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A B S T R A C T

The last decade has witnessed tremendous growth in the field of synthetic genetics, an area of synthetic biology
that applies concepts that are commonly associated with the field of genetics, such as heredity and evolution, to
artificial genetic polymers with novel backbone structures (XNAs). In addition to the emergence of biologically
stable affinity reagents (aptamers), progress in this area has led to the discovery of XNA enzymes (XNAzymes) that
are capable of mediating transphosphorylation chemistry with multiple turnover activity. This review explores the
evolution and rational design of XNAzymes as well as their potential as reagents in biomedical applications.
1. Introduction

Nature uses a diverse array of enzymes to catalyze all of the chemical
reactions required to support cellular function. Although most enzymes
are proteins, a subset, called ribozymes, comprise folded RNA structures
that are capable of mediating transphosphorylation and peptide biosyn-
thesis reactions. Common examples of naturally occurring ribozymes
include the group I and group II self-splicing introns (Cech et al., 1981),
RNase P (Guerrier-Takada et al., 1983), the hammerhead and HDV
ribozymes (Prody et al., 1986; Wu et al., 1989), and the catalytic core of
the ribosome (Nissen et al., 2000). Both protein and RNA enzymes are
defined by the primary sequence of their monomeric units, which dic-
tates their ability to fold into secondary and tertiary structures with
active sites capable of substrate recognition and catalysis.

The list of chemical reactions catalyzed by ribozymes and related 20-
deoxyribozymes (DNAzymes) has grown considerably due to in vitro
selection—a process that applies the principles of Darwinian evolution to
large populations of sequences as a way to discover individual molecules
with specific functional properties (Joyce, 2004; Silverman, 2008). In
vitro selection experiments have produced a panoply of nucleic acid
enzymes that catalyze a variety of chemical transformations, including
phosphodiester bond cleavage and ligation (Breaker and Joyce, 1994;
Ekland et al., 1995), glycosidic and peptide bond formation (Unrau and
Bartel, 1998; Zhang and Cech, 1997), ribonucleotide polymerization
(Ekland and Bartel, 1996), as well as alkylation (Wilson and Szostak,
1995), acylation (Lohse and Szostak, 1996), and C–C bond formation
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chemistry (Tarasow et al., 1997). Some of the more notable examples
include: (1) flexizymes, flexible tRNA acylating ribozymes capable of
using a wide range of amino acid substrates in genetic reprogramming
(Goto et al., 2011); (2) DNAzyme 10–23, a therapeutic candidate for gene
silencing by site-specific RNA cleavage of disease-associated mRNAs
(Santoro and Joyce, 1997; Cho et al., 2013); and (3) the polymerase
ribozyme 24-3, which is capable of RNA amplification via a
ribozyme-driven polymerase chain reaction (PCR) (Tjhung et al., 2020).
Such discoveries provide new insights into pathways that may have led to
the emergence of the RNA world and permit a comparison of the func-
tional properties of nucleic acid and protein enzymes.

Progress in understanding the evolution and behaviors of catalytic
RNA and DNA molecules has lent itself to the establishment of in vitro
selection systems that extend the concepts of heredity and evolution to
artificial genetic polymers with novel backbone architectures. Such
molecules, commonly referred to as xeno nucleic acids (XNAs), differ
from their natural counterparts by the identity of the sugar or sugar-like
moiety in their backbone structure (Fig. 1). Thus, just as the ‘R’ in RNA
denotes ribose, the ‘X’ in XNA refers to the specific sugar unit found in
each of the various genetic systems (Chaput and Herdewijn, 2019). For
example, ANA refers to the artificial genetic system, arabinose nucleic
acid. Although many XNAs have been chemically prepared by
solid-phase synthesis, only a subset is capable of Darwinian evolution
because in vitro evolution requires engineered polymerases to faithfully
copy genetic information back and forth between DNA and XNA, which
necessitates that polymerases and reverse transcriptases be evolved to
lifornia, Irvine, CA 92697-3958, USA.
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Fig. 1. Sugar moieties of nucleic
acids. (A) The generic structure of
nucleic acids is shown with the phos-
phate group highlighted in yellow, sugar
group in blue, and nucleobase in pink.
(B) Chemical structures of the sugar
moieties in natural and select xeno
nucleic acids are presented. RNA Color
scheme is the same as presented in (A).
RNA ¼ ribonucleic acid; DNA ¼ 20-
deoxyribonucleic acid; ANA ¼ arabinose
nucleic acid; FANA ¼ 20-fluoroarabino
nucleic acid; LNA ¼ locked nucleic
acid; CeNA ¼ cyclohexene nucleic
acid; HNA ¼ hexitol nucleic acid;
TNA ¼ threose nucleic acid.
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recognize XNA triphosphates and XNA templates, respectively, prior to
use in XNA selection experiments. While this review focuses on nucleic
acid enzymes made from sugar-modified nucleic acids, readers interested
in XNA polymerase evolution (Nikoomanzar et al., 2020) or other types
of chemically modified nucleic acid enzymes—such as those with
nucleobase modifications (Brudno and Liu, 2009; Hollenstein, 2019)—
are directed to other articles discussing these topics.

