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Editorial on the Research Topic
Supramolecular Nucleic Acid Chemistry

The reversible and non-covalent nature of the interactions governing the structure and binding
properties of nucleic acids mean that the fields of supramolecular chemistry and nucleic
acid chemistry are closely intertwined. Indeed, the high fidelity and programmable molecular
recognition properties of DNA have long been the source of inspiration to many a supramolecular
chemist in designing molecular assemblies that are both discrete in shape and dynamic in nature.
However at the same time, researchers working in the field of nucleic acids can draw inspiration and
rationale from concepts and approaches that are rooted in supramolecular chemistry. For example,
many themes central to supramolecular chemistry such as sensing, switching, self-assembly,
catalysis, and molecular motion can be successfully applied to nucleic acid systems. This Research
Topic is a compilation of 12 original papers from 50 authors and nine different countries on nucleic
acid chemistry that highlight the synergies and links with supramolecular chemistry.

The collection includes two topical reviews. Firstly there is an overview by Takezawa and
Shionoya of DNA three-way-junction motifs that are bridged by interstrand metal complexes; such
structures could lead to new, tuneable metal-responsive supramolecular architectures based on
nucleic acids. The second by Michel et al. gives a broad and detailed account of the state-of-the-art
on environment-sensitive fluorescent nucleic acid probes of relevance to sensing and cell imaging
applications. Following on with the sensing theme, an electrochemical approach to detecting DNA
is presented by Goodchild et al., who report a new surface-bound probe with a redox tag that can
discriminate between closely-related sequences, down to changes at the single base level. Another
study on tagged DNA comes from Burns et al. who report a novel molecular ruler system comprised
of a series of DNA strands modified in two positions with metal-bound and metal-free porphyrin
groups that enable the detection and monitoring of small changes in DNA structure.

Various non-canonical DNA structural motifs are the theme of several articles in this collection,
including three-way junctions (vide supra), G-quadruplexes, and i-motifs. A report by Punt et al.
describes how the covalent incorporation of different ligands into DNA and their binding of d
block metals impart significant changes on G-quadruplex stability, with clear implications for the
controlled design of functional metal-containing nucleic acid complexes. Molecules that interact
with G-quadruplexes are the focus for Ranjan et al. and in particular dual-binding ligands with
both groove binding and intercalating moieties that form strong and selective complexes with these
structures. The i-motif and the possibility of it playing a role in biological processes is currently a
topic of considerable interest in the field of nucleic acid chemistry. An important contribution
to the discussion is the report by Abdelhamid and Waller, who show how kinetic effects such as
annealing and equilibration times are important factors in determining the longevity at neutral pH
and ambient temperature of an i-motif structure formed from a sequence in the human telomeric
region. Meanwhile Pages et al. show that the length and position of thymine loops within an i-motif
forming sequence affects its structure as well as the extent of its stabilization by enantiomers of an
octahedral Ru(II) complex.
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How genetic information might have been transferred
prebiotically on earth in the absence of enzymes continues
to fascinate chemists. An intriguing paper by Nufiez-Pertifiez
and Wilks considers the possibility of deep-eutectic solvents
(DESs) as stabilizing media for prebiotic reactions, using
nucleic acid-templated peptide synthesis as their model. Rather
different DNA-templated systems are considered by Fritz and
Wagenknecht. These authors reveal the important structural
parameters required to form DNA-templated assemblies of
perylene-nucleoside derivatives in aqueous solutions, which
includes having an ethynylene linker between the nucleobase
and the chromophore. The supramolecular assembly theme
continues in work reported by Atchimnaidu et al., who prepared
p-CD-functionalised DNA assemblies for the binding of star-
shaped adamantyl PEG polymers, resulting in the formation
of non-covalent crosslinked nanoparticles for capturing both
hydrophobic and hydrophilic micropollutants in water. Finally,
rather different cross-linked systems are reported by Cadoni
et al., who demonstrate an effective method for immobilizing
PNA strands onto maleimide-functionalized gold nanoparticles,
via a double exchange Diels-Alder cycloaddition reaction. These
immobilized strands retain their ability to interact with DNA,
with the resulting duplexes able to be released through a retro-
Diels-Alder reaction.

In summary, this Research Topic has highlighted how the
fields of nucleic acids and supramolecular chemistry can be
imbricated to generate hybrid systems (such as assemblies

that harness canonical/non-canonical base-pairing as well
as synthetic metal-ligand, host-guest, and aromatic stacking
interactions) of fundamental scientific interest. Further, the
Topic also illustrates the potential for developing exciting
function, including detecting specific DNA sequences, binding
to folded DNA structures for biomedical applications, and
generating assemblies capable of environmental remediation.
Although just a snap-shot of the diversity of research directions
being pursued in Supramolecular Nucleic Acid Chemistry—it is
clear that the field shows much promise in not only generating
increasingly complex systems but also in addressing topical issues
plaguing modern society.
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Influences of Linker and Nucleoside
for the Helical Self-Assembly of
Perylene Along DNA Templates

Yannic Fritz and Hans-Achim Wagenknecht*

Karlsruhe Institute of Technology, Institute of Organic Chemistry, Karlsruhe, Germany

Six different conjugates of perylene with  2’-deoxyuridine and  with
2-amino-2’'-deoxyadenosine were synthesized and applied for DNA-templated assembly
in aqueous buffer solutions. They differ by the linkers ethynylene, phenylene, and
phenylene—ethynylene between nucleoside and chromophore. The nucleosides were
investigated as monomers in CHCI3 and dimethyl sulfoxide by optical spectroscopy.
The properties of the four phenylene-linked conjugates are similar to that of perylene
as reference because these linkers separate both aromatic parts. The ethynylene linker
electronically couples the chromophore with the respective nucleoside and thus red
shifts the absorbance. The DNA-templated assembly properties were elucidated by
mixing the templates in aqueous buffer with the perylene-nucleoside conjugates from
a dimethyl sulfoxide stock solution. Specific binding of the nucleosides was probed
by comparing the results with dAsg and Tog as single-stranded DNA templates. Our
studies reveal the structural parameters that are important for the DNA-templated
assembly of perylenes. First, perylene-2’-deoxyuridine conjugates do not form
DNA-templated helical assemblies, regardless of the choice of linker. Second, the
ethynylene linker is crucial for successful DNA-templated chromophore assemblies
of perylene-2-amino-2’-deoxyadenosine conjugates. Third, in contrast, the phenylene
linker inhibits self-assembly along single-stranded DNA templates. In conclusion, the
2-amino-2'-deoxyadenosin in combination with the ethynylene linker provides the best
structural feature for specific and helical DNA-templated assembly of perylenes. This
result is important for the design of future DNA-based supramolecular architectures with
chromophores, in particular DNA-based light-harvesting systems and DNA systems for
emitting or sensing circularly polarized luminescence.

Keywords: DNA, chromophor, assembly, template, fluorescence

INTRODUCTION

Supramolecular chemistry and supramolecular polymerization summarize the efforts to
self-organize molecules through interactions in a precise and controllable way. Probably more than
any other class of compounds, DNA provides a rather unexplored and groundbreaking new access
to this challenge via bottom-up, programmed, and hierarchically ordered assembly of molecules,
in particular organic chromophores, into designed supramolecular DNA architectures. The last
two centuries have shown that—beyond their pure biological purpose—nucleic acids are able to
serve as unique structural basis to create nanometer-sized two- and three-dimensional objects.
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T20
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GRAPHICAL ABSTRACT | lllustration of the DNA-templated assembly of Pe-Et-daA and Pe-Ph-daA.

Representatively, the DNA nanostructures of Seeman (1982)
and Kallenbach et al. (1983) and the DNA origamis by
Rothemund (2006) are mentioned here. Since then, “DNA
nanotechnology” has been established as the approach that
applies self-assembly of DNA single strands to form molecular
architectures in a highly organized manner (Yakovchuk et al.,
2006; Lubrich et al, 2008; Wang et al, 2009; Chen et al,
2019). The sequence-defined recognition by canonical base
pairing in DNA in combination with a perfectly coplanar
stacking distance of 3.4 A and a helical chirality should
yield supramolecular architectures (Burge et al., 2006). Such
architectures are difficult to be achieved by simple organic-
chemical building blocks without DNA, neither covalently
(polymers) nor non-covalently (supramolecular polymers). In
a bottom-up approach, we follow herein the basic principle
of chemistry research that “structure determines properties.”
Therefore, the controlled assembly of organic chromophores in
supramolecular architectures based on nucleic acids holds the
key potential for future functional materials with well-defined
photochemical properties. In particular, the helical twist between
the chromophores, which is induced by the DNA scaffold,
controls electron transfer and energy transfer processes and
thereby reduces the self-quenching that is typically observed in
chromophore aggregates (Asanuma et al., 2003; Teo et al., 2009;
Dutta et al., 2011; Kato et al., 2013; Li et al., 2013; Probst et al.,
2014; Ishutkina et al., 2018).

In 2009, Kumar and Duff presented one of the first DNA-
based light harvesting systems (Kumar and Duff, 2009). In
the same year, our group published a temperature-controlled
white-light-emitting DNA by covalent incorporation of
pyrene- and Nile-red-modified nucleosides (Varghese and
Wagenknecht, 2009). The combination with a perylene-
nucleoside yielded a light-harvesting antenna, and thereby,
any excitation in the range between 350 and 600 nm efficiently
resulted in a charge-separated state (Ensslen et al, 2015a).
Two years later, the influence of the template strand length
on the energy transfer of attached naphthalene nucleosides

was investigated by the group of Stevens (Ruiz-Carretero
et al., 2011; Stevens et al, 2011). Balaz et al. created
nanoassemblies with porphyrine-linked 2-aminoadenines
and oligothymidine as DNA templates, which showed an
adjustable helicity depending on temperature gradients
(Sargsyan et al., 2014). With pyrene and Nile red attached
to different nucleosides, a sequence-specific self-assembly
along a template DNA strand was accomplished in 2018
(Hofsass et al., 2018). Pyrene was linked via ethynylene
bridge to 2-amino-2'-deoxyadenosine (daA) and Nile red to
2’-deoxyuridine (dU), which are complementary to thymine
(T) and adenine (A), respectively, as recognition units of the
template. Moreover, fullerene-DNA-chromophore assemblies
were integrated as photoactive layers in solar cells that showed
charge carrier generation in the spectral regime of all three
components (Ensslen et al, 2016). These recent examples
demonstrate the significance and potential of supramolecular
DNA architectures.

To get a closer insight into the influence of linker and
nucleoside on the optical and self-assembly properties
with DNA, six different perylene-conjugated nucleosides
(Figure 1) are presented herein that differ (i) by the linker
between the chromophore and the nucleoside, including
ethynylene (Et), phenylene (Ph), and the combined phenylene-
ethynylene (PhEt) linkers, and (ii) by the nucleoside, either
dU that recognizes A in the DNA template, or daA that
recognizes T in the DNA template. The Et linker yields
a coplanar orientation of nucleoside and perylene parts
in the conjugates, whereas the Ph linker introduces a
rotational twist between the two parts. The PhEt linker
combines the two extreme geometries and could potentially
serve as compromise. We study the self-assembly of these
nucleoside conjugates and the influence of the corresponding
single-stranded DNA templates oligothymidine (Ty) and
oligo-2'-deoxyadenosine (dAzp) in comparison by methods
of optical spectroscopy to characterize their optical and
chiroptical properties.
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MATERIALS AND METHODS

All chemicals used for synthesis had at least the purification
grade “for synthesis.” Solvents used in synthesis, optical
spectroscopy or analysis had the grade “HPLC” or “pro
analysis.” Water was deionized and ultra-filtrated by a Millipore
Direct 8/16 from MERCK MILLIPORE. Unmodified DNA
strands were bought from METABION, which were already
HPLC-purified and lyophilized. The DNA was dissolved in
water and concentrations were determined spectrometric with
a NANODROP ND-100 spectrophotometer. All Pd-catalyzed
reactions were performed under exclusion of oxygen and water

(except for Suzuki-couplings, which used water as reagent).
Reaction mixtures were treated by freezepump-thaw in three
cycles before adding the catalyst or degassed with argon. Some
reactions were performed in sealed glass vials (10 mL or 20 mL),
which resulted in significantly higher yield compared to common
round bottom flasks. The purity of all products were determined
by NMR-spectroscopy and high-resolution mass spectrometry.
NMR spectra were recorded on a BRUKER Advance 500
(500 MHz, 1H-NMR; 126 MHz, 13C-NMR). Chemical shifts
were reported in parts per million (ppm), relative to the
standard tetramethylsilane (§ = 0.00 ppm) and the spectrum
was calibrated against the 1 H residues of the deuterated
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solvents. Due to the bad solubility of most products, the use
of deuterated pyridine was necessary. The mass-spectrometry
was performed on a THERMOFISHER Scientientific Q Exactive
(Orbitrap) by electron spray ionization (ESI) and reported in
mass/charge (m/z). In case of daA-containing products, the
protonated species was mostly found. For all spectroscopic
experiments semi-micro quartz glass cuvettes from STARNA
(width 10 mm, volume 1.4 mL) were used and all spectra were
recorded at 20°C. Absorption spectra were recorded on a
Lambda 750 from PERKIN ELMER with a PTP-6+46 Peltier
System. Circular dichroism was measured with a JASCO J-
810 Spectropolarimeter and the peltier-element PTC-423S (100
nm/min, 4 accumulations). Fluorescence was recorded on a
Fluoromax-4 from HORIBA SCIENTIFIC with an AC 200
thermostat from THERMO SCIENTIFIC. All samples were
excited at 420 nm and the spectra were divided by the absorbance
at 420nm for comparison. Absolute fluorescence quantum
yields were determined with a Quantaurus QY C11347 from
HAMAMATSU (measured in different concentrations between
40 and 60 uM and averaged). Self-assembly experiments were
prepared as follows: Chromophore 45mM, DNA template
1.5 uM, phosphate-buffer 10 mM (pH 7.0), 250 mM NaCl. Due
to solubility issues, the chromophores were added from a 1 mM
stock solution in DMSO, which causes a DMSO content of 4.5%.
For CD and fluorescence experiments the Chromophore was
added shortly before the measurement, to minimize the influence
of precipitation.

m-conjugation between them, whereas the phenylene group
electronically isolates the m-systems by rotation. Indeed, this
structural influence is clearly observable by the ultraviolet-visible
(UV/vis) absorbance (Figure2): The characteristic perylene
absorbance between 400 and 520 nm is nearly identical for all
Ph- and Ph-Et-linked conjugates compared to 1-phenyl-perylene
as reference (Kawasumi et al., 2013). In particular, both Pe-Ph-
dU and Pe-Ph-daA show only very little absorbance differences
to the reference, which is an advantage of the Ph linker that
efficiently interrupts the 7w-conjugation with the nucleoside. Only
the Et-linked conjugates Pe-Et-dU and Pe-Et-daA display an
absorbance that is red shifted by 23 and 35 nm, respectively. This
shows the m-conjugating effect of the Et linker.

In order to study the effect of the nucleosides and the
linkers on the fluorescence, the spectra and quantum yields were
recorded (Table1 and Figure S1). In CHCI3 as solvent [with
6% dimethyl sulfoxide (DMSO) to ensure solubility], the four
Ph- and Ph-Et-conjugated nucleosides yield higher quantum
yields (77-84% for dU and 83% for daA conjugates) than Pe-
Et-dU and Pe-Et-daA (58 and 78%, respectively). These results
agree with the electronically separating character of the Ph linker,
too. In contrast, the Et group enlarges the m-system and thus
lowers the quantum yields. In conclusion, these results show the

TABLE 1 | Fluorescence quantum yields of perylene (Pe), 1-phenylperylene
(PePh), and the perylene-nucleosides in DMSO and CHClz with 6% DMSO
(average of 40, 50, and 60 M), Aexc = 420 nm.

RESULTS AND DISCUSSION Nucleoside @F in DMSO @ in CHCI;3 (6% DMSO)
All nucleoside conjugates were synthesized as described in  Pe-Et-dU 76 £0.97% 58 £ 1.1%
the Supporting Information. The key steps are Pd-catalyzed  Pe-Ph-dU 96 +1.9% 84 +£0.16%
Sonogashira and Suzuki couplings between the halogenated  Pe-Ph-Et-dU 90 +1.6% 77 +0.45%
nucleoside precursors and the perylene derivatives. We expected =~ Pe-Et-daA 6.7 +£0.21% 78 +0.66%
that the linker between chromophore and nucleoside has a  Pe-Ph-daA 2.8 £0.08% 83+£0.21%
strong impact on the photophysical properties. In principal, = Pe-Ph-Et-daA 5.5£0.16% 83+0.21%
the ethynylene group connects the perylene chromophore with ~ Pe ~100% 98 + 0.60%
the nucleosides in a coplanar orientation and thereby yields  PePh ~100% ~100%
Pe-Et-dU Pe-Et-daA
0.8 Pe-Ph-dU 0.8 Pe-Ph-daA
Pe-Ph-Et-dU Pe-Ph-Et-daA
| --- Pe
8 06+ 8 0.6
c c
g g
3 3
g 0.4 2 0.4+
0.2 0.2
0.0 0.0 :

250 300 350 400 450 500 550
Wavelength/nm

(Right), each 20 M in CHCl3 [2% dimethy! sulfoxide (DMSO)].

250 300 350 400 450 500 550
Wavelength/nm

FIGURE 2 | Ultraviolet—visible (UV/vis) absorption spectra of perylene (Pe), 1-phenylperylene (PePh), and the perylene-nucleosides with dU (Left) and with daA
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expected tuning of the optical properties of the chromophore-
nucleoside conjugates by the choice of linker. Surprisingly,
the emissions of the daA-modified chromophores are nearly
quantitatively quenched in pure DMSO, while the emissions of
the dU-modified ones give quantum yields from 76 to 96%.
These striking fluorescence quantum yield differences in DMSO
become plausible by photoinduced electron transfer in the daA
conjugates that occurs only in the highly polar solvent DMSO.
Based on redox potentials from literature, daA can be more
easily oxidized (Eox = 1.1V vs. NHE in water) (Stockert et al.,
2002) than dU (Eox = 1.34V) (Faraggi et al., 1996). Using the
reduction potential for perylene of E,.g = —1.91V together with
Ego = 2.8eV (Rossetti et al., 2005), the Rehm-Weller equation
for the driving forces AG = Eox — Ereq — Eoo + Ec (Coulomb
energy E.) gives a small AG of —0.3eV for the daA conjugates
in favor of a photoinduced charge transfer, but a negligible
AG for the dU conjugates (without consideration of Ec) that
makes the photoinduced charge transfer very unlikely in the
latter conjugates. Obviously, the different polarity of the solvents
DMSO and CHCl; influence the Coulomb energy in the charge-
separate state such that only in the highly polar solvent DMSO
the photoinduced electron transfer in the daA conjugates is
observable. In DMSO, the charge-separated state is stabilized and
thereby the Coulomb energy is reduced.

To examine the self-assembling ability of the nucleoside
conjugates, experiments with Ty and dAjg, respectively,
as single-stranded DNA templates were performed. The
chromophore conjugates were characterized by their UV/vis
absorbance, fluorescence, and circular dichroism in aqueous
buffer at pH 7 to elucidate (i) their self-assembling properties
and, more importantly (ii) the potential influence of the single-
stranded DNA templates. Specific binding of the nucleoside
conjugates was elucidated by comparing the results with dAzg
and Ty as templates. Previous work in our group revealed that

the assembly of nucleosides along DNA templates succeeded
at room temperature with no annealing (Hofsass et al., 2018).
We kept this method for the studies herein. The shapes
of all absorption spectra in H,O differ from those of the
monomer reference spectra in DMSO. First, the absorbance of
the assemblies of Pe-Et-dU (Figure 3, left) and Pe-Et-daA
(Figure 3, middle) along the DNA templates were compared
to DNA-free samples in aqueous buffer (with 4.5% DMSO
from the perylene-nucleoside stock solutions). In case of
Pe-Et-dU, the perylene-typical fine structure is significantly
broadened, indicating self-assembly of the chromophores. There
is only little influence of the complementary DNA template
dAyy, if at all, by a slightly increased absorbance compared to
the non-complementary template T, and compared to the
absence of any DNA, too. For Pe-Et-daA in the presence of
the complementary template T39, however, the perylene-typical
fine structure is maintained but with an altered ratio of the
included absorption bands. With the non-complementary
template dAjp and without any DNA, this fine structure is
completely lost, and the absorbance is significantly blue shifted
to a broad absorbance from 350 to 550 nm with a maximum
at 408 nm. Since this absorbance is similar to that without
the template, we assign it to the non-templated self-assembly
of Pe-Et-daA. The influence of the complementary DNA
template Ty is significant and serves as first indication for a
base pairing of the Pe-Et-daA monomers along this template
and thus the formation of an ordered and helical assembly
(vide infra). It is important to mention here that daA is, in
principal, a modified 2’-deoxyadenosine with a second amino
group to enhance the binding selectivity by a potential third
hydrogen bond to thymidines as recognition unit in the DNA
template Tpo (Hofsass et al., 2018). The lacking third hydrogen
bond between Pe-Et-dU and the DNA templates probably
accounts for its lacking selectivity between dAjp and T, (and

1.04 Pe-Et-dU 1.0+ Pe-Et-daA 1.04 Pe-Ph-Et-daA
dAzo T20 T20
0.8- e T 0.8- e 0.8- —m T dAy
- - - buffer - - - buffer - - - buffer
3 3 3
0.6 0.6 1 0.6 1
®© ® @®
2 £ £
2 2 2
£0.44 20.4- 20.4-
0.2 0.2 0.2
00 2 T % 1 ¥ I - 00 2 T ¥ T ¥ T " 00 .5 T ¥ T ¥: T 4]
300 400 500 600 300 400 500 600 300 400 500 600
Wavelength/nm Wavelength/nm Wavelength/nm
FIGURE 3 | Ultraviolet—visible (UV/vis) absorbance of Pe-Et-dU (Left), Pe-Et-daA (Middle), and Pe-Ph-Et-daA (Right), each 45 WM in aqueous buffer (10mM
sodium phosphate, pH 7, 250 mM NaCl, with 4.5% DMSO) without and with DNA templates T2¢ and dAgg (1.5 M), respectively.
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without template). The UV/vis absorbances of the remaining
four nucleosides with Ph- and Ph-Et linkers in water look
all similar and do not allow to elucidate any influence of the
single-stranded DNA templates on the formation of these
chromophore assemblies (Figure3, right and Figure S3).
This indicates that the Ph linkers are not all suitable for
DNA-templated assembly of perylenes. A careful look on
the absorbances reveals, however, that only Pe-Ph-Et-daA
shows an enhanced absorbance at 408 nm in the presence of
the complementary template T, compared to dAz and to
pure buffer (Figure 3, right), indicating that there might be
a small structural influence of the DNA on this particular
chromophore assembly.

The fluorescence further supports the elucidation of structural
prerequisites for the assembly of perylene-nucleoside conjugates
along single-stranded DNA templates that were indicated by
their UV/vis absorbance. In all non-templated samples, an
unstructured and broad fluorescence was observed at ~600-
650 nm, which we assign to perylene excimers as a result of the
self-assembly of the perylene-nucleoside conjugates in water.
In particular, both Pe-Et-dU and Pe-Et-daA without DNA
templates show this unstructured and broad fluorescence at
600 and 650nm, respectively (Figure4, left and middle). If
we assume a coplanar arrangement by w-m stacking between
the perylene monomers and Watson-Crick or any similar base
pairing between the nucleoside conjugates and the templates,
a helical twist is introduced by the DNA to the perylene
assembly in water. According to our previous results with
pyrene conjugates, such helicity typically reduces excimer-like
fluorescence (Trifonov et al, 2005). In fact, the assembly in
the presence of the template Too significantly changes the
fluorescence readout of Pe-Et-daA. This sample shows mainly
a blue-shifted and enhanced fluorescence at 590nm, which
we assign to the ordered and presumably helical assembly of
these chromophores. This assignment supports the considerably
different absorbance of Pe-Et-daA with T,g as described above.
The assembly of Pe-Et-dU shows only fluorescence between 450
and 550 nm and only little excimer fluorescence intensity. The
lacking influence of neither dAyp nor Ty as complementary
or non-complementary templates on the fluorescence readout
implies that Pe-Et-dU forms a stable non-templated self-
assembly. This stands in contrast to Pe-Et-daA for which only
the complementary DNA template Tog orders the chromophore
assembly in such a way that the fluorescence is blue shifted. In
contrast to the two Et-linked nucleosides, the fluorescence of Pe-
Ph-dU, Pe-Ph-daA, and Pe-Ph-Et-dU show only excimer-like
fluorescence of the non-templated and self-assembled perylene
conjugates at 650 nm, which is not significantly altered by the
DNA templates (Figure S2). Similar to the observations by
UV/vis absorption spectroscopy, the DNA templates have no
significant effect on the self-assembly of the Pe-Ph conjugates.
Obviously, the twist introduced by the Ph in these nucleoside
conjugates disturbs the coplanar orientation of nucleoside and
perylene and thereby inhibits the templated assembly along
the single-stranded DNA. Typical DNA double helix has a
stacking distance of 0.34nm between two base pairs, whereas

the diameter of Ph is 0.43nm; a rotational twist in the Ph-
linked conjugates cannot be accepted by this type of assembly.
A careful look onto the fluorescence of Pe-Ph-Et-daA reveals
a small blue shift from 628 nm (with the non-complementary
template dAyp and without any template) to 618nm with
the complementary template Ty (Figure 4, right) and thereby
supports the small influence of this DNA template on this
particular chromophore assembly similarly to the previously
discussed UV/vis absorbance.

To get a closer look into the possible helical orientations of
the perylene-nucleoside conjugates introduced by the single-
stranded DNA template, circular dichroism (CD) was recorded
for all samples. We do not interpret the CD in the range between
250 and 350 nm because the perylene-nucleoside absorbance
overlaps with the template absorbance. All nucleoside conjugates
without DNA template display only small chiroptical activity in
DMSO but no sign for ordered helical arrangements (Figure S4).
These signals mainly arise from the chromophores connected to
the chiral 8-D-ribofuranoside residue and in particular in DMSO
as good solvent for both parts of the nucleoside conjugates, polar
and non-polar. The CD spectra of Pe-Et-dU with dAyg, with
T2 and without any DNA template are similar to those of the
monomers in DMSO (Figure 5, left). This result further supports
our explanation that the stable, non-templated self-assemblies
of Pe-Et-dU are not chiral and they are not significantly
influenced by the DNA template. The intrinsic self-stacking of
the perylenes overrules any template effect. Similarly, small CD
signals are observed in the samples with Pe-Ph-dU, Pe-Ph-
daA, and Pe-Ph-Et-dU (Figure S5). This makes conclusively
clear that two potential hydrogen bonds, which are provided by
the dU unit, are not sufficient for effective and specific assembly
of perylenes along DNA templates. In contrast, both Pe-Et-
daA and Pe-PhEt-daA show strong chiroptical signals, which
are enhanced in presence of Tp9. The CD of Pe-Et-daA with
T,o (Figure 5, middle) displays a clearly excitonically coupled
signal in the perylene absorbance range between 350 and 550 nm
by the combination of a negative Cotton effect followed by a
positive Cotton effect. This indicates a left-handed chirality in
these DNA-based assemblies with coplanarily stacked Pe-Et-
daA chromophores. We previously observed this chirality for
DNA-templated assemblies with pyrene- and Nile-red-modified
nucleosides (Ensslen et al., 2015b; Hofsass et al., 2018). Even
stronger CD signals were observed for the templated assemblies
of Pe-Ph-Et-daA with T, (Figure 5, right) but not for Pe-Ph-
Et-dU with dAjg (Figure S5). Obviously, the Ph-Et linker still
allows the chromophore assembly along Ty, but the perylene
orientation differs from that of the clearly excitonically couples
and coplanarily stacked Pe-Et-daA assembly with T,o because
the CD shows only a negative Cotton effect. Overall, there are
two major results with respect to the structural parameters:
(i) The structural influence of the DNA template is observed
only with the daA conjugates but not with the dU conjugates,
and (ii) while the Et-linked chromophores with daA selectively
assemble along the complementary template strand with left-
handed chirality, the Ph-linked chromophores do not form
templated water-soluble assemblies. Only the conjugate of daA
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FIGURE 5 | Circular dichroism of Pe-Et-dU (Left), Pe-Et-daA (Middle), and Pe-Ph-Et-daA (Right), each 45 M in aqueous buffer (10 mM sodium phosphate,
pH 7, 2560 mM NaCl, with 4.5% DMSO) without and with DNA templates Tag and dAgg (1.5 M), respectively.

with both linkers (Ph-Et) interact with the DNA templates in a
different type of chiral assembly.

CONCLUSIONS

Six different conjugates of perylene with dU and with daA were
synthesized and applied for DNA-templated assembly in aqueous
solutions. The perylene conjugates differ by the linkers between
the perylene chromophore and by the aromatic nucleoside
heterocycle. The photophysical properties of the nucleoside

monomers and their self-assemblies were investigated by optical
spectroscopy methods. The Ph linker as well as the combined
Ph-Et linker separate both aromatic parts. Accordingly, the
optical properties of the Pe-Ph and Pe-Ph-Et conjugates
with dU and daA are similar to that of perylene and 1-
phenylperylene as reference chromophores. In comparison, the
Et linker electronically couples the chromophores and thus red
shifts the absorbance. The DNA assemblies were formed by
mixing the templates in water with the perylene-nucleoside
conjugates from a DMSO stock solution. Important structural
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parameters for the DNA-templated assembly of perylenes were
elucidated: (i) Perylene-dU conjugates do form stable, non-
templated assemblies and overrule the DNA template effect.
dU can base pair only by two hydrogen bonds with the
nucleotides in the DNA template, whereas daA provides the
donors and acceptor for three hydrogen bonds. Although
we do not provide direct experimental evidenced for base
pairing via hydrogen bonding similar to Watson-Crick base
pairing, this difference seems to be striking in particular for
the comparison of the assemblies with Pe-Et-dU vs. with Pe-
Et-daA. (ii) The Et linker is required for successful DNA-
templated chromophore assemblies of the conjugate with daA.
It orientates both aromatic parts in a coplanar orientation.
Obviously, this facilitates the formation of a helical DNA-
templated assembly with presumably m-m-stacked coplanarily
arranged perylenes, which was evidenced in particular by the
assemblies of Pe-Et-daA in comparison with Pe-Ph-daA. (iii)
The Ph linker twists both aromatic parts and thus completely
inhibits self-assembly along single-stranded DNA templates in
aqueous solutions. Accordingly, the conjugate Pe-Et-daA shows
the strongest selectivity to the complementary DNA templates,
while the Ph-linked one did not form templated assemblies.
The assembly of Pe-Et-daA with T,y shows a left-handed
chirality and excitonic coupling. The conjugate Pe-Ph-Et-daA
with both linkers shows also a structural influence by T29 as DNA
template in particular according to the chiroptical properties;
however, the structure of this perylene assembly significantly
differs from the coplanar and excitonically coupled Py-Et-daA
assembly. Overall, the daA nucleoside in combination with the
Et linker provides the two structural prerequisites for specific
and helical DNA-templated assembly that were identified by our
study. This result is in agreement with other DNA-templated
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A spectroscopic study of the interactions of A- and A-[Ru(phen)s(dppz)]2* with i-motif
DNA containing thymine loops of various lengths. In the presence of i-motifs, the
luminescence of the A enantiomer was enhanced much more than the A. Despite this,
the effect of each enantiomer on i-motif thermal stability was comparable. The sequences
most affected by [Ru(phen)s(dppz)]°t were those with long thymine loops; this suggests
that long-looped i-motifs are attractive targets for potential transition metal complex
drugs and should be explored further in drug design.

Keywords: i-motif, DNA, ruthenium, melting, stabilization, luminescence

INTRODUCTION

The intercalated motif (i-motif) is a DNA structure containing intercalated cytosine™-cytosine base
pairs between four strands (Figures 1A,B) (Gehring et al., 1993; Skolédkovd et al., 2019). I-motifs
were originally thought to only form in acidic pH due to the protonation of cytosine required;
however, stable i-motif formation has been reported at alkaline (Zhou et al., 2010) and neutral pH
(Day et al., 2013; Fujii and Sugimoto, 2015; Wright et al., 2017), as well as conditions mimicking
physiological molecular crowding (Rajendran et al., 2010). Moreover, recent demonstrations of
the presence of i-motifs in the nuclei of human cells (Dzatko et al., 2018; Zeraati et al., 2018),
and their ability to inhibit DNA polymerase (Takahashi et al., 2017) has increased interest in
their biological function (Abou assi et al., 2018). Sequences that are complementary to those that
form G-quadruplexes have been shown to form i-motif structures in the promoter regions of
several cancer genes (Brooks et al., 2010; Brazier et al., 2012; Li et al,, 2016). These include the
transcription factors that code the cellular myelocytomatosis (c-Myc) (Mathur et al., 2004) and
B-cell lymphoma-2 (Bcl-2) oncogenes, the latter of which is overexpressed in some cancers and
may be underexpressed in some neurodegenerative diseases (Bar-Am et al., 2005; Knight et al,,
2019). The transcription factor hnRNP LL reportedly binds to i-motifs, which suggests that the
i-motif acts as a recognition site for the activation of transcription of Bcl-2(Kang et al., 2014).

The unique structure and potential biological roles of the i-motif makes it an attractive binding
target for small molecules, particularly if the binding results in stabilization. For example, the
porphyrin TMPyP4 reportedly binds to i-motifs similar in structure to the human telomeric
sequence [5'-(C3TAA)3C3-3] (Fedoroff et al., 2000). A variety of other i-motif-binding ligands
have been reported, including carbon nanotubes (Li et al., 2006), bis-acridines (Alberti et al., 2001),
mitoxantrone (Wright et al., 2016), crystal violet (Ma et al., 2011), and derivatives of thiazole orange
(Sheng et al., 2017) and coumarin (Satpathi et al., 2019). An under-researched family of ligands in
the field of i-motifs is transition metal complexes, of which i-motif binding studies are limited
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A-[Ru(phen);(dppz)]**

FIGURE 1 | (A) Hemi-protonated cytosine™ -cytosine base pair. (B) Schematic diagram of an intramolecular i-motif where C is cytosine and L represents the loop
regions with any DNA base. (C) Enantiomers of the polypyridyl ruthenium complex; [Ru(phen)o(dpp2)]>*.

A-[Ru(phen),(dppz)]**

(Shi et al., 2010a,b; Lu et al, 2015). Metal complexes have
been studied as DNA binders for decades due to their uses as
therapeutic and diagnostic agents (Metcalfe and Thomas, 2003;
Pages et al., 2015; Deo et al., 2016). In particular, polypyridyl
ruthenium complexes have been extensively researched for
medicinal purposes due to their high stability, affinity for DNA,
and luminescence properties (Gill and Thomas, 2012; Deo et al.,
2016; Poynton et al., 2017). The complex [Ru(phen),(dppz)]**
(Figure 1C, where phen 1,10-phenanthroline; dppz
dipyrido[3,2-a:2'3'-c]phenazine) and derivatives demonstrate a
DNA “light switch” effect, in which luminescence is greatly
enhanced when bound to DNA (Friedman et al., 1990; Cardin
et al., 2017). The equilibrium between dark and emissive states is
influenced by both changes in solvent environment around the
ancillary phen ligands and changes in the hydrogen bonding of
solvent molecules with the pyrazine nitrogen atoms of the dppz
ligand (Chantzis et al.,, 2013; Véry et al, 2014). The emissive
state occurs during intercalative binding of [Ru(phen)z(dppz)]zJr
with DNA (Hartshorn and Barton, 1992; Olofsson et al., 2004).
Solution and crystallographic studies have revealed that this
complex and its derivatives bind to duplex and G-quadruplex
DNA (Wilson et al., 2013; Hall et al., 2016; McQuaid et al., 2019a),
and can inhibit telomerase activity (Yu et al., 2012). Preliminary
work has demonstrated non-specific binding between i-motifs
and rac—[Ru(phen)z(dppz)]2+ (rac-Ru) (Shi et al., 2010a,b).

We have previously demonstrated that the stability of i-
motifs is influenced by loop length, with longer loops resulting
in lower overall stability and vice-versa; this is likely due to
the differences in flexibility of the loop regions (Gurung et al.,
2015). We speculate that these regions are more desirable binding

sites as they aren’t as tightly packed as the intercalated cytosine
core. In fact, the nature of the lateral loops of the Bcl-2 i-
motif was determined to be vital to the binding potency of
IMC-48 (Kang et al., 2014). Here we report the first study
of interactions between enantiomerically resolved ruthenium
complexes and i-motifs with various loop lengths. We have
used synchrotron radiation circular dichroism (SRCD), UV,
and luminescence spectroscopy to probe the binding of A-
[Ru(phen),(dppz)]** (A-Ru) and A-[Ru(phen),(dppz)]** (A-
Ru) to a series of i-motif sequences. These consisted of a block
of three paired cytosines and combinations of long and short
thymine loops. Loop lengths were either uniform (C3Tx, e.g.,
C3T4) or combinations of 3 and 8 thymines (C3Txxx e.g.,
C3T3g3), with C3T3/C3T333, and C3Tg/C3Tgss being in both
“groups” (Table 1).

MATERIALS AND METHODS

Materials

A- and A—[Ru(phen)zdppz]2+ were synthesized and resolved
through our previously reported methods; full details
are included in the Supporting Information (Ortmans
et al, 2004; McQuaid et al, 2019a). Unless otherwise
stated, all materials and chemicals were sourced from
Sigma-Aldrich (Merck) or Honeywell research chemicals.
Oligonucleotides were obtained from Eurogentec (RP-
HPLC purified) and used without further purification. All
solvents were obtained at HPLC grade and used without
further purification.
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TABLE 1 | DNA melting temperatures (Tw) of the C3Tx and C3Txxx sequences (1 wM ss) with and without 1 equiv. A-Ru or A-Ru.

Label Sequence 5’ — 3’ Native A-Ru A-Ru

Tm Tm ATwm Twm ATwm
CsT3/333 (CCCTTT)3CCC 60.0 60.3 +0.3 60.3 +0.3
C3Ty (CCCTTTT)3CCC 59.6 58.9 -0.7 58.7 -0.9
CsTs (CCCTTTTT)3CCC 51.7 51.4 -0.3 51.4 -0.3
CsTs (CCCTTTTTT)3CCC 47.0 48.4 +1.4 48.2 +1.2
CsTr (CCCTTTTTTT)3CCC 41.9 45.8 +3.9 45.7 +3.8
CsTe/sss (CCCTTTTTTTT)3CCC 37.8 441 +6.3 43.2 +5.4
CsTass CCCTTTCCCTTTCCCTTTTTTITCCC 491 50.8 +1.7 50.5 +1.4
C3Tass CCCTTTCCCTTTTTTTTCCCTTTCCC 55.3 55.2 -0.1 55.0 -0.3
Cs3Tags CCCTTTCCCTTTTTTTTCCCTTTTTITICCC 46.1 481 +2.0 47.2 +1.1
C3Taas CCCTTTTTTTTCCCTTTCCCTTTCCC 49.5 51.0 +1.5 50.8 +1.3
C3Taas CCCTTTTTTTTCCCTTTCCCTTTTTTTTCCC 39.8 45.7 +6.0 45.6 +5.9
C3Tgss CCCTTTTTTTTCCCTTTTTTTITCCCTTTCCC 46.6 48.8 +2.2 47.8 +1.2

Values are in degrees Celsius with a standard deviation of £~0.1-0.6°C. Standard deviation for individual measurements are shown in Table S3.1.

Solution Preparation and Annealing

Initial stock solutions of the ruthenium complexes and
oligonucleotides were made in water and checked for
concentration using the extinction coefficient of 20 000
M™! ecm™! at 440nm for the former, and for the latter,
the Eurogentec-provided extinction coefficients at 260nm,
calculated using the nearest-neighbor model. The stocks were
then diluted with buffer and combined to form solutions with
either a 1:0 or 1:1 ratio of DNA strand to ruthenium complex.
Annealing of the oligonucleotides, both with and without
ruthenium complex present, was achieved by incubating the
buffered solution at 90°C for 5min, and then allowing it to
cool to room temperature overnight. Preliminary experiments
showed that adding ruthenium complex before or after
i-motif annealing did not affect the melting temperature
(Figure S3.1), and so all ruthenium additions in this study were
done pre-annealing.

Synchrotron Radiation Circular Dichroism
Samples consisted of the oligonucleotide [100 LM single stranded
(ss)] and ruthenium complex (100 M) in 20mM sodium
cacodylate buffer at pH 5. The concentration of buffer was
lowered relative to other experiments to obtain the lowest data
resolution cut-off. CD spectra were recorded at 20 °C between
195 and 350nm with a 1nm increment. Experiments were
performed in a 0.01 cm pathlength cuvette, on beamline B23 at
Diamond Light Source Ltd.

UV Melting

UV melting experiments were carried out using Agilent Cary
100 with a temperature controlled six-cell changer. Samples
consisted of the oligonucleotide (1 uM ss) and either 0 or 1 molar
equivalent of the ruthenium complex. The buffer consisted of
50 mM sodium cacodylate at a pH of either 5 or 8. Absorption
was recorded at 260 and 295nm at 1 °C intervals between 20-
90°C, with a temperature change rate of 0.5 °C/min in a 1cm
pathlength quartz cuvette. Melting curves were generated from

this data. To determine the melting temperature, the curves
were fitted with a sigmoidal function: y = m +
S where the constants are H, St, S and T): the height, steepness,
starting point and inflexion point (melting temperature) of the
function, respectively, and the variable is T, the temperature. This
function was generated for each curve through minimization
of the sum of residuals between the raw data and model.
The fit was applied to the region that best represented a
sigmoid. Experiments were performed in triplicate and the
results averaged.

Luminescence Spectroscopy

Luminescence spectroscopy measurements were performed
using a 1 cm pathlength quartz cell at room temperature. Samples
consisted of oligonucleotides and ruthenium complex with a
final concentration of 20 wM each (ss DNA), dissolved in 50 mM
sodium cacodylate buffer (pH 5 or 8). Emission spectra were
measured between 550 and 875 nm with an excitation wavelength
of 440 nm.

RESULTS AND DISCUSSION

Synchrotron Radiation Circular Dichroism
SRCD spectra of the C3Tx sequences were obtained with and
without the presence of rac-Ru at pH 5 (Figure S2.1). Rac-
Ru had to be used here as the CD signal of A-Ru and A-Ru
would obscure that of the i-motif. Only minor changes in CD
spectra were observed with addition of rac-Ru, demonstrating
that the i-motif structure still forms in the presence of ruthenium
complexes. This is supported by the UV melting profiles of both
native and ruthenium-bound C5;Tx and C3Txxx, which show
characteristic hyperchromicity at 260 nm and hypochromicity at
295 nm (Figures $3.2-5) (Phan and Mergny, 2002).

UV Melting

UV melting experiments revealed that for C3Tx sequences with
loops of 6 thymines or less, there was no appreciable difference
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FIGURE 2 | (A) UV melting curves of C3Ts (blue) and C3Tg (green) in their
native forms (circles) and in the presence of A-Ru (squares) or A-Ru
(triangles). (B) Comparison of the ATy induced by A-Ru (green) and A-Ru
(blue) for CaTxxx.

(<1.5°C) in melting temperature (7)) with one equivalent of
A-Ru or A-Ru, while stabilization of ~4°C occurred for C3T7
and ~6°C for C3Ts (Table 1, Figure 2A, and Figure $3.7). This
result suggests that the longer loops have cavities that allow
binding of ruthenium complexes, resulting in stabilization. For
C3Txxx, sequences with longer loops 1 and 3 experienced the
most stabilization with ruthenium, while a long loop 2 did not
affect stabilization (Figure 2B, Table 1). For example, the AT of
C3Tg3s was ~6°C, while C3T3g3 was not stabilized. Interestingly,
the sequences with the lowest native stability were those that
were stabilized by A-Ru and A-Ru the most. There was little
difference in the effect of A-Ru and A-Ru on sequence stability,
although A-Ru did occasionally produce higher ATy values.
These experiments were repeated at pH 8 for C3T3 and C3Ts;
a melting curve was not observed, implying an absence of i-motif
structure (Figure S3.6).

Luminescence

Enhancement of luminescence was observed for A-Ru and A-Ru
when bound to all i-motif sequences, aside from C3T3, for which
little enhancement occurred (Figure 3, Figure $4.1). For non-
C3T3 sequences, emission was much higher for A-Ru than for A-
Ru, meaning that the solvent environment and pyrazine nitrogen
exposure were more favorable for luminescence of A-Ru.

350 C,T
CaR S ——C3T333 + A-Ru
300 ——C3T333 + A-Ru
S— C;T;sg + A-Ru
250 C3T3gs + A-Ru
S ——C3Tg33 + A-Ru
s 200 ——C3Tg3g + A-Ru
1 ——C3Tass + A-Ru
£ 150 — C3Tass + A-Ru
= - =--C3Tgss + A-Ru
- 100 —AN-Ru 0n|y
50
0
550 650 750 850
Wavelength (nm)
FIGURE 3 | Luminescence spectra of A-Ru (20 M) with C3Txxx (20 M ss).
The spectrum of A-Ru with C3Tggs is also shown for comparison (broken line).

Without the presence of DNA, the emission of each complex was
very low (Figure 3, Figure S4.1). For C3Ty, emission generally
increased with loop length, with a large increase for C3T7 and
C;3Tg (Figure S4.1). For C3Txxx, trends differed between A-
Ru and A-Ru. For A-Ru, C3Tgssg and C3Tgsgg produced the
highest emission (>300x Ru alone), C3T333 showed relatively
little enhancement (20x Ru alone), and the other sequences
showed relatively moderate enhancement (100-140x Ru alone).
For A-Ru, emission was more varied per sequence and was
correlated with loop length (Figure 3). A long loop 2 resulted
in more than double the emission of a long loop 1 or 3, as
evidenced by the higher emission of C3T3g3— (600x Ru alone)
relative to C3T338, C3Tg33 (200-250x Ru alone), and C3Tgsg (550x
Ru alone).

In addition to luminescence enhancement, the emission
maxima shifted depending on the sequence. For A-Ru, hp,x Was
generally blue-shifted with increasing loop length (Table 4.1,
Figure S4.3). This correlated positively with emission intensity,
which has been observed for ruthenium complexes that
undergo stacking with G-quadruplex DNA (Wilson et al., 2010).
However, for A-Ru, there are few trends relating Amax to
loop length, or to intensity (Figure S4.3); this overall suggests
while A-Ru is likely to undergo base stacking with i-motif
loops, A-Ru may also interact through different modes. The
luminescence of A-Ru and A-Ru with C3T3 and C3Tg was
also recorded at pH 8; interestingly, emission enhancement
still occurred despite the lack of i-motif structure. Relative
to their i-motif forms, C3T3 and C3Tg produced higher and
lower enhancement, respectively (Figure $4.2). Luminescence
enhancement of [Ru(phen),(dppz)]?>T due to interactions with
single stranded sequences without tertiary structure has been
previously reported (Coates et al, 2001), and could explain
this phenomenon.

Melting vs. Luminescence

When comparing the UV melting and luminescence data for
these complexes, some trends do emerge. For C3Tx, the binding
of A-Ru and A-Ru to longer-looped sequences resulted in both
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graph is quartered into sections based upon the relative luminescence
enhancement and thermal stabilization for each i-motif-ruthenium combination.

higher ATy and higher ruthenium emission (Figure S5.1). For
shorter loops, luminescence generally increased with increasing
length, but melting stabilization did not. For the C3Txxx series,
there are some trends relating emission, T and the position of
the long loops (Figure 4). The luminescence of A-Ru indicates
that it binds to longer loops irrespective of where they are
positioned, but the T\ data only shows stabilization when bound
to loops 1 or 3. A-Ru demonstrated high luminescence with
C5T3g3, but no stabilization, whereas interaction with C3Tgsg and
C3Tggs resulted in high luminescence and stabilization. C3T333
was not stabilized and did not enhance luminescence. The other
sequences were slightly stabilized and produced medium-low
luminescence enhancement (Figure 4). Overall, the presence of
A-Ru with longer loops 1 and 3 resulted in increased stability and
luminescence, while only luminescence was increased with a long
loop 2. A-Ru did not follow the same C3Txxx trends as A-Ru,
aside from low luminescence and ATy for C3T333 (Figure 4).
Luminescence and ATy were only notable for C3Tggs and
C3Ts3s, while these values were medium-low for the remaining
sequences. Unlike A-Ru, the interactions of A-Ru with a long
loop 2 did not increase luminescence relative to loops 1 or 3,
despite resulting in approximately the same thermal stabilization
as A-Ru.

CONCLUSION

In this study we have demonstrated that the length and
position of i-motif thymine loops not only impacts the native
structure, but also the degree of stabilization by A-Ru and A-
Ru. These complexes do not stabilize short-looped sequences,

but do stabilize the relatively less stable, long-looped i-motifs.
It is possible that the longer loops are more flexible, and that
they may form T-T hairpins; we recently reported binding
of A—[Ru(tetraazaphenanthrene)2(dppz)]2+ to mismatched T-T
base pairs and speculate something similar may be occurring
here in the longer i-motif loops (McQuaid et al, 2019b).
The luminescence blue-shifting implies that base stacking
and perhaps other modes may contribute to ruthenium-loop
interactions, but further spectroscopic and crystallographic
experiments are required to elucidate the true binding behavior.
Opverall, these results demonstrate that i-motif sequences with
longer loops are potential transition metal drug targets for
therapeutic and diagnostic purposes.
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Various nano-sized supramolecular architectures have been constructed from DNA
molecules via sequence-dependent self-assembly. A DNA three-way junction (3WJ),
consisting of three oligonucleotides that are partially complementary to each other, is
one of the simplest DNA supramolecular structures. This minireview covers studies on
DNA 3WJ motifs bridged by an interstrand metal complex with some related works.
The incorporation of interstrand metal complexes into DNA has attracted increasing
attention because it potentially allows for metal-dependent regulation of the thermal
stability and the structure of DNA supramolecules. Metal-bridged DNA 3WJs were
synthesized from three DNA strands containing a bipyridine (bpy)-modified nucleotide in
the presence of appropriate metal ions. The bpy-modified DNA strands were crosslinked
by an interstrand 3:1 metal complex [Ni'(bpy)s etc.] at the junction core. As a result,
the thermal stability of the 3WJs was significantly enhanced upon metal complexation.
Furthermore, metal-mediated structural transformation between DNA duplexes and
3WdJs was demonstrated by using the same bpy-modified DNA strands. A mixture of
bpy-modified strands and their natural complementary strands were self-assembled
exclusively into duplexes in the absence of any transition metal ions. In contrast, addition
of Ni'' ions induced the formation of 3WJs through the formation of an interstrand
Ni'(bpy)s complex, which served as a template for the 3WJ assembly. Because DNA
3WJ structures are essential structural motifs for DNA-based nanoarchitectures, the
metal-mediated stabilization and structural induction of metal-locked 3WJs would lead
to many potential applications to artificial DNA architectures.

Keywords: DNA, metal complex, artificial DNA, structural conversion, supramolecular chemistry, DNA

nanotechnology

INTRODUCTION

A large variety of nano-sized supramolecular architectures have been constructed from DNA
molecules via self-assembly, which can be precisely programmed by deliberate sequence design
(Stulz and Clever, 2015). The sequence-dependent DNA self-assembly results in not only
naturally-occurring duplex structures but also artificial supramolecular architectures including
junctions, polyhedra, and DNA origami structures (Seeman, 2016). A DNA three-way junction
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Metallo-DNA Three-Way Junctions

(3W]), consisting of three oligonucleotides that are partially
complementary to each other, is one of the simplest DNA
supramolecular structures. As three double helices are emanating
from its branching point, 3W] motifs serve as nodes or vertices of
2D and 3D DNA architectures. While the assembly of linear DNA
duplexes yields only one-dimensional structures, the assembly of
3W]J motifs offers a versatile means to construct two-dimensional
lattices, three-dimensional networks, polyhedra, dendrimers, and
diverse intricate architectures.

