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Abstract: To better understand the molecular basis for recognition of the DNA minor groove by heterocyclic
cations, a series of “reversed amidine” substituted heterocycles has been prepared. Amidine derivatives
for targeting the minor groove have the amidine carbon linked to a central heterocyclic system, whereas
in the reverse orientation, an amidine nitrogen provides the link. The reverse system has a larger dihedral
angle as well as a modified spatial relationship with the groove relative to amidines. Because of the large
dihedral, the reversed amidines should have reduced binding to DNA relative to similar amidines. Such a
reduction is observed in footprinting, circular dichroism (CD), biosensor-surface plasmon resonance (SPR),
and isothermal titration calorimetric (ITC) experiments with DB613, which has a central phenyl-furan-phenyl
heterocyclic system. The reduction is not seen when a pyrrole (DB884) is substituted for the furan. Analysis
of a number of derivatives defines the pyrrole and a terminal phenyl substituent on the reversed amidine
groups as critical components in the strong binding of DB884. ITC and SPR comparisons showed that the
better binding of DB884 was due to a more favorable binding enthalpy and that it had exceptionally slow
dissociation from DNA. Crystallographic analysis of DB884 bound to an AATT site shows that the compound
was bound in the minor groove in a 1:1 complex as suggested by CD solution studies. Surprisingly, unlike
the amidine derivative, the pyrrole -NH of DB884 formed an H-bond with a central T of the AATT site and
this accounts for the enthalpy-driven strong binding. The structural results and molecular modeling studies
provide an explanation for the differences in binding affinities for related amidine and reversed amidine
analogues.

Introduction

Study of heterocyclic diamidines, such as those in Figure 1,
has significantly increased our understanding of the molecular
basis for sequence-specific recognition of the DNA minor
groove, and some of the compounds are clinically useful
agents.1,2 The DNA recognition modes are important for
biological activities and involve a variety of contacts and
interactions that lead to some rather large differences in the
structures and thermodynamics of recognition by the dications.
DB75 (Figure 1) binds to AT sequences in DNA with an
equilibrium constant that is approximately 100-fold larger than

that for binding to GC sequences.3 It was one of the first hetero-
cyclic diamidines studied in detail, and the compound was
crystallized as a minor groove complex with the DNA duplex
dodecamer sequence d(CGCGAATTCGCG)2.4 In this complex,
DB75 forms cross-strand H-bonds with thymine keto groups at
the floor of the groove and generally fits to the shape of the
groove at the AATT site in the self-complementary duplex. The
complex structure is similar to that for netropsin bound to the
same DNA sequence5 but netropsin forms more H-bonds, and
the binding is enthalpy driven, contrasting with the entropy-
driven binding for DB75.6,7

Structural evaluation of the DB75 complex, however, indi-
cates that the compound has slightly too large a molecular
curvature for optimum fit to the minor groove when both† Georgia State University.
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amidine groups are H-bonded to AT base pair edges at the floor
of the groove. The furan ring of DB75 is pushed slightly away
from the floor of the groove but fits well between the walls of
the groove that are formed largely by deoxyribose groups from
the DNA backbone. The observation that the phenyl-furan
system is too curved for optimal match to the groove is
supported by results with the related phenyl-furan-benzimidazole
derivative, DB293 (Figure 1), which has a binding constant
similar to that of DB75.8 We infer from this that the benzimi-
dazole-NH is not close enough to the floor of the minor groove
to form an H-bond with DNA bases in the DB293 complex. In
contrast, DB818 (Figure 1), the thiophene analogue of DB293,
has a slightly larger radius of curvature and is a better match

for the minor groove shape.9 Structural analysis of the DB818-
AATT complex indicates that both amidines as well as the
benzimidazole-NH of DB818 can form H-bonds to DNA bases
at the floor of the minor groove. The compound binds to AT
sites of four or more base pairs with an equilibrium constant
that is over 10 times greater than that for DB293. Thus, DB818
is one of the strongest binding compounds in its size range yet
discovered. The binding enhancement is entirely due to the more
favorable binding enthalpy for DB818 relative to DB293 or
DB75.8,9

These and other similar results highlight the importance of
compound shape and substituent position, particularly those that
affect compound curvature and interaction with bases at the floor
of the minor groove, in DNA molecular recognition. Similar
observations on the importance of curvature in minor groove
interactions have been made with polyamides10 and with alkyl-
linked diamidines related to pentamidine.11 It was thus surprising
to find that the relatively linear compound DB921 (Figure 1)
binds to DNA AT sites over 10 times more strongly than the
curved isomer DB911.12 DB911 has an affinity for AT sites
that is similar to that for DB293, as would be expected from its
shape and substituents. X-ray structural studies clearly show,
however, that DB921 incorporates a water molecule into its
complex with DNA to give a ternary complex with the correct
curvature, excellent H-bonding, and a very high affinity.12 All
of these results show that small compound structural changes,
at positions throughout the molecular structure of the parent
compound, DB75, can have profound effects on DNA recogni-
tion in ways that we are just beginning to understand. In order
to extend this molecular recognition understanding we are
making a wide range of rational and systematic synthetic
modifications in DB75 and conducting detailed structural and
thermodynamic studies on the new compounds in complex with
DNA.

