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ABSTRACT: DNA-based enzymes, also known as DNAzymes, have opened new opportunities for signal
generation and amplification in several fields, including biosensing. However, biosensors performance
can be hampered by heterogeneity in the catalytic activity of such DNAzymes, especially when relying
on a limited number of molecules to generate signal. In this regard, single-molecule studies are essential
to discern the behaviour among such heterogeneous molecules otherwise masked by ensemble meas-
urements. This work presents a novel methodology to study the 10-23 RNA-cleaving DNAzyme at the
single-molecule level. By means of measuring the distance-sensitive efficiency of Forster Resonance En-
ergy Transfer using alternating-laser excitation on a super-resolution microscope, we determined the kin-
etics of individual DNAzymes in terms of substrate turnover, rate of the different reaction steps, and
changes in performance over time. Our results revealed that, despite high concentrations of the reaction
cofactor (i.e., Mg?*), a maximum of only 70% of the DNAzymes are actively cleaving multiple substrate
sequences; the DNAzyme molecules also showed a wide range of substrate turnover rates. Our findings
shed new light on the functional diversity of DNAzymes and on the importance of exploring sequence
modifications to improve their catalytic performance. Ultimately, this work presents a technique to ob-
tain time-dependent information, which could be easily implemented to study other types of enzymes or
biomolecular interactions.

Since the introduction of the first biosensor
more than 60 years ago, the use of biosensors in
diagnostics has been continuously growing, sim-
ultaneously pushing their boundaries in perform-
ance!. Over the years, biosensors have evolved
towards platforms that can detect minute
amounts of biomarkers®>. In this context, one of
the approaches to design such ultrasensitive bio-
sensors has been based on dividing and encapsu-
lating solutions in independent reaction cham-
bers, with volumes typically in the femtoliter
range, such as digital ELISA®. The majority of the
digital ELISA concepts developed so far were
based on proteins, showing, however, some limit-
ations in terms of design flexibility’.

Commonly, protein enzymes are employed for
the generation of signal in digital ELISA, but RNA-
cleaving deoxyribozymes (DNAzymes) offer an at-
tractive alternative®!®. DNAzymes are single
stranded DNA sequences capable of cleaving the
phosphodiester bond between two RNA nucle-
otides''? in the presence of their metal ion

cofactors®. The potential of DNAzymes has been
demonstrated by a wide variety of detection con-
cepts for different target molecules and using dif-
ferent read-out strategies'*'®, Thanks to their
great specificity, DNAzymes have shown to be
very valuable for multiplex target detection®2!,
Moreover, when combined with the appropriate
bioreceptor molecules, they can be used for sim-
ultaneous detection of heterogeneous targets
(e.g., proteins and nucleic acids)?. In addition,
DNAzymes offer several advantages compared to
protein enzymes, such as stability in a wider
range of conditions and the ability to work at dif-
ferent temperatures®*2*. However, despite these
advantages, their use in digital bioassays remains
suboptimal due to the presence of heterogeneity
among DNAzymes, which has significant impact
when the bioassay performance relies on the
activity of a limited number of DNAzyme mo-
lecules due to the low amounts of target in the
solution.



In order to improve our understanding and the
performance of DNAzymes in these settings, it is
valuable to establish the levels of static hetero-
geneity among enzyme molecules?®. Current ap-
proaches to study the catalytic performance of
DNAzymes are mainly based on bulk measure-
ments, which describe an average behaviour.
Therefore, to gather information on heterogen-
eity, single-molecule (sm) measurements are
needed?®. To date, a number of studies have ex-
amined DNAzymes at the sm-level, mostly focus-
ing on the relationship between the functionality
and the structure of the DNAzyme, or the role of
the metal ions*?%. More recently, J. Jung et. al.
have reported the individual steps of a reaction
cycle by monitoring changes of the distance
between the ends of the DNAzyme sequence®.
They observed that each cleavage cycle is di-
vided in four steps: binding of the substrate to
the DNAzyme, cleavage of the substrate, and
subsequent dissociation of the two product
strands. Nevertheless, the studies reported to
date have looked at these different events separ-
ately and not as a sequence of events from the
same DNAzyme, thus lacking the temporal as-
pect, which is essential for understanding the het-
erogeneity among molecules.

