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Boronic Acid Assisted Self-Assembly of Functional RNAs

Amandine Leliévre-Biittner,”’ Theodor Schnarr,” Mégane Debiais,” Michael Smietana,

and Sabine Miller*®

*[b]

Abstract: Boronate esters formed by reaction of an oligonu-
cleotide carrying a 5’-boronic acid moiety with the 3'-terminal
cis-diol of another have been shown previously to assist
assembly of fragmented DNAzymes. Here we demonstrate
that boronate esters replacing the natural phosphodiester
linkage at selected sites of two functional RNAs, the hairpin
ribozyme and the Mango aptamer, allow assembly of func-
tional structures. The hairpin ribozyme, a small naturally
occurring RNA that supports the reversible cleavage of
appropriate RNA substrates, is very sensitive to fragmentation.
Splitting the ribozyme at four different sites led to a
significant decrease or even loss of cleavage and ligation

activity. Ribozymes assembled from fragments capable of
boronate ester formation showed restoration of cleavage
activity in some but not all cases, dependent on the split site.
Ligation proved to be more challenging, no supportive effect
of the boronate ester was observed. Split variants of the
Mango aptamer also showed a dramatic loss of functionality,
which however, was restored when 5’-boronic acid modified
fragments were used for assembly. These studies show for
the first time that boronate esters as internucleoside linkages
can act as surrogates of natural phosphodiesters in functional
RNA molecules.

/

Introduction

Understanding the origin of life and developing models and
hypotheses for experimental proof is a field of research that is
as fascinating as it is challenging. In studies underpinning the
RNA world hypothesis, the emergence of first RNA strands and
moreover of first functional RNAs has been a long-standing
question. Much effort has been made in developing scenarios
of arbitrary RNA polymerization from monomers™ as well as in
finding RNA enzymes that catalyze the replication of RNA
molecules, including the enzyme itself? Alternatively, first
oligonucleotides could have been assembled from activated
short oligomers® or by formation of dynamic internucleosidic
linkages™ in enzyme-free conditions, providing the capacity of
self-healing, -replicating or -adapting.”!

Apart from the RNA world scenario, RNA self-assembly from
shorter fragments is an issue of interest in the field of
diagnostics. Previously, we have reviewed the area of split
aptamers and nucleic acid enzymes for the development of
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advanced biosensors.® The concept of split aptamers relies on
dissecting an aptamer in two or more fragments with the
capability of assembling in the presence of the cognate target.
In order to enhance stability, individual fragments can be
decorated with functionalities that allow covalent end-joining
of the fragments upon assembling. Also here, dynamic inter-
nucleosidic linkages are of interest, because they allow
reversibility and control of functionality.”'” In this context, the
spontaneous and reversible reaction of boronic acid with a cis-
diol, yielding a cyclic boronate ester is a suitable chemistry for
the formation of dynamic internucleosidic linkages. Boronic
acids are sufficiently stable to operate in aqueous media, and
thus we have previously demonstrated reversible DNA- and
RNA-templated boronate ester formation by using one set of
fragments carrying a boronic acid group at the 5-terminus and
another set of fragments terminated with a ribonucleotide to
provide the cis-diol required for boronate ester formation
(Figure 1A).'"" So far, we concentrated on the synthesis of 5'-
boronic acid modified deoxynucleotides and boronate ester
formation between DNA fragments having the required 5'- and
3’-functionalities. Nevertheless, we have also started to synthe-
size 5’-boronic acid modified ribonucleotides and accordingly
5’-boronic acid functionalized RNA strands. Using these strands
for duplex formation with an opposite RNA strand as depicted
in Figure 1B, we observed the formation of RNA hairpin loops
by reaction of a 5’-terminal boronic acid group of the short RNA
strand with the cis-diol terminating the 3’-overhang of the
longer RNA strand.['?

More recently, we have used this chemistry for the study of
split DNAzymes." The 10-23 DNAzyme, one of the first and
most widely studied DNAzymes,"® was used as the parent
structure, from which several split versions with restored activity
were derived from 5’-boronic acid and cis-diol- containing
fragments."

