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Abstract

Heterocyclic diamidines are strong DNA minor groove binders and have excellent antiparasitic
activity. To extend the biological activity of these compounds, a series of arylimidamides (AlAs)
analogs, which have better uptake properties in Leishmania and T. cruiz than diamidines, was
prepared. The binding of the AlAs to DNA was investigated by T, fluorescence displacement
titration, circular dichroism, DNase | footprinting, biosensor surface plasmon resonance, X-ray
Crystallography and molecular modeling. These compounds form 1:1 complexes with AT
sequences in the DNA minor groove and the binding strength varies with substituent size, charge
and polarity. This substituent dependent structure and properties provide a SAR that can be used
to estimate K values for binding to DNA in this series. The structural results and molecular
modeling studies provide an explanation for the differences in binding affinities for AlAs.
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Introduction

Protozoal parasitic diseases have caused significant human health problems for centuries and
they continue to do so in developing countries. Chagas’ disease (American trypanosomiasis)
and Leishmaniasis are particularly widespread and do not currently have satisfactory
treatments for the affected populations.[*2] Chagas’ disease, caused by Trypanosoma cruz
(T. cruz), is prevalent from the southern United States to Argentina with 90 million people
estimated to be at risk and 16-18 million currently infected.[3] Over 300 million people
around the world are at risk of contracting the Leishmania parasite and drugs used to treat
that disease are also unsatisfactory with most exhibiting considerable toxicity and resistance
is developing.[45] Aromatic diamidines, such as pentamidine (Figure 1) are active against

Correspondence to: W. David Wilson, wdw@su. edu; David W. Boykin, dboyki n@su. edu.
Supporting information for this article is available on the WWW under http://www.chembiochem.org or from the author.


http://www.chembiochem.org

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chai et al.

Page 2

the Trypanosoma brucei (T. brucei) parasite that causes human African sleeping sickness
(HAT) as well as against other parasites.[®] Highly fluorescent heterocyclic diamidine
analogs of pentamidine have been developed and fluorescence microscopy, as well as
detailed molecular biology analysis, has demonstrated that the mitochondrial kinetoplast is
the primary cellular target of the compounds.[’-14] A prodrug of furamidine (DB75, Figure
1) has been used in clinical trials against first stage HAT and a related compound is active
against the second stage of the disease.[6:15-18] Clearly compounds of this type are
promising for the treatment of HAT and related diseases.[19-21]

Since the heterocyclic diamidines bind to the minor groove of DNA at AT sites of four or
more base pairs, and the DNA of the kinetoplast has a very large number of appropriate
binding sites, targeting this unique DNA structure of the parasite offers a number of
therapeutic advantages. Replication of the circular, interlocked kinetoplast DNA appears to
be particularly sensitive to the diamidines, perhaps due to compound induced
conformational changes that disrupt the kinetoplast structure.[22-24] There are no known
DNA structures in humans that are equivalent to the kinetoplast, and targeting the
kinetoplast thus offers an excellent route to selective drug action.[!1] The diamidines are
taken up into T. brucei cells by the P2 membrane transporter and since the parasite lives in
blood in all initial stages of infection, uptake is quite effective.[2°] These compounds are,
however, taken up much less effectively by both the T. cruzi and Leishmania parasites
which live in human macrophage cells. They still appear to target the kinetoplast of these
organisms but they are much less active against them, presumably due to poor uptake.[2¢]

A potentially promising route to developing new heterocyclic cations, which could
selectively target the kinetoplast of T. cruz and Leishmania but which also have the
potential for better cell uptake, is to modify the amidine group while maintaining the basic
structure that is the key component of the DNA interactions. A promising modification
involves conversion of the amidines to arylimidamides (AlAs, previously referred to as
“reverse” amidines) where a nitrogen of the amidine is linked to the heteroaromatic core
(Table 1) rather than the carbon in classical amidines (Figure 1). The AlAs have lower pKa
values and typically have much better biological activity against both T. cruz and
Leishmania than the amidines.[27-31] The AlAs offer a new approach for development of
drugs against these diseases, but we understand much less about their DNA interactions than
with amidine derivatives. As a key step in understanding their biological targets as well as
developing these compounds to effectively treat parasites, we have evaluated the
interactions of an array of modified AlAs with AT DNA binding sites that are typical of
those found in kinetoplast DNA. This is the first detailed study of DNA complexes of AlAs
and the results show a surprisingly large variation in DNA interactions with relatively small
changes in the structure of the compounds.

Results and Discussion

Thermal Melting: Ranking the compounds

Thermal melting enables the rapid qualitative evaluation of the relative binding affinities of
compounds for DNA.I32] As part of a screen to find new compounds that target kinetoplast
AT sequences, ATy, values for AlAs with poly(dA)-poly(dT) were determined (Table 1).
The AT, values of the DNA complexes show quite large, structure dependent variations.
Triple helix formation (TnAnTn) was excluded because it leads to biphasic melting curves
for the duplex and triplex species. Since biphasic curves were not seen with the AlAs
(Figure S1 in Supplementary Information), and since duplex specific minor groove binders
are usually very poor triplex inducers, we are able to rule out any triplex formation.[33]
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O-Alkyl substitution: Scaffold A—The R in Scaffold A of Table 1 has -O-alkyl
substituents of increasing size or piperidine groups with two extra charges. The AT, values
are quite sensitive to compound structure. With the unsubstituted DB667 (H as R, Table 1),
for example, the ATy, is 19.6 °C but as the alkyl group increases in size, there is a large
decrease in the ATy,. With an O-methyl R group, DB709, the AT, is down to 13.1 °C, while
the compound with an O-CH,CH(CH3), alkyl group, DB1890, has only a 2.0 °C ATy,
DB1880 with a charged O-piperidine group and DB1876 with a charged O-
isopropylpiperidine group, on the other hand, have a very high AT, even with the
substantial size of the substituent.

