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Development of Gene-Targeted Polypyridyl Triplex Forming

Oligonucleotide Hybrids

Nicold Zuin Fantoni,'t Brionna McGorman,™* Zara Molphy,"# Daniel Singleton,® Sarah Walsh,** Afaf
H. El-Sagheer,*® Vickie McKee,"” Tom Brown,* & Andrew Kellett*'?

Abstract: In the field of nucleic acid therapy there is major interest in
the development of libraries of DNA-reactive small molecules which
are tethered to vectors that recognize and bind specific genes. This
approach mimics enzymatic gene-editors, such as ZFNs, TALENs
and CRISPR-Cas, but overcomes limitations imposed by the delivery
of a large protein endonuclease which is required for DNA cleavage.
Here, we introduce a chemistry-based DNA cleavage system
comprising an artificial metallo-nuclease (AMN) that oxidatively cuts
DNA, and a triplex forming oligonucleotide (TFO) that sequence-
specifically recognises duplex DNA. The AMN-TFO hybrids
coordinate Cu(ll) ions to form chimeric catalytic complexes that are
programmable—based on the TFO sequence employed—to bind and
cut specific DNA sequences. Use of the alkyne-azide cycloaddition
‘click’ reaction allows scalable and high-throughput generation of
hybrid libraries that can be tuned for specific reactivity and gene-of-
interest knockout. As a first approach, we demonstrate targeted
cleavage of purine-rich sequences, optimisation of the hybrid system
to enhance stability, and discrimination between target and off-target
sequences. Our results highlight the potential of this approach where
the cutting unit, which mimics the endonuclease cleavage machinery,
is directly bound to a TFO guide by click chemistry.

Introduction

Recently, there have been remarkable advances in therapies that
target nucleic acids. For example, the sequence-specific
recognition of RNA is central to antisense oligonucleotide (ASO)
technologies, where short interfering RNA (siRNA) and ASOs
target mRNA and become cleavage substrates for Argonaute or
RNase H, respectively.["? Although intervention at the mRNA
level is an effective therapeutic approach, it does not alter the
underlying genetic code and hence gene silencing remains
transient. Antigene technologies, however, provide a potential
means to permanently alter the mammalian genome.l Here,
genetic modifications are caused by directed epigenetic
mutations, which affect nucleobase sequence integrity (e.g.
strand insertions, single-point mutations),*® or by code disruptors
(e.g. deletions, alkylation, oxidative damage).l®” The advantage

of antigene technologies therefore lies in their capacity to target
and permanently modify disease-specific genes.

Artificial metallo-nucleases (AMNs) provide an alternative
cleavage strategy to ASOs and state-of-art gene editing systems.
They rely on redox metals to generate reactive oxygen species
(ROS) that damage nucleotides to initiate strand excision and
gene silencing.®® AMNs are characterised by both the metal ion
present and the shape and charge of the DNA-coordinating ligand.
Copper-based AMNs are attractive due to their versatile
coordination environments, oxygen activation mechanisms,
intrinsic bioavailability and their tolerance in biological systems.['%
The first discovered AMN [Cu(1,10-phenanthroline)2]?* (Cu-Phen)
was shown to semi-intercalate and oxidise DNA from the minor
groove in the presence of a reductant (e.g. ascorbate).””.""! More
recently, polypyridyl and macrocyclic copper-binding AMN
architectures have been identified.'>'®! Copper AMNs have so
far been used in DNA footprinting,”! recombinant protein
production,l'  chemotherapy,[' and for nucleobase
discrimination.!"®!

Efforts to engineer site-specific nucleases have focused on
tethering the AMN to sequence-directing groups such as DNA-
binding proteins, polyamides, and polynucleotides.l'2°-2"1 Early
work on directed systems showed sequence-specific cleavage
could be achieved when Fe-EDTA or Cu-Phen complexes were
covalently modified with distamycin derivatives.[?%2%2% However,
the laborious design and preparation of polyamides diverted
research toward TFOs as a more efficient targeting vector. TFOs
can be programmed to specifically recognise long DNA regions
and their nucleobase recognition relies on Hoogsteen base
pairing, thereby providing ease-of-design compared to
polyamides. Using this strategy, targeted DNA cleavage was
reported for Fe-EDTA and Cu-Phen conjugates in the presence
of exogenous reductant (Figure 1a). Inspired by these first efforts,
the discovery of chimeric iron(l),B%31  cerium(IV),
zirconium(1V),B3 rhenium(1),4 technetium(1),®¥ platinum(11)i®!
and rhodium(11)B71 DNA recognition systems were later reported.
Despite the early success of Fe-EDTA and Cu-Phen hybrids, in
these early days of nucleic acid (NA) chemistry the development
of hybrids was limited by: (a) complex preparative methods
required to produce modified oligonucleotide (ON) building
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Figure 1. a Molecular structure of the traditional targeted-AMNs where a triplex forming oligonucleotide (dark grey) has been coupled to either EDTA or Phen (green)
through peptide linkers (purple). b molecular structure of the current synthetic approach via ‘click’ chemistry and triazole formation to allow high-throughput generation

of TFO hybrids with AMN modification either on the phosphate or nucleobase.

blocks®'3401 (Figure 1a); (b) low stability associated with metal
ion dissociation!™; (c) non-selective (off-target) cleavage effects
and the need for undesirably high hybrid concentrations required
to achieve appropriate binding and cleavage effects?**%41: and
(d) the requirement of an adjuvant (e.g. spermine) and reductant
to stabilise and cleave DNA triplexes, respectively.