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. A) Formation of an internucleosidic boronate ester linkage. B)
Schematic representation of boronic acid-assisted formation of a RNA duplex

and a RNA hairpin as reported in Ref. [12].

Here, we set out to explore the activity of split versions of

(171

the light-up aptamer Mango

3o N5

and of the hairpin ribozyme

using the boronate chemistry described above for assistance of
fragment assembly. In contrast to the rather small and robust
10-23 DNAzyme, the hairpin ribozyme being a more complex
RNA catalyst was expected to be more sensitive towards
fragment splitting. Apart from the comparison with the split
DNAzyme, demonstration of the ability of RNA pieces to
assemble and form a functional RNA catalyst, would be not only
a promising concept for biosensing or therapeutic application,
but provide an appealing model for the generation of func-
tional RNAs assembled from smaller non-functional fragments
in early life.

The hairpin ribozyme is a small naturally occurring RNA
motif derived from the tobacco ringspot virus satellite RNA
((—)sTRSV).'¥ The minimal structure consists of four helices
interrupted by two loops (A and B), and it catalyzes the
reversible cleavage of a specific phosphodiester bond in the
presence of Mg?" (Figure 2)."**® Numerous hairpin ribozyme
variants have been designed in the past for structural studies as
well as for specific applications.”’ " However, compared to the
number of split DNA/RNA aptamer systems reviewed recently,®
reports on fragmented ribozymes are scarce. In many studies,
three-stranded hairpin ribozyme versions have been used for
the reason of more efficient chemical synthesis of shorter RNA
strands, rather than for the purpose of studying the effect of
fragmentation on activity as such.** |n the present work, we
engineered new split-hairpin ribozyme variants and studied
their cleavage and ligation activity. In particular, we looked at
the performance of 5-boronic acid modified fragments in the
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Figure 2. A) Secondary structure of the hairpin ribozyme bound to the ATTO680 labelled substrate. B) Mechanism of reversible RNA cleavage by the hairpin
ribozyme.”® C) Schematic representation of the boronic acid-assisted assembly of a split-hairpin ribozyme to form a functional structure.
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split variants in comparison to their unmodified counterparts
(Figure 2C). As described above, the boronate ester linkage, if
formed, would stabilize the assembled ribozyme, and this
should mirror in higher activity as compared to the respective
non-modified split variant. In addition to the hairpin ribozyme,
we also studied the assembly and restoration of functionality by
boronic acid ester formation in a split version of the light-up
RNA aptamer Mango to improve the design and performance
of split light up aptameric sensors for intracellular monitoring
and imaging of biomolecules.””

Results
Design of the split ribozyme variants

Four different split hairpin ribozyme variants were designed
and investigated. For this purpose, the hairpin ribozyme was
split in two fragments individually at the sites depicted in
Figure 3A. To follow activity, the RNA substrates to be cleaved
or ligated were fluorescently labelled with ATTO680, and the
reaction rate constants were determined by quantification of
the amount of cleaved or ligated RNA over time after separation
by gel electrophoresis. Since originally the dynamic internucleo-
sidic boronate ester backbone was shown to be more stable in
templated conditions,"” we first investigated split-hairpin
ribozyme variants that were fragmented in the stem areas
(Figure 3A). Variants with different split sites were named in
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Figure 3. A) Sequences of the hairpin ribozyme fragments and secondary structures showing the site of the boronate ester linkage. B) Phosphoramidite
building blocks of boronic acid derivatives used in the study and obtained RNAs with 3’-terminal boronic acid moieties.
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alphabetical order according to the fragments they are
assembled from. Variant A/B was split between G'" and U'?, and
variant C/D between G* and U*. Furthermore, based on our
previous studies on DNAzymes with the split site in the catalytic
loop™ and on boronic acid ester assisted RNA loop
formation,? we included two more split hairpin ribozyme
variants in our study: variant F/G with the split site between G*
and U¥, and variant H/I with the split site between A*® and U*
in loop B (Figure 3A). The two uridines U*” and U* are known
not to be involved in essential tertiary interactions,”” making
them suitable sites for modification with the 5'-borono
derivatives.

