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Abstract

RT29 is a dicationic diamidine derivative that does not obey the classical “rules” for shape and
functional group placement that are expected to result in strong binding and specific recognition of
the DNA minor groove. The compound contains a benzimidazole-diphenyl ether core that is flanked
by the amidine cations. The dipheny! ether is highly twisted and gives the entire compound too much
curvature to fit well to the shape of the minor groove. DNasel footprinting, fluorescence intercalator
displacement studies and circular dichroism spectra, however, indicate that the compound is an AT
specific minor groove binding agent. Even more surprisingly, quantitative biosensor-surface plasmon
resonance and isothermal titration calorimetric results indicate that the compound binds with
exceptional strength to certain AT sequences in DNA with a large negative enthalpy of binding.
Crystallographic results for the DNA complex of RT29 compared to calculated results for the free
compound show that the compound undergoes significant conformational changes to enhance its
minor groove interactions. In addition, a water molecule is incorporated directly into the complex to
complete the compound-DNA interface and it forms an essential link between the compound and
base pair edges at the floor of the minor groove. The calculated ACp value for complex formation is
substantially less than the experimentally observed value in support of water being an intrinsic part
of the complex with a major contribution to the ACp value. Both the induced fit conformational
changes of the compound and the bound water are essential for strong binding to DNA by RT29.
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Heterocyclic cations that bind strongly and specifically to the DNA minor groove are of interest
for the fundamental information that they provide about DNA recognition mechanisms as well
as for their therapeutic and biotechnology uses (1-14). Heterocyclic diamidines, for example,
have shown excellent activity against several eukaryotic parasitic diseases and a prodrug of
DB75 (Figure 1) is in Phase I11 clinical trials against sleeping sickness (1-3). Parasitic diseases,
such as sleeping sickness, are caused by vector transmitted kinetoplastid parasites and there is
currently an alarming world-wide spread of these diseases (1-3). The seriousness of the
problem is emphasized by the fact that, in the absence of treatment, the outcome of sleeping
sickness is death of the patient. Fluorescence microscopy of kinetoplastid parasites after
treatment with fluorescent diamidines clearly shows that the compounds selectively target the
mitochondrial kinetoplast, with subsequent destruction of the kinetoplast and cell death (2,3).
The extensive AT sequences of the kinetoplast minicircle DNA are a favorable target for the
diamidines and the interaction appears to interfere with replication of the catenated kinetoplast
DNA (kDNA) network (2,3,15). The minor groove in AT sequences can more easily assume
the narrow width that is required for tight binding of the heterocyclic-amidine system of the
dications than the groove in G-C or mixed base pair sequences (3,4,8-10). The extra H-bond
of the G-C base pairs typically leads to a wider minor groove and presents a steric block to
deep penetration of compounds into the groove (4,11).

Structural studies of the DNA interactions of minor groove binding agents over many years
have led to derivation of a set of rules concerning shape and properties of the compounds that
are required for effective minor groove complex formation in AT sequences (3-5,10,12-14).
In particular, fairly rigid criteria for compound curvature, and functional group positioning in
the compound have been defined for optimum DNA fit and interactions (9,16,17). Important
molecular features of minor groove binders include a crescent shape that complements the
helical minor groove, positive charges to enhance electrostatic interactions, appropriately
placed inward facing H-bonding groups for sequence recognition, and an extended unfused
heterocyclic structure to allow optimization of the compound for DNA minor groove
interactions (4,11,17). These rules have been used successfully to design many minor-groove-
binding heterocycles, such as DB75, with strong minor groove interactions, significant
biological activity, and lo w general toxicity (1-3,17).

Proteins that recognize DNA, however, use a broad array of different structural units, shapes,
and frequently involve water molecules in their DNA complexes (18,19). These results suggest
that a much broader array of minor groove interactions by small molecules might be possible
than has previously been observed or envisioned. Discovery and design of new modes for minor
groove recognition could lead to new classes of antiparasitic and anticancer drugs with
improved and broader activity as well as different structures for bypassing possible resistance
mechanisms if they should develop with classically shaped minor groove compounds. Such
nonclassical, but relatively simple compounds with well-defined complexes, could also expand
our fundamental understanding of the recognition of DNA and the role of solvent in DNA
molecular recognition (17).

In our search for variations on minor groove binding motifs, several criteria have been used to
focus the design and search. Diamidine derivatives of different structure have been investigated
since such compounds have demonstrated a variety of excellent DNA interaction, cell uptake
and therapeutic properties (1-3,20,21). Recently, for example, two relatively linear diamidines,
CGP40215 and DB921 (Figure 1), that bind strongly to the minor groove, even though they

do not follow the classical rules described above, have been discovered and characterized (3,
22-25). Crystallographic analysis of the compounds bound to an -AATT- minor groove site

has shown that a water molecule forms a critical part of the complex in both cases. This finding
supports the concept that diamidines with varied structure and functional groups may be able
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to escape the classical constraints on minor groove complexes and yield a wide variety of
structures not predicted by the rules described above.

Benzimidazole heterocycles have shown excellent DNA interactions in a number of systems
(3,4,14,25-29), and we included benzimidazole derivatives in our design and search
exploration for new types of minor groove binding agents. RT29 (Figure 1) is abenzimidazole-
diamidine with a diphenyl ether group and, because of this linkage, the compound is too highly
curved and twisted to bind to the minor groove by the classical mode. In fact, the predicted
shape of the compound in solution suggests, based on comparison to standard minor groove
binding agents (17), that it should bind only weakly to DNA by nonspecific electrostatic
interactions. Surprisingly, biological testing results revealed that the compound has excellent
antitrypanosomal activity. In a search for the biological target and mechanism of therapeutic
action for RT29, the quite unexpected observation was made that it displays very strong and
selective binding to AT sequences in DNA (30). The binding is significantly stronger than that
of DB75 or related compounds that actually fit the classical rules for formation of minor groove
complexes. RT29 presents a striking new motif for DNA recognition and provides new ideas
for design of nonclassical heterocyclic cations to recognize the DNA minor groove. In order
to fully understand the DNA interactions of unusual minor groove binding compounds, such
as RT29, it is essential to characterize the energetics of complex formation in detail. To
accomplish this goal we have used DNasel footprinting and fluorescence intercalator
displacement methods to characterize the sequence selectivity of RT29 binding in more detail.
Detailed thermodynamic studies have been used to better understand the energetic basis for
the strong binding of RT29. All of the results are correlated with the observed x-ray structure
of RT29 bound into the minor groove (2) and they provide an essential energetic understanding
to complement the structural details of the DNA complex.

