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Abstract

Nanoparticle assemblies interconnected with DNA triple helixes can be used to colorimetrically
screen for triplex DNA binding molecules and simultaneously determine their relative binding
affinities based on melting temperatures. Nanoparticles assemble only when DNA triple helixes
form between DNA from two different particles and a third strand of free DNA. In addition, the
triple helix structure is unstable at room temperature and only forms in the presence of triplex
DNA binding molecules which stabilize the triple helix. The resulting melting transition of the
nanoparticle assembly is much sharper and at a significantly higher T, than the analogous triplex
structure without nanoparticles. Upon nanoparticle assembly, a concomitant red-to-blue color
change occurs. The assembly process and color change does not occur in the presence of duplex
DNA binders and therefore provides a significantly better screening process for triplex DNA
binding molecules compared to standard methods.

Regulating gene expression by controlling nucleic acid transcription is a potential strategy
for the treatment of genetic-based diseases. A promising approach involves the use of triplex
forming oligonucleotides (TFOs).! Triple helix nucleic acids, or triplex structures, are
formed through sequence specific Hoogsteen, or reverse Hoogsteen, hydrogen bond
formation between a single-stranded TFO and purine bases in the major groove of a target
duplex.? Because TFOs can achieve sequence-specific recognition of genomic DNA, they
can, in principle, be used to modulate gene expression by interfering with transcription
factors that bind to DNA. However, at present, only purine-rich sequences can be targeted
and the resultant triplex structure is less stable than the analogous duplex. This inherent
instability has prompted research efforts to develop molecules that selectively bind to such
triplex structures to stabilize the TFO-duplex complex. Potentially, triplex specific binding
molecules could be used in conjunction with TFOs to achieve control of gene expression.3
Molecules identified as triplex binders include benzoindologuinoline,
benzopyridoquinoxaline, naphthyquinoline, acridine, and anthraquinone derivatives. In the
past, typical screening processes for identifying triplex binders have included competitive
dialysis, mass spectroscopy, electrophoresis and UV/Vis melting experiments, most of
which are not applicable to high-throughput screening processes.> However, with the
development of combinatorial libraries which can produce large numbers of potential drug
candidates, high-throughput screening strategies have become a necessary part of drug
development.6

Herein, we describe a colorimetric assay which can screen for potential triple helix specific
DNA binders and simultaneously determine their relative binding affinities using DNA
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functionalized Au nanoparticles.” Au nanoparticle probes are ideal for this purpose due to
their intense optical properties, enhanced binding properties, and sharp melting
transitions.8: 92 In the past, DNA functionalized Au nanoparticles have been used to detect
DNA, proteins, and metal ions.®

The assay consists of two sets of gold nanoparticles, NP-1 and NP-2, and a free strand of
DNA, DNA-3. NP-1 and NP-2 are functionalized with either 3’ or 5’ pyrimidine rich thiol-
modified oligonucleotide strands which are noncomplementary and do not interact. DNA-3
is complementary to NP-1 with a two base dangling end to prevent noncross-linked NP-1
aggregation.1% When NP-1 and DNA-3 are combined, they form nonaggregate-linking
duplexes on the nanoparticle surface. NP-2 DNA has the proper sequence to form a triplex
with the initial NP-1/DNA-3 duplex, but due to the low stability of the triplex structure,
aggregation does not form at room temperature. However, introduction of a triplex binding
agent, either benzo[e]pyridoindole (BeP1)!! or coralyne (CORA)?, stabilizes triplex
formation through Hoogsteen-type Py-PuPy triplet base hydrogen bonds and induces
reversible nanoparticle aggregation resulting in a concomitant red-to-blue color change due
to a red-shifting and dampening of the nanoparticle plasmon resonance, Scheme 1.
Introduction of a duplex binder does not stabilize the triplex structure and no aggregation is
seen.

This assay is prepared by combining NP-1 and NP-2 (1.5 nM each) in a 1:1 molar ratio in 10
mM PBS buffer (pH = 7.0, NaCl 0.5 M) with DNA-3 (150 nM) and triplex binder (5 uM).
Kinetic analysis indicates that triplex formation and subsequent aggregation is dependent on
triplex binder and DNA-3 concentrations, Figure 1. In the absence of triplex binder, due to
instability at room temperature, the triplex structure does not form. As a result, nanoparticle
aggregation does not occur to a significant extent as evidenced by the minimal change in the
maximum of the surface plasmon at 520 nm. However, in the presence of a triplex binder,
BePl or CORA, the triplex structure is stabilized and nanoparticle aggregation occurs with a
concomitant red to blue color change and decrease in absorbance at 520 nm. Note that in the
absence of DNA-3, NP-1 and NP-2 cannot form aggregates even in the presence of a triplex
binder, Figure 1B. These results demonstrate that nanoparticle aggregation is dependent on
the presence of both DNA-3 and a triplex stabilizing binder. Increasing the temperature
reverses the aggregation process exhibiting a sharp melting transition (Figure 2A) consistent
with nanoparticle aggregate melting and a corresponding color change from blue-to-red.

