly(dA-dT).
The binding enthalpies for the shorter DNA hairpins, however,
decrease significantly relative to the polymers and 15mer hairpin
sequences (Figure 5). The average binding enthalpies are
substantially more negative than with the longer sequences.
These results suggest that the A15 and (AT)7 hairpins are good
models to mimic results with polymer DNAs. From the Gibbs
free energy (obtained from SPR experiments) and enthalpy
values determined above, the binding entropy (∆S) of complex
formation could be calculated from ∆G ) ∆H - T∆S. The
complete thermodynamics parameters for all compounds and
DNAs are summarized in Table 1. To visualize the different
thermodynamic quantities more easily, the overall thermody-
namic profiles for the interactions of alternating and nonalter-

Figure 6. Comparison of the ITC results for nonalternating and alternating polymers [poly(dA) ·poly(dT) and poly(dA-dT) ·poly(dA-dT)] and
oligmers [A15 and (AT)7] binding with different compounds in MES10 at 25 °C.

Figure 7. Comparison of thermodynamic parameters for nonalternating and alternating DNA sequences binding with different compounds at 25
°C.
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nating DNA sequences of different length with these compounds
are compared in Figure 6. The thermodynamics driving these
compounds to bind to alternating and nonalternating AT-tracts
at 25 °C are quite different and are DNA sequence and length
dependent.

Molecular Modeling: Providing Possible Explanations for
Binding Mode. The compound ab initio calculations produced
structures for comparison that are similar to those found in the
docking study. The effects of the central atom changes on the
compound structures can be seen in the molecular models in
Figure S2, Supporting Information. The interactions observed
in these DNA duplexes in complex with DB1213, DB351, and
DB75 were analyzed for hydrogen bonds, conformational angles
and fit, as well as, lowest energy conformation values. For
d(CCAAAAGC) ·d(GCTTTTGG), the most stable complex
consists of the DB1213, which is locked down into essentially
a single conformation. This complex displays hydrogen bonding
from -NH groups of the DB1213 amidines to adenosine -N
and thymine -O atoms in the minor grove of the DNA. The
conformation of DB1213 when bound to DNA appears to be
determined by the selenium atom, which causes more rotation
in the phenyl rings than the S and O. This DB1213 compound
fits well into the minor groove of DNA and the complex formed
has a low energy value (Table S1, Supporting Information).
DB351 is more mobile in the binding site and the sulfur atom
causes less rotation of the phenyl substituates than that seen in
DB1213 (Figure 8). This complex shows very similar binding
to that of DNA-DB1213, although DB351 does not conform as
well to the DNA. In the lowest energy conformation its energy
value is 92% of the DB1213 value. The complex with DB75,
which is essentially a planar compound, provides several
conformations of interaction with only two hydrogen bonds from
the -NH groups of the amidines at each end of the compound.
In this data set, DNA-DB75 has the most positive value for the
lowest energy conformation, 89% of the DB1213 value. The
energy values from the docking can be compaired to the ∆G of

binding data in Table 1, where it is shown that the ∆G of A4-
DB351 is 94% and A4-DB351 is 91% of the value A4-DB1213.
The experemental binding data is in good agreement with the
modeling values. These three compounds did not bind as well
to d(CCATATGC) ·d(GCATATGG) (Figure S3, Supporting
Information). The rotation of the phenyl groups is more
pronounced in the alternating sequence and this changes the
binding ability in terms of shape and bond length for -NH
amidine hydrogen bonds. The curvature and rotational change
differences of DB1213, DB351, and DB75 lead to slightly
different binding conformations with different hydrogen bond
lengths and binding affinity. All of the calculated energy values
are summarized in Table S1 (Supporting Information).

Discussion

Because of the interest in development of synthetic com-
pounds that have therapeutic effects and that can modify gene
expression, there have been many studies on the interaction of
small organic compounds with DNA. Detailed quantitative
studies on the interaction of series of closely related compounds,
however, are more rare. We have found large thermodynamic
differences for the interaction of DB75 with AT sequences that
have different length or that have either alternating or nonal-
ternating base pairs.22,25 For optimized antiparasitic drug design
as well as improved understanding of the energetic basis for
the ability of diamidines to distinguish among different se-
quences in AT binding sites such as those in kDNA, we are
extending these quantitative studies to additional AT specific
minor groove compounds that are related to DB75.

Multiple AT sites in parasitic mitochondrial kinetoplast DNA
have been shown to be the biological target of DB75 and other
diamidines,2 and the studies described here were designed to
determine how small variations in compound structure at the
central five-member ring of DB75 (Figure 1) affect the interac-
tions of the compounds at different AT sequences. The

Figure 8. From left to right are docked compounds DB1213, DB351 and DB75 in complex with d(CCAAAAGC) ·d(GCTTTTCG). Note that
DB1213 displays more pronounced rotation of its phenyl groups away from the selenium (orange), DB351 displays a distinct yet smaller rotation
of the phenyl groups away from the sulfur (yellow), and DB75 is fairly planar (red).
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diamidine AT binding sites in kinetoplast DNA range from four
base pairs to longer sequences and they can extend to ap-
proximately 20 base pairs. The sequences range from A-tracts
to mixed A and T sequences.26-28 To model these interactions
and understand their differences, we have used sequences of
A-tracts and alternating AT base pairs of length from 4 to 15
base pairs. The 15 base pair sequence behaves in a similar
manner to polymer DNA and it is not necessary to go to longer
oligomer sequences.