Here, we present a new strategy for the generation of TFOs
loaded with copper AMNs for targeted oxidative DNA damage.
The hybrids are generated by coupling an azide-functionalised
AMN with an alkyne-modified TFO using the copper catalysed
azide-alkyne cycloaddition (CuAAC) ‘click’ reaction. Significantly,
click chemistry has been identified as a successful strategy to
label oligonucleotides with rhenium,®4 platinum®® and clip-
Phen? complexes, the latter of which was recently targeted to the
Env gene in the HIV-1 genome. Our approach facilitates scalable
and high-throughput production of hybrid libraries (Figure 1b)
with the triazole linkage providing enhanced biological stability
compared to previously employed amide linkers. To address
limitations associated with copper complex stability, we designed
two modified polypyridyl ligands to strongly ligate copper ions.
TFOs were targeted to purine-rich regions of the green
fluorescent protein (GFP) gene and the cleavage effects of
copper-bound hybrids were studied using polyacrylamide gel
electrophoresis (PAGE) and quantitative polymerase chain
reaction (QPCR). Oxidative cleavage was further investigated
using a large GFP cloning vector (6389 bp) and the ROS-
mediated cleavage mechanism was probed using a variety of free
radical and spin trapping agents. Finally, we demonstrate how
engineering the TFO strand with strain-promoted alkyne
substituents and thiazole orange (TO) intercalators can provide
enhanced triplex stabilisation and DNA cleavage. These efforts
may now guide further development of this class of sequence-
specific  DNA cleaving agents for cellular gene-knockout
applications.

Results and Discussion

Design of azide-modified copper-binding scaffolds

We developed synthetic routes to introduce an azide-modification
at two different positions of the copper binding polypyridyl ligand
TPMA (tris-(2-picolyl)amine) (Figure 2a and 2b). Both strategies
were designed to maintain (where possible): (a) the use of
canonical ‘click’ reaction conditions to preserve modularity,
insensitivity toward oxygen and water, regiospecificity and
stereospecificity; (b) green chemistry criteria through the
employment of safer solvents, chemicals and easily removable
catalysts or reactants; and (c) potential future industrial scalability.
In Route A, an asymmetric pyridine (3a) was prepared from 2,5-
pyridinedicarboxylic acid using regioselective functional group
conversions. The use of SeO. to prepare 3a allows for
regiospecific oxidation of the 2-hydroxyl group due to interaction
between the selenium atom and the proximal pyridine nitrogen
atom. Schiff-base condensation of 3a with picolylamine, followed
by nucleophilic substitution of 4a on 2-picolylchloride afforded
50H-TPMA (5a), which was then used as a substrate to release
the 5Ns-TPMA target (7a). In Route B, 2,6-bis-
(chloromethyl)pyridine was treated with DPA to form the tripodal
scaffold, 1b. Nucleophilic substitution of NaNs on 1b then
afforded 6N3-TPMA (2b). The isolated copper-binding ligands
5N3-TPMA (7a) and 6Ns-TPMA (2b) were characterised by 'H-,
3C- and 2D-NMR (supplementary S-1) and ESI-MS. Our
motivation for developing the 5N3-TPMA ligand stemmed from
single X-ray analysis of the [Cu(6N3-TPMA)(NO3)](NOs)-/2CH3CN
complex (Figure 2c and supplementary S-2). The asymmetric
unit (Figure S$-31) contains two similar but independent [Cu(6Na-
TPMA)(NO3)]* cations (Figure S-32). These are approximately
square pyramidal with a long apical bond to the pyridines carrying
the azide group. There is an additional very long bond to a second
oxygen donor of the coordinated nitrate ion. Comparison with the
structure of [Cu(TPMA)(Phen)]** (Figure 2d) suggests the
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Figure 2. Preparation of AMN ligands: a N-5-(azidomethyl)pyridine-N-di-(2-picolyl)amine (5N3-TPMA, route a, 7a) and b N-6-(azidomethyl)pyridine-N-di-(2-
picolyl)amine (6N3-TPMA, route b, 2b); ¢ One of the two independent [Cu(6Ns-TPMA)(NO3)]* cations showing 50% probability ellipsoids (hydrogen atoms omitted
for clarity, long interaction shown as a thin line); d Overlay of [Cu(6N3-TPMA)(NO3)]* (carbons shown grey) and [Cu(TPMA)(phen)]?* (carbons shown pale blue;
cf. Figure S-34 for structural formulae). Potential interactions between phen and 6N3-TPMA hydrogen atoms highlighted (remaining hydrogen atoms omitted for

clarity).

methylene carbon in 6N3-TPMA prevents accessibility of an
additional phenanthrene ligand (or, at least, that the apical
pyridine and Phen cannot both bind) due to interaction of the
methylene hydrogen atoms with those of the phenanthrene. The
azide in 5N3-TPMA is remote by comparison reducing the
potential for steric hindrance around the metal when clicked to the
alkyne-TFO.

Engineering Cu(ll)-TFO hybrids with click chemistry

Several factors were taken into account in the design of parallel
TFOs: an oligopyrimidine strand was chosen for Hoogsteen base
recognition of the target; a recognition site with a low number of
consecutive C*-GC triplets since they are stable only at low
pH;34243 and a minimum number of triplet inversions (e.g. G-TA)
since they are destabilising.**! More complex approaches have
been developed to circumvent these sequence and pH limitations
on triplex stability, but they were not required in this study.*5 We
prepared Cu(ll)-TFO hybrids (cf. Figure 1b) by clicking“® the
azide-modified 5N3-TPMA and 6Ns-TPMA, ligands to alkyne-
modified oligonucleotides. Click reactions were performed in an
anaerobic environment to prevent oxygen activation by the
copper catalyst and possible oxidation of the oligonucleotide

probe. Three alkyne TFO variations were considered—5'-
phosphate-, terminal base-, and internally base-modified
sequences. 5-hexynyl-dN (Mod A), 5'-(5)octadiynyl-dC (Mod B),
or internal octadiynyl-dU (Mod C) (Figure 3a) TFOs were then
clicked by CuAAC to the AMN ligands (cf. Figure 2a & b). The
final library of AMN-TFOs ranged between 16 — 32 nt in length
(TFO 1-5; Figure 3b). Triplexes contained either one (TFO1) or
two (TFOs 2, 4, and 5) G-TA inversions when bound to their target,
while TFO3 was fully complementary. The flexible 5’-phosphate
modification (Mod A) was designed to target both the major and
minor groove of DNA, while Mod B and C target only the major
groove. The full alkyne-TFO and AMN-TFO library is presented
in Table S-3 & S-4.

Triplex formation by AMN-TFO hybrids

Thermal melting experiments were conducted with duplex
sequences from the GFP plasmid containing 10 flanking base
pairs on each side of the TFO binding site (Figure 3b). Studies
were carried out under physiological conditions (10 mM PO.%,
150 mM NaCl, 2 mM MgCl2) at pH 6.0 to ensure cytosine
protonation (Table S-5 and Figure S-36). Alkyne-modified TFOs
were first examined for their ability to form triplexes (Table S-5).

