ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in

Chemical Biology

Nucleic acid enzymes based on functionalized

nucleosides
Marcel Hollenstein

Nucleic acid-based enzymes have recently joined their
proteinaceous counterparts as important biocatalysts. While
RNA enzymes (ribozymes) are found in nature, deoxyribozymes
or DNAzymes are man-made entities. Numerous ribozymes
and DNAzymes have been identified by Darwinian selection
methods to catalyze a broad array of chemical transformations.
Despite these important advances, practical applications
involving nucleic acid enzymes are often plagued by relatively
poor pharmacokinetic properties and cellular uptake, rapid
degradation by nucleases and/or by the limited chemical
arsenal carried by natural DNA and RNA. In this review, the two
main chemical approaches for the modification of nucleic acid-
based catalysts, particularly DNAzymes, are described. These
methods aim at improving the functional properties of nucleic
acid enzymes by mitigating some of these shortcomings. In this
context, recent developments in the post-SELEX processing of
existing nucleic acid catalysts as well as efforts for the selection
of DNAzymes and ribozymes with modified nucleoside
triphosphates are summarized.

Address

Institut Pasteur, Department of Structural Biology and Chemistry,
Laboratory for Bioorganic Chemistry of Nucleic Acids, CNRS UMR3523,
28, rue du Docteur Roux, 75724 Paris Cedex 15, France

Corresponding author: Hollenstein, Marcel (marcel.hollenstein@pasteur.fr)

Current Opinion in Chemical Biology 2019, 52:93-101

This review comes from a themed issue on Synthetic biomolecules
Edited by Johan Winne and Annemieke Madder

For a complete overview see the Issue and the Editorial

Available online 13th July 2019
https://doi.org/10.1016/j.cbpa.2019.06.007

1367-5931/© 2019 Elsevier Ltd. All rights reserved.

Introduction

Catalysis of chemical transformations is often assumed to
be mediated by small organic molecules, transition metal
complexes or by proteinaceous enzymes. However, the
seminal discovery of self-splicing introns and the advent of
Darwinian evolution methods impressively demonstrated
that nucleic acids (DNA and RNA) are also capable of
promoting catalysis and this with an efficiency that can rival
that of protein enzymes [1°°,2]. Since the advent of the first
deoxyribozyme or DNAzyme in 1994 [3], DNA molecules
have been selected to catalyze a broad variety of chemical
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reactions (e.g. hydrolysis of ribophosphodiester linkages
[1°°,4°] or the Diels—Alder reaction [5]), to handle peptide
substrates [6] or to recognize subtle differences in the
chemical composition of their substrates [7°°]. This vast
chemical repertoire combined with often impressive
enhancements in rate constants culminated in the comple-
tion of two recent clinical trials for the treatment of skin
cancer [8] and asthma [9] based on DNAzymes. Despite
these favorable features, catalytic nucleic acids still suffer
from some shortcomings. While some of these limitations
are inherent to their nature, others also impact different
families of oligonucleotides: for instance, DNAzymes and
nucleic acids in general are rather reluctant at crossing
biological barriers (such as cell membranes or the blood-
brain-barrier) which complicates their cellular internaliza-
tion. Also, since DNAzymes consist of a native DNA
backbone and are rather small oligonucleotides they are
subject to efficient degradation by circulating nucleases
and are prone to rapid renal filtration which massively
reduces their 7z vive residence time. Indeed, early studies
on natural DNA oligonucleotides showed that unmodified
nucleic acids survived less than an hour in serum [10]. In
addition, decreased catalytic activities are often observed
under 7z vivo conditions due to the change from rather
simple buffer systems used during SELEX to very complex
and crowded environments of biological systems. This
decrease in catalytic activity is often exacerbated by the
low physiological concentrations of M** which are highly
required cofactors. Consequently, the catalytic perfor-
mance of DNAzymes under iz vivo conditions is often
severely decreased and competition with antisense effects
can be observed. Lastly, enzymes display a much larger
chemical repertoire and higher £, values than nucleic acid-
based catalysts (10-1000 s71 [11] versus 1-10min~ !,
respectively) due to the broad functional diversity accessi-
ble to proteins compared to DNA and RNA.