A very important additional incentive for continued investiga-
tion and development in the DB75 series is the fact that a
prodrug of DB75 is in Phase III clinical trials against the
trypanosomal disease, sleeping sickness.1,2,13Analogues of DB75
have shown significant activity against other eukaryotic parasitic
diseases, and animal studies are in progress. In organisms with
mitochondrial kinetoplasts, there is strong evidence that the
mechanism of action of the diamidines involves specific
targeting of AT-rich sequences in kinetoplast DNA minicircles
with disruption of kinetoplast replication and cell death.1,2,14

Important goals of the research described in this paper are to
better understand the interactions of diamidines of varied
structure with AT DNA sequences such as those found in
kinetoplast minicircles. As described above, the diamidines
are attractive for development due to their demonstrated low
toxicity in humans, extensive clinical testing, and cell uptake
properties.1,2,14,15
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Figure 1. DNA oligomer sequences used in this study and representative
diamidines.
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In order to accomplish the drug development and molecular
recognition goals, a variety of dications, such as those shown
in Figure 1, are being designed and prepared. The synthetic
compounds are screened by footprinting andTm methods to
select for structures that can selectively target DNA with high
affinity. The most interesting compounds, based either on their
unique targeting or binding ability, are then studied in detail
by structural, spectroscopic, and thermodynamic methods.
Although amidine derivatives have been the core of the
analogues prepared to this time, our goal is to incorporate
structural diversity into each component of the DB75 molecule.
On the basis of the results described above with DB921 and
DB818, it is clearly very important to design new derivatives
that change the way that the compounds interact with the bases
at the floor of the minor groove. The “reversed amidines” of
Figure 1 and Table 1, such as DB884, with one amidine nitrogen
linked to a phenyl ring in the central core of the molecules,
were designed to test the DNA molecular recognition potential
of structures of this type. As described below, this change in
amidine-phenyl linkage significantly increases the dihedral angle
between the two planar units in solution and significantly
changes the spatial relationship between the phenyl-amidine unit

and the minor groove. We report here the first detailed study
of the interaction of the reversed amidine-type compounds with
DNA. Perhaps not surprisingly for the more highly twisted
system, furan-based reversed amidines bind to AT sites more
weakly than DB75. Surprisingly, however, DB884, with a
central pyrrole ring was found to have unexpectedly strong
binding to AT DNA sequences by both biosensor and calori-
metric methods. Structural studies have revealed the details of
the binding, and in particular have identified an unusual H-bond
between the pyrrole and DNA that can account for the enhanced
binding of DB884 relative to that of other very similar amidine
and reversed amidine analogues.

Materials and Methods

Compounds, DNAs, and Buffers.The syntheses of the compounds
in the paper have been published16 or are described below. Purity of
all compounds was verified by NMR and elemental analysis. Poly-
(dA)poly(dT) from Pharmacia Co. was used forTm experiments and

(15) Lanteri, C. A.; Stewart, M. L.; Brock, J. M.; Alibu, V. P.; Meshnick, S.
R.; Tidwell, R. R.; Barrett, M. P.Roles for the Trypanosoma brucei P2
Transporter in DB75 Uptake and Resistance; 2006; Vol. 70, pp 1585-
1592.

Table 1. Comparison of Tm of DB884 and Its Analogues with polydA‚polydT and d(GCGAATTCGC)2
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the d(GCGAATTCGC)2 oligomer DNA from IDT was used forTm

and CD studies. Calorimetric experiments were performed with
d(GCCGCAATTCGC/iSp18)2 (iSp18 stands for internal spacer 18
which is the hexaethylene glycol linkage) hairpin duplex DNA (Figure
1). Solutions were prepared in degassed cacodylic acid buffer containing
0.01 M cacodylic acid, 0.001M EDTA, 0.1 M NaCl adjusted to pH
6.25. The concentration of the DNA solutions was determined spec-
trophotometrically at 260 nm using extinction coefficients per nucleotide
of AATT duplex DNA. The extinction coefficients were calculated on
a per strand basis by the nearest-neighbor method and divided by the
number of nucleotides per strand.17

Preparation of Reversed Amidines: General Procedure.The new
compounds in this report were prepared following the general method
previously developed by us.16 The general procedure used follows along
with characterization data for DB1215 (structure in Table 1). The
reaction scheme employed and the data for all the new compounds
may be found in the Supporting Information.

Free Base Preparation.A chilled solution of the diamine (1.28
mmol) in dry MeCN (10 mL) and dry EtOH (15 mL) was treated with
S-(2-naphthylmethyl)thiobenzimidate hydrobromide (2.69 mmol). After
stirring at rt for 24 h, the solvent was evaporated to dryness, leaving
an oily residue. Treatment with ether gave the reversed amidine as the
hydrobromide salt, which was dissolved in EtOH, basified with 1 N
NaOH, extracted with EtOAc, and dried over Na2SO4; finally the solvent
was evaporated to dryness, giving the free base of the reversed amidine
in an analytically pure form.

Hydrochloride Salt. An ice-bath-cold solution of the free base in
dry EtOH was treated with HCl gas for 5-10 min, and the reaction
mixture was kept stirring for 5 h. Later, the solvent was concentrated
to near dryness, and then the reaction mixture was diluted with ether.

DB1215: 2,5-Bis[4-(2-naphthylimino)amino)phenyl]pyrrole:yield
61%, mp 275-277 °C; 1H NMR (DMSO-d6) δ 6.52 (s, 2H), 6.72 (br
s, 4H), 6.96 (d,J ) 8.1 Hz, 4H), 7.57-7.61 (m, 4H), 7.75 (d,J ) 8.1
Hz, 4H), 6.96-6.98 (m, 6H), 8.12 (d,J ) 8.1 Hz, 2H), 8.54 (s, 2H),
11.08 (br s, 1H).13C NMR δ 154.3, 147.3, 133.7, 132.8, 132.7, 132.2,
128.6, 127.5, 127.3, 127.0, 126.7, 126.4, 124.7, 121.9, 106.4.

