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We present Zn2+-dependent dimethyl-dipyridophenazine PNA conju-
gates as efficient RNA cleaving artificial enzymes. These PNAzymes
display site-specific RNA cleavage with 10 minute half-lives and cleave
clinically relevant RNA models.

Modified oligonucleotides (ONs) such as gapmer antisense
(ASO) and small interfering RNA (siRNA) technologies are
powerful therapeutics used in the treatment of life-threatening
diseases."” Both strategies rely on the recruitment of endogen-
ous enzymes (RNase H or RISC complex, respectively), which
results in cleavage of the RNA targets." The complexes of RNA
with these ONs must be recognised as substrates for the
respective enzymes, which limits the modifications that can be
incorporated.’” The chemical design of these ONs is, in turn,
linked to issues affecting these technologies such as off-target
effects and sequence- and chemistry-dependent toxicity.>* The
reliance on cellular enzymes can also lead to non-specific
toxicity due to the saturation of endogenous RNA processing
pathways.’

Oligonucleotide-based artificial (ribo)nucleases (OBANs)®® aim
to offer an alternative technology for the reduction of RNA levels,
independent of endogenous enzymes. These artificial constructs
consist of an ON backbone and a covalently linked “molecular
scissors” moiety, which together ensure sequence-specific target
recognition followed by catalytic cleavage of the RNA target.” ™"
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Three types of artificial ribonucleases have been investigated in
recent years, including Cu®* or Zn** cofactor dependent PNA-
neocuproine conjugates (PNAzymes),'>"® metal independent tris
(2-aminobenzimidazole}DNA/LNA mixmer conjugates,'®"” and
peptidyl-oligonucleotide conjugates (POCs) that consist of hairpin
DNA or 2’-OMe ONs and a catalytic arginine and leucine-rich
peptide.®*° The metalfree systems, although attractive due to
their promise of self-reliance, suffer from low rates of RNA
cleavage'®*® and the aforementioned POCs require assistance from
cellular enzymes (RNase H) to achieve turnover of the substrate.”
Cu®*-Dependent PNAzymes cleave their RNA targets site-specifically
with halflives in the 20-30 minute range and also give
turnover.'>'*'> However, Cu”* PNAzymes are not ideally suited
for therapeutic applications, since a sufficient copper ion concen-
tration is required to maintain their activity, while free copper is
virtually not available in cells.”" Zn>* is an attractive cofactor for
artificial nucleases due to its presence in various concentrations in
intracellular fluids.>** Despite the inferior RNA cleavage kinetics
displayed by Zn®"-neocuproine PNAzymes'® compared to their
Cu**-dependent counterparts,'>'*"> the great potential of biocom-
patible artificial ribonucleases warrants further research into Zn**-
dependent PNAzymes.

Herein, we report on Zn>"-dimethyl-dipyridophenazine (dppz) as
“molecular scissors” conjugated to PNA, creating novel biocompa-
tible Zn>* PNAzymes. Initially, 3,6-dimethyl-dipyrido[3,2-a:2’,
3'-cJphenazine)-11-carboxylic acid was synthesised and conjugated
to a PNA designed to target a leukaemia-related ber/abl mRNA
model (RNA 1, Fig. 1a) (see ESL¥ S1 and S2). The placement of
“molecular scissors” in a central part of the RNA/PNAzyme complex
ensures that the cleavage of the RNA leaves the complex destabi-
lised and prone to dissociation, which in turn facilitates turnover of
the substrate.”” However, the formation of a double strand creates a
barrier for RNA cleavage since RNA is cleaved significantly more
slowly in a double strand than a single strand.?® This is likely due to
an energy penalty from disruption of hydrogen bonding required to
achieve the conformational change needed for the intramolecular
attack of the 2’-OH group on the vicinal phosphodiester. Therefore,
partial complementarity is exploited to force the formation of a
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Fig. 1 Schematic representations of PNAzyme | complexes with (a) RNA 1
and (b) RNA 2 where single stranded RNA bulges of 4 or 3 adenosine
nucleotides are formed. lon-exchange HPLC chromatograms showing the
extent of cleavage of (c) RNA 1 (51 &+ 2% in 3 h) and (d) RNA 2 (44 + 2% in
50 min) after incubation at 37 °C, pH 7 and 4 uM RNA/PNAzyme concen-
tration in the presence of 100 pM Zn>*.
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more cleavage-prone single-stranded bulge region in the RNA,
adjacent to the “molecular scissors” moiety.

