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Abstract 

Establishing kinetic activity of Exonuclease III  

on surface-immobilized substrates used in novel DNA rolling motors 

By Bakai Sheyitov 

The kinetic capabilities of the enzymes used in nanotechnology, including in molecular motors, 
are often overlooked and poorly defined. This study aims to investigate the kinetic and 
biophysical profile of Exonuclease III, a common 3'-to-5' dsDNA exonuclease, and find its cleavage 
rate of two types of DNA substrates: freely floating in solution and immobilized on the surface. 
Comparing the hydrolysis rates in two environments allowed us to draw conclusions about 
Exonuclease III's kinetic activity and potential use in creating synthetic motors, specifically rolling 
motors. The rolling motor is a design in which the enzyme consumption of the nucleic acid 
monolayer propels the super-diffusive motion of the particle with multivalent DNA legs. An 
earlier generation of motors used RNase H hydrolysis of the RNA monolayer to power such 
motion. This work focuses on applying the findings from in-solution and on-surface kinetic assays 
to optimization of the design of RNA-independent rolling nanomotors. Our results show that 
Exonuclease III is capable of processive cleavage of DNA substrates in both conditions with in-
solution kcat of 12.8 min-1, on-surface kcat of 0.1-0.3 min-1, and on-surface koff of 0.1-0.2 min-1 when 
8 nM ExoIII was added to the buffer containing 10 mM of Mg2+. Additionally, the ability of certain 
protecting groups and fluorophores to affect the enzymatic cleavage was tested. A closer look at 
the Exonuclease III's behavior in various conditions and with substrates in distinct biophysical 
settings (in solution and on surface) addressed the fundamental questions of enzyme kinetics 
and laid a foundation for engineering a new class of nucleic acid-based molecular motors. 
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Background 
 
Natural enzymes are abundant metabolic agents that accelerate biochemical reactions 

and are involved in various physiological functions of the cell, from signal transduction1 

to respiration2 to DNA replication3. Apart from a few notable exceptions, such as RNA 

enzymes known as ribozymes4, biological enzymes are protein structures with high 

specificity and defined catalytic activity. Broadly speaking, enzymes are classified by the 

reaction they catalyze: as such, oxidation or reduction is facilitated by oxidoreductases5, 

while isomerases6 take part in the bond rearrangement, or in other words, isomerization. 

Another noteworthy class of biological enzymes is hydrolases7, enzymes responsible for 

the hydrolytic cleavage of bonds of varied biomolecular substrates: proteins (proteases8), 

lipids (lipases9), polysaccharides (glycoside hydrolases10), and nucleic acids 

(nucleases11). 

Nucleases are phosphodiesterases that cleave the P-O bonds of nucleic acids and thus 

degrade longer polynucleotide chains into smaller oligonucleotide units.12 Fundamentally, 

nucleases are enzymes employed in the bimolecular substitution of either 5' or 3' of a 

scissile phosphate using water as a common nucleophile (Fig. 1).12 The primary roles of 

nucleases in the cell are DNA replication13 and repair13; however, nucleases play 

important role in vital cellular processes such as site-specific recombination14, 

topoisomerization15, cell death16 and RNA splicing17. 

A common precedent in the current literature is to divide protein nucleases into exo- and 

endonucleases based on their interaction with the DNA or RNA polynucleotide chain: 
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exonucleases cleave the chain from its ends, while endonucleases begin the hydrolysis 

of phosphodiester bonds within the inner sites of substrate strands. Classification of 

nucleases could also stem from the enzyme's ability to cleave either DNA (DNases) or 

RNA (RNases). It is important to note that it is often difficult to make a distinct division of 

a nuclease into the classes mentioned above – many enzymes possess dual activities 

and engage with nucleic acids more complexly.18 

 
Figure 1. DNA cleavage by the nuclease.12 Two routes of the reaction mechanism of 

the nuclease hydrolyzing the DNA phosphodiester bond produce either 3’ or 5’ 

phosphate products. Reproduced from Reference 12 (CC BY-NC 3.0). 
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Current literature suggests that there are 17 exonucleases reported in E.coli, including 

