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Dual-Input Regulation and Positional Control in Hybrid
Oligonucleotide/Discotic Supramolecular Wires

Miguel Angel Alemdn Garcia®, Eva Magdalena Estirado®, Lech-Gustav Milroy, and

Luc Brunsveld*

Abstract: The combination of oligonucleotides and synthetic
supramolecular systems allows for novel and long-needed
modes of regulation of the self-assembly of both molecular
elements. Discotic molecules were conjugated with short
oligonucleotides and their assembly into responsive supra-
molecular wires studied. The self-assembly of the discotic
molecules provides additional stability for DNA-duplex for-
mation owing to a cooperative effect. The appended oligonu-
cleotides allow for positional control of the discotic elements
within the supramolecular wire. The programmed assembly of
these hybrid architectures can be modulated through the DNA,
for example, by changing the number of base pairs or salt
concentration, and through the discotic platform by the
addition of discotic elements without oligonucleotide handles.
These hybrid supramolecular-DNA structures allow for
advanced levels of control over 1D dynamic platforms with
responsive regulatory elements at the interface with biological
systems.

The combination of synthetic supramolecular systems with
biomolecules such as proteins and DNA creates new oppor-
tunities for modulation of the function of the biomolecules
through the supramolecular elements and, vice versa, for
control over the assembly of the synthetic building blocks
through the well-structured biomolecular platform." Pro-
grammable assemblies based on sequence-designed DNA
biomolecules have shown enormous potential in nanotech-
nology.”” Simultaneously, challenges for the optimal usage
and implementation of DNA nanotechnology still exist, such
as the need for specific salt concentrations for DNA-duplex
formation and the limited breath of chemical diversity
achievable by structures composed exclusively of DNA.FI
The research field of supramolecular DNA assembly™>’
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bridges a link between synthetic supramolecular structures
and biological systems by expanding the diversity, complexity,
and functionality available to DNA structures and by
providing directionality and a higher level of assembly control
to supramolecular systems. For instance, different groups
have reported the introduction of synthetic vertices into
oligonucleotides to control the geometry and stability of
DNA hybrid structures.""**! Foldamers consisting of oligo-
nucleotides with extended aromatic molecules integrated into
their backbone have resulted in temperature-responsive
structures,™* and decoration of DNA structures with hydro-
phobic polymers of diverse length and composition was
shown to control the self-assembly properties of DNA
prismatic cages, adding a higher level of complexity."”! The
addition of lipids into DNA scaffolds has led to the develop-
ment of supramolecular systems with novel functions, as
highlighted in recent reviews."""® DNA hybrid-grafted
supramolecular polymers based on the self-assembly proper-
ties of oligopyrenes have been reported, with the structure of
the oligopyrenes dictating the morphology of the final
assembly into helical 1D supramolecular polymers!"”** and
requiring a high temperature to incorporate additional
monomers.?!

Synthetic supramolecular systems have been designed to
assemble in both small discrete as well as polymeric
assemblies.”>?l While great control over the interaction
strengths between the supramolecular building blocks has
been shown possible, control over the precise positioning of
these supramolecular elements within the final assemblies has
remained challenging. Concepts such as charge alternation or
charge-mediated clustering have shown promise for more
general levels of control.***! Combining DNA elements with
synthetic supramolecular systems has the potential to address
the fundamental challenge of exact positional control in
polymeric supramolecular self-assemblies. Hybrid structures
of supramolecular polymeric systems and DNA thus promise
to provide novel levels of control in both ways.

Bis-pyridine-based C;-symmetrical amphiphilic discotic
molecules (BiPy-Discs) have been reported to spontaneously
assemble into fluorescent supramolecular wires in water,**%"]
which can operate as quasi-1D scaffolds for the assembly and
reversible exchange of proteins.”®*! Like for other supra-
molecular polymers, positional control over individual mono-
mers within the final polymeric assembly has remained
elusive. Combining oligonucleotides (ODNs) with the BiPy-
Disc would, on the one hand, modulate the hybridization of
the ODNs through the discotic molecules and, on the other
hand, control the positioning of the discotic molecules in the
supramolecular wires through the hybridization of appended
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Figure 1. A) Schematic and chemical structure of BiPy-Disc (1), NH,-BiPy-Disc (2) and DBCO-BiPy-Disc (3). B) Self-assembly of discs in water and
C) of the ODN-BiPy-Discs (3a-3k) ODN sequences used in this study (a—k). Sequences (a—d) and their Cy3-labelled variants (e-h) and their
complementary Cy5-labelled (j) and quencher-labelled (k) sequence, as well as non-complementary reference sequence (i) D) Controlled
positioning of the discs in the supramolecular wires owing to DNA-duplex formation. E) Modulation of the DNA-duplex by the addition of 1.

