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ABSTRACT

Antisense  sequence-specific  knockdown of
pathogenic RNA offers opportunities to find
new solutions for therapeutic treatments. However,
to gain a desired therapeutic effect, the multiple
turnover catalysis is critical to inactivate many
copies of emerging RNA sequences, which is
difficult to achieve without sacrificing the sequence-
specificity of cleavage. Here, engineering two or
three catalytic peptides into the bulge-loop inducing
molecular framework of antisense oligonucleotides
achieved catalytic turnover of targeted RNA. Dif-
ferent supramolecular configurations revealed that
cleavage of the RNA backbone upon sequence-
specific hybridization with the catalyst accelerated
with increase in the number of catalytic guanidinium
groups, with almost complete demolition of target
RNA in 24 h. Multiple sequence-specific cuts at
different locations within and around the bulge-loop
facilitated release of the catalyst for subsequent
attacks of at least 10 further RNA substrate copies,
such that delivery of only a few catalytic molecules
could be sufficient to maintain knockdown of typical
RNA copy numbers. We have developed fluorescent
assay and kinetic simulation tools to characterise
how the limited availability of different targets and
catalysts had restrained catalytic reaction progress
considerably, and to inform how to accelerate the
catalytic destruction of shorter linear and larger
RNAs even further.

GRAPHICAL ABSTRACT
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INTRODUCTION

RNA plays a pivotal role in transforming biology from
health to disease due to its involvement in many biolog-
ical pathways, including transcriptional and translational
regulation (1), epigenetic memory (2), RNA splicing (3)
and retroviral replication (4). The importance of RNAs
in initiation and development of pathophysiology in hu-
mans (5) (cancer (6-8), inflammation (9), neurodegenera-
tion (10,11) or persistent intracellular infections (12)) has
sparked rapidly growing interest in sequence-specific target-
ing of disease-relevant RNAs (e.g messenger RNA tran-
scripts encoding pathogenic proteins, non-coding RNAs
involved in cellular signalling pathways, or viral genomic
RNAs).

Knockdown of gene expression by RNA silencing is
widely used to study complex biological processes (13,14)
including disease origin, initiation and progression. Suc-
cess here is leading to a new class of therapeutic inter-
ventions (15-17) to confront diseases ‘upstream’ by tar-
geting their genomic origin, with precise molecular de-
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struction of pathogenic RNAs before they translate into
the disease. Over recent decades, powerful and versatile
sequence-specific interventions, such as siRNAs (18-24)
CRISPR (25-27) and antisense oligonucleotides (ASOs)
(28-41) have emerged for genome editing and for manip-
ulation of gene expression, reliant upon the precision of
Watson-Crick base-pairing between short RNA or DNA
guide sequences and target nucleic acids. Recent advances
have enhanced their serum stability, safety profiles and
improved cell-targeting capabilities (22-26,31). Successful
oligonucleotide therapeutics include three siRNA drugs re-
cently approved by FDA (patisiran (28), givosiran (29) and
lumasiran (30)) and further seven candidates in Phase 3
clinical trials (31). Eleven antisense oligonucleotide-based
therapeutics have broken into the pharmaceutical market
(32-42), with many others (>100) in advanced stages of
the drug development pipeline. All rely on the recruit-
ment of intracellular enzyme complexes (Cas proteins for
CRISPR, RISC complexes for siRNA and RNase H for
ASOs) and other endogenous cofactors, whose levels fluc-
tuate within and between cell types. The biological cas-
cade triggered by siRNA is complex; it can initiate the
activation of the innate immune response (19) and lead
to off-target effects (18). Saturation of cellular machin-
ery and the subsequent interference with miR NA-mediated
gene regulation has been raised for siRNA (42). CRISPR
was developed for DNA editing and is only recently re-
ported for RNA editing (27,43), albeit with off-target ef-
fects at this stage (44). More developed and simpler ASO-
mediated mRNA knockdown relies upon the rate-limiting
availability of RNase H1 in the cytosol and nucleus, which
varies within and between different cell and tissue types
(45), and may help explain variable therapeutic responses
(46,47). Artificial enzymes may avoid reliance on intracel-
lular enzyme complexes. Chemically-engineered artificial ri-
bonucleases with metal-dependent (Zn(II), Cu(II), Dy(I1I),
Eu(IIl)) cleaving groups demonstrated an enzyme-like ac-
tivity with reaction turnover in RNA cleavage (48-52), but
remained susceptible to uncontrollable metal loss, which
may lead to degradation of non-target biopolymers (53,54)
and trigger cytotoxicity. Biologically-stable derivatives of
PNA oligomers, PNAzymes, incorporating either Cu’*-
2,9-dimethylphenanthroline or tris(2-aminobenzimidazole)
RNA-cleaving constructs also showed multiple substrate
turnover against model synthetic RNA (55-57), but were
never tested against clinically-relevant biological RNAs.
Recently-discovered metal-free peptidyl-oligonucleotide
conjugates (58-66) offer an alternative to post-
transcriptional gene silencing because they cleave func-
tional and regulatory RNA sequences without reliance
on these additional enzymes, endogenous cofactors or
exogenous species (e.g. metal ions). Chemical conjuga-
tion of catalytic peptides and RNA recognition motifs
(antisense oligonucleotides) within the same molecular
scaffold produces self-contained silencing molecules, which
recognize, bind and destroy the RNA target without the
necessity to rely on the larger complexes with ‘external’
guides and enzyme-mediated cleavage. The catalytic
activity of these peptidyl-oligonucleotide conjugates is
provided by short amphiphilic peptides (59-63,65,66),
which contain alternating basic (arginine) and hydrophobic

(leucine) amino acids. Arginine guanidinium groups are
the key players in catalysis (61,62), which appear to act
as proton shuttles (67) through various tautomeric forms,
by facilitating the proton transfer between the attacking
2’-OH, non-bridging phosphate oxygen and departing
5’-hydroxyalkyl group. The merger of the recognition and
catalytic functionalities into the same structure evades the
complexities inherent in existing gene-editing and RNA
silencing approaches, which require Cas9 (for CRISPR),
RISC (for siRNA), RNase H (for antisense) endogenous
cofactors and/or metal ions. Crucially, irreversible cleavage
of pathological and regulatory RNAs allow cellular path-
ways to be switched from ‘diseased’ to ‘normal’ to achieve
therapeutic effect. In this context our pilot structures
(58-60,64) have progressed into such biologically-active
conjugates (61-63,65-66) capable of inhibiting malignant
growth in tumour models (63,66). Recently, we have shown
that ‘hairpin’ peptidyl-oligonucleotide conjugates could
selectively demolish highly-oncogenic microRNA, trigger
apoptosis in cancer cells, inhibit cell invasiveness and
suppress tumour proliferation in vitro (63,66). A single
treatment of tumour cells with such catalytic conjugates
prior to transplantation into mice knocked-out their
malignant properties and continued to inhibit subsequent
tumour growth in vivo (66).

Hitherto, our peptidyl-oligonucleotide conjugates
showed the ability to cleave RNA at two different extremes,
either: (1) sequence-specifically (61-63,65-66,68) by site-
directed cleavage of the regions adjacent to the binding
sites, but without catalytic turnover; or (2) non-specifically
at non-complementary regions, distant from the major
RNA binding region, but with a high level of catalytic
turnover (58-60,64). Precise sequence-specific recognition
of the target, which is essential to avoid toxicity, opposes
the ability of the conjugate to leave RNA after each
cleavage event and achieve the catalytic turnover necessary
for a potent silencing without reliance on variable cellular
machinery. Sequence-specificity has been at the cost of
potency, thus elevating potential dosages, side effects and
costs. Combining these mutually-opposing extremes into a
single molecule is the challenge addressed here.

We recently developed a series of bulge-loop inducing
peptidyl-oligonucleotide conjugates bearing a single stretch
of catalytic peptide acetyl-[LRLRG],-CO,H attached at the
central point of the recognition motif, which hybridized
with target RNA (tRNAP) in a sequence-specific manner
and cut it at multiple positions (69). A short region (2nt—
Snt) in the middle of the recognition motif that was not com-
plementary to the target RNA sequence served two pur-
poses: (a) it forced the RNA to adopt a bulge-loop (B-L)
structure upon hybridization and (b) it allowed the catalytic
peptide to be juxtaposed against the induced RNA bulge-
loop to catalyse cleavage of the exposed single-stranded re-
gion. Flexible attachment of the catalytic peptide via an in-
ternal abasic nucleotide, whether in «- or B-configuration,
promoted effective cleavage of the target tRNAPP at mul-
tiple positions of the induced bulge-loop, and at closely-
located folds, with up to 90% demolition of tRNAPP in 48
h (69).

Here, we achieve catalytic turnover in RNA cleavage
through incorporation of several catalytic peptides into the



same molecular scaffold (see Figure 1A). Earlier postu-
lated RNA backbone transesterification can be catalysed
by the synchronized catalytic action of two guanidinium
groups present in the same molecular scaffold (70), through
the formation of guanidine-guanidinium dyad (Figure 1B).
By raising the number of catalytic arginine residues within
the bulged region of single-stranded RNA, the probability
of forming guanidine-guanidinium dyads catalysing multiple
cuts in the target region was increased. The consequent re-
duction in size of the RNA cleavage products facilitated col-
lapse of the RNA-conjugate complex and released the cata-
lyst to become available for the next attack on target RNA.
This allowed us to achieve the crucial catalytic ‘bind, cleave
and leave’ cycle of a ribonuclease enzyme, but with precise
sequence-specificity that natural ribonucleases lack.

We report a range of ‘bis’ and ‘triple’ bulge—loop in-
ducing conjugates, which carry two or three catalytic pep-
tides attached through the internal abasic sugar residues
via anomeric C1’ carbon either in aa, BB, Pa, a3 or BRR-
configuration. The ‘bis’ and ‘triple’ catalytic activities were
compared with the ‘single’ conjugates reported earlier (69)
both against larger-structured tRNAP" and short linear
RNA targets, which allowed kinetic analysis to character-
ize how catalytic turnover is achieved in a sequence-specific
manner.

MATERIALS AND METHODS
Chemicals, reagents, equipment and facilities

The peptide Ac-Leu-Arg-Leu-Arg-Gly-Leu-Arg-Leu-
Arg-Gly-OH  (Ac-[LRLRG],-CO,H) was purchased
from Biomatik (Cambridge, Ontario, Canada). Modi-
fied oligonucleotide sequences containing two or more
internal abasic nucleotides, with aminohexyl linker at-
tached at C1’ position in a or B-configuration were
purchased from ATDBio Ltd (Southampton, UK). Alpha
and beta aminohexyl phosphoramidite monomers were
purchased from Link Technologies Ltd (Scotland, UK).
Fluorescently-labelled, linear perfect-match target F-Q-
RNA (CGTCCTGTGTTCGATFCCA,C,A,GAATATC
GCACCA?Y, where F is fluorescein and Q is dab-
cyl quencher) was purchased from ATDBio Ltd
(Southampton, UK). A scrambled conjugate (5’-luc-h-9/1:
YCAAGTCTCGTATGTGTCAGCGAAAGCTGAC?,
with the underlined region representing the hairpin) was
synthesized following the previously reported protocol (63)
and was used here as a control for sequence-specificity
of RNA cleavage. The unconjugated oligonucleotide for
the scrambled conjugate was acquired from the Insti-
tute of Chemical Biology and Fundamental Medicine
(Novosibirsk, Russia).