"This Opinion article will highlight the two main chemical
strategies that have been devised to address some, or all,
of these shortcomings and generally improve the proper-
ties of DNAzymes: post-SELEX modification of existing
scaffolds by solid-phase synthesis and inclusion of modi-
fied nucleoside triphosphates (AN"TPs) directly in the
selection protocol. Lastly, we briefly describe how these
strategies have been applied to their RNA counterparts.

Chemical modification of existing scaffolds

A seemingly straightforward procedure for the enhancement
of the properties of DNAzymes is the modification of exist-
ing scaffolds by solid-phase synthesis. In this post-SELEX
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94 Synthetic biomolecules

method, one (or multiple) nucleotide of the sequence of a
DNAzyme is replaced by a suitably modified analog via its
phosphoramidite building block and the activity of the
resulting sequence is then compared to that of the parent
DNAzyme. This method is very effective for the truncation
of DNAzymes into minimal sized active sequences to facili-
tate chemical synthesis [12,13] as well as for the conversion
of enzymes isolated by SELEX into species capable of
multiple turnover (i.e. #ans catalysts) [14]. Besides
size optimization and conversion to frans-cleavers, the
post-SELEX method also permits improvements in the
resistance against nuclease degradation. This can be
achieved either by modification of the global structural
configuration or by addition of functional groups to existing
DNAzymes. In terms of structural modifications, DNA-
zymes can be integrated into larger DNA nanostructures
with well-defined functions and shapes [15,16]. For instance,
the sides of a DNA tetrahedron were recently replaced
by the sequence of DNAzyme 8-17 without significantly
perturbing its catalytic activity (Figure 1b). The resulting
constructs displayed a remarkable cellular uptake and bio-
logical stability both imparted by its tetrahedral nature.
These combined properties conveyed an efficient gene
silencing activity to the DNAzyme-tetrahedron when
assayed in NIH3T3 cancer cells [17°]. As in the case of
other therapeutic oligonucleotides, the biological and chem-
ical stability of DNAzymes can also be improved by incor-
porating modified building blocks such as locked nucleic
acids (LNA), phosphorothioates (PS), or 2’-fluoro (F)
nucleotides into the biding arms of DNAzymes (and to a
lesser extent their catalytic cores) [18,19].

The post-SELEX method is also beneficial for nucleic acid
catalysts in other practical applications. For instance, the-
spatiotemporal control of the activity of DNAzymes can be
achieved by photocaging specific nucleotides located
either in their substrates or catalytic cores. Light irradiation
of the blocked enzyme then restores the original scaffold
and hence the catalytic activity [20,21°]. In a recent exam-
ple, a single nucleotide of the substrate of a Zn**-depen-
dent RNA-cleaving DNAzyme was blocked with a 2’-O-
nitrobenzyl group and conjugated onto lanthanide-doped
upconversion nanoparticles (UCNPs). After injection into
zebrafish, the UCNPs converted the incident near infrared
lightinto a localized 365 nm light emission which concomi-
tantly removed all the photolabile blocking groups. This
elegant strategy permitted a precise mapping of the Zn
"distribution in living organisms [22°°].

Since nucleic acids are barely soluble in any other solvent
than water, modifying the scaffold of DNAzymes with
hydrophobic units can improve their catalytic activity in
organic media. In a first example, Abe ¢7 a/. demonstrated
that a G-quadruplex forming DNAzyme equipped with a
5’-end polyethylene glycol (PEG) moiety was capable of
oxidizing luminol in pure methanol [23°]. More recently,
a  high-throughput screening platform based on

amphiphilic DNA-encoded libraries was developed to
identify small molecule catalysts for the aldol reaction
[24]. This method allowed to isolate potent catalysts and
demonstrated the possibility of using DNA libraries in
organic media, boding well for the conversion of existing
DNAzymes into organic solvent compatible catalysts

[25].

