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DNA- and MNAzymes are nucleic acid-based enzymes (NAzymes), which infiltrated the otherwise protein-rich field of enzymology three decades ago. The 
10-23 core NAzymes are one of the most widely used and well-characterized NAzymes, but often require elevated working temperatures or additional 
complex modifications for implementation at standard room temperatures. Here, we present a generally applicable method, based on thermodynamic 
principles governing hybridization, to re-engineer the existing 10-23 core NAzymes for use at 23 °C. To establish this, we first assessed the activity of 
conventional NAzymes in the presence of cleavable and non-cleavable substrate at 23 °C as well as over a temperature gradient. These tests pointed towards 
a non-catalytic mechanism of signal generation at 23 °C, suggesting that conventional NAzymes are not suited for use at this temperature. Following this, 
several novel NAzyme-substrate complexes were re-engineered from the conventional ones, and screened for their performance at 23 °C. The complex with 
substrate and substrate-binding arms of the NAzymes shortened by four nucleotides on each terminus demonstrated efficient catalytic activity at 23 °C. 
This has been further validated over a dilution of enzymes or enzyme components, revealing their superior performance at 23 °C compared to the 
conventional 10-23 core NAzymes at their standard operating temperature of 55 °C. Finally, the proposed approach was applied to successfully re-engineer 
three other new MNAzymes for activity at 23 °C. As such, these re-engineered NAzymes present a remarkable addition to the field by further widening the 
diverse repertoire of NAzymes applications. 
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INTRODUCTION 

Enzymes are natural catalysts, essential for numerous life-

sustaining processes, banking on their activity as oxidoreductases, 

transferases, isomerases, hydrolases, ligases, and lyases[1]. 

Whereas they are traditionally protein in nature, nucleic acid-

based enzymes (NAzymes) have proven to be an important 

addition to the catalytic toolbox. For example, ribonucleic acid 

(RNA) enzymes (ribozymes) are naturally occurring catalytic 

molecules, providing support to the hypothesis of initial life arising 

from RNA[2]. Since their discovery three decades ago, numerous 

synthetic ribozymes have been selected using SELEX (systematic 

evolution of ligands by exponential enrichment) technology[3] 

and utilized thereafter for countless applications[4–6]. 

Alternatively, deoxyribonucleic acid enzymes (DNAzymes) have 

been developed as purely synthetic catalytic sequences without 

any natural counterparts[7]. However, both ribozymes and 

DNAzymes are made up of the same chemical building blocks and 

share the same flexibility in sequence design[8]. Moreover, they 

remain stable over a wide range of pH (3-10), temperature (4 °C - 

63 °C), and buffer compositions[9–14], contrary to the protein 

enzymes, which require more stringent conditions for activity and 

storage. In this context, NAzymes are considered as promising 

catalytic alternatives in various applications. 

 

DNAzymes catalyze an extensive repertoire of reactions, including 

peroxidation[15], Friedel-Crafts reaction[16], porphyrin 

metallation[17] and cleavage of RNA or RNA-DNA hybrid 

sequences[18]. The latter is performed by DNAzymes comprising 

of a catalytic core flanked by two substrate-binding arms. The 

arms hybridize with the substrate by virtue of Watson-Crick base 

pairing, resulting in cleavage by the catalytic core at the cleavage 

site with two RNA bases. There are two well-characterized classes 

of DNAzyme catalytic cores: the 8-17 and 10-23, named after the 

SELEX rounds each was discovered in[18]. Instances of their 

applications include metal sensing[19], molecular diagnostics[20, 

21], and formation of nanodevices for sensing and in vivo 

monitoring[22, 23]. Additionally, the catalogue of applications has 

been further expanded by the DNAzyme-derived multicomponent 

nucleic acid enzymes (MNAzymes)[24–27]. MNAzymes are 

generated via division of the DNAzyme catalytic core into two 

halves and addition of an extra binding arm to each of them. The 

two resulting partzymes assemble in their catalytic form only in 

the presence of an oligonucleotide known as assembly facilitator 

(AF). Thus, the AF binds with the extra binding arms and enables 

cleavage of the substrate once it is bound to the substrate-binding 

arms of the partzymes. This MNAzyme design, which ensures 

assembly only in the presence of a trigger (target) sequence (i.e. 

AF), opened many more avenues for biosensing applications 

compared to the DNAzymes[28]. 

 

Although both DNA- and MNAzymes have been used in different 

biosensing and diagnostic applications, they mostly require 

elevated temperatures for their optimal functioning, implying that 

at least one step of the bioassay must occur at temperatures well 

above 23 °C[29–33]. So far, only the 8-17 core-derived NAzymes 

have been shown to function at room temperature without 

requiring initial heating steps or additional modifications[23, 34]. 