Preparation of split ribozyme variants and substrate RNA

All required RNA fragments A to | were prepared by solid-phase
chemical synthesis. For fragments B, D, G, and I, 5’-boronic acid
modified versions were synthesized in addition to the non-
modified strands. Commercially available 4-hydrophenylboronic
acid (Ph®) and 6-hydroxyl-2-naphtaleneboronic acid (Napht®"),
as well as previously synthesized 5'-boronothymidine (T®") and
5'-boronouridine (Ut")"*3% were converted to the corresponding
phosphoramidites and coupled as last building block to the 5'-
end of fragments B, D, G, and | (Figure 3B). The modified
strands were named according to the type of modification: X™"
for strands carrying T*" at their 5-end, and X"®" for strands
modified with U®™. In case of modification with Ph® and
Napht®, two strands were synthesized; one strand where the
modification was added to the 5-end (named XUP"Bn or XUNaphtén)
and one strand where the last 5'-end uridine was replaced with
the modification (named X" or XNP'®"  The full-length
hairpin ribozyme HP-Rz, used as control, was prepared by in-
vitro transcription. In order to allow the cleavage reaction to be
followed, the substrate strand HPS was chemically synthesized
and functionalized with a 5'-terminal amine, to which ATTO680-
NHS ester was coupled post-synthetically.

Cleavage reactions

The cleavage activity was first evaluated for the parent
ribozyme HP-Rz in the presence of 20 MM MgCl, at 25°C and

pH 7.5, and at saturating ribozyme concentration (Table 1,
Figure S17). The cleavage rate (k,,,=0.105+0.015min™") is
somewhat lower as usually observed for the hairpin ribozyme,
which is a consequence of the lower temperature (25 °C instead
of 37°C). The temperature of 25°C for the cleavage reaction
was chosen with regard to the split HP-Rz variants, which would
be less stable at the standard temperature of 37°C. We then
looked at the unmodified split ribozymes, where only HP-Rz C/
D showed activity, although significantly lower than observed
for the parent HP-Rz (k.,, C/D=0.012+0.001 min~'). None of
the other unmodified split versions showed significant cleavage
activity within 3 h, such that rate constants could not be
measured (Table S5).

Next, we evaluated the cleavage activity of split HP-Rz
variants using fragments carrying at their 5-end the borono
modifications mentioned above and shown in Table 1. Individ-
ual variants of split ribozyme HP-Rz C/D were assembled from
unmodified fragment C and fragment D, 5'-functionalized with
either of the boronic acid moieties shown in Figure 3B. The
time courses of cleavage reactions are summarized in Figure S9.
Kinetic graphs for all C/D variants are shown in Figures S10 to
S17 and corresponding data presented in Table 1. Recovery of
cleavage activity was observed in particular with fragment D
carrying a 5'-terminal borono-uridine (DY®") and to somewhat
lesser extent but still significant with fragment D carrying a 5'-
terminal borono-thymidine (D™"). Cleavage rate constants
increased by a factor of 1,5 to 2, and cleavage efficiency was
restored from 32% (unmodified split variant C/D) to 54.0% and
45% for the two borono-modified variants C/DY®" and C/D™",
(Table 1, Table S5).

When adding the non-nucleosidic borono moieties Ph®" and
Napht®" to the 5-end of fragment D, cleavage activity remained
the same or was even worse than that observed for the
unmodified split ribozyme variant C/D (Figure 2C, Table 1,
Figure S9, Table S5). Here, certainly destabilization of helix 4 by
the additional phenylboronic acid or naphtylboronic acid
moiety plays a role and can explain at least in part the observed
result. It remains questionable, if the boronate ester has formed
at all, since the structure at the templated ligation site clearly
must be distorted. Thus with both variants, C/D""™®" and C/
DUN=PhEn cleavage reached only 31 to 34% (Table 1). When the
entire 5'-terminal uridine (U**) of fragment D was replaced with
either Phenylboronic acid or Naphtylboronic acid, activity was