In this minireview, studies on DNA 3W] motifs bridged
by an interstrand metal complex are thoroughly overviewed.
The incorporation of interstrand metal complexes into DNA
has attracted growing attention because it potentially allows
for metal-dependent regulation of the thermal stability and the
structure of DNA supramolecules. The most studied approach
is the replacement of natural hydrogen-bonded base pairs in
DNA duplexes by artificial metal-mediated base pairs, which
are formed through coordination bonding between two ligand-
type nucleosides and a bridging metal ion (Takezawa and
Shionoya, 2012; Takezawa et al., 2017a,b; Miiller, 2019). As
metal coordination bonds are stronger than hydrogen bonds
in general, incorporation of metal-mediated base pairs most
often results in significant duplex stabilization (Tanaka et al.,
2002a). Multiple incorporation of metal-mediated base pairs
provides discrete metal arrays along DNA helices, exhibiting
characteristic physical properties (Tanaka et al., 2003, 2006;
Takezawa and Shionoya, 2014). Some metallo-base pairs are
also used to induce conformational changes of DNA structures
such as duplex-hairpin transformation (Kuklenyik and Marzilli,
1996; Bohme et al., 2007; Johannsen et al., 2010). Furthermore,
a hydroxypyridone-based Cu''-mediated base pair is applied
for the switching of the electrical conductivity of DNA devices
(Liu et al, 2011) and of the catalytic activity of DNAzyme
(Takezawa et al., 2019). The concept of interstrand metal
complexation has been also applied to other higher-order DNA
structures (Takezawa et al., 2015; Naskar et al., 2019), such
as triple helices (Tanaka et al., 2002b; Takezawa et al., 2009)
and G-quadruplex structures (Engelhard et al., 2013). Recently,
DNA 3WJ structures bridged by an interstrand metal complex
have been constructed in a manner analogous to the metal-
bridged DNA helices mentioned above (Duprey et al, 2013;
Stubinitzky et al., 2014; Takezawa et al., 2016). In addition to
metal-dependent thermal stabilization of 3WJs, metal-mediated
structural transformation between DNA duplexes and 3WJs was
demonstrated. Since DNA 3WT] structures are essential structural
motifs for DNA-based nanoarchitectures, the metal-mediated
stabilization and structural induction of 3WJ motifs have many
potential applications to artificial DNA architectures.

STABILIZATION OF DNA THREE-WAY
JUNCTION MOTIFS

Figure 1A shows a typical structure of DNA 3W]Js, which was
revealed by X-ray analysis (Woods et al., 2001). ADNA 3W] hasa
trigonal hydrophobic cavity at the center, which can be modified
either covalently or non-covalently. Recent researches also focus

on the development of molecules that bind to a central cavity of
3WTJ through non-covalent interactions. Hannon et al. reported
that a unique supramolecular metallo-helicate, [FegL3]4+, binds
to a 3W]J cavity, and revealed its binding structure by X-ray
structural analysis (Oleksi et al., 2006). The size and shape of the
helicate fit well with the 3W] cavity. Intermolecular interactions
between the helicate and the 3W], electrostatic interactions and
ni-stacking, synergistically contributed to the binding. Vazquez
and Vazquez Lépez synthesized a chiral peptide helicate having
two tris(bipyridine)-Fe!! complexes, which was conjugated to a
foldon protein afterward (Gamba et al., 2014; Gomez-Gonzélez
et al, 2018). The AA-isomer of the helical metallopeptide
was found to bind to a DNA 3W] more strongly than the
enantiomeric AA-isomer. Chenoweth et al. have synthesized
triptycene-based 3WJ binders bearing positively charged side
chains (Barros and Chenoweth, 2014). The binding of triptycene
derivatives resulted in the significant enhancement of the thermal
stability of 3WJs. More recently, a cationic azacryptand (Novotna
etal., 2015) and a fluorescent calix[3]carbazole (Yang et al., 2018)
have been developed as 3WJ binding compounds. A tetrahedral
supramolecular metallo-cage, [FellL4]®*, was also reported to
bind to 3WJs as well as mismatched DNA duplexes (Zhu et al.,
2019). These 3WJ binders would be potential drug candidates
because target 3WJ structures are found in the DNA replication
fork as well as RNA secondary structures (Ducani et al., 2010;
Barros et al., 2016). In the context of supramolecular nucleic acid
chemistry, the 3WJ binding molecules are of great interest due to
their future application as chemical inputs to stabilize or induce
3W]J-based supramolecular DNA architectures.

Covalent chemical modification is a promising way to
functionalize 3W] structures. Through covalent incorporation
of functional units, the central cavity of 3WJs were utilized
as a scaffold for chromophore assembly (Probst et al., 2012)
and as a space for reactions (Hansen et al,, 2009). Chemical
modification also led to the thermal stabilization of 3WfJs.
Incorporation of pyrene-modified nucleotides into one of the
three strands increased the stability of 3WJs (Filichev and
Pedersen, 2003; Kumar et al., 2012). The 3W]J stabilization
was also achieved by introducing a double-headed nucleoside
having an additional nucleobase at the 2'-position (Jorgensen
et al., 2011). These stabilization effects can be explained by
the additional stacking interaction with the base pairs facing
the central cavity. Stabilization based on the hydrophobic
effect was also demonstrated by the incorporation of lipophilic
spacers or side chains into three strands forming 3W]Js
(Laing and Juliano, 2015).

Interstrand metal complexation is another efficient strategy
to stabilize 3WJ structures. A metal ligand can be incorporated
into each strand so that the addition of appropriate metal
ions leads to interstrand 3:1 ligand-metal complexation. As
the ligand-modified 3WJs are stabilized only in the presence
of appropriate metal ions, the thermal stability of the 3W]J
can be tuned in a metal-responsive manner. Thus, the metal-
dependent 3W7J stabilization is more advantageous in terms of
applicability in supramolecular DNA chemistry. The design and
properties of metal-bridged DNA 3W]Js will be described in the
following sections.
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FIGURE 1 | (A) An ideal structure of an unmodified DNA three-way junction (3WJ) motif. Drawn based on a crystal structure (PDB ID: 1DRG) reported by Baldwin

et al. (B) Construction of a DNA three-way junction motif bridged by a metal complex. (C) Molecular design of bipyridine (bpy)-modified nucleotides. (D) The structure
of a representative metal complex formed at the core of the 3WJ. (E,F) Base sequences of DNA strands forming metal-bridged 3WJs. U represents Uppy=1 or Uppy-2.
C represents Cppy. (G) Melting temperatures of the 3WJs in the absence and in the presence of Ni" ions. [Ni")/[3WJ] = 1.1 (for Chpy) Or 1.0 (for the others). Note that
the measurement conditions were slightly different form each other. For the details, see the original papers (Duprey et al., 2013; Stubinitzky et al., 2014; Takezawa

et al., 2016). (H) Proposed structure of the Ni' (opy)s complex at the core of the Upgy-1-containing 3WJ. Only A-isomer is shown. Reproduced from a literature
(Duprey et al., 2013) with permission from Wiley-VCH.

METAL-DEPENDENT STABILIZATION OF bridged by metal coordination bonds, the resulting metallo-DNA
MODIFIED DNA THREE-WAY JUNCTIONS 3WJ was expected to be thermally stabilized. As a proof-of-

concept example, we have chosen a bidentate bipyridine ligand
The basic concept of the construction of metal-bridged DNA  (bpy), which is known to form stable complexes with various
three-way junction (3WJ) structures is depicted in Figure 1B.  transition metal ions, for the construction of 3WJ structures
Each DNA strand constituting a 3W] motif can be modified  bridged by an interstrand tris(bipyridine) metal complex. The
with a metal-ligand, which forms a 3:1 ligand-metal complex  bpy ligand was attached to the 2'-position of the ribose moiety
at the branching point. As the three strands are additionally ~ because the reported crystal structures of natural 3WJs showed
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that the 2’-hydrogen atoms are directed to the center of the
junction (Woods et al., 2001; Oleksi et al., 2006). Thus, the
chemical modification at the 2'-position was thought to be
most appropriate for the interstrand metal complexation at the
junction core.

The structures of designed bpy-modified nucleosides and
a representative tris(bipyridine) metal complex are shown in
Figures 1C,D, respectively. We firstly designed Uppy-1, in which
a bpy ligand was post-synthetically introduced via azide-alkyne
Huisgen cycloaddition (Duprey et al, 2013). An analogous
nucleoside Cppy, derivatized from 2’-propargyl cytidine, was
reported by Wagenknecht (Stubinitzky et al., 2014). We also
synthesized an improved version of bpy-modified nucleosides,
Uppy-2, which has a bpy ligand at the 2'-position but on the
opposite side (i.e., 2'-a position) through a carbamate linkage
(Takezawa et al., 2016). These nucleosides were introduced in the
middle of the DNA strands. When annealed, three bpy-modified
strands self-assembled into 3W] structures in which three bpy
ligands are pre-organized in the junction core (Figures 1E,F).
The formation of the 3WJ structures was confirmed by native
polyacrylamide gel electrophoresis (PAGE) analysis (Takezawa
et al., 2016). The metal complexation of M(bpy)s complexes (M
= Nil and Fe') was confirmed based on UV spectroscopic
analysis, showing a characteristic m-7* transition absorption
(Duprey et al, 2013; Stubinitzky et al., 2014). Electrospray
ionization (ESI) mass spectrometry also provided evidence for
the 1:1 binding of a metal ion and a bpy-modified 3W] (Takezawa
et al,, 2016). All these analyses proved that each desired metal-
bridged DNA 3W] was formed with an appropriate transition
metal ion.

UV-melting analysis clearly showed that the thermal stability
of the bpy-modified 3WJs were significantly enhanced upon
addition of metal ions (Figure 1G). In the presence of one
equivalent of Nill jons, the melting temperature (Tp,) of a 3W]
possessing Uppy-1 nucleosides (Figure 1E, U = Uppy-1) was
increased from 49.9°C to 58.8°C (A Ty, = +8.9°C) (Duprey et al.,
2013). Titration of Nil! ions showed that the highest stability was
reached at a ratio [Ni']:[3WJ] = 1:1. In contrast, Nil! addition
did not stabilize a natural 3WJ possessing T nucleosides instead
of Uppy-1 (Figure 1E, U = T) at all. Consequently, the Ni'l-
dependent stabilization was ascribed to the formation of an
interstrand Ni'l(bpy); complex at the junction core.

In the above-mentioned structure, Uppy-1 nucleosides
formally replaced thymidines (Ts) in a full-match 3WJ. On the
other hand, when unpaired Cppy nucleosides were additionally
inserted into the branching point of the 3W] (Figure 1F, C =
Cbpy), the 3WJ was stabilized by as much as +16.6°C upon
addition of 1.1 equivalent of Nil jons (Stubinitzky et al., 2014).
This larger stabilization compared with the case with Uppy-1
could be attributed to its more flexible 3W7] scaffold.

A bpy-modified nucleoside more recently we reported, Uppy-
2, further achieved increased metal-dependent 3WT stabilization
(Takezawa et al, 2016). A 3W] containing three Uppy-2
(Figure 1D, U = Uppy-2) showed sharper sigmoidal melting
curves. While the 3WJ melted at 51.7°C under a metal-free
condition, the melting temperature was drastically increased up

to 70.5°C in the presence of Ni ions (AT, = +18.8°C). The
3WJ stabilization observed here ranks as particularly large one
even compared to the duplex stabilization caused by metal-
mediated base paring (Takezawa et al., 2017a). It is worth to
note that 3WJs containing only one or two bpy ligands showed
no or less stabilization effects by Nill addition (AT, = +0.7°C
and +5.8°C, respectively). This result proved that all the three
bpy ligands were involved in the metal complexation to form an
interstrand Ni'!(bpy); complex which provides the highest Tj,.

A modeling structure of the metal-bridged DNA 3W]J
consisting of Uppy-1 nucleosides is shown in Figure 1H. Due to
the longer linker between the bpy ligand and the ribose moiety,
the Ni'!(bpy)s complex resided just above the cavity. Thus, there
is room for improving the degree of the stabilization through
further optimization by linker design as well as by the use of other
metal ligands.

Some of other divalent transition metal ions were found to
stabilize the bpy-modified 3WJs. We have reported that the Uppy-
1-modified 3WJ was stabilized by addition of equimolar amount
of Fell (AT, = +5.0°C) or Co" ions (43.3°C) (Duprey et al,,
2013). In a similar fashion, the Cppy-modified 3W] was stabilized
by addition of Fe'l ions (ATy, = +16.7°C with 6 equiv. Felll)
or Zn! ions (AT, = +6.4°C with 1.1 equiv. Zn'h (Stubinitzky
et al, 2014). The degree of the metal-dependent stabilization is
reflected by the overall stability constants (83) of the MU (bpy)s
complexes in aqueous media. For instance, the metal addition
increased the melting temperatures of the Uppy-1-modified 3W]
in the order Ni! > Fe!! > Coll, which agrees with the order of
the B3 values reported for a simple bipyridine ligand (log 83 =
20.2, 17.2, and 15.9 for Nill, Fell, and Coll, respectively) (Smith
and Martell, 1975). This result indicates that the thermal stability
of the metal-bridged DNA 3W] structures would be modulated
according to the standard coordination thermodynamics.

Metal-bridged DNA 3W]Js would be utilized as building
blocks of higher-order DNA structures. Wagenknecht et al.
attached perylene diimides (PDI) molecules at the termini of
Cppy-modified 3WT]s and investigated further DNA self-assembly
(Stubinitzky et al., 2014). Thus, the strategy of metal-dependent
3WTJ stabilization will be applied to metal-responsive regulation
of the stability of DNA supramolecules and to the construction
of stable DNA materials.

METAL-TRIGGERED STRUCTURAL
CONVERSION OF MODIFIED DNA
THREE-WAY JUNCTIONS

Metal-triggered structural conversion has been a principal pillar
of supramolecular chemistry. A number of stimuli-responsive
supramolecules as well as molecular machines have been
invented based on the dynamic metal-ligand coordination. This
is also the case with supramolecular nucleic acid chemistry.
Metal-mediated base pairs, especially those consisting of natural
bases (i.e, T-Hg'-T and C-Ag'-C pairs), have been utilized
for triggering structural changes in DNA duplexes, and further
applied to the operation of DNA-based molecular switches and
nanomachines (Liu et al., 2014; Wang et al,, 2015; Lu et al,
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FIGURE 2 | (A) Schematic representation of metal-triggered structural transformation between DNA duplexes and three-way junctions (3WJs). (B) Sequences of the
DNA strands used for the metal-triggered structural conversion. (C) Native polyacrylamide gel electrophoresis (PAGE) analysis of the mixture of DNA strands in the
absence and in the presence of one equivalent of Ni' ions. “+EDTA” indicates the result after the removal of Ni'' ions by EDTA. Adapted from a literature (Takezawa
et al., 2016) published by The Royal Society of Chemistry under the Creative Commons CCBY license.

2016). Metal-triggered structural conversion of DNA three-
way junction (3W]) motifs has been also of great interest
in this field because 3W]Js are pivotal components of DNA
nanoarchitectures. The bipyridine (bpy)-modified DNA strands
described above were utilized for Ni'l-triggered duplex—3W]
conversion (Figure 2A) (Takezawa et al., 2016).

The system was comprised of three bpy-modified strands
(L1, L2, and L3) and their complementary strands (S4, S5, and
S6) (Figure 2B). Native PAGE analysis, in which one of the
natural strands was labeled with a fluorophore for quantification,
showed that the six DNA strands were self-assembled into
three DNA duplexes (L1S4, L2S5, and L3S6) in the absence
of transition metal ions. When one equivalent of Ni'l ions
was added, two 3W]J structures, i.e., a metal-bridged 3W]J
(L1L2L3-Ni!) and an unmodified 3WJ (S4S8586), were formed
in 63% yield (Figure 2C), showing Ni'l-mediated transformation
from duplexes to 3W]Js. This structural conversion occurred as
a result of the formation of an interstrand Ni''(bpy); complex,
which served as a template for the 3WJ assembly. The maximum
transformation efficiency was observed when 1.2 equiv. of Nill
was added. This stoichiometry roughly corresponds to the 3:1
complexation of three bpy ligands and a Ni'! ion. Other transition
metal ions such as Co™! also induced the 3W7J formation albeit in
a substantially lower yield. Among late first-row transition metal
ions, Ni'! showed the highest conversion efficiency. This result
correlates with the largest overall stability constant (log 83 =
20.2), as is the case with the NiH—dependent 3WTJ stabilization
discussed in the previous section.

More efficient duplex—3W] transformation was demonstrated
with mutated strands (M4, M5, and M6 shown in Figure 2B).
While these strands form a fully complementary 3W]
(M4M5M6), they form duplexes containing two mismatch
pairs (L1M4, L2M5, and L3M6) with the bpy-modified strands.
As a consequence, the thermal stabilities of the duplexes were
lowered. The alteration in the relative stabilities resulted in
the Nill-mediated 3W] formation in a sufficiently higher yield
(Figure 2C). In addition, the subsequent removal of Ni'l ions by
a chelating agent (EDTA) led to the quantitative regeneration
of the duplexes. Accordingly, the metal-responsive reversible
structural transformation was demonstrated between the
duplexes and the 3WTs.

The efficiency of the metal-mediated 3W7] structural induction
can be potentially improved by redesigning the interstrand
metal complexes based on past achievements. Construction of
3WTJ systems that are responsive to other types of metal ions
may be also possible in theory. Thus, the metal-triggered 3WJ
transformation would be a promising methodology to develop
controllable DNA-based materials.

CONCLUSIONS AND PERSPECTIVES

DNA supramolecular architectures have been constructed
conventionally based on the sequence-dependent hybridization.
DNA self-assembly is programmable with the aid of theoretical
prediction of the thermodynamic stability. The incorporation
of interstrand metal complexes into DNA expands the scope
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of DNA-based supramolecular chemistry because metal
coordination offers thermodynamic and kinetic characteristics
different from hydrogen bonding-based DNA self-assembly.
This minireview overviewed the development of DNA three-way
junction (3W]) structures bridged by an interstrand metal
complex. Three types of bipyridine (bpy)-modified 3WJs have
been reported and all of them were thermally stabilized by
addition of transition metal ions such as Ni'l. The metal-
dependent stabilization was attributed to the formation of an
interstrand complex (Ni'l(bpy)s etc.), which crosslinked the
three oligonucleotides forming the 3WJ. Structural conversion
between duplexes and 3W]Js was further demonstrated in a
Ni'l-responsive manner. During the structural rearrangement,
the formation of a Ni'l(bpy); complex served as a trigger for the
3WTJ assembly.

The design concept of the metal-bridged DNA 3WJs would
have broad utility. The metal selectivity can be altered by selecting
an appropriate metal ligand, and the efficiency of the stabilization
and the structural conversion are in principle tunable based on
the thermodynamics of the metal complex formation. Interstrand
metal complexation may lead to the rigidification of the 3W]J
structures, which will change the properties of 3W]J-based
materials such as dendrimers and hydrogels (Yang et al., 2014;
Wang et al., 2017). Chirality induction of interstrand metal
complexes is also expected (Duprey et al., 2013). Furthermore,
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the idea of the metal-bridged DNA 3W]Js has many potential
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The generation of PNA-decorated gold nanoparticles (AuNPs) has revealed to be more
difficult as compared to the generation of DNA-functionalized ones. The less polar
nature of this artificial nucleic acid system and the associated tendency of the neutral
poly-amidic backbone to aspecifically adsorb onto the gold surface rather than forming
a covalent bond through gold-thiol interaction, combined with the low solubility of
PNAs itself, form the main limiting factors in the functionalization of AuNP. Here, we
provide a convenient methodology that allows to easily conjugate PNAs to AuNP.
Positively charged PNAs containing a masked furan moiety were immobilized via a double
exchange Diels-Alder cycloaddition onto masked maleimide-functionalized AuNPs in a
one-pot fashion. Conjugated PNA strands retain their ability to selectively hybridize with
target DNA strands. Moreover, the duplexes resulting from hybridization can be detached
through a retro-Diels-Alder reaction, thus allowing straightforward catch-and-release of
specific nucleic acid targets.

Keywords: PNA, gold nanoparticles, AuNP, gold nanocluster, reversible diels-alder, controlled release, peptide
nucleic acids

INTRODUCTION

The use of DNA-decorated gold nanoparticles (AuNP) of various shape and size has been gradually
established over the years, gaining a central role in the realization of a wide range of applications
including DNA-based biosensing, gene delivery and in vivo imaging to name just a few examples
(Ghosh et al., 2008; Homola, 2008; Boisselier and Astruc, 2009; Song et al., 2016). As a result,
several methodologies for realizing DNA-AuNP complexes are available (Liu and Liu, 2017). On
the other hand, alternative AuNP constructs with non-natural DNA mimics have not been explored
so widely. The use of peptide nucleic acids (PNAs) can provide several advantages over the use of
standard DNA, such as the formation of more stable and selective complexes with natural DNA
and RNA targets which are less affected by experimental conditions (i.e., ionic strength, solvent
polarity, presence of chaotropic agents, and pH) and improved resistance to chemical and biological
degradation (Demidov et al., 1994; Nielsen, 2004). These characteristics endow PNAs with superior
properties for the construction of AuNP based nucleic acid probes. AuNP-DNA assemblies typically
require carefully tuned conditions to achieve hybridization with complementary strands, such as
high ionic strength in order to overcome the high charge repulsion between the strongly negatively
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charged DNA nanoparticles and the complementary strands (Liu
and Liu, 2017; Madsen and Gothelf, 2019). However, these high
ionic strengths conditions, at the same time, can destabilize
charged nanoparticles, causing them to aggregate (Behrens et al.,
1998; Pamies et al., 2014).

Despite the aforementioned advantages, only few examples of
well-described procedures for functionalization of AuNP with
PNA are reported. One of the principal reasons is connected
to the tendency of the neutral PNAs to randomly adsorb onto
the gold surface, rendering a covalent functionalization through
standard thiol-gold bond formation more difficult. In a first
example from 2003, Chakrabarti et al. already reported on the
difficulties encountered in conjugating standard PNAs to gold
nanostructures (Chakrabarti and Klibanov, 2003). In fact, the
use of uncapped N-terminal cysteine for the decoration of
citrate-stabilized AuNPs, caused an immediate and irreversible
aggregation as a consequence of the decreased surface negative
charge density, but it was reported that this destabilization could
be reduced by adding a poly-Glu tail at the C-terminus. Using this
methodology, they were later able to synthesize PNA-decorated
nanoparticles, but the functionality of PNA was compromised
and no clear evidence of hybridization to complementary DNA
was detected (Murphy et al., 2004). An effective approach for
the preparation of fully functional PNA-decorated nanoparticles
was finally reported by Duy et al., who employed the TWEEN-
20 surfactant to prevent nanoparticle aggregation during the
exchange between the citrate anions on the surface of the gold
nanoparticles and thiolated PNA strands (Duy et al., 2010).
In a more recent work a long chain, PEG-based, w-mercapto
carboxylic acid was used to create a monolayer providing
both steric and electrostatic stabilization to the AuNPs. In a
second step PNA strands, containing a variety of mono- and
trithiol linkers conjugated at the N-terminus, could be covalently
attached to the surface by thiol exchange in the presence of
TWEEN-20 and a triphenyl phosphine as antioxidant, achieving
the synthesis of stable PNA-AuNPs (Anstaett et al, 2013).
The above examples suggest that the best strategy to obtain
stable AuNP-PNA systems is the co-functionalization of the
nanoparticle surface with stabilizing surfactants, either thiolated
or not. Thiol exchange-based strategies, however, are difficult
to control in terms of degree of substitution, and typically
require large excesses of the entering species. In addition, special
care is needed to avoid dimerization or oxidation of thiol-
containing PNAs.

An alternative and elegant approach to overcome this problem
is the use of click chemistry (Chen et al., 2017): either Huisgen
1,3-cycloadditions, or concerted reactions, such as Diels-Alder
(DA) reactions, which have found numerous applications. In this
context, bio-conjugation of nanomaterials, often exploits these
approaches because of the tolerance of aqueous solutions and the
high reaction selectivity (Sapsford et al., 2013). Diels-Alder-based
approaches were previously exploited in NP context as a means
to protect maleimide-containing thiols prior to their surface
decoration, for the realization of NP-NP dimers, for biopolymer
NP functionalization with antibodies and in stimuli-responsive
drug release systems (Zhu et al., 2006; Liu et al., 2010; Ghiassian
et al., 2015; Oluwasanmi et al., 2017).

In the context of our previous work on furan-oxidation
based nucleic acid interstrand crosslinking (Manicardi et al.,
2016), we recently developed a Diels-Alder/retro-Diels-Alder
(DA/rDA) approach for the protection of furan moieties during
their incorporation in PNA strands to avoid C5 alkylation of
the aromatic ring during cleavage of the furan-modified PNAs
from the solid support (Elskens et al., 2017). These studies have
inspired us to exploit such furan-modified PNA strands for the
realization of a simple methodology for AuNP functionalization
(Figure 1). Here we report on the one-pot conjugation of a
maleimide-protected furan-PNA to furan-protected maleimide-
AuNPs and demonstrate the capability of this system to retain
selective recognition of the target DNA as well as the possibility
to release the resulting duplex system from the nanoparticle.

RESULTS AND DISCUSSION

Synthesis of Gold Nanoparticles and

Maleimide Linker

As evident on the basis of the examples discussed in
the introduction, thiol protected nanoparticles have certain
advantages over citrate stabilized ones. Indeed, the relatively
strong covalent binding of thiol-based coating molecules and the
steric stabilization they provide, guarantee better stability during
the purification steps after PNA functionalization, compared
to the weak binding and electrostatic stabilization provided by
citrate anions. In addition, thiols grant the possibility to prepare
overall neutral monolayers, which helps to minimize electrostatic
interactions between the monolayer and PNA or DNA molecules.
Finally, using thiols as coating agents it is possible to prepare
ultrasmall (about 2nm core size) nanoparticles. We chose this
specific size for two reasons: first of all, by using 2nm AuNPs
it is possible to investigate in detail the composition of the
monolayer by using solution NMR spectroscopy (in the case of
larger nanoparticles the use of NMR spectroscopy is hampered
by the massive signal broadening due to the slow tumbling).
Secondly, the chosen size ensures the absence of a plasmonic
band in the UV-Vis spectrum, that could limit the possibility for
optical characterization of the AuNP-PNA complex.

AuNPs were synthesized using a well-established two-phase
two-step solution procedure (Manea et al., 2008). This involves
the reduction of AuCl, in toluene (tetraoctylammonium
bromide was used for phase transfer) by dioctylamine at first
and then by NaBH4. The amount of dioctylamine present
in the reaction mixture also determines the size of the
gold core, since this molecule weakly binds to the particle
surface. For this exploratory study, we chose to use 20 eq of
dioctylamine to obtain AuNPs with an average gold core around
1.6nm diameter (average formula Au;,7SR3g). Dioctylamine-
coated nanoparticles so obtained were then functionalized by
the simple addition of the desired thiol. In this case, the
nanoparticles were passivated with a zwitterionic thiol (ZW-SH)
featuring a phosphorylcholine moiety (Figure 2C). We chose
this thiol since it is well-known to give readily soluble and
stable nanoparticles, and it has been already used to make
biocompatible and bioconjugated nanoparticles with mixed
monolayers (Jhaetal., 2017). In order to be able to perform
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FIGURE 1 | Schematic representation of the experiments performed in this study: (A) schematic representation of Diels-Alder protected maleimide containing
nanoparticle (NP-1) synthesis starting from its precursor ZW-NP; (B) functionalization of AUNPs with PNA, via direct one-step double-exchange Diels-Alder and
two-step Diels-Alder methodologies; (C) hybridization and release experiments with DNA.

the PNA functionalization, a second thiol, bearing a furan- it is possible to tune the degree of substitution, however, when
protected maleimide moiety (MalDA-SH, shown in Figure 2C),  performing the exchange reaction with 1 eq of thiol (leading
was inserted in the AuNPs via a thiol exchange reaction. The  to a potential exchange of 25-30%), the resulting monolayer
reaction simply required the addition of 0.5 eq of thiol (with  is too hydrophobic and the NPs were not completely soluble
respect to the overall amount of ZW-SH) to a solution of ZW-  in water (data not shown). Finally, the possibility to free the
NP in methanol, followed by overnight stirring at 35°C. A maleimide group was demonstrated by heating the AuNPs
14% substitution of ZW-SH with MalDA-SH was estimated by ~ at 90 °C for 16h, affording NP-2. The deprotection can be
'H-NMR (NP-1, see Figure S11). The substitution achieved is  followed by 'H-NMR spectroscopy: after 7h a 50% conversion
optimal to guarantee the solubility of the nanoparticle and the  could be concluded from the spectrum, while after 24 h almost
coupling of the PNA. By changing the equivalents of thiol added,  quantitative disappearance of MalDA-SH signal was noticed
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A
Name Sequence (N to C-Terminus)
PNA-1 FurDA-(AEEA),-CGTGTGATCAG-Lys(TAMRA)Arg,-NH,
PNA-2 Fur-(AEEA),-CGTGTGATCAG-Lys(TAMRA)Arg,-NH,
Name Sequence (5’-3’)
DNA-FM  5-(6-FAM)-CTGATCACACG-3’
DNA-MM  5-(6-FAM)-CTGCTCAAACG-3’

spacers incorporated in the PNA sequences. (C) Thiols used for AUNP synthesis.
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FIGURE 2 | Sequences and small molecule building blocks used in this work. (A) PNA and complementary DNA sequences. (B) Structures of the monomers and
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FIGURE 3 | UV-Vis spectra of NP-3 (normalized at 400 nm). (A) NP-3 obtained via a two-step Diels-Alder approach; (B) comparison of NP-3 obtained via the
one-step double exchange Diels-Alder (red line) vs. the two-step approach (green line), after heating at 90°C for 16 h.
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together with the appearance of unknown degradation products
(see Figure S12). Therefore, an intermediate deprotection time
was chosen, leading to a composition of the coating monolayer
of NP-2 containing both Mal-SH and a small amount of residual
MalDA-SH (for the sake of simplicity in Figure 1A only the most
abundant form is reported). However, this is not affecting the
PNA coupling.

PNA Synthesis

Although ZW-SH does not present a net charge, NP-1 have
a slightly positive ¢-potential (2.4 &= 0.9mV). For this reason,
two arginine residues were placed at the C-terminus of the
PNA probes, which, besides guaranteeing improved PNA
solubility, should allow to maintain the PNA tails oriented
toward the solution (Biscaglia et al., 2017), and further favored
DNA attraction via electrostatic interaction. Furthermore,
a lysine residue carrying a 5-carboxytetramethylrhodamine
(TAMRA) was included to facilitate monitoring of the
nanoparticle functionalization. Finally, to enable Diels-
Alder conjugation, a N-benzylmaleimide masked furan
moiety was included in the N-terminal position following
two 2-(2-(2-aminoethoxy)ethoxy)acetic acid (AEEA) spacers
(PNA-1, see Figure2A). The required FurDA-OH building
block (structure shown in Figure 2B) could be conveniently

synthesized in a single step by heating 2-furanpropionic
acid in presence of an excess of maleimide in ethyl acetate
(see Supplementary Material). The pure exo-adduct then
precipitates from the solution driving the reaction to
completion and allowing purification by simple filtration
and re-crystallization.

In order to test the feasibility of the DA functionalization
approach, a PNA bearing an unprotected furan (PNA-2) was
also synthesized by removing the maleimide moiety of PNA-
1 under rDA conditions. Given the instability of the AEEA
spacer when heated in the acidic solution resulting from the
PNA cleavage, a new protocol for rDA under basic conditions
was developed (see Supplementary Material), differing from
rDA-based furan deprotection conditions previously reported
(Elskens et al., 2017).

Conjugation of the Probe via Diels-Alder
Cycloaddition

To first demonstrate the possibility to decorate AuNP with PNA
using a DA approach, direct adduct formation between NP-2 and
PNA-2 was tested. A buffered solution (PBS pH 7.4) of NP-2
containing 50 wM maleimide and 100 uM PNA-2 was heated at
90°C for 16 h. After purification by filtration on a 10k Da cut-
off filter the system was characterized by UV spectroscopy. As

Frontiers in Chemistry | www.frontiersin.org

January 2020 | Volume 8 | Article 4


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Cadoni et al.

Diels-Alder Functionalisation of AUNPs With PNA

shown in Figure 3A the characteristic absorption of the PNA
and of the TAMRA, 260 and 550 nm respectively, were clearly
visible on top of the AuNP scattering, while they were absent in a
similar experiment that was maintained at room temperature for
the same time.

Next, we tested the possibility to uncage the required
functional groups on NP-1 and PNA-1 and form the desired NP-
3 in a one-pot fashion. In this setup, formation of the DA adduct
in NP-3 is enthalpy driven by the higher stability of the adduct
deriving from 2-alkyl furan as compared to those deriving from
furan (Boutelle and Northrop, 2011), while, at the same time,
the adduct formed by the two other counterparts should show
reduced solubility in aqueous media and precipitate.

Interestingly, the absorption spectrum of NP-3 obtained
via double exchange DA reaction does not shown significant
differences as compared with the same product deriving from
the two-step DA approach. To validate the results, a negative
control experiment was performed without heating the solution,
and the resulting UV spectrum lacks the characteristic absorption
peaks of the PNA (Figure 3B). Finally, once the feasibility of the
methodology was established, we focused our attention on the
kinetics of the functionalization process. As shown in Figure S1,
after 2h of heating, the conjugation with the PNA appears to
have reached half of the maximum value, which is observed
after 4 h.

DNA Hybridization and Release
In order to confirm the ability of the attached PNA probe to
be radially exposed to the solution and thus maintain its ability
to recognize target sequences, hybridization experiments were
performed. For this purpose, a 5'-fluorescein (FAM) labeled
DNA designed to be complementary to the PNA sequence was
employed (see Figure 2A for the DNA sequences). UV analysis
of NP-4 obtained after overnight hybridization with DNA-FM
in PBS pH 7.4 clearly shows the presence of the characteristic
absorption of the FAM peak at 490 nm, as shown in Figure 4A.
To exclude the possibility of non-specific adsorption of the
negatively charged DNA to the positively charged NP-3 we
performed overnight hybridization experiments in presence of

the mismatched DNA-MM sequence. In this case the FAM peak
was not present in the UV spectrum of the purified sample,
thus confirming the selectivity of the hybridization (Figure 4A).
Similar UV profiles were also obtained after 1-h hybridization
See Figure S2, indicating that the time allowed for hybridization
under these conditions can be shortened.

As a final step, we also wanted to show the possibility to
thermally release the attached probes from the AuNP. A NP-
4 solution was therefore heated overnight at 90°C to release
the duplex via rDA, then quickly cooled in an ice bath, and
filtered through a 10kDa cut-off filter. As shown in Figure 4B
the released solution (yellow curve) clearly shows both FAM
(490nm) and TAMRA (550nm) components. Although the
DNA release from the system could also result from melting
the PNA:DNA complex, the presence of the TAMRA peak in
the filtered solution is a clear evidence of the release of the
PNA probe from the AuNP. MALDI-TOF analysis of the filtrate
also confirmed this hypothesis (see Figure S4). A second rDA
treatment was carried out to achieve an almost complete release
from the AuNP surface. However, in addition to the PNA release,
aggregation of the AuNPs was suspected from the observation of
a broad band around 520 nm (see Figure S3B).

MATERIALS AND METHODS

Retro Diels-Alder on AuNP

NP-2 are prepared by heating the desired volume (typical 1 mL,
500 wM concentration in maleimide linkers) of an aqueous NP-
1 solution for 16h at 95 °C in a glass vial. The solvent is
then removed under reduced pressure to remove the furan.
The nanoparticles are finally re-suspended in the initial volume
of water.

PNA-AuNP Conjugation

In a typical experiment, 100 nL of a PBS solution (pH 7.4)
containing PNA (50 wM) and AuNP (concentration adjusted to
provide 25 M maleimide-containing linker) is heated for 4h
at 90°C. This solution is then diluted with 20 wL of PBS buffer
and purified by filtration over Amicon 10kDa ultracentrifuge

A
B0 S
3

DNA-FM
NP- NP-4

7 — NP-3
26 — NP-3+FM-DNA (16 h)
=5 —— NP-3+MM-DNA (16 h)
Ny
[\
£3
22

]

200 300 400 500 600 700

Wavelength (nm)

FIGURE 4 | UV-vis spectra of NP-4 after hybridization with target DNA (A) and after thermal release (B).

B

w\, — @\Mﬁ

NP-4 PNA-2 + DNA-FM  NP-2

5_
— NP4
4

— NP-4 (after first release cycle)
Released Solution

Abs

—= ]

0 T T T T
200 300 400 500 600 700
Wavelength (nm)

Frontiers in Chemistry | www.frontiersin.org

January 2020 | Volume 8 | Article 4


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Cadoni et al.

Diels-Alder Functionalisation of AUNPs With PNA

filters (14000 rcf, 5 min). The remaining solution is re-diluted by
adding 200 LL of PBS and filtrated again to remove impurities
(unreacted PNA, DA byproducts). The concentrated solution of
NP-3 is then recovered and analyzed via UV spectrometry.

Hybridization Experiments

In a typical hybridization experiment, a 100 .L PBS solution
(pH 7.4) containing NP-3 at 10 uM and 5'-FAM-labeled DNA
at 20 WM, was allowed to hybridize under shaking for at least
1h at 25°C. The hybridized solution was then diluted to
200 nL with PBS and purified by filtration over Amicon 10
kDa ultracentrifuge filters (14000 rcf, 10 min). The remaining
solution was washed twice by adding 200 L of PBS and
filtrated again to remove impurities (unhybridized DNA). The
concentrated solution of NP-4 was finally recovered and analyzed
via UV spectrometry.

Release Experiments

In a typical release experiment, 50 L of NP-4 solution obtained
from the previous step were placed in an Eppendorf tube,
shaken overnight at 90°C. The solution was thereafter placed
in an ice-cold bath for 10 min (to avoid re-attachment) and
purified by filtration over Amicon 10 kDa ultracentrifuge filters
(14000 rcf, 10min). The obtained filtrate was analyzed via
UV before washing. Afterwards, the nanoparticles were washed
adopting the same procedure of the previous paragraph. The
final concentrated nanoparticle solution was finally recovered
and analyzed via UV spectrometry.

CONCLUSIONS

In conclusion, we reported on a convenient methodology that
allows conjugating peptide nucleic acids to gold nanoparticles,
exploiting the reversibility of the Diels-Alder cycloaddition. This
conjugation approach permits to overcome the problems related
to the use of thiolated PNAs, making synthesis, handling, and
purification of the probes easier, increasing the yields, and
prolonging their shelf-life. In principle, varying the maleimide
content of the precursor nanoparticle, allows modifying the
PNA content without employing a large excess of PNA probe.
The possibility to perform this functionalization via a one-
pot double exchange Diels Alder protocol without affecting the
outcome of the reaction further expands the applicability of this
methodology, extending the shelf-life of the nanoparticle system
given the increased stability of the protected maleimide NP-1 as
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Aromatic Micropollutants From
Water Using Physically Crosslinked
DNA Nanoparticles

Siriki Atchimnaidu, Hari Veera Prasad Thelu, Devanathan Perumal, Kaloor S. Harikrishnan
and Reji Varghese*

School of Chemistry, Indian Institute of Science Education and Research (IISER) Thiruvananthapuram, Thiruvananthapuram,
India

Design and synthesis of physically (non-covalently) cross-linked nanoparticles through
host-guest interaction between p-CD and adamantane is reported. Specific molecular
recognition between B-CD functionalized branched DNA nanostructures (host) and
a star-shaped adamantyl-terminated 8-arm poly(ethylene glycol) polymer (guest) is
explored for the design of the nanoparticles. The most remarkable structural features
of DNA nanoparticles include their excellent biocompatibility and the possibility of
various non-covalent interactions with both hydrophobic and hydrophilic organic
molecules. Potential of DNA nanoparticles for the rapid and efficient capture of
various micropollutants typically present in water including carcinogens (hydrophobic
micropollutants), organic dyes (hydrophilic), and pharmaceutical molecules (hydrophilic)
is also demonstrated. The capture of micropollutants by DNA nanoparticles is
attributed to the various non-covalent interactions between DNA nanoparticles and the
micropollutants. Our results clearly suggest that DNA based nanomaterials would be
an ideal candidate for the capturing and removal of both hydrophilic and hydrophobic
micropollutants typically present in water.

Keywords: DNA nanostructures, self-assembly, micropollutants, water purification, host-guest interactions

INTRODUCTION

One of the major threats to human health is the occurrence of organic micropollutants such
as pesticides, polycyclic aromatic hydrocarbons (carcinogens), pharmaceuticals etc. in drinking
water, and hence their detection, capture, and removal from drinking water is extremely vital
(Schwarzenbach et al., 2006). Micropollutants typically present in drinking water include both
hydrophobic and hydrophilic organic molecules. Activated charcoal was traditionally used as
sorbent for the capture and removal of micropollutants from drinking water (Orfio et al., 2006).
Though activated charcoal is efficient and successful in removing hydrophobic micropollutants,
they often fail in capturing the hydrophilic micropollutants. Nanomaterials offer an alternative and
convenient substrate for the capture and removal of micropollutants from water. For example,
carbon-based nanostructures such as multi-walled carbon nanotubes (Kuo, 2009), graphene (Xu
et al., 2012), and graphene oxide (Gao et al.,, 2012) were proven to be remarkable adsorbents
for organic micropollutants. In the case of carbonaceous nanomaterials, since the adsorption is
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mainly achieved through the m-m stacking interactions, they
were shown to be very efficient for the capturing of polycyclic
aromatic hydrocarbons. However, carbonaceous nanomaterials
were found not to be a superior adsorbent for hydrophilic
micropollutants. Similarly, metal nanoparticles were also found
to be promising substrate for the removal of micropollutant
from water (Wang et al., 2018). However, the toxicity associated
with the metal nanoparticle is a concern. Very recently,
supramolecular approaches were also reported for the capture
of micropollutants. For example, hydrophobic cavity of f-
cyclodextrin (B-CD) was explored for the rapid capturing of
different organic micropollutants using a porous p-cyclodextrin-
based polymer (Alsbaiee et al., 2016). In another report, charge-
transfer interaction was used for the capturing of polycyclic
aromatic hydrocarbons using a semi-rigid cationic cyclophane
as the host (Barnes et al, 2012). Even though there are
few elegant strategies are reported in the literature, there is
always a growing demand for the design of new nanomaterials
for the capturing of organic micropollutants that exhibit (i)
excellent biocompatibility, (ii) efficient capturing (interaction)
toward both hydrophobic and hydrophilic micropollutants, and
(iif) non-toxicity.

The unique structural characteristics of DNA such as
nanoscale dimensions, predictable secondary structure, ease of
synthesis and molecular recognition-directed self-assembly have
fascinated scientists to use DNA as a molecular building block

for the construction of DNA nanostructures (Seeman, 1982,
2010; Gothelf and LaBean, 2005; Aldaye et al., 2008; Pinheiro
et al, 2011; Torring et al., 2011). Recent years have seen the
emergence of extremely complex one-dimensional (1D), 2D, and
3D nanostructures made of DNA, which have found potential
applications in various fields ranging from material science to
medicine (Walsh et al,, 2011; Jiang et al., 2012; Modi et al., 2013)
to nanotechnology (Seeman, 2003; Feldkamp and Niemeyer,
2006; Song et al., 2013; Jones et al., 2015). More interestingly,
DNA is known to have efficient non-covalent (physical)
interactions with both hydrophilic and hydrophobic organic
molecules through various non-covalent interactions such as
hydrogen bonding, m-m stacking, electrostatic interactions etc.
(Hannah and Armitage, 2004). Hydrophobic molecules prefers
to bind to DNA through intercalation within the nucleobases
through hydrophobic interactions. Whereas hydrophilic cationic
molecules binds to the phosphate backbone of DNA through
electrostatic interaction. The remarkable structural features
of DNA including the excellent biocompatibility, efficient
non-covalent interactions with hydrophobic and hydrophilic
molecules and non-toxicity indisputably suggest that DNA based
nanomaterials would be a promising candidate for the capture of
organic micropollutants from water. Among the various classes
of nanomaterials, nanogels, particularly physically cross-linked,
are unique owing to their nanosize, porosity, and high guest
encapsulation ability (Yu et al., 2006). Moreover, physically
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cross-linked nanogels are far superior over the chemically cross-  adamantyl-terminated 8-arm poly(ethylene glycol) polymer as
linked counterparts because of their ease of synthesis, reversible ~ the guest. The potential of the nanogel as a nanocarrier for
and stimuli responsive nature (Mishra et al, 2018). Hence  targeted drug delivery was also demonstrated. Herein, we report
physically cross-linked DNA-based nanogel would be the most  the potential of DNA-based nanogel for the capture of organic
ideal candidate for the capture of organic micropollutants from  micropollutants, both hydrophobic and hydrophilic, from water
water. Though chemically cross-linked DNA hydrogels have  (Scheme 1). The design of nanogel was already reported by us,
successfully explored for the removal of organic micropollutants  and the same strategy was followed for the synthesis of DNA
from water, there is no report on the use of physically cross-linked =~ nanogel. This was achieved by self-assembly between multivalent
DNA nanogels for the capture of micropollutants from water. host-guest interaction between B-CD functionalized branched

Supramolecular interactions have been extensively explored =~ DNA nanostructures as the host and a star-shaped adamantyl-
for the design of various soft nanomaterials with remarkable  terminated 8-arm poly(ethylene glycol) (PEG) polymer as the
optical and electronic properties (Rest et al., 2014; Taniguchi  guest. The size of the nanogel could be controlled by appropriate
et al,, 2016; Mishra et al., 2018; Zhou et al,, 2018). Very recently, =~ modulation of the concentration of the guest and host. The
we have explored the molecular recognition between B-CD  potential of the nanogel to capture a series of hydrophobic
and adamantane for the design of DNA-based physically cross-  molecules and hydrophilic molecules are demonstrated. The
linked nanogel (Thelu et al., 2018). We have demonstrated the  capture of the molecules into the DNA nanogel network is due
synthesis of DNA-based nanogel with controllable size using the  to the non-covalent interactions of the micropollutants with the
multivalent host-guest interaction between B-CD functionalized =~ backbone and bases of DNA. Our results clearly show that the
branched DNA nanostructures as the host and a star-shaped =~ DNA based nanogels are promising nanomaterials for the capture

of micropollutants.

RESULTS AND DISCUSSIONS

TABLE 1 | Sequences of DNA1-3.

DNA Sequence (5= 3) The synthesis of the 8-arm star PEG polymer, Ad-8 (guest

molecule) was achieved by following our previously
DNA1 B-CD-TTGGATCCGCATGACATTCGCCGTAAGA reported procedure (Thelu et al, 2018). The B-CD-tethered
DNA2 B-CD-TCTTACGGCGAATGACCGAATCAGCCTA oligonucleotides (DNA1-3) are complementary to each to form
DNA3 B-CD-TAGGCTGATTCGGTTCATGCGGATCCAA B-CD-tethered Y-shaped DNA (Y-DNA) and the sequences
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FIGURE 1 | (A) Native PAGE (14%) analysis of the self-assembly of Y-DNA/Ad-8. L1 for 50 base pair ladder, L2-L4 for DNA1-3, respectively, L5 for the assembly of
DNA1 and DNA2, L6 for the assembly of DNA1, DNA2 and DNAS3, L7 for the assembly of Y-DNA and Ad-8. (B) Tapping-mode AFM height and (C) TEM images of
Y-DNA/Ad-8 nanoparticles, respectively.
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of the DNAs are provided in Table1l. The self-assembly
of the oligonucleotides was initially studied using native
polyacrylamide gel electrophoresis (PAGE) analyses (Figure 1
and Figure S1). The self-assembly of the f-CD-tethered Y-shaped
DNA (host) was achieved by the self-assembly of equimolar
quantities of DNA1-3 in PBS buffer containing NaCl (100 mM)
by annealing from 90°C to room temperature following a
reported procedure (Um et al, 2006). Native PAGE analyses
clearly show that the sequential addition of complementary
DNAs leads to the formation of host B-CD-tethered Y-shaped
DNA (Y-DNA) as it is evident from the reduced electrophoretic
mobility of the resultant DNA nanostructure compared with
the corresponding individual complementary DNA strands.
Further reduction in the electrophoretic mobility was observed
with the addition of Ad-8 to Y-DNA, which clearly reveals that
the self-assembly between Ad-8 and Y-DNA through host-guest
interaction between B-CD and adamantane resulted in the
formation of nanoaggregates for Ad-8/Y-DNA supramolecular
complex. Dynamic light scattering (DLS) analyses of Ad-8/Y-
DNA show the formation of aggregated species in solution
with diameter in the range of 140-290 nm. Zeta potential (¢)
measurement reveals a value of —16.6mV, which suggest the
formation of aggregated species decorated with negatively
charged DNA. Better insights into the morphology of the
aggregates were provided by atomic force microscopy (AFM)
and transmission electron microscopy (TEM) analyses. Atomic
force microscopic height image of Y-DNA/Ad-8 shows the
formation of spherical nanoparticle with diameters in the
range of 150-300 nm. The section analyses of the nanoparticle
reveal that the average height of the nanoparticle is ~18 nm,
which is significantly lower than the corresponding average
diameter of the nanoparticles. This indicates significant
flattening of the nanoparticles occurs on the mica surface due
to their soft nature, which is in accordance with similar soft
nanoparticles. In accordance with AFM observations, TEM
analyses also show the formation of nanoparticles with diameters
in the range of ~250nm. Microscopic analyses are in good
agreement with the DLS data. Microscopic, DLS and PAGE
data collectively confirm that hierarchical assembly of Y-DNA
and Ad-8 through multivalent host-guest interaction between
B-CD and adamantane leads to the formation of Y-DNA/Ad-8
nanoparticles in water (nanogel).

The most striking features of the nanoparticles include: (i)
excellent biocompatibility, (ii) non-toxicity, (iii) hydrophobic
pockets, and (iv) anionic DNA backbone, which are ideal for their
application as an adsorbent for the capturing of hydrophobic and
hydrophilic molecules dissolved in water. This motivated us to
explore the potential of the DNA nanoparticles for the capturing
of micropollutants typically present in water. We have taken
few representative examples for hydrophilic and hydrophobic
molecules to demonstrate the potential of the nanogel to
capture them from water. Hydrophobic molecules investigated
in this study include carcinogenic aromatic hydrocarbon such
as perylene, anthracene, phenanthrene, and 1-naphthyl amine.
The hydrophilic molecules selected in our study include calcein
(organic dye) and propranolol hydrochloride (pharmaceutical).
Typically, concentration of the micropollutants present in

drinking water is in the range of nanomolar to micromolar
concentrations. Hence, we have artificially contaminated the
water with different micropollutants with a final concentration
of 100 nM. Final concentration of DNA nanoparticles used in
our study was 500 nM. Typically, Y-DNA/Ad-8 nanoparticle in
PBS buffer (100 wL) containing NaCl (100 mM) was added into
water containing micropollutant solution (400 pL), shaken for
I min and kept undisturbed for about 10 min. In the cases of
hydrophobic micropollutants, they were initially dissolved in
acetone and diluted with water to 400 (L. Since the concentration
of the micropollutants present in all these cases is 100 nM, we
have used very sensitive fluorescence spectroscopy as the tool
to follow the capture of micropollutants. This was studied by
comparing florescence intensity changes of the micropollutants
before and after DNA nanoparticle addition to their solution.
Initially, the biocompatibility of the nanogel was analyzed
with two different cancer cell lines (HeLa and A549) by
means of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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FIGURE 2 | (A) Comparison of viability of A549, Hel a (cancer cells), and
WI-38 (normal cell) cell lines treated with Y-DNA/Ad-8 nanoparticles. Size
distribution of nanoparticle obtained from the DLS analyses (B) at two different
pH and (C) at two different temperatures.
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bromide (MTT) assay. The viability of untreated HeLa, A549,
and WI-38 cells were taken as 100%. In order to assess the
biocompatibility of Y-DNA/Ad-8 nanoparticle, A549, HeLa
(cancer cells), and WI-38 (normal cell) cells were incubated with
Y-DNA/Ad-8 nanoparticles for 24h. The concentration of Y-
DNA/Ad-8 nanoparticle used for MTT assay was 500 nM. As
expected, MTT assay reveals cell viability above 95% for all cell
lines demonstrating excellent biocompatibility of Y-DNA/Ad-
8 nanoparticles (Figure 2A). Furthermore, thermal and pH
stabilities of the nanoparticles under different experimental
conditions were studied by DLS analyses. DLS analyses of
the nanoparticle at pH 6 and 9 show no difference in the
size distribution of the nanoparticle, which clearly show the
pH stability of the nanoparticle (Figure 2B). Similarly, thermal
stability of the nanoparticle was studied at 20 and 60°C and in
this case also no noticeable change was observed for the size
distribution of the nanoparticles (Figure 2C). These results reveal
the thermal and pH stability of Y-DNA/Ad-8 nanoparticles.
After confirming the biocompatibility and stability of Y-
DNA/Ad-8 nanoparticles, we have carried out the micropollutant
capture experiments with the nanoparticles. It is to be mentioned
that the hydrophobic micropollutants selected in our study
showed very poor solubility in water. Emission spectrum of
perylene in water shows its characteristic emission with emission
maximum centered at 440nm (hexe = 400nm) (Figure 3A
and Figure S2). Very interestingly, a significant enhancement
in emission intensity (9 fold) was observed with the addition
of Y-DNA/Ad-8 nanoparticles, which can be attributed to the
capturing of feebly water-soluble perylene into the hydrophobic
cavities of the nanoparticle. It is also to be noted that a red-
shift of 3nm was observed for the emission peak at 440 nm.

