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Six monomeric (1a-1f) and five dimeric (2a-2e) derivatives of the triphenylmethane dye crystal violet (CV) have
been prepared. Evaluation of the binding of these compounds to CT DNA by competitive fluorescent intercalator
displacement (FID) assays, viscosity experiments, and UV and CD spectroscopy suggest that monomeric deriv-
ative 1a and dimeric derivative 2d likely associate with the major groove of DNA, while dimeric derivatives 2a
and 2e likely associate with the minor groove of DNA. Additional evidence for the groove occupancy assignments
of these derivatives was obtained from ITC experiments and from differential inhibition of DNA cleavage by the
major groove binding restriction enzyme BamHI, as revealed by agarose gel electrophoresis. The data indicate
that major groove ligands may be optimally constructed from dye units containing a sterically bulky 3,5-
dimethyl-N,N-dimethylaniline group; furthermore, the groove-selectivity of olefin-tethered dimer 2d suggests
that stereoelectronic interactions (n — n*) between the ligand and DNA are also an important design consid-
eration in the crafting of major-groove binding ligands.

1. Introduction

Major groove binding small molecules which can directly compete
with transcription factors and other DNA binding proteins for their
cognate sites on DNA have the potential to regulate gene expression.’
However, relatively few naturally-ocurring substances associate with
the major groove of DNA.?? The majority of nucleic acid-binding natural
products prefer to occupy the narrower minor groove, where hydro-
phobic and van der Waals interactions with the walls and floor of the
groove are maximized.”® Non-natural major groove binders have also
been developed, such as ditercalinium,’ Iverson’s naphthalene-diimide
peptides,” and Arya’s neomycin-neomycin dimer’. More recently,
Berdnikova demonstrated that mono- and bis-styryl dyes possessing an
oxodecyl chain preferentially occupy the major groove of DNA.°
Furthermore, Mollica has shown that f-hairpin peptides and p-sheet
analogs of the ARC protein bind the major groove with modest sequence
selectivities.” The cationic triphenylmethane dyes crystal violet (CV)
and methyl green (MG) are histochemical stains known to bind duplex
DNA by a non-intercalative mode of association.® Evidence presented by
Kim and Norden®? suggests that methyl green binds the major groove of
DNA. Motivated by these findings, we previously prepared dimeric and
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trimeric derivatives of crystal violet (CV) that displayed submicromolar
affinities for duplex DNA; furthermore, competitive DNA binding studies
and CD spectroscopy provided evidence that the tightest binding
trimeric derivative most likely associates with the major groove of DNA,
with an approximately 10-fold preference for binding AT-rich homo-
polymers over GC-rich sequences.’ It has been shown by Arya that ste-
rically bulky major groove ligands prefer to bind the wider major groove
of non-alternating AT-rich DNA (termed B*-form DNA)*® over typical B-
form DNA.® To further probe ligand structural factors important for
major versus minor groove binding, we designed a series of six mono-
meric CV derivatives (Figure 1) with varying degress of steric bulk,
containing two (1a) or three (1b) methyl groups and one (1d), two (1e),
or three (1f) phenyl groups on the aromatic rings of the dye, as well as an
expanded dye possessing a naphthyl group (1¢). In addition, five dimeric
CV derivatives (Figure 2) were designed with dye units connected to an
ortho-substituted aryl core by ortho or para-aryl (2a, 2b), alkynyl (2c¢),
alkenyl (2d), or alkoxyalkyl (2e) linkers. The benzodioxole core
employed for derivatives 2b, 2¢, and 2d enhanced the stability of the
dyes through resonance interaction of the oxygen lone pairs with the
triphenylmethane carbocations, as also observed in dimer 2e; the less
stable but more compact compound 2a with a phenyl core was prepared
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Figure 1. Structures of the cationic dyes methyl green (MG), crystal violet (CV)
and synthetic derivatives 1a-1f.
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Figure 2. Structures of synthetic CV derivatives 2a-2e.

because of low yields encountered in the starting material synthesis with
5,6-dibromo-1,3-benzodioxole. We envisioned that the sp, spz, and sp3-
hybridized linkers in compounds 2¢, 2d, and 2e, respectively, would
allow an assessment of the impact of extended charge delocalization
from the peripheral dye units on ligand-DNA binding. The synthetic
pathways to these compounds, as well as analyses of their DNA binding
mode and sequence selectivity, are detailed herein.

2. Results and discussion
2.1. Chemistry

A slight modification of a reported protocol for the synthesis of
triphenylmethane dyes'® was followed to prepare compounds 1a-1f.
Three equivalents of 3-methyl-4-bromo-N,N-dimethylaniline was
treated with n-BuLi (THF, —78 °C), and in 10 min ethyl-2-methyl-4-
dimethylamino-benzoate was added; after stirring for 3 h at room
temperature, aqueous acidic workup and purification afforded com-
pound 1b in 70% yield (Scheme 1). It was found that silica gel chro-
matography of the dye products resulted in very low (<20%) isolated
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Scheme 1. Synthesis of ligands 1a-1f.

yields, a problem that was ultimately circumvented by switching to size-
exclusion chromatography using Sephadex LH-20. Reaction of 4-bromo-
N,N-dimethylaniline and ethyl-6-(dimethylamino)-2-naphthalene-
carboxylate gave 1c in 57% yield. Further, compounds 1d, 1e, and 1f
were prepared in 52%, 39%, and 65% yields, respectively, by an anal-
ogous reaction sequence from either 4-bromo-N,N-dimethylaniline or 2-
phenyl-4-bromo-N,N-dimethylaniline and either ethyl-4-dimethyl-
aminobenzoate or ethyl-3-phenyl-4-dimethylaminobenzoate. Finally,
ligand 1a was prepared in 75% isolated yield following the protocol of
Barker, Bride, and Stamp11 in which N,N-3,5-tetramethylaniline was
heated with Mischler’s ketone in POCI; for 5 h at 100 °C, followed by
aqueous workup and purification.

For the preparation of dimeric CV derivatives, a protocol involving
combination of excess aryllithium reagent with various diesters was
employed (see Supporting Information File). Thus, the reaction of five
equiv of 4-lithio-N,N-dimethylaniline (obtained by treatment of 4-
bromo-N,N-dimethylaniline with 1.1 equiv of n-BulLi in THF at —78 °C)
with 1 equiv of diester, followed by warming to rt and aqueous acidic
workup and purification, gave compounds 2a, 2b, 2¢, 2d and 2e in 43%,
63%, 53%, 40% and 61% yields, respectively (Scheme 2).

2.2. DNA binding evaluation

To evaluate the ability of these eleven compounds to recognize CT
DNA, we performed competitive ethidium displacement assays'” in the
presence and absence of the minor groove binder netropsin or the major
groove binder methyl green, and compared Csy values (the concentra-
tion of ligand required to achieve a 50% decrease in the fluorescence of
ethidium bromide, Figure 3 a,b) and apparent binding affinities (Kgp, =
9.5 x 10° M X Cethidium/Cso0, Table 1a). The tightest binding mono-
meric CV derivative is 1e (Kgpp = 21.6 £ 0.1 x 10° M’l) containing two
phenyl groups attached to the triphenylmethane core. Comparing Kgp,
values in the presence of netropsin or methyl green, it is apparent that
compound la (Kgp = 9.5 + 0.4 x 105 M~1) provides the most
compelling evidence for major groove occupancy, with a > 8-fold lower
Kgpp value (1.1 £ 0.1 x 10° M_l) recorded in the presence of methyl
green, versus only a 1.3-fold lower value (7.5 + 0.1 x 10 M~ 1) in the
presence of netropsin. Further, compound 1d (Kgp = 1.63 4 0.02 x 108
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Scheme 2. Synthesis of ligands 2a-2e.