This article is protected by copyright. All rights reserved.
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electrophoresis (PAGE) (cf. Figure S-37). Our studies focused
on TFO3 and TFO4 since they formed stable triplexes above 37
°C. Alkyne-modified TFO4A (i.e. the probe without clicked AMN)
in the presence of Cu(ll) and increasing ascorbate produced no
cleavage effects towards either the target or off-target duplex
present in-situ (Figure S-38). Oxidative damage of the target
sequence was also monitored in the presence of the non-clicked
Cu(Il)-TPMA complex, alkyne-TFO, an off-target sequence, and
increasing equivalents of reductant (Figure 4a). This mixture was
not efficient at depleting the target with similar degradation effects
observed on the off-target. Identical experiments with Cu(ll)-
bound AMN-TFO hybrids demonstrated targeted cleavage and
excellent sequence discrimination at low reductant loading
(Figure S-39). The presence of an internally clicked AMN results
in significant depletion (cf. TFO4CIl Figure 4b) with the target
being degraded faster than the off-target sequence (72% versus
24% knockdown with 100 eq. Na-L-asc, respectively, Figure 4c).
The decreased intensity in the target duplex band (Figure 4b,
Lane 6-9) can be attributed to the cleavage caused by the TFO.
Here, depletion of the duplex target shifts the equilibrium toward
triplex formation since less of the duplex remains intact. Finally,
comparisons between the hybrids showed cleavage efficiencies
following the trend: TFO3AI > TFO4CII > TFO4BI (Figure 4b and
Figure S-39) but sequence discrimination was found to be
significantly higher for TFOs bearing base modifications (i.e. Mod
B & C). DNA damage is also dependent on the type and position
of the alkyne modification with increased discrimination by
TFOA4CII suggesting the internal position contributes to lower off-
target cleavage effects.

Detailed analysis of AMN activity by qPCR

Our next aim was to quantitatively determine the cleavage
efficiency of the hybrid materials on a section of the GFP gene
containing the appropriate triplex recognition site. An assay was
designed using real-time polymerase chain reaction (QPCR) to
assess how TFO recognition and ultimately targeted oxidative
DNA cleavage impacts the PCR cycle (Figure 5a & b). During
gPCR, a DNA polymerase, custom primers and a fluorescent
reporter molecule are used to exponentially amplify a DNA
sequence of interest. Successful amplification is monitored—in
real time as the reaction progresses—by detecting the fluorescent
signal after every PCR cycle, which correlates to the

concentration of double-stranded DNA present. Internally
modified TFO4C hybridised to 6N3-TPMA (I) and 5Ns-TPMA (II)
ligands were selected for this study as they displayed high
sequence discrimination during the earlier gel electrophoretic
analysis (Figure 4).

Firstly, the DNA target sequence—a 113 bp section of the
GFP gene containing the recognition sequence for TFO4—was
amplified by Tag DNA polymerase and the relative concentration
of DNA was monitored through SYBR green fluorescence. The
initial concentration of intact duplex DNA is directly proportional
to the number of PCR cycles required to achieve a fluorescent
signal (threshold cycle, Ct). The gPCR assay was then carried
out in the presence of non-clicked Cu-TPMA, the alkyne-TFO and
increasing concentrations of Na-L-asc. In this instance, no
significant DNA damage was observed until 250 equivalents of
reductant were present in the reaction mixture (Figure 5c¢ (Cu-
TPMA); fold change at 250 eq. Na-L-asc = 0.58). When Cu(ll)-
bound AMN-TFO hybrids were introduced to the gPCR mixture in
the absence of exogenous reductant, DNA cleavage was
immediately identified as the amplification efficiency was
significantly impeded and a fold change of 0.54 was obtained for
both TFO4Cl and TFOA4CIl (Figure 5c (Cu-TFO4CI & Cu-
TFOCII)). While in the presence of increasing concentrations of
ascorbate—a reductant natively present in biological systems—
the target duplex was ablated by both AMN-TFO hybrids (fold
change at 1000 eq. Na-L-asc = ~0.10). TFO4Cl and TFOA4CII
display similar cleavage profiles, while attenuated cleavage by the
non-clicked Cu(ll)-TPMA complex with alkyne-TFO was
observed. Overall, this result indicates instantaneous sequence
recognition and hybridisation of the Cu(ll)-bound AMN-TFO
hybrids to the DNA target sequence followed by site specific
cleavage.

Mechanistic studies on the plasmid GFP cloning vector

We analysed the cleavage effects of TFO4CIl using a closed
circular pCSanDI-HYG plasmid (6389 bp) containing the target
sequence. The AMN-hybrid in the presence of 50 equivalents of
Na-L-asc converted supercoiled (SC) plasmid to the nicked open
circular (OC) form with the linear (L) form—indicative of a double
strand break—arising at 100 equivalents and above (Figure 6a).
To probe the radical species involved in the cleavage pathway,

This article is protected by copyright. All rights reserved.



ChemBioChem

a Na-L-asc
a S ——
o o o 9 9 9 o 9o 9
QO o & © © © © & © o
2 O®b v N ® ¥ b © K~ ©
o
N
\
K Wl Wl Mt W W L
— sc

Lane 1 2 3 4 5 6 7 8 9 10

+ D-Mannitol ~ + L-Histidine + L-Methionine
e el el
o o

o
o O
n <

50
40
80
50
800
800

o
<

800

o O
0 <

*""!""“'«-" . W OC

I -
Lane 1 2 3 4 5 6 7 8 9 10 1 12
c r
N-N Cyj
N @ \g
7 - Ascorbate
.\\."\/ L \‘"\ '\.