These results collectively suggest that perylene binds efficiently
to the nucleobases through m-stacking interactions as reported
in similar systems (Sezi and Wagenknecht, 2013; Gershberg
et al., 2015). The red-shift in the emission peak suggest that
the perylene reside in the hydrophobic environments after their
capture from water. The possibility of non-covalent trapping
of perylene in the hydrophobic pockets of the nanoparticle
cannot be completely ruled out. From the fluorescence titration
experiments we have calculated the capture efficiency of the
nanoparticle as 500nM of Y-DNA/Ad-8 nanoparticle was able
to capture 1 WM of perylene. Anthracene was nearly insoluble in
water as evident from its fluorescence spectrum (hexc = 400 nm)
in water. However, efficient capturing of anthracene by the
nanoparticles caused a dramatic increase in the fluorescence
intensity (Figure 3B). In this case as well, mt-stacking with the
nucleobases and hydrophobic interactions are responsible for the
capturing of anthracene by the DNA nanoparticles. It is also
to be noted that the excimer emission with maximum centered
at 410nm dominates in the emission spectrum due to the
aggregation of anthracene in the hydrophobic environment of the
nanoparticle (Neelakandan and Ramaiah, 2008). Fluorescence
spectrum of phenanthrene in water clearly reveals that it is
nearly insoluble in water. However, a significant enhancement in
emission intensity was observed with the addition of nanoparticle
into the solution due to the efficient capture of phenanthrene
by the nanoparticles (Figure 3C). It is also worth noting that
phenanthrene shows mainly excimer-like emission centered at
408 nm (hexe = 280 nm) after their capture (Haynes et al., 1990),
which clearly suggest that phenanthrene exists as aggregated
species in the nanogel assembly. This observation is in good
agreement with other hydrophobic molecules. We have also
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FIGURE 3 | Comparison of fluorescence spectra of (A) perylene, (B) phenanthrene, (C) anthracene, and (D) 1-naphthylamine before and after the addition of
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FIGURE 4 | Comparison of fluorescence spectra of (A) calcein and (B)
propranolol hydrochloride before and after the addition of Y-DNA/Ad-8
nanoparticles.

demonstrated the capture of 1-naphthylamine (Figure 3D). A
dramatic increase in fluorescence intensity was observed with
the capture of poorly water soluble 1-naphthylamine by the
nanoparticles. In this case as well, only excimer-like red-
shifted peak centered at 415nm (hexc = 270 nm) was observed
due to the aggregation of 1-naphthylamine in Y-DNA/Ad-8
nanoparticle network.

After successful demonstration of the capture of hydrophobic
micropollutants, we have extended our study toward the
capture of hydrophilic micropollutants in water. We have taken
calcein as a representative hydrophilic organic dye. Calcien
is water soluble and it exhibits the characteristic emission
spectrum with maximum centered at 512nm (hexe = 470 nm).
Interestingly, an increase in emission intensity was observed
after the incubation with DNA nanoparticles (Figure 4A). This
observation suggests that though calcien is water soluble, it
is weakly aggregated in water and upon binding with the
Y-DNA/Ad-8 nanoparticle through non-covalent interactions
dissociate the weakly assembled calcien aggregated species into
the corresponding monomeric species, which resulted in an
increase in emission intensity. Another hydrophilic molecule
we have investigated in this study is propranolol hydrochloride,
which is a pharmaceutical molecule. Propranolol hydrochloride
is cationic molecule and is water soluble. This molecule
shows its characteristic emission centered at 335nm (hexe =
270nm) in water (Figure 4B). Interestingly, in addition to the
characteristic emission of propranolol hydrochloride at 335 nm,
a new red-shifted peak centered at 405 nm also emerges after its
incubation with Y-DNA/Ad-8 nanoparticles. This suggest that
positively charged propranolol hydrochloride efficiently binds

to the negatively charged DNA backbone through electrostatic
interactions with its hydrophobic naphthalene residue interact
with the nucleobases through - stacking interactions. The
emergence of red-shifted excimer-like peak suggest that the
molecule is getting aggregated inside the nanogel network after
their capture by the Y-DNA/Ad-8 nanoparticles.

CONCLUSIONS

In summary, we have reported the synthesis of physically
cross-linked DNA nanoparticles through multivalent host-
guest interaction between B-CD functionalized branched DNA
nanostructures as the host and a star-shaped adamantyl-
terminated 8-arm poly(ethylene glycol) polymer as the guest.
The most remarkable structural features of DNA nanoparticles
include their excellent biocompatibility and the possibility
of various non-covalent interactions with both hydrophobic
and hydrophilic organic molecules. We have demonstrated the
potential of DNA nanoparticles for the rapid and eflicient capture
of various micropollutants typically present in water including
carcinogens (hydrophobic micropollutants), organic dyes
(hydrophilic), and pharmaceutical molecules (hydrophilic).
The capture of micropollutants by DNA nanoparticles
was attributed to the various non-covalent interactions
between DNA nanoparticles and the micropollutants. The
excellent biocompatibility of the DNA nanoparticles and
their potential as an efficient capture of both poorly water
soluble hydrophobic micropollutants and highly water
soluble hydrophilic micropollutants may motivate other
researches to explore DNA-based nanomaterials as an adsorbent
for the removal and purification of micropollutants from
drinking water.
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and Guido H. Clever*

Faculty of Chemistry and Chemical Biology, TU Dortmund University, Dortmund, Germany

The presence of metal centers with often highly conserved coordination environments
is crucial for roughly half of all proteins, having structural, regulatory, or enzymatic
function. To understand and mimic the function of metallo-enzymes, bioinorganic
chemists pursue the challenge of synthesizing model compounds with well-defined,
often heteroleptic metal sites. Recently, we reported the design of tailored homoleptic
coordination environments for various transition metal cations based on unimolecular
DNA G-quadruplex structures, templating the regioselective positioning of imidazole
ligandosides L'. Here, we expand this modular system to more complex, heteroleptic
coordination environments by combining L' with a new benzoate ligandoside LB
within the same oligonucleotide. The modifications still allow the correct folding
of parallel tetramolecular and antiparallel unimolecular G-quadruplexes. Interestingly,
the incorporation of LB results in strong destabilization expressed in lower thermal
denaturation temperatures T,,. While no transition metal cations could be bound by
G-quadruplexes containing only LB, heteroleptic derivatives containing both L' and LB
were found to complex Cu', Ni', and Zn'". Especially in case of Cu' we found strong
stabilizations of up to AT, = 4+34°C. The here shown system represents an important
step toward the design of more complex coordination environments inside DNA
scaffolds, promising to culminate in the preparation of functional metallo-DNAzymes.

Keywords: bioinorganic chemistry, coordination chemistry, DNA, G-quadruplex, DNAzymes

INTRODUCTION

Proteins are involved in a vast number of processes ranging from structural and regulatory
functions to enzymatic reactions. Roughly half of all proteins depend on metal cations helping
to maintain a desired folding or serving as catalytic centers or redox cofactors (Raven et al., 1999;
Luetal., 2009; Rubino and Franz, 2012). Which function the respective metal ion adopts is strongly
dependent on its properties, including accessible spin states, oxidation potential, Lewis-acidity, and
bioavailability (Holm et al., 1996; Waldron et al., 2009). These properties are further fine-tuned
by a well-defined first and second coordination sphere. The former is directly involved in metal
coordination and usually consists of mixtures of different donor functionalities. Typically involved
in coordination are the amino acids histidine, glutamic/aspartic acid, methionine, cysteine, or
the backbone amide groups (Holm et al., 1996; Degtyarenko, 2000; Shook and Borovik, 2010;
Valdez et al., 2014). In contrast, the second coordination sphere is not directly involved in metal
binding but regulates catalytic processes, proton or electron shuttling, substrate transport, and
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effects selectivity (Colquhoun et al., 1986; Degtyarenko, 2000;
Waldron et al., 2009; Shook and Borovik, 2010; Zhao et al., 2013;
Valdez et al., 2014; Cornish et al., 2016).

The design of artificial metallo-enzyme mimics with improved
or novel properties is attracting increasing interest, but remains
challenging. In the area of preparative bioinorganic chemistry,
focus is set on small, multidentate chelate complexes, often
requiring tedious multistep syntheses and only covering effects
of the first coordination sphere (Samuel et al., 2010; Kanady
et al,, 2011; Anderson et al., 2013; Dicke et al., 2018). More
biologically oriented approaches involve the replacement of
natural metal cofactors with metal centers not known in nature.
An example is the replacement of hemin in myoglobin with
an iridium or rhodium porphyrin complex for enantioselective
cyclopropanation reactions (Key et al., 2016; Litman et al., 2018).
Another approach is embedding metal cofactors by covalent or
non-covalent interactions into empty cavities of usually metal-
free proteins. This was successfully applied in a series of examples
enabling catalysis of the asymmetric transfer hydrogenation
of imines (Wu et al,, 2019), ring-closing metathesis (Jeschek
et al.,, 2016), oxime (Drienovskd et al, 2018), and hydrazine
(Drienovska et al, 2018; Mayer et al, 2019) formation and
hydration of alkenes (Drienovska et al., 2017). In contrast to the
aforementioned examples, a more bottom up approach is the de
novo design of new metallo-proteins by the precise arrangement
of certain structural motifs to create a metal binding site (Raven
et al.,, 1999; Lu et al., 2009; Rubino and Franz, 2012). In recent
years, a more efficient alternative was developed based on small
artificial peptoid structures. Due to their simple accessibility by
solid phase synthesis and their capability to form well-ordered
secondary structures, many examples were shown for selective
metal binding and catalytic applications (Baskin and Maayan,
2016; Knight et al., 2017; Baskin et al., 2018; Ghosh et al., 2018).

Another type of biopolymers forming well-ordered secondary
structures are oligonucleotides. In contrast to peptides, RNA
and DNA only consist of four nucleotide building blocks,
thus reducing the possibilities to create diverse coordination
environments for a range of metal cations. To overcome this
limitation, different strategies were developed to covalently
or non-covalently anchor metal-chelating ligands inside DNA.
Roelfes and co-workers pioneered the design of various
oligonucleotides capable of Michael-Additions, Carbene transfer,
syn-hydrations of alkenes or Diels-Alder reactions (Roelfes and
Feringa, 2005; Coquiére et al., 2007; Boersma et al., 2010a,b; Rioz-
Martinez et al., 2016). Other groups used modified quadruplexes
for sequence-specific DNA cleavage, light controlled thrombin
catalysis or peroxidase mimicking DNAzymes (Xu et al., 2009;
Ali et al., 2019; Wang et al., 2019). A difficulty of this approach
lies in the largely unknown exact position and coordination
environment of the catalytic centers. This difficulty could be
overcome in the field of metal-mediated base pairing, where
the hydrogen bonding interaction of canonical base pairs is
replaced by metal coordination, leading to highly stabilized DNA
structures (Mandal and Miller, 2017). While first examples
included only the involvement of canonical bases (Katz, 1963),
the field was later expanded by the incorporation of a variety
of artificial nucleobases culminating in the development of

programmable metal wires inside DNA duplexes (Tanaka et al,,
2006; Clever et al., 2007; Mandal et al., 2016; Sandmann et al.,
2019). Later, the concept was expanded from duplex to triplex
DNA (Tanaka et al., 2002) and i-motifs (Abdelhamid et al.,
2018), while we and others started to focus on G-quadruplexes
(Miyoshi et al., 2007; Smith et al., 2012; Engelhard et al., 2013).
The latter ones form from guanine-rich sequences where four G-
residues cyclize to planar G-tetrads via Hoogsteen base pairing.
Multiple G-tetrads form a G-quadruplex via w-m stacking
interactions. Key to their high stability is the incorporation of
a central cation—typically Na* or KT (Hinsel-Hertsch et al.,
2017; Neidle, 2017). Our group was the first to report Cull-
mediated tetramolecular G-quadruplexes based on pyridine and
imidazole ligands (Engelhard et al, 2013, 2018b; Punt and
Clever, 2019a), aimed at a range of applications. For example,
dinuclear systems were employed as Cu'’-based EPR-rulers for
accurate distance measurements (Engelhard et al., 2018a). We
later expanded this concept to unimolecular G-quadruplexes,
equipped with oligonucleotide loops which form cavities above
the G-quadruplex stem in which the metal complexes are
embedded (Engelhard et al., 2017). In a recent study, we further
showed that these G-quadruplexes can act as robust templates
to arrange different numbers of imidazole ligandosides, leading
to fine-tuned affinities for a range of transition metal cations
with respect to their preferred coordination environments
(Punt and Clever, 2019b). While only homoleptic systems were
investigated in that study, we herein expand the modular concept
to heteroleptic systems with different donor functionalities.
We introduce the design of mixed systems with imidazole
and benzoate ligands, inspired by metallo-proteins, where the
combination of imidazoles and carboxylate is often involved
in metal coordination (e.g., in the 2-His-1-carboxylate facial
triad) (Greenblatt et al., 1998; Koehntop et al., 2005). We show
how this combination affects both, G-quadruplex stability and
metal complexation.

RESULTS

In this study we report the incorporation of a new benzoate
ligandoside LB in combination with the known imidazole
ligandoside L'. Both were incorporated in the (S) configuration
as GNA (glycol nucleic acid) building blocks (Zhang et al.,
2005, 2006) by solid phase synthesis into tetramolecular and
unimolecular G-quadruplexes. The phosphoramidite of L'
was synthesized as previously described (Punt and Clever,
2019b). For the new benzoate ligand LB, a literature procedure
was adopted (Engelhard et al,, 2017). Accordingly, an initial
nucleophilic attack of deprotonated solketal to methyl 4-
(bromomethyl)benzoate followed by acidic deprotection
reaction led to protected benzoate ligandoside (R)-4. Its
structure and absolute configuration were confirmed by single-
crystal X-ray diffraction (Figure1). The primary hydroxyl
group was DMT-protected (DMT = dimethoxytrityl) followed
by a phosphorylation reaction vyielding phosphoramidite
building block (S)-6. DNA solid phase synthesis was then
performed according to standard literature procedures with
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(S)-2

M

htelL®,L!,

FIGURE 1 | Synthesis of benzoate ligandoside LB and molecular structure of ligandoside L' (top). (1) NaH, CH3CN; (2) CH3COOH, THF/H,O; (3) DMT-CI, DIPEA,
DMAP, THF; (4) CEDIP-CI, DIPEA, CH»Cly; (5) automated solid-phase DNA synthesis. The single-crystal X-ray structure of the protected ligandoside (R)-4 is shown.
G-quadruplex formation (bottom) of htelLB, L', creates a heteroleptic coordination environment for transition metal ions (M = Co, Ni, Cu, Zn). Gray tiles: guanosine;
red: ligandoside LB; blue: ligandoside L'; green circles: adenosine; yellow circles: thymidine. DMT = dimethoxytrityl; DIPEA = N,N-diisopropylethylamine; DMAP =
N,N-dimethylaminopyridin; CEDIP-CI = 2-cyanoethyl N,N-diisopropylchlorophosphoramidite.

FIGURE 2 | (A) Schematic representation of the tetramolecular G-quadruplex (LBG4)s with the proposed repulsive effect of negatively charged LB; (B,C) ligand
positions in unimolecular G-quadruplexes with four or six incorporated ligands.

extended coupling times for the ligandosides L' and LB (see influence of LB in the tetramolecular G-quadruplex (LBGy)4.
Supplementary Material for details). Coupling efficiencies  Clear formation of a parallel G-quadruplex was observed by
for LB and L' were typically >99% per step. After solid phase  CD spectroscopy with a positive Cotton effect around ~260 nm
synthesis, oligonucleotides were cleaved from the solid support  (see Figure $25). Thermal denaturation experiments showed
and deprotected in 0.4 M NaOH in methanol/water (4:1) at 55°C  a melting temperature T, of 27°C which was significantly
for 16 h. Standard deprotection with concentrated ammonium  lower compared to previously reported (L'Gy)s (T,, = 36°C;
hydroxide was avoided due to the risk of forming amides instead ~ Punt and Clever, 2019b). Since LB and L' are sharing the
of carboxylates from the benzoate esters. After reversed-phase  same backbone modification, we ascribe this destabilization to
HPLC purification, oligonucleotides were desalted and DMT-  a repulsive effect between the negatively charged benzoates and
groups removed using C18 SepPak cartridges and aq. TFA  phosphates (Figure 2). Next, the interaction of (LBGy), with a
(2%). The oligonucleotides were then lyophilized at stored  series of transition metal cations was investigated. In contrast to
at —20°C. (L'Gy4)4 which was shown to complex Cull, Ni'", Co™l, and Zn",

Since L' had already been established in tetramolecular — no signs for metal complexation in (LBGy)4 were observed (see
and unimolecular G-quadruplexes, we first investigated the  Figures S3, S4). This may be explained by the harder character
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FIGURE 3 | Melting curves of (A) htelLBL's and (B) htelLB,L', in absence or presence of different transition metal cations. (C) Linear dependence of thermal
stabilities of htelL's, htelLBL's, htelLB,L',, htelLBsL!, and htelL®, depending on the number of incorporated LB. (D) CD spectra of htelL®,L'4 in absence or presence
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of the benzoate ligand, competing with hard ligands such as the
contained chloride, cacodylate buffer or phosphate backbones.
However, even for hard and oxophilic transition metal cations,
including Gd"" and Ce™, no interactions were found.

Mixing ligands in tetramolecular G-quadruplexes leads
to statistical mixtures, which makes it challenging to
design distinct heteroleptic coordination environments (see
Supplementary Material for details). On the other hand, the
folding of unimolecular G-quadruplexes into discrete topologies
enables programmable ligand arrangements. Consequently,
we moved forward to incorporate LB in unimolecular G-
quadruplexes. At first, LB was incorporated four times in
htelLB,. Similar to (LBGy)4, incorporation of LB caused strong
destabilization (T,, = 12°C) compared to htell'y (T
33°C). Successive replacement of LB with L' was accompanied
with a linear increase in stabilization for each replacement
(htelL®3L' T,, = 17°C, htelL®,L'; T,, = 23°C, htelLBL'3 T,
= 28°C), highlighting the additive destabilizing effect of LB
(Figure 3). CD spectroscopy of htelLB,, htelLB;L', htelLB,L',,
and htelLBL'; showed clear signatures corresponding to an
antiparallel G-quadruplex topology with a positive Cotton
effect around ~294 nm in all cases (see Figures $26, S27). This
is consistent with the previous observations for homoleptic
G-quadruplexes containing only L'. Next, the interaction
with different transition metal cations was investigated. As
for (LBGy)4, for htelLB,, htelLB5L!, and htelLB,L',, thermal
denaturation experiments showed no signs for interaction with
the examined transition metal cations (Cull, Ni¥, Zn!!, Coll,

VIVO). Pleasingly, this changed for htelLBL'; that showed a
weak but distinct stabilization after addition of 1 equiv. of Cull
(AT, = + 4°C). Additional equivalents resulted in no further
stabilization consistent with a specific binding of Cu'l. CD
spectroscopy further confirmed retention of a clear antiparallel
topology (see Figures S6, S7, S11-S16).

After we could show that at least three imidazole ligands are
required to complex Cu'l, we moved forward to a new series of
sequences with six incorporated ligands (htelLB,L',, htelLB5L'5,
htelLB,L',). Again, the formation of G-quadruplexes with a
clear antiparallel topology was observed by CD spectroscopy
(see Figures S28, S29). Likewise, comparison of the thermal
stabilities showed the destabilizing effect of LB (htelLB4L',
T 17°C, htelLBsL'; T,, = 26°C, htellB,L'y T,
26°C), however, not in the linear fashion as observed for the
series htelLB4_, L', (n = 0-4). For the examined set of six-
ligand-containing sequences, however, direct T),, comparison
is not appropriate due to the chosen modification pattern
(see Table 1). When investigating the interaction with metal
cations, for htelLB4L',, a clear stabilization after addition of
cu! (AT, + 6°C) was observed. Considering that for
htelLB,L', almost no stabilization was observed (AT, = +
1°C), we conclude that in htelLB4L'; an involvement of one
or two ligandosides LB into metal coordination is very likely.
When further replacing LB with L' as in htelLB5L'5 and
htelLB, L', the Cull-mediated thermal stabilization successively
increased from AT, = + 9°C (htelLB5L'5) to AT, +
34°C (htelLB,L',). This extremely high thermal stabilization
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TABLE 1 | Sequences investigated in this study and respective denaturation temperatures T,, (and AT,,) in absence and presence of 1 equiv. of Cu', Ni', Zn", Co"

(assumed to be oxidized to Co'' under the experimental conditions).

Name Sequence 5’ 3’ No metal Co' Ni' cu' Zn'
(Weld L'G, 36 63 (+27) 73 (+37) 76 (+40) 52 (+16)
LBG, LBG, 27 27 (0) 27 (0) 27 (0) 27 (0)
htelL!' ;A2 AGG L'TT AL'G GIT AGG L'TT AL'G G 33 35 (+2) 45 (+12) 56 (+23) 36 (+3)
htelLB, AGG LBTT ALBG GIT AGG LBTT ALBG G 12 12 () 12 (0) 12 (0) 12 ()
htell',B AGG L'TT TL'G GIT AGG L'TT TL'G G 40 40 (0) 46 (+6) 60 (+20) 40 (0)
htelLB,L! AGG L'TT ALBG GIT AGG LBTT ALBG G 17 17 (0) 17 (0) 17 (0) 17 (0)
htelL®,L', AGG L'TT ALBG GIT AGG L'TT ALBG G 23 23 (0) 23 (+0) 24 (+1) 23 (0)
htelLBL's AGG L'TT AL'G GTT AGG L'TT AL®G G 28 28 (0) 28 (+0) 32 (+4) 28 (0)
htelL'E AGG L'TL' TL'G GTT AGG L'TL' TL'G G 36 44 (+8) 59 (+23) 54 (+18) 44 (+8)
htelLB,L', AGG LBTL' TLBG GTT AGG LBTL' TLBG G 17 17 (0) 18 (+1) 23 (+6) 18 (+1)
htelLBsL's AGG LBTL' TL'G GIT AGG LBTLE® TL'G G 26 25 (=1) 26 (+0) 35 (49) 31 (+5)
htelLB,L'4 AGG L'TLB TL'G GIT AGG L'TLE TL'G G 26 27 (+1) 48 (+22) 60 (+34) 32 (46)

Marked in bold font are the incorporated ligandosides LB and L!. Conditions: 4 WM (tetramolecular) or 1.88 M (unimolecular) ssDNA, 100 mM NaCl (tetramolecular) or KCI (unimolecular),
10mM lithium cacodylate buffer (LiCaCo) pH 7.2 and, if present, 1 equiv. transition metal cation (with respect to the folded G-quadruplex). [a] Punt and Clever (2019b).
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FIGURE 4 | Native ESI-MS spectra of htelL®,L'; in complex with Cu" (top) and Ni' (bottom).
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is unprecedented for unimolecular G-quadruplexes and much
higher compared to the reported G-quadruplexes htelL's (AT,
= + 18°C) and htelL'4A (AT,, = + 23°C) (Punt and Clever,
2019b).

The formation of 1:1 complexes for htelLB,L'; with Cu!! and
Nil was further confirmed by native ESI mass spectrometry. To
understand whether a G-quadruplex is folded or unfolded in the

gas phase, the intrinsic property of G-quadruplexes is exploited
that in their folded state they always bind n—1 potassium ions
(where n = number of G-tetrads). For a folded G-quadruplex
with two G-tetrads, a main signal corresponding to the adduct
with one distinct potassium ion would be expected, followed by
a statistical distribution of adducts with further unspecifically
bound potassium cations. On the other hand, for an unfolded
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G-quadruplex, the main signal would correspond to the mass
of the DNA strand without potassium ions. The mass spectrum
shows a main signal corresponding to [htelLB,L's+Cu+K-
7H]*~ (Figure 4), thus strongly indicating a folded G-quadruplex
coordinating to a Cu'l or Ni'! jon in the gas phase (D’Atri et al.,
2015; Lecours et al., 2017).

Jahn-Teller-distorted Cu!! usually favors the coordination of
four strongly associated ligands in a square planar geometry,
with two additional ligands more loosely bound in axial positions
(Halcrow, 2012). After proving a 1:1 complex for htelLB,L', and
Cu'l, the question was if all six ligands are participating in metal
coordination or if only L' is involved. Therefore, a new sequence
htelL' ;B was synthesized where LB was replaced with thymidines.
Addition of Cu! led to a thermal stabilization of AT, = + 20°C,
much lower compared to htelLB,L' s (AT,, = + 34°C). However,
when looking at the absolute melting temperature T}, in presence
of Cull, one notices that they are the same for both sequences
(htelLB,L', T,, = 60°C, htelL',B T,, = 60°C). This could mean
that Cu!' coordination by htelLB,L'; simply compensates the
destabilizing effect of LB and no benzoate ligand was involved in
Cu!! coordination. Further studies are required to shed light on
this question.

Besides Cull, the addition of Zn" and Ni! to htelLB,L',
and htelLBsL'5 led to thermal stabilizations. These results
were highly intriguing for two reasons. Quadruplex htelLE,L',
was significantly more stabilized with Nill (AT,, = + 22°C)
compared to Zn! (AT,, = + 6°C). However, in htelLB5L'5, the
opposite effect was observed, showing a higher stabilization after
Zn!! addition (AT,, = + 5°C), while for Ni'l no complexation
was observed. This adds to the established variation of ligand
number and position a third layer to our system to fine-tune
metal affinities by the introduction of heteroleptic systems. As
last question, we were interested whether Zn'! in htelLB;L';
is coordinated by one or more benzoates. Interestingly, other
sequences shown to complex zZn!! (htelL'yA AT,, = + 3°C,
htelL's AT,, = + 8°C) always contain at least four counts of L.
Since in htelLB5L'5 only three L' were available, we conclude that
an involvement of LB in coordination to the Zn!! cation is likely.

CONCLUSION

A new benzoate-based ligandoside LB was established in
tetramolecular and wunimolecular G-quadruplex structures.
Homoleptic G-quadruplex (LBGy4)4 was found to form a clear
parallel topology. Its thermal stability indicated a strongly
destabilizing effect of LB compared to L' which was attributed
to an accumulation of negative charges. Also, no interactions
between a series of transition metal cations and (LBGy), were
found. Similarly, for the unimolecular G-quadruplex htelL®,,
a destabilizing effect of LB and no interactions with transition
metal cations were observed. The successive replacement of LB
with L' in htelLB5L', htelLB,L',, htelLBL';, and htelL' 4 resulted
in a linear increase of the thermal stability. In addition, for
htelLBL'3, a weak thermal stabilization after addition of 1 equiv.
Cu'! indicated specific binding.

When moving to systems with six incorporated ligands,
a tremendously high thermal stabilization was observed after
addition of Cu! to htelLB,L'; (AT,, = + 34°C). In comparison,
for htelL'4B, addition of Cu! resulted in a stabilization of only
ATy, =+ 20°C. However, the absolute melting temperatures T,
of htelLB,L'4 (T, = 60°C) and htelL'4B (T,, = 60°C) are the
same, indicating that Cu!! complexation is rather compensating
the destabilizing effect of LB. More interesting were the results
for htelLB,L', and htelLB;L'; after addition of Zn" and Nil,
respectively. HtelLB, L' was significantly more stabilized by Ni'l
(AT, = 4 22°C) compared to Zn"! (AT,, = 4+ 6°C). However,
in htelLB;L'3, the opposite effect was observed, showing a higher
stabilization after Zn' addition (AT,, = + 5°C) while for
Nil no complexation was found. This expands our toolbox
to design tailored binding sites for various transition metal
cations. Previously, we had shown to fine-tune coordination
environments by varying position and number of ligands. Here,
we expand this approach by combining two ligandosides, 1B
and L', which we regard as an important step for the design of
metal-selective G-quadruplexes with application in diagnostics,
selective catalysis, and DNA nanotechnology.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the
Cambridge Crystallographic Data Center under the CCDC
identifier 1961648.

AUTHOR CONTRIBUTIONS

PP and LS conducted all syntheses and DNA experiments.
SS contributed to the tetramolecular systems. LK and CS
contributed the X-ray structure of compound 4. PP, LS, and GC
designed the study, conceived the experiments, analyzed the data,
and authored the manuscript.

FUNDING

Funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) under Germanys Excellence
Strategy—EXC 2033—Projektnummer 390677874. We thank
Markus Hiiffner for contributing the elemental analyses and
also the European Research Council (ERC Consolidator grant
683083, RAMSES) for support.

ACKNOWLEDGMENTS

Prof. Herbert Waldmann from the MPI Dortmund is thankfully
acknowledged for access to the MALDI-TOF spectrometer.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2020.00026/full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org

48

January 2020 | Volume 8 | Article 26


https://www.frontiersin.org/articles/10.3389/fchem.2020.00026/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Punt et al.

Heteroleptic Coordination in DNA G-Quadruplexes

REFERENCES

Abdelhamid, M. A., Fdbidn, L., MacDonald, C.J., Cheesman, M. R., Gates, A.].,and
Waller, Z. A. (2018). Redox-dependent control of i-Motif DNA structure using
copper cations. Nucleic Acids Res. 46, 5886-5893. doi: 10.1093/nar/gky390

Ali, A., Bullen, G. A., Cross, B., Dafforn, T. R., Little, H. A., Manchester, J.,
et al. (2019). Light-controlled thrombin catalysis and clot formation using a
photoswitchable G-quadruplex DNA aptamer. Chem. Commun. 55, 5627-5630.
doi: 10.1039/C9CC01540]

Anderson, J. S, Rittle, J., and Peters, J. C. (2013). Catalytic conversion of
nitrogen to ammonia by an iron model complex. Nature 501, 84-87.
doi: 10.1038/nature12435

Baskin, M., and Maayan, G. (2016). A rationally designed metal-binding
helical peptoid for selective recognition processes. Chem. Sci. 7, 2809-2820.
doi: 10.1039/C5SC04358A

Baskin, M., Zhu, H., Qu, Z.-W., Chill, J. H., Grimme, S., and Maayan, G. (2018).
Folding of unstructured peptoids and formation of hetero-bimetallic peptoid
complexes upon side-chain-to-metal coordination. Chem. Sci. 10, 620-632.
doi: 10.1039/C8SC03616K

Boersma, A. J., Coquiére, D., Geerdink, D., Rosati, F., Feringa, B. L., and Roelfes,
G. (2010a). Catalytic enantioselective syn hydration of enones in water using a
DNA-based catalyst. Nat. Chem. 2,991-995. doi: 10.1038/nchem.819

Boersma, A. J., Megens, R. P, Feringa, B. L., and Roelfes, G. (2010b). DNA
-based asymmetric catalysis. Chem. Soc. Rev. 39, 2083-2092. doi: 10.1039/
b811349c

Clever, G. H., Kaul, C., and Carell, T. (2007). DNA-metal base pairs. Angew. Chem.
Int. Ed. 46, 6226-6236. doi: 10.1002/anie.200701185

Colquhoun, H. M., Stoddart, F. J., and Williams, D. J. (1986). Second-sphere
coordination — a novel role for molecular receptors. Angew. Chem. Int. Ed. 25,
487-507. doi: 10.1002/anie.198604873

Coquiére, D., Feringa, B. L., and Roelfes, G. (2007). DNA-based catalytic
enantioselective michael reactions in water. Angew. Chem. Int. Ed. 46,
9308-9311. doi: 10.1002/anie.200703459

Cornish, A. J., Ginovska, B., Thelen, A., da Silva, J. C., Soares, T. A., Raugei,
S., et al. (2016). Single-amino acid modifications reveal additional controls
on the proton pathway of [FeFe]-hydrogenase. Biochemistry 55, 3165-3173.
doi: 10.1021/acs.biochem.5b01044

D’Atri, V., Porrini, M., Rosu, F., and Gabelica, V. (2015). Linking molecular models
with ion mobility experiments. Illustration with a rigid nucleic acid structure.
J. Mass. Spectrom. 50, 711-726. doi: 10.1002/jms.3590

Degtyarenko, K. (2000).  Bioinorganic  motifs:
classification ~ of  metalloproteins.  Bioinformatics
doi: 10.1093/bioinformatics/16.10.851

Dicke, B., Hoffmann, A., Stanek, J., Rampp, M., Grimm-Lebsanft, B., Biebl, F., et al.
(2018). Transferring the entatic-state principle to copper photochemistry. Nat.
Chem. 10, 355-362. doi: 10.1038/nchem.2916

Drienovsk4, I., Alonso-Cotchico, L., Vidossich, P., Lled6s, A., Maréchal, J.-D., and
Roelfes, G. (2017). Design of an enantioselective artificial metallo-hydratase
enzyme containing an unnatural metal-binding amino acid. Chem. Sci. 8,
7228-7235. doi: 10.1039/C7SC03477F

Drienovska, I., Mayer, C., Dulson, C., and Roelfes, G. (2018). A designer enzyme
for hydrazone and oxime formation featuring an unnatural catalytic aniline
residue. Nat. Chem. 10, 946-952. doi: 10.1038/s41557-018-0082-z

Engelhard, D. M., Meyer, A., Berndhiuser, A., Schiemann, O., and Clever, G. H.
(2018a). Di-copper(ii) DNA G-quadruplexes as EPR distance rulers. Chem.
Commun. 54, 7455-7458. doi: 10.1039/C8CC04053B

Engelhard, D. M., Nowack, J., and Clever, G. H. (2017). Copper-induced topology
switching and thrombin inhibition with telomeric DNA G-quadruplexes.
Angew. Chem. Int. Ed. 56, 11640-11644. doi: 10.1002/anie.201705724

Engelhard, D. M., Pievo, R., and Clever, G. H. (2013). Reversible stabilization
of transition-metal-binding DNA G-quadruplexes. Angew. Chem. Int. Ed. 52,
12843-12847. doi: 10.1002/anie.201307594

Engelhard, D. M., Stratmann, L. M., and Clever, G. H. (2018b). Structure-property
relationships in Cull-binding tetramolecular G-quadruplex DNA. Chem. Eur.
J. 24,2117-2125. doi: 10.1002/chem.201703409

Ghosh, T., Ghosh, P., and Maayan, G. (2018). A copper-peptoid as a highly stable,
efficient, and reusable homogeneous water oxidation electrocatalyst. ACS Catal.
8,10631-10640. doi: 10.1021/acscatal.8b03661

functional
851-864.

towards
16,

Greenblatt, H. M., Feinberg, H., Tucker, P. A, and Shoham, G. (1998).
Carboxypeptidase a: native, zinc-removed and mercury-replaced forms. Acta
Cryst. D54, 289-305. doi: 10.1107/S0907444997010445

Halcrow, M. A. (2012). Jahn-Teller distortions in transition metal compounds, and
their importance in functional molecular and inorganic materials. Chem. Soc.
Rev. 42, 1784-1795. doi: 10.1039/C2CS35253B

Hinsel-Hertsch, R., Antonio, M., and Balasubramanian, S. (2017). DNA G-
quadruplexes in the human genome: detection, functions and therapeutic
potential. Nat. Rev. Mol. Cell. Bio. 18, 279-284. doi: 10.1038/nrm.2017.3

Holm, R. H., Kennepohl, P., and Solomon, E. I. (1996). Structural and
functional aspects of metal sites in biology. Chem. Rev. 96, 2239-2314.
doi: 10.1021/¢r9500390

Jeschek, M., Reuter, R., Heinisch, T., Trindler, C., Klehr, J., Panke, S., et al. (2016).
Directed evolution of artificial metalloenzymes for in vivo metathesis. Nature
537, 661-665. doi: 10.1038/nature19114

Kanady, J. S., Tsui, E. Y., Day, M. W., and Agapie, T. (2011). A synthetic model of
the Mn3Ca subsite of the oxygen-evolving complex in photosystem II. Science
333, 733-736. doi: 10.1126/science.1206036

Katz, S. (1963). The reversible reaction of Hg (II) and double-stranded
polynucleotides a step-function theory and its significance. Biochim. Biophys.
Acta 68, 240-253. doi: 10.1016/0926-6550(63)90435-3

Key, H. M., Dydio, P., Clark, D. S., and Hartwig, J. F. (2016). Abiological catalysis
by artificial haem proteins containing noble metals in place of iron. Nature 534,
534-537. doi: 10.1038/nature17968

Knight, A. S., Kulkarni, R. U., Zhou, E. Y., Franke, J. M., Miller, E. W,
and Francis, M. B. (2017). A modular platform to develop peptoid-
based selective fluorescent metal sensors. Chem. Commun. 53, 3477-3480.
doi: 10.1039/C7CC00931C

Koehntop, K. D., Emerson, J. P, and Que, L. (2005). The 2-His-1-
carboxylate facial triad: a versatile platform for dioxygen activation by
mononuclear non-heme iron(I) enzymes. J. Biol. Inorg. Chem. 10, 87-93.
doi: 10.1007/s00775-005-0624-x

Lecours, M. J., Marchand, A., Anwar, A., Guetta, C., Hopkins, S. W., and Gabelica,
V. (2017). What stoichiometries determined by mass spectrometry reveal about
the ligand binding mode to G-quadruplex nucleic acids. Biochim. Biophys. Acta
1861, 1353-1361. doi: 10.1016/j.bbagen.2017.01.010

Litman, Z. C., Wang, Y., Zhao, H., and Hartwig, J. F. (2018). Cooperative
asymmetric reactions combining photocatalysis and enzymatic catalysis.
Nature 560, 355-359. doi: 10.1038/541586-018-0413-7

Lu, Y., Yeung, N,, Sieracki, N., and Marshall, N. M. (2009). Design of functional
metalloproteins. Nature 460, 855-862. doi: 10.1038/nature08304

Mandal, S., Hebenbrock, M., and Miiller, J. (2016). A dinuclear mercury(II)-
mediated base pair in DNA. Angew. Chem. Int. Ed. 55, 15520-15523.
doi: 10.1002/anie.201608354

Mandal, S., and Miller, J. (2017).
with ligand-based nucleosides. Curr.
doi: 10.1016/j.cbpa.2017.01.019

Mayer, C., Dulson, C., Reddem, E., Thunnissen, A. W., and Roelfes, G. (2019).
Directed evolution of a designer enzyme featuring an unnatural catalytic amino
acid. Angew. Chem. Int. Ed. 58, 2083-2087. doi: 10.1002/anie.201813499

Miyoshi, D., Karimata, H., Wang, Z.-M., Koumoto, K., and Sugimoto, N. (2007).
Artificial G-wire switch with 2,2’-bipyridine units responsive to divalent metal
ions. J. Am. Chem. Soc. 129, 5919-5925. doi: 10.1021/ja068707u

Neidle, S. (2017). Quadruplex nucleic acids as targets for anticancer therapeutics.
Nat. Rev. Chem. 1:0041. doi: 10.1038/s41570-017-0041

Punt, P. M., and Clever, G. H. (2019a). Imidazole-modified G-quadruplex
DNA as metal-triggered peroxidase. Chem. Sci. 10, 2513-2518.
doi: 10.1039/C8SC05020A

Punt, P. M., and Clever, G. H. (2019b). Tailored transition-metal coordination
environments in imidazole-modified DNA G-quadruplexes. Chem. Eur. J. 25,
13987-13993. doi: 10.1002/chem.201903445

Raven, J. A., Evans, M. C,, and Korb, R. E. (1999). The role of trace metals in
photosynthetic electron transport in O,-evolving organisms. Photosynth. Res.
60, 111-150. doi: 10.1023/A:1006282714942

Rioz-Martinez, A., Oelerich, J., Ségaud, N., and Roelfes, G. (2016). DNA-
accelerated catalysis of carbene-transfer reactions by a DNA/cationic
iron porphyrin hybrid. Angew. Chem. Int. Ed. 55, 14136-14140.
doi: 10.1002/anie.201608121

Metal-mediated DNA
Opin. Chem. Biol.

assembly
37, 71-79.

Frontiers in Chemistry | www.frontiersin.org

49

January 2020 | Volume 8 | Article 26


https://doi.org/10.1093/nar/gky390
https://doi.org/10.1039/C9CC01540J
https://doi.org/10.1038/nature12435
https://doi.org/10.1039/C5SC04358A
https://doi.org/10.1039/C8SC03616K
https://doi.org/10.1038/nchem.819
https://doi.org/10.1039/b811349c
https://doi.org/10.1002/anie.200701185
https://doi.org/10.1002/anie.198604873
https://doi.org/10.1002/anie.200703459
https://doi.org/10.1021/acs.biochem.5b01044
https://doi.org/10.1002/jms.3590
https://doi.org/10.1093/bioinformatics/16.10.851
https://doi.org/10.1038/nchem.2916
https://doi.org/10.1039/C7SC03477F
https://doi.org/10.1038/s41557-018-0082-z
https://doi.org/10.1039/C8CC04053B
https://doi.org/10.1002/anie.201705724
https://doi.org/10.1002/anie.201307594
https://doi.org/10.1002/chem.201703409
https://doi.org/10.1021/acscatal.8b03661
https://doi.org/10.1107/S0907444997010445
https://doi.org/10.1039/C2CS35253B
https://doi.org/10.1038/nrm.2017.3
https://doi.org/10.1021/cr9500390
https://doi.org/10.1038/nature19114
https://doi.org/10.1126/science.1206036
https://doi.org/10.1016/0926-6550(63)90435-3
https://doi.org/10.1038/nature17968
https://doi.org/10.1039/C7CC00931C
https://doi.org/10.1007/s00775-005-0624-x
https://doi.org/10.1016/j.bbagen.2017.01.010
https://doi.org/10.1038/s41586-018-0413-7
https://doi.org/10.1038/nature08304
https://doi.org/10.1002/anie.201608354
https://doi.org/10.1016/j.cbpa.2017.01.019
https://doi.org/10.1002/anie.201813499
https://doi.org/10.1021/ja068707u
https://doi.org/10.1038/s41570-017-0041
https://doi.org/10.1039/C8SC05020A
https://doi.org/10.1002/chem.201903445
https://doi.org/10.1023/A:1006282714942
https://doi.org/10.1002/anie.201608121
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Punt et al.

Heteroleptic Coordination in DNA G-Quadruplexes

Roelfes, G., and Feringa, B. L. (2005). DNA-based asymmetric catalysis. Angew.
Chem. Int. Ed. 44, 3230-3232. doi: 10.1002/anie.200500298

Rubino, J. T., and Franz, K. J. (2012). Coordination chemistry of copper proteins:
how nature handles a toxic cargo for essential function. J. Inorg. Biochem. 107,
129-143. doi: 10.1016/j.jinorgbio.2011.11.024

Samuel, A. P., Co, D. T., Stern, C. L., and Wasielewski, M. R. (2010). Ultrafast
photodriven intramolecular electron transfer from a zinc porphyrin to a readily
reduced diiron hydrogenase model complex. J. Am. Chem. Soc. 132, 8813-8815.
doi: 10.1021/ja100016v

Sandmann, N., Bachmann, J., Hepp, A., Doltsinis, N. L., and Miiller, J. (2019).
Copper(ii)-mediated base pairing involving
3H -imidazo[4,5- f]quinolin-5-ol. Dalton
doi: 10.1039/C9DT02043H

Shook, R. L., and Borovik, A. (2010). Role of the secondary coordination
sphere in metal-mediated dioxygen activation. Inorg. Chem. 49, 3646-3660.
doi: 10.1021/ic901550k

Smith, N. M., Amrane, S., Rosu, F., Gabelica, V., and Mergny, J.-L. (2012).
Mercury-thymine interaction with a chair type G-quadruplex architecture.
Chem. Commun. 48, 11464-11466. doi: 10.1039/c2cc36481f

Tanaka, K., Clever, G. H., Takezawa, Y., Yamada, Y., Kaul, C., Shionoya, M.,
et al. (2006). Programmable self-assembly of metal ions inside artificial DNA
duplexes. Nat. Nanotechnol. 1, 190-194. doi: 10.1038/nnano.2006.141

Tanaka, K., Yamada, Y., and Shionoya, M. (2002). Formation of silver(I)-
mediated DNA duplex and triplex through an alternative base pair of pyridine
nucleobases. J. Am. Chem. Soc. 124, 8802-8803. doi: 10.1021/ja0205100

Valdez, C. E., Smith, Q. A., Nechay, M. R, and Alexandrova, A. N. (2014).
Mysteries of metals in metalloenzymes. Acc. Chem. Res. 47, 3110-3117.
doi: 10.1021/ar500227u

Waldron, K. J., Rutherford, J. C,
(2009). Metalloproteins and metal
doi: 10.1038/nature08300

the artificial nucleobase
Trans. 48, 10505-10515.

Ford, D.,
sensing. Nature

and Robinson, N. J.
460, 823-830.

Wang, J., Yue, L, Li, Z, Zhang, J, Tian, H., and Willner, 1. (2019).
Active generation of nanoholes in DNA origami scaffolds for programmed
catalysis in nanocavities. Nat. Commun. 10:4963. doi: 10.1038/s41467-019-
12933-9

Wu, S., Zhou, Y., Rebelein, J. G., Kuhn, M., Mallin, H., Zhao, J., et al.
(2019). Breaking symmetry: engineering single-chain dimeric streptavidin
as host for artificial metalloenzymes. J. Am. Chem. Soc. 141, 15869-15878.
doi: 10.1021/jacs.9b06923

Xu, Y., Suzuki, Y., Lonnberg, T., and Komiyama, M. (2009). Human telomeric
DNA sequence-specific cleaving by G-quadruplex formation. J. Am. Chem. Soc.
131, 2871-2874. doi: 10.1021/ja807313x

Zhang, L., Peritz, A., and Meggers, E. (2005). A simple glycol nucleic acid. J. Am.
Chem. Soc. 127, 4174-4175. doi: 10.1021/ja042564z

Zhang, L., Peritz, A. E., Carroll, P. J., and Meggers, E. (2006). Synthesis of glycol
nucleic acids. Synthesis 2006, 645-653. doi: 10.1055/5-2006-926313

Zhao, M., Wang, H.-B,, Ji, L-N.,, and Mao, Z.-W. (2013). Insights into
metalloenzyme microenvironments: biomimetic metal complexes with a
functional second coordination sphere. Chem. Soc. Rev. 42, 8360-8375.
doi: 10.1039/c3cs60162e

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Punt, Stratmann, Sevim, Knauer, Strohmann and Clever. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

50

January 2020 | Volume 8 | Article 26


https://doi.org/10.1002/anie.200500298
https://doi.org/10.1016/j.jinorgbio.2011.11.024
https://doi.org/10.1021/ja100016v
https://doi.org/10.1039/C9DT02043H
https://doi.org/10.1021/ic901550k
https://doi.org/10.1039/c2cc36481f
https://doi.org/10.1038/nnano.2006.141
https://doi.org/10.1021/ja020510o
https://doi.org/10.1021/ar500227u
https://doi.org/10.1038/nature08300
https://doi.org/10.1038/s41467-019-12933-9
https://doi.org/10.1021/jacs.9b06923
https://doi.org/10.1021/ja807313x
https://doi.org/10.1021/ja042564z
https://doi.org/10.1055/s-2006-926313
https://doi.org/10.1039/c3cs60162e
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

1' frontiers
in Chemistry

ORIGINAL RESEARCH
published: 31 January 2020
doi: 10.3389/fchem.2020.0004 1

OPEN ACCESS

Edited by:
Janarthanan Jayawickramarajah,
Tulane University, United States

Reviewed by:

Sriram Kanvah,

Indlian Institute of Technology
Gandhinagar, India
Harekrushna Sahoo,

National Institute of Technology
Rourkela, India

*Correspondence:
Thomas R. Wilks
t.r.wilks@bham.ac.uk

Specialty section:

This article was submitted to
Supramolecular Chemistry,
a section of the journal
Frontiers in Chemistry

Received: 08 November 2019
Accepted: 14 January 2020
Published: 31 January 2020

Citation:

Nunez-Pertinez S and Wilks TR (2020)
Deep Eutectic Solvents as Media for
the Prebiotic DNA-Templated
Synthesis of Peptides.

Front. Chem. 8:41.

doi: 10.3389/fchem.2020.00041

Check for
updates

Deep Eutectic Solvents as Media for
the Prebiotic DNA-Templated
Synthesis of Peptides

Samuel Nunez-Pertifiez and Thomas R. Wilks*

School of Chemistry, University of Birmingham, Birmingham, United Kingdom

Translation of genetic information into peptide products is one of the fundamental
processes of biology. How this occurred prebiotically, in the absence of enzyme catalysts,
is an intriguing question. Nucleic acid-templated synthesis (NATS) promotes reactions
by bringing building blocks tethered to complementary DNA strands into close proximity
and has been shown to enable peptide synthesis without enzymes—it could therefore
serve as a model for prebiotic translation of information stored in nucleic acid sequences
into functional peptides. The decomposition of highly reactive DNA adapters has so far
limited the effectiveness of NATS, but these studies have been performed exclusively
in aqueous solution. Deep eutectic solvents (DESs) have been proposed as a feasible
solvent for prebiotic replication of nucleic acids, and here are studied as media for
prebiotic translation using NATS as a model. DESs are shown to enhance the stability of
DNA-conjugated activated esters, the precursors of peptides. However, this enhanced
stability was coupled with decreased amine reactivity that hampered the formation of
peptide bonds in DESs. These properties are exploited to demonstrate the storage of
DNA-conjugated activated esters in a DES followed by transfer into aqueous buffer to
activate the NATS of peptides “on demand.” These findings, together with the reported
functions of DESs in prebiotic processes, shed light on how DESs could have facilitated
the non-enzymatic translation of genetic information into functional peptides on the
early Earth.

Keywords: prebiotic, translation, deep eutectic solvent, templated synthesis, nucleic acids

INTRODUCTION

Living organisms preserve the information required to synthesize their molecular components in
nucleic acid sequences (Crick, 1970). The replication of this genetic material, and its translation into
active catalytic proteins is regulated and catalyzed by highly complex molecular machines. Perhaps
the most impressive example is the biosynthesis of peptides and proteins by the ribosome (Steitz,
2008; Yonath, 2009). A key question is how these processes were performed prebiotically, in the
absence of such complex machinery. Based on the fact that the core of the ribosome is made from
RNA, it has been proposed that replication and translation were first performed by simple nucleic
acids, giving rise to the “RNA world” (Crick, 1968; Orgel, 1968; Kruger et al., 1982; Guerrier-Takada
et al., 1983; Gilbert, 1986) and “RNA/peptide world” hypotheses (Yarus, 2001; Turk et al., 2010).
Several nucleic acid systems that display enzyme-free self-replication have been described (Ekland
and Bartel, 1996; Johnston et al., 2001; Paul and Joyce, 2002; Li et al., 2017; Hénle and Richert,
2018; Liu et al.,, 2018; Mariani et al., 2018; Zhang et al., 2019), and there have been a handful of
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DESs for Prebiotic Peptide Synthesis

mechanisms proposed for prebiotic translation (Zhang and
Cech, 1997; Tamura and Schimmel, 2001, 2004). However,
these studies have highlighted a number of obstacles to
achieving efficient replication and translation in the absence
of enzymes: (1) the hydrolysis of the highly reactive, activated
monomers required for both processes is rapid in aqueous
solution (Kanavarioti et al., 1989); (2) hydrolysed monomers
can inhibit replication and induce errors in translation (Deck
et al., 2011); (3) after replication, long strands will hybridize to
form stable duplexes, blocking further replication by template
inhibition (Szostak, 2012).

