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The understanding of sequence-specific DNA minor groove interactions has recently made major steps forward
and as a result, the goal of development of compounds that target the minor groove is an active research area. In
an effort to develop biologically active minor groove agents, we are preparing and exploring the DNA in-
teractions of diverse diamidine derivatives with a 5'-GAATTC-3' binding site using a powerful array of methods
including, biosensor-SPR methods, and X-ray crystallography. The benzimidazole-thiophene module provides an
excellent minor groove recognition component. A central thiophene in a benzimidazole-thiophene-phenyl aro-
matic system provides essentially optimum curvature for matching the shape of the minor groove. Comparison of
that structure to one with the benzimidazole replaced with an indole shows that the two structures are very
similar, but have some interesting and important differences in electrostatic potential maps, the DNA minor
groove binding structure based on x-ray crystallographic analysis, and inhibition of the major groove binding
PU.1 transcription factor complex. The binding K, for both compounds is under 10 nM and both form amidine H-
bonds to DNA bases. They both have bifurcated H-bonds from the benzimidazole or indole groups to bases at the
center of the -AATT- binding site. Analysis of the comparative results provides an excellent understanding of how
thiophene compounds recognize the minor groove and can act as transcription factor inhibitors.

1. Introduction build on his insights into DNA duplex minor groove complexes.

The work in the Neidle group began in the early days of structural

The results described in this paper follow directly from the ground
breaking body of studies on DNA minor groove binders for over a period
of 40 years by Professor Stephen Neidle and coworkers. Although Dr.
Neidle conducted many different experiments on the structure, function,
and ligand interactions of DNA over this period,'” this report follows his
extensive studies on double-helical DNA complexes with aromatic dia-
midines. This class of compounds is of fundamental importance for their
major influential impact on both therapeutic and biotechnology
areas.”>% '° The structural results from the Neidle laboratory have laid
the foundation for most of the other investigations of DNA minor groove
complexes.'” ' Professor Neidle has more recently performed a similar
role in the DNA G-quadruplex fields while also conducting many
important research studies on the design and testing of DNA G-quad-
ruplex targeted therapeutics.”’ > As noted, however, this paper will
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studies of DNA small molecule complexes. Their first X-ray structure on
an aromatic diamidine was with the therapeutically important com-
pound, berenil (Fig. 1A).>?*?° The DNA sequence d
(CGCGAATTCGCG)2, which was used in the original netropsin structure,
was also used in the initial studies with diamidines. They found that, as
with netropsin, berenil bound in the AATT region of the DNA. It dis-
placed the minor groove hydration structure and formed diamidine-base
H-bonds to help stabilize the complex. The berenil complex with two
diamidines was also stabilized by charge interactions with the anionic
electrostatic field in the DNA minor groove as well as by the van der
Waals interactions from stacking with the walls of the groove.*** 2
The study of berenil was soon followed with structures for the clin-
ically useful diamidine anti-parasitic drug, pentamidine, and its struc-
tural analog, propamidine. (Fig. 1A).>”2° These important compounds
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are also bound in the -AATT region of the DNA oligomer duplex with
many of the same features as berenil. However, one big difference in
these structures is that berenil requires a bound water molecule to
complete the interaction of the compound with the bases at the floor of
the minor groove.® The findings with these compounds illustrated two
key points about minor groove complexes for the first time: (i) com-
pound curvature and its match to the minor groove curvature is a critical
feature for strong complex formation, and (ii) some compounds without
the optimum curvature can capture a water molecule to complete the
complex and give much stronger binding.>” The direct involvement of
water as a critical part of the minor groove complex of berenil was an
important insight from the structural results.

The Neidle, Wilson, and Boykin groups began a very enjoyable and
productive collaboration in the early 1990 s on heterocyclic diamidines
that were synthesized and their DNA complexes biophysics studied at
Georgia State University with numerous crystal structures from the
Neidle laboratory. These compounds were designed as potential new
antiparasitic therapeutics.>®'%2%3? Around this time, Dr. Wilson did a
summer sabbatical in England with Professor Neidle in the early 1990s.
After a day’s work, many enjoyable evenings were spent in a local pub
with productive discussions around the Neidle group. An important
compound examined in the collaborative research in this period, the
aromatic diamidine, furamidine, DB75 (Fig. 1A),>%1031:32 hag been
found to have very promising anti-parasitic clinical activity in humans.
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The prodrug of furamidine has, for example, progressed to phase III
clinical trials against the trypanosome organism that causes sleeping
sickness with excellent results.'” It is a highly fluorescent compound and
can be seen in trypanosomes from the blood of infected mice after in-
jection.*? It quickly leads to the destruction of their kinetoplast DNA as
an essential part of its mechanism of action.” Furamidine has also shown
very promising therapeutic activity against several other dis-
eases' 21313333 by targeting DNA or structural RNAs. Several de-
rivatives of DB75 have also shown activity against other
diseases, 11:12.14.13:33

To better understand the mechanism of therapeutic action of fur-
amidine and help to design better analogs, the Neidle group determined
the structure of furamidine and several of its alkylamidine derivatives
bound to the same DNA as with the other compounds described
above.>>%” The chemical structure of DB75 is shown for a minor groove
binding reference in Fig. 1A and the X-ray structure in Fig. 1B.> As ex-
pected from the close relationship of the compounds to the diamidines
berenil and pentamidine, DB75 binds deeply in the DNA minor groove in
the -AATT- sequence. Both amidine groups form H-bonds to AT bp at the
floor of the groove and the entire molecule is in van der Waals contact
with the walls of the minor groove. Rotations about the bonds con-
necting the amidine, phenyl, and furan groups in DB75 allow the com-
pound to track along the minor groove curvature. The inner-facing
nitrogen of both amidine groups are hydrogen-bonded to the O2 atom of