Salt: mp 247-249 °C; 1H NMR (DMSO-d6) δ 6.79 (s, 2H), 7.53
(d, J ) 8.1 Hz, 4H), 7.69-7.78 (m, 4H), 7.95 (d,J ) 8.1 Hz, 2H),
8.06-8.16 (m, 8H), 8.20 (d,J ) 8.1 Hz, 2H), 8.64 (s, 2H), 9.18 (br s,
2H), 10.01 (br s, 2H), 11.65 (br s, 1H), 11.71 (br s, 2H). HRMS Calcd
for C38H30N5 m/s 556.2501; observed 556.2498. Anal. Calcd for
C38H29N5‚2HCl‚2.5H2O: C 67.75, H 5.38, N 10.39. Found: C 67.68,
H 5.24, N 10.39.

Purification and Radiolabeling of DNA Restriction Fragments
and DNase I Footprinting. The plasmid was isolated fromEscherichia
coli by standard sodium dodecyl sulfate-sodium hydroxide lysis and
purified by banding in CsCl-ethidium bromide gradients. The 265 bp
DNA fragment was prepared by 3′-[32P]-end labeling of the EcoRI-
PVuII double digest of the pBS plasmid (Stratagene) using R-[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 autoradiog-
raphy, 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.18 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 2
µL 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 mL 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.

Thermal Melting ( Tm). Tm experiments were conducted with a Cary
300 UV-visible spectrophotometer in 1-cm quartz cuvettes. The
absorbance of the DNA-compound complex was monitored at 260
nm as a function of temperature and DNA without compound was used
as a control. Cuvettes were mounted in a thermal block, and the solution
temperatures were monitored by a thermistor in a reference cuvette
with a computer-controlled heating rate of 0.5°C/min. Experiments
were generally conducted at a concentration of 2× 10-5 M base pair
for polydA‚polydT and 3× 10-6 M duplex for d(GCGAATTCGC)2.

For experiments with complexes a ratio of 0.3 compound per base pair
for polydA‚polydT and ratio of one compound per oligomer duplex
for d(GCGAATTCGC)2 was generally used.

Circular Dichroism (CD). CD spectra were obtained on a computer-
controlled Jasco J-710 spectrometer in 1-cm quartz cell. The DNA was
added to cacodylate buffer in a 1-cm quartz cuvette and scanned over
a selected wavelength range. The desired ratios of compound to DNA
were obtained by adding compound to the cell containing a constant
amount of DNA at 25°C. The compounds at increasing ratios were
then titrated into DNA, and the complexes were rescanned under same
conditions.

SPR-Biosensor Binding Determinations.Surface plasmon reso-
nance (SPR) measurements were performed with a four-channel
BIAcore 2000 optical biosensor system (BIAcore Inc.). 5′-Biotin-labeled
DNA samples (Figure 1) were immobilized onto streptavidin-coated
sensor chips (BIAcore SA) as previously described.19 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 con-
centrations over the immobilized DNA surface at a flow rate of 25
µL/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.20 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.
(16) (a) Arafa, R. K.; Brun, R.; Wenzler, T.; Tanious, F. A.; Wilson, W. D.;
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Arafa, R. K.; Brun, R; Werbovetz, K. A.; Wilson W. D.; and Boykin D.
W. Heterocycl. Comm. 2004, 10, 423-428. (c) Stephens, C. E.; Tanious,
F.; Kim, S.; Wilson, W. D.; Schell, W. A.; Perfect, J. R.; Franzblau S.G.;
Boykin, D. W. J. Med. Chem.2001, 44, 1741-1748.
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r ) (K1‚Cfree + 2K1‚K2‚Cfree
2)/(1 + K1‚Cfree + K1‚K2‚Cfree
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Isothermal Titration Calorimetry (ITC). ITC experiments were
performed with a MicroCal VP-ITC (MicroCal Inc., Northampton, MA)
interfaced with a computer equipped with VP-2000 viewer instrument
control software. ITC data were analyzed with Origin 7.0 software. In
ITC experiments 10µL of 0.1 mM compound solution was injected
every 300 s to a total of 29 injections into a d(GCCGCAATTCGC/
iSp18)2 in the calorimeter cell at 0.01 mM duplex concentration. The
observed heat for each injection was obtained by area integration of
the power peak with respect to time. Blank titrations were conducted
by injecting the compound into the cell containing only buffer under
the same conditions. The corrected interaction heat was determined by
subtracting the blank heat from that for the compound-DNA titration.
Finally, binding enthalpies were obtained by fitting the corrected data
to an appropriate binding model as described below.

X-ray Crystallography. The HPLC-purified oligonucleotide d(CGC-
GAATTCGCG) (Eurogentec) at 6 mM single-stranded DNA solution
in 30 mM sodium cacodylate buffer at pH 7.0 was annealed into a
duplex before use by incubation in a heating block at 85°C for 15 min
and then was left to cool gradually at room temperature for about 1 h.
The complex was crystallized as elongated rods from a 24µL drop
containing 31.25 mM MgCl2, 1.0417% v/v (()-2-methyl-2,4-pen-
tanediol (MPD), 0.125 mM double-stranded DNA, 0.167 mM com-
pound DB884, and 5.0 mM sodium cacodylate buffer at pH 7.0 by the
sitting-drop vapor diffusion method after 1 month at 20°C. The DNA/
DB884 ratio was 3:4. The drop was equilibrated against a reservoir of
0.5 mL of 50% v/v MPD solution in water.

