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Abstract: The modulation of nucleic acids by small molecules
is an essential process across the kingdoms of life. Targeting
nucleic acids with small molecules represents a significant
challenge at the forefront of chemical biology. Nucleic acid
junctions are ubiquitous structural motifs in nature and in
designed materials. Herein, we describe a new class of
structure-specific nucleic acid junction stabilizers based on
a triptycene scaffold. Triptycenes provide significant stabiliza-
tion of DNA and RNA three-way junctions, providing a new
scaffold for the development of nucleic acid junction binders
with enhanced recognition properties. Additionally, we report
cytotoxicity and cell uptake data in two human ovarian
carcinoma cell lines.

Nucleic acid junctions are ubiquitous structural motifs,
occurring in both DNA and RNA.[1] Three-way junctions
(3WJs) have been extensively studied by many biophysical
techniques[2] and represent important and sometimes tran-
sient structures in biological processes, such as replication and
recombination,[3] while also occurring in triplet repeat expan-
sions, which are associated with a number of neurodegener-
ative diseases.[4] Nucleic acid junctions are ubiquitous in viral
genomes and are important structural motifs in riboswitches
where small-molecule modulation holds great potential.[5]

Three-way junctions are key building blocks present in
many nanostructures,[6] soft materials,[7] multichromophore
assemblies,[8] and aptamer-based sensors.[9] In the case of
aptamer-based sensors, DNA three-way junctions serve as an
important structural motif. The ability to modulate aptamers
using specific small molecules represents an important
challenge for designing nucleic acid sensors, switches, and
devices.[9]

Pioneering discoveries by Hannon, Coll, and co-workers
have demonstrated that metal helicates can bind nucleic acid
junctions as well as quadruplexes and helical motifs.[10]

Inspiring structural studies have yielded high-resolution
details of nucleic acid junctions complexed with proteins
and metal helicates, providing a starting point for rational
structure-based design efforts.[3b, 10b,g] Given the ubiquity of
nucleic acid junctions and the potential for many diverse
applications, a better understanding of junction molecular
recognition is needed in addition to an expanded toolbox of
small-molecule probes. Despite the vast number of important
nucleic acid targets, we still lack the ability to selectively
modulate predetermined nucleic acid structures using small
molecules with high specificity and affinity beyond a few well-
established recognition modes such as groove binding.[11]

Small-molecule targeting of noncanonical nucleic acid
motifs and higher-order structures represents an important
challenge at the forefront of chemistry and chemical biol-
ogy.[12]

Herein, we report a new structure-selective triptycene-
based scaffold for targeting nucleic acid junctions. UV/Vis,
circular dichroism (CD), gel shift, and fluorescence quenching
experiments were used to assess junction recognition proper-
ties. We find that triptycene-based junction binders signifi-
cantly stabilize perfectly paired DNA and RNA three-way
junctions.[13] Further, we report initial cytotoxicity and cell
uptake data in two human ovarian carcinoma cell lines and
compare it to data obtained with cisplatin.