MATERIALS AND METHODS
Compounds, DNAs, and Buffers

RT29 was synthesized as previous described (3). Oligomers and 5’-Biotin labeled hairpin DNA
oligomers were from Midland Certified Reagent Co. with reverse phased HPLC purification

and mass spectrometry characterization (Figure 1). PolydA.polydT was from Pharmacia. Tris
buffers contained 0.01M TrisHCland 0.001M EDTA adjusted to pH 7.4. Tris10, Tris20, Tris50
and Tris100 buffers contained the above components plus 0.10, 0.20, 0.50, and 1.0 M NaCl,

respectively. Cacodylic buffer was used for Tm and ITC experiments and it contained 10mM
cacodylic acid, ImM EDTA, and 200mM NaCl and the pH adjusted to 6.25.

DNasel Footprinting: Purification of DNA Restriction Fragments and Radiolabeling

The different plasmids were isolated from E. coli by a standard sodium dodecyl sulphate-
sodium hydroxide lysis procedure and purified by banding in CsCl-ethidium bromide
gradients. The 117-bp DNA fragments was prepared by 3'-[32P]-end labeling of the EcoRI-
Pvull double digest of the pBS plasmid (Stratagene) using a-[32P]-dATP (Amersham, 3000
Ci/mmol) and AMV reverse transcriptase (Roche). The same thing was done with 176-bp
fragment (pTUC plasmid). In each case, the labeled digestion products were separated on a
6% polyacrylamide gel under non-denaturing 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
um 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 NacCl.
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DNase | Footprinting: Electrophoresis and Quantitation by Storage Phosphor Imaging

Bovine pancreatic deoxyribonuclease | (DNase I, Sigma Chemical Co.) was stored as a 7200
units/mL solution in 20 mM NaCl, 2 mM MgCL,, 2 mM MnCly, pH 8.0. The stock solutions
of DNase | was kept at —20°C and freshly diluted to the desired concentration immediately
prior to use. Footprinting experiments were performed essentially as previously described
(11,32). Briefly, reactions were conducted in a total volume of 10 ul. Samples (3 ul) of the
labeled DNA fragments were incubated with 5 pl of the buffered solution containing the ligand
at appropriate concentration. After 30 min incubation at 37 °C to ensure equilibration of the
binding reaction, the digestion was initiated by the addition of 2 ul of a DNase | solution whose
concentration was adjusted to yield a final enzyme concentration of about 0.01 unit/ml in the
reaction mixture. After 3 min, the reaction was stopped by freeze drying. Samples were
lyophilized and resuspended in 5 pl 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. DNA cleavage products were resolved by polyacrylamide gel electrophoresis
under denaturting conditions (0.3 mm thick, 8% acrylamide containing 8 M urea). After
electrophoresis (about 2.5 hours at 60 Watts, 1600 V in Tris-Borate-EDTA buffered solution,
BRL sequencer model S2), gels were soaked in 10% acetic acid for 10 min, transferred to
Whatman 3MM paper, and dried under vacuum at 80 °C. A Molecular Dynamics 425E
Phosphorimager was used to collect data from the storage screens exposed to dried gels
overnight at room temperature. Baseline-corrected scans were analyzed by integrating all the
densities between two selected boundaries using ImageQuant version 3.3 software. Each
resolved band was assigned to a particular bond within the DNA fragments by comparison of
its position relative to sequencing standards generated by treatment of the DNA with
dimethylsulphate followed by piperidine-induced cleavage at the modified guanine bases in
DNA (G-track).

Fluorescence Intercalator Displacement Analyses

A DNA library of 136 different oligonucleotide hairpins was purchased from Trilink
Biotechnologies, Inc. as individual lyophilized solids. Concentrations of the hairpin
deoxyoligonucleotides were determined by the method described by Boger (33,34) using UV
at 90 °C and single-strand extinction coefficients to ensure accurate concentration
determination. To carry out the assay, each well of a Costar black 96-well plate was loaded
with Tris buffer containing ethidium bromide and one hairpin deoxyoligonucleotide of the
library. Typical final concentrations in each well were 1.5 M DNA-hairpin, 4.5 xM EtBr, and
0.75-3 uM of DNA binding agent. The final buffer consisted of 10 mM Tris, pH 8.0, 100 mM
NaCl. After incubation at 25 °C for 30 min fluorescence measurements were made (average
of three measurements) on each well with a Varian Cary Eclipse fluorescence plate reader
(Aex 545 nm, 1gmy, 595 nm). Compound assessments were conducted in triplicate (or more) with
each well acting as its own control well (no agent, 100% fluorescence, and no DNA, 0%
fluorescence). Fluorescence readings are reported as a percent fluorescence decrease relative
to the control wells.

Circular Dichroism (CD)

CD spectra were collected with a Jasco J-810 spectrometer at different ratios of compound to
DNA at 25 °C in MES 10 buffer. A DNA solution in a 1-cm quartz cuvette was first scanned
over a desired wavelength range. The compounds at increasing ratios were then titrated into
the same cuvette and the complexes rescanned under same conditions.

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
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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 heating rate of 0.5 °C/min. The concentration of DNA was
determined by measuring the absorbance at 260nm. A ratio of 1:1 compound to DNA oligomer
duplex was used for the complex or a ratio of 0.6 compound/DNA base pairs with the polymer.
Higher ratios did not result in any significant Tm increase.

Calculated Equilibrium Geometry

The equilibrium geometry of RT29 when not bound to DNA was obtained by full geometry
optimization at both the Hartree-Foch (HF) and density functional (B3LYP) levels with a series
of basis sets (6-31G(d,p) and higher). All quantum chemical calculations were carried out with
the Spartan04 software package.

