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Abstract: The classical model of DNA minor groove binding compounds is that they should have a crescent
shape that closely fits the helical twist of the groove. Several compounds with relatively linear shape and
large dihedral twist, however, have been found recently to bind strongly to the minor groove. These
observations raise the question of how far the curvature requirement could be relaxed. As an initial step in
experimental analysis of this question, a linear triphenyl diamidine, DB1111, and a series of nitrogen tricyclic
analogues were prepared. The goal with the heterocycles is to design GC binding selectivity into heterocyclic
compounds that can get into cells and exert biological effects. The compounds have a zero radius of
curvature from amidine carbon to amidine carbon but a significant dihedral twist across the tricyclic and
amidine-ring junctions. They would not be expected to bind well to the DNA minor groove by shape-matching
criteria. Detailed DNase I footprinting studies of the sequence specificity of this set of diamidines indicated
that a pyrimidine heterocyclic derivative, DB1242, binds specifically to a GC-rich sequence, -GCTCG-.
It binds to the GC sequence more strongly than to the usual AT recognition sequences for curved minor
groove agents. Other similar derivatives did not exhibit the GC specificity. Biosensor-surface plasmon
resonance and isothermal titration calorimetry experiments indicate that DB1242 binds to the GC sequence
as a highly cooperative stacked dimer. Circular dichroism results indicate that the compound binds in the
minor groove. Molecular modeling studies support a minor groove complex and provide an inter-compound
and compound-DNA hydrogen-bonding rational for the unusual GC binding specificity and the requirement
for a pyrimidine heterocycle. This compound represents a new direction in the development of DNA
sequence-specific agents, and it is the first non-polyamide, synthetic compound to specifically recognize
a DNA sequence with a majority of GC base pairs.

Introduction

The design of molecules that can recognize specific sequences
and structures of nucleic acids is a research goal that is important
both for understanding nucleic acid molecular recognition as
well as for the development of new therapeutics and reagents
for biotechnology. It has been estimated, for example, that only
a small percentage of cellular proteins are both “druggable” and
disease modifying.1,2 This suggests that, to develop novel and
improved therapeutics, it will be useful to identify new, highly
promising cellular receptors and design drugs, which are
selective for those receptors. Defining new nucleic acid targets
is thus a very promising route for expanding useful drug design

approaches. Diamidines have excellent transport properties into
a variety of cells,3-6 and an orally available prodrug of the
diamidine, DB75, furamidine (Figure 1), is currently in phase
III clinical trials against trypanosomes, which cause sleeping
sickness, as well as other microbial parasites.7-11 DB75 binds
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strongly in the minor groove of DNA and recognizes sequences
of at least four AT base pairs.7-9 For design of new agents that
target additional disease organisms/cells as well as evading any
possible resistance that could develop, we have focused on
modifications of the structure, heterocycles, and properties of
the basic units of the DB75 molecule. A key aim of the design
considerations was to discover motifs that could expand the
sequence recognition properties of diamidines by including a
variety of nitrogen heterocycles into molecules of different
shape.

DB921 (Figure 1) is a successful example of the modified-
shape-designstrategy.12,13Thecompound,aswellasCGP40215A14

(Figure 1), is more linear than DB75 and does not have the
shape to match the curvature of the minor groove to allow both
amidines to form hydrogen bonds with base pairs as DB75 does.
Both compounds, however, incorporate a water molecule into
the recognition complex with DNA. The specifically bound
water completes the curvature of the compound in the complex
and forms linking hydrogen bonds between the compounds and
DNA base pair edges at the floor of the minor groove. DB921
is particularly successful in its interactions with the DNA minor
groove in AT sequences and has a binding constant of greater
than 108 M-1 under physiological conditions,12 one of the
highest binding constants observed for a molecule of this size.
Incorporation of water into the complex would generally be
expected to be unfavorable due to entropy cost. As Cooper and
co-workers15,16 have shown, however, a water molecule in
optimal arrangement in a DNA complex can add an enthalpy
component to the binding energy that is greater than the entropy
loss. In terms of optimizing the compound-DNA interaction,
the flexibility of the water unit to change position and orientation
is another very favorable feature.

These results emphasize two very important design consid-
erations: the shapes of compounds do not necessarily have to
closely match the curvature of the DNA minor groove for very
strong sequence-specific binding, and nitrogen heterocycles are
very useful recognition units when properly positioned in minor
groove binding diamidines.17 Previous design criteria focused
strongly on compound curvature and the ability to match the
curvature of the minor groove.18-20 The new design concepts
have relaxed this curvature requirement and have resulted in a
new series of diamidines that radically depart from classical
compounds such as netropsin, Hoechst 33258, and DB75. As
part of this new design effort, DB1111 and the series of nitrogen
tricyclic analogues shown in Figure 1 were prepared.

As can be seen, the compounds in Figure 1 have a zero radius
of curvature for amidine carbon to amidine carbon and would
not be expected to significantly bind to the DNA minor groove
by classical shape-matching criteria. The compounds are also
triphenyl analogues and generally have significant dihedral twist
across the tricyclic six-member ring junctions as well as at the
amidine ring connection.21-23 Unlike the relatively linear DB921
and CGP, however, Tm studies suggest that DB1111 binds to
AT sequences of DNA more weakly than does DB75, and the
nitrogen derivatives of DB1111 bind even more weakly.24 For
the design of GC-specific recognition molecule, however, weak
binding to AT is the desired result. We have now conducted
detailed studies of the sequence specificity of this new set of
designed diamidines with the exciting discovery that DB1242
has remarkable binding specificity for a-GCTCG- sequence.
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Figure 1. Compound structures and DNA oligomer sequences used in this
study.

Design of DNA Minor Groove Binding Diamidines A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 44, 2007 13733



It actually binds to the GC sequence more strongly than the
usual AT recognition sequences for heterocyclic diamidines such
as DB75. This compound thus represents a new direction in
the development of DNA sequence-specific agents, particularly
for cell permeable compounds with therapeutic promise. It is
the first non-polyamide synthetic compound to specifically
recognize GC-rich DNA segment. In addition to DNase I
footprinting, a variety of powerful methods to characterize the
recognition of AT and GC sequences by the linear tricyclic
derivatives of Figure 1 were used, and the results are reported
here.