Our molecular design began with the recognition that
triptycene[14] possesses a threefold symmetric architecture
with dimensions similar to those of the central helical
interface of a perfectly base-paired nucleic acid three-way
junction.[3b,10b,g] Despite the occurrence of triptycene in
materials applications,[15] there is a paucity of examples
where it has successfully been used for biomolecular recog-
nition.[16] From our analysis of the dimensions of the putative
three-way junction binding site, we envisioned that the
trigonal symmetry and nonplanar p-surface of the aromatic
rings in triptycene could potentially form stacking or buckled
base-pair interactions with nucleobases at the junction inter-
face, allowing for a shape-selective fit.[3b, 10b,g,17] The choice of
a non-intercalative scaffold to minimize nonspecific nucleic
acid binding was important to our design, and the triptycene
structure satisfied this requirement. In previous studies, we
have demonstrated that the introduction of geometric and
macrocyclic constraints in nucleic acid binding small mole-
cules can be used as a strategy to eliminate common binding
modes such as intercalation and groove binding.[18] Recently,
we reported that certain dimeric azaxanthone (diazaxanthy-
lidene) structures lack the ability to bind B-form DNA due to
their preference for an antifolded conformation, despite the
DNA-binding ability of well-known monomeric xanthone
intercalators.[18b] In our previous studies we attributed the lack
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of B-form DNA binding to the discontinuous p-system,
caused by the overcrowded antifolded molecular architec-
ture.[18b] This hypothesis is consistent with the architectural
requirements for classical intercalator scaffolds, requiring
more than one ring of continuous planar p-surface area.[19] By
a similar structural analysis, we expected the discontinuous p-
surface area of triptycene to rule out classical intercalative
binding modes. In addition to the shape complementarity and
three-dimensional architecture of the triptycene scaffold, we
were attracted to its modularity and potential for diversity.
The triptycene scaffold provides up to 14 positions for
diversification, three rings with four positions each, and also
two bridgehead positions. Triptycene can be described as
having three buckled p-faces and two threefold symmetric
edge faces with a bridgehead located at the center of each.
These structural attributes of triptycene will become impor-
tant for future studies as we consider the topological differ-
entiation of nucleic acid junction faces for achieving sequence
specificity and distinguishing DNA from RNA junctions. Size
comparison of the triptycene core relative to previously
reported crystal structures of DNA and RNA three-way
junctions[3b, 10b,g] confirmed our initial hypothesis regarding
triptycene shape complementarity, prompting us to initiate
synthetic efforts toward the first rationally designed nucleic
acid junction binders based on triptycene (Figure 1a). We
synthesized triptycenes 1–3 (Trip 1–3) and evaluated their
ability to discriminate a DNA three-way junction (3WJ) from
double-stranded (ds) DNA, using well-established UV and
CD spectroscopic techniques (Figure 2).

UV thermal melting experiments were performed to
determine the degree of stabilization of Trip 1–3 toward
a DNA 3WJ versus dsDNA (Figure 2a,b). Triptycenes 1–3 did

not stabilize dsDNA even though a significant stabilization of
the DNA 3WJ was observed, with DTm values of 28.5, 26.3,
and 18.5 8C for Trip 1–3, respectively (Figure 2 b). Maximum
stabilization was achieved after addition of slightly more than
one equivalent of ligand (Figure S4). Triptycene derivatives
1–3 also provide a comparison of the effect of positive charge
and linker length on junction stabilization. Triptycenes 2 and
3, where the internal and terminal amines have been
removed, demonstrate that the linker length is an important
structural parameter to explore in future studies. Despite the

Figure 1. Triptycene scaffold for targeting nucleic acid three-way junc-
tions. a) Triptycene in the putative binding site of a DNA 3WJ; note
the relative sizes. Model complex based on a crystal structure of
trimeric Cre recombinase bound to a three-way Lox DNA junction
(PDB ID: 1F44).[3b] b) Structure of triptycene derivatives (Trip 1–3)
utilized for targeting nucleic acid junctions.

Figure 2. Thermal stabilization data. a) Representative fraction-folded
plot derived from UV thermal melting experiments showing significant
stabilization of a DNA 3WJ in the presence of triptycene 1. Plot was
derived using standard fitting procedures. b) Table of UV thermal
stabilization data comparing dsDNA and DNA 3WJ. Compound 4 was
used to demonstrate the unique ability of triptycene to act as
a structure-specific core. Hairpin DNA showed no significant stabiliza-
tion in the presence of ligands. c) Circular dichroism spectra of DNA
3WJ in the absence (left) and presence (right) of triptycene 1.
Sequences of oligonucleotides used in these studies are as follows:
DNA 3WJ: 5’-CGA CAA AAT GCA AAA GCA TTA CTT CAA AAG AAG
TTT GTC G-3’, dsDNA: 5’-CCAGTACTGG-3’, Hairpin DNA: 5’-CAA AAT
GCA AAA GCA TTT TG-3’.
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decreased number of charges in Trip 2 and 3, both compounds
retain significant 3WJ-stabilizing ability (Figure 2b). As
a further control experiment, stabilization of a DNA hairpin
corresponding to one of the arms of the junction was
evaluated and it showed no significant stabilization (Fig-
ure S8). To further study the impact of the triptycene core,
compound 4 was synthesized. Compound 4 consists of the
minimal repeating structural motif embedded in the trimeric
architecture of triptycenes 1–3. UV melting analysis with 4
results in a DTm = 2.0 8C for DNA 3WJ and a DTm =�1.3 8C
for dsDNA (Figure 2b). This lack of stabilization further
demonstrates the unique structure selectivity imparted by
triptycenes 1–3. Trip 1 was also evaluated against the well-
studied three-way junction 3WJ2 (Figure 3).[9c] The stability of
this junction was found to increase by 24.5 8C in the presence
of Trip 1. In addition to studies on the stabilization of DNA
three-way junctions, we have conducted initial studies with
RNA three-way junctions. Triptycenes 1–3 stabilize RNA
three-way junctions, as demonstrated by UV melting analysis.
The DTm values for stabilization of the RNA 3WJ are as
follows: Trip 1 = 12.5 8C, Trip 2 = 2.9 8C, and Trip 3 = 3.4 8C
(Figure S13). The development of RNA-selective junction
binders is underway and will be reported in due course.