Lastly, the introduction of heavy atoms or paramagnetic
labels into the scaffold of DNAzymes could facilitate
their structural characterization by X-ray crystallography
[26] or electron paramagnetic resonance (EPR) spectros-
copy, respectively. In this context, the introduction of
selenium containing nucleotides by solid-phase synthesis
has advanced as a popular strategy to alleviate the phase
problem encountered in nucleic acid crystallography [27]
and has already permitted the elucidation of the X-ray
structure of a Diels—Alder ribozyme [28°°]. Similarly,
various phosphoramidite building blocks exist for the
labelling of RNA [29] and DNA [30] oligonucleotides
with persistent radicals (e.g. nitroxides) by solid-phase
synthesis. This approach has been applied for the inves-
tigation of the mechanism and folding of ribozymes
[31,32] and aptamers [33°] but not for DNAzymes.
Recently, a method combining the incorporation of mod-
ified triphosphates and solid-phase synthesis has been
developed for the position-selective labeling of RNA
[34°°] which could accelerate and facilitate the introduc-
tion of labels into the scaffold of nucleic acid catalysts.

In contrast, appendage of chemical functionalities on the
nucleotides composing the catalytic core only led to
moderate improvements (up to ~40-fold [35]) in
observed rate constants (4,,,) and did not substantially
alleviate the strong M**-dependence of DNAzymes [36].
These modest improvements in terms of rate constants
and M**-dependence might be helped in the future by
the recent elucidation of crystal structures of DNAzymes
(Figure 1a) [37°°,38°°] which will guide the introduction
of functional groups to specific locations and concomi-
tantly reduce the massive effort involved in these struc-
ture-activity relationship (SAR) studies.

Chemical diversity in SELEX

In addition to solid-phase synthesis, additional functional
groups can be introduced into nucleic acids via the
enzymatic polymerization of dN"TPs. Unlike solid-phase
synthesis, this approach only requires the dN TPs to be
accepted as substrates by natural or engineered poly-
merases. The choice of the location of the modification
and to a certain extent, the nature of the chemical groups
is dictated in part by structural investigations [39] but
largely by empirical rules. Modifications affixed at the C5-
position of pyrimidines and N7 of 7-deazapurines are
usually well-tolerated by DNA polymerases. In contrast,
alteration of the sugar moiety is more delicate since this
often leads to poor substrate recognition of the

Current Opinion in Chemical Biology 2019, 52:93-101

www.sciencedirect.com



Nucleic acid enzymes based on functionalized nucleosides Hollenstein 95

Figure 1
(a)
GG-kink
r 1B W
«'! G"\
- \
4\\ A
P3
Q
"o bR © O
(b)

DNA Tetrahedron

Tetrahedral DNAzyme

Current Opinion in Chemical Biology

(a) Close-up view of the catalytic core of the RNA-cleaving DNAzyme 8-17 and schematic representation of the putative chemical mechanism

deduced from the structural analysis. In this proposed mechanism, the N1 atom of the critically conserved residue G13 (in red) forms a hydrogen
bond with the 2’—0H of rG-1 (in violet) located on the substrate thus acting as general base to increase the nucleophilicity of this group in the
subsequent in-line attack on the phosphate moiety. G13 also forms a hydrogen bond with A5 (in blue) forming a non-canonical dG13:dA5 base
pair. The Pb?* cofactor is coordinated to both the O6 atom of G6 and a water molecule. The water molecule acts as general acid by donating a
proton to the O5’ atom of the leaving group. The sequences used in the crystallization of DNAzyme 8-17 were 5’-
TGTAACGCACTGCCAGCGGCTCGAAATCTCTCTCGT for the catalyst and 5-ACGAGAGAGATGGGGGTGCGTTACA for the substrate (catalytic
core residues are shown in bold and kink site RNA nucleotides in italic). Adapted from Ref. [38°°]. (b) Schematic representation of the construction
of tetrahedral DNAzymes. Three edges of a DNA tetrahedron were converted to single stranded oligonucleotides that contained the 8-17 catalytic
motif (shown in the insert) and designed to target different regions of EGFP mRNA. The resulting construct was shown to hydrolyze three different

RNA substrates connected together by spacers as well as mRNA in cells [17°].

corresponding nucleotides by polymerases [40]. Modifi-
cations brought at the level of the C2’ and 04’ positions
have been shown to be processed by polymerases espe-
cially by specifically engineered polymerases [41-43].
Chemical alterations to the backbone are less common
and essentially rely on phosphorothioate and phosphono-
methyl modifications [44°].