N’ ® " ®

Furamidine (DB75)

Propamidine

Hoechst 33258

Fig. 1. (A) Chemical structures of classical AT-specific DNA minor groove binders; (B) X-ray structure from the Neidle group of the DB75 complex with d
(CGCGAATTCGCG) (3), 227d.pdb: Left Side, DNA in ball and spoke, DB75 in space fill model; Right Side, DNA backbone in ribbon, base pairs in slab view and DB75
in ball and spoke. Colors: Left Side - H white, C tan, N blue, O red, P orange; in the Right Side Model: helix ribbons, tan, A red, T blue.
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T bases at 3.1-3.2 A. As can be seen in the model, the T bases are four
base pairs apart and on opposite strands. There are close van der Waals
contacts between the DB75 furan and phenyls and DNA bases and
sugars. The combination of H-bonds, van der Waals contacts, and elec-
trostatic interactions account for the strong interactions of furamidine
and analogs with the AATT site.® Given the resemblance to berenil and
propamidine, the structural similarity and binding strength are reason-
able. The alkyl amidine derivatives of furamidine have generally slightly
stronger binding, which is probably due to favorable positioning of the
alkyl groups in the minor groove, extra water release and van der Waals
contacts.>® All of the compounds have interactions with water molecules
at the amidine terminal groups in the minor groove and this is an
important stabilizing interaction for these complexes. Both DB75 and
berenil produce similar widening of the minor groove of 1-2 A that is
most pronounced at the last T of -AATT-.

The Neidle group continued their extensive structural investigation
of heterocyclic amidines and established a solid foundation for under-
standing the interaction of these compounds with the DNA minor
groove. In extending these studies to thiophene derivatives, also syn-
thesized by the Boykin group, they determined the structure for the
minor groove complex of a very strong binding compound, DB818
(Fig. 1A), that was termed a “super AT binding minor groove agent”,
based on its similar size to weaker binding compounds.*®

This thiophene derivative is a single example of the extensive ap-
plications of sulfur derivatives in medicinal chemistry.>” Many sulfur
derivatives have been synthesized with activities across a broad array of
diseases.”” "' -The thiophene sulfur-N-alkylbenzimidazole nitrogen
interaction has been used as the basis for recognition of many mixed
sequence DNA samples.“z’44

In a continued investigation of thiophene compounds, an indole
analog was synthesized,'" and the DNA binding of both benzimidazole
and indole were compared as well as their ability to inhibit the binding
of the transcription factor PU.1 to a DNA promoter sequence. PU.1 is a
member of the ETS family of transcription factors and is involved in the
development of acute myeloid leukemia in many people.*”*® The
development of drugs against AML is a high priority but has proven
difficult. Our approach is to target the minor groove of PU.1 promoter
sequence and cause dissociation of PU.1 from the major groove. Initial
results with AT-specific minor-groove binding diamidines are very
promising.14 The results of structural, binding, and PU.1 inhibition
studies of the thiophene benzimidazole and indole are presented here as
part of our studies to better understand minor groove binding agents and
to develop new types of drugs against AML. The fundamental goal of
these studies is to provide new design ideas for improved diamidine
inhibition of PU.1 and for inhibition of other transcription factors
involved in disease development.

1.1. Molecular Curvature:

Molecular curvature is a key feature for minor groove recognition
and couples with compound molecular stacking surface, H-bonding to
minor groove bases, and charged groups to establish the energetics of
binding and recognition.”” Since there is no systematic method to
evaluate the molecular curvature of minor groove binders, a graphical
approach for the determination of comparative molecular curvature
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values has been developed and is applied here to DB75, DB818 and
DB1879. In this method, compounds are first energy minimized in the
SPARTAN software package. Next, optimization calculations are per-
formed for the compounds using the DFT/B3LYP theory with the 6-
31+G* basis set in the SPARTAN software package.® The compounds
are then compared in the PowerPoint graphics package. The first step is
to define a reference circle that passes through both amidine carbons.
The reference circle that has a radius to allow it to pass as closely as
possible through the center of each molecular unit of the entire molecule
and the two amidine carbons is then selected. This is shown with the
three compounds in Fig. 2. Two lines are next connected from the
amidine carbons to the circle point at the center of the molecule. The
angle between these two lines defines a relative curvature value for
comparison of each molecule (Fig. 2). Analysis of a range of minor
groove binding compounds by this method indicates a value of 140-145°
is optimum for compounds binding strongly in the DNA minor groove.
As can be seen, the curvature of DB818 and DB1879 falls in this range
while DB75 is too curved to make optimum contacts with the groove and
it binds approximately 10 times weaker than the thiophenes. The two
amidines of DB75 contact the groove surface, but the center of DB75
loses direct contact with the minor groove. Due to its lower flexibility
and curved structure, the furan and adjacent atoms of DB75 are pushed
away from the floor of the groove. This relative comparison thus pro-
vides a useful numerical value to use to evaluate possible new
compounds.