Efforts have been made to make 10-23 NAzymes compatible with 

lower temperatures. However, this was achieved so far only 

through complex physico-chemical modification of NAzymes (e.g. 

by introducing modified nucleotides or using cationic copolymers 

for reaction turnover enhancement[27, 35–38]), or by elevating 

temperature prior to the reaction[39, 40]. The latter more 

specifically poses issues when using NAzymes not only for DNA-

target detection, but also for detection of other target molecules 

(e.g. small molecules or proteins), and when combining NAzymes 

with measurement setups that are not equipped with heating 

elements (e.g. microscopes and lateral flow tests, amongst 

others). Therefore, these temperature restrictions and/or 

complex modifications altogether precluded harnessing the full 



potential of these broadly stable molecules and jeopardized their 

ease-of-use in biosensing applications.  

 

In this context, here we present for the first time a very simple 

methodology to expand the functionality of existing 10-23 core 

DNA- and MNAzymes (collectively referred to as NAzymes in this 

paper) for use at 23 °C. The strategy relies solely on Watson-Crick 

base pairing and the thermodynamic principles governing 

hybridization, thus not requiring any complex physico-chemical 

modifications. To achieve this, we first studied the catalytic 

activity of conventional NAzymes at their optimal temperature of 

55 °C as well as at our targeted temperature of 23 °C. Based on the 

generated novel insights of their behavior, we redesigned and 

screened different NAzymes and substrate sequences for their 

activity at 23 °C. Next, the most promising DNA- and MNAzymes 

complexes were further assessed over a range of concentrations. 

Finally, the generality of this approach to redesign NAzymes for 

application at 23 °C was evaluated by testing a second substrate 

sequence and, in addition, another AF sequence in order to 

redesign three completely novel 10-23 core MNAzymes. As such, 

these re-engineered 10-23 core NAzymes show great promise to 

considerably simplify bioassay development and implementation 

on different biosensing platforms. 

MATERIALS AND METHODS 

All NAzymes, substrates and the AF, summarized in Table S1, were 

purchased from IDT Technologies (Leuven, Belgium). Trident 

Tris.HCl (1 M, pH 8.8, Genetex Inc., Irvine, USA), potassium 

chloride (KCl, 99%+, Acros Organics, Geel, Belgium) and 

magnesium chloride solution (MgCl2, 1 M, Fisher Scientific, 

Leicestershire, England) were used without further purification. 

All solutions were prepared using UltraPure distilled water 

(DNAse-RNAse free, Invitrogen, Carlsbad, USA). Tris-

Ethylenediaminetetraacetic acid (TE, 100 X, Sigma-Aldrich, St. 

Louis, USA) buffer solution was used for preparation of the 

working solutions of the oligonucleotides, unless otherwise 

indicated. All reaction mixes were prepared in DNA-LoBind tubes 

(1.5 mL, Eppendorf, Hamburg, Germany) and the fluorescence was 

measured in 384–well clearbottom microplates (Glasatelier 

Saillart, Meerhout, Belgium) or PCR tubes (Qiagen, Hilden, 

Germany). 

 

Design of NAzymes and substrates. The DNAzymelong (nr 1 in 

Table S1, Electronic Supplementary Material), the MNAzymelong 

(comprising of partzyme Along, partzyme Blong and the 

corresponding AF sequence (nr 4, 9 and 15 in Table S1, 

respectively)) and the substrate (nr 17 in Table S1) are adapted 

from previously published sequences[41] to preclude the need of 

a high-temperature denaturation step. The short NAzymes (nr 3, 

5 and 11 in Table S1) were re-engineered by shortening the 

substrate-binding arms with four bases on each terminus. The 

short substrate was edited accordingly to match the length of the 

substrate-binding arms of the NAzymes (nr 20 in Table S1). All 

cleavable substrates are DNA in nature, but contain two RNA 

bases at the cleavage site. A non-cleavable substrate was 

engineered by replacing these two RNA bases with their DNA 

counterparts (nr 19 in Table S1). All substrates were labelled on 

the 5’ end with a fluorescent FAM label and on the 3’ end with 

Iowa Black FQ (IBFQ) quencher molecule, with exception of the 

substrate that was internally labelled with FAM (nr 18, Table S1). 

To enable this internal labelling, adenine in the substrate was 

substituted with a thymidine base (highlighted in grey in Table S1), 

acting as a tether for the internal FAM label, whereas the 

complementary base in the substrate-binding arm of the NAzymes 

was altered accordingly (nr 2 and 10 in Table S1). The melting 

temperatures and secondary structures of these sequences were 

analyzed using the OligoAnalyzer 3.1 tool of IDT Technologies 

(https://eu.idtdna.com/calc/analyzer). The Tm of the intact 

substrate was calculated by approximating a standard duplex, 

formed between the substrate strand with 2 RNA bases and its 

DNA complement. The Tm of the 3’ half of the substrate was 

calculated as the Tm of a standard duplex, starting with the RNA-

U base (in the substrate strand) and A base in the complementary 

strand, as the latter is also incorporated in the complementary 

substrate-binding arm of the NAzyme. The Tm of the 5’ half of the 

substrate was calculated as the Tm of a standard duplex while 

excluding the RNA-G base, since its complement is not 

incorporated in the corresponding substrate-binding arm of the 

NAzyme. The theoretical method of assessing the melting 

temperatures was preferred over the experimental method, 

considering the temperature-mediated degradation of the 

substrate at temperatures above 75 °C, due to the presence of 

RNA bases (Figure S1, Electronic Supplementary Material). 