In this work, we introduce for the first time the
study of the 10-23 DNAzyme cleavage reaction at
the sm-level to determine the kinetics of indi-
vidual DNAzymes, in terms of substrate turnover,
rate of the different reaction steps and the
changes in performance over time. This informa-
tion is obtained by studying reaction trajectories
and differentiating between cleavage and non-
cleavage events, which in turn helps reveal func-
tional differences among individual molecules. To
achieve this objective, we use fluorescently la-
belled DNAzyme and substrate sequences (Fig-
ure 1A), and monitor their interaction by measur-
ing the distance-sensitive efficiency of Forster

Resonance Energy Transfer (FRET) using alternat-
ing-laser excitation (ALEX)3*° on a super-resolution
microscope (Figure 1B). In the case of an interac-
tion between the DNAzyme and the substrate, the
two fluorophores used for labelling both mo-
lecules serve as the FRET donor (D) and the ac-
ceptor (A), respectively. The emissions of both the
D and the A are simultaneously recorded for each
field of view (Figure 1C). Employing the ALEX ima-
ging mode, we monitor the presence of the sub-
strate, and subsequently the product halves, re-
gardless of the FRET efficiency (Figure 1D). Im-
portantly, we monitor the cleavage activity of the
DNAzyme under different reaction conditions,
such as the concentration of the reaction cofactor
(i.e., Mg?*), and concentration of substrate. Sub-
sequently, through the fitting of the fluorescent
states for each channel (dashed lines in Fig-
ure 1D), we categorize the events for the different
conditions to identify those corresponding to ac-
tual cleavage events (Figure 1E), which is used to
calculate the percentage of active DNAzymes and
the substrate turnover rates of individual
DNAzymes, reporting on the diversity among mo-
lecules. Figure S1 in Supplementary information
depicts the schematic representation of all the
events identified. Furthermore, information about
the rate constants is obtained for each reaction
step. Finally, the DNAzyme reaction is monitored
for a longer period of time to evaluate how the
catalytic performance of DNAzymes changes over
time.

This work depicts a novel approach to study en-
zymatic reactions at the sm-level, by employing
the measurement of sequential events to gather
evidence about the catalytic performance of
DNAzymes. In this project, the 10-23 DNAzyme
has been used as a model system, but this ap-
proach could be easily applied to other
DNAzymes.
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Figure 1. Schematic representation of the procedure to analyse and obtain the different events: A) The
DNAzyme is biotinylated on one end (to enable immobilization to a PEG passivated glass surface through bi-
otin-neutravidin binding) and labelled with the donor (D) on the other end, while the substrate is dually la-
belled with the acceptor (A) and a quencher (Q). B) The DNAzyme reaction is recorded with Nanoimager S flu-
orescence microscope and each field of view is split into two halves, displaying the emission of both the D and
A channels. Scale bar = 5 um. C) For each individual DNAzyme, the fluorescence changes over time are ex-
tracted using an in-house built software (GapViewer)3. Then, the fluorescent channels are split based on the
emission of the D and the A (the latter upon excitation of the D), represented by DD (green) and DA (red),
while the emission of the A upon direct excitation is depicted by AA (black). D) The fluorescence states for
each channel (solid lines) are fitted with ebFRET software*? (dashed lines). Individual events are defined as the
fluorescent state changes in between two DD high signal state. Then, based on the sequence of fluorescence
state changes, several types of events are identified. E) Schematic representation of the events identified
within the time traces that refer to cleavage of the substrate

ethylene-glycol (PEG) was acquired from Laysan

MATERIALS AND METHODS Bio (Alabama, USA), and phosphate-buffered sa-
line (PBS) and glucose oxidase from Sigma Aldrich

Reagen.ts . _ . _ (UK). Catalase was purchased from Roche Dia-
The oligonucleotides used in this work (Figure gnostics (Germany), and neutravidin was ob-
1A) were purchased from Integrated DNA Techno- tained from ThermoFisher Scientific (UK).

logies (IDT, Leuven, Belgium) and used without

further purification. Vectabond was obtained from . . ]
Vector Labs (California, USA), and the silicone Microscope coverslip preparation
gaskets from Grace Bio-Labs (Oregon, USA). Poly-