2. Experimental
2.1. Materials and methods

2.1.1. Recombinant protein Expression and Purification:

The gene coding for the ETS domain of human PU.1 (residues
165-270) was cloned into the pET-28b plasmid and transformed into
BL21 DE3 pLysS cells (Novagen). Cells were grown to an ODgggnm of 0.6
at 37 °C in LB media. Expression of protein was induced with the
addition of IPTG to a final concentration of 0.5 mM at 22 °C for 16 h and
the cells pelleted by centrifugation. The cell pellet was resuspended in
buffer containing 10 mM HEPES, 500 mM NaCl, at pH 7.4. Prior to lysis
the suspension was treated with 1 mM PMSF and cells lysed by soni-
cation. Cell debris was pelleted by centrifugation and clarified lysate
loaded onto a 1 mL HiTrap SP HP column (Cytiva). Protein was eluted
against a 2 M NaCl gradient and fractions containing isolated PU.1 were
pooled. Buffer exchange and additional purification by gel filtration
were carried out on a Superdex 75 HiLoad 16/60 column (GE Life Sci-
ences) equilibrated with buffer containing 10 mM HEPES, 150 mM NaCl
at a pH of 7.4. Pooled fractions from gel filtration were concentrated to
500 pM prior to use in experiments.

2.2. Compound Properties:

The free compounds were built, and their equilibrium geometries
and electrostatic potentials calculated in the Spartan 20 software
package. The calculations were done by the density functional method at
the 6-31+G* level. The electrostatic potential maps were compared at
the same potential level in the Spartan software.*®

DB75
Curvature angle 134 °

DB818
Curvature angle 145 °

DB1879
Curvature angle 144 °

Fig. 2. By using the procedure described in the text, the relative molecular curvature values for these compounds were determined.



E.N. Ogbonna et al.
2.3. Crystallization and data collection

The oligonucleotide duplex d(5'-CGCGAATTCGCG-3'), (HPLC-Puri-
fied, IDT) was annealed at 85 °C for 6 mins in 20 mM NaCl with 1.5
stoichiometric equivalents of compound (10 mM stock, H,O) prior to
crystallization. All crystals were grown by vapor diffusion in 3 pL
hanging drops (1:1) at 298 K in 24-well VDX plates (Hampton Research)
in drops containing the 24-conditions of the Nucleic Acid Mini-screen
(Hampton Research) against wells containing 600 uL of a 35% solu-
tion of (£)-2-methyl-2,4-pentanediol (MPD). Crystals containing DB818
were grown using condition 7 in a drop comprised of 20 mM
MgCly-6H20, 80 mM NaCl, 0.5 mM double-stranded DNA, 0.75 mM
DB818, 10% v/v (+)-2-methyl-2,4-pentanediol (MPD), 12 mM spermine
tetrahydrate, 40 mM sodium cacodylate trihydrate buffer at pH 6.0.
Crystals containing DB1879 were grown using condition (1) comprised
of 20 mM MgCly-6H20, 0.5 mM double-stranded DNA, 0.75 mM
DB1879, 10% v/v MPD, 20 mM hexamine cobalt (III) chloride, 40 mM
sodium cacodylate trihydrate buffer at pH 5.5. Rod-shaped crystal
growth was observed within three weeks with both complexes. The first
d(5'-CGCGAATTCGCG-3")2-DB818 crystal was colorless, while under the
second set of conditions the d(5'-CGCGAATTCGCG-3'),-DB1879 crystal
had a bright-yellow color. All crystals were transferred to appropriately
sized cryo-loops and flash-frozen in liquid nitrogen prior to data
collection.

X-ray diffraction data sets were collected at the Lawrence Berkeley
National Laboratory Advanced Light Source on beamline 5.0.1 with a
Dectris Pilatus3S 6 M detector at 100 K, at a wavelength of 0.97 A. Data
sets for both crystals contained 1440 frames collected over 360° with
frames exposed for 0.25 s at 0.25 deg per frame. Crystallographic
indexing, integration, and scaling were carried out using the HKL2000
software package.”’

2.4. Structure solution and refinement

Structures of d(5-CGCGAATTCGCG-3'), with both DB818 and
DB1879 were solved by molecular replacement using maximum-
likelihood search procedures in the Collaborative Computative Project
No.4 (CCP4i) software suite.”” Structure solution and refinement were
carried out using an established DNA model (PDB entry 1BNA).
Refinement strategies included rigid body and restrained refinements.
Final statistics for data collection and refinement can be found in
Table S1, SI. The addition of ligands and water in Coot”' followed by
additional refinements to the models brought the final R-values to
22.0% Ruwork, 23.0% Rfee for the DB818 structure, and 22.1% Rwork,
26.4% Rgee for the DB1879 structure. See Table S1, SI for complete
crystallographic statistics. The electron density map showed substantial
electron density coverage of ligands in the minor groove of both struc-
tures (2mF,-DF, maps shown in Figs. S5, S6, SI). The atomic structure
and coordinate factors for both DNA complexes have been deposited to
the RCSB Protein and Nucleic Acid Data Bank; DNA-DB818 with an
accession ID 7KU4, and DNA-DB1879 with an accession ID 7ZKWK. All
the figures containing crystal structures and models were generated in
Chimera X software."?