 

Assessment of NAzyme activity. The activity of the NAzymes was 

evaluated in 25 µL of the reaction mix, containing 250 nM of 

DNAzyme or 250 nM of each of the partzymes and the AF, and 250 

nM of the appropriate substrate. All reactions were prepared in 

10 mM Tris-HCl with 50 mM KCl, and 20 mM MgCl2 (pH 8.3). All 

dilutions were prepared from 10 µM stock solutions in TE and all 

reagents were kept on ice until the final readout. The activity of 

the conventional NAzymes was measured at 55 °C and over 

temperatures ranging from 75 °C to 35 °C and back to 75 °C, with 

steps of 10 °C, using the Rotor-Gene Q real-time PCR cycler 

(Qiagen, Venlo, Netherlands). Fluorescence was measured every 

30 seconds for 5 minutes at each step via signal acquisition 

through the green channel. The NAzyme activity at 23 °C was 

monitored kinetically on a SpectraMax M-series microplate reader 

(Molecular Devices LLC, San Jose, USA) with excitation at 485 nm 

and emission at 583 nm, measuring fluorescence every minute for 

30 minutes. To evaluate the performance of the NAzymes, the 

signal-to-noise ratio (SNR) was calculated as the ratio of the 

fluorescent signal generated by the functional NAzyme and the 

fluorescent signal of the substrate itself. All measurements were 

performed in triplicates. The different controls and test reactions 

performed are depicted in Figure 1. 

 

Characterization of redesigned NAzymes. The concentration-

dependent activity of the NAzymes was tested with a 5-fold 

dilution (250 nM, 50 nM, 10 nM) of NAzymes with 250 nM of 

substrate, in a total volume of 25 µL. As a negative control, we 

included a sample without NAzymes (0 nM). In addition, the 

MNAzyme activity was evaluated over a 5-fold dilution of the AF, 

https://eu.idtdna.com/calc/analyzer


with the partzymes and substrate kept at fixed concentration of 

250 nM. All measurements were performed in triplicate. The 

measurements at 23 °C were acquired using a SpectraMax M-

series microplate reader and the 55 °C measurements were 

obtained using a Rotor-Gene Q real-time PCR cycler, as detailed in 

the previous section. To account for the difference in fluorescence 

readings between both devices and enable comparison of the 

results, the SNR was calculated as explained above. 

 

Validation of redesigning approach. The validity of the approach 

to redesign NAzymes was evaluated by starting from another 

previously published substrate sequence[28] and shortening it by 

9 nucleotides (nr 21 in Table S1), resulting in a sequence of the 

same length as the previously shortened substrate. This substrate 

sequence was labeled with a fluorophore and quencher as 

described above. Moreover, a novel AF was implemented, 

representing a fragment of the genomic sequence of 

Streptococcus pneumonia (nr 16 in Table S1). Using these 

elements, 3 novel short MNAzymes were generated with the 

sequences of all partzymes listed in Table S1 (nr 6 - 8 and 12 - 14). 

The performance of these newly redesigned MNAzymes was 

evaluated in 25 µL of the reaction mix, containing 250 nM of each 

of the partzymes and the AF, and 250 nM of the appropriate 

substrate. Reaction mixtures were prepared as detailed above. 

Readout was performed at 23 °C in the microplate reader, using 

the previously described settings. All measurements were 

performed in triplicates. 

RESULTS AND DISCUSSION 

Performance of conventional NAzymes at 55 °C and 23 °C. First, 

we examined the performance of the conventional NAzymes 

(DNAzyme sequence nr 1 and MNAzyme sequences nr 4 and 9 in 

Table S1) at the recommended working temperature of 55 °C[41]. 

To do that, we used a cleavable substrate, terminally labelled with 

a fluorophore and quencher molecule. The latter effectively 

decreases the fluorescence intensity of the fluorophore (Förster 

Radius of 57.9 Å) when the substrate is in its intact conformation. 

  

DNAzyme MNAzyme substrate 

  
 

no-pzA control no-pzB control no-AF control 

   

Figure 1 Schematic representation of different test reactions and controls, 

including the functional DNAzyme, functional MNAzyme, substrate 

background, and the controls for the MNAzyme when omitting the AF (no-

AF), partzyme A (no-pzA) or partzyme B (no-pzB). 

Consequently, incubation of both NAzymes with fluorogenic 

substrate resulted in fluorescence increase, suggesting successful 

cleavage of the substrate and separation of the quencher and 

fluorophore (Figure 2). In the absence of the AF (no-AF control, 

Figure 1), the active MNAzyme complex was not formed and the 

substrate was not cleaved, as reflected with the marginally 

increasing fluorescent signal. Similarly, lack of either of the two 

partzymes (no-pzA and no-pzB control, Figure 1) resulted in a 

fluorescent signal not distinguishable from the background signal 

of the substrate, confirming that the incomplete MNAzyme is 

unable to cleave the substrate. It should be noted that, whereas 

the NAzymes were kept on ice prior to the readout, they became 

catalytically active while the device was reaching the 

measurement temperature of 55 °C, resulting in an initial offset 

fluorescence for both the DNA- and MNAzyme. 