Variations in the terminal six membered rings: Scaffold B—Compounds in
Scaffold B have an extra nitrogen added to the terminal pyridine of DB766 and their AT,
values are sensitive to the N position (Table 1). The ATy, values are relatively low for all
compounds in the Scaffold B group.

Fluorescence displacement titrations: Comparing the relative affinities

Unlike classical amidines, the AlAs do not fluoresce by themselves and, therefore,
fluorescence displacement titrations were used as an additional screen to rank them
according to their binding affinity at 25 °C as compared to the high temperatures in Ty,
experiments. The compounds were tested with hairpin DNAs containing an A5 binding
sequence, which is an analog of the poly(dA)-poly(dT) used in Ty, experiments, and an
ATATA sequence to evaluate the AT sequence dependent interactions with DNA. DNAs
with two fluorophores, DAPI and DB829, (Figure 1) which have very different properties
were used to test the binding affinities. DAPI alone has low fluorescence but when bound to
DNA it fluoresces strongly, whereas DB829 has the reverse fluorescence behavior. Figure
2A,B shows typical fluorescence displacement titrations with DB1876 for DAPI-A5 and
DB829-A5 complexes. Titration of the DAPI-A5 complex with DB1876 (Figure 2A)
displaces DAPI and results in a decrease in the intensity, as expected. Reverse changes in
fluorescence are observed on titration of the DB829 complex (Figure 2B). Figures 2C,D
compare ratio plots for titration of the A5-DAPI and A5-DB829 complexes with several
compounds from Table 1. The titration displacement curve for DB1876 is sharp and the
compound displaces DAPI and DB829 at low compound concentration. The Fq, the
compound concentration to reduce the fluorescence to 70% of the initial value, for DB1876
is 0.6 (all concentration values in pM) with the DAPI-A5 sequence while the values for the
other compounds in the plot are higher: DB709 (F7q = 1.2), DB766 (F7¢ = 5.5) and DB1852
(F70 > 10). The displacement results with DB829 are in general agreement with the DAPI
and Ty, results.

The agreement between the AT, and Fyq results is illustrated with the plots in Figure 3 for
the compounds in Table 1. The fluorescence displacement titration results are in excellent
agreement with the inverse of the AT, values. Both sets of results show that the AlAs bind
to AT DNA sequences in a structure dependent manner and some compounds bind quite
strongly.

CD: Determining the binding mode and stoichiometry

CD spectroscopy with A5 and ATATA hairpin DNA sequences was used to obtain
information on the binding mode of AIA compounds that were selected based on Ty, and Fq
results (Figure 4). Positive induced signals in CD spectroscopy are generally obtained for
compounds that bind in the DNA minor groove, and this pattern provides a method for
evaluating binding modes. DB1876 gives strong induced CD with saturation at about a 1:1
compound to DNA ratio. A plot (Figure 4D) of induced CD (ICD) vs compound / DNA ratio
indicates a break at approximately 1:1 for A5 and ATATA and suggests that DB1876 binds
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as a monomer in the minor groove of these AT sequences. With A5 it is also possible to fit
the data differently, with a break at a 1.4:1 ratio. Because these simple oligomers should
bind the compound at either a 1:1 or 1:2 ratio, we think the fit at near the 1:1 ratio is most
reasonable. DB1852, a close analog of DB1876 with a neutral O-pentacyclic ring, shows
poor CD indicating that it binds weakly, in agreement with T,, and F7q results. The CD
results thus confirm a minor groove binding mode for the compounds of Figure 2A,B and
generally support the T, and F7q conclusions.

SPR-Biosensor: Quantitative and stoichiometric analysis of complexes

In order to more quantitatively evaluate the interactions of representative AIA analogs with
DNA, biosensor-SPR experiments were conducted with DNA hairpin duplexes containing
A5 and ATATA sequences. The flow cells for A5 and ATATA had essentially the same
amount of DNA immobilized so that their sensorgram saturation levels can be compared
directly for stoichiometry differences. The sensorgrams of DB667 (Figure 5A) show fast
kinetics of association and dissociation and they can be fitted to a steady state
analysis.[34-36] The steady state RU values were plotted against Cf (free compound
concentration) and fitted to a single site model (Figure 5D) which is predicted by the RU
value at saturation of the DNA binding site.[37] The K (equilibrium binding constant) values
are collected in Table 2. DB667 binds strongly to A5 (9.0 x 106 M~1) and somewhat weaker
to ATATA (2.8 x 10 M~1). Interestingly, DB709, with O-methyl groups in place of the -H
in DB667, has significantly reduced affinity (Figure 5C, F). DB766, which was difficult to
study due to poor binding and water solubility, shows very low SPR signals (data not
shown) that confirm its weaker binding affinity.

Sensorgrams for DB1876, with the O-isopropylpiperidine ring, show that the compound has
much slower binding kinetics with DNA than the other AlAs (Figure 5B). At low compound
concentrations the slow kinetics prevents reaching a steady state in the experimental time
range which is limited by injection volume. Even for these low concentration samples, it is
possible to fit the curves with a 1:1 kinetic binding model [33-3¢] to determine predicted
steady-state RU values for DB1876. At the higher concentrations of DB1876 the steady state
was reached, and these values can be used directly in the RU versus Cs plots along with
predicted values (Figure 5E). DB1876 has very strong binding affinity for A5 and somewhat
weaker binding to ATATA (Table 2). These results are in excellent agreement with the more
qualitative Ty, and fluorescence results.

