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CONSPECTUS

DNA duplex can be recognized sequence-specifically in the major groove by an oligodeoxynucleotide (ODN). The resulting

structure is a DNA triple helix, or triplex. The scientific community has invested significant research capital in the study of
DNA triplexes because of their robust potential for providing new applications, incduding molecular biology tools and therapeutic
agents. The triplex structures have inherent instabilities, however, and the recognition of DNA triplexes by small molecules has
been attempted as a means of strengthening the three-stranded complex. Over the decades, the majority of work in the field has
focused on heterocycles that intercalate between the triplex bases. In this Account, we present an alternate approach to recognition
and stabilization of DNA triplexes.

We show that groove recognition of nucleic acid triple helices can be achieved with aminosugars. Among these aminosugars,
neomycin is the most effective aminoglycoside (groove binder) for stabilizing a DNA triple helix. It stabilizes both the TAT triplex
and mixed-base DNA triplexes better than known DNA minor groove binders (which usually destabilize the triplex) and
polyamines. Neomycin selectively stabilizes the triplex (TAT and mixed base) without any effect on the DNA duplex. The selectivity
of neomycin likely originates from its potential and shape complementarity to the triplex Watson—Hoogsteen groove, making it
the first molecule that selectively recognizes a triplex groove over a duplex groove. The groove recognition of aminoglycosides is
not limited to DNA triplexes, but also extends to RNA and hybrid triple helical structures.

Intercalator—neomycin conjugates are shown to simultaneously probe the base stacking and groove surface in the DNA
triplex. Calorimetric and spectrosocopic studies allow the quantification of the effect of surface area of the intercalating moiety on
binding to the triplex. These studies outline a novel approach to the recognition of DNA triplexes that incorporates the use of
noncompeting binding sites. These principles of dual recognition should be applicable to the design of ligands that can bind any
given nudeic acid target with nanomolar affinities and with high selectivity.

1. Introduction molecules such as oligodeoxynucleotides (ODNs, major
Out of the earth shall come thy salvation. groove binders)."? Major groove recognition of the duplex
Selman Waksman DNA by ODNs results in a triple helix in a parallel or

antiparallel form (Figure 1). Triple helix formation was first

Duplex DNA can be sequence-specifically recognized by reported in 1957 by Felsenfeld and co-workers.>* The
small molecules such as minor groove binders and larger elucidation of the DNA duplex structure at the same time
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FIGURE 1. Base interactions in parallel (pyrimidine motif, top) and antiparallel (purine motif, bottom) triple helices. These are defined with respect to

the orientation of the TFO and homopurine Watson—Crick (W—C) strand.

kept the limelight away from the three-stranded DNA struc-
tures until the 1980s. Eventually, work by Dervan, Hélene,
and others showed the broad potential of triplex-forming
ODN:s in targeting duplex and single-stranded DNA and in
inhibiting sequence-specific DNA—protein interactions.>°
DNA triplex formation has continued to garner much inter-
est in the scientific community because of the possible
applications in developing new molecular biology tools as
well as therapeutic agents.'®"'3 Specific inhibition of tran-
scription has been induced via triplex formation at poly-
(purine/pyrimidine) sites in promoter sequences. These and
numerous other findings that support the feasibility of an
antigene approach for therapeutically regulating spe-
cific gene expression have been discussed in a number of
reports.'"*1® A recent report has postulated that DNA tri-
plexes may even be present at the active site of the DNA
polymerases.'”

Several intercalators as well as various DNA minor
groove ligands have previously been shown to bind to
DNA triple helices.'®'919~2! |ntercalators usually stabilize
to a greater extent triple helices containing TAT triplets,
whereas minor groove binders usually destabilize tri-
plexes.?* At the beginning of this millennium, when we
began our work on recognition of nucleic acids, one surptis-
ing fact stared at us: While there were a number of inter-
calators that stabilized DNA duplex and triplex structures
(selectively and nonselectively), there were no examples of
groove-binding ligands that selectively recognized the triple
helices (spermine,23 with its flexible amines as the possible
weak exception). This was in stark contrast to the numerous
sequence-specific groove binders known to bind in the
minor groove of duplex DNA.%?#2> Time and again, one
has had to look to natural products to deal with such
problems in recognition of biomolecules. Examples of such
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FIGURE 2. Structures of some aminoglycoside antibiotics. Ring numbering scheme is shown for neomycin.