Table 1. Cleavage efficiency (a, %) and observed cleavage rate constant (k,,,, min™') of split ribozyme variants at 25 °C, 20 mM MgCl,, pH 7.5 and 8.7.
Entry Variants % cleav. % cleav. Kops Kobs
pH75 pH 8.7 pH 7.5 pH.8.7
1 HP-Rz 56.76 +2.46 69.32+2.35 0.105+0.015 0.111+0.024
2 HP-Rz C/D 32.13£1.31 39.88+1.84 0.0124+0.001 0.01440.002
3 HP-Rz C/D"®" 54.45+1.59 62.03+1.55 0.01840.001 0.033+0.002
4 HP-Rz C/D™®" 45.27+1.87 60.66+1.27 0.02140.002 0.035+0.002
5 HP-Rz C/DVP"en 31.19+£3.89 44.06+1.72 0.0134+0.003 0.010+0.001
6 HP-Rz C/DP"en 28.36+1.87 30.27+1.31 0.007 +0.001 0.010+0.001
7 HP-Rz C/DUNeP"5n 3424+1.18 29.71+1.28 0.005 +0.0002 0.008 +0.0006
8 HP-Rz C/DNephtEn 26.58+1.34 32.84+0.46 0.016 +0.002 0.014+0.0004
Note: values were obtained from nonlinear exponential fitting of data sets collected from the cleavage reaction, using the equation y=a(1—e™™) (a and b
represent the final cleavage efficiency and the observed rate of the reaction, respectively) using Origin 8.
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even worse. Both split ribozyme variants C/D"™" and C/D"""&"

reached only 28% and 27% cleavage, which is most likely a
consequence of the missing A38:U34 base pair in helix 4.
Again, the formation of the boronate ester remains question-
able in these cases, due to the distance between the 5'-terminal
boronic acid of one fragment and the 3’-terminal cis-diol of the
other, when bound to the complementary sequence forming
helix 4.

Boronate ester formation is supported under basic con-
ditions, assisting rehybridisation of the sp’ boron to a
tetrahedral sp® anion.®" Therefore, we have conducted cleavage
experiments with all C/D variants at higher pH (Table 1,
Figure S9, Table S5). When looking at the percentage of
cleavage, it is increased in all cases, although the increase is
most pronounced for C/D“®" and C/D™". The full length
ribozyme HP-Rz also shows a higher cleavage yield at pH 8.7.
Thus, the increase cannot necessarily be interpreted as a
consequence of better stabilization of the formed boronate
ester, but may be as well a consequence of the better activation
of the attacking nucleophile at higher pH. Regarding cleavage
kinetics however, an effect was clearly observed for split
variants C/D®" and C/D™", where cleavage rates increased
about two-fold when changing pH from 7.5 to 8.7 (Table 1). All
other variants did not show significant changes in the reaction
rate. This speaks for the expected stabilization of the boronate
ester at higher pH, if properly positioned in the ribozyme
structure, and in consequence for improved stability of the
folded ribozyme mirrored in higher observed cleavage rates k.
Encouraged by these results, we decided to study other split
regions and designed further split ribozyme variants (A/B, F/G
and H/I) (Figure 4). In the A/B variant, the split site is positioned
within helix 2 between G'' and U™ (for nucleotide numbering
compare Figure 2A). The position was chosen due to the fact
that only the 5-borono derivative of uridine was available for
incorporation into RNA, hence we looked for 5’N*U-3’ sites (the
asterisk marks the split position) and defined G''U™ as a
possible site. In addition to templated split sites within helices,
we also sought to investigate if we can split the ribozyme
within loop B, and defined G*U¥ and A%*®U* as two more
possible split sites to constitute split ribozyme variants F/G and
H/I.

All three split variants showed significantly reduced activity
in comparison to the parent full-length ribozyme (Figure 4,
Table S5). The same cleavage conditions as for the C/D variants
were used, but the reaction time was extended to 144 h, since
virtually no cleavage was observed within the previously used
three hours. Cleavage activity of split variant A/B was very poor
(1.5% after 144 h) but could be somewhat improved (6.5 % after
144 h) when the 5-boronouridine carrying fragment was
present (A/B“®", Figure 4A, Table S5). To our surprise, also
variants F/G and H/I with the split site located in a loop region,
showed unexpected activity (39+2% and 17+ 1% after 144 h),
even higher than the A/B variant with the templated split site
in helix 2 (Figure 4B and C, Table S5). When a boronate ester
was formed with the 5-U" carrying fragment, cleavage activity
of the corresponding variant F/GY®" was clearly improved,
reaching about 50% conversion after 144 h. Fragment G