The polymerization of dN"TPs has been used for a
number of applications including the labelling of DNA
and RNA with fluorophores [45,46°°], the construction of
fully modified genes both 7z vitro and in vive [47] and the
enzymatic immobilization of oligonucleotides and func-
tional nucleic acids on solid supports [48,49]. Modified

triphosphates also represent a convenient vector for the
introduction of chemical diversity in selection experi-
ments. Substitution of one or more canonical nucleotides
with the corresponding AN*TP in primer extension reac-
tions or PCR leads to the creation of modified randomized
libraries of oligonucleotides that are directly amenable to
SELEX. This procedure will avoid the uncertain SAR
studies involved in the post-SELEX method and directly
generate DNAzymes that display the desired modifica-
tion pattern. A first example was reported by Santoro and
Joyce who used a dU*TP equipped with an imidazole
moiety (1 in Figure 2) instead of its natural counterpart
dTTP to select a Zn**-dependent RNA-cleaving DNA-
zyme. A synthetic, multiple turnover, version of the
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resulting DNAzyme 16.2-11 was shown to indiscrimi-
nately hydrolyze two different 18-mer and 19-mer all-
RNA substrates with an impressive catalytic efficiency
(Table 1) [50]. The imidazole moieties of the three
conserved modified nucleotides coordinate the Zn**
cofactor which participates in catalysis, presumably
through the activation of a 2’—OH group located on
the substrate. Inspired by this seminal work, and

Figure 2

recognizing the general acid-base mechanism adopted
by the protein RNase A, the Perrin laboratory devised a
selection protocol where two modified nucleotides
replaced their natural counterparts with the intent of
creating a synthetic mimic of the active site of the
ribonuclease but in an oligonucleotide context. Applica-
tion of this selection protocol with nucleotides 3 and 8
(Figure 2) resulted in the identification of the M?
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Chemical structures of all the dN'TPs that have been used in selection experiments for the isolation of modified DNAzymes. (a)—(c) nucleobase

modifications; (d) sugar modified dNTPs.
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2 Determined at 24°C.

“-independent RNA-cleaving DNAzyme 9,5-11 [13,51].
The presence of the amine and imidazole moieties on the
scaffold of 9,5-11 was found to be strictly required to
support global folding as well as a general acid-base
catalytic mechanism [51]. This finely tuned enzyme
led to a 10°-fold improvement in rate constant when
compared to M**-independent, unmodified self-cleaving
DNAzyme species [52]. Following a similar protocol,
Sidorov ez al. isolated another DNAzyme capable of
hydrolyzing RNA in the absence of M** cofactors [53].
Unlike 9,5-11, this DNAzyme was obtained with nucleo-
tides 1 and 9 which allowed for sampling of larger
sequence and chemical spaces than with nucleotide 8
which is not well polymerized. In addition, while 9,5-11
only catalyzes the hydrolysis of substrates containing
single ribonucleotides at an optimum temperature of
13°C, this DNAzyme readily cleaved all-RNA substrates
at 37°C with only slightly lower first order rate constants
albeit at two distinct cleavage sites. Collectively, these
two catalysts demonstrated that additional imidazole and
amine groups massively aided functionality deprived
DNA to promote RNA hydrolysis in the absence of M?
* cofactors. In contrast, both catalysts presented a number
of shortcomings and a partial solution to these was
obtained by including a third modified nucleotide in
the selection protocol to accompany triphosphates 8
and 10. This additional nucleotide 2 bears a guanidium
group which was hypothesized to offer electrostatic sta-
bilization of the negatively charged phosphate backbone
of DNA through its high pK, value as well as cooperation
in the hydrolysis of phosphodiester linkages [54]. A first
selection experiment with these dNTPs led to the
identification of DNAzyme 9-86 which promoted the
hydrolysis of a single ribophosphodiester bond and func-
tions with first-order rate constants comparable to that of
9,5-11 but at higher optimal temperatures (37°C) [55]. An
increase in the length of the randomized sequence from
N, to Ny led to the selection of DNAzyme 10-66 which
self-cleaved a substrate containing a single embedded
ribocytosine with an impressive rate constant and even
functioned in a minimal buffer system that normally does
not sustain catalytic activity by any unmodified nucleic
acid species [14]. Even though 10-66 could be converted
into a frans-cleaving species, both DNAzymes were very
reluctant at recognizing and hydrolyzing all-RNA sub-
strates which i1s an important prerequisite for potential
gene silencing applications. Recognizing that the B-heli-
cal nature of a sequence containing a single ribonucleo-
tide might prevent the recognition of a more A-helical-
like structure of an all-RNA substrate, a selection experi-
ment with an oligonucleotide containing 12 consecutive
RNA nucleotides permitted identification of DNAzyme
12-91 (Table 1). While 12-91 displayed an appreciable
catalytic efficiency for the hydrolysis of an all-RNA
substrate, comparable to the DNAzyme identified by
Sidorov et al., this enzyme displayed even higher catalytic
activity with a substrate that contained a single