2. Xeno nucleic acids (XNAs)

Relative to natural DNA and RNA, XNAs can have unique physico-
chemical properties that are often desirable for applications in synthetic
biology. Some of the more common attributes include increased biolog-
ical stability (Culbertson et al., 2016; Kratschmer and Levy, 2017),
altered helical geometry (Anosova et al., 2016), and elevated thermal
stability (Dunn et al., 2020), all of which are due to the presence of a
non-natural sugar in place of the natural ribose or deoxyribose sugars
commonly found in RNA and DNA, respectively (Anosova et al., 2016).
For example, α-L-threose nucleic acids (TNA) has a four-carbon threose
sugar in the backbone structure that is recalcitrant to nucleases that
normally recognize ribose and deoxyribose sugars (Culbertson et al.,
2016). Likewise, the constrained conformation of locked nucleic acids
(LNA) allows for increased thermodynamics of hybridization by ‘locking’
the ribose sugar into C30-endo sugar conformation (Kauppinen et al.,
2005). In drug discovery, these features could lead to improved phar-
macokinetic and pharmacodynamic properties by enabling longer resi-
dence times in biological environments or enhanced activity when
compared to their natural counterparts. In cellular systems, XNAs offer a
route to orthogonal genetic polymers that could provide a genetic fire-
wall between the biological information of the cell and new coding in-
formation introduced for synthetic biology applications (Schmidt, 2010;
Pinheiro et al., 2013). XNAs are also being evaluated as a biologically
stable, soft material for low-energy, high density information storage
(Yang et al., 2020). This research, as well as fundamental studies into the
origin of our natural genetic system, is laying the groundwork for the
broader fields of synthetic genetics and xenobiology.

3. In vitro selection

In vitro evolution enables identification of individual sequences that
can perform a desired function from a large population of nucleic acid
molecules (Joyce, 2004; Wilson and Szostak, 1999). Genetic polymers
are ideally suited for this purpose because they fold into structures with
defined functional traits (phenotypes), and their sequences (genotypes)
can be replicated by polymerases to produce progeny molecules that
share many of the same properties as their parental sequence. The ability
to directly amplify genetic sequences with desired phenotypes and
optimize their functions by directed evolution distinguishes nucleic acid
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polymers from other organic molecules, which are generally incapable of
replication because they lack a genotype-phenotype connection. One
exception is DNA-encoded libraries (DEL), which provide access to small
molecule chemistries that maintain a genotype-phenotype connection
(Cochrane et al., 2019; Fitzgerald and Paegel, 2021). However, unlike
XNAs, DEL libraries do not undergo iterative rounds of selection. Instead,
this technique oversamples small molecule repertoires in single, high
throughput screening assays to identify small molecule ligands from a
combinatorial library of no more than 106 members.

Applying the principles of Darwinian evolution to nucleic acids in-
volves subjecting a large population of unique sequences to iterative
rounds of selection and amplification. Molecules with a desired func-
tional property are physically separated from the inactive pool, and their
genotypes are amplified to generate a new population of enriched mol-
ecules with a common functional trait, such as ligand binding or catal-
ysis. Throughout the evolutionary process, the stringency of the selection
increases to enrich sequences that function with enhanced activity. For
ligand binding selections, this typically involves reducing the concen-
tration of the target or introducing competing targets to guide the pool
towards sequences that function with improved binding affinity and
specificity. In the case of nucleic acid enzymes, increased stringency is
typically achieved by reducing the reaction time and concentration of
divalent metal ion used as a cofactor in the reaction. Once the population
of evolving molecules converges on a phenotypic trait that cannot be
improved without intentional mutagenesis and directed evolution, indi-
vidual members are identified by DNA sequencing and their activities are
characterized using common biochemical methods.

4. Moving beyond DNA and RNA catalysts

Shortly after the first XNA aptamers were discovered by in vitro se-
lection (Pinheiro et al., 2012; Yu et al., 2012), Holliger and colleagues
demonstrated that the concepts of heredity and evolution could be
extended to synthetic genetic polymers that fold into catalytically active
structures (Taylor et al., 2015). XNA catalysts deriving from four
different backbone chemistries—arabino nucleic acid (ANA), 20-fluo-
roarabino nucleic acid (FANA), hexitol nucleic acid (HNA), and cyclo-
hexene nucleic acid (CeNA)—were isolated with RNA cleavage and
ligation activity. Though the ANA, HNA, and CeNA catalysts each dis-
played slow catalytic rates, a FANA enzyme (FANAzyme) sequence
containing a 26-nucleotide catalytic core achieved an observed rate
constant (kobs) of 0.06 min�1 for magnesium (Mg2þ)-dependent
site-specific RNA cleavage (Fig. 2A). Other FANAzymes discovered in this
study catalyzed the ligation of two RNA or FANA substrates, with a kobs of
2 � 10�4 min�1 and 0.038 min�1, respectively (Fig. 2B and C).

Although the isolation of XNAs by in vitro selection demonstrated
that heredity and evolution are general concepts that can be applied to
any type of synthetic genetic polymer, it remained unknown if XNAs



Fig. 2. Examples of XNAzymes. The secondary structures of the (A) FR17_6 RNA endonuclease, (B) F2R17_1min RNA ligase, (C) FpImR4_2 FANA ligase, (D) 12-7
RNA endonuclease, and (E) T8-6 RNA ligase are shown. RNA nucleotides are shown in black, FANA nucleotides in blue, and TNA nucleotides in red. Sequences of
enzymes are indicated with bold lettering; all other sequences represent substrates. Arrows indicate sites of cleavage or ligation.
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could achieve more efficient catalysis. Efforts to address this question
began by establishing a general selection system for evolving FANA
molecules that relied on natural (rather than mutant) polymerases to
transcribe and reverse transcribe FANA sequences with high efficiency
and fidelity (Wang et al., 2018). Chaput and colleagues demonstrated
that the replicative DNA polymerase isolated from the thermophilic
archaeal species Thermococcus gorgonarius (Tgo) mediated efficient FANA
synthesis on DNA templates, while a replicative DNA polymerase isolated
from the bacterial species Geobacillus stearothermophilus (Bst) facilitated
efficient DNA synthesis on FANA templates. Using these enzymes, the
aggregate fidelity of replication (DNA→FANA→DNA) was determined to
be 99.9%, with transcription and reverse transcription rates of
~15 nt/min and~1 nt/min, respectively. Since these enzymes and FANA
substrates are commercially available, this replication platform has made
XNA evolution more accessible to laboratories that lack the ability to
synthesize specialty XNA triphosphates or express and purify engineered
XNA polymerases.

Starting from an unbiased pool of ~1014 sequences, in vitro selection
produced an RNA-cleaving FANAzyme known as FANAzyme 12-7 that
functioned with a rate enhancement of >106-fold over the uncatalyzed
reaction and exhibited substrate saturation kinetics typical of most nat-
ural enzymes (Wang et al., 2018). The enzyme comprises a small catalytic
domain of 25 nucleotides flanked by substrate-binding arms that can be
engineered to recognize RNA substrates of diverse sequences (Fig. 2D).
The enzyme was found to achieve Michaelis-Menten kinetics with a
catalytic activity (kcat) of 0.2� 0.01 min�1 and a Michaelis constant (KM)
of 600 � 77 nM. To our knowledge, this was the first report of
Michaelis-Menten kinetics for an XNA enzyme. Subsequent evaluation of
12-7 showed that this FANAzyme outperforms a previously evolved
DNAzyme at cleaving chimeric DNA substrates that contain a single
ribonucleotide at the cleavage site, with kobs ¼ 0.19 min�1 and
kobs ¼ 0.08 min�1 for FANAzyme 12-7 and the previously described
DNAzyme, respectively (Wang et al., 2020). Importantly, these studies
not only provided the first evidence that XNAzymes—and particularly,
FANAzymes—can rival the capabilities of traditional DNAzymes, but also
suggested that XNAzyme production can be optimized to obtain enzymes
that possess improved catalytic activity.

The latest example of an in vitro selected XNAzyme is a threose
nucleic acid (TNA) enzyme (threozyme) with RNA ligase activity (Wang
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et al., 2021a). Discovered by Yu and colleagues, the threozyme consists of
a 40-nucleotide catalytic core flanked by substrate binding arms com-
plementary to the RNA substrate (Fig. 2E). In the presence of
40 mM Mg2þ (pH 9.0), the enzyme catalyzed the formation of a 20,
50-phosphodiester bond between the 20 hydroxyl of the RNA acceptor
strand and a 50 triphosphate of the RNA donor strand with a kobs of 0.01
min�1. As a proof-of-principle demonstration, the threozyme was used to
synthesize a functional version of the hammerhead ribozyme by ligating
two inactive portions of the RNA sequence together. This study, which is
the first report of a threozyme, corroborated previous evidence for TNA
as an evolutionary progenitor of RNA (Yu et al., 2012; Kim and Benner,
2017; Colville and Powner, 2021) by providing a possible scenario for the
emergence of an RNA world from a simpler genetic material.

5. XNAzymes by design

In addition to in vitro selection, several groups have attempted to
improve the activity of known enzyme scaffolds by rational design. A
classic example is the RNA-cleaving DNAzyme known as 10–23, which is
a highly efficient RNA cleaving motif that has been extensively evaluated
in the laboratory and in clinical trials. The 10–23 DNAzyme comprises a
15-nucleotide catalytic core that is flanked on both sides by substrate
binding arms that are complementary to the target RNA. Metal-assisted
substrate cleavage occurs at a defined purine-pyrimidine dinucleotide
junction, with a strong preference for G-U dinucleotides (Santoro and
Joyce, 1997). Under optimal reaction conditions, which include elevated
Mg2þ and pH, 10–23 achieves a catalytic rate of ~10 min�1, and a cat-
alytic efficiency (kcat/KM) approaching the diffusion-controlled limit
(Santoro and Joyce, 1998). However, at lower Mg2þ concentrations
(2 mM MgCl2, 37 �C, and pH 7.5), the cleavage rate declines to ~0.1
min�1 (Santoro and Joyce, 1998), indicating that 10–23 is highly
Mg2þ-dependent and therefore has limited use in vivo as a gene silencing
tool. Nevertheless, the sequence has served as a useful blueprint to guide
the design of 10–23 variants that function with enhanced activity or
reduced Mg2þ dependency. For example, one report showed that modi-
fication of select positions in the 10–23 catalytic core with amino
acid-bearing nucleotides enables catalysis without Mg2þ or other diva-
lent metals (Smuga et al., 2010). A different study revealed that
replacement of two thymidines in the substrate binding arms with the
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corresponding locked nucleic acids (LNA) results in increased RNA
cleavage, likely owing to greater affinity for the substrate by the LNA-
zyme (Vester et al., 2002). Numerous other studies have also reported the
nuclease-protective effects afforded by chemical modifications such as
phosphorothioate linkages or inverted 30 terminal nucleotides
(Appaiahgari and Vrati, 2007; Xie et al., 2006).

Chemical optimization of the 10–23 scaffold has proven to be a
challenging endeavor as beneficial modifications often compromise
other functional properties. For example, phosphorothioate linkages
that confer resistance to nuclease attack have been shown to reduce
catalytic activity (Appaiahgari and Vrati, 2007). Similarly, modifica-
tions that increase the affinity of 10–23 for the RNA substrate can lead
to product inhibition by stabilizing the enzyme-product complex
formed after the phosphodiester bond cleavage step in the reaction
pathway (Vester et al., 2002; Wang et al., 2021b). Recognizing the need
for new chemotypes that enhance both in vivo stability and catalytic
activity without sacrificing turnover, Wang and co-workers leveraged
the unique physicochemical properties of different XNAs to develop a
superior RNA-cleaving reagent based on the original 10–23 sequence
(Wang et al., 2021b). The new catalyst, called X10-23, replaced all of
the DNA residues in the substrate binding arms and two positions in the
catalytic core with analogous FANA residues. To achieve enhanced
biostability, TNA residues were added to the 50 and 30 termini to protect
against nuclease degradation. The resulting XNAzyme achieved multi-
ple turnover catalytic activity under simulated physiological conditions
in vitro (1 mM MgCl2 and pH 7.5), outcompeting previous
state-of-the-art chemotypes, and showed persistent gene silencing in
cultured mammalian cells by efficiently degrading targeted transcripts.
However, as the known cellular toxicity of FANA could be problematic
in therapeutic applications (McKenzie et al., 1995; Shen et al., 2018),
X10-23 should be viewed as a model for how to improve the in vivo
catalytic properties of 10–23.
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6. XNAzyme applications

Rapid development of efficient XNAzymes has motivated research to-
wards their potential use in a number of biomedical applications. In
particular, the robust intracellular RNA cleavage capabilities of X10-23
make it an attractive candidate as a therapeutic gene silencing reagent
(Fig. 3A). Unlike existing nucleic acid-based gene silencing technologies,
such as antisense oligonucleotides (ASOs) and small interfering RNAs
(siRNAs), X10-23 does not rely on cellular machinery (e.g., RNase H or the
RISC complex), is refractory to nuclease digestion, and can distinguish
target sequences that differ by a single nucleotide. Given its preference for
cleavage at G-U junctions, X10-23 can perform allele-specific RNA
knockdown in instances where a disease-associated point mutation creates
a G-U dinucleotide in one or more copies of a specific gene. Nguyen et al.
leveraged this feature of X10-23 to target one such mutation causing a
deleterious glycine-to-valine substitution in the twelfth amino acid (G12V)
of the Kirsten rat sarcoma viral oncogene homologue (KRAS) (Nguyen et
al., 2021). In an adenocarcinoma cell line harboring both wild-type and
G12V KRAS alleles, G12V-targeting X10-23 selectively reduced G12V
transcripts by more than 50%, with minimal off-targeting of wild-type
transcripts. This decrease in G12V expression ultimately reduced expres-
sion of phosphorylated MEK, a key downstream effector in the oncogenic
KRAS signaling pathway. These results indicate that X10-23 may fill a
niche in the pharmaceutical market for therapies targeting mutations like
G12V in KRAS, which were previously considered “undruggable.”

Another clinically relevant application for XNAzymes is in nucleic
acid detection for point-of-care diagnostic testing. Recently, a biosensing
platform called REVEALR was designed by coupling isothermal amplifi-
cation with a split X10-23 enzyme that cleaves a quenched RNA reporter
to produce an optical signal in the presence of a viral RNA trigger (Yang
and Chaput, 2021) (Fig. 3B). REVEALR achieved low attomolar-level
sensitivity for SARS-CoV-2 detection in clinical patient-derived samples
Fig. 3. XNAzyme applications. (A) A schematic of
X10-23 is presented (left) with the catalytic core DNA
sequence represented in black, FANA modifications in
orange, and TNA modifications in blue. The RNA
substrate is shown in pink. The application of X10-23
as an intracellular gene silencing reagent is schema-
tized (right). (B) A schematic of Split X10-23 cleaving
a fluorophore-quencher pair in the presence of a viral
RNA trigger (left) is presented. The color scheme is the
same as in (A). The fluorescence and paper-based
outputs of the nucleic acid detection platform using
Split X10-23 is schematized (right).
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with no cross-reactivity observed for related respiratory viruses.
Furthermore, the REVEALR-based assay can be implemented using a
lateral-flow strip for facile testing and visual readout, making REVEALR a
possible alternative to the CRISPR-Cas-based detection strategies, such as
SHERLOCK (Gootenberg et al., 2017; Joung et al., 2020) and DETECTR
(Chen et al., 2018; Broughton et al., 2020), for diagnosis of infectious
diseases including COVID-19.

7. Conclusion

The unique chemical architectures of XNAzymes endow these mole-
cules with key advantages over conventional nucleic acid-based tech-
nologies that may be exploited for diagnostic and therapeutic purposes.
Current challenges in the field include the chemical synthesis of XNA
triphosphates and oligonucleotides, the availability of XNA polymerases
with higher fidelity and catalytic efficiency, and the unknown toxicity of
many XNAs in cellular applications. Continued progress in these areas
may lead to the development of XNAzymes with additional types or
combinations of modified sugars, bases, or backbones, expanding the
chemical properties of these reagents for more efficient and versatile
catalysis against a broader range of targets.
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