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We investigated how the stepwise enzyme kinetics of 10-23 deoxyribozyme was affected by temperature,
pH, and RNA residue of the substrate at the single-molecule level. A deoxyribozyme-substrate system was
employed to temporally categorize a single-turnover reaction into four distinct steps: binding, cleavage,
dissociation of one of the cleaved fragments, and dissociation of the other fragment. The dwell time of

each step was measured as the temperature was varied from 26 to 34 °C, to which the transition state
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theory was applied to obtain the enthalpy and entropy of activation for individual steps. In addition, we

found that only the cleavage step was significantly affected by pH, indicating that it involves
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Since the first discovery of the starch-breaking protein diastase
by Anselme Payen in 1833," numerous types of protein enzymes
have been discovered and found to play crucial roles in all life
forms.>* Another type of biological catalysts was discovered in
the 1980s in the intron of an RNA transcript,* followed by
a diverse range of kindred ribozymes discovered in nature,®
which have been studied at both the ensemble® and single-
molecule levels.'***

Although DNA is structurally similar to RNA except for the 2/-
hydroxyl group replaced by hydrogen, catalytic DNAs have not
yet been discovered in nature. In the 1990s, Joyce and Breaker
conducted in vitro selection assays and found that DNAs can
function as enzymes, with these deoxyribozymes in vitro playing
a role akin to ribozymes in vivo."> Among various deoxy-
ribozymes, the RNA-cleaving 10-23 deoxyribozyme has a high
enzymatic activity®® and has been extensively studied for its
chemical and biological properties in ensemble.**™® The much
higher chemical stability of DNAs over RNAs make deoxy-
ribozymes a highly promising enzyme in their applications in
medicine, sensing, and bio-engineering.?*

Since their first optical detection at the single-molecule
level,>” ribozymes and deoxyribozymes have been investigated
for their single-molecule properties.'®****3° In order to under-
stand the working mechanism of ribozymes from changes in
their structure, immobilization-based single-molecule FRET
experiments were conducted.* On the other hand, diffusion-
based FRET assays have also been adopted to correlate
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deprotonation of a single proton. We also found that different RNA residues specifically affect the
cleavage step and cause the dwell time to change by as much as 5 times.

enzymatic activity with enzyme structure by molecule-by-
molecule sorting.***

Here, we present our new study on the uniquely single-
molecule features of the kinetics of 10-23 deoxyribozymes
that are hidden at the ensemble level. A single-turnover reaction
is temporally subdivided into individual reaction steps that
include substrate binding, catalytic cleavage, and sequential
dissociations of cleaved substrates. We also examined how
different physical and chemical conditions such as temperature
and pH affect each reaction step of the enzymatic pathway. With
the application of the transition state theory and using the pH-
dependent data for kinetics, we were able to construct a detailed
chemical model for the enzymatic cleavage step. Additionally,
the RNA sequence of the substrate was varied to compare the
enzymatic activity of 10-23 deoxyribozyme influenced by RNA
bases.

We used a homemade prism-type total internal reflection
fluorescence (TIRF) microscope described in our previous
work.**** To immobilize our enzyme, biotin-labeled 10-23
deoxyribozyme was attached to a PEG-coated quartz slide via the
biotin-avidin interaction. For single-molecule FRET measure-
ments, the Cy3-Cy5 FRET pair was labeled on each end of 10-23
deoxyribozyme, and a 532 nm laser diode was used to generate
an evanescent wave. The substrate was designed to consist of an
RNA-based cleavage site in the middle and two DNA-based arms
that facilitated enzyme-substrate binding by complementary
base pairing to form a dsDNA (Fig. 1a).

The scheme for our overall enzyme-substrate reaction is
shown in Fig. 1b. Diffusing substrate in its natural coiled form
binds to the immobilized 10-23 deoxyribozyme (also initially in
coiled form) and forms a dsDNA structure with the two arms. In
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Fig. 1 (a) Experimental scheme for 10-23 deoxyribozyme immobi-

lized on PEG-coated quartz slide via biotin-avidin interaction. The Cy3
(green)-Cy5 (red) FRET pair is labeled at each end of the 10-23
enzyme sequence, while the DNA substrate is designed with an RNA-
based cleavage site in the middle of its own sequence shown by the
dotted green circle. A 532 nm laser diode is used to generate an
evanescent wave. (b) Schematic representation for cleavage reaction
between 10-23 deoxyribozyme and DNA substrate. Upon injection,
the substrate first binds to the immobilized 10-23 deoxyribozyme,
becomes cleaved in half, and each piece dissociates from the enzyme
successively under thermal energy. (c) Typical single-molecule time
trace of FRET signals for the above reaction. A freely coiled enzyme (E
~ 0.8) becomes stretched upon substrate binding to form an enzyme—
substrate dsDNA (E ~ 0.8—0.4). Substrate cleavage gives more
structural freedom and allows further stretch of the enzyme (E ~ 0.4 —
0.3), but sequential dissociation of the cleaved DNA pieces leads back
to the original coiled form for the enzyme (E ~ 0.3—0.4—0.8).

the presence of the Mg** cofactor in solution, 10-23 deoxy-
ribozyme cleaves the RNA-based cleavage site of the DNA
substrate. Once the substrate is cleaved, dissociation of the
cleaved substrate pieces (“half-substrates”) from deoxyribozyme
takes place in successive steps.