Calculated Solvent Accessible Surface Areas

Solvent accessible surface areas (SASA) of the RT29-DNA complex (2FJV.pdb) were
calculated using NACCESS V2.1.1. This program outlines the accessible surface of a molecule
using a path generated by the center of a 1.4 A radius-probe rolled around the Van der Waal’s
surface of the molecule based on the Lee & Richards method (35,36). The surface area is
calculated by slicing the three-dimensional molecular volume to determine the accessible
surface of individual atoms. SASAs for unbound DNA and RT29 were calculated using only
the coordinates for DNA or RT29, respectively. ASASAqgta = SASAcomplex —

(SASAfree DNA + SASAfree RT29)-

Biosensor - Surface Plasmon Resonance (SPR)

Biosensor-SPR experiments were conducted with BlIAcore 2000 or 3000 (Biacore, Uppsala,
Sweden) instruments. 5’-Biotin labeled DNA hairpins were immobilized on streptavidin-linked
sensor chips via non-covalent capture. For kinetics experiments a Biacore CM4 chip, which
has lower degree of carboxymethylation (relative to the standard CM5 chips), was used.
Streptavidin was linked to this chip by standard amine coupling chemistry (1800 RU) and
biotinylated DNA was captured on the chip surface. The tight affinity between biotin and
streptavidin yields a highly stable surface over time, allowing for regeneration with relatively
harsh conditions. After washing the chip with 1M NaCl/50mMNaOH and buffer to remove
unlinked streptavidin, a 25 nM DNA of selected sequence was manually injected over each
streptavidin derivatized flow cell at a flow rate of 2 pl/min until the desired amount of each
DNA sequence (RU) was immobilized. Three flow cells contained DNA and one flow cell was
left blank as a reference.

The compounds at different diluted concentrations in degassed and filtered Tris buffer with
0.005% surfactant P-20 were injected over the DNA surface for a selected time. A 10 mM
glycine solution at pH 2.0 was used for regeneration. Steady-state binding studies were carried
out by averaging the resonance unit values (RU) over a selected time region at different
compound concentrations and converting them to r (moles of bound compound per mole of
DNA hairpin), r = RU ¢q/RUmax, Where RUgq is the averaged RU at steady state for each
concentration and RUypx is the maximum RU value for binding one compound per binding
site. The binding constant, Ka, was obtained from the best fit of r versus free compound
concentration (Csee) With a one site binding model:

r=(Kj * Cgree) /(1+Ky * Cyree) (1)

Fits with more than one site did not improve the correlation coefficient or residuals significantly
for RT29. Analysis of kinetics results was performed by global fitting of the binding data with
mass transport limited binding models (37,38). Equations (2) and (3) are standard 1:1 kinetics
models, while in a mass transport limitation model, equations (2),(3), (4) and (5) are used:
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[Ali=0=0, [ Bl=o=CRUyx,[ ABJ;=p=0

K.=[AB]/[A][B] @

d[ABJ/dt=k,[ A][B] — kq[ AB] (3a)
d[RU]/dt=k,[ A][RUpax — RU] - kq[RU] (3b)
dl Al/dt=k([ Apui] = [A]) —ka[ Al[B]+kq[ AB] o)
d[B]/dt= — ko[ A][B]+k4[ AB] (5)

where [A] and [Apyk] are the concentrations of the compound at the sensor surface and in the
bulk solution, respectively, [B] or c[RUmax-RU] is the concentration of the DNA, and [AB] or
cRU is the concentration of the complex, cCRUpax is the response at saturation of binding sites,
k, is the association rate constant, Ky is the dissociation rate constant and c is a proportionality
constant that relates RU to concentration. The c constant allows conversion of eq. 3a to 3b and
direct use of the response to determine Kkinetics constants. Global fitting of entire sensorgrams
at all concentrations was used to determine the kinetics constants.

Isothermal Titration Calorimetry (ITC)

RESULTS

ITC experiments were performed with a MicroCal VP-ITC (MicroCal Inc., Northampton, MA,
USA\) interfaced with a computer equipped with VVP-2000 viewer instrument control software
and Origin software for data analysis. In ITC experiments 10ul of compound in cacodylic
buffer was injected into the sample cell containing DNA duplexes in the same buffer. The
observed heat for each injection was measured by integration of the peak areas with respect to
time. Blank titrations with no DNA were conducted by injecting the compound into the sample
cell containing only buffer under the same conditions. The corrected interaction heat was
determined by subtracting the blank heats from those in the compound/DNA titrations.

DNasel Footprinting Studies: Establish the Binding Sites in Natural DNA

DNase | footprinting results for RT29 (Figure 2a,b) indicate that the diamidine binds extremely
tightly to specific AT rich sequences of DNA to produce pronounced footprints within the 117-
bp and the 176-bp restriction fragments used for these experiments. For the 117-bp fragment,
footprints centered on nucleotide positions 20-30 correspond to compound binding to
juxtaposed AT sequences with a single separating GC base pair: 5-AATTGTAATA. Sites
around position 42, 5'-TAAAA, 63, 5-TTTT, and 85, 5-ATTAA, have similar, strong
footprints. Interestingly, a protected site around position 74 contains only three consecutive
AeT bp, 5'-TAAC. This finding agrees with ethidium displacement results (below) that indicate
significant binding by RT29 to some sites with three consecutive AT base pairs and a 5’ or 3’
GC base pair. Footprinting results for the DNA fragment of 176-bp (Figure 2b) confirm that
RT29 binds very strongly to AT DNA sequences and particularly strong to AATT. All of the
footprinting results show that RT29 has a strong binding preference for sites with four or more
AT base pairs but with some tolerance for specific sites with three AT and a terminal GC base
pair.
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Fluorescence Intercalator Displacement (FID): Analysis of RT-29 Site-Selectivity