Chem. Eur. J. 2023, 29, e202300196 (5 of 9)
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Figure 4. Time course of cleavage reactions of A) split ribozyme variants A/B,
B) split ribozyme variants F/G and C) split ribozyme variants H/I. Average
data was collected from three independent measurements.

carrying T®" was less suited, activity of F/G™" was even lower
than observed for the unmodified split variant. Interestingly,
variant H/l showed best activity when unmodified fragments
were used (17 % conversion after 144 h). Neither U®" nor T*" at
the 5-end of fragment | were able to restore cleavage
(Figure 4C, Table S5), which implies that the boronate ester, if
formed, or alternatively the 5’-terminal boronic acid of one
fragment at this position between A*® and U* has a distortive
effect, eventually interfering with proper folding of the
ribozyme.

Cleavage activity in the presence of Catechol

To clearly show the importance of the boronate ester formation
for recovery of ribozyme activity, we chose one of the systems
to perform competition experiments in the presence of
1000 equivalents of catechol (Figure S21). Catechol as 1,2-cis-
diol forms a stable ester with boronic acid"**? and thus would
compete with the 3’-terminal diol of the RNA fragments in our
ribozyme assays (Figure 5A).
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Figure 5. A) Competition experiments with catechol. B) Cleavage yields of
ribozyme variants are given after three hours reaction at 25°C, 20 mM MgCl,
and pH 7.5. Equivalents of catechol are in relation to ribozyme fragment D.
Average data were collected from three independent measurements.

As we had expected, the presence of catechol virtually did
not affect the activity of the parent ribozyme HP-Rz, and also
not of the unmodified split variant C/D (Figure 5B). However, a
clear reduction of the cleavage yield was observed, when
catechol was added to the cleavage reactions of borono-
modified variants C/DY® and C/D™" (Figure 5B). After three
hours of reaction, the cleavage yield of variant C/D'®" decreased
from 54% to 37% (with 1000 equiv. of catechol), nearly
matching the activity of the non-modified split variant C/D. A
similar result was obtained for C/D™", also here activity
decreased to 38% in the presence of 1000 equiv. of catechol
(Figure 5B). Further excess of catechol did not lead to further
reduction of cleavage.

Ligation reactions

While hairpin ribozyme catalyzed cleavage is less demanding
and can proceed also from transiently docked ribozymes,
ligation is more dependent on proper folding, requiring a
kinetically stable tertiary structure.®® Therefore, we now have
used a three-way junction hairpin ribozyme (Figure S22), which
is structurally more stable and thus better suited to support
RNA ligation.”>*” The designed split three-way junction ribo-
zyme variants indeed showed ligation activity (Figure S22).
However, we did not observe a supportive effect of boronate
ester formation. The borono-modified split variant showed even
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somewhat lower ligation activity (23 % ligation after 3 h, versus
32% for the nonmodified split variant, Figure S22).

Split Aptamer Mango

Encouraged by the results obtained with the hairpin ribozyme,
we extended our study to split aptamers and chose the light-up
aptamer Mango for split design. Mango has resulted from
in vitro selection and binds the biotinylated thiazole orange
derivative TO1-B with ~1nM affinity, thereby enhancing its
fluorescence by >1500-fold."” Functionality of Mango was
virtually lost when splitting the aptamer in two halves (Figure 6,
M/N) but could be almost fully restored by formation of a
boronate ester connecting the two fragments (Figure 6, M/
NCNePhB “grange bar). The split site between G16 and C17 was
chosen arbitrarily within the loop of the stem-loop secondary
structure, born of the intention of assembling the aptamer from
two fragments of virtually equal length. Phenyl- and Naphtyl
boronic acid modifications were chosen in the hope that the
aromatic systems of both compounds would favor stacking
interactions with the nucleobases and thus facilitate folding
and boronate ester formation. Both moieties were introduced
to Split Mango by either replacing C17 at the 5-end of
fragment N (named NP or NV*PME") or being additionally
attached to C17 at the 5-end of that fragment (named N*®" or
NCNerhBn) - Thereby, the four modified systems depicted in