Most studies in this area have assumed that the solvent for
these prebiotic processes was aqueous, but deep eutectic solvents
(DESs) have recently emerged as an alternative (He et al., 2017).
DESs are a family of solvents, closely related to ionic liquids,
composed of a hydrogen bond donor and a salt that form a
eutectic mixture at a specific molar ratio (Abbott et al., 2003).
Most DESs have high viscosity, low vapor pressure and a very
high concentration of ionic species (Zhang et al., 2012; Smith
et al., 2014), and their basic components, such as glycerol or
urea, are likely to have been present on the early Earth (Kaiser
etal,, 2015; Okamura et al., 2019). DESs composed of quaternary
ammonium salts and hydrogen bond donors (e.g., reline, a
mixture of urea and choline chloride) have been shown to be
compatible with protein and nucleic acid biomolecules (Wagle
et al,, 2014; Xu et al., 2017; Pitzold et al., 2019). For example, it
was demonstrated that DNA was stable and retained its structural
integrity for at least 6 months when stored in a DES (Mondal
et al,, 2013), that tertiary structures such as A- and B-DNA
duplexes, and G-quadruplexes, were maintained (Mamajanov
et al., 2010; Lannan et al., 2012; Zhao et al., 2013; Gallego et al.,
2015), and that enzymatic peptide synthesis could be performed
efficiently (Maugeri et al., 2013). DESs have also been shown
to be favorable media for nucleic acid replication. For example,
DESs promote the formation of activated organophosphates from
mineral phosphate, which is a necessary step in the formation
of the activated monomers required for replication (Gull et al,,
2014, 2017; Burcar et al., 2016). The high viscosities of DESs
also enable more efficient non-enzymatic replication: the faster
diffusion of monomers compared to long oligonucleotides in
these solvents has been shown to help overcome the template
inhibition problem (He et al, 2017). High viscosity also
favors intramolecular folding over intermolecular interactions,
enabling, for example, the recovery of ribozyme activity following
a replication process (He et al., 2019).

Based on this previous work around replication, we
asked whether DESs could also be suitable media for non-
enzymatic translation and chose nucleic acid-templated
synthesis (NATS) of a dipeptide as a simple model for this
process. NATS promotes reactions by using hybridization to
bring reactants tethered to complementary oligonucleotides
into close proximity, and has been extensively used in the
literature for the programmed production of oligopeptides
(Li and Liu, 2004; O'Reilly et al., 2017). Importantly, this
previous work has been limited by hydrolysis of the activated
building blocks required (Meng et al., 2016). Here, we investigate
the NATS of peptides in an archetypal DES, glycholine (a

mixture of glycerol and choline chloride). We find that
glycholine protects DNA-conjugated activated esters, the
necessary precursors of oligopeptide products, from solvolysis.
By comparing the NATS of peptides in DESs and aqueous
buffered solution we also uncover the inhibitory effect of
glycholine on amide bond formation. We exploit these
properties to demonstrate the extended storage of otherwise
unstable peptide building blocks in glycholine, followed
by shuttling into aqueous solution to activate NATS “on
demand.” Combined with recent theories about the role of
compartmentalisation in prebiotic self-replicating systems
(Mann, 2012), these experiments hint at a possible role for DESs
in enabling non-enzymatic construction of oligopeptides on the
early Earth.

MATERIALS AND METHODS

Nuclear magnetic resonance (NMR): One-dimensional I'H and
13C NMR, and two-dimensional NMR spectra were recorded on
a Bruker Advance 300 MHz, Bruker Advance III 400 MHz or
a Bruker Advance III 500 MHz instrument at 25°C. Deuterated
solvents chloroform-d (99.8 D atom%), methanol-dy (99.8 D
atom%), dimethyl sulfoxide-ds (DMSO-dg, 99.8 D atom%)
acetone-dg (99.9 D atom%) were purchased from Sigma Aldrich.
The residual non-deuterated solvent peak was used as a chemical
shift (8, ppm) internal standard. The data were processed
using Mestrenova (Mestrelab research) v.12.0.2 and ADC/NMR
software. High resolution mass spectrometry (HRMS): HRMS
was performed on a Bruker Q-ToF Maxis Plus spectrometer
or on a Waters Xevo GS2-XS qToF system. A relative error
under 5 ppm was ensured. Reversed-phase high performance
liquid chromatography (RP-HPLC): RP-HPLC was performed in
a Varian 920LC system with a photodiode array UV detector
(PDA), and a fluorescence detector. Liquid chromatography-Mass
spectrometry (LC-MS): LC-MS was performed on an Agilent 1200
HPLC system coupled to a Bruker AmazonX high resolution
ion trap, in negative ion mode. The desalted oligonucleotide
samples were eluted though a XBridge oligonucleotide BEH C18
column (130 A, 2.5um, 4.6 x 50mm) using a 5 vol% MeOH,
10 mM ammonium acetate (buffer A) and a 70 vol% MeOH,
10 mM ammonium acetate (buffer B) solvent system. The data
were processed using Compass Data Analysis (Bruker) v.4.1
software, and the MaxEnt integrated deconvolution algorithm.
Alternatively, LC-MS was performed on a Waters ACQUITY
UPLC system coupled to a Xevo GS2-XS qToF mass spectrometer
in negative sensitivity mode with leucine-enkephalin [M-H]~
554.2620 Lockspray. The oligonucleotides were eluted through
an AQUITY UPLC oligonucleotide BEH C18 column (130 A,
1.7 pm, 2.1 x 50 mm) using a 50 mM triethylammonium acetate
(TEAA, pH 7.0) solution in H,O (buffer A) and a 50 mM TEAA
solution in MeCN (buffer B) at 60°C and a 0.2 mL-min~!
flow. Fluorescence spectroscopy: Fluorescence spectral data
were recorded on an Agilent Cary Eclipse fluorescence
spectrophotometer equipped with a photomultiplier tube (PMT)
detector. Quartz cuvettes from Starna scientific (Type 3/Q/10)
with four polished sides were used for fluorescence. The emission
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and excitation spectra were recorded using Cary Eclipse v.1.2.0.0
software. Karl Fischer titration: The water content in DESs was
determined using an automated CA-200 (Mitsubishi chemicals)
Karl Fischer coulometric titrator. Aqualine (Fisher) auxiliary
reagent mixture and Aquamicron solution P (Aquamicron,
3.8-4.0mg HyO-mL™!) calibration standards were used. pH
measurements: An Accumet AP110 pH meter kit (Fisher)
equipped with a pH sensitive glass electrode was used to
determine the pH in aqueous solution. Prior to sample analysis,
the instrument was calibrated with pH 4, pH 7, and pH 10
standard solution buffers.

DNA Sequences and Modifications

Sequences were optimized, and the expected assemblies predicted
with NUPACK (Zadeh et al., 2009). Modified DNA strands
were purchased from Integrated DNA Technologies and further
modified as described below. Sequence data and modification
structures are given in Table S1 and Scheme S1.

Synthesis of DESs

DESs were prepared by mixing appropriate amounts of hydrogen
bond donor and choline chloride in a Schlenk round bottom
flask under positive nitrogen pressure, heating to 100°C and
stirring until a homogeneous mixture was obtained. DESs were
dried at 80°C under vacuum prior to use (Abbott et al., 2004).
The H,O content of glycholine was determined by Karl Fischer
titration. H,O content was then adjusted to the desired value. For
simplicity, we refer to the volume percentage content of H,O in
the DES using a subscript number e.g., glycholine containing 7
vol% H, O is written as Glyy g7.

Measurement of DES Solution pH

DES (1mL) was diluted in H;O (4mL) and the pH was
determined using a pH-sensitive glass electrode. The error was
evaluated in two different series of samples, by performing
triplicate measurements and determining the standard deviation.

TH-NMR Spectroscopy Study of The
Stability of Small Molecule Activated

Esters
Solutions of 1 (5 mM) in different solvent mixtures were stirred
at 24 °C. After 2, 4, 6 and 24h the solutions were extracted

with 0.7 mL of either acetone-dg (DES solutions) or chloroform-
d (phosphate buffer solutions). The relative proportions of 1 and
3 were determined by 'H-NMR spectroscopy (Figure S1).

RP-HPLC Stability Study of Activated

Esters

Activated ester 1 (4.1 mg) was dissolved in DES (2mL). Each
solution was prepared 40min after the previous one. The
solutions were stirred over a period of 29h. After stirring
for 5, 24, and 29h, a 100 pL aliquot of each sample was
diluted in H,O (900 pL) and the sample analyzed by RP-
HPLC. Method: column Discovery C18 (Sigma Aldrich, 5pm,
10 x 4.6 cm), flow 1 mL-min~!, temperature 40°C and injection
volume 10 pL. Solvent A: H,O, 0.05 vol% TFA. Solvent B:
70 vol% MeCN, 0.05 vol% TFA.

Thermal Stability of dsDNA in DESs

The thermal stability of dsDNA in DES solutions was determined
using fluorophore and quencher labeled DNA strands (S15 and
$16). Solutions of 100 nM dsDNA were briefly centrifuged and
placed in a qPCR instrument. Samples were heated and cooled
at 1°C-min~!. The melting temperature (Ty,) was determined
as the middle-point of the sigmoidal trace defined by the
fluorescence emission intensity as a function of temperature.

Synthesis of NHS-Activated Fluorescein,

S18 (Gao et al., 2002)

Fluorescein free carboxylic acid (§17, 3.322g, 10 mmol) and
N-hydroxysuccinimide (1.151g, 10 mmol) were dissolved in
dry DMF (19mL) under positive nitrogen pressure in a dry
Schlenk tube (Scheme 1). Then, N,N/—dicyclohexylcarbodiimide
(DCC, 2.063 g, 10 mmol) was added and the resulting solution
stirred at 60°C for 2h under positive nitrogen pressure. N,N -
dicyclohexylurea (DCU) was removed by cooling down the
reaction mixture to —20°C for 2 h and the white precipitate was
filtered off. The solvent was removed under reduced pressure and
the crude solid was purified by SiO; column chromatography
using an EtOAc/acetone gradient. The desired fractions were
combined to produce S18 as a bright orange solid (2.002 g, 47%).
The 'H-NMR spectroscopic analysis was in good agreement
with the reported characterization (Gao et al, 2002). TLC
(EtOAC:MeOH 6:4) Ry = 0.1. 'H-NMR (300 MHz, DMSO-ds)
d (ppm): 8.36 (1H, d J = 7.7 Hz, Ar-H), 7.96 (2H, m, Ar-H), 7.65
(IH,dJ=7.5Hz, Ar-H),6.79 (2H, d ] = 9.6 Hz, Ar-H), 6.53 (4H,

HO o o)
O / 1)i2)ii 3) iii 4) iv
o)

HO o o
IO
: 0

e

$17

(@)
o N
SR Re

o]
S$21

SCHEME 1 | Synthesis of the N-hydroxymaleimide ester $21. (i) SUOH, DCC, DMF, 60°C, 2 h; (i) TsOH-H-Ala-OBn, EtzN, DCM, r.t. 3 h; (i) Pd/C (10 wt%), Ha,
MeOH, r.t., 1.5h; (iv) N-hydroxymaleimide, DCC, EtOAc:1,4-dioxane (2:1), r.t., o.n.
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m, Ar-H), 2.73 (4H, s, (CH,) succinimide). HRMS (ESI-) m/z
[M-H]~ calcd. 428.0770 found 428.0763.

Synthesis of S19

$18 (1.000 g, 2.23 mmol) and TsOH-H-L-Ala-OBn (1.637 g) were
dissolved in dry DMF (15 mL) under positive nitrogen pressure
in a dry round bottom Schlenk flask. Then, Et;N (1.1 mL,
8.16 mmol) was added drop wise over 10 min and the resulting
solution was stirred at room temperature for 6h. The solvent
was removed under reduced pressure and the crude product was
purified by SiO, column chromatography using a DCM/MeOH
(100:0 to 75:15) gradient to produce S19 as a bright orange solid
(704 mg, 61%). TLC (EtOAc:MeOH 6:4) Ry = 0.6. I'H-NMR
(400 MHz, methanol-dy) 8 (ppm): 7.76 (1H, m, Ar-H), 7.55 (1H,
m, Ar-H), 7.41 (1H, m, Ar-H), 7.21 (2H, m, Ar-H), 7.11 (4H, m,
Ar-H), 6.88 (1H, m, Ar-H), 6.56 (1H, m, Ar-H), 6.51 (1H, m, Ar-
H), 6.45 (1H, m, Ar-H), 6.20 (1H, d J = 8.7 Hz, Ar-H), 5.97 (1H,
dd ], =8.7Hz J, = 2.5Hz, Ar-H), 4.80 (2H, m, OCH>), 3.59 (1H,
qJ = 7.2 CH-CHs), 1.02 (3H, d ] = 7.2 Hz, CH-CH3). 3C-NMR
(100 MHz, methanol-ds) 8 (ppm): 171.75 (C=0), 168.79 (C=0),
160.29 (C=0), 160.13 (ArC), 154.54 (ArC), 154.36 (ArC), 154.24
(ArC), 136.95 (ArC), 134.40 (ArC-H), 132.13 (ArC-H), 130.71
(ArC-H), 130.60 (ArC-H), 129.89 (ArC-H), 129.53 (ArC), 129.37
(ArC-H), 129.35 (ArC-H), 129.15 (ArC), 129.09 (ArC), 125.13
(ArC-H), 123.55 (ArC-H), 113.26 (ArC-H), 112.95 (ArC-H),
110.26 (ArC), 109.24 (ArC), 103.59 (ArC-H), 103.08 (ArC-H),
68.08 (OCH,), 51.55 (NCH), 15.44 CH;). HRMS (ESI-) m/z
[M-H] ™ calcd. 492.1447 found 492.1457.

Synthesis of S20

Pd/charcoal (50 mg, 10 wt%) was placed in a dry round bottom
Schlenk flask under positive nitrogen pressure. $19 (500 mg,
1.01 mmol) was added and dissolved in degassed MeOH
(50mL). The nitrogen atmosphere was replaced with hydrogen
by bubbling the solution for 3min with a hydrogen balloon.
The positive hydrogen pressure was maintained for 1.5h with
constant stirring at room temperature. The solid-supported
catalyst was removed by filtration through celite. The solvent
was removed under reduced pressure to produce S20 as a bright
yellow solid (375 mg, 92%). TLC (DCM:MeOH 9:1) R¢ = 0.2. 'H-
NMR (500 MHz, methanol-dy) 8 (ppm): 7.05 (1H, m, Ar-H), 6.61
(3H, m, Ar-H), 6.48 (2H, m, Ar-H), 6.41 (1H,dd J; =8.7Hz ],
= 2.4Hz, Ar-H), 3.67 (1H, q ] = 7.2Hz, CHCH3), 1.20 (3H, d ]
= 7.2 Hz CHCH3). 1¥*C-NMR (160 MHz, methanol-dy) 3 (ppm):
173.6 (C=0), 169.1 (C=0), 160.6 (C=0), 160.4 (ArC), 154.9
(ArC), 154.6 (ArC),154.4 (ArC), 134.5 (ArC), 132.5 (ArC), 132.4
(ArC-H), 130.9 (ArC-H), 130.0 (ArC-H), 113.4 (ArC-H), 113.0
(ArC-H), 110.6 (ArC), 109.6 (ArC), 103.7 (ArC-H), 103.2 (ArC-
H), 51.7 (CH-CH3), 15.7 (CH-CH3). HRMS (ESI-) m/z [M-H]~
caled. 402.0983 found 402.0982.

Synthesis of S21

§20 (50mg, 0.124 mmol), DCC (25mg, 0.121 mmol) and
N-hydroxymaleimide (14 mg, 0.124 mmol) were dissolved in
EtOAc/1,4-dioxane (2:1, 2mL) and stirred at room temperature
overnight. Then, the solvent was lyophilised on a Schlenk line, the
crude solid was dissolved in EtOAc (2.5mL) and cooled down

to 4°C for 1h. The white precipitate of DCU was removed by
centrifugation at 4°C and 21 kRCF for 15 min. The supernatant
was dried to produce S21 as a bright yellow powder (58 mg, 95%).
The NMR spectra showed extra peaks which were attributed to
atropoisomers and the presence of trace amounts of DCU. 'H-
NMR (500 MHz, DMSO-dg) 8 (ppm): 9.99 (1H, s, OH or NH),
9.89 (1H, s, OH or NH), 7.83 (1H, m, Ar-H), 7.57 (2H, m, Ar-H),
7.17 (2H, s**, maleimide Ar-H), 7.05 (1H, m, Ar-H), 6.61 (2H, m,
Ar-H), 6.55 (1H, m, Ar-H), 6.49 (2H, m, Ar-H), 6.38 (1H, m, dd
J1 =8.7Hz], =2.4Hz, Ar-H),4.11 (1H, q ] = 7.1 Hz, CH-CH3),
1.26 (3H, d ] = 7.1 Hz, CH-CH3)0.13C-NMR (160 MHz, DMSO-
de) 8 (ppm): 167.28 (C=0), 165.96 (C=0), 164.38 (C=0), 158.71
(C=0), 157.36 (ArC), 153.20 (ArC), 152.13 (ArC), 133.43 and
133.09 (maleimide CH=CH), 131.91 (ArC-H), 130.07 (ArC-H),
129.68 (ArC), 129.45 (ArC-H), 128.78 (ArC-H), 123.85 (ArC-
H), 122.58 (ArC-H), 112.37 (ArC-H), 112.11 (ArC-H), 108.47
(ArC), 107.62 (ArC), 102.41 (ArC-H), 102.06 (ArC-H), 48.16
(CH-CH3), 15.05 (CH-CH3). HRMS (ESI-) m/z [M-H] ™ calcd.
497.0985 found 497.0992.

Fluorescence Spectroscopy Study of the
Stability of DNA-Conjugated Activated

Esters

The tetramethylrhodamine (TAMRA)/disulfide-labeled DNA
hairpin $4 (1 pL, 1 mM in H,O, 1 nmol) was thermally annealed
with the complementary biotinylated strand S5 (1.1 pL, 1.1 mM
in H,O, 1.1 nmol) in phosphate buffer solution (PBS, 10 pL,
0.1 M, pH 7.0). The disulfide group was reduced with tris(2-
carboxyethyl)phosphine hydrochloride (TCEP, 0.5 L, 0.5M in
H,0) at 18°C for 1.25h. Then, the resulting double stranded
DNA (dsDNA) was conjugated to streptavidin-coated magnetic
nanoparticles (Dynabeads, Thermofisher), and transferred into
Glypo7 (200 pL). The maleimide ester S21 (1mg, 2.5 pmol)
was added to the solution and allowed to react for 2h. The
nanoparticle-supported DNA-conjugated activated ester was
transferred into clean Glyg oy and the hairpin was released by
toehold-mediated strand exchange by addition of one equivalent
of strand S6 at 18°C for 2h to produce an approximately 5 M
solution of 4. Finally, the solution of 4 (5 iL) was diluted in the
DES of interest (95 L), the resulting solution briefly centrifuged,
and the fluorescein (FAM) fluorescence recorded over 24h in
a Mx3005P qPCR instrument (Agilent). The spectral overlap
between FAM fluorophore (S21) and TAMRA-labeled DNA (S4)
was also determined (Figure S4).

DNA-Templated Synthesis of Peptide

Bonds

Disulfide-labeled DNA S7 (10 wL, 1mM in H,O, 10 nmol)
was mixed with TCEP solution (2 nL, pH 4 corrected with
5M NaOH, 1 pmol) in a microcentrifuge tube. The solution
was shaken at 18°C for 1.25h. Maleimide activated ester
$21 (108 pL, 37mM in DME 4 pmol) was added and the
combined solution shaken at 18°C for 1.0h to produce the
DNA-conjugated activated ester, 6. The volume of the solution
was reduced to approximately 50 WL by freeze-drying. The
previous solution was diluted with Glygo; (4,950 pL), and
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amine-labeled DNA 7 (10 pL, 1 mM in H,O, 10 nmol) added.
The resulting mixture was vigorously shaken until the solution
was homogeneous and then shaken at 18°C overnight. The
DES solution was diluted with an excess of H,O and the
DNA strands transferred into H,O for HPLC/LC-MS analysis
by repeated centrifugal ultrafiltration using a 3 kDa molecular
weight cut-off (MWCO) Amicon spin filter. When the DNA-
templated reaction was performed in aqueous solution, the
activated ester solution in DMF was diluted with PBS (4,950 L,
0.1 M, pH 7.5) containing the complementary amine-labeled
DNA7.

Amine-Labeled DNA Reactivity in

DES/Triethylamine (Et3N)

Amine-labeled DNA 10 (1 wL, 1 mM in H,O, 1 nmol) was diluted
in the appropriate solvent (100 wL). N-hydroxysuccinimide ester
11 (~0.3mg, 1 wmol) was added, and the mixture shaken
overnight at 20°C. The product was transferred into H,O by
dilution of the samples and successive centrifugal ultrafiltration
using a 3 kDa MWCO Amicon spin filter. The product was
analyzed by HPLC and LC-MS.

Storage of Activated Esters in Glyg o7
Disulfide-labeled DNA S11 (3 pL, 1 mM in H,O, 3 nmol) was
mixed with TCEP solution (3 wL, pH 4 corrected with 5M
NaOH, 1.5 pmol) in a microcentrifuge tube. The solution was
shaken at 18°C for 1.25 h. Maleimide activated ester $21 (54 pL,
22mM in DME, 1.2 wmol) was added and the combined solution
was shaken at 18°C for 1.0h to produce the DNA-conjugated
activated ester 13. This sample was divided into 3 aliquots and
used as follows. (1) Storage in Glyg o7: the activated ester solution
(20 pL) was diluted with Glygg7 (180 pL), and the resulting
solution was shaken at 18°C for 2.0 h. The solution was diluted
with PBS (1.3mL, 0.1 M, pH 7.5) containing complementary
amine-labeled DNA 15 (1 pL, 1mM in H,O, 1 nmol). The
solution was shaken at 18°C for 5h. Finally, the solution was
diluted with 1 vol. of H,O, the precipitate was centrifuged, and
the DNA products were transferred into H,O by successive steps
of dilution of the supernatant with H,O and concentration by
centrifugal ultrafiltration on a 3 kDa MWCO Amicon spin filter.
The product was analyzed by HPLC and LC-MS. (2) Storage
in PBS: the activated ester solution (20 wL) was diluted with
PBS (180 pL, 0.1 M, pH 7.0), and the resulting solution was
shaken at 18°C for 2.0h. Then, the sample was treated as in
(1). (3) Fast reaction in PBS: the activated ester solution (20 L)
was diluted with PBS (1,480 pL, 0.1 M, pH 7.5) containing
complementary amine-labeled DNA 15 (1 nmol). The solution
was shaken at 18°C for 5.0h. The products were transferred
into H,O for LC-MS analysis as described previously. (4) Off-
template control: maleimide activated ester (S21) (18 pL, 22 mM
in DME 400 nmol) was diluted in PBS (1,482 L, 0.1 M,
pH 7.5) containing amine-labeled DNA 15 (1 pL, ImM in
H,0, 1 nmol). The solution was shaken at 18°C for 5.0h and
the product was transferred into HyO for LC-MS analysis as
described above.

RESULTS AND DISCUSSION

The Stability of Activated Esters in DES

and Aqueous Buffer

We used the N-hydroxysuccinimide ester of L-alanine (NHS-
Ala) as a model activated peptide building block. This had
similar solution stability to more prebiotically feasible activating
groups while allowing us to use established techniques to prepare
the required DNA-conjugated esters (He and Liu, 2011). A
preliminary stability experiment was performed using a small-
molecule NHS-Ala, 1. We followed the hydrolysis of 1 in several
glycholine/water mixtures and in aqueous PBS using proton
nuclear magnetic resonance (\H-NMR) spectroscopy (Figure 1
and Figure S1). 1 was dissolved in the appropriate solvent
mixture and then left for 24 h at 24°C. Samples were extracted
with immiscible deuterated solvent at set timepoints, and the
relative proportions of activated ester and degradation products
(2 and 3) were determined based on their distinctive methyl 'H-
NMR signals. Both the proportion of water and the presence of
basic additives were investigated for their effect on the rate of
ester degradation.

As expected, rapid degradation of the ester in aqueous PBS
was observed, with only 25% remaining after 24h. In stark
contrast, degradation in Glygo; was very slow, with ~90% of
the activated ester intact after 24 h. Increasing the H,O content
to 50 vol% accelerated solvolysis substantially. We attempted to
deliberately accelerate the degradation in glycholine by use of
a basic additive, triethylamine (EtsN). The presence of 2 mM
Et3N in Glyg; had the same destabilizing effect as increasing
the water content to 50 vol%, while 10mM Et;N led to a
similar rate of degradation to that observed in PBS. The effect
of basic additives was studied by diluting the DES in H,O
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FIGURE 1 | Comparison of the stability of the NHS ester 1 in several
glycholine and aqueous PBS solutions. The fraction of 1 remaining at set time
points was determined by "H-NMR spectroscopy by extraction into an
immiscible deuterated solvent. Error bars correspond to the standard deviation
over multiple integration events.
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and measuring the pH of the resulting solution. 2mM Et;N
produced a pH of 7.5, while 10 mM Et3N produced a pH of 9.9
(Table S2), it therefore seems likely that the observed differences
in degradation rate arose as a result of the increased basicity of
the solution.

The above 'H-NMR analysis could have been biased by
differences in the extraction efficiency of 1 and 3 into the
deuterated solvent used, so a complementary study that did
not rely on this assumption was performed using reversed-
phase high performance liquid chromatography (RP-HPLC,
Figure S2). The results were highly consistent with the 'H-
NMR study, so we concluded that glycholine was indeed
effective at stabilizing activated esters, and moved on to DNA-
based experiments.

The thermal stability of double-stranded DNA (dsDNA) in
glycholine/H,O was assessed by fluorescence quenching and
revealed that the duplex remained stable down to at least 7 vol%
H,0: in Glygo7 the T, of a 24 base pair dsDNA was 48°C
(Figure S3). The addition of moderate volumes of H,O to DES
has been used to reduce its viscosity and melting point (Ma et al.,
2018; Smith et al., 2019), and resulted in increased conversion in
enzymatic reactions (Durand et al., 2013; Guajardo et al., 2017).
Furthermore, it has been shown that the microstructure of the
DES is at least partially preserved upon the addition H,O, up
to 50 wt% (Hammond et al., 2017; Gabriele et al., 2019). Given
this precedent, as well as the good stability of activated esters
demonstrated above, Glyg 97 was used for experiments from this
point onwards.

We were interested in assessing the stability of DNA-
conjugated activated esters in situ, avoiding the possibility

of degradation occurring during analysis. To this end, a
fluorescence quenching experiment was designed (Figure 2). A
FAM-labeled NHS-Ala (S21) was synthesized from S17 through
a multi-step procedure (Scheme 1 and Scheme S2, intermediates
$18 to $20) and conjugated to a TAMRA-labeled DNA hairpin
through thia-Michael addition. This design meant that in
the ester form (4), FAM fluorescence would be quenched by
the neighboring TAMRA group. Upon solvolysis of the ester
to give 5, the FAM-labeled amino acid would diffuse away,
triggering a measurable increase in fluorescence. We measured
the fluorescence excitation and emission spectra of FAM and
TAMRA in glycholine to ensure good spectral overlap was
maintained in this solvent (Figure S4).

The DNA hairpin was supported on streptavidin-coated
magnetic nanoparticles and transferred to Glyg gy for activated
ester synthesis, ensuring minimal hydrolysis of the activated
ester. Excess reagents were removed by magnetic purification, the
hairpins were released into solution by toehold-mediated strand
displacement and the nanoparticles removed with a magnet. The
hairpin solution was diluted into an excess of the solvent of
interest, and the evolution of the fluorescence over a 24 h period
was recorded (Figure S5).

All experiments showed the expected increase in fluorescence
due to solvolysis of the activated ester (Figure2). While a
rigorous quantitative kinetic analysis of the data was not possible
due to uncertainties in the minimum and maximum fluorescence
values, the results showed exactly the same trend as the small
molecule experiments, with slow hydrolysis observed in Glygo7.
We therefore concluded that glycholine was also effective at
stabilizing DNA-conjugated activated esters.
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FIGURE 2 | Comparison of the stability of DNA-conjugated N-hydroxysuccinimide esters in several glycholine mixtures studied by fluorescence dequenching.
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Nucleic Acid-Templated Synthesis of NHS-Ala (Figure 3A). The DNA-conjugated activated ester 6
Peptide Bonds in DES was prepared in 90 vol% DMF and then transferred into a DES
Having demonstrated the higher stability of the activated esters solution containing the complementary acceptor strand 7. The
in glycholine, we moved to a single-step NATS reaction using ~ DMF content was reduced to 1 vol%, which did not substantially
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FIGURE 3 | DNA-templated formation of peptide bonds in DES. (A) Single-step DNA-templated synthesis of a peptide bond in glycholine and in PBS. The conversion
was determined by HPLC integration of the signals corresponding to 7, 9, and 9’ (isomers of the product). Peaks were identified by LC-MS (Bruker AmazonX): 7
[M-H]~ m/z caled. 9337.2 found 9336.0; 'DNA-SH [M-H]~ m/z calcd. 10615.2 found 10599.6; 8 [M-H]~ m/z caled. 10712.0 found 10712.4; 9 and 9’ (isomers) [M-H]~
m/z calcd. 9723.6 (B) comparison of the reactivity of an amine-labeled DNA (10) in the presence of an excess of activated ester (11) in Glyp o7 / EtsN and 1 M NaCl
(ag)/EtsN. The conversion was determined by HPLC integration of the signals corresponding to 10 and 12. Peaks were identified by LC-MS (Bruker AmazonX): 10
[M-H]~ m/z calcd. 3897.7 found 3898.6; 11 [M-H]~ m/z calcd. 4096.8 found 4097.7. Error bars correspond to the standard deviation over multiple integration events.
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affect the duplex Tp,. Alternatively, 6 was synthesized in Glyy o7;
this required longer reaction times (2h) to reach the same
yield attained in DMEF, which we speculate was due to the
higher viscosity of the DES. Controls mixing the acceptor strand
with the small molecule reagents showed that no off-template
reactions took place.

A control NATS reaction in PBS was also performed. While
hydrolysis of the activated esters in aqueous solution was
very fast, if the DNA conjugate 6 was isolated rapidly and
transferred to a solution that contained the complementary
amine-labeled DNA 7, the amide product 9 was formed in 48%
conversion. By contrast, the formation of 9 in DES was only
detected in very low yield (Figure 3A). A series of attempts to
improve the conversion through the use of additives were not
successful in raising the yield of 9 above ~5% (Table S3). We
hypothesized that the low conversion in DES was due to a lack
of reactivity of the amine moiety. To test this, amino-modified
DNA 10 was reacted with a large excess of a small-molecule
activated ester 11 in aqueous 1 M NaCl and glycholine solution
that contained varying concentrations of Ets;N (Figure 3B).
In aqueous solution, the conversion in the absence of base
was very low, however the addition of a minimal amount of
EtsN resulted in nearly quantitative conversion. By contrast,
in DES, very large amounts of Et3;N were required to achieve
only moderate conversion (60%). It is interesting to note that
NATS of peptide bonds has previously been reported in pH
7.5 buffered solution, similar to the pH of the glycholine/Et;N
solutions measured above, so pH cannot by itself explain the
lack of amine reactivity in these solvent mixtures (He and Liu,
2010).

These results highlighted that glycholine by itself could
not have promoted prebiotic peptide synthesis. Stabilization
of the activated ester comes at the cost of reduced amine
reactivity, and increasing the reactivity of the amine can only
be achieved by use of additives that destabilize the ester.
However, recent hypotheses have proposed an important role for
compartmentalisation in prebiotic processes (Mann, 2012). One
could imagine a prebiotic system in which activated species are
generated and stored in pockets of DES, and then transferred
into aqueous solution to facilitate the formation of peptide
products. We designed a transfer experiment to investigate this
possibility (Figure 4A).

The DNA-conjugated activated ester 13 was stored in PBS
or glycholine for 2h. The solution was then diluted with an
excess of PBS containing the acceptor amino-DNA strand 15.
The templated synthesis of the peptide product 16 was then
quantified via HPLC by comparing peak areas (Figure 4B).
The identity of the product was confirmed by LC-MS. A
positive control was performed by removing the storage step and
adding the acceptor strand (15) immediately after the synthesis
of the activated ester 13. This resulted in 68% conversion
to the peptide product. To check the importance of DNA
templating, an off-template negative control was performed
by adding the acceptor strand 15 to a solution of the small
molecule activated ester S21 at the same concentration as
the DNA strand (670nM). This showed no evidence of the

formation of the peptide product 16, as expected. When
the DNA-templated peptide synthesis was attempted following
storage of the activated ester in PBS for 2h, no product was
observed (Figure 4B). By contrast, DNA-templated synthesis
following storage in glycholine resulted in 30% conversion to the
peptide product.

DISCUSSION

Here, we demonstrate that glycholine-based DESs have a positive
impact on the stability of DNA-conjugated activated esters when
compared with buffered aqueous solutions. However, there is a
marked reduction in the reactivity of amines, which prevents the
NATS of peptides in these solvents. Our results highlight that it
is very challenging to produce activated esters in aqueous media
for subsequent templated reactions, as they quickly decompose;
however, the synthesis of the activated ester in Glyg gy provides
a solution to this problem. By applying a two-stage process in
which the activated ester was stored in DES and then transferred
into PBS solution to trigger templated synthesis we achieved a
moderate yield of 30%. By comparison, no product was observed
if the activated ester was stored in PBS.

It may be possible to circumvent the issue of amine
deactivation we observe by the use of alternative DESs or other
viscous solvents. For example, glycerol containing an appropriate
concentration of NaCl has been shown to stabilize DNA duplexes
(Bonner and Klibanov, 2000). Future work could investigate
whether such solvent mixtures are more effective at promoting
nucleic acid-templated peptide synthesis, and thus shine further
light on whether increased activated ester stability is inevitably
linked to decreased amine reactivity in these environments.

Finally, it is interesting to speculate how our results might
be relevant to prebiotic translation. The high viscosity of DESs
means that they mix only slowly with aqueous solutions, so
this may have allowed a primitive form of compartmentalization
in which the production and stabilization of activated species
took place in a DES phase, followed by diffusion into the
aqueous phase where templated chemistry could occur. Future
experiments using simple DES/aqueous interfaces of this kind
could provide fascinating insights into such prebiotic processes.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

SN-P and TW designed the experiments, analyzed the data,
and wrote and formatted the manuscript. SN-P carried out the
experimental work.

FUNDING

This work was funded entirely by the European Research Council
(grant ID 615142), which provided a studentship for SN-P and

Frontiers in Chemistry | www.frontiersin.org

59

January 2020 | Volume 8 | Article 41


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Nufez-Pertifiez and Wilks

DESs for Prebiotic Peptide Synthesis

a postdoctoral fellowship for TW. Open access publication fees
were funded by the University of Birmingham.

ACKNOWLEDGMENTS

The authors thank Prof. Rachel O’Reilly for her invaluable
support during the performance of this work and Prof.
Andrew Turberfield, Dr. Jonathan Bath, and Dr. Robert

REFERENCES

Abbott, A. P., Boothby, D., Capper, G., Davies, D. L., and Rasheed, R. K. (2004).
Deep eutectic solvents formed between choline chloride and carboxylic acids:
versatile alternatives to ionic liquids. J. Am. Chem. Soc. 126, 9142-9147.
doi: 10.1021/ja048266]

Abbott, A. P., Capper, G., Davies, D. L., Rasheed, R. K., and Tambyrajah, V. (2003).
Novel solvent properties of choline chloride/urea mixtures. Chem. Commun.
2003, 70-71. doi: 10.1039/b210714g

Bonner, G., and Klibanov, A. M. (2000). Structural
DNA in nonaqueous solvents. Biotechnol. Bioeng.
doi: 10.1002/(SICI)1097-0290(20000505)68:33.0.CO;2-O

Burcar, B., Pasek, M., Gull, M., Cafferty, B. ]., Velasco, F., Hud, N. V,, et al. (2016).
Darwin’s warm little pond: a one-pot reaction for prebiotic phosphorylation
and the mobilization of phosphate from minerals in a urea-based solvent.
Angew. Chem. Int. Ed. 55, 13249-13253. doi: 10.1002/anie.201606239

Crick, F. (1968). The origin of the genetic code. J. Mol. Biol. 38, 367-379.
doi: 10.1016/0022-2836(68)90392-6

Crick, F. (1970). Central dogma of molecular biology. Nature 227, 561-563.
doi: 10.1038/227561a0

Deck, C., Jauker, M., and Richert, C. (2011). Efficient enzyme-free copying of
all four nucleobases templated by immobilized RNA. Nat. Chem. 3, 603-608.
doi: 10.1038/nchem.1086

Durand, E., Lecomte, J., Baréa, B., Dubreucq, E., Lortie, R., and Villeneuve,
P. (2013). Evaluation of deep eutectic solvent-water binary mixtures for
lipase-catalyzed lipophilization of phenolic acids. Green Chem. 15, 2275-2282.
doi: 10.1039/c3gc40899j

Ekland, E. H., and Bartel, D. P. (1996). RNA-catalysed RNA polymerization using
nucleoside triphosphates. Nature 382, 373-376. doi: 10.1038/382373a0

Gabriele, F., Chiarini, M., Germani, R., Tiecco, M., and Spreti, N. (2019).
Effect of water addition on choline chloride/glycol deep eutectic solvents:
characterization of their structural and physicochemical properties. J. Mol. Ligq.
291:111301. doi: 10.1016/j.molliq.2019.111301

Gallego, I., Grover, M. A,, and Hud, N. V. (2015). Folding and imaging of DNA
nanostructures in anhydrous and hydrated deep-eutectic solvents. Angew.
Chem. Int. Ed. 54, 6765-6769. doi: 10.1002/anie.201412354

Gao, J., Wang, P., and Giese, R. W. (2002). Xanthamide fluorescent dyes. Anal.
Chem. 74, 6397-6401. doi: 10.1021/ac020368+

Gilbert, W. (1986). Origin of life: the RNA world. Nature 319:618.
doi: 10.1038/319618a0

Guajardo, N., Dominguez de Maria, H. P., Ahumada, K., Schrebler, R. A., Ramirez-
Tagle, R., Crespo, F. A, et al. (2017). Water as cosolvent: nonviscous deep
eutectic solvents for efficient lipase-catalyzed esterifications. Chem. Cat Chem.
9, 1393-1396. doi: 10.1002/cctc.201601575

Guerrier-Takada, C., Gardiner, K., Marsh, T., Pace, N., and Altman, S. (1983). The
RNA moiety of ribonuclease P is the catalytic subunit of the enzyme. Cell 35,
849-857. doi: 10.1016/0092-8674(83)90117-4

Gull, M., Cafferty, B. J., Hud, N. V., and Pasek, M. A. (2017). Silicate-promoted
phosphorylation of glycerol in non-aqueous solvents: a prebiotically plausible
route to organophosphates. Life 7:29. doi: 10.3390/1ife7030029

Gull, M., Zhou, M., Fernindez, F. M., and Pasek, M. A. (2014). Prebiotic
phosphate ester syntheses in a deep eutectic solvent. . Mol. Evol. 78, 109-117.
doi: 10.1007/s00239-013-9605-9

Hammond, O. S., Bowron, D. T., and Edler, K. J. (2017). Effect of water
upon deep eutectic solvent nanostructure: an unusual transition from

stability ~ of
68, 339-344.

Oppenheimer for advice on the design of the DNA constructs and
helpful discussions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2020.00041/full#supplementary-material

ionic mixture to aqueous solution. Angew. Chem. Int. Ed. 56, 9782-9785.
doi: 10.1002/anie.201702486

Hinle, E., and Richert, C. (2018). Enzyme-free replication with two or
four bases. Angew. Chem. Int. Ed. 57, 8911-8915. doi: 10.1002/anie.2018
03074

He, C., Gillego, I, Laughlin, B., Grover, M. A,, and Hud, N. V. (2017). A
viscous solvent enables information transfer from gene-length nucleic acids
in a model prebiotic replication cycle. Nat. Chem. 9, 318-324. doi: 10.1038/
nchem.2628

He, C., Lozoya-Colinas, A., Gallego, I., Grover, M. A,, and Hud, N. V. (2019).
Solvent viscosity facilitates replication and ribozyme catalysis from an RNA
duplex in a model prebiotic process. Nucleic Acids Res. 47, 6569-6577.
doi: 10.1093/nar/gkz496

He, Y., and Liu, D. R. (2010). Autonomous multistep organic synthesis in a single
isothermal solution mediated by a DNA walker. Nat. Nanotechnol. 5, 778-782.
doi: 10.1038/nnano.2010.190

He, Y., and Liu, D. R. (2011). A sequential strand-displacement strategy enables
efficient six-step DNA-templated synthesis. . Am. Chem. Soc. 133, 9972-9975.
doi: 10.1021/ja201361t

Johnston, W. K., Unrau, P. J., Lawrence, M. S., Glasner, M. E., and
Bartel, D. P. (2001). RNA-catalyzed RNA polymerization: accurate
and general RNA-templated primer extension. Science 292, 1319-1325.
doi: 10.1126/science.1060786

Kaiser, R. I, Maity, S., and Jones, B. M. (2015). Synthesis of prebiotic
glycerol in interstellar ices. Angew. Chem. Int. Ed. 54, 195-200.
doi: 10.1002/anie.201408729

Kanavarioti, A., Bernasconi, C. F., Doodokyan, D. L., and Alberas, D. J.
(1989). Magnesium ion catalyzed phosphorus-nitrogen bond hydrolysis in
imidazolide-activated nucleotides. relevance to template-directed synthesis of
polynucleotides. J. Am. Chem. Soc. 111, 7247-7257. doi: 10.1021/ja00200a053

Kruger, K., Grabowski, P. J., Zaug, A. J., Sands, J., Gottschling, D. E., and
Cech, T. R. (1982). Self-splicing RNA: autoexcision and autocyclization of
the ribosomal RNA intervening sequence of tetrahymena. Cell 31, 147-157.
doi: 10.1016/0092-8674(82)90414-7

Lannan, F. M., Mamajanov, I, and Hud, N. V. (2012). Human telomere
sequence DNA in water-free and high-viscosity solvents: G-quadruplex folding
governed by kramers rate theory. J. Am. Chem. Soc. 134, 15324-15330.
doi: 10.1021/ja303499m

Li, L, Prywes, N, Tam, C. P, Oflaherty, D. K, Lelyveld, V. S, Izgu,
E. C, et al. (2017). Enhanced nonenzymatic RNA copying with 2-
aminoimidazole activated nucleotides. J. Am. Chem. Soc. 139, 1810-1813.
doi: 10.1021/jacs.6b13148

Li, X, and Liu, D. R. (2004). DNA-templated organic synthesis: nature’s strategy for
controlling chemical reactivity applied to synthetic molecules. Angew. Chem.
Int. Ed. 43, 4848-4870. doi: 10.1002/anie.200400656

Liu, Z., Mariani, A., Wu, L., Ritson, D., Folli, A., Murphy, D., et al. (2018). Tuning
the reactivity of nitriles using Cu(ii) catalysis-potentially prebiotic activation of
nucleotides. Chem. Sci. 9, 7053-7057. doi: 10.1039/C85C02513D

Ma, C., Laaksonen, A., Liu, C., Lu, X., and Ji, X. (2018). The peculiar effect of water
on ionic liquids and deep eutectic solvents. Chem. Soc. Rev. 47, 8685-8720.
doi: 10.1039/C8CS00325D

Mamajanov, 1., Engelhart, A. E., Bean, H. D., and Hud, N. V. (2010). DNA
and RNA in anhydrous media: duplex, triplex, and G-quadruplex secondary
structures in a deep eutectic solvent. Angew. Chem. Int. Ed. 49, 6310-6314.
doi: 10.1002/anie.201001561

Frontiers in Chemistry | www.frontiersin.org

60

January 2020 | Volume 8 | Article 41


https://www.frontiersin.org/articles/10.3389/fchem.2020.00041/full#supplementary-material
https://doi.org/10.1021/ja048266j
https://doi.org/10.1039/b210714g
https://doi.org/10.1002/(SICI)1097-0290(20000505)68:33.0.CO;2-O
https://doi.org/10.1002/anie.201606239
https://doi.org/10.1016/0022-2836(68)90392-6
https://doi.org/10.1038/227561a0
https://doi.org/10.1038/nchem.1086
https://doi.org/10.1039/c3gc40899j
https://doi.org/10.1038/382373a0
https://doi.org/10.1016/j.molliq.2019.111301
https://doi.org/10.1002/anie.201412354
https://doi.org/10.1021/ac020368$+$
https://doi.org/10.1038/319618a0
https://doi.org/10.1002/cctc.201601575
https://doi.org/10.1016/0092-8674(83)90117-4
https://doi.org/10.3390/life7030029
https://doi.org/10.1007/s00239-013-9605-9
https://doi.org/10.1002/anie.201702486
https://doi.org/10.1002/anie.201803074
https://doi.org/10.1038/nchem.2628
https://doi.org/10.1093/nar/gkz496
https://doi.org/10.1038/nnano.2010.190
https://doi.org/10.1021/ja201361t
https://doi.org/10.1126/science.1060786
https://doi.org/10.1002/anie.201408729
https://doi.org/10.1021/ja00200a053
https://doi.org/10.1016/0092-8674(82)90414-7
https://doi.org/10.1021/ja303499m
https://doi.org/10.1021/jacs.6b13148
https://doi.org/10.1002/anie.200400656
https://doi.org/10.1039/C8SC02513D
https://doi.org/10.1039/C8CS00325D
https://doi.org/10.1002/anie.201001561
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Nufez-Pertifiez and Wilks

DESs for Prebiotic Peptide Synthesis

Mann, S. (2012). Systems of creation: the emergence of life from nonliving matter.
Acc. Chem. Res. 45, 2131-2141. doi: 10.1021/ar200281t

Mariani, A., Russell, D. A, Javelle, T., and Sutherland, J. D. (2018). A light-
releasable potentially prebiotic nucleotide activating agent. J. Am. Chem. Soc.
140, 8657-8661. doi: 10.1021/jacs.8b05189

Maugeri, Z., Leitner, W., and Dominguez De Maria, P. (2013). Chymotrypsin-
catalyzed peptide synthesis in deep eutectic solvents. Eur. J. Org. Chem. 2013,
4223-4228. doi: 10.1002/ejoc.201300448

Meng, W., Muscat, R. A., McKee, M. L., Milnes, P. J., El-Sagheer, A. H., Bath, J.,
etal. (2016). An autonomous molecular assembler for programmable chemical
synthesis. Nat. Chem. 8, 542-548. doi: 10.1038/nchem.2495

Mondal, D., Sharma, M., Mukesh, C., Gupta, V., and Prasad, K. (2013).
Improved solubility of DNA in recyclable and reusable bio-based deep eutectic
solvents with long-term structural and chemical stability. Chem. Commun. 49,
9606-9608. doi: 10.1039/c3cc45849k

Okamura, H., Crisp, A., Hiibner, S., Becker, S., Rovo, P., and Carell, T.
(2019). Proto-urea-RNA (Wéhler RNA) containing unusually stable urea
nucleosides. Angew. Chem. Int. Ed. 58, 18691-18696. doi: 10.1002/anie.2019
11746

O’Reilly, R. K., Turberfield, A. J., and Wilks, T. R. (2017). The evolution of DNA-
templated synthesis as a tool for materials discovery. Acc. Chem. Res. 50,
2496-2509. doi: 10.1021/acs.accounts.7b00280

Orgel, L. E. (1968). Evolution of the genetic apparatus. J. Mol. Biol. 38, 381-393.
doi: 10.1016/0022-2836(68)90393-8

Patzold, M., Siebenhaller, S., Kara, S., Liese, A., Syldatk, C., and Holtmann,
D. (2019). Deep eutectic solvents as efficient solvents in biocatalysis. Trends
Biotechnol. 37, 943-959. doi: 10.1016/j.tibtech.2019.03.007

Paul, N., and Joyce, G. F. (2002). A self-replicating ligase ribozyme.
Proc. Natl. Acad. Sci. US.A. 99, 12733-12740. doi: 10.1073/pnas.2024
71099

Smith, E. L., Abbott, A. P., and Ryder, K. S. (2014). Deep eutectic solvents
(DESs) and their applications. Chem. Rev. 114, 11060-11082. doi: 10.1021/cr30
0162p

Smith, P.J., Arroyo, C. B., Lopez Hernandez, F., and Goeltz, J. C. (2019). Ternary
deep eutectic solvent behavior of water and urea choline chloride mixtures. J.
Phys. Chem. B 123, 5302-5306. doi: 10.1021/acs.jpcb.8b12322

Steitz, T. A. (2008). A structural understanding of the dynamic ribosome machine.
Nat. Rev. Mol. Cell Biol. 9, 242-253. doi: 10.1038/nrm2352

Szostak, J. W. (2012). The eightfold path to non-enzymatic RNA replication. J. Syst.
Chem. 3:2. doi: 10.1186/1759-2208-3-2

Tamura, K., and Schimmel, P. (2001). Oligonucleotide-directed peptide synthesis
in a ribosome- and ribozyme-free system. Proc. Natl. Acad. Sci. U.S.A. 98,
1393-1397. doi: 10.1073/pnas.98.4.1393

Tamura, K., and Schimmel, P. (2004). Chiral-selective aminoacylation of an RNA
minihelix. Science 305:1253. doi: 10.1126/science.1099141

Turk, R. M., Chumachenko, N. V., and Yarus, M. (2010). Multiple translational
products from a five-nucleotide ribozyme. Proc. Natl. Acad. Sci. U.S.A. 107,
4585-4589. doi: 10.1073/pnas.0912895107

Wagle, D. V., Zhao, H., and Baker, G. A. (2014). Deep eutectic solvents: sustainable
media for nanoscale and functional materials. Acc. Chem. Res. 47, 2299-2308.
doi: 10.1021/ar5000488

Xu, P., Zheng, G.-W., Zong, M.-H., Li, N,, and Lou, W.-Y. (2017). Recent
progress on deep eutectic solvents in biocatalysis. Bioresour. Bioprocess. 4,
34-52. doi: 10.1186/s40643-017-0165-5

Yarus, M. (2001). On translation by RNAs alone. Cold Spring Harb. Symp. Quant.
Biol. 66, 207-216. doi: 10.1101/sqb.2001.66.207

Yonath, A. (2009). Large facilities and the evolving ribosome, the cellular
machine for genetic-code translation. J. R. Soc. Interface 6, S575-S585.
doi: 10.1098/rsif.2009.0167.focus

Zadeh, J. N, Steenberg, C. D., Bois, J. S., Wolfe, B. R, Pierce, M. B., Khan, A. R,,
et al. (2009). NUPACK: analysis and design of nucleic acid systems. J. Comput.
Chem. 32, 170-173. doi: 10.1002/jcc.21596

Zhang, B., and Cech, T. R. (1997). Peptide bond formation by in vitro selected
ribozymes. Nature 390, 96-100. doi: 10.1038/36375

Zhang, Q., De Oliveira Vigier, K., Royer, S., and Jérome, F. (2012). Deep eutectic
solvents: syntheses, properties and applications. Chem. Soc. Rev. 41, 7108-7146.
doi: 10.1039/c2¢s35178a

Zhang, W., Pal, A, Ricardo, A., and Szostak, J. W. (2019). Template-
directed nonenzymatic primer extension using 2-methylimidazole-activated
morpholino derivatives of guanosine and cytidine. J. Am. Chem. Soc. 141,
12159-12166. doi: 10.1021/jacs.9b06453

Zhao, C., Ren, J, and Qu, X. (2013). G-quadruplexes form ultrastable
parallel structures in deep eutectic solvent. Langmuir 29, 1183-1191.
doi: 10.1021/1a3043186

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Nufiez-Pertifiez and Wilks. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org

61

January 2020 | Volume 8 | Article 41


https://doi.org/10.1021/ar200281t
https://doi.org/10.1021/jacs.8b05189
https://doi.org/10.1002/ejoc.201300448
https://doi.org/10.1038/nchem.2495
https://doi.org/10.1039/c3cc45849k
https://doi.org/10.1002/anie.201911746
https://doi.org/10.1021/acs.accounts.7b00280
https://doi.org/10.1016/0022-2836(68)90393-8
https://doi.org/10.1016/j.tibtech.2019.03.007
https://doi.org/10.1073/pnas.202471099
https://doi.org/10.1021/cr300162p
https://doi.org/10.1021/acs.jpcb.8b12322
https://doi.org/10.1038/nrm2352
https://doi.org/10.1186/1759-2208-3-2
https://doi.org/10.1073/pnas.98.4.1393
https://doi.org/10.1126/science.1099141
https://doi.org/10.1073/pnas.0912895107
https://doi.org/10.1021/ar5000488
https://doi.org/10.1186/s40643-017-0165-5
https://doi.org/10.1101/sqb.2001.66.207
https://doi.org/10.1098/rsif.2009.0167.focus
https://doi.org/10.1002/jcc.21596
https://doi.org/10.1038/36375
https://doi.org/10.1039/c2cs35178a
https://doi.org/10.1021/jacs.9b06453
https://doi.org/10.1021/la3043186
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

'." frontiers
in Chemistry

ORIGINAL RESEARCH
published: 31 January 2020
doi: 10.3389/fchem.2020.00040

OPEN ACCESS

Edited by:

James Tucker,

University of Birmingham,
United Kingdom

Reviewed by:

Tangxin Xiao,

Changzhou University, China
Sriram Kanvah,

Indian Institute of Technology
Gandhinagar, India

*Correspondence:
Mahmoud A. S. Abdelhamid
m.abdelhamid@uea.ac.uk
Zoé A. E. Waller
z.wallerQuea.ac.uk

Specialty section:

This article was submitted to
Supramolecular Chemistry,
a section of the journal
Frontiers in Chemistry

Received: 05 November 2019
Accepted: 14 January 2020
Published: 31 January 2020

Citation:

Abdelhamid MAS and Waller ZAE
(2020) Tricky Topology: Persistence of
Folded Human Telomeric i-Motif DNA
at Ambient Temperature and

Neutral pH. Front. Chem. 8:40.

doi: 10.3389/fchem.2020.00040

Check for
updates

Tricky Topology: Persistence of
Folded Human Telomeric i-Motif DNA
at Ambient Temperature and

Neutral pH

Mahmoud A. S. Abdelhamid"?* and Zoé A. E. Waller"?*

" School of Pharmacy, University of East Anglia, Norwich Research Park, Norwich, United Kingdom, ? Centre for Molecular
and Structural Biochemistry, University of East Anglia, Norwich Research Park, Norwich, United Kingdom

i-Motifs are four-stranded DNA structures formed from sequences rich in cytosine, held
together by hemi-protonated cytosine-cytosine base pairs. These structures have been
utilized extensively as pH-switches in DNA-based nanotechnology. Recently there has
been an increasing interest in i-motif structures in biology, fuelled by examples of when
these can form under neutral conditions. Herein we describe a cautionary tale regarding
handling of i-motif samples. Using CD and UV spectroscopy we show that it is important
to be consistent in annealing i-motif DNA samples as at neutral pH, i-motif unfolding
kinetics is dependent on the time allowed for annealing and equilibration. We describe
how the quadruplex structure formed by the human telomeric i-motif sequence can be
shown to form and persist in the same conditions of neutral pH and ambient temperature
in which, once at thermodynamic equilibrium, it exists predominantly as a random caoil.
This study has implications not only for work with i-motif DNA structures, but also in the
uses and applications of these in nanotechnological devices.