All chemicals and solvents were purchased from Sigma-
Aldrich (UK) unless stated otherwise. Water was puri-
fied by a Milli-Q purification system (Millipore, USA).
Reversed-phase HPLC purification of synthesized peptide
and conjugates was carried out on PerkinElmer (Series
200, ACE 10 C4 250 x 21.2 mm, MA, USA) and Agi-
lent 1100 (Agilent Technologies, Santa Clara, CA) HPLC
systems equipped with diode array detector and Rheodyne
(37251) manual injector on a semi-preparative Phenomenex
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Luna C-18 column (5 pm, 10 x 250 mm, 100 A, Phe-
nomenex; CA, USA). NAP disposable columns prepacked
with Sephadex G-25 DNA grade (GE Healthcare Life Sci-
ences) were used to desalt peptidyl-oligonucleotide conju-
gates. Oligonucleotide concentrations were calculated us-
ing extinction coefficients (see Supplementary Table S1)
for absorbance at a wavelength of 260 nm, recorded on a
Varian Cary 4000 dual beam UV-Vis spectrophotometer
(Australia). '"H NMR spectra were recorded using Bruker
Avance 1+ spectrometers operating at proton frequencies
of 400 MHz using BBI 'H/D-BB Z-GRD Z78202/0347
probe. Bruker Topspin 4.0.3 software was used for data
processing. MALDI (matrix-assisted laser desorption ion-
ization) mass spectra were collected on a Bruker Dalton-
ics Ultraflex TOF/TOF mass spectrometer (MA, USA) at
the Manchester Interdisciplinary Biocentre, University of
Manchester.

The analytical data and full characterization of the gen-
erated peptides and peptidyl-oligonucleotide conjugates are
given in the Supplementary Information (see Supplemen-
tary Figures S1-S9).

Peptide synthesis, purification and characterization

Ac-Leu-Arg-Leu-Arg-Leu-Arg-Gly (Ac-[LR]3G) was syn-
thesized manually using solid-phase peptide synthesis on
Boc-Gly-PAM resin (211 mg, 0.148 mmol). The Boc pro-
tective group was removed by the addition (2 x 15 ml
for 2 and 25 min) of 50% (v/v) trifluoroacetic acid in
dichloromethane (1:1, TFA: DCM). The resin was sub-
sequently washed with DCM (4 x 15 ml) and neutral-
ized with 5% DIPEA in DCM. Before each coupling re-
action, the resin was washed with DCM (3 x 15 ml) and
DMF (1 x 15 ml). The amino acid coupling reactions were
achieved by pre-activating either Boc-Arg(Tos)-OH (193
mg, 0.45 mmol) or Boc-Leu-OH (104 mg, 0.45 mmol) in
DMF (10 ml) with DIPEA (174 mg, 1.35 mmol) and HBTU
(171 mg, 0.45 mmol). The coupling reaction proceeded for
45 min at room temperature under mechanical shaking. Fol-
lowing synthesis, the N-terminus was acetylated through
the addition of acetic anhydride (1.80 mmol) with DIPEA
(1.8 mmol) in DMF (15 mL). The peptide was cleaved from
the resin by treatment with HF in the presence of p-cresol
(0.75 g) and thiocresol (0.25 g) scavenger mixture for 3 h in
an ice bath under constant stirring. After removal of HF,
the crude peptide was precipitated and washed with cold
diethyl ether (2 x 30 ml). Finally, the peptide was extracted
with 10% acetic acid and 80% acetonitrile/0.1% TFA and
then freeze dried.

The synthesized crude peptide was dissolved in 30% (v/v)
acetic acid and purified by reverse-phase (RP) HPLC (ACE
10 C4 250 x 21.2 mm, PerkinElmer Series 200, MA US)
using 0.1% TFA in HPLC-grade water (eluent A) and 0.1%
TFA in acetonitrile (eluent B) with a linear gradient (0-
100%) over 45 min at a flow rate of § ml/min. Following
purification, the peptide was characterized using 'H NMR
spectroscopy (Bruker Avance II + NMR spectrometer, op-
erating at proton frequencies of 400 MHz) and mass spec-
trometry (MALDI-ToF/ToF, spectra collected on Bruker
Daltonics Ultraflex IT mass spectrometer (MA, USA)). An-
alytical data for the Acetyl-[LRLRG],-CO,H peptide has
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Figure 1. (A) Postulated cycle of ‘smart’ catalytic conjugate cleavage of multiple copies of the target RNA molecule. Multiple reaction turnover of RNA
substrates requires a rapid release of the cleaved fragments after each cleavage event to liberate catalytic conjugates from the hybridized complexes and
allow them to attack the next RNA target. (B) Hypothetical mechanism of phosphodiester bond cleavage catalysed by the arginine guanidinium groups
(blue) of the amphiphilic peptide. The synchronized action of two guanidinium groups, through formation of a guanidine-guanidinium dyad, facilitates
the proton transfer between the attacking 2’-OH, non-bridging phosphate oxygen and departing 5°-O group (adapted from (69,70)). A neutral guanidine
group (acting as a general base) deprotonates the 2’-OH group of RNA ribose, leading to the formation of a di-anionic pentaoxyphosphorane intermediate,
while the protonated (positively-charged) guanidinium moiety coordinates the negatively-charged phosphate group through electrostatic interaction, and

acts as an electrophilic activator, thus facilitating the transesterification reaction.



been previously reported in (69); MALDI-TOF and 'H
NMR spectra can be seen in Supplementary Information
(see Supplementary Figures S1 and S2).

Acetyl-[LR];G-COH. MALDI-TOF-MS: m/z = 926
[M+H]", MW = 925 calcd. for [CyoH76N1609]) (Supple-
mentary Figure S3). '"H NMR (Supplementary Figure S4)
(400 MHz, D,0, 25°C, 0.35mM TSP): 3 0.86-0.94 (m, 18H,
Leu-H®), 1.49-1.94 (m, 21H, 6 x Arg-H®, 6 x Arg-H",
6 x Leu-HP, 3 x Leu-H"), 2.02 (s, 3H, CH3), 3.21 (m, 6H,
Arg-H?), 3.84-4.37 (m, 8H, 2 x Gly-H, 6x Leu/Arg-H®).

Conjugate synthesis

The water-soluble lithium salt of the oligonucleotide con-
taining two or three abasic nucleotides was converted
to the cetyltrimethylammonium (CTAB) salt (50 nmol)
soluble in DMSO by dropwise addition of 4% (w/v)
CTAB as previously described (69). This earlier proto-
col was amended to accommodate the higher excess of
peptide over oligonucleotide, where dried peptide dis-
solved in DMSO (100-fold excess, 5 pmol) was pre-
activated using 4-dimethylaminopyridine (DMAP) and N,
N’-dicyclohexylcarbodiimide (DCC) in 1.5-fold excess over
peptide each (7.5 pmol each) at 60°C for 24 h (see Supple-
mentary Figure S5 for synthetic route). The conjugate along
with unreacted starting oligonucleotide were precipitated in
4% (w/v) LiClOy4 in acetone (1.8 ml) for 36 h as described
(69), then excess reagent was removed by size-exclusion
chromatography. In instances where different amounts of
the oligonucleotide were used, the concentration of the pep-
tide, DMAP and DCC were re-scaled accordingly to main-
tain the same molar ratios.

Conjugate purification and characterization

Crude conjugates were purified using RP-HPLC with a 0.05
M LiClOy in water as eluent A and 0.05 M LiCIOy in ace-
tonitrile as eluent B with 2.0 ml/min flow rate of 0% B for
3 min, and 0-100% B over 30 min with absorbance moni-
tored at 260 nm. The identity and purity of conjugates were
confirmed by RP-HPLC, '"H NMR spectroscopy and mass
spectrometry.

BC5-L-BB. RP-HPLC fraction at around 28 min was col-
lected and lyophilized to give a white powder (17 nmol,
34%) (Supplementary Figure S6). Excess salt was re-
moved by size-exclusion chromatography using NAP dis-
posable columns. MALDI-MS: m/z = 11189 [M+Na]*
(MW = 11166 calcd. For [C385H563N1510137P28] (Supple-
mentary Figure S7).'H NMR (Supplementary Figures S8
and S9) (D,O with TSP (0.01 mM), 400 MHz): & 0.79-
0.86 (m, 48H, Leu-H?), 1.16-2.22 (m, 147H, 28 x H2’ and
28x H2” sugar ring protons, 5x CHj of 5x dT, 16x Arg-
HP, 16x Arg-HY, 16x Leu-HP, 8x Leu-H", 12x CH,
(two aminohexyl linker), 2x acetyl-CH3), 3.16 (m, 16H,
16 x Arg-H®), 3.66-4.41 (m,108H, 84 x H4’/H5H5’ sugar
ring protons, 4 x Gly-CH,, 16 x Leu/Arg-H®), 4.99-6.27
(m, 33H, 28 x H1’ sugar ring protons, 5 x H5 of dC), 7.23—
8.47 (m, 34H, 34 x Ar-H from dG(H8 x 8), dA(H8 x 8),
dA(H2 x 8), dC(H6 x 5) and dT(H6 x 5)). H3’ sugar ring
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protons (3.6—4.4 ppm) were not analysed due to suppression
of the residual water signal at 4.10 ppm.

BC5-L-aa. RP-HPLC fraction at around 28 min was col-
lected and lyophilized to give a white powder (16 nmol,
32%) (Supplementary Figure S6). Excess salt was re-
moved by size-exclusion chromatography using NAP dis-
posable columns. MALDI-MS: m/z = 11190 [M+Na+H]*
(MW = 11166 calcd. For [C385H563N1510187P28]) (Supple-
mentary Figure S7).'"H NMR (Supplementary Figure S8)
(D0 with TSP (0.01 mM), 400 MHz): 8 0.78-0.85 (m, 48H,
Leu-H?®), 1.15-2.43 (m, 147H, 28 x H2’ and 28 x H2” sugar
ring protons, 5x CHj of 5x dT, 16x Arg-HP, 16x Arg-
HY, 16x Leu-HP, 8x Leu-H”, 12x CH, (two amino-
hexyl linker), 2x acetyl-CH3), 3.17 (m, 16H, 16 x Arg-
H?), 3.57-4.35 (m, 108H, 84x H4’/H5 H5’ sugar ring pro-
tons, 4x Gly-CH,, 16x Leu/Arg-H*), 4.96-6.25 (m, 33H,
28 x H1’ sugar ring protons, 5 x HS5 of dC), 7.25-8.46
(m, 34H, 34 x Ar-H from dG(H8 x 8), dA(H8 x 8),
dA(H2 x 8), dC(H6 x 5) and dT(H6 x 5)). H3’ sugar ring
protons (3.6-4.4 ppm) were not analysed due to suppression
of the residual water signal at 4.12 ppm.

BCS5-L-af. RP-HPLC fraction at around 28 min was col-
lected and lyophilized to give a white powder (14 nmol,
28%) (Supplementary Figure S6). Excess salt was removed
by size-exclusion chromatography using NAP disposable
columns. MALDI-MS: m/z = 11189 [M+Na]* (MW = 11
166 calcd. For [C385H563N1510137P28]). '"HNMR (D20 with
TSP (0.01 mM), 400 MHz): 3 0.79-0.86 (m, 48H, Leu-
H®), 1.13-2.38 (m, 147H, 28x H2’ and 28x H2” sugar
ring protons, 5x CHj of 5x dT, 16x Arg-HP, 16x Arg-
HY, 16x Leu-HP, 8x Leu-H”, 12x CH, (two amino-
hexyl linker), 2x acetyl-CHj3), 3.17 (m, 16H, 16 x Arg-
H®), 3.51-4.45 (m,108H, 84x H4’/H5H5’ sugar ring pro-
tons, 4x Gly-CH,, 16x Leu/Arg-H®), 4.95-6.32 (m, 33H,
28x HI1’ sugar ring protons, 5x HS5 of dC), 7.25-8.50
(m, 34H, 34x Ar-H from dG(H8 x 8), dA(H8 x 8),
dA(H2 x 8), dC(H6 x 5) and dT(H6 x 5)). H3’ sugar ring
protons (3.6-4.4 ppm) were not analysed due to the sup-
pression of residual water signal at 4.10 ppm.