Glass coverslips, which have been heated at
500 °C for 1 h, were immersed in a solution con-
taining 1 % (v/v) Vectabond in acetone for 10
min. Then, the coverslips were rinsed with acet-
one and water, and dried with nitrogen. A silicon
gasket with four reaction chambers was placed on
top of the coverslip. Next, the reaction chambers
were passivated with 20 pL of a solution contain-
ing 235 mg/mL of PEG-SVA and 7.7 mg/mL of bi-
otin-PEG in 0.1 M NaHCOs;, for 1.5 h. Finally, the
slides were washed three times with 200 pL of 1X
PBS and stored at 4 °C covered with PBS.

Sample preparation

Before the measurement, each reaction cham-
ber in the coverslip was incubated with 20 uL of
0.5 mg/mL Neutravidin in 0.5X PBS for 10 min,
followed by three washing steps with 200 uL of
1X PBS. Next, 20 pL of 100 pM biotinylated
DNAzyme in MilliQ water was incubated for 30 s,
followed by three washing steps with 200 uL of
1X PBS Then, 20 pL of substrate was added in
imaging buffer (50 mM KCI, 20 mM MqgCl; in
10 mM Tris-HCI (pH 8.3), together with 1 mM
TROLOX, 1 % Glucose, 40 ug/mL catalase and 0.1
mg/mL glucose oxidase).

Instrumentation/movie acquisition

sm-fluorescence movies were recorded using
the Nanoimager S fluorescence microscope (Ox-
ford Nanoimaging, ONI, Oxford, United Kingdom).
The data was collected with the objective-based
total internal reflection fluorescence (TIRF) illu-
mination mode, at an illumination angle of 53.5°.
All the measurements were performed at stand-
ard room temperature (RT, i.e., 20-25 °C). The re-
cording was performed using ALEX mode, with ex-
citation laser powers of 3.6 mW at 532 nm, and
0.61 mW at 640 nm, Figure 1B. For all the experi-
ments, 50 ms exposure was used, and unless
stated otherwise, all fields of view were recorded
for 400 s.

Data analysis

The recorded movies were processed with the
home-built software GapViewer to extract the
fluorescent time traces of individual DNAzymes
(Figure 1C)3. Only traces that could be attributed
to one single DNAzyme were manually selected
for further analysis.

After removing the photobleached frames, the
fluorescent channels were separated based on
the green and red channel upon green excitation
(DD and DA, respectively), and the red channel
upon red excitation (AA). Then, the three fluores-
cent channels were fitted using Hidden Markov
Modelling (HMM) with the ebFRET software (Fig-
ure 1D)32. The DD and DA channels were fitted
with three different fluorescence states, and the
AA channel, with two.

Next, based on the sequence of fluorescence
state changes, several types of events were iden-
tified. Employing an in-house developed Python

script, the states of the three fluorescent chan-
nels were simultaneously analysed for each indi-
vidual trace to identify the events. More detailed
information about the states of the events and
the corresponding molecular sequence can be
found in Figure 1E and Figure S1 in Supplement-
ary information.

The analysis of the data was performed in Py-
thon 3.7, (scripts publicly available, see Availabil-
ity section), and the histograms were plotted us-
ing Origin (OriginLab).

RESULTS AND DISCUSSION
Categorization of the events

To monitor the 10-23 DNAzyme reaction at RT,
we used the re-engineered DNAzyme strand re-
ported by Ven et al**. This DNAzyme sequence
was (1) modified with a 3’ biotin to enable im-
mobilization on the glass surface, (2) extended
with a sequence of 15 thymine (T) nucleotides to
give some flexibility and (3) labelled with 5" Cy3,
a fluorophore used for localizing it on the surface
(Figure 1A) and for serving as a FRET donor. The
DNAzyme substrate was dually labelled with the
5’ Cy5 fluorophore (serving as FRET acceptor) and
a 3' Dabcyl quencher (indicated as Q)3**3. The
functionality of the labelled DNAzyme was con-
firmed in bulk by monitoring the product genera-
tion over time and compared with a non-labelled
DNAzyme. For this test, we used a substrate du-
ally labelled with FAM on the 5’-end and a Q (lowa
Black® FQ quencher) on the 3’-end. Only a small
decrease in the signal generated (~9 %) was ob-
served compared to the unmodified DNAzyme se-
quence (Figure S2), which was attributed to pos-
sible interferences between the two fluorescent
labels (FAM and Cy3 on the substrate and
DNAzyme, respectively) rather than differences in
the activity of the DNAzyme.