M 1) displayed a 5-fold lower Kgpp value in the presence of methyl green
(0.72 £ 0.01 x 10° M~1) versus in the presence of netropsin (3.54 +
0.16 x 10° M™1), an observation again suggestive of major groove oc-
cupancy. In contrast, compounds 1b, 1c, 1e, and 1f showed no strong
preference for major or minor groove binding from competitive inhibi-
tion analysis. For CV derivatives 2a-2e, the tightest binding compound
was 2a (Kgp =95 £ 1.9 x 10° M’l), which together with derivative 2e
(Kgpp = 33 £2.2 x 105 M™1) evidenced minor groove binding by dis-
playing lower Kg,, values in the presence of netropsin (Kqpp = 62.5 £
2.4 x 105 M and 9.5 + 0.2 x 10° M~ for 2a and 2e, respectively)
versus in the presence of methyl green (Kqyp = 81.9 £2.2 x 10°M ! and
16.0 + 1.0 x 10° M~! for 2a and 2e, respectively). Compound 2d (Kapp
=37.0 + 2.8 x 10° M!) showed a strong preference for major groove
binding, displaying a > 8-fold lower apparent affinity for CT DNA in the
presence of methyl green (Kqpp = 4.4 + 1.3 x 10% M™1) versus in the
presence or absence of netropsin (Kgyp ~ 37 + 3.0 x 106 M™Y. Com-
pound 2c evidences a mixed binding mode, while compound 2b displays
a preference for major groove binding. K values derived from ITC ti-
trations of 1a-1f and 2a-2e with the DDD hairpin (Figure 8b) are pro-
vided for comparison in Table 1b.

Monitoring the titrations of compounds 1a, 2a, 2d, and 2e with CT
DNA by UV spectroscopy”’ revealed hypochromic and bathochromic
shifts in the main dye absorption bands centered around 375-450 nm
and 600-620 nm (see Figure 4a and Supporting Information file). Such
shifts have been observed for both intercalating and groove binding
compounds.'® To verify that the dye derivatives are groove binders and
not intercalators, we performed CT DNA solution viscosity experiments
with compounds 1a, 2a, 2d and 2e. The lengthening and rigidification of
DNA that results from intercalation of drugs between the base-pair stack
has been shown to give rise to an increase in solution viscosity.'*
Figure 4b shows a plot of the relative viscosities of intercalator control
compound ethidium bromide and 1la versus the ligand/DNA ratio.
Whereas increasing concentrations of ethidium bromide increases the
viscosity of the CT DNA solution, increasing concentrations of 1a show
minimal changes in CT DNA solution viscosity over the concentration
range studied. Similar results were obtained for compound 2a as well as
control compound methyl green. However, increasing concentrations of
the larger dyes 2d and 2e showed a slight decrease in CT DNA solution
viscosity. A decrease in solution viscosity may result from a groove
binding mode that induces DNA bending.

Data from circular dichroism experiments provided additional

support for the groove occupancy assignments of 1a, 1d, 2a, 2d, and 2e.
Wilson et al.'” have reported that titrations of DNA with groove binders
produce positive induced CD (ICD) bands, while Garoufis'*® and Han-
non'>® have indicated the development of negative ICD bands. To
establish a reference point for our system, we observed that titration of
CT DNA with the structurally similar major groove binding dye methyl
green results in a strong negative induced CD band (ICD) at 310 nm (see
Supporting Information file). Repetition of the CD experiments with a
DNA hairpin containing the Drew-Dickerson dodecamer (DDD)
sequence (Figure 8b)*° yielded very similar results to those obtained
with CT DNA. As can be seen in Figures 5a and 5b, CD titrations of the
DDD hairpin with compounds 1a and 2d both produce negative ICD
bands at ~ 310 nm (a similar profile was observed for titration of CT
DNA with 1d), corresponding to the UV absorption of the bound dye at
the same wavelength.'® Furthermore, although titrations of 2d with the
DDD oligo show a strong decrease in the base stacking band (280 nm) at
higher 2d:DNA ratios, negligible changes in the helicity band at 245 nm
are observed over the same concentration range, an observation
inconsistent with intercalative binding.'®®

In contrast, CD spectra of titrations of CT DNA with 2a and 2e
showed positive ICD bands above 300 nm (Figure 5 c,f).1 b The bisignate
nature of the 335 nm ICD band of 2e may be indicative of dye aggre-
gation in the DNA groove;® in addition, two new absorptions at 310 and
337 nm observed in UV spectral titrations of 2e with CT DNA, attrib-
utable to the bound (DNA-dye) complex, lend support to this hypothesis.

ITC titrations'’ of CT DNA (100 uM/bp) with compounds 1a, 2d, and
2e (100 pM solutions, 25 °C, pH = 7.0, 10 mM Tris-HCl buffer) provided
thermodynamic data also suggestive of differential groove occupancy.
17¢ Whereas the binding of compound 2e is clearly enthalpy driven (AH
= -44.7 kcal/mol, AS = -120 cal/moleK, Figure 6), the data for both 1a
and 2d clearly indicate an entropy-driven process (AH = 29.7 kcal/mol,
AS = 122 cal/moleK for 1a, Figure 6; AH = 85.8 kcal/mol, AS = 316
cal/moleK for 2d). A strong entropic contribution to the binding free
energy is characteristic of agents that associate with the major groove of
DNA due to the release of bound water molecules to bulk solvent upon
binding.18

To obtain additional support for the DNA binding mode of the syn-
thetic CV derivatives, we examined cleavage of pUC-19 plasmid DNA by
the major-groove binding restriction enzyme BamH1 (5-G"GATCC-3")"°
in the presence of the major and minor-groove binding small molecules
methyl green and netropsin, respectively.” Whereas the concentration
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Figure 3. (a) Csp values (in pM) for the binding of compounds 1a-1f to CT DNA
(0.625 uM/bp, + 5 pM ethidium bromide, 10 mM Tris-HCl, pH = 7.0) in the
absence (blue bar) or presence of netropsin (2.0 pM, red bar) or methyl green
(2 pM, green bar). (b) Cso values (in pM) for the binding of compounds 2a-2e to
CT DNA (1.0 pM/bp, + 0.5 pM ethidium bromide, 10 mM Tris-HCl, pH = 7.0) in
the absence (blue bar) or presence of netropsin (0.5 pM, red bar) or methyl
green (0.5 pM, green bar). Error bars represent the standard deviation of three
replicate experiments. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 1a
Kapps Toa, and AT, values for the binding of 1a-1f and 2a-2e to CT DNA in the
presence or absence of netropsin or methyl green.

Kapp /K Tod” ATy® Kapp + Kapp + methyl green?
(x 10° M’l) ©Q) netropsind (x 10° M’l)
(x 10°M™H

la 9.5 + 0.4 2.2 2.8 7.5 + 0.1 1.1 + 0.1
1b 4.10 + 0.07 2.3 2.6 4.79 + 0.10 3.86 + 0.06
1c 9.5+ 0.2 3.1 4.6 3.68 + 0.03 2.87 + 0.06
1d 1.63 + 0.02 1.7 6.2 3.54 + 0.16 0.72 + 0.01
le 21.6 + 0.1 4.2 1.6 12.5+ 0.3 13.6 £ 0.1
1f 2.48 + 0.04 4.3 2.2 2.46 + 0.01 2.10 + 0.03
2a 95.0 + 1.9 3.0 3.6 62.5 + 2.4 81.9 + 2.2
2b 38+ 15 3.2 2.6 31+12 8.3+0.2
2¢ 4.6 +0.2 3.5 2.6 5.7 +0.1 4.4+ 0.4
2d 37.0 + 2.8 5.3 3.3 36.0 + 2.7 44+1.3
2e 33.0+2.2 7.0 0.9 9.5 + 0.2 16.0 + 1.0
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Table 1b
ITC-derived K values for the binding of 1a-1f and 2a-2e to the DDD hairpin
(Figure 8b).®

K(x10°M™Y) K(x 10°M™1)
la 14.6 + 2.9 2a 21.1 + 2.7
1b 12405 2b 2.4+12
1c 3.1+06 2¢ 0.5+ 0.1
1d 96.4 + 4.5 2d 7.5+ 1.3
1le 0.3+0.1 2e 20.5 + 9.5
1f 487 +1.3