To further investigate the importance of the triplex structure and rule out aggregation due to
duplex formation between the nanoparticles, we performed the assay in the presence of
seven duplex binders 4',6-diamidino-2-phenylindole (DAPI), ellipticine (EIPT), amsacrine
(AMSA), daunorubicin (DNR), anthraquinone-2-carboxylic acid (AQ2A), ethidium bromide
(EB), and 9-aminoacridine (9-AA))(5 uM). Unlike with BeP1l and CORA, nanoparticle
aggregation was not seen in the presence of the duplex binders. The absence of a melting
transition in each sample containing a duplex DNA binder confirmed the absence of
nanoparticle aggregates, Figure 2A. The results show that only BePl and CORA, triplex
binders, can induce aggregation through triplex stabilization, thus leading to a screening
process for triplex binding molecules. In addition, the sharp melting transition of the
nanoparticle aggregates provides excellent differentiation between the melting temperatures,
giving information about the relative binding strengths of the triplex binding molecules. The
sample involving BePI, a strong triplex binding molecule, melts at a higher temperature than
the sample with CORA which is a weaker triplex binding molecule. Incidentally, due to the
similarities in the DNA sequence of NP1- and NP-2, similar results can be found in the
absence of NP-2. This process does not detract from the results shown here (see Supporting
Info).
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To confirm the consistency of our results with more traditional screening techniques, we
screened all nine DNA binders plus a control by measuring the melting properties (260 nm)
of unmodified DNA-1, DNA-2, and DNA-3, with each DNA binder, Figure 2B (Supporting
Info.). The melting experiments performed in the presence of the triplex binders, BePI and
CORA, have two melting transitions (Figure 2B). The first extremely weak transitions (34.8
and 17.0 °C, respectively) are associated with the denaturation of the triplex structure and
the second (61.4 and 60.1 °C, respectively) are representative of the corresponding duplex.
None of the seven duplex binders or the control showed two melting transitions. This
confirms that, of the DNA binders used here, only BePl and CORA are triplex binders. This
is consistent with our results found using the gold nanoparticle colorimetric method
described here. These results show dramatically improved differentiation between the triplex
and duplex DNA binders as compared to the nanoparticle-free DNA measurements
performed by monitoring the spectroscopic signature of DNA at 260 nm (compare Figure
2A and 2B, respectively). The enhanced differentiation is due to the intense optical
properties of the nanoparticle probes as compared with the UV-Vis signature of DNA at 260
nm

In general, assay methods that can detect drug candidates by colorimetric changes are
convenient, and for this reason, an assay that could screen for triplex binders would be of
great interest. At present, there are no assays that provide this capability. The use of DNA
functionalized Au nanoparticles for this purpose is demonstrated in Figure 3. The mixtures
of NP-1, NP-2 and DNA-3 containing the control and duplex DNA binders remain red in
color. Only the mixtures containing the triplex binders, BePl and CORA, turn blue/purple in
color. This shows discrimination between triplex stabilizing and nonstabilizing binders by
an easily identifiable color change. This result is consistent with the control experiments
involving serial analysis of each DNA binder with nanoparticle-free triplex DNA.

In summary, we have developed a colorimetric assay which can screen for triplex binding
molecules and simultaneously determine their relative binding capabilities by monitoring
color change. This method allows dramatically improved discrimination between stabilizing
and nonstabilizing triplex binders. The simplicity of this assay makes it more convenient
than other methods such as competitive dialysis, mass spectroscopy, electrophoresis and
UV/Vis melting experiments. In addition, this assay can be easily adapted to high-
throughput screening methods, which can be used to determine potential triplex binders
from large combinatorial libraries.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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A) The hybridization kinetics monitored at 520 nm without stirring of NP-1 and NP-2 (1.5
nM each) in the presence DNA-3 (150 nM) (red) and DNA-3 + BePI (5 pM) (black). B) The
UV spectrum of NP-1 and NP-2 after six hours incubation (1.5 nM each).
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Figure 2.
Melting curves of A) NP-1, NP-2 and DNA-3 assemblies in the presence of DNA binders,
B) DNA-1, DNA-2 and DNA-3 (no nanoparticles) in the presence of DNA binders.
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Figure 3.
The color change of nanoassembly (NP-1 and NP-2, and DNA-3) in the absence and
presence of DNA binders at room temperature.

J Am Chem Soc. Author manuscript; available in PMC 2011 October 25.

Page 7



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Han et al.

Page 8

2% ((*

Triplex Binder

o3'HS-PEG.—GC‘I’ CAATTCTTC TTT TTTCT 5
5'CGA GTT AAG AAG AAA AAA 3’

DNA3 S'TTC TTCTTT TTT CT-PEG,-SH 30

Scheme 1.
Representation of structure and color change of nanoassembly in the presence of triplex
binder at room temperature.
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