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Abstract 

We studied the dynamic motion and kinetics of 10-23 deoxyribozyme 

which has RNA-cleaving enzymatic activity. Observing dynamic motion of 

the enzyme is essential to elucidate the mechanism of the enzymatic 

reaction. To observe every reaction sub-steps, we developed temperature-

controlled single-molecule total internal reflection fluorescence (smTIRF) 

microscopy. For a good signal-to-noise level, we applied prism-type 

smTIRF microscopy rather than objective-type smTIRF microscopy. Also, 



 

 

we used fluorescence resonance energy transfer (FRET) to distinguish the 

structural changes of 10-23 deoxyribozyme in nano-meter scale.  

i)  Real-time dynamic trace shows four reaction steps, binding, 

cleavage, dissociation1, and dissociation2 steps, for a single-turnover 

reaction. At the binding step, tightly coiled 10-23 deoxyribozyme waits for 

the binding of the substrate with a high FRET value, E~0.82. Because of 

the negative charges in the phosphate backbone of the DNA, the coiled 

structure of the enzyme is critically affected by the divalent cations in the 

environment. In our experiments, Mg2+ divalent cations, which are injected 

in the solution to turn on the enzymatic reaction, neutralized negative 

charges of the DNA strands, so that the repulsion forces between negative 

charges are sufficiently reduced. After the binding of the substrate, double-

stranded enzyme-substrate complex forms the double-strand moiety at the 

two binding sites that the structure changes from the single strand to the 

nearly linear double strand, E~0.35. After the cleavage of the substrate, 

FRET value is further decreased to E~0.30 which means the distance of 

the each ends of the enzyme-products complex is more far than that of the 

enzyme-substrate state, E~0.35. Unfortunately, we could not observe the 

transient structure of the enzymatically active state. Finally, FRET value 

was sequentially restored its initial value, E~0.30 → 0.49 → 0.82, by the 

dissociation of the two products made the enzyme to be a freely coiled 



 

 

structure of the initial state. In conclusion, we directly observed four 

enzymatic reaction steps which are impossible to distinguish in 

conventional ensemble experiments. 

ii) In ensemble tests, no one can concisely measure the kinetic rate 

constants because of the error from the ensemble averaging problem. 

However, exact kinetic rate constants can be obtained by single-molecule 

experiments even in single-reaction-step level. Here, we exactly measured 

the kinetic rate constants for the previously observed enzymatic reaction 

distinguishing each reaction steps. Four reaction steps differently 

responded to changes of the environmental conditions, temperature, pH, 

RNA residue at the cleavage site, and viscosity. When we varied 

temperature of the reaction chamber, the reaction rates of entire reaction 

steps are quickened in the range of 26~34℃ at pH 7.52. For more kinetic 

information, Eyring-Polanyi equation (derived from transition state theory) 

was applied to the temperature dependence data. Transition state theory 

(TST) shows the binding and the cleavage steps are associative reactions 

in contrast to that the dissociation steps are dissociative reactions. And, we 

concluded that the melting of the strands, the catalytic effect for the 

transesterification reaction, and the dissociation of the Watson-Crick base 

pairing and base-base stacking interaction is important for the binding, the 

cleavage, and the dissociation steps, respectively. In pH test, we observed 



 

 

that the only cleavage step is critically affected by pH change. The pH 

dependency for the cleavage reaction shows a log-linear plot that means 

the single deprotonation reaction is the rate-determining step for the 

cleavage reaction. The binding and the dissociation steps show no 

response to the change of pH in the range of 7.33~7.81 at 30℃. Changing 

an RNA residue at the middle of the substrate shows similar tendency to 

pH test. The only cleavage reaction was critically affected by the change of 

an RNA residue of the substrate. In last, we tested the effect of the 

viscosity on the enzymatic reaction rates. We changed the concentration of 

the glycerol up to 25% to control the viscosity coefficient of the solution. 

Because of the viscosity and the chemical effect of the addition of the 

glycerol, the cleavage step and the dissociation steps are affected in the 

different tendencies. The cleavage reaction was slowed down as half as the 

rate for the water-only environment. In contrast to the cleavage step, 

sequential dissociation steps were quickened as twice as the rate for the 

water-only environment. We concluded that the effect of the glycerol on the 

kinetic rate of enzymatic reaction is come from the viscosity effect that 

causes the slowdown effect on the folding of the enzymatic structure and 

the chemical effect that leads to the weakness of the H-bonds. We expect 

that the single-molecule kinetics for 10-23 deoxyribozyme could be 

expanded to the other RNA/protein enzyme kinetics. 



 

 

iii) To complete the enzymatic reaction, the enzyme should bind to the 

substrate at first. Because of that, the concentration of the substrate is 

critical to the entire kinetic rate of the enzyme-substrate system. The 

enzyme typically shows multi-turnover behavior when the substrate 

concentration is sufficiently high relative to the concentration of the enzyme. 

Also, Michaelis-Menten mechanism tells us that the rate maximum is 

achieved when all enzymes is bound to the substrates. To measure rate 

maximum of 10-23 deoxyribozyme at the single-molecule level, we 

increased the concentration of the substrate from 50 nM up to 800 nM. 

Surprisingly, the dissociation step was not found in most dynamic traces at 

800 nM substrate concentration. In contrast to single-molecule experiment, 

gel electrophoresis results show that the enzyme reaction at high substrate 

concentration have sufficiently fast as reported in the other reports. With 

several experiments in control, we concluded that the final dissociation of 

the product is skipped or accelerated by the invasion of the new substrate. 

To finish the reaction, the products should dissociate from the enzyme to 

empty the binding site for the next binding of the new substrates. However, 

we found out that the new substrate binds to the half binding site before the 

complete of the second dissociation step. Also, single-molecule kinetic 

analysis shows that the dissociation of the second product is accelerated 

by the half-bound new substrate. Here, we propose the new mechanism of 



 

 

10-23 deoxyribozyme, named shortcut binding and strand displacement, 

which shows a different behavior with the kinetics expected by Michaelis-

Menten mechanism. In addition, we expect that the shortcut binding and 

the strand displacement is important for the enzymatic reaction of the RNA-

cleaving ribozyme for better activity in vivo. 

We observed the real-time analysis of the 10-23 deoxyribozyme reaction 

and found the new mechanism that accelerates the enzymatic reaction. 

Also, we assigned all kinetic rate constants in the single-reaction-step level, 

and the results show that there is the different behavior of each reaction 

steps for the change of the environment. 

 

Keywords: Single molecule, fluorescence resonance energy transfer 

(FRET), total internal reflection fluorescence microscopy (TIRF microscopy), 

10-23 Deoxyribozyme, DNA enzyme, DNAzyme, real-time, dynamics, 

enzyme kinetics 
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1. Introduction 

 

The catalyst is a matter which helps many of the reactions to be faster, 

even though the reaction is nearly impossible at the ambient conditions. 

One of the most striking properties of the catalyst is that the catalyst is not 

consumed after catalytic reactions. Because of its powerfulness, there is no 

need for the reactions to add huge amount of the catalysts.  

There are many kinds of the catalysts, including electro-catalysts, 

homo/heterogeneous-catalysts, organo-catalysts, and biocatalysts (Figure 

1.1). Among these kinds of the catalysts, many biologists and chemists 

have studied the biocatalysts, especially the enzymes, for more than 100 

years. The first enzyme, starch-breaking diastase, was discovered by 

Anselme Payen in 18331. Since the discovery, many protein enzymes have 

been discovered by biologists who have showed that the enzymes play 

crucial roles in biological systems2,3. Because the enzymes are essential in 

the biology, the kinetic properties have been tremendously studied in 

ensemble. Although there have been many masterpieces that describe the 

enzymes, the most popular result is a Michaelis-Menten mechanism4. In 

1913, Michaelis and Menten showed a simple kinetic model that almost  
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Figure 1.1. Categorized scheme for various catalysts. In nature, there are 

various kinds of molecules that catalyze chemical reaction by lowering the 

activation energy barrier. Among these catalysts, the enzymes that consist of 

DNAs are discovered by in vitro selection assay.  
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perfectly explains the enzyme reaction in ensemble. Even though the 

Michaelis-Menten mechanism covered the only binding of the substrate to 

the enzyme and the catalytic reaction step as described:  

𝐸 + 𝑆
𝑘1
⇔𝐸𝑆

𝑘2
→𝐸 + 𝑃, 

where E is enzyme and S is substrate with the kinetic rate constants k. It 

shows near-flawless performances in huge ensemble of the molecules. 

For more than 100 years, there were the only protein enzymes in 

nature. However, a newer RNA enzyme, named ribozyme, was discovered 

in the intron of an RNA transcript in 19825. Since the first discovery of the 

ribozyme, many ribozymes were discovered in nature6-9, and there had 

been two types of enzymes, protein enzymes and ribozymes. Like the 

development of the protein enzyme kinetics, many scientists have shed 

light on the ribozyme kinetics in ensemble10. Nowadays, there are various 

kinds of the ribozymes which catalyze cleavage of RNA substrates, 

formation of a covalent bond, and etc11.  

On the other hand, the DNA enzymes had not been discovered in 

nature despite the only absence of the 2'-hydroxyl group as compared with 

the RNA structure. To find catalytic DNAs, Breaker and Joyce conducted in 

vitro selection assays to select out catalytic DNAs in the randomly made 
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DNA sequences12. In 1994, they reported the catalytic DNAs, named 

deoxyribozymes, that catalyses DNA phosphorylation, DNA deglycosylation, 

and etc. Among these deoxyribozymes, 10-23 deoxyribozyme, DNA 

enzyme that cleaves RNA substrates, have been studied vigorously for the 

purposes of the applications13-16. 10-23 deoxyribozyme efficiently cleaves 

RNA substrate that binds to the enzyme relative to many of protein 

restriction enzymes. Also, in 1997, Breaker and Joyce reported the overall 

information of the kinetic properties of 10-23 deoxyribozyme in ensemble17. 

After that, many scientists have tried to make 10-23 deoxyribozyme to be 

more efficient in the cleavage rate or the targeting efficiency18-21. However, 

the dynamic motions of 10-23 deoxyribozyme are not focused because of 

the limitation of the ensemble assays. To elucidate the mechanism of 

deoxyribozymes, NK Lee et. al. conducted the single-molecule assays 

based on the molecular-sorting assay22,23. And now, we present the whole 

of 10-23 deoxyribozyme's dynamic motions in real-time and propose a 

newer mechanism that is impossible to explain by conventional Michaelis-

Menten mechanism. In addition, we analyzed the kinetic properties of each 

reaction steps in the single-molecule level. The results show that the 

dependencies on the physical and chemical environments are different for 

each enzymatic reaction steps.  
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Finally, we propose a newer kinetic model for the cleavage reaction by 

DNA or RNA enzymes. Conventional Michaelis-Menten mechanism shows 

near-flawless performances in the ensemble kinetics. However, we 

concluded that the two-step model is not enough to completely elucidate 

the kinetics of the enzymes at the single-molecule level. We made the new 

reaction pathways, in addition to the conventional Michaelis-Menten 

mechanism, based on our experimental results. Also, we simulated our 

newer kinetic model to clarify the existence of the shortcut binding of the 

new substrate to in-reaction enzyme and the acceleration of the second 

product by the strand displacement mechanism which was not observed in 

the previous ensemble experiments. We expect that our newer mechanism 

can be applied to the other enzyme kinetics especially for RNA cleaving 

RNA enzymes in the cell.  