A) M/N variant B)
G Mango
GG v R fragments
G G
G
A 20
H]G
G A
G G 5 3
A G
& A
G G non-fluorescent
C A dye
G G
U C
5-G A
Cc-3

4P 3'-end cis-1,2-diol
D boronic acid
dD boronate linkage

11 [] B without catechol
28 o +1000 eq catechol
06 1
04 1 _I_
gl IEI [ Bl
0 P
MIN

Mango M/NFEn M/NEFEn IVI/INemnBn g GhapritBn

functional
light-up
aptamer

R=C, Ph™, Napht™,
CPh™, CNapht™

&

Relative fluorescence

Figure 6. Split Mango aptamer. A) Secondary structure of Mango with split
site between fragments M and N indicated; B) Fluorescence assay for
functional characterization of split Mango aptamers; C) Fluorescence data.
FL=full length aptamer. dark grey bars - no catechol; light grey bars - 1000-
fold excess of catechol over RNA splits.
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Figure 6 were generated and tested. Whereas the phenyl-
boronic acid modified fragments showed only a slight increase
of the aptamer’s functionality (Figure 6C, M/NP"® and M/N"8",
orange bars), the naphthylboronic acid modified fragments
were found to almost fully restore it (M/NNePP" and M/NNePhtBn,
orange bars). To further confirm the importance of the boronate
ester formation, experiments were repeated in the presence of
a 1000-fold excess of catechol, as described above for the
hairpin ribozyme studies. A fluorescence decrease was ob-
served, and again, the effect is much stronger for the
naphthylboronic acid modified fragments (Figure 6C, light grey
bars).

Discussion

Over the past decade, split aptamers and ribozymes made of
two or more short nucleic acid strands that assemble to form a
functional structure, have emerged as potential tools in
diagnostic and therapy.” Nevertheless, their application is still
rather limited, as the development of a powerful split system is
still a challenging task. One important issue is the reduced
stability of the split aptamer/ribozyme in comparison to its full
length counterpart. Stabilization of the split system can be
achieved by structural manipulation, i.e. extension of the
individual fragments by additional nucleotides that by comple-
mentary base pairing would assist assembly and increase
stability of the split aptamer/ribozyme complex.

Alternatively, the fragments of the split system can be
decorated with reactive groups, such that the individual strands
upon assembly and folding would become covalently linked. In
the present study we have used split systems composed of
fragments functionalized with a 5’-boronic acid moiety to react
with the 3'-terminal cis-diol of another fragment, thus forming a
boronate ester as covalent internucleosidic linkage. In this way,
split ribozymes and aptamers were assembled from two frag-
ments, and formation of functional entities was followed by
activity tests, namely cleavage and/or ligation of suitable
substrates, or in case of the Mango aptamer fluorescence
studies. The boronate ester linkage clearly played an important
role in the stabilization of the re-formed functional nucleic acid
systems. Competition experiments with addition of catechol
confirmed the significance of the linkage for the catalytic
activity of split-ribozymes and the functionality of the Mango
aptamer. In contrast to the split DNAzymes described
recently," the hairpin ribozyme was clearly more sensitive to
the replacement of the natural phosphodiester linkage with a
boronate ester, probably owing to the functional role that some
of the 2'-OH functionalities play. Thus, results obtained with the
5’-boronic acid modified fragments have also allowed us
drawing new conclusion and/or confirming previous results on
the functional importance of specific 2-OH groups in the
hairpin ribozyme structure. If the split site was positioned in the
substrate binding domain between G'' and U™ of the ribozyme
(A/B variant, Figures 4A, S18), the ribozyme was not able to
efficiently cleave the substrate. The unmodified variant was
unstable, could not bind the substrate and not form the
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catalytic structure. Also, the borono-modified analog A/BY®" did
not restore activity, which most likely is a result of eliminating
hydrogen bonds formed by the 2-hydroxyl group of G,
essential for formation of a ribose zipper that stabilizes the
catalytically active conformation.®® Much better results were
obtained with variant C/D, where activity was found even with
non-modified fragments, but was clearly higher with the
borono-modified variants C/DY®" and C/D™" (Table 1). Interest-
ingly, activity was even found for split ribozymes with the
boronate ester linkage being placed in the loop area. The
stability of loop B is known to be an important parameter for
the catalytic activity of the ribozyme. Two fragmentation
positions, between G**/U¥ (F/G variant, Figures 4B, S19) and
A%/U* (H/I variant, Figures4C, S20) were tested, and both
variants, exhibited catalytic activity, which was higher when the
fragment modified with U®" was used, as compared to the non-
modified one in the F/G-variant, but not in the H/I variant
(Figures 4B, C). The lost activity of the H/I"®" variant is possibly
owing to a lost contact of the 2'-OH group of A*, which is
blocked by formation of the boronate ester. The 2’-OH group of
A*® forms a hydrogen bond with the nitrogen N7 of G*'
involved in the stabilization of the G-binding pocket.®” Like-
wise, the substitution of U¥ and U* with T in loop B
decreased activity of variants F/G™" and H/I"™" even below the
level of the non-modified split variants F/G and H/I (Figures 4B,
Q), confirming that the 2’-hydroxyl groups of U¥ and U* also
play a role in the stabilization of the G-binding pocket.