Experimental Section

Compounds, Buffers, and Solutions.The compounds of Figure 1
were synthesized as previously described.24 Their purity was verified
by NMR and elemental analysis. Concentrated stock solutions, 1-2
mM, were prepared in water. Solutions of the compounds for biosensor-
surface plasmon resonance (SPR), calorimetric, and spectroscopic
studies were prepared by dilution with 0.01 M cacodylic buffer, pH
6.25, with 0.001 M EDTA and 0.1 M NaCl. SPR binding studies were
conducted with 5′-biotinated DNAs, while calorimetric and spectro-
scopic studies were performed with non-biotinated DNAs (Figure 1).
The concentration of the DNA solutions was determined spectropho-
tometrically at 260 nm using extinction coefficients per nucleotide of
9082 and 8996 M-1 cm-1 for -GCTCG- (5′-CAGCTCGAGTTTTCTC-
GAGCTG-3′) and -AATT- (5-CGCAATTGGCTTTTGCCAAT-
TGCG-3′) hairpin DNA, respectively. The extinction coefficients were
calculated on a per strand basis by the nearest-neighbor method and
divided by the number of nucleotides per strand.25

Purification and Radiolabeling of DNA Restriction Fragments
and DNase I Footprinting. The pBS plasmid was isolated and purified
from E. coli using Qiagen columns. The 265 bp DNA fragment was
prepared by 3′-[32P]-end labeling of theEcoRI-PVuII double digest
of the pBS plasmid (Stratagene) usingR-[32P]-dATP and AMV reverse
transcriptase. The products were separated on a 6% polyacrylamide
gel under nondenaturing conditions in TBE buffer (89 mM Tris-borate
pH 8.3, 1 mM EDTA). After autoradiography, the requisite band of
DNA was excised, crushed, and soaked in water overnight at 37°C.
This suspension was filtered through a Millipore 0.22 mm filter, and
the DNA was precipitated with ethanol. Following washing with 70%
ethanol and vacuum drying of the precipitate, the labeled DNA was
resuspended in 10 mM Tris adjusted to pH 7.0 containing 10 mM NaCl.
DNase I footprinting experiments were performed essentially as
previously described.26-28 Briefly, reactions were conducted in a total
volume of 10µL. Samples (3µL) of the labeled DNA fragments were
incubated with 5µL of compound solution for 30 min of incubation.
Digestion was initiated by the addition of 2µL of a DNase I solution
whose concentration was adjusted to yield a final enzyme concentration
of ∼0.01 U/mL in the reaction mixture. After 3 min, the reaction was
stopped by freeze-drying. Samples were lyophilized and resuspended
in 5 µL of an 80% formamide solution containing tracking dyes. The
DNA samples were then heated at 90°C for 4 min and chilled in ice
for 4 min prior to electrophoresis under denaturing conditions on a 0.3
mm thick, 8% polyacrylamide gel containing 8 M urea at 60 W in
TBE buffer (BRL sequencer model S2). Gels were then soaked in 10%
acetic acid, transferred to Whatman 3MM paper, and dried under
vacuum at 80°C, to then be exposed on a phosphorimager screen.

Gels were analyzed using a Molecular Dynamics 425E PhosphorImager
and densitometric measurements using ImageQuant software. The
densitometric plots represent the differential cleavage at each bond
relative to that in the control, expressed as an ln function. The position
of each bases is deduced from the guanine lane (G-track). Logarithmic
positive values indicate enhanced cleavage, whereas negative values
indicate blockage.

SPR-Biosensor Binding Determinations.SPR measurements were
performed with a four-channel BIAcore 2000 optical biosensor system
(BIAcore Inc.). 5′-Biotin-labeled DNA samples were immobilized onto
streptavidin-coated sensor chips (BIAcore SA) as previously described.29

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 at 25°C in filtered, degassed, 10 mM cacodylic acid
buffer (pH 6.25) containing 100 mM NaCl, 1 mM EDTA. Steady-
state binding analysis was performed with multiple injections of
different compound concentrations over the immobilized DNA surface
at a flow rate of 25µL/min and 25°C. 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.30 The number of binding sites and the equilibrium
constant were obtained from fitting plots of RU versusCfree. Binding
results from the SPR experiments were fit with either a single site model
(K2 ) 0) or with a two-site model:

wherer represents the moles of bound compound per mole of DNA
hairpin duplex,K1 andK2 are macroscopic binding constants, andCfree

is the free compound concentration in equilibrium with the complex.
Isothermal Titration Calorimetry. Calorimetric titrations were

performed with a VP-ITC (Microcal, Inc., Northampton, MA). Software
provided with the calorimeters was used for control and data collection.
ITC experiments were conducted by injecting 10µL of the ligand in
cacodylate buffer every 300 s for a total of 29 injections into a DNA
hairpin solution in the same buffer. The compound concentration was
0.2 mM for all experiments, and DNA concentrations were 0.012 mM
for the-GCTCG- and-AATT- hairpins. Similar experiments were
performed to determine the heats of dilution of the ligand with buffer.
The heat produced for each injection of compound into DNA or buffer
was obtained by integration of the area under each peak of the titration
plots with respect to time. The heats of reaction were obtained by
subtraction of the integrated heats of dilution of the compounds from
the heats corresponding to the injection of compound into DNA.
Averaged subtraction was applied to ITC titration data. Data corre-
sponding to the first injection were discarded. The binding enthalpy
(∆H) for each titration was obtained by fitting the results of heat per
mole as a function of total molar ratio (ligand/DNA) as described below.

CD Spectroscopy.A 1 cm path length cell was used, and all
experiments were done at 25°C. Specific aliquots of the 5′-CAGCTC-
GAGTTTTCTCGAGCTG-3′ and 5′-CGCAATTGGCTTTTGCCAAT-
TGCG-3′ hairpin duplexes (3× 10-6 M per hairpin duplex) were
titrated with increasing concentrations of compound. The resulting ratios
were between 0.05 and 3.5 (mol compound to mol DNA duplex). The
experiments were performed in cacodylic acid buffer. The sensitivity

(25) Fasman, G. D.Handbook of Biochemistry and Molecular Biology, Nucleic
Acids, 3rd ed.; CRC Press: Cleveland, OH, 1975; Vol. 1, p 589.
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Totowa, NJ, 2004; Vol. 288, pp 319-342.
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A R T I C L E S Munde et al.

13734 J. AM. CHEM. SOC. 9 VOL. 129, NO. 44, 2007



was set at 1 mdeg, and the scan speed was set at 50 nm/min. Four
scans were accumulated and averaged by the computer for each titration
point.

Molecular Calculations, Modeling, and Docking Studies.Geometry-
optimized structures for DB1242 were calculated at the Hartree-Fock
631G** level with the Spartan ’04 software package.31 Different
stacking arrangements of two optimized DB1242 molecules were then
visually evaluated for intermolecular amidine-pyrimidine nitrogen
hydrogen bonds. An optimum arrangement was found and used in DNA
docking studies.