BC5-L-Ba. RP-HPLC fraction at around 28 min was col-
lected and lyophilized to give a white powder (19 nmol,
38%) (Supplementary Figure S6). Excess salt was re-
moved by size-exclusion chromatography using NAP dis-
posable columns. MALDI-MS: m/z = 11189 [M+Na]*
(MW = 11166 calcd. For [C385H563N1510187P28]) (Supple-
mentary Figure S7). '"H NMR (Supplementary Figure S8)
(D0 with TSP (0.01 mM), 400 MHz): 80.79-0.86 (m, 48H,
Leu-H?®), 1.13-2.38 (m, 147H, 28 x H2’ and 28 x H2” sugar
ring protons, 5x CHj of 5x dT, 16x Arg-HP, 16x Arg-
HY, 16x Leu-HP, 8x Leu-HY, 12x CH, (two amino-
hexyl linker), 2x acetyl-CH3), 3.17 (m, 16H, 16 x Arg-
H®), 3.51-4.45 (m,108H, 84 x H4’/H5 H5’ sugar ring pro-
tons, 4 x Gly-CH,, 16 x Leu/Arg-H*), 4.95-6.32 (m, 33H,
28 x H1’ sugar ring protons, 5 x HS of dC), 7.25-8.50
(m, 34H, 34 x Ar-H from dG(H8 x 8), dA(H8 x 8),
dA(H2 x 8), dC(H6 x 5) and dT(H6 x 5)). H3’ sugar ring
protons (3.6-4.4 ppm) were not analysed due to suppression
of the residual water signal at 4.10 ppm.
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BC5-L-BBB. RP-HPLC fraction at around 30 min was
collected and lyophilized to give a white powder (16
nmol, 32%) (Supplementary Figure S6). Excess salt was re-
moved by size-exclusion chromatography using NAP dis-
posable columns. MALDI-MS: m/z = 11736 [M+Na]*
(MW = 11713 calcd. For [Cy99Hg09N1560194P29]) (Supple-
mentary Figure S7).'"H NMR (Supplementary Figures S8
and S9) (D,O with TSP (0.01 mM), 400 MHz): & 0.78—
0.88 (m, 54H, Leu-H?), 1.91-2.39 (m, 181H, 29 x H2’ and
29 x H2” sugar ring protons, 5 x CHj3 of 5 x dT, 18 x Arg-
HP, 18 x Arg-HY, 18 x Leu-HP, 9 x Leu-H", 18 x CH,
(three aminohexyl linker), 3 x acetyl-CHj3), 3.17 (m, 18H,
18 x Arg-H?), 3.62-4.33 (m, 111H, 87 x H4’/H5'H5’ sugar
ring protons, 3 x Gly- CHj, 18 x Leu/Arg-H®), 5.03-6.35
(m, 34H, 29 x H1’ sugar ring protons, 5 x H5 of dC), 7.25-
8.47 (m, 34H, 34 x Ar-H from dG(H8 x 8), dA(HS8 x 8),
dA(H2 x 8), dC(H6 x 5) and dT(H6 x 5)). H3’ sugar ring
protons (3.6-4.4 ppm) were not analysed due to the sup-
pression of residual water signal at 4.27 ppm.

Comparison of "H NMR spectra of the ‘single’, ‘bis’ and
‘triple’ conjugates is given in Supplementary Figure S9 to
demonstrate the expected stoichiometric ratios of the at-
tached peptide moieties to the oligonucleotide component.

Preparation of linearized plasmids and in vitro RNA tran-
scripts

Linearized plasmid p67YFO0 and in vitro transcript of yeast
tRNAP" preparations were reported in detail earlier (61).
Fluorescent labelling of RNA transcript with fluorescein
isothiocyanate (FITC) at 3’-terminus followed our previ-
ously described protocol (61).

Hybridization and cleavage of 3-FITC tRNAP with “bis’
and ‘triple’ conjugates

Hybridization assays and data analysis were carried out as
previously reported (61), here 3’-FITC-tRNAP'® (1 M)
was incubated with one of the ‘bis’ or ‘triple’ conjugates in
excess (up to 20 wM).

Cleavage studies were also carried out according to the
previously reported protocols (61). The reaction mixture
contained 3’-FITC labelled tRNAFP® (1 wM) and one of the
‘bis” or ‘triple’ conjugates in variable excesses (5, 10 or 20
wM) of single turnover conditions in Tris Buffer (50 mM
Tris—HCI pH 7.0 supplemented with 0.2 M KCl and | mM
EDTA).

Fluorescent ribonuclease activity assay

The reaction mixture (100 wl) contained fluorescently-
labelled linear target RNA F-Q-RNA (1 wM) with fluores-
cein (F) and dabcyl quencher (Q) covalently attached to the
internal deoxythymidine residues and one of the peptidyl-
oligonucleotide conjugates (20 wM). Aliquots (10 wl) were
taken at regular intervals (0, 24, 48, 72 and 96 h) dur-
ing incubation of the reaction mixture at 37°C in 50 mM
Tris—HCI pH 7.0 supplemented with 0.2 mM KCI and 1
mM EDTA. The combined effect of dilution (10-fold) of
the collected aliquots with water and elevated temperature
(80°C, 3 min) achieved complete dissociation of the cleaved

RNA fragments from the conjugate. The extent of cleavage
was evaluated by measuring the increase in fluorescence at
Nem Of 522 nm (following excitation at 496 nm) at 37°C in
microwell plates using a Tecan Safire plate reader operated
under Magellan Data Analysis Software (V.7). The fluores-
cence of untreated F-Q-RNA was subtracted at each time-
point to eliminate the background signal and normalized
here to the complete (100%) cleavage of the same F-Q-RNA
substrate achieved by RNase A (20 nM) in parallel con-
trol incubates. As controls, target was incubated both in the
presence and absence of unconjugated oligonucleotide, and
parallel measurements were conducted to rule out sponta-
neous cleavage. In addition, the target was incubated with
a non-complementary scrambled conjugate (5’-luc-h-9/14)
(63) to assess any possibility of non-sequence specific cleav-
age.

Multiple catalytic turnover experiments were carried out
for selected ‘single’ conjugates (BC5-a or BC5-L-B) and
one of the most active ‘bis’ conjugates (BC5-L-BB) against
linear fluorescently-labelled F-Q-RNA target present at 2-
fold, 5-fold, 10-fold, 20-fold or 30-fold molar excess over
conjugate. These reaction mixtures (100 wl) containing one
of the 5-nt bulge-loop inducing conjugates (5 wM) and
the corresponding molar excess of F-Q-RNA, which was
present at 10 wM, 25 uM, 50 pM, 100 pM or 150 puM
concentration, were incubated at 37°C over 96 h in 50 mM
Tris buffer pH 7.0 supplemented with 0.2 mM KCI and 1
mM EDTA. Aliquots (10 wl) of each reaction mixture were
taken after the same time intervals (0, 24, 48, 72 and 96 h)
and similarly subjected to dilution (10-fold) in water and
high temperature (80°C for 3 min) to dissociate reaction
complexes. The extent of F-Q-RNA target cleavage by in-
dividual conjugates (BC5-a, BC5-L-B or BC5-L-BB) was
evaluated by measuring the increase in fluorescence inten-
sity at each time point and normalizing it to the fluorescence
of the fully-cleaved (100%) F-Q-RNA substrate by RNase
A, as described in the previous section. These data were
then used to estimate product concentration (or amount) to
quantify the accumulation of the F-Q-RNA cleavage prod-
ucts. Kinetic parameters (K, Vimax and K¢, ) were estimated
by analysis with a non-linear model to simulate change in
initial reaction velocity (V) with available initial substrate
[So] allowing for the formation of unreactive substrate and
catalytic complexes (see Supplementary Information Sec-
tion 21 for model details).

RESULTS AND DISCUSSION
Conjugate design and synthesis

Multiple catalytic turnover in RNA cleavage requires each
catalytic molecule (i.e. peptidyl-oligonucleotide conjugate)
to cleave many copies of RNA substrate. This can only be
achieved through rapid release of the cleaved RNA frag-
ments after each cleavage event, to liberate the catalytic con-
jugate from the hybridized complex, to allow a new attack
on the next RNA molecule (Figure 1) and achieve truly-
catalytic destruction of multiple copies of specific RNA se-
quences. However, the high stability of DNA—RNA hybrids
with long recognition motifs, essential to ensure absolute
sequence-specificity, reduces the off-rate constant to non-
catalytic levels, even after RNA cleavage. Herein, we address



this challenge by reducing the binding affinity of the RNA
cleavage fragments as compared to that of the intact, full-
length RNA sequence. The peptidyl-oligonucleotide conju-
gates designed here induce a relatively large (5-nt) bulge—
loop in the RNA upon conjugate- RNA hybridization, in or-
der to provide several possible cleavage points in the ex-
posed single-stranded RNA region. The opportunity to cut
RNA at many positions is re-enforced further by incorpo-
rating several catalytic peptides into the same conjugate
molecule to allow multiple attacks on the induced bulge-
loop region (see Figure 2 for design). This design allows the
number of accessible cleavage sites in the RNA to increase
and raises the probability of forming guanidine-guanidinium
dyads in their vicinity to boost cleavage frequency. More-
over, the shorter products of RNA cleavage with decreased
binding affinity are expected to be readily displaced from
the catalytic conjugate by intact RNA substrates via strand
displacement cascades (71) to enable reaction turnover and
realize the truly-catalytic ‘bind, cleave and leave’ turnover of
RNA cleavage.

We engineered here a series of the ‘bis” and ‘triple’ bulge—
loop inducing conjugates that bind tRNAP" in a sequence-
specific manner and form a single-stranded 5-nt bulge-loop
61C-02A-8C-%A-G% in the TWC-stem region, while main-
taining Watson—Crick base pairing with the 3’-acceptor
stem, TWC-arm and variable loop (Supplementary Fig-
ure S10), as previously described for the analogous ‘sin-
gle’ conjugates BC5-L-a and BC5-L-B (69). As a part of
the design process, we screened the oligonucleotide recog-
nition sequence of the conjugates against every possible
26-nt section within the 5’-part of the tRNAP by “slid-
ing’ it along this sequence with 1-nt incremental step to
fully cover the sequence between 5’-terminal 'G residue
and *°C nucleotide located in the beginning of the TWC-
arm (see Supplementary Figure S10). We calculated, using
the DINAMelt Server (www.unafold.org), the thermody-
namic parameters (AG, AH and AS) and T}, values for each
potential complex between the recognition oligonucleotide
and every 26-mer segment from the 5’-part of tRNAFP® se-
quence. Some representative structures from this screening,
along with the corresponding 77, AG, AH and AS values
are shown in Supplementary Figure SI0C-G. Not a single
stable complex was discovered from this screening, which
allowed us to eliminate the possibility of conjugate binding
outside the target region. Either two or three peptide moi-
eties were coupled to the oligonucleotide recognition motifs
via aminohexyl linker attached to the anomeric C1’ carbon
of the internal abasic sugar residues (X) to generate ‘bis’ or
‘triple’ conjugates, respectively, as illustrated in Figure 2.