While cleavage activity of some variants could be restored
by formation of a stabilizing boronate ester linkage, ligation by
split hairpin ribozymes proved to be more challenging. The
designed split hairpin ribozyme variants were ligation active,
however, activity of the borono-modified variant was lower
than activity of the non-modified split variant. Ligation is
particularly dependent on a properly folded ribozyme with a
kinetically stable tertiary structure. Hence, the expected stabiliz-
ing effect of the boronate ester may be counteracted by even a
slight distortion of the catalytic structure brought about by the
non-natural linkage.

For the Mango aptamer, fragments with 5'-terminal Napht®"
showed best results of boronate ester formation with the 3'-
terminal cis-diol of the other fragment and reconstruction of a
functional aptamer. This may be a result of the high stacking
potential of the large naphtyl aromatic system, bringing in a
stabilizing effect to the structure by interacting with the typical
quadruplex motif of Mango.***”

Conclusion

We have demonstrated that activity of split hairpin ribozymes
as well as functionality of a split Mango aptamer can be
controlled through the use of two fragments, one of which
being modified with a boronic acid at the 5’-end and the other
with a cis-diol at the 3'-end. Fragment assembly orients the two
moieties in close proximity, such that an internucleoside
boronate ester linkage is formed. This results in stabilization of
the ribozyme or aptamer structure and restores functionality.
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For all the modified split hairpin ribozyme variants, 5'-boronour-
idine modified fragments performed best among the tested
boronic acid derivatives. Nevertheless, in some cases, also
Phenyl- or Naphtyl boronic acid derivatives can be good
alternatives, as shown for the Mango aptamer. Split versions of
light-up aptamers have great potential for intracellular monitor-
ing, imaging and sensing of biomolecules, but often suffer from
insufficient stability.® The linkage of assembled aptamer frag-
ments by a boronate ester as shown herein, can overcome this
limitation and thus improve aptamer design and application for
numerous purposes, i.e. general nucleic acid probing,?” cellular
small nc-RNA imaging,”® or aptamer-based proximity
labeling.

Apart from the potential of such split architectures for the
development of novel biosensors, our results are also relevant
in the context of the RNA world hypothesis."® A still unsolved
question is how the first rather large RNAs that would be
required for fulfilling complex functions may have emerged. An
attractive scenario is that shorter sequences may have
interacted to form functional assemblies. Since boronate esters
are supposed to have appeared on the early Earth®" it is
reasonable to hypothesize that the formation of internucleosi-
dic boronate ester linkages as demonstrated herein, may have
assisted RNA assembly and increased the stability of the
assembled structures. It is a particular attractive feature of the
boronate ester linkage that its formation is easily reversible in
dependence on the environment and thus allows for self-repair
and self-adaptation. Moreover, reversible chemistry allowing for
chain-forming as well as chain-breaking steps is a major
requirement for biological self-organization. The boron
chemistry for the controlled reversible assembly of functional
nucleic acids as demonstrated herein is perfectly suited to fulfill
this requirement and thus potentially may have played an
important role in early life on earth.