Structure solution and refinement were carried out using an estab-
lished DNA model (PDB entry 1BNA). Refinement strategies included
rigid body and restrained refinements. Final statistics for data collection
and refinement can be found in Table S1, SI. The addition of water and
further refinements to the models brought the final R-values to 22.0%
Rwork, 23.0% Rgree for the DB818 structure, and 22.1% Ryork, 26.4% Rree
for the DB1879 structure. The electron density map (MTZ) showed
substantial electron density coverage in the minor groove of both
structures. The atomic structure and coordinate factors for both DNA
complexes have been deposited to the RCSB Protein and Nucleic Acid
Data Bank; DNA-DB818 with an accession ID 7KU4, and DNA-DB1879
with an accession ID 7ZKWK. All the figures containing crystal struc-
tures and models were generated in Coot”" and Chimera X software.’”
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2.5. Biosensor-SPR assays for compound binding affinity and PU.1-DNA
complex inhibition by compound

SPR experiments were carried out with a four-channel-based Biacore
T200 optical biosensor system. A streptavidin-derivatized CM5 sensor
chip was created by covalently linked of streptavidin with active ester
functionalized carboxymethylated dextran. Carboxymethylated dextran
was covalently attached to the gold surface of the chip. To activate the
streptavidin-derivatized surface, several 180 sec injections of 1 M NaCl
in 50 mM NaOH solution mixture (activation buffer) were injected on
the surface of the chip, followed by extensive washing with HBS buffer
[10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.05% P20 (pH 7.4)].
(54,55) To determine the binding constant of the ligand with -AATT- and
AB DNA sequences, 20 nM 5'-biotin-labeled hairpin DNA, 5'-
CGAATTCGTCTCCGAATTCG-3’ (-AATT-) and 5'- CCAAA-
TAAAAGGAAGTGAAACCAAGCTCTCTTGGTTTCACTTCCTTT-
TATTTGG-3' (AB DNA), sequences were prepared in HBS buffer and
immobilized on the flow cell surface.”>** To determine the binding
constant of the ligand with -AATT- and AB DNA sequences, a series of
different compound concentrations (from 1 nM to 1 pM) were injected
over the DNA sensor chip at a flow rate of 100 pL/min and the SPR
response was followed for 3 min. This was followed by buffer flow to
monitor the compound dissociation from the DNA complex and yielded
a complete sensorgram for each compound concentration. After each
cycle, the sensor chip surface was regenerated with a 10 mM glycine
solution at pH 2.5 for 30 s followed by multiple buffer injections to yield
a stable baseline for the following cycles. Kinetic analyses were per-
formed by fitting the SPR sensorgram set by using a standard 1:1 kinetic
model. The steady-state data analysis was also performed by using
previously described method, where response from the blank cell (cell 1)
was subtracted from the response in each flow cell containing DNA to
give a signal RUgps. RUgps is directly related to the amount of bound
ligand on the DNA immobilized surface. The expected maximum
response, RUp.x per bound ligand in the steady-state region, was
determined from the molecular weight of the DNA, the ligand molecular
weight, and the refractive index gradient ratio of the ligand and DNA.
KaleidaGraph 4.0 software was used to plot RUgps versus free ligand
concentration (Cfee). The equilibrium binding constants, K;, were
determined with a one-site binding model. In this model, r = (RUqps/
RUnax) represents the moles of bound compound/mol of DNA hairpin
duplex, and K; is macroscopic binding constant.

r = K1*Cpo%l + K1 Cpe, )

Kinetic analysis was achieved by globally fitting the ligand-binding
sensorgrams using a standard 1:1 kinetic model with incorporated
mass transport-limited binding parameters.

SPR experiments were performed at 25 °C in filtered and degassed
25 mM NayHPO4 (pH 7.4) containing 0.05% P, 400 mM NacCl, and 1
mM EDTA. For protein inhibition studies by the ligands, SPR experi-
ments were performed at 25 °C in filtered and degassed 25 mM NasHPO4
(pH 7.4) containing 0.05% P, 400 mM NaCl, and 1 mM EDTA buffer. A
100 nM constant concentration of PU.1 protein was injected on the
immobilized AB DNA surface to acheive the saturation of AB DNA
binding site. The increasing concentrations of the ligands were added to
the fixed protein solution.>>° Then the mixtures of these solutions were
injected to the AB DNA surface. The decrease in the protein binding
signals in the presence of different concentrations of ligands was plotted
against compound concentration to determine the inhibition by each
ligand. The midpoint of the normalized inhibition plot was used as the
ICsg of the ligand.ss’56

3. Results
3.1. Compound Properties:

Although the compounds are very similar in equilibrium structure
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and differ only at a single position, from a -N- in the benzimidazole to a
—CH— in the indole, the benzimidazole binds about 4-5 times more
strongly (see below). The electrostatic potential maps in Fig. 3 provide
an explanation for that difference. At the thiophene-phenyl-amidine
ends of the two molecules, the maps are not significantly different. At
the benzimidazole/indole-amidine ends, however, there is an important
difference in the two compounds. When compared to the indole, DB818
is more positive on the inner curve of the molecule while it is more
negative on the outside edge. When considering binding into the nega-
tive electrostatic potential of the minor groove, this provides a favorable
component to the binding energetics of DB818 compared to DB1879 that
can, at least partially, explain the binding difference.