Circular dichroism (CD) was used to further explore the
interaction of Trip 1 with the DNA 3WJ (Figure 2c and
Figure S9). The temperature-dependent CD spectra of the
DNA 3WJ with and without Trip 1 exhibit a maximum at
275 nm and a minimum at 245 nm centered around 260 nm,
which is indicative of the B-DNA helical conformation. This

CD signature resembles that of other intramolecular nucleic
acid junctions.[20] As the temperature was increased from 4 8C
to 80 8C, the maximum at 275 nm decreased, and the
minimum at 245 nm became less negative. The temperature-
induced change in the CD spectrum indicates melting of the
DNA 3WJ helical arms. The largest change in the spectrum
for the DNA 3WJ was observed between 4 8C and 30 8C. In
the presence of Trip 1, the CD maximum at 275 nm decreased
more gradually with increasing temperature, which is con-
sistent with the ligand-induced stabilization observed during
UV experiments. A CD thermal denaturation experiment, in
which the molar ellipticity is measured at 255 nm as a function
of temperature, further demonstrated the dramatic stabiliza-
tion of DNA 3WJ in the presence of Trip 1. The CD melting
temperature was determined to be 27.4 8C, which is in
agreement with the UV thermal denaturation results (Fig-
ure S10).

Gel shift experiments were performed on DNA 3WJ2 to
further support junction binding by 1 (Figure 3). Addition of
increasing concentrations of Trip 1 directly to DNA 3WJ2 did
not result in a measurable shift on a polyacrylamide gel. This
indicates that there is likely not a nonspecific intercalative
binding mode. To further confirm that Trip 1 binds the three-
way junction, 3WJ2 was incubated with a 12 bp oligonucleo-
tide complementary to the 5’-end of the junction (inhibitor
I12). Consistent with the known DNA three-way junctions in
the literature, faster migration was observed relative to the
migration of duplex DNA (< 25 bp), suggesting the formation
of a more compact 3WJ structure. Titration of inhibitor I12

Figure 3. Fluorescence quenching assay, thermal stability data, and gel shift data. a) Schematic of the competitive oligonucleotide inhibition assay
based on fluorescence quenching. b) Opening the three-way junction (3WJ2) with a complementary oligonucleotide (I12). Fluorescence increases
with an increase in concentration of I12 (RFU = relative fluorescence units). c) Closing of the three-way junction (3WJ2) and displacement of
competitive inhibitor I12 with triptycenes 1, 2, and 3. Fluorescence decreases with an increase in concentration of triptycene. The observed Kd