Docking studies were performed with the SYBYL 7.2 software
package32 on a Fedora Core 5 Linux Workstation. A DNA duplex,
d(CCAAGCTCGAAGC)‚d(GCTTCGAGCTTGG) with the recognition
site -GCTCG- was constructed in the Biopolymer module. After
visual evaluation of DNA-stacked dimer crystal structures, protein data
bank (PDB) crystal structure 1CYZ, a d(GAACTGGTTC)‚
d(GAACCAGTTC) tri-imidazole polyamide complex, was selected for
DNA and DB1242 ligand alignment based on the location of common
bases in the binding site and the size of the tri-imidazole dimer. For
preliminary docking studies, the rigid DNA designed through the
implementation of the Biopolymer module was minimized for 100
iterations using the Tripos force field. This process altered the rigid
DNA by slightly enlarging the minor groove. The designed DNA was
then aligned to the DNA of PDB crystal structure 1CYZ. DB1242 was
constructed, and individual atoms were assigned Gasteiger-Marsili
charges.33 The molecule was then minimized using the Tripos force
field until a terminating conjugate gradient of 0.01 kcal/mol‚Å was
reached.34,35

By using the optimum stacking arrangement found for the stacked
dimer in Spartan, DB1242 molecules were aligned to the tri-imidazole
dimer of 1CYZ. After all alignment was complete, 1CYZ was deleted
leaving the designed DNA in complex with a DB1242 dimer. The
DB1242 dimer was moved into a second memory location, so that the
dimer could move independently of the DNA. For each docking, the
genetic algorithm of the Flexidock module was employed implementing
five different random numbers and large number of generations. The
suggested minimum amount of generations to be used in Flexidock
studies should be the number of rotatable bonds plus 6 times 500; this
started the study out with 98 000 generations and still converging low-
energy compounds.32 To ensure that the best low-energy complexes
were obtained, 570 000 generations, 3000× 190 rotatable bonds, were
used for each docking. This insured that low-energy compounds would
be obtained. Both the DNA and the DB1242 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 DB1242. Each docking
generated 20 low-energy structures; thus, a total of 100 structures, 5
× 20, were obtained and observed.

DB1242 was then used as a template for DB1111 and DB1164.
Minimization and Flexidock were implemented as before, using the
same DNA strand with binding site-GCTCG-. Therefore, 100
structures were acquired for DB1111 and 400 structures were gained
for DB1164, because DB1164 dimer can be bound in four different
orientations. All of the obtained dimer to DNA complexes were
observed. This Flexidock module docking process generated similar
structures for all of the random numbers used; thus, the main differences
observed are found within the interactions, including the hydrogen
bonds, of the dimer to DNA complexes as a result of the ligands
bound.36,37

Results

DNase I Footprinting: Identify the Binding Sites. DNase
I footprinting is the method of choice for combinatorial
evaluation of DNA binding specificity and binding site size in
long DNA sequences that contain a large number of different
sequence and site length possibilities.27 Results for linear
compounds from Figure 1 are shown in Figure 2 with an
experimental gel and densitometer scans. The results are
compared to the well-characterized minor groove binding
diamidine, furamidine, DB75, at 1µM concentration. It is clear
that all compounds give several strong footprints in similar
positions with this DNA sequence, for example, between base
positions 70-80, but other footprints with greatly different
intensity are also observed. A densitometer scan of the segments
provides a comparison of footprinting results for DB75 and
DB1242 (Figure 2B). Moving from the 5′ position (left side of
the top scan) in the 3′ direction, a strong footprint is seen for
DB75 but not for DB1242 at the-AATT- site at position 140.
This is the expected result for groove binding compounds such
as DB75,27,38a strong footprint at AT sequences of four or more
base pairs (white boxes). As expected, the linear compound,
DB1242, does not bind to the minor groove in the usual manner.
At 5 µM (but not at 1µM), DB1242 slightly perturbs the extent
of cleavage by DNase I at the two –AATT– sites located near
positions 125 and 140 (and this is in agreement with SPR
binding data, see below), but these are not true footprints with
negative densitometry values, and the extent of DNase I cleavage
inhibition is considerably higher at the GC-containing site at
position 85. Continuing to scan the sequence in the 3′ direction,
footprints are seen for DB75 at the-AATTT- (position 121-
125) and-ATTA- (position 92-95) sites, while DB1242 does
not footprint particularly well at either sequence. Very surpris-
ingly, DB1242 exhibits a very strong footprint at the-GCTCG-
sequence between positions 80-90, while DB75 shows no
footprint at this site. The same-GCTCG- sequence is also
protected from DNase I digestion using DB1242 but not DB75
at position 155-159, but the resolution at that position was not
good enough to properly quantify it. Both compounds have
footprints at the long-AAATTAA - sequence between posi-
tions 70-80.

Footprinting results for three other linear compounds from
Figure 1, at a 5µM concentration, are compared to the 1µM
results for DB75 in Figure 2C. As can be seen, all of these
compounds behave much more like DB75 and other classical
minor groove binding compounds with footprints at AT sites
at the 5µM concentration. None of these compounds have a
footprint at the-GCTCG- site, however, as observed with
DB1242. Interestingly, these compounds appear to footprint
better, relative to DB75, at sites with a-TA- base pair step
in the sequence. For example, stronger footprints are seen for
the linear compounds at the-ATAA - site near position 130,
at the –ATTA– site between 90 and 100, and at the TAAA site
between 60 and 70 (Figure 2C). DB1228, DB1164, and DB111
are clearly AT-selective but do not recognize GC-containing
sites as does DB1242. It has been proposed that TA steps widen
the groove in AT base pair sequences and generally result in
weaker binding of classical binding agents such as DB75,

(31) Spartan ’04; Wavefunction Inc.: Irvine, CA, 2004.
(32) SYBYL Molecular Modeling Software, 7.2 ed.; Tripos Inc.: St. Louis, MO,

2006.
(33) Gasteiger, J.; Marsili, M.Tetrahedron Lett.1980, 36, 3219-28.
(34) Baruah, H.; Bierbach, U.Nucleic Acids Res.2003, 31, 4138-46.
(35) Fengler, A.; Brandt, W.J Mol. Model.1999, 5, 177-188.
(36) Lee, T.; Cho, M.; Ko, S. Y.; Youn, H. J.; Baek, D. J.; Cho, W. J.; Kang,

C. Y.; Kim, S. J. Med. Chem.2007, 50, 585-9.
(37) Chen, J.; Wang, J.; Xie, X.J. Chem. Inf. Model.2007, 47, 1627–37.

(38) Wilson, W. D.; Tanious, F. A.; Ding, D.; Kumar, A.; Boykin, D. W.; Colson,
P.; Houssier, C.; Bailly, C.J. Am. Chem. Soc.1998, 120, 10310-10321.
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netropsin, and Hoechst33258.39-41 The linear compounds give
a modest but unexpected footprint at the-AAAC- sequence
near position 110. This site does not have the generally required
four AT base pairs for minor groove interactions, but it should
also have a wider groove and, with three AT base pairs, can
apparently bind the linear diamidines reasonably well. In
conclusion, DB1242 gives a unique site of protection from
DNase I digestion of DNA at a-GCTCG- sequence that is

not seen with other minor groove binding agents, even those
with very similar structure.