3.2. Biosensor surface plasmon resonance (SPR) determination of binding
affinities and Kinetics:

Binding equilibrium constants for DB818 and DB1879 were evalu-
ated to characterize their interaction with an -AATT- site. This was done
by SPR methods with chip-immobilized streptavidin capture of biotin-
labeled hairpin DNA on a sensor chip surface. The two thiophene com-
pounds were injected over the chip surface in buffer solution at different
salt concentrations (from 100 mM to 550 mM NaCl). Examples of sen-
sorgrams are shown for reference in Fig. 4 and equilibrium constants
obtained by global fitting to a one-site model are listed in Table S2, SI.
Given the close similarity of the two compound structures, it is some-
what surprising that the benzimidazole, DB818, has measurably
different binding kinetics and affinities than the indole. DB818 binds
strongly with -AATT- and global kinetics fitting defined a single binding
site with K = 6.6 x 108 M~! (Kp = 1.5 nM) at 0.1 M NaCl (Fig. 5,
Table S2). The strong binding of DB818 is the result of the rapid asso-
ciation (k, = ~5.8 x 10° M_ls_l) and a comparatively slow dissociation
rate constant (kg = 8.9 x 1072 s, However, the indole derivative,
DB1879, has a binding affinity (Kp = 6.5 nM) about four times weaker
than DB818, for -AATT- binding sequence. Surprisingly, it has been
observed that the rate of association of the DB1879-AATT binding
complex decreased about ten times (k, = ~4.5 x 10° M~ *s™!) compared
to the DB818-AATT complex, however, the rate of dissociation of
DB1879, from DB1879-AATT complex is about 3-4 times slower (kq =
2.9 x 1073 s7! than DB818-AATT complex. This complementary
behavior in binding kinetics of DB1879 leads to four-fold weaker
binding affinity for DB1879 compared to DB818.

To evaluate the effect of ionic strength on DB818 and DB1879
binding affinities with the -AATT- sequence, SPR experiments were
carried out from 100 to 550 mM NaCl concentrations at 25 °C (Fig. 5, S1-
S4, SI). Due to the dicationic nature of DB818 and DB1879, the effects of
ionic strength of the solution play a crucial role in DNA — ligand

DB818

DB1879

Fig. 3. Energy minimized structures of DB818, and DB1879 at B3LYP/6-31G*
(p,d) level of theory. In the electrostatic potential maps, red indicates high
electronegativity, =~ and  blue indicates electron-deficient/positively
charged regions.
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complex formation. The shapes of SPR sensorgrams at different salt
concentrations indicate that both DB818 and DB1879 (Fig. S1-54, SI)
vary on and off rates with changing salt concentrations while binding to
-AATT- sequence. The equilibrium binding constants (K) obtained
either by global kinetic fits at low salt concentrations or by steady-state
fits at higher salt concentrations are collected in Fig. 4 and Figs. S1-54,
Table S2, SI. Both theoretical and experimental results suggest that the
logarithm of the equilibrium binding constant Ky is a linear function of
the logarithm of NaCl concentration for many organic cations binding to
DNA. For a typical DNA — cation complex, the equilibrium binding
constant values decrease as the salt concentration increases with a slope
that depends on the compound charge.”’ >° As seen in Fig. 5 the log(Ka)
versus log[Na'] plots for DB818 and DB1879 are linear with a slope of
1.7 and 1.6 respectively. The number of phosphate contacts (Z) between
DB818-AATT and DB1879-AATT complexes are predicted to be two for
each complex and can be found in experiments from the slope/0.88,
where 0.88 is the fraction of phosphate charge shielded by the total
associated counterions. For the oligomer -AATT-, the obtained Z is 1.9
for both complexes. These results indicate that dicationic DB818 and
DB1879 release 2Na " ions when binding to the AT rich minor groove of
DNA.

3.3. Biosensor-SPR assays for PU.1-DNA complex inhibition by
compound:

The inhibition of PU.1 binding in the major groove by minor groove
binding heterocyclic diamidines depends on two factors: (i) the binding
affinity of the compounds and (ii) secondary allosteric effects that act
through DNA from the minor to the major groove. To elucidate the
potential of the PU.1 inhibition properties of DB818 and DB1879 at the
cognate PU.1 binding site, we immobilized biotin-labeled-AB DNA
sequence, a high-affinity cognate sequence for PU.1, on the chip surface.
In the absence of ligand, PU.1 formed a 1:1 complex with the immobi-
lized 2B motif.”>°® With AB site immobilized on the chip surface, a 100
nM solution of the PU.1 was injected over the surface with increasing
ligand concentrations. Displacement of PU.1 was detected by the
reduction in SPR signal as a function of the compound concentrations
(Fig. 6). Steady-state signals were used to determine ICsq values in Fig. 6.
This demonstration indicates that minor-grove binding diamidines
DB818 and DB1879 are able to block the ability of the PU.1 protein to
bind site specifically in the DNA major groove.

3.4. Compound-DNA Structures:

The conclusion from the biophysical studies described above is that
both the benzimidazole, DB818, and the indole derivative, DB1879,
bind to AT sequences of four or more base pairs exceptionally well for
their size. The results from the comparative analysis presented above are
that DB818 binds more strongly and inhibits PU.1 binding to its pro-
moter sequence more strongly than DB1879. The two compounds are
similar in equilibrium structure, curvature, and placement of H-bonding
groups and this raises the question of whether there are differences in
DNA bound structure of the two compounds that could contribute to the
binding and structure differences? The structure of DB818 bound to the
-AATT- site as with previous minor groove binders has been rede-
termined and the structure of DB1879 determined at the same site to
answer this question.