DNase | footprinting: Sequence specificity

To compare the binding of compounds with high molecular weight DNA to the results
obtained on the hairpin DNAs, DNase | footprinting studies were conducted. DNase | cuts
DNA at all sites but with variations in rates that depend on the local minor groove geometry.
Small molecules that bind in the minor groove block access of the enzyme and result in
reduced cleavage. [38:39]

Footprinting results for selected AlAs from Table 1 are shown in Figure 6 with an
experimental gel. DB75, a well-characterized diamidine, was used as a control in these
studies and displays good footprints at both the alternating and non-alternating AT
sequences. Gel results for DB766, with an O-isopropyl substituent, show no detectable
footprint up to greater than 1 pM concentration. The more highly charged, DB1876, has
strong footprints at 0.5 uM and above, while DB1880 (O-piperidine) has strong footprints at
0.25 pM and above. These results are in agreement with the T, and SPR results and suggest
that the hairpin DNAs affinities are reflected in higher molecular weight DNAs.
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X-ray crystallography: The structure of the DB1880-DNA complex

In order to evaluate the structural basis of the AIA-DNA minor groove complexes as well as
strong binding of the tetracationic derivatives, crystals of the DB1880-DNA complex were
grown and the structure was solved by X-ray crystallography. The d(CGCGAATTCGCG),
sequence forms a self-complementary B-form DNA duplex helix, as has been observed in a
large number of previous studies.[40-43] The helically-twisted DB1880 molecule is bound as
a monomer in the minor groove and covers almost all of the six base-pair sequence (A5/
T20) (A6/T19) (T7/A18) (T8/A17) (C9/G16) (G10/C15) in this narrow central region of the
helix (Figure 7A,B). The two phenyl rings and the furan ring are oriented parallel to the
minor groove walls and are embedded deep into the groove, while the two terminal pyridine
rings are twisted to the mean plane of these three central rings and are close to the mouth of
the minor groove.

There are a number of direct hydrogen-bond and water bridging contacts between the ligand
and the DNA, as shown in Figure 7B. One inner-facing amidine nitrogen atom is oriented by
43° out of the plane of the central diphenylfuran moiety and hydrogen bonds to the O2
atoms of thymine 20 and thymine19 (2.7 and 3.3 A respectively). This nitrogen atom is also
involved in hydrogen bonding to the O4’ atom thymine 20 (3.0 A) (Figure 7C). At the other
end of the DB1880 molecule (Figure 7D), the amidinium group is twisted by 72° relative to
this plane and one amidinium nitrogen atom hydrogen bonds (2.7 A) to the O2 atom of
cytosine 9, as well as to the O4’ atom of cytosine 9 (3.0 A). The other amidinium nitrogen
atom is involved in hydrogen bonding to the 04’ atom of adenine 18 (3.2 A) on the
complementary strand.

Neither piperidinyl group directly hydrogen bonds to the DNA. One interacts through its
nitrogen atom, via a bridging water molecule, to a phosphate group, as does the adjacent
pyridine ring, to the next phosphate group on the same strand. The latter water molecule also
hydrogen bonds to the adjacent amidinium nitrogen atom as well as to a short chain of water
molecules that links to a third phosphate group (Figure 7E). Both piperidine groups extend
outwards from the groove so that their cationic ring nitrogen atoms are relatively close to the
anionic phosphate groups. Although few water molecules have been located in the vicinity
of these nitrogen atoms, we cannot discount the possibility that the water bridging referred
to above occurs more extensively, in view of the strong likelihood that further water
molecules are present in these regions.

A well-pronounced network of water molecules is apparent, surrounding the outer edge of
the bound ligand. This horseshoe-like arrangement extends along the phosphate groups of
both strands and terminates at one end of the ligand in a network of two connected rings of
water molecules, closely similar to previous observations of water networks in DNA minor
groove ligand complexes.[44]

Free compound modeling and docking with DNA

In order to better understand the effects of substituents on AIA-DNA interactions molecular
docking studies were performed.

O-Alkyl substitution: Scaffold A—With the unsubstituted DB667 (H as R, Table 1),
DFT calculations for optimizing geometry at the 631G* approximation level shows that the
phenyl-furan-phenyl system adopts a coplanar conformation (Figure 8A). As the alkyl group
increases in size with the addition of O-alkyl substituents, steric clash overcomes the long
range conjugation and causes some twist between the phenyls and furan. DB1890, which has
an O-CH,CH(CH3), R group, for example, has dihedral angles between the phenyl and
furan ring of approximately 14°.
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DB613 (Figure 1) has the same central phenyl-furan-phenyl rings but with a terminal phenyl
substituted AlA groups instead of the pyridine in DB667. The dihedral angles between the
AIlA and the terminal phenyl or pyridinyl planes are 37° and 4° in DB613 and DB667,
respectively. The modeling results suggest that the close planarity of the terminal pyridinyl
groups and amidine group, in DB667, could be due to their ability to form amidine group-
pyridine hydrogen bonds. Meanwhile in DB613, rotation of terminal phenyl rings into the
AIlA plane is more hindered by van der Waals repulsion between the hydrogen atoms and a
H-bond is not possible.

Molecular electrostatic potential maps (MEP) illustrate the charge distributions of
molecules, helps to understand the relative polarity of a molecule and serves as a useful
quantity to evaluate structure-activity relationships. The maps clearly show a significantly
different distribution of MEPs for the compounds (Figure 8A). As expected, the negative
potential is stronger on oxygens in the compounds, while the positive potential is stronger on
the amidine group -NH groups. The inner face of the molecules, which faces the floor of the
minor groove, has positive character. The opposite face, which faces the solvent, is
relatively more negatively charged. This is favorable for AlAs to form hydrogen bonds and
electrostatic interactions with bases at the floor of the DNA minor groove at AT sequences.
With large -O-alkyl groups on the inner phenyl rings, such as with DB1890, the negative
potential is predicted to be partially shifted from the furan ring, to the alkyl substituents.