natural products include crescent shaped netropsin and
distamycin®®2® which were key leads in the design princi-
ples that are used to target the DNA minor groove today. In
such a quest for ligands for triple-helix-specific stabilization,
we decided to investigate aminoglycoside antibiotics, the
antibacterial scaffolds first discovered by Waksman in 1944
for activity against tuberculosis (Figure 2).2°732 In this Ac-
count, I will present neomycin as one of the first examples
that bridge the gap in molecular recognition of triplex
structures and increase our understanding of the recognition
principle(s) involved in selective targeting of nucleic acid
triplex grooves.

2. Thermal Denaturation Studies and Amino-
glycoside Structure—Activity Relationships
Thermal denaturation studies of triplexes formed from
ODNs as well as polynucleotides were carried out in the
presence of aminoglycosides, using UV spectroscopy at
260/280 nm. These studies showed the remarkable effec-
tiveness of neomycin in stabilizing the triplex without affect-
ing the duplex T,,,.*

In the thermal denaturation analysis of poly(dA)-2poly-
(dT) bound to neomycin, plots of absorbance at 260 and
284 nm (A0, A2g4) Versus temperature exhibit two distinct
inflections { T3> (triplex melting point) = 34 °Cand T3
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FIGURE 3. Plots of variation of triplex melting (T,3—>) and duplex
melting (Tma2—1) of poly(dA)- 2poly(dT) as a function of increasing
neomycin concentration {rqp, = drug(neomycin)/base triplet ratio}.
Conditions: 10 mM sodium cacodylate, 150 mM KCI, pH 6.8,
[poly(dA)- 2poly(dT)] = 15 uM/base triplet. Reprinted with permission
from ref 33. Copyright 2010 Elsevier.

(duplex melting point) = 71 °C, rgp = 0.15 (ratio of drug-
(neomycin)/base triplet)}. Triplex stabilization was found to
be dependent on neomycin concentration. Figure 3 shows
that, by increasing the molar ratios of neomycin from 0 to
25 uM, rgp=0—1.67, the triplex melting point is increased by
close to 25 °C, whereas the duplex is virtually unaffected.
Nature has provided us antibiotics to allow for a simpli-
fied version of aminoglycoside—triplex structure—activity
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FIGURE 4. Effect of aminoglycoside antibiotics on the melting of poly-
(dA)-2poly(dT) triplex (rqp = 1.67). Solution conditions: 150 mM KCl,
10 mM sodium cacodylate, pH 6.8, [poly(dA)- 2poly(dT)] = 15 uM/base
triplet. Number of amines in each antibiotic is shown in parentheses.
Reprinted with permission from ref 34. Copyright 2001 American
Chemical Society.

TABLE 1. 3° Fluorescence Derived ACs, Values for Aminoglycoside
Binding to 5'-dA;>-x-dT>-x-dT;>-3' Triple Helix at pH 5.5 and 6.8 in
10 mM Sodium Cacodylate, 0.5 mM EDTA, and 150 mM KCI?

ACso (uM)
aminoglycoside pH 6.8 pH5.5
neomycin 355 133
paromomycin 179.0 157.9
ribostamycin 486.0 459.0

9T =10 °C, [DNA triplex] = 100 nM/strand, [thiazole orange] = 700 nM.

relationship (Figure 4). A few of these aminosugars can be
viewed as simple variations of neomycin pharmacophore
with functional group deletions. Most aminoglycosides with
five or more amines are able to stabilize the triple helix
(increasing ATn3—», without significantly affecting the
ATm>—1 values, Figure 4). The structural difference between
paromomycin and neomycin is a positively charged amino
group (present in neomycin), replacing a neutral hydroxyl
(present in paromomycin). This leads to a difference of 16 °C
in Tz—> values (rgp = 1.67) at 150 mM K concentration. As
also seen from Figure 4, neomycin is far more effective than
paromomycin or ribostamycin in stabilizing triple helices.>*
Since both paromomycin and ribostamycin can be derived
by deletion of specific groups/rings in neomycin, these two
aminoglycosides offer preliminary evidence for specific
functional group (ring | amine) or ring (ring IV) participation
in DNA triplex binding by neomycin.