X-ray diffraction data were collected at-168 °C on a Rigaku
R-AXIS IV image plate detector with CuKR radiation emitted from a
Rigaku RU200 rotating anode generator and an Osmic focusing mirror
system (Rigaku/MSC). The crystal-to-detector distance was set at 90
mm. Each frame was exposed for 30 min with the crystal oscillating
at a range of 2°. Data was collected to a maximum resolution of 1.86
Å. Indexing and data processing were carried out using XdisplayF,
DENZO, and SCALEPACK of the HKL package v.1.97.2 (HKL
Research, Inc).21

The structure was solved by molecular replacement using the
isomorphous DNA structure from the berenil-d(CGCGAATTCGCG)2
complex22 (PDB id 2DBE). Unambiguous electron density for the
DB884 molecule was seen in 2Fo - Fc and Fo - Fc maps. The structure
was refined to finalR andRfree values of 21.9 and 31.0%, respectively.
Atomic coordinates and structure factors have been deposited in the
RCSB Protein Data Bank with entry code 2GYX. Crystallographic data
are given in Supporting Information Table 1.

Results

Thermal Melting: Relative Binding Affinity. Thermal
melting experiments enable a rapid qualitative evaluation of the
relative binding affinities of compounds to DNA.23,24∆Tm values
for DB884 and its analogues with polydA‚polydT were com-
pared to that for the diamidine reference compound, DB262
under the same conditions (Table 1). The binding of DB884
(Supporting Information, Figure S1A) is strong, and the complex
with polydA‚polydT DNA unfolds around 94°C, which is
significantly higher than that for the related furan derivative,
DB613. Replacement of the phenyl in the reversed amidine
group of DB884 with a methyl in DB1390 resulted in a large
decrease inTm. Conversion of the pyrrole to anN-methyl pyrrole
in DB890 had the same effect.

Thermal melting results with an AATT DNA duplex (Figure
S1B), provide information about compound binding in mixed

sequence regions. Results at a 1:1 and 2:1 ratio of compound
to DNA duplex suggest that DB884 binds to the AATT DNA
sequence with 1:1 stoichiometry since theTm does not signifi-
cantly increase at ratios above 1:1 (Table 1).∆Tm values for
all compounds without either the pyrrole or terminal phenyl
groups are much lower than with DB884 and indicate that both
the pyrrole and terminal phenyls are required for the large
increase in DNA binding affinity.

DNaseI Footprinting: Identify the Binding Sites. Foot-
printing is the method of choice for defining binding site
sequence specificity in a broad DNA length and sequence
context for compounds that bind to DNA.18 Footprinting results
for selected reversed amidine compounds from Table 1 are
shown in Figure 2 with an experimental gel, and the results are
compared to those for the well-characterized minor groove
binding diamidine, furamidine DB75.3 All of the compounds
give footprints only in AT sequences as might be expected from
their shape and expected minor groove binding mode. In
agreement with theTm studies, DB884 gives much stronger
footprints than any of the other compounds.

Circular Dichroism: Binding Modes . CD spectra of
DB884, DB613, and DB890 (Figure 3) with the AATT duplex
oligomer used inTm studies were monitored to evaluate the bin-
ding mode. The free compounds do not exhibit CD signals; how-
ever, upon addition of the compounds to DNA, substantial pos-
itive CD signals are induced at the absorption maximum near
340 nm. Strong, positive induced CD signals on compound bin-

(21) Otwinowski, Z.M.; Minor, W.Methods Enzymol. 1997, 276, 307-326.
(22) Brown, D. G.; Sanderson, M. R.; Skelly, J. V.; Jenkins, T. C.; Brown, T.;

Garman, E.; Stuart, D. I.; Neidle, S.EMBO J.1990, 9, 1329-1334.
(23) Wilson, W. D.; Tanious, F. A.; Fernandez-Saiz, M.; Rigl, C. T.Methods

Mol. Biol. 1997, 90, 219-240.
(24) Xiaochun, Shi.; Chaires, J. B.Nucleic Acids Res. 2006, 34, e14.

Figure 2. DNase I footprinting titration experiments. The 117-bp EcoRI-
PVuII restriction fragment from plasmid pBS was 3′-end-labeled at the
EcoRI site with [a-32P]dATP in the presence of AMV reverse transcriptase.
The products of the DNase I digestion were resolved on an 8% polyacry-
lamide gel containing 8 M urea. Drug concentrations are at the top of the
lanes. Tracks labeled G represent dimethylsulfate piperidine markers specific
for guanines. Sequences at the footprinting sites are indicated to the right
of the gel.
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ding to AT DNA sequences are a characteristic of binding in
the minor groove of DNA.25 Interestingly, the induced CD sig-
nals of DB884 and DB613 are larger than for DB890 as gener-

ally expected for stronger binding in the minor groove in AT
sequences. The CD results as a function of ratio indicate that
DB884 and analogues bind in the DNA minor groove in AATT
sequences with 1:1 stoichiometry, as observed forTm results.