 

Figure 2 Performance of the conventional NAzymes at 55 °C in the 

presence of the cleavable substrate. The signal of the functional DNAzyme 

and MNAzyme is displayed, in addition to the substrate background and 

the controls of the MNAzyme in the absence of the AF, partzyme A or 

partzyme B. The signal from the functional NAzymes was clearly 

distinguishable from the controls, indicating successful substrate cleavage 

at an operating temperature of 55°C. All components were present in a 

concentration of 250 nM. The error bars represent the standard deviation 

of 3 independent repetitions, measured with a real-time PCR cycler.  

Next, we assessed the activity of these conventional NAzymes at 

23 °C, as depicted in Figure 3a. Although the fluorescent signal 

obtained when using the functional DNAzyme and MNAzyme was 

significantly higher than the substrate background, it partially 

overlapped with the no-AF, no-pzA and no-pzB control signals. 

Because these controls represent inactive NAzyme complexes, the 

observed fluorescence at 23 °C suggested the presence of an 

effect other than cleavage of the substrate. To test this 

hypothesis, the same assay was performed with a substrate which 

could not be cleaved and thus not lead to an increased 

fluorescence over time (Figure 3b). This non-cleavable substrate 

was engineered by replacing the two RNA bases that form the 

cleavage site of the NAzymes with two DNA bases. As shown in the 

figure, the fluorescent signal generated by the functional 

NAzymes was significantly higher compared to the substrate 

background, even when incubated with non-cleavable substrate. 

Moreover, these signals were comparable to the control signals of 

the incomplete and thus inactive MNAzymes (no-AF, no-pzA and 

no-pzB control) as well as to the NAzymes signal in the presence 

of the cleavable substrate (Figure 3a). These results pointed 

towards a cleavage-independent increase in fluorescence at 23 °C, 

hampering the use of conventional NAzymes under these 

conditions.



 

Figure 3 Performance of the conventional NAzymes at 23 °C in the presence of A. the cleavable substrate, demonstrating that the functional NAzymes 

cannot be used at this temperature due to the overlapping fluorescent signals with the control signals (i.e. incomplete NAzymes) and B. the non-cleavable 

substrate, revealing that the observed increase in fluorescence for the functional NAzymes and the controls, when compared to the substrate background, 

was not arising from enzymatic cleavage. The signal of the functional DNAzyme and MNAzyme is depicted, as well as all controls, including the substrate 

background and the controls of the MNAzyme in the absence of the AF, partzyme A or partzyme B. All components were present in a concentration of 250 

nM. The error bars represent the standard deviation of 3 independent repetitions, measured with a microplate reader.

Energetic considerations of conventional NAzymes. In order to 

decipher the origin of the observed fluorescent signals at 23 °C, 

we estimated the melting temperatures (Tm) of the utilized 

sequences using the OligoAnalyzer tool. As shown in Table 1, we 

first estimated the Tm of the intact conventional substrate 

sequence (Sublong), which corresponds to the Tm of the entire 

complex formed by hybridization of both substrate-binding arms 

of the NAzymes to the complete substrate. Next, we also 

estimated the Tm of the 2 halves of the substrate, generated after 

cleaving: (1) the 3’ half, which is complementary to the substrate-

binding arm of both the 5’ end of the DNAzyme and partzyme A, 

and (2) the 5’ halve, which is complementary to the substrate-

binding arm of both the 3’ end of the DNAzyme and partzyme B. It 

should be noted that for the latter, the guanine RNA-base is 

excluded as it is not complementary to either of the substrate-

binding arms of the NAzymes. 

 

In the studies conducted at 55 and 23 °C, both working 

temperatures were below the calculated Tm of the complete 

Sublong sequence and thus of the completely hybridized complex 

(68.1 °C), enabling hybridization of the NAzymes to the substrate 

and its cleaving. Moreover, at 55 °C, the cleaved substrate strands 

could dissociate from the individual substrate-binding arms since 

the working temperature was above their Tm values (43.9 and 

44.6 °C). In contrary, the experiments at 23 °C were performed 

well below the Tm of the cleaved substrate strands, preventing 

them to dissociate from the NAzymes after cleavage and thus 

impairing signal generation. Despite this, an increase in 

fluorescent signal was still observed (Figure 3a), suggesting that 

other events were taking place at 23 °C. Here we hypothesize that 

the substrate, once hybridized to the substrate-binding arms of 

the NAzyme, changes in conformation from a compact, single-

stranded structure to a more elongated double-stranded 

structure. As a result of this stretching of the substrate, the 

fluorophore would be moved further away from the quencher. 