Experimental Section

Phosphitylation of borono-modified derivatives: For conversion to
phosphoramidites, 4-hydroxyphenyl boronic acid (Merck) and
naphtylboronic acid (BioNet) protected as pinacol ester, and the 5'-
boronic acid derivatives of uridine and thymidine synthesized
previously with a MIDA protection group!**® were used. All flasks
and reagents were treated to avoid the presence of moisture and
the reaction took place under argon atmosphere. The educts were
co-evaporated three times with dry dichloromethane or acetonitrile,
depending on its solubility, and dissolved in dry dichloromethane
(0.1 M for nucleobase derivatives and 0.3 M for phenyl- or
naphtylboronic acid). Dry diisopropylethylamine (1.8 equiv.) and 2-
cyanoethyl-N,N-diisoprpopylchloro-phosphoramidite (1.5 equiv.)
were slowly added and the solutions were stirred at room temper-
ature. Without further work-up the crude products were directly
purified with a small and quick silica gel column chromatography.

Chemical synthesis of oligonucleotides: All modified and unmodi-
fied oligoribonucleotides were synthesized by standard solid phase
phosphoramidite chemistry at 1 umol scale using a Pharmacia Gene
Assembler Plus. Benzylmercaptotatrazol (BMT, emp Biotech) was
used as activator. The prepared phosphoramidites were solved in
dry acetonitrile (0.12 M for nucleoside derivatives and 0.15 M for
the phenyl- or naphtylboronic acid). The solutions of phosphor-
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amidites, BMT, and acetonitrile were kept over molecular sieve
(0.3 nm, Roth). The coupling time for all phosphoramidites was
5 min. All unmodified oligonucleotides were synthesized “trityl-off.”
The obtained modified and unmodified RNAs (Table S3 and S4)
were cleaved from the support and deprotected using NH; (30%) in
a 1:1 mixture with 8 M ethanolic amine, followed by treatment
with TEAx3HF. Deprotected crude RNAs were purified by gel
electrophoresis using 15% denaturing polyacrylamide gels. Elution
of the main product was performed using a 0.3 M NaOAc (pH 5.0)
followed by EtOH precipitation.

Cleavage assays: The full-length ribozyme HP-Rz or its split versions
(2 uM), and the substrate HPS-ATTO680 (20 nM), were incubated in
Tris HCl buffer (50 mM, pH 7.5 or 8.7), for 2 min at 90 °C followed by
15 min at 25°C. For the competition studies, catechol (1000 equiv-
alent over the ribozyme) was also added for the pre-incubation
step. The cleavage reaction was started by addition of MgCl,
(20 mM) and left to proceed at 25 °C. At individual times, 0.5 pL of
sample were taken out of the reaction mixture and immediately
added to 9.5 uL of stop mix (7 M urea, 50 mM EDTA, and 0.05%
blue dextran). Samples were analyzed by electrophoresis through
10% denaturing polyacrylamide gels using the LI-COR DNA
sequencer 4200bw (1500 V, 45°C, 0.6x TBE, 700 nm). The software
Image Studio Lite Version 5.2 was used for the quantification of
cleaved and uncleaved substrate signals. The collected data were
fitted with nonlinear exponential y=a(1—e™™) equation to obtain
the kinetic parameters k., (corresponding to b) and max.
percentage of cleavage (corresponding to a).

Fluorescence assay with the Mango aptamer: Reaction conditions
were adapted to Dolgosheina et al."® Briefly, full-lengths or split
versions of the Mango aptamer (10 uM) were incubated in buffer
(10 mM Na;PO,, 140 mM KCL, 1 mM MgCl,, pH 7.2) for 2 min at
95°C, followed by addition of Thiazole Orange biotin (TO1-B) in
equimolar amounts. The mixture was then put on ice for 25 min.
Fluorescence was measured on a TECAN Infinite 200 pro at A.,=
535 (420) nm, excitation wavelength was A, =505 (+9) nm.
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