Biosensor-SPR: Binding Affinity and Kinetics. In order
to quantitatively evaluate the interactions of DB884 and selected
analogues with DNA, biosensor-SPR experiments were con-
ducted with a DNA hairpin duplex containing the sequence,
AATT, which has been used in studies of many minor groove
binding compounds.19 Binding to alternating AT and GC hairpin
duplexes was also compared to evaluate sequence specificity.
The SPR method is an excellent way to quantitatively evaluate
the interaction of strong-binding small molecules with DNA
and other biomolecules.19,26,27 Because the SPR approach
responds to mass, it can be used in comparative studies for
dications that have very large differences in properties and
equilibrium binding constants,K. In many cases rates for the
binding can be observed in real time for complex formation
and dissociation.26,27

In agreement with the results described above, the binding
of all compounds to AT sequences was stronger than to GC
sequences (data not shown). No significant binding of DB884,
for example, could be detected with the GC sequence hairpin
at concentrations that saturated the AT binding sites. Sensor-
grams for DB884 (Figure 4A) and the analogous furan deriva-
tive, DB613, (Figure 4B) binding to the AATT hairpin (Figure
1) are compared over the same concentration range. The
differences in binding affinity and kinetics for two compounds
that differ by a single atom could hardly be more striking.
DB884 is approaching saturation of the AATT binding sites at
0.1 µM, the top concentration in the figure, while DB613 is
just beginning to bind at that point. In addition, both the
observed association and dissociation rates of DB884 are slower
than with DB613. Plots of RU at steady state versus the free
compound concentration (Cf), the concentration in the flow
solution, are shown in Figure 4C over a broader concentration
range to allow determination of the compound binding equi-
librium constants. The results for DB884 have a larger error
range than usual in SPR experiments because of two factors:
(i) with the slow kinetics for binding of DB884, it is not possible
to reach a steady-state plateau in the experimental time range,
which is limited by the injection volume, and (ii) DB884 sticks
extensively to the injection needle and tubing of the instrument,
and in the initial injection time range the flow solution is
depleted in DB884 concentration. After deletion of approxi-
mately 20 s of the initial range, it is possible to fit the curves
with a 1:1 binding model to determine the predicted steady-
state RU values for DB884 for use in Figure 4C. In the higher
concentration points, the steady state is reached (Figure 4A),
and these values can be used directly in the RU versusCf plots
along with predicted values. The binding constants determined
in this manner are 2.5× 107 M-1 for DB884 and 9.8× 105

M-1 for DB613 (Table 2). Sensorgrams for the diamidine
pyrrole, DB262, show that compound has much faster on and
off rates compared to DB884 and similar binding constant to
DB884 (Supporting Information Figure S2). Clearly, the features
of the DB884 molecule allow it to recover the binding affinity
of similar diamidines but with much slower binding kinetics.

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

(26) Day, Y. S.; Baird, C. L.; Rich, R. L.; Myszka, D. G.Protein Sci.2002, 11,
1017-1025.

(27) Myszka, D. G.Methods Enzymol.2000, 323, 325-340.

Figure 3. CD spectra of DB884, DB613, and DB890 with d(GCGAAT-
TCGC)2. (A) In DB884 the ratios of the compound to DNA from the bottom
to the top at 375 nm 0, 0.25, 0.5, 0.75, 1.0, and 1.2. (B) In DB613 the
ratios of compound to DNA are 0, 0.25, 0.5, 0.75, 1.0, and 1.2. (C) In
DB890 the ratios of compound to DNA are 0.5, 0.75, 1.0, 1.25, 1.75, 2.75.
The experiments were conducted in cacodylic acid buffer at 25°C.
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The furan reversed amidine, DB613, cannot achieve a similar
binding affinity.

Isothermal Titration Calorimetry (ITC). Thermodynamics
of Binding. ITC experiments with an AATT hairpin DNA
(Figure 1) were conducted to help understand in more detail
the energetic basis for the strong binding of DB884 to DNA.
ITC experiments provide the observed binding enthalpy,∆H
and allow calculation of the entropy of binding (from∆G )
∆H - T∆S).28-31 Titration of DB884 into buffer and into a
DNA solution provided plots of heat versus molar ratio (Figure
5A). The titration with the compound was continued until all
the DNA in the calorimeter cell was saturated. The titration
plot supports strong binding of DB884 to DNA and shows that
the DNA is completely saturated at a 1:1 stoichiometry, in
agreement with the results described above. Due to the strong
binding of DB884, only∆H and not the∆G for binding could
be obtained from the ITC experiments. The observed binding
∆H for DB884 at 25°C is -5.6 kcal/mol and is larger than
values for related diamidines.9 Interestingly, the∆H values for
the analogous furan compound, DB613 (-2.1 kcal/mol), and
DB262 (Table 2), the reference diamidine compound (-3.7 kcal/
mol), are significantly lower. TheT∆Sterm for DB884 binding
to the minor groove of the AATT sequence is actually less
favorable than that for DB613 and DB262, whereas the∆H for
binding is more favorable by 2-3 kcal/mol.

X-ray Crystallography: The Structure of The Complex.
In order to evaluate the structural basis of the observed strong
binding of DB884, crystals of the complex of the compound
with the duplex oligomer used in the studies described above
were grown, and the structure was solved by X-ray crystal-
lography. The DB884 molecule is bound as a monomer in the
central -GAATTC- site of the minor groove of the d(CGC-
GAATTCGCG)2 duplex (Figures 6, 7) and covers almost six
base pairs. The two phenyl rings and the pyrrole group are
oriented parallel to the groove walls and are embedded deep
into the groove, whereas the two terminal phenyl rings are
perpendicular to the mean plane of these three central rings and
are close to the mouth of the groove. Both of these terminal
phenyl rings are highly mobile, as indicated by their large
temperature factors (〈B〉 of 68 Å2) compared to a〈B〉 of 42 Å2

for the atoms in the inner two phenyl rings (Figure 7) and thus
their incomplete location in discrete electron density. The
presence of the hydrophobic terminal phenyl rings appears to
displace much of the more tightly bound water structure often
observed in this vicinity of the groove in other ligand complexes.