The re-determined DNA-DB818 structure, 7KU4 (Fig. 7) was
compared with the previously published structure by Niedle’s labora-
tory, 1VZK. Comparison of the two structures was reassuring as the
DNA-DB818 complex structures determined almost twenty years apart
by different laboratories in different countries with different facilities
gave virtually identical crystal structures.>®

All the interactions between the two DB818 samples and the DNA
minor groove are the same, and distances between DB818 and the
interacting groups on DNA are very similar (Fig. 8). The DB818 model
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DB818 -AATT DB1879-AATT DB75-AATT
(100 mM NacCl) (100 mM NacCl) (100 mM NacCl)
T T T ¥ v L4 20 T T T
20 L —5nM 20| —10 nM
—10 nM —15nM
—15nM —20 nM 15
151 —20nM| 15} —30nM
—30 nM —40 nM
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Fig. 4. SPR sensorgrams with kinetics fit for DB818 and DB1879, and steady-state binding plots for DB75 with the -AATT- DNA sequence. The listed binding affinities
are an average of two independent experiments carried out with two different sensor chips, and the values are reproducible within 10% experimental errors.
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centrations) and steady-state fits (at two higher salt concentrations).
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Fig. 6. Normalized PU.1 inhibition resulted from biosensor SPR experiments.
The plots represent the amount of PU.1-DNA complex inhibition as a function of
the added compound concentration.

for comparison to the new DNA-DB1879 complex, 7KWK (Fig. 9), is thus
on firm ground and provides a strong basis for analyzing the structural
differences between the DB818 and DB1879 along the -AATT- binding
site.

The DNA dodecamer is numbered from 5 C1 to 3’ G12 in one strand
and from 5' C13 to 3’ G24 in the other.®” The binding conformation in

G12 c15°

Fig. 7. Structure of 7KU4 at a resolution of 1.6 A. Shown is DB818 bound to the
minor groove of the sequence -GAATTC- with surrounding water network of
the complex.

the minor groove exerts a twist along the length of DB818 creating
torsion angles within the ligand. This results in the amidine groups of the
ligand being twisted with respect to each other.>® The molecular in-
teractions of DB818 in the minor groove involve specific hydrogen
bonding in a bifurcated manner between the inner benzimidazole ni-
trogen atom of the ligand and the base edges in the minor groove (H-
bonds of 2.7 A to 02 of T19 and 2.9 A to 02 of T7) (Fig. 10). This
bifurcated hydrogen bonding by benzimidazole compounds has also
been observed in similar AT rich DNA sequences.’® Also, the amidine
groups of the ligand form hydrogen bonds with bases that extended
beyond the AATT track (Fig. 10). The amidine group serves as a
hydrogen bond donor to the acceptor atoms (O or N) of bases along the
minor groove. Amidine group stabilization of DNA complex structures
via direct or water-mediated contact have been firmly established.”’
The benzimidazole-amidine formed an H-bond to O2 of T20 while
the phenyl-amidine formed a bond with O2 of C9 that also protrudes into
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Fig. 8. Overlay of 1VZK (red) on 7KU4 (blue). 7KU4 matches the structural
coordinates of 1VZK almost exactly. Comparing their intermolecular in-
teractions, benzimidazole nitrogen bonding distances with O2 of T7 and T19 in
7KU4 is 2.8 A and 2.7 A respectively (in 1VZK is 2.9 Aand 2.7 A respectively).

. L /é
Fig. 9. Structure of 7KWK at a resolution of 1.4 A. Shown is DB1879 bound to

the minor groove of -GAATTC- with surrounding water network of the complex.
The indole of 7KWK points towards the G12-C13 end of the double-helix.

the minor groove in essentially the same position as 02 of T20. Overall,
DB818 binding covers a five-base site in the minor groove. With DB818,
the benzimidazole end of the molecule points toward the C1-G24 end of
the double helix while the indole end of DB1879 points in the opposite
direction. The interactions of the two compounds with DNA binding
sites are similar but with different groups due to their opposite orien-
tation (see Figs. 10 and 11).

Fig. 10. Significant bonding distances (in black) between DB818 and inter-
acting bases (in green) in the structure of 7KU4. A bifurcated hydrogen bonding
between benzimidazole, N with 02 of T7 and T19 is 2.9 A and 2.7 A respec-
tively. Thiophene S with N3 of A18 is 3.5 A. Benzimidazole-amidine N and 02
of T20 is 2.9 A. Phenyl-amidine N with 02 of C9 is 2.9 A.

Fig. 11. Significant bonding distances (in black) DB1879 ligand and interacting
bases (in green) in the structure of 7KWK. A bifurcated hydrogen bonding be-
tween benzimidazole, N with 02s of T7 and T19 is 3.0 A and 3.0 A respectively.
Thiophene S with N3 of A6 is 3.7 A. Benzimidazole-amidine N and 02 of T20 is
2.9 A. Phenyl-amidine N with 02 of C21 is 2.9 A.

The indole N is 3.0 A from both O2s T19 and T7. The phenyl amidine
is 3.1 A from 02 of C21 while the indole amidine is 2.9 A from 02 of T8.
Both compounds form some important interactions between —CH
groups and polar groups on AT base pair edges at the floor of the minor
groove (Fig. 11). It is interesting to note that no water-mediated DNA
contact was observed for both structures-only direct binding in-
teractions were observed - further confirming how much of an excellent
binder both compounds are.”

As can be seen from the overlay in Fig. 12 the compounds are slightly
offset because, in their opposite orientation, the phenyl-amidine N of
DB818 forms an H-bond with 02 of C9 while DB1879 slides to the other
end of the binding site to form an H-bond with O2 of C21. The
benzimidazole-amidine N of DB818 forms an H-bond with T20 while
that of DB1879 forms an H-bond with C21. The two sulfur atoms of the
thiophene are displaced by 4.7 A.The S of DB818 is 3.5 A from N3 of A6,
while the S of DB1879 is 3.7 A from N3 of A6. As can also be seen in
Fig. 12, the two DNA strands and the structured bases form almost a
perfect overlay and indicate a similar DNA structure in the two
complexes.