DNA polymerases, 3' to 5' and 5' to 3' exonucleases, Rec exonucleases, 

exo/endonucleases, as well as exonucleic activities of RNase T and 

endonucleases.12,18,19 The respective functionality of the enzyme is dependent on its 

intrinsic properties and mechanism of action. The defining characteristics of 

exonucleases are substrate specificity, polarity of degradation, the type of reaction 

products, and processivity (Table 1). Most exonucleases are specific in their ability to 

cleavage strictly DNA or RNA; however, a small number of enzymes, such as RNase T 

have a unique capability to hydrolyze both DNA and RNA substrates.20 The division based 

on the activity on either ssDNA or dsDNA is more ambivalent: some enzymes interact 

only with ssDNA (ExoI) or only with dsDNA (T7 Exo) or both (ExoV, DNase I).12 

Exonucleases are also split into two groups based on the polarity or direction they 

hydrolyze the polynucleotide chain: from 5' to 3' (T7 Exo) or from 3' to 5' (ExoIII, 

ExoI).19,21,22 Products generated from exonuclease activity range from single 

deoxyribonucleoside monophosphates to short oligos to ssDNA. Processivity, or the 

ability of exonuclease to remain associated with the polynucleotide and continue its 

cleavage, is another critical factor distinguishing various exonucleases from each other.23  
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Table 1. Selected enzymes and their properties.25   

The focus of this study is Exonuclease III (from now on ExoIII), an exonuclease that 

hydrolyzes the phosphodiester bonds on dsDNA in a stepwise fashion from the 3' end of 

a substrate strand and releases 5'-phosphomononucleotides as a result (Fig. 2).12 ExoIII 

cleaves only one strand of the dsDNA and is capable of interacting wither both blunt and 

sticky ends as well as nicks in the circular DNA.19 The processivity of ExoIII depends on 

the temperature of the environment, with the decreasing processive character as the 

temperature rises to physiological conditions.23 Like many exonucleases mentioned 

above, ExoIII's activity is also affected by the presence of bivalent coordinating metal ions 

such as Mg2+ or Ca2+.26 These metal cofactors are known to enhance nucleases’ catalytic 

activity through transition-state stabilization via hydrogen bonding and other 

intermolecular interactions.27,28 

Enzyme Specificity Polarity Cleavage products 

ExoIII dsDNA 3’ → 5’ dNMPs, ssDNA  

ExoI ssDNA 3’ → 5’ dNMPs 

T7 Exo dsDNA 5’ → 3’ dNMPs, ssDNA 

ExoV ss/dsDNA  both short oligos 

DNase I ss/dsDNA endonuclease dNMPs, oligos, ssDNA 

RNase H24 RNA 3’ → 5’ dNMPs 

RNase T20 ssDNA/RNA 3’ → 5’ dNMPs 



 

 

 

5 

 

 

Figure 2. Structure and functionality of Exonuclease III (ExoIII).13 A. A secondary 

structure of an ExoIII protein generally maintains an alpha-helix formation.29 B. ExoIII 

processively cleaves from 3’ end of a dsDNA regardless of whether the substrate has 

blunt or sticky ends, or if any internal nicks are present.30  

ExoIII exonuclease activity plays a crucial role in its capabilities of removing 3' nucleotides 

damaged by radiation or oxidation during the DNA repair process.31 In addition to 

hydrolysis of DNA from a 3'-end, ExoIII can act as an endonuclease of 

apurinic/apyrimidinic (AP) sites32 and thus promote the incision of abasic sites in the 

substrate strand.12 ExoIII also possesses RNase H activity, allowing the degradation of 

RNA:DNA hybrids present in the solution.12,13 Overall, a complex of ExoIII activities and 

properties makes this enzyme an energy-efficient and versatile tool for DNA repair in cells 

of numerous species, from prokaryotes to mammals. 

In recent decades, ExoIII has been extensively used in biological and biochemical 

research as a convenient enzyme for preparing single-stranded DNA for dideoxy 

sequencing33, making nested deletions in double-stranded DNA34, or site-directed 

mutagenesis30,35. Moreover, ExoIII has been implemented in more advanced 

A B 
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biotechnological designs, such as DNA molecular motors.36 The study of ExoIII kinetic 

capabilities will serve as a basis for its utilization in the first RNA-free rolling motor. 