The inner-facing amidinium nitrogen atoms at the ends of
the DB884 molecule are involved in hydrogen bonding to
acceptor atoms at the base and wall of the groove (Figure 8a,
c). There are four hydrogen bonds to pyrimidine O2 atoms, one
to a sugar O4′ atom, and one to a phosphate oxygen atom. The
pyrrole nitrogen atom makes one H-bond contact with the
thymine-19 O2 atom (3.1 Å) and is near to the cross-strand

(28) Ladbury, J. E; Chowdhry, B. Z.Chem. Biol.1996, 3, 791-801.
(29) Ladbury J. E.Biotechniques2004, 37, 885-887.
(30) Haq, I.Arch. Biochem. Biophys.2002,403, 1-15.
(31) Kaul, M.; Pilch, D. S.Biochemistry2002, 41, 7695-7706.

Figure 4. SPR sensograms for (A) DB884 with AATT hairpin. The com-
pound concentrations were 0.0, 0.01, 0.02, 0.06, 0.065, 0.07, 0.075, 0.08,
0.09, 0.1µM from bottom to top. (B) DB613 with AATT hairpin DNA.
The compound concentrations were 0.05, 0.1µM from bottom to top. (C)
RU values are plotted against the unbound compound concentration,Cf (flow
solution) for DB884 (closed circles) and DB613 (closed squares) binding
to AATT DNA hairpin. The data were fitted to a one site model using
eq 1.

Table 2. Thermodynamic Results at 25 °C

cmpd Ka (M-1) ∆H (kcal/mol) T∆S (kcal/mol) ∆G (kcal/mol)

DB884 2.5× 107 -5.6( 0.6 4.3 -9.9
DB262 1.0× 107 -3.7( 0.5 5.8 -9.5
DB613 9.8× 105 -2.1( 0.3 6.0 -8.1
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thymine-7 O2 atom (3.5 Å) at the center of the DNA sequence
(Figure 8b). One of the outward-facing amidinium nitrogen
atoms (N18) is involved in a tight H-bonded bridge arrangement
with two water molecules, which terminates at a phosphate
oxygen atom (Figure 8a). All of the H-bond distances in this
bridge are short, especially that to the phosphate oxygen atom.

Bound versus Free Structures: Induced Fit Binding.
Density functional theory (DFT) calculations for optimizing
geometry at the 631G(p,d) approximation level show that the

dihedral angles between the amidine and phenyl planes are
approximately 40°, whereas the equivalent dihedral angles in
DB884 and DB613 are near 70°. Hartree-Fock ab initio
calculations at a similar level gave slightly larger predicted
angles. In the DB75 complex structure, the amidine-phenyl
dihedrals are reduced to 24 and 19°, and the amidines make
H-bonds with the last T of AATT site on opposite strands.
Calculations of relative energy versus the phenyl-amidine
dihedral angles indicate that relatively small energies are

Figure 5. ITC experimental curves at 25°C for titration of 0.01 mM (A) DB884 and (B) DB613 into 0.001 mM d(GCGAATTCGC)2 duplex. Results were
converted to molar heats and plotted against the compound/DNA molar ratio. The line shows the fit to the results and gives best fit∆H values for binding.

Figure 6. 2Fo - Fc electron density map with contours drawn at the 1.3σ level, viwed down onto the DB884 molecule in the DNA minor groove, and
showing some of the neighboring nucleotides and water molecules. Drawn with the Turbo-Frodo program.33
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required to reduce the amidine-phenyl angles from the free to
the bound conformation.35,36The reversed-amidine geometry of
DB613 and DB884 complicates their interaction with the minor
groove. Figure 9 illustrates the free versus complex conforma-
tions of DB884 as well as the electrostatic potential maps of
the two conformations. Both the central tricyclic system of
DB884 and the terminal reversed amidines have decreased twist
in the bound conformation. The inner surface of the bound
molecule has an excess of positive charge and H-bond donor
groups in position to form H-bonds with base pairs at the floor
of the groove.

The energy required to reduce the phenyl-reversed-amidine
dihedral angle to allow the compound to fit into the minor
groove is larger than for the amidine, and the twist angle of the
bound reversed-amidine compounds is greater. The final angles
for the reversed amidines in the DB884 crystal structure are 40
and 55° (Figure 7), and this angle is significantly larger than
for the amidines. A decreased binding constant is thus expected
for reversed-amidine compounds relative to the related amidine
derivatives, as observed in all cases except with DB884.

Discussion

As described in the Introduction, rational, systematic modi-
fications of the parent heterocyclic diamidine compound, DB75,
followed by biophysical analysis of the interactions of the new
derivatives with different sequences of DNA is a powerful
method to improve our understanding of molecular recognition of DNA. In addition, since the parent compound is biologically

active against eukaryotic parasitic organisms, with low human
toxicity, additional compounds in this series provide an op-
portunity to explore possible mechanisms of biological activity
and to search for compounds that are active against additional
organisms and/or diseases.1,2 In the design efforts to modify
each molecular unit of DB75, “reversed amidine” derivatives
(Figure 1 and Table 1) were prepared16 (Supporting Informa-

(32) Nguyen, B.; Tardy, C.; Bailly, C.; Colson, P.; Houssier, C.; Kumar, A.;
Boykin, D. W.; Wilson, W. D.Biopolymers2002, 63, 281-297.