Both the a- and B-configuration of peptide attachment
was used in various combinations to produce a variety of
stereospecific ‘bis’ conjugates (BC5-L-aa, BC5-L-BB3, BC5-
L-af and BC5-L-Ba) in aet, BB, oy or Ba-configuration.
This provided us with the opportunity to explore several
possible conformational arrangements to enhance the prob-
ability of identifying orientations of the key players, vital
for achieving potent RNA cleavage. A relatively long cat-
alytic peptide Acetyl-[LRLRG],-CO,H (Pepl) was chosen
for ‘bis’ conjugation. This contained 10 amino acids, in-
cluding four catalytically-important arginine residues scat-
tered along the peptide chain (Figure 2C). The presence of
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the glycine residue in the middle of this peptide enhances
the conformational flexibility of the RNA cleaving moiety,
which, together with the extended peptide length, allows
exploration of more energetically-favourable configurations
for cleavage (72-75).

The ‘triple’ conjugate was designed to probe whether a
more dense and regular arrangement of the catalytic argi-
nine residues within the peptide scaffold offers any poten-
tial benefits for RNA cleavage. Accordingly, a shorter and
less flexible heptapeptide Acetyl-[LR]3G-CO,H (Pep2) was
chosen to generate a ‘triple’ conjugate via attachment to
the three abasic sugar moieties located in the middle of
the antisense recognition motif (see Figure 2). The overall
number of catalytically-active arginine residues within this
‘triple’ conjugate was only marginally higher than those of
the ‘bis’ conjugates (cf. 9 versus 8§ arginines, respectively) to
allow fair comparison of their catalytic performance against
RNA. Given the slight superiority of the B-configuration in
terms of RNA cleavage within the bulge—loops, previously
observed for the ‘single’ conjugates (69), this configuration
in peptide attachment was chosen for all three abasic sugar
moieties, also to maintain the regular arrangement of the
catalytic arginines within the ‘friple’ conjugate.

A shift in HPLC retention time from 17.5 min (average
for starting oligonucleotides) to 28.5 min (average for ‘bis’
conjugates) and 30.3 min (‘triple’ conjugate) was observed,
which was reproducible in all conjugation reactions (Sup-
plementary Figure S6). The identities and purities of all ‘bis’
and ‘triple’ conjugates were confirmed by 'H NMR spec-
troscopy and MALDI-ToF /ToF spectrometry (see Supple-
mentary Figures S7, S8 and S9, as well as Materials and
Methods section for full characterization). The complete
assignment of individual 'H NMR signals to the specific
peptide and oligonucleotide protons is difficult due to the
large number of overlapping peaks, especially in the pep-
tide and oligonucleotide sugar ring region (0.5-4.7 ppm).
However, careful signal integration, along with comparison
between the NMR spectra of starting oligonucleotide and
conjugates, allowed us to verify successful conjugation. For
example, characteristic peptide signals, generated by Leu-
H® and Arg-H?® in resonance areas of 0.8—1.2 ppm and 3.1—
3.4 ppm, respectively, are visible in the '"H NMR spectra
of conjugates (see Supplementary Figure S§). Comparison
of "TH NMR spectra of the ‘single’, ‘bis’ and ‘triple’ conju-
gates (see Supplementary Figure S9) further confirmed the
expected stoichiometric ratios of the attached peptide moi-
eties to the oligonucleotide component. For example, the
presence of a distinguishable peak from Arg-H® protons at
~3.2 ppm in all three spectra signifies the presence of the
peptide component. Careful integration of this resonance
signal against the oligonucleotide aromatic region (7.2-8.4
ppm), as well as H1” sugar ring protons (5.4-6.4 ppm), con-
firmed 2:1 and 3:1 stoichiometric ratios of the peptide con-
tent to the oligonucleotide component in ‘bis’ and ‘triple’
conjugates, respectively.

Hybridization and cleavage against tRNAPh

The catalytic performance of ‘bis’ and ‘triple’ conjugates
was assessed against fluorescently-labelled tRNAPP and
compared with that of the analogous ‘single’ conjugates pre-
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Figure 2. Design concept for the construction of ‘bis” and ‘triple’ conjugates. (A) The bulge-loop inducing ‘bis’ (left) and ‘triple’ (right) conjugates (blue)
bind to the target RNA region (red), corresponding to the 3’-acceptor stem, TWC-arm and variable loop of tRNAPP | given here as a primary structure.
The anomeric nucleotides representing the point of the peptide attachment are shown here as X. The catalytic peptides are shown as scissors, and the
aminohexyl linker between the peptide and oligonucleotide recognition motif is indicated as a flexible line in green. (B) Structural features of the peptide
conjugation points for ‘bis’ (left and middle) and ‘zriple’ (right) conjugates, where the catalytic peptide acetyl-[LRLRG],-CO,H (Pepl) or Acetyl-[LR]3G-
CO,H (Pep2) is conjugated to two or three internal abasic sugar residues via anomeric C1’-carbon through an aminohexyl linker attached in B, Ba, a3,
aa or BRB-configuration. (C) Chemical structures of the catalytic peptides Pepl and Pep2 used for ‘bis” and ‘triple’ conjugation, respectively.

viously studied, against the same RNA target under identi-
cal experimental conditions (69). First, the ability of ‘bis’
and ‘triple’ conjugates to hybridize to tRNAPP was tested
using the electrophoretic mobility shift assay (see Supple-
mentary Figure S11), as the RNA:conjugate heteroduplex
had a reduced electrophoretic mobility compared to un-
bound 3’-FITC-tRNAP". Association constants (K;) were
estimated from the curve of the relative proportion of
tRNAPP bound to conjugate as a function of conjugate
concentration, and are given in Table 1, together with de-
tails of ‘bis’ and ‘triple’ conjugate nomenclature and com-
position.

All conjugates were capable of binding to tRNAP" in a
concentration-dependent manner (see Supplementary Fig-
ure S11). The use of relatively long recognition motifs
(overall, 26 nt) compensated for the potential destabiliza-
tion effects, which arise from the large RNA loop (5 nt)
induced upon hybridization, and from the presence of

two or even three abasic nucleotide residues in the mid-
dle of the oligonucleotide chain. Conjugates demonstrated
saturation binding to tRNAPP, where the plateau (with
100% binding) was reached at a conjugate concentration
around or slightly above 5 pM for the ‘bis’ conjugates
and above 10 wM for the ‘triple’ conjugate (Supplemen-
tary Figure S11). Comparisons of K, values (see Table 1)
indicated that incorporation of the additional peptide in
a-configuration favoured the binding affinity of ‘bis’ con-
jugates towards the RNA target. Indeed, the presence of
at least one peptide in the a-configuration (i.e. BC5-L-aa,
BC5-L-ap and BC5-L-Ba) enhanced their association con-
stants in comparison to those of their ‘single’ counterparts
(cf. BC5-L-a, K, = 0.9 + 0.6 x 10° M! and BC5-L-B,
K, =0.540.2 x 10° M) (69). The extra peptide chain
seemed to stabilize the hybridized complex, presumably
through additional electrostatic interactions between the
negatively-charged RNA chain and the positively-charged
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Table 1. ‘Bis’ and ‘triple’ conjugate composition, nomenclature, and association constants (K,). K, values were estimated using electrophoretic mobility

shift assays carried out at 37°C

Conjugate Sequence (5—3) Peptide K, x 10 M1
BC5-L-BB TGGTGCGAATT-dRP-dRE-GATCGAACACAGGAC Acetyl-[LRLRG]> 1.1£0.9
BC5-L-aa TGGTGCGAATT-dR*-dR*-GATCGAACACAGGAC Acetyl-[LRLRG]> 35+0.8
BC5-L-ap TGGTGCGAATT-dR*-dRPF-GATCGAACACAGGAC Acetyl-[LRLRG]> 43422
BC5-L-Ba TGGTGCGAATT-dRP-dR*-GATCGAACACAGGAC Acetyl-[LRLRG], 62+23
BC5-L-BBB TGGTGCGAATT-dRP-dRE-dRP- Acetyl-[LR];G 0.5+0.1
GATCGAACACAGGAC
Where K, = [RNAT, ) where o = fraction bound, [tRNA]y = total tRNAP" concentration and [BC]y = total conjugate concentration.

o
[BClo(1—a) (1—a(

[BCly

peptide. Such a stabilizing effect was also observed for the
previously-reported linear conjugates with the 5’-terminal
attachment of the amphiphilic peptides (76). The differ-
ence in the association constants between BC5-L-aa, BC5-
L-af and BCS-L-Ba did not exceed statistical errors (Ta-
ble 1). In contrast, incorporation of the additional pep-
tide(s) in B-configuration to form BC5-L-BB and BC5-L-
BBR did not improve their binding affinities (within sta-
tistical errors) as compared to that of their ‘single’ coun-
terpart BC5-L-B (K, = 0.5 £ 0.2 x 10° M) (69), but
instead led to a statistically-significant reduction of their
association constants, as compared to those seen for the
other conjugates with multiple peptide attachment. Indeed,
BC5-L-BB and BCS5-L-BBRR conjugates showed the low-
est binding constants (K, = 1.1 £ 0.9 x 10° M! and
K, = 0.5+ 0.1 x 105 M, respectively), thus suggesting
that the attachment of the peptide(s) in the B-configuration
may lead to less favourable binding conformations, which
seem to annul the stabilizing effect arising from any addi-
tional interactions.

Cleavage activities of ‘bis’ and ‘triple’ conjugates were
first assessed against 3’-FITC-tRNAP" under physiolog-
ical conditions (pH 7.4, 37°C) over 4, 8, 24, 48 and 72
h and analysed by 12% PAGE electrophoresis under dena-
turing conditions. A large 20-fold excess of conjugates (20
wM) over tRNAPP (1 M) ensured that even the conju-
gates with the lowest binding affinity (e.g. BC5-L-B and
BC5-L-BBR) reached full hybridization. The cleavage sites
were identified through comparison with RNase T1 and 2
M imidazole tRNAP" hydrolysis ladders (see Figure 3A—
E). Extent of RNA cleavage over time (Figure 3F) was anal-
ysed both in terms of ‘total’ degradation of tRNAPP at all
detected cleavage sites (plotted against time as solid lines;
‘TOTAL’), and in terms of cleavage measured exclusively
at bulge-loop regions (plotted as dashed lines; ‘BULGE’).
No spontaneous cleavage was seen in the absence of conju-
gate (lane C in Figure 3A-E). Attachment of multiple cat-
alytic peptides into the structure of ‘bis’ and ‘triple’ conju-
gates led to a significant enhancement in their ribonucle-
ase activity against tRNAPP with almost quantitative (93—
100%) degradation of the target RNA in 24 h (see Figure
3F, solid lines), whereas their ‘single’ counterparts BC5-L-«
and BC5-L-B studied previously (69) were able to reach, in
total, only 73% and 83% RNA cleavage after much longer
incubation period (72 h), under exactly the same conditions.
The ‘triple’ conjugate exhibited slightly slower cleavage ki-
netics as compared to ‘bis’ conjugates, informing us that

more dense, rigid, and regular arrangement of the catalytic
residues offered no advantage for cleavage, even with an ex-
tra guanidinium group present in the structure of BC5-L-
BBB. Thelesser cleavage activity of the ‘triple’ conjugate can
be attributed to shortening the peptide length and removal
of the central glycine residue, which reduced the structural
flexibility that facilitates cleavage (62,69).