Although DNase | footprinting can scan long DNA sequences, it does not have nucleotide
resolving power and we have thus turned to the FID method to investigate specific sequences
in greater detail. Previous analyses of the sequence selectivity of RT29 via ethidium
displacement (using an oligonucleotide library containing all possible four base pair sequences)
indicated that RT29 interacted preferentially with DNA sites containing four contiguous A/T
base pairs (such as AATT and ATTA) and also with sites that have three AT base pairs followed
by a C or G base pair (30) (Figure 3a); the site of this latter type preferred by RT-29 was
determined to be ATTC. Interestingly, distinct from the behavior of netropsin in this assay
(33,34,39), which clearly revealed a preference for four A/T base pair sites only, RT-29
revealed that four A/T-base pair sites where interspersed among the similarly preferred three
AJT base pair sites in the rank order (Figure 3). While the footprinting results for RT-29
described earlier provide support for this finding, through the footprint observed at the TAAC
site in the 117 base pair fragment, an ATTC site was absent in the sequences used in the
footprinting experiments and those sequences contain few (A/T)3-G/C sites. A histogram of
the FID results for analysis of all possible four base pair (A/T)3-G/C sites is shown in Figure
3 including the four A/T base pair sites for comparison. As noted previously, the strongest (A/
T)3-G/C site contained the sequence ATTC and, like the behavior of other A/T-rich DNA
targeted molecules, none of the highest-ranked sequences with three AT base pairs preferred
by RT-29 have a 5’-TA-3' step; sites containing TpA steps appear only within the lower half
of the rank ordered sites among this group of oligonucleotide targets.

Along with our examination of (A/T)3-G/C sites in general, we also examined details of the
RT-29 interaction with the favored ATTC type of sites. Our x-ray structural analysis of RT-29
bound to ATTC determined that RT-29 interacts with this particular site, in part, through the
formation of a water-mediated hydrogen bond between the RT29 benzamidine moiety and the
nucleobase present at the 3'-flank of the ATTC site, i.e., to the N in ATTCN (30). While the
observation of a water-mediated interaction suggests that the identity of the nucleobase present
at N should not strongly influence RT-29 binding, direct evidence to support this notion was
not available. To probe the ability of RT-29 to target the ATTC site in greater detail, the FID
method was used further to investigate the influence of ATTC flanking sequences contained
in oligonucleotide sequences of the type 5'-ATTCN- (where N is A, T, C, G in a hairpin duplex
of the type previously used). All complexes formed were found to have a 1:1 RT29 to duplex
stoichiometry (data not shown) and sites with N = T or A (T > A) exhibited slightly stronger
binding to RT-29 in comparison to those with N = G or C within the drug concentration range
0-0.5 uM (Figure 3). These results indicate that, as expected based on the observed water-
mediated interactions, all ATTC-like binding sites have similar affinity for RT29 with little
flanking sequence influence. These observations further suggest that the overall groove width
of ATTC sites, and perhaps 5’-(A/T)3-(G/C) in general, influences binding to an extent greater
than specific intermolecular interactions.

Circular Dichroism: Probe the Binding Mode in Solution

CD spectra of the diamidine on titration into a solution of a DNA oligomer with an -AATT-
sequence were monitored from 220nm to 400nm. At the maximum absorption wavelength of
the compound, where the DNA CD signals do not interfere, positive induced CD signals were
observed around 325nm (Figure 4). RT29 has no intrinsic CD signals and these signals are for
the bound compound. Such positive induced CD signals are generally a characteristic of
binding in the minor groove of DNA (40,41) as observed for other diamidines. In summary,
CD results indicate that RT29 binds in the DNA minor groove in AT sequences in solution in
spite of the pronounced molecular twist in the RT29 diphenyl ether system.
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RT29-DNA Thermal Melting Studies: Relative Binding Affinity

Thermal melting studies with polydA.polydT serve as a qualitative screen for compound
binding affinity to AT sequences (42). ATm values (Tm of the DNA complex - the Tm for
DNA) for RT29 with polydA.polydT were compared to the value for DB75 (ATm = 24.8 °C;
the error in ATm values is £0.5 °C) under the same conditions. Surprisingly for the highly
twisted RT29, the binding is so strong that the DNA complex melts above 95 °C and no
transition could be observed (ATm > 28 °C). Tm studies were also done with a DNA hairpin
duplex containing a single -AATTAA- site, the same sequence as in the crystallographic
analysis. The oligomer Tm is 61.2 °C and at a 1:1 ratio of RT29 the Tm increases to 75.4 °C
while at a 2:1 ratio the Tm increases only to 76.2 °C. This result indicates that RT29 binds to
the oligomer duplex ina 1:1 complex as expected from the designed sequence, and that it binds
to DNA significantly more strongly than the classically shaped minor groove agent, DB75.

Biosensor-Surface Plasmon Resonance (SPR): Quantitative Binding Affinity and
Stoichiometry

In order to quantitatively evaluate the DNA interactions of RT29, SPR experiments were
conducted with hairpin duplexes containing the sequences -AATT-, which has been used in
studies of many minor groove binding compounds and which had the strongest RT29 affinity
in FID experiments, -AATTAA- (the same as used in the Tm and crystal structure studies), as
well as an alternating GC base pair sequence as a control. Because the SPR approach responds
to mass, it can be used in comparative studies for diamidines that have very large differences
in properties and equilibrium binding constants, K as well as weak spectral signals. In many
cases rates for the binding can be observed in real time as the SPR signal increases with
compound-DNA complex formation. A number of detailed and extensive comparative studies
have conclusively shown that carefully conducted biosensor-SPR studies provide equivalent
results to solution methods (37,38,43-46).

In agreement with the DNasel footprinting and FID results, the observed binding of RT29 to
the two hairpin AT sequences is quite strong while no significant binding could be detected to
the GC sequence at concentrations that saturated the AT binding sites. The binding of RT29
to the AATT (Figures 5a) and AATTAA hairpins is very similar under the experimental
conditions (Table 1). Because of the strong binding, low concentrations were required to obtain
a mix of free and bound DNA sites and at the lowest concentrations, a steady state region was
not reached in the 500 second maximum, volume limited, flow time for the experimental
conditions (Figure 5a). Since the observed association rate is a mix of bimolecular complex
formation and mass transfer (eq. 4), the observed rate increases with increasing concentration
of RT29 in the flow solution. A steady state plateau was obtained at the higher concentrations.
The observed dissociation rate is also quite slow and is not complete in 1000 sec, even at 0.5M
salt concentration. As can be seen in Figure 5b, the compound binding sites are essentially
saturated at RT29 concentrations above 25 nM at 0.2 M NaCl. The concentration required for
saturation binding increases with increasing salt concentration (Figure 5b).