In conclusion, a deeper look of the enzyme reaction in single-reaction-

step level shows the hidden reaction pathways that is impossible to be 

discovered by the ensemble assays. Also, we expect that our newer kinetic 

model which is proposed by the observation of the hidden reaction 

pathways can be applied to the other enzyme kinetics to elucidate the 

mechanism in vivo. 
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2. Immobilization-based Total Internal 

Reflection Fluorescence Microscopy 

 

2.1. Introduction 

In the 1990s, the first optical single-molecule observation was 

achieved by fluorescent methods1. Since then, biophysics has grown 

rapidly, and many biological systems have been studied for more than two 

decades. Now, there are various experimental methods, including the 

fluorescence-2, tip-3, tweezer-based4 methods, and etc. for the single-

molecule experiment. Among these, fluorescence-based methods can be 

roughly categorized into two types: Diffusion-based fluorescent method and 

immobilization-based fluorescent method. Typically, ALEX FRET is one of 

diffusion-based fluorescent single-molecule technique5 and TIRF 

microscopy is one of immobilization-based fluorescent single-molecule 

technique6. Because both techniques are based on fluorescence detection, 

many researchers apply fluorescence resonance energy transfer to analyze 

the dynamic structure of biological molecules in nm scale.  
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ALEX FRET technique is a diffusion-based single-molecule detection 

method which evolved from traditional confocal microscopy technique. 

Traditional confocal microscopy has been widely used to visualize 

numerous biological systems7. Also, one can tightly focus light to analyze 

spectroscopic properties of the molecules at the targeted area. It is 

absolutely true that traditional confocal microscopy is one of the powerful 

techniques, but it has limitations as a single-molecule technique. Many 

single-molecule biophysicists have been interested in the biological 

mechanisms and the dynamic motion of the enzymatic reactions. To 

elucidate mechanisms and dynamic motion of the simple binding reaction, 

e.g. A + B ↔ AB, the observation of real-time dynamic motions and sorting 

molecules in molecule-by-molecule are essential to measure reaction times 

and distances between A and B molecules. In spite of the power of 

traditional confocal microscopy, there was a limitation by the ensemble 

averaging problem which comes from insufficiently sensitive detectors. 

Nowadays, the development of avalanche photo-diodes (APDs) and 

charge-coupled devices (CCDs) enabled scientists to detect single photons, 

and simple single-molecule experiments are typically conducted by using 

traditional confocal microscopy at extremely low concentration (< 100 pM). 

Also, traditional confocal microscopy has no power to sort or distinguish 

two molecules at a point in time. To overcome its limitations, the alternation 
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of two or three lasers is applied to sort molecules at the single-molecule 

level.  

On the other hand, immobilization-based imaging techniques have 

been developed to visualize the dynamic motion of the molecule in real-

time. In point of imaging molecules on the surface, there are the 

unavoidable molecules which cause noisy signals by the unwanted laser 

excitation in solution. To exclude the noisy signals, the illumination method 

of the laser is changed from typical wide-field illumination to askew 

illumination for generating total internal reflection with evanescent wave. By 

generating evanescent wave using visible light, the excitation depth can be 

constrained to 100-200 nm in z-axis so that the Rayleigh scattering and the 

signals from unwanted excitation of diffusing molecules are extremely 

reduced to the single-molecule level. 

Here, we will focus on the principle of immobilization-based total 

internal reflection fluorescence (TIRF) microscopy and its analysis methods 

will be focused in chapter 2. Using TIRF microscopy, we can find out the 

kinetic information of the reactions and structural change of the molecule in 

real-time. For the simplicity, the uni-directional multi-step reaction will be 

addressed, for example, A→B1→→→Bn, which can be explained by series 

of the single-exponential distributions. 
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2.2. Materials and Methods 

 

In this section, the organization of the setup for the TIRF microscope 

and the sampling process for obtaining single-molecule data will be 

discussed. The process to obtain the data and how to analyze the kinetics 

as well as dynamics from the data will also be discussed. 

 

2.2.1. Principle of total internal reflection fluorescence 

microscopy and fluorescence resonance energy transfer 

 

Many experimental methods for single-molecule analysis have been 

developed nowadays. There are some conditions to be satisfied for single-

molecule analysis. Studies based on fluorescence measurements typically 

use lasers to excite the fluorophores and detect the emitted fluorescence. 

To be able to conduct the single-molecule experiments, selective excitation 

of a single molecule or identification of the fluorescence from a single 

molecule by the detector has to be possible. Typical laser irradiation 

methods include focused8 and wide-field illumination9 methods. The TIRF 

microscopy belongs to the wide-field illumination method. However, in the 
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typical conventional wide-field microscopy, the volume that is excited by the 

laser is relatively large thus numerous molecules are excited 

simultaneously. This makes unwanted signals to be mixed with the 

fluorescence signals of interest. To reduce the unwanted signals, the askew 

excitation method has been introduced. The key for the askew technique is 

to make the light to be incident diagonally as described in Figure 2.1. If the 

light is incident with an angle greater than the critical angle when n1>n2, the 

total internal reflection will occur at the boundary surface and an 

evanescent wave will appear in the z direction beyond the boundary 

surface. Snell’s law shows that the refractive indices and the incident and 

refracted angles have the following relationship: 

n1sinθ1 = n2sinθ2 

When the refracted angle is 90° and sinθ2 = 1, the critical angle is equal to 

the incident angle. Then, 

θc = θ1 = arcsin(n2/n1). 

For example, when light passes from quartz (n1 ~ 1.55) slide into water (n2 ~ 

1.33) medium, the critical angle is described as the following:  

θc = arcsin(1.33/1.55) ≈ 59.1° 
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Figure 2.1. Scheme of generation of evanescent wave by total internal reflection. 

When the incident light is reflected with an angle greater than the critical angle, 

the incident light totally reflects to the opposite direction. For the total internal 

reflection, a prerequisite condition for refractive indices, n1>n2, is required at 

the interface. Generated evanescent wave propagates to the orthogonal 

direction to the interface. Because of the exponentially decaying property of 

intensity, penetration depth of the evanescent wave is typically 100-200 nm 

range for the visible light. 
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Based on this principle, exciting exclusively the molecules immobilized on 

the surface and reducing the unwanted noise signals are possible, 

consequently facilitating the single-molecule experimentation. In quantum 

mechanics, the phenomenon can be explained by the Schrödinger equation 

representing that the electro-magnetic fields should be continuous at an 

interface. The evanescent wave excites the molecules at the near-field 

region within one third of a wavelength of the reflected light. It decays 

exponentially as a function of the distance z from the reflected interface. 

The relationship can be described as follows: 

I = I0 exp (−
z

d
) 

Also, the penetration depth d is expressed as: 

d =  
λ

4πn2
(
sin2θ1

sin2θc
− 1)

−1/2

, 

where λ is the wavelength of incident light in vacuum. Except for θ1 close to 

θc , the light penetrates into the medium only to a depth of on the order of λ. 

And. the decay depth d decreases as increasing θ1. 

To fulfill the conditions for total internal reflection, a medium with a higher 

refractive index (n1) is needed. Generally, prism is made with a high-index 

medium and we used Pellin-Broca prism in this study. The immersion oil is 

used to remove the layer of air between the prism and the quartz slide. In 
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this situation, a beam of light passes from the prism into the immersion oil, 

the quartz slide, and the sample solution. Consequently, the total internal 

reflection occurs at the boundary between the quartz slide and the sample 

solution which has a high ratio of n1 to n2, and this leads to the generation 

of an evanescent wave. To collect the fluorescence signals due to the 

evanescent wave, an objective with a high numerical aperture (NA) value is 

used and the signals are transferred to the detector part of the microscope. 

In the detector part, a dichroic mirror is installed to split the fluorescence 

signals from the two different areas of the wavelength. This enables the 

calculation of FRET efficiency of interest by measuring the fluorescent 

intensities.  

Since the TIRF microscopy is based on fluorescence, the FRET 

phenomenon10 is usually used to distinguish the nm-scale difference of the 

distance between the labeled fluorophores. For this purpose, the selection 

of the fluorescent dye pair to be labeled on the biomolecule sample is 

important. As in the Figure 2.2., Jablonski diagram for the FRET 

phenomenon can be drawn. It is insufficient for the FRET phenomenon to 

occur if the two fluorophores are simply close to each other. The spectral 

overlap between the emission spectrum of the donor and the absorption 

spectrum of the acceptor as illustrated in the Figure 2.3. is necessary for   
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Figure 2.2. Jablonski diagram for fluorescence and FRET. The excited donor 

fluorophore emits fluorescence or decays via nonradiative pathway. When the 

distance between donor and acceptor fluorophores is close enough to transfer 

energy, the fluorescence from the acceptor fluorophore can be emitted by 

nonradiative FRET pathway. 
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Figure 2.3. Typical absorption and emission spectra for FRET dye pair. To 

generate FRET, the emission spectrum of the donor fluorophore 

(Cy3/Alexa532) must be overlap with the absorption spectrum of the acceptor 

fluorophore (Cy5/Alexa647).  
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the FRET phenomenon to occur. FRET efficiency can be described as a 

function of the distance (R) between the donor and the acceptor dyes: 

E = 1 / [1 + (R/R0)
6], 

where R0 is the constant for the distance between FRET pair when FRET 

efficiency is 0.5. The simulated FRET curve for 5 nm of R0 is illustrated in 

Figure 2.4. As depicted in Figure 2.4, FRET efficiency is sensitively 

changed in the range of 2-8 nm.  

In the experiments, FRET efficiencies can be calculated from the 

experimentally measured fluorescence intensities for a donor and an 

acceptor dyes: 

E = IA / (γID + IA), 

where ID and IA is the fluorescence intensities from a donor and an acceptor 

dyes, respectively, and γ is the correction factor for the incompleteness of 

the detector parts. 
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Figure 2.4. Scheme for distance dependency of FRET efficiency. FRET 

efficiency critically depends on the distance between two dyes. Because FRET 

efficiency is reciprocally related to the 6
th
 power of the distance (R), FRET 

signals sufficiently change in nm-scale motions (typically, 2-8 nm). 
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2.2.2. How to build total internal reflection fluorescence 

microscopy setup 

Our total internal reflection fluorescence microscopy setup (Figure 2.5) 

is based on a prism for generating the evanescent wave. We used a pellin-

Broca prism (PLBC-5.0-79.5-SS, CVI Laser Optics) to easily irradiate laser 

light at the angle more than the critical angle as depicted in Figure 2.6. 

Typical FRET experiment uses a green (532 nm) laser to excite the donor 

dyes, and detects fluorescence signals from the donor and acceptor dyes. 

We used a 532-nm diode-pumped solid-state laser (SambaTM 0532-04-01-

0100-500, Cobolt) to excite the cy3 (donor) dyes in the experiments. Also, 

to reduce noisy signals from the scattering of the slide glass, we used a 

polished quartz slide. Immersion oil is used to fill the layer of air between a 

prism and a quartz slide for the best condition of the total internal reflection. 

Emitted fluorescence is collected by using a water-immersion objective 

(ⅹ60, NA = 1.2, Olympus) which has high NA for an wide collective angle. 