Keywords: i-motif, cytosine, quadruplex, DNA, topology, kinetics

INTRODUCTION

The i-motif is a quadruplex DNA structure formed from cytosine-rich sequences and has wide-
ranging uses in nanotechnology as well as having potential to impact biological processes (Gehring
et al, 1993; Alberti et al., 2006; Abou Assi et al., 2018). While sequences have been identified
which form i-motif at pH > 7 (Brazier et al., 2012; Wright et al., 2017a; Dzatko et al., 2018),
the dependence of i-motif formation on acidic pH is much better understood (Day et al., 2014;
Dembska, 2016). This is owing to the structure’s cytosine core, consisting of intercalated cytosine-
cytosine™ base pairs, where the N3 of one of the pair of cytosines is protonated. Other factors
such as molecular crowding (Cui et al., 2013; Tateishi-Karimata et al., 2013; Saxena et al., 2017),
low temperature (Zhou et al., 2010; Nguyen et al., 2017), silver (I) (Day et al., 2013) and copper
(I) (Abdelhamid et al., 2018) cations and negative superhelicity (Sun and Hurley, 2009) have been
shown to be favorable for formation of i-motif.

Much work has been done to understand the behavior of i-motif structures in different
environments including studying the effect of varying the cytosine tract and loop lengths (Arora
etal., 2009; Gurung et al.,, 2015), using epigenetically modified cytosine analogs (Bhavsar-Jog et al.,
2014; Xu et al,, 2015), and modification of the DNA backbone (Assi et al., 2016), amongst other
modifications (Tsvetkov et al., 2018; Skoldkova et al., 2019). Owing to the importance of pH in
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the control of folding, pH has been examined extensively to
understand its effect on the i-motif to learn about its stability
at different pH values and its effect on the thermodynamic
and kinetic properties of the structure. On the other hand, the
effect of temperature on the structure has been studied much
less comprehensively. Unusual temperature-dependent effects
have been observed previously for the i-motif in the context
of exploring its response to changes in pH. This includes the
hysteresis that is commonly observed between thermal melting
and annealing curves for the structure (Mergny and Lacroix,
2003; Wright et al., 2017a), as well as isothermal hysteresis in
pH transitions (Rogers et al., 2018). Kinetic partitioning has
also been observed, where the i-motif will initially fold rapidly
into one conformation in response to a decrease in pH and
then, over time, unfold and refold to a slower forming, but
more stable conformation (Lieblein et al., 2012). This led to the
description of the i-motif structure existing in an equilibrium of
slowly interconverting conformers at a given pH and temperature
(Lieblein et al., 2013). As a result of this dynamic nature, the
effect of temperature is an important variable that should be given
due consideration.

The sequence from the human telomeric region 3'-
(AATCCC),-5', and variants with slight modifications, have
been used frequently by researchers as a model system for
learning about i-motif structure (Phan and Mergny, 2002; Chen
et al., 2012; Jonchhe et al., 2018). The i-motif from the human
telomeric region has previously been shown to be able to form
at pH 7.0 at low temperature (Zhou et al., 2010). To the best
of our knowledge, this is the only study to directly examine the
effect of low temperature on the i-motif at neutral or slightly
alkaline pH values. In their experiments, Zhou et al. showed that
dilution of HT (a sequence based on the cytosine-rich human
telomeric region) into pH 7.0 buffer pre-incubated at 4°C, led
to intramolecular i-motif formation within 700s. Herein, we
describe another peculiar temperature-dependent phenomenon
observed during the course of working with the human telomeric
i-motif at pH values >7. We found that at pH 7.11 the sequence
from the human telomere (5-(CCC-TAA)4-3', hTeloC) will
still form i-motif when cooled to 4°C, albeit more slowly than
what was observed by Zhou et al. Most interestingly however,
was the observation that extended incubation times at low
temperature resulted in a significant change in the unfolding
kinetics of the structure, resulting in much slower unfolding at
20°C. This has implications on how samples should be handled
before, during and between experiments, to have consistent and
comparable observations and prevent unintended convolution
of results. Crucially though, as the i-motif is used extensively
in nanotechnological applications, this presents another way
for researchers to achieve more precise control of the dynamic
equilibrium of this exquisite structure.

MATERIALS AND METHODS

Oligonucleotide Synthesis and Sample

Preparation
The hTeloC oligonucleotide 5'-[(TAA-CCC)4]-3’ was supplied
by Eurogentec (Belgium), synthesized on a 200 nmol scale

and purified by reverse phase HPLC. hTeloC was dissolved
at approximately 1 mM in ultrapure water (18.2 MQ-cm) and
quantified using a nanodrop. DNA Samples for experiments were
thermally annealed at 10 M in 10 mM sodium cacodylate buffer
at pH 7.11 in a thermal heating block by holding at 95°C for 5 min
followed by slow cooling to room temperature overnight.

Circular Dichroism (CD) and Ultraviolet

(UV) Spectroscopy

CD and UV spectra were recorded on a Jasco J-810
spectropolarimeter equipped with a Peltier thermostatted
single cell holder, a PTC-423S temperature controller and a
MCB-100 mini circulation bath set to 4.0°C. Each sample
volume was 100 L and was measured using a 1 mm path length
quartz cuvette. The equilibrations at 4°C for 3 and 6h were
performed in situ in the spectrometer; the temperature of the
sample holder was set to 4°C and acquisition of spectra began
when the sample holder’s internal temperature probe reached the
target temperature. For the longer equilibration times samples
were stored at 4°C in a refrigerator for the indicated time.
Following the 4°C equilibrations the temperature of the sample
holder was set to 20°C and acquisition of spectra began when the
sample holder’s internal temperature probe reached the desired
temperature. Spectra were acquired using the Jasco Spectra
Manager application’s Interval Scan Measurement program
with the parameters set to measure from 320 to 200 nm, with a
scanning speed of 200 nm/min, response time of 1s, 0.5 nm data
pitch and 2 nm bandwidth. A time interval between 2 and 5 min
was used depending on the experiment. Melting experiments
were performed using the Temperature/Wavelength Scan
program using the same measurement parameters as above
while heating the sample at a rate of 1°C/min from 5 to 95°C
and measuring at 5°C intervals. In the case of the melting
experiments as time was not a variable each data point was able
to be acquired via an accumulation of four scans.

Sample Temperature Monitoring

A HANNA instruments type K thermocouple was used to directly
measure the temperature of 100 L samples in the 1 mm quartz
cuvettes when inside the cell holder of the spectropolarimeter
to determine the delay between the temperature reported by the
sample holder’s probe and the temperature of the sample itself.
For the cooling from 20 to 4°C this was found to be within 3 min
and for the transition from 4 to 20°C this was found to be <1 min.

RESULTS AND DISCUSSION

The sequence hTeloC has a transitional pH of 6.11 at room
temperature in 10 mM sodium cacodylate buffer with 100 mM
sodium chloride (Wright et al., 2017b). This is the pH at
which the population is evenly split between the folded and
unfolded states. A lower pH would result in the sequence being
predominantly folded into the i-motif and the inverse true at
higher pH. Cytosine-cytosine base pair stability is optimum when
the pH is equal to the pK, of the cytosine, however cytosines
can still pick up free HY from solution, even at neutral pH but
these cytosine-cytosine base pairs are less stable than they would
be at a lower pH (Mergny et al., 1995). The stimulus for this
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study was the observation that a sample of hTeloC, which had
been annealed at 10 wM in 10 mM sodium cacodylate buffer at
pH 7.0, appeared to be folding into i-motif over time. Samples
had been prepared as described commonly in the literature: the
oligonucleotide was diluted to the desired concentration (10 M)
in buffer (10 mM sodium cacodylate) and held in a heating block
at 95°C for 5 min and then allowed to cool to room temperature
slowly overnight. This is done to maintain the uniformity
of the population and allow the adoption of the equilibrium
structure under those conditions. Finally, measurements were
being collected at room temperature (~20°C).

Originally measurements at room temperature and pH 7.0
were used so that the hTeloC sequence would predominantly be
unfolded (Figure 1A). However, it became apparent that, over
time, this sample appeared to be folded, as evidenced by the
characteristic CD spectrum of folded i-motif, similar to that
observed at pH 5 (Figure 1B). The only change that was taking
place over time was a difference in the temperature: samples were
stored in a refrigerator (4°C) between measurements, but enough
time was allowed for them to return to room temperature before
measurement. Previous work on the human telomeric i-motif
had shown that it was possible to fold at neutral and slightly
alkaline pH at low temperature, but as the temperature was raised
to room temperature, the structure unfolds to a random coil. The
melting temperature for the structure at pH 7.0 was 13°C, and
above this temperature the structure was previously shown to
return to an unfolded state (Zhou et al., 2010). Therefore, it was
initially presumed that temporary cold storage would have little
effect on measurements taken at room temperature, providing
the sample was adequately equilibrated at room temperature.

To better understand what was happening, new samples
were prepared in the same way, in this case at pH 7.11, to
go above the pH used in the experiments described by Zhou
et al. The possibility that under these conditions the i-motif
had very slow folding kinetics at room temperature (~20°C)
and was forming at pH 7.0 over the course of several days was
considered. However, this was determined not to be the case as
samples kept at room temperature did not exhibit this folding
form over time (Supplementary Figure 1). On the other hand,

samples stored at 4°C were found to fold into i-motif over
time, shown by the presence of a characteristic i-motif spectrum
in the CD (Supplementary Figures 2A,C). To determine the
folding kinetics of i-motif formation, samples were monitored
as a function of both the CD ellipticity at 288 nm and the UV
absorbance at 295nm vs. time. The folding of the structure
results in characteristic hyperchromicity at these wavelengths,
both of which are used regularly to study the i-motif. Under
the experimental conditions used here the folding kinetics are
considerably slower than those observed by Zhou et al. Their
work did not explicitly state the concentration of DNA used,
only that concentrated aliquots were diluted into buffer pre-
incubated at low temperature. In our hands, we were able to,
as much as possible without the exact details, replicate their
experiments and observed more comparable folding kinetics
(Supplementary Figure 3). However, we found using annealed
DNA, at a lower concentration, resulted in very different
folding kinetics.

It was decided that for this work, a thermal melt and slow
anneal should be performed first to reduce variability and ensure
that what was being observed was not an artifact of the dilution
or sudden change in temperature. A sample was equilibrated
at 4°C for 3h in the spectropolarimeter and its CD and UV
signals measured over time; an analogous sample was treated in
the same manner, except the equilibration period was extended
to 6h. It can be seen from Supplementary Figure 2 that both
samples folded into i-motif over time, identified using CD signals
which are characteristic for i-motif: a large positive signal at
~288nm and a negative signal at ~255nm. Further samples
were stored at 4°C in a refrigerator for up to a week (168h)
and comparison of the CD spectra of the hTeloC samples held
at low temperature from 3 to 168 h did not show any noticeable
difference; at all of these times the samples of hTeloC at neutral
pH folded into i-motif in response to equilibration at low
temperature (Supplementary Figure 4). The adoption of i-motif
structure under neutral conditions was further confirmed by the
hyperchromicity observed over time in both the ellipticity at
288 nm and the absorbance at 295 nm, monitored for the samples
equilibrated in situ. Under the experimental conditions used
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here, when compared to the conditions used by Zhou et al. there
was a marked decrease in the rate of i-motif folding; with the slow
folding process reaching a steady-state equilibrium close to the
3 h mark (Supplementary Figure 5) as opposed to the rapid 700 s
observed when concentrated DNA is added to pre-cooled buffer.
This dramatic difference in the kinetics of the folding process
under these different experimental conditions has implications
for the handling of i-motif samples during experimentation
and for i-motif-based nanotechnological applications. While this
difference was interesting it did not explain the observation
from our previous experiments (Figure 1B) where the hTeloC
sequence at pH 7 appeared to be folded into i-motif at room
temperature. This was hypothesized to possibly be caused by a
change in the thermodynamics or kinetics of the system as a
result of storage at low temperature. Consequently, samples were
once again held at 4°C for different periods of time, equilibrated
at 20°C for 30 min, and then melted in the spectropolarimeter. It
was found that extended storage at low temperature did not alter
the melting temperature of the samples kept at 4°C for increasing
lengths of time, with the melting temperatures of all samples
being ~28°C (Supplementary Figure 6). This is the first instance
of the i-motif formed by the human telomeric sequence existing
at such high pH (>7) and at ambient temperature; the cause of
this however was not yet understood.

To test whether the kinetics of this system were affected
by extended time at low temperature after equilibration
at 4°C, the temperature was changed to 20°C. The CD
spectra were measured, this time to monitor the unfolding
process, and over time all the samples unfolded as expected
(Supplementary Figure 7). Even from these CD spectra, a
clear difference is visible in the rate at which the structure
unfolds. A more rapid disappearance of the signature i-

displayed strikingly different unfolding kinetics; extended time
equilibrating at low temperature led to a decrease in the rate
of i-motif unfolding at 20°C (Figure 2). These data could be
fitted to determine the half-life of the folded structure after
different equilibration times (Table 1). From these results it can
be seen clearly that extended storage at low temperature leads
to a change in the unfolding kinetics where the i-motif unfolds
more slowly.

In trying to determine the underlying mechanisms that
could explain these results it was considered that they were
likely caused by some form of structural reconfiguration of
the hTeloC i-motif. From the literature it is known that the i-
motif is a dynamic structure and it was proposed that in this
scenario hTeloC could be adopting a more thermodynamically
stable form by (a) changing from an intramolecular i-motif
to an intermolecular form or (b) changing between the 3'E
and 5'E conformations. The fact that the melting temperature
was unaffected by length of time spent at 4°C indicates that
the former explanation is unlikely. The melting temperature of
an intermolecular i-motif structure is concentration dependent
(Mergny et al, 1995) and although all of the samples used
in this work had a DNA concentration of 10 M, a slow,
low-temperature induced, formation of i-motif would result
in there being different concentrations of the intermolecular
structure at the different time points; and consequently a
difference in the melting temperatures, which we do not observe.

TABLE 1 | Half-life values calculated from fitting ellipticity at 288 nm (CD) and
normalized absorbance at 295 nm (UV) to one-phase exponential decay functions
of 10 M hTeloC in 10 mM sodium cacodylate buffer pH 7.11 at 20°C after
equilibration at 4°C for 3, 6, 24, and 72 h.

motif spectra was observed in the samples kept at 4°C for ~ Timeat4°C(h) co uv
shorter periods of time. Using the ellipticity data at 288 nm Half-life (min)
and the absorbance at 295nm and plotting those against
time this difference was able to be quantified (Figure2). It 3 16.4 +£1.7 8.0+0.6
transpired that an increase in equilibration time at 4°C had a 6 37.2+£33 49.4+£3.4
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FIGURE 2 | (A) Ellipticity at 288 nm and (B) normalized absorbance at 295 nm of 10 WM hTeloC in 10 mM sodium cacodylate buffer pH 7.11 measured every 2 min
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well fitted to a one phase exponential growth function (dotted line).

Furthermore, the latter explanation mirrors exactly what was
described by Lieblein et al. when studying the folding of
their variant of the human telomeric i-motif sequence 5'-
[(CCC-TAA)3CCC]-3’ (which differs from the hTeloC sequence
used here only by the absence of three flanking bases). Their
study found that in response to a drop in pH from 9 to
6 their sequence formed the less stable 3'E conformation
more rapidly than the more stable 5'E conformation (Lieblein
et al., 2012). Therefore, it seems from the data we have
gathered that an analogous conformational change occurs at
low temperature with hTeloC at slightly alkaline pH: it more
rapidly forms a kinetically favored, but less stable, conformation
and this converts slowly to a more thermodynamically stable
conformation over time.

The observed change in the unfolding kinetics explains the
initial unintended observation of folded i-motif at pH 7 at
room temperature after storage of samples in the refrigerator
between measurements. While the samples were taken out of
the refrigerator so that they could return to room temperature
prior to measurement, the only consideration cannot simply
be the sample’s temperature but the extension in the unfolding
half-life must also be considered. The calculated half-life values
vs. the length of time spent at 4°C are well fitted (R?
0.997) to a one-phase exponential growth function (Figure 3).
Using this method the half-life of the i-motif at a given
temperature after cold storage for different lengths of time
can be calculated. The cautionary tale of this surprisingly slow
change in the kinetics of the i-motif’s unfolding has led to
the discovery of a phenomenon that adds a further avenue
in the design of i-motif based nanotechnologies. For example,
slow unfolding kinetics could be utilized in the release of a
drug over a period of hours using these conditions. In addition

to having systems which have their response tuned to the
myriad combinations of changes in pH, cations or temperature;
this introduces the ability to control the rate of unfolding
of i-motif sensors and systems on the order of minutes or
hours as opposed to the rapid transitions seen in response to
changes in pH or temperature and without having to change
its environment. This finding also lends credence to the i-
motif playing a role in the control of biological processes.
This sequence from the human telomeric region has not been
known previously to be able to exist in the folded i-motif state
above neutral pH and at room temperature. Knowing now the
dramatic changes possible in the thermodynamic and kinetic
stability of the structure it is not unreasonable to imagine how
physiological conditions of molecular crowding, superhelical
stress, interactions with proteins, or many others, could give rise
to stable i-motifs in vivo.

We have found that the i-motif forming sequence from
the human telomeric region not only folds into i-motif
above neutral pH at low temperature. Moreover, this
quadruplex structure can persist in the same conditions
of neutral pH and ambient temperature in which, once at
thermodynamic equilibrium, it exists predominantly as a
random coil. The i-motif unfolding kinetics were found
to be dependent on the time allowed for annealing and
equilibration, and crucially the temperature at which samples
are maintained. This research demonstrates the importance
of consistency when annealing and storing i-motif samples,
and highlights the dynamic nature of the quadruplex. Our
findings have implications not only for work with i-motif DNA
structures, but also in the uses and applications of i-motifs in
nanotechnological devices.
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G-quadruplexes have been characterized as structures of vital importance in the cellular
functioning of several life forms. They have subsequently been established to serve
as a therapeutic target of several diseases including cancer, HIV, tuberculosis and
malaria. In this paper, we report the binding of aminosugar-intercalator conjugates with
a well-studied anti-parallel G-quadruplex derived from Oxytricha Nova G-quadruplex
DNA. Of the four neomycin-intercalator conjugates studied with varying surface areas,
BQQ-neomycin conjugate displayed the best binding to this DNA G-quadruplex structure
with an association constant of K, = (1.01 £0.03) x 10’ M~ which is nearly 100-fold
higher than the binding of neomycin to this quadruplex. The binding of BQQ-neomycin
displays a binding stoichiometry of 1:1 indicating the presence of a single and unique
binding site for this G-quadruplex. In contrast, the BQQ-neomycin displays very weak
binding to the bacterial A-site rRNA sequence showing that BQQ-does not enhance the
neomycin binding to its natural target, the bacterial rRNA A-site. The BQQ-neomycin
conjugate is prone to aggregation even at low micromolar concentrations (4 M) leading
to some ambiguities in the analysis of thermal denaturation profiles. Circular dichroism
experiments showed that binding of BQQ-neomycin conjugate causes some structural
changes in the quadruplex while still maintaining the overall anti-parallel structure. Finally,
the molecular docking experiments suggest that molecular surface plays an important
role in the recognition of a second site on the G-quadruplex. Overall, these results show
that molecules with more than one binding moieties can be made to specifically recognize
G-quadruplexes with high affinities. The dual binding molecules comprise of quadruplex
groove binding and intercalator units, and the molecular surface of the intercalator plays
an important part in enhancing binding interaction to the G-quadruplex structure.

Keywords: G-quadruplex, Oxytricha Nova, neomycin, DNA, FID

INTRODUCTION

G-quadruplex structures are highly polymorphic DNA structures that can exist in dynamic
equilibrium with other possible orientations of the same structure (Seenisamy et al., 2004).
G-quadruplexes have been found at the telomeric ends and they have also been shown to form
in several segments of the genomic DNA as well (Huppert and Balasubramanian, 2007). In several
cases, the formation of G-quadruplex is only transient to propagate cellular functions and often
they work in tandem with proteins (Wen and Gray, 2002; Hegyi, 2015). Because of the ability of
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G-quadruplex to serve as a central structure to control cell
integrity and its role in transcriptional control, they have been
regarded as a target for developing new therapeutics, especially
for cancer (Neidle, 2010). However, several other life forms such
as bacteria, fungus and viruses have been shown to possess
regions capable of forming G-quadruplex and they have been
suggested to play prominent roles in their life progression
(Thakur et al., 2014; Artusi et al., 2015; Perrone et al., 2017).
Due to these advances in the field, G-quadruplexes have moved
far away from being a cancer-centric target to a structure which
has relevance in the design of new antibacterial, antifungal and
antiviral agents.

Formation of G-quadruplex requires stacked G-tetrads which
are formed by the planar assembly of four guanines using
eight Hoogsteen hydrogen bonds thus making these structures
highly thermally stable (Burge et al., 2006). Each quadruplex
discovered till date has unique distinguishing features. The
uniqueness primarily lies in their distinct folding patterns. The
differences in the folding patterns are inherent to changes in
the loop connectivity and stabilizing metal cations resulting in
large differences in the groove structures (Hazel et al., 2004;
Bhattacharyya et al., 2016). Therefore, unlike the defined groove
features of A-form and B-form DNA structures, quadruplex
grooves show large variations in groove widths, depths, inter-
phosphate distances between the DNA strands and base
orientations which are ultimately related to the size of the
stabilizing metal cations, as well as, the length, base composition
and directionality of the loops. The differences in the groove
widths and shapes offer new vistas for their recognition where
dual recognition strategies can be employed given to the proven
predilection of G-tetrads for chemical moieties containing
planar fused polycyclic aromatic rings with extended 7t-systems
(Monchaud and Teulade-Fichou, 2008).

Using different recognition strategies, we have tailored the
synthesis of dual and triple binding ligands to achieve molecular
recognition of a variety of nucleic acid forms including duplexes,
triplexes, quadruplexes and single-stranded nucleic acids and
nucleic acid models of functionally relevant regions of DNA and
RNA structures (Xue et al., 2002, 2011; Charles et al., 2007; Xi
etal., 2009; Willis and Arya, 2010; Kumar and Arya, 2011; Ranjan
and Arya, 2013, 2016; Ranjan et al, 2013a,b; Watkins et al.,
2013, 2017; Kellish et al., 2014; Jiang et al., 2015; Nahar et al.,
2015; Kumar et al., 2016; Degtyareva et al., 2017; Story et al.,
2019). We have previously reported that neomycin (Figure 1),
which is an antibiotic belonging to the aminoglycoside class, can
recognize DNA G-quadruplex structures with moderate (Ranjan
et al, 2010) to high affinities (Ka ~ 10°-108 M~!) and its
binding can be modulated by converting it into a dual binding
ligand (Xue et al, 2011; Ranjan et al, 2013a). Conjugating
neomycin with G-quadruplex binding moieties can lead to up
to 1,000-fold enhancement in the binding affinity to target G-
quadruplexes than the individual moieties (Ranjan et al., 2013a).
Taking cues from these results, we wished to explore the effect of
fused aromatic surfaces in the DNA G-quadruplex recognition.
Accordingly, four neomycin-intercalator conjugates (Figure 1)
that differed in the ring size and composition of the intercalator
were taken to study the effect of the stacking surfaces in the

G-quadruplex recognition. For the G-quadruplex, we chose the
telomeric G-quadruplex derived from Oxytricha Nova which is a
well-resolved (Schultze et al., 1994), structurally well-understood
and well-defined DNA quadruplex structure that adopts anti-
parallel orientation (Smith and Feigon, 1992). Moreover, given
our prior understating of neomycin binding to the G-quadruplex
DNA structure (Ranjan et al., 2010), we chose this sequence to
understand the wt-surface area and composition effects in the dual
recognition of G-quadruplexes.

In the presence of sodium salt, Oxytricha Nova telomeric
DNA adopts an antiparallel G-quadruplex structure with four

grooves of widths ~6-18 A (Schultze et al., 1994). The four
grooves, formed in this quadruplex are potential binding sites
of aminoglycosides. In this report, we sought to understand
the effect of ring size and composition on G-quadruplex dual
recognition in which neomycin was presumed to play the anchor
role. To see the relevance of these conjugates in nucleic acid
selectivity, we have compared the binding of the best binder with
a duplex DNA and the bacterial rRNA A-site which is the natural
and high affinity target of aminoglycosides (Arya, 2007).

MATERIALS AND METHODS

Nucleic Acid Samples

The DNA oligonucleotides samples used in this study were
purchased from IDT (Coraville, IA). The RNA oligonucleotides
were purchased from Dharmacon Research. All nucleic
acid samples were used without further purification. The
concentrations of both DNA and RNA sample solutions were
determined by measuring UV absorbance at 85°C to ensure that
the nucleic acids did not possess any secondary structure. The
DNA quadruplex structure was formed by heating the stock
nucleotide solution in a buffer solution containing sodium ions
(Na't, 100 mM), to 95°C for 15 min and then slowly cooling the
samples back to room temperature in a non-controlled manner.
The DNA quadruplex samples were then left to incubate at 4°C
for 2 days before they were used for further experiments. The
DNA duplex sample was formed by heating it to 95°C for 5 min
in a buffer containing 10 mM sodium cacodylate, 0.5 mM EDTA
and 100 mM NaCl at pH 7.0. The sample was brought to room
temperature by allowing it to self-cool and then incubating it at
4°C overnight before it was used for experiments. The bacterial
rRNA A-site oligonucleotide sample was heated to 95°C for
5min in a buffer containing 10 mM sodium cacodylate, 0.5 mM
EDTA, and 100 mM NaCl at pH 7.0 and then it was quickly
snap-cooled on ice. It was then stored at 4°C overnight before it
was used for further experiments.

Chemicals

Aminoglycosides used in the study were purchased from MP
Biomedicals (Solon, OH). All chemicals were used without
further purification. The neomycin conjugates used in this study
were prepared in-house (Xue et al., 2010).

UV-vis Spectroscopy
The thermal denaturation experiments were obtained on a
Cary 100 UV-vis spectrophotometer containing a multi-cell (12
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FIGURE 1 | Chemical structures of compounds used in this study.

cell) holder equipped with pettier thermal controller. For all
experiments, Quartz cells with 1 cm path length were used. The
spectrophotometer stability was checked prior to each melting
point experiment. The DNA melting was monitored at 260,
235, and 295 nm wavelengths and the samples were denatured
between 20 and 98°C at the heating rate of 0.2°C/min. Data
points were recorded every 1.0°C. The resulting temperature-
absorbance plots were plotted using Kaleidagraph 3.5 software.
The melting temperatures were determined as described by
Mergny (Mergny and Lacroix, 2003).

Circular Dichroism Experiments

The circular dichroism (CD) experiments were performed using
a JASCO J-810 spectropolarimeter containing a four cell multi-
cell holder and equipped with thermo-electrically controlled
Chiller. Each CD spectrum was recorded as an average of three
scans at 20°C. For CD titration experiments, a concentrated
solution of the ligand was serially added to the DNA quadruplex
sample and allowed to equilibrate for 5min before a scan was
taken. The resulting scan was plotted for CD signal changes
with respect to wavelength or with respect to the number of
equivalents taken to get the stoichiometry details.

Fluorescence Intercalator Displacement
(FID) Studies

The fluorescence intercalator displacement experiments reported
in this study were performed on a Photon Technology
International instrument (Lawrenceville, NJ) equipped with a
temperature controller. All experiments reported in this study
were performed at 20°C. The experiments were performed
in a 3mL quartz cell having a path length of 10mm. The
concentration of nucleic acid solutions used in this study
was 0.25 pM/quadruplex or duplex or strand (for bacterial
rRNA A-site studies). For each FID experiment the nucleic
acid sample was mixed with Thiazole orange (TO) with
a concentration of 0.50 M. All experiments reported in
this study were performed in 10mM sodium cacodylate,
0.5mM EDTA and 100mM NaCl at buffer pH 7.0. The
ligands were then serially added to the DNA/TO solution
until the TO fluorescence was completely quenched. Each
ligand addition was followed by a 4min equilibration time
before the fluorescence spectrum was recorded. The TO
excitation was at 501 nm and the emission was then recorded
from 510 to 650nm. In all the experiments, the excitation
and emission slit widths were 1.5mm. For determination
of binding constant, Scatchard analysis was done using
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the procedure described previously by Boger et al. (2001)
in which—

(AFx/AFsy).(1/X) = Fraction of DNA — ligand Complex (1)

[1 — (AFx/AFsat).(1/X)] = Fraction of free ligand (2)
[DNA]T.[X — (AFx/AFsyt)] = [Free ligand] (3)
Where,
X = Molar equivalent of ligand to quadruplex DNA
AFx = Change in fluorescence
AFsye = Change in fluorescence when the quadruplex DNA

is fully saturated with ligand
[DNA]T = Total DNA concentration.

Aggregation Studies

The aggregation behavior of BQQ-neomycin conjugate was
checked using the Cary 100 UV-vis spectrophotometer. Both
thermal melting and concentration-dependent absorbance
studies were done to check the aggregation behavior. In thermal
melting studies, the BQQ-neomycin conjugate was heated in
10mM sodium cacodylate, 0.5mM EDTA and 100 mM NaCl
at buffer pH 7.0 at 2.5 and 5.0 M concentration between
30 and 98°C and resulting absorbance vs. temperature graph
was plotted. For concentration-dependent absorbance studies,
different concentrations (0.2-36 uM) of the BQQ-neomycin
conjugate were scanned between 200 and 600nm and the
resulting absorbance vs. concentration graph was plotted. The
experiments were done in buffer 10mM sodium cacodylate,
0.5mM EDTA and 100 mM NacCl at buffer pH 7.0 at 23°C.

Molecular Docking Studies

All docking experiments were performed as blind dockings where
the blind docking refers to the use of a grid box which is
large enough to cover all possible ligand-receptor interactions.
AutoDock Vina, which has several advantages over its preceding
version AutoDock 4.2, was used to perform docking experiments.
The G-quadruplex receptor structure was obtained from Protein
Data Bank (PDB ID: 156D) which was used for docking
experiments without any further modification in the structure.
The ligand structures were created using ChemDraw 14 and then
brought to their energetically minimized structures using the
Vega ZZ program (Pedretti et al.,, 2004) utilizing a conjugate
gradient method with SP4 force field. Autodock tools version
1.5.6 was used to convert the ligand and receptor molecules to the
proper file formats for docking. The docking experiments were
performed using an exhaustiveness value 50. All other parameters
were used as defaults. All rotatable bonds within the ligand were
allowed to rotate freely, and the receptor was considered rigid.
The final rendering of the docked structures was done using
PyMol (www.pymol.org).

RESULTS AND DISCUSSION

Fluorescence Intercalator Displacement

Experiments
Fluorescence intercalator displacement assay (FID) was
developed in Boger’s laboratory (Boger and Tse, 2001; Boger

et al., 2001; Tse and Boger, 2004) allowing for the screening of
a variety of structurally and chemically diverse set of ligands.
Unlike some other ligand screening methods which mandate
the presence of a fluorophore in the ligand to be screened,
this assay can be used to screen both fluorescent as well as
non-fluorescent molecules binding to the nucleic acids. The
utility of this assay has been demonstrated by many laboratories
which have used both canonical and non-canonical nucleic acid
structures of biological interest (Monchaud et al., 2006; Kumar
and Arya, 2011; Kumar et al,, 2011, 2015; Kellish et al., 2014).
More importantly several applications of this assay have been
shown to be useful in discovering G-quadruplex binding ligands
(Monchaud et al., 2006).

In essence, this assay exploits the fluorescence enhancement
of nucleic acid binding dyes that show non-specific binding and
moderate affinities to their cognate structures. The intercalating
dyes such as ethidium bromide or Thiazole orange are traditional
intercalators used in this assay but recently the use of dyes
such as Thioflavin T (ThT) is gaining momentum due to its
special liking for certain G-quadruplex structures (Mohanty
et al, 2012; Verma et al, 2019). In a typical experiment,
the nucleic acid of interest is mixed with the intercalating
dye in an appropriate ratio. The ratio of nucleic acid to the
intercalator to be used in this assay is determined usually
by running a fluorescence titration experiment in which the
nucleic acid of interest is titrated against the intercalator
ligand and the resulting fluorescence changes are used to
construct a plot giving the stoichiometry of the intercalator-
nucleic acid interaction. The FID assay is thus developed in
which the ligand library to be screened is titrated into a
solution containing the nucleic acid and the intercalator at a
fixed ratio.

In our FID experiments, we used Thiazole orange (TO) which
is much more responsive to fluorescence emission in comparison
to the other popularly used intercalator: ethidium bromide
(Boger et al., 2001). Thiazole orange binds to the Oxytricha Nova
G-quadruplex DNA with a stoichiometry of 2:1 and for that
reason, we took the same ratio of receptor to intercalator in
our FID experiments. Addition of different ligands to the G-
quadruplex-intercalator complex caused successive decrease in
the fluorescence signal till the fluorescence signal reached the
level of Thiazole orange fluorescence emission in the absence of
the G-quadruplex DNA.

A representative example is shown in Figure 2A in which
BQQ-neomycin conjugate (compound 6) was successively added
to Oxytricha Nova-TO complex. As increasing amounts of
compound 6 were added, the fluorescence emission intensity
of TO continued to decrease suggesting displacement of bound
Thiazole orange. The addition of ligand was continued till
no more changes in the intensity of the TO emission signal
was observed suggesting complete displacement of the bound
TO. Such TO displacement titrations can also be used to
determine the binding stoichiometry by plotting the percent
fluorescent change with respect to number of the equivalents
of the ligand added. As shown in Figure 2B, the displacement
assay revealed that BQQ-neomycin conjugate (compound 6)
binds to the Oxytricha Nova G-quadruplex in 1:1 ratio. The
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FIGURE 2 | (A) Fluorescence emission changes in the G-quadruplex-thiazole orange complex upon addition of neomycin-BQQ conjugate (compound 6). The number
of equivalents of compound 6 added from O to 18 equivalents is shown for each point. (B) The binding stoichiometry plot showing the binding stoichiometry of
compound 6 with the Oxytricha Nova quadruplex. The experiments were performed in buffer 10 MM sodium cacodylate, 0.5 mM EDTA, 100 mM NaCl at pH 7.0 (T =
20°C). Thiazole orange was excited at 501 nm and the emission spectrum was recorded between 510 and 650 nm.

resulting displacement pattern was then plotted to obtain DCsq
values where DCsj refers to the ligand concentration required to
displace half of the bound intercalator from the G-quadruplex in
these assays.

As shown in Table 1, Figure S1, DCs values were calculated
for different neomycin conjugates (Figurel) along with
the control ligands. Among the intercalators studied,
BQQ-neomycin conjugate (compound 6) showed the least
amount of ligand (422-fold lesser than neomycin) required
to displace 50% intercalator followed by anthraquinone-
neomycin conjugate (253-fold lesser than neomycin). The
other neomycin-intercalator conjugates studied, pyrene-
neomycin (compound 4) and naphthalenediimide-neomycin
(compound 5), also showed superior DCspvalues than neomycin
(16 and 10-folds lower, respectively). As a control, we
performed the DCsy determination of a control duplex
sequence d(AGGGGTTTTCCCCT) (Tablel, Figure S2).
The DCsy values obtained for this experiment showed that
the preference for quadruplex for BQQ-neomycin conjugate
(compound 6) was at least 3.5-fold higher while the same for
pyrene-neomycin (compound 4) was 2-fold higher than the
duplex DNA. The other neomycin intercalators conjugates
showed DCs values lower for duplexes. These results clearly
established that neomycin-anthraquinone and neomycin-BQQ
conjugates preferentially bind to Oxytricha Nova G-quadruplex
in comparison to a duplex DNA sequence whereas for neomycin
pyrene and neomycin naphthalenediimide conjugates preference
for the DNA duplex was more. Therefore, we turned our
attention to the best quadruplex binder of the compounds
studied, the neomycin-BQQ conjugate (compound 6) for further
detailed studies.

TABLE 1 | A table listing the DCsq values for different neomycin intercalator
conjugates (compounds 1-6) with Oxytricha Nova G-quadruplex DNA and a DNA
duplex sequence.

Ligand d(GGGGTTTTGGGG) d(AGGGGTTTTCCCCT)
DCs (M) DCso (M)

Neomycin 76.02 53.44

BQQ-CI >250 -

Neomycin- Pyrene 4.73 2.61

Neomycin- 0.30 0.75

Anthraguinone

Neomycin-BQQ 0.18 0.64

Neomycin- 7.89 0.83

Naphthalenediimide

Determination of Association Constant of
BQQ-Neomycin Conjugate

Since neomycin-BQQ conjugate binds to Oxytricha Nova G-
quadruplex DNA sequence in a 1:1 ratio (Figure2B), we
performed a Scatchard analysis of the BQQ-neomycin FID
titration data as described by Boger et al. (2001) and Yeung et al.
(2003). The analysis (Figure 3) revealed that BQQ-neomycin
conjugate (compound 6) binds to the Oxytricha Nova G-
quadruplex sequence with an affinity of K, = (1.01 £ 0.03) x
107 M~1. We have previously shown that under same conditions
the association constant (K,) of neomycin for Oxytricha Nova
sequence was (1.03 £ 0.50) x 10° M~! (Ranjan et al., 2010).
This result shows that conjugation of neomycin to BQQ leads to
98-fold higher affinity for the quadruplex. However, the affinity
of BQQ-neomycin was found to be temperature-dependent as
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increasing the study temperature to 40°C led to nearly a 4-fold
decrease in the affinity of the conjugate with a K, = (2.25 £ 0.01)
x 108 ML

Comparative Binding With the Bacterial
A-Site RNA

Since the bacterial rRNA A-site is the natural target of
aminoglycosides, we investigated how the conjugation of
neomycin affects the binding of neomycin to the bacterial rRNA
A-site and how does the overall binding of BQQ-neomycin
compare to all of its possible binding targets. As shown in
Figure 4A, the addition of BQQ-neomycin conjugate to the
bacterial rRNA-TO complex led to a continuous decrease in the
fluorescence emission of TO. The FID titration was stopped when
further addition of BQQ- neomycin led to negligible changes in
the emission signal of TO. Further analysis of the binding event
showed that like the Oxytricha Nova G-quadruplex DNA, it binds
with the rRNA A-site sequence with 1:1 binding stoichiometry
(Figure 4B). Scatchard analysis (Figure 4C) revealed that BQQ-
neomycin binds with the rRNA A-site with an affinity of K, =
(9.10 £ 0.23) x 10° M~! which is lower than the binding of the
same with the Oxytricha Nova G-quadruplex sequence. Further
analysis of the results showed that the DCsq value for this FID
experiment was (276.0 = 8.2) nM while the same for neomycin
was (135.4 & 9.4) nM. These results showed that conjugation of
BQQ to neomycin makes it a poor bacterial rRNA A-site binder
by nearly 2-fold change in the affinity.

CD Experiments Show Evidence of
Complexation of Oxytricha nova
Quadruplex With the BQQ-Neomycin
Conjugate

Circular dichroism experiments have been extensively used for
the study of G-quadruplexes (Randazzo et al., 2012; Vorlickova
et al, 2012). The different types of G-quadruplexes show
unique CD signature peaks in which parallel quadruplexes
show absorption maximum at 260nm and the minimum at

240 nm, while the antiparallel quadruplexes show an absorption
maxima at 295nm and the minimum is observed at 260 nm
(Balagurumoorthy and Brahmachari, 1994). We performed CD
titrations to find out (a) the ligand-induced changes in the CD
signal to observe any conformational change accompanying the
ligand binding, and (b) to find out the binding site size for the
ligand to quadruplex. The CD titration of the Oxytricha nova
quadruplex was initially performed with the BQQ-neomycin
conjugate (Figure 5A). In the absence of ligand, the maximum of
the CD signal was observed at ~295 nm while the minimum was
at ~260 nm which was consistent with the antiparallel structure
of this G-quadruplex as reported previously (Balagurumoorthy
etal., 1992).

When BQQ-neomycin was added to the Oxytricha Nova
quadruplex, significant changes in the CD signal were observed
(Figure 5A). With the addition of small aliquots of the ligand, the
positive CD signal at 295 nm continuously diminished. At high
ligand to quadruplex ratios (more than three equivalents of ligand
to the DNA), DNA precipitation was observed. Concurrently,
the CD signal at 260 nm became much more negative upon
addition of incremental amounts of ligand. From this titration,
it is sufficiently evident that the mode of interaction of BQQ-
neomycin conjugate is very different from neomycin which
produces no change in the CD signal of the quadruplex even
at much higher ligand concentrations than what has been used
in this experiment. This reaction also confirms complexation
of BQQ-neomycin to the Oxytricha nova G-quadruplex DNA.
Analysis of the CD signal changes with respect to the ligand ratios
added yielded the binding stoichiometry plot which showed 1:1
binding of the BQQ-neomycin conjugate with the Oxytricha
nova G-quadruplex (Figure 5B). The binding of BQQ-CI did
not lead to any observable change in the CD signal (Figure 5C),
which suggests that in the case of BQQ-neomycin titration, both
neomycin and the BQQ moieties bind synergistically with the G-
quadruplex. A series of compounds which are structurally similar
to BQQ have shown quadruplex binding properties (Hounsou
et al., 2007). These compounds have been proposed to have -
stacking interactions with the guanine bases. Another example
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FIGURE 4 | (A) FID titration of bacterial rRNA A-site with BQQ-neomycin conjugate (B) binding stoichiometry plot of BQQ-neomycin conjugate’s interaction with the
rRNA A-site. (C) Scatchard analysis of binding interaction. The concentration of rRNA A-site was 0.25 wM and the experiments were performed in buffer 10 mM
sodium cacodylate, 0.5 mM EDTA, 100mM NaCl at pH 7.0 at 20°C.
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FIGURE 5 | (A) CD titration plot of BQQ-neomycin with the Oxytricha Nova G-quadruplex DNA. The ratios of BQQ-neomycin to the quadruplex are indicated in the
legend. (B) CD detected binding stoichiometry plot of BQQ-neomycin interacting with the Oxytricha Nova G-quadruplex DNA. (C) Control titration experiment of
BQQ-CI with the Oxytricha Nova G-quadruplex DNA. The DNA concentration used in the experiments was 10 wM/strand and both the experiments were performed in
buffer 10mM sodium cacodylate, 0.5 mM EDTA, 100mM NaCl at pH 7.0 at 20°C. Small aliquots of ligand were serially added [as indicated on plots (A,C)] to the DNA
solution. During the titration, the DNA solution was stirred with the added ligand for 5 min followed by another 5 min of equilibration time. The CD signal represents an
average of three scans.

where neomycin has been conjugated to such planar aromatic  the changes in absorbance with respect to temperature at both
compounds has also been reported (Kaiser et al., 2006). It has 260 and 295nm wavelengths. While in most quadruplexes
been proposed that the planar aromatic part in this molecule  the changes in absorbance are more prominent at 295nm as
also involves m- stacking interactions with the G-tetrad and  compared to 260 nm (Mergny et al., 1998), we got satisfactory
neomycin has a role in establishing this conjugate as a G-  thermal melting profiles at 260 nm as shown in Figure 6. The
quadruplex specific ligand (Kaiser et al., 2006). Altogether, the  Oxytricha nova quadruplex melted at 56.9°C in the absence of
results obtained with CD experiments are in agreement with the  any ligand (Figure 6A). In the presence of pyrene-neomycin,

previously reported findings. anthraquinone  neomycin,  naphthalenediimide-neomycin
(Figure 6B) or BQQ-Cl and neomycin alone, appreciable
UV Thermal Meltlng Experlments thermal stabilization was not observed (Table2). However,

UV monitored thermal denaturation experiments of nucleic  in the presence of BQQ-neomycin, we saw signs of thermal
acids are routinely used to study ligand-biomolecule interactions.  stabilization of the G-quadruplex DNA as a biphasic thermal
The thermal melting experiments were performed to find any  denaturation curve was obtained (Figure 6A). The first transition
ligand-induced thermal stabilization by doing experiments  was observed at 59.8°C which is nearly three degree Celsius
both in the absence and presence of ligands. We monitored  stabilization of the G-quadruplex. However, soon after the
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TABLE 2 | UV detected thermal denaturation temperatures of Oxytricha Nova
G-quadruplex DNA in the presence of various ligands.

Ligand Melting temperatures
Tm ATm (in°C)

None 56.9 -

Neomycin 56.9 0.0
BQQ-CI 56.9 0.0
Pyrene-neomycin 58.8 1.9
Anthraguninone-neomycin 57.4 0.5
Naphthalenediimide-neomycin 57.5 0.6
BQQ-neomycin 59.8, 82.0 2.9*

*Melting transition was masked by the ligand self-dissociation events.

end of the first transition, a second transition begins which is
much broader and with a middle point at 82.0°C. Such biphasic
thermal denaturation profiles are usually observed when more
than one nucleic acid species are involved in the melting process
or different sets of complex events are taking place during the
ligand-biomolecule interaction. Initially, we thought of higher
temperature transition to be the result of thermal stabilization
of the quadruplex by this ligand. However, such transition
was completely missing when we carried out the CD melting
experiment which showed only one transition belonging to the
melting of the quadruplex (data not shown). Since molecules
having polycyclic aromatic rings with extended w-conjugation
are prone to self-stacking in polar media, we decided to perform
further experiments to trace the origins of the second transition
and study the aggregation behavior of BQQ-neomycin conjugate
itself as discussed in the next section.

Aggregation Studies of BQQ-Neomycin
Conjugate

As shown in Figure 7A, the thermal melting of BQQ-neomycin
conjugate was studied in the absence of DNA. In the absence

of any DNA, the transitions that are observed are purely the
resultant of temperature-dependent hyperchroism shown by the
ligand itself. When the BQQ-neomycin conjugate was melted at
a concentration of 2.5 WM, a slow rise in the absorbance of BQQ-
neomycin conjugate was observed up to 70°C which abruptly
rose afterwards. The overall melting profile appears similar to
the one usually obtained in the presence of DNA. We performed
another thermal denaturation experiment of BQQ-neomycin
conjugate at 5.0 WM concentration. The denaturation profile
in this experiment showed a much clearer melting transition
with a Ty, of 82.6°C. These experiments showed that BQQ-
neomycin itself can show DNA like melting transitions and,
therefore, caution must be taken in the interpretation of thermal
denaturation of DNA-ligand complexes as ligands capable of
self-stacking may mask, complicate or give misleading thermal
melting temperatures. Such transitions can be attributed to
the destacking of the ligand at higher temperatures as shown
previously with Hoechst 33258 binding with the DNA (Kaushik
and Kukreti, 2003).

We, then, sought to understand the concentration dependence
of aggregation of BQQ-neomycin conjugate. As shown in
Figure 7B, the absorbance spectra of BQQ-neomycin was
recorded from low (0.2 wM) to moderate (36.0 uM) micromolar
concentrations. The absorbance peak at 414 nm was then used
to plot absorbance vs. concentration plot (Figure7C) which
clearly shows that the loss in the linearity of the graph is
easily discernible. The deviation in the linearity was detected
early at 4.0 WM concentration which became more prominent at
concentrations 5.0 uM and above clearly mirroring the results
obtained with the thermal denaturation experiments. Overall,
these results suggest that BQQ-neomycin conjugate is prone to
aggregation in buffer solutions as used in these experiments.

Molecular Docking Studies
To gain further insights into the molecular interactions
taking place during quadruplex recognition, we performed
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FIGURE 7 | (A) Thermal denaturation profile of BQQ-neomycin conjugate at 2.0 and 5.0 M concentrations in buffer 10 MM sodium cacodylate, 0.5 mM EDTA,

100 mM NaCl at pH 7.0. No DNA was added in these experiments. (B) UV-vis absorption spectra of BQQ-neomycin conjugate at increasing concentrations
(0.2-36.0 uM). (C) Absorbance vs. concentration plot of BQQ-neomycin. All experiments were performed in buffer 10 mM sodium cacodylate, 0.5 mM EDTA, 100 mM
NaCl at pH 7.0. The absorbance spectra was recorded at room temperature (23°C).