#Average K, values obtained by the ethidium displacement method (K, = K,
% Ce/Cs0) bRatio of CT DNA(bp):ligand, as determined from the breakpoint of
the curve in a plot of A Fluorescence vs. CT DNA:ligand ratio.>°Ty, values ob-
tained from first derivative analysis (AA/AT vs. AT) of the sigmoidal curves Asgo
vs. T; ATy = Ty(CT DNA + ligand)- T,,(CT DNA); [CT DNA] = 75 uM/bp;
[ligand] = 2.5 pM.?’4[netropsin] or [methyl green] = 2.0 uM, [CT DNA] =
0.625 pM/bp, and [ethidium bromide] = 5 pM for 1a-1f; [netropsin] or [methyl
green] = 0.5 pM, [CT DNA] = 1.0 pM/bp, and [ethidium bromide] = 0.5 pM for
2a-2e. Initial addition of netropsin or MG to the CT DNAeethidium complex
results in a 24.3 + 3.2% or 30.5 + 4.5% decrease, respectively, in ethidium
fluorescence; the new fluorescence value after addition represents the initial
fluorescence reading for titrations with compounds 1a-1f and 2a-2e. Red =
likely minor groove binder; green = likely major groove binder. ¢ K values
(average of triplicate experiments) obtained from ITC titrations of DDD hairpin
(10 pM) with ligand (100 pM in syringe).

of methyl green required to achieve 50% inhibition of DNA cleavage
(ICsp) by BamH1 was 77 pM, the concentration of netropsin required to
achieve the same level of cleavage inhibition was greater than 600 pM. >’
In the same manner, whereas the ICsy for the putative major groove
binder 2d was 5.4 pM, the ICsq for the putative minor groove binder 2a
was 67 pM. Thus, an approximately order of magnitude difference or
greater in ICso values was observed for major vs. minor groove binders
in plasmid cleavage by BamH1 (Figure 7).

Finally, we examined the sequence selectivity of our synthetic crystal
violet derivatives by performing fluorescent intercalator displacement
(FID) experiments with a series of oligonucleotides.?’ Three separate
hexadecamers, AsTs5 (5-GGGAAAAATTTTTCCCCC-3), (AT)s (5-GGGA-
TATA-TATATCCC-3") ((AT)5) and GsCs (5-AAAGGGGG-CCCCCTTT-3")
(all at 10 pM/bp) were titrated with compounds 1a-1f in the presence of
ethidium bromide (5 pM). The percent ethidium displacement at 2 pM of
each ligand was recorded (see Supporting Information file), as well as
the Csp value (Table 2a). As can be seen from the data shown, mono-
meric CV derivatives showed little sequence discrimination, with only
the sterically bulky compound 1b showing a slight (>3-fold) preference
for AT-rich DNA (Cs50=~2.4 pM for AsTs and (AT)s) over GC rich DNA
(Csp = 7.2 pM for G5C5).

For the dimeric compounds (Figure 8a and Table 2b), FID assays
were used to assess the sequence selectivity of 2a-2e for hairpin oligo-
nucleotides (Figure 8b) containing consensus sequences for the cancer-
relevant transcription factors NFAT1 (5-GAAAAA-3),”> STAT6 (5-
TCCTAG-3),%® cMyc (5-CACGTG-3),%* as well as the Drew-Dickerson
sequence (5-GAATTC-3),”°> 5-ATATAT-3,, and 5-GGGGGG-3. Once
again, low sequence discrimination was observed, with major-groove
binding compound 2d showing a slight (1.4-fold) preference for bind-
ing the AT-rich Drew-Dickerson sequence over the other oligonucleo-
toides, and minor groove binding compound 2e showing a modest
preference for binding GC-rich sequences over AT-rich sequences. ITC
titrations of 1a, 2a, 2d, and 2e with the six hairpins (Table 2c) also
revealed the moderate ~ 6-fold preference of compound 2d for the AT-
rich sequence of NFAT1 over the other oligonucleotides, as well as the
preference of 2e for the GC rich sequences found in the cMyc and GC
hairpins.

2.3. Molecular docking studies

Concerning structural factors that may favor major vs. minor groove
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Figure 4. a. UV titration of 1a in 10 mM Tris-HCI buffer, pH = 7.0: [1a] = 5.0
pM; [CT DNAJ: [1a] = 0:1 (black line); 1:1 (red line); 2:1 (blue line); 5:1 (teal
line); 10:1 (purple line); 30:1 (green line). b. Solution viscosity studies for 1a in
10 mM Tris-HCL, pH = 7.0: [CT DNA] = 300 pM/bp; [ethidium] = 0.0, 2.0, 4.0,
10.0, 18.0, 26.0 pM; [1la] = 0.0, 2.0, 4.0, 10.0, 18.0, 26.0 pM. Error bars
represent the standard deviation of three replicate experiments. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

binding, ligand docking studies (using AutoDock vina?®) with the Drew-
Dickerson dodecamer (PDB 436D)>° revealed that whereas compound
1a localized in the major groove (Figure 9a), compound 1b, with similar
steric bulk, preferred docking in the minor groove. It is noted that the
3,5-dimethyl substitution of 1a renders a near orthogonal arrangement
of the aryl ring planes in this compound, resulting in a ligand span that
achieves close electrostatic contact between the electropositive dime-
thylamino group and the phosphate groups on opposite sides of the
major groove. For 2d, molecular docking with the NFAT sequence (PDB
10WR)?? indicates that the trans olefin tether is oriented in proximity to
the nitrogen and oxygen atoms of the adenine and guanine bases in the
major groove (Figure 9b). As can be seen from the electrostatic potential
maps of 2d and the major groove base pairs of 5-GA-3' (Figure 9¢),*! the
electrophilic character of the dye units is transmitted to the olefin
tethers through the connecting n network, possibly allowing a favour-
able interaction with the O, N lone pairs (n —» 7)*” on the edges of the
bases in the major groove. For dimer 2e with the saturated alkoxyalkyl
tether, no such interaction with the linker is possible, and the flexible
ligand can obtain more favourable hydrophobic interactions in the
minor groove. As a result, the high electronegative potential of the major
groove‘r’b’28 appears to favour the binding of ligands that delocalize
positive charge from the dye moieties onto the connecting linkers.
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3. Conclusions

In summary, we have prepared a series of monomeric and dimeric
derivatives of the histochemical stain crystal violet and investigated
their DNA binding mode by CD spectroscopy, ITC, viscosity studies,
fluorescence spectroscopy, and agarose gel electrophoresis. In the
monomeric series, the derivative that displays the strongest preference
for major groove occupancy is compound 1a, possessing the sterically
bulky 3,5-dimethylaniline group; the perpendicular arrangement of the
aryl rings enforced by this substitution allows the ligand to neatly span
the major groove with likely one ionic contact with the phosphate
backbone. In the dimeric series, compound 2d, possessing olefin linkers
between the ortho-substituted aromatic core and the peripheral dye
units, displays the strongest preference for major groove occupancy.
Comparing the data obtained for the binding of 2d and 2e to DNA, the
olefin linkers likely favor major groove binding through charge delo-
calization from the positively charged dyes to the central region of the
molecule, allowing stereoelectronic interactions between the alkene
n*orbitals and the N, O lone pair (n) orbitals of the G and A bases. This
study highlights the fact that a subtle balance between steric, hydro-
phobic, and stereoelectronic interactions determines the DNA groove
localization of crystal violet derivatives.

Given the generally higher affinities of the dimeric series derivatives,
future ligand optimization will be focused on designing dyes that have a
combination of steric bulk at the dye termini (in the form of 3,5-dime-
thylaniline-type substitution), and linker functionality that allow
favorable stereoelectronic interactions with the edges of the bases on the
floor of the major groove. For the long-term goal of designing sequence
specific DNA-binding small molecules capable of interfering with pro-
tein binding and gene expression in vitro and in vivo, future CV de-
rivatives will need to incorporate additional functionality capable of
distinguishing sequence context at their major groove binding sites.
Alternatively, since it is known that major groove width varies as a
function of the DNA sequence,’ it may be possible to utilize appropri-
ately designed sterically bulky CV derivatives as shape-selective DNA
binding molecules.