A fluorescent intercalator displacement (FID) assay was
then used to determine the ACsy values for the three
aminoglycosides with poly(dA)-2poly(dT) and an intramo-
lecular 5'-dA;>-x-dT;>-x-dT{2-3' (x = hexaethyleneglycol
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linker) triplex. These studies have been recently published,
and the results are summarized below.3> The ACs, values
reported in Table 1 are the aminoglycoside concentrations
required to displace 50% of thiazole orange from the triplex,
as measured by a decrease in 50% of the fluorescence. At
pH 6.8, the neomycin ACsq (ACso = 35.5 uM) is 6-fold lower
than that of paromomycin (ACso = 179 uM) and approximately
14-fold lower than that of ribostamycin (ACso = 486 uM). A
similar trend, with neomycin (ACso = 13 uM) < paromomycin
(ACso=157 uM)<ribostamycin (ACso =459 uM) is observed
at pH 5.5.

Studies with the poly(dA)-2poly(dT) triplex showed the
same trends in ACsq values. When the FID experiments
were carried out with poly(dA)- poly(dT) duplex, thiazole
orange could not be displaced by up to 10 mM neomy-
cin, suggesting that the affinity of the aminoglycoside is
2—3 orders of magnitude lower for the AT rich DNA
duplexes, when compared to its affinity for the AT rich
DNA triplex.

These results suggested that (i) paromomycin is much
weaker in stabilizing the triplex (amino group in ring l is a key
element in DNA triplex recognition); (i) ribostamycin and
neamine are much weaker in stabilizing the triplex, and both
have similar effect on triplex stabilization (ring IV amines are
involved in recognition; and ring Il likely provides the
neomycin conformer necessary for successful binding).

3. Stabilization of DNA Triple Helix Poly-
(dA)-2poly(dT) by Other Ligands>*

A comparison with DNA groove binders indicates that
neomycin is much more active than the minor groove
binders (Figure 5) in stabilizing the triplex. The minor groove
binders, in general, are not triplex-specific (berenil, distamy-
cin, Hoechst dyes), and some are known to even destabilize
the triplex (berenil, distamycin) because of their preference
for the DNA duplex.>* The minor groove binders such as
Hoechst 33258 stabilize the DNA duplex much better than
the DNA triplex, suggesting that the significant perturbations
take place in the minor groove upon ODN binding to the
duplex major groove. Binding studies suggest that neomy-
cin, as opposed to minor groove DNA duplex binders, can
preferentially bind the DNA triplex grooves over those
presentin the AT rich DNA duplex. Structural data identifying
specific groove—drug interactions would further clarify
which of the three triplex grooves are being targeted. The
intercalating ligands, on the other hand, are equally or more
effective in stabilizing the triple helix at low concentra-
tions.3* At higher concentrations, the intercalating ligands
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FIGURE 5. (a) Structures of groove binders (left) and intercalators (right), known to bind to DNA triplexes. (b) Effect of 10 uM (rqp = 0.66) groove binders
on the DNA triplex melt {poly(dA)-2poly(dT)} (black) and the duplex melt {poly(dA)-poly(dT)} (boxed). Distamycin does not show a Ty,3-.» transition
(<20 °Q). PEH = pentaethylene hexamine. Solution conditions: 150 mM KCl, 10 mM sodium cacodylate, pH 6.8, DNA =15 uM/base triplet. Reprinted

with permission from ref 34. Copyright 2001 American Chemical Society.

begin to stabilize the duplex as well, though significant
advances have recently been reported in the design of
triplex selective intercalators.'92%3637

The planar moieties do offer an advantage over the
aminoglycosides in terms of cellular permeability and nucle-
ar localization. Based on the limited data that is available,
aminoglycosides do not enter mammalian cells readily,
whereas dyes such as Hoechst 33342 are known to rapidly
enter the nucleus. Models for bacterial cell permeability by
aminoglycosides have been proposed and discussed in a
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recent review.?° However, minor modifications in amino-
glycosides can dramatically alter their permeability®® and
should therefore not detract from the development of
aminoglycosides in targeting mammalian cells.