FIGURE 8 | Lowest energy docked structures of various neomycin-intercalator conjugates with the Oxytricha Nova structure (A) Anthragquinone-neomycin
(B) Pyrene-neomycin (C) Naphthalenediimide-neomycin (D) BQQ-neomycin. In each figure neomycin, linker and the Intercalator moieties have been shown in
different colors.

docking studies with all four neomycin-intercalator conjugates  molecular docking studies. The lowest energy docked structures
(compounds 3-6). AutoDock Vina was chosen to perform  for all four conjugates show that neomycin is positioned in the
docking experiments because of (a) its ability to improve the  wide groove with linker extending the intercalating moieties
average accuracy of binding mode predictions (b) its ability to ~ more toward the thymine loop regions possibly to avoid steric
take advantage of multiple core processors which significantly  clashes in the groove and also because of more vacant space
shortens the running time (c) its more efficient search of potential ~ available around thymine loops (Figure 8). BQQ-neomycin,
energy surfaces and (d) its high accuracy with ligands possessing ~ naphthalenediimide neomycin and pyrene neomycin displayed
more than 20 rotatable bonds. The structure used in the docking  nearly similar mode of binding in which the neomycin and the
studies was retrieved from the protein data bank (PDB ID: 156  linker cover majority of the wide groove while the intercalator
D) which is a refined NMR solution structure of the telomeric ~ part of the molecule protrudes away toward the thymine.
sequence d(GGGGTTTTGGGG) (Schultze et al., 1994). This G-  Despite this semblance in recognition, neomycin adopts different
quadruplex has been shown to adopt an antiparallel structure  poses in all these structures to reorganize its rings in order to
with the thymine loops occupying the opposite ends in the  maximize the binding interactions. The predominant binding
presence of sodium salt. The G-quadruplex formed from this  interaction involves hydrogen bonds, stacking and van der
telomeric structure gives rise to four distinct quadruplex grooves ~ Waals interactions in all these interactions. The anthraquinone-
of which two are of medium groove widths (~12 Angstrom), neomycin conjugate displayed a strikingly different result in
one wide (~17 Angstrom) and one narrow (~6 Angstrom).  which the anthraquinone moiety moves out of the wide groove
We have previously shown that neomycin binds in the wide and then reaches out directly to the originating 5'-guanine
groove of this quadruplex as evidenced from solution NMR and ~ base on one of the strands and makes stacking interactions
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with the guanine base. Although, similar behavior would be
expected from all other intercalator moieties used in this study,
the difference could likely be the outcome of the ring size of
the intercalator units used. Of the four intercalator moieties
used in these studies, anthraquinone is the smallest of all with
three fused rings whereas pyrene and naphthalenediimide have
four rings each. BQQ has the largest intercalator part with five
rings fused together. Because of these differences, the smallest
anthraquinone moiety finds enough space to stack with the
guanine while the other intercalator units face steric clashes
to make such stacking contacts. Rather, their interactions are
assisted through greater van der walls interaction in addition
to the hydrogen bonding contacts made by the neomycin and
linker units. To check if the variations in the linker composition
had any effect on the binding poses displayed by these
conjugates, we also ran additional set of docking experiments
using the same linker as used in the case of Neomycin-BQQ
conjugate. These docking experiments showed almost identical
binding poses (Supporting Information, Figure S3) as obtained
previously showing that linker composition didn’t have any
profound effect on the binding of the conjugates presented
here. In summary, the intercalator moiety’s total surface areas,
nature of atoms present on them (hydrogen bonding donor or
acceptor) and the ring size appear to be the prime determinants
of these interactions where a smaller interacting may likely
interact directly through the m-stacking interactions with the
guanine bases.

Interaction of BQQ-Neomycin With Other

Nucleic Acids

In this section, we present the results of our previously reported
BQQ-neomycin conjugate which varied slightly in the linker
composition than the BQQ-neomycin presented in this article.
Previously, a Neomycin-BQQ conjugate, which contained an
oxygen free thiourea bearing linker, was studied for its binding
to a variety of nucleic acids including an antiparallel human
telomeric G-quadruplex DNA. Neomycin and BQQ are the two
binding moieties which are known for their liking for triplex
nucleic acid structures (Arya et al., 2001, 2003). BQQ-neomycin
conjugate was found to be one of the best triplex binding
agents known as yet (Arya et al., 2003). The results obtained
using competition dialysis have shown that BQQ-neomycin’s
preference was highest for an RNA triplex followed by a DNA
triplex in a quadruplex free assay. In case of a DNA triplex,
the binding constant of BQQ-neomycin was K, = 2.7 X 108
M~! (Xue et al,, 2010). For the human telomeric quadruplex, the
fluorescent intercalator displacement assay showed that BQQ-
neomycin conjugate’s liking was behind the anthraquinone-
neomycin, pyrene neomycin and napthalenediimide-neomycin
(Ranjan et al, 2013a). The binding constant obtained with
the best binder anthraquinone-neomycin (Ranjan et al., 2013a)
was K, = 1.25 x 107 M~!, a value which was very close
the value of the same obtained with BQQ-neomycin used in
this study (K, = 1.01 x 107 M~!). This result shows that
quadruplex topoplogy plays an important role in its binding to
different ligands. Overall the results demonstrate that nucleic acid

systems providing large surface areas for interactions, such as
quadruplexes and triplexes are preferred nucleic acids for BQQ-
neomycin conjugates where its binding affinity is in the range of
Ky ~107-108 M1

CONCLUSIONS

The ability of ligands to recognize G-quadruplex DNA structures
has been shown to impede with the functions of telomerase. The
core aspect of this inhibition lies in the differential recognition
of different quadruplex surfaces with chemically diverse set of
ligands. We have previously reported with the human telomeric
G-quadruplex DNA that a combination of stacking and groove
binding moieties can lead up to 1,000-fold binding affinity
enhancement in the G-quadruplex recognition process. We
have extended these studies by probing a well-resolved G-
quadruplex DNA structure derived from the Oxytricha Nova
telomeric DNA. From our studies, the following conclusions can
be drawn:

(1) BQQ-neomycin is the best Oxytricha Nova G-quadruplex
binder of all neomycin-intercalators studied in this work. The
DCs( values obtained from FID titrations show that BQQ-
neomycin is best in displacing the fluorescent probe bound to the
G-quadruplex. The other neomycin-intercalator conjugates are
at least 10 times better in displacing half of the fluorescent probe
bound to these quadruplexes than neomycin. Hence conjugation
of intercalators to neomycin improves their G-quadruplex
binding. (2) BQQ-neomycin binds Oxytricha Nova G-quadruplex
DNA with 1:1 binding stoichiometry. Both fluorescence and CD
spectroscopy detected experiments confirm that BQQ-neomycin
binds with the G-quadruplex in a 1:1 ligand to quadruplex
ratio. The 1:1 binding stoichiometry is indicative of a single
unique site for BQQ-neomycin complexation (3) BQQ-neomycin
binds with nearly 100-fold higher binding affinity than neomycin.
Scatchard analysis of the FID titration showed an association
constant K, = (1.01 £ 0.03) x 10" M~! which is 100-fold
higher than neomycin. This result shows that conjugation of two
DNA binding moieties can lead to higher affinity G-quadruplex
ligands. Comparison with the rRNA A-site binding showed that
the BQQ-neomycin’s affinity is lower than that of the quadruplex
(4) The binding mode of BQQ-neomycin is strikingly different
than neomycin or BQQ-CI alone. The CD experiments showed
that binding of either neomycin or BQQ-CI brings negligible
change in the CD signal. However, when BQQ-neomycin was
complexed with the G-quadruplex, a large increase in CD signal
was noticed indicating significant binding. However, no induced
CD change was observed in the absorption region of BQQ, which
suggests that the BQQ interaction does not involve stacking
with the guanine bases. The remarkable 1:1 ligand to quadruplex
binding shows a simultaneous binding of the two moieties
at independent binding sites. (5) BQQ-neomycin conjugate is
prone to aggregation. Thermal melting and UV-vis absorption
studies clearly showed that BQQ-neomycin is prone to aggregate
at concentrations 4 uM or above. Therefore, caution must be
taken while interpreting thermal melting results and designing
experiments that require higher ligand concentrations. (6) The
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total surface area of the intercalator unit may have implications
in stacking with guanine bases. The intercalator unit with three
fused aromatic rings was found to have stacking interactions
with the guanine bases while larger ring sizes prefer to interact
predominantly through van der Walls interactions. Altogether,
these results show that using our existing knowledge of ligands
that are known to bind to quadruplex DNAs, a more potent
ligand can be developed by combining the two separate ligands
in a single molecule. As shown in this manuscript, the two
binding moieties, neomycin and BQQ, have moderate binding,
but when combined as one molecule, they result in a ligand
with a much higher affinity and more importantly-selectivity
in binding.
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DNA-based molecular rulers enable scientists to determine important parameters across
biology, from the measurement of protein binding interactions, to the study of membrane
dynamics in cells. However, existing rulers can suffer from poor nanometre resolution
due to the flexible nature of linkers used to tether to the DNA framework. We aimed
to overcome this problem using zinc and free-base porphyrin chromophores attached
via short and rigid acetylene linkers. This connectivity enables the distance and angle
between the porphyrins to be fine-tuned along the DNA scaffold. The porphyrins undergo
favorable energy transfer and chiral exciton coupling interactions to act as highly sensitive
molecular ruler probes. To validate the system, we monitored the detection of small
changes in DNA structure upon intercalation of ethidium bromide. CD spectroscopy
showed the porphyrins undergo highly sensitive changes in excitation coupling to
facilitate base pair resolution of the novel system.

Keywords: DNA, porphyrin, FRET, CD spectroscopy, ethidium bromide intercalation, exciton coupling

INTRODUCTION

Forster resonance energy transfer (FRET) is routinely used in the determination of conformational
changes or intermolecular interactions in biomolecules, where it gives insight into function and
activity. However, most FRET systems have chromophores attached through long and flexible
linkers which can limit their sensitivity (Wang et al., 2003; Sabanayagam et al., 2005; Preus and
Wilhelmsson, 2012). Since the interaction of chromophores, in view of energy transfer, is highly
dependent on their alignment, and FRET has an inverse sixth order distance (R) dependency,
this does not allow for a precise distance measurement with sub-nanometre resolution due to
fluctuations in position of the FRET pair (Wang et al., 2003), which can be overcome to some extent
using time resolved FRET (trFRET) (Klostermeier and Millar, 2001). In addition, when the FRET
pair distance is comparable to the linker length, contact quenching can occur. Yet the detection
of small structural changes in DNA is highly desirable as it can give information on the DNA
topology, e.g., upon binding of proteins (Andrabi et al., 2014), in intercalator—-DNA interactions
(Biebricher et al., 2015), or in base pair mismatches (Rossetti et al., 2015). To this end, tailor made
DNA multi-chromophore systems are now well-established (Malinovskii et al., 2010; Teo and Kool,
2012). Specific systems include, for example, Cy3 and Cy5 dyes which are typically attached through
short alkynyl linkers to the nucleobase and can provide useful FRET analysis at short distances,
though this was not used for analysis of conformational changes (Hall et al., 2012). Analogously,
fluorescent base analogs which were incorporated within the base stacking region of the DNA and
thus are inherently held rigidly in place, resulted in a high control of the orientation factor (i)
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Molecular Ruler

and hence very distinct FRET changes as the number of bases
separating the base analogs were varied (Borjesson et al., 2009).
The combination of Cy5/Cy3, however, is suitable to detect
global structural changes in hairpin ribozymes (Bates et al.,
2005), and in bivalent peptide complexes (Eberhard et al,
2011), even when having flexible linkers. Gating of the Cy5
dye with a green laser enabled FRET values at much shorter
distances to be obtained than in conventional systems (Bates
et al., 2005). Stilbene chromophores, which were attached to
both ends of a DNA hairpin, showed exciton-coupled circular
dichroism (EC-CD) which varied strongly along a helical turn
and could serve as a molecular ruler; however, the CD signatures
are very complex and not straight-forward to interpret (Lewis
et al., 2005). The use of pyrenes has shown strong fluorescence
enhancement when attached to DNA with short linkers and
can serve as a structure-sensitive probe for DNA (Mayer-
Enthart and Wagenknecht, 2006). Ultrafast Energy Transfer in
pyrene dimers yielded information on structural dynamics of
DNA, but the system is complicated by the presence of two
electronic coupling pathways, involving the base pair of the
DNA (Trifonov et al., 2005).

On a single molecule level, total internal reflection
fluorescence (TIRF) microscopy, combined with single molecule
FRET (TIRF-smFRET) enables single base pair resolution with
100 ms temporal resolution, though this requires sophisticated
equipment setup (Holden et al, 2010). DNA origami tiles
were used as an elegant breadboard for measuring distances
using single molecule FRET systems (Steinhauer et al., 2009;
Stein et al, 2011), but at much larger distances than single
base pair resolution. Gold nanoparticles (AuNPs) have also
been investigated and held at specific distances using dsDNA
spacers; the plasmon coupling of 80 nm AuNPs was shown to
allow distance measurements between 1 and 80 nm with a time
resolution <50 ms and with absolute distance errors ranging
from <1nm to around 20 nm (Reinhard et al., 2005). Plasmon
rulers could certainly be an alternative to FRET for in vitro single-
molecule experiments (Sonnichsen et al., 2005), in particular
because sub-nanometre resolution can be achieved (Liu et al,,
2006). Methods other than FRET or plasmon resonance in using
DNA as a molecular ruler that have been used include pulsed
electron paramagnetic resonance (PELDOR) spectroscopy
(Schiemann et al., 2004), X-ray scattering (Mathew-Fenn et al,,
2008), and EPR spectroscopy (Nguyen et al., 2014).

Despite the advances made in determining the impact of
sequence and external factors on the structure of DNA, including
in a time dependent manner, a system with a simple optical
readout that gives unambiguous information on local changes
down to the single base pair level is still missing. We have studied
the characteristics of porphyrin modified DNA extensively
(Fendtetal., 2007). Notably a mixed free-base and zinc porphyrin
zipper-array allowed for reversible formation of photonic wires
(Nguyen et al., 2009). In particular CD spectroscopy has proven
to be an invaluable tool in analyzing interactions in porphyrin-
DNA due to the strong exciton coupling between the porphyrins,
which shows strong dependence on the type of linker between
porphyrin and DNA used, as well as on the underlying sequence
of the DNA (Brewer et al., 2011; Singleton et al., 2016). Thus this

system seemed perfectly well-suited to investigate its ability to
monitor the local changes in DNA structure.

EXPERIMENTAL

The synthesis of the porphyrin-dU building block and its
incorporation into DNA were performed as described previously
(Fendt et al., 2007). Phosphoramidite chemistry and solid
support DNA synthesis followed standard protocols for the
natural nucleotides. For the incorporation of the porphyrin-dU,
the phosphoramidite was dissolved in MeCN-DCM 10:1, and an
extended coupling time of 5 min was used. The DNA strands were
purified and analyzed using RP-HPLC. Post-synthetic metalation
of the porphyrin strand was done in an aqueous solution using
Zn(OAc), as published earlier (Brewer et al., 2011).

UV-Vis spectroscopy was conducted using a Varian Cary 300
Bio spectrometer with quartz cells of 1cm path length; scans
were carried out at 25°C covering 200-800 nm. Fluorescence
spectroscopy was conducted using a Varian Cary Eclipse
spectrometer with quartz cells of 1 cm path length; scans were
carried out at 25°C with excitation wavelength at A = 425 nm. CD
spectra were recorded at beamline B23 (Module B) at Diamond
Light Source, equipped with an Olis DSM20 Monochromator
and a photo multiplier tube detector. CD titration with ethidium
bromide (EtBr) was performed using a 1.5 mM stock solution to
give a total volume 500 nL (4 .M DNA), and a concentration of
EtBr equal to 40, 80, 200, 400, and 800 M. Concentrations and
buffers are given in the figure legends. The theoretical predictions
of FRET were performed as described previously, using a custom
build MATLAB based program FRETmatrix described elsewhere
(Preus et al., 2013). The geometry of the porphyrin-DNA
duplexes was modeled using Schrodinger’s software MacroModel
(Mohamadi et al., 1990).

The data for the titration were analyzed using a non-linear fit
of the Scatchard’s plot of #/Cs vs. r using the following equation
for n binding sites (Vardevanyan et al., 2003; Minasyan et al.,
2006):

1—nr

n—1
1—(n—1)r]

where r = Cb/Cp, Cp = [EtBrlpound> Cob = Co - C Co
[EtBr]¢otals C¢ = [EtBr]ynbounds Cp = [phosphate groups].

For Y1, the Af at 415nm was used, and for Y2 the A6
at 420nm was used. The values of |Omax — Omin| were fitted
to obtain the theoretical value of maximum change (highest
possible intercalation. From this, the fraction of bound EtBr was
calculated, assuming that the intercalation on a global scale leads
to a linear response of A6.

r/Cr = K(1 —nr)|: (1)

RESULTS AND DISCUSSION
Synthesis and Stability of the FRET System

In this study, we used an electronically coupled system
based on zinc porphyrin as donor (Zn-P) and free-base
porphyrin as acceptor (2H-P) which has previously shown
efficient energy transfer within a DNA supramolecular assembly
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(Bouamaied et al., 2007; Nguyen et al., 2009; Brewer et al.,
2011). We built an array of DNA duplexes to study the
energy transfer properties for this two-porphyrin system (see
Figure 1, Z1 to Z7, and ESI for sequences). The position
of the Zn-P was fixed throughout, whilst the 2H-P was
varied. The corresponding base pair separation between the
porphyrins change both the distance and dipole-dipole alignment
between them. The porphyrin-nucleoside building block was
synthesized according to previously published procedures
and used for solid phase synthesis of the porphyrin-DNA
(Bouamaied et al., 2007; Brewer et al., 2011). The thermal UV-
denaturing analysis shows a Ty, of ~47°C for all porphyrin
containing duplexes, with ATy, = ~-3°C compared to the
native DNA, which is in the expected range. Both porphyrins
display the characteristic absorption and emission spectra
when measured either as single strand or as duplex with the
unmodified complementary strands (Figure 2). The ground state

absorbances in the mixed porphyrin duplexes Z1 to Z7 are largely
unperturbed and can be described as a superposition of the
absorbance of DNA duplexes which contain either Zn-P (Z8) or
2H-P (29).

Determining FRET Efficiency

The quantum yield and Forster distance of the Zn-P-2H-P pair
were measured previously to be @ = 0.12 and Ry = 28.4 A,
respectively (Burns et al., 2012). The distances and angles of the
chromophores in the DNA duplexes used here were obtained
from energy minimized structures, using the effective transition
moment along the 5, 15-axis through the acetylene linker as
determined by Berova et al. (Anderson, 1994; Matile et al., 1996;
Huang et al., 2000). The calculated Eprgr values [see electronic
supporting information [ESI] for details] (Preus et al., 2013)
show deviation from the idealized model (k2 = 2/3) (Figure 3A);
for the calculation of the Epppr efficiencies, k% was taken into

M=Znor 2H

Top view

Side view

porphyrin-porphyrin distances and angles.

FIGURE 1 | (A) Chemical structure of porphyrin DNA modification connected via a rigid acetylene linker, the central cavity contains either a Zn or free-base (2H).
(B) 3D rending of duplex DNA (gray) modified with two porphyrin molecules (purple). (C) Top and side view of porphyrin-DNA duplexes assayed containing
Zn-porphyrin (donor) and 2H-porphyrins (acceptor) (purple), the Zn-porphyrin position is held constant, whilst the 2H-porphyrin is varied, giving rise to seven different
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FIGURE 2 | Representative absorbance (A) and emission (B) spectra of the Zn and 2H-porphyrin FRET pair (Z1), Zn-porphyrin (28) and 2H-porphyrin (Z9).
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FIGURE 3 | (A) Erger as function of Zn-P distance (d), comparing calculated (Preus et al., 2013) and measured FRET efficiencies (the gray line represents idealized
behavior with k2 = 2/3). (B) CD spectra of the Zn-P duplexes (porphyrin region), including the CD spectrum of Z4b where the angle of the porphyrin dipole moment

account and calculated for each pair as described previously.
The experimentally determined Eprgr values from the donor
emission peak at 605nm show a steady decrease in FRET
efficiency with increasing donor-acceptor distance. As expected,
Z2 gives the highest Epppr value due to the smallest porphyrin-
porphyrin spacing. Conversely, Z3 and Z4 exhibit higher
Eprpr values than Z1, even though they have the same base
separation, or are separated by one extra base pair, respectively.
These differences arise from the attachment points on the
complementary strands which positions the porphyrins in Z1 on
opposite sides of the duplex, whereas in Z2 and Z3 the porphyrins
are located in the same hemisphere of the duplex (see Figure 1 for
DNA models).

The influence of the angle between the chromophores is
clearly visible in the CD spectra. The excitonic coupling between
the porphyrins display both positive and negative Cotton effects
as a function of angle between the dipole moments (Figure 3B),
which is defined as the projection angle of the dipole moments
and is either (+) or (-) (viewing down the helical axis of the

DNA). Generally, a positive Cotton effect at longer wavelengths
and negative one at shorter wavelengths determines a positive
exciton couplet and arises from a positive angle (positive exciton
chirality) (Berova et al., 2009). This theory has successfully
been used to determine the chirality in systems having identical
chromophores, but not with mixed chromophore systems. Here,
the angles match perfectly well with the CD chirality (Table 1),
but only when assuming both porphyrins as equal. Thus, the
porphyrins are close to being degenerate: the small ground
state differences from zinc to free-base porphyrin are not
discriminated by the exciton chirality method, and the system
reports two identical chromophores. This is in contrast to the
direct energy transfer as seen in FRET. To demonstrate this, we
have synthesized the duplex Z4b where the relative position of
the two porphyrins is inverted with respect to Z4, meaning that
in Z4b the zinc porphyrin is now downstream of the free-base
porphyrin. While the base pair separation and through-space
distance of the porphyrins is maintained, the repositioning of
the porphyrins results in an inverted exciton chirality, and the
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CD spectra are near mirror images of each other (Figure 3B; the by stacking inside the DNA duplex (sliding in-between base
Eprpr values were not determined for this system). pairs) and is commonly used as a nucleic acid stain in gel

. . . . electrophoresis to visualize the DNA bands. The binding of
Detecting Ethidium Bromide Intercalation EtBr to DNA has been studied extensively, with reported global
at Single Base Pair Level binding constants (Kp) in the range of 3.4 x 10> M~! to 1.3
We developed an intercalation assay to test the sensitivity of ~ x 105 M~!, depending mainly on salt concentration (Krugh
the porphyrin system. Given that the energy transfer method et al., 1975; Scaria and Shafer, 1991; Vardevanyan et al., 2003;
to measure distance changes is still ambiguous due to relatively ~ Alonso et al., 2006; Minasyan et al., 2006; Hayashi and Harada,
small expected effects (e.g., see difference from Z1 to Z4), the  2007; Nafisi et al.,, 2007; Karacan and Okay, 2013). Also, the
CD spectra seem to respond much more sensitively to the  binding mode indicates that EtBr intercalates at approximately
relative arrangement of the porphyrins. We therefore tested  every two to three base pairs with n ~2.5 (Scaria and Shafer,
the response of the porphyrin arrays to the intercalation of  1991), though n-values ranging from 1.6 (Hayashi and Harada,
ethidium bromide (EtBr). EtBr is a well-known intercalator ~ 2007) up to 9 (Vardevanyan et al., 2003; Minasyan et al,

TABLE 1 | Structural parameters, FRET efficiencies and CD data of the donor-acceptor systems.

DNA duplex Base pair separation Porphyrin distance [A] and ErRrer, calcd. and exp. k2 value Exciton couplet A, and
dipole angle [deg] values exciton chirality®

Z1 2 30.2/+158 0.71/0.73 2.704 +11.3/(+)

z2 0 11.0/4+22 11 1.001 +16.2/(+)

Z3 2 13.7/-60 0.99/0.89 0.759 7.1/

z4 3 22.0/-92 0.88/0.83 0.963 -9.5/(H)

Z4b 3 21.6/4+90 n.d.c n.d.c +8.2/(+)

Z5 5 34.7/-167 0.36/0.39 1.012 —24.8/(-)

76 7 39.8/+121 0.12/0.28 0.448 +18.0/(+)

z7 11 41.1/423 0.17/0.12 0.806 +0.4/(+)

aThe difference between the CD extrema at longer wavelengths and at shorter wavelengths (in Ag) determines the amplitude Acp of the exciton couplet (Berova et al., 2009). ®The
exciton chirality corresponds to the sign of the dipole angle. °not determined.
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FIGURE 4 | (A) Representation of the duplexes Y1 and Y2. Example CD spectra of the titration experiments of (B-i) Y1 and (C-i) Y2, the arrows indicate the peak
shift upon addition of EtBr. Scatchard plots are shown in (B-ii) and (C-ii), respectively, together with the fitted curves according to Equation (1).
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2006) have been reported. In addition, EtBr can show multiple
binding interactions, including intercalation, semi-intercalation
and electrostatic binding (Vardevanyan et al.,, 2003; Minasyan
et al., 2006). We set out to test if our system would be suitable
to directly detect the binding of an intercalator on both a large
range and single base pair system.

We synthesized two additional porphyrin-DNA strands Y1
and Y2 (Figure 4), with two porphyrins being either at five base
pairs apart, or on adjacent base pairs, respectively. This DNA
system is shorter and simpler, providing only A-T base pairs
in-between the porphyrin sites, and flanking G-C base pairs to
maintain duplex stability. Since the metallation state does not
influence the exciton coupling, both reporter porphyrins were
used as 2H-porphyrins which also simplifies the synthesis by
avoiding the post-synthetic metalation step. To probe the system,
we titrated Y1 with EtBr and observed a corresponding change
in the exciton coupling of the porphyrins (Figure 4A and ESI).
The large reduction in signal intensity can be attributed to a
change in helicity of the DNA upon EtBr intercalation, and
with it a change in chromophore distance and angle. The use
of an excess of EtBr (>500 equivalents) did not indicate any
significant changes in CD signal after addition of 200 equivalents,
and up to that point the EtBr did not itself produce a significant
signal in the porphyrin region that would interfere with the
analysis. The binding constants were calculated from a non-
linear fitting of the Scatchard plot of r/Cy vs. r (see Experimental
section); the apparent global binding constant in our case is
Kp =143 + 0.2 x 10° M}, with n = 2.6 binding sites. This
tends toward the upper limit of binding constants reported.
The analysis is based under the assumption that any outside
binding, e.g., electrostatic interactions with the phosphate groups
or groove binding, does not give rise to a change in porphyrin
coupling as it would not lead to large structural changes. Also,
we have not found any indication that EtBr would interact
strongly with the porphyrins and lead to a change in CD signature
(see ESI). Therefore, we can assume that this apparent Kp
represents a value for the intercalation under our experimental
conditions. The number of binding sites also compares well to
reported values.

More interesting is the response of the system when the
porphyrins are at adjacent base pairs as in Y2. The order of the
porphyrins was switched to give opposite exciton chirality which
distinguishes it clearly from the system Y1. The intercalation
can again be monitored from a large reduction in the exciton
coupling of the porphyrins. Here, it is assumed that any EtBr that
would bind at random parts of the DNA (internally or externally)
will not be detected, and only the single binding site occupation is
observed. The data points were again fitted according to Equation
(1) and yielded a Kp of 3.54 + 0.4 x 10° M~!, with n = 2.6. The
Kp is higher than the global binding constant, but the weaker
binding is a reflection of the competing sites outside of the
porphyrin region which would lead to a lower effective molarity
of the available EtBr. This is also shown by the same n-value
for both systems. This result shows that the intercalation of a
molecule can clearly be detected on the single base pair level using

the strong exciton coupling of porphyrins, which is very sensitive
down to the nanometer scale.

CONCLUSIONS

Based on our previously established porphyrin-DNA system, we
have demonstrated that varying the position of two porphyrins
along a DNA helix can be used to create a molecular ruler,
that responds well to changes in distance and structure. Using
a well-established FRET pair based on zinc metalled and free-
base porphyrins, the FRET efficiency can be correlated to the
position of the porphyrins. However, the helicity can lead to
ambiguity when FRET is used to determine the distance of
the chromophores. This is mainly attributed to the helical
structure and arrangement. Circular Dichroism, on the other
hand, has revealed that the exciton coupling is independent
on the metallation state, most likely because the absorbances
of the two porphyrins (Zn, 2H) are very close. This is visible
from the exciton couplet which follows the helical geometry
of the porphyrin system, not the donor-acceptor energy order.
Furthermore, the CD response is shown to be highly dependent
on the relative orientation and distance of the porphyrins. This
can be explored to monitor structural changes such as those
that are induced by intercalation. While the system certainly
needs to be evaluated in greater detail, the obtained binding
constants for EtBr as a model system compare well with literature
data. In this respect, changes can be detected down to the
single base-pair level, which gives nanometer resolution in
DNA analysis.

DATA AVAILABILITY STATEMENT

The datasets analyzed for this study can be found in the
University of Southampton Institutional Research Repository,
ePrints Soton: https://doi.org/10.5258/SOTON/D1227.

AUTHOR CONTRIBUTIONS

JB designed the ruler system. JB and JW synthesized the
porphyrin-DNA strands and performed the experiments. JB, JW,
and ES analyzed the data. ES supervised the project. ES and JB
wrote the manuscript.

FUNDING

Financial support by ATDbio (Southampton) for JB is greatly
acknowledged (EPSRC CASE award). The CD spectra were
recorded at beamline B23, Diamond Light Source, Didcot, UK
and supported through proposal No. SM11105.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2020.00113/full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org

85

February 2020 | Volume 8 | Article 113


https://doi.org/10.5258/SOTON/D1227
https://www.frontiersin.org/articles/10.3389/fchem.2020.00113/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Burns et al.

Molecular Ruler

REFERENCES

Alonso, A., Almendral, M. J., Curto, Y., Criado, J. J., Rodriguez, E., and
Manzano, J. L. (2006). Determination of the DNA-binding characteristics
of ethidium bromide, proflavine, and cisplatin by flow injection analysis:
Usefulness in studies on antitumor drugs. Anal. Biochem. 355, 157-164.
doi: 10.1016/j.ab.2006.06.004

Anderson, H. L. (1994). Conjugated porphyrin ladders. Inorgan. Chem. 33,
972-981. doi: 10.1021/ic000832022

Andrabi, M., Mizuguchi, K., and Ahmad, S. (2014). Conformational changes
in DNA-binding proteins: Relationships with precomplex features and
contributions to specificity and stability. Proteins Struct. Funct. Bioinform. 82,
841-857. doi: 10.1002/prot.24462

Bates, M., Blosser, T. R., and Zhuang, X. W. (2005). Short-range spectroscopic
ruler based on a single-molecule optical switch. Phys. Rev. Lett. 94:4.
doi: 10.1103/PhysRevLett.94.108101

Berova, N, Pescitelli, G., Petrovic, A. G., and Proni, G. (2009). Probing molecular
chirality by CD-sensitive dimeric metalloporphyrin hosts. Chem. Commun. 45,
5958-5980. doi: 10.1039/b909582a

Biebricher, A. S., Heller, I., Roijmans, R. F. H., Hoekstra, T. P., Peterman, E. J. G,,
and Wuite, G.J. L. (2015). The impact of DNA intercalators on DNA and DNA-
processing enzymes elucidated through force-dependent binding kinetics. Nat.
Commun. 6:12. doi: 10.1038/ncomms8304

Borjesson, K., Preus, S., El-Sagheer, A. H., Brown, T., Albinsson, B., and
Wilhelmsson, L. M. (2009). Nucleic acid base analog FRET-pair facilitating
detailed structural measurements in nucleic acid containing systems. Journal
of the American Chemical Society 131, 4288-4293. doi: 10.1021/ja80
6944w

Bouamaied, I, Fendt, L. A., Hiussinger, D., Wiesner, M., Théni, S., Amiot, N., et al.
(2007). Porphyrin-DNA: A supramolecular scaffold for functional molecules on
the nanometre scale. Nucleosides Nucleotides & Nucleic Acids 26, 1533-1538.
doi: 10.1080/15257770701544468

Brewer, A, Siligardi, G., Neylon, C., and Stulz, E. (2011). Introducing structural
flexibility into porphyrin-DNA zipper arrays. Organ. Biomol. Chem. 9,777-782.
doi: 10.1039/COOB00535E

Burns, J. R,, Preus, S., Singleton, D. G., and Stulz, E. (2012). A DNA based five-
state switch with programmed reversibility. Chem. Commun. 48, 11088-11090.
doi: 10.1039/c2cc35799b

Eberhard, H., Diezmann, F., and Seitz, O. (2011). DNA as a molecular
ruler: interrogation of a tandem SH2 domain with self-assembled,
bivalent DNA-peptide complexes. Angew. Chemie Int. Ed. 50, 4146-4150.
doi: 10.1002/anie.201007593

Fendt, L. A., Bouamaied, 1., Théni, S., Amiot, N., and Stulz, E. (2007). DNA as
supramolecular scaffold for porphyrin arrays on the nanometer scale. J. Am.
Chem. Soc. 129, 15319-15329. doi: 10.1021/ja075711c

Hall, L. M., Gerowska, M., and Brown, T. (2012). A highly fluorescent DNA toolkit:
synthesis and properties of oligonucleotides containing new Cy3, Cy5 and Cy3B
monomers. Nucleic Acids Res. 40:10. doi: 10.1093/nar/gks303

Hayashi, M., and Harada, Y. (2007). Direct observation of the reversible unwinding
of a single DNA molecule caused by the intercalation of ethidium bromide.
Nucleic Acids Res. 35:7. doi: 10.1093/nar/gkm529

Holden, S. J., Uphoff, S., Hohlbein, J., Yadin, D., Le Reste, L., Britton, O.
J., et al. (2010). Defining the limits of single-molecule FRET resolution
in TIRF microscopy. Biophys. J. 99, 3102-3111. doi: 10.1016/j.bpj.2010.
09.005

Huang, X. F., Nakanishi, K., and Berova, N. (2000). Porphyrins and
metalloporphyrins:  versatile circular ~dichroic reporter groups for
structural ~ studies.  Chirality 12, 237-255. doi: 10.1002/(SICI)1520-
636X(2000)12:4<237::AID-CHIR10>3.0.CO;2-6

Karacan, P., and Okay, O. (2013). Ethidium bromide binding to DNA cryogels.
Reactive Funct. Polym. 73, 442-450. doi: 10.1016/j.reactfunctpolym.2012.11.014

Klostermeier, D., and Millar, D. P. (2001). Time-resolved fluorescence resonance
energy transfer: a versatile tool for the analysis of nucleic acids. Biopolymers 61,
159-179. doi: 10.1002/bip.10146

Krugh, T. R., Wittlin, F. N., and Cramer, S. P. (1975). Ethidium bromide-
dinucleotide complexes - evidence for intercalation and sequence preferences
in binding to double-stranded nucleic-acids. Biopolymers 14, 197-210.
doi: 10.1002/bip.1975.360140114

Lewis, F. D., Zhang, L. G, Liu, X. Y., Zuo, X. B,, Tiede, D. M., Long, H., et al. (2005).
DNA as helical ruler: exciton-coupled circular dichroism in DNA conjugates. J.
Am. Chem. Soc. 127, 14445-14453. doi: 10.1021/ja0539387

Liu, G. L, Yin, Y. D., Kunchakarra, S., Mukherjee, B., Gerion, D., Jett, S. D,,
et al. (2006). A nanoplasmonic molecular ruler for measuring nuclease activity
and DNA footprinting. Nat. Nanotechnol. 1, 47-52. doi: 10.1038/nnano.2
006.51

Malinovskii, V. L., Wenger, D., and Haner, R. (2010). Nucleic acid-guided assembly
of aromatic chromophores. Chem. Soc. Rev. 39, 410-422. doi: 10.1039/B91
0030]

Mathew-Fenn, R. S., Das, R., Silverman, J. A., Walker, P. A., and Harbury, P. A.
B. (2008). A molecular ruler for measuring quantitative distance distributions.
PLoS ONE 3:€3229. doi: 10.1371/journal.pone.0003229

Matile, S., Berova, N., Nakanishi, K., Fleischhauer, J., and Woody, R. W. (1996).
Structural studies by exciton coupled circular dichroism over a large distance:
Porphyrin derivatives of steroids, dimeric steroids, and brevetoxin B. J. Am.
Chem. Soc. 118, 5198-5206. doi: 10.1021/ja960126p

Mayer-Enthart, E., and Wagenknecht, H.-A. (2006). Structure-sensitive and self-
assembled helical pyrene array based on DNA architecture. Angew. Chem. Int.
Ed. 45, 3372-3375. doi: 10.1002/anie.200504210

Minasyan, S. H., Tavadyan, L. A., Antonyan, A. P., Davtyan, H. G., Parsadanyan,
M. A, and Vardevanyan, P. O. (2006). Differential pulse voltammetric
studies of ethidium bromide binding to DNA. Bioelectrochemistry 68, 48-55.
doi: 10.1016/j.bioelechem.2005.03.006

Mohamadi, F., Richards, N. G. J., Guida, W. C., Liskamp, R., Lipton, M., Caufield,
C., et al. (1990). Macromodel - an integrated software system for modeling
organic and bioorganic molecules using molecular mechanics. J. Comput.
Chem. 11, 440-467. doi: 10.1002/jcc.540110405

Nafisi, S., Saboury, A. A., Keramat, N., Neault, J. F., and Tajmir-Riahi, H. A.
(2007). Stability and structural features of DNA intercalation with ethidium
bromide, acridine orange and methylene blue. J. Mol. Struct. 827, 35-43.
doi: 10.1016/j.molstruc.2006.05.004

Nguyen, T., Brewer, A., and Stulz, E. (2009). Duplex stabilization and energy
transfer in zipper porphyrin-DNA. Angew. Chemie Int. Ed. 48, 1974-1977.
doi: 10.1002/anie.200805657

Nguyen, T., Hakansson, P., Edge, R., Collison, D., Goodman, B. A, Burns, J. R,
et al. (2014). EPR based distance measurement in Cu-porphyrin-DNA. New J.
Chem. 38, 5254-5259. doi: 10.1039/C4NJ00673A

Preus, S., Kilsa, K., Miannay, F. A., Albinsson, B., and Wilhelmsson, L. M. (2013).
FRETmatrix: a general methodology for the simulation and analysis of FRET in
nucleic acids. Nucleic Acids Res. 41:e18. doi: 10.1093/nar/gks856

Preus, S., and Wilhelmsson, L. M. (2012). Advances in quantitative FRET-
based methods for studying nucleic acids. Chembiochem 13, 1990-2001.
doi: 10.1002/cbic.201200400

Reinhard, B. M., Siu, M., Agarwal, H., Alivisatos, A. P., and Liphardt, J.
(2005). Calibration of dynamic molecular rulers based on plasmon coupling
between gold nanoparticles. Nano Lett. 5, 2246-2252. doi: 10.1021/nl05
1592s

Rossetti, G., Dans, P. D., Gomez-Pinto, I, Ivani, I, Gonzalez, C., and Orozco,
M. (2015). The structural impact of DNA mismatches. Nucleic Acids Res. 43,
4309-4321. doi: 10.1093/nar/gkv254

Sabanayagam, C. R., Eid, J. S., and Meller, A. (2005). Using fluorescence
resonance energy transfer to measure distances along individual DNA
molecules: Corrections due to nonideal transfer. J. Chem. Phys. 122:061103.
doi: 10.1063/1.1854120

Scaria, P. V., and Shafer, R. H. (1991). Binding of ethidium-bromide to a dna triple
helix - evidence for intercalation. J. Biol. Chem. 266, 5417-5423.

Schiemann, O., Piton, N., Mu, Y., Stock, G., Engels, J. W., and Prisner, T. F. (2004).
A PELDOR-based nanometer distance ruler for oligonucleotides. J. Am. Chem.
Soc. 126, 5722-5729. doi: 10.1021/ja0393877

Singleton, D. G., Hussain, R., Siligardi, G., Kumar, P., Hrdlicka, P. J., Berova, N,
et al. (2016). Increased duplex stabilization in porphyrin-LNA zipper arrays
with structure dependent exciton coupling. Org. Biomol. Chem. 14, 149-157.
doi: 10.1039/C50B01681A

Sonnichsen, C., Reinhard, B. M., Liphardt, J., and Alivisatos, A. P.
(2005). A molecular ruler based on plasmon coupling of single gold
and silver nanoparticles. Nat. Biotechnol. 23, 741-745. doi: 10.1038/
nbt1100

Frontiers in Chemistry | www.frontiersin.org

86

February 2020 | Volume 8 | Article 113


https://doi.org/10.1016/j.ab.2006.06.004
https://doi.org/10.1021/ic00083a022
https://doi.org/10.1002/prot.24462
https://doi.org/10.1103/PhysRevLett.94.108101
https://doi.org/10.1039/b909582a
https://doi.org/10.1038/ncomms8304
https://doi.org/10.1021/ja806944w
https://doi.org/10.1080/15257770701544468
https://doi.org/10.1039/C0OB00535E
https://doi.org/10.1039/c2cc35799b
https://doi.org/10.1002/anie.201007593
https://doi.org/10.1021/ja075711c
https://doi.org/10.1093/nar/gks303
https://doi.org/10.1093/nar/gkm529
https://doi.org/10.1016/j.bpj.2010.09.005
https://doi.org/10.1002/(SICI)1520-636X(2000)12:4<237::AID-CHIR10>3.0.CO;2-6
https://doi.org/10.1016/j.reactfunctpolym.2012.11.014
https://doi.org/10.1002/bip.10146
https://doi.org/10.1002/bip.1975.360140114
https://doi.org/10.1021/ja0539387
https://doi.org/10.1038/nnano.2006.51
https://doi.org/10.1039/B910030J
https://doi.org/10.1371/journal.pone.0003229
https://doi.org/10.1021/ja960126p
https://doi.org/10.1002/anie.200504210
https://doi.org/10.1016/j.bioelechem.2005.03.006
https://doi.org/10.1002/jcc.540110405
https://doi.org/10.1016/j.molstruc.2006.05.004
https://doi.org/10.1002/anie.200805657
https://doi.org/10.1039/C4NJ00673A
https://doi.org/10.1093/nar/gks856
https://doi.org/10.1002/cbic.201200400
https://doi.org/10.1021/nl051592s
https://doi.org/10.1093/nar/gkv254
https://doi.org/10.1063/1.1854120
https://doi.org/10.1021/ja0393877
https://doi.org/10.1039/C5OB01681A
https://doi.org/10.1038/nbt1100
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Burns et al.

Molecular Ruler

Stein, I. H., Schuller, V., Bohm, P., Tinnefeld, P., and Liedl, T. (2011). Single-
molecule FRET ruler based on rigid DNA origami blocks. Chemphyschem 12,
689-695. doi: 10.1002/cphc.201000781

Steinhauer, C., Jungmann, R., Sobey, T. L., Simmel, F. C., and Tinnefeld, P. (2009).
DNA origami as a nanoscopic ruler for super-resolution microscopy. Angew.
Chemie Int. Ed. 48, 8870-8873. doi: 10.1002/anie.200903308

Teo, Y. N, and Koo, E. T. (2012). DNA-multichromophore systems. Chem. Rev.
112, 4221-4245. doi: 10.1021/cr100351g

Trifonov, A., Raytchev, M., Buchvarov, L, Rist, M., Barbaric, J., Wagenknecht, H.
A., et al. (2005). Ultrafast energy transfer and structural dynamics in DNA. J.
Phys. Chem. B 109, 19490-19495. doi: 10.1021/jp052108c

Vardevanyan, P. O., Antonyan, A. P., Parsadanyan, M. A., Davtyan, H. G.,
and Karapetyan, A. T. (2003). The binding of ethidium bromide with DNA:
interaction with single- and double-stranded structures. Exp. Mol. Med. 35,
527-533. doi: 10.1038/emm.2003.68

Wang, L., Gaigalas, A. K,, Blasic, J., Holden, M. J., Gallagher, D. T., and Pires, R.
(2003). Fluorescence resonance energy transfer between donor-acceptor pair
on two oligonucleotides hybridized adjacently to DNA template. Biopolymers
72,401-412. doi: 10.1002/bip.10482

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Burns, Wood and Stulz. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

87

February 2020 | Volume 8 | Article 113


https://doi.org/10.1002/cphc.201000781
https://doi.org/10.1002/anie.200903308
https://doi.org/10.1021/cr100351g
https://doi.org/10.1021/jp052108c
https://doi.org/10.1038/emm.2003.68
https://doi.org/10.1002/bip.10482
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

1' frontiers
in Chemistry

REVIEW
published: 28 February 2020
doi: 10.3389/fchem.2020.00112

OPEN ACCESS

Edited by:

James Tucker,

University of Birmingham,
United Kingdom

Reviewed by:

Adam Charles Sedgwick,
University of Texas at Austin,
United States

Xin Li,

Zhejiang University, China
*Correspondence:

Alain Burger
alain.burger@univ-cotedazur.fr

Specialty section:

This article was submitted to
Supramolecular Chemistry,
a section of the journal
Frontiers in Chemistry

Received: 09 November 2019
Accepted: 06 February 2020
Published: 28 February 2020

Citation:

Michel BY, Dziuba D, Benhida R,
Demchenko AP and Burger A (2020)
Probing of Nucleic Acid Structures,
Dynamics, and Interactions With
Environment-Sensitive Fluorescent
Labels. Front. Chem. 8:112.

doi: 10.3389/fchem.2020.00112

Check for
updates

Probing of Nucleic Acid Structures,
Dynamics, and Interactions With
Environment-Sensitive Fluorescent
Labels

Benoit Y. Michel’, Dmytro Dziuba "2, Rachid Benhida?, Alexander P. Demchenko*°® and
Alain Burger™

" Université Céte d’Azur, CNRS, Institut de Chimie de Nice, UMR 7272 — Parc Valrose, Nice, France, ? Laboratoire de
Bioimagerie et Pathologies, UMR 7021 CNRS, Faculté de Pharmacie, Université de Strasbourg, lllkirch, France,  Mohamed
VI Polytechnic University, UM6F, Ben Guerir, Morocco, * Laboratory of Nanobiotechnologies, Palladin Institute of
Biochemistry, Kyiv, Ukraine, ° Institute of Physical, Technical and Computer Science, Yuriy Fedkovych National University,
Chernivtsi, Ukraine

Fluorescence labeling and probing are fundamental techniques for nucleic acid analysis
and quantification. However, new fluorescent probes and approaches are urgently
needed in order to accurately determine structural and conformational dynamics of DNA
and RNA at the level of single nucleobases/base pairs, and to probe the interactions
between nucleic acids with proteins. This review describes the means by which to
achieve these goals using nucleobase replacement or modification with advanced
fluorescent dyes that respond by the changing of their fluorescence parameters to their
local environment (altered polarity, hydration, flipping dynamics, and formation/breaking
of hydrogen bonds).

Keywords: fluorescence sensing, emissive nucleobase, nucleoside analog, probing nucleic acids, probing
interactions

INTRODUCTION

Rapid progress in genomics, transcriptomics, and epigenomics are driving a strong demand for
reliable fluorescence-based tools for studying the structural and conformational polymorphisms
of nucleic acids (NAs), their variability and internal dynamics, their interactions with proteins,
metabolites, NA-targeting drugs, water molecules, and ions at sub-molecular and atomic levels
(Wilhelmsson and Tor, 2016). Such tools should allow direct molecular recognition between
tested NAs and probes that produces an easily recordable and interpretable output signal. They
must be viable in different heterogeneous media, including living cells and tissues. Further
complicating this task, ideally this technology ought to exclude double labeling of probing
NA sequence(s): the requirement for energy transfer, electron transfer quenching or excimer
formation between incorporated dyes. The informative signal should be generated by a single
fluorescent nucleoside site-selectively incorporated into the probing NA strand and reporting any
interactions by varying one of the fluorescence parameters: fluorescence intensity, fluorescence
lifetime, optical anisotropy, fluorescence color (emission wavelength) or appearance of new bands
in fluorescence emissions (Herdewijn, 2008). Ultra-high sensitivity is insufficient; the fluorescence
reporting signal needs to be informative and perceptible to the weak intermolecular interactions
that can be expressed as the effects of polarity and H-bonding at the sites of probe location
(Demchenko, 2015). In this review, we show that such important developments have already
become a reality and we analyze existing and prospective pathways leading to this ambitious goal.
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Traditional fluorescence techniques, as well as more recently
introduced approaches such as two-photon excitation and single
molecular detection, can be useful and eflicient here. Since
the very weak fluorescence of natural NA bases prevents
most applications, the key issue is the design of fluorescence
reporters that can be incorporated into a system of interest with
minimal perturbation of its structure and dynamics. Hundreds
of fluorescent probes are commercially available and are used
routinely and more are developed every year. Progress in this
area will ultimately depend on the ability of chemists to rationally
design fluorophores with parameters that are optimal for the
detection methods and, at the same time, possess recognition
units for a broader range of applications.

This review focuses on cutting-edge achievements and novel
applications for single emissive nucleosides in the study of NA
structures, dynamics and interactions. After summarizing both
the major problems that can be overcome with this approach and
the methodologies for incorporating fluorescent base analogs,
we will critically analyze the applicability, achievements and
prospects for each of the fluorescence detection methods.

RESOLVING PROBLEMS WITH SMART
BASE SUBSTITUENTS

DNA is the hereditary material in all cellular organisms on
Earth. In humans, about 1.5% of DNA encodes for proteins.
The remaining 98.5% is non-coding DNA, which is essential
for cell functions: non-coding DNA includes the regulatory
elements of the protein-coding genes, such as promoters
and enhancers, where numerous transcription factors bind
to transcriptionally regulate the expression of corresponding
genes. Furthermore, a large portion (up to 75%) of the non-
coding DNA is transcribed into non-coding RNAs (Djebali
et al., 2013). The classical examples are transfer RNAs (tRNAs)
and ribosomal RNAs (rRNAs), the central components of the
cellular protein biosynthesis machinery. In addition, micro-
RNAs (miRNAs) and long non-coding RNAs (IncRNAs) are
involved into post-transcriptional regulation of gene expression,
shaping and maintaining of the chromatin landscape, and other
key biological processes.

The functions of NAs correlate with their dynamics and
structures. Although most DNA exists as double-stranded
DNA, the single-stranded forms are important intermediates
in the processes of DNA replication, transcription, repair, and
recombination (Técher et al.,, 2017). The linear NA chains can
also create a variety of tridimensional motifs, which define
structural polymorphisms (Kaushik et al., 2016; Strobel et al.,
2018). Beyond the well-known B-DNA and A-RNA forms,
NA can fold into a Z duplex, triplex, quadruplex, or i-motif,
and form bulges, loops, holiday junctions, and pseudoknots,
etc. These non-canonical motifs are believed to have an
important influence on major cellular processes. For instance,
guanine-rich sequences found at the end of chromosomes
can fold into G-quadruplexes, which are thought to protect
chromosome integrity. RNA exhibits a superior degree of
structural complexity and diversity. Many non-coding RNAs
contain multiple structural motifs that can interact to build more

diverse three-dimensional structures, such as those of tRNAs
and ribozymes. NAs are anionic polyelectrolyte macromolecules
that must adapt to the crowded cellular environment. Their
structures and functions depend on their interplay with the
surrounding water and ions, on chemical modifications (e.g., to
DNA and RNA bases), pH, temperature and interactions with
other NAs (e.g., non-coding RNAs) and/or proteins (e.g., histones
and DNA polymerase). NA/NA and NA/protein interactions
are central to cellular life and regulation, including replication,
repair, recombination, base modifications, transcription, viral
infections, and protein synthesis to name a few. For instance, the
dynamic interactions between DNA and chromatin proteins and
chemical modifications to specific nucleobases (e.g., methylation
and demethylation) can dramatically affect gene expression.
Above the genetic code, there is a supra code called the epigenetic
code, which is involved in cell differentiation, regulation of
gene expression, development, and suppression of transposable
elements (Bird, 2007; Berger et al., 2009). As one of the major
epigenetic modifications, DNA methylation is a multifunctional
marker that plays a direct role in the regulation of gene expression
and an indirect structural role for the adjacent chromatin, as well
as in the expression of miRNAs encoded in the genome (Berney
and McGouran, 2018). From its side, miRNA is part of an active
RNA-induced silencing complex (RISC) containing multiple
associated proteins. It is base paired with complementary mRNA
sequences, which leads to mRNA silencing. Other proteins are
known to destabilize base-pairing in duplexes and to withdraw a
nucleobase from an intra-helical position into a binding pocket.
This process corresponds to the so-called base flipping that is
common for DNA-repair enzymes and DNA methyltransferases.
To understand the functions of NAs, it is therefore important
to study the molecular mechanisms, dynamics, conformational
changes and interactions of NAs with their cellular partners.
However, accessing this information is challenging due to
dynamic nature of NAs, the instability of their many structures,
and the transitory nature of the associated intermediates.