Molecular docking studies can provide ideas for binding affinity variations across a set of
derivatives such as the AlAs and are particularly powerful if guided by X-ray structural
results such as those with DB1880. The results obtained from molecular docking indicate
that DB667 binds as a monomer in the centre of the minor groove of the
d(CGCGAATTCGCG), duplex (Figure 9A) and covers almost six base pairs. This
orientation fits snugly to the DNA minor groove and the inner-facing amidinium nitrogen
atoms are involved in hydrogen bonding to the cytosine and thymine O2 groups. Docking of
DB709 into the same DNA sequence gave similar results. As the alkyl substituent increases
in size, the substituted compound does not properly fit into the minor groove for optimum
binding. Steric hindrance and unfavorable electrostatic contacts of the substituents with the
minor groove limit binding. A docking result for DB1890, for example, is shown in Figure
9B. The phenylfuran core is pushed away from the floor of the groove compared to DB667
and all interactions with the DNA site are weakened. Overlay views of DB667 and DB1890,
which were extracted from overlays of their DNA complexes followed by the deletion of
DNA, are shown in Figure 9C. The less than optimum binding position of DB1890 pushed
out and down the groove, can be seen in this comparison.

Variations in the terminal six membered rings: Scaffold B—Addition of a nitrogen
atom to the terminal pyridine of DB766 gives Scaffold B compounds which show
electrostatic potential maps that are sensitive to the N position (Figure 8A). For DB1831
(pyrimidine as R, Table 1), the dihedral angle between the amidine groups and the terminal
pyrimidinyl plane is 0°, compared to 4-6° in the other three compounds. This difference is
perhaps due to the ability to form two amidine-pyrimidinyl hydrogen bonds and to the
elimination of repulsive CH van der Waals interactions with the amidine group in DB1831.
The electrostatic potential molecular surfaces of the central aromatic system on DB766,
DB1831, DB1855 (pyrazine as R, Table 1), and DB1937 (pyridizine as R, Table 1) are
similar; however the MEP map clearly shows a significantly different distribution on the
terminal six member rings. In DB1855 and DB1937, the significantly negative potential
centralizes on the terminal pyrazinyl or pyridizinyl nitrogen atoms, while the electrostatic
potential of the nitrogen atoms of the pyridinyl and pyrimidinyl systems in DB766 and
DB1831 are more evenly spread. This quite polar molecular region in DB1855 and DB1937
attracts the bonding electrons more strongly and provides a greater attractive force for the
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aqueous proton. In an aqueous environment, all four compounds have bound water
molecules around them and some of these water molecules need to be released in order to
bind to DNA. Since the pyridizinyl group in DB1937 would attract bound water molecules
more tightly than DB766 and DB1831, it requires more energy to release the same amount
of water molecules to target DNA and this could be a factor in explaining the different
binding affinities. A contribution from a pK effect is also possible and may reflect a partial
lack of protonation of the amidine groups under the test conditions, which would greatly
affect the DNA binding affinity.

In order to better understand the energy contributions, it is important to compare the ab
initio calculated MEP for the terminal heterocyclic units (Figure 8B). The pyridizine ring in
DB1937 possesses a high dipole moment (4.47 D), which is attributed to the fact that the
two nitrogen atoms are located on the same side of the ring. Therefore, there is a greater pull
of electrons to that side resulting in a high dipole moment. The dipole moment of pyrazine is
0 since it is symmetrical about the line passing two nitrogen atoms. The higher magnitude of
dipole moment for pyridizine, compared to pyridine (2.36 D) and pyrimidine (2.46 D),
suggests a possible contribution toward the lower observed binding affinity of DB1937.
Intermolecular attractions in pyridizine are stronger than in pyridine and pyrimidine, which
are attributed to electrostatic forces arising from the high permanent dipole.

Conclusions

It is useful to put the results on DNA binding of the AIA compounds reported here in
context relative to other similar minor groove binding dications. The binding of the
diphenylfuran diamidine, DB75 (Figure 1), which has the same central aromatic system as
the AlAs in Table 1, to both the A5 and ATATA sequences has been extensively
characterized.[23] This compound has an equilibrium constant of approximately 2 x 107 M~1
with both DNAs. DB613 (Figure 1), which has the same central diphenylfuran but with a
phenyl substituted AIA group instead of the pyridine in DB667 (Figure 1), has been
evaluated with the same DNA sequences and has a similar K as DB75 for A5 but a 4-5
times lower K with ATATA (Table 2). DB667 has slightly lower K values than DB613 with
both DNAs. Interestingly, most amidine and AlA derivatives bind more poorly to the
ATATA sequence than to A5 and it is actually DB75 that is unusual for its similar binding
to the two DNAs. The weaker binding to ATATA in general can be explained by the wider
minor groove with that sequence relative to A5.[7:231 Molecular modeling with an AATT
sequence that has been crystalized with both amidines and AlAs shows that DB613 and
DB667 can be inserted into the minor groove in much the same manner as DB75 in the
AATT site. (Figure 9)

Replacement of the central phenyl hydrogen atom in DB667 by larger groups decreases the
ATy, values and increases the amount of compound required to displace DAPI from the
minor groove (Table 1). Adding -OCHg, in an otherwise equivalent compound (DB709),
gives a reduction in AT, of 6-7 °C and substitution with -O-isopropyl (DB766) causes
another 6-7 °C decrease. Larger -OR substituents have AT, values that approach 0 °C
(Table 1). Molecular modeling and docking of these compounds in the minor groove
provides a clear rationale for the decrease in T, with the large substituents (Figure 9). The
large substituents are significantly out of the conjugated phenyl-furan ring plane, and as
shown in Figure 9, they prevent the attached compounds from penetrating as deeply into the
groove as with compounds that have smaller substituents. This weakens H-bond interactions
with the base edges at the floor of the groove and van der Waals contacts to the walls of the
groove in the complex.
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Several compounds were prepared with an additional N in different positions of the terminal
pyridyl of DB766. The pyrimidine, DB1831, has essentially the same AT, as DB766 but the
other two compounds with two Ns have substantially reduced AT, values. Modeling of the
compounds again provides suggestions as to why the selective decrease in Ty, occurs. As can
be seen in Figure 8B, the electron density of the pyrimidine in DB1831 is more evenly
spread than in the pyridazine and it has a lower dipole moment. If the nitrogens of the
pyridazine in DB1937 face into the AT minor groove, this quite polar molecular region will
be dehydrated and will have no possible H-bond donors. If the group faces out, the negative
potential regions will be near the anionic backbone of the DNA, another unfavorable
binding orientation.