Figure 6. a Catalytic nuclease activity of TFO4CIl on pGFP supercoiled DNA;
pGFP (200 ng) treated with 250 eq of TFOA4CII in the presence of increasing
concentrations of Na-L-asc (50-800 eq to TFOA4CII, lanes 2-10); b pGFP (200
ng) treated with 250 eq of TFO4CII with increasing Na-L-asc (50-800 eq,
corresponding to lanes 2, 6, and 10 in A) in the presence of 10 mM scavenging
species 4,5-dihydroxy-1,3-benzenedisulfonic acid (tiron, lanes 1-3), D-mannitol
(lanes 4-6), L-histidine (lanes 7-9) and L-methionine (lanes 10-12); ¢ Simplified
mechanism for the generation of the superoxide radical by the AMN-TFO
hybrid.
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experiments were performed with ROS scavengers: tiron
(superoxide, O2*"); D-mannitol (hydroxyl radical, *OH); L-histidine
(singlet oxygen, '02); and L-methionine (H202, *OH, and HOCI).
It is clear that AMN-hybrids excise DNA primarily through
superoxide radical production (presumably as Cu(ll)-O2*"
adducts)®" as preincubation with tiron impedes damage of SC-
DNA, which delays the onset of nicking and inhibits double strand
damage (Figure 6b, lanes 1-3). Other radical species are
involved to a lesser extent and follow an inhibition profile of H.0>
> 0, > *OH. Significantly, these results agree with previous
findings where free Cu-TPMA and several other Cu-TPMA-
Phenanthrene derivatives damage pUC19 plasmid DNA primarily
through a superoxide radical-mediated pathway (Figure 6c).['¥
The similarity between the free complexes and AMN hybrids
suggest the ON vector does not alter the radical oxidation
chemistry promoted by the metal complex.

Application
substituents
To expand the scope of this technology, attempts to develop
AMN-TFOs using bio-orthogonal chemistry—a selective reaction
possible in living systems without interference to the native
biochemical process—were investigated. One type of bio-
orthogonal reaction is strain-promoted azide-alkyne cycloaddition
(SPAAC) which operates in-situ without the need for copper
catalysis.”®l We functionalised TFO4 with a 5'-phosphate-BCN
(bicyclo[6.1.0]Jnonyne; Mod D) and successfully coupled the
azide-modified ligands I-1ll via SPAAC (Figure 7a). Similar to
CUuAAC hybrids, AMN ligands clicked to TFO4D displayed lower
Twm values with the introduction of 1 equivalent of Cu(ll) affording
additional triplex stability. To develop the AMN-TFO probes even
further, the introduction of an intercalator that can overcome
triplex instability was explored.*® TFO4D was modified with a 5-
(1-propargylamino)-2’-deoxyuridine (pdU) internally (i-TOTFO)

of strain-promoted and thiazole orange
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Figure 7. a Generation of AMN hybrid TFO4DI using SPAAC. b Structure of pdU modification with thiazole orange dye conjugated to the TFO (left), Tm of
TOTFOs; t = TO attached towards 3'-end of TFO, i = internally attached TO, ATw = change in Tw between TFO4D and TO-TFOD4. ¢ GFP target and off-target
(1.25 pmol) treated with a 25 eq of copper(ll) bound hybrids TFO4DI and i-TOTFOA4DI in the presence of 1000 eq of Na-L-asc (lane 7 and 8).

6

This article is protected by copyright. All rights reserved.



ChemBioChem

and towards the 3'-end (t-TOTFO) to allow NHS ester labelling of
the TFO with thiazole orange (TO), an intercalating fluorophore
known to increase the stability of triplexes. The introduction of TO
greatly enhances the stability of TO-TFO4D (+18.4 °C) and this
stability remains when the AMN ligands are clicked (Figure 7b).
With enhanced stability, AMN-TOTFOs maintain their cleavage
capability suggesting TO intercalation does not affect strand
scission (Figure 7c). Comparison of the triplex band in lane 5 and
6 show stronger binding effects of TO-TFO4D compared to
TFO4D. ltis also evident from the depletion of this band in lane
8 compared to lane 6 that efficient cleavage is occurring with
minimal off-target cleavage effects.

Conclusions

We applied nucleic acid click chemistry to engineer a new class
of chemistry-based targeted nucleases whereby a metal-based
cutting unit was directly coordinated to a guiding oligonucleotide
(ON). The approach addresses existing limitations in the
preparation of metal complex-ON hybrids, the low stability
associated with metal ion dissociation, along with poor target
selectivity and the dependence of an adjuvant (e.g. spermine) to
stabilize DNA triplexes. Triplex forming oligonucleotides (TFOs)
represent a strategic choice since Hoogsteen base pairing makes
them easily programmable to target extended sequences that do
not disrupt dsDNA structure during the recognition process. Two
components were principally employed here: i.) a parallel triplex
forming oligonucleotide (TFO) that binds sequence specifically to
a gene fragment, and ii.) a copper binding artificial metallo-
nuclease (AMN) that was conjugated via nucleic acid click
chemistry to the TFO probe strand. The use of click chemistry
provides a facile method to prepare library combinations that vary
in probe length (16-32 nt), modification placement, and copper-
binding scaffold. The scaffolds developed were azide-modified
5N3-TPMA and 6N3-TPMA (TPMA = tris-(2-picolyl)amine) that
contain ‘caging’ chelators that bind, and stabilise, copper(ll) ions
using four nitrogen donors. The use of polypyridyl ligands
represents a new approach compared to existing hybrids systems
where Cu-Phen intercalators with limited solution stability have
been employed.?4?®l By exploiting the unique base-triplet
recognition properties of TFOs, purine-rich tracts of the green
fluorescent protein (GFP) gene were efficiently targeted and
cleaved by copper-bound hybrids. Visualisation of triplexes by
polyacrylamide gel electrophoresis identified cleavage responses
consistent with oxidative damage. Quantitative PCR analysis
identified target cleavage in the absence of added reductant,
while complete ablation was achieved in the presence of added
reductant. The hybrids cleaved circularly closed GFP plasmid
DNA (6389 bp) and their oxidative cutting mechanism relies
(primarily) on the generation of superoxide type radicals. To
extend the boundaries of this technology, hybrid systems were
engineered using bio-orthogonal methods using strain-promoted
substituents with thiazole orange modifications that augment
triplex stability. Using this approach, stabilisation toward the
melting of DNA triplexes increased by up to +18 °C. Further
refinements of this class may involve the introduction of multiple
TO modifications to enable triplex stabilization at neutral pH—an
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effect recently observed by Walsh et al.*8l Importantly, cleavage
in absence of reductant and the stabilization afforded by thiazole
orange modifications distinguish this technology from existing
AMN-TFOs where polycationic species and exogenous
reductants are required to achieve appropriate triplex formation
and cleavage.?*? Further refinements to progress these hybrids
towards cellular applications may include the development of
AMNSss that provide enhanced DNA cleavage, with catalytic cores
that limit diffusible radical production which will reduce
undesirable off-target cleavage effects. Exploiting synthetic
triplex motifs with backbone and ribose modifications may offer
improved resistance to free radical oxidation and provide
enhanced cellular targeting properties to this type of chemistry-
based hybrid gene targeted system. In this regard, future in vivo
studies involving these hybrid systems could employ
modifications such as phosphorthioate backbones, 2’-O-methyl,
or inverted dT functionalities to increase cellular uptake and
enhance stability towards endo- and exo-nucleases.