4. Experimental part
4.1. General

Distilled water was used in all of the experiments. Reagents and
solvents were used as supplied, with the following exceptions: CH2Cl,
was distilled from CaH,; Et;O was distilled from LiAlH4; THF was
distilled from sodium benzophenone ketyl; toluene and benzene were
dried over 4 A molecular sieves. Organic extracts were dried over
NayS0y, filtered, and concentrated using a rotary evaporator at aspirator
pressure (20-30 mmHg). Chromatography refers to flash chromatog-
raphy and was carried out on SiO,, (silica gel 60, 230-400 mesh). 'H and
13C NMR spectra were measured in CDCl3 at 400 MHz and 100 MHz,
respectively, using Me4Si as internal standard. Chemical shifts are re-
ported in parts per million (ppm) downfield (8) from MeySi. For 'H
NMR, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, t
= triplet, q = quartet, br = broad, m = multiplet) and coupling constants
(in Hz) were reported whenever possible. 13C spectra were recorded
with complete proton decoupling.

4.1.1. Synthesis of 1a

Following a known procedure,'’ 3,5-dimethyl-N,N-dimethyl-aniline
(1 g, 6.7 mmol) was combined with Mischler’s ketone (1.87 g, 7 mmol)
in POCl3 (1.1 g, 7 mmol) and the mixture was heated in a sealed tube at
100 °C for 8 h. Upon cooling to room temperature, the mixture was
treated with a saturated aqueous solution of K2CO3 (20 mL) and ethyl
acetate (20 mL), and the phases were separated. The aqueous phase was
extracted with ethyl acetate (2 x 20 mL) and the combined organic
phases were dried over anhydrous NaSOy, filtered and concentrated in
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Figure 5. a. The 220-350 nm region of the UV and CD spectra of solutions of DDD hairpin (8.8 pM, 10 mM Tris-HCI, pH = 5.0) in the presence of various con-
centrations of a. 1a: 0.0 pM, 0.9 puM, 2.0 pM, 4.0 pM, 8.0 p, and 12.0 pM; b. 2d: 0.0 pM, 0.9 pM, 2.0 pM, 4.0 pM, 6.0 pM, and 8.0 pM; c. 2a: 0.0 pM, 0.9 pM, 2.0 pM,
4.0 pM, 6.0 pM, and 8.0 pM; d. 2e: 0.0 uM, 0.9 pM, 2.0 uM, 4.0 pM,6.0 pM, and 8.0 pM.

vacuo. The crude material was taken up in EtOAc (20 mL) and extracted
with 1 M HCI (3x 20 mL), and the layers were separated. The aqueous
phase was further extracted with ethyl acetate (2 x 20 mL) and the
combined organic phases were dried over anhydrous NaySOs, filtered

and concentrated in vacuo. Purification of the residue by size-exclusion
chromatography (Sephadex LH-20, chloroform) afforded 1la (2.2 g,
5.0 mmol, 75%) as a dark blue solid, m.p. 223-226 °C (dec.). H NMR
(400 MHz, CDCls) 6 7.31 (m, 4H, Ar-Hpetanme2); 7-25 (m, 2H, Ar-
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Figure 6. ITC thermograms for the binding of 1a (a) and 2e (b) to CT DNA (100 uM/bp, 10 mM Tris-HCl, pH = 7.0). 1a:N=1.0,K=1.9 + 0.5x10°M !, AH = 29.8
+ 2.5 keal/mol, AS = 122 cal/moleK; 2e: N = 0.73, K = 2.1 + 0.5x10° M~ !, AH = -44.7 + 2.2 kcal/mol, AS = -120 cal/moleK.

ﬂ‘ A‘
3 4 5 6 7 8

1 2

Figure 7. Cleavage of plasmid pUC-19 (linearized with AlwN1, lane 1) by Bam
H1 in the presence of 2d (lanes 3-5) or 2a (lanes 6-8). Ligand concentrations:
lane 2: 0 pM; lane 3: 3 uM 2d; lane 4: 6 pM 2d; lane 5: 25 pM 2d; lane 6: 3 pM
2a; lane 7: 6 pM 2a; lane 8: 25 pM 2a. ICs (2d) = 5.4 pM; ICso (2a) = 67 pM.

HonhuNMeZ); 6.98 (m, 4H, Ar-Ho,th‘,NMez); 3.32 (S, 12H, Al‘-N(CHg)g); 3.21
(s, 6H, Ar-N(CH3)2); 1.87 (s, 6H, Ar-CHs). 13C NMR (100 MHz, CDCls) 5
156.8 (C = NMey), 140.5 (C-Ar3), 139.1 (C-CHz), 127.4 (Creta paracnme2)s
114.2 (Corthocnme), 41.2 (Ar-N(CH3)2), 21.0 (Ar-CHs). HRMS-ESI (m/2):
calculated for Co7HssN3 400.2747 (M), found 400.2741 (M™). UV (10
mM Tris-HCL, 0.1 M NaCl, pH = 7.06): Amax 208 nm (£29758), 256
(8197), 306 (16925), 396 (9300), 614 (118847).

4.1.2. Synthesis of 1b

3-methyl-4-bromo-N, N-dimethylaniline (1 g, 4.69 mmol) was dis-
solved in THF (10 mL) and cooled to —78 °C. n-BuLi (2.1 mL, 2.3 M in
cyclohexane, 4.8 mmol) was added dropwise and the solution was

stirred at -78 °C for 15 min. Then ethyl-2-methyl-4-
dimethylaminobenzoate (345 mg, 1.66 mmol) dissolved in THF (2
mL) was added dropwise at —78 °C. The solution was allowed to warm
to room temperature and stir overnight. A solution of 1 M HCl (10 mL)
was then added and the mixture was stirred for 30 min. Ethyl acetate
(20 mL) was added and the phases were separated. The aqueous phase
was further extracted with ethyl acetate (3x 10 mL); the combined
organic extracts were once washed with 20 mL sat. aq. NaCl, dried over
anhydrous NaySOy, filtered, and concentrated under reduced pressure.
Purification of the residue by size-exclusion chromatography (Sephadex
LH-20, Chloroform) afforded 1b (521 mg, 1.12 mmol, 70%) as a blue oil.
1H NMR (400 MHz, CDCl3) 5 6.95 (d, J = 9.6 Hz, 3H, Ar-Hperanme2); 6.65
(m, 6H, Ar-Horhonme2); 3.26, (s, 18H, Ar-N(CH3)5); 1.89 (2, 9H, Ar-CHj).
13¢ NMR (100 MHz, CDCl3) & 155.1 (C-NMe2), 140.1 (Cparacnmez)s
131.2 (C-CHs, C-Ar3), 115.7 (CorthocNme2); 110.4 (CorthocNMe2), 40.5 (Ar-
N(CH3)3), 22.2 (Ar-CH3). HRMS-ESI (m/z): calculated for CygH3eN3:
414.2904 (M), found 414.2895 (M"). UV (10 mM Tris-HCl, 0.1 M
NaCl, pH = 7.06): Amax 210 nm (g 70957), 256 (34425), 308 (32063),
372 (14442), 618 (122188).

4.1.3. Synthesis of 1c

4-bromo-N,N-dimethylaniline (1 g, 5 mmol) was dissolved in THF
(10 mL) and cooled to —78 °C. n-BulLi (2.17 mL, 2.3 M in cyclohexane, 5
mmol) was added dropwise and the solution was stirred at —78 °C for 15
min. Then ethyl-6-dimethylamino-2-napthalenecarboxylate (404 mg,
1.66 mmol) dissolved in THF (2 mL) was added dropwise at —78 °C. The
solution was allowed to warm to room temperature and stir overnight. A
solution of 1 M HCI (10 mL) was then added and the mixture was stirred
for 30 min. Ethyl acetate (20 mL) was added and the phases were
separated. The aqueous phase was further extracted with ethyl acetate
(3x 10 mL); the combined organic extracts were once washed with 20
mL sat. aq. NaCl, dried over anhydrous NaySOy, filtered, and concen-
trated under reduced pressure. Purification of the residue by size-
exclusion chromatography (Sephadex LH-20) afforded 1lc (343 mg,
0.95 mmol, 57%) as a dark green solid, m.p. 197-200 °C (dec). 1H NMR
(400 MHz, CDCl3): § 7.65 (d, J = 8.7 Hz, 1H, Ar-H); 7.60 (m, 2H, Ar-H);
7.38 (d, J = 8.8 Hz, 4H, Ar-H); 7.19-7.16 (dd, J = 2.5, 9.2 Hz, 2H, Ar-H);
6.91 (d, J = 9.3 Hz, 5H, Ar-H); 3.32 (s, 12H, Ar-N(CH3)»); 3.18 (s, 6H,
Ar-N(CH3)3). *C NMR (100 MHz, CDCl3): 5 178.8 (C-Ar3), 156.2 (C =
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Figure 8. A. chart showing the percent displacement of ethidium bromide (4 pM) from hairpin oligonucleotides 5-ATATAT-3', 5-GAAAAA-3/, 5-TCCTAG-3, 5'-
CACGTG-3/, 5-GAATTC-3), and 5-GGGGGG-3' (all at 1 pM) by 2a-2e (1 pM). b. Structure of hairpin oligonucleotides employed. Experiments performed in 10 mM

Tris-HCI buffer, pH = 7.0.