Most importantly, ‘bis’ and ‘triple’ conjugates showed
considerably increased targeted cleavage of tRNAPPe at
the induced bulge—loop region ®' C-2A-S3C-4A-5G (Fig-
ure 3F, dashed lines), compared to their analogous ‘single’
conjugates (69). All conjugates with multiple catalytic pep-
tides achieved a complete (100%) destruction of the induced
bulge-loops within 72 h of incubation, whereas their “single’
counterparts BC5-L-a and BC5-L- were able to reach only
30% and 54% of cleavage at the bulge-loop region under
identical conditions (69). ‘Bis’ conjugate BC5-L-Ba took
only 48 h to achieve 100% cleavage at the bulge—loops, fol-
lowed closely by BC5-L-a3 and BC5-L-aa.

Two distinctive cleavage patterns were observed amongst
‘bis’ and ‘triple’ conjugates in the bulge-loop region (Fig-
ure 4). BC5-L-aa and BC5-L-BB ‘bis’ conjugates with two
catalytic peptides in the same configuration (either aa or
BPB) were able to attack the entire loop and cleave it at
five different positions, with a predominance of the G-
% A site, followed by the ¥ C-#A > #A-5G > 2A.8C >>
61C-92A positions. Overall, BC5-L-aac and BC5-L-BB con-
jugates seemed to be more versatile, both in terms of their
ability to produce cuts at multiple sites and to catalyse cleav-
age of a variety of phosphodiester linkages, including G-
X, C-A, A-C and even A-G. In contrast, the attachment of
two catalytic peptides in opposite configurations (either o3
or Ba) in BC5-L-aB and BC5-L-Ba ‘bis’ conjugates led to
a relatively narrow, but sharp cleavage with only two ma-
jor cuts in the target region ®'C-2A-93C-%A-G. It is evi-
dent from Figures 3 and 4 that the ©3C-%*A position became
the most vulnerable when tRNAP" was attacked by either
the BC5-L-ap or BC5-L-Ba conjugate, whereas the ©?A-93C
site was less favourable. The other two sites (©°G-%°A and
especially °'C-%2A) showed only minor cleavage contribu-
tions, not exceeding 8% even when taken together. Cleavage
at A—C and especially at C-A phosphodiester bonds showed
strong predominance over that at G-X linkages.

Such peculiar difference in cleavage profiles between these
two categories of ‘bis’ conjugates suggested that the spa-
tial orientation of the two catalytic peptides against each
other seems to control whether they act independently or
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Figure 3. Cleavage of 3-FITC-tRNAPP® with ‘bis” and ‘rriple’ conjugates. (A-E) Representative images of 12% PAAM/8 M urea gel electrophoresis of
cleavage products of 3’-FITC-tRNAP with BC5-L-aae (A), BC5-L-BB (B), BC5-L-af (C), BC5-L-Ba (D) and BC5-L-BRB (E) with incubation time.
Digestion ladders of 2 M imidazole (lane Im) and RNase T1 (lane T1) were used for identification of cleaved fragments. Lane C was 3’- FITC-tRNAPhe
incubated in the absence of conjugate for 72 h. 3-FITC-tRNAP® (1 ;,M) was incubated with different bis’ and ‘triple’ conjugates in excess (each 20 wM)

at 37°C. (F) Total extent of cleavage (%o, solid lines) and extent of cleavage in bulge—loops (%, dashed lines) of ‘bis’ and ‘triple’ conjugates (computed from
density scans of gels A—E).
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Figure 4. (A) Hybridization of ‘bis’ and “triple’ conjugates (red) induces a 5-nt long bulge—loop around the ®! C-A-C-A-G® region of the tRNAPP (black),
thus increasing its susceptibility to cleavage. Major and minor cleavage sites within this region are colour coded for each individual conjugate and indicated
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to the catalytic ‘bis’ or ‘triple’ conjugates. (C) Common pathway of tRNAP cleavage by all conjugates at different concentrations (5, 10 and 20 wM), with
a threshold of 30-40% cleavage in nearby folds before bulge-loop cleavage took over (data taken from Figure 3F and Supplementary Figures S12 and S13).

jointly in the catalysis. RNA cleavage requires the coordi-
nated attack of two guanidinium groups from the oppo-
site sides of the RNA backbone (see Figure 1B and Fig-
ure 8 in (69)), one acting as a general base to deprotonate
the 2’-OH group of RNA ribose and triggering the for-
mation of a pentaoxyphosphorane intermediate; while the
other (protonated guanidinium) coordinates the negatively-
charged phosphate group, and acts as an electrophilic acti-
vator (70). In the case of ‘bis’ and ‘triple’ conjugates, such
guanidinium groups can be supplied either by the same pep-
tide chain to allow two catalytic peptides to act indepen-
dently from each other, or by two different peptide moi-
eties, which requires them to approach the RNA backbone
from opposite sides in a highly-synchronized manner. The
first mode of cleavage is less conformationally demanding in
terms of mutual orientations of the peptide moieties and is

expected to produce more cuts at multiple locations, which
was observed here for the BC5-L-aa and BC5-L-BB conju-
gates (Figures 3 and 4). Presumably, the identical config-
uration in the attachment of the peptides restricted their
ability to approach the RNA backbone from opposite sides,
necessary for the synchronized catalytic action, and forced
them to act mainly independently. Indeed, the analogous
‘single’ conjugates BC5-L-a and BC5-L-B (69) showed sim-
ilar ability to cleave the whole bulge—loop region at sev-
eral positions. Given that such ‘single’ conjugates provide
guanidinium groups from the same peptide and therefore
can only realize the first catalytic mode, their similarity in
cleavage patterns with those of BC5-L-aa and BC5-L-BB
supports this hypothesis. In contrast, the synchronized en-
gagement of two separate peptides in the catalysis requires
a high level of precision, both in their action and in spatial
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orientation, and therefore is expected to be more selective
in terms of cleavage sites and base specificity. In the case
of BC5-L-af or BC5-L-Ba conjugates, the opposite con-
figuration in attachment of the peptide seems to allow them
to approach the RNA backbone from opposite directions,
and engage in a coordinated action to produce fewer, but
more intense cuts, without compromising overall cleavage
efficiency.

Interestingly, the ‘triple’ conjugate BC5-L-BBB, with all
three peptide moieties attached in the same configuration
showed similar cleavage patterns to those seen for BC5-L-
af and BC5-L-Ba ‘bis’ conjugates, thus suggesting possible
joint action of the separate peptide moieties in the cataly-
sis. Presumably, the shorter and less flexible Acetyl-(LR);G-
CO,H peptide restricts the possibility for each chain to form
a guanidine-guanidinium dyad for independent catalytic ac-
tion. The attachment of the peptide moieties at the three
different abasic nucleotides seems to separate them suffi-
ciently in space, which is further reinforced by a helical turn
of the RNA-DNA hybrid duplex. This seems to allow these
short peptides to approach the RNA backbone from oppo-
site directions and supply arginine guanidinium groups for
the synchronized catalytic action.

The greater potency of ‘bis’ and ‘triple’ conjugates was
also reflected by full cleavage of 3’-FITC-tRNAPP (up to
100%) at lower conjugate concentrations (10 wM and 5 pM)
with lower molar excess of the conjugate over the target
(with conjugate: RNA molar ratio of 10:1 and 5:1; Supple-
mentary Figures S12 and S13), albeit lower conjugate con-
centrations showed correspondingly slower cleavage kinet-
ics.

Due to the flexible attachment and overall length of the
catalytic constructs, the ‘bis’ and ‘triple’ conjugates were
also able to reach and attack other structural elements of
tRNAP" folded nearby the site of their sequence-specific
hybridization (Figures 3A—E), where their overall behavior
remained similar to that seen towards the hybridized tar-
get region ®'C-2A-83C-%A-95G. Indeed, BC5-L-af, BC5-
L-Ba and BCS5-L-BRR produced fewer cuts in nearby fold-
ing, mainly limited to the ¥U-°A position, with the minor
cleavage contributions from two G-rich regions of the D-
arm ("*G-°G and ?>G-?°G). As expected, BC5-L-aa and
BC5-L-BB were able to produce more cuts at nearby folded
locations in addition to those seen for the BC5-L-af3, BCS-
L-Ba and BCS5-L-BRR conjugates, which included two ex-
tra cuts in the anticodon and variable loops (**C-3U and
#A-BG, respectively). In agreement with the available X-
ray structure of yeast tRNAPhe (77), all identified cleav-
age sites were within reach (<45 A) of the longer acetyl-
(LRLRG),-CO;H peptide in its unfolded conformation
(45.1 A) or became conformationally accessible to the cat-
alytic guanidinium groups (61,62,69). The shorter acetyl-
(LR)3G-CO,H peptide (34.2 A) incorporated into the BC5-
L-BBB structure was mainly able to reach the D-arm upon
hybridization with tRNAPP, but not the less proximal re-
gions of the anticodon loop. Remarkably, these minor prod-
ucts of the nearby cleavage were accumulated during the
first few hours of the cleavage reaction, and started to di-
minish rapidly after 8 h, followed by their complete disap-
pearance at around 48 h (for BC5-L-Ba) or 72 h (for BC5-L-
ap, BC5-L-aa, BC5-L-BR and BC5-L-BRR). This was ac-

companied by faster accumulation of the cleavage products
at the induced bulge—loop ¢'C-2A-3C-%4A-G (Figure
3A-E) in a co-operative manner (reflected by the sigmoidal-
like dotted curves on Figure 3F), ultimately reaching 97—
100% cleavage. These results suggest that the 8U-°A junc-
tion and G-rich regions located in the D-arm were more
vulnerable for initial cleavage, or more favourable for forma-
tion of the catalytically-competent guanidine-guanidinium
dyad for the initial cuts, which can trigger conformational
rearrangements of the RNA tertiary structure thus mak-
ing it more relaxed and flexible for attack in the induced
bulge-loop ®'C-2A-3C-%A-65G. Initial cleavage products
remaining bound to the conjugates may be attacked again at
their induced bulge-loops to generate much shorter cleav-
age products. Some representative examples of 3’-FITC-
tRNAPPe cleavage products upon treatment with ‘bis’ or
‘triple’ conjugates, detected by electrophoretic analysis (Fig-
ure 3), are shown in Supplementary Figure S14. To sum-
marize, the ‘bis’ and ‘triple’ bulge-loop inducing conjugates
engineered here produced diverse and complex RNA cleav-
age profiles due to a higher degree of conformational free-
dom of the peptides flexibly anchored to the abasic sugar
within the oligonucleotide recognition motif. Such artificial
ribonucleases may show considerable cleaving activity out-
side the RNA region directly engaged in hybridization with
the conjugate recognition motif, which might be advanta-
geous in achieving effective catalytic destruction of a long
RNA sequence with complex secondary and tertiary struc-
tural elements (e.g long non-coding RNA or viral genomic
RNA).