Experimental Section

MATERIALS AND METHODS

Chemicals, reagents and high-performance liquid
chromatography (HPLC) grade solvents including CHCI3, MeOH
and CHsCN were purchased from Merck (Ireland) or Tokyo
Chemical Industry (TCI, UK Ltd) and used without further
purification. 'H, 3C NMR and 2D-NMR ('H-'H COSY and 'H-'3C
HSQC) spectra were obtained on a Bruker AC 600 MHz NMR
spectrometer (C-1). pH was monitored using a Mettler Toledo
InLab Expert Pro-ISM pH probe. Electrospray ionization mass
spectrometry (ESI-MS) measurements were recorded on a
Bruker HCT-MS with samples prepared in 100% HPLC-grade
CH3CN prior to ESI-MS analysis. UV/Vis absorption spectroscopy
studies were carried out on a Shimadzu UV-2600
spectrophotometer. FTIR measurements were conducted on a
PerkinElmer Spectrum Two spectrometer. Thermal melting
analysis was carried out on an Agilent Cary 100 dual beam
spectrophotometer equipped with a 6 x 6 Peltier multicell system
and temperature controller or an Agilent Cary 4000 UV-Visible
spectrophotometer from Varian. PAGE and agarose gels were
photographed using a Syngene G:Box mini 9 imaging system.
Real-time PCR (gqPCR) analysis was performed on a Roche
LightCycler® 480 Il using SYBR Green | Master mix (Roche). X-
ray diffraction data were collected at 100(2)K on a Synergy,
Dualflex, AtlasS2 diffractometer using CuKa radiation. The
structure was solved by dual space methods and refined on F?
using all the reflections (SHELXL-2018).

Route A: Synthesis of N-5-(azidomethyl)pyridine-N-di-(2-
picolyl)amine (5N3-TPMA)

2,5-Pyridine dicarboxylic acid dimethyl ester (1a)

1a was synthesized according to a procedure previously reported
by Kramer et al.®% A suspension of 2,5-pyridinedicarboxylic acid
(20.011 g, 119.74 mmol) in MeOH (55 mL) and conc. H2SO4 (4.5
mL) was refluxed overnight, neutralized with a saturated aqueous
solution of NaHCOs3, and extracted with CHCIsz (3 x 150 mL). The
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combined organic phases were dried over MgSOa4 and the solvent
removed in vacuo to yield the diester product 1a as a white solid
(16.712 g, yield = 71.5%). "H-NMR (600 MHz, CDCls): & 9.24 (dd,
J=21,0.7 Hz, 1H), 8.39 (dd, J = 8.1, 2.1 Hz, 1H), 8.15(dd, J =
8.1, 0.7 Hz, 1H), 3.98 (s, 3H), 3.93 (s, 3H). "*C-NMR (151 MHz,
CDClz): 6 164.9, 164.8, 150.8, 150.7, 138.3, 128.6, 124.7, 53.2,
52.7.

2,5-Bis(hydroxymethyl)pyridine (2a)

2a was synthesized according to a procedure previously reported
by Kramer et al®® NaBH4 (0.390 g, 10.30 mmol) was added
slowly to a suspension of 1a (0.502 g, 2.57 mmol) in EtOH (10
mL) at 0 °C. The solution was stirred for 1 h at 0 °C, then for 3 h
at room temperature, and finally at reflux overnight. The solvent
was removed and the resulting yellow oil was dissolved in a
mixture of acetone (50 mL) and saturated aqueous solution of
K2COs (50 mL), refluxed for 1 h and the yellow organic phase
collected from a bi-phasic mixture. The solvent was removed and
the crude product purified via dry column vacuum
chromatography (DCVC silica gel, CH2Cl2:MeOH, 7:1 v/v) to yield
the diol 2a as a yellow, hygroscopic oil (0.204 g, yield = 57.0%).
"H-NMR (600 MHz, MeOD-ds): & 8.46 (d, J = 1.6 Hz, 1H), 7.84
(dd, J = 8.0, 2.0 Hz, 1H), 7.54 (d, J = 8.0 Hz, 1H), 4.70 (s, 2H),
4.65 (s, 2H). "*C-NMR (151 MHz, MeOD): & 161.2, 148.1, 137.6,
137.3,121.8, 65.4, 62.4.

2-Formyl-5-hydroxymethylpyridine (3a)

3a was synthesized according to a procedure reported by
Dawson et al.®'l Under inert atmosphere, 2a (8.277 g, 59.49
mmol) was dissolved in 1,4-dioxane (80 mL) and H20 (2 mL) and
SeO2 (3.386 g, 30.51 mmol) was added. The mixture was
degassed and heated under argon at 100 °C for 3 h. The solution
was then filtered through a celite pad (30 mL dioxane wash),
reduced in volume to ~ 5 mL, and purified via DCVC (silica gel,
hexane:ethylacetate, gradient 50:50 to 25:75 v/v). The fractions
of the product were combined, and solvent removed in vacuo to
yield 3a as a pale yellow solid (6.633 g, yield = 81.3%). "H-NMR
(600 MHz, CDCl3): 8 10.1 (d, J = 0.8 Hz, 1H), 8.77 (dd, J = 2.0,
0.7 Hz, 1H), 7.97 (dd, J = 8.0, 0.7 Hz, 1H), 7.90 (dq, J = 8.0, 2.1,
0.8 Hz, 1H), 4.87 (s, 2H, CH2). 3C-NMR (151 MHz, CDCls): &
193.2, 152.4, 148.8, 140.9, 135.4, 121.8, 62.5.