As previously discussed, the minor groove (W—C groove)
of the triplex is similar in width and depth to that of B-type
duplex DNA, yet the two grooves are not identical.>9~*"
The perturbation upon major groove binding of the third
strand leads to a difference in overall geometry. The B-form
duplex minor groove has a U-shaped cross section, whereas
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FIGURE 6. Structure of a TAT DNA triplex showing different
grooves. W—H groove is formed between two pyrimidine
strands.*?~*

the triplex minor groove adopts a V-shaped cross section.
Duplex minor groove binding ligands such as netropsin and
distamycin can bind to triple helices, but they destabilize them
as they preferentially bind to the duplex minor groove gener-
ated on loss of the triplex-forming strand.**3*

The triplex major groove, on the other hand, is
quite different from that in standard B-type DNA, since the
presence of the third strand widens the major groove and
divides it into two asymmetric parts: the smaller Crick—
Hoogsteen (C—H) groove) and the wider Watson—Hoogs-
teen (W—H) groove (Figure 6). The W—H groove is wide
enough to interact with such molecules as neomycin and, in
contrast to the smaller grooves, is more flexible. This flex-
ibility is likely used by the DNA triplex to adapt its shape to
an aminosugar such as neomycin. These results are consis-
tent with W—H groove being the likely site for selective
triplex stabilizers, as opposed to the DNA duplex selective
minor groove binders, although structural evidence is still
needed to verify this hypothesis.

4. A Proposed Model for Neomycin Binding to
the DNA Triplex Watson—Hoogsteen
Groove>'>?

To build a model for neomycin binding to the major groove
of the DNA triplex, circular dichroism (CD) spectroscopic
studies, pH dependence, salt dependence, and viscosity
measurements were performed. A full thermodynamic pro-
file of aminoglycoside complexation with DNA triplexes
detailing these studies has recently been published.?>

Key results from these studies are mentioned below. (a) The
binding constant (10°—10° M) decreases with increasing salt
concentration, and a plot of log K versus log (K*) shows that
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FIGURE 7. Salt dependence of the neomycin binding with poly-

(dA)- 2poly(dT) triplex in 10 mM sodium cacodylate, 0.5 mM EDTA, and
pH5.5. T=10 °C. The experimental data were fit with linear regression,
and the solid line reflects the resulting curve fit. Reprinted with permis-
sion from ref 35. Copyright 2010 Elsevier.

FIGURE 8. Electrostatic surface potential maps of (A) neomycin ap-
proaching the W—H groove of the triplex and (B) neomycin buried in the
triplex groove. Reprinted with permission from ref 45. Copyright 2001
American Chemical Society.

approximately three ion pairs are formed between neomycin
and the DNA triplex (Figure 7). (b) The viscosity of poly(dA)-
2poly(dT) triplex with increasing concentrations of neomycin
was also investigated to understand the mode of drug inter-
action. Intercalating compounds, upon binding to the nucleic
acid, lead to an increased solution viscosity as the length of the
rod (DNA polymer) increases. Neomycin, like other groove
binding drugs, on the other hand, leads to a decrease in
viscosity upon its interaction with the poly(dA)-2poly(dT)
triplex,** suggesting groove binding.

Modeling studies suggest that the shape and poten-
tial complementarity of neomycin to the W—H groove is
largely responsible for its selectivity in triplex recognition
(Figure 8).*> The selective binding of neomycin to the triplex
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FIGURE 9. Melting curves for poly(rA)- 2poly(dT) complex showing
ligand (20 xM) induced triplex formation in the presence of berenil and
neomycin. Solution conditions: rA, 30 uM/base triplet; 18 mM NaCl; 10
mM sodium cacodylate; 0.1 mM EDTA, pH 6.8. Reprinted with permis-
sion from ref 49. Copyright 2001 American Chemical Society.

is achieved in the presence of physiological salt (100—150 mM
KCI). In the absence of salt, one observes indiscriminate
binding to duplex/triplex backbones* suggesting the
importance of shape and potential complementarity of neo-
mycin to DNA triplex as a key factor in recognition (in the
presence of KCl).