The DNAzyme-catalysed reaction was mon-
itored at the sm-level on a passivated glass sur-
face by means of objective-based TIRF micro-
scopy (Figure 1A). The dual labelling of the sub-
strate together with the ALEX imaging mode al-
lowed us to differentiate events based on the ob-
served emission and sequence of emissions from
the fluorophores (Figure S3). The binding of a sub-
strate is detected by a drop in Dexcitation-Demission
(DD) intensity, induced by the Q getting in close
proximity to the D fluorophore. This is accompan-
ied by signal increase, some signal in the Decitation-
Aemission (DA) and Aexcitation'Aemission (AA) Channel-

Upon cleavage, the product half carrying the Q
leaves, inducing a rise of DA intensity (due to
FRET), followed by the dissociation of the product
half carrying the A, which can restore the DD in-
tensity to the former level (event type Al, see
Figure 1E). Alternatively, the half carrying the A
leaves first, which results in loss of both the DA
and AA signal, and after unbinding of the product
half with the Q, the DD signal is restored (event



A2, see Figure 1E). Experimental examples of
these events can be found in Figure S4 and S5.
Moreover, the analysis of multiple individual time
traces showed additional events which were as-
sumed as non-cleavage events (l:-I5, with schem-
atic explanation in Figure S1, and experimental
examples in Figure S6 and S7). Notably, event
classification relies on the fitting of the fluores-
cent states, and on an in-house developed pro-
gram that looks for specific sequences of such
fluorescent states (Figure 1D).

In order to verify that the events defined as
cleavage were actual cleavage events, we com-
pared the events identified in the absence of Mg?*
and with those measured with higher concentra-
tions of Mg?*, up to 100 mM. To ensure enough
events for statistical analysis, we used a fixed
concentration of 100 nM of substrate. As can be
seen in Figure 2A, the non-cleavage events (l;-I3)
comprised an 80 % of the total events measured
in the absence of Mg?*. Across all Mg?* concentra-
tions used, the overall percentage of events that
were cleavage events (A; and A;) on average was
50 %. The results indicated a statistical difference
only between 0 mM Mg?* and the Mg?* concentra-
tions equal or higher than 2 mM (Table S1), sug-
gesting that the different Mg?* concentrations
(i.e., 10, 20, 60 and 100 mM) can, overall, pro-
mote more events per DNAzyme (both cleavage
and non-cleavage events), as depicted by the in-
crease of the ratio between the total number of
events and the total number of DNAzymes
(Table S2).

Another important element of the reaction is
the ratio of the substrate and DNAzyme concen-
trations, as large ratios between the two could
affect the DNAzyme performance. Hence, we
screened several concentrations of the substrate
ranging from 10 to 400 nM, with the upper limit
determined by the background fluorescence. For
these experiments, 20 mM of Mg?* was selected,
as it is the most commonly used concentration
when working with DNAzymes?>3¢-38, and also no
significant differences were observed in the per-
centage of the event types for higher Mg?* con-
centrations. Similar to the previous measure-
ments, we quantified all the events to calculate
the percentage of which were cleavage events.
We observed that for increasing substrate con-
centrations, DNAzymes undergo more events
overall (Table S2), but the percentage of events
which were cleavage events (sum of A; and A)
remains constant (Figure 2B) with the only statist-
ical difference between 50 nM and the highest
tested concentration (400 nM) (Table S3).
Moreover, for 400 nM, a decrease of the overall
percentage of the cleavage events (A; and A;) is
noticeable together with an increase of the I; non-
cleavage event. Based on the definition of I3
event, a possible hypothesis could be that, due to
the large concentration of substrate in the solu-
tion, two different substrates are able to bind to a

single DNAzyme, one on each substrate-binding
arm (Figure S1), thereby prohibiting cleavage of
the substrate and decreasing the availability of
active DNAzyme on the surface.