To evaluate the binding equilibrium constants, K, the experimental sensorgrams were
quantitatively evaluated by fitting with a 1:1 global kinetics analysis model that included a
mass transport limitation term (Materials and Methods). The results clearly show that the
binding rate of RT29 to DNA under these conditions is dominated by the transport of RT29
molecules between the flow solution and the sensor surface with immobilized DNA. Given the
rapid association of RT29 with the minor groove in AT sequences and the very low
concentrations used in the experiments due to the strong binding of RT29, this is an expected
observation (47). The apparent kinetics results also increase with an increase in the flow rate,
a signature characteristic of mass transport influenced rates. The calculated ratios of

ko *RUmax/k; are higher than 5 under these conditions, providing further evidence for mass
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transport limited binding. A ratio of less than 5 has been shown to be important for obtaining
reliable kinetic data (38). True reaction kinetics results could thus not be determined for the
RT29-DNA complex under these conditions (0.2 and 0.5M Na* at 25°C), however, the
equilibrium binding constant at 0.2M salt, K = 1.4 x 10 M1 (experimental error of +20%),
obtained from the global fit approach is valid (38,47), as long as most of the observed
association and dissociation rate data can be collected in the experimental time period. The
fitting procedure allows the determination of equilibrium constants since mass transfer affects
both the association and dissociation reactions and K can thus be determined from mass transfer
limited apparent rate constants. The binding constant obtained from more limited steady state
results at the highest concentrations is in good agreement with the K from kinetics analysis.
The binding constant obtained for RT29 is higher than other minor groove binding dications
of similar size and charge.

To better understand the energetic details of the RT29-DNA complex, binding studies were
conducted as a function of salt concentration and temperature. A slope of 1.8 was obtained in
a plot of log K versus —log Na+ and this indicates that both cationic amidines of RT29 are
electrostatically interacting with the DNA duplex (Figure 5b). AG for binding changes very
little over the experimental temperature range (Figure 6) in agreement with observations on
other minor groove binding agents (27, 29, 48). In summary, the SPR results show that RT29,
in spite of its unusual structure, binds very tightly to AT sequences of four or more AT base
pairs in a 1:1 complex, but that it binds very weakly to sites composed of GC base pairs. For
its size RT29 is one of the strongest DNA binding agents found to date.

As described above, the interaction kinetics of RT29 with DNA at salt concentrations up to
0.5M NaCl have significant mass transport influence. Binding kinetics of RT29 to the AATT
site at 1M NaCl salt concentration with a lower density of DNA on a CM4 chip are not
significantly mass transport limited (Table 1,(38)) As the K value decreases at higher salt
concentration, the association (k,) rate constant decreases and the mass transfer influence
decreases to zero on lower density DNA surfaces. The k, and dissociation (kg) rate constants
as well as the K value (Table 1 and Figure 5c) obtained from global fits are consistent with
non-mass-transport limited binding kinetics at 1M salt concentration. Similar Kinetics
experiments were conducted with the AATTAA sequence (Figure S1 and Table 1) and the
results are similar to those obtained with AATT site.

Isothermal titration calorimetry (ITC): Detailed Thermodynamics of the RT29-DNA Interaction

ITC experiments with an AATT sequence oligomer were conducted to obtain a full
thermodynamic understanding of the exceptionally strong binding of RT29 (27,29,48-50).
Titration of RT29 into buffer and into a DNA solution provided plots of heat/mol versus molar
ratio by subtracting the integrated peak areas for the buffer titration from the DNA interaction
titration (an example titration is in Figure 7). Due to the large K value for RT29 binding to
DNA, only the binding enthalpy, AH, could be obtained in the ITC experiments. For molar
ratios of less than approximately 0.9, the observed heat/mol is constant and equal to AH since
essentially all of the added compound binds to DNA in the calorimeter under these conditions.
The results were fit to a single site binding model and the observed AH value for binding is
—8.0 £ 0.1 kcal/mol RT29 at 25 °C. The calculated —T-AS values (—4.5 kcal/mol at 25 °C) are
based on SPR binding free energies (AG° =-RTInK = —12.5 kcal/mol at 25 °C) and AH from
ITC (Figures 6,7). These results clearly show that the strong binding of RT29 at 25 °C and
above is dominated by a favorable binding enthalpy. This is in contrast to many diamidine
derivatives and other minor groove binding agents for which the binding to AT sequences is
entropy driven (25,48,50). ITC and SPR experiments were also conducted with the -AATTAA-
sequence DNA used in crystallization (Figure S2). The observed binding enthalpy is —7.4 kcal/
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mol and the calculated -T-AS is —5.3 kcal/mol at 25°C. Thus, the RT29 interaction with both
AT DNAs is principally driven by the interaction enthalpy term.

Footprinting results described above as well as previous fluorescence intercalator displacement
(FID) studies (30) have shown that RT29 can bind to DNA sequences with three consecutive
AT base pairs and a single GC base pair. To compare this type of interaction with that for pure
AT sites, ITC experiments with a hairpin oligomer sequence, 5'-
CGATTCCGICTCCGAATCG-3', with a -ATTC- binding site (in bold with the hairpin loop
sequence underlined) which was previously used in SPR studies (30), were conducted (Figure
S3). These studies provide a thermodynamic understanding of the differences in RT29
interactions with AT sites containing three or four AT base pairs. The experiments with -ATTC-
were conducted as with -AATT- and the observed AH value for RT29 binding at 25°C is —6.2
+0.07 kcal/mol. The calculated -T-AS value at 25 °C for binding to -ATTC-, based on the SPR
binding free energies (AG°® =-RTInK =—-10.4 kcal/mol) (2) and AH from ITC, is —4.2 kcal/
mol. These results again show that the binding of RT29 to DNA with three or four AT base
pairs is dominated by the enthalpy term at 25 °C. The stronger binding to AATT, relative to
ATTC, is entirely due to a more favorable binding enthalpy with the AATT site (-8 kcal/mol
vs —6.2 kcal/mole).