5. Stabilization of Oligomeric, Mixed Base,
and Non-DNA Triple Helices

Neomycin also stabilizes oligomeric TAT triplexes that do
not form spontaneously, in addition to mixed base se-
quences. As seen in the thermal denaturation studies of a
dA;6-2dT; triplex,* in the absence of drug, a transition for
this triplex is not observed (150 mM KCl, pH = 6.8, 10 mM
sodium cacodylate, 0.5 mM EDTA, UV or CD melts), even
when the dT,¢ and dA¢ strands are mixed in a 2:1 ratio.
Upon addition of small amounts of neomycin, a clear T3>
transition becomes visible at 31 °C, while the duplex transi-
tion is not affected. Thermal denaturation studies of mixed
base triplexes such as the 22-mer triplex (below) in the
presence of neomycin were found to stabilize the triplex
without any effect on the duplex at a pH of 6.8.

22dR: 5’d(AAAGGAGGAGAAGAAGAAAAAA)Y
22dY: 3’d(TTTCCTCCTCTTCTTCTTTTTT)S

22dT: S’d(TTTCCTCCTCTTCTTCTTTTTT)3®

Stabilization of RNA and DNA.RNA Triple Helices. Sin-
gle-stranded DNA or RNA can be targeted by an ODN, which
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can form both Watson—Crick base pairing and Hoogsteen
base pairing with the target sequence."%4¢~48 Among all the
aminoglycosides investigated, neomycin, paromomycin, and
gentamycin were found to be the most active in stabilizing
poly(rA)-2poly(rU) triplex (rgp = 0—1) and neomycin is the
most active in stabilizing poly(rA)-2poly(rU) triplex as
well.* Similar to the DNA triplex, the RNA triplex melting
points increase as the number of amines in the aminogly-
cosides increase.>® These trends of higher affinity of
aminoglycosides to RNA triplexes are also observed in
FID and calorimetric assays (unpublished results).

Neomycin has also been shown to induce the formation
of a poly(rA)- 2poly(dT) triplex (Tms—> = 53.2) much more
effectively than previously reported ligands (berenil, T3> =
34.2). Without any ligand, only the duplex transition is
seen (Figure 9). A similar effect has been reported with the
2poly(rA)-poly(dT) triplex.*® As mentioned with the RNA
triplex, FID and Isothermal Titration Calorimetry (ITC)
results show that, for AT/U rich nucleic acids, affinity of
neomycin follows the trend: DNA duplex < DNA triplex <
DNA.RNA hybrids < RNA duplex ~ RNA triplex.

6. Molecular Recognition of DNA Triple He-
lices by Dual Recognition Conjugates

With synthetic modifications, it is now possible to design
ligands that can even compete with aminoglycoside binding
to their natural targets, duplex RNA. The triplex-specific
interactions (at physiological salt concentrations) of neomy-
cin can be combined with intercalating agents to lead to an
overall stabilization of the triplex over the parent duplex.
a. Synthetic Approach toward the Development of
Neomycin—Intercalator Conjugates®’. The synthesis of
conjugates 3—6 adopts a uniform strategy, in which the 5'-
OH position of neomycin (highlighted in red) was selected to
tether the intercalators because conjugation at 5'-OH leaves
available all aminoglycoside amines necessary for binding to
the triplex. The successful approach to synthesize a neomycin
derivative (1a) that was further used for conjugation with
intercalators involved conversion of the 5-OH group of 1a
into a good leaving group (triisopropylbenzenesulfonyl, TPS) in
1b, followed by reaction with 1,2-aminoethanethiol to yield
2a, which further reacted with 1,1’-thiocarbonyldi-2-(1H)-pyr-
idone (TCDP) to convert the amino group into an electrophile
(isothiocyanate) (Scheme 1). Subsequently reacting 1b with
intercalator amines yielded 3a—6a. Treatment of 3a—6a with
trifluoroaceticacid (TFA) removed the acid labile Boc-protecting
groups to produce 3—6 in quantitative yields. Intermediate 2b
has broad applications in terms of conjugation of neomycin
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with other moieties containing amino groups and has been b. Thermodynamics of Dual Recognition: DNA Triplex
used to conjugate aminoglycosides to numerous nucleophiles  Interactions. The binding preference of intercalator—
(Scheme 1).37754 neomycin conjugates (3—6) to poly(dA)-2poly(dT) was
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FIGURE 10. Competition dialysis results of pyrene—neomycin and anthraquinone—neomycin as well as their corresponding intercalators
pyrene—amine and anthraquinone—amine (1 «M) with various types of nucleic acids (75 «M). Buffer: Na,HPO, (6 mM), NaH,PO,4 (2 mM), Na,EDTA
(1 mM), NacCl (185 mM), and pH 7.0. X-axis shows concentration of bound drug (G,) — concentration of drug bound to calf thymus DNA (Ccay). Reprinted