The sigmoidal character of the cleavage in bulge-loops
(see Figure 3F and Supplementary Figures S12B and S13B,
dotted curves) suggests that cleavage at this region starts
slowly within the intact folded tRNAPM structure, but
rapidly accelerates as the structure becomes more relaxed
and flexible. As clearly illustrated by Figure 4C, when the
extent of bulge-loop cleavage was plotted against nearby
cleavage elsewhere (‘ex-bulge’ cleavage), the cleavage behav-
ior of tRNAP! by all conjugates at different concentrations
(5 pM, 10 pM and 20 pwM) followed the same distinctive
path. Remarkably, up to 30-40% of nearby cleavage out-
side the bulge appeared necessary, in all cases, before reach-
ing the point where bulge cleavage emerged and then pro-
gressively took over. The same cleavage path was followed
at all concentrations (see Supplementary Figure S15), and
only the kinetics (velocity and cleavage extent) changed with
different concentrations of conjugates. This emphasizes the
dominant role of the folded structure of tRNAP® in the
cleavage pathway. At 20-fold molar excess of conjugates, the
initial velocities of total cleavage approached or exceeded
100 nM/h, but declined steeply as the target tRNAP® was
rapidly consumed, which remained the dominant feature of
the kinetics at 10:1 molar excess with initial velocities ap-
proaching 50 nM/h (Supplementary Figure S16). However,
at 5:1 molar excess, differences in the velocity of bulge—
loop cleavage could be clearly seen for individual conju-
gates. More specifically, the initial velocities of ‘bis’ conju-
gates with identical peptide configurations (BC5-L-aa and
BC5-L-BB) were retained, whereas more ‘conformationally
demanding’ conjugates (BC5-L-af3, BC5-L-Baand BC5-L-
BBR) had low initial velocities but, with few cuts outside the



bulge-loop, appeared to show an increase in velocity over
time, despite the decline in the concentration of tRNAPhe
substrate (Supplementary Figure S16D). The above data
suggest that long RNA fragments derived from initial cleav-
age of nearby folds remain hybridized with the conjugates,
until they diminish in size by subsequent cleavage at bulge—
loops (shown by Supplementary Figure S14).

As evident from Figures 3F and Supplementary Figures
S12B and S13B, the kinetics of RNA cleavage is strongly
affected by conjugate concentrations. For example, after 24
h of treatment of tRNAP™ (1 wM) with BC5-L-Ba, the
overall cleavage extent reached 100%, 66% or 37% when
the conjugate concentration was 20, 10 or 5 wM, respec-
tively, under otherwise identical experimental conditions. A
similar trend was seen for the other four bulge-loop induc-
ing conjugates BC5-L-aa, BC5-L-BR, BC5-L-af and BC5-
L-BBB, as well as for the previously studied ‘/inear’ (61)
and ‘dual’ (62) peptidyl-oligonucleotide conjugates. Such
conjugate concentration-dependence of catalytic efficiency
of RNA cleavage cannot be fully explained by a greater
proportion of hybridized complex. As seen from the gel-
shift analysis of hybridization between ‘bis’ and ‘triple’
conjugates and 3’-FITC-tRNAP" (Supplementary Figure
S11), at 5 wM conjugate concentrations all ‘bis’ conju-
gates were fully bound (93-100%) to the RNA target, al-
though the ‘triple’ conjugate achieved this level of bind-
ing at slightly higher (10 pM) concentration. One possi-
ble explanation of this phenomenon is that in aqueous so-
lutions such supramolecular conjugates co-exist in multi-
ple conformational forms, with only some being ‘catalyt-
ically active’ against RNA (62). A higher conjugate con-
centration is therefore needed to increase the number of
conjugate molecules existing in their ‘catalytically-active’
forms, capable of RNA cleavage at the detectable level. An-
other hypothesis might be self-assembly of several conju-
gate molecules into ‘productive’ multiplexes with greater
cleavage capability (62,63,66,78). Certainly, the empirical
observation here was that the excess conjugate concentra-
tions increased the cleavage kinetics in nearby folds allow-
ing greater cleavage in the induced bulge—loops.

The incorporation of multiple arginine-rich amphiphilic
peptide residues into the structure of ‘bis’ and ‘triple’ con-
jugates led to a greater level of RNA demolition, espe-
cially at the induced bulge-loop regions, when quantita-
tive (100%) cleavage was achieved. An enhanced proba-
bility to form the catalytic guanidine-guanidinium dyads,
essential for catalysis, combined with the high degree of
conformational freedom of the cleaving constructs flexi-
bly linked to the RNA-recognizing motifs, seem to be cru-
cial for efficient destruction of long RNA sequences with
complex secondary and tertiary structural elements. How-
ever, the complexity of biological RNA substrates makes it
difficult to assess the possibility of the catalytic turnover
reaction, especially when they form supramolecular com-
plexes with the peptidyl-oligonucleotide conjugates. Indeed,
multiple-turnover catalysis usually requires a significant ex-
cess of RNA substrates (up to 30-fold) over the catalytic
molecules, thus resulting in a high concentration of RNA
sequences in solution. This may trigger some level of sub-
strate aggregation, which can be further facilitated by for-
mation of multiple peptide bridges between different RNA-
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conjugate hybrids, stabilized by electrostatic interactions be-
tween the positively-charged peptides and the negatively-
charged sugar-phosphate backbones of nucleic acids (76).
Consequently, in order to study reaction kinetics in a com-
parable manner to enzymes, we devised a simple, linear
fluorescently-labelled RNA lacking such secondary and ter-
tiary structure, so that supramolecular RNA structure did
not dominate the kinetics.

Assessment of ribonuclease activity by fluorescent assay

We developed a fluorescent assay to study the kinetics of
cleavage in a linear RNA substrate, lacking the supramolec-
ular complexities of the tRNAPP substrate, which oth-
erwise obfuscated the observation of differences between
the kinetic behaviour of individual conjugates. The lin-
ear model RNA substrate also allowed us to benefit from
the advantages of fluorescence resonance energy transfer
(FRET, see Figure 5). The model target (F-Q-RNA) had
fluorophore (F) and quencher (Q) at the positions flanking
the bulge-loop region (-C;AC;A.G;-) composed of the ri-
bonucleotide residues, while the rest of the F-Q-RNA se-
quence comprised deoxyribonucleotide residues, which are
resistant to cleavage by ribonucleases, including the chem-
ical (arginine-mediated) catalysts studied here. This design
allowed us to monitor cleavage exclusively in bulge-loops
by eliminating cuts outside this region. The nucleotide se-
quence of this 31-mer model target matched precisely the re-
gion corresponding to the 3’-acceptor stem, TWC-arm and
variable loop of tRNAP", in order to allow comparisons
with our tRNAP studies. The bulge-loop inducing con-
jugate (Figure 5A, in blue) hybridized with the F-Q-RNA
target (in red) in a sequence-specific manner, thus forcing
formation of the bulge-loop region in the middle of the se-
quence. The size of the induced loop could be varied by the
length of the non-complementary sequence in the oligonu-
cleotide recognition motifs, so that either the entire RNA
region (C,A;C;A;G,) was vulnerable for cleavage or lesser
parts (<5-nt) could be exposed to catalytic attack (Figure
5B). The intact RNA was fully quenched and fluorescently
silenced (Figure 5C, cyan curve) by the proximity of F and
Q (Figure 5A, steps (i) and (ii)). Cleavage of F-Q-RNA at
the exposed bulge-loop region triggered dissociation and
separation of F and Q (Figure 5A, step (iii)), thus leading
to de-quenching and increased fluorescence (Figure 5C, red,
green, blue and purple curves) to allow quantitative moni-
toring of cleavage over lengthy periods.

Selected ‘bis> (BCS-L-aa and BCS5-L-BB) and ‘triple’
(BC5-L-BBPB) conjugates were compared with previously
studied (69) “single’ conjugates with the catalytic peptide at-
tached in o or B anomeric configuration, capable of induc-
ing bulge-loops of varying sizes of 2-nt (BC2-a and BC2-8),
3-nt (BC3-a and BC3-B), 4-nt (BC4-a and BC4-B) or 5-nt
(BC5-a,, BC5-B and BC5-L-B). The number in the nomen-
clature of ‘single’ conjugates indicated the size of the in-
duced bulge. Since ‘single’ conjugates were also designed to
target the 3’-acceptor stem, TWC-arm and/ variable loop
of tRNAPh® (69), the complete sequence similarity between
the target regions of the linear F-Q-RNA and tRNAPh en-
abled these ‘single’ conjugates to form bulge—loops around
the C;A,;C;A,G, sequence upon hybridization.
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Figure 5. Fluorescent assay of RNA bulge-loop cleavage and dissociation. (A) Schematic illustration of (i) binding of conjugate (blue) to the labelled
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Progressive increase in fluorescence over time is quantified against maximum fluorescence of the fully cleaved (100%) F-Q-RNA target by RNase A (black
curve). (D) Chemical structures of incorporated deoxythymidine residues with covalently-attached fluorescein (F) and dabcyl (Q).

Hybridization of conjugates to the fluorescently-labelled
F-Q-RNA target (1 nM) was confirmed by a sharp decline
in fluorescence, which reached a plateau of full binding at
around 10 wM conjugate concentration and had association
kinetics similar to that of unconjugated oligonucleotide (see
Supplementary Figure S17). Formation of a bulge-loop
structure in the target sequence upon hybridization seemed
to position the fluorophore and quencher even closer to
each other. The closely-located aromatic bases of the hy-
bridized conjugate, as well as the covalently-attached pep-
tide moieties may also contribute to the observed quench-
ing, which was slightly smaller when the related unconju-
gated oligonucleotides were bound to the F-Q-RNA target.

Except for BC2-a showing negligible cleavage of the
smallest (2 nt) bulge-loop, all ‘single’ conjugates catalysed
cleavage within the bulge-loop of F-Q-RNA, and their
cleavage efficiency increased with the size of the bulge—loop

induced (Figure 6D and 6E). For example, after 72 h of
incubation, the extent of the F-Q-RNA cleavage was in-
creased from the negligible level (1.0%) seen for BC2-a in
the smallest bulge-loop (2 nt), through the medium level
seen for BC3-a and BC4-a (47.3% and 45.6%, respectively),
to much higher level (83.9%) in the largest loop (5-nt) in-
duced by BC5-a (see Figure 6D). A similar trend was seen
for the B-category of the ‘single’ conjugates, with the ex-
tent of cleavage gradually increasing from 9.1% for BC2-
B to 18.4% for BC3-B, 45.1% for BC4-B, 48.4% for BC5-B
and 86.7% for BC5-L-B (see Figure 6E). Similar increase
in cleavage with the size of the induced bulge-loop was
also seen for the tRNAP" target (69), where the expan-
sion of the bulge region led to an increase in the num-
ber of cuts within the analogous target region %'C-62A-
03C-4A-5G. However, the extent of cleavage seen here for
the linear F-Q-RNA target was roughly doubled for each
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Figure 6. Left column: End-point fluorescence detection of F-Q-RNA cleavage by various ‘single’ a-conjugates (A) and B-conjugates (B), as well as by
‘bis’ (BC5-L-aae and BC5-L-BB) and ‘triple’ (BC5-L-BBR) conjugates (C). The target F-Q-RNA (1 wM) was treated with one of the conjugates (20 wM)
over 96 h, and fluorescence was measured following excitation at 496 nm and compared with that of the fully cleaved F-Q-RNA by RNase A (20 nM;
black curve). The background fluorescence of untreated F-Q-RNA target is also shown (grey curve). Right column: Kinetics of F-Q-RNA cleavage by
‘single’ a-conjugates (D) and B-conjugates (E), and by ‘bis’ and ‘triple’ conjugates (F). Relative cleavage (%) at each time point (0-96 h) was calculated by
measuring fluorescence emission at 522 nm upon 496 nm excitation, followed by subtracting background fluorescence of untreated F-Q-RNA and scaling
to 100% cleavage produced by RNase A of the same F-Q-RNA substrate (see ‘Materials and Methods’ for further details).