The Rayleigh scattering by a intense laser light is removed by installing a 

long-pass filter (HQ545LP, Chroma). Objective lens and long-pass filter are 

installed in commercial microscope body (IX71, Olympus). Purified 

fluorescence signals are mechanically adjusted by a slit to resize  
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Figure 2.5. Setup scheme for total internal reflection fluorescence microscopy. 

To generate the evanescent wave, laser light is irradiated through a prism 

which is on the quartz slide. Because the interface between a prism and quartz 

slide is not ideally flat, the layer of air is removed by using the immersion oil. 

Evanescent wave is generated at the interface between a quartz slide and the 

sample solution. For the best collection efficiency of fluorescence, high-NA 

objective is installed, and unwanted Rayleigh scatterings are removed by a 

long-pass filter. Dual-color fluorescence signals are divided by dichroic mirror, 

and two kinds of the fluorescence are focused on a different area of CCD. 
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Figure 2.6. Scheme of PEG coating on quartz slide. To reduce non-specific 

binding of the molecules on the surface, the quartz slide is coated with 

PEG/biotin-PEG. By biotin-avidin interactions, neutravidin can bind to the 

surface and catch the biotinylated targets. 
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an image area. Finally, fluorescence signals are seperated by passing 

through a dichroic mirror (645dcxr, Chroma), and divided green and red 

beams are focused on a different area of CCD (DU-897E-CS0-#BV, Andor). 

We used a data acquisition program (Andor) to collect experimental data. 

Raw data is reduced by running few scripts of IDL, and reduced data is 

dynamically or kinetically analyzed by using MATLAB codes.  

 

2.2.3. Sample preparation 

 

Prism-type total internal reflection fluorescence microscopy is 

optimized to detect the molecules on a surface11. For this reason, the 

molecules must be attached to be excited on the surface. In our 

experiments, we always used a PEG-coated quartz slide for single-

molecule experiments. Here, the procedures to make PEG-coated quartz 

slide to immobilize the molecules: 

1) Prepare quartz slides (75 mm x 25 mm x 1 mm, Prism Research Glass) 

with small holes drilled on it. Make the size of the hole to fit well with that of 

the pipette tips used during the experimentation. 
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2) Sonicate the prepared quartz slides and coverslips with 5 M KOH 

solution for 10 min. This is to remove the dirt on the surfaces. Sonicate 

another empty reaction chamber and a flask with 5 M KOH solution, too. 

After that, wash only the empty chamber and the flask with MeOH and 

sonicate with MeOH for 10 min. 

3) Wash the quartz slides and coverslips with distilled water and blow them 

with N2 gas. Dry the empty chamber and the flask, too. Burn the surface of 

slides carefully with a gas burner. Put the burned quartz slides and 

coverslips into the dried empty reaction chamber. 

4) Make amino-silane solution containing 200 mL of ethanol, 10 mL of 

acetic acid, and 2 mL of amino-silane (N-[3-

(trimethoxysilyl)propyl]ehtylenediamine) purchased from Sigma-Aldrich in 

the dried flask. Carefully mix the solution and put it into the reaction 

chamber containing the quartz slides and coverslips. Incubate for 10 min, 

sonicate for 1 min, and again incubate for 10 min. This is to expose the 

amine groups on the surface of the quartz slides and coverslips. 

5) Wash the quartz slides and coverslips thoroughly with distilled water and 

blow them with N2 gas. Make the PEG solution in 100 mM of sodium 

bicarbonate. mPEG-SVA and biotin-mPEG-SVA were purchased from 

Laysan Bio with molecular weights of 5000. The ratio of mPEG-SVA and 
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biotin-mPEG-SVA in the PEG solution was approximately 98:2. Incubate 

the slides with the PEG solution for 3 hr. After incubation, wash thoroughly 

with distilled water, blow with N2 gas, and store at -20 ℃. 

 

2.3. Results and Discussion 

 

2.3.1. Real-time observation of dynamic motions 

 

We present a single-molecule dynamic trace that shows two-step 

FRET efficiency levels. In Figure 2.7, there is a two-step dynamic trace is 

shown for a simple reaction: 

A 
k
⇔  B 

The one has a coiled structure that shows high FRET efficiency, and 

the other has a stretched structure that shows low FRET efficiency. The 

single-molecule experiment usually used to observe a molecule that 

dynamically changes its structure in time. If we measure FRET efficiency of 

the molecule in ensemble, FRET efficiency would be a averaged value 

about 0.5. However, as shown in Figure 2.7, two different reaction steps are  
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Figure 2.7. Typical single-molecule trace with two steps. Reaction times (t) can 

be reciprocally converted to the reaction rate, and FRET efficiency levels tell us 

the structural information. Dynamic trace shows two-step FRET efficiency 

levels and few tens of seconds for each reaction steps. 
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discretely separated by the single-molecule technique. This is an unique 

advantage of the single-molecule experiments. 

In terms of kinetics, single-molecule experiment has one more 

advantage which is lack in conventional ensemble experiments. Because 

we can distinguish the states in single-molecule level, the time that takes to 

be spent in each reaction steps can be measured accurately. In Figure 2.8, 

the histogram for the reaction waiting time is shown and fitted by a single-

exponential curve. If we analyze a dynamic trace of a reaction, there are 

various waiting times for the same reaction. This diversity comes from the 

stochastic property of a single molecule, so that the histogram for the same 

reaction shows a certain distribution. To analyze kinetic properties of the 

reaction, we must choose an adequate reaction model to fit a histogram. 

The histogram is fitted by a single-exponential curve: 

f(t; τ) = Aexp(−
t

< 𝜏 >
) 

where A is a maximum count for the time scale and < 𝜏 > is an average 

waiting time for the reaction. As in typical ensemble assays, we can simply 

inverse the average waiting time to know the kinetic rate constants.  

In addition, for more accurate assignment of the structural information, 

FRET histogram can be fitted by gaussian distribution. Most FRET  
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Figure 2.8. Histogram for reaction dwell time. Because a dynamic trace shows 

a time for a single reaction, the histogram is an efficient way to show the 

tendency of the reaction. To quantitatively extract kinetic constants, adequate 

model must be selected to fit the histogram. Here, the histogram is fitted by 

single-exponential curve. 
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Figure 2.9. FRET histogram for two sub-steps. To assign the FRET efficiency, 

FRET distribution is typically fitted by a single gaussian distribution. Collective 

FRET values are extracted from a dynamic trace, and the values are scattered 

to the histogram. The one histogram shows 0.82 and the other shows 0.35 for 

the middle of each gaussian distribution.  
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histogram shows a distribution with a 0.1-0.2 of bandwidth for FRET 

efficiency. And, those usually have simple gaussian distributions. In Figure 

2.9, FRET histograms for the reaction in Figure 2.7 are shown with 

optimized gaussian distributions. By applying gaussian fit, we can 

accurately assign the FRET efficiencies for a multi-step reaction. 

 

2.4. Conclusion 

  

There are some definite advantages of using the TIRF microscopy. 

The penetration depth of the evanescent wave is approximately 200 nm, 

thus unwanted excitation of the freely diffusing specimens can be 

eliminated. With the help of the evanescent wave and the fluorescent 

probes, one can measure the dynamics of a single biomolecule in real time. 

From the information on the molecular state and the dwell time of it, one 

can measure the rate for the transition from one state to another state. 

Therefore, kinetic analysis of the detailed reaction sub-step in single-

molecule level becomes possible12. The visualization of a narrow plane of 

an organism, such as a cell with a low background signal level is also 

possible. The real-time tracking of a single molecule enables the 
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observation of the molecular motion in a non-equilibrium state, giving useful 

information that was hard to figure out in ensemble measurements. Thus, 

the TIRF microscopy can be widely used in biology, chemistry, physics, and 

other applied studies. 
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Chapter 3. Real-time dynamics and kinetics of 

10-23 deoxyribozyme studied by single-

molecule total internal reflection fluorescence 

microscopy 

 

3.1. Introduction 

 

Many scientists have studied kinetics and dynamics on various types 

of reactions. For biologically important molecules, especially enzyme, 

Michaelis and Menten presented us near-flawless description for huge 

ensemble of molecules1, and ever since the work, many of masterpieces 

have shed light on the enzymology. Along with various protein enzymes, 

pools of RNA enzyme, ribozymes, have been discovered and even 

synthesized due to its conformational simplicity comparing with proteins2,3. 

Moreover, the RNA-cleaving enzyme made of DNA called as a 

deoxyribozyme was firstly discovered with an aid of combinatorial chemistry 

technique in 19944. 10-23 deoxyribozyme is one of the robust RNA-

cleaving deoxyribozyme discovered by in vitro selection5, which consists of 
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15-base catalytic core and two single-stranded DNA arms. The sequence of 

the catalytic core is critical for its RNA-cleaving activity whereas the 

sequence of two arms can be designed with any sequence which is 

complementary to its target RNA6,7. Due to its simplicity, stability and 

easiness of use, we propose deoxyribozyme as an ideal candidate for 

studying enzymology kinetics. Since its development, kinetic characteristics 

are investigated in both of ensemble and single-molecule level8-10. In 

addition, a lot of researches have been conducted in various fields 

including medicine, bioengineering and metal ion sensing11-15. However, 

unveiling of entire reaction mechanism is inhibited by limitation of 

ensemble-averaging and difficulty of observing enzymatic reaction 

dynamics in single-molecule level. In enzymology, many of researchers 

have conducted to link between ensemble and single-molecule Michaelis-

Menten mechanism16-18. Because of its complexity in modifying protein 

enzymes, however, most of scientists sacrifice their opportunities to 

unraveling mechanism of enzyme-substrate reaction even in step-by-step 

point of view. Herein, we present whole sub-steps of enzymatic process for 

10-23 deoxyribozyme in single-molecule level. 

Also, we present a deeper look into single-molecule deoxyribozyme, 

revealing the kinetics hidden at the ensemble level. A single-turnover 

reaction is divided into each reaction step, including the binding, cleavage, 
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and sequential dissociations of cleaved substrates. We also examined how 

different molecular environments affect to each reaction steps of the 

enzymatic pathway. Because temperature and pH are the most important 

environmental conditions for enzymatic activity, so that we applied the 

transition state theory to temperature-dependent experiments and varied 

the pH to verify the properties of the enzymatic cleavage step. Additionally, 

the substrate RNA sequence was varied to compare the enzymatic 

reactivity influenced by RNA bases. 

 

3.2. Materials and Methods 

 

3.2.1. What is 10-23 deoxyribozyme 

 

Enzyme-substrate system of 10-23 deoxyribozyme mainly consists of 

three parts, the substrate, two arms for binding sites, and the 15-base 

enzymatic core part, described as in Figure 3.1. At first, the substrate has 

several prerequisite conditions for the cleavage reaction. If the length of the 

substrate is less than 7 bases for each of two arms, 10-23 deoxyribozyme 

cannot cleave the substrate because of the stability of the binding.  
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Figure 3.1. Scheme and sequence information of 10-23 deoxyribozyme. 