5-Hydroxomethyl-di-(2-pycolyl)amine (4a)

To a solution of 2-picolylamine (0.179 g, 1.65 mmol) in MeOH (20
mL), a solution of 3a (0.229 g, 1.67 mmol) in MeOH (20 mL) was
added at 0 °C, stirred for 1 h at room temperature and NaBH4
(0.063 g, 1.66 mmol) was added at 0 °C. The reaction was stirred
at room temperature overnight. A minimal volume of H20 was
added and MeOH was removed in vacuo. The solution was
acidified with conc. HCI to pH ~ 4 and extracted with CH2Cl2 (6 x
20 mL). NaHCO3 was slowly added to the aqueous layer to reach
pH ~ 8, extracted with CH2Cl2 (3 x 100 mL) and the combined
organic layers were dried over MgSO4. The solvent was removed
to afford 4a as a yellow oil (0.170 g, yield = 44.9%). "H-NMR (600
MHz, CDCls): & 8.56 (dq, J = 4.9, 1.5, 0.8 Hz, 1H), 8.53 (d, J = 1.8
Hz, 1H), 7.67 (dd, J = 8.0, 2.2 Hz, 1H), 7.64 (td, J = 7.6, 1.8 Hz,
1H), 7.37 (d, J = 7.9, Hz, 1H), 7.35 (d, J = 7.9 Hz, 1H), 7.16 (qd,
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J=7.4,4.9,0.9 Hz, 1H), 4.71 (s, 2H), 3.99 (s, 2H), 3.97 (s, 2H).
13C-NMR (151 MHz, CDCls): 5 195.8, 149.4, 148.3, 136.6, 135.6,
122.4,122.3,122.2, 63.0, 54.8, 54.62.

5-Hydroxomethyl-tris-(2-pycolyl)amine (5a)

4a (0.130 g, 0.57 mmol) was dissolved in CH3CN (15 mL) and
stirred with NaHCOs (0.097 g, 1.15 mmol). 2-pycolylchloride
(0.072 g, 0.57 mmol) in CHsCN (15 mL) was added dropwise and
the mixture was stirred at 50 °C for 72 h. The solution was filtered
and the filtrate evaporated to afford 5a as a brown oil. (0.135 g,
yield = 74.4%) 'H-NMR (600 MHz, CDCls): & 8.51 (dq, J = 4.8,
1.6, 0.8 Hz, 2H), 8.47 (d, J = 1.7 Hz, 1H), 7.69 (dd, J = 8.0, 2.2
Hz, 1H), 7.64 (td, J = 7.7, 1.8 Hz, 2H), 7.57 (d, J = 2.7 Hz, 2 H),
7.55(d,J=2.9Hz, 1H),7.13 (qd, J=7.4,4.9, 1.1 Hz, 2H), 4.68
(s, 2H), 3.85 (s + s, 6H).

5-Chloromethyl-tris-(2-pycolyl)amine (6a)

A modification of the literature procedure by Sprakel et al. was
employed.? A solution of 5a (0.396 g, 1.24 mmol) in CHCIs (5
mL) was added dropwise at 0 °C to a solution of SOCI2 (0.450 mL,
6.18 mmol) in CHCIz (10 mL) and stirred overnight at room
temperature. The solvent was removed in vacuo and the green
product was dissolved in THF (5 mL) and DIPEA (0.808 mL) and
stirred under argon for 3 h at room temperature and filtered
through a celite pad (25 mL THF wash). Solvent was removed in
vacuo to yield 6a as a brown solid. (0.381 g, yield = 90.9%) H
NMR (600 MHz, CDCls): 6 8.54 (dq, J = 4.8, 1.8, 0.9 Hz, 2H), 8.52
(d, J = 1.9 Hz, 2H), 7.69 (dd, J = 8.1, 2.3 Hz, 1H), 7.65 (id, J =
7.7, 1.8 Hz, 2H), 7.60 (d, J = 8.1 Hz, 1 H), 7.56 (d, J = 7.8 Hz, 2
H), 7.14 (qd, J = 7.4, 4.9, 1.2 Hz, 2H), 4.56 (s, 2H), 3.89 (s, 2H),
3.88 (s, 4H).

5-Azidomethyl-tris-(2-pycolyl)amine (7a)

To a solution of 6a (0.381 g, 1.12 mmol) in CH3CN (20 mL), NaN3
(0.219 g, 3.37 mmol) was added. The mixture was stirred in the
dark at 50 °C overnight, filtered through a celite pad and solvent
removed. The product was dissolved in CHCI3 (20 mL) and
washed with H20 (3 x 10 mL). The organic phase was dried to
yield 7a as a brown solid (0.148 g, yield = 38.3%) 'H NMR (600
MHz, CDCl3): & 8.54 (dq, J = 7.2, 2.3, 1.2 Hz, 2H), 8.47 (s, 1H),
7.66 (td, J =11.5, 2.7 Hz, 4H), 7.63 (d, J = 2.8 Hz, 4H), 7.56 (d, J
=11.6 Hz, 2 H), 7.15 (qd, J = 11.1, 7.4, 1.7 Hz, 2H), 4.35 (s, 2H),
3.90 (s, 2H), 3.89 (s, 4H).