ODNSs (Figure 1). We therefore synthesized novel, hybrid
supramolecular wires composed of short ODNs attached to
BiPy-Disc molecules and report on their properties, multi-
input regulation, and positional control.

The novel supramolecular-DNA assembly system is
centered around the water-soluble BiPy-Disc molecule
1 (Figure 1). The mono-functionalized NH,-BiPy-Disc (2)
was used as starting material for subsequent ODN attachment
by first reacting with an excess of dibenzocyclooctyne-N-
hydroxysuccinimidyl ester (NHS-DBCO) to yield the DBCO-
BiPy-Disc (3). 3 was used as a platform for the monovalent
attachment of a diverse array of oligonucleotides (a-k) by
strain-promoted azide-alkyne cycloaddition.’ Short ODNs
thirteen bases in length, unlabeled (a-d) and dye-labeled (e-
h), were designed with varying numbers of complementary
bases (four to seven bases) matching ODNs j and k, and
aimed to avoid background DNA-duplex formation between
the ODNs at room temperature. The ODNs contained
spacers of three thymine bases at both ends of the sequences
to limit any repulsive interaction by the ethylene glycol
chains.” ODNs a-d were functionalized at the 5’ end with an
azide group and conjugated with 3, to yield ODN-BiPy-Discs
3a-3d. ODNs e-h were additionally functionalized with
a Cy3 dye at the 3’ to generate 3e-3h. By contrast, the
complementary ODNs (j and k) were functionalized with an
azide group at the 3’ position and a Cy5 dye (j) in the back-
bone or Iowa Black RQ (k) at the 5 position to give 3j and
3k. Likewise, an ODN (i) bearing a CyS dye but fully non-
complementary to sequences a-h, was used to generate ODN-
BiPy-Disc (3i). All the ODN-BiPy-Discs were purified by
precipitation with isopropanol to remove unreacted 3. Native
polyacrylamide gel electrophoresis showed 1 and 3a-3k to
have no electrophoretic mobility and to be pure and free from
unconjugated ODNs (a—k) (Supporting Information, Fig-
ure S3A). Thin layer chromatography also revealed full
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conversion and purity of the final ODN-BiPy-Discs (Fig-
ure S3B). ES-MS confirmed the identity of compounds 3a—
3k (Supporting Information, Figure S4-14).

The effect of the ODNs on the general self-assembly
properties of the discs was monitored by using the fluores-
cence of the discs in the stacks. Solutions containing ODN-
BiPy-Discs (3a-3d; 3 um) showed fluorescence signal inten-
sities comparable to that of 1! (Supporting Information,
Figure S15A). Charge screening by MgCl, (1-5 mm, required
for subsequent tuning of the DNA hybridization) did not
perturb the stacking of the discs either (Supporting Informa-
tion, Figure S16). The assembly of the ODN-BiPy-Discs was
further analyzed by FRET studies, using the discotic core as
the fluorescence donor and the Cy3 or Cy5 fluorophores on
the ODNs as acceptors. Irradiation of a solution of ODN-
BiPy-Disc 3e, at 345 nm resulted in only a weak residual
signal of the disc fluorescence at 520 nm and a strong new
signal at 565 nm of the Cy3 dye (Figure S15B). Reference
experiments with free BiPy-Disc and Cy3-ODN intermixed,
did not show any FRET. Analogous results were performed
for a supramolecular wire composed of 3j monomers, bearing
a Cy5 dye. In this case, irradiation at 345 nm resulted in a fully
quenched disc fluorescence signal and the appearance of only
the Cy5 fluorescence at 665 nm (Figure S15C). Mixtures of
ODN-BiPy-Disc 3j and BiPy-Disc 1 were prepared to study
the formation of mixed supramolecular wires and its dynam-
ics. Directly after mixing 3j and 1, the fluorescence spectra
represented the simple addition of both individual compo-
nents, with a concentration-dependent increase of the disc
fluorescence at 520 nm (Figure 2 A). Over time, mixing of the
two supramolecular building blocks occurred to form supra-
molecular co-polymers as judged by enhanced energy trans-
fer, reaching equilibrium after approximately three hours
(Figure 2B).
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supramolecular wires featuring five (3£-3j), six
(3g-3j), and seven (3h-3j) complementary base

e pairs (Supporting Information, Figure S17). A

control set of ODN-BiPy-Discs (3e and 3i), with
zero complementary bases, exhibited only a very
weak FRET signal (Figure 3C) presumably
because the negatively charged oligonucleotides
repel and thus orientate away from each other
along the supramolecular stack. A weak FRET
signal has also been observed previously for the
same discotic molecules appended with fluores-
cent proteins.””! These sets of experiments thus
confirmed the following: 1) two different discotic
molecules are co-positioned through the ODNS,
2) the DNA-duplex formation is specific to the
ODN sequences, and 3) hybridization is strength-
ened by the supramolecular BiPy-Disc assembly.
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Figure 2. A) Fluorescence of the hybrid supramolecular wire 3j (1 pum) directly after
addition of 1-4 equiv BiPy-Disc 1, when excited at 345 nm. B) Fluorescence spectra

of mixture of 1 and 3j, irradiated at 345 nm and monitored over time.