www.sciencedirect.com

Current Opinion in Chemical Biology 2019, 52:93-101
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embedded RNA nucleotide [56]. Lastly, a solution to M?
"-independent all-RNA cleavage with multiple turnover
kinetics was found through the identification of DNA-
zyme 7-38-32 [57°°]. This catalytic DNA molecule was
obtained by selection with a larger sequence space (12-91
was obtained with an N, randomized library) and nucleo-
tides 2, 8, and 10. DNAzyme 7-38-32 cleaved the 19-nt
long RNA substrate at a specific site and displayed a
catalytic efficiency (i.e. £./Ky) comparable to that of
10-66 and 9,5-11. Collectively, all these DNAzymes
obtained by SELEX with base-modified dN"TPs clearly
demonstrate the potential and the usefulness of this
method in the context of RNA hydrolysis. However, a
number of unanswered questions still remain: 1) all these
DNAzymes benefit from protein-like functional groups
connected to the nucleobase via rather short and rigid
linker arms. The exact length and nature of this linker
arm is still matter of debate [58] and more exotic non-
protein like functionalities should be explored in selec-
tion experiments to further increase the catalytic potency
(especially in terms of 4., values) [59]; 2) as for unmodi-
fied DNAzymes, no general rules have been established
for the choice and the nature of the length of the ran-
domized library [60]; 3) there might be an excess of
functional groups due to the nature of the enzymatic
preparation of the modified libraries: for instance the
catalytic core of 7-38-32t contains 12 guanidinium,
10 imidazole and 6 amine groups while RNase A only
employs two histidines and one amine for catalysis.

So far, most base-modified catalysts identified by SELEX
were designed to hydrolyze RNA substrates. A notable
exception was recently reported by Zhou er a/. who
included three different dU*TPs (3, 5, and 6) in selection
experiments to identify amide-hydrolyzing DNA-
zymes—a reaction that is notoriously difficult to achieve
by canonical nucleic acids. The isolated modified DNA-
zymes hydrolyzed an aliphatic amide bond with first rate
constants of ~0.2 hour ' and with appreciable yields (up
to 60%) [61°°].

As is the case for aptamers, DNAzymes obtained with
sugar-modified dN"TPs included in SELEX are scarce
due to the rather poor substrate tolerance of these nucle-
otide analogs by polymerases [62]. In a first example,
engineered versions of the T'go'T" polymerase were used
for the synthesis Xenobiotic Nucleic Acid (XNA) libraries
and their conversion to wild-type DNA [42]. These
mutant polymerases allowed for identification of various
XNAzymes, particularly with 2’-fluoroarabino nucleic
acid (FANA 11), with ribonuclease and ligase activities
albeit with modest first order rate constants when com-
pared to that observed for base-modified or wild-type
catalysts and at rather high Mg®" concentrations [63].
More recently, an efficient RNA-cleaving FANAzyme
was isolated wusing only naturally occurring DNA
polymerases for the construction of the FANA library