NMey),

151.5 (CNMey), 140.6 (Car), 139.2(Cap), 138. 5 (Car), 132.2(Cap),
131.7 (Cap), 127.3 (Cap), 126.2(Car), 125.3 (Car), 116.6(CorthocNMe2),
113.1(Corthocnme2), 104.8(Corthocnme2), 40.9(Ar-N(CHz)a),

40.4(Ar-N(CH3)2), HRMS-ESI (m/z): calculated for CaoH3oN3
422.2591 (M), found 422.2559 (M*). UV (10 mM Tris-HCL, 0.1 M
NaCl, pH = 7.06): Amax 256 nm (¢ 42045), 306 (37445), 614 (42815).

4.1.4. Synthesis of 1d

4-bromo-N,N-dimethylaniline (1 g, 5 mmol) was dissolved in THF
(10 mL) and cooled to —78 °C. n-BuLi (2.17 mL, 2.3 M in cyclohexane, 5
mmol) was added dropwise and the solution was stirred at —78 °C for 15
min. Then ethyl-3-phenyl-4-dimethylaminobenzoate (447 mg, 1.66
mmol) dissolved in THF (2 mL) was added dropwise at —78 °C. The
solution was allowed to warm to room temperature and stir for four
hours. A solution of 1 M HCI (10 mL) was then added and the mixture
was stirred for 30 min. Chloroform (20 mL) was added and the phases
were separated. The aqueous phase was further extracted with chloro-
form (3x 10 mL); the combined organic extracts were once washed with
20 mL sat. aq. NaCl, dried over anhydrous NaySOj, filtered, and
concentrated under reduced pressure. Purification of the residue by size
exclusion chromatography (Sephadex LH-20) afforded 1d (420 mg,
0.87 mmol, 52%) as a dark blue solid, m.p. 153-155 °C. 1H NMR (400

MHz, CDCl3) § 7.38-7.36 (m, 7H, Ar-H); 7.32 (dd, J = 6.4, 8.7 Hz, 2H,
Ar-H); 7.28 (s, 1H, Ar-H); 7.18 (s, 1H, Ar-Hypnopn); 7-11 (d, J = 8.8 Hz,
1H, Ar-Hyrnonme2); 6.91 (d, J = 9.3 Hz, 4H, Ar-Hornonne2); 3-31 (s, 12H,
Ar-N(CH3),); 2.87 (s, 6H, Ar-N(CHs)z). '3C NMR (100 MHz, CDCls) §
177.7 (C-Ars), 156.6 (C = NMey), 155.9 (C-NMe,), 141.8 (Cay), 140.8
(Cap), 140.1 (Cap), 137.6 (Car), 130.5 (Cay), 129.2 (Cap), 128.8 (Cap),
128.1 (Car), 127.3 (Car), 126.9 (Car), 116.8 (Corthocnme2), 112.7 (Cor-
thocNMe2), 43.2 (Ar-N(CH3)), 40.8 (Ar-N(CHs)z). HRMS-ESI (m/z):
calculated for C31H34N3 448.2747 (M™), found 448.2771 (M™). UV (10
mM Tris-HC], 0.1 M NaCl, pH = 7.06): Amax 210 nm (¢ 46240), 308
(17193), 600 (85290).

4.1.5. Synthesis of 1e

2-phenyl-4-bromo-N,N-dimethylaniline (1 g, 3.63 mmol) was dis-
solved in THF (10 mL) and cooled to —78 °C. n-BuLi (1.65 mL, 2.3 M in
cyclohexane, 3.8 mmol) was added dropwise and the solution was
stirred at —78 °C for 15 min. Then ethyl-4-dimethylaminobenzoate (233
mg, 1.21 mmol) dissolved in THF (2 mL) was added dropwise at —78 °C.
The solution was allowed to warm to room temperature and stir for 4 h.
A solution of 1 M HCl (10 mL) was then added and the mixture was
stirred for 30 min. Chloroform (20 mL) was added and the phases were
separated. The aqueous phase was further extracted with chloroform (3x
10 mL); the combined organic extracts were once washed with 20 mL
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A. Csp data for the binding of 1a-1f to AsTs, (AT)s, and GsCs. b. Csq data for the binding of 2a-2e to hairpin oligonu-
cleotides (AT)3, NFAT1, STAT6, cMyc, Drew-Dickerson, and Ge. c. ITC-derived K values (average of triplicate experi-

ments) for the binding of 1a, 2a, 2d, and 2e (100 pM in syringe) to DNA hairpins oligonucleotides (10 pM).

a.

AsTs (AT)s GsCs
(uM) (uM) (uM)

1a 1.86 + 0.01 1.57 + 0.05 2.05 + 0.11
1b 2.40 + 0.02 2.30 + 0.03 7.21 + 0.63
1c 0.52 + 0.01 0.32 + 0.02 0.88 + 0.01
1d 2.61 + 0.02 2.75 + 0.21 2.99 + 0.01
1le 1.83 + 0.01 1.81 + 0.01 2.09 + 0.06
1f 3.13 +0.01 2.71 + 0.03 3.36 + 0.07
b

(AT)3 NFAT1 DDD STAT6 cMyc Gs

(uM) (uM) (rM) (uM) (uM) (uM)
2a 1.11 + 0.03 0.69 + 0.03 0.54 + 0.02 0.56 + 0.01 0.57 + 0.03 0.51 + 0.11
2b 1.3640.04 1.23 + 0.08 1.47 + 0.03 1.32 + 0.20 1.42 + 0.05 1.25 +0.16
2¢ 1.52 + 0.02 2.22 4+ 0.13 1.27 + 0.34 1.91 + 0.25 1.95 + 0.15 1.32 £ 0.12
2d 1.21 + 0.07 1.27 + 0.05 0.78 + 0.08 1.12 + 0.04 1.80 + 0.06 1.10 + 0.04
2e 2.08 + 0.01 2.64 + 0.05 1.57 + 0.02 1.09 + 0.02 1.56 + 0.01 1.00 + 0.03
C.

(AT)3 NFAT1 DDD STAT6 cMyc Ge

K K K K K K

(x10°M 1) (x10°M 1) (x10°M1) x10°M 1) (x10°M 1) (x10°M 1)
1a 0.21 + 0.07 0.19 + 0.04 14.6 + 2.9 1.06 + 0.63 12.6 + 3.4 28.3+ 6.7
2a 0.32 + 0.08 1.14 + 0.32 21.1 + 2.7 1.80 + 0.66 1.14 + 0.29 52.8 + 22.7
2d 5.79 + 4.29 49.8 +10.3 7.54 + 1.26 2.22 4+ 0.42 0.32 + 0.15 0.18 + 0.09
2e 1.340.38 29.1 +£9.2 20.5 + 9.6 1.32 + 0.57 50.6 + 7.65 36.5 + 14.4

sat. aq. NaCl, dried over anhydrous NaySOy, filtered, and concentrated
under reduced pressure. Purification of the residue by size exclusion
chromatography (Sephadex LH-20) afforded 1e (264 mg, 0.47 mmol,
39%) as a dark blue solid, m.p. 116-118 °C (dec). 1H NMR (400 MHz,
CDCl3) 6 7.41-7.34 (m, 14H, Ar-H); 7.26-7.25 (d, J = 2.2 Hz, 2H, Ar-
Hoyrehorn); 7.17 (d, J = 8.9 Hz, 2H, Ar-Horhonme2); 6.99 (d, J = 9.2 Hz, 2H,
Ar-Horgonme2); 3.37 (s, 6H, Ar-N(CHs),); 2.92 (s, 12H, Ar-N(CHs)y). 13C
NMR (100 MHz, CDCl3) 6§ 177.2 (C-Ar3), 156.9 (C-NMey), 156.4 (C =
NMey), 142.2 (Cap), 140.9 (Car), 140.5 (Cay), 138.0 (Car), 130.5 (Cay),
129.2 (Cap), 128.8 (Car), 128.2 (Cap), 127.4 (Car), 127.1 (Cap), 116.9
(CorthocNMe2); 113.2 (CorthocNMe2); 43.3 (ArN(CH3)z), 40.9 (Ar-N(CHs)2).
HRMS-ESI (m/z): calculated for CsyHsgN3; 524.3060 (M™), found
524.3068 (M™1). UV (10 mM Tris-HCl, 0.1 M NaCl, pH = 7.06): Amax 232
nm (g 715875), 582 (76617).