A set of Cy3/Cy5 conjugated ODN-BiPy-Discs, poten-
tially capable of displaying FRET signals between their
respective complementary sequences, was used as reporter to
study ODN-BiPy-Disc heterodimerization in the supramolec-
ular wires. The system with four complementary bases (3e—
3j) strongly exemplifies the influence of the supramolecular
wire on DNA hybridization (Figure 3). A 1:1 mixture of
unmodified ODNs with four complementary base pairs
e (0.5um) and j (0.5 um), did not show any FRET signal
under different salt concentrations (0-5mm MgCl,; Fig-
ure 3A). In contrast, when the same experiment was per-
formed using a mixture of ODN-BiPy-Discs 3e (0.5 um) and
3j (0.5 pum), a strong, MgCl,-dependent FRET signal was
observed (Figure 3B). In the absence of MgCl,, no DNA-
duplex formation was observed, but a strong Cy3/Cy5-FRET
signal was obtained immediately upon addition of MgCl, (1-
5 mm). The systems reached equilibrium 20 to 30 min after
addition of MgCl,. Similar results were obtained for the

A) four complementary bases B)

Intensity (a.u.)
Intensity (a.u.)

four complementary bases

1,04 Exc
» 545 nm
AN

o Remarkably, the extra stability engendered by the
Disc-Disc interaction allowed DNA duplex for-
mation under low salt concentrations and at very
low numbers of complementary base pairs.

The stabilizing effect of the Disc elements on
DNA-duplex formation was quantified by titration
experiments. ODN-BiPy-Disc 3k, functionalized with
a quencher (RQ) at the 5" end, was titrated into solutions
containing ODN-BiPy-Discs with the corresponding comple-
mentary sequence (3e-3h) and Cy3 dye (Supporting Infor-
mation, Figure S19). Low MgCl, concentrations were used to
determine the dissociation constant for the supramolecular
wires with four, five, and six complementary bases (Table 1).
The dissociation constant of the system with seven comple-
mentary bases (3h-3k) was, even at these low MgCl,
concentrations, already too strong to be determined. The
dissociation constants of ODNs alone, with 9, 10, and 11
complementary bases, were also determined, as these showed
similar overall Ky, values as the hybrid systems.

The binding energy for the final DNA-duplex complex
(AG®) was calculated from the measured dissociation con-
stant values and serves to analyze the contribution of the
BiPy-Disc to the DNA-duplex formation. The theoretical
AG® of the DNA hybridization only was calculated using the

C) no complementary bases

FRET Em
~660 nm

Exc
545 nm

" Em
560 nm

Intensity (a.u.)

Wavelength (nm)

T T T T 1 T T
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T T T 1
700 750 800 800

Wavelength (nm)

Figure 3. Extent of DNA-duplex formation under different MgCl, concentrations (0-5 mm) using ODNs with four complementary bases.
A) Change in Cy3/Cy5 FRET signals upon duplex formation with complementary unmodified ODNs (0.5 pum). B) Significant change in Cy3/Cy5
FRET signals upon duplex formation with complementary ODN-BiPy-Disc 3e and 3j (0.5 um). C) Cy3/Cy5 FRET signals with ODN-BiPy-Disc (3i)

lacking of complementary bases.
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Table 1: Dissociation constants (Kp) for the series of ODN-BiPy-Disc
duplexes 3e-3 h+ 3k, experimental and theoretical AG®.

Discs/ODNs Ky [nm] AG AG! AAG®
[kcalmol™']  [kcalmol™"]  [kcalmol™]

3e+3k 1.4x10° —-8.0 -1.9 —6.1

3f+3k 39 -10 —4.1 —-6.0

3g+3k 7.6 - —5.1 ~6.0
3h+3k <5 <-1 -7.5 -
I+k 8.7x10° —6.9 —-7.9 -
m+k 3.5x10? -8.8 -10 -
n+k <5 <-1N -12 -

[a] Experimentally determined AG® at 0.5 mm Mg®". [b] Calculated AG®
of the DNA component alone at 0.5 mm Mg?" and 10 mm Na®, using
software package UNAFold.

software package UNAFold (Unified Nucleic Acid Fold-
ing).®? From the AAG® value between the AG® of the
experimental result and the computed AG® for DNA hybrid-
ization only, the contribution of the BiPy-Discs to the overall
assembly could be calculated. A value of at least —6.0 kcal
mol ' was obtained for the AAG®. This extra AG° imposed by
the discotic molecules is approximately equivalent to the
binding energy of an additional four base pairs. Additionally,
it should be noted that the results were calculated under equal
MgCl, conditions (0.5 mm) as used for the measurement but
with an additional NaCl concentration (10 mm) since the
program does not permit calculations with lower NaCl
concentrations. The data on the DNA-only measurements
(Figure S19B and Table 1) show that the addition of NaCl in
the calculations leads to a larger calculated AG® for the DNA
component as compared to the actual measured values. The
calculated AAG® as incurred by the discotic elements thus
represent a minimal contribution of the discotic component to
the overall affinity.