Next, we focused on individual DNAzymes and
color-coded the cleavage (orange) and non-cleav-
age events (blue). Figure S8 and S9 illustrate ex-
amples for the screening of two Mg?* concentra-
tions and two substrate concentrations, respect-
ively. Each row represents one DNAzyme in the
field of view, and the different lines within each
row, refer to an event. As expected and already
described, the substrate and Mg?* concentration
had a big impact on the mean number of events
observed. Based in the observed number of
traces on the y-axis, there is a substantial in-
crease in the number of DNAzymes undergoing
events when increasing the concentration of Mg?*
and substrate. Moreover, based on the number of
events on the x-axis, and as also seen in Table S2,
the higher the concentration of Mg?* and the sub-
strate, the larger the number of events (cleavage
and non-cleavage) a DNAzyme engages in. Fur-
thermore, the results revealed that there is a pro-
nounced variability on productivity of different
DNAzyme molecules, particularly observable
among the DNAzymes with a large number of
overall events. These results led to the assump-
tion that a certain number of DNAzymes might
not partake in any cleavage event, which can be
observed from the rows with just blue lines.

To test our hypothesis, we calculated the num-
ber of events within a trace and grouped the
traces based on the number of different events
observed (no cleavages, only one cleavage, and
multiple cleavage events). We found that the per-
centage of DNAzymes with multiple cleavage
events increased with increasing Mg?* concentra-
tion (Figure 2E). Nevertheless, for every Mg?* con-
centration tested, we observed that at least 20%
of the DNAzymes showed no cleavage activity or
only one cleavage event, hereinafter referred as
inactive DNAzymes. Such results could be ex-
plained by different aspects interfering with the
reaction, such as a non-optimal conformation of
the DNAzyme-substrate complex, steric
hindrance between the immobilized sequence
and the glass surface, or errors in DNA sequences
during their synthesis. The statistical analysis
performed on the traces displaying multiple
cleavages indicated a significant difference (at
least a 37 %) between the lowest Mg?* concentra-
tions (i.e., 0 and 2 mM) and almost all the con-
centrations in the range from 10 to 100 mM (the
detailed information can be found in Table S5).
However, unexpectedly we also observed signific-
ant decrease in active DNAzymes for 60 mM, and
20 and 100 mM. These results are in line with the
slightly lower percentage of A; and A; (40 %) in
Figure 2A, but more research is needed to formu-
late a hypothesis.



With regard to the substrate concentration (Fig-
ure 2F), a clear statistical difference was ob-
served for the lowest concentration (10 nM),
which mainly showed one cleavage event per
trace, compared to the higher concentrations
which are mainly characterised by traces with
multiple events (Table S6). These results can be
explained by the limited number of substrate mo-
lecules in the solution for 10 nM. Thus, the activ-
ity of the DNAzyme is affected more by the diffu-
sion of the substrate molecules resulting in a
slower hybridization rate®. While for higher con-
centrations of substrate we observed a compar-
able percentage of active DNAzymes (i.e.,
DNAzymes showing multiple cleavages), we also
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noticed that at least 20% of the DNAzymes were
inactive. Based on these findings we could infer
that some of the sequences are not able to adopt
the necessary conformation for cleavage, as sug-
gested by the structural variability of the core ob-
served in the work of Borggrafe et. al.*°. Interest-
ingly, by only looking at the cleavage events, we
observed that DNAzymes are not able to perform
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the examples from Figure S8 and S9, in many in-
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events in a row (consecutive blue lines). Never-
theless, favourable reaction conditions, such as
larger concentrations of Mg?*, promoted more
cleavage events in a row.
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Figure 2. Overview of the cleavage events and catalytic performance for individual DNAzymes: A) Categoriz-
ation of the events identified for different concentrations of Mg?*, at a fixed substrate concentration of 100 nM.
B) Categorization of the events identified for several substrate concentrations, at a fixed Mg?* concentration of
20 mM. For a more correct visualization and comparison, percentages are used, but the absolute values can
be found in Table S2. C) Classification of the DNAzyme traces based on the number of cleavage events for
different concentrations of Mg?* at a fixed substrate concentration of 100 nM. D) Classification of the
DNAzyme traces based on the number of cleavage events for several concentrations of substrate in the pres-
ence of 20 mM of Mg?*. For a accurate correct visualization and comparison, percentages are used, absolute



values can be found in Table S4 E) Boxplot representing the substrate turnover for several concentrations of
Mg?* (2 - 100 mM) and a substrate concentration of 100 nM. F) Boxplot representing the substrate turnover for
various concentrations of substrate (10 - 400 nM) at 20 mM Mg?* concentration. In panels G and H, the differ-
ent colours represent the three independent repetitions and the grey shaded area refers to the matching ex-
perimental conditions (e.g., 20 mM of Mg?* and 100 nM of substrate) between the two screenings. The error

bars depict one standard deviation of three repetitions.