Route B: Synthesis of N-6-(azidomethyl)pyridine-N-di-(2-
picolyl)amine (6N3-TPMA)

Synthesis of di-(2-picolyl)amine (DPA)

Di-(2-picolyl)amine was synthesized according to a procedure
reported by Hamann et al®® To a solution of 2-picolylamine
(2.011 g, 18.6 mmol) in MeOH (10 mL), a solution of 2-
pyridinecarboxaldehyde (2.025 g, 18.9 mmol) in MeOH (10 mL)
was added dropwise at 0 °C. The solution was stirred for 1 h at
room temperature, NaBH4 (0.704 g, 18.6 mmol) was added slowly
at 0 °C and stirred at room temperature overnight. A minimal
volume of water was added and MeOH was removed in vacuo.
The solution was acidified with conc. HCI to pH ~ 4 and extracted
with CH2Cl2 (6 x 20 mL). Na2CO3 was added slowly to the
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aqueous layer until a pH ~ 10 was reached. The product was
extracted with CH2Cl2 (3 x 25 mL) and the combined organic
layers dried over MgSOa. Solvent was removed in vacuo to yield
DPA as a yellow oil. (1.761 g, yield= 47.5%). "H-NMR (600 MHz,
CDClz): 8 8.55 (dq, J =4.9,1.9,1.0 Hz, 1H), 7.64 (td, J = 7.7, 1.9
Hz, 1H), 7.35 (d, J = 7.8 Hz, 1H), 7.15 (qd, J = 7.5, 4.8, 1.2 Hz,
1H), 3.98 (s, 2H). *C-NMR (151 MHz, CDCls): 5 159.6, 149.2,
136.3, 122.2, 121.8, 54.7. ESI-MS: m/z caled 200.1 [M + HJ*;
found 200.1.

N-6-(chloromethyl)pyridine-N-di-(2-picolyl)amine (1b)

1b was prepared according to the method reported by Pope et al.
with  slight modification®™ To a solution of 2,6-
bis(chloromethyl)pyridine (0.505 g, 2.86 mmol) in CH3CN (15 mL),
NaHCOs (0.241 g, 2.87 mmol) was added, followed by 1 eq. of di-
(2-picolyl)amine (0.571 g, 2.86 mmol) in CH3CN (15 mL). The
mixture was stirred at 50 °C overnight and monitored by 'H-NMR.
The solution was filtered and the filtrate evaporated to dryness.
The orange, oily residue was purified by column chromatography
(silica gel, CH2Cl2:MeOH, 95:5 v/v). Fractions of 1b were
combined and the solvent removed to afford a yellow solid (0.349
g, yield = 36.0%). "H-NMR (600 MHz, CDCls): & 8.53 (dq, J = 4.8,
1.7,0.9 Hz, 2H), 7.68 (t, J = 7.7 Hz, 1H), 7.65 (td, J = 7.7, 1.8 Hz,
1H), 7.57 (d, = 7.8 Hz, 2H), 7.54 (d, J = 7.7 Hz, 1H), 7.32 (d, J
=7.6 Hz, 1H), 7.14 (qd, J = 7.4, 4.9, 1.1 Hz, 2H), 4.64 (s, 2H),
3.90 (s, 4H), 3.89 (s, 2H). 3C-NMR (151 MHz, CDCls): & 159.4,
156.0, 149.2, 137.6, 136.6, 123.1, 122.3, 122.1, 121.1, 60.3, 60.0,
47.0. ESI-MS: m/z calcd: 361.1 [M+H]*; found: 361.1.

N-6-(azidomethyl)pyridine-N-di-(2-picolyl)amine (2b)

To a solution of 1b (0.349 g, 1.03 mmol) in CH3CN (15 mL), NaNs
(0.214 g, 3.29 mmol) was added, stirred in the dark at 50 °C
overnight, filtered over a celite pad and evaporated to dryness.
The product was dissolved in CHCIz (20 mL) and washed with
H20 (3 x 10 mL). The organic phase was dried to yield 2b as a
brown solid (0.097 g, yield = 27.4%). '"H-NMR (600 MHz, CDCls):
0 8.53 (d, J =4.4 Hz, 2H), 7.68 (t, J = 7.7 Hz, 1H), 7.65 (td, J =
7.6, 1.8 Hz, 2H), 7.58 (d, J = 7.7 Hz, 2H), 7.54 (d, J = 7.7 Hz, 1H),
7.18 (d, J =7.6 Hz, 1H), 7.14 (q, J = 6.3, 5.0 Hz, 2H), 4.44 (s, 2H,
CHz), 3.88 (d, 6H, CH2). "*C-NMR (151 MHz, CDCls): 5 159.8,
159.5, 155.2, 149.3, 137.5, 136.6, 123.1, 122.3, 122.2, 120.3,
60.4, 60.1, 55.8. ESI-MS: m/z calcd: 368.2 [M+Na]*; found: 368.2.
Crystal Data. for [Cu(6N3-TPMA)(NO3)](NO3)-%2CH3CN:
C20H20.5Ng.50sCu (M =553.50 g/mol): triclinic, space group P1 (no.
2), a= 10.6029(2) A, b= 14.9442(4) A, c= 15.8857(4) A, a=
68.947(2)°, B = 82.439(2)°, y = 82.246(2)°, V = 2318.19(11) A3,
Z= 4, T= 100.00(10)K, u(CuKa)= 1.855 mm™", Dcac=
1.586 g/cm?®, 21435 reflections measured (8.45° < 260 < 153.396°),
9502 unique (Rint = 0.0269, Rsigma = 0.0350) which were used in
all calculations. The final R1 was 0.0350 (I > 20(l)) and wR2 was
0.0914 (all data). Supplementary crystallographic data for this
paper (CCDC 1939154) can be obtained free of charge from The
Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Click reactions

Oligonucleotide synthesis and purification

Alkyne-modified TFOs and dsDNA targets were synthesised by
solid phase synthesis using an automated DNA synthesiser
(Applied Biosystems 394) according to standard methods.
Coupling efficiencies were monitored by the trityl cation
conductivity monitoring facility and were greater than 98% for all
oligonucleotides (ODNs). Modified phosphoramidites such as
Mod A, B and C were purchased from Glen Research and Mod D
from Berry and Associates.  5-(1-propargylamino)-dU
phosphoramidite as well as thiazole orange was synthesised
according to previously determined conditions.“¥ ODNs were
deprotected and cleaved in standard aqueous ammonia by
heating for 5 h at 55 °C and were purified by gradient reverse
phase HPLC (C8 size exclusion column) in 0.1 M
Triethylammonium acetate (TEAA) buffer with 50% CH3CN.
Gradients of 10-40% over 20 minutes were used with 4 mL/min
flow rate before desalting using NAP-25 (GE Healthcare). Purity
of TFOs and dsDNA were analysed by ESI-MS (C-3). TFOs
containing pdU were labelled with TO following a procedure by
Walsh et a8l

CuAAC ‘click’ reaction of TFOs with AMN-ligands

The CuAAC reactions were performed according to the
Lumiprobe  protocol  for click-chemistry labeling  of
oligonucleotides with minor modifications. In a final volume of 3
mL (50:50, H.0:DMSO), 60 nmols of the alkyne-modified TFOs,
90 nmols of azide-modified ligand (6N3-TPMA, 5N3-TPMA or 4Ns-
Benzyl-DPA) and 1.5 umols of Na-L-asc were added. Reaction
mixtures were degassed with nitrogen and 1.5 pmol of Cu-TBTA
complex in DMSO (55% aqueous solution) was added. Solutions
were further degassed, stirred overnight, quenched with 30 pmol
of EDTA and desalted using NAP-25 columns. The volume was
reduced and clicked TFOs were purified by gradient (0.1 M
NH4OAc + 50% CH3CN in NHsOAc) reverse phase HPLC (C8 size
exclusion column) to yield the final products (33-67%). Purity of
the AMN-TFOs were determined by ESI-MS (Appendix C-3 and
C-4).