DB1876 and DB1880 are unique in the AIA compound set. The piperidine substituent is
relatively larger, at least comparable to the cyclopentyl on DB1852, but DB1880 and
DB1876 have the highest binding constants of the compounds in Table 1. The two additional
charges on DB1880 and DB1876 certainly help binding but this is mitigated to a certain
extent by the 0.1M added NaCl in the experiments. In the crystal structure of DB1880-DNA
complex, both piperidine groups extend outwards from the groove so that the charged
piperidine -NH atoms are relatively close to DNA phosphate groups and this interaction
certainly is favorable for binding. But neither piperidyl group directly hydrogen bonds to the
DNA. The very hydrophobic -O-cyclopentyl DB1852 clearly does not favorably interact
with the minor groove in a similar location.

In summary, the AlAs form 1:1 complexes in AT sequences of 4-6 base pairs and bind with
affinities that strongly depend on substituent size, charge and polarity.

Experimental Section

Compounds, DNAs, and Buffers

Syntheses of the compounds of Table 1: Syntheses of DB667, DB709, DB745 and DB766
have been published;[2945] syntheses of compounds DB1831, DB1855 and DB1937 will be
published elsewhere; and all other AlAs are described below. All synthetic compounds were
characterized by 1H and 13C NMR and elemental analysis (C,H,N within +0.4%). Poly(dA)
-poly(dT) obtained from Pharmacia Co. was used for T, experiments. In circular dichroism
(CD) and fluorescence experiments, the hairpin DNA oligomers A5 [5’-
GCCAAAAAGCTCTCGCTTTTTGGC-3] and ATATA [5-
GCCATATAGCTCTCGCTATATGGC-3'] with the hairpin loop sequences underlined
were used (DNA sequences shown in Figure 1). In SPR experiments the same hairpin DNA
oligomers but 5’-labeled with biotin were used. The cacodylic acid buffer (CAC) used in Ty,
CD and fluorescence experiments contained 0.01 M cacodylic acid, 0.1 M NacCl, 0.001 M
EDTA adjusted to pH 6.25. The SPR experiments were conducted in filtered, degassed CAC
buffer with 0.005% P20 surfactant. All the DNA oligomers were purchased from Integrated
DNA Technologies, Inc. (IDT, Coraville, 1A) with reverse-phased HPLC purification and
mass spectrometry characterization.

Preparation of AlAs

The synthetic route of the new compounds in this paper is shown in Scheme 1. Experimental
details and characterization data for all the compounds and intermediates may be found in
the supplemental material. Starting from 2-bromo-5-nitrophenol, the preparation of 1-
bromo-2-alkoxy-4-nitrobenzene 1a-d was achieved either by reacting with alkyl iodide or
with tert-butyl 4-hydroxypiperidine-1-carboxylate. In case of compound 1e, the bis-Boc-
protecting groups of 1d were first removed by using trifluoroacetic acid in dichloromethane
and then reacted with 2-iodopropane. Stille coupling reaction of 1a—e and 2,5-
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bis(trimethylstannyl)furan in the presence of Pd(PPhg)4 in dioxane gave the corresponding
2,5-bis(2-alkoxy-4-nitrophenyl)furans 2a—e. Reduction of 2a—e was then achieved by
catalytic hydrogenation and gave the desired diamino compounds 3a—e. The target AIA salts
DB1890, DB1950, DB1852, DB1880 and DB1876 (4a—e) were prepared in a two-step
process. First, the free base was obtained by reaction of 3a—e with a hydrobromide salt of
napthalen-2-ylmethyl pyridine-2-carbimidothioate in ethanol/acetonitrile. The free bases
were subsequently reacted with anhydrous ethanolic HCI to give the AIA salts in good
overall yield. In the case of 4d (DB1880), Boc-deprotection was accomplished in the
process of the AIA hydrochloride salt formation.

Thermal Melting (Tr)

T experiments were conducted with a Cary 300 Bio UV-visible spectrophotometer (Varian
Inc.) with the software supplied with the instrument. A thermistor fixed into a reference
cuvette was used to monitor the temperature with a computer-controlled heating rate of 0.5
°C/min. The oligomers were added to 1 mL of CAC buffer in 1 cm path length reduced
volume quartz cells and DNA without compound was used as a control. The concentration
of the DNA solutions was determined by measuring the absorbance at 260 nm. Experiments
were generally conducted at a concentration of 2 x 107> M base pair for poly(dA)-poly(dT).
For experiments with complexes at the ratio of 0.3 compounds per base pair was generally
used.

Fluorescence

All experiments were conducted with a Cary Eclipse Fluorimeter (Varian Cary Eclipse,
Walnut Creek, CA). Before conducting the fluorescence displacement titration for DNA-
AIA complexes it was important to find the required fluorophore (DAPI/DB829, in Figure
1) concentration in each experiment so that addition of the added compounds would cause
displacement of the fluorophore that was used. A DNA (50 M stock solution) was titrated
into the cell containing fluorophore with 0.05 M increments and scans were recorded. A
steady change in fluorescent intensity was observed until saturation at 0.8 M A5 with 0.5
puM DAPI, and 2.2 uM A5 with 0.5 pM DB829. These fluorophore concentrations were then
used in each fluorescence displacement experiment.