with permission from ref 50. Copyright 2010 American Chemical Society.

TABLE 2. Thermodynamic Profiles of Neomycin and Intercalator—
Neomycin Conjugates (3—6) with Poly(dA)-2poly(dT) at pH 5.5¢

ligand AG, (cal/mol-K) Krzorg M77)
neomycin -87+4 (244+0.1)x 10°
6 (pyrene—neomycin) -10+3 (1.9+£0.1) x 10°
3 (naptheleneimide—neomycin) —40+20 (5.5+0.3) x 10°
4 (anthraquinone—neomycin) —110£15 (3.7+0.1) x 107
5 (BQQ—neomycin) —220+20 (2.7+£0.3) x 108

“Experimental conditions: sodium cacodylate (10 mM), EDTA (0.5 mM), KCI
(150 mm).>°

confirmed by the competition dialysis experiments (Figure 10).
Results (Figure 10) showed that all conjugates 3—6 showed
selectivity toward the DNA triplex. Binding of conjugates
3—6 to the DNA triplex was comparable or even higher than
that of the natural aminoglycoside target, the RNA A-site.
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Pyrene—neomycin 6 and anthraquinone—neomycin 4 bind
to the poly(dG)- poly(dC) duplex, while the isolated interca-
lators do not show any binding to this duplex. We have
previously shown that neomycin binds to A-form nucleic
acids,>® such as the poly(dG)- poly(dC) duplex, and the com-
petition dialysis studies here confirm our previous findings.

Thermodynamic studies were then conducted at pH 5.5
to minimize the heats of binding induced protonation of
amino groups in neomycin, allowing the estimation of
intrinsic heats of binding.

The binding affinity of all tested ligands with poly-
(dA)-2poly(dT) increased in the order neomycin < 6 < 3 <
4 <5 (Table 2). Among them, the binding constant [(2.7 +
0.3) x 108 M7'] of 5 with poly(dA)-2poly(dT) was the
highest, almost 1000-fold more than that of neomycin.
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FIGURE 11. Thermodynamics of binding interactions of ligands with poly(dA)- 2poly(dT) triplex at pH 5.5. Red bars represent AG, blue bars represent
AH, and green bars represent TAS. Experimental conditions: sodium cacodylate (10 mM), EDTA (0.5 mM), KCl (150 mM), T= 20 °C, pH 5.5. Reprinted

with permission from ref 50. Copyright 2010 American Chemical Society.

The binding of compounds 3—6 with poly(dA)-2poly-
(dT) was mostly enthalpy-driven and gave negative AC,
values (Table 2). While discussing the small-molecule—DNA
interactions, the negative sign of AC, generally has been
used to suggest removal of large amounts of nonpolar
surface upon complex formation. AC, values can however
be impacted by a number of other factors including the
release of constrained water molecules from the hydration
shell, binding induced changes in internal vibrational
modes, and electrostatic interactions. Surprisingly, most
small molecules that bind to nucleic acids have been
shown to have negative A, values®® and aminoglycoside—
nucleic-acid (RNA, DNA triplex, quadruplex) interactions
universally show negative AC, values.