In the RNA 1/PNAzyme I complex, a 4-nucleotide AAAA bulge
is formed in the RNA (Fig. 1a). Cleavage of RNA 1 was observed
in the presence of equimolar Zn** PNAzyme I with a half-life of
3 hatpH 7 at 37 °C (Fig. 1¢). A significantly higher cleavage rate
was observed for RNA 2, where a 3-nucleotide AAA bulge
(Fig. 1b) was cleaved with a 1 h half-life at a single site
(Fig. 1d). In prior reports, these RNAs were cleaved at multiple
sites by the Zn**-neocuproine PNAzyme with ca. 12 and 24 h
half-lives, while 7-8 h cleavage half-lives were achieved for the
most rapidly cleaved RNA target sequences."’ As such, the Zn**
dimethyl-dppz PNAzyme shows unprecedented efficiency and
specificity for Zn>*-dependent artificial ribonucleases.

The RNA/PNAzyme complex that leads to this efficient site-
specific RNA cleavage is likely to be governed by potential
interactions that the novel “molecular scissors” can have with
the RNA nucleobases. Aromatic heterocycles containing large
rigid hydrophobic surfaces such as dppz are known intercala-
tors, and thus prone to interact by stacking on to the hetero-
cyclic bases in nucleic acids.”” In fact, intercalative binding
between dppz and nucleic acids has been utilised in various
applications.>* ! Increased rigidity and interactions with the
dimethyl-dppz chelating moiety can result in pre-organisation
of the RNA bulge, potentially making the bulge more suscep-
tible to cleavage and possibly also helping to optimise the
position of the metal ion to allow for more efficient catalysis.
The presence of interactions involving dimethyl-dppz was con-
firmed by thermal melting analysis, which showed an increase
in the RNA/PNA melting temperature from 52 to 56 °C in the
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Fig. 2 (a) Schematic representation of PNAzyme | complexes with
3-nucleotide bulge-forming RNAs 2-16 and the extent of RNA cleavage
observed for each bulge sequence. (b) RNA 3 degradation curve in the
presence of Zn%* PNAzyme | at pH 7. (c) Representative chromatogram of
turnover experiments where the mean cleavage of RNA 13 in 6 experi-
ments was 86 + 4%.

presence of the covalently linked dimethyl-dppz moiety (see
ESL T S1). A prominent change was also observed in the CD
spectrum, where the presence of dimethyl-dppz was clearly
shown to affect the interaction in the complex (see ESI,} S1).
The sequence of the RNA bulge is highly likely to influence
the interactions in the vicinity of the cleavage site. The rate of
RNA cleavage was indeed improved further when the AAA bulge
was replaced with AUA, GUA or UUA bulges (RNA 3, 11, 13,
Fig. 2a). The observed half-lives were now as low as 16 minutes,
making the Zn** dimethyl-dppz PNAzyme presented herein the
most efficient oligonucleotide-based artificial ribonuclease
reported, showing unprecedented activity and site-specificity
for Zn**-dependent systems'® and displaying rates even higher

This journal is © The Royal Society of Chemistry 2021
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than the most efficient Cu®" based systems."”'*™ The UA
internucleosidic phosphate linkage was confirmed as the site
of cleavage by ESI-MS analysis in the most rapidly cleaved
RNA targets. The central uridine in the bulge provides the
2/-hydroxyl nucleophile for attack on the adjacent phosphodie-
ster bond in the cleavage site, leading to the formation of the
2/,3'-cyclic phosphate in the longer fragment, while the adeno-
sine 5’-hydroxyl is the leaving group in the shorter fragment
(ESI-MS data presented in ESI,t S1). The degradation curve for
the cleavage of RNA 3 by PNAzyme I is depicted in Fig. 2b and
the characteristic cleavage patterns for RNAs 2-16 are shown in
ESI, T S3.

The critical importance of the artificial enzyme as well as the
metal cofactor was demonstrated, as the RNA remained intact
even after 24 h of incubation if either the PNAzyme or Zn>* ions
were absent (see ESL T S4). The PNAzyme was shown to give
turnover of the RNA substrate, as 86 + 4% of RNA 13 was
cleaved in 6 h when the RNA was present in a 33-fold excess
compared to the PNAzyme (Fig. 2c).

Zn**-Dependent PNAzyme I-promoted cleavage of RNA 3
displayed a pH-rate profile with a distinctive bell shape and
an optimum at pH 7.4, where the estimated half-life of RNA
cleavage was 10 minutes (Fig. 3a). This amounts to a 40-50-fold
reduction in the cleavage half-life compared to Zn>'-
neocuproine PNAzymes at the same pH.'? The bell-shaped
pH-rate profile obtained for the PNAzyme-mediated RNA clea-
vage is indicative of acid-base catalysis, where one part is
deprotonation of the 2’-OH nucleophile and the other part is
protonation of the leaving 5’-oxygen. Varying the buffer concen-
tration at the same pH did not affect the rate (see ESL T S5)
which suggests that general base catalysis is not present and
that the deprotonation equilibrium of the 2'-OH, i.e. specific
base catalysis, is responsible for the increase in rate of cleavage
between pH 6.8 and 7.4.>* A further increase in pH from 7.4 to
8.0 leads to a decrease in the rate which fits with the shifting of
the equilibrium of the metal-aqua complex (that can protonate
the 5'-O leaving group) towards the inactive metal-hydroxide.**
It has been suggested that zinc aquo ions can exert general acid
catalysis in this fashion while forming a six-membered ring
(O-P-0-Zn**-0-H) complex that can protonate the leaving
group.®® A hypothetical mechanism involving a pre-equilibrium
deprotonation followed by general acid catalysis by the metal