In panels A-D, the means with a common letter are

not significantly different based on a Tukey test (alpha = 0.5). For A and B panels, the same lettering holds for

both groups.

Substrate turnover rate

From the analysis performed so far, we ob-
served an overall increase in the number of cleav-
age events when increasing the concentration of
Mg?* and/or substrate. Nevertheless, such ana-
lysis was based on comparing the events of all
the DNAzymes together. To have more insight in
the enzymatic capabilities of individual
DNAzymes, we calculated the substrate turnover
rate - number of substrate molecule conversions
per time unit - per DNAzyme. We did not find any
statistical difference on the average substrate
turnover when increasing the concentration of
Mg?* (Figure 2E, Table S7). However, the increase
of the interquartile range together with the larger
width of the distributions (Figure S10) we con-
cluded that the higher the Mg?*" concentration,
the higher the chances of having faster
DNAzymes. Focusing on the substrate screening
(Figure 2F), the average turnover increased with
the concentration of substrate, no significant dif-
ferences could be determined (Table S8), reach-
ing a plateau at 100 nM. As also mentioned be-
fore, the turnover for the lowest concentrations
could be limited by the stability of the hybridiza-
tion between the substrate and DNAzyme.
Moreover, as depicted by the size of the in-
terquartile range, the activity of DNAzymes at low
concentrations is more homogeneous. Interest-
ingly, for 400 nM, the substrate turnover de-
creased substantially, which was associated with
the significant decrease of the percentage of
cleavage events (Figure 2B). Also, as can be seen
in Figure S11, the average substrate turnover is
within the same order of magnitude. However,
the higher the concentration of substrate, the
narrower the distribution, indicating that the
DNAzyme cannot achieve such fast substrate
turnover rates. Overall, the width of the distribu-
tions, together with large interquartile ranges,
suggested considerable functional heterogeneity
among DNAzymes. The cleavage of a substrate
requires the proper folding of the DNAzyme-sub-
strate complex, the binding of multiple Mg?*, and
a series of sequential proton transfer steps3°4°,
Hence, any deviation from one of the steps could
result in significant changes. Additionally, as the
DNAzymes are immobilized, differences in the mi-
croenvironment could also affect the perform-
ance.

Kinetic analysis

The findings from the substrate turnover ana-
lysis indicated that both the concentration of Mg?*
and substrate influence the performance of the
reaction. To further characterise this dependence
we calculated the dwell time, which refers to the
duration of a specific step, for both the time in
between events and duration of each event (Fig-
ure 3A). For each event, a histogram of the fre-
quency count was fitted with a single exponential
decay (Figure 3B)*. Regarding the on-rate (kon),
which refers to the rate of association between
the substrate and the DNAzyme (Figure 4), we
naturally observed faster association rates when
increasing the concentration of both Mg?* and
substrate (Figure 3C and 3D). The results of the
linear range obtained from this analysis (dashed
lines in Figure 3C and 3D) were compared with
the rate constants estimated from ensemble data
using the model developed in-house (Table S9).
Interestingly, using the same DNAzyme sequence
and concentration of Mg?*, we noticed that the
dependence of k., on the substrate at the sm-
level was ~4-fold lower. Considering the rates
from the reaction in bulk were obtained from
measurements in solution and the sm rates from
immobilized DNAzymes, the lower k., for sm
DNAzymes could be a consequence of the repuls-
ive electrostatic forces from the surface®.