These results provided a measure of quantification of
triplex binding when the ligand surface area is increased in
the order pyrene < naphthalenediimide < anthraquinone <
BQQ. It is not a surprise that 5 is the most potent DNA triplex
stabilizing agent among all the intercalator—neomycin con-
jugates in this study because the BQQ moiety (5) was
developed by Hélene et al. as a rationally designed DNA
triplex specific binding ligand.?”

Figure 11 shows the breakdown of thermodynamic prop-
erties of ligand—triplex interactions which have been dis-
cussed, in detail, in a recent report®® and are summarized
below. Neomycin is a major groove binder,*> naphthalene
diimide is a well-known intercalator,”” and neomycin con-
jugates 3—6 bind through dual recognition mode (major
groove and intercalation). (@) The binding of neomycin
(groove binder) as well as the naphthalene diimide (inter-
calator) are largely driven by enthalpic contributions. (b) As

one goes from from pyrene—neomycin to BQQ—neomycin,
an increase in intercalator surface area leads to an increase
in the enthalpy of interaction, which clearly leads to a
more negative free energy of binding. () The free
energy AGnapthalenediimide—neomycin:triplex isnota sum of free
energy of AGneomycin:triplex and AG napthalenediimide-:triplex,
but leads to @ AGcoupiing Of ~5 Kkcal/mol. While the
AHnapthalenediimicle-neomycin:triplex increases SUbStantia“y
over AGneomycin:triplex, the corresponding increase in AS
is not observed, suggesting that the conjugate, as linked,
pays an entropic cost of covalently bridging the groove
binder to the intercalator. (d) For the higher affinity con-
jugates, BQQ—neomycin, and anthraquinone—neomycin,
the entropic contribution to AGcomplexation drops substan-
tially. Different linker length variations will lead to even
better design of triplex-specific ligands and are currently
being investigated. This approach utilizing dual recogni-
tion of DNA triplexes should be widely applicable to
development of structure-specific ligands for a host of
nucleic acids where such groove binding and intercalating
ligands with independent binding sites can be identified.

7. Conclusions and Future Directions

a. A large number of DNA triplex intercalators (selective
and nonselective) have been used to stabilize triplex
structures, but the selective targeting of DNA/RNA triplex
grooves has been difficult to achieve. Data presented
here show that neomycin is unique in targeting nucleic
acid triplex grooves. Molecular recognition of DNA tri-
plex by neomycin offers a different recognition motif
when compared to other known groove binders
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which overwhelmingly prefer the W—C duplex minor
groove.

. RNA and hybrid duplexes and triplexes are much
harder to stabilize. DNA/RNA triplexes only form at
multimolar (2—4 M) salt concentrations. These find-
ings show great promise for neomycin induced hybrid
duplex and triplex stabilization under physiologically
relevant salt conditions.

. A number of X-ray and NMR structures are available
for complexes of compounds that bind to both DNA
and RNA by intercalation, and on compounds that bind
in the DNA minor groove. Similar success has been
attained in solving the structures of proteins and pep-
tides that bind in the major groove of DNA and RNA.
There is, however, little information available for
small molecules that selectively bind DNA triplex
grooves or RNA triplex grooves. In fact, no triplex
X-ray structures have ever been solved (with the
exception of some triplex duplex junctions). Recently,
structures of drug—quadruplex have been solved.>® It
is the author's hope that ligand (neomycin)—triplex
complexation will allow ligand—triplex X-ray struc-
tures to be solved in the near future, even though his
personal efforts in crystallization of DNA triplex—
neomycin complexes have been unsuccessful. NMR
studies could also shed important light on details of
aminoglycoside binding to the DNA triplex and are
currently being pursued.