Enzyme-substrate system of 10-23 deoxyribozyme consists of substrate, 

binding sites, and enzymatic core part. First, the substrate has prerequisite 

conditions to be cleaved by 10-23 deoxyribozyme. The substrate must have 

almost complementary sequence compared to the sequence of the binding 

site. And, the residues at the middle of the substrate must be RNAs. The 

binding sites can be freely modified for the purpose of the target sequence of 

the substrate. Finally, the 15-base sequence of the enzymatic core part must 

be conserved as depicted above. 
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To cleave the substrates well, the substrate must bind to the enzyme for a 

sufficient time (typically few tens of seconds). Because of that, we designed 

the length of the substrate to be more than 10 bases sequences for each of 

two arms. Also, two residues at the cleavage site must have determined 

base species, adenine or guanine (purines; R in figure 3.1) and thymine or 

cytosine (pyrimidines; Y in figure 3.1), because 10-23 deoxyribozyme 

catalyzes the transesterification of unpaired purine and paired pyrimidine of 

the substrate. For binding sites, the length and the residues of the 

sequence can be freely changed for matching complementarity to the target 

substrate sequences. Finally, the 15-base sequence of the enzymatic core 

part must be conserved as described in figure 3.1.  

 

3.2.2. Dye labeling and DNA sequence information 

 

In order to investigate the catalytic RNA cleavage reaction by a single 

10-23 deoxyribozyme, the 10-23 deoxyribozyme labeled with Cy3 and Cy5 

at both ends was immobilized on a poly ethylene glycol (PEG)-coated 

quartz slide via biotin-neutravidin interaction (Figure 3.2).  
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Figure 3.2. Scheme for dual-labeled 10-23 deoxyribozyme and five different 

substrate sequences. For FRET measurement, FRET dye pair, cy5 and cy3, is 

labeled at the 3’- and 5’-end of the binding sites. And, to minimize the 

perturbation by the interaction between the enzyme and the surface, 18-base 

poly-A sequence is attached to the 3’-end of the binding site. Through the 

biotin-avidin interaction, whole enzyme-substrate system is immobilized on 

the surface. For the comparison of the kinetics for different residues at the 

cleavage site, A, U, G, C, and deleted residues are independently tested by 

single-molecule experiments. 
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To reduce the perturbation from the interaction between the enzyme and 

the surface, we lengthened the sequence of the enzyme by attaching 18-

base poly-A at 3’ direction. The addition of Mg2+ and its substrates to the 

immobilized 10-23 deoxyribozymes induced dynamic conformational 

changes of 10-23 reflected by multiple FRET states as shown in Figure 3.3, 

which could be dissected into four different FRET states. DNA sequences 

for single-molecule experiments are: 

(All of sequences is typed in the direction of 5' to 3') 

1) Dual-labeled 10-23 deoxyribozyme with a poly-A tail 

/5Cy3/TAA CCT CTT CAG GCT AGC TAC AAC GAA TAG TGG -

ATA/iCy5/TAA  AAA  AAA  AAA  AAA  AAA  A 

2) Biolinylated poly-T for the immobilization 

TTT TTT TTT TTT TTT TTT/3Biotin/ 

3) Substrate with 2 RNA residues at the cleavage site. 

TAT CCA CTA TrGrU GAA GAG GTT 

TAT CCA CTA TrCrU GAA GAG GTT 

TAT CCA CTA TrArU GAA GAG GTT 

TAT CCA CTA TrUrU GAA GAG GTT 

TAT CCA CTA TrU GAA GAG GTT 
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Figure 3.3. Typical single-molecule TIRF microscopy data of the 10-23 

deoxyribozyme reaction. Binding of the substrate to freely coiled 10-23 

(E~0.82) creates enzyme-substrate dsDNA (E~0.82→0.35). After cleaving by 

enzymatic activity of 10-23 deoxyribozyme (E~0.35→0.30), the cleaved 

substrates sequentially dissociate from the enzyme (E~0.30→0.49→0.82). 

This data is corrected with a gamma factor of 1.5 to the green fluorescence. 
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3.3. Results and Discussion 

 

Each enzyme has its own distinct properties, such as temperature 

dependence, pH sensitivity, and “Lock and Key”. Most biological enzymes 

are vigorous at 37 ℃, and 10-23 deoxyribozyme has also been reported to 

have its best activity at ~37 ℃. Similar to other general protein enzymes, 

10-23 deoxyribozyme shows a bell-shaped activity profile for temperatures 

in the range of 30 to 40 ℃. 

Here, we observed real-time dynamic trace of 10- deoxyribozyme and 

evaluated single-molecule temperature dependence, pH dependence, and 

cleavage site dependence to show the kinetic properties of 10-23 

deoxyribozyme. The temperature is changed from 26 to 34 ℃ to optimize 

the single-molecule experimental condition. The rates of all reaction steps 

are accelerated as the temperature is increased for our experimental 

condition (pH 7.52). Additionally, the pH is changed from 7.33 to 7.81 to 

observe its effect on the enzyme reaction kinetics. Finally, the unpaired 

residue of the substrate is varied to directly measure the rate of the 

cleavage reaction, which depends critically on the cleavage site. 
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Table 3.1. Table for pH of imaging buffer. pH adjustment is achieved by mixing 

two different Tris solutions (pH7 and pH8). In temperature dependence test, 

pH values were matched to ~7.52. And, for pH dependence test, the 

temperature was fixed at 30℃ and pH was varied from 7.33 to 7.81. 

 

  

Table 3.2. Temperature dependent Parameters from Eyring-Polanyi equation. 
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 We mainly measured the forward reactions of the enzymatic pathway 

due to the features of our experimental system. The reverse reaction of the 

substrate binding step is negligible under our experimental conditions. For 

the cleavage and dissociation steps, we assumed that the spontaneous 

ligation and re-binding of diffused substrate fragments are probabilistically 

unfavorable reactions. Each histogram is fitted with a single-exponential 

curve, and the kinetic rate constants are obtained by inverting the average 

reaction lifetimes. 

 

3.3.1. Real-time dynamics of 10-23 deoxyribozyme 

 

The initial FRET state of 10-23 deoxyribozyme is a coiled ssDNA 

structure. Because of the positive charges of Mg2+ ions, initial FRET 

efficiency shows high close to 1 (0.82), and the efficiency decreases 

sequentially to 0.35 (by the binding of a substrate), 0.3 (after the cleavage 

reaction), and then increased back to 0.82 (same as initial state) (Figure. 

3.4). The short-lived intermediate half-bound FRET state, hidden in the 

binding step, didn’t appear for all the 10-23 molecules we observed owing 

to the limited CCD time resolution (100 msec), so we neglected the 

analysis of the intermediate state in kinetics study. In order to identify each  



 

45 

 

 

 

Figure 3.4. Illustrative scheme of 10-23 deoxyribozyme reaction with single-

molecule FRET trace. A time trajectory of smFRET and the corresponding 

reaction sub-steps. The highest FRET state indicates the randomly coiled free 

enzyme. Shortly after the binding event, the enzyme-substrate complex is 

formed thus the FRET value drops. The reciprocal of the dwell time of the free 

enzyme before binding is therefore the rate of the enzyme-substrate binding. 

Similarly, the reciprocal of the dwell time of the enzyme-substrate complex, 

the complex of the enzyme binding with the cleaved substrate, and the 

complex of the enzyme binding with one of the product correspond to the rate 

of cleavage, dissociation1, and dissociation2, respectively.  
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FRET state, we obtained FRET histograms using series of possible 

intermediates during the enzymatic cleavage reaction by combination of the 

10-23 deoxyribozyme, Mg2+ and the substrate. Upon the addition of Mg2+ 

without the substrate, we observed higher FRET efficiency, E=0.82, 

reflecting Mg2+-induced folding of 10-23 deoxyribozyme. We found that this 

Mg2+-induced folding is immediate and irreversible within our CCD time 

resolution (100 msec), implying low energy barrier for the Mg2+-induced 

folding and high energy barrier for defolding of 10-23 deoxyribozyme, which 

suggests that the folded state is more stable. The subsequent FRET states 

from E=0.35 to 0.49 following Mg2+-induced folding are very likely related 

with substrates because no further FRET transition was observed when 

adding only Mg2+.  

Then, we prepared two different sets of substrates, already cleaved 

and non-cleavable DNA-only substrates, to mimic the possible 

intermediates of enzyme-substrate complex during the RNA-cleaving 

reaction by 10-23 deoxyribozyme. Two fragments of the substrate were 

designed for representing cleaved substrates, and the substrate with 

deoxynucleotide at the cleavage site was for non-cleavable substrate. To 

test if two arms of the substrate bind to 10-23 deoxyribozyme 

simultaneously or stepwise, either half1 or half2 was added to 10-23 

deoxyribozyme at 100 mM Mg2+, which represents an enzyme-substrate 
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complex where only one arm of substrate binds to the enzyme. We nearly 

observed intermediate states (E=0.49, not shown in Figure 3.4) for cleaved 

substrates at 100 mM Mg2. The FRET efficiency of 10-23 deoxyribozyme 

with non-cleavable substrate showed lower FRET efficiency as 0.35 than 

the one with cleaved substrates. So, one step FRET decrease from E=0.82 

to 0.35 is expected in the case of simultaneous binding of two arms in 

substrate and nearly observed stepwise FRET decrease from E=0.82 to 

0.35 in the case of sequential binding of two arms in substrate. In other 

words, the observed short-lived intermediate FRET state suggests that the 

substrate binds to 10-23 deoxyribozyme sequentially. Capturing one arm of 

the substrate first by 10-23 deoxyribozyme facilitates capturing the other 

arm due to the closer distance between 10-23 deoxyribozyme and the 

substrate by the first arm’s binding, consistent with the short-lived 

intermediate S3 state. Real-time trace with non-cleavable substrate showed 

the transition from E=0.82 to 0.35, suggesting that the further change after 

E=0.35 state is likely due to the cleavage reaction by 10-23 deoxyribozyme. 

The FRET efficiency with cleaved substrate was E=0.30 whereas the 

one with non-cleavable substrate was 0.35. The deoxyribozyme with 

cleaved substrate at 100mM Mg2+ represents a cleaved enzyme-substrate 

complex, and the one with non-cleavable substrate an enzyme-substrate 

complex not yet cleaved, suggesting that the cleavage action induced a 
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structure change in a direction of longer end-to-end distances. The real-

time dynamic trace with cleaved substrates looks similar with the one with 

non-cleavable substrate except the lower final FRET efficiency. Based on 

the observed FRET efficiency, the observed FRET transition with cleaved 

substrate is from E=0.82 to 0.30 with bypassing 0.35, and the one with non-

cleavable substrate is from E=0.82 to 0.35. The FRET state, E=0.35, 

seems to come from the enzyme-substrate complex not yet cleaved, which 

couldn’t show up in the complex with cleaved substrate because the 

substrate was already cleaved. The FRET state, E=0.30, seems to 

represent the cleaved enzyme-substrate complex, which didn’t show up in 

the complex with non-cleavable substrate but with cleaved substrate.  

Taken together, we could identify the fuor different FRET states shown 

in Figure 3.4. The first FRET state, E=0.82, is caused by Mg2+ binding, the 

change from E=0.82 to 0.35 is come from the substrate binding. The 

subsequent FRET change from E=0.35 to 0.30 could be regarded as an 

actual cleavage step among the whole cleavage reaction process. More 

interestingly, we observed additional two more FRET states following 

E=0.30 state, E=0.49 and 0.82, which seems to be related with the 

substrate release. E=0.49 state showed the similar FRET efficiency 

generated by the partial enzyme-substrate binding, which could be also 

resulted by a partial substrate release, and E=0.82 state displayed the 
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same FRET efficiency of the bare 10-23 deoxyribozyme which could be 

resulted by the complete substrate release.  