This overview highlights that methods are urgently needed
to survey conformational heterogeneity and dynamics of NAs
and for the detection and quantification of NAs and protein/NA
interactions. Access to this information is of primary importance
for both basic and biomedical research. This may result
in new methods for molecular diagnostics, new therapeutic
approaches and valuable data for medicinal chemists for the
design of drug candidates. To achieve this goal, highly sensitive
tools and methods are needed. This is coupled with a move
away from traditional radioisotopic methods for NA detection,
with a concomitant increase in the use of fluorescence-based
technics for identifying NA species. These techniques have
become the leading approaches to study complex systems
and to visualize living cells due their increased sensitivity,
down to single molecule resolution, and strong spatio-temporal
detection. They also have numerous applications in high-
throughput screening and molecular diagnostics. In this context,
fluorescence methods based on single fluorescent nucleosides
site-selectively incorporated into NAs have found applications
for NA visualization within cells, genotyping, detection of
single-nucleotide polymorphisms (SNP), studies of structures,
thermodynamics, dynamics of NAs and their interactions with
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proteins, and small molecules targeting NAs. How do these
techniques work, where are we now and what are the prospects
for this booming research area?

INCORPORATION OF FLUORESCENT
NUCLEOSIDE ANALOGS (FNAs):
METHODOLOGY

Exogenous fluorophores must be introduced into NA structures
to perform these analyses (Nakatani and Tor, 2016). These labels
need to exhibit high absorption coefficients and quantum yields,
and have to be selectively excited in a domain where NAs and
proteins are transparent. Fluorophores can be introduced in two
distinct ways to make NAs fluoresce: either non-covalent or
covalent labeling. Non-covalent labeling uses organic dyes of low
molecular weight that bind to NA minor grooves or intercalate
helices to increase fluorescence, such as the Hoechst and
ethidium bromide dyes, respectively. The vast majority of stains
are not sequence specific and many are based on non-covalent
attachment to NAs, which are sensitive to conformational
changes but do not exhibit specific base recognition (Tatikolov,
2012; Ma et al., 2013). Non-covalently attached fluorophores are
mainly used for the visualization of NA in experimental biology
procedures (Kapuscinski, 1995; Narayanaswamy et al., 2015).
They can also be used to monitor folding and interactions of NAs
with their targets but are not able to provide site-specific data and
present many other limitations.

In contrast, covalent labeling can be achieved with high
specificity and therefore has a broader range of applications
(Davies et al., 2000). The chemical structure of NAs allows for
multiple ways of attaching exogenous fluorophores: numerous
and diverse examples of this type of labeling have previously
been described. The label can be attached to certain position
of the NA via a linker or may substitute one nucleobase
within the NA (Figure 1). Fluorophores covalently attached
to the backbone at one end or within the NA but outside
the actual base stack are referred to as external modifications.
Substituting a nucleobase inside the base stack is referred to as
an internal modification (Wilhelmsson, 2010). External labeling
with classical fluorophores, such as rhodamine, cyanine, and
fluorescein dyes, linked to the nucleoside via a flexible spacer
arm is very common (Figures 1A,B). These dyes are bright and
are mainly used for fluorescent detection, for example in DNA
sequencing as binary probes when combined with a second
partner for Forster Resonance Energy Transfer (FRET). This
type of oligodeoxyribonucleotide (ODN) labeling is also used for
real time PCR detection, single-nucleotide mutation screening,
studying NA conformational changes and NA interactions
with target proteins. As an alternative to the FRET-interacting
chromophore pairs, the formation or distortion of J-aggregates,
H-aggregates, excimers, or exciplexes can be employed to
generate changes in fluorescence (Okamoto, 2011; Wilson et al.,
2018; and for reviews, see Didenko, 2001; Marti et al., 2007;
Varghese and Wagenknecht, 2009; Kolpashchikov, 2010; Guo
et al., 2012; Teo and Kool, 2012; Ma et al., 2013).

Despite widespread success, the bi- and multi-fluorophore
approaches have several intrinsic disadvantages. Production

of DNA or RNA probes bearing two and more different
fluorophores leads to synthesis and purification issues that
increase the cost by orders of magnitude. For instance,
insufficient labeling can produce false results due to the absence
of one of the components of the resonance energy transfer pair,
which has been the major source of mistakes in FRET-based
sensing (Lakowicz, 2006). These issues also apply to other ODN-
based probes featuring interactions between two fluorophores.
Binary probes display further limitations in structural and
functional studies of NAs, for example, they are unable to sense
interactions between NAs and their targets if these interactions
do not induce sufficient changes in the distance separating
the two probes. Further, fluorophores are often bulky and can
perturb the system under study. The same comments apply when
the binary probe is a NA and a protein.

Fluorescent probes based on emissive nucleoside analogs
that are sensitive to the environment bypass double labeling
and deserve special attention as powerful tools in bioanalysis,
especially given the increasing development of this technology.
These DNA-based structures are covalently labeled with a single
type of fluorophore and it is possible to attach the probe, not only
to a specific NA sequence, but also to position it in the structure
in non-perturbing manner. Moreover, it is possible to probe both
major and minor grooves in NA double helices. In these efforts,
we have observed rapid progress toward technologies designed
to address more specific interactions. From the structural point
of view, this technology can be divided into categories. The
fluorophore can replace one of the natural nucleobases, acting as
a nucleobase mimic (Figure 1D). Alternatively, a chromophore
(usually a fluorophore) can be grafted with a short linker to
one of the nucleobases (Figure 1C) or attached directly to the
sugar-phosphate. These fluorescent chemical entities, which are
incorporated into the DNA, are usually referred as fluorescent
nucleoside analogs (FNAs) (Sinkeldam et al., 2010). Depending
on their chemical composition, fluorescent nucleobase mimics
can be divided into isomorphic, expanded or extended base
analogs that maintain or not Wtason-Crick base-pairing, or
aromatic fluorophores that lack the H-bonding interactions
between complementary bases (Sinkeldam et al., 2010). Due to
their well-defined position, FNAs allow site-selective monitoring
of conformational or constitutional changes of NAs and are
therefore potent signal transducers. FNAs are a group of
chemically diverse compounds that often (but not always)
share partial deoxyribose moieties with natural nucleosides.
A few hundred different FNAs have been described to date.
This review is not intended to be a comprehensive catalog of
all existing literature reports on FNAs: previous reviews are
available on the topic (Asseline, 2006; Wilson and Kool, 2006;
Dodd and Hudson, 2009; Srivatsan and Sawant, 2011) and the
following comprehensive reviews are especially recommended
(Sinkeldam et al., 2010; Wilhelmsson, 2010; Xu et al., 2017; Saito
and Hudson, 2018).

The use of FNAs requires the site-selective location of the
label within NA. Such a labeling has been well-described and is a
methodologically mature area in bioorganic chemistry. Labeling
can be accomplished according to different strategies. FNAs can
be introduced using either solid-phase phosphoramidite
chemical synthesis (Hogrefe et al, 2013) or enzymatic
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FIGURE 1 | Main strategies for covalent fluorescence labeling of NAs: via a flexible tether either at the 3'/5’-end (A), or at an internal position (B) illustrated here by
amidite building blocks bearing a fluorescein (Teo and Kool, 2012; Lavis and Raines, 2014); (C) through a short and rather rigid linker for extra-helical probing depicted
by pyrene, an aromatic polycyclic dye connected to the pyrimidine C5 and purine C8 positions (Rist et al., 2003; Okamoto et al., 2004, 2005a; Saito et al., 2004;
Hwang et al., 2005; Seo et al., 2005; Seo and Kim, 2006; Ostergaard and Hrdlicka, 2011) and as a nucleobase surrogate for intra-helical probing (D) exemplified by
selected isomorphic base mimics (Hawkins, 2001; McCoy et al., 2014; Park et al., 2014; Jones and Neely, 2015) and nucleobases made emissive by ring expansion
(Gao et al., 2004; Liu et al., 2004; Krueger et al., 2007; Srivatsan et al., 2008a,b; Shin et al., 2011) or extension of conjugation (Gaied, 2005; Greco and Tor, 2005,
2007; Srivatsan and Tor, 2007a,b; Sinkeldam et al., 2008; Greco et al., 2009). Excitation and emission wavelengths were given in nm.
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(polymerase) incorporation (Hocek, 2019). FNAs can be
formulated as building blocks for the construction of NAs or can
be introduced post-synthetically using bioorthogonal chemistry
(post-synthetic labeling; Xu et al., 2017).

OPERATION WITH PARAMETERS OF
FLUORESCENCE EMISSION

Fluorescence is the emission of light that can occur when a
molecule absorbs a light quantum to become excited to the
singlet state and then releases its energy and relaxes back to
the ground state. Its essential features are the delay in time
between light absorption and emission resulting in fluorescence
decays in the picosecond (ps) to nanosecond (ns) time range
and also the decrease in energy of emitted quanta (the Stokes
shift). The time delay allows one to observe different processes
occurring on this very short time scale, such as translational or
rotational diffusion or resonance energy transfer. The Stokes shift
enables not only the separation of the fluorescence signal from
that of light scattering in detection devices but can also be the
source of valuable information on the intermolecular interactions
decreasing the excited-state energy.

The output signal is always the number of emitted light
quanta that can be integrated and presented as fluorescence
intensity. When the intensity is recorded as a function of time, its
decay can be characterized by the fluorescence lifetime and gives
rise to lifetime-based sensing. Excitation with linearly polarized
light also results in polarized emission (optical anisotropy). Any
rotational motion or transfer of energy to another fluorophore
decreases the polarization. When the light intensity is recorded
with spectral resolution, the resulting fluorescence emission
spectra carry the information on the fluorophore interactions and
reactivity in the excited state (that may lead to the generation of
new bands), which, in turn, opens a new channel of information
in sensing.

Thus, fluorescence offers a very limited number of parameters
for quantitative detection of changes in a given system in
terms of their structure, dynamics, and interactions (Figure 2).
These include fluorescence intensity at a certain wavelength,
fluorescence lifetime, fluorescence anisotropy, position of the
emission maxima and, in special cases, the ratio of intensities
at two selected wavelengths (Demchenko, 2010). All these
parameters can be used in the creation of NA-based probes
(Su et al, 2012). In the following sections, we discuss the
use of FNAs as the fluorescent reporters that change these
parameters in different contexts involving NAs. For each of them,
we focus on structural requirements and sensing mechanisms
that influence the fluorescence response. The outlined principles
can be useful for the rational design of innovative NA-based
fluorescent molecular probes.

The choice of detection method should be dictated by the
aim of the research project or by the new technology to be
developed. For instance, the double-helical conformation can
be detected in a simple way, by increasing the intensity of
intercalating dyes. Regarding intermolecular interactions and the
conformational changes that accompany them, the appropriate

choice of sensing method should be selected from those listed
above, with an optimal design of the fluorophore and its proper
incorporation into the desired sites. Thus, a hybridization assay
should generate a strongly distinguishable signal upon binding
or non-binding of the target DNA sequence. Ideally, this signal
would be an OFF-ON switch in fluorescence intensity. For
more complicated issues, such as the atomic-scale variations in
structure (hydration), more sophisticated tools are required.

FNAs FOR INTENSITY-BASED SENSING

Fluorescence intensity is by far the most widely used parameter
of fluorescence emission. It is a relative numerical representation
of the number of emitted photons recorded by the detector.
Since this parameter depends on fluorophore concentration
and many instrumental factors (such as light source brightness,
detector sensitivity and illuminated volume), its quantitative
determination requires a reference. Within a single experiment
series, all parameters related to the instrumental settings are
typically kept constant and thus, all changes in fluorescence
emission can be attributed to the changes in quantum yield
(@). The latter is the absolute measure of fluorescence ability
at given conditions that can be defined as the ratio of emitted
quanta to the whole number of absorbed quanta. Accordingly,
since it depends on the relative ratio of efficiencies of emissive
and non-emissive excited state depopulation pathways, @ can
vary in broad ranges and is affected by numerous factors, such
as the presence of molecular segments with rotational mobility,
the formation or breaking of hydrogen bonds and the presence
of internal or external quenchers. Hence, fluorescence intensity
could change dramatically. Only in the ideal case of complete
absence of non-radiative processes, @ value will reach 100 %
and the intensity will become maximal. Usually, with NA base
substitutes, @ is revealed to be much lower. In this respect, if
complete quenching (@ & 0) is achieved, this may determine the
broad dynamic range of an assay based on “OFF-ON” switching.
The fluorescence intensity changes are usually measured at a
single wavelength (usually the band maximum), which is the
simplest and most convenient method to get information from
a fluorescence reporter.

Many known FNAs have been shown to change their
emission intensity in response to different molecular events such
as stacking with the flanking nucleobases, forming hydrogen
bonds with a complementary nucleobase, etc. Deep knowledge
and understanding of the nature of different quenching and
lightening mechanisms are beneficial for the rational design of
new fluorescent probes.

FNAs Quenching Upon Stacking

Purines and pyrimidines are known to quench fluorescence of
many organic fluorophores. A classic example is the quenching
of tryptophan fluorescence by nucleobases within DNA-protein
complexes, which is the basis of the first method used to
observe DNA-protein interactions by fluorescence spectroscopy
(Lakowicz, 2006). In view of this, it is not surprising that
the fluorescence of many FNAs are quenched upon their
incorporation into DNA. This effect has been widely used in
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the construction of conformation-sensitive fluorescent probes.
FNAs that are quenched upon incorporation into DNA or RNA
segments are a family of structurally diverse compounds. Selected
examples will be discussed below. Of all FNAs, quenching of 2-
aminopurine (2AP) has been the most widely studied because
it has been the most popular probe for decades (Figure 1D).
2AP can form stable hydrogen-bonded base pairs with T and
C, thus, it can be used as an A and G mimic (Sowers et al.,
1986; Law et al., 1996; Millar, 1996; Reha-Krantz et al., 2011).
Incorporation of 2AP introduces minimal, although notable
perturbations to the dynamic and thermodynamic stability of
double-stranded DNA (Dallmann et al., 2010). The absorption
of 2AP overlaps the red edge of the NA absorption band and
its emission shows a relatively large Stokes shift (Figure 1D). In
a free form, 2AP is brightly fluorescent in water (® = 0.68).
Meanwhile, upon incorporation into ODNS, the fluorescence of
2AP is severely quenched, reaching up to a 200-fold reduction
(Ward et al., 1969).

2AP is quenched by all four natural bases with G being the
most efficient quencher (Somsen et al., 2005). Similarly, FNAs can
be quenched by all four canonical DNA nucleobases or selectively
by a few of them. The degree of quenching typically depends
on the DNA conformation and the sequence context. Many
fluorophores are quenched by Photoinduced Electron Transfer
(PET) mechanisms. Upon PET quenching, FNAs can be either
reduced or oxidized to form a charge-transfer (CT) complex
with one of the surrounding nucleobases and further undergoing
radiationless relaxation to the ground state. The PET efficiency
is given by the Rehm-Weller equation (Rehm and Weller, 1970;
Farid et al, 2011), and the possibility of PET quenching can
be estimated by a comparison of the redox potentials of the
natural nucleobases with that of the corresponding FNA (Seidel
et al., 1996; Psciuk et al., 2012). Among the different canonical
nucleobases, guanine, with the lowest oxidation potential, is
known to be the most efficient electron donor in PET resulting
in strong quenching of many organic dyes upon contact with
the G base (Seidel et al., 1996; Torimura et al., 2001). Other
mechanisms have been proposed to explain FNA quenching,
such as the formation of dark non-emissive states via mixing
and delocalizing of molecular orbitals of the fluorophore among
neighboring nucleobases, as it has been proposed for 2AP and

8-vinyladenosine (8vdA, Figure 1D; Gaied, 2005). In general, the
quenching mechanisms are complex and may involve multiple
non-radiative relaxation pathways. The relative contribution of
these quenching mechanisms in DNA is not fully understood,
even for 2AP. Despite these gray zones, many FNAs of this group
are effectively used in fluorescence sensing.

FNAs that are strongly quenched upon incorporation into
ss- and ds-NAs can be used for the development of fluorogenic
probes. Within this approach, the “OFF” state is represented
by a DNA construct incorporating the emissive nucleoside
analog quenched by the neighboring bases. Transition of the
fluorescence signal results in the “ON” state, which is observed
upon binding of the target (NA, protein or small molecule). A
representative set of examples of such probes is given below.

Probing the Single-Nucleotide Polymorphism

SNPs, also known as single-base mutations, are the most
prevalent genetic variations (White and Cantsilieris, 2017).
Oligonucleotides incorporating stacking-sensitive nucleosides
have been studied for direct probing of single-nucleotide
polymorphisms (SNPs), and pyrrolo-cytosines (pC, C mimic)
are representative for this approach. Typically, the fluorophore
is positioned in the probe strand at the position opposite
to the SNP site. Hybridization to a perfectly matched target
causes the fluorophore to stack between the surrounding
nucleobases. A light-down response (OFF) is observed in this
case (Figure 3A). However, in the case of mismatch, a perfectly
stacked conformation cannot be achieved and a light-up response
(ON) is observed (Hudson and Ghorbani-Choghamarani,
2007). Numerous SNP-detecting probes showing such mismatch
detection responses have been described (Okamoto et al.,
2005a; Dodd and Hudson, 2009), including the aromatic
anthracene probe (Duprey et al., 2011). Notably, anthracene
is sensitive enough to report single point variants (Zhao Z.-
Y. et al,, 2012; Duprey et al,, 2018) as well as to discriminate
cytosine from 5-methylcytosine and even the challenging 5-
hydroxymethylcytosine (C vs. 5 mC and 5 hmC; Duprey et al,,
2011, 2016). The quencher-free molecular beacon developed
by Kim et al. proposes the reverse strategy to distinguish a
fully complementary strand from a mismatched target (Hwang
et al., 2004; Ryu et al,, 2007). For this purpose, a deoxyuridine
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FIGURE 3 | Single-dye hybridization probes for the detection of SNPs. (A) Pyrrolocytosine nucleobase allowing mismatch discrimination by a fluorescent turn-on
response; and (B) quencher-free molecular beacon approach revealing match cases by a light-up signal.

derivative connected to fluorene at position 5 (U™, Figure 3B)  and endonucleases, respectively. The oligonucleotides were
was used as fluorescent probe and incorporated into the loop  tested using RNase T, RecJf and nuclease S1 as representatives
region of a hairpin. The beacon signal exhibited a 2-fold of different classes of nucleases. All nucleotides exhibited a
increase and a 6-fold decrease upon hybridization with fully  significant light-up response, ranging from 40- to 250-fold,
complementary and single-base mismatched ODNs, respectively.  upon interaction with their targets (Figure4A). The rise of
fluorescence is caused by the cleavage of Y-T pairs. Remarkably,
Detection of Protein-NA Interactions all nuclease probes were found to be highly selective for
Assays based on FNAs can be used for real-time sensitive  the assigned targets, allowing selective detection of nucleases.
detection of protein-DNA interactions including monitoring the ~ This assay was applied to measure the nuclease activities in
activity of different enzymes (Dai and Kool, 2011). A number  biological liquids (Jung et al., 2013). Hudson et al. described
of enzymes are known to break down the integrity of NAs via ~ an RNase assay (Figure 4B) based on 6-phenylpyrrolocytidine
hydrolysis of the phosphate diester links. For instance, nucleases (P'pC, Figure 3A). The modified riboside was incorporated into
are responsible for the degradation of undesirable DNA and =~ RNA-DNA hybrids in which its emission was quenched. The
RNA fragments. A viral integrase cleaves short oligonucleotide ~ cleavage of the RNA strand was observed in real time as the
fragments from the 3'-end of double-stranded DNA to prepare  fluorescence intensity increased (Figure4B). The method was
for the integration of the DNA into the genome of host  reported to be superior to molecular beacon-based detection in
cell. The activity of enzymes can be monitored by DNA and  terms of cost and sensitivity (Wahba et al., 2010).
RNA-based probes incorporating emissive nucleoside analogs. Understanding, at the molecular level, the dynamics and
Representative examples are shown in Figure 4. functions of enzymes in interactions with their DNA targets
The intact form of the probe incorporates one of the is of primary importance in biology and medicine. Enzymes
nucleosides sensitive to stacking interactions. The enzyme  that catalyze reactions at specific sites in DNA, primarily
hydrolyzes the NA strand, thus uncaging the fluorophore. Kool ~ face the substantial problems of finding the specific site and
et al. developed a set of nuclease probes basing on the pyrene  then forming specific interactions to obtain the catalytically
nucleoside (Y, Figure 4A). They exploited the fact that pyrene  productive enzyme-substrate complex (Stivers et al., 1999). FNAs
can be quenched by a neighboring thymine, but not quenched ~ become the instruments of choice for real-time monitoring of
by a flanking adenine. By constructing different combinations  fluctuations and distortions to normal DNA structure that occur
of pyrene, T and A on a DNA scaffold, they obtained a set of  in many cases, over a short timescale (Figure 5).
fluorogenic chemosensors for distinct classes of nucleases (Jung Allan and Reich reported one of the first 2AP-based assays
etal., 2013). Oligonucleotides 5'-AYT, 5'-YT(A)g and YTTY were ~ for monitoring the single-base flipping caused by interaction
designed to be the probes for 3’'-exonucleases, 5'-exonucleases ~ with the enzyme under steady-state conditions. To do so, one
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FIGURE 5 | FNAs as a base mimic and stacking-sensitive reporter (A,B) for sensing single-base flipping; (C) for sensing DNA damage and repair. Q, quencher being
either U or 1-methyladenine.

of the adenines within the recognition site of EcoRI DNA  Reich, 1996). A more detailed picture of enzymatic mechanisms
methyltransferase was replaced by a 2AP residue (Figure 5A).  can be attained when the reaction is investigated using stopped-
A 14-fold increase in fluorescence intensity with a 10-nm blue  flow techniques and under pre-steady state conditions (Fedorova
shift was observed upon interaction with the protein, indicating et al., 2010). Tor et al. have introduced derivatives of thieno
flipping of 2AP into the hydrophobic binding site (Allan and  nucleobases with the aim to obtain mimics as close as possible
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to the structure of all four of the natural bases (Figure 1D).
Among these was thienoguanine (thG, Figure 5B), which, when
incorporated into DNA, can faithfully substitute a G residue
while remaining emissive, in contrast to 2AP (Shin et al.,, 2011;
Sholokh et al., 2015a, 2016). thG was incorporated in hemi-
methylated DNA and was used to report the flipping of a
neighboring methylcytosine into the binding pocket of ubiquitin-
like containing PHD and RING finger domains 1 (UHRF1), a key
protein involved in the replication and maintenance of the DNA
methylation pattern (Kilin et al., 2017). Notably, 2AP failed to
monitor such base flipping. The adenosine analog (thA, Figure 1)
was introduced in RNA strands and employed to analyze
Adenosine Deaminase Acting on RNAs 2 (ADAR?2, Figure 4C).
This enzyme catalyzes deamination of adenosine into inosine
with selectivity for RNA duplexes containing A. Inosine can
substitute guanosine, often leading to codon changes in mRNA.
The fluorescent thA was processed by ADAR2 as the natural
nucleobase to give the corresponding analog of the inosine
product. The product showed a reduced quantum yield, therefore
enabling the monitoring of the reaction progress and facilitating
mechanistic studies of RNA editing (Mizrahi et al., 2015).

Unraveling the Mechanisms of DNA Reactions With
Chemicals, Photodamage, and Repair

DNA nucleobases can accumulate chemical damage upon
exposure to exogenous or endogenous factors. The most
important exogenous factors are genotoxic chemicals and UV-
irradiation. Endogenous factors include reactive oxygen species
(ROS) and other reactive chemicals, among others (De Bont and
van Larebeke, 2004). Furthermore, the intrinsic DNA instability
leads to the spontaneous formation of lesions under near-
physiological conditions. Examples of DNA lesions include the
formation of thymine photodimers, hydrolytic depurination
leading to the abasic site lesions, oxidation of guanine to
give 8-oxoguanine, hydrolytic deamination of cytosine and 5-
methylcytosine leading to C— U, 5mC— T mutations and
alkylation of G, to name a few (Schirer, 2003; Gillet and Schirer,
2006). Assays that are capable of detecting and quantifying
DNA damage are important for the study of diseases caused
by DNA damage, such as cancers. FNAs quenched within the
DNA structure are perfect tools for site-selective detection of
DNA damage and repair due to their high sensitivity to the local
electronic structure of neighboring nucleobases.

Kool et al. reported a fluorescence assay for uracil-DNA
glycosylase (UDG), an enzyme that participates in DNA repair
by removing uracil from DNA (Ono et al., 2012). A fluorogenic
NA substrate was constructed by placing the pyrene Y as a
nucleobase substitute between two uracil residues within the
NA-based probe such that the pyrene emission is strongly
quenched by the flanking pyrimidine residues (Figure 5C). The
activity of UDG afforded a cleavage of the uracil from the DNA
strand. This cleavage was observed by the increased pyrene
fluorescence. In another example, the ability of the positively
charged 1-methyladenine to quench a pyrene nucleobase was
used to design probes to monitor DNA repair (Figure 5C). The
intracellular activity of the demethylation enzyme, ALKBH3,

which is involved in tumor genesis, was measured using this
probe (Beharry et al., 2016; Xu et al., 2017).

FNAs in Signaling Aptamers

The design of NAs with specific target binding properties
(aptamers) has greatly broadened the application of NA
fluorescent probes to the detection of a large variety of analytes,
including small molecules, proteins, ions, and even whole cells
(Juskowiak, 2010; Gustmann et al, 2018). The recognition
properties of aptamers and the sensing properties of emissive
nucleoside analogs were fused at the beginning of the 2000s
to form a new strategy in the design of fluorescent biosensors
(Jhaveri S. D. et al., 2000; Jhaveri S. et al., 2000). FNAs that
are quenched by stacking interactions with nucleobases are
especially useful in this respect. They can be used in a single-
dye format, which simplifies the production of such aptamers.
Due to their strong sensitivity to the conformation of NA strand,
even minor conformational changes occurring upon binding can
be detected. Katilius et al. explored the capability of FNAs to
generate binding-specific fluorescence response (Katilius et al.,
2006), and found that binding to the target can induce an
increase in the fluorescence signal of up to 30-fold in the
case of a thrombin aptamer incorporating the pteridine, 6MAP
(Figure 1). The approach was suggested to be of general use for
the development of signaling aptamers targeting other proteins.
Li et al. described an aptamer-based fluorescent probe featuring
competitive hybridization with a pC-containing strand. The
intact form of the probe was constituted by a double-stranded
NA containing a sensing aptamer strand and a pC-containing
signaling strand, where pC fluorescence was strictly quenched.
The binding to the target released the signaling strand, providing
a light-up fluorescence response (Li et al., 2010).

FNAs With Segmental Mobility

The group of fluorophores known as fluorescent molecular
rotors, are composed of two or more aromatic rings connected
by a few flexible chemical bond, exhibit low quantum yields
in solutions at room temperature because of the free internal
rotation that serves as a radiationless relaxation channel. In a
rigid environment, increased quantum yields are observed due to
the restricted intramolecular rotation. Several FNAs are known
to exhibit low fluorescence in the “OFF” state due to internal
rotation and show an increase in the fluorescence intensity
after packing or increased viscosity leading to an “ON” state
(Figure 6). They have been used for the detection of abasic sites
in DNA, for the construction of hybridization probes and for the
sensing of both protein-DNA interactions and local viscosity.
Tor et al. described a series of emissive pyrimidine analogs
containing a furan ring linked to their position 5 (Figure 6A).
Hybridization of a single-stranded DNA incorporating a furan-
modified deoxyuridine (5FU) increased fluorescence upon
hybridization to a complementary DNA strand containing an
abasic site complementary to the fluorophore (Greco and Tor,
2005). Hybridization to the fully complementary strand (with no
abasic site) resulted in a decrease of fluorescence. These results
were rationalized using a molecular rotor model (Sinkeldam
et al, 2011). Rotation around the single bond between
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uracil and furan was proposed as the principal radiationless
relaxation pathway. When the nucleoside faces an abasic site,
it becomes sandwiched between the two neighboring Watson-
Crick base pairs, which restricts its conformational freedom
and therefore increases the fluorescence. When the nucleoside
faces an adenosine on the fully complementary strand, the furan
becomes exposed to the major groove, where its rotation is no
longer restricted.

The Seitz group reported the construction of forced
intercalation probes (FIT probes), which were originally
designed as single-stranded PNA (Peptide Nucleic Acid) strands
containing one cyanine dye (such as thiazole orange, TO) as
a nucleobase surrogate (Figure 6B). FIT probes were smartly
utilized as light-up fluorescent hybridization probes for sensitive
detection of DNA and RNA (Kohler et al, 2005). In a
single-stranded form, the probes incorporating TO exhibit low
fluorescence. The formation of the probe-target duplex results
in a well-ordered structure, where the fluorophore is forced to
intercalate between flat aromatic nucleobases. The FIT probes
were found to be useful for the detection of DNA in quantitative
Polymerase Chain Reaction (qQPCR) and for wash-free detection
of RNA in cells and tissues (Socher and Seitz, 2008; Kummer
etal, 2011; Hovelmann et al., 2012, 2013).

A similar approach can be used for the detection of protein—
DNA interactions. Binding of proteins is known to increase
the quantum yield of cyanine dyes attached to DNA due to
an increase in local viscosity. This phenomenon is known as
protein-induced fluorescence enhancement (PIFE; Hwang and
Myong, 2014). It was further utilized by the Hocek group
with a series of new FNAs suitable for the detection of
protein-DNA interactions. In the first example, a GFP-like
fluorophore (dCMB!Y was incorporated into DNA (Figure 6C).
Fluorescence titration experiments showed that the fluorescence

of DNA conjugates increased more than 2-fold upon addition
of the single-strand binding protein from E. coli (SSB) and
transcription factor p53 (Riedl et al, 2012a). In the second
study, an improved fluorogenic dCTP analog (dCYPP) was
reported, in which the GFP-like fluorophore was substituted by
cyanoacetamide-based fluorescent molecular rotors (Figure 6C).
Single-stranded DNA labeled with this fluorophore exhibited
around 4-fold fluorescence enhancement upon binding to SSB
(Dziuba et al., 2015).

Merits and Limitations of Intensity-Based

Sensing

As we have described above, the options for fluorophores
that satisfy the requirements of intensity sensing are rather
broad. The advantages of this method include the overall
simplicity of fluorescence measurements and the adaptability of
the instrumentation for developing integrated detection devices
and micro-arrays. Due to high sensitivity, and since all the
emitted light quanta can be collected over the spectrum with any
polarization or time delay, this method is very popular. However,
intensity-based sensing has intrinsic drawbacks. Fluorescence
intensity is always represented in arbitrary units and the
results are not precisely reproducible if measured on different
instruments. Furthermore, it is strongly dependent on the
concentration of the fluorescent molecular probe in the test
system, which is often not exactly known. This raises the problem
of calibrating the sensor element, which may be not so simple.
In addition, the effects of light absorption, light scattering,
photobleaching and/or time-dependent degradation of the
sensor affinity can be difficult if not impossible to compensate
or to calibrate. These difficulties have therefore stimulated
intense efforts from researchers in proposing new dyes, detection,
and imaging methods intended to correct or exclude these
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limiting factors. In contrast, sensing methods based on lifetime,
anisotropy, and ratiometric emission have strong potential
because they give analytical signals that are independent from
instrumental settings and probe concentrations (Gryczynski
et al., 2003; Demchenko, 2005b, 2014).

FNAs FOR LIFETIME-BASED SENSING

After the initial electronic excitation of molecules, fluorescence
develops in the sub-nanosecond to nanosecond time range. The
decay function of the fluorescent light emitted by these molecules
is essentially concentration-independent and, therefore, no
reference is needed. For independent and structurally identical
fluorescent molecules, the decay time of excited states typically
follow a single exponential function of time, like the decay of
radioactive compounds. However, in the case of fluorophore
interactions, dynamics, and various reactions, the emission rates
can become heterogeneous. As a consequence, the complex
multiexponential fluorescence decay profiles of fluorophores
incorporated into DNA are frequently observed. NAs can adopt
multiple conformations simultaneously and can exhibit a specific
combination of different lifetime components corresponding to
different subpopulations. Therefore, the lifetime can become the
source of valuable information. Resolving the ultrafast decay
profiles of 2AP-labeled DNA and RNA provides information
about the site-specific dynamics and heterogeneity of the existing
conformations of NAs including those with abasic sites and
mismatched base pairs, as well as triplexes (Nordlund et al., 1989;
Guest et al., 1991; Edward et al., 2001; Ramreddy et al., 2007,
2009; Xia, 2008; Zhao and Xia, 2009).

2AP has been widely used in lifetime-based NA research.
It exhibits mono-exponential decay in water, whereas, upon
incorporation into DNA, the decay is resolved as a sum of four
exponential components with typical lifetimes ranging from 10
ps to 10 ns (Neely, 2005). These lifetime components are thought
to reflect different degrees of stacking and conformations. The
shortest lifetime component is the most significant and is
typically a strongly quenched 2AP-stacked conformation. The
other species represent small populations of partially stacked and
unstacked 2AP. The longest lifetime component was assigned to
unstacked 2AP, which is highly emissive, with a conformation,
in which 2AP protruded from the contact with the natural
nucleobases. These minor species are readily detected because
their fluorescence is much higher than that of stacked base pairs.
In addition to distinguishing different conformations, time-
resolved fluorescence can also be used to analyze the variation
of their relative populations. Thus, 2AP can serve to probe
site-specific transitions of DNA conformations. For instance,
the measurements of fluorescence lifetimes and steady-state
experiments of 2AP were used to register the transitions in a
DNA duplex at temperatures significantly below the transition
temperature for melting (Tp,; Xu et al., 1994). A dynamic pre-
melting transition involving increased exposure of 2AP to water
was observed at temperatures more than 10°C below Tp,.

2AP was also employed as a lifetime probe for studying
the kinetics and thermodynamics of conformational changes of

DNA or RNA upon binding to proteins (Nguyen et al., 2011).
In particular, a time-resolved technique was used to monitor
flipping of 2AP within complexes of double-stranded DNA
with the DNA methyltransferases M.Hhal and M.Taql. In the
double helix, the short-lifetime component of the stacked 2AP
was determined to be the major contribution in the decay
profile. Upon binding to the enzyme, the disappearance of the
short-lifetime component, together with an increase of the long
lifetime component was used as an indication of flipping of
the fluorescent adenine mimic into the protein-binding site.
The interpretation of time-resolved fluorescence decays was
supported by X-ray crystal structure analysis (Neely, 2005; Lenz
et al., 2007). However, 2AP is excited with short-wavelength UV
light (300 nm) and exhibits very low brightness in DNA, which is
incompatible with live-cell imaging. Recently, a BODIPY moiety
connected to dC absorbing and emitting light in the blue-green
region of the visible spectrum was developed as a molecular rotor
(Figure 7). When introduced to DNA, the probe responded upon
binding to transcription factor p53 by increasing of fluorescence
intensity and lifetime (from 0.8 to 2.1 ns). The latter properties
were exploited to visualize the local viscosity using fluorescence-
lifetime imaging microscopy in living cells (Dziuba et al., 2016a).

FNAs FOR ANISOTROPY-BASED SENSING

Anisotropy describes the extent of polarized emissions. It can
be created by using polarized light that excites only those
fluorophores with definite directions. The preferentially excited
fluorophores are those that have their absorption transition
moments align with the electric field vector of the incident
polarized light. After excitation, the emission can become
polarized if the fluorophores are immobile on a time scale of
fluorescence decay (high anisotropy). Rotational diffusion may
randomly change the orientation of the fluorophore transition
moment, producing emitted light in all space directions and
causing depolarization (low anisotropy). However, if the size
of the rotating unit or the local viscosity increases during the
operating experiment, then the rotation will decrease resulting
in increase of fluorescence anisotropy (or polarization). The
fluorescence lifetime tr is an important parameter that defines
the time window for rotation. A larger 7z will allow more
time to rotate and anisotropy will decrease. Thus, both rates
of rotation and fluorescence emission determine the response
in anisotropy (Figure 8A). Methods based on anisotropy are
very useful for studying interactions and bindings of smaller
molecules bearing a fluorophore to larger molecules since these
interactions should result in reduced mobilities of the probes and
increased anisotropies. The ratio of the polarized components
recorded at two orthogonal polarizations to the total intensity
defines anisotropy. As a consequence, it is independent from the
absolute fluorescence intensity and fluorophore concentration,
giving a direct response to intermolecular interactions. However,
one must be careful to exclude the contribution of light scattering
that can strongly influence the results. The anisotropy-based
technique is also less sensitive than other techniques since
the intensity of the excitation beam is reduced due to the
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of the dye-containing complex. (B) FNA suitable for anisotropy-based sensing.

use of polarization filters; therefore, higher concentrations of
the fluorescent probe are often required to obtain a sufficient
signal. Fluorescence anisotropy is widely used for the study
of nucleoside-protein and protein-DNA interactions. For the
latter, short NA fragments labeled with FNAs are preferred as
they exhibit low anisotropy, whereas their binding to a target
with larger molecular weight, such as a protein, gives rise to
enhanced anisotropy.

To be used in an anisotropy-based assay, a fluorophore must
exhibit a robust fluorescence emission with minor sensitivity
to the environment. The N-Methylanthraniloyl fluorophore
(MANT) is especially useful in this respect. It is a compact,
blue-emitting fluorescent molecule, which can be attached to
position 2’ or 3’ of ribose via an ester bond. A series of
nucleoside substrates for anisotropy-based studies of nucleotide—
protein interactions was developed based on the MANT

fluorophore. Mocz et al. used 2'- and 3'-MANT-labeled ATP
(Figure 8B) to study ATP-dynein binding. The fluorescent
nucleotides exhibited a modest 2.2-fold enhancement in
fluorescent emission. Meanwhile, the observed anisotropy of
the nucleoside-protein complex was as high as 0.38, which
is close to the theoretical limit for the absence of rotational
mobility. The anisotropy titration data was used to determine
the association constants of the complex (Mocz et al., 1998).
The binding of MANT-modified GTP and GDP with erythrocyte
transglutaminase was also monitored by anisotropy (Murthy and
Lorand, 2000).

The first experiments employing fluorescence anisotropy for
studying of protein-DNA or aptamer—target interactions were
performed using DNA molecules labeled with a fluorescent dye,
such as fluorescein (Figure 1A), tethered to the 5" end of the
polynucleotide (Ozers et al., 1997; Fang et al., 2001; Li et al., 2007;
Zou et al,, 2012). The strategy based on 5'-terminal labeling has
an intrinsic drawback. Although slower rotational motions of the
protein-DNA complex give rise to the measured anisotropy, the
fluorophore remains flexible due to the non-rigid nature of the
linker attaching it to the sugar-phosphate backbone. The residual
local motions of the fluorophore reduce the observed anisotropy
and decrease sensitivity of the detection (Hawkins, 2008). Indeed,
only about 15% of the linker-attached fluorescein undergoes
rotation coupled to global motion of the DNA (Hawkins, 2008).
In this respect, a fluorophore with rotational motions that are
restricted by incorporation into DNA has a distinct advantage
(Shi and Herschlag, 2009).

Accordingly, a FNA must meet several criteria to be suitable
for anisotropy-based assays. The fluorophore must be a flat
organic molecule in order to minimize its own rotational motions
by stacking with natural nucleobases. Furthermore, it must
exhibit bright emission insensitive to environmental changes.
In an ideal case, the fluorescence quantum yield and lifetime
should not change upon binding of the sensor to the target.
Bahr et al. investigated the influence of different dye-labeling
topologies on the sensitivity of anisotropy-based assays. A DNA-
containing the dye tethered to the 5'-end was compared to
intercalating dye upon binding to the DNA methyltransferase

~
~
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M.Tagl. The ethidium bromide (EtBr) fluorophore was chosen as
the base surrogate (Figure 8B; Bahr et al., 2007). The fluorophore
was covalently attached to an acyclic deoxyribose moiety
and incorporated into DNA via solid-phase phosphoramidite
synthesis. Ethidium bromide is known to be an excellent
intercalator, exhibiting bright fluorescence when stacked between
base pairs in DNA. In addition, its fluorescent emission shows
only minor variations in response to the surrounding nucleobase
context (Huber et al., 2004). The intensity of fluorescence also
remained stable upon binding to the DNA methyltransferases,
indicating the absence of non-specific dye-protein interactions.
The changes of emission anisotropy were measured upon binding
of DNAs to the methyltransferase with the different reporter
groups. Using the conjugate-containing fluorophore as a base
surrogate gave the best result in terms of increased fluorescence
anisotropy. An approximately 2.5-fold increase of anisotropy was
observed, which was not observed in non-specific interactions
of the protein with fluorophore. Such a strong increase in
anisotropy reflects the rotational dynamic of entire protein-DNA
complex with minimal contribution of local fluorophore motions
(Bahr et al., 2007). These data indicate that an appropriate
FNA offers significant advantages over fluorophores attached in
other ways.

The bright emissive nucleoside analogs tC (Figure 8B)
incorporating  the nucleobase  surrogate 1,3-diaza-2-
oxophenothiazine was developed as a cytidine analog (Lin
et al., 1995; Wilhelmsson et al., 2001). The tricyclic nucleobase
tC exhibits interesting properties for anisotropy-based sensing.
Base pairing with G, tC has a well-defined position and geometry
within the DNA double helix, and exhibits bright fluorescence
with negligible sensitivity to the surrounding bases (Sandin,
2005). Furthermore, this FNA demonstrates a base-flipping rate
that does not interfere with the signal measured in fluorescence
anisotropy. The anisotropy of tC was used by Wilhemsson et al.
to study the incorporation of the analog into DNA by DNA
polymerase and to determine in competitive binding essays,
the dissociation constant of natural or unnatural nucleotides
(Sandin et al.,, 2009). Pteridine nucleobases can also be employed
as fluorescent reporters in anisotropy sensing (Hawkins,
2008). For instance, the 6MI label (Figure 8B) was effective
in anisotropy binding measurements with the Escherichia
coli protein integration host factor at DNA concentrations of
1nM and fluorescence intensity measurements at 50 pM DNA
(Moreno et al., 2012).

FNAs FOR EMISSION-SHIFT-BASED
SENSING

A group of fluorophores is known to red-shift their emission
spectra when placed in a medium of increased polarity. This effect
is referred to solvatofluorochromism and is caused by enhanced
dipole-dipole interactions between the excited fluorophore
and the surrounding molecules that decrease the excited-state
energy (Klymchenko and M¢ély, 2013). Environment-sensitive
fluorophores  exhibiting  solvatofluorochromic  properties
are important tools for biophysics and molecular sensing

(Klymchenko, 2017). Steady-state and time-resolved fluorescent
spectra of these dyes yield information about specific and non-
specific interactions with the surrounding molecules, the rates
of their dielectric relaxations, etc. Given that they are designed
as analogs of amino acids and lipids, such dyes are widely used
for probing proteins and lipid membranes (Demchenko et al.,
2009; Loving et al., 2010; Krueger and Imperiali, 2013). The
general principles governing the performance of these dyes are
well-understood. They must contain functional groups attached
to aromatic rings that can become strong electron donors and
acceptors in the excited state. Being appended to the opposite
sides of the m-electronic structure, they generate a strong dipole
moment that, by interacting with local molecular environment,
results in modulation of the energy of the electronic transition
and spectral shift. This shift to longer wavelengths (red shift) is
stronger the higher the polarity of the environment. Such a shift
can also be modulated by intermolecular H-bonding of one of
these groups in a polar environment.

Many efforts have been made to develop FNAs possessing
solvent-dependent shifts. The difficulty is the requirement to
incorporate the fluorophore into the NA structure, without
changing the topology or interactions. Several approaches
for the construction of solvatofluorochromic nucleosides have
been described (Figure9). For the first approach, the dye
was grafted to deoxyribose, typically via C-glycoside bond,
to be further intercalated between nucleobases within the
DNA (Okamoto et al, 2006; Weinberger et al., 2013). The
second approach requires a fluorescent dye to be linked to
the natural nucleobases, typically at position 5 of pyrimidines
and positions 7 and 8 of purines (Figure 9B; Kimura et al.,
2005, 2006; Tainaka et al., 2007; Riedl et al., 2012b). The third
approach features minor conjugated decoration of the expanded
nucleobase with additional chemical functionalities endowing
with solvatofluorochromic properties (Greco and Tor, 2005; Shin
et al., 2011; Noé et al., 2012; Sinkeldam et al., 2012). The latter
seems to have a distinct advantage, since minimal perturbations
are introduced to the structure of DNA.

Nile Red and 4-aminophthalimide (API) are among the dyes
that exhibit the strongest solvent-dependent shifts of fluorescence
spectra (Figure 9A). However, being incorporated into DNA as
base substitutes, these dyes showed only a moderate sensitivity
to different structural contexts. For instance, upon transition
from a single to a double-stranded DNA form, API showed
only a small 10 nm blue shift of its emission maximum, and the
Nile Red-based nucleoside did not demonstrate any fluorescence
band shift (Weinberger et al., 2013). Only a moderate blue
shift was observed upon interaction of DNA labeled with these
dyes with B-cyclodextrin (Okamoto et al., 2006). This occurs
because the dyes were incorporated in such a way that their -
electronic system interacts mainly with neighboring bases and
these interactions do not change substantially upon structural
transformations of the DNA.

Probes from the second group contain a fluorophore attached
to the nucleobase via a linker, which allows them to be exposed
to the major or minor groove of DNA. A series of PRODAN-
nucleoside conjugates was developed, where the fluorophore
was attached via a short linker to the N-4 and N-2 exocyclic
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(B) covalently and flexibly attached to a pyrimidine; and (C) mimicking
nucleobases by an appropriate expansion. dR indicates 2’-deoxyribosyl; donor
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Riedl et al., 2012b; Weinberger et al., 2013; Mata and Luedtke, 2015; Mata
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amino group of cytosine and guanine, respectively (Kimura et al.,
2005, 2006) or to the C-5 of pyrimidines ("°NU, Figure 9B)
and the C-8 of purines (Tainaka et al,, 2007). In contrast to
the probes following the first approach, the fluorophore exposed
to the major or minor grooves of DNA was more exposed for
direct interactions with water and therefore showed significant
spectral shifts depending on the NA polymorph in question.
Indeed, the label was able to distinguish the polarity of the
microenvironment in the minor and major grooves of B-DNA,
A-DNA/RNA hybrids and Z-DNA (Kimura et al., 2005, 2006).
Okamoto and co-workers extended this approach to the synthesis
of the four nucleobases set (U, C, A, G) for single-nucleotide
polymorphism genotyping. All the investigated probes showed a
substantial increase in fluorescence intensity upon hybridization
to a perfectly matched sequence, together with increase in the
Stokes shift (Tainaka et al., 2007).

Hocek et al. used a dC analog incorporating a push-
pull fluorene fluorophore (dC™) to sense the protein-DNA
interactions as a color change that was distinguishable to the
naked eye (Figure 9B). The triphosphate of dC™ was prepared
and incorporated into the DNA using two DNA polymerases.
Labeled DNA showed significant changes in the emission

wavelength upon interaction with the human transcription factor
p53. A substantial blue shift of the emission maximum from
581 to 567 nm was observed upon binding to p53, indicating
sufficient screening of the fluorophore from the polar aqueous
medium (Dziuba et al., 2016b).

Probes from the third group contain a natural nucleobase
core rendered to be solvatofluorochromic by additional
chemical functionalities. An example is 5FU, which was
designed for the detection of DNA abasic sites (Figures 1D,
6A). The wavelength of its emission band shifts from 395 nm
in diethylether to 431nm in water (Greco and Tor, 2005).
Solvent-dependent emission sensitivity was also observed
for a structurally related compound containing thiophene,
namely for 6-aza-uridines (Sinkeldam et al., 2012), based on
thieno-fused pyrrolo cytosines ('pC, Figure 9C; Noé et al,
2012) and a thieno[3,4-d]-pyrimidine scaffold (Shin et al,
2011). However, being incorporated into polynucleotides,
these compounds show only minor shifts in their emission
bands, and are more useful for the construction of intensity-
based probes. Such behavior is typical for dyes quenched by
water, which masks the spectral shift (Demchenko, 2005a).
Luedtke et al. designed and synthesized a push-pull FNA
composed of dimethylaniline fused to deoxycytidine (PMAC,
Figure 9C). PMAC is a mimic of the natural nucleobase,
which, upon pH decrease and base (N3) protonation, exhibits
remarkable red-shifted absorption and emission maxima. These
properties were exploited to study the dynamics of folding
and unfolding of i-motif and DNA duplexes of telomeric
repeat sequences under real-time conditions (Figure 10;
Mata and Luedtke, 2015).

FNAs FOR DUAL-BAND RATIOMETRIC
SENSING

The sensitivity of fluorescence probes to report intermolecular
interactions can be greatly increased if the sensing signal is
based on the change between two spectrally resolved forms. This
is because the wavelength-ratiometric signal will be recorded
as a ratio of intensities, not at the slopes of spectral bands
but at the band maxima, thus providing a comparison of
fluorescence intensities at a higher level and achieving higher
wavelength precision (Figure 11A vs. Figure 11B; Demchenko,
2010, 2014). In order to achieve this, the researcher must select a
fluorophore that can exist in two ground- or excited-state forms.
Moreover, the switching between these forms should occur in
the desired range of changes of the intermolecular interactions
in question. This approach is fundamentally different from
that based on FRET-based switching, which requires the
presence of two dyes (donor and acceptor) at a specific
distance (Figure 11C; Demchenko, 2014). Such an approach
avoids the difficulties arising from double labeling within the
same molecular system but it is more challenging, since these
properties are very specific and only “smart,” specially designed
dyes possess them.

Switching between ground-state forms of such smart
fluorophores allows one to extract the effects from fluorescence
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excitation spectra, and the first A-ratiometric fluorescent probes
for calcium ions were based on this principle (Grynkiewicz
et al,, 1985). In order to produce interplay between intensities
in fluorescence emission spectra, the dye has to be present
in two excited-state forms with finely tunable switching
between them. An additional requirement is the presence
of such two forms of comparable fluorescence intensities.
All this makes for a very limited selection of dyes with the
appropriate responses.

One of the excited-state reactions that can be explored is the
intramolecular charge transfer (ICT) that has to be stabilized
by isomerization (twisting). Such twisted intramolecular charge
transfer (TICT) can drastically modulate the emission spectra
depending on the environment, since it is only under conditions
of high polarity that the charge-transfer form can be stabilized
(Figure 12A). Since the two isomers that appear in the excited
state emit light quanta of different energies, they show two
well-resolved emission bands. The very large Stokes shift of the
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long wavelength band due to the emission of the generated
excited-state isomer is characteristic for this type of dual probe
(Cao et al., 2014; Oesch and Luedtke, 2015).

The other reaction that generates two bands in emission
spectra is the excited-state intramolecular proton transfer
(ESIPT), which proceeds between proton donor and acceptor
groups, closely located in the dye structure (and commonly
connected by intramolecular H-bonding, Figure 12C). This
reaction is subject to perturbation by the change of polarity in the
environment and to the formation of additional intermolecular
H-bonds (Han and Zhao, 2010; Tomin et al., 2015).

Fluorophores demonstrating TICT and ESIPT can be
introduced as smart NA base analogs that are able to respond
to different changes in the properties of their local environment
(Figures 12B,D). They have significant potential in the practical
sense because the intensity ratio of the two emission bands is
highly sensitive to the environment and since single labeling
is sufficient for \-ratiometric detection (self-calibrated sensing;
Demchenko, 2005b,c).

Single-Fluorophore Ratiometric Probes
Based on TICT

In the TICT system, the donor and the acceptor moieties
are joined by a chemical bond (¢ or m) and the shift of -
electron density is accompanied by a twist about this bond
in the excited state (Figure 12A; Rettig, 1986; Bhattacharyya
and Chowdhury, 1993; de Silva et al., 1997; Wu et al., 2011).
The prototype and historical example of a TICT fluorophore
is 4-dimethylaminobenzonitrile (Lippert, 1955). This planar
compound has a well-conjugated push—pull electron system.
After light absorption, the initially, locally excited form (LE) has
similarly planar geometry and intramolecular relaxation results
in twisting, generating the isomer form. In the TICT excited state,
the dimethylamino unit becomes orthogonal to the rest of the 77 -
system. Twisting through 90° can achieve full charge separation
resulting in an amino cation and a benzonitrile anion and a dipole
moment of the TICT rotamer becoming larger that of the LE
form. Therefore, an increase in solvent polarity favors the TICT
form that, interacting with polar environment, demonstrates a
red-shifted emission. Since the TICT form is generated from
the rotation between the donor and acceptor segments of the
same molecule, restriction to the twisting motion, due to the
environment or by increasing the viscosity of the medium, will
favor the LE state. On the other hand, temperature increases
will favor the TICT state. Whereas, the LE state is emissive, the
emission from TICT state is poor in general, which may create a
problem for \-ratiometric analysis.