Biosensor-SPR: Affinity, Stoichiometry, and Cooperat-
ivity. The biosensor-SPR method can provide essential informa-
tion on the kinetics, affinity, stoichiometry, and cooperativity
of DNA interactions,29 even in the complex binding reactions
observed for the linear compounds with-GCTCG-. The
method enables high-resolution analysis of interesting binding
sites discovered by the DNase I footprinting method. The
sequences of the DNAs used in the SPR experiments are based
on the results from footprinting (Figure 2) and are shown in
Figure 1. As can be seen from the sensorgrams for the interaction
of DB1242 with the-GCTCG- hairpin duplex (Figure 3A),
the kinetics for association and dissociation of the compound
with the DNA site are too fast for analysis at the concentrations
where DB1242 binds to DNA at 25°C and 0.1 M NaCl. From
the steady-state plateau over the same concentration range, much
less binding is observed with the-AATT- hairpin sequence
(Figure 3B), in agreement with the lack of an observed DNase
I footprint by DB1242 at-AATT-.

(39) Abu-Daya, A.; Brown, P. M.; Fox, K. R.Nucleic Acids Res.1995, 23,
3385-3392.

(40) Bostock-Smith, C. E.; Harris, S. A.; Laughton, C. A.; Searle, M. A.Nucleic
Acids Res.2001, 29, 693-702.

(41) Tanious, F. A.; Hamelberg, D.; Bailly, C.; Czarny, A.; Boykin, D. W.;
Wilson, W. D.J. Am. Chem. Soc.2004, 126, 143-53.

Figure 2. DNase I footprinting titration experiments. The pBS plasmid
was isolated and purified fromE. coli using Qiagen columns. The 265 bp
DNA fragment was prepared by 3′-[32P]-end labeling of theEcoRI-PVuII
double digest of the pBS plasmid (Stratagene) usingR-[32P]-dATP and AMV
reverse transcriptase. (A) The products of the DNase I digestion were
resolved on an 8% polyacrylamide gel containing 8 M urea. Drug
concentrations are at the top of the lanes. Tracks labeled G represent
dimethylsulfate piperidine markers specific for guanines. Differential
cleavage plots compare the susceptibility of the DNA to cutting by DNase
I in the presence of (B) DB75 and DB1242, and (C) DB75, DB1111,
DB1164, and DB1228. Deviation of points toward the lettered sequence
(negative values) corresponds to a ligand-protected site, and deviation away
(positive values) represents enhanced cleavage. The vertical scale is in units
of ln(fa) - ln(fc), where fa is the fractional cleavage at any bond in the
presence of the drug and fc is the fractional cleavage of the same bond in
the control.

Figure 3. SPR sensorgrams for DB1242 with (A)-GCTCG- and (B)
-AATT- hairpin DNA (Figure 1). The compound concentrations were
0.1, 0.3, 0.5, 1.0, 1.4, 1.8, 2.2, 2.4, 2.8, 3.5, to 4.0µM from bottom to top
in (A) and (B). The experiments were carried out in cacodylic acid buffer
at 25°C.
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To evaluate the affinity, stoichiometry, and cooperativity for
the interaction of DB1242 with the-GCTCG- site, the RU
values at each concentration were determined in the steady-
state region, where the on and off rates are equal, and are plotted
versus theCf values for DB1242, the concentration of the
compound in each flow solution (Figure 4A). The results of
three separate experiments are included in Figure 4A to illustrate
the reproducibility of the method. The fitting results in the figure
provide several key pieces of information about the interaction
of DB1242 with DNA. First, the predicted RU value per bound
compound, based on the amount of DNA on the chip, is 33
RU, and the observed value in the two-site model used to fit
the results in Figure 3B is 34 (68 RU total predicted at
saturation), in excellent agreement with a two-site interaction
model. Second, the equilibrium constant for binding of the first
molecule of DB1242 to the DNA is over a factor of 500 less
than that for binding of the second molecule:K1 ) 2.0 × 104

M-1 andK2 ) 9.1 × 106 M-1 (Table 1). This is indicative of

an interaction with very strong positive cooperativity, as can
be seen by the characteristic curvature for positive cooperativity
in the plot (Figure 4A).28,41,42The strong, cooperative binding
of DB1242 creates a dimer structure that can block DNase I
digestion and can account for the unexpected interaction and
strong footprint of DB1242 in the-GCTCG- sequence. It
should be noted that results for all of the compounds in Figure
1 could only be obtained in SPR experiments up to ap-
proximately 4µM due to erratic results for subtraction of the
blank flow cell signal above the 4µM concentration range. Such
results are observed for many organic cations at high concentra-
tion and are probably due to nonuniform, kinetically controlled
association of such compounds with flow cell surfaces at high
concentration.29 More limited studies were done with DB1242
binding to-GCTCG- at lower salt concentration, 50 instead
of 100 mM, and theK values increased as expected for a
cation-DNA interaction: K1 ) 6.4× 104 M-1 andK2 ) 10.6
× 106 M-1 (Table 1).

The interaction of DB1242 with the-AATT- sequence
(Figure 1) is quite different from that observed with-GCTCG-.
The affinity for DB1242 binding to-AATT- is much weaker
than that for binding to-GCTCG-, and the kinetics of
association and dissociation are also too fast for analysis. The
best fit to the results is with a one-site model and gives an
equilibrium constant ofK ) 3.1× 105 M-1 (Figure 4B; Table
1). The lower value ofK is typical of weak and nonspecific
interactions. This weak binding to the-AATT- site is in
agreement with the lack of a footprint by DB1242 at this
sequence (Figure 2), but is unlike results from any previously
observed diamidine footprinting experiment. In contrast to
DB1242, DB1111 does give a footprint at the-AATT-
sequence (Figure 2), and it displays stronger binding to the AT
sequence in SPR results (Figure 4B). The association and
dissociation kinetics for DB1111 at the-AATT- site are slow
enough for fitting at low concentration. The best fit results for
the steady-state RU values versusCf are for a single site with
an equilibrium constant ofK ) 2.1 × 106 M-1 (Table 1).
DB1164 with a single ring nitrogen has binding results very
similar to those of DB1111. With the-GCTCG- sequence,
both DB1111 and 1164 bind much more weakly than DB1242
(Figure 4). Thus, both DB1111 and DB1164 bind better to the
-AATT- sequence than does DB1242. Both, however, have
significantly weaker binding to the-GCTCG- sequence than
DB1242, and their RU values increase almost linearly with time.
The best fit values are forK less than 2.0× 105 M-1 (Table 1),
and such results are in agreement with weak, nonspecific binding
of DB1111 and DB1164 to the-GCTCG- sequence.

Netropsin is a well-known AT-specific minor groove binding
compound that gives very strong footprints at AT sequences of
four or more AT base pairs, and it was used as a control in the
SPR studies. It binds very strongly to the-AATT- sequence
in a 1:1 complex withK ) 3.6× 107 M-1. At the same netropsin
concentrations, no significant binding to the-GCTCG-
sequence is observed as expected for an AT-specific binding
agent (data not shown). In summary, the biosensor-SPR
results for three separate experiments on all linear com-
pounds of Figure 1 are in agreement with the footprinting
experiment: strong, cooperative binding in a dimer complex

(42) Wang, L.; Carrasco, C.; Kumar, A.; Stephens, C. E.; Bailly, C.; Boykin,
D. W.; Wilson, W. D.Biochemistry2001, 40, 2511-21.