Molecular machines or motors are constructs capable of transferring the chemical energy 

of various sources into a clear mechanical output given a specific stimulus.37 

Biomolecules generating mechanical motion due to an exothermal chemical reaction are 

abundant and vital for living organisms, presiding over such processes as ATP generation 

by ATP synthase38 or a movement of a kinesin protein39 along the microtubule filaments. 

Other crucial biological functions of molecular machines include translation40, DNA 

replication41, intracellular transport, and muscle contraction42.  

ATP synthase is an enzyme catalyzing the ATP generation on the inner membrane of 

eukaryotic mitochondria or prokaryotic plasma membrane. A complex structure consisting 

of two rotary motors, the proton-driven intrinsic domain F0 and the ATP-driven globular 

catalytic domain F1, ATP synthase synthesizes ATP from ADP and Pi via rotary catalysis 

of two domains (Fig. 3).38 The energy powering the motor stems from the gradient of the 

electrochemical potential of protons between the inner and outer sides of the 

membrane.38,42 The accumulation of protons on the inner side of the membrane occurs 

in electron chains of respiration or photosynthesis, specifically through biochemical 

pathways involving NADH dehydrogenase, cytochrome bc1 complex, or cytochrome c 

oxidase.38 With a large electrochemical potential, protons flow through F0, driving the 

movement of its rotor.43 The side stalk connecting two domains of ATP synthase allows 

the rotor of F0 to promote the rotation of the ATP-generating F1 assembly. The reverse 
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reaction, ATP hydrolysis, is facilitated by the rotation of the motors in the opposite 

direction and, thus, a build-up of protons on the inner side of the membrane.43 

 
Figure 3. Structure and functionality of the ATP synthase.43 Two connected ATP 

synthases domains rotate due to the electrochemical potential created by the proton 

gradient and synthesize ATP from ADP and Pi as a result. The reaction is reversable. 

Reproduced from Reference 43 (CC BY-NC 3.0). 

Another example of molecular motors in the cell is kinesin superfamily proteins, which, 

together with dyneins and myosins, are responsible for intracellular transport with the 

energy generated by ATP hydrolysis.44 While dyneins are involved in the motility of cilia 

and flagella45 and myosins' movement along actin filaments is responsible for muscle 

contraction46, kinesins transport proteins and mRNAs along cytoskeleton filaments47, 

especially in a polarized environment of neurons or epithelial cells. Kinesins consist of a 

highly conserved motor domain and unique stalk and tail domains depending on the 

motor's target cargo and scaffolds. Conventional kinesins (Kinesin 1) employ the "hand-
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overhand" model of two motor domains stepping processively along microtubules (Fig. 

4).39,48  

 

Figure 4. Structure and functionality of the kinesin motor.48 Kinesin triangular heads 

move processively and directionally via the neck linkers along the microtubule track. The 

walking movement is powered by the ATP hydrolysis, and the four-step 

mechanochemical cycle is governed by the balance of kinetic rates of unit association, 

conformational change, and dissociation. Reproduced from Reference 48 (CC BY-NC 

3.0). 
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Fascinated by the variety and functionality of molecular motors in nature, scientists have 

long attempted to replicate such systems and design assemblies generating and 

controlling mechanical motion at the molecular scale.49 The advances in supramolecular 

chemistry and nanotechnology allowed scientists to construct complex structures capable 

of processive displacement, response to external stimuli, and dynamic force generating49, 

including synthetic muscles50, shuttles51, walkers52, rollers, pumps53, elevators, 

switches54, hinges54, balances55, propellers56, and nanocars57. This emerging variety of 

molecular motors is controlled by either light, chemical reactions, or electrochemical 

potential. The expanding repertoire of artificial molecular motors has been used in a 

variety of biotechnological applications, from smart polymers to catalysis to drug 

delivery.49 

One of the first breakthroughs in the field was established by Jean-Pierre Sauvage at the 

University of Strasbourg with his development of catenane, a structure consisting of two 

interlocked macrocycles that can freely rotate around each other (Fig. 5, A).58 The next 

major step in synthesizing artificial motors was rotaxane devised by Fraser Stoddard from 

Northwestern University.54,59 Rotaxane is a primary example of a molecular shuttle, a 

construct in which a macrocyclic wheel engaged in a translational movement along the 

axle thread between two sites (Fig. 5, B).60 The motion of these first-generation artificial 

motors was controlled by the electrochemical interactions between their individual parts. 