DB75 has been crystallized with d(CGCGAATTCGCG)2
7,29

and it binds in the minor groove at the -AATT- site with
stabilization of the complex by hydrogen bonding, van der
Waals and electrostatic interactions. The curvature of the
compound allows it to slide to the bottom of the minor groove
and the twist of the diamidines allows them to hydrogen bond
with terminal T bases in the -AATT- sequences on opposite
strands of the duplex.7,29 In agreement with this binding mode,
CD studies indicate that DB75, DB351, and DB1213 bind in a
similar manner to the minor groove of the alternating and
nonalternating AT sequences of different length (Figure 3).24

The single atom changes, O to S to Se, cause significant
quantitative differences in the interaction of the compounds with
AT sequences. In general, as the bond angles and amidine
positions change from O to Se as shown in Figure S2
(Supporting Information), the affinity of the compound for all
AT sequences increases (Figure 7 and Table 1). DB75 has
similar affinities for the alternating and nonalternating AT sites,
while the Se compound, DB1213, binds to all sequences more
strongly than DB75, and its affinity for nonalternating AT
sequences is greater than with the alternating AT.

ITC results show much larger differences in the interactions
of the compounds with the alternating and nonalternating AT
sites than are seen in the Gibbs energy differences (Table 1
and Figure 7). DB1213, for example, has a ∆H ) -1.3 kcal/
mol at 25 °C with the A15 sequence but a more exothermic
∆H ) -7.2 kcal/mol with (AT)7. The ∆G difference for these
two sequences is less than one kcal/mol. Interestingly, DB75
has more endothermic binding enthalpies of 3.0 and -4.4 kcal/
mol, respectively, for the same two sequences, while DB351
has values between those for the O and Se compounds. Two
major trends are observed in the binding enthalpy variations
for the compounds and DNA sequences. The enthalpies become
more negative in going from DB75 to DB1213 and they become
more negative in going from the longer to the shorter sequences.
Binding of all compounds is almost completely driven by
entropy with A15 but is more balanced between enthalpy and
entropy with (AT)7 and with the shorter A4 sequence. Binding
of all compounds to -ATAT- is almost completely driven by
enthalpy at 25 °C.

We believe that both of these observed trends in binding
thermodynamics have a common explanation. The narrow minor
groove in nonalternating AT sequences has an array of tightly
bound water molecules and release of at least some of this high
entropy water can account for the entropy differences on
binding. Release of less tightly bound water from the wider
minor groove in alternating AT sequences does not provide as
large an entropy component to the Gibbs energy. The binding
also has a more favorable binding enthalpy for the shorter
sequences and this agrees with a major water release component
to the entropy. The hydration structure will become more stable
in longer sequences and will provide a larger favorable entropy
term for the binding energetics. The release of the high entropy
water comes at the cost of significant enthalpy for hydrogen
bond breaking and as a result, the binding enthalpy will be lower

for these systems. The binding of the diamidines to the
nonalternating and alternating AT-tracts thus results in distinc-
tive, sequence dependent, thermodynamic profiles.

Single heteroatom changes at the central five-atom ring
(Figure 1) are particularly informative because they can cause
a significant change in the relative positions of the amidines
with little change in the properties of the phenyl-amidine
group.30 Significant differences in amidine positions from DB75
to DB1213 can be seen in Figure S2 (Supporting Information).
As the heteroatom size increases, the bond angles between the
five and six member aromatic systems increase, the overall
curvature of the compounds is decreased and the twist between
the five and six member rings increases.

In the docking investigation the optimal models show that
central atom size plays an important role in sequence recognition
for the binding of compounds to DNA. As with the ab initio
results, when the furan oxygen of DB75 is changed to the larger
selenium atom to form DB1213, compound curvature decreases
and the rotation of the phenyl groups increases. It is possible
that hydrophobicity is playing a key role in the binding of these
compounds. The larger Se is also more hydrophobic and this
could improve the interaction of the relatively nonpolar environ-
ment of DB1213 with AT rich sequences of DNA.31 Groove
widths and depths also play an important role in these
compounds ability to form hydrogen bonds to the DNA. For
the DNA sequence with recognition site -AAAA- the groove
is slightly narrower and deeper than the DNA groove of the
DNA with recognition site -ATAT-. This allows DB1213 to
fit well within the minor grove of the DNA with the recognition
site -AAAA-. When the same compound is observed in
complex with the DNA site -ATAT-, the compound is closer
to the sugars of the bases and has much more room to hydrogen
bond nonspecifically and more weakly to sugars or within the
groove. Nonspecific hydrogen bonding may be one of the causes
for loss of affinity to the DNA with recognition site -ATAT-.
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