The corresponding time traces of our FRET data for the
above scheme are shown in Fig. 1c. The free enzyme has
a compact coiled-structure (thus with a high FRET efficiency E
of ~0.8) because of the reduced electrostatic repulsion between
the negatively charged phosphate groups due to the cations in
the buffer. Upon substrate binding, the complimentary base
pairing results in a stretched dsDNA structure for the enzyme-
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substrate complex, leading to a low E value of ~0.4. In a few tens
of seconds, the cleavage event occurs that unlocks the two RNA
bases in the middle of the substrate, giving more structural
freedom that allows an even further stretched form of the
deoxyribozyme with a smaller value of E (~0.3). Finally, the two
half-substrates dissociate from the enzyme in two steps: in the
first step, only one of the half-substrates dissociates so that the
enzyme is still in partially stretched form (E ~ 0.5), but in the
next step, the remaining half-substrates comes off so that it
returns to its initial coiled structure (E ~ 0.8).

As with most biological enzymes that exhibit their maximum
activity at “physiological temperatures”, 10-23 deoxyribozyme
shows a bell-shaped activity profile for temperature in the range
of 30 to 40 °C." It is known that most enzymes also have their
optimal range of pH that affects their chemical structure and
catalytic activity.

We studied how each step of our overall kinetic scheme
depends on reaction conditions such as temperature and pH at
the single-molecule level. For temperature dependence, we
found that the rates of all reaction steps were accelerated as the
temperature was increased over the range from 26 to 34 °C
under our experimental condition (pH 7.52). As for pH depen-
dence, we varied pH from 7.3 to 7.8 at 30 °C and found that
different steps were affected differently by a change in pH.
Finally, we also changed the RNA base sequence of the substrate
and found that the reaction rate is greatly affected by it.

In all our measurements, only the kinetic rates of the forward
reactions were measured. For example, the reverse reaction of
the substrate binding step was ignored since spontaneous
dissociation of the full enzyme-substrate complex was consid-
ered not likely at the thermal energy of the system. Likewise, for
the cleavage and dissociation steps, we assumed that the
spontaneous ligation and re-binding of the fragmented
substrates that diffuse away were deemed unlikely on entropic
grounds. Measured duration times of each step were turned
into histogram distribution, which was fitted with a single-
exponential curve to yield the reaction time and hence the
rate constant for each step.

We applied the standard Eyring-Polanyi equation of the
transition state theory to obtain the enthalpy, entropy, and
Gibbs energy of activation. The data fit well with the equation
for all reaction steps (Fig. 2 and Table 1). The substrate-binding
step of 10-23 deoxyribozyme involves sequential binding of its
two arms to the substrate, with the binding of the first arm
playing the rate-determining step. Table 1 shows that the acti-
vation enthalpy of binding is 17.5 kcal mol ", which is the cost
in enthalpy when a pair of fully hydrated enzyme and substrate
partially sacrifice their respective hydration shell to form
a hybridized enzyme-substrate complex that has a smaller
degree of hydration overall in exchange for their newly formed
enzyme-substrate bonds. The entropy of activation is —29.3 J
mol ' K, whose negative value indicates an increase of order
associated with the transition from the random coil structures
of the enzyme and substrate to a hybridized structure of their
complex.

The cleavage step is the most important kinetic step in the
10-23 deoxyribozyme reaction. There have been many studies

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Arrhenius plot for each step of the overall reaction in the
temperature range from 26 to 34 °C at pH 7.52. Optimized linear fitting
parameters yield the values of enthalpy, entropy, and Gibbs free
energy of activation given in Table 1.