This in turn would decrease the effect of the quenching molecule 

and thus partially increase the fluorescence of the substrate 

molecules without releasing the cleaved substrate strands. This 

theory was further supported by the comparable fluorescent 

signal obtained when both cleavable and non-cleavable substrates 

were used at 23 °C (Figure 3). Since the latter could not be cleaved, 

the apparent signal had to be cleavage-unrelated.  

Table 1 Estimated Tm of the intact and cleaved sequences of the 

conventional, long (Sublong) and short (Subshort) substrate. The 3’ half 

represents the part of the substrate that is complementary to the 

substrate-binding arm of partzyme A. The 5’ half of the substrate 

represents the part of the substrate that is complementary to the 

substrate-binding arm of partzyme B. These estimations are based on a 

salt concentration of 50 mM monovalent and 20 mM divalent ions, and a 

DNA concentration of 250 nM. 

Tm Sublong Subshort 

intact substrate 68.4 °C 54.4 °C 

3’ half of the substrate 43.9 °C 8.1 °C 

5’ half of the substrate 44.6 °C 9.6 °C 

 

The results obtained for the MNAzyme-controls (no-AF, no-pzA 

and no-pzB control) were also in line with this hypothesis. Here, 

the unimolecular-like structure could not be formed in the 

absence of any of the three components, precluding effective 

availability of the substrate-binding arms. Therefore, at 55 °C, the 

individual arms did not hybridize to the substrate as the working 

temperature was almost 10 °C above their Tm. This was illustrated 

by the low fluorescent signal obtained for the control samples at 

55 °C (Figure 2). At 23 °C, however, the individual substrate-

binding arms could hybridize to the substrate, even in the absence 

of the facilitator, as the Tm was not trespassed. Therefore, 

hybridization-related stretching of the substrate occurred without 

actual cleavage, contributing to the observed increase in 

fluorescence for the control samples (Figure 3). 

 

To gain further insight into the observed mechanisms at 23 °C, we 

monitored the NAzyme-mediated generation of fluorescent signal 

while decreasing the temperature from 75 to 35 °C and 



subsequently increasing it back to 75 °C in steps of 10 °C, each 

lasting for 5 minutes (Figure 4). It should be noted that, due to 

limitations of the qPCR setup, the minimal temperature was 35 °C 

instead of 23 °C, used in the previous experiments with the 

microplate reader. Nevertheless, even 35 °C is well below the Tm 

values of individual substrate-binding arms (43.9 and 44.6 for 

Sublong sequence, Table 1), suggesting that similar mechanisms will 

take place at this temperature as they would at 23 °C.  

 

Overall, a stepwise increase in signal was observed with 

decreasing temperature, followed by a stepwise signal decrease 

upon the subsequent increase in temperature. The latter can be 

explained in part by the fact that the fluorescence intensity of a 

fluorophore decreases[42] whereas the efficacy of a quencher 

increases[43] with increasing temperature. Note that this trend is 

not present for the substrate control (i.e. in the absence of the 

enzyme), as the quencher molecules are present in close proximity 

to the fluorophores in the intact substrate. In addition to 

temperature effects, the signal profile suggested involvement of 

other, complex phenomena as well, as illustrated by the following 

findings: (1) the fluorescence profile of the functional MNAzymes 

varied from that of the functional DNAzyme when decreasing the 

temperature from 75 °C to 35 °C and (2) after re-increasing the 

temperature, the fluorescence did not return to the baseline level 

for the functional NAzymes while it did for the controls. The first 

finding can be explained by the slightly more stable hybridization 

of the DNAzyme with its substrate, compared to the MNAzyme, 

because of its true unimolecular nature. This enabled the 

DNAzyme to cleave (a) at a higher rate (in agreement with 

previously published results[28]), as revealed by a significantly 

higher initial offset fluorescence, and (b) in more stringent 

conditions, as the maximal increase in fluorescence and a small 

kinetic trace appeared at a higher temperature for the DNAzyme 

(65 °C) than for the MNAzyme (55 °C). Nevertheless, both 

NAzymes reached comparable signals at 55 °C and followed a 

similar trend from there on, although never returning back to the 

initial fluorescence value. This illustrates once more that the signal 

of the functional NAzymes was largely generated through 

substrate cleavage, a process which could not be reversed by re-

increasing the temperature. The latter was in sharp contrast with 

the fluorescence of the control samples, which was fully 

reversible, implying to be caused by non-cleavage associated 

mechanisms such as stretching of the substrate. It is important to 

note that at low temperatures (i.e. 45 and 35 °C), the signal of the 

no-AF control was approximately twice as high as the signal of the 

no-pzA and no-pzB controls. This illustrated that the signal of the 

substrate, when stretched by both partzymes, can be 

approximated by the summation of the stretching-induced signal 

of the individual partzymes. Since the no-AF control thus reflects 

the maximal level of stretching that can potentially occur, the no-

pzA and no-pzB controls were omitted from the following 

experiments. Moreover, these experiments suggested that non-

cleavage associated generation of a fluorescent signal due to 

substrate stretching occurs not only at 23 °C, as observed 

previously in the a microplate reader (Figure 3), but as well at all 

the other temperatures below the Tm values of the individual 

substrate-binding arms.  