Okamoto et al. reported the first example of DNA labeled with
a dual-emissive TICT probe (Okamoto et al., 2005b). This TICT-
based probe was a pyrene derivative electronically coupled to a
dimethylamino donor and an amide acceptor (Figure 12B). This
probe was tethered to deoxuridine for incorporation into DNA
and hybridization with DNA and RNA. While the nucleoside
conjugate PyrU showed a single-band emission at 540 nm, ss-
and ds-ODNs showed dual emission with the appearance of
a new band centered at 440 nm. The quantum vyield increased
together with the dual emission. The fluorescence bands at
a shorter wavelength (440nm) and at a longer wavelength

(540 nm) were assigned to the emission of the LE and TICT states,
respectively. The TICT emission was largely dominating in ss-
ODN, while in ds-DNA, a 1:1 ratio was observed. Therefore,
the fluorescent twisted PyrU is sensitive to hybridization, as
indicated by a change of its color. It was proposed that the
equilibrium between the LE and TICT states, and thus the
intensity ratio of these two bands, was due to the restricted
twisting motion in the ODN environment, which was more
pronounced in the duplex. In this case, the steric hindrance and
a narrow free space in the duplex acted as a barrier to the internal
rotation of the fluorophore instead of a viscous solvent. Recent
publications have underlined the effort to find new nucleoside
analogs with TICT properties and to extend this new approach
for DNA labeling and sensing (Mata and Luedtke, 2013; Suzuki
et al.,, 2014; Schweigert et al., 2017).

Single-Fluorophore Ratiometric Probes
Based on ESIPT

The ESIPT reaction is observed only in those aromatic
compounds having proton donor and acceptor groups in close
proximity and connected by an intramolecular hydrogen bond.
Common proton donors and acceptors are hydroxyl or amino
groups and carbonyl oxygen or imino nitrogen, respectively.
After photon absorption, the electronic charges are redistributed
making the proton donor more acidic and the acceptor more
basic, thus favoring the intramolecular proton transfer in the
excited state (Zhao J. et al, 2012; Demchenko et al., 2013;
Sedgwick et al., 2018).

3-Hydroxychromones (3HCs) are typical representatives of
ESIPT dyes and are one of the most useful probe families for
practical applications. 3HCs are heterocyclic compounds bearing
hydroxyl and carbonyl groups involved in a 5-member H-
bonding ring system. Due to ESIPT, 3HC fluorophores exhibit
two excited states, which generate two well-resolved emission
bands (Figure 12C; Demchenko, 2006). The short-wavelength
band is due to the emission from the normal (N*) excited
form, whereas the long-wavelength band is produced by the
tautomer form (T*). In the excited normal state (N*), the
oxygen carbonyl is more basic, making this group sensitive to
the donating ability of hydrogen bond of protic solvents and
hydration. As a consequence, increased acidity of the solvent or
of the hydration rate favors H-bonding to the carbonyl oxygen
resulting in decreased relative intensity of the T* due to a slower
ESIPT reaction. Another consequence of the electronic charge
distribution for the N* state is related to the dipole moment,
which is larger than that for the N* and T* forms. The magnitude
of the N* dipole moment can be finely tuned by appropriate
chemical modifications, while the dipole moment of the T*
state is much less affected. For instance, the electron-rich aryl
groups at position 2 (e.g., 4-dimethylaminophenyl) dramatically
increase the magnitude of the dipole moment of the N* state
due to internal charge transfer (ICT), rendering 3HCs sensitive to
polarity change in aprotic solvents. In polar solvents, strong and
favorable dipole-dipole interactions between solvent molecules
and the dye stabilize the N* state much more than the T* state,
resulting in increased emission of the N* state. The N*/T* ratio
is therefore a robust analytical signal that directly reports on
the properties of the microenvironment of 3HC fluorophore.
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These features have been used extensively for the construction
of environment-sensitive fluorescent dyes to probe proteins and
lipid membranes (Klymchenko and Kreder, 2014; Zamotaiev
et al., 2014; Sholokh et al., 2015b).

3HCs bearing a thienyl or furyl ring at position 2 are
known to be extremely sensitive to hydration. The emission
switches from the dominating N* band in water to T* emission
in aprotic media. 2-Thienyl-3HC was therefore selected for
DNA labeling. It was formulated as a deoxyribose derivative
(3HCnt, Figure12D) and incorporated into DNA via the
standard phosphoramidite method. The dye showed a dominant
tautomer (T*) emission in the single-stranded form. A further
increase of the T* band emission was typically observed
upon hybridization to a complementary strand (Dziuba et al.,
2012). Minimal DNA perturbation by the dye incorporation
and its intercalation mode were supported by CD, Tm and
NMR investigations (Zargarian et al., 2017). Importantly, the
emission of single-stranded DNA was highly sensitive to the
formation of the complex with the HIV-1 nucleocapsid protein
(NC). A strong increase of the N* emission was observed,
indicating that the 3HC nucleoside can be a good sensor
for protein—-DNA interactions (Dziuba et al., 2012). The 3HC
label was employed to study the conversion of the (-)DNA
copy of the HIV-1 primer binding site (-)PBS stem-loop into
the (4/-)PBS duplex in the absence and presence of the
NC chaperone protein. In contrast to 2AP, the 3HC probe
provided the first complete mechanistic description of this
critical process in HIV-1 replication (Sholokh et al., 2018).
In a comparison study with commercially available FNAs, the
fluorescent label was exploited to investigate the mechanism of
the DNA repair enzyme, endonuclease VIII, in interactions with
damaged DNA. The results of this study showed that this label
exhibits higher sensitivity and yields more information about
the conformational changes of DNA binding and processing.

Using 3HC-based molecular probes, the kinetic mechanism of
action of endonuclease VIII was specified (Kuznetsova et al.,
2014). The FNA was also successfully employed to record the
stepwise binding of the ubiquitin-like domains 1 containing
PHD and RING finger (UHRF1) followed by the flipping of
a 5-methylcytosine (5 mC, Figure 5B). The increased lifetime
of UHRFI bound to DNA containing 5 mC supports the idea
that UHRF1 is the key partner for the recruitment of DNA
methyltransferase 1 to the correct site for faithful replication of
the DNA methylation pattern (Kilin et al., 2017).

The internal 3HC base surrogate proved to be extremely
sensitive to proximal disturbances, although its sensitivity to
hydration changes was not optimal. Probes sensitive to hydration
are desirable for sensor development because the interactions
between proteins and other ligands, as well as structural changes,
affect the proximal distribution of water molecules around the
NA (Barthes et al., 2016). The possibility to connect the 3HC
dye to uracil and adenine nucleobases for external labeling of
NA (for example, in the major grooves of DNA duplexes) has
been also explored (Dziuba et al., 2014; Barthes et al., 2016; Le
et al., 2019). The new conjugated nucleobase-3HC fluorophores
demonstrated strong sensitivity to hydration (Barthes et al,
2015; Le et al., 2019). DNA strands incorporating the emissive
deoxyuridine analog were synthesized and studied (Barthes
et al, 2016; Gavvala et al, 2016), and the resulting probe
exhibited two-color emission and provided high sensitivity
allowing discrimination between matched and mismatched DNA
duplexes, and B-DNA/DNA and A-DNA/RNA forms (Barthes
etal,, 2016). The change between these different forms was easily
identified by a color change due to the variation of N*/T*, which
was attributed to the change of hydration in the proximity of the
fluorescent base reporting group. Compared to the wavelength
shift of the dimethylaminonaphtalene (dan) fluorophore, which
displayed only a 5% variation in the \-shift of the emission
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maximum (Kimura et al., 2005), the dual-emissive uracil probe
demonstrated about 11-fold enhanced sensitivity to detect the B
to A transition with a 55% variation of its N*/T* ratio.

CONCLUSIONS AND PERSPECTIVES

FNAs have become indispensable tools in biophysics and
analytical chemistry. Despite significant progress and the large
number of FNAs reported to date, new efforts continue and
further developments in this field are expected (Manna et al,
2018; Sabale et al.,, 2018). As the reader may have noticed, the
intensity-based probes are over-represented in the literature,
whereas less attention has been paid to FNAs that exploit
other reporting principles. We expect further progress in the
development of FNAs that use the prospective reporting modes,
described above.

Rapid progress is expected in the application of molecular
probes based on FNAs in complex biological media, such
as living cells. Given their minimal perturbation of DNA or
RNA structures, fluorescent hybridization probes can enable
visualization of these molecules, providing information on
their location and transportation, but they can also reveal
dynamics and interactions with cellular components. Ideally,
fluorescence response should be increased to a level that does
not require any target amplification, purification or removal
of unreacted probes. Strong similarity to natural nucleosides
and the minimal perturbance from their interactions with
complementary bases allow for high specificity. Moreover, the
possibility to assess polarity- and H-bond-sensitive responses
in these smartly designed probes yields deeper understanding
of NA structure, dynamics and interactions at the sub-
molecular level. Because of their native-like linkage to DNA
or RNA, these probes are very closely associated with
neighboring bases, rendering them exquisitely sensitive to
the subtle changes that occur in the atomic-level structure
surrounding them. Therefore, changes in base stacking or
base pairing in the vicinity of these probes are reflected
by distinct changes in fluorescence response. Thus, new
concepts and probes demonstrating advanced properties have a
promising future.

The majority of known nucleoside analogs are excited by
UV and blue light, and are therefore prone to photodamage
and interference from autofluorescence, which might have to be
overcome in future molecular design strategies. For this reason,
new nucleosides that are excitable at longer wavelengths are
highly desirable. Alternatively, the situation can be improved
by the development of two-photon excitable FNAs. Two-photon
absorption (2PA) is a physical process where the chromophore
is excited by the simultaneous absorption of two low-energy
photons, which match the energy of a single photon of higher
energy that corresponds to normal excitation. Fluorophores
with high 2PA cross-sections are of great importance for
fluorescence microscopy and intracellular studies, because the
two-photon excitation decreases the background signal caused
by autofluorescence and reduces the sample photodamage. The
existing FNAs possess quite low 2PA cross-sections. For instance,

the measured values of 2AP, pteridines and tC are in the
range between 0.2 and 3.5 GM units (Stanley et al., 2005; Lane
and Magennis, 2012). Consequently, FNAs with higher 2PA
are expected to appear in the future, which will open new
possibilities in two-photon microscopy. Likewise, this will enable
single-molecule detection to become more efficient within the
living cells.

FNAs will not only be used as passive fluorescence emitters,
but will also perform additional functions. Several literature
reports have shown that fluorescently labeled NAs can be
used as a dual probe for fluorescence detection combined
with electron microscopy (Holzhauser et al, 2013) or NMR
spectroscopy (Sabale et al., 2018). In the first study, the
fluorophore used induced photochemical polymerization of 3,3’-
diaminobenzidine, enabling electron microscopy detection. In
the second example, the dual probe combines a fluorescent
molecular rotor and a °F label allowing detection and resolution
of the topologies of G quadruplexes in cells. Another attractive
possibility is the use of FNAs as light-controlled molecular
triggers. Site-selective incorporation of photochemically reactive
nucleoside makes it possible to change the conformation and
chemical structure of NAs by light; for example, light-controlled
hybridization (Ogasawara and Maeda, 2008) or controlled
formation of inter-strand cross-links (Haque et al., 2014). Finally,
the integration of FNAs into functional NAs could be a powerful
strategy for the creation of light-guided catalytic systems. An
example is the 6MI-modified DNAzyme that can harness violet
light to repair DNA damages (Barlev and Sen, 2013). New
examples of FNAs that are used in the rational design of
light-controlled molecular systems are expected to appear in
the future.
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A novel electrochemical detection approach using DNA probes labeled with
Anthraquinone (AQ) as a reporter moiety has been successfully exploited as a method
for the direct detection of DNA targets. This assay uses simple voltammetry techniques
(Differential Pulse Voltammetry) to exploit the unique responsiveness of AQ to its
chemical environments within oxygenated aqueous buffers, providing a specific detection
mechanism as a result of DNA hybridization. This measurement is based on a cathodic
shift of the reduction potential of the AQ tag and the concurrent reduction in peak current
upon DNA binding. The further utility of this approach for discrimination of closely related
DNA targets is demonstrated using DNA strands specific to B. anthracis and closely
related bacillus species. DNA targets were designed to the rpoB gene incorporating
nucleotide polymorphisms associated with different bacillus species. This assay was
used to demonstrate that the shift in reduction potential is directly related to the homology
of the target DNA. The discriminatory mechanism is dependent on the presence of
oxygen in the measurement buffer and is strongly linked to the position of the nucleotide
polymorphisms; with homology at the terminus carrying the AQ functionalised nucleotide
critical to achieving accurate discrimination. This understanding of assay design was
used to demonstrate an optimized assay capable of discriminating between Yersinia
pestis (the causative agent of plague) and closely related species based on the groEL
gene. This method is attractive as it can not only detect DNA binding, but can also
discriminate between multiple Single Nucleotide Polymorphisms (SNPs) within that DNA
without the need for any additional reagents, reporters, or processes such as melting of
DNA strands. This indicates that this approach may have great potential to be exploited
within novel biosensors for detection and diagnosis of infectious disease in future Point
of Care (PoC) devices.

Keywords: DNA hybridization, redox reporter, anthraquinone, nucleotide polymorphisms, diagnostics,
environmental surveillance

INTRODUCTION

Technologies capable of providing rapid, agile detection and identification of a range of infectious
organisms are desirable to support the development of Point of Care (PoC) devices. Detection of
nucleic acids from organisms of interest using DNA amplification techniques such as Polymerase
Chain Reaction (PCR) is an established and mature approach for identification of bacterial species
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of interest (Rachwal et al., 2012; Weller et al., 2012, 2016).
A wide variety of platforms exist for DNA amplification and
detection, and highly integrated technologies (including direct
sample to answer) technologies e.g., FilmArray can provide a
robust and sensitive capability for screening panels of agents
(Poritz et al.,, 2011). Current PCR technologies have developed
to a point where they are well-accepted as a standard tool in
clinical laboratories. However, the breadth of information that
is generated by current PCR platforms remains limited by the
requirement to design specific assays for each agent. Therefore,
the capability to screen large panels of organisms requires a
large number of assays or the ability to take a multiplexed
approach, at the increasing cost of reagents, throughput, and
time. Further limitations of PCR platforms lie in the inability to
provide detailed species/strain level information in cases where
pathogenic and non-pathogenic species of organisms are highly
similar in DNA sequence and cannot be discriminated based
on PCR amplification alone. This type of information can be
provided by rapidly developing sequencing technologies (Dijk
et al., 2018; Chiu and Miller, 2019), but the exploitation of these
platforms in routine clinical diagnostics is currently challenged
by the sample preparation and computational burdens that are
challenging in clinical microbiology laboratories (Greninger and
Greninger, 2018).

Lower burden options that provide a bridge between
these two technology areas include DNA-hybridization based
biosensors (Huyghe et al., 2009). Simple DNA hybridization
techniques can be coupled to generic PCR amplification of
genetic markers conserved across multiple microbial species,
such as 16s RNA or rpoB, to provide breadth of assay
coverage to panels of organisms of interest while including key
Nucleotide Polymorphisms that can be mapped back to specific
organisms (Wang et al., 2002; Adékambi et al., 2009; Klindworth
et al,, 2013). This amplification step is then followed by the
determination of the homology of the DNA to specific sequences
through hybridization to probes within a biosensor to provide
identification of the causative pathogen. DNA hybridization can
be detected using a range of approaches, including a number of
optical techniques such as colorimetric, fluorescent, luminescent,
and Raman spectroscopy (Jarvinen et al., 2009; Tomlinson et al.,
2014; Papadopoulou et al., 2015; Stulz, 2015; Boynton et al., 2017;
Nano et al.,, 2017; Duprey et al., 2018).

Alternatively, electrochemical techniques, which convert
a biological recognition event into a digital electrical signal,
have also been widely demonstrated for the detection of DNA
hybridization. Electrochemical techniques have particular
advantages, including the low cost and portability of the
associated measurement platforms and can be readily
incorporated into devices to produce inexpensive, sensitive,
and accurate instruments for diagnostic applications (Blair and
Corrigan, 2019; Yafiez-Sedefio et al., 2019). As a consequence,
development of novel electrochemically driven approaches for
DNA hybridization remains an area of widespread focus for the
development of diagnostic devices and in-situ environmental
detection of clinically important or hazardous microorganisms.

Electrochemically-linked DNA hybridization assays most
commonly employ single stranded hybridization probes of DNA

or synthetic nucleic acid analogs such as Peptide Nucleic Acid
(PNA), which are then immobilized on an electrode or other
conductive substrate. The binding of DNA target molecules
to these probes can then be measured using a variety of
techniques [extensively reviewed in (Gorodetsky et al., 2008;
Kang et al., 2009; Hvastkovs and Buttry, 2010; Tosar et al.,
2010; Liu et al., 2012; Sontz et al., 2012; Ferapontova, 2018)].
Binding of complementary strands of DNA can act as a barrier
to the movement of dissolved electrochemically active species
as indirect measurements of DNA binding through the use of
techniques such as Electrochemical Impedance Spectroscopy.
Alternatively, the formation of a double stranded DNA complex
can be reported by exploiting the ability of some metallo or
organic intercalators (such as methylene blue, ruthenium, or
derivatives of quinone and ferrocene), to bind differentially
to single-stranded or double-stranded DNA thus allowing
hybridization to be quantified. DNA probes may also be modified
by covalent incorporation of electroactive reporters. Careful
placement of the electroactive moiety within the DNA structure
can then be used to detect not only DNA hybridization, but
also the presence of mismatches within that DNA. This could be
based on electron transfer through the DNA, or retardation of
the flexibility of that DNA probe, impeding transfer of electrons
to the electrode surface (Inouye et al., 2005; Pheeney and Barton,
2013; Zwang et al., 2018; Dauphin-ducharme et al., 2019).

DNA hybridization assays using anthraquinone (AQ) as
the electroactive reporter are well-described in the literature.
AQ is able to act as a selective intercalator into double
stranded DNA (Mcknight et al., 2004; Gholivand et al., 2012).
As such addition of aqueous soluble derivatives such as
anthraquinonemonosulfonic acid (AQMS) has been extensively
studied as a reporter for DNA duplex formation demonstrating
the ability to discriminate between fully complementary DNA
and DNA targets harboring nucleotide polymorphisms (Wong
and Gooding, 2006; Batchelor-McAuley et al., 2010; Kowalczyk
et al., 2010; Salvatore et al., 2013; Lin et al., 2016). A number of
methods for covalently integrating nucleotides modified with AQ
groups into DNA probes have also been developed (Yamana et al.,
1996; Whittemore et al., 1999; Connors et al., 2003; Narayanan
et al., 2004; Orino et al., 2005; Zhao et al., 2007; Abou-Elkhair
et al., 2009; Ben Gaied et al., 2009; Balintovd et al., 2011). DNA
probes carrying these modifications at 3’ and 5 termini, and
within the DNA strand, have been demonstrated to be capable
of specific and selective detection of DNA hybridization and
discrimination of nucleotide polymorphisms (Yamana et al.,
1996, 2001, 2003; Whittemore et al., 1999; Orino et al., 2005;
Kumamoto et al., 2008; Balintovd et al., 2011; Pheeney and
Barton, 2013; Kongpeth et al., 2016).

While AQ is an attractive electrochemical reporter, it has
proven less popular than others, such as methylene blue. One
of the reasons for this is that the redox potentials of AQ
can be influenced by its environment particularly the presence
of protons and thus is heavily influenced by pH (Batchelor-
McAuley et al, 2010; Guin et al, 2011). In addition, the
interaction of quinones with cationic species is well-researched
by supramolecular chemists, where host-guest interactions of
cations with quinone ionophore groups affecting redox potentials
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have been exploited in chemical sensing applications (Beer et al.,
1994, 1999; Choi et al., 1995). As such, cationic species can have
impact on the redox potentials of AQ in aqueous buffers (Li et al.,
2011). Furthermore, AQ is able to self-mediate oxygen reduction
in oxygenated buffers generating a catalytic reduction peak in
electrochemical experiments in the presence of dissolved oxygen
(Armitage et al., 1994; Li et al., 2011). Hence the majority of
DNA hybridization assays using AQ require use of deoxygenated
buffers (Whittemore et al., 1999; Yamana et al., 2001; Wong
and Gooding, 2006; Kumamoto et al., 2008; Balintova et al.,
2011; Pheeney and Barton, 2013; Salvatore et al, 2013; Lin
et al., 2016). This requirement to remove background oxygen
limits the easy exploitation of AQ in simple PoC devices. In
addition, their discriminatory capabilities are limited to single
nucleotide polymorphisms, reducing their exploitation potential
for multiple closely related organisms (Kumamoto et al., 2008;
Pheeney and Barton, 2013).

When dissolved oxygen is present in the buffer solution
analysis is limited to the AQ reduction peak, due to the
innate oxygen reduction properties of AQ. Previous studies
have demonstrated that the reduction peak is affected by DNA
hybridization to non-immobilized PNA probes with a covalently
linked AQ reporter or as a intercalator to immobilized DNA
probes resulting in reduction of peak current upon DNA
hybridization (Kowalczyk et al., 2010; Kongpeth et al., 2016).
This effect has not however been studied in surface immobilized
DNA probes covalently labeled with AQ and warrants further
investigation. In this study we therefore utilize immobilized DNA
probes with covalent AQ reporters and demonstrate that this
catalytic self-oxidation mechanism can be used as a simple direct
reporter of DNA hybridization. We further demonstrate that this
innate functionality of AQ is able to facilitate discrimination
between multiple nucleotide polymorphisms within the target
DNA offering a new simple approach for discriminating multiple
species within a single, simple assay.

MATERIALS AND METHODS

All chemicals were sourced and used without further purification
from Sigma Aldrich (UK) unless otherwise stated. All solutions
were prepared using ultrapure Milli-Q water (18 MQ cm™!)
according to concentrations stated. All AQ-modified DNA
probes were synthesized by ATD Bio, Southampton, UK. Each
probe included a 5 three dithiol immobilization tag and a
hexaethylene glycol (HEG) spacer between the thiol groups and
the DNA sequence (Mahajan et al., 2008). An anthraquinone
moiety was attached to the 3’ terminus, which would be distal to
the electrode surface according to previously published methods
(Zhao et al., 2007; Mahajan et al., 2009). Target DNA (24 bp)
specific to each chosen species was synthesized by Sigma Genosys
using standard methods.

Design of DNA Probes and Target DNA for

the rpoB Gene of Bacillus Species
DNA sequences for the rpoB gene were taken from Bacillus
anthracis Ames (accession number NC_003997.3), Bacillus

TABLE 1 | Sequences of anthraquinone modified DNA probes and target DNA for
the rpoB gene target of Bacillus species.

DNA PROBES

BA-1 XXX-HEG-5'-ACATTAATTACGCGCTCGCCTTCT-3'-
AQ

BA-2 XXX-HEG-5'-ACATTAATTACGCGCTCGCCTTCG-
3'-AQ

TARGET DNA

B. anthracis; BA

B. cereus AH187; BCA
B. cereus B4264; BC2
B. thuringiensis Al

5-AGAAGGCGAGCGCGTAATTAATGT-3
5-AGAAGGCGAGCGCGTAATTAACGT-3
5 -AGAAGGCGAACGTGTAATTAATGT-3

5'-GGAAGGCGAACGCGTAATTAATGT-3'

Hakam; BC3

B. weihenstephanensis; 5'-AGAAGGCGAACGATCTATAAACGT-3'
BWK

ALL-BC 5'-GGAAGGCGAACGTGTAATTAACGT-3'
3'Terminus 5'-GGAAGGCGAGCGCGTAATTAATGT-3

NA 5-TGAAATCACTTAGCTTCGCGTCGT-3

Underlined bases in target DNA sequences denote mismatches to probe BA-1. XXX
indicates three dithiol linker and HEG is hexaethylene glycol.

cereus AH187 (NC_011658.1), B. cereus B4264 (NC_011725.1),
Bacillus thuringiensis Al Hakam (NC_008600.1), and Bacillus
weihenstephanensis KBAB4 (NC_010184.1). Alignments of the
rpoB genes were performed (Clustal W) to identify areas of
variability. A 24 base pair (bp) region of rpoB was selected
between positions 1,061 and 1,085 (referenced to the B. anthracis
genome) of the rpoB gene. This region was used for the design of
probes BA-1, which was fully homologous with B. anthracis but
contained between 1 and 7 bp mismatch with the other bacillus
species (Table 1).

Design of DNA Probes and Target DNA for

the groEL Gene of Yersinia Species

DNA probes (24 bp) for the groEL gene of Yersinia pestis were
designed to be fully complementary to the genome sequence
of Y. pestis Nepal516 (accession number gb_CP000305.1).
Homologous regions containing nucleotide polymorphisms
within these regions were selected from the genomes of the
related bacterial species Y. pseudotuberculosis (gb_CP000950.1)
and Y. enterocolitica (emb_AM286415.1) based on previously
published work (Papadopoulou et al., 2015). Sequences of probes
and target DNA used for each of the groEL (YP1) assays shown in
Table 2.

Preparation of DNA Functionalised

Electrode Surfaces

Two millimeter diameter gold electrodes (CH Instruments)
were mechanically polished using a polishing pad (Buehler)
and sequential polishing using alumina powder of 0.3 pm then
0.05um followed by polishing with a bare polishing pad.
In between each polishing stage, electrodes were cleaned by
sonication in ultrapure (Milli-Q) water for 10 min. After the
mechanical polishing was completed each electrode was further
electrochemically cleaned by cycling in 0.5M H,SO4 between
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TABLE 2 | Sequences of anthraquinone modified DNA probe and target DNA for
the groEL gene target of Y. pestis.

DNA PROBE

YP1 XXX-HEG-5'-GTACCGTCACCCGCAGCATCATTT-
3-AQ

TARGET DNA

Y. pestis 5'-AAATGATGCTGCGGGTGACGGTAC-3'

Y. pseudotuberculosis 5'-GAATGACGCTGCGGGTGACGGTAC-3

Y. enterolytica 5'-GAACGACGCTGCGGGTGACGGTAC-3

Underlined bases in target DNA sequences denote mismatches to probe YR, XXX indicates
three dithiol linker and HEG is hexaethylene glycol.

—0.1 and 1.5V vs. Saturated Calomel Electrode (SCE) for 60
cycles at 50 mV s~!. Immediately after cleaning, electrodes were
washed in ultrapure (Milli-Q) water, dried then soaked in probe
solutions at a concentration of 1 wM in 10 mM Tris HCI buffer
pH 7.5 containing 0.5M NaCl for 16 h. The electrode surfaces
were washed in buffer to remove excess DNA, then soaked
in 1 mM mercaptohexanol in 10mM Tris HCI buffer pH 7.5
containing 0.5 M NaCl for a further 2h to ensure a passivated
surface and a good presentation of the DNA probe in an upright
position (Lee et al., 2006). Electrodes were washed in buffer
(10mM Tris HCI pH 7.5 containing 0.5 M NaCl) prior to use.
For each experiment, three replicate electrodes were used for each
target DNA to ensure that results were consistent for each target
DNA product.

Electrochemical Measurements

All electrochemical measurements were performed using
an Autolab PGSTAT302N (Metrohm Ltd). Electrochemical
measurements were performed using a standard three electrode
cell using bulk gold working electrodes of 2mm diameter, a
saturated calomel (SCE) reference electrode [both from CHI
instruments (I Cambria)] with a homemade platinum mesh
counter electrode (Goodfellow, 0.25mm wire with 20 x 20
mm mesh).

Quantification of DNA Immobilized on

Electrode Surfaces

The typical immobilization density achieved using probes BA-1
and BA-2 was calculated using the chronocoulometry method
of Steel et al. (1998). Initially Qg for DNA functionalised
surfaces in buffer containing no [Ru(NHj3)6]?T was determined
using a 500ms reductive pulse from an initial potential of
—0.1V (equilibrated for 60s) to —0.4V in 10mM Tris HCI
buffer pH 7.5. [Ru(NH3)s]*>" was then added to the buffer to
a final concentration of 50 .M and allowed to equilibrate to
the DNA for 10 min. The charge resulting from the presence
of the [Ru(NH;)g]** was then determined using the same
chronoamperometry cycle and used to solve the integrated
Cottrell equation (Equation 1; where Q is total charge, t is
the time, n is the number of electrons transferred, F is the
Faraday constant, A is the area of the electrode, D, is diffusion
coefficient and C} the bulk concentration of [Ru(NH3)s1*t Qg

is the double layer charge, and I'y is the surface coverage of
bound [Ru(NHj3)g]3T).
_ 2nFADY’C:

T t2+Qa+nFAT (1)
T

A plot of Q relative to time for each electrode in the presence
or absence of [Ru(NHj3)g]>t was used to calculate the quantity
of cation constrained at the electrode surface. This was used to
calculate the quantity of immobilized DNA using Equation 2
where T'pya is the probe surface density in molecules/cm?, m is
the number of bases in the probe DNA, z is the charge of the
redox molecule, and N, is Avogadro’s number.

z
I'pna =T (*) Na 2
m
All buffers were purged for at least 30 min with argon prior to use
and all experiments were conducted under a blanket of argon.
Electrodes were allowed to equilibrate for 10 min under argon
purging after the addition of [Ru(NH3)6]3T.

Direct Measurement of DNA Hybridisation

on Anthraquinone Labeled DNA Probes
Electrodes functionalised with DNA were placed in 10 mM Tris
HCI pH 8.0 containing 0.5M NaCl. This buffer was used for the
majority of DNA hybridization experiments with the exception
of those to investigate the impact of pH on the electrochemical
characteristics of the anthraquinone tag where Tris buffers of pH
9.0 and pH 7.0 were also used. In general, the electrochemical
experiments were performed in the presence of oxygen. Where
removal of oxygen was required, the measurement buffer was
purged with argon for 30 min prior to performing any readings,
and experiments were conducted under a blanket of argon.
Initial baseline measurements for each functionalised
electrode were taken by Cyclic Voltammetry (CV) and
Differential Pulse Voltammetry (DPV). CV experiments with
probe BA-1 used a starting applied potential of —0.4 moving
to —0.7 V at a scan rate of 50mV s~! (forward scan) followed
by a reverse scan from —0.7 to —0.4V at the same rate. Four
repeats of the forward and reverse scans were performed in each
measurement. For probe BA-2 the conditions used for CV were
identical to BA-1 with the exception of a slightly more negative
starting and finishing potential of —0.5 and —0.75 V respectively.
For DPV, a starting applied potential of —0.4V moving to
—0.75V at a scan rate of 50 mV s~! was used throughout. After
initial CV and DPV readings had been taken, target DNA was
then added to each electrode at a concentration of 1 wM and
incubated for 1h at room temperature to allow hybridization
to occur. Non-complementary DNA was added to additional
probes as a negative control. CV and DPV measurements were
then repeated to determine the effects of DNA hybridization.

Data Analysis

DPV scans were baseline subtracted using a polynomial
multipoint fitting function (OriginPro 9.1, OriginLab, US).
The position of the peak was then identified for each scan.
The difference between the peak position before, and after,
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hybridization of target DNA for each electrode was then
calculated. Three replicate data points for each condition and
for each target DNA on separate electrodes were combined for
all B. anthracis assays to produce an average shift for each
target DNA strand (n = 3). For assays using probe YP1 three
replicate experiments each containing four replicate electrode
surfaces were included (n = 12), 95% confidence intervals
were calculated from the replicate data sets to show significant
differences (p < 0.05).

RESULTS

Direct Detection of DNA Hybridisation

Using AQ Modified DNA

DNA probe BA-1 was designed to be specific to a variable region
of B. anthracis rpoB gene, overlapping SNPs known to exist in
other closely related Bacillus species (Table 1). This probe was
immobilized on the gold electrode surface via six thiol groups at
the 5’ terminus with the 3’ anthraquinone positioned distal to the
electrode surface (Figure 1). The density of the probe DNA was
measured using chronocoulometry and determined to be 1.17
x 10'2 (4-/- 3.88 x 10'%) molecules cm™? on average across
three identical electrodes. This immobilization density achieved
in high salt concentrations is of the level expected for this type
of probe based on previous published reports using the same
immobilization methods (Mahajan et al., 2008, 2009).

The electrochemical characteristics of the anthraquinone
functionalized DNA probe BA-1 were subsequently measured
using CV. This analysis was undertaken after purging the
measurement buffer with argon for 30 min to remove oxygen
and also in the presence of ambient concentrations of dissolved
oxygen. Clear differences were observed between CVs taken
from the same electrode in the presence and absence of oxygen
in the solution (Figure 2). In the absence of oxygen, both the
oxidation and reduction peaks of the AQ tag, are visible on
the CV (Figure 2A). This result provides confirmation that
DNA has bound to the electrode surface and that the AQ
moiety has remained electrochemically functional. The positions
of the oxidation and reduction peaks are also broadly in line
with observed potentials from comparable AQ labeled probes
being slightly higher than that observed with attachment of
AQ to surfaces by self-assembled monolayer (SAM) based
immobilization (Nagata et al., 2008) and similar to that observed
by other AQ bearing DNA strands using internal and terminal
labeling (Yamana et al., 2001; Kumamoto et al., 2008; Pheeney
and Barton, 2013).

Conversely when the same electrode was examined in the
presence of oxygen (Figure 2B), a change in shape of the CV
was clearly observed. In the presence of oxygen a large reduction
peak is obvious, but the oxidation peak is missing. This is due
to the oxygen reduction capabilities of AQ in oxygenated buffers
resulting in a catalytic reduction peak ~10 fold higher than
that observed in conditions containing no oxygen. This peak
was observed again on the reverse scan suggesting that some
structural reorganization of the flexible single stranded DNA
probe occurs upon reduction of the AQ tag. Since the AQ tag

showed a clear electrochemical response in CV experiments
further work was undertaken to understand the impact of the
binding of the complementary strand of DNA on the AQ tag.

Fully complementary 24 bp DNA (BA; Table 1) was then
allowed to hybridize to DNA probes. Repeat measurements of
the CV for the AQ were then taken to understand the impact
of the binding event on the electrochemical signature. DPV
was also used to interrogate impact of binding specifically on
the reduction process of the AQ moiety (Figure 3). The signal
from the AQ probe in deoxygenated buffer after hybridization is
similar to the pre-hybridization signal. Little effect is observed
when comparing CVs measured either before or after DNA
hybridization (Figure 3A). When using DPV a slight reduction in
the current produced was observed (Figure 3B) and is consistent
with published data (Whittemore et al., 1999; Yamana et al.,
2001; Kumamoto et al., 2008; Balintovd et al., 2011; Pheeney and
Barton, 2013). Conversely, with oxygen present in the electrolyte,
hybridization of the complementary DNA strand resulted in
a large shift in the position of the reduction peak. This shift
(53mV) was clearly observed in both the CV and the DPV
(Figures 3C,D, respectively). This was consistently correlated
with a drop in the peak current observed (reduction in peak
amplitude) observed in the DPV. This is consistent with the
signatures observed by Kongpeth et al., when using PNA-AQ
functionalised probes in solution (Kongpeth et al., 2016). The
CV also showed the appearance of a minor oxidation peak,
which was not present prior to hybridization. The combination
of these characteristics indicate that the hybridization of the
DNA at the probe surface impedes the self-oxidation of AQ and
thus slows the electron transfer kinetics of this process which
can be observed using these simple electrochemical methods.
This exploitation of the native self-oxidation characteristics of
AQ offers a new simple methodology. As such, all subsequent
measurements using the AQ probes were performed in the
presence of dissolved oxygen to target this novel method of
detecting DNA/DNA hybridization events. In addition, DPV
was used as the simplest measurement technique focusing in on
the reduction peak of the AQ probe, exploring effects of DNA
hybridization on current output, and peak position.

The involvement of two protons per full electrochemical
cycle of the AQ group (Figure 1) means that the pH of the
measurement buffer will have a substantial impact on the
electrochemistry of the AQ tag. It was therefore considered
pertinent to define the impact pH had on the detection of
DNA hybridization. DPV analysis of BA-1 was undertaken at
pH 7, 8, and 9. Measurements were taken before and after
DNA hybridization and the resulting drop in current and
reduction potentials compared under each condition (Figure 4).
This analysis demonstrated that the presence of excess protons
at lower pHs results in a more positive initial redox potential,
as well as lowest initial current output. After hybridization of
the target DNA, two peaks are observed from the AQ probe
at pH 7. The negative shift associated with one of these peaks
is extremely large (90.9mV +/- 0.66 mV) but the presence of
an additional peak is a confounding factor in assay output. The
reason for two separate peaks has not been further investigated
in this work, but was consistently observed at lower pH using
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FIGURE 1 | Schematic illustrating the design and format of the AQ DNA hybridization sensor.
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FIGURE 2 | (A) Behavior of AQ probe BA-1 deoxygenated (oxygen purged) conditions achieved by purging the electrolyte with argon for 30 min, and (B) oxygenated
(oxygen present) conditions. Electrochemical scans are representative of n = 3 repeat electrodes, and were performed at 50mV s~ vs. SCE.
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FIGURE 3 | Comparative behavior of probe BA-1 in response to fully complementary DNA under oxygenated and deoxygenated conditions. (A) CV and (B) DPV for
probe under deoxygenated conditions; achieved by purging the electrolyte (10 mM Tris pH 8.0 containing 0.5 M NaCl) with argon for 30 min prior to analysis. (C) CV
and (D) DPV for probe in buffer containing oxygen. In each case the signal from the ssDNA probe modified with AQ is shown as a solid line while the response after
hybridization of fully complementary DNA is shown with a dashed line. The response of the same electrode under all conditions is shown. Electrochemical scans were
performed at 50mV s~ vs. SCE.
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FIGURE 4 | Effect of complementary DNA binding to probe BA-1 at (A) pH 7, (B) pH 8, (C) pH 9. In each case, AQ labeled probe BA-1 was measured as single
stranded DNA using DPV (scan —0.4V to —0.75V; 50mV s~ vs. SCE) under oxygenated conditions in measurement buffer 10mM Tris pH 8, containing 0.5 M NaCl
(solid line) prior to hybridization to fully complementary DNA (dashed line). The response of the same electrode under all conditions is shown and is representative of
the three electrodes tested under the same conditions.
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indicate 95% confidence limits).

AQ labeled probes. We hypothesize this effect to be due to
position effects of the DNA relative to the electrode surface at
lower pH, which may be more complex in proton rich conditions
that offset the natural negative charge of the DNA probe strands
and could lead to secondary structures forming within the DNA
probe, or less efficient binding of the target DNA to the high
density DNA probes at neutral pH (Zhang et al., 2012). At pH
8 this complex effect is removed with a consistent single peak
before and after DNA hybridization (28.4 mV +/- 1.7 mV, in this
assay system). Current drop was also consistently observed as
previously demonstrated.

At pH 9 the initial peak position was the most negative of
the three conditions and had the highest current output (x10
relative to that at pH 7). After DNA binding occurred the current
drop associated with the binding event was clearly observed,
but the shift in position of the reduction peak was minimal
(14.3mV +/- 0.7 mV) reducing the dynamic nature of the signals
observed. On the basis of this investigation the decision was
taken to perform all future experiments at pH 8, as this condition

demonstrated the best balance of current drop, and reduction
potential shift.

Distance Dependence of Binding Event
Relative to Current Drop and Reduction
Potential Shift

It was considered likely that the effect on the catalytic self-
oxidation of the AQ tag would be distance-related i.e. will be
reliant on a close interaction of the hybridizing DNA strand to
the AQ tag, resulting in occlusion of the AQ tag from oxygenated
solvent. To further investigate this hypothesis, DNA targets of 23,
20, and 12 bp were synthesized (these were identical in sequence
to BA target DNA described in Table 1, but truncated at the 5’
terminus). Use of these targets would result in complexes where
the top of the hybridized strand would be 1, 4, and 12 bp distant
from the AQ tag, respectively (Figure 5A).

DPV measurements from BA-1 probe were made in
oxygenated buffer before and after hybridization of the target
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showing reduction in peak current and (B) the shift in the potential of the reduction peak, respectively. All measurements were made by DPV (scan —0.4V to —0.75V;
50mV s~') vs. SCE in 10mM Tris buffer pH 8, 0.5M NaCl. Points represent an average of the responses shown by three replicate electrodes (error bars are 95%

confidence limits from this mean).

DNA strands. The peak shift and current drop observed after
hybridization of each of the probes (n = 3) were measured
(Figures 5B,C). The maximum shift (28.4 mV) in the reduction
peak was observed for a 24 base target which produces a
fully double-stranded DNA molecule at the electrode. Smaller
changes in the reduction peak were observed for DNA targets
of shorter length (19.3 and 5.2mV for the 23 and 20 bp targets,
respectively), which move the proximity of the double stranded
DNA away from the AQ tag. A DNA target of 12 bases has
no effect on the reduction peak of AQ. A binary response was
seen with respect to the peak current (observable as peak height)
upon binding DNA targets of different lengths. Targets of 20
bases and longer caused a reduction in peak height of around 1.1
WA, but 12 base targets had the same effect as an entirely non-
complementary (i.e., non-binding) 24 bp target or buffer control.

This data suggests that the electron transfer between the
electrode and AQ tag is indeed obstructed by the adjacent
formation of the DNA double strand. This effect is reduced
as the formation of the double strand is withdrawn from the
AQ tag. The observations made in this experiment suggest
that the electrochemical characteristics of the AQ tag are, as
expected, heavily dependent on its environment, specifically in
its relationship to hybridized DNA.

Discrimination Between DNA Targets From
Different Bacillus Species Using Probe
BA-1

Having demonstrated robust detection of simple DNA
hybridization events using an immobilized AQ functionalised
probe, attempts were made to define whether the same process
could be used to both detect and further discriminate between
fully matched DNA sequences and those containing nucleotide
polymorphisms. In order to investigate this relationship, an

experiment was designed to evaluate the potential application of
this methodology to the detection and discrimination of closely
related Bacillus species, based on the differences in the conserved
gene target rpoB.

The impact of hybridizing each of a series of closely related
DNA sequences, given in Table 1, to the probe BA-1 on the
reduction of the AQ tag was determined (Figure6). This
experiment demonstrated that peak current appears to be a
binary detection signature of DNA binding; i.e., the binding of
any target DNA affects the peak current to the same degree
irrespective of target homology (Figure 6A). It therefore offers
a useful corroborative measurement of overall DNA binding, but
does not correlate with homology in this work.

The shift in reduction peak on hybridization of DNA targets
does however differ depending on the homology of the target
DNA (Figure 6B). DNA corresponding to BC1, from B. cereus
AH187 (a single nucleotide change) demonstrates a 47.8 mV shift
and BC2, from B. cereus B4264 (two nucleotide changes) also
shows a 51.7mV cathodic shift in reduction potential. Both of
these are indistinguishable from that of B. anthracis, BA (53.3 mV,
fully complementary). Conversely, hybridization with DNA
target from B. weihenstephanensis (seven nucleotide changes)
produced little effect on the reduction peak with only a 4.0 mV
shift. Most interestingly however, hybridization with BC3, B.
thuringiensis, which like BC2, has two nucleotide mismatches was
significantly different from the fully complementary BA target, as
the reduction peak is shifted by only 29.5 mV.

The difference in the reduction shift between BC2 and BC3
DNA targets, both of which have two nucleotide changes,
presents the possibility that the position, or type of DNA
mismatch, can affect the extent of the change in the reduction
shift. This would be expected as terminal mismatches would be
expected to lead to fraying of the DNA strands close to the AQ
and thus have greater effect on solvent accessibility than internal

Frontiers in Chemistry | www.frontiersin.org

May 2020 | Volume 8 | Article 381


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Goodchild et al.

Anthragquinone Labeled DNA Probes

60

50 I
] [ 1

40 -
30 - I
20 -
10
< n
04
-10 ——
BA BC1

Cathodic Shift in reduction peak / mV
.-

) v T v ) v T v T M T
BC23'terminus BC3 All-BC NA  Buffer
Target DNA

FIGURE 7 | Impact of terminal nucleotide on ability to distinguish base pair
changes. Probe BA-1 was hybridized to target DNA that was fully homologous
(BA) or contained 1 bp mutation toward the 5" terminus of probe BA-1 (BC1),
2 bp mutations internal to the BA-1 probe (BC2), single base pair mutation at
the 3" terminus directly associated with the AQ tag (3'terminus), two bp
mutations including AQ terminal bp (BC2), a combination of all BC mutations
(4 bp mutations All-BC), in comparison to controls NA and buffer only. All
measurements were made by DPV (scan —0.4V to —0.75V; 50mV s~ 1) vs.
SCE in 10mM Tris buffer pH 8 containing 0.5 M NaCl. Points represent an
average of the responses shown by three replicate electrodes (error bars are
95% confidence limits from this mean).

mismatches. Further experiments were therefore designed in
order to explore this hypothesis and a DNA target termed
“3- terminus” containing a single terminal G:T mismatch at the
3" end of the target DNA was therefore designed and hybridized
to probe BA-1 (Figure 7).

The DPV data shows that the shift in the reduction peak
for the AQ tag was reduced by 35.7mV when the terminally
mismatched DNA target was hybridized (3'-terminus), in
comparison to 50.0mV for the fully complementary target
(BA). When a target containing a terminal mismatch plus
one other in the DNA sequence (BC3) was analyzed, a
shift in 25.7mV was observed. This data indicates that the
hybridization of DNA target with a single nucleotide change
is distinguishable from a fully complementary target if that
mismatch is adjacent to the AQ tag. Further nucleotide changes
promoting mismatches elsewhere in the double stranded DNA
were observed to have an additive effect. This result highlights
the potential for this methodology in the robust detection of
SNPs when assay design is constrained to include a terminal
nucleotide mismatch.

The extent of the effect of the terminal mismatch on the
electrochemical characteristics of the AQ tag was investigated
through the use of an alternative probe, BA-2, which is
identical to BA-1 with the exception of the 3’terminal
nucleotide which is mismatched to all target DNA used in
the previous experiments (Figure 8). This DNA probe deposits
on gold electrodes with a similar density to BA-1 at 6.4
x 10" molecules cm™2. The data shows that hybridization

25 4
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b
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o
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BA BC1 BC2 BC3 AI-BC BWK NA buffer
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FIGURE 8 | The effect of DNA hybridization to probe BA-2. In each case the
3’ terminal nucleotide carrying the AQ tag is not homologous to any of the
target DNA strands. In addition to the terminal mismatch, additional internal
mutations were present within target DNA BC1, BC3 (1 bp), BC2 (2 bp), All-BC
(8bp), and BWK (7 bp). All measurements were made by DPV (scan —0.4V to
—0.75V; 50mV s~') vs. SCE in 10 mM Tris buffer pH 8 containing 0.5 M NaCl.
Points represent an average of the responses shown by three replicate
electrodes (error bars are 95% confidence limits from this mean).

of all targets produced a similar shift in the reduction
peak of the AQ tag (15-20mV) and that differentiation
of the different targets is not observed. This suggests the
nature of the terminal mismatch is critical to the mechanism
which allows the differentiation of DNA targets observed in
previous experiments.

Assay to Differentiate Between Yersinia
Species

Based on the impact of mismatches on the performance of the
AQ reporter assay for the rpoB target in Bacillus species, a set
of design rules were established for assay optimization. Design
criteria centered on inclusion of a terminal mismatch between
probe and non-homologous targets. Furthermore, additional
mismatches were clustered close to the AQ tag where they
were expected to have greatest impact on the stability of the
DNA complex and thus greatest discriminatory capability. These
design rules were used to produce a further optimized assay
designed to discriminate between closely related species of the
Yersinia genus using the groEL housekeeping gene (Table 2).

To evaluate the performance of the groEL assay the YP-1
probe was hybridized to the surface of the gold electrodes as
described above and hybridized to target DNA from Y. pestis
(fully complementary), Y. pseudotuberculosis (two nucleotide
mismatches), and Y. enterolytica (three nucleotide mismatches)
(Figure 9). When the fully complementary DNA sequence from
Y. pestis was applied to the electrode surface, a shift in the
reduction potential of 55.8 mV +/- 2mV was observed. This
is consistent with that achieved in the Bacillus rpoB assay
with fully complementary DNA. The extent of the shift is
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complementary (Y. pestis) or containing 2 (Y. pseudotuberculosis) or 3 (Y.
enterocolitica) nucleotide changes respectively. The response in terms of
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—0.4Vto —0.75V: 50mV s~') vs. SCE in 10mM Tris buffer pH 8, 0.5 M NaCl.
Points represent an average of the responses shown by 12 replicate
electrodes across three independent experiments (n = 4 within each replicate)
and error bars are 95% confidence limits.

reduced in line with the reducing complementarity of the
DNA targets taken from Y. pseudotuberculosis (46.7mV +/-
24mV) and Y. enterocolitica (35.6mV +/- 2.9mV). This
data suggest that the design rules established using the B.
anthracis assay could be applied in this assay to discriminate
between closely related DNA targets, as differentiation between
Yersinia species is achieved depending on the extent of
complementarity with the probe sequence. Furthermore, these
results are highly reproducible, demonstrating the same response
across replicates within the same experiment (n = 4) and across
three separate experiments, implying this methodology is robust
and reliable.

DISCUSSION

The native oxygen reduction of AQ in aqueous buffers has,
to date, led to this tag proving a challenge to exploit as a
reporter moiety in DNA hybridization assay requiring purging
of electrolyte solutions to gather robust data (Whittemore
et al., 1999; Yamana et al, 2001; Wong and Gooding, 2006;
Kumamoto et al, 2008; Balintovd et al, 2011; Pheeney
and Barton, 2013; Salvatore et al, 2013; Lin et al, 2016).
Recent reports have however indicated that AQ has the
potential to be used as an electrochemical reporter moiety
for DNA hybridization assays undertaken in oxygenated
electrolytes (Kowalczyk et al., 2010; Kongpeth et al., 2016). The
mechanism by which the AQ informs on DNA hybridization
in oxygenated buffers, and how this could be applied to both
detection and discrimination of nucleotide polymorphisms, has

however not been fully investigated in surface immobilized
DNA probes.

In this work we have characterized how the formation of
DNA duplexes impacts on the electrochemical characteristics
of an AQ tag in oxygenated buffers. The AQ tag used in this
work is placed as a pendant to the terminus of the DNA
probe, using a short linker and therefore is not designed to
undergo T stacking into the DNA duplex (Liu and Barton, 2005;
Gorodetsky et al., 2007; Pheeney and Barton, 2013). It is therefore
unlikely that the signaling mechanism observed is based on
electron tunneling through DNA strands. Instead, observations
on the effects of DNA targets of different lengths, and the
impact of terminal mismatches on AQ reduction potentials,
indicates that DNA hybridization affects the innate oxygen
reduction of AQ. Thus detection of DNA duplex formation is
a combination of solvent occlusion of the AQ tag as a result
of the presence of the complementary DNA strand, in addition
to likely retardation of electron transfer from the AQ to the
surface electrode as a result of the increased rigidity of the
DNA duplex over the single stranded probe (Uzawa et al,
2010; Dauphin-ducharme et al., 2019). This mechanism has
been demonstrated to be a robust and direct measurement of
DNA hybridization.

A detailed study of the effect of terminal DNA mismatches
and the additive effects of internal mismatches was undertaken
using a model assay designed according to the rpoB gene
from B. anthracis. These observations were used to establish
design rules of how to exploit the AQ reporting mechanism to
optimal effect. This enabled, bespoke design of an AQ detection
assay capable of robustly distinguishing between Y. pestis, Y.
enterocolitica, and Y. pseudotuberculosis using a single AQ labeled
DNA probe.

This work has established that electrochemically based DNA
probes carrying an AQ tag can be used as a sensor to
provide highly discriminatory confirmation of binding events.
Data indicates that the redox sensitivity of the AQ tag to
its immediate environment can be exploited to provide high
resolution information regarding the nature of DNA targets. This
ability to discriminate between highly conserved DNA targets
can be used to differentiate between closely related bacterial
species, providing high confidence output to identify infectious
agents of interest with the potential for onward development as
a diagnostic technology. Further work will therefore be directed
to understanding the performance of this method in terms of
sensitivity and specificity against a broader range of targets. In
addition, the application of this method to direct detection of
DNA from complex sample types to include longer DNA targets
produced by PCR assays will be undertaken. This will focus the
development of novel technologies exploiting the methodologies
identified here.
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