 

3.3.2. Enthalpy, entropy, and Gibbs energy of activation for 

binding, cleavage, and sequential dissociations 

We applied the Eyring-Polanyi equation to obtain the enthalpy, entropy, 

and Gibbs energy of activation. The data fit well with the equation for all 

reaction steps (Figure 3.5). The binding step of 10-23 deoxyribozyme 

involves the sequential binding of two arms. The first reaction is nucleation, 

and the second is full binding of one arm. Next, another arm rapidly 

hybridizes to form the enzyme-substrate system. The enthalpy of binding is 

obtained by 16.2 (kcal/mol), which means the activation barrier of the 

reaction is a positive value and that the hybridization of a few bases is 

enough to cross the barrier. We concluded that the rate-determining step of 

hybridization is a diffusion-controlled nucleation reaction. The binding of the 

second arm is too fast to completely distinguish using our experimental 

setup, as described in previous studies. Few data show a sequential 

decrease in the FRET value (E=0.82→0.49→0.35). The entropy of 

activation is obtained with a negative value, -46.2 (J/mol•K), suggesting an 

associative reaction (Table 3.1). 



 

50 

 

Figure 3.5. Eyring-Planyi plot of temperature dependence data for four sub-

steps. Temperature is varied from 26℃ to 34℃ to measure kinetic rate constants 

for four sub-steps, binding, cleavage, dissociation1, and dissociation2. When the 

temperature is increased from 26℃ to 34℃, rates of four reaction sub-steps are 

entirely quickened. 
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The cleavage step is the most important step in the 10-23 

deoxyribozyme reaction. There are many of reports on RNA cleavage to 

determine its mechanism and kinetics. Here, we measured the kinetic 

constants of an individual cleavage step without ensemble averaging. At 

the transition state of the cleavage step, the entropy of activation is 

negative (-105.0 J/mol•K), indicating that the reaction is an associative 

process in the transition state. Although cleavage of a bond is a dissociative 

reaction, the enzymatic structure of an enzyme-substrate state has a higher 

bond order in the transition state. The suggested structure has a 5-bond 

coordinate rather than a 3- or 4-bond coordinate at the phosphate 

backbone. We could not detect the transient structure of the transition state 

using our experimental setup. 

We also observed sequential dissociation of the cleaved substrates. 

The enthalpy of activation is approximately 30 kcal/mol, which shows that 

flapping of 3~4 base pairs is enough for the dissociation reaction. The 

entropy of activation shows that the dissociation steps are a dissociative 

reaction in the transition state. At higher temperatures, the binding and 

cleavage reactions tend to be faster than at lower temperatures. The 

dissociation of the cleaved substrates occurs too quickly to accurately 
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measure the dwell-time compared with the 100 msec of temporal resolution 

we used in the experiments (at 37 ℃). 

 

3.3.3. pH dependence of 10-23 deoxyribozyme reaction 

 

As for protein or RNA enzymes, pH is one of the most important key 

factors for the enzymatic activity of 10-23 deoxyribozyme. In previous 

studies, pH-dependent experiments have been conducted to study the 

kinetic properties of 10-23 deoxyribozyme. However, there has been no 

direct measurement of the cleavage reaction without ensemble averaging. 

We varied the pH from 7.3 to 7.8 to observe the kinetics of the 4-step 

enzyme reaction at the single-molecule level (Figure 3.6). Without 

ensemble averaging, only the cleavage reaction shows a distinct change in 

the reaction dwell-time. The average dwell-time of the cleavage step rapidly 

decreases from 50 to 20 sec as the pH increases. To identify the effect of 

the pH, we plotted the data of the cleavage step on a log-linear scale (inset, 

Figure 3.6). The slope of the log-linear plot is ~0.86, which means that 

single deprotonation is the rate-determining step of the cleavage reaction.  
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Figure 3.6. pH dependence graph and log-linear plot for cleavage step. 

Reaction rate of 10-23 deoxyribozyme sensitively depends on the pH condition. 

When pH is increased from 7.33 to 7.81, only cleavage step is drastically 

changed its kinetics rate. Also, the tendency of the cleavage step fits to log-

linear plot with the slope close to 1. In contrast to the tendency of cleavage 

step, rates of the binding and the dissociation steps show no change. 
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The direct measurement of the cleavage reaction represents the same 

conclusion reported in earlier ensemble work. 

In contrast to the cleavage step, the binding and sequential 

dissociation steps show no significant kinetic change (Figure 3.6). For 

renaturation and hybridization, there have been few reports on the effect of 

pH. In 1968, Wetmer reported that there is no effect of pH in the range of 

pH 6 to 8.33.  However, buffer conditions are limited, and the data seem 

too rough to clarify the effect of pH on DNA hybridization. We thought that 

our direct measurement of binding and dissociation strengthens the effect 

of pH on DNA hybridization. 

Additionally, we observed that the slowest step is re-versed under high 

pH conditions. Under our experimental condition, the cleavage reaction is 

the slowest step in the range of pH 7.3 to 7.5, and the dwell-times of the 

cleavage and binding steps are nearly the same at pH 7.7. At pH 7.8, the 

slowest step is changed from cleavage to binding. This result is due to the 

pH-independent property of DNA hybridization and the pH-sensitive 

cleavage reaction of 10-23 deoxyribozyme under our pH condition.  

 

3.3.4. Effect of an unpaired RNA residue at the cleavage site 

on the reaction rate 
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10-23 Deoxyribozyme has a powerful function to cleave a variety of 

RNA substrates. Because it cleaves any type of RNA substrate that is 

composed of unpaired purines and paired pyrimidines, we confirmed how 

the single RNA residue of the substrate affects the reaction rates of the four 

individual enzyme reaction steps. We prepared five types of the substrates 

with the same two arms and RNA residues (AU, UU, GU, CU, and U 

without an unpaired residue) at the cleavage site and measured the 

average turnover and dwell-time of each reaction step (30 ℃ and pH 7.7). 

The RNA residue does not directly participate in the binding or dissociation 

reaction. Thus, we expected that only the cleavage rate would be 

significantly changed. The average dwell-times show that the substrate with 

a RNA GU residue is cleaved the best. The rate of the cleavage step with 

the G residue is ~5 times faster than that of the AU residue (Figure 3.7). For 

the CU, UU, and U residues, we could not fully observe the entire reaction 

traces under our experimental condition. Because of a photobleaching 

problem, our detection time is limited in ~10 min. The reaction rates of 

substrates with C and U residues are too slow to completely measure 

single turnover dwell-times. 
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Figure 3.7. Effect of RNA residues on reaction rates. When an RNA residue of 

the substrate is varied, only the cleavage step is changed its kinetic property. 

Data for the substrate with a G residue show the fastest kinetic rate compared 

to the rest sequences. 
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Figure 3.8. Scheme of transesterification reaction. 10-23 deoxyribozyme is 

known to catalyze the transesterification reaction. Suggested mechanism of 

the transesterification reaction has a transition state with five-bond order 

phosphate. 
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3.4. Conclusion 

 

In this study, we examined the effects of temperature, pH, and 

substrate RNA residue on the kinetics of the four distinct reaction steps of 

10-23 deoxyribozyme using the single-molecule TIRF microscope. For 

substrate binding, the hybridization of a few bases is the rate-limiting step; 

therefore, this reaction is a diffusion-controlled nucleation reaction within 

the experimental temperature range. For the dissociations, the dissociation 

of 2-3 base pairs is sufficient to dissociate the remaining 7-8 base pairs. For 

substrate cleavage, the negative value for the entropy of activation 

indicates that the associative mechanism in the transition state may be due 

to the higher bond order formed with the phosphate in the backbone. 

Furthermore, the reaction shows a clear log-linear increase with increasing 

pH and a slope close to 1, indicating that single deprotonation of the 2’-

hydroxyl is part of the rate-limiting step. Additionally, we directly measured 

the effect of the unpaired RNA residue of the substrate, especially on the 

cleavage step. Lastly, we hope that our direct measurement of each 

reaction step will be helpful to the investigation of enzyme-substrate 

kinetics. 
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Chapter 4. Shortcut binding and strand 

displacement pathways in 10-23 deoxyribozyme 

reaction 

 

4.1. Introduction 

 

In the present study we distinguished other important reaction steps in 

the enzymatic mechanism of 10-23 deoxyribozyme by TIRF microscopy. 

When one of the cleaved substrate is dissociated from the DNA enzyme 

while the other still bound to it, a new substrate can bind its free recognition 

arm and we named this binding process “shortcut binding (SB)”. SB is then 

followed by strand displacement of the remaining product through branch 

migration which is much faster than spontaneous dissociation of the 

product1. We prepared a different design of DNA enzyme to mimic the 

possible three-body structure state and verified the existence and 

sequential strand-displacement reaction in real-time FRET trace. We also 

measured the percentage of SB-included traces and rates for six individual 

reaction steps as we varied the substrate concentration to examine the 
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relationship between them that may affect the enzymatic turnover rate. 

From our results, proceeding to the SB pathway rather than normal 

pathway appeared to be a “shortcut” from the point of view of the enzymatic 

turnover. 

 

4.2. Materials and Methods 

 

4.2.1. Ensemble experiments 

 

For ensemble measurements, a steady-state spectrofluorometer (QM-

4/2005SE, PTI) is used at room temperature. Sample in cuvette was 

excited by 532 nm of lamp light. To test the possibility of shortcut binding, 

two different experimental methods were conducted with the buffer (50 mM 

Tris-HCl pH 8.0, 100 mM MgCl2, 150 mM NaCl).  

1) The fluorescence of 100.5 nM Cy3-labeled 10-23 enzyme was measured. 

Subsequently, without changing the cuvette, Cy5-labeled substrate was 

added to the solution to give final concentrations of 10-23 enzyme of 100 

nM and substrate of 500 nM. 
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2) The direct excitation of 505 nM Cy5-labeled substrate was measured 

and subsequently Cy3-labeled enzyme was added to the cuvette to give 

the same final concentrations as (1) 

 

4.2.2. Dye labeling and DNA sequence information 

 

Oligonucleotides were purchased from Integrated DNA Technologies 

(Coralville, IA) in HPLC-purified quality. We designed a few sequences to 

verify shortcut binding and strand displacement pathways: 

(All of sequences is typed in the direction of 5' to 3') 

1) Dual-labeled 10-23 deoxyribozyme with a poly-A tail 

/5Cy3/TAA CCT CTT CAG GCT AGC TAC AAC GAA TAG TGG -

ATA/iCy5/TAA  AAA  AAA  AAA  AAA  AAA  A 

2) Biolinylated poly-T for the immobilization and fixed product 

TTT TTT TTT TTT TTT TT/iBiotin-dT/ ATA TCC ACT ATrG  

3) Substrate with 2 RNA residues at the cleavage site. 