(33) Roussel, A.; Cambillau.; C. Turbo Frodo. InSilicon Graphics Geometry
Partners Directory; Silicon Graphics: Mountain View, CA, 1991; p 86.

(34) Pettersen, E. F.; Goddard, T. D.; Huang, C. C.; Couch, G. S.; Greenblatt,
D. M.; Meng, E. C.; Ferrin, T. E.J. Comput. Chem.2004, 25, 1605-
1612.

(35) Grein, F.J. Phys. Chem.2002, 106, 3823-3827.
(36) Goller, A.; Grummt, U.Chem. Phys. Lett.2000, 321, 399-405.

Figure 7. Structure of the DB884-DNA complex, showing the solvent-
accessible surface colored according to crystallographic temperature factors
(B values), with red indicating the highest values. The bonds of the DB884
molecule are drawn in green, and its solvent-accessible surface is shown
with 50% transparency to heighten clarity. Note close contact of the surfaces
of the two terminal phenyl groups of the ligand with the minor groove
wall surfaces. Figure has been drawn with the Chimera program.34

Figure 8. Detailed views of the hydrogen-bond interactions between the
DB884 ligand (drawn in mauve) and the DNA. Distances are in Å. Figures
have been drawn with the Chimera program.34 (A) Showing the three
hydrogen bonds between amidinium nitrogen atom N20 and acceptor atoms
O2, O4′, and a phosphate oxygen atom. Also shown is the network of
hydrogen bonds bridging the two water molecules W59 and W60 with the
outer-facing amidinium nitrogen atom N18 and N2 of Gua18. (B) Showing
the hydrogen bond between the central pyrrole ring nitrogen atom of DB884,
and the O2 atom of Thy19. (C) Showing the hydrogen bonds between the
amidinium nitrogen atom N28 and the O2 atoms of Thy20 and Cyt21.
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tion). DB613 is the furan analogue of DB75, whereas DB884
has a pyrrole in place of the furan ring and as a result, has
additional H-bonding potential. Footprinting results clearly show
that all of the new compounds are AT-specific binding agents
as with DB75 (Figure 2). An indication of the strong binding
of DB884 to AT DNA sequences is suggested by its intense
footprint (Figure 2).

In agreement with the footprinting results, DB884 has a
significantly larger increase inTm with AT DNA sequences than
the closely related furan reversed amidine, DB613 or than the
pyrrole diamidine, DB262 (Table 1). Addition of an ethyl or
tert-butyl substituent to the terminal phenyl of DB884 has little
effect on the∆Tm while a phenyl-to-naphthyl change slightly
decreases∆Tm and a phenyl-to-biphenyl change causes a large
decrease in∆Tm. Replacement of the phenyl with a methyl
results in a large loss in complex stability. Clearly, the terminal
aromatic groups of DB884 play a major role in the enhanced
interaction with the minor groove, and the crystal structure
shows that both terminal rings are involved in extensive
hydrophobic contacts with the walls of the groove (Figure 8).
There is some flexibility in the acceptable size of the terminal
aromatic group, but as demonstrated by the biphenyl substitution
(DB1480), there are limits. Moving one terminal reversed
amidine to a meta position (DB903) results in a dramatic
decrease in complex stability as has been observed for amidine
derivatives32 and is expected for compounds that must conform
to the shape of the minor groove. Finally, conversion of the
pyrrole to an N-CH3 pyrrole (DB890) also results in a large
decrease in∆Tm and confirms that the pyrrole-NH of DB884
makes a strong contribution to complex formation as observed
in the X-ray structure (Figure 8B).

In order to probe the molecular basis for the very significant
interaction differences between the closely related furan (DB613)
and pyrrole (DB884) reversed-amidine compounds, biosensor-
SPR and ITC methods were used to establish a full thermody-
namic profile for their binding to an AATT site. The difference
between these two compounds is especially interesting since

the related diamidines, DB75 and DB262, interact in a very
similar manner with AT base pair sequences. The sensorgrams
from SPR binding experiments support a significant difference
between the affinities of DB884 and DB613 for the AATT
sequence (Figure 4). Relative to DB884, results with DB613
show fast kinetics of dissociation from the complex and require
a significantly higher concentration to reach saturation of the
AATT binding sites. DB884 clearly binds more strongly, and
the slower observed dissociation rate from the complex dem-
onstrates the stronger molecular interactions with the binding
site (Figure 4A). DB884 appears to associate more slowly from
the AATT site than both the furan-reversed-amidine as well
as the similar pyrrole diamidine, DB262. It is clearly more
difficult to form the complex with DB884 than with any of the
other related compounds, but once formed, the complex is quite
stable and dissociates more slowly than the other related
dications. This results in an equilibrium constant for DB884
that is approximately 10 times greater than for the furan-
reversed-amidine and is slightly greater than for similar diami-
dine derivatives.