Molecular Structural Comparisons and Models: Calculations and Crystallography

A geometry optimized structure for RT29 is shown in Figure 8 along with a model of RT29
with the coordinates from the crystal complex with DNA (30). An optimized structure for DB75
is also shown to allow comparison with a compound that has a more standard minor groove
binding shape (17). The structures were calculated by quantum methods at both the HF and
B3LYP levels (Materials and Methods) with different basis sets. The basis set level that was
used in both cases had a small effect on the final torsional angles in RT29. The structure
calculated by DFT methods has slightly smaller predicted torsional angles for all angles joining
the benzimidazole, phenyl and amidine systems than found in the HF calculations. In the
calculated structures for both RT29 and DB75 the amidine-aromatic ring torsional angles are
35 — 40°. The benzimidazole-amidine angle in the RT29 crystal structure is similar, but the
phenyl-amidine angle is reduced to near 0° (Figure 8). The benzimidazole-phenyl angle in both
the calculated and crystal structures of RT29 is near 0°. These results indicate that the amidine-
benzimidazole-phenyl end of RT29 does not undergo significant structural changes on forming
the -AATT-minor groove complex. The amidine-phenyl-O-phenyl end of RT29, on the other
hand, undergoes considerable structural change on complex formation.

There is a dramatic difference in structure between DB75 and RT29 that can also be seen from
the comparisons in Figure 8. The aromatic system of DB75 has the classical curvature of DNA
minor groove binding compounds with a relatively planar phenyl-furan-phenyl aromatic
system while the diphenylether of RT29 is highly curved and twisted. The twist is especially
significant relative to the width of the minor groove and in the equilibrium conformation, the
compound can not slide deeply into the groove. The x-ray results, however, show that the angle
between the phenyl planes of 62° in the calculated, unbound structure is reduced to 35° in the
bound form (Figure 8, 9). It is this decrease in twist that makes it possible for RT29 to slide
into the minor groove. The reduction in twist is largely made possible by an increase in the
phe-O-phe bond angle. The bond angle is 126° in the unbound molecule but is 136° in the
complex with DNA. This slight opening of the bond angle makes it possible for the reduction
in phe-O-phe twist to occur without extensive atom-atom steric clash.

The induced structure of RT29 that is bound to DNA also has an impressively optimized

electrostatic potential molecular surface for DNA interactions (Figure 8). The inner face of the
molecule in the bound conformation contains the benzimidazole and amidine -NH groups with
a significant positive potential. The opposite face with the unprotonated benzimidazole N and
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the ether oxygen, which faces out into the solvent, is significantly more negatively charged
and does not have H-bond donating groups. This is an advantage for both formation of H-bonds
with the AT base pairs at the floor of the DNA minor groove and for electrostatic interactions.
The interaction of RT29 with DNA is thus similar to the folding-binding reaction that many
proteins undergo on complex formation with DNA and the induced conformational change
places the functional groups of RT29 in closely optimized positions for interaction with DNA
(Figure 9).

Various methods have been proposed to calculate binding heat capacities for nucleic acid
complexes based on the amount of polar and nonpolar surface area that is shielded from solvent
on complex formation. From the crystal structure of RT29 bound at the AATT site, the amount
of buried polar and nonpolar surface area can be determined and the values are collected in
Table 2. Record and coworkers (51), based on protein folding and small molecule transfer to
water, and Chaires and coworkers (52) based on small molecules binding to DNA, have
determined equations to correlate buried surface areas with ACp. The Record equation predicts
a heat capacity of —128 cal/mol K and the Chaires equation predicts ACp = —165 cal/mol K
for RT29 binding to the AATT site. Both predictions are substantially below the experimental
value of —278 cal/mol deg for the AATT complex that is determined from the slope of AH
versus temperature in Figure 6.

DISCUSSION

It is important to study the DNA complexes of compounds of unusual structure, such as RT29,
in detail in order to better understand the molecular basis for their unexpected ability to
recognize DNA. This is especially true for RT29 since it has exceptional DNA binding strength,
in addition to a non-standard shape for DNA recognition and can serve as the basis for design
of anew class of nonclassical minor groove binders. DNasel footprinting studies are the method
of choice for defining sequence specificity in DNA binding of compounds with binding sites
of different length in a long sequence context (11,32,53). Several important conclusions arise
from the footprinting results (Figure 2): (i) the footprints seen with RT29 always coincide with
the position of AT-rich sequence tracts; (ii) the footprints have the 3'-offset expected for
footprinting of a minor groove complex, in accord with the model for asymmetric cleavage by
DNase I across the minor groove of the B-form helix (53,54); (iii) RT29 protects AT-rich
sequences from cleavage by DNase | more intensely at AATT sites indicating that it exhibits
a higher affinity for this DNA sequence; (iv) a less intense footprint is seen at a site with three
AT and aterminal GC base pair. These results are complemented and expanded by results from
FID experiments which show that AATT is a favored RT29 binding site in four base pair
binding sequences (Figure 3). Binding sites that contain TA steps interact with RT29
significantly less strongly than other AT sequences in both footprinting and FID experiments.
Similar poor binding to sequences with TA steps has been reported with other minor groove
binding agents (55-57). Both DNasel footprinting and FID as well as SPR studies show that
four base pair sites with more than one GC pair bind RT29 too weakly to be detected. DNasel
isalarge enzyme and this makes it somewhat difficult to precisely define the exact drug binding
site in a footprinting study. In several footprints (Figure 2) a G/C base pair at the 3’ side is
protected and this could be correlated with the FID results that support RT29 binding at (A/
T)3-G/C sites. The correlation is complicated, however, by the 3’ offset of minor groove
footprints and by the size of DNasel.