The modelled x-ray structures of 7KU4 and 7KWK were further
analyzed using the software Chimera®? to measure the changes in their
minor groove width. The minor groove distance comparison between
7KU4, 7KWK, and 5'-GAATTC-3' is shown (Fig. 13). The minor groove
distance measures the phosphate-to-phosphate distance across the DNA
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Fig. 12. A) Overlay of 7KU4 (red) on 7KWK (green). DB818 and DB1879 are
only partially aligned. Comparing their intermolecular interactions, benzimid-
azole nitrogen bonding distances with 02s of T7 and T19 in 7KWK is 3.0 A and
3.0 A respectively (in 7KU4 is 2.8 A and 2.7 A respectively). B) Overlay of
7KU4 on 7KWK without a ligand in the minor groove.

-#-7KU4 -=-7KWK -e-NATIVE
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Fig. 13. Minor groove distance comparison of 7KU4 (DNA-DB818) and 7KWK
(DNA-DB1879) with native -GAATTC-. The presence of ligand in both com-
plexes slightly widens their respective minor grooves along interacting bases.
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strands in a direction perpendicular to the helical axis.! The resulting
graph shows a distinctive difference between 5-GAATTC-3' and the two
complexes. The minor groove distance is widest towards the 5'-end of
each DNA, and narrowest as the DNA makes a turn.

More detailed analysis of the DNA structure was conducted using
Curves+.%? Curves+ analyzes the conformation of nucleic acid struc-
tures, calculating helical parameters (Table S3,S4, SI) and backbone
angles (Table S4, S5, SI) of a double helix.®>%® The calculated helical
parameters of each DNA structure were translated into graphical plots to
analyze and quantify any structural changes.

Base-pair step parameters measure the translational and rotational
relationship within each base pair.°? Some notable base-pair parameters
(shear, stagger, buckle) of all three structures were determined and
compared (Fig. 14). Base-step parameters measures the translational
and rotational relationship between the two stacked base pairs.®> Some
base-step parameters (shift, rise, roll) of all structures were determined
and analyzed as well (Fig. 15).

4. Discussion

The benzimidazole, DB818, and corresponding indole, DB1879, are
strong, AT-specific DNA binding agents that have a number of features
that make them an ideal pair for understanding and evaluation of DNA
minor groove interactions and inhibition of the PU.1 transcription fac-
tor. These two compounds have H-bond donor groups pointed into the
minor groove at appropriate positions to interact with N3 of A and O2 of
T acceptor groups at the floor of the groove. For such minor groove
complexes, the compounds must inhibit major groove binding proteins
by some type of indirect effects. Such effects could involve induced
structural changes in the PU.1-DNA conformation and/or electrostatic
effects not conducive to protein binding to DNA. The compounds
interact with water molecules at the terminal amidines and these
enhance affinity but it is unlikely that they play a direct role in protein
inhibition.

To start to answer the question of how these compounds interact
with the DNA minor groove, the structure and properties of the free
compounds were evaluated with ab initio calculations (Fig. 3). With the
free compounds, the three linked aromatic systems in both are essen-
tially planar while the two-terminal amidines are twisted 30-40° out of
the aromatic plane. The electrostatic potential maps show partial
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Fig. 14. Base-Pair Parameters. DNA shear, stretch, stagger, and buckle changes at the different DNA base-pair.
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Fig. 15. Base-Step Parameters. DNA shift, slide, rise, and roll changes at the different DNA base-pair stack.

positive charges located on the amidines and the —NH groups of the two
compounds. With the indole, the remaining charge is spread fairly
evenly over other parts of the compound and is close to zero. With the
benzimidazole, there is a partial negative charge on the N at the outer
edge of the structure and this causes a more positive charge at the inner
edge of the compound and —NH group. Such a distribution is favorable
for binding the DNA minor groove and it is thus not surprising that
DB818 binds more strongly than DB1879. It should also be noted that
the —NH in the benzimidazole is in exchange tautomerization and
DB818 could in principle initially bind with the benzimidazole bound
with either side of the benzimidazole pointed into the minor groove.

SPR experiments with DNA immobilized on a sensor chip were
conducted to evaluate the DNA affinities of the two compounds. The
immobilized DNAs had a single, well-studied -AATT- DNA binding site
and, as expected, showed strong binding with a one-site binding model.
As noted, both compounds bind very strongly and both have Kp, values of
below 10 nM at 100 mM NacCl. The Kp for DB818 is 4-5 times lower than
for DB1879 as expected for stronger binding of the benzimidazole. For
strong binding to the minor groove, a compound should have as close a
match to the minor groove curvature as possible or should have a more
linear shape than will fit the minor groove but have a shape that allows it
to capture an interfacial water molecule to complete the minor groove
matching curvature. Analysis of the curvature of these compounds using
our relative curvature calculation method gave a curvature of 145 +/- 2°
which is the ideal value for strong interactions with the minor groove
(Fig. 2). DB75 is also shown in Fig. 2 as a much weaker binding com-
pound, Kp ~ 100 nM, which has too high a curvature for close fit to the
minor groove. Thus DB75 cannot make base contacts and at the same
time be in position for base hydrogen bonding to both terminal amidi-
nium groups. DB818, by virtue of its larger concave radius, can form
benzimidazole and amidine H-bonds to DNA bases (Figs. 7, 10). This
also enables DB818 to cover a five base-pair site compared to the four of
DB75 and to have stronger compound-base.

interactions.