4.1.6. Synthesis of 1f

2-phenyl-4-bromo-N,N-dimethylaniline (1 g, 3.63 mmol) was dis-
solved in THF (10 mL) and cooled to —78 °C. n-BuLi (1.65 mL, 2.3 M in
cyclohexane, 3.8 mmol) was added dropwise and the solution was
stirred at —-78 °C for 15 min. Then ethyl-3-phenyl-4-
dimethylaminobenzoate (325 mg, 1.21 mmol) dissolved in THF (2
mL) was added dropwise at —78 °C. The solution was allowed to warm
to room temperature and stir for 4 h. A solution of 1 M HCI (10 mL) was
then added and the mixture was stirred for 30 min. Chloroform (20 mL)
was added and the phases were separated. The aqueous phase was
further extracted with chloroform (3x 10 mL); the combined organic
extracts were once washed with 20 mL sat. aq. NaCl, dried over anhy-
drous NaySOy, filtered, and concentrated under reduced pressure. Pu-
rification of the residue by size exclusion chromatography (Sephadex
LH-20, chloroform) afforded 1f (503 mg, 0.78 mmol, 65%) as a blue
solid, m.p. 80-83 °C (dec). H NMR (400 MHz, CDCl3) §7.51 (d,J=7.3
Hz, 3H, Ar-H); 7.45-7.38 (m, 15H, Ar-H); 7.32 (d, J = 2.3 Hz, 3H, Ar-
Hoyrthorn); 7.24 (d, J = 9.0 Hz, 3H, Ar-Horhonme2); 2.96 (s, 18H, Ar-N
(CHs)). '3C NMR (100 MHz, CDCls) 6 176.8 (C-Ars), 157.3 (C-NMey)),
142.8 (Cap), 140.9 (Car), 138.6 (Car), 130.5 (Car), 129.0 (Cap), 128.9
(Cap), 128.2 (Cay), 127.5 (Cap), 117.3 (Corthocnme2), 43.5 (Ar-N(CH3)2).

HRMS-ESI (m/z): calculated for C43H4N3 600.3373 (M™1), found
600.3376 (M™1). UV (10 mM Tris-HCl, 0.1 M NaCl, pH = 7.06): Apax 260
nm (¢ 136050), 320 (53177), 602 (42885).

4.1.7. Synthesis of 2a

1,2-diiodobenzene (330 mg, 1 mmol) and 2-(methoxycarbonyl)-
phenylboronic acid (396 mg, 2.2 mmol) were dissolved in a 4:1 toluene:
water mixture (10 mL) and KoCO3 (607 mg, 4.4 mmol) and Pd(PPh3)4
(116 mg, 0.1 mmol, 10 mol%) were added. The mixture was heated to
95 °C under argon and stirred for 24 h. After cooling to room temper-
ature, water (10 mL) and ether (10 mL) were added, and the phases were
separated. The aqueous phase was extracted twice with ether (2x10 mL)
and the combined organic phases were dried over anhydrous sodium
sulfate, filtered, and concentrated in vacuo. The crude oil was taken up in
2:1 hexanes:ethyl acetate and rapidly flushed through a plug of silica
gel; concentration in vacuo furnished material sufficiently pure for the
next step. 4-bromo-N,N-dimethylaniline (1 g, 5 mmol) was dissolved in
THF (10 mL) and cooled to —78 °C. n-BuLi (2.17 mL, 2.3 M in cyclo-
hexane, 5 mmol) was added dropwise and the solution was stirred at
—78 °C for 15 min. Then the diester intermediate from the previous step
(~1 mmol) dissolved in THF (2 mL) was added dropwise at —78 °C. The
solution was allowed to warm to room temperature and stir for four
hours. A solution of 1 M HCI (10 mL) was then added, and the mixture
was stirred for 30 min. Chloroform (20 mL) was added, and the phases
were separated. The aqueous phase was further extracted with chloro-
form (3 x 10 mL); the combined organic extracts were once washed with
20 mL sat. aq. NaCl, dried over anhydrous NaySOj4, filtered, and
concentrated under reduced pressure. Purification by size exclusion
chromatography (Sephadex LH-20, Chloroform) afforded 2a (340 mg,
0.43 mmol, 43%) as a dark green solid, m.p. 220-221 °C. 1H NMR (400
MHz, CDCls) & 7.40 (t, J = 8.1 Hz, 2H, Ar-H); 7.28 (m, 4H, Ar-H); 7.10
(d, J=7.5Hz, 2H, Ar-H); 7.01 (d, J = 7.4 Hz, 2H, Ar-H); 6.88 (m, 7H, Ar-
H); 6.77-6.71 (m, 7H, Ar-H); 6.57 (d, J = 9.1 Hz, 4H, Ar-Hyrhonme2); 3-46
(s, 10H, Ar-N(CH3)2); 3.21 (s, 14H, Ar-N(CH3),). '3C NMR (100 MHz,
CDCl3) 6 175.8 (C-Ars), 156.9 (C = NMey), 155.7 (C-NMey), 144.7 (Cay),
141.2 (Cap), 138.8 (Car), 138.7 (Cap), 137.8 (Car), 135.2 (Cpy), 132.6
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Figure 9. A. model for the binding of ligand 1a in the major groove of Drew
Dickerson dodecamer DNA (5-CGCGAATTCGCG-3"). b. Model for the binding of
ligand 2d in the major groove of the NFAT1 sequence (5-GGAAAAA-3). c.
Electrostatic potential maps for the major groove base pairs of 5-GA-3' and 2d,
and LUMO map of 2d.>" Arrow points to the alkene moiety.

(Cap), 132.4 (Cap), 132.3 (Car), 128.1 (Car), 127.8 (Car), 127.6 (Car),
126.8 (Car), 114.6 (Corthocnme2), 112.8 (Corthocnme2), 41.6 (Ar-N(CH3)o2),
40.9 (Ar-N(CHs)2). HRMS-ESI (m/2): calculated for Cs5oHsoN4 366.2091
(M?"), found 366.2094 (M?™). UV (10 mM Tris-HCl, 0.1 M NaCl, pH =
7.06): Amax 202 nm (e 204505), 322 (56710), 438 (62422), 638
(209425).