X-ray structural results in Figure 9, (30) provide a model for RT29 binding in the minor groove
and circular dichroism spectra provide support for a minor groove complex in solution (Figure
4). The strong minor groove binding of RT29 to AATT was unexpected based on the twist and
curvature of the compound that is unique for a minor groove binding agent of this size. Similar
compounds that are highly curved or twisted bind weakly to DNA (16,58). In order to better
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understand the basis for the strong binding of RT29, crystallographic (30) and calculated
structures are compared for RT29 in Figure 8. There are significant induced fit changes in
conformation of RT29 on complex formation. Even with these changes, however, it is not
possible to arrange all of the functional groups, the amidine and benzimidazole -NH, for
example, to match the shape of the minor groove and position of DNA receptor groups. To
complete the complex requires a bound water molecule that forms an essential part of a ternary
complex (Figure 9). Interestingly, the benzimidazole -NH and amidine group of RT29 form
direct H-bonds with DNA in the AATT site while the phenylamidine interacts with DNA
through a bound water molecule. In the crystal structure with the compound bound at the ATTC
sequence the water position shifts to the benzimidazole end of RT29 and the benzimidazole is
pushed slightly off of the floor of the minor groove due to the GC base pair and the G-NH,
group in the minor groove in the benzimidazole binding region. As a result, there are no direct
H-bonds from RT29 to the DNA bases in the ATTC complex and only indirect H-bonds are
formed through the bound water molecule to the bases edges at the floor of the minor groove.
The lack of H-bonding certainly helps explain the weaker binding of RT29 to the ATTC
sequence. Bound water molecules thus provide a flexible way of linking RT29, and other
diamidines, to the floor of the minor groove with a significant increase in Gibbs energy of
binding. Interestingly, there are also a number of close contacts between phenyl C-H groups
of RT29 and DNA TO2 keto groups in the minor groove that apparently add significant
stabilization to the complex (Figure 9).

These interesting and unexpected structural observations raise specific questions that we have
addressed in the thermodynamics studies reported here: what is the thermodynamic basis for
the exceptionally strong binding of RT29 to AATT sites and how do the thermodynamic driving
components for complex formation change when RT29 is bound to a site with only three AT
base pairs (ATTC)? The answer to the first question is summarized in the thermodynamic
results as a function of temperature (Figure 6). As with all minor groove dications studied in
detail to this time, the Gibbs energy of binding changes very little with temperature near 25 °
C while the calorimetric enthalpy of binding becomes significantly more negative, more
favorable for complex formation, as the temperature is increased. The calculated —T-AS value
for binding, thus, also becomes more negative, less favorable, as the temperature is increased.
Complex formation of RT29 with the AATT site is strongly enthalpy driven at 25 °C and the
plot in Figure 6 predicts that the binding reaction become completely enthalpy driven above
45 °C but completely entropy driven below approximately 0 °C.

The heat capacity difference between the DNA complex of RT29 and the free species is
obtained from the slope of the plot of AH versus temperature (Figure 6) and is negative, —278
cal/mol deg for the AATT complex. From the crystal structure of RT29 bound at the AATT
site, the amount of buried polar and nonpolar surface area can be calculated (Table 2) and used
to estimate ACp (51,52). Predicted values (Table 2) are substantially below the experimental
value and this suggests that bound water, particularly the water that is an intrinsic part of the
complex, adds significantly to the change in heat capacity on complex formation. Cooper and
coworkers (59,60) have clearly shown that many biopolymer transitions and binding
interactions have detailed thermodynamics with the characteristics described above (Figure 6)
and that such characteristic thermodynamics values are expected for processes involving
numerous weak interactions, particularly those involving changes in bound water, in the overall
reaction. They conducted an experimental and theoretical analysis of trisaccharide-protein
binding with and without a specifically bound water molecule. Both experiment and theory
indicated that for each extra H-bond in the system with water, the binding enthalpy would be
approximately —2 kcal/mol larger than for the trisaccharide system without water. The binding
heat capacity was found to be approximately —20 cal/mol K larger for the water system and
this was within the range of theoretical predictions. An RT29 analog without bound water is
not available but we can compare the results to other diamidines that bind without a water.
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Figure 10 shows a comparison of the binding thermodynamics for the RT29-AATT complex
with results for other dicationic minor groove binding agents with the same sequence. DB75,
shown in Figures 1 and 8, is a classically shaped minor groove binding agent in which both
amidines form H-bonds with DNA bases (61). No water molecule forms an intrinsic part of
the interaction between the compound and DNA bases and complex formation is strongly
entropy driven at 25 °C. Although there are many interactions in the RT29 complex that are
not possible with the DB75 heterocyclic system, the differences in binding enthalpy and heat
capacity with the theoretical results described above (59, 60) suggest that at least two water
H-bonds must be present in the RT29 complex that are not found in the DB75 complex.

Thermodynamic results for DB921 (Figure 1), an AT specific minor groove agent that has
similar groups to RT29 but with a less twisted and more linear shape, are also shown in Figure
10. DB921 also binds very strongly to DNA and requires a bound water molecule at the
phenylamidine end of the molecule in order to H-bond with DNA bases at that end of the
molecule (13). Interestingly, it has a different thermodynamic profile than RT29 with a larger
entropy component for binding to AATT sites at 25 °C. These results suggest that RT29 has a
more ordered water network system to stabilize its DNA complex than DB921. Such a
difference is not apparent in the x-ray structures of the two compound-DNA complexes. What
is quite clear is that these two benzimidazole derivatives, with very nonstandard shape for
minor groove complex formation, have some of the largest binding constants for molecules of
their size. Results for RT29 binding to the ATTC sequence are also shown in Figure 10 and
the reduction in binding enthalpy and Gibbs energy are clearly seen in comparison to the AATT
results. The lower enthalpy is in agreement with the reduced number of H-bonds in the ATTC
complex observed in the crystal structure.

For the therapeutic point, it is essential to design additional compounds that target DNA
sequences in different but effective methods. RT29 represents a new paradigm that does not
fit the classical model of minor groove interactions. An induced fit molecular structural change
in RT29 reduces the twist of the ether group to complement the minor groove, and places the
functional groups in position to interact with DNA bases at the floor of the minor groove. The
interaction is completed by incorporating a water molecule into the complex, and in the AATT
binding site the phenylamidine contacts the bases at the floor of the groove indirectly through
a bound molecule of water. The RT29-water pair forms a curved noncovalent minor-groove
binding module that matches the shape of the groove. With the ATTC site the water-RT29
interaction again creates a curved minor groove binding adduct that is better able to match the
curvature of the groove. These results, along with previous analyses of linear diamidines that
bind strongly in the minor groove (Figure 1, (25)), clearly suggest that traditional views of the
compound shape required for minor groove complex formation must be reevaluated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Structures for RT29 with other diamidines and DNA hairpin and self-complementary duplex

sequences.
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Figure 2.