Figure 4. RU values from the steady-state region of SPR sensorgrams are
plotted against the unbound compound concentration,Cf (flow solution):
(A) DB1242 and DB1164 binding to-GCTCG- DNA hairpin and (B)
DB1242 and DB1111 with the AATT DNA hairpin. The data in (A) were
fitted to a two-site model, and those in (B) were fitted to a one-site model
using eq 1.
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for DB1242 at-GCTCG- but weak nonspecific binding with
-AATT-. Opposite results are obtained in both SPR and
footprinting experiments for DB1111 and DB1164 as well as
for netropsin.

Isothermal Titration Calorimetry: Detailed Thermody-
namics of Binding. ITC experiments with the-GCTCG- and
-AATT- DNA hairpin DNAs were conducted to obtain a full
thermodynamic comparison of the very different interactions
of DB1111, DB1164, and DB1242 with the-GCTCG- and
-AATT- sequences. Figure 5A shows the calorimetric results
for titrating DB1242 into the-GCTCG- hairpin. A plot of
heat versus molar ratio, after subtracting the heat of dilution
for addition of the compound into buffer, is also shown in Figure
5A. As expected from the complex binding curve obtained in
SPR experiments, the ITC titration of-GCTCG- is also
complex. The heat/injection (Figure 5A) first decreases and then
levels out between ratios of 0.5-1.0. Above 1.0, the heat/
injection approaches zero as saturation of binding sites
occurs. To fit these results, we have used a sequential binding
model with theK1 andK2 values fixed at the SPR values. Fixing
theK values greatly increases the reliability of fitting complex
ITC curves because only the binding enthalpy values must be
determined by the fitting routine. The line in Figure 5A
shows the best fit obtained by varying∆H1 and∆H2, and the
results for all ITC experiments are in Table 1. The fit is quite
acceptable given the constraints on and complexity of the model.
Both ∆H values are exothermic and favorable for binding, but
∆H2 ) -15.7 kcal/mol is more favorable than∆H1 ) -3.3
kcal/mol in agreement with the higher binding constant for
the second binding molecule. The∆H values along with∆G°
values determined from SPR binding constants allow calculation
of the binding entropies from∆G ) ∆H - T‚∆S at 298 K
(Table 1).

Unlike DB1242, both DB1111 and DB1164 (Figure 5C and
E) show weak, nonspecific binding to the-GCTCG- DNA
hairpin in ITC titration but strong binding affinity for the AT
site sequence with 1:1 stoichiometry. ITC results for the two
compounds with-AATT- (Figure 5D and F) indicate a strong
binding primary site with a∆H ) -6.0 kcal/mol (Table 1) and
weaker secondary binding, as in SPR, that cannot be accurately
fit to obtain thermodynamic constants. The binding of DB1111
and DB1164 to-GCTCG- is essentially nonspecific, with low
∆H values. DB1164 binds to the-AATT- sequence slightly
more strongly than DB1111 with a more favorable∆H (Table
1). In summary, ITC results clearly show that DB1242 binds
specifically as a 2:1 complex to-GCTCG- but shows very
weak binding to AT sequences in agreement with footprinting

and SPR results. DB1111 and DB1164, again as with SPR and
footprinting results, bind much more weakly to-GCTCG- than
to -AATT-. Clearly, the central pyrimidine of DB1242
provides unusual and very favorable interaction ability for the
-GCTCG- sequence.

CD Spectroscopy: Evaluation of the Binding Mode.CD
spectroscopy was used to obtain information on the binding
mode of the linear compounds. Positive induced signals in CD
spectroscopy are generally obtained for compounds that bind
in the DNA minor groove, and this pattern provides a method
for evaluating solution binding modes.43 DB1242 has an
absorbance peak near 300 nm that overlaps with the long
wavelength region of the DNA CD spectrum. For this reason,
the free DNA spectrum was subtracted from that for the
compound-DNA complex, but a spectrum for free DNA is
included with the difference CD spectra for reference in Figure
6. As expected for a minor groove complex, there is a strong
positive induced CD spectrum seen near 300 nm on binding of
DB1242 to-GCTCG-. In agreement with a 2:1 binding mode,
the CD signal increases up to a ratio of 2. Above a ratio of 2,
the change in CD signals on addition of DB1242 decreases to
zero. The results with the-AATT- sequence are quite different
with only small induced CD signals on addition of DB1242 to
the DNA.

With DB1111 and DB1164, the induced CD signals for
complex formation with-GCTCG- are much smaller than
observed for DB1242 (Figure 6). Interestingly, all of the linear
compounds give induced CD signals with the-AATT-
sequence that are smaller than for classically curved minor
groove binding compounds such as DB75.20 This has been
observed previously with other linear minor groove binding
agents12,14and appears to be a characteristic of such compounds
with AT sequences. The strong positive induced CD signals
with DB1242 and-GCTCG- show that the weak CD signals
are not characteristic of all sequences and are in agreement with
the impressive binding of DB1242 with the-GCTCG-
sequence as observed by other methods.

Molecular Docking Studies.To help understand the experi-
mentally observed differences in interaction of the compounds
of Figure 1 with the -GCTCG- sequence, a modeling
investigation of potential stacked dimer structures that could
interact favorably with the DNA minor groove was carried out.
The molecular geometries of DB1242, DB1164, and DB1111
are significantly different. It is well known that the two phenyls
of biphenyl are twisted with respect to each other by slightly

(43) Rodger, A.; Norde´n, B.Circular Dichroism and Linear Dichroism; Oxford
University Press: New York, 1997.

Table 1. Binding Constants and Experimental Thermodynamic Values at 25 °C for Interaction of DB1111, DB1242, and DB1164 with
-GCTCG- and - AATT- DNA Hairpina

compd DNA
K1

(M-1)
K2

(M-1)
∆H1

(kcal/mol)
∆H2

(kcal/mol)
T∆S1

(kcal/mol)
T∆S2

(kcal/mol)
∆G1

(kcal/mol)
∆G2

(kcal/mol)