 

Together, these data revealed two restrictions that have to be 

addressed when working with conventional NAzymes at room 

temperature: (1) hybridization-induced stretching of the substrate 

results in increased control signals, which negatively impacts the 

sensitivity of the assay and (2) the high Tm of the cleaved 

substrate strands prevents it from dissociating from the NAzyme 

at 23 °C, thereby impeding signal generation and amplification.  

 

Performance of redesigned NAzymes at 23 °C. To address the 

issues pertaining to the activity of NAzymes at room temperature, 

we redesigned the conventional NAzyme and substrate sequences 

and assessed their performance at 23 °C (Figure 5).  

 

Figure 4 Performance of the conventional NAzymes at different temperatures, ranging from 75 °C – 35 °C – 75 °C with incremental steps of 10 °C, each 

lasting for 5 min. The signal of the functional DNAzyme and MNAzyme is displayed, in addition to the substrate background and the controls of the MNAzyme 

in the absence of the AF, partzyme A or partzyme B. The reversibility of the fluorescent signals for controls indicated a strong, temperature-dependent 

stretching effect of the substrate. Contrary to that, the fluorescent signal obtained with the functional NAzymes did not return to the baseline level, 

indicating that part of the observed signal is due to irreversible cleavage of the substrate by the functional NAzymes. The DNAzyme showed its catalytic 

activity under more stringent conditions than the MNAzyme, as demonstrated by the maximal increase in fluorescence and small kinetic trace at 65 °C and 

55 °C for the DNA- and MNAzyme, respectively. All components were present in a concentration of 250 nM. The error bars represent the standard deviation 

of 3 independent repetitions, measured with a real-time PCR cycler.  



Since hybridization to the substrate was found to be crucial in this 

context, we explored two substrate-related modification 

strategies without altering the NAzyme catalytic core or 

facilitator-binding arms: (1) labelling of the substrate sequence 

with the fluorophore internally (rather than terminally as in the 

previous experiments), to bring the fluorescent molecule closer to 

the quencher (nr 18 in Table S1) and (2) shortening the terminally-

labelled substrate sequence with eight bases by removing four 

bases at each terminus (nr 20 in Table S1). The latter not only 

enabled to decrease the distance between the fluorophore and 

quencher, but also decreased the Tm of the cleaved substrate 

strands (Subshort, Table 1), enabling them to dissociate from the 

NAzymes more easily at 23 °C. Similarly, the NAzymes were 

altered by shortening both substrate-binding arms, without 

modifying the AF-binding arms of the MNAzyme (nr 5 and 11 in 

Table S1). Combination of the redesigned substrate sequences 

and substrate-binding arms resulted in the generation of four new 

complexes (Complexes II – V, Figure 5a), in addition to the original 

Complex with the conventional NAzymes (Complex I). 

 

The fluorescent signals of the screened complexes, as well as the 

SNR of the DNAzymes and MNAzymes, are depicted in Figure 5b. 

When compared to the conventional NAzymes (Complex I), the 

combination of the full-length NAzymes with the internally 

labelled substrate (Complex II) showed an increased signal for the 

functional DNAzyme and a reduced signal for the no-AF control. 

The latter suggested that reducing the distance between the 

fluorophore and quencher can indeed decrease stretching-

induced fluorescence, although not improve the NAzyme activity. 

Alternatively, combining the full-length substrate with the 

shortened NAzymes (Complex III) induced a substantial drop in the 

signal of both the functional DNA- and MNAzyme, with the latter 

differing only marginally from the no-AF control. This could be 

attributed to the full-length substrate being more stable in 

solution than bound to the short substrate-binding arms of the 

NAzymes, thus hampering substrate hybridization, cleavage or 

stretching.  

 

On the contrary, when using shortened substrate strands with 

either the full-length or shortened NAzymes (Complex IV and V, 

respectively), the obtained signal and SNR was substantially higher 

than any other tested complex, including conventional Complex I. 

Moreover, no-AF controls were significantly lower than the 

conventional complex, indicating a reduction of the stretching-

induced portion of the signal. Whereas both complexes 

demonstrated the great benefit of shortening the substrate, it was 

decided to continue with Complex V due to the overall higher 

fluorescence intensity and SNR. This difference in performance 

with Complex IV could be explained by the repulsive effect of the 

negatively charged, overhanging parts of the substrate-binding 

arms, potentially hampering substrate hybridization and cleaving 

to a limited extent.  

 

Figure 5 Performance of various NAzyme (NAz) and substrate (Sub) complexes at 23 °C. A. Schematic representation of the conventional NAzymes (Complex 

I) and the redesigned NAzymes, including: the conventional NAzymes in combination with the full-length, internally-labeled substrate (Complex II), the 

NAzymes with shortened substrate-binding arms in combination with the full-length substrate (Complex III), the conventional NAzymes in combination with 

the shortened substrate (Complex IV) and the NAzymes with shortened substrate-binding arms in combination with the shortened substrate (Complex V). 