/5Cy5/TAT CCA CTA TrGrU GAA GAG GTT 
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4.3. Results and Discussion 

 

4.3.1. Observation of shortcut binding and strand 

displacement pathways 

 

Using samples for the single-molecule experiments designed as 

Figure 3.2, we have observed many turnovers with the normal pathway of 

10-23 deoxyribozyme. On the other hand, it is possible that a different 

reaction pathway of a 10-23 deoxyribozyme enzyme reaction to bind the 

substrate and release its cleaved fragments exists. One possible additional 

reaction pathway is illustrated in Figure 4.1 which is described by shortcut 

binding (SB) reaction pathway. In the mechanism described as Figure 4.1, 

SB reaction pathway can be initiated by binding of a new substrate to the 

one free arm prior to the dissociation of a second product fragment. The 

dissociation of a second product fragment and full binding of the partially 

bound substrate, described as dissociation’, could occur to make the 

enzyme-substrate complex, ES, like initial stage of the enzyme reaction if 

the rate of the binding of a new substrate is faster than the dissociation of 

the partially bound substrate from the enzyme. A new pathway, dissociation’,  



 

65 

 

 

 

Figure 4.1. Shortcut binding and strand displacement in addition to normal 

pathway. New substrate can partially bind to the enzyme at the intermediate 

state of the normal pathway. After that, the partially bound substrate 

accelerates the dissociation of the second product by strand displacement 

mechanism. 
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Figure 4.2. Schematic illustration of strand-displacement mechanism. An 

Overhang-like substrate randomly fluctuates to make its structure to be more 

stable, and a remained product eventually dissociates from the enzyme by the 

strand-displacement mechanism. 
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would occur by the strand-displacement mechanism (Figure 4.2). In this 

mechanism, a free strand replaces an oligonucleotide bound to the enzyme 

by another oligonucleotide with the same sequence. Because it requires 

the melting of the double-helix strand to start the reaction, it is typically 

much faster than the spontaneous dissociation under physiological 

conditions1. 

A free DNA enzyme, in the presence of Mg2+, is randomly coiled thus 

the distance between Cy3 and Cy5 is very close (E state, E=0.82 in Figure 

4.3). When a substrate binds, two arms  become double-strands and the 

two dyes get far away from each other showing low FRET (ES state, E=35). 

After substrate cleavage, the structural change makes the two dyes to get 

more far away from each other (EP1P2 state, E~0.30). When one product 

from either arm dissociates (dissociation1) the single-stranded free arm 

randomly coils again (EP1 or EP2 state, E~0.49). Unless SB occurs, the 

dissociation2 reaction will continue to recover the initial E. Several traces 

showed a lower FRET state (E~0.30) after the EP1 or EP2 state followed 

by subsequent FRET states of E=0.35, 0.30, 0.49, and 0.82, the same 

FRET values as the ES, EP1P2, EP1 or EP2, and E state respectively. 

Consequently, it is reasonable to regard the E=0.30 state as the EP1 or 

EP2S state. The structural difference between the EP1P2 and EP1 or  
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Figure 4.3. Typical dynamic trace for shortcut binding and strand displacement. 

In contrast to the normal trace, shortcut binding is occurred rather than the 

dissociation2 after the dissociation1. The shortcut binding leads to a strand 

displacement, and the second turnover reaction sequentially occurs without 

the end of the enzyme reaction. 
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EP2S state would result in the slightly different dye-to-dye distances. Since 

the strand-displacement reaction is probabilistically more favorable than the 

spontaneous dissociation reactions, we assume that fast strand 

displacement takes place (dissociation') to accomplish the ES state after 

SB. After that, reactions follow the same order as the pre-turnover pathway 

(cleavage and dissocation1) and finally after dissociation2, the enzyme 

regains its original structure. In some traces, the FRET drop after the EP1 

or EP2 state appeared more than once before the recovery of the free 

enzyme. The presumable SB-included traces appeared more frequently 

when the reaction temperature is lower since dissocation2 slower than half-

binding of substrate is a precondition for SB occurrence. 

 

4.3.2. Verification of shortcut binding and strand 

displacement pathway 

 

To verify that SB and sequential strand displacement could take place 

after dissociation1, we designed a different set of DNA sample as in Figure 

4.4. The 3’-side of the binding arm in 10-23 deoxyribozyme was pre-

annealed with a half substrate as the EP2 complex. Prior to the single- 
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Figure 4.4. Sequences for the control test of shortcut binding and strand 

displacement. The left side of the product is ligased with a poly-T strand to fix 

a product to the enzyme. An acceptor dye is labeled on the end of the 

substrate to directly observe the shortcut binding by a new substrate.  
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molecule TIRF measurement, we checked that this DNA enzyme and 

substrate can be hybridized with each other using steady-state fluorometer 

(Figure 4.5). If they associate, FRET should be measured. The green line 

shows the fluorescence spectrum from Cy3 labeled on 10-23 enzyme 

(~100 nM) which has a maximum intensity peak at ~564 nm and a minor 

hill around 600 nm. After mixed with 5-fold more Cy5-labeled substrate, the 

fluorescence intensity at 564 nm decreased by half and a new peak arose 

at ~664 nm (Figure 4.5, left). This new peak is from Cy5 and the 

fluorescence owing to FRET and direct excitation by 532 nm of light should 

be merged. The intensity drop at 564 nm may be due to FRET and also 

photobleaching of Cy3. In order to examine the effect of direct excitation, 

the fluorescence spectrum from Cy5 excited by 532 nm of light which was 

labeled on substrate (~500 nM) was obtained (Figure 4.5, right). The 

fluorescence from direct excitation at 664 nm was measured to some 

extent. In order to examine the effect of photobleaching of Cy3, the solution 

containing Cy3-labeled 10-23 enzyme was added to the cuvette to give the 

same final concentrations as the former measurement. The peak intensity 

at 664 nm increased and a new peak which is from Cy3 arose at 564 nm as 

in the former case (orange lines). From this ensemble result, we concluded 

that the photobleaching of dyes was not significant in this experiment and 

apart from the direct excitation of Cy5 the mixture containing 10-23 enzyme  
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Figure 4.5. Ensemble test for shortcut binding and strand displacement. To 

directly observe the shortcut binding and the strand displacement, cy5 

(acceptor) is labeled at the end of the substrate rather than the enzyme. When 

the substrate is added to the reaction chamber before and after of the 

injection of the enzyme complexes, intense FRET signals were detected for 

both cases. FRET signals represent that the binding of the substrate to the 

partially empty enzyme is a spontaneously favored reaction in ensemble. 
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and substrate showed FRET which means the substrate can bind the EP2 

complex. 

The single-molecule time trajectory was obtained using TIRF which 

shows three FRET states (Figure 4.6). No fluorescence fluctuation was 

observed in channels containing only 10-23 and only substrate which 

indicates the fluorescence fluctuation in channels containing both 10-23 

and substrate was from the interactions between them. The direct excitation 

of Cy5 was measured and removed properly. The substrate unbound state 

shows no FRET since only Cy3 was localized. The low FRET state (E=0.40) 

occurs after substrate half-binding which indicates SB. The fast 

replacement of the pre-annealed arm (gray strand in Figure4.6) through 

branch migration leads to the substrate full-bound state which shows higher 

FRET (E=0.80) and the substrate can be displaced vice versa (half 

dissociation). The full-dissociation reaction after half binding was also 

observed. The trace proceeding from the high FRET state to no FRET state 

is due to the fast half- and full-dissociation of the substrate when the two 

steps are not distinguishable in our time resolution or the Cy5-labeled 

product dissociation after cleavage. Given the slower reaction rate of 

cleavage (lifetime of ~23.7 sec at 34 ℃) than strand displacement (within 

seconds), most of the case would be the former case. The result of this  
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Figure 4.6. Single-molecule test for shortcut binding and strand displacement. 

As the experiment in ensemble, cy5-labeled substrates were injected to the 

elongated product-enzyme complex to directly observe the shortcut binding 

reaction. The single-molecule dynamic traces show the up-and-down 

motions of the FRET efficiencies in a few tens of seconds. Also, there were 

two-step increments of FRET efficiency by strand displacement reaction which 

is unknown in an ensemble test. 
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experiment suggests that SB and subsequent strand displacement can 

occur in the enzymatic reaction of 10-23 deoxyriboyzme. 

We did not tested the case of EP1 however, we suppose the EP1 state 

has sufficient potential for SB occurrence since the two arms have same 

length and the GC contents does not vary much. We concluded that the 

lower FRET state after the EP1 or EP2 state as in Figure 4.3 is due to the 

SB reaction. 

Since SB is an association reaction of complementary oligonucleotides, 

it is highly likely that the ratio of SB-occurrence and the rate of SB are 

dependent on the concentration of DNA strands. Prior to the kinetic 

analysis of each reaction sub-step, we analyzed the ratio of SB-occurrence 

at three substrate concentrations: 50 nM, 200 nM, and 800 nM (Figure 4.7). 

More than 600 traces were collected in each case and traces were largely 

classified into two categories: the normal trace which includes no SB and 

the SB-included trace which passes through more than one SB between 

the times the enzyme starts to wait for substrate binding and the enzyme 

gets free again. SB-included traces were further categorized according to 

the number of SB per trace. At 50 nM substrate condition, more than 90 % 

of enzymatic reactions were conducted through the normal pathway and  
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Figure 4.7. Ratio of normal and SB-induced pathways. Because shortcut 

binding is one of bindings, its kinetic property is related to the concentration of 

the substrate and an intrinsic rate constant. SB-induced pathway has a much 

greater chance to occur than the normal pathway at high substrate 

concentration. Also, the number of the sequential turnover is increased when 

the substrate concentration is increased from 50 nM to 800 nM. 
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among the few SB-included traces, SB conducted just once per trace 

largely dominated. At 200 nM substrate condition, the percentage of the 

SB-included trace increased approximately 4-fold than at 50 nM substrate 

and SB occurring more than twice before the enzyme gets free also 

increased. At 800 nM substrate condition, the percentage of the SB-

included trace almost doubled than that of the normal trace and most of 

SB-included traces contained the SB reaction twice. Overall, SB occurred 

more frequently at higher substrate concentration. We suggest that as the 

substrate concentration gets higher, the probability of a new substrate 

forming a nucleation complex with the EP1 or EP2 state before 

dissociation2 increases resulting the higher ratio of SB-occurrence.  

 

4.3.3. Rate measurement for all sub-steps with varied substrate 

concentration 

 

Dwell times of each forward reaction illustrated in Figure 4.8 were 

collected as we varied the substrate concentration. We neglected reverse 

reactions which were probabilistically unfavorable thus rarely seen in our 

experimental system. We did not differentiate between the two substrate-

recognition arms. The distribution of dwell times of six individual reactions  
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Figure 4.8. Entire reaction pathways of 10-23 deoxyribozyme. In addition to 

already reported normal pathway of 10-23 deoxyribozyme, shortcut binding of 

the substrate and strand displacement pathway is observed by single-

molecule experiments. Accurately measurable rate constants in the 

experiments are marked by black arrows. (not measurable rate constants, gray 

arrows) 
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sub-steps, binding, cleavage, dissociation1, shortcut binding, dissociation’, 

and dissociation2, fitted well with single-exponential decay function. The 

lifetimes of each reaction steps are represented as a function of substrate 

concentration (Figure 4.9). The reciprocal of lifetime is the rate which 

means when lifetime decreases, the rate becomes faster, and vice versa. 