(A). DNase I footprinting for RT29 bound to the 3'-end radiolabeled 117-bp restriction
fragment from pBS and (B) 176-bp restriction fragment from pTUC. The cleavage products
from the DNase | digestion were resolved on an 8% polyacrylamide gel containing 8M urea.
The concentration (uM) of the drug is shown at the top of the appropriate gel lanes. Control
tracks labeled “Ct” contained no drug. The track labeled G represents dimethylsulphate-
piperidine markers specific for guanine. Numbering of the sequence is shown at the left side
of the gels. Densitometer traces with sequence numbering are shown below the gel results.
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(A). FID analysis of RT —29 (0.75 uM) binding to all possible four base-pair DNA sequences
(upper panel) emphasizing the overall rank and relative rank order of sites containing three
contiguous A/T base pairs flanked by one G/C base pair [5'-(A/T)3-G/C sites]. Also illustrated
is a comparison of the binding of RT-29 to the four possible 5'-ATTC-N sites (lower panel).
The merged-bar FID analysis histogram in the upper panel is color-coded such that four base
pair A/T-only DNA cassettes are blue [5'-(A/T)y4 sites] while those containing 5'-(A/T)3-G/C
sites are red; all other sites are black. (B) The plot shown illustrates the change in F (decrease)
that occurs as ethidium bromide is displaced from oligonucleotides containing 5-ATTC-N
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sites as a function of increasing RT-29 concentration; these data suggest that RT-29 exhibits
a slight preference for 5'-ATTC-T sites (T>A >G> C).
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Figure 4.

Induced CD signals for RT29 with the d(CGCGAATTCGCG), duplex in MES 10 buffer at
25°C. Molar ratios of compound to DNA duplex are 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5 from the
bottom to the top at the induced CD wavelength maximum near 320nm.
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Kinetics for Binding of RT29 to AATT Site in
_Buffer with 1000mM NaCl at 25°C
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Figure 5.

(A). SPR sensorgrams for binding of RT29 with AATT in Tris50 buffer at 25°C. The smooth
black lines are best fit curves by global kinetics fitting as described in the text. For RT29, the
concentrations from bottom to top are 0, 0.25, 0.75, 1.5, 2.5, 3.5, 5.5, 7.5, 10 and 20nM. (B)
Binding results for RT29 with the AATT hairpin sequence (Figure 1) at different salt
concentrations 0.2 (A),0.5(¢),and 1.0 (m) M NaCl) at 25 °C. The inset shows the linear relation
of log K to —log [Na*] which gives a slope of 1.8. (C) SPR sensorgrams for the binding kinetics
of RT29 with AATT in Tris100 buffer at 25 °C and a flow rate of 100ul/min on a low density
C4-streptavidin chip. The black lines are best fit curves by global kinetics fitting. The RT29
concentrations from bottom to top are 0, 2.5, 5.5 10, 20, 30, and 40 nM.
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Thermodynamics Results for Binding of RT29 to AATT Site
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Figure 6.
Thermodynamics results, AG from SPR, AH from ITC, and —TAS (calculated from AG = AH
—TAS), for binding of RT29 to the AATT site (Figure 1) at different temperatures.
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Figure 7.

The upper panel is an ITC curve for titration of RT29 (0.050mM) into 0.005mM d
(GCGAATTCGC), duplex (CAC20 buffer with 200mM NaCl) at 35 °C. The integrated, blank
subtracted heat are plotted versus molar ratio in the lower panel.
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Figure 8.

Equilibrium geometries of RT29 (top) and DB75 (bottom) were calculated by the density
functional method at the 631G(p, d) level. Tube models are shown at right with space filling
electrostatic potential molecular surfaces on the left. The middle structure is RT29 in the
conformation observed in the crystal complex. The crystal conformation was frozen in the
calculations for comparison to the unconstrained minimum energy conformations of RT29 and
DB75. A can be seen, there is a very significant difference between the equilibrium, unbound
and bound conformations of RT29. Note that the bound conformation of RT29 is much closer
to that for DB75 and other similar minor groove binding compounds.

Biochemistry. Author manuscript; available in PMC 2008 August 22.



1duasnuely Joyiny Vd-HIN 1duosnuey JoyIny vd-HIN

1duasnuely Joyiny vd-HIN

Tanious et al. Page 29

Figure 9.

Crystal structures for RT 29 bound in the minor groove of an AATT (left) and ATTC site (right)
are shown. The water molecules that complete the complexes are shown as red spheres. The
water is at the bottom, phenylamidine group, in the AATT complex and at the top,
benzimidazole amidine group, in the ATTC complex.
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Figure 10.
Comparison of binding thermodynamics for DB75, DB921 and RT29 with an AATT site, and
RT29 with an ATTC site at 25 °C in buffer with 0.2M NaCl.
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Table 1
Binding and kinetics result of RT29 binding to AATT and AATTAA sites at 25°C
DNA [Na‘JmMm k, (1/Ms) kq (1/5) K(M™)
AATT 200 MT2 MT 1.4x10
500 MT MT 2.7x10
1000 6.88x10° 0.072 9.6x10
AATTAA 200 MT MT 1.6x107
500 MT MT 2.5x10]
1000 2.35x10° 0.026 9.2x10

a .. . -
MT is mass transfer dominated binding rates
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Solvent accessible surface areas of d(CTTAATTC), and RT29 calculated using NACCESS

Table 2

Nonpolar Area (A%) Polar Area (A?) Total Area (A?)
Complex 1403.7 17154 3119.1
Bound DNA 1284.4 1629.6 2914.0
Bound RT29| 119.3 85.8 205.1
Free DNA 1504.9 1734.6 3239.5
Free RT29 416.6 246.7 663.3

ASASAtotal=—783.7 A2
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