B. Fluorescence readout of the conventional and redesigned NAzymes after 15 minutes. For each complex, the signal of the functional DNAzyme, the 

functional MNAzyme and, for the latter, the no-AF control is displayed. Amongst the five evaluated complexes, only Complex IV and V enabled clear 

discrimination between the functional MNAzyme and the no-AF control at 23 °C, with Complex V overall demonstrating the highest SNR. All components 

were present in a concentration of 250 nM and readout was performed in a microplate reader. The error bars represent the standard deviation of 3 

independent repetitions after normalization for the substrate background. 



Nevertheless, it should be noted that, depending on the type of 

application of the NAzymes at 23 °C, one could consider to use the 

full-length MNAzyme combined with the short substrate (Complex 

IV), since it did demonstrate a lower control signal in the absence 

of the facilitator (Figure 5). 

 

Further characterization of redesigned NAzymes. Next, we 

evaluated the performance of Complex V at 23 °C by testing 

decreasing concentrations (50 and 10 nM) of the NAzymes with a 

fixed substrate concentration of 250 nM (Figure 6a). Note that the 

results of the 250 nM condition are included here as a reference 

(i.e. a single turnover reactions) whereas the enzyme dilutions 

represent multiple turnover conditions. As a negative control, we 

also included a sample without NAzymes (0 nM). The obtained 

fluorescent signals showed a clear concentration-dependency, 

which is a promising feature for the application of the redesigned 

DNA- and MNAzymes at 23 °C. As opposed to the previous reports 

on the implementation of NAzymes at room temperature[32, 35, 

36, 38, 44], here there was no need for additional complex 

modifications or elevated temperatures to initiate the reaction. 

Although out of the scope of this research, additional experiments 

could be performed in the multiple turnover regime to gain 

further insight in the enzymatic rate of the redesigned NAzymes. 

 

In addition, the performance of the redesigned DNA- and 

MNAzymes was compared to the performance of the conventional 

sequences (Complex I) at their recommended working 

temperature (55 °C). Whereas the latter also demonstrated a clear 

concentration-dependent fluorescent signal (Figure 6b), true 

comparison of both complexes required calculation of their SNRs. 

Interestingly, both the redesigned DNA- and MNAzyme performed 

better at 23 °C than the conventional ones at 55 °C, as indicated 

by the higher SNR. Moreover, the redesigned MNAzyme truly 

outperformed the conventional MNAzyme at their respective 

temperatures, as the signal obtained when using 10 nM of 

conventional NAzyme at 55 °C could not be reliably discriminated 

from the substrate background. It is important to note that 

obtaining a complex that works at 23 °C brings another advantage 

because of the intrinsically higher fluorescence levels at lower 

temperatures[42], as demonstrated by the overall improved SNR 

at 23 °C.  

 

To further evaluate the performance of redesigned MNAzymes at 

23 °C, we tested different concentrations of AF (250, 50 and 10 

nM), while keeping the MNAzyme and substrate concentration 

constant (250 nM). This is important for the potential use of 

MNAzymes in a sensor, especially when the AF represents a 

nucleic acid target[28]. Similar to previous experiments, a control 

with 0 nM of the AF was included as well. 

The obtained fluorescent signals (Figure 7a) revealed a clear 

concentration-dependency (irrespective of the turnover 

conditions), demonstrating the potential of implementing the 

redesigned MNAzymes in a sensor for target detection at 23 °C. 

Furthermore, when the SNR of the conventional MNAzymes at 55 

°C (Figure 7b) was compared to that of the redesigned MNAzymes, 

the latter performed comparable if not slightly better (even 

though the assay conditions were not profoundly optimized), 

revealing their huge potential for implementation in various 

applications at room temperature.  

 

 

Figure 6 Performance of A. the redesigned (Complex V) and B. conventional (Complex I) NAzymes at their respective working temperatures, measured in a 

microplate reader and real-time PCR cycler, respectively. A 5-fold dilution series of the redesigned DNA- and MNAzyme molecules was tested, ranging from 

250 to 10 nM with a constant substrate concentration (250 nM). 0 nM represents the control without NAzymes. The re-designed Complex V showed a much 

higher SNR at 23 °C when compared with the SNR of the conventional Complex I at its recommended temperature of 55 °C. The error bars represent the 

standard deviation of 3 independent repetitions. 

 



 

Figure 7 Performance of A. the redesigned (Complex V) and B. conventional (Complex I) MNAzymes at their respective working temperatures and measured 

in a microplate reader and real-time PCR cycler, respectively. A dilution series of the AF was evaluated, ranging from 250 nM to 10 nM for a constant 

concentration of redesigned MNAzyme and substrate (250 nM). A control with 0 nM AF was included. The redesigned MNAzyme (Complex V) demonstrated 

a concentration-dependent signal over the tested range of AF, signifying the potential of using this complex for a multitude of applications at room 

temperature. The error bars represent the standard deviation of 3 independent repetitions. 