ITC experiments provide a direct method to obtain the binding
enthalpy and, with SPR binding equilibrium constants and∆G
values, allow a full thermodynamic characterization of DNA
complexes. Such a full thermodynamic picture provides a
complement to the structural perspective from X-ray crystal-
lography. ITC comparison of the interactions of the reversed
amidine, DB884, and DB613 and the diamidine analogue
DB262 with an AATT DNA sequence indicates that the better
binding of DB884 to the DNA minor groove is enthalpic in
origin (Table 2). TheT∆Sterm for DB884 binding to the minor
groove of the AATT sequence is actually less favorable than
that for DB262 despite their similar binding constants. The
primary contribution for the net binding of many diamidines,
including DB75,7,8 is a binding entropy. In contrast, the
molecular basis for the large binding constant for DB884 is the
binding enthalpy (Table 2) which can be directly related to an
extra hydrogen bond between the pyrrole-NH and minor

Figure 9. DFT ab initio calculations at the 631G (p,d) approximation level for DB884 in the free (top) and bound (bottom) form with their respective
electrostatic potential maps.
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groove base in the center of the AATT sequence, as seen in the
X-ray structure (Figure 8B).

CD spectra of DB884 and DB613 bound to AT DNA
sequences display strong positive signals in the compound
absorption regions, and such signals are characteristic of minor
groove complex formation at AT sites.25 The minor groove
binding mode is confirmed by the X-ray structural results with
DB884 (Figures 7-9), and these results also provide a clear
explanation for the enthalpy-based increase in affinity of DB884
relative to that of DB613. An X-ray structure is also available
for DB75,4 and this provides a good model for DB262 binding
to the AATT site for comparison with DB884. From ab initio
calculations the amidine-phenyl dihedral angle in DB75 and
DB262 is 40-45°, but the reversed amidine-phenyl angle is
increased to near 90°in DB884 and DB613. In the DB75 crystal
structure, the amidine-phenyl dihedrals are reduced to 24 and
19°, and both DFT and Hartree-Fock calculations indicate that
relatively small energies are required to reduce the amidine-
phenyl angles by this amount (Figure 9).

In the DB75-AATT complex the tricyclic aromatic system
sits between the walls of the minor groove, and the amidines
contact the bases at the floor of the groove. Because of the bond
angle between the furan and phenyl groups and the constraint
of the amidine H-bonds, the furan is pushed too far away from
the bases at the floor of the groove to make any direct contacts
with the floor. Docking of DB262, based on the furan structure,
also suggests that the pyrrole is too far from the groove floor
for H-bond interactions. On the basis of this similarity, it is not
surprising that DB75 and DB262 have quite similar binding
equilibrium constants, near 1× 107 M-1. Specificity for the
AT sequences arise primarily from the amidine H-bonds,
stacking, steric constraints, and electrostatic interactions with
DNA while the favorable binding entropy must come from
dehydration of the groove and compounds.37

The twist of the reversed-amidine geometry of DB613 and
DB884 in their unbound conformation will not allow them to
have favorable interactions with the minor groove (Figure 9).
The energy required to reduce the phenyl-reversed-amidine
dihedral angle to allow the compound to fit into the minor
groove is larger than for the phenyl-amidine, and the twist angle
of the reversed-amidine compounds is greater. As a result of
the energy cost for the large decrease in dihedral angle and the
reversed-amidine geometry, DB613 binds approximately 10
times more weakly to the AATT site than the related diamidine,
DB75. Why then is DB884 able to regain a similar binding
affinity to that of the amidines? Interestingly, the different
geometry, length, and larger twist of the reversed amidines
actually allows the central five-member ring of the central
heterocyclic system to approach the floor of the groove more
closely than with the amidines due to the larger twist at the

phenyl-reversed-amidine planes. As a result, the pyrrole-NH
of DB884 can H-bond with bases in the center of the AATT
site. Clearly, this is not possible for the furan ring in DB613.
The extra H-bond then contributes to the additional enthalpy
observed in ITC experiments and accounts for the stronger
binding of DB884 relative to other similar reversed amidines.
This observation raises the question, why not twist the amidines
of DB262 by a larger amount to allow the pyrrole to H-bond?
Twisting the amidines a larger amount, however, costs binding
energy and weakens the amidine-base H-bonds. A resulting
H-bond from the pyrrole to the central bases of AATT would
make up some of the lost binding energy, but no advantage is
obtained, and it appears that binding would actually be slightly
weaker in the more highly twisted state.

From these models most of the comparative results in Tables
1 and 2 can be understood. Converting the pyrrole-NH of
DB884 to an-NMe costs an H-bond and significantly weakens
binding. The X-ray structure suggests that the addition of an
ethyl or tert-butyl group to the reversed amidine phenyl
(DB1393 and DB1419) will have little effect on the structure
or DNA interactions, as observed. The size of the napthyl in
DB1215 and the size and twist of the biphenyl in DB1480
reduce binding. It is somewhat surprising that the phenyl to
-CH3 change in DB884 to DB1390 causes such a large
reduction inK. The result suggests that the reversed amidine
phenyl is playing a large role in stabilizing the DB884 complex.
The phenyl may be necessary to help place and hold the reversed
amidine in an appropriate position and with the correct twist to
allow H-bonds to form. Such a placement at the correct angle
is essential for the pyrrole-base H-bonds in the center of the
binding site. It appears that the substituted reversed amidine
and the pyrrole of DB884, and closely related derivatives, are
optimally designed to bind strongly to AT base pair sites in the
DNA minor groove. The DB884 system provides a new model
for strong binding and recognition of the minor groove at AT
sequences. The central pyrrole to base H-bonding interactions
in DB884 are unprecedented and suggest a new way to enhance
DNA affinity and specificity through binding enthalpy.
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