In the fluorescence displacement assay the DNA-fluorophore complexes were titrated with
each compound under study by 0.5 pL of increment (0.5 nM compound stock solutions).
The excitation wavelength was set to be 342 nm for DAPI and 363 nm for DB829. In the
case of DAPI a 2.5 nm (excitation and emission) slit width was chosen and a 5.0 nm width
for DB829. The fluorescence intensity at the maximum peaks was recorded for each scan. In
order to compare the two assays, they were plotted as ratio values:

Rpap :F/FHIH‘X [1a]

Rppeso :Fmin/F [1b]

where F is the observed fluorescence at each point, Fiin Or Frmax are the minimum and
maximum intensity units in each titration, and each titration starts at a ratio of 1.0.

Circular dichroism spectroscopy (CD)

CD spectra were obtained on a computer controlled Jasco J-710 spectrometer in 1-cm quartz
cells. Typically, a DNA hairpin buffered solution at a 3 1M strand concentration was

prepared and the CD spectrum was collected from 480 to 230 nm at the rate of 50 uM/min at
25 °C. The reported spectra are an average of at least 5 scans. To obtain the stoichiometry of
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each complex, a DNA solution was titrated with a compound solution, and the induced CD
(ICD) of the bound compound was followed at the maximum wavelength.

Biosensor Surface Plasmon Resonance (SPR)

SPR measurements were performed with a four-channel Biacore 2000 optical biosensor
system (Biacore, GE Healthcare, Inc.). The 5’-biotin-labeled DNA sequences (A5 and
ATATA hairpins, in Figure 1) were immobilized onto streptavidin-coated sensor chips
(Biacore SA) as previously described.[34:3%] Three flow cells were used to immobilize the
DNA oligomer samples, while a fourth cell was left blank as a control. The SPR
experiments were performed at 25 °C in filtered, degassed CAC buffer. Steady state binding
analysis was performed with multiple injections of different compound concentrations over
the immobilized DNA surface at a flow rate of 25 pL/min and 25 °C. Solutions of known
AIA concentrations were injected through the flow cells until a constant steady-state
response was obtained. Compound solution flow was then replaced by buffer flow resulting
in dissociation of the complex. The reference response from the blank cell was subtracted
from the response in each cell containing DNA to give a signal (RU, response units) that is
directly proportional to the amount of bound compound. The predicted maximum response
per bound compound in the steady-state region (RUpax) Was determined from the DNA
molecular weight, the amount of DNA on the flow cell, the compound molecular weight,
and the refractive index gradient ratio of the compound and DNA, as previously
described.[36:37] The number of binding sites and the equilibrium constant were obtained
from fitting plots of RU versus Cyee. Binding results from the SPR experiments were fit
with either a single site model (K, = 0) or with a two site model:

r:(Kl*Cfrcc+2*K1*K2* Cfrcc2)/(1+K1*Cfrcc+*K1*KQ*Cfrcc2) (2)

where r represents the moles of bound compound per mole of DNA hairpin duplex, K; and
K, are macroscopic binding constants, and Cyee is the free compound concentration in
equilibrium with the complex.

Purification and Radiolabeling of DNA Restriction Fragments and DNase | Footprinting

DNase | footprinting experiments were performed essentially as described previously.[34:3°]
Complementary 5’-end phosphorylated oligonucleotides containing AAAAA (A5) and
ATATA sites (underlined) 5-CGGTACCAGATCTTCTAGGAAAAACG
GCTCGATATAGCAGGCTGGATCCCG and 5'-
GATCCGGGATCCAGCCTGCTATATCGAGCCGITTTTCCTAGAAGATCTGGTACC
GACT were synthesized by Eurogentec (Belgium) and hybridized by heating the mixture at
95°C for 5 min followed by a slow temperature decrease until room temperature. The
double-stranded DNA was then sub-cloned in pUC19 previously opened at Sacl and BamH|I
sites. The 81 bp DNA fragment encompassing this sub-cloned sequence was obtained from
EcoRlI and Pstl double digestion of this new pUC19-ATATA vector and 3’-end labeled
using a-[32P]-dATP (3000 Ci/mmol each, PerkinElmer, France) and 10 units of Klenow
enzyme (BioLabs, France) for 30 min at 37°C separated and isolated from the plasmid
remnant using a 6 % native polyacrylamide gel as previously described.[38] Increasing
concentrations (as indicated in the legend of figures) of the various tested compounds were
incubated 15 min at 37°C with the radio-labeled DNA fragments prior to DNase | digestion
(0.001 unit/mL, Sigma, France) for 3 min in digestion buffer (20 mM NaCl, 2 mM MgCly, 2
mM MnCl,, pH 7.3), stopped by freeze-drying and lyophilization. The cleaved DNA
fragments were dissolved in 4 pL of formamide-containing denaturing loading buffer, heat-
denatured for 4 min at 90°C and rapid chilling on ice prior to electrophoresis on a denaturing
8% polyacrylamide gel. The gels were then soaked in 10% acetic acid, transferred to
Whatman 3 MM paper and dried under vacuum at 80°C. Dried gels were exposed overnight
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on storage screens and scans using a Molecular Dynamics STORM 860. Quantification of
the cleaved bands were performed using Image Quant 4.1 software.

X-ray Crystallography

The oligonucleotide sequence, d(CGCGAA TTCGCG),, was purchased from DNA
Technology A/S (Denmark) and DB1880 was used as the hydrochloride salt without any
further purification. The final double-stranded DNA stock solution was 3.0 mM through
annealing (6.0 mM in single-stranded DNA in 20 mM sodium cacodylate at pH 6.5) by
heating to 85 °C for 15 min and then cooling to room temperature overnight. DNA complex
crystals were grown by the hanging drop vapor diffusion method. A successful
crystallization experiment typically comprised 1 pL of 1.5 mM annealed double-stranded
DNA with 2.25 mM ligand DB1880, mixed with 1 mL reagent solution, composed of 7 %
MPD, 140 mM MgCl, and 20 mM sodium cacodylate (pH 6.5). The hanging drop was
equilibrated against a well containing 50 % MPD. Crystals grew in one week at 10 °C. A
dataset was collected at 105 K on a single flash-frozen crystal, on an Oxford Diffraction
Xcalibur NovaT X-ray diffractometer. The data were processed and scaled using
CrysalisPro (Oxford Diffraction) and Scala (from the CCP4 suite).