DB1111 GCTCGb 1.5× 105 -3.1 -4.0 -7.1
AATTb 2.1× 106 1.2× 105 -5.7 -3.0 -8.7 -6.9

DB1242 GCTCGc 2.0× 104 9.1× 106 -3.3 -15.8 -2.6 -6.3 -5.9 -9.5
AATTb 3.1× 105 9.0× 104 -4.7 -2.9 -7.6 -6.7

DB1164 GCTCGb 1.4× 105 -3.0 -4.0 -7.0
AATTb 5.8× 106 2.1× 105 -6.2 -3.0 -9.2 -7.2

a Experiments were carried out in cacodylic acid buffer at 25°C. Values of∆H are obtained from calorimetry;Κ are from SPR;T∆Sare calculated from
the relationship∆G ) ∆H- T∆S. The error for∆H is approximately 5%.b Errors forK, ∆G, andT∆S are 10-15% in the experiments with oneK value
or an initial highK value.c Errors forK, ∆G, andT∆S are 20-25% in experiments with positive cooperativity due to the larger uncertainty in fitting the
initial binding region.
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over 40° in the gas phase and slightly under 40° in condensed
phases22,44 due to steric repulsion of the two pairs of ortho
phenyl hydrogens at the bond connecting the two phenyls. We
have shown in a previous crystal structure that a phenyl-
pyridine-type junction, such as that in DB1164, has a twist angle
between 10° and 20° in the solid state.45 The lower torsional

angle is presumably due to single proton pair repulsion as versus
two similar repulsions in biphenyl-type systems. Based on
extension of these results, the angle for the phenyl-pyrimidine
system of DB1242, with no proton pair repulsion, would be
expected to be near 0°, and Hartree-Fock calculations support
this hypothesis. The calculations predict torsional angles of 44-
45° for the biphenyls of DB1111, near 30° for the phenyl-
pyridine in DB1164, and 0° for the phenyl-pyrimidine in
DB1242. In all calculations, the phenyl-amidine twist is near
40° (Figure 7A). Even with a reasonable error in the predicted
angles, these results indicate that the phenyl-pyrimidine region
of DB1242 provides a region of planar surface, with relatively
little energy cost, that can slide into the minor groove with little
to no steric repulsion. Such a surface is not present in the other
linear compounds of Figure 1, and the energy cost to obtain a
planar stacking surface would be substantially increased for the
more highly twisted compounds.

The next step in the model analysis was to construct stacked
dimer structures. Three qualitative criteria were used to form
the stacked dimers: (i) the stacked structure should have an
approximately concave-type shape to match the minor groove;
(ii) the amidine groups should be separated as far as possible
to minimize electrostatic repulsion among the four charges; and
(iii) hydrogen bonds should be formed with amidines and
heterocyclic nitrogens where possible. Features that can explain
the unique experimental binding differences with-GCTCG-
were readily incorporated into a stacked dimer model for
DB1242 (Figure 7B). The two amidines on the inner face and
ends of the stacked DB1242 dimer are in an optimum position
to interact with bases at the floor of the minor groove. The
amidines on the outside, convex, face of the dimer are in a
position and have an appropriate dihedral angle to form
hydrogen bonds with the pyrimidine nitrogens on the outside
face of the other stacked molecule of DB1242, to give two
intermolecular amidine-pyrimidine hydrogen bonds within the
dimer (Figure 7B). As can be seen from Figure 7A, the
pyrimidine nitrogens have a negative electrostatic potential that
interacts favorably with the positive potential of the amidines.
The pyrimidine nitrogens of the dimer that are on the concave
face are in position to accept hydrogen bonds from the G-NH2

groups in the minor groove.
To determine whether the DB1242 dimer model could interact

favorably with the minor groove in the-GCTCG- sequence,
docking studies were carried out. The docking studies were
guided by the experimental results, and the goal was to
determine whether reasonable DB1242 dimer-DNA structures
could be constructed. The docking procedure (Sybyl-Flexidock)
and starting DNA structure are described in the Experimental
Section. Possible binding conformations of sterically acceptable
complexes for observation of intermolecular molecule to
molecule and molecule to DNA interactions were obtained from
the docking experiments. The docked structures converged on
a set of similar low-energy conformations for the DB1242-
DNA complex, and an example is shown in Figure 7C. As in
the original proposed dimer structure (Figure 7B), two hydrogen
bonds, amidine-NH to pyrimidine nitrogen, can be seen within
the conformation of the DB1242 dimer. Recognition of the
minor groove of the-GCTCG- sequence by the dimer is

(44) Sancho-Garcia, J. C.; Cornil, J.J. Chem. Phys.2004, 121, 3096-101.

(45) Wilson, W. D.; Strekowski, L.; Tanious, F. A.; Watson, R. A.; Mokrosz,
J. L.; Strekowska, A.; Webster, G. D.; Neidle, S.J. Am. Chem. Soc.1988,
110, 8292-8299.

Figure 5. ITC curves (12µM hairpin duplex) for the binding of DB1242
to the (A) -GCTCG- and (B) -AATT- hairpin; DB1111 to the (C)
-GCTCG- and (D)-AATT- hairpin; and DB1164 to the (E)-GCTCG-
and (F) -AATT- hairpin. In each panel, the top plot is the baseline
corrected experimental data. For the lower plots, results were converted to
molar heats and plotted against the compound to DNA molar ratio. The
same buffer conditions were used as in Figure 3.
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through four hydrogen bonds, two in the upper molecule
(amidine-DNA) and two in the lower molecule (one amidine-
DNA and a pyrimidine nitrogen-DNA, Figure 7C). The dimer
appears to have some conformational freedom that gives the
stacked DB1242 dimer complex stability by allowing strong
hydrogen bonding to orient the docked structure. These hydro-

gen bonds help explain the experimental binding constant and
large negative binding enthalpy for DB1242 with the-GCTCG-
sequence.

To further analyze the correlation between docked structures
and binding constants, DB1111 and DB1164 were docked into
the same DNA minor groove-GCTCG- sequence (Figure 7D).

Figure 6. Difference CD spectra for DB1242, DB1111, and DB1164. In each panel, a CD spectrum for DNA is shown along difference CD spectra for the
titration of compound into the DNA solution. (A) DB1242 with-AATT-: ratios of the compound to DNA hairpin from bottom to top at 300 nm are 0.5,
2.0, 2.5, and 3.0. (B) DB1242 with-GCTCG-: ratios of compound to DNA from bottom to top are 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, and 2.8. (C) DB1111 with
-AATT-: ratios of compound to DNA from bottom to top are 0.5, 1.0, and 1.5. (D) DB1111 with-GCTCG-: ratios of compound to DNA from bottom
to top are 0.5, 1.0, 2.0, and 3.0. (E) DB1164 with-GCTCG-: ratios of compound to DNA from bottom to top are 1.0, 1.5, 2.0, 2.5, and 3.0. The same
buffer conditions were used as in Figure 3. Because of the relatively high concentrations, binding site saturation, and limited number of spectra in the CD
experiments, positive cooperativity in the interaction of DB1242 with the GCTCG sequence cannot be detected under these conditions.
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When docked, DB1111 (Figure 7D) is observed to have
predominantly amidine to base edge interactions in the minor
groove of DNA. The two DB1111 compounds in a stacked
dimer cannot form intermolecular hydrogen bonds. The lack of
molecule to molecule interaction provides an understanding of
the low experimental binding constant for DB1111. DB1164
can bind in four different orientations depending on the locations
of the pyridine nitrogen. When a pyridine nitrogen of DB1164
points out, it can hydrogen bond to an amidine on the other
molecule of the DB1164 dimer. When the nitrogen points in, it
can accept a hydrogen bond for a G-NH2 group. In all DB1164
dimer dockings, two hydrogen bonds were formed, amidine
-NH to pyridine nitrogen. Each docked conformation appears
possible; thus, this DB1164 dimer is most likely not bound into
one specific orientation. There are fewer hydrogen bonds than
with the DB1242 complex, and they appear to be weaker
interactions than those formed in the DB1242 complex.