‘single’ conjugate as compared to that observed for
tRNAPhe earlier (69). This indicates the desired greater ac-
cessibility of the bulge—loop region in the simpler linear F-
Q-RNA target compared to the folded tRNAPP target. The
5-nt bulge-loop inducing conjugates exhibited the highest
overall cleavage (93.2% for BC5-a and 99.0% for BC5-L-
B after 96 h, Figure 6). From the back-to-back compar-
isons of the related BCn-a and BCn-f conjugates inducing
bulge-loops of the same size, the catalytic performance of
a-series ‘single’ conjugates seemed slightly superior to those
from the B-series, except for BC2-a, which was inactive. No

spontaneous cleavage was seen when non-complementary
(scrambled, 5’-luc-h-9/14) conjugate was used against F-
Q-RNA, nor from unconjugated complementary oligonu-
cleotide, verifying the absence of non-specific cleavage (Sup-
plementary Figure S18).

Incorporation of multiple catalytic groups into the conju-
gate structure had greatest impact, particularly attachment
of two catalytic peptides in B-configuration, which led to
considerable enhancement (see BC5-L-Bp in Figure 6F),
rapidly reaching 100% cleavage. Although this conjugate
was also very active against tRNAP (Figure 3B and F), the
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cleavage kinetics observed for BC5-L-BB against the short
linear F-Q-RNA target were much quicker than those seen
for the complex biological tRNAP". Indeed, nearly 90% of
F-Q-RNA was degraded within the first 24 h, with more
than 97% of cleavage achieved in 48 h. Surprisingly, F-Q-
RNA cleavage by BC5-L-aae and BC5-L-BBB were similar
to their ‘single’ counterparts (cf. 96.7% for BC5-L-aa ver-
sus 93.2% for BC5-a, 100% for BC5-L-BRB versus 99% for
BC5-L-B, Figure 6). However, they showed much higher ri-
bonuclease activity towards the biological tRNAFPP target
(see Figure 3), when the cleavage within the bulge-loops
roughly doubled after attachment of the additional two or
three peptide chains (cf. with 30% for BC5-L-«, and with
54% for BC5-L-B (69)), thus re-enforcing the overall advan-
tage of multiple catalytic groups for catalysis.

Multiple turnover catalysis of RNA cleavage

Multiple turnover kinetics of the most active ‘bis’ conju-
gate (BC5-L-BB) was investigated using the same fluores-
cent assay, but with up to 30-fold excess of the linear tar-
get F-Q-RNA over the conjugate, and was compared with
that of the most active representatives of ‘single’ conjugates
with the shortest (BC5-a) and longest (BC5-L-) antisense
recognition motifs. Each conjugate (5 pwM) was incubated
with 2-, 5-, 10-, 20- or 30-fold excess of the F-Q-RNA sub-
strate present at 10, 25, 50, 100 or 150 wM concentration,
respectively, when cleavage kinetics was followed over 96
h (see Figure 7A-C), as described in ‘MATERIALS AND
METHODS’. Quantitative estimation of F-Q-RNA cleav-
age by ‘single’ and ‘bis’ conjugates under multiple-turnover
conditions is given in Table 2. It is seen that each conju-
gate was able to cleave multiple RNA copies, with the high-
est number of cleaved F-Q-RNA molecules of 6.6, 6.4 and
5.6 copies per conjugate achieved by BC5-L-B, BC5-a and
BC5-L-B, respectively. The increase in RNA: conjugate mo-
lar ratio (up to 10- and/or 20-fold) raised the number of
cleaved F-Q-RNA molecules initially, which later declined
with the further increase in substrate concentration. Sur-
prisingly, the highest excess of the RNA substrate (20-fold
and/or 30-fold) appeared to be detrimental for cleavage,
showing lower than expected number of cleaved RNA sub-
strates (Table 2). This correlated with the slower cleavage ki-
netics seen for all three conjugates at the highest F-Q-RNA
concentrations (100 and/or 150 wM), when the molar ex-
cess of the RNA substrate exceeded 20- or 30-fold (see Fig-
ure 7).

The observed initial velocities of the conjugate-catalysed
cleavage of excess substrate showed consistent behaviour
that could not be explained by simple Michaelis Menten ki-
netics, in three main regions (see Figure 7G-I). (i) When
substrate was in small excess (2- and 5-fold), initial veloci-
ties were lower than expected and then increased with sub-
stantial depletion of substrate into product. (ii)) With sub-
strate in larger excesses (10- and 20-fold), initial velocities
were higher than could be contiguous with the above veloc-
ities, and then declined with substrate conversion to prod-
uct. (iii) At higher substrate excesses (from 20- to 30-fold),
initial velocities were much lower than could be contiguous
with the above velocities and declined as substrate was con-
verted to product. To understand better this atypical kinet-

ics of RNA cleavage by catalytic conjugates under the mul-
tiple turnover conditions, we developed a simulation model
of the complex dynamic nature of interactions between the
catalytic molecules and RNA substrates (see also Supple-
mentary Section 21).

Given the non-linear, often sigmoidal nature of reaction
progress curves, non-linear estimation of initial reaction ve-
locities (vy) was used throughout (79,80). Progress curves
approached linearity only for the 5-fold molar excess of
substrate (Figure 7A-C), where a consistently small non-
linearity n ~ 0 held for all BCS conjugates (Figure 7, pink-
filled squares in D-F, respectively). However, at 2-fold mo-
lar excesses, small increases in velocity with negative non-
linearity (—n) were evident for the single peptide conjugates
(Figure 7, red-filled circles in D-E), suggestive of activation
during the reaction progress at low substrate concentration,
not apparent for the ‘bis’ conjugate BC5-L-BB. Otherwise,
velocities decreased during reaction progress with positive
non-linearity (+n), suggestive of the decline of the substrate
and/or increase in inhibition by the product.

Strikingly, the most active conjugates (BC5-a and espe-
cially BC5-L-BR) suffered from lower velocities at larger
substrate excesses (20-fold and 30-fold), resulting in the
atypical parabolic kinetic profiles (Figure 7G and I). How-
ever, the least-active elongated ‘single’ conjugate (BC5-L-B)
approximated to a more hyperbolic profile of initial veloc-
ities reminiscent of Michaelis-Menten kinetics, but again
with deviations at lower substrate excesses and the strongest
decline in velocities with reaction progress at 30-fold sub-
strate excess (Figure 7B, E and H).

An explanation of this discrepancy was found in the like-
lihood of self-association of the target substrate and con-
jugates into hairpin and duplex structures. Hairpin struc-
tures involving intramolecular folding are particularly sta-
ble and can be formed rapidly (see Supplementary Figure
S19). When dominant self-association is considered, both
the un-complexed substrate available for reaction and its de-
cline during reaction progress are much reduced, as com-
plexed substrate can replace or buffer the available sub-
strate consumed (see Supplementary section 21 for further
details, and Supplementary Figures S20 and S21). Similar
self-association affecting the availability of conjugate may
also result in the observed activation and inactivation of cat-
alytic conjugate. The developed numerical model (see Sup-
plementary Section 21) combines the main such interac-
tions and is schematically summarized in Figure 8, as a first
possible explanation to simulate the atypical kinetic data
observed.

The RNA substrate, which is expected to be com-
plexed [S]., was calculated from its equilibrium dissociation
K, and the total substrate [S]y, when the expected avail-
able substrate [S], was obtained by difference. The com-
plexed conjugate and its activation in competition with the
initially-available substrate [ S], were calculated from its ap-
proximated dissociation K, to provide the activated con-
centration of conjugate [C], available dynamically during
reaction progress. Initial approximated values were refined
within the non-linear numerical fitting of the model to ob-
served data (Supplementary Section 21).

The expected weaker association of cleaved product and
similar partial binding of substrate to the catalytic con-



Nucleic Acids Research, 2022, Vol. 50, No. 2 667

_A BC5-a B BC5-L-B C BC5-L-Bf
- ¢ 50uM
30 - g 150 uMm
_ ...;.. ) .° 0.'-.:- 100 'J.M
= 20
k] o A
=] . ..-'
B et om
a Lt A ..
(= a . &
10 A X _..-l ..
.:.' ..-° .‘.'
Q:o.. 0... ... .
;‘.".”.. ..."'...
0 W v geen®
0 50 100
Time (h) Time (h)
e D BC5-a. E BC5-L-B F BC5-L-BB
c . A
= 002 I Q@ Oeeeem
> 001 et e A
% 0 .- ..'0-00"... . .'A
2 -0.01 4@ ‘-'
e 0.02 T rrrrrTTrTrTrTTTTTT. T T TTT T
2 0 50 100 150 ¢ 50 100 150 0 50 100 150
Initial [substrate] ([S,] pM) [Sol (uM) [Sol (uM)
G BC5-a H BC5-L- | BC5-L-3
- 0.8 -
N e .
%_ @ Non-
:‘" linear
z
';3 " ® 4 Linear
g
=
.*_é-
0 50 100 150 0 50 100 150 O 50 100 150

Initial [substrate] [S,] (uM) [Sol (uM) [Sol (nM)

Figure 7. Atypical kinetics of RNA cleavage by catalytic conjugates under multiple turnover conditions. Each conjugate (5 wM) was incubated with up to
30-fold excess of the F-Q-RNA substrate present at 10 M (red), 25 wM (pink), 50 pM (orange), 100 wM (purple) or 150 uM (green) concentration. Top
row (A—C): Progress curves of cleavage product concentration [P], measured from increase in fluorescence and normalized against full cleavage of each
substrate concentration [S]y by RNase A. Middle row (D-F): Non-linearity factor (1) of cleavage kinetics as a function of substrate concentration. Bottom
row (G-I): Initial velocities (vg) of F-Q-RNA cleavage plotted against initial substrate concentrations. Non-linear curve fitting of [P] = 22 (1 — ™)
(59,60) estimated non-linearities n and initial velocities vy and revealed atypical parabolic kinetics for both non-linear (corresponding colour-filled circles)
and linear (grey-filled triangles) estimates of initial velocities v, rather than hyperbolic kinetics of Michaelis—Menten (dotted traces: black for non-linear
and grey for linear estimation of initial velocities).

Table 2. Quantification of F-Q-RNA cleavage by ‘single’ and ‘bis’ conjugates under multiple-turnover conditions with up to 30-fold excess of RNA target.
Each conjugate (0.5 nmol) was incubated with 2-, 5-, 10-, 20- or 30-fold excess of the F-Q-RNA substrate in 100 wl Tris buffer at 37°C, over 96 h*

BC5-L-BB BC5-L-B BC5-a
Initial F-Q- RNA substrate Cleaved F-Q- RNA Cleaved F-Q RNA Cleaved F-Q RNA

Concentration Amount Amount Number of Amount Number of Amount Number of
(M) (nmol) (nmol) molecules (nmol) molecules (nmol) molecules
10 1.0 1.0 2.0 0.6 1.2 0.6 1.2

25 2.5 2.0 4.0 1.8 3.6 1.5 3.0

50 5.0 33 6.6 2.5 5.0 2.9 5.8

100 10.0 2.7 54 2.8 5.6 32 6.4
150 15.0 2.8 5.6 1.6 3.2 1.8 3.6

2Experimental details are given in ‘Materials and Methods’.
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jugate, in competition with the full binding of substrate
(Figure 8) were calculated from their equilibrium dissocia-
tion constants Kp, Kggand K¢g (respectively). Intact sub-
strate will dominate the occupancy of the conjugate ini-
tially but, as substrate is cleaved, product occupancy rose
to <10% in this model. Products of cleaved substrate were
assumed to have similar affinity to that of partial binding
of substrate in this model, in order to approximate the oc-
cupancy of product (Supplementary Figure S22). At large
excess of substrate, some of the conjugate fraction will be
‘doubly occupied’ by a pair of partially-bound substrate
molecules (K;,) (Figure 8), which will decline in competi-
tion with cleaved products partially occupying one half or
the other of the binding site. Given strongly-affected reac-
tion velocities at higher substrate concentrations, the rate
of decline in this ‘double-substrate’ occupancy of the con-
jugate will be greater at lower than at higher substrate con-
centrations, when ‘double occupancy’ would be retained
for longer periods of reaction. It will also remain elevated
at the higher substrate concentrations, where the conju-
gate was also prone to inactivation (Supplementary Figure
S22). The two dangling ends of partially-bound substrate
molecules and the two or more dangling positively-charged
peptides are likely to promote agglomeration, which is ex-
pected to inactivate the catalytic conjugate. Inactivation will
thereby increase with the greater extent and longer duration
of ‘double-substrate’ occupancy at higher substrate concen-
trations (Figure 8). The lesser rate of decline of ‘double-
substrate’ occupancy of the conjugate with increasing sub-

strate concentrations (Supplementary Figure S22) was con-
sidered as the key determinant of inactivation in this first
model, in addition to the other inactivation routes (e.g. in-
hibition of the conjugate by the generated product). The ac-
tivation route of the self-associated (and thus unavailable)
conjugate (Supplementary Figure S21) proceeds via bind-
ing with the available substrate, which can unfold the hair-
pin structures or disrupt imperfect conjugate-conjugate self-
associations by forming much stronger conjugate-substrate
complexes stabilized by a larger number of perfect-match
Watson-Crick base-pairing.