The structure was solved by molecular replacement using the REFMAC 5.5.0109 program
(CCP4), using the DB819-d(CGCGAATTCGCG), complex structure (PDB 2B3E)[46] as a
model, and refined using REFMAC 5.5.0109. Data collection and refinement statistics are
shown in Table 3. The DB1880 ligand and Mg2* ion could be clearly seen in the initial 3a-
weighted 2F,—F. electron density maps. The final model (including solvent molecules) was
refined using data between 22.66 and 1.90 A, with final R and Ryee Values of 0.163 and
0.240 respectively.

Molecular structural comparisons of free compounds

Molecular modeling studies were initiated with conformational analysis of the tested
compounds in Table 1 with a molecular mechanics MMFF approximation level with the
Spartan’10 software package (Wavefunction Inc. Irvine, CA, USA). The Spartan 10
software package was employed to optimize the final geometry by using ab initio
calculations with density functional theory (DFT), B3LYP at the 631G* approximation
level. The molecular energy was calculated by employing the Hartree-Fock approximation
also at the 631G™ level. To evaluate their electrostatic and structural properties, molecular
electrostatic potential (MEP) color-coded maps were generated in the range from 250
(deepest red) to 700 (deepest blue) kJ/mol and superimposed onto the molecular surface.
The different values of the electrostatic potential at the surface are represented by different
colors; red represents regions of most negative electrostatic potential, blue represents
regions of most positive electrostatic potential and green represents regions of zero potential.
The negative electrostatic potential corresponds to an attraction of the proton by the
aggregate electron density in the molecule, while the positive electrostatic potential
corresponds to the repulsion of the proton by the atomic nuclei.

Molecular docking

Molecular docking studies were performed with the SYBYL-X1.2 software package on a
Windows 8 processor Workstation.[*”] The Surflex-Dock module of the SYBYL software
uses a surface shape-based method which aligns each test ligand to a ‘protomol’.[48-51] The
protomol consists of a series of molecular fragments that characterize the surface properties
of the target active site including steric effects, hydrogen bond acceptor groups and
hydrogen bond donor groups.[#8] The docking of the selected compounds (Table 1) into the
DNA minor groove consisted of three steps: 1) preparation of the 3D structure of a DNA
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sequence and construction of protomol; 2) preparation of each compound, and 3) docking of
each compound into the protomol.

To generate the protomol, the X-ray crystal structure of the DB1880-DNA complex was
used (PDB 30IE). The bound compound was extracted from the DNA crystal structure and
was used as the ligand for protomol generation in the following Surflex-docking steps. After
removing the crystallographic water molecules and metal ions and adding hydrogen atoms,
the modified DNA sequences were minimized for a maximum of 100 iterations with a
termination gradient of 0.01 kcal/(mol A). The Surflex-dock module of the SYBYL software
suite was then implemented and the protomol was generated using a ligand-based approach
with the extracted AlA reference compound from the crystal structure. The two important
factors that can affect the size and extent of the protomol generated are “proto_thresh” and
“proto_bloat”. “Proto_thresh” determines how far the protomol extends into the target site,
while “proto_bloat” impacts how far the protomol extends outside of the concavity.[47:50]
For the purpose of these experiments, “proto_thresh” was set to 0.2 and “proto_bloat” was
left at the default (0).

SYBYL-X1.2 software was then employed to construct the tested compounds in Table 1 in
three-dimensional space. They underwent a short molecular dynamics (MD) simulation of 1
ns at a constant temperature and volume (NTV).[32] Briefly, (1) the system temperature was
set at 300 K with a coupling constant of 100 fs, (2) Maxwell-Boltzmann distribution was
employed for initial atom velocities, (3) the non-bonded pair list was updated every 25 fs,
and (4) the duration of the molecular dynamics simulations in vacuo was 1 ns with a time
step of 100 fs and a snapshot every 1000 fs. Snapshots from the MD simulation displayed
several low energy structures. The low energy structures were then minimized to
convergence using the Tripos force field with conjugate gradient algorithm, and Gasteiger—
Hiickel charges.[46] The termination gradient was 0.01 kcal/(mol A) and the maximum
iterations were 10%. The Surflex-dock GeomX module of the SYBYL software suite was
then implemented to dock each compound into the protomol. Each docking starts from six
multiple initial poses to ensure good search coverage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of the compounds and the DNA sequences used in this study. For SPR

experiments, 5’-biotin labeled DNA sequences are used.
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Fluorescence displacement titrations. Titration of DB1876 into: A) DAPI-A5 B) DB829-A5
hairpin DNA complexes. DAPI fluoresces when bound, so as it is displaced, fluorescence
intensity decreases. DB829 fluoresces more strongly in solution, so as it is displaced, the
fluorescence intensity increases. Normalized fluorescence displacement titration:
Representative normalized plots of intensity vs compound concentration for fluorescence
displacement titration of DB1876, DB1852, DB766 and DB709 titrated into C) DAPI-A5 D)
DB829-A5 complexes. DB1876 has the highest binding affinity; DB709 has a moderately
high binding affinity; DB766 and DB1852 have low binding affinity
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Circular dichroism spectra: A) DB1876-A5 B) DB1876-ATATA C) DB1852-Ab5 titrations

for added ratios (compound to DNA hairpin) from bottom to top range from 0.32 to 3.0 D)
A plot of induced CD (ICD) vs DB1876/DNA ratio
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Figure 5.