Validation of redesigning approach. Finally, we evaluated the 

general applicability of our approach to redesign 10-23 core 

MNAzymes for application at 23 °C. To do so, we generated three 

new MNAzymes, based on the previously redesigned MNAzyme of 

Complex V (referred to as MNAzyme 1 in Figure 8a): (a) 

MNAzyme 2, with a new substrate sequence, adapted from a 

previously reported one for use at 55 °C[28], by shortening it in 

the same manner as described above and adjusting the substrate-

binding arms of MNAzyme 1 accordingly, (b) MNAzyme 3, with a 

new AF sequence and AF-binding arms while preserving the rest 

of MNAzyme 1, and (c) MNAzyme 4, with a combination of the 

novel AF and substrate sequences while conserving the catalytic 

core of MNAzyme 1. As can be seen from the fluorescence 

intensity and SNR in Figure 8b, these novel, redesigned 

MNAzymes performed equally well at 23 °C as the originally 

redesigned MNAzyme. As such, these results demonstrated the 

generality and simplicity of our approach to redesign MNAzymes 

for implementation at 23 °C, making it of high interest for a large 

number of applications. 

 

Figure 8 Performance of novel, redesigned MNAzymes at 23 °C. A. 

Schematic representation of the three newly redesigned MNAzymes, 

including the initially redesigned MNAzyme of Complex V (MNAzyme 1), 

the MNAzyme with an altered substrate sequence (MNAzyme 2), an 

altered AF sequence (MNAzyme 3) and a combination of altered substrate 

and AF into a new 10-23 core MNAzyme (MNAzyme 4). B. The fluorescent 

signal and SNR of the newly redesigned, functional MNAzymes. The 

overlapping fluorescent signals indicated that the methodology of re-

designing NAzymes is generally applicable to other sequences, further 

demonstrating the flexibility and robustness of the system. Fluorescence 

readout was performed in a microplate reader after 15 minutes. All 

components were present in a concentration of 250 nM. The error bars 

represent the standard deviation of 3 independent repetitions after 

normalization for the substrate background.  

CONCLUSIONS 

NAzymes have recently emerged as promising DNA-based 

alternatives for the less stable and more sensitive protein-based 

enzymes. Whereas the 10-23 core NAzymes are well characterized 

and implemented in a variety of applications, they often require 

elevated working temperatures (> 25 °C) or initial heating steps. 

Consequently, limited examples can be found with these NAzymes 

working at room temperature, only upon complex chemical 

modification of their sequences or additional immobilization 

strategies. To expand their potential, we present in this work a 

generally applicable approach for redesigning existing 10-23 core 

NAzymes sequences, specifically for performance at 23 °C. First, 

we demonstrated the inadequate performance of conventional 

10-23 core NAzymes at 23 °C. This was done by (1) comparing their 

activity in the presence of a cleavable substrate as well as a non-

cleavable substrate at 23 °C and (2) monitoring the NAzyme 

activity over a wide range of temperatures (35 – 75 °C). Both 

approaches revealed a substantial background signal being 

generated either in the presence of cleavable substrates or 

incomplete (and thus not functional) MNAzymes, suggesting that 

hybridization-related substrate stretching mechanisms were 

taking place rather than enzymatic cleaving of the substrate. 

Based on this knowledge, we re-engineered conventional NAzyme 

and substrate sequences by altering their thermodynamic 

properties and decreasing the potential substrate stretching 

distance. We screened four novel complexes for their specific 

catalytic activity at 23 °C, finding two with an improved catalytic 

performance (i.e. SNR) at this temperature. Of these two 

complexes, comprising of shortened substrate and conventional 

or shortened substrate-binding arms, the complex with matching 

length of the substrate-binding arms and the substrate (so called 

Complex V) revealed an overall superior performance. Therefore, 



 

it was further tested at 23 °C for its ability to generate 

concentration-dependent fluorescent signals. Under these 

conditions, re-engineered NAzymes were found to outperform the 

conventional ones at their recommended temperature (55 °C). In 

addition, we also tested the ability of the redesigned MNAzymes 

to discriminate various AF concentrations (down to 10 nM) at 

23 °C, observing similar performance compared to the 

conventional counterparts and demonstrating their potential for 

implementation in a biosensor. Next, the universality of our 

approach was demonstrated by assessing the performance of 

three new MNAzymes, generated by redesigning the substrate 

sequence, AF sequence or both sequences when compared to 

Complex V. All three proved to perform equally well as the initially 

redesigned MNAzyme at 23 °C.  

 

As such, this study reports an approach to successfully redesign 

well-known 10-23 core NAzyme sequences for their application at 

room temperature, precluding the need for additional nucleotide 

modifications or thermal triggers. This enables to (1) simplify 

platforms and bioassays, which is extremely valuable when using 

NAzymes for diagnostics applications; (2) prevent 

denaturation/degradation of non-nucleic acid targets at high 

temperatures when using NAzymes for detection of small 

molecules or proteins and (3) facilitate the implementation of 

NAzymes on measurement systems that do not enable heating. 

Whereas further research is required to elucidate the kinetic 

principles of these re-engineered NAzymes, their outstanding 

performance at room temperature demonstrates their huge 

potential in a wide variety of applications, including biosensing. 
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