Next, we focused on the different reaction steps
and calculated the rate of each step. For the
cleavage events, we observed that the rate con-
stant of the first half of the event (subpanels i
and iii in Figure 3E and F) was three times slower
than for the second half (subpanels ii and iv in
Figure 3E and F). To interpret these differences,
we should take into account that the first step in-
volves several reaction steps that cannot be dis-
cerned with the used labelling approach, includ-
ing the cleavage of the phosphodiester bond, the
conformational changes required for cleavage,
and the release of the first product strand. During
that time period, the DNAzyme structure was
locked and stabilized for the cleavage to take
place, thus the complex should undergo conform-
ational changes before the sequences can be re-
leased®. Therefore, the rate constant obtained
refers to the slowest of all these steps. Compar-
ing the ensemble rate constants obtained with
the in-house model (ko in Table S9), the rate con-
stants are within the same order of magnitude
with those of the first half of the event, indicating
that the values from subpanels i and iii in Figure
3E and F are in reference to cleavage step. Then,
focusing on the second step of the event, i.e., the



release of second half, we observed similar disso-
ciation kinetics for both product halves (subpan-
els ii and iv in Figure 3E and F), suggesting com-
parable stability. Additionally, based on the res-
ults from Figure 2A and 2B, we obtained a larger
percentage of A, events, suggesting that the
product labelled with the Q is dissociating first.
We hypothesized that this preference could be re-
lated with the structural conformation of the com-
plex. According to the most favoured structure of
the precatalytic complex derived by Borggrafe et.
al.*®, this half of the substrate is on the outer part
of the structure.

Concerning events I:-l;, based on the rates (Fig-
ure S12), it seems that they represent unsuccess-
ful cleavages, with some heterogeneity. The com-
parison between the rates obtained for I, (Fig-
ure S12A-ii) with the first step of the cleavage

events (Figure 3A-i and 3B-i) revealed similar kin-
etics. This would mean that the dissociation rate
of the non-cleaved substrate is in the same order
as the first step of cleavage, which could give an
indication for the low substrate turnover rates.
Nevertheless, the information obtained with these
experiments is insufficient to reveal further de-
tails. Interestingly, we noticed that for I, which
refers to the dissociation of the substrate without
cleavage (Figure S1), the rate for 60 mM was
higher compared to the other concentrations (Fig-
ure S12A-ii). This change in the kinetics could be
a possible explanation for the differences in the
percentage of active DNAzymes observed in Fig-
ure 2E. Finally, the dissociation rate constant of
the substrate obtained with the model in bulk is
in accordance with the values obtained in this
work.
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Figure 3. Kinetic analysis A) Schematic representation of an example trace depicting how the dwell times are
obtained. The interval of time in between events (light blue) is used to calculate the on-rate and the time



period of the steps within one event are grouped (dark blue). B) A frequency count of the dwell times is plot-
ted for each event separately, and the resulting histogram is fitted with a single exponential decay (n = 2384).
C) Concentration-dependent response of the on-rate for several concentrations of Mg?* (0 - 100 mM) at a fixed
substrate concentration of 100 nM. The dashed line depicts the linear range with the corresponding equation.
D) Concentration-dependent response of the on-rate for several concentrations of substrate (10 - 400 nM) at a
fixed Mg?* concentration of 20 mM. The dashed line depicts the linear range with the corresponding equation.
E) Rate of individual reaction steps for the cleavage events (A; and A;) for a range of Mg?* concentrations from
2 to 100 mM at 100 nM of substrate. A schematic representation of the cleavage events can be found in Figure
1E. F) Rate of individual reaction steps for the cleavage events (A; and A;) for a range of substrate concentra-
tions from 10 to 400 nM at a fixed Mg?* concentration of 20 mM. Since events A; and A, consist of two steps,
separate graphs are depicted for each of them, where subpanels i and ii correspond to A, while subpanels iii
and iv refer to A,. The error bars depict one standard deviation of three independent repetitions.
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Figure 4. Reaction mechanism of the 10-23 DNAzyme illustrated A) schematically and B) by the minimal ki-
netic scheme, respectively. DNAzymes (E) contain two substrate binding arms, adjacent to the catalytic core,
which bind the substrate (S). The hybridization of E and S forms a complex (ES), which cleaves the phosphodi-
ester bond between the RNA bases positioned in the middle of the substrate sequence (depicted in A with an
orange cross), resulting in EP. After cleavage, the catalytic core stretches, increasing the end-to-end distance.
Subsequently, the product sequences are released, and E is able to initiate a new reaction. In this kinetic
scheme, P refers to the product strand that dissociates most slowly. The reaction is monitored by labelling the
ends of the S with a fluorophore (F) and a quencher (Q). Upon cleavage of the S sequence, the distance be-
tween the F and Q increases resulting in a fluorescent signal increase. The association and dissociation of E
and S are indicated by k., and k.+ The cleavage rate is defined by k., and the rate for release and binding of P
are represented by kys and Kpin