The AAG® values can be used to calculate the effective
molarity (EM)® for the appended ODNs on the supra-
molecular wire. In this case, the EM is a quantitative
parameter for the evaluation of the chelate cooperative
effect in DNA-duplex formation. The resulting EM for our
supramolecular system ranges between 0.2 and 20 mMm (see
the Supporting Information for the calculation). The different
self-assembly properties of charged discotic molecules?*?
and the underestimation of the AAG® (see above) imply that
the EM is most probably somewhat larger. These EM values
are comparable to those obtained for other supramolecular
systems. For instance, for the formation of highly optimal
intramolecular H-bonds, using coordination complexes
between zinc porphyrins and pyridine ligands (EM from 3
to 240 mm).B!

The DNA-duplex formation in the context of the ODN-
BiPy-Disc is thus in part driven by the self-assembly of the
supramolecular wire. Therefore, modulation of the degree of
duplex formation should be possible through copolymeriza-
tion with 1. The system with the weakest DNA hybridization
based on four complementary base pairs (3e-3j) should be
the most sensitive in this regard. Irradiation of a solution
containing 3e and 3j (both at 0.5 um; 1 mm of MgCl,) at
545 nm resulted in the Cy3/Cy5 FRET signal consistent with
the DNA-duplex formation (Figure 4 A). Upon addition of
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Figure 4. A) Change in fluorescence spectra over time of a 1:1 mixture
of complementary (4 bases) ODN-BiPy Discs 3j+3e (0.5 um) with

1 mm of MgCl, when irradiated at 545 nm upon addition of 10 equiv-
alents of 1. The decrease in FRET signal shows disruption of DNA
duplex. B) Fluorescence spectra of a 1:1 mixture of complementary

(7 bases) ODN-BiPy Discs 3j+3h under the same experimental
conditions. No significant changes are observed because the DNA
duplex is too stable to be dissociated by the addition of 1.

1 (10 um) as supramolecular monomer the Cy3/CyS FRET
signal decreased over a period of 2 h. Simultaneously, the
FRET from the discotic core to the Cy3 and Cy5 dyes
increased upon intermixing of 1 (Supporting Information,
Figure S18). Both FRET events are strong evidence of the
disruption of DNA-duplex formation, through the intercala-
tion of 1 between the hybridized 3 e-3j pairs.

The copolymerization with 1 was also performed on the
supramolecular wire featuring ODNs with seven complemen-
tary base pairs (3h-3j; Figure 4 B). In this case the addition of
1 to the 3h-3j mixture did not result in a change in the Cy3/
Cy5 FRET signal. The energy transfer from the discotic core
to the Cy3 and CyS5 dyes did increase but to a lesser extent
than for the 3e-3j mixture (Figure S18). While 1 thus does
insert into the wire, the DNA hybridization yields supra-
molecular copolymers in which the joined positioning of one
3h and one 3j is maintained. In this case the DNA hybrid-
ization is sufficiently strong to maintain dimer formation in
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supramolecular wires constructed from three different mono-
mers.

In summary, combining ODNs with discotic-based supra-
molecular wires resulted in a dual-responsive supramolecular-
DNA hybrid system. The programmed assembly of the hybrid
architectures and positional control of the monomers can be
modulated through the DNA, by changing the number of base
pairs or the salt concentration. The dynamic nature of the
supramolecular wire also allows for a DNA-orthogonal
control over the extent of the DNA-duplex formation, by
the content of non-functionalized discotic monomers.

The hybrid oligonucleotide-discotic supramolecular wires
provide for an increased stability for DNA-duplex formation.
This enabled the formation of duplexes between comple-
mentary sequences as short as four base pairs. The additional
stability imposed by the discotic system is comparable to
approximately four to five extra base pairs. The ability of
these hybrid DNA-supramolecular assemblies to induce
short oligonucleotide duplex formation at low salt concen-
trations suggests applications in biologically relevant media.
Moreover, the appended ODNSs enable a specific positioning
of the discotic molecules within the final supramolecular
assemblies as paired dimers. This allows entry into the long
desired positional control over monomeric units in supra-
molecular polymers, for example, for the programmable
recruitment of proteins within functional molecular systems.
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