Since the rate-limiting step of enzyme-substrate hybridization is a diffusion-

controlled nucleation reaction2, the binding reaction is dependent on the 

substrate concentration. Under the conditions studied, the reaction obeys 

pseudo-first-order kinetics:  

dPE(t)

dt
= kb[S]PE(t) = kb

0PE(t) 

where PE(t) is a probability for the enzyme is in free enzyme state, kb is a 

rate constant for binding reaction, and kb
0 is an observed rate constant by 

pseudo-first-order kinetics. 
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Figure 4.9. Kinetic data for all reaction sub-steps at the different substrate 

concentrations. Binding, shortcut binding, and dissociation2 steps dominantly 

show the substrate concentration dependencies. On the other hand, cleavage, 

dissociation1, and strand displacement (dissociation') steps have no effect on 

the kinetics when the substrate concentration is changed from 50 nM to 800 

nM. 
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4.3.4. Kinetic model for shortcut binding and strand 

displacement reactions 

 

To understand the entire of 10-23 deoxyribozyme reaction, we 

established a kinetic model that consists of shortcut binding and strand 

displacement pathways. At first, we can write an expanded conventional 

Michaelis-Menten equation (MM mechanism) as below3-11. 

𝑬 + 𝑺
[𝑺]𝒌𝒃
→   𝑬𝑺

𝒌𝒄
→𝑬𝑷𝟏𝑷𝟐

𝒌𝒅𝟏
→ 𝑬𝑷𝟏 + 𝑷𝟐  

𝒌𝒅𝟐
→ 𝑬′ + 𝑷𝟏 +𝑷𝟐     (𝑬

′
𝜹
→  𝑬) 

where k0
b≡[S]kb. 

In conventional MM mechanism, only catalytic reaction is described except 

for dissociation of the product. To verify more realistically, we expanded a 

simple catalytic reaction model to three-step reaction model, including a 

catalytic reaction and a sequential dissociation of two products. In addition, 

an equation (SB mechanism) that consists of shortcut binding and strand 

displacement pathways can be written as below. 

𝑬 + 𝑺
[𝑺]𝒌𝒃
→   𝑬𝑺

𝒌𝒄
→𝑬𝑷𝟏𝑷𝟐

𝒌𝒅𝟏
→ 𝑬𝑷𝟏 + 𝑷𝟐  

[𝑺]𝒌𝒔𝒃
⇔   𝑬𝑷𝟏𝑺

′ + 𝑷𝟐  
𝒌𝒔𝒅
→ 𝑬𝑺′ +𝑷𝟏 + 𝑷𝟐      

                                                                                                           (𝑬𝑺′
𝜹
→  𝑬𝑺) 

Here, we included shortcut binding and strand displacement pathways 

rather than dissociation2 step. Overall, we can combine two kinetic models 

described above. 
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𝑬 + 𝑺
[𝑺]𝒌𝒃
→   𝑬𝑺

𝒌𝒄
→𝑬𝑷𝟏𝑷𝟐

𝒌𝒅𝟏
→ 𝑬𝑷𝟏 + 𝑷𝟐  

𝒌𝒅𝟐
→ 𝑬′ + 𝑷𝟏 + 𝑷𝟐     (𝑬

′
𝜹
→  𝑬)         

                                                     𝑬𝑷𝟏 + 𝑷𝟐
[𝑺]𝒌𝒔𝒃
⇔   𝑬𝑷𝟏𝑺

′ + 𝑷𝟐  
𝒌𝒔𝒅
→ 𝑬𝑺′ + 𝑷𝟏 + 𝑷𝟐      

                                                                                                                     (𝑬𝑺′
𝜹
→  𝑬𝑺) 

In our newer kinetic model, dissociation2 step compete with shortcut 

binding step. To compare two different reaction pathways, we need to solve 

rate equations for a combined kinetic model. For the simplicity, we will skip 

to solve for binding and cleavage steps which are commonly participated in 

MM and SB mechanisms. 

For MM mechanism, we can write rate equations: 

𝑬𝑷𝟏
𝒌𝒅𝟐
→ 𝑬′ + 𝑷𝟏     (𝑬

′
𝜹
→  𝑬) 

𝒅𝑷𝑬𝑷𝟏(𝒕)

𝒅𝒕
= −𝒌𝒅𝟐𝑷𝑬𝑷𝟏(𝒕) 

𝒅𝑷𝑷𝟏(𝒕)

𝒅𝒕
=
𝒅𝑷𝑬′(𝒕)

𝒅𝒕
= 𝒌𝒅𝟐𝑷𝑬𝑷𝟏(𝒕) 

𝑷𝑬𝑷𝟏(𝟎) = 𝟏, 𝑷𝑷𝟏(𝟎) =  𝑷𝑬′(𝟎) = 𝟎 

, and for SB mechanism, 

𝑬𝑷𝟏
[𝑺]𝒌𝒔𝒃
⇔   𝑬𝑷𝟏𝑺

′
𝒌𝒔𝒅
→ 𝑬𝑺′ + 𝑷𝟏     (𝑬𝑺

′
𝜹
→  𝑬𝑺) 

𝒅𝑷𝑬𝑷𝟏(𝒕)

𝒅𝒕
= −[𝑺]𝒌𝒔𝒃𝑷𝑬𝑷𝟏(𝒕) + 𝒌−𝒔𝒃𝑷𝑬𝑷𝟏𝑺′(𝒕) 

𝒅𝑷𝑬𝑷𝟏𝑺′(𝒕)

𝒅𝒕
= [𝑺]𝒌𝒔𝒃𝑷𝑬𝑷𝟏(𝒕) − (𝒌𝒔𝒅 + 𝒌−𝒔𝒃)𝑷𝑬𝑷𝟏𝑺′(𝒕) 
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𝒅𝑷𝑷𝟏(𝒕)

𝒅𝒕
=
𝒅𝑷𝑬𝑺′(𝒕)

𝒅𝒕
= 𝒌𝒔𝒅𝑷𝑬𝑷𝟏𝑺′(𝒕) 

, in last, for combined MM-SB mechanism, 

𝑬𝑷𝟏
𝒌𝒅𝟐
→ 𝑬′ + 𝑷𝟏     (𝑬

′
𝜹
→  𝑬) 

                                 𝑬𝑷𝟏
[𝑺]𝒌𝒔𝒃
⇔   𝑬𝑷𝟏𝑺

′
𝒌𝒔𝒅
→ 𝑬𝑺′ + 𝑷𝟏     (𝑬𝑺

′
𝜹
→  𝑬𝑺) 

𝒅𝑷𝑬𝑷𝟏(𝒕)

𝒅𝒕
= −([𝑺]𝒌𝒔𝒃 + 𝒌𝒔𝒅)𝑷𝑬𝑷𝟏(𝒕) + 𝒌−𝒔𝒃𝑷𝑬𝑷𝟏𝑺′(𝒕) 

𝒅𝑷𝑬𝑷𝟏𝑺′(𝒕)

𝒅𝒕
= [𝑺]𝒌𝒔𝒃𝑷𝑬𝑷𝟏(𝒕) − (𝒌𝒔𝒅 + 𝒌−𝒔𝒃)𝑷𝑬𝑷𝟏𝑺′(𝒕) 

𝒅𝑷𝑷𝟏(𝒕)

𝒅𝒕
=
𝒅𝑷𝑬′(𝒕)

𝒅𝒕
+
𝒅𝑷𝑬𝑺′(𝒕)

𝒅𝒕
= 𝒌𝒅𝟐𝑷𝑬𝑷𝟏(𝒕) + 𝒌𝒔𝒅𝑷𝑬𝑷𝟏𝑺′(𝒕) 

After solving these differential equations, we can derive average time to 

take for a single turnover reaction. The result is 

𝒅𝑷𝑷𝟏(𝒕)

𝒅𝒕
= 𝒌𝒅𝟐{𝑪𝒆𝒙𝒑(𝝀𝟏𝒕) + (𝟏 − 𝑪)𝒆𝒙𝒑(𝝀𝟐𝒕)}

+ 𝒌𝒔𝒅𝑫{𝒆𝒙𝒑(𝝀𝟏𝒕) − 𝒆𝒙𝒑(𝝀𝟐𝒕)} 

< 𝒕 >(𝟑),𝒍𝒂𝒕= 𝒌𝒅𝟐 (
𝑪

𝝀𝟏
𝟐
+
𝟏 − 𝑪

𝝀𝟐
𝟐 ) + 𝒌𝒔𝒅𝑫(

𝟏

𝝀𝟏
𝟐
−
𝟏

𝝀𝟐
𝟐) 

where C, D, λ1, and λ2 are given by 

𝑪 =
𝒂 + √𝒂𝟐 − 𝟒𝒃 − 𝟐(𝒌𝒅𝟐 + [𝑺]𝒌𝒔𝒃)

𝟐√𝒂𝟐 − 𝟒𝒃
, 𝑫 =

[𝑺]𝒌𝒔𝒃

√𝒂𝟐 − 𝟒𝒃
 

𝝀𝟏 =
−𝒂 + √𝒂𝟐 − 𝟒𝒃

𝟐
, 𝝀𝟐 =

−𝒂 − √𝒂𝟐 − 𝟒𝒃

𝟐
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𝒂 = 𝒌𝒅𝟐 + [𝑺]𝒌𝒔𝒃 + 𝒌𝒔𝒅 + 𝒌−𝒔𝒃, 𝒃 = 𝒌𝒅𝟐𝒌−𝒔𝒃 + 𝒌𝒔𝒅𝒌𝒅𝟐 + [𝑺]𝒌𝒔𝒃𝒌𝒔𝒅 

The simplified V(3)=1/<t>ini+1/<t>(3),lat takes the form of 

𝑽(𝟑) =
𝑪𝟏[𝑺]

𝟐 + 𝑪𝟐[𝑺]

𝑪𝟑[𝑺]
𝟐 + 𝑪𝟒[𝑺] + 𝑪𝟓

 

where C is the complex of the rate constants.  

Now, we need to compare the rate for MM mechanism to that for our 

newer mechanism. However, the equations are extremely complex to 

compare obviously its rate, we simulated the equations with experimental 

kinetic parameters by using MATLAB. The rate constants for plotting the 

turnover rates of three mechanisms (MM, SB, and MM-SB mechanisms) 

were given as kb=ksb=1/127.9 sec-1, kc=1/44.1 sec-1, kd1=k-sb=1/29.4 sec-1, 

kd2=1/74 sec-1, and ksd=1/4.8 sec-1 based on our data obtained at 26 ℃, pH 

7.52, with 100 mM of Mg2+ and 50 mM of Na+. 

When we put our experimental parameters into the derived rate 

equations, we could observe obviously different behavior of maximum rate 

for three models. In figure 4.10, the slowest kinetic model is the result from 

MM mechanism compared to two different models, SB and MM-SB models. 

If our kinetic equations are correct, conventional MM mechanism has an 

error from the underestimation of the maximum rate for the enzyme 

reaction. We concluded that these striking results come from the intrinsic 

property of the binding reaction. Because the binding rate is related to the 



 

85 

concentration of the substrate, shortcut binding critically depends on the 

substrate 

 

 

 

Figure 4.10. Simulated plot for turnover rate of three kinetic models, MM 

(black dot), SB (red line), and MM-SB (orange line) models. As the substrate 

concentration is increased from 0 to 900 nM, converged turnover rates show 

different behavior for three different kinetic models. Rate maximum for MM 

mechanism is converged at slow rate compared to those for other mechanisms. 

And, maximum rate for MM-SB mechanism shows slightly slow behavior than that 

for SB mechanism. 
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concentration, too. Because of that, increasing the concentration of the 

substrate causes that the reaction to be powered to the SB pathway.  