Detailed studies of the salt-dependent thermodynamics of DB818 and
DB1879 binding can help answer the essential information about com-
pounds that target the minor groove of DNA. Salt-dependent SPR studies
show that the rate of association decreases and the rate of dissociation
increases with increasing the salt concentration for both DB818-AATT
and DB1879-AATT complexes (Fig. 5 and Table S2, SI). A linear

dependence has been obtained between the logarithm of the binding
constant (log Ka) and the logarithm of salt concentrations (log[Na*])
(Fig. 5) and it shows that the binding affinity decreases with an increase
in the ionic strength or salt concentration which has been expected for
dicationic compounds.

To evaluate the DNA binding of these compounds in more detail, x-
ray crystal structures of both compounds were determined with the
-AATT- DNA and compared to the structure of the unbound DNA. The
structure IVZK from the Neidle (Fig. S6, SI) laboratory was used to
evaluate the structure of 7KU4. DB818 in 7KU4 makes optimal contacts
with the base edges in the minor groove. DB1879 makes similar optimal
contacts in the minor groove but with slightly greater hydrogen-bonding
distances in all its interactions except for the phenyl-amidine. These
slight differences in the hydrogen-bond distances seem in line with the
binding properties shown by DB818 and DB1879. Being a better minor
groove binder, DB818 shows a higher affinity for the DNA - than its
DB1879 counterpart — with its shorter hydrogen-bond distances. The
difference in binding orientation of DB1879 does not change the bifur-
cated hydrogen bonding specificity of the indole with the 5'-GAATTC-3'
sequence. Like benzimidazole, the indole interacts with the same O2 of
T7 and T19. However, as previously stated, the change in orientation
does alter the specificity of the amidine groups. In the overlay of the
7KU4 and 7KWK, differences can be observed in the conformation of the
bound ligands in the minor groove, but little difference is observed in the
overall global DNA structure. Thus, these results suggest the interactions
of the indole do not induce significant structural changes that vary from
its benzimidazole. The similarity of 7KU4 and 7KWK can be seen from
the resulting minor groove parameter (Fig. 13), the minor groove width
of the two DNA complexes is shown to be about 1.1 A wider than the
native structure along the path of the bound ligand. The increase in
minor groove width further confirms the ligand effect on the DNA minor
groove. However, there is no significant difference in the minor groove
width between 7KU4 and 7KWK. The results were a little surprising
considering the difference in PU.1 inhibition between the two com-
plexes. Nonetheless, since the minor groove binders are structurally
similar, their groove distances seem probable.

Slight differences in the local DNA structure begin to emerge when
the base-pair parameters of 7KU4 and 7KWK are considered. DB818 is
bound in the minor groove of 7KU4 between the base’s G/4 and T/8,
while DB1879 in 7KWK lies between the bases A/5 to C/9. The
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differences, albeit small, observed in the base-pair parameters of 7KU4
and 7KWK become more apparent within the base-pair region of the
DNA bound by ligand. These differences in the ligand-bound regions are
shown in Fig. 10, where for each parameter, the uniformity of the plots
to one another distinctively changes between base pairs G/4 and C/9,
the region of ligand binding. This suggests the presence of the ligand is
exerting some effect along the local axis of the DNA base pairs. For the
shear parameter, the indole, 7ZKWK shows an observable deviation from
native -GAATTC- and 7KU4. For the stretch, stagger, and buckle
parameter, both 7KU4 and 7KWK show some differences from the
native. As minor as the differences in the base-pair parameters between
all three structures may appear, these differences are observed along the
entire double helix. Nonetheless, the differences in the base-pair pa-
rameters do not translate to a significant difference in the global struc-
tures of 7KU4 and 7KWK (Fig. 12).

With the base-step parameter, the major differences observed be-
tween the different structures only seem to be confined along the region
of the bound ligand. Except for the slide parameter, little or no change is
observed beyond the ligand-bound region. This suggests the base-pair
parameters exert more influence than the base-step parameter over
the larger DNA structure beyond the minor groove. Of course, the dif-
ference in the base-pair and base-step relationship with the DNA is ex-
pected because the base-step parameter primarily involves changes
between stacked base pairs, not base-pairing interactions. The analysis
of the overall structural parameters of 7KU4 and 7KWK does suggest that
the ligand-binding in the minor groove of DNA induces differential
structural changes in both complexes but does not seem considerable
enough to account for the marked difference shown in the DB818 and
DB1879 inhibition profiles.

The final major question of this study was whether these compounds
could inhibit the binding of the PU.1 transcription factor to DNA? PU.1
binds in the major groove and inhibition by minor groove binding
compounds depends on both the binding affinity of the compounds and
indirect effects that act through DNA from the minor to the major
groove. Compounds that bind strongly but do not perturb some aspect of
the DNA structure from the PU.1 bound conformation will be poor in-
hibitors while compounds that bind more weakly but have a major effect
on DNA conformation can be strong inhibitors. All inhibitors, however,
must have sufficient affinity to displace PU.1.

The inhibition of PU.1 binding to the AB sequence was evaluated by
an SPR method that was previously developed and used in our labora-
tory. As shown in Fig. 6, both compounds are strong inhibitors of PU.1
with ICsq values below 25 nM. DB818 is a stronger binder than DB1879
and about twice as strong an inhibitor of PU.1. From the electrostatic
potential maps in Fig. 1B, DB818 has a higher positive charge along its
inner face that can account for its slightly stronger binding. This positive
potential could also orient DB818 optimally in solution prior to minor
groove binding and account for its more rapid binding to the 5'-
GAATTC-3' sequence. These effects may also account for the slightly
better inhibition of PU.1 by DB818. Comparison of PU.1 inhibition by
additional closely related compounds should also help to clarify the
induced component of PU.1 inhibition by minor groove binding
compounds.
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