values for Trip 1, 2, and 3 were determined to be 0.221 mm, 0.396 mm, and 5.50 mm, respectively. d) Fraction-folded plot derived from UV thermal
melting experiments showing significant stabilization of 3WJ2 in the presence of triptycene 1. e) Gel shift data showing opening of the three-way
junction DNA using a complementary oligonucleotide analogous to the fluorescence quenching experiment in 3b. f) Displacement of the
complementary oligonucleotide and reformation of the three-way junction upon titration of triptycene 1. Sequences of oligonucleotides used in
these studies are as follows: DNA 3WJ2: 5’-GGG AGA CAA GGA AAA TCC TTC AAT GAA GTG GGT CGA CA-3’, Inhibitor strand I12: 5’-TCC TTG
TCT CCC-3’, double-labeled oligo sequence matches that of 3WJ2.
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results in a slower-migrating band on the gel, indicating the
formation of a larger complex (Figure 3e). Addition of
increasing concentrations of Trip 1 results in reformation of
the three-way junction and displacement of the inhibitor
strand (Figure 3 f).

A fluorescence quenching experiment was used to verify
binding to the three-way junction.[9c] The 5’- and 3’-ends of
a DNA 3WJ-forming oligonucleotide were labeled with
a fluorophore (FAM) and a quencher (BHQ-1), respectively
(Figure 3). Folding of the junction brings the 5’- and 3’-ends
into close proximity resulting in fluorescence quenching. A
12 bp oligonucleotide, complementary to the 5’-end of the
junction, was used as an inhibitor to stabilize the open state of
the junction.[9c] Addition of Trip 1 to the unquenched state of
the 3WJ2–I12 complex resulted in a decrease in fluorescence,
indicating that the ends were brought into close proximity as
a result of 3WJ formation. The apparent Kd values of the
triptycenes were determined to be 0.221 mm for Trip 1,
0.396 mm for Trip 2, and 5.50 mm for Trip 3 in the fluorescence
displacement assay (Figure 3a,b).

Initial studies of the cytotoxicity and cell uptake for Trip
1–3 were conducted using human ovarian carcinoma cell lines.
Previous studies of metallohelicates show diverse biological
activity[10a,f,21] and cytotoxic effects in cisplatin-resistant
A2780cis cell lines. This promising result for the metal-
lohelicates led us to conduct initial cytotoxicity studies for
triptycenes 1–3. Their activity was investigated in human
ovarian carcinoma A2780 cells and cisplatin-resistant
A2780cis cells using an Alamar blue assay.[22] Significant
differences in sensitivity were observed for each of the
triptycenes in the two cell lines compared to cisplatin
(Figure 4a). No significant cytotoxic activity was observed
for triptycene 3 in either cell line. The activity of triptycene
1 was similar to that of cisplatin in the A2780 cell line but
demonstrated increased cytotoxicity against the A2780cis cell
line. The highest potency was observed for triptycene 2, with
a complete loss of cell viability observed for A2780 cells and
only 6% viability for A2780cis cells. Triptycenes 1–3 show
very promising anticancer activity, demonstrating increased
or similar potency to cisplatin in the cell lines tested. To
complement the cell viability studies, we conducted cellular

uptake studies in A2780 cells and demonstrate that tripty-
cenes can be efficiently internalized within two hours of
treatment. Trends in cellular uptake parallel our initial
cytotoxicity data with the most potent compound Trip 2
showing the greatest cellular uptake, followed by Trip 1 and
Trip 3 (Figure 4b). Further biological and structure–activity
relationship studies are underway and will be reported in due
course.

In summary, we have rationally designed a new class of
non-intercalative triptycene-based nucleic acid junction bind-
ers. We have demonstrated that triptycene-based molecules
have the ability to recognize both DNA and RNA three-way
junctions, providing a new versatile scaffold for targeting
higher-order nucleic acid structure. Initial biological studies
show promising cytotoxicity in cisplatin-resistant human
ovarian carcinoma cell lines and positive cellular uptake.
Ongoing efforts in our laboratory are directed toward the
recognition of both DNA and RNA junctions in addition to
the development of new classes of structure-specific nucleic
acid modulators. Junctions are one of the most ubiquitous
structural motifs and many exciting opportunities exist for
developing small-molecule modulators of higher-order struc-
tures such as three-way and four-way junctions.[12,23–25] Small-
molecule targeting of noncanonical nucleic acid motifs and
higher-order structures represent an important challenge at
the forefront of chemistry and chemical biology with many
exciting opportunities.
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