Surface plasmon resonance. Representative SPR Sensorgrams for: A) DB667, B) DB1876
and C) DB709 binding to immobilized A5 and ATATA hairpin DNAs. The compound
concentrations were 0.01 to 1.0 uM from bottom to top sensorgrams. SPR binding affinity
plots. RU values from the steady-state region of SPR sensorgrams are plotted against the
unbound compound concentration, C¢ (flow solution) for D) DB667, E) DB1876 and F)
DB709 with A5 and ATATA DNA.
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Figure 6.

DNase | footprinting titration experiments. The 81bp DNA fragment containing A5 and
ATATA sites was incubated with increasing concentrations of DB75, DB766, DB1876 and
DB1880 as indicated on the top of the lanes (j;uM) prior to be subjected to DNase | mild
digestion. A) The digested products were separated on a 8% polyacrylamide gel containing
8M urea. Sequences at the footprinting sites are indicated to the right of the gel. B)
Corresponding densitometric analysis reveals the localization of the footprints (black boxes)
along the DNA sequence.
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Figure 7.

A) Crystallographic structure of DB1880-DNA complex, which is displayed as space filling
type. The DNA sequence is shown in grey, DB1880 molecule in magenta, nitrogen atoms in
blue and oxygen atoms in red. B) The full sequence with bases humbered and binding
schematic. Detailed views of the hydrogen-bond interactions between the DB1880 ligand
and the DNA. The distances were measured between heavy atoms and are in A. C) Showing
the three hydrogen bonds between one amidinium nitrogen atom and the O4” atom of Thy20,
and the 02 atoms of Thy20 and Thy19. D) Showing the hydrogen bonds between amidinium
nitrogen atoms and the O2 atom of Cyt9, and the O4’ atoms of Cyt9 and Ade18. E) Showing
the network of hydrogen bonds bridging water molecules with DB1880 and DNA phosphate
oxygen atoms.
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Figure 8.

A) Electrostatic potential maps. Equilibrium geometry of the select AlAs calculated by the
DFT B3LYP approximation at the 631G* level. Space filling model are shown on the top
with space filling electrostatic potential molecular surfaces at the bottom, with blue as a
positive potential and red as a negative potential, and the color was set in the same scale. B)
Comparison of dipole moments. Ab initio calculated electrostatic potential maps for the
pyridine, pyrimidine and pyridazine units of DB766, DB1831 and DB1937, respectively.
These units are shown on the left with their dipole moments. The electrostatic potential
maps are shown in the center, and the magnitudes of the dipoles are displayed on the right.
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Figure 9.

Molecular docking. Models of complexes of DB667 A) and DB1890 B) with the DNA
duplex dodecamer sequence d(CGCGAATTCGCG), using the X-ray crystal structure of
30IE as a guide. C) Overlay of the structures for DB667, DB709 and DB1890 docked into
the same DNA sequence. DB667 is displayed by atom type color; DB1890 is green; DB709
is orange.
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Synthesis of the select AlAs. Reagents and reaction conditions: a) RI, t-BuOK, THF, DMF;
b) 1): 4-hydroxypiperidine, (Boc),0, EtsN, CH,Cly; 2): DEAD/PPhg, THF; ¢) 1): 20 mol%
CF3COOH, CH,Cly; 2): 2-iodopropane, K,CO3, DMF; d) 2,5-bis(trimethylstannyl)-furan,
Pd(PPhs)4, dioxane; €) 10% Pd/C, H,, 50 psi, EtOAc-EtOH (9:1); f) 1): MeCN, EtOH, rt, 24

h; 2): Ethanolic HCI.
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Comparison of Ty, and fluorescence for AlAs.

Table 1

Compound R ATm [a] °C)  Fopp [b] (M)
A R R
NH o HN

CAC O

— H H rll Vi
DB667 H 19.6 17
DB709 OCHj 13.1 12
DB745 OCH,CHjs 8.1 20
DB766 OCH(CHg), 6.0 55
DB1890 OCH,CH(CHj3), 2.0 >10
DB1950 OCH,CH,CH(CHg), 1.0 >10
DB1852 OO 0.2 >10
DB1880 OCNH 271 0.55
DB1876 O‘<:\/N4< 25.0 0.6
B

A
JZH R\ HN
SWg e ous
H H

DB766 = 6.0 55

.

N
DB1831 (P 7.0 12
DB1855 _N 11 9.0

G

N
DB1937 = | 0.5 >10

N“\N

[a]
[b]

reproducible within 10%.
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poly(dA)-poly(dT), the listed ATm values are an average of three independent trials with a reproducibility of +0.5 °C.
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F70: the compound concentration to reduce the fluorescence of DAPI in complex with A5 to 70% of the initial value. The F7( values are
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SPR binding affinity [@ for selected AlAs, DB613 and DB75.123

Compound A5 (Kx106 M™1)

ATATA (Kx105 M1

DB667 9.0
DB1876 85
DB709 0.5
DB613 15
DB75 18

2.8
57
0.4
3.6
24

[a]

reproducible within 10%.
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Table 2
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The listed binding affinities are an average of two independent experiments carried out with two different sensor chips and the values are
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Data collection and refinement statistics for the DB1880-d(CGCGAATTCGCG), complex crystal structure

Data collection
Sequence
Space group
Unit cell dimensions
a, b, c(A)
Resolution (A)
Rint (%) overall
1o
Completeness (%)
Redundancy
Refinement
Resolution limits (A)
No. of reflections
Completeness (%)
Rwork/Rfree (%)
No. of atoms
No. of ions
No. of waters
Overall B-factor (A2)
RMS deviations
Bond-lengths (A)
Bond-angles (°)
PDB ID

d(CGCGAATTCGCG),
P2,2:2;

24.11, 38.42, 66.21
66.19-1.71

3.04

37.88

74.10

1.9

22.7-1.90
4962

95.1
16.3/24.0
672

1

136

218

0.01
1.2
30IE
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