Michaelis—Menten kinetics for initial velocities (vy) and
initial available substrate [S],o, including the active conju-
gate [C], (in the V,,,x = [Cls X keqr term) were used to esti-
mate k., K,, and to refine approximated equilibrium disso-
ciation characteristics (K., K;, Kj;). Of the total conjugate,
only a minor fraction (~10%) was initially available at small
excesses of substrate. This model of activation by available
substrate, and inactivation in larger excess of substrate, al-
lowed Michaelis—Menten kinetics to approach the observed
velocities (Figure 9 and Supplementary Figure S23).

The conjugate with two catalytic peptides (BC5-L-
BB, keat 0.8 h™1) showed the greatest V,,, (Figure 9 (A)
and Supplementary Table S2), but was approached by
the conjugate with a single peptide from the o anomer
(BC5-a, key 0.6 h™1), whereas attaching the single pep-
tide from the B anomer with an elongated recognition
motif cut activity by half (BC5-L-B, ket 0.29 h™!). How-
ever, reflective of identical sequence complementarity, sim-
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ilar Michaelis—Menten constants K, were estimated in the
range 20-24 uM. The dynamic changes in the activation of
conjugates were similar, as was the profile of inactivation of
‘single’ o and ‘bis’ BP conjugates, whereas the single elon-
gated B conjugate was least inactivated at higher substrate
excess (see Figure 9B and Figure S23 for details).
Importantly, in all three cases, the extent of cleavage ap-
proached 100% or greater of the initially- available sub-
strate for total substrate excess up to 5 -10-fold. The con-
jugates with a single catalytic peptide showed similar ex-
tents of cleavage, whereas the conjugate with a pair of cat-
alytic peptides had a greater extent of cleavage, presumably,
through rapidly consuming much of the self-complexed
substrate too (expressed as cleavage of initially-available
substrate greater than 100%). However, beyond 10-fold sub-
strate excess, the extent of cleavage declined, presumably
from conjugate inactivation (Figure 9D-F), and because
the proportion of the expected product-occupied conju-
gate increased towards 10% (Supplementary Figure S22).
Product inhibition presented as uncompetitive with K; of
18-21 uM (Supplementary Table S2). Velocities expected
from Michaelis—Menten kinetics with uncompetitive prod-
uct inhibition approached observed velocities for the up-
per substrate excesses, where available substrate remained

buffered and steady during reaction progress (Supplemen-
tary Figure S24).

Full cleavage of target substrate at 10-20-fold molar ex-
cess offers considerable potency where a single catalyst
molecule destroys 5-10 targets, even with a partially-active
conjugate (<30% in Figure 9D). Simulations of activated
conjugate revealed that under physiological charge screen-
ing and in the presence of emerging product fragments,
leading to reduced self-association and therefore decreased
conjugate inactivation, and at substrate excesses with lit-
tle inactivation of conjugate (~10 [S]/[C], Figure 9), each
conjugate may be capable of destroying over 30 target
molecules. Such catalytic potency could allow a few active
molecules to knock down the typical range of copy num-
bers of pathogenic RNA in each cell and to continue to do
so for many days.

Activation of catalysis can be enhanced even further
through rigorous conjugate design, for example, by distanc-
ing the attachment points of the positively-charged catalytic
peptides in the oligonucleotide chain. This may promote
an intramolecular repulsion between 5’- and 3’-terminal
segments of the conjugate and minimize its folding into
stable hairpin structures, detrimental for catalysis. By ma-
nipulating the network of anticipated atomic interactions



670 Nucleic Acids Research, 2022, Vol. 50, No. 2

within the structural components, it is possible to control
the secondary structures of such conjugates and avoid their
inactivation. Recently developed toehold-mediated strand
displacement and toechold exchange mechanisms (71,81)
through either three-way branch migration (71,81-83) or
hidden thermodynamic drive (71,84) can also be used, both
to reduce self-associations of conjugates and RNA sub-
strates into inactive complexes, and to accelerate rapid re-
lease of catalysts from hybridized complexes. This may al-
low them to operate continuously and increase substrate
turnover even further.

Indeed, these relatively small artificial ribonucleases at-
tacked and unfolded the higher order structure of tRNA,
probably by sequence-specific displacement, initiated from
the toehold provided by the 3’ single-stranded overhang,
combined with the extended reach of peptides to cleave
nearby folds. Generally however, accessibility remains a
challenge shared with other RNA-silencing approaches,
where RNA target sites can reside within complex sec-
ondary and tertiary structures that many biological RNA
molecules adopt, which may lead to variable success bio-
logically. Reliable identification of accessible regions within
target RNA sequences is even more important when RNA
silencing is reliant upon access by bulkier enzyme com-
plexes. Computational approaches remain helpful for pre-
diction of possible tertiary RNA structures (85-87), but ac-
tual accessibility can be probed by various chemical and
enzymatic techniques, for example: hybridization of RNA
with a random pool of complementary DNA fragments (88)
or chemically-synthesized chimeric oligodeoxynucleotides
(89), followed by digestion with RNase H and frag-
ment identification by gel electrophoresis (88) or sequenc-
ing using primer extension analysis (89); self-quenching
oligonucleotide probes with internal loop-stem structures
(90); RNA target binding to combinatorial arrays of
oligonucleotides (91,92); RNA backbone exposure map-
ping through hydroxyl radical cleavage (93), with RNA
footprinting analysis (94,95) including massive parallel-
sequencing as the readout for hydroxyl radical footprinting
(96), and simultaneous analysis of multiple RNA sequences
by combining random priming of reverse transcription with
barcoding (97).

The field of RNA targeting by oligonucleotide-based
agents is advancing rapidly. However, translational develop-
ment of these catalytic conjugates and their future applica-
tions in cells, tissues and in vivo require them to demonstrate
sufficient serum stability against intracellular and extracel-
lular nucleases, which is our next challenge. Improved re-
sistance to enzymatic degradation will be achieved through
replacement of the ‘naked’ oligonucleotide recognition
motifs with nuclease-resistant, chemically-modified ana-
logues. Recently developed methanesulfonyl (mesyl) phos-
phoramidate analogues (98,99), triazole-LNA (100,101)
and carbamate-LNA modified oligonucleotides (102) show
a considerable improvement in their biological stability.
Full or partial replacement of natural nucleotides with
such modifications will protect the catalytic conjugates from
enzymatic degradation, without compromising their hy-
bridization properties towards RNA (98-102). The incor-
poration of multiple catalytic peptides into conjugate struc-
tures will provide additional protection from nucleases in

the vicinity of their attachment points to the oligonucleotide
(63,66), as will the nuclease-resistant a-anomers. Other fac-
tors that will become important in the future include the
ability of such conjugates to cross biological barriers and
reach their target RNA in eukaryotic cells. Arginine-rich
peptides have been shown to improve cellular uptake of
oligonucleotides (103), which may facilitate transport of our
catalytic conjugates across biological barriers, as the first
step in addressing the other, more difficult challenges in-
cluding their tissue-specific delivery and intracellular traf-
ficking. This can be achieved by similar synthetic strate-
gies to incorporate transport functionalities into conjugate
structures and to enable their selective transport across
membrane barriers, both to maintain blood circulation and
to traverse them into the RNA domains of target tissues.

CONCLUSIONS

Sequence-specific chemical ribonucleases have been devel-
oped with truly-catalytic activity, improving their potential
in biological knock down of pathogenic RNA.

1. Bulge-loop inducing oligonucleotide conjugates with two
or three catalytic peptides attached in different anomeric
configuration (aa, BB, Ba, aff or BRR) were successfully
synthesized and purified by RP HPLC in good yields (30—
40%) and characterized by NMR and MS, confirming
the desired structures. All conjugates showed sequence-
specific saturation binding, when hybridizing with the bi-
ological tRNA target, which was not affected by multiple
catalytic peptides incorporated into the recognition mo-
tif.

2. Multiple peptide attachment considerably increased cat-

alytic cleavage with 90-100% degradation in 24 h by ‘bis’
and ‘triple’ conjugates compared to 70-80% by ‘single’
conjugates in 72 h. More dense and rigid arrangement
of shorter ‘triple’ peptide offered no advantage over the
longer more flexible ‘bis’ peptides. Peptides in the same
configuration offered a broader attack from the same side
of the RNA backbone and cut tRNAP at five positions,
whereas peptides in opposing configurations offered nar-
rower attack from opposite sides of the RNA backbone,
coinciding at only 2 positions.

3. In addition to the cleavage at the induced bulge-loops,

flexibly anchored catalytic peptides within the ‘bis’ and
‘triple’ conjugates also showed considerable cleaving ac-
tivity outside the region directly engaged in hybridiza-
tion between the tRNAP" and conjugate recognition mo-
tif, which may in the future provide potential advantage
for effective demolition of long non-coding RNA or viral
genomic RNA with the complex secondary and tertiary
structural elements.

4. RNA secondary and tertiary structure dominated reac-

tion kinetics, with initial velocities up to 100 nM/h, with
a common pathway of first cutting folds nearby the bulge
loop to a threshold level of cleavage (30-40% in tRNAPh®)
to relax this structure before cleavage within the bulge
emerged and took over.

5. Multiple turnover ‘bind, cleave and leave’ catalysis was

clearly demonstrated by development of a fluorescent
ribonuclease assay using a linecar RNA target allowing



cleavage only in the induced bulge loop, and reaction
progress to be followed quantitatively with excess target.

6. Complex parabolic behaviour of the cleavage kinetics
was observed. A simulation model was developed to
reveal the dynamic nature of available substrate and
active conjugate, after complexation into unavailable
and inactive complexes, particularly at large excesses of
target. The underlying Michaelis-Menton kinetics then
emerged, with K, values of different conjugates ranging
narrowly (20-24 M), but with turnover number increas-
ing with the number and configuration of catalytic pep-
tides, reaching ke, 0.8 h 1.

7. Full cleavage of 10-20-fold excesses of available target
demonstrated that each catalyst molecule destroyed 5-10
targets, even with only <30% of the conjugates in the ac-
tive state.

When more fully activated by physiological condi-
tions, each conjugate molecule may destroy over 30 target
molecules, when a few conjugate molecules could knock-
down RNA copy numbers typical biologically. Further im-
provement in the activation of such conjugates can be
achieved via thorough structural design guided by the dis-
coveries of this work.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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