methodology as described previously (Figure 1),
we quantified the percentage of active DNAzymes

DNAzyme performance over time
From the biosensor development point of view,

it is desirable for an enzyme to work at its max-
imal cleavage rate for as long as possible. To
gather this information about the DNAzymes, we
monitored the activity of individual DNAzymes
over 30 min. For this set of experiments, we se-
lected the reaction conditions that promoted the
highest cleavage and percentage of active
DNAzymes (100 nM of substrate and 100 mM of
Mg?*). Since it was not possible to measure a
single field of view for such long period of time
due to photobleaching of the fluorescent labels
on the surface, we recorded twelve different fields
of view, each for 2.5 min, in the same reaction
chamber. The whole surface was in contact with
the substrate solution, thus all DNAzymes in the
surface were carrying out reactions in spite of not
being measured. Following the same analysis

for the different time points. As can be seen in
Figure 5A, no statistically significant difference
(Table S10) was observed for measurement times
over the time monitored. Similarly, comparing the
percentage of inactive DNAzymes after 2 and
30 min (Figure 5B), we observed no significant
differences among the different time points (Table
S11).

In order to get information about whether the
catalytic activity of a DNAzyme is affected over
time, we calculated the substrate turnover rate of
individual DNAzymes and compared them for the
different time points. Based on the results ob-
tained (Figure 5C), we could infer that the
DNAzyme are able to maintain a steady catalytic
power for reaction times within 30 min.
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CONCLUSIONS

The main goal of this work was to study the
functional heterogeneity of DNAzymes by determ-
ining the substrate turnover of individual
DNAzyme molecules tethered to a glass surface.
To achieve this, we established an analysis pro-
cedure to differentiate between cleavage and
non-cleavage events. By quantifying the number
of actual cleavage events for each individual
DNAzymes, we calculated the percentage of act-
ive DNAzymes, which refers to DNAzymes cleav-
ing at least two substrates during the measure-
ment time.

Despite increasing the concentrations of the re-
action cofactor and the availability of substrate,
we observed that approximately 20 % of the
DNAzymes were able to perform only one or no
cleavages. Also, the distributions of the calcu-
lated substrate turnovers showed a particularly
broad range of values. These results denoted the
significant heterogeneity among DNAzyme se-
quences.

Moreover, we showed that large ratios between
the DNAzyme and the substrate can hinder the
performance, possibly due to competitive inhibi-
tion. This was evidenced by the substantial de-
crease of cleavage events and substrate turnover
at high substrate concentrations. Finally, we
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Figure 5. Evaluation of the DNAzyme catalytic performance over time: A) Percentage of events for the differ-
ent identified categories. B) Percentage of traces based on the number of executed cleavage events. C) Evol-
ution of the substrate turnover over time. The reaction time depicted in the x-axis refers to the different fields
of view of the same surface measured sequentially. The different colours represent the three independent re-
petitions. The error bars depict one standard deviation of three repetitions.

demonstrated that DNAzymes are able to sustain
uniform cleavage capabilities for a period of time
beyond 30 min.

The findings reported here shed new light on
the functional diversity of DNAzymes, and the
possible challenges when developing applications
relying on a limited number of DNAzymes, like in
digital bioassays. In view of the fact that some
studies have explored sequence modifications to
improve the catalytic performance of
DNAzymes*?*3, future research could employ the
analysis strategy introduced in this study to eval-
uate the impact of these modifications on the per-
centage of active DNAzyme or the variance of
substrate turnover. Notwithstanding, the method-
ology presented in this work is not specific for
DNAzymes but can be employed to systematically
study and optimize any other enzymatic reaction
or multistep molecular interactions at the sm-
level.
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