Discussion

The dicationic polyamide, netropsin, diamidines, pentamidine,
and berenil were identified as DNA minor groove binding agents
in some of the earliest studies of unfused aromatic cation-DNA
complexes, and they have served as model compounds in many
studies on nucleic acid interactions.10,19,46-49 The fit of the
compounds into the minor groove was visualized in molecular
detail in the X-ray structure by Dickerson and co-workers of
netropsin bound to the same-AATT- sequence of the self-
complementary duplex, d(CGCGAATTCGCG)2.49 Neidle and
co-workers have provided highly informative X-ray structures
for pentamidine, berenil, DB75, and a number of other dia-

(46) Waring, M. J.; Bailly, C.J. Mol. Recognit.1997, 10, 121-7.
(47) Bailly, C.; Perrine, D.; Lancelot, J. C.; Saturnino, C.; Robba, M.; Waring,

M. J. Biochem. J.1997, 323, 23-31.
(48) Lown, J. W.; Krowicki, K.; Balzarini, J.; De Clercq, E.J. Med. Chem.

1986, 29, 1210-4.
(49) Kopka, M. L.; Yoon, C.; Goodsell, D.; Pjura, P.; Dickerson, R. E.Proc.

Natl. Acad. Sci. U.S.A.1985, 82, 1376-1380.

Figure 7. (A) Geometry-optimized models for DB1242.31 A color-coded electron density map is on the left, and a space-filling model with atom colors is
displayed on the right (carbon, black; nitrogen, blue; and hydrogen, white). (B) Stacked dimer models for DB1242: (i) stick model and (iii) space filling
model. (C) Flexidock generated DB1242 dimer (green) in complex with DNA minor groove binding site-GCTCG-. A representative low-energy structure
is shown for this DNA dimer complex. The 3′G is presented in magenta and the 5′G is shown in yellow; key hydrogen bonds are displayed in white. Note
that two hydrogen bonds are formed between the molecules of the dimer. (D) Flexidock generated DB1111 dimer (green) in complex with DNA minor
groove binding site-GCTCG-. Example structures are shown for this DNA complex with hydrogen bonds in white. Note that there are no hydrogen bonds
between the dimer molecules.
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midines bound at the-AATT- site. All of these compounds
have a concave shape that allows them to match the curvature
of the helical minor groove and slide deeply into the groove.
Hydrogen-bond donating groups on the concave face of these
compounds contact hydrogen-bond acceptors on the A and T
base edges that are exposed at the floor of the groove in the
-AATT- site.9 The minor groove width in AT sequences can
narrow to the width of the unfused aromatic groups in the
compounds without a large energy penalty,41,50 and the com-
pounds make extensive energetically favorable contacts with
the walls of the minor groove. The positive charges on the
amidines or other groups provide electrostatic contributions to
the complex energetics through phosphate interactions. The
discovery of many similar AT-specific minor groove binding
agents led to a model of the key requirements for minor groove
compound design: a concave shape to match the groove
structure; hydrogen-bond donating groups that are placed at
inner-face compound positions to index appropriately with
acceptors on base edges at the floor of the groove; and positive
charges for solubility and DNA phosphate interactions.51

Displacement of bound water from the minor groove in AT
sequences provides a general favorable contribution to the
binding entropy.49,52-54

The netropsin structure led the Lown48,55 and Dickerson49

groups to propose an extension of the model in which GC base
pair specificity could be designed into minor groove binding
polyamides by replacing some of the hydrogen-bond donating
groups on the concave face of the compounds with hydrogen-
bond acceptors. Such acceptors would be sterically able to
accommodate the extra size of the G-NH2 group, which
hydrogen bonds with C in the minor groove, and could form
an extra hydrogen bond with the-NH2 group. Because DNA
sequences with GC or mixed GC and AT base pairs do not
adopt a narrow minor groove as easily as for pure AT sequences,
the initial compounds did not have a good fit to minor groove
and they had limited success. The discovery of a stacked dimer
structure for a complex of distamycin in the minor groove by
Pelton and Wemmer,56,57however, suggested a way around this
difficulty by use of dimers to fit into a widened minor groove.
This led to successful construction of polyamides, based on
distamycin and netropsin, by Lown, Dervan, Lee, and oth-
ers,11,48,55,58which could bind to the minor groove in GC and
mixed sequences as a stacked dimer. In principle, the dimer
concept could be applied to other minor groove binding agents,
such as pentamidine, berenil, and Hoechst 33258; however, a
general construction model for dimer complexes of such
compounds or analogues has not been developed.

Although the dimer design concept with polyamides has
worked well, the goal of designing clinically useful agents based
on polyamides has not been realized. Minor groove targeting
diamidines, however, have provided clinically useful agents
against several microorganism-caused diseases, and an orally
effective prodrug of DB75 (Figure 1) is in phase III clinical
trials against trypanosome-caused sleeping sickness.7,8 It seems
certain that with their low toxicity and excellent cell uptake,
these compounds could yield agents with broader therapeutic
applications if methods of targeting additional DNA sequences
could be developed. To help discover additional DNA molecular
recognition mechanisms through both monomer and dimer
complexes of diamidines, we have taken a 2-fold experimental
discovery approach: (i) vary the concave shape of the dia-
midines and (ii) include a variety of hydrogen-bond acceptors
and heterocyclic units in the basic compound structure. The
initial evaluation of the new agents is by DNase I footprinting,
which allows combinatorial-type analysis of recognition at
sequences of different lengths.27 It provides a method to discover
compounds with new and unusual binding specificity that do
not obey the classical model.

The linear compounds of Figure 1 were designed to com-
pletely remove the concave shape required in the classical model
for minor groove binding. DB1111 has a triphenyl aromatic
system, while the other linear compounds have one (DB1164)
or two nitrogen hydrogen-bond acceptors in a central hetero-
cycle. The predictions for these compounds were that they would
bind significantly more weakly to AT sequences than the
classical minor groove agents, but they would have the capability
to recognize additional sequences through the nitrogen hetero-
cycles. DNase I footprinting analysis confirmed the reduced
binding of the linear compounds to AT base pairs but did indeed
produce a very exciting result for DB1242 (Figure 2). The strong
footprint at-GCTCG- for DB1242 is a unique GC-rich DNA
recognition sequence with only one AT base pair, in contrast
to the usual required four ATs with no GC base pair for the
diamidines. The recognition is surprisingly specific for the
DB1242 heterocycle, and none of the other linear compounds
show a detectible footprint at-GCTCG- under the experi-
mental conditions. The differential cleavage plots in Figure 2
illustrate clearly that (i) all of the linear compounds and DB75
footprint at AT sites of four or more base pairs; (ii) the footprints
for DB1242 are quite weak at most AT sequences and are
significantly weaker than for the footprint at-GCTCG-; (iii)
all of the compounds footprint more weakly than DB75 in AT
sequences as would be expected from their linear shape; and
(iv) on a relative scale the linear compounds footprint slightly
better than expected at sites with a TA step, which might indicate
that they prefer a wider groove than classical minor groove
binding agents. The requirement of the wider groove for these
compounds agrees with their highly twisted conformation (below
and Figure 7).