Bernard Feringa from the University of Groningen has been credited for his outstanding 

work with rotary motors that uses photoisomerization of a double bond as a rotary axle to 

stimulate movement (Fig. 5, C).49,54 For these groundbreaking achievements in the 
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synthesis and application of early-generation molecular motors, Jean-Pierre Sauvage, 

Fraser Stoddard, and Bernard Feringa were awarded a Nobel Prize in Chemistry in 

2016.61  

 

 

A 
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Figure 5. Examples of early-generation artificial molecular motors (AMMs). A. A 

rotaxane developed by F. Stoddard is a molecular shuttle in which a macrocyclic ring 

traverses between two ends of the axle thread.60 B. A catenane developed by J.-P. 

Sauvage has two interlocked rings capable of rotating around the axes triggered by the 

external chemical stimuli.62 C. A rotary motor developed by B. Feringa employs the 

photoisomerization of the double bond to power the rotation of its fragments.49 

Reproduced from References 60, 62, 49 (CC BY-NC 3.0). 

Taking inspiration from a bipedal "walking" movement of kinesins and myosins across 

microtubules and actin filaments, researchers have constructed a number of linear 

molecular motors in which a two-legged unit is capable of walking up and down a 

molecular track. A challenge in designing such a system is that per each step, one leg of 

a motor must be labile to drive the movement while the other has to be attached to 

generate a temporary pivotal point.62 In Delius et al., a small-molecule motor propagates 

on the four-foothold molecular track in response to the pH change of the environment. 

(Fig. 6).62 In acidic conditions, one of the feet is locked by the disulfide bond, while the 

hydrazone unit is labile and capable of interacting with track footholds before or after it.63 

Conversely, in basic conditions, the hydrazone unit is attached to the foothold, and the 

disulfide unit seeks a binding site.63 The switch in the acidity of the environment allows a 

walker to randomly and processively move along the track. The design mimics the 

principle of mechanical translocation of natural linear motors and serves as a blueprint 

for future small-molecule walkers performing complex tasks in biological settings.  
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Figure 6. Translocation of a small molecule-based synthetic bipedal walker.62 A 

small molecule moves along the sites of the track via either disulfide or hydrazone bond. 

The walking is controlled by the pH changes of the external environment. Reproduced 

from Reference 62 with a permission from Nature Chemistry.  

Mimicking natural machinery performing complex tasks requires sophisticated 

architecture as well as a high level of controllability and flexibility of artificial motors.59 

Unfortunately for its implementation as synthetic machines, designs consisting of small 

molecules and organic compounds often lack these properties.64 Attempting to resemble 

the dimensions and structural intricacy of biological motors, scientists have devised a new 

generation of motors utilizing DNA nucleotides as building blocks of larger designs. DNA 
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has become an attractive biopolymer for constructing artificial motors for multiple reasons. 

First, its broad availability and high customizability make testing, optimizing, and tuning 

motors' structures an easier and faster task.65 DNA's chemical stability greatly exceeds 

that of proteins or RNA, adding to the motor's overall durability. Other qualities of DNA 

that have been useful in developing DNA nanostructures, known as DNA origami, are its 

localized stiffness59 (ability to vary flexible and rigid elements) and effective persistence 

length59 (high level of bending before folding). The sum of these parameters opened new 

possibilities for assembling DNA-based motors with even greater functionality and scope 

of applications.  

The work done by Jong-Shik Shin and Niles A. Pierce has shown a new direction in DNA 

nanoengineering: the development of DNA-based walkers.66 Taking inspiration from the 

principle of movement of kinesin along the microtubule, these scientists have constructed 

a DNA walker strand with two "legