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Dynamism and evolvability in nucleic acid
enzymes

Erica M. Lee 1 & John C. Chaput 1,2,3,4

Protein dynamism and evolvability are key parameters linking enzyme flex-
ibility to adaptive potential, yet how these concepts apply to nucleic acid
enzymes remains largely unexplored. Here, we propose that threose nucleic
acid (TNA), a genetic polymer that is more conformationally restricted than
DNA, may be evolutionarily constrained by its preorganized backbone. RNA-
cleavage profiles comparing the well-known 10-23 DNA enzyme (DNAzyme)
with two in vitro selected TNA enzymes (threozymes) reveal striking differ-
ences in their temperature dependence. While the DNAzyme catalyzed reac-
tion is optimal at 37 °C and weakly active at 50 °C, threozymes display the
opposite trend, suggesting that TNA catalysis must overcome a higher free-
energy barrier than DNA catalysis. Consistent with this view, the reaction
becomes less temperature dependent for threozymes that operate with more
flexible active sites. Together, these findings highlight the importance of
backbone structure as a critical parameter for evolvability with implications
for RNA world models and biomedical applications.

A defining feature of protein enzymes is their capacity to explore
conformational landscapes. Rather than acting as rigid scaffolds, most
enzymes populate ensembles of interconverting states that collec-
tively shape their catalytic efficiency and evolutionary potential
through active sites that position reactive groups to achieve a stable
transition state1. Mutations can alter these ensembles by stabilizing
alternative conformations that allow new enzyme functions to emerge
from existing folds2–4. This coupling between conformational dynam-
ics and function led to the view that enzyme evolution proceeds
through conformational landscapeswhere structural plasticity enables
proteins to access new catalytic states, thereby making dynamism an
important determinant of evolvability5.

The rise of diverse classes of genetic polymers, so-called xeno-
nucleic acids or XNAs, provides an opportunity to ask whether the
principles linking dynamics and evolution in proteins also extend to
nucleic acid enzymes6,7. Unlike proteins, whose folding behavior is
largely driven by side chain packing in a hydrophobic core8,9, nucleic
acid structure is dictated by the composition and geometry of the
sugar-phosphate backbone10,11. Even subtle chemical changes can
profoundly alter the folding stability, helical geometry, and base-

pairing preferences of a genetic system12. As an example, deoxyxylo
nucleic acid (dXyloNA), an epimer of DNA with inverted stereo-
chemistry at the 3’ hydroxy, forms a left-handed duplex with helical
parameters that are distinct from either DNA or RNA13. Such observa-
tions suggest that backbone chemistry may strongly control the
folding of a genetic system, enabling some polymers to access con-
formationally diverse and functionally productive landscapes while
restricting others to narrower regions of structure-function space.
From this perspective, nucleic acid backbones could represent a cri-
tical determinant of evolvability, dictating the extent to which
sequences can be converted into folds and folds into functions.

Among the XNA systems capable ofDarwinian evolution, 3’,2’-α-L-
threose nucleic acid (TNA, Fig. 1a) has received considerable attention
from the origins community as a possible progenitor of RNA and from
the synthetic biology community as an alternative genetic polymer
with potential applications in biotechnology andmedicine14–18. Despite
having a shorter backbone based on a four-carbon threose sugar, TNA
forms stable antiparallel Watson-Crick duplexes with itself as well as
with complementary strands of DNA and RNA19, and it can undergo
Darwinian evolution using engineered polymerases20. These advances
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have enabled the isolation of aptamers and catalysts from large,
unbiased pools of random TNA sequences21–25. However, structural
studies reveal that TNA is more conformationally restricted than DNA
and RNA26, raising the possibility that backbone geometry may influ-
ence the evolutionary landscape accessible to TNA enzymes.

Here, we examine how backbone chemistry shapes nucleic acid
catalysis by comparing RNA cleavage activity mediated by the well-
characterized 10-23 DNA enzyme (DNAzyme, Dz)27 with that of two
independently evolved TNA enzymes (threozymes, Tz) that act on the
same substrate. Whereas the DNAzyme displays maximal activity near
physiological temperature, the threozymes become increasingly
active at elevated temperatures. These opposing temperature profiles
suggest thatTNA-mediated catalysis requires overcoming a larger free-
energy barrier, consistent with a catalytic profile constrained by a
more rigid backbone architecture. Notably, the temperature depen-
dence narrows for TNA catalysts that operate with less defined active
sites, indicating that increased structural flexibility alleviates this
constraint. Together, these results show that backbone chemistry can
shape the energetic landscape of nucleic acid catalysts and suggest
that the architecture of a genetic polymer may place fundamental
limits on its catalytic evolvability.

Results
Recognizing that TNA maintains a backbone repeat unit that is both
shorter and more physically constrained than DNA and RNA (Fig. 1a)19,
we asked whether these properties might limit the ability of TNA to
fold into structures with defined functional properties. We were par-
ticularly interested in how RNA-cleaving catalysts, one of the most
accessible classes of nucleic acid enzymes28–30, would compare when
evolved in the context of a TNA backbone. Would in vitro selection
produce a rich distribution of threozymes with varied catalytic activ-
ities, as is commonly seen for DNA enzymes31, or would the con-
formational preorganization of the TNA backbone compress the
evolutionary landscape into a flatter horizon with only a limited set of
functional solutions?

To address this question, we performed parallel in vitro selec-
tion experiments designed to isolate RNA-cleaving catalysts from
pools of unbiased random-sequence TNAmolecules. Guided by prior
studies32–34, we targeted a segment of the Kirsten rat sarcoma (KRAS)
oncogene, one of the most frequently mutated drivers in human
cancers35. The clinically relevant G12V variant, long considered diffi-
cult to target therapeutically36, arises from a G→U mutation at posi-
tion 2 of codon 12, producing a glycine-to-valine substitution in the
translated protein sequence. This single-nucleotide difference cre-
ates a unique G-U junction in the mutant transcript that is absent
from the wild-type sequence, enabling allele-specific targeting by
RNA-cleaving DNAzymes37.

Prior structural and biochemical studies have shown that the
classic 10-23 DNAzyme cleaves such junctions via a general acid-base
mechanism (Fig. 1b, c) whereby dG14 within the catalytic loop
abstracts a proton from the O2’ atom of the scissile rG residue, while a

hydrated magnesium ion simultaneously donates a proton to the O5’
atom of the adjacent U-1 residue38,39. The resulting O2’ oxyanion then
performsan in-linenucleophilic attackon the adjacent phosphodiester
bond, yielding an upstream fragment bearing a cyclic 2’,3’-monopho-
sphate and a downstream product with a 5’ hydroxyl terminus. Whe-
ther TNA can be evolved to catalyze this reaction using a similarly
constrained active site—one in which the substrate remains fully base-
paired up to the exocyclic guanine at the G-U cleavage site—remains
unknown, raising the broader question of whether a conformationally
restricted backbone can support the precise positioning and chemical
cooperativity required for efficient phosphodiester cleavage.

The selection was performed using a DNA display strategy in
whicheachTNAmoleculewasphysically linked to its encodingdouble-
stranded (ds) DNA template40. As illustrated in Fig. 2, a 5’-phosphory-
lated DNA stem-loop structure was ligated onto the 3’ end of two
different chemically synthesized DNA libraries carrying random
regions of either 15 or 20 consecutive nucleotides (nt) (Supplementary
Table 1). The pools of self-priming templates were then extended with
chemically synthesized TNA triphosphates (tNTPs)41,42 using the
recently evolved 10-92 TNA polymerase43. The resulting TNA-DNA
hairpin duplex was denatured in a strand displacement reaction using
Bst DNA polymerase to extend a DNA primer annealed to the loop
region of the hairpinwith DNA (Supplementary Fig. 1). The products of
this reactionwerepools of single-stranded (ss) TNAmolecules that had
become physically linked to their encoding dsDNA. This design placed
the TNA molecules across from the RNA substrate, introduced via the
strand displacement primer.

Iterative cycles of in vitro selection and amplification were per-
formed using libraries that oversampled the sequence space defined
by 15- and 20 random nucleotide positions (N15 and N20), corre-
sponding to 60,200 and 60 copies per sequence, respectively. This
library length was chosen to be consistent with Dz 10-23, which has a
catalytic domain comprised of 15 unpaired nucleotides27, and a slightly
longer length to account for the reduced flexibility of TNA26. For each
round of selection, the DNA display libraries were applied to a
streptavidin-coated solid support and washed with selection buffer to
remove the unboundmolecules (Fig. 2). Functional TNA catalysts were
then eluted by incubating the resin with selection buffer supple-
mented with 20mM MgCl2 at pH 7.5 and 37 °C. Under these condi-
tions, catalytically active sequences cleave a predefined G-U
phosphodiester linkage in the RNA substrate (Fig. 1b), releasing the 3’
cleavage product into the eluate. TNA sequences recovered from the
eluate were isolated and amplified by the polymerase chain reaction
(PCR) using DNA primers designed to recognize fixed sequences
flanking the random region in the encoding DNA tag. The amplified
DNA was made single stranded and used to generate new libraries of
TNA molecules for subsequent rounds of selection.

As the selections progressed, the stringency was increased by
progressively reducing both the incubation time and MgCl2 con-
centration. The divalent metal ion cofactor was decreased from 20 to
0.5mMMgCl2, while the reaction timewas shortened from 19 hours to
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Fig. 1 | Nucleic acid catalysis. a Chemical structures, backbone torsion angles, and sugar atom numbering of DNA (blue) and TNA (green). b Dz 10-23 in complex with an
RNA substrate. The G-U cleavage site is shown in bold inside a circle. c Mechanism of magnesium-dependent RNA cleavage.
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15minutes. After 8 rounds of selection, DNA amplicons isolated from
rounds 4, 6, and 8 of both selections were analyzed by next-generation
sequencing (NGS) using an Illumina MiSeq platform. The six most
enriched sequences fromeach selection (SupplementaryTable 2) were
synthesized in a 7 + 7 binding arm configuration by solid phase
synthesis (SPS) using TNA phosphoramidites prepared by chemical
synthesis41. The TNA sequences are largely unrelated to one another
(Hamming distances: N15 members, 6-13; N20 members, 12-15), indi-
cating that each molecule emerged as an independent solution to the
problem of how TNA could catalyze the cleavage of an RNA substrate.

Each chemically synthesized threozyme was evaluated for its
ability to cleave a 5’ labeled RNA substrate under bimolecular, in-trans
cleavage conditions, where the enzyme and substrate were provided
as separate strands (Supplementary Tables 2–3).Under single turnover
conditions (20mM MgCl2, 37 °C, 24 hours), only the most enriched
sequence from each selection (N15-1 and N20-1) exhibits detectable
RNA cleavage activity, and only at trace levels (Fig. 3a, Supplementary
Fig. 2). This result suggests that threozyme activity may be strongly
influenced by temperature. One possible explanation is that the
shorter, more conformationally constrained TNA backbone limits
access to catalytically productive conformations at lower tempera-
tures, thereby requiring thermal activation to form an active complex.
However, other factors, including substrate binding, metal ion coor-
dination, or temperature-dependent folding equilibria, could also
contribute to the observed behavior. Consistent with a strong tem-
perature dependence, all six threozymes derived from the N15 library
and three of the six threozymes from the N20 library show increases in
catalytic activity when the assay is repeated at 50 °C (Fig. 3a, Supple-
mentary Fig. 2). Notably, the top performing sequences (N15-1 and
N20-1) exhibit a dramatic enhancement in reactivity, with substrate
cleavage increasing from ~3-5% at 37 °C to >50% at 50 °C.

A time-course analysis of the top-performing enzymes illustrates
the temperature-dependent behavior (Fig. 3b, c, Supplementary Fig. 3)
of the selected threozymes. Both N15-1 and N20-1 exhibit negligible
activity at 37 °C, whereas the same reactions performed at 50 °C show
rapid and sustained product formation. The N15-1 catalyzed reaction
reaches ~80% product cleavage within 24 h, while N20-1 achieves
slightly higher activity ( ~ 90%) with faster initial rates. The kinetic
profiles are consistent with a temperature-activated catalytic

mechanism, where elevated temperature enhances the conforma-
tional dynamics required for phosphodiester bond cleavage.

To confirm that RNA cleavage occurs at the intended site, we
compared themigration patternof threozyme-mediatedRNAcleavage
products to an RNase T1 digestion ladder, which specifically cleaves
RNA after guanosine residues, using denaturing PAGE. Both N15-1 and
N20-1 generate an RNA product that co-migrates with the expected
fragment corresponding to cleavage of the RNA substrate at the
desired G-U dinucleotide junction (Supplementary Fig. 4). We next
examined the magnesium dependence of the reaction. Increasing the
Mg2+ concentration from 0 to 20mM resulted in corresponding
increases in RNA cleavage for both N15-1 and N20-1 (Supplementary
Fig. 5), with no detectable activity observed in the absence Mg2+ ions
(0mM). These results indicate that catalysis proceeds through a
magnesium-dependent cleavage mechanism, consistent with divalent
metal ion-catalyzedphosphodiester cleavage. Finally, weevaluated the
resistance of threozymes to biological nucleases. Preincubation of the
enzyme-substrate complexes with Turbo DNase or human RNase H1
had no measurable effect on the catalytic activity of either N15-1 or
N20-1 (Supplementary Figs. 6–7), indicating that both enzymes are
refractory to biological nucleases. In contrast, Dz 10-23, used as a
general model for DNAzyme-mediated RNA cleavage, lost all activity
following DNase treatment and exhibited altered cleavage patterns in
the presence of RNase H1 (Supplementary Figs. 6–7), consistent with
its susceptibility to RNase H1-mediated strand cleavage44. Together,
these findings reinforce the intrinsic biostability of TNA and highlight
its promise for applications in biological environments where resis-
tance to nuclease degradation is critical for function45.

To evaluate how backbone chemistry might influence catalytic
behavior, we evaluated the RNA cleavage activity of Dz 10-23 at
physiological and elevated temperature27. To obtain measurable
reaction kinetics that could be compared with those of the threo-
zymes, Dz 10-23 reactions were performed under deliberately atte-
nuated conditions using 2mM Mg2+ rather than 20mM Mg2+.
Reactions were evaluated under multiple and single turnover con-
ditions. Under multiple turnover conditions, Dz 10-23 exhibited
robust catalytic activity at 37 °C, achieving ~80% substrate cleavage
in 150minutes. In contrast, catalytic activity wasmarkedly reduced at
50 °C, with cleavage yields remaining below ~15%, even at extended
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Fig. 2 | TNA libraries prepared and screened by DNA display. A pool of single-
stranded DNA (black) ligated to a self-priming stem-loop is extended with TNA
(purple). Strand displacement initiated by a second primer extension reaction
generates the genotype-phenotype linkage. The RNA substrate (green) is intro-
duced via conjugation to the strand-displacement primer. The libraries are

immobilized on streptavidin-coated (SA) magnetic beads, and functional TNA
molecules cleave themselves off the bead in the presence of magnesium ions. The
recoveredDNA isPCR-amplifiedandused to generate another roundof selection or
to be sequenced.
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reaction times (Fig. 4a, Supplementary Fig. 8). A similar trend was
observed under single turnover conditions, where Dz 10-23 achieved
~90% substrate cleavage within 10minutes at 37° C but only ~15% at
50 °C (Supplementary Fig. 9). These observations indicate that Dz
10–23 activity decreases substantially at elevated temperature, which
is consistent with previous reports describing the temperature-
dependence of other RNA-cleaving DNAzymes46,47.

Thermal denaturation profiles performed in the reaction buffer
using a 2’-deoxyguanosine (dG) substitution at the cleavage junction
indicate that while substrate dissociation could account for loss of
activity at elevated temperature, the Tm value of Dz 10-23 is strikingly
similar to that of Tz N20-1, which remains optimal at 50 °C (Supple-
mentary Fig. 10). It is worth noting that the dG substitution at the
substrate cleavage site could lower the melting temperature of the
enzyme-substrate complex by disrupting key interactions involving
coordination of the catalytic metal-ion to the 2’ hydroxyl group.
Indeed, NMR analysis of Dz 10-23 reveals a highly dynamic loop
structure coordinated to three divalent metal ions39,48.

Next, we extended these studies to include chemically synthe-
sized threozymes (Tz’s 6-29 and 13-38) previously evolved to cleave
RNA with a more flexible active site (Fig. 4b, c)24. Notably, these
enzymes display a reduced temperature dependence, maintaining
high catalytic activity at both 37 °C and 50 °C (Supplementary Fig. 11).
The activity profiles of the enzymes evaluated in this study across a
range of temperatures (Supplementary Fig. 12) reveal a fundamental
difference in the catalytic behavior of nucleic acid enzymes that
operate with distinct active site architectures. Enzymes with more
conformationally constrained active sites appear to function optimally
within a narrow temperature range, whereas those with more flexible
active sites exhibit broader thermal tolerance, retaining catalytic
activity across a wider temperature range.

To further evaluate the influence of temperature on catalytic
activity, apparent rate constants (kobs) measured at 37 °C and 50 °C
were used to estimate activation energies (Ea) for each catalyst (Sup-
plementary Table 4). The two enzymes isolated from the random
sequence libraries, Tz N15-1 and Tz N20-1, exhibit a strong positive
temperature dependence, with kobs increasing from0.02 h-1 at 37 °C to
0.06-0.07 h-1 at 50 °C, corresponding to apparent activation energies
of 77.5 ± 7.2 and 79.4 ± 2.7 kJ/mol, respectively. In contrast, previously
reported threozymes with more flexible active sites display a reduced

or reversed temperature dependence. Tz 6-29 showed only a modest
increase in activity with temperature (0.07 to 0.08 h-1), yielding a near
zero activation energy (9.1 ± 5.3 kJ/mol), while Tz 13-38 exhibited a
2-fold decrease in activity at elevated temperature (0.27 to 0.13 h-1),
corresponding to an apparent negative activation energy of
-47.0 ± 5.7 kJ/mol. A similar but more pronounced trend was observed
for Dz 10-23, which showed robust activity at 37 °C (21.7 h-1) but a
greater than 10-fold reduction at 50 °C (1.8 h-1), yielding an apparent
activation energy of -158.2 ± 14.4 kJ/mol. Collectively, these results
demonstrate that the newly identified threozymes exhibit a funda-
mentally different temperature dependence from both Dz 10-23 and
previously characterized threozymes, with catalytic activity increasing
rather than decreasing with elevated temperature. This behavior is
consistent with a model in which catalysis by the newly selected
threozymes requires thermal activation to access productive con-
formational states.

Discussion
A central principle of enzymology is that catalytic function emerges
from the ability of molecules to access ensembles of interconverting
conformations1. In proteins, this dynamic plasticity provides a foun-
dation for evolvability, enabling mutations to reshape conformational
landscapes and reveal new catalytic states2–4. Our results suggest that
an analogous principle applies to nucleic acid enzymes, but with an
important distinction. While protein dynamics are encoded primarily
through side-chain interactions8,9, nucleic acid dynamics are funda-
mentally constrained more directly by the chemical structure of their
sugar-phosphate backbone10. In this context, TNA provides an infor-
mative model system for examining how backbone geometry governs
the relationship between molecular motion and catalytic function.

The opposing temperature-dependent activity profiles observed
for similarly sized DNA and TNA catalysts acting on the same RNA
substrate reveal differences in how nucleic acid enzymes access pro-
ductive transition states. Dz 10-23 exhibits maximal activity near phy-
siological temperature but is strongly attenuated at elevated
temperature, whereas Tz’s N15-1 and N20-1 display only minimal
activity at 37 °C and become highly active at 50 °C. Based on this data
and their associatedmelting curves, we suggest a model in which TNA
catalysis depends on conformational states that are only sparsely
populated at low temperature. Raising the temperature then provides

Fig. 3 | Threozyme-mediated RNA cleavage at moderate and elevated tem-
peratures. a Activity screen. Single endpoint detection analysis of RNA cleavage
mediated by the six most enriched threozymes isolated from the N15 and N20
libraries. Bar graphs denote average RNA cleavage activity after 24hours of incu-
bation at 37 °C (blue) and 50 °C (red).b, cKinetic curves. Reaction profiles showing
RNA cleavage of themost active variants isolated from the N15 (N15−1, panel b) and

N20 (N20-1, panel c) libraries at 37°C (blue) and 50 °C (red). The enzyme-substrate
complex is provided above the plot. The G-U cleavage is the site denoted with a
circle. Data presented as the mean± standard deviation (n = 3 independent
experiments). All reactions were performed in 50mM Tris (pH 7.5), 10mM NaCl,
140mMKCl, and 20mMMgCl2 with 250 nM substrate and 500nM enzyme. Source
data for this figure is available in the Source Data file.
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the thermal energy necessary to overcome this barrier, allowing
threozymes to access conformations that are more compatible with
the geometric constraints of site-specific RNA hydrolysis.

This interpretation is consistent with the structural properties of
TNA, which maintains a backbone repeat unit that is one bond shorter
than that of DNA or RNA; thus, each nucleotide has fewer degrees of
conformational freedom. Although this feature may stabilize certain
folded states, it may also restrict the ability of TNA to sample alter-
native conformations required for catalysis49. From this perspective,
the weak activity of in vitro selected threozymes at 37 °C reflects an
entropic bottleneck in which the enzymes remain kinetically trapped
in unproductive conformations. Elevating the temperature partially
relieves this constraint by increasing the probability of forming a
productive active site through conformational sampling.

Our comparison with previously reported threozymes that pos-
sess more flexible active sites reinforces this model. Unlike N15-1 and
N20-1, these catalysts remain active across a broader range of tem-
peratures, suggesting that local relaxation of the active site can par-
tially offset intrinsic constraints imposed by the TNA backbone. Such
findings point to a continuum inwhich catalytic efficiency is shaped by
the balance between backbone structure and access to dynamic cat-
alytic states. Highly constrained architectures may favor precise posi-
tioning but at the cost of reduced conformational flexibility, whereas
less constrained systems may sample a broader range of states,
including those compatible with catalysis. This interpretation is con-
sistent with the NMR structure of 10-23 showing extensive sampling of
conformational space (Supplementary Fig. 13)39. As expected, there is
likely to be a limit to this balance, as some genetic systems may prove
too rigid or too flexible to support efficient catalysis, but system-
atically testing this idea across a range of XNA systems would offer
clues into how different classes of nucleic acid systems fold and
function50. Additionally, base modifications could influence the
temperature-dependent activity of nucleic acid enzymes by altering
the reaction mechanism51–53.

These findings have important implications for the evolvability of
nucleic acid enzymes. Although in vitro selection has now yielded
multiple RNA-cleaving threozymes, demonstrating that functional
solutions do exist in TNA sequence space, their comparatively low

activity and pronounced temperature dependence suggests that the
accessible fitness landscape is narrower than that observed for com-
parable DNA enzymes28–30. Such compression could help explain both
the limited diversity of catalyticmotifs recovered in our selections and
the failure to isolate highly active threozymes under standard condi-
tions. More broadly, our results support the idea that backbone
chemistry does not simply modulate the stability of the polymer but
also defines the dynamic landscape from which catalytic function can
emerge. Such factors could influence the choice of genetic polymers
evaluated for practical applications as well as various scenarios used to
describe the emergence of the RNA world14–18.

In summary, our study establishes a direct link between backbone
geometry and catalytic activity in nucleic acid enzymes. By showing
that TNA-mediated catalysis is governed by the temperature-
dependent activation of conformational states, we provide experi-
mental evidence that backbone chemistry can impose fundamental
limits on evolvability, which could have important implications for
RNA world models and biomedical applications.

Methods
Materials
TNA triphosphates and phosphoramidites were synthesized in-
house41,42. DNA phosphoramidite monomers were purchased from
Glen Research (Sterling, VA). DNA triphosphates were purchased from
Thermo Fisher Scientific (Waltham, MA). DNA/RNA oligonucleotides
and DNA libraries were purchased from Integrated DNA Technologies
(Coralville, Iowa). Glen-Pak DNA Purification Cartridges were pur-
chased fromGlenResearch (Sterling, VA). T7DNA ligase and 10-92TNA
polymerase were expressed and purified from E. coli54. T4 DNA ligase
buffer, ThermoPol buffer, and Bst 3.0 DNA polymerase were pur-
chased from New England Biolabs (Ipswich, MA). PCRBIO HiFi poly-
merase and PCRBIO HIFI buffer were purchased from PCR Biosystems
(London, UK). Phenol:chloroform:isoamyl alcohol (25:24:1 v/v, satu-
ratedwith 10mMTris, pH8.0, 1mMEDTA)waspurchased fromSigma-
Aldrich (St. Louis,MO). Amiconultra-centrifugalfilterswerepurchased
fromMillipore Sigma (Burlington,MO).DNAClean andConcentrator-5
was purchased from Zymo Research (Irvine, CA). Dynabeads MyOne
Strepavidin T1 beads were purchased from Thermo Fisher Scientific
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Fig. 4 | Comparative reaction profiles performed at moderate and elevated
temperatures. a Kinetic curves of Dz 10-23. b, c Kinetic curves of Tz’s 6-29 and
13–38. Reaction profiles show RNA cleavage at 37 °C (blue) and 50 °C (red). The
enzyme-substrate complex is provided above the plot. The cleavage site is denoted
with a circle. Data presented as the mean ± standard deviation (n = 3 independent

experiments). All reactions were performed in 50mM Tris (pH 7.5), 10mM NaCl,
and 140mM KCl. Dz catalyzed reactions contained 2mM MgCl2 with 250nM sub-
strate and 25nM enzyme, while the Tz catalyzed reactions contained 20mMMgCl2
with 250 nM substrate and 500nM enzyme. Source data for this figure is available
in the Source Data file.
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(Waltham, MA). The MagneSphere 12-position rack was purchased
from Promega (Madison, WI). RNase T1 and Turbo DNase were pur-
chased from Thermo Fisher Scientific (Waltham, MA). Human RNase
H1 was purchased from Abcam (Cambridge, UK). Refer to Supple-
mentary Table 1 for DNA library and primer sequences. Refer to Sup-
plementary Table 2 for threozyme sequences. Refer to Supplementary
Table 3 for RNA substrate sequences.

Library preparation for DNA display selection strategy
Library design. Inspired by the 10-23 DNAzyme framework, the DNA
library features a central random region of 15 or 20 nucleotides
(A:G:C:T = 25:25:25:25) as the catalytic core region. The random region
is flanked by defined binding arm regions of 10 nucleotides that
recognize the desired RNA substrate. Expanding further beyond both
binding arm regions are the primer-binding sites of 20 nucleotides.

Hairpin ligation. A self-primingDNA librarywasgeneratedby ligating a
DNA library (5 µM) to a phosphorylated DNA hairpin primer (6 µM) in
1x T4 DNA ligase buffer using T7 DNA ligase (1 µM). The DNA library
was annealed to the DNA hairpin primer by heating at 95 °C for 5min
and cooling on ice for 5min. The reaction was then initiated with the
addition of T7 DNA ligase and incubated overnight at 24 °C. The
resulting self-priming DNA library was purified by 10% denaturing
polyacrylamide gel electrophoresis (PAGE), electroeluted, and desal-
ted using an Amicon™ ultra-centrifugal filter.

TNA transcription. The self-priming DNA library was extended with
tNTPs to generate a chimeric DNA/TNA heteroduplex. The reaction
was initiated with the addition of 10-92 TNA polymerase (2 µM)
followed by tNTPs (0.1mM of each tATP/tCTP/tGTP/tTTP) and incu-
bated for 1 h at 40 °C. Afterward, an equal volume of phenol:-
chloroform:isoamyl alcohol (25:24:1v/v) was added to extract excess
polymerase following the manufacturer’s protocol. Following extrac-
tion, the top aqueous layer was collected and desalted using an
Amicon™ ultra-centrifugal filter.

Strand displacement. TNA was displaced by extending a chimeric 5’-
biotin DNAprimer containing the RNA substrate. First, theDNAprimer
(2 µM) was annealed to the hairpin loop of the library (1 µM) in 1x
ThermoPol® buffer by heating to95 °Cand coolingon ice for 5min. The
reaction was then supplemented with an additional 5mM of MgCl2
before adding Bst 3.0 DNA polymerase (80U/mL) and dNTPs (0.5mM
of each dATP/dCTP/dGTP/dTTP) to initiate the reaction and incubated
for 1 h at 50 °C. Excess polymerase was extracted, and the aqueous
layer was collected as described for TNA transcription. Residual phe-
nol was removed by adding 500 µL of ethanol to the desalted solution,
and the TNA library was dried by a SpeedVac concentrator.

Selection by DNA display strategy
MyOne T1 streptavidin beads (35.7 µL) were pre-treated for RNA
applications following manufacturer’s protocol and equilibrated in
500 µL of binding buffer (50mM Tris (pH 7.5), 150mM NaCl, 0.01%
Tween-20, 0.5mM EDTA) for 30min at 24 °C with rotation. The TNA
library (100 pmol) was then incubated with the pre-treated magnetic
beads in 500 µL of binding buffer for 30min at 24 °C with rotation to
immobilize the library on the beads. The beads were washed 3-4 times
with 500 µL of pre-cleavage buffer (50mM Tris (pH 7.5), 10mM NaCl,
140mMKCl). Following the washes, 500 µL of cleavage buffer (50mM
Tris (pH 7.5), 10mM NaCl, 140mM KCl, 20mM MgCl2) was added to
the reaction tube to initiate RNA cleavage. The selection stringency
was increased over 8 rounds at a constant temperature of 37 °C. The
starting parameters were 20mM MgCl2 and 19 h. The magnesium
concentration and reaction time were incrementally decreased to a
final condition of 0.5mM MgCl2 and 15min.

Threozyme synthesis
All threozymes were prepared by solid-phase oligonucleotide synth-
esis using an automated Dr. Oligo DNA synthesizer on a 1-μmol scale
universal CPG column (Glen Research) with optimized coupling times.
Oligonucleotides were removed from the column and deprotected by
incubation in ammonia gas for2 h at 80 °C (60psi), andpurifiedby ion-
pair reversed-phase HPLC followed by a Glen-Pak™ DNA Purification
Cartridge (Glen Research). The samples were lyophilized to dryness,
resuspended in water, UV-quantified, and verified byMALDI-TOFmass
spectrometry.

Activity assay
Threozymes were assayed under single turnover conditions with
500 nM Tz and 250 nM IR680-labeled RNA substrate (1:2, S:E) in a
reaction buffer comprised of 50mM Tris-HCl (pH 7.5), 10mM NaCl,
140mM KCl, and 20mM MgCl2. Reactions were initiated with the
addition of MgCl2 and incubated at either 37 °C or 50 °C for up to
24 hours. Aliquots (1.5μL) of each reaction mixture were removed at
designated timepoints andquenched in 16.5μL formamide stopbuffer
(99% deionized formamide, 25mM EDTA). Quenched samples were
denatured at 95 °C for 10min and resolved using 20% denaturing
PAGE. The gel was imaged using an Odyssey CLx imaging system (LI-
COR) and quantified using Image Studio 5.2 (LI-COR).

Product validation
RNA substrate (1μM) was digested by 1 U of RNase T1 in 50mM Tris
(pH 7.5), 10mMNaCl, and 140mM KCl at room temperature for 1min
to generate an RNA ladder. For threozyme-catalyzed reactions,
500 nM Tz and 250 nM IR680-labeled RNA substrate (1:2, S:E) were
incubated in the same buffer used for RNase T1 digestion, but with the
addition of 20mM MgCl2. Samples were collected, quenched, and
analyzed as described for the activity assay.

Magnesium dependence screen
Threozymes were assayed under single turnover conditions with
500 nM Tz and 250nM IR680-labeled RNA substrate (1:2, S:E) in
reaction buffer comprised of 50mM Tris-HCl (pH 7.5), 10mM NaCl,
140mM KCl, and varied concentrations of MgCl2 (0, 1, 5, 10, and
20mM). Reactions were initiated with the addition of MgCl2 and
incubated at 50 °C for 18 hours. Samples were collected, quenched,
and analyzed as described for the activity assay.

Temperature dependence screen
DNAzymes and threozymes were assayed across a range of tempera-
tures. All reactionswere incubated in 50mMTris (pH 7.5), 10mMNaCl,
and 140mMKCl for 8 h. Dz catalyzed reactions contained 2mMMgCl2
with 250nM IR680-labeled RNA substrate and 25 nM enzyme, while
the Tz catalyzed reactions contained 20mM MgCl2 with 250nM
IR680-labeled or Cy5-labeled RNA substrate and 500nM enzyme.
Samples were collected, quenched, and analyzed as described for the
activity assay.

Turbo DNase assay
DNAzymes and threozymes were pretreatedwith Turbo DNase (2U) in
50mM Tris (pH 7.5), 10mM NaCl, and 140mM KCl at 37 °C for 10min
and 60min, respectively. Dz catalyzed reactions contained 2mM
MgCl2, while Tz reactions contained 20mM MgCl2. After preincuba-
tion, the IR680-labeled RNA substrate was added to the reaction,
reaching final concentrations of 250 nM substrate and 250 nM enzyme
(1:1, S:E). For the Dz reactions, temperature was maintained at 37 °C
after RNA substrate addition and allowed to incubate for an additional
hour. For the Tz reactions, the temperature was increased to 50 °C
after RNA substrate addition and allowed to incubate for an
additional 18 h.
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RNase H1 assay
DNAzymes and threozymes were assayed under single turnover with
250nM enzyme and 250nM IR680-labeled RNA substrate (1:1, S:E) in
the absence and presence of RNase H1. All reactions were incubated in
50mM Tris (pH 7.5), 10mM NaCl, and 140mM KCl at 37 °C. Dz cata-
lyzed reactions contained 2mM MgCl2, while the Tz catalyzed reac-
tions contained 20mM MgCl2. For the Tz reactions, the reaction
temperature was increased to 50 °C for an additional 4 hours after
1 hour of initial incubation at 37 °C.

Melting temperature (Tm) study
All melts were performed with 1:1 oligonucleotide stoichiometry (1μM
enzyme + 1μMRNA substrate) in the same buffer used for the activity
assay (50mMTris (pH 7.5), 10mMNaCl, 140mMKCl, and either 2mM
or 20mM MgCl2). Prior to melting, the strands were annealed in an
Eppendorf tube by heating to 95 °C for 5minutes and cooling on ice.
Melting curves were obtained in the forward melting direction in a
quartz cuvette of 1-cm path length with a temperature gradient of 20°
to 90 °C and a ramping rate of 1 °C per min by monitoring the change
in UV absorbance at 260nm using a Cary 100 UV-Vis spectro-
photometer equipped with a Peltier thermal controller. Tm values
were determined by the hyperchromicity method using Cary
WinUV 4.2 (468).

Rate constant (kobs) determination
Observed rate constants of single turnover assays were obtained by
fitting the percentage of the cleaved substrate over the reaction time
to the one-phase association curve (1) using LabPlot 2.10.1 (KDE).

Y = Y0 + Yplateau � Y0

� �
× ð1� e�kobs × tÞ ð1Þ

Y is the percent cleavage atfinite time t, Y0 is thepercent cleavage
at time equals zero, Yplateau is the percent cleavage at an infinite time
where the reaction reaches a plateau, and kobs is the observed pseudo-
first-order rate constant.

Activation energy (Ea) determination
Apparent activation energies were calculated using the two-point form
of the Arrhenius Eq. (2).

ln
k2

k1
=
Ea

R
1
T 1

� 1
T2

� �
ð2Þ

T 1 and T2 are temperatures (K) of the reaction, k1 and k2 are
observed rate constants of the reaction at the respective temperatures,
R is the universal gas constant (8.314 J=mol � K), and Ea is the activation
energy.

Statistics and reproducibility
The mean and standard deviation were calculated in Microsoft Excel
16.78 (23100802). All experiments were reproduced in sets of two or
three independent replicates. No data were excluded from the analyses.
Sample sizes were determined using sample sizes standard in nucleic
acid research (duplicate or triplicate). The investigators were not blinded
to allocation during the experiments and outcome assessments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that the data supporting the findings of this study
are available within the article and its Supplementary Information file.
All raw DNA sequences collected from the threozyme selection have
been deposited in the Sequence Read Archive and can be found in the

NCBI BioProject database under accession code PRJNA1499794
[https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1499794]. Structural
information referenced here can be found in the Protein Data Bank
under accession code 7PDU. Source data are provided with this paper.

References
1. Benkovic, S. J. & Hammes-Schiffer, S. A perspective on enzyme

catalysis. Science 301, 1196–1202 (2003).
2. Khersonsky,O. & Tawfik, D. S. Enzymepromiscuity: amechanistic and

evolutionary perspective. Annu. Rev. Biochem. 79, 471–505 (2010).
3. Arnold, F. H. The nature of chemical innovation: new enzymes by

evolution. Q. Rev. Biophys. 48, 404–410 (2015).
4. Hajjar, M. et al. Directed evolution of a TNA polymerase identifies

independent paths to fidelity and catalysis. Nat. Commun. 17,
925 (2026).

5. Tokuriki, N. & Tawfik, D. S. Protein dynamism and evolvability. Sci-
ence 324, 203–207 (2009).

6. Chaput, J. C., Egli, M. & Herdewijn, P. The XNA Alphabet. Nucleic
Acids Res. 53, gkaf635 (2025).

7. Chaput, J. C. & Herdewijn, P. What Is XNA? Angew. Chem. Int. Ed.
Engl. 58, 11570–11572 (2019).

8. Anfinsen, C. B. Principles that govern the folding of protein chains.
Science 181, 223–230 (1973).

9. Dill, K. A. Dominant forces in protein folding. Biochemistry 29,
7133–7155 (1990).

10. Egli, M. & Pallan, P. S. Insights from crystallographic studies into the
structural and pairing properties of nucleic acid analogs and che-
mically modified DNA and RNA oligonucleotides. Annu Rev. Bio-
phys. Biomol. Struct. 36, 281–305 (2007).

11. Pallan, P. S., Lubini, P., Bolli, M. & Egli, M. Backbone-base inclination
as a fundamental determinant of nucleic acid self- and cross-
pairing. Nucleic Acids Res. 35, 6611–6624 (2007).

12. Anosova, I. et al. The structural diversity of artificial genetic poly-
mers. Nucleic Acids Res. 44, 1007–1021 (2016).

13. Ramaswamy, A., Froeyen, M., Herdewijn, P. & Ceulemans, A.
Helical structure of xylose-DNA. J. Am. Chem. Soc. 132,
587–595 (2010).

14. Orgel, L. E. A simpler nucleic acid. Science 290, 1306–1307 (2000).
15. Joyce, G. F. The antiquity of RNA-based evolution. Nature 418,

214–221 (2002).
16. Yu, H., Zhang, S. & Chaput, J. C. Darwinian evolution of an alter-

native genetic system provides support for TNA as an RNA pro-
genitor. Nat. Chem. 4, 183–187 (2012).

17. Wang, F. et al. Cellular uptake, tissue penetration, biodistribution,
and biosafety of threose nucleic acids: Assessing in vitro and in vivo
delivery. Mater. Today Bio. 15, 100299 (2022).

18. Matsuda, S. et al. Shorter Is Better: The alpha-(l)-Threofuranosyl
Nucleic Acid Modification Improves Stability, Potency, Safety, and
Ago2 Binding and Mitigates Off-Target Effects of Small Interfering
RNAs. J. Am. Chem. Soc. 145, 19691–19706 (2023).

19. Schöning, K. U. et al. Chemical etiology of nucleic acid structure:
the a-threofuranosyl-(3’->2’) oligonucleotide system. Science 290,
1347–1351 (2000).

20. Chaput, J. C. Redesigning the Genetic Polymers of Life. Acc. Chem.
Res. 54, 1056–1065 (2021).

21. Lozoya-Colinas, A., Yu, Y. & Chaput, J. C. Functionally Enhanced
XNA Aptamers Discovered by Parallelized Library Screening. J. Am.
Chem. Soc. 145, 25789–25796 (2023).

22. Dunn, M. R., McCloskey, C. M., Buckley, P., Rhea, K. & Chaput, J. C.
Generating biologically stable TNA aptamers that function with
high affinity and thermal stability. J. Am. Chem. Soc. 142,
7721–7724 (2020).

23. Li, X., Li, Z. & Yu, H. Selection of threose nucleic acid aptamers to
block PD-1/PD-L1 interaction for cancer immunotherapy. Chem.
Commun. 56, 14653–14656 (2020).

Article https://doi.org/10.1038/s41467-026-76473-9

Nature Communications |         (2026) 17:9757 7

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1499794/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1499794
https://urldefense.com/v3/__https:/www.rcsb.org/structure/7PDU__;!!CzAuKJ42GuquVTTmVmPViYEvSg!Pz4pPEjdiiCDKO3Erp4jGNb4qfjL6jbxUO4pr7b-90IMi-s2OZTs-deQ8HNSZN4wUJjm8jNyY5rev9DDcc2DgznFMv4_S8Ai$
www.nature.com/naturecommunications


24. Wang, Y. et al. An RNA-cleaving threose nucleic acid enzyme cap-
able of single point mutation discrimination. Nat. Chem. 14,
350–359 (2022).

25. Wang, Y. et al. A threose nucleic acid enzyme with RNA ligase
activity. J. Am. Chem. Soc. 143, 8154–8163 (2021).

26. Pallan, P. S. et al. Why does TNA cross-pair more strongly with RNA
than with DNA? An answer from X-ray analysis. Angew. Chem. Int.
Ed. 42, 5893–5895 (2003).

27. Santoro, S. W. & Joyce, G. F. A general purpose RNA-cleaving DNA
enzyme. Proc. Natl. Acad. Sci. Usa. 94, 4262–4266 (1997).

28. Joyce, G. F. Directed evolution of nucleic acid enzymes. Annu. Rev.
Biochem. 73, 791–836 (2004).

29. Silverman, S. K. Deoxyribozymes: selection design and serendipity
in the development of DNA catalysts. Acc. Chem. Res. 42,
1521–1531 (2009).

30. Wilson, D. S. & Szostak, J. W. In vitro selection of functional nucleic
acids. Annu. Rev. Biochem. 68, 611–647 (1999).

31. Cruz, R. P., Withers, J. B. & Li, Y. Dinucleotide junction cleavage
versatility of 8-17 deoxyribozyme. Chem. Biol. 11, 57–67 (2004).

32. Wang, Y., Nguyen, K., Spitale, R. C. & Chaput, J. C. A biologically
stable DNAzyme that efficiently silences gene expression in cells.
Nat. Chem. 13, 319–326 (2021).

33. Nguyen, K., Malik, T. N. & Chaput, J. C. Chemical evolution of an
autonomous DNAzyme with allele-specific gene silencing activity.
Nat. Commun. 14, 2413 (2023).

34. Lee, E. M., Nguyen, K., Setterholm, N. A., Malik, T. N. & Chaput, J. C.
Allele-specific knockdown by an engineered DNAzyme capable of
RNase H1 evasion. Nucleic Acids Res. 54, 10.1093/nar/
gkaf1476 (2026).

35. McCormick, F. KRAS as a Therapeutic Target. Clin. Cancer Res. 21,
1797–1801 (2015).

36. Chiosea, S. I., Sherer, C. K., Jelic, T. & Dacic, S. KRAS mutant allele-
specific imbalance in lung adenocarcinoma. Mod. Pathol. 24,
1571–1577 (2011).

37. Nguyen, K., Wang, Y. J., England,W. E., Chaput, J. C. & Spitale, R. C.
Allele-Specific RNA Knockdown with a Biologically Stable and
Catalytically Efficient XNAzyme. J. Am. Chem. Soc. 143,
4519–4523 (2021).

38. Santoro, S. W. & Joyce, G. F. Mechanism and utility of an RNA-
cleaving DNA enzyme. Biochemistry 37, 13330–13342 (1998).

39. Borggrafe, J. et al. Time-resolved structural analysis of an RNA-
cleaving DNA catalyst. Nature 601, 144–149 (2022).

40. Ichida, J. K. et al. An in vitro selection system for TNA. J. Am. Chem.
Soc. 127, 2802–2803 (2005).

41. Sau, S. P., Fahmi, N. E., Liao, J.-Y., Bala, S. & Chaput, J. C. A scalable
synthesis of α-L-threose nucleic acid monomers. J. Org. Chem. 81,
2302–2307 (2016).

42. Negria, S., Jia, Y., Setterholm, N. A., Barpuzary, B. & Chaput, J. C.
Scalable multistep one-pot synthesis of natural and modified
nucleoside triphosphates. J. Org. Chem. 90, 5936–5948
(2025).

43. Maola, V. A. et al. Directed evolution of a highly efficient TNA
polymerase achieved by homologous recombination. Nat. Catal. 7,
1173–1185 (2024).

44. Young, D. D., Lively, M. O. & Deiters, A. Activation and deactivation
of DNAzyme and antisense function with light for the photo-
chemical regulation of gene expression in mammalian cells. J. Am.
Chem. Soc. 132, 6183–6193 (2010).

45. Culbertson, M. C. et al. Evaluating TNA stability under simulated
physiological conditions. Bioorg. Med. Chem. Lett. 26,
2418–2421 (2016).

46. Ting, R., Thomas, J. M., Lermer, L. & Perrin, D. M. Substrate speci-
ficity and kinetic framework of a DNAzyme with an expanded che-
mical repertoire: a putative RNaseA mimic that catalyzes RNA

hydrolysis independent of a divalent metal cation. Nucleic Acids
Res. 32, 6660–6672 (2004).

47. Bonaccio, M., Credali, A. & Peracchi, A. Kinetic and thermodynamic
characterization of the RNA-cleaving 8-17 deoxyribozyme. Nucleic
Acids Res. 32, 916–925 (2004).

48. Borggrafe, J., Gertzen, C. G.W., Viegas, A., Gohlke, H. & Etzkorn, M.
The architecture of the 10-23 DNAzyme and its implications for
DNA-mediated catalysis. FEBS J. 290, 2011–2021 (2023).

49. Anosova, I. et al. Structural insights into conformational differences
between DNA/TNA and RNA/TNA chimeric duplexes. ChemBio-
Chem. 17, 1705–1708 (2016).

50. Nikoomanzar, A., Chim, N., Yik, E. J. & Chaput, J. C. Engineering
polymerases for applications in synthetic biology. Q. Rev. Biophys.
53, e8 (2020).

51. Hollenstein, M., Hipolito, C. J., Lam, C. H. & Perrin, D. M. A self-
cleaving DNA enzyme modified with amines, guanidines and imi-
dazoles operates independently of divalent metal cations (M2+).
Nucleic Acids Res. 37, 1638–1649 (2009).

52. Raz, M. H. & Hollenstein, M. Probing the effect of minor groove
interactions on the catalytic efficiency of DNAzymes 8-17 and 10-23.
Mol. Biosyst. 11, 1454–1461 (2015).

53. Paul, S., Wong, A., Liu, L. T. & Perrin, D. M. Selection of M(2+)
-independent RNA-cleaving DNAzymes with side-chains mimicking
arginine and lysine. Chembiochem 23, e202100600 (2022).

54. Nikoomanzar, A., Dunn, M. R. & Chaput, J. C. Engineered poly-
merases with altered substrate specificity: expression and pur-
ification. Curr. Protoc. Nucleic Acid Chem. 69, 75 (2017). 4.

Acknowledgements
We would like to thank N. Setterholm and M. Hajjar for technical assis-
tance and members of the Chaput lab for their helpful comments and
suggestions. We also gratefully acknowledge the Genomics Research
and Technology Hub (GRT Hub) at UCI for their NGS services.

Author contributions
J.C. and E.L. conceived the project and designed the experiments. E.L.
evolved the enzyme and performed the biochemical characterization.
J.C. and E.L. wrote the manuscript.

Funding
This project was supported by discretionary start-up funds from the
University of California, Irvine, to J.C.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-76473-9.

Correspondence and requests for materials should be addressed to
John C. Chaput.

Peer review information Nature Communications thanks Marcel Hol-
lenstein, Yingfu Li and the other, anonymous, reviewer(s) for their con-
tribution to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-026-76473-9

Nature Communications |         (2026) 17:9757 8

https://doi.org/10.1038/s41467-026-76473-9
http://www.nature.com/reprints
www.nature.com/naturecommunications


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2026

Article https://doi.org/10.1038/s41467-026-76473-9

Nature Communications |         (2026) 17:9757 9

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Dynamism and evolvability in nucleic acid enzymes
	Introduction
	Results
	Discussion
	Methods
	Materials
	Library preparation for DNA display selection strategy
	Hairpin ligation
	TNA transcription
	Strand displacement

	Selection by DNA display strategy
	Threozyme synthesis
	Activity assay
	Product validation
	Magnesium dependence screen
	Temperature dependence screen
	Turbo DNase assay
	RNase H1 assay
	Melting temperature (Tm) study
	Rate constant (kobs) determination
	Activation energy (Ea) determination
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