. Repeating copolymers of polypurine and polypyrmi-
dine sequences can assume a hinged DNA structure
(H-DNA) which consists of triple-stranded and single-
stranded regions. The H-DNA prone sequences are
abundant in eukaryotes,>®®' suggesting that binding
to the bacterial ribosome may not be the only site of
action for these compounds and modified aminogly-
cosides that can permeate nucleus and mitochondria
should be investigated for their binding to non-RNA
A-form structures present in the cell. While aminogly-
cosides on their own do not internalize into eukaryotic
cells,® conjugated aminoglycosides such as benzimi-
dazole—neomycin, BQQ—neomycin, and antraquino-
ne—neomycin rapidly internalize into DU145 cells as
seen using confocal laser scanning microscopy
(unpublished results). These findings have prompted
the exploration of these conjugates in targeting Frie-
derich's ataxia (GAA)n repeats and in triplex-forming
sequences in malaria.*'®* Since the intercalator—
aminosugar conjugates bind numerous nucleic acids
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(Figure 10), their benefits in targeting the small percent
of TAT triplex-forming sites will require an assessment
of their triplex binding specificity, but an equally im-
portant aspect that should also be explored is their
permeability and localization in the cells. Conjugates
that show preference for nuclear or mitochondrial
localization in addition to triplex over duplex specifi-
city would be promising candidates for triplex
targeting, since their transport will allow them to
bypass the large excess of RNA targets on the way to
the DNA.

. Data presented here, in addition to previous work,

clearly suggest that aminoglycoside binding is not
simply RNA selective but selective for nucleic acids
that can adopt the A-conformation, such as RNA
duplex, A-form DNA duplex, DNA/RNA hybrid duplex,
DNA trip]ex, and RNA triplex.29,30,33,34,36,49,51,54,55,63766
When studying new aminosugar modifications, it
would therefore be important to know their
effects on different nucleic acids to ascertain their
selectivities.

. These findings, in addition to the fact that neomycin

also helps deliver ODNs to cells,®” has led to the
development of covalent aminoglycoside—ODN con-
jugates to target hybrid duplex- and triplex-forming
sites in the mammalian and bacterial genome.>' >3
Previous work in targeting the DNA duplex has in-
cluded the use of intercalator, polyamine, and groove
binder—ODN conjugates that have been shown to
target multiple sites in the mammalian genome. These
approaches have shown success in developing high
affinity triplex-forming oligonucleotides (TFOs) that
have been able to sequence-specifically recognize
duplex DNA, to act as artificial nucleases, and to target
a number of genes to regulate diseases such as HIV
and cancer.®®~7" Previous studies with TFOs linked to
spermine,’ acridine,”® Hoechst 33258,”* cyclopro-
papyrroloindole,”> and psoralen’® have shown re-
markable increases in triplex stabilization. Howevet,
their selectivity for triplex stabilization, as compared to
duplex stabilization, is much lower than the selectivity
of neomycin.3* The duplex selectivity has limited inter-
calator conjugation to the end of the TFOs where
intercalation is restricted to duplex—triplex junctions.””
Our approach, where neomycin can be coupled every
five to six triplets,®' is thus unattainable with inter-
calator conjugates. Alternative and unpredictable mech-
anisms of gene repression where the intercalating



agent might induce bending or distortion of the DNA,
alter chromatin structure, or recruit DNA topoisome-
rase Il and DNA repair enzymes are a concem. The
intercalator's lack of specificity has also been noted'”
in potential clinical applications of TFO. For this reason,
intercalators have largely been restricted to one attach-
ment per ODN, so that the conjugate retains the binding
properties of the ODN and not that of the intercalator.

Improvements in (a) ODN binding to the duplex and (b) ODN
transfection are needed to allow ODN directed triple helix
therapies to advance to the clinic. Previous approaches in
TFO—small-molecule conjugates have been designed to
improve only one of the two limitations mentioned above.
Neomycin considerably enhances the binding affinities of
TFOs to their duplex DNA target (vide infra). Additionally,
neomycin, when combined with a cationic lipid preparation,
such as DOTAP, enhances transfection efficiency of both
reporter plasmids and ODNs in cancer cells.®’” As more
aminoglycoside-specific triplex and duplex sequences are
identified, highly specific ODN—aminoglycoside conjugates
can then be developed for targeting DNA and RNA, leading
to novel approaches in antisense or antigene therapies.

This study was made possible by funds from NSF (CHE/MCB-
0134932) and NIH (R15CA125724). | am thankful to the numerous
students and postdoctoral fellows who contributed to this work.
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