(Tgo DNA polymerase) and for its transcription back into
wild-type DNA (wild-type Bst DNA polymerase, large
fragment). The most active species (and the most abun-
dant sequence) NGS12-7 displayed an appreciable cata-
lytic efficiency for the hydrolysis of all-RNA substrates
with Michaelis-Menten kinetics and required the pres-
ence of 20mM Mg** for activity—comparable to what
wild-type DNAzymes such as 10-23 or 817 necessitate
[1°°]. Interestingly, FANAzyme NGS12-7 was more pro-
ficient at hydrolyzing phosphodiester bonds with DNA
than with RNA substrates (~7-fold improvement in rate
constant) [64°]. These selection experiments have led to
the identification of DNAzymes displaying similar bio-
chemical properties to wild-type catalysts but with the
advantages displayed by sugar-modified nucleotides such
as improved nuclease resistance.

Modified ribozymes

As mentioned in the introduction, the post-SELEX
method as well as the inclusion of modified triphosphates
in selection experiments can be used to ameliorate the
general properties of ribozymes. However, examples of
chemically modified ribozymes, either synthetic con-
structs obtained by SELEX or naturally occurring sys-
tems, are far less abundant than for DNAzymes. Early
examples involving the modification of the hammerhead
ribozyme by solid-phase synthesis strived to identify
nuclease resistant analogs [67] or catalytically more com-
petent species [68]. These ecarly examples were then
rejoined by other synthetic analogs displaying a tria-
zole-based backbone motif substituting the natural phos-
phate group [69].

An important improvement of the scope of ribozymes was
achieved by the Eaton laboratory by using a pyridyl-
methyl-substituted U*TP to identify a ribozyme capable
of catalyzing the Diels—Alder cycloaddition [70]. More
recently, an ingenious method, combining RNA polymer-
ase-mediated incorporation of modified ribonucleotides
and ligation, was devised to introduce fluorescent resi-
dues into the structural motif of the minimal hammer-
head ribozyme. The resulting modified transcripts were
then used to probe the folding and mechanism of this
important biocatalyst [46°°].

In contrast, it is very likely that new modified analogs of
ribozymes will emerge in the near future. Indeed, these
RNA-based catalysts have been characterized compara-
tively well by structural studies which gave insight into
their folding and catalytic mechanisms [71]. This impor-
tant knowledge might then be exploited to drive chemi-
cal modification by solid-phase synthesis of existing
ribozymes towards the rapid development of more stable
or catalytically more competent species. In addition,
various polymerases have been engineered to transcribe
[40,72,73], even under PCR-like conditions [74°], a
broader range of modified nucleotides. These mutant
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polymerases, combined with post-transcriptional label-
ling methods [75], will allow the diversification of the
chemical space explored in selection experiments.

Conclusions and future perspectives

Since their first advent, DNAzymes have rapidly pro-
gressed into an important class of biocatalysts. The
chemical methods described herein have addressed cer-
tain shortcomings met with catalysts based on canonical
DNA and have also expanded the scope of DNAzymes to
reactions that are difficult to achieve without the aid of
modified scaffolds (e.g. amide bond hydrolysis). How-
ever, additional chemical methods will be required to
further improve the performance of DNAzymes in the
future. For instance, strategies such as the inclusion of
pK, motifs [76°°] or mini-hairpin structures [77] that have
been developed for aptamers could be transferred to
DNAzymes and ribozymes to further consolidate their
intricate three-dimensional structures. Moreover, the
selection of modified DNAzymes could benefit from
new SELEX protocols developed to either circumvent
the need for a polymerase-based construction of libraries
[78°,79°] or one-step selection methods that will facilitate
and accelerate the identification of new catalysts [80].
T'he selection-based approach could also benefit from the
inclusion of additional (more) exotic functional groups on
nucleoside triphosphates [59] or alternative backbone
modifications [44°]. These, and other emerging methods,
combined with the development of new chemistries and
engineered polymerases will certainly contribute to a
further improvement and fine-tuning of the properties
of DNA enzymes and ribozymes in order to allow devel-
opment of not only novel therapeutic agents, but also
biosensing devices, imaging agents, and tools for the
modification of proteins based on nucleic acids catalysts
[81,82].
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