Table 1 Enthalpy, entropy, and Gibbs free energy of activation for the
four reaction steps of 10—-23 deoxyribozyme with DNA

AH* (keal ASH(J AG* at

mol ) mol ' K1) 26 °C (kcal mol )
Binding 17.5 —29.3 19.6
Cleavage 13.9 —82.0 19.8
Dissociation1 35.1 219.1 19.5
Dissociation2 25.9 92.2 19.3

that investigated the RNA cleavage step by ensemble experi-
ments, but we provide here kinetic constants from an individual
cleavage step without ensemble averaging. It is notable that the
entropy of activation for the cleavage step is negative (—82.0 J
mol " K'), indicating that it is a process of gaining order on its
way to the transition state. We note that the structure of the
enzyme-substrate complex has a higher coordination of bonds
in the transition state, i.e., a 5-bond coordination rather than
the 3- or 4-bond coordination seen at the phosphate
backbone.**

Finally, for the dissociation step, the entropy of activation is
avery large positive value (219.1 ] mol " K~ ') while the enthalpy
of activation (35.1 kcal mol™') is also much larger than for
binding or cleavage, both of which indicate the large energy cost
and the resulting increase of disorder associated with the
dissociation of the enzyme-substrate complex.

As with protein- and RNA-enzymes, pH is one of the most
important governing factors for the enzymatic activity of DNA-
enzymes." However, there has been no direct measurement of
the pH-dependent reaction rates based on single-molecule
measurement. In this study, we varied the pH from 7.3 to 7.8
to measure the kinetics of our 4-step enzyme reaction at the
single-molecule level. Fig. 3a shows that undoing ensemble
averaging allowed us to see that only the cleavage step is
significantly affected by pH. The average dwell time for the
cleavage step decreased drastically from 50 to 20 s as the pH
increased from 7.3 to 7.8. The same data plotted in the log-
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Fig. 3 pH-dependence of the kinetic rate of the individual reaction
steps. (a) Only the rate of cleavage (red) is significantly affected by pH.
The cleavage step plays the role of the rate-determining step, which
becomes less distinct as pH increases. (b) A log-linear plot of the
kinetic rate vs. pH for the cleavage step. A slope of 0.86 indicates that
the cleavage step involves deprotonation of a single proton.

linear scale (Fig. 3b) gives a slope of ~0.86, suggesting that
the rate-determining step of the cleavage reaction involves
deprotonation of a single proton, which is the same conclusion
drawn indirectly from earlier ensemble studies.™

In contrast to the cleavage step, the binding and the
sequential dissociation steps exhibit no significant effect of pH
(Fig. 3a). For renaturation and hybridization, there have been
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Fig. 4 Effect of a mismatched residue in the substrate for each
reaction step. Only the cleavage step is affected drastically while other
steps are little affected.
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few reports on the effect of pH. In 1968, Wetmer and Davidson
reported that they found no effect of pH in the range of pH 6 to
8, although their limited buffer conditions and poor data
quality make this conclusion somewhat dubious.

Another observation of interest is that the slowest step is
switched from the cleavage to the binding step at pH 7.8, as
a result of the pH-independence of DNA hybridization and the
pH-sensitive cleavage reaction of our enzyme reaction. In fact, at
pH 7.8, all 4 dwell times lie within a factor of 2.

10-23 deoxyribozyme is a powerful enzyme that cleaves a variety
of RNA substrates. Because it cleaves any type of RNA substrate that
is composed of unpaired purines and paired pyrimidines, we
investigated how the single RNA residue of the substrate affects the
reaction rate of the four individual enzyme reaction steps. We
prepared five types of the substrate with the same two arms but
different RNA residues (AU, UU, GU, CU, and U) at the cleavage site
and measured their average dwell time for each reaction step at
30 °C and pH 7.7. Since the RNA residue does not directly partic-
ipate in the binding or dissociation reaction, we anticipated that
only the cleavage step would be significantly affected. Our
measurement of dwell times showed that the substrate with a GU
residue is most readily cleaved. In fact, Fig. 4 show that the rate of
cleavage is ~5 times faster for the substrate with a GU residue than
with an AU residue, leading to an overall turnover rate ~2 times
larger. We failed to obtain the entire reaction trace for the substrate
with a CU, UU, and U residue under our experimental conditions,
since their reaction rates were too slow for our limited detection
time of ~10 min imposed by the photobleaching of labeling dyes.

In conclusion, we investigated the effects of temperature,
pH, and RNA base residue on the kinetics of the four distinct
reaction steps of 10-23 deoxyribozyme by single-molecule
detection using TIRF microscopy. With regard to the tempera-
ture dependence, both the substrate binding and cleavage steps
have a negative entropy of activation, indicating that they are
a process of increasing order on their way to the transition state.
In contrast, for the dissociation step of the cleaved substrate
fragments, the entropy of activation is a large positive number
indicative of the increase in disorder accompanying the disso-
ciation. The enthalpy of activation is likewise much larger for
the substrate dissociation step than for the binding or cleavage
step due to the high energy cost of the complex dissociation.
With regard to the pH dependence, only the cleavage step was
significantly affected by pH, whose linear power dependence
suggests that the rate-determining step should involve depro-
tonation of a single proton. Finally, with regard to the effect of
RNA residue, we found that the cleavage step is again greatly
affected, with a difference in dwell time being as large as 5 times
between the GU and AU residues.
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