Several important conclusions can be derived from the
quantitative analysis of DB1242 binding to the-GCTCG-
sequence by biosensor-SPR methods. It is clear that two
molecules bind to each-GCTCG- site and that the binding is
highly cooperative withK2 over 500 times larger thanK1.
Binding of DB1242 to the-AATT- site is quite weak, as
predicted from the footprinting results, and is in the same affinity
range as nonspecific binding (Table 1). This is in strong contrast
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to other DNA minor groove binding diamidines. DB1111 and
DB1164 were also evaluated by SPR methods, and the results
are reversed from DB1242. Both compounds bind at the
nonspecific affinity level to the-GCTCG- sequence but bind
more strongly to-AATT-. It is clear that the pyrimidine
heterocycle of DB1242, when stacked in a 2:1 complex, provides
a unique interaction at-GCTCG-. ITC results confirm the
2:1 binding of DB1242 to the GC sequence and show that
formation of the 2:1 complex is enthalpy driven, suggesting that
intermolecular interactions such as hydrogen bonding are
dominant in complex formation. Binding of DB75 and related
concave diamidines to AT sites in a 1:1 complex, in contrast,
is entropy driven.52 Thus, both the interaction sequence and the
thermodynamic driving force are completely different for
DB1242 relative to classical minor groove agents. Interestingly,
the DB75 benzimidazole derivative, DB293 (Figure 1), also
forms a 2:1 complex in the sequence-ATGA- that has one
GC base pair.28,42DB293 does bind well to AT sites, however,
with close to the same binding constant as for-ATGA-, and
it has the classical minor groove concave shape. Thermodynamic
analysis of the DB293 interaction with the-ATGA- site
indicates that formation of the 2:1 complex is enthalpy driven.
In contrast, binding of DB293 to the-AATT- site is entropy
driven as with other AT-specific minor groove binding agents.

The strong positive induced CD signal for the DB1242
complex at-GCTCG- indicates a stacked minor groove dimer
complex as expected for an unfused aromatic diamidine. These
clear experimental observations lead to important questions
about the recognition of the GC-rich site by DB1242, in contrast
to the many diamidines and other minor groove agents
investigated to date. We have conducted a preliminary analysis
of molecular models of DB1242 relative to the other linear
compounds of Figure 1 to obtain a better idea of why the
pyrimidine ring of DB1242 may provide a unique recognition
module for -GCTCG-. Some very interesting molecular
structural differences among the compounds and a plausible
molecular explanation for all of our observations were suggested
by the models.

Molecular features that can explain the unique interaction of
DB1242 with -GCTCG- were readily incorporated into a
stacked dimer model (Figure 7). The two amidines on the inner
face and ends of the stacked dimer are in an optimum position
to interact with bases at the floor of the minor groove. The
amidines on the outside, convex, face of the dimer are in a
position and have an appropriate twist to form hydrogen bonds
with the pyrimidine nitrogens on the outside face of the other
stacked molecule of DB1242, to give two intermolecular
amidine-pyrimidine hydrogen bonds within the dimer. The
pyrimidine nitrogens have a negative electrostatic potential that
interacts favorably with the positive potential of the amidines
(Figure 7B). The pyrimidine nitrogens on the concave face of
the dimer are in position to accept hydrogen bonds from the
G-NH2 groups in the minor groove. In the 5′GCTCG-3′‚3′-
CGAGC-5′ double helix, there are four G-NH2 that could
potentially donate hydrogen bonds to the pyrimidine N. This
interaction with the G-NH2 groups dictated stacking orientation

(i) in the dimer (Figure 7B). The opposite stacking orientation
places the pyrimidine nitrogens too close together to provide
interactions with the G bases of the-GCTCG- sequence. The
center of the stacked dimer fits snugly against the groove floor
and provides shape-specific recognition of the AT base pair in
the center of the-GCTCG- sequence.

In Figure 7C, the 5′-G5C6T7C8G9-3′ sequence is on the right,
and G5, in the upper right, is colored yellow. The upper amidine
of the top molecule of the DB1242 dimer forms a hydrogen
bond to the keto of the C of the G5-C base pair. The amino N
of the G that is hydrogen bonded to C6 is 3.4 Å from the
pyrimidine N of the upper DB1242. This is long for a hydrogen
bond, but the interaction certainly stabilizes the complex. There
is a hydrogen bond between the top amidine of the lower
molecule of the dimer and the upper pyrimidine (outer N), and
the same amidine forms a hydrogen bond to the keto of C8.
The G9 amino group forms a hydrogen bond to the inner
pyrimidine N of the lower molecule of the dimer (G9 is colored
magenta in Figure 7C). A hydrogen bond between the lower
amidine of the top molecule of the dimer and the outer
pyrimidine N of the other DB1242 can also be seen. The bottom
amidine of the lower molecule of the dimer is away from the
bases at the floor of the groove but is close to the phosphate of
A10 (3.4 Å from amidine N to the phosphate O at the bottom
left of Figure 7C). Thus, the requirements for all of the base
pairs of the-GCTCG- sequence are explained by the dimer
model, and the docked structure explains the specific and
unusual recognition of this sequence by DB1242.

The modeling results provided a better understanding of the
experimental results. As can be seen from Table 1, the first
molecule on DB1242 to bind at-GCTCG- has a small Gibbs
energy of binding with small favorable∆H and∆Svalues. The
second molecule to bind, however, locks both molecules into
the site and forms the extended contacts and numerous hydrogen
bonds in an optimized structure. The final complex has a very
favorable binding enthalpy but an unfavorable∆S for binding.
Although the proposed model is preliminary and hypothetical
at this point, it does explain all experimental observations for
binding of DB1242 to-GCTCG-. In addition, the model
provides a very clear explanation for why the pyrimidine ring
of DB1242 leads to a strong interaction at the GC sequence,
but why neither DB1111, without a ring nitrogen, nor DB1164,
with a single ring nitrogen, can bind as strongly to-GCTCG-.
The DB1242 stacked dimer complex provides ideas for design
of new compounds for specific recognition of a broad range of
DNA sequences that were not previously thought possible with
heterocyclic diamidines.
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