 

4.4. Conclusion 

In conclusion, we verified the effect of shortcut binding and strand 

displacement pathways on 10-23 deoxyribozyme kinetics. We derived full 

kinetic equations for three different models, MM, SB, and MM-SB models, 

and the results show how 10-23 deoxyribozyme catalyze the 

transesterification reaction. The most important result is that the substrate 

concentration critically affect to the rate maximum of the enzyme reaction. 

Because 10-23 deoxyribozyme consists of DNAs, shortcut binding and 

strand displacement pathways are possible at the intermediate of the 

reaction. Also, we expect that the ribozyme, which is almost similar to 

deoxyribozyme except for a 2'-hydroxyl group, will progress its catalytic 

reactions in the same way as 10-23 deoxyribozyme reaction in vivo.  
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국문초록 

본 연구에서는 RNA 를 자르는 효소 활성을 지니고 있는 10-23 

디옥시라이보자임의 운동역학적 분석을 수행하였다. 동역학적 구조를 

분석하는 것은 효소 반응을 연구하는 관점에서 필수적인 부분이라고 볼 

수 있다. 전체 반응을 구성하는 단계적인 반응을 모두 관측하기 위하여 

온도 조절이 가능한 전반사 형광 현미경법을 개발하였으며, 이를 통해 

단분자 수준에서 연구가 진행되었다. 실험 결과는 좋은 신호/노이즈 

비율을 얻기 위하여 프리즘 타입의 전반사 현미경법을 사용하였다. 또한, 

10-23 디옥시라이보자임의 구조적 변화를 나노미터 수준에서 구분하기 

위하여 형광 공명 에너지 전달 현상을 이용하였다. 

ㄱ) 실시간 동적 데이터를 분석하여 전체 반응을 구성하는 4 개의 부분 

반응을 관측하였으며, 이는 결합, 절단, 해리 1, 해리 2 의 과정으로 

이루어져있음을 확인할 수 있었다. 결합 반응 단계에서는 꼬여있는 

10-23 디옥시라이보자임 효소가 기질의 결합을 기다리는 대기 

상태를 보였으며, 이는 FRET 값이 높은 0.82 의 결과로 나타났다. 

DNA 가 지니고 있는 음전하로 인하여 꼬여있는 효소의 구조가 주변 

환경의 양이온에 큰 영향을 받는 것으로 나타났다. 본 연구에서는 
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주변 환경에 양이온을 분포시키기 위하여 마그네슘 2 가 양이온을 

첨가하였는데, 이는 효소 반응에 참여하여 반응을 진행시키는 

과정에서 도움을 주며, DNA 의 음전하를 중성화 시키는 역할도 

한다. 이로 인하여 DNA 의 음전하끼리 반발하여 생기는 힘을 

충분히 감소시킬 수 있었으며, 결합 과정을 촉진시키는 역할을 

하였다. 기질이 효소에 결합한 이후, 이중나선 구조를 하고 있는 

효소-기질 결합체가 생성되었음을 확인하였는데, FRET 값이 0.35 를 

나타내며 선형에 가까운 구조를 가지고 있음을 알 수 있었다. 

이어지는 반응 단계는 절단 과정으로 기질이 두 개의 파편으로 

나누어지면서 FRET 값이 0.30 으로 낮아지는 것을 확인하였다. 

이는 효소-기질 결합체의 양 끝이 더욱 멀어진 것을 의미한다. 연구 

장비의 근본적인 한계로 인하여 효소에 의해 기질이 절단되는 

순간의 구조적 변화는 직접적으로 관측되지 못하였다. 마지막으로, 

FRET 값이 두 단계에 걸쳐서 초기 신호와 같은 0.82 로 돌아오는 

것을 확인하였는데, 이는 절단된 두 개의 생성물이 단계적으로 

해리됨으로 인하여 나타난 것으로 결론을 내릴 수 있었다. 절단된 

생성물이 효소로부터 떨어져 나오면서 이중나선으로 되어있던 

구조가 풀리게 되고 다시 꼬인 상태로 돌아간 것으로 해석할 수 
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있었고, 결과적으로 10-23 디옥시라이보자임의 효소 반응을 4 개의 

반응 단계로 나누어 직접 관측할 수 있었다. 이는 앙상블 수준의 

연구에서는 관측할 수 없는 단분자 연구만의 고유한 결과이다. 

ㄴ) 앙상블 수준의 연구에서는 한 반응의 운동 상수를 정확히 측정하는 

것이 불가능하다. 앙상블에서는 신호가 평균화되어 나오기 때문에 

이를 구분하는 것이 불가능하기 때문이다. 그러나 단분자 수준의 

연구에서는 운동 상수를 정확히 측정하는 것이 가능하고, 심지어 

전체 반응을 구성하는 단계적인 부분 반응에 대한 운동 상수를 

직접 측정할 수 있다. 본 연구에서는 10-23 디옥시라이보자임의 

부분 반응들에 대한 운동 상수를 직접적으로 관측하였다. 4 개의 

부분 반응으로 구성되어 있는 이 효소의 반응은 주변 환경의 

변화에 대해 각기 다른 양상을 나타내었다. 주변 환경은 온도, pH, 

RNA, viscosity 를 변화시켰으며, 각 조건이 변화함에 따라 반응 

상수가 어떻게 변화하는지 직접 관측하였다. 온도를 26~34 도 

범위에서 변화를 시킨 경우, 전체적으로 부분 반응의 반응 속도가 

빨라지는 것을 확인하였으며, 결과적으로 운동 상수가 커지는 것을 

측정하였다. 추가적인 정보를 얻기 위하여 Eyring-Polanyi 수식을 
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이용하여 온도 변화 실험 결과가 열역학적으로 어떠한 양상을 

나타내고 있는지 확인하였다. 결과적으로 결합과 절단 반응 단계의 

경우 결합적 반응으로 나타났으며, 해리 반응 두 가지의 경우에는 

해리적 반응으로 나타났다. 또한, DNA 의 열적 해리, 

트랜스에스터리피케이션 반응에 의한 효소 활성, Watson-Crick 

결합의 해리, 염기 쌓임의 해리 과정이 4 개의 부분 반응에 각기 

중요한 것으로 결론지었다. pH 연구에서는 특이하게도 절단 반응 

단계만이 영향을 받는 것으로 나타났다. 절단 반응 단계의 경우 

로그-선형 분포로 연구 결과가 나타났으며, 이는 절단 반응 단계의 

속도결정단계를 한 개의 deprotonation 과정이 결정한다는 것을 

의미한다. 본 연구에서는 pH 를 7.33-7.81 의 범위에서 변화시켰는데, 

이러한 연구 조건에서 결합 및 해리 반응 단계의 경우 반응 속도에 

눈에 띄는 변화를 관측할 수 없었다. 이러한 단 하나의 반응 

단계만이 주변 환경에 영향을 받아 반응 속도가 변하는 것을 

관측하는 것은 앙상블 수준의 연구에서는 불가능한 단분자 수준 

연구만의 고유한 결과라고 볼 수 있다. RNA 염기를 변화시킨 

경우에도 pH 연구와 반응속도 측면에서 유사한 결과가 나타났다. 

절단되는 기질의 염기를 변화시킨 경우 절단 반응 단계의 반응 
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속도가 크게 변화하는 것을 직접적으로 관측할 수 있었다. 이 

결과는 기존의 앙상블 수준에서 이루어진 여러 연구 결과와 

일맥상통하는 결과이다. 마지막으로, 용액의 viscosity 에 변화를 준 

경우 전체적인 반응 단계에서 변화가 관측되었다. 본 연구에서는 

2 배까지 viscosity 를 변화키셨는데, 글리세롤의 화학적 효과에 의해 

절단 반응 단계의 경우 viscosity 가 높아짐에 따라 반응 속도가 

느려지는 것을 관측하였다. 반면에 해리 단계의 경우 동일한 조건 

변화 속에서 반응 속도가 4 배 가까이 빨라지는 것을 확인하였다. 

이러한 결과는 효소 구조의 접힘 현상을 느리게 만드는 효과로 

인하여 발생하였다고 결론을 내릴 수 있었고, 화학적으로는 

수소결합력을 약화시킴으로 인하여 반응 속도에 영향을 가져온 

것으로 해석할 수 있다. 이러한 단분자 수준의 연구 결과가 더 

나아가서 단백질 효소의 동역학적 연구에도 큰 발전을 가져올 것을 

기대한다. 

ㄷ) 효소 반응이 완결되기 위해서는 기질의 결합이 반드시 이루어져야 

한다. 이러한 특징으로 인해 기질의 농도가 전체적인 반응 속도에 

큰 영향을 줄 것으로 예상할 수 있다. 또한, 효소는 기본적으로 
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단발성 반응으로 끝나는 것이 아니고 반복적으로 동일한 반응에 

참여함으로 인하여 적은 시료로 수많은 반응을 진행시킬 수 있다는 

특징을 지니고 있다. 이러한 특징들을 아우르는 이론으로 Michaelis-

Menten 메커니즘이 존재하는데, 이 이론은 모든 효소가 기질과 

결합되어있는 상황에서의 최대 반응 속도에 대한 정보를 앙상블 

수준에서 알려준다. 단분자 수준에서 최대 반응 속도를 측정하기 

위하여 기질의 농도를 50nM~800nM 범위 안에서 변화시키면서 

반응 속도가 어떻게 변화하는지 살펴보는 연구를 수행하였다. 본 

연구에서 놀라운 점은 기질의 농도가 매우 높은 경우 해리 반응 

단계가 거의 관측되지 않았다는 점이다. 동일한 조건에서 수행된 

앙상블 연구에서는 기존의 연구 결과와 유사하게 매우 빠른 효소 

반응 속도를 관측할 수 있었다. 앙상블 수준에서 정상적으로 관측된 

반응 속도를 설명하기 위해서는 단분자 연구에서 관측되지 않은 

해리 반응 단계에 대한 추가적인 연구가 필요하여 추가적인 연구를 

수행한 결과 앙상블 수준에서는 관측할 수 없는 해리단계의 넘김 

과정이 있다는 것을 확인하였다. 반응이 종결되기 위해서는 해리 

반응 단계가 반드시 필요한데, 해리 과정이 완전히 일어나기 전에 

새로운 기질이 부분적으로 결합되는 현상을 직접적으로 관측할 수 
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있었으며, 이러한 결과를 통해 해리 과정이 관측되지 않는 이유를 

설명할 수 있었다. 또한, 단분자 수준의 반응 속도 분석을 통해 

살펴본 결과 두 번째 해리 반응 단계가 가속화되는 현상을 발견할 

수 있었다. 본 연구에서는 이를 단축 결합과 가닥 대체 현상이라고 

명명을 하였으며 기존의 이론인 Michaelis-Menten 메커니즘으로는 

설명할 수 없는 반응 메커니즘으로 결론을 내렸다. 이러한 반응 

단계는 생체 내에서 진행되는 DNA/RNA 효소 반응에도 존재할 

것으로 예상된다. 

결론적으로 본 연구에서는 10-23 디옥시라이보자임의 효소 반응을 

단계적으로 나누어 실시간으로 직접 관측하였으며, 새롭게 발견한 반응 

메커니즘으로 인해 반응이 가속화되고 있었음을 확인할 수 있었다. 또한, 

각 반응 단계에 대한 속도 상수를  측정할 수 있었으며 주변 환경의 

변화에 대해 각기 다르게 반응한다는 것을 직접 관측할 수 있었다. 
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