4.1.8. Synthesis of 2b

5,6-dibromo-1,3-benzodioxole (280 mg, 1 mmol) and 4-(methox-
ycarbonyl)phenylboronic acid (540 mg, 3.0 mmol) were dissolved in a
4:1 toluene:water mixture (10 mL) and K»CO3 (690 mg, 5.0 mmol) and
Pd(PPhs)4 (174 mg, 0.15 mmol, 15 mol%) were added. The mixture was
heated to 95 °C under argon and stirred for 48 h. After cooling to room
temperature, water (10 mL) and ether (10 mL) were added, and the
phases were separated. The aqueous phase was extracted twice with
ether (2x10 mL) and the combined organic phases were dried over
anhydrous sodium sulfate, filtered, and concentrated in vacuo. The crude
oil was taken up in 2:1 hexanes:ethyl acetate and rapidly flushed
through a plug of silica gel; concentration in vacuo furnished material
sufficiently pure for the next step. 4-bromo-N,N-dimethylaniline (1 g, 5
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mmol) was dissolved in THF (10 mL) and cooled to —78 °C. n-BuLi (2.17
mL, 2.3 M in cyclohexane, 5 mmol) was added dropwise and the solution
was stirred at —78 °C for 15 min. Then the diester intermediate from the
previous step (~1 mmol) dissolved in THF (2 mL) was added dropwise at
—78 °C. The solution was allowed to warm to room temperature and stir
for four hours. A solution of 1 M HCI (10 mL) was then added, and the
mixture was stirred for 30 min. Chloroform (20 mL) was added, and the
phases were separated. The aqueous phase was further extracted with
chloroform (3x 10 mL); the combined organic extracts were once
washed with 20 mL sat. aq. NaCl, dried over anhydrous NasSOy, filtered,
and concentrated under reduced pressure. Purification by size exclusion
chromatography (Sephadex LH-20, chloroform) afforded 2b (521 mg,
0.63 mmol, 63%) as a dark green solid, m.p. 117-120 °C (dec). TH NMR
(400 MHz, CDCl3) 6 7.21 (m, 12H, Ar-H); 7.18 (m, 4H, Ar-H); 6.93 (s,
2H, Ar-H); 6.85 (m, 8H, Ar-Hyrhonme2); 6.04 (s, 2H, O-CH,-0); 3.31 (m,
24H, Ar-N(CH3),). 13C NMR (100 MHz, CDCls) § 176.5 (C-Ars), 156.8
(C-NMey), 148.2 (Car), 146.3 (Car), 140.6 (Car), 137.6 (Car), 134.7 (Cay),
133.2 (Car), 130.3 (Car), 127.0 (Cap), 113.8 (Corthocnme2), 110.5 (Cor.
thocNMe2), 101.9 (O-CH-0), 41.2 (Ar-N(CHs)3). HRMS-ESI (m/2):
calculated for Cs3HsaN404 388.2039 (M2 1), found 388.2046 (M?T). UV
(10 mM Tris-HCl, 0.1 M NaCl, pH = 7.06): Apax 210 nm (¢ 161235), 308
(71936), 440 (54252), 628 (214303).

4.1.9. Synthesis of 2c

5,6-diethyny1-1,if»-benzodioxole33 (170 mg, 1 mmol) and methyl-4-
iodobenzoate (786 mg, 3 mmol) were dissolved in triethylamine (3
mL) and Cul (4 mg, 0.15 mmol) and Pd(PPhs)4 (116 mg, 0.1 mmol, 10
mol%) were added. The mixture was heated to 60 °C under argon for 24
h. After cooling to room temperature, water (10 mL) and ether (10 mL)
were added, and the phases were separated. The aqueous phase was
extracted twice with ether (2x10 mL) and the combined organic phases
were dried over anhydrous sodium sulfate, filtered, and concentrated in
vacuo. The crude material was taken up in 2:1 hexanes:ethyl acetate and
rapidly flushed through a plug of silica gel; concentration in vacuo fur-
nished material sufficiently pure for the next step. 4-bromo-N,N-dime-
thylaniline (1 g, 5 mmol) was dissolved in THF (10 mL) and cooled to
—78 °C. n-BuLi (2.17 mL, 2.3 M in cyclohexane, 5 mmol) was added
dropwise and the solution was stirred at —78 °C for 15 min. Then the
diester intermediate from the previous step (~1 mmol) dissolved in THF
(2 mL) was added dropwise at —78 °C. The solution was allowed to
warm to room temperature and stir for four hours. A solution of 1 M HCL
(10 mL) was then added, and the mixture was stirred for 30 min.
Chloroform (20 mL) was added, and the phases were separated. The
aqueous phase was further extracted with chloroform (3x 10 mL); the
combined organic extracts were once washed with 20 mL sat. aq. NaCl,
dried over anhydrous NaySOy, filtered, and concentrated under reduced
pressure. Purification by size exclusion chromatography (Sephadex LH-
20, Chloroform) afforded 2¢ (478 mg, 0.53 mmol, 53%) as a dark green
solid, m.p. 110-113°C. 'HNMR (400 MHz, CDCl3) 6 7.67 (d, J = 7.1 Hz,
4H, Ar-H); 7.32 (m, 13H, Ar-H); 6.95 (d, J = 7.7 Hz, 9H, Ar-HyrhonMe2);
6.06 (s, 2H, O-CH2-0); 3.35 (m, 24H, Ar-N(CH3)3). 13¢ NMR (100 MHz,
CDCl3) 6 175.6 (C-Ars3), 156.9 (C-NMe,), 148.5 (Ca,), 140.6 (Car), 139.2
(Car), 134.9 (Cap), 131.4 (Cap), 128.3 (Cap), 127.2 (Cap), 119.9 (Cor
thocNMe2)s 114.1 (Corthocnme2), 111.7 (Csp), 102.3 (0-CH2-0), 92.0 (Csp),
41.3 (Ar-N(CHs)3). HRMS-ESI (m/2z): calculated for Cs;Hs5:N404
412.2040 (M2+), found 412.2037 (M2+). UV (10 mM Tris, 0.1 M NaCl,
pH = 7.06): Amax 204 nm (e 317547), 266 (128225), 322 (121537), 462
(103221), 640 (214303).

4.1.10. Synthesis of 2d

Methyl 4-[(diethoxyphosphinyl)methyl]benzoate? (429 mg, 1.5
mmol) was dissolved in THF (5 mL) and cooled to 0 °C. Then sodium
hydride (60 mg, 1.5 mmol, 60% dispersion in mineral oil) was added
and the mixture was allowed to stir for 30 min. Then 1,3-benzodioxole-
5,6-dicarboxyaldehyde (174.8 mg, 1 mmol) was added and the mixture
was stirred overnight. Water (10 mL) and ether (10 mL) were added, and
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the phases were separated. The aqueous phase was extracted twice with
ether (2x10 mL) and the combined organic phases were dried over
anhydrous sodium sulfate, filtered, and concentrated in vacuo. The crude
material was taken up in 3:1 hexanes:ethyl acetate and rapidly flushed
through a plug of silica gel; concentration in vacuo furnished material
sufficiently pure for the next step. 4-bromo-N,N-dimethylaniline (1 g, 5
mmol) was dissolved in THF (10 mL) and cooled to —78 °C. n-BuLi (2.17
mL, 2.3 M in cyclohexane, 5 mmol) was added dropwise and the solution
was stirred at —78 °C for 15 min. Then the diester intermediate from the
previous step (~1 mmol) dissolved in THF (2 mL) was added dropwise at
—78 °C. The solution was allowed to warm to room temperature and stir
for four hours. A solution of 1 M HCl (10 mL) was then added, and the
mixture was stirred for 30 min. Chloroform (20 mL) was added, and the
phases were separated. The aqueous phase was further extracted with
chloroform (3x 10 mL); the combined organic extracts were once
washed with 20 mL sat. aq. NaCl, dried over anhydrous NaySOy, filtered,
and concentrated under reduced pressure. Purification by size exclusion
chromatography (Sephadex LH-20, Chloroform) afforded 2d (360 mg,
0.4 mmol, 40%) as a dark green solid, m.p. 191-195 °C (dec). 1H NMR
(400 MHz, CDCls) 6 7.76 (m, 8H, Ar-H); 7.39 (m, 12H, Ar-H); 7.15 (s,
2H, Ar-H); 7.00 (d, J = 9.2 Hz, 8H, Ar-Hyrmonmte); 6.05 (s, 2H, O-CH,-O);
3.37 (s, 24H, Ar-N(CH3)2). 13¢ NMR (100 MHz, CDCl3) § 176.8 (C-Ars),
156.8 (C-NMey), 148.6 (Car), 142.7 (Car), 140.7 (Car), 138.4 (Cay),
135.9 (Car), 135.1 (Car), 133.3 (Csp2), 133.2 (Csp2), 130.6 (Car), 130.5
(Cap), 130.3(Car), 129.5(Cgp2), 128.8 (Cap), 127.2 (Cap), 126.7 (Cypa),
113.8 (CorthooNme2), 106.1 (O-CHp-0), 41.3 (Ar-N(CHs),). HRMS-ESI
(m/2): calculated for CsyHsgN4Oo 414.2196 (M?h), found 414.2184
(M2H). UV (0.1 M Tris, 0.1 M NaCl, pH = 7.06): Apax 204 nm (¢ 297848),
314 (110774), 628 (214303).