Triplex formation studies

Thermal melting of the TFO triplexes in absence and
presence of Cu(ll). Solutions for thermal melting analysis
containing 5 uM TFO and 2 uM target duplex (2.5:1 TFO:duplex)
were prepared in a final volume of 100 uL buffer (10 mM PO4%,
150 mM NaCl, 2 mM MgClz, pH ~ 6). Prior to analysis, TFOs and
target duplexes were denatured by heating to 90 °C (10 °C/min,
2 min hold) and reannealed at 12 °C (0.5 °C/min, 20 min hold). In
experiments containing Cu(ll), 5 uM Cu(ClO4)2 was added at this
point (1:1 ratio with TFO). Thermal melting analysis was recorded
at 260 nm using Starna black-walled quartz cuvettes with tight-
fitting seals in the range of 12-90 °C (0.5 °C/min, 2 min hold). A
total of three heating ramps were carried out and Twm calculated as
an average of the first derivative of the sigmoidal regression fit of
the triplex melting curve on Graphpad Prism® 6.0 software.
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DNA damage studies

Stock solutions of AMN-TFOs and target duplexes were initially
prepared in nuclease-free water and further dilutions prepared in
reaction buffer (10 mM PO.%, 150 mM NaCl, 2 mM MgClz, pH ~
6). 1 eq. of Cu(ll) (Cu(ClO4)2) was added to the AMN-TFO stock
solutions and incubated for 15 minutes prior to further use.

Cleavage efficacy of AMN-TFO hybrids

In a total volume of 5 uL, a target DNA duplex sequence (52 bp,
1.25 pmol) was exposed to increasing eq. of TFO4CIl in the
presence of Na-L-asc (3.125 mM). Reaction mixtures were
vortexed and incubated at 37 °C for 6 h, quenched with 6X loading
dye and loaded onto a 20% polyacrylamide gel (50 mM Trizma, 5
mM MgClz, pH ~ 6). Electrophoresis was carried out at 70 V for 6
h in Trizma buffer (50 mM, pH ~ 6) and post-stained with
SybrGold.

Catalytic activity of AMN-TFO hybrids

A target DNA duplex sequence (52 bp, 1.25 pmol) was exposed
to TFO4CII (31.25 pmol) in the presence of increasing equivalents
of Na-L-asc for 6 h at 37 °C with electrophoresis and staining
carried out as previously stated.

qPCR analysis of catalytic activity

A 113 bp region of the pCSanDI-HYG plasmid (containing the
target site for TFO4) was amplified by PCR (forward primer: 5'-
AAAGGGAGCCCCCGATTTAG-3 and reverse primer: 5-
GTGACCGCTACACTTGCCA-3’) and amplicons purified using
Monarch® PCR & DNA clean-up kit (NEB, T1030). In a total
volume of 12 uL, the target DNA duplex (113-mer, 1.25 pmol) was
exposed to each hybrid material (31.25 pmol of either TFO4CI,
TFOA4CII or TFOACII) in the presence of increasing equivalents
of Na-L-asc. Reaction mixtures were vortexed. Att=0 h, 6 uL of
the reaction volume was quenched with EDTA (90 nmol) and kept
as a control. The remaining 6 puL was incubated at 37 °C for 6 h
(target) prior to addition of EDTA. Control and target samples
were diluted (1:10%) and qPCR analysis was performed over 45
cycles (LightCyler 480 Il). Each sample was prepared as per kit
protocol using LightCycler 480 SYBR green | master kit (Roche,
04887352001). The change in threshold cycle (Ct) between the
target (6 h) and control sample (0 h) (target Cr — control Cr) was
calculated (ACrt). ACt were plotted as linear values (2*°T). The 2-
ACT values were normalised to the untreated duplex yielding a 2-
AACT plot,

Target and off-target cleavage discrimination. In a total
volume of 5 ulL, a mixture of target and off-target (no triplex
recognition) DNA duplex sequences was exposed to 25 eq of
each hybrid material (TFO3AI, TFO4Alll, TFO4BI, TFO4CII or a
1:1 mixture of free Cu-TPMA and TFO4C) in the presence of
increasing equivalents of Na-L-asc for 6h at 37 °C.
Electrophoresis and staining was carried out as previously stated.

pCSanDI-HYG cleavage efficacy. In a total volume of 5 pL,
pCSanDI-HYG (200 ng, 0.05 pmol) was treated with 250 eq of
TFOA4CIl in the presence of increasing concentrations of Na-L-asc
(50-800 eq to TFOA4CII) for 6 h at 37 °C. Reactions were
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quenched with 6X loading dye and loaded onto a 1% agarose gel
containing 10 uL SYBR Safe and subjected to electrophoresis at
70 V for 3 h in TAE buffer (1X).

pCSanDI-HYG cleavage in the presence of ROS scavengers.
In a total volume of 5 pyL, pCSanDI-HYG (200 ng, 0.05 pmol) was
treated with 250 eq of TFO4CII and increasing concentrations of
Na-L-asc (50-800 eq to TFOA4CII), in the presence of 10 mM
scavenging species 4,5-dihydroxy-1,3-benzenedisulfonic acid
(tiron), D-mannitol, L-histidine and L-methionine. Reactions were
vortexed and incubated at 37 °C for 6 h. Agarose gel
electrophoresis carried out as above.
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