6.8 70 72 74 76 7.8 8.0
pH oo

Fig. 3 (a) pH-Rate profile for RNA 3 cleavage by Zn** PNAzyme . (b)
Hypothetical mechanism for the acid—base catalysis of cleavage of RNA by
Zn?* dimethyl-dppz-PNAzymes.
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aquo ion can be envisaged (Fig. 3b). This mechanism could be
favoured, since the 5’-O leaving typically is limiting for non-
catalysed cleavage, but other options can be considered: (1)
deprotonation of the 2'-OH via coordination (direct or mediated
by a water molecule) (2) coordination to water and hydroxide, the
latter deprotonating 2-OH and the former replaced by the
phosphate to assert Zn>" Lewis acid catalysis. Steric aspects may
here become limiting, but it would fit the pH rate profile as
deprotonation of the water prevents phosphate binding and
eliminates catalysis.

Moreover, further factors, such as interactions of the chelate
with nucleobases, positioning of the chelate etc. are likely to be
important, but more structural information is needed to eluci-
date more details of the mechanism.

An important aspect of the PNAzymes is their adaptability to
different target sequences, including clinically relevant thera-
peutic targets. PNAzymes could have diverse applications in
disease therapy as well as molecular biology research, but the
sensitivity to small structural changes in the RNA/PNAzyme
complex increases uncertainty around whether it is possible to
design a PNAzyme towards a desired target. In order to demon-
strate the possibility to tailor PNAzymes for the cleavage of
clinically relevant RNA sequences, we investigated a Plasmo-
dium falciparum (malaria parasite) mRNA model as well as a
SARS-CoV-2 genomic RNA model as targets for Zn>" PNAzymes.
We selected suitable targets with partial sequence similarities
to our most rapidly cleaved RNA models, particularly the bulge
sequence and the bulge closing base pairs. RNA 17 (Fig. 4a) is a
model target from the Plasmodium falciparum exported protein
1 (EXP1) transcript which encodes an integral membrane
protein essential for nutrient uptake.***> RNA 18 (Fig. 4b) is a
fragment originating from the genomic RNA of SARS-CoV-2 that
encodes a viral protease (betacoronavirus papain-like protease,
SCoV2-PLpro) which is essential for processing viral polypro-
teins required for a functional replicase complex that enables
viral spread.*® The cleavage of the Plasmodium falciparum
mRNA fragment as well as the SARS-CoV-2 genomic RNA
fragment by the corresponding PNAzymes proceeded as effi-
ciently as the most rapidly cleaved RNA models above
(Fig. 4c-e). As such, the Zn** PNAzymes are proving to be
efficient and versatile agents that can be designed to cleave
various RNA targets in a sequence and site-specific manner.

PNAzyme reliance on a sufficient local concentration of the
metal cofactor is a requirement for efficient activity (see Zn**
dependence in ESILt $6, which is similar in the Zn®*" neocu-
proine systems®'?). The cellular Zn>* can vary (0.2-0.3 mM on
average, but most of it tightly bound),*>** while some disease
conditions are associated with significantly elevated Zn**
levels.>”*® Malaria is a particularly interesting candidate for
future PNAzyme developments, as extreme accumulation of
zinc ions has been detected in malaria-infected red blood cells
(1 mM average cellular Zn**), where free Zn>" is required for
parasitic growth.>” We hope that these findings encourage
further research into Zn** PNAzymes as biocompatible artificial
ribonucleases that can be used as tools for molecular biology
research or as candidates for therapeutic intervention.
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Fig. 4 Schematic representations of PNAzymes Il and Il in complex with
their respective clinically relevant RNA targets (a) a Plasmodium falciparum
(malaria parasite) mMRNA model target RNA 17 and (b) a SARS-CoV-2
genomic RNA model target RNA 18. (c) The extent of cleavage of RNA
17 and 18 by PNAzymes Il and lll, respectively. lon-exchange HPLC
chromatograms showing the extent of cleavage of (d) RNA 17 (58 + 2%)
and (e) RNA 18 (54 + 2%) after 20 minutes of incubation at 37 °C, pH 7 and
4 uM RNA/PNAzyme concentration in the presence of 100 uM Zn?*
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