4.1.11. Synthesis of 2e

1,2-benzenedimethanol (138 mg, 1 mmol) and methyl-4-
hydroxybenzoate (334 mg, 2.2 mmol) were dissolved in THF (5 mL)
and triphenylphosphine (577 mg, 2.2 mmol) was added. The solution
was stirred at room temperature and diisopropylazodicarboxylate (433
uL, 2.2 mmol) was added dropwise and the solution was stirred for 2 h.
Water (10 mL) and ether (10 mL) were added, and the phases were
separated. The aqueous phase was extracted twice with ether (2x10 mL)
and the combined organic phases were dried over anhydrous sodium
sulfate, filtered, and concentrated in vacuo. The crude material was
chromatographed over silica gel (10:1 — 4:1 hexanes:ethyl acetate) to
afford material the intermediate diester. 4-bromo-N,N-dimethylaniline
(1 g, 5 mmol) was dissolved in THF (10 mL) and cooled to —78 °C. n-
BuLi (2.17 mL, 2.3 M in cyclohexane, 5 mmol) was added dropwise and
the solution was stirred at —78 °C for 15 min. Then the diester inter-
mediate from the previous step (~1 mmol) dissolved in THF (2 mL) was
added dropwise at —78 °C. The solution was allowed to warm to room
temperature and stir for four hours. A solution of 1 M HCI (10 mL) was
then added, and the mixture was stirred for 30 min. Chloroform (20 mL)
was added, and the phases were separated. The aqueous phase was
further extracted with chloroform (3x 10 mL); the combined organic
extracts were once washed with 20 mL sat. aq. NaCl, dried over anhy-
drous NaySOy, filtered, and concentrated under reduced pressure. Pu-
rification by size exclusion chromatography (Sephadex LH-20,
chloroform) afforded 2e (529 mg, 0.61 mmol, 61%) as a dark green
solid, m.p. 242-245°C. 'H NMR (400 MHz, CDCl3) § 7.49 (m, 2H, Ar-H);
7.35 (m, 3H, Ar-H); 7.33-7.29 (m, 12H, Ar-H); 7.13 (d, J = 8.9 Hz, 4H,
Ar-Horhoo); 6.83 (d, J = 9.3 Hz, 8H, Ar-Hypmonme); 5.32 (s, 4H, ArCH,0);
3.23 (s, 24H, Ar-N(CH3)2)). 13C NMR (100 MHz, CDCl3) §177.6 (C-Ars),
163.6 (C-OCH,), 156.6 (C-NMey), 140.6 (Cap), 137.7 (Cap), 134.2 (Cap),
131.9 (Cap), 129.2 (Car), 128.8 (Car), 126.8 (Car), 115.3 (CorthocNMe2)s
113.3 (CorthocnMe2), 68.6 (ArCH20), 40.9 (Ar-N(CHs)2). HRMS-ESI (m/
2): calculated for Cs4HseN4O2 396.2196 (M?™), found 396.2215 (M?™).
UV (10 mM Tris, 0.1 M NaCl, pH = 7.06): Amax 204 nm (e 114333), 296
(29027), 448 (62834), 570 (174000).
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4.2. Competitive ethidium bromide displacement

Constant concentrations of CT-DNA (1.0 pM/bp) and EtBr (0.5 pM)
in the presence or absence of netropsin (0.5 pM) or methyl green (0.5
puM) were titrated with increasing concentrations of the ligands 1a-1f
and 2a-2e (from 100 pM and 10 pM stock solutions) in buffer (10 mM
Tris-HCl, pH = 7.0). The maximum emission wavelength was 590 nm
when the excitation wavelength was 520 nm. Fluorescence titrations
were recorded from 520 nm to 692 nm after an equilibration period of 3
min. Ex Slit (nm) = 10.0; Em Slit (nm) = 10.0; Scan Speed (nm/min) =
200. Kgpp = 9.5%x10° M ™! % Cethidium/Cso-

4.3. Thermal denaturation studies

UV thermal denaturation samples (2 mL) were prepared by mixing
CT-DNA in 10 mM Tris-HCI buffer (pH 7.0) in 1 cm path length quartz
cuvettes. The DNA to ligand ratio was 30:1. Absorbance readings were
taken for temperature ranging from 25 °C to 95 °C. Temperature was
increased gradually with a speed of 1 °C/min with an absorbance
reading every 2 °C. First derivative plots were used to determine the Ty,
value.

4.4. Solution viscosity studies

Viscosity experiments were performed with an Ostwald viscometer
in a constant water bath at 23.0 + 1 °C. Solutions of constant DNA
concentrations (300 pM/bp) and varying ligand concentrations in 10
mM Tris-HCl buffer (pH 7.0) were incubated for 30 min. A digital
stopwatch was used to record the flow time. The relative viscosity was
calculated as from the following equation:

n = t-to/to.

Where t, and t are the flow time in the absence and presence of the
ligand. n is the viscosity in the presence of the ligand and n , is the
viscosity in the absence of ligand. The data were graphed as (/1 ,)*/> vs.
[ligand]/[DNA].

4.5. Circular dichroism and UV studies

Small aliquots (0.6-5.0 pL) of concentrated ligands 1a-1f and 2a-2e
(1 mM) were added to a solution (2 mL, 10 mM tris-HCI, pH 5.0) of CT-
DNA (80 pM/bp) or DDD hairpin (8.8 pM), inverted twice, and incu-
bated for 5 min at 20 °C. The CD spectra were then recorded as an
average of three scans from 215 to 350 nm and data recorded in 0.5 nm
increments. UV spectra were collected under identical conditions over
the same wavelength range.

4.6. Isothermal titration calorimetry studies

ITC thermograms were recorded for titrations performed at 30 °C
(except for compound 2e performed at 27 °C with 50 injections, 5 pL
each, 180 s duration) under the following conditions: DP = 6, 307 rpm,
10 pL injections, 10 s duration with 120 s, 2 s filter, initial delay of 120 s,
total of 25 injections (Microcal VP-ITC). The initial conditions for the
titrations involved 100 pM ligand in the syringe and 100 uM/bp CT DNA
or 10 pM hairpins in the cell, common buffer 10 mM Tris-HCl, pH = 7.0.
Prior to data analysis in Origin software, subtraction of buffer to CT DNA
titrations under identical conditions was performed to account for heats
of dilution. A single-site binding model was applied to obtain vales of K,
N, AH, AS for each experiment.

4.7. Agarose gel electrophoresis studies

Plasmid pUC-19 was linearized with AIwNI at 37 °C for 30 min and
the enzyme was heat-inactivated by incubation at 80 °C for 20 min.
Linearized pUC-19 was then incubated with varying concentrations of
1a-1f and 2a-2e. BamHI was then added and digestion proceeded for 30
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min at 37 °C. Samples were then loaded onto a 1% agarose gel con-
taining 0.5 pg/L ethidium bromide and run at 120V for 40 min. A UV
transilluminator was used to visualize the gel.

4.8. Molecular docking studies

Compounds 1a, 1b, 2d, and 2e were minimized in Spartan 14 for
Macintosh (Wavefunction, Inc., Irvine, CA). Molecular docking studies
were performed with 1a, 1b, and 2e and the Dickerson Drew dodecamer
(5'CGCGAATTCGCG-3") (PDB 436D), and with 2d and the NFAT
sequence (10WR) using Autodock vina. The search space included both
major and minor grooves.

4.9. Electrostatic potential and LUMO maps

Utilizing Spartan 20 for Macintosh (Wavefunction, Inc. Irvine, CA)
compound 2d and the base pairs of 5-GC-3' were energy minimized
(density functional, wB97X-D, 6-31G*) and electrostatic potential maps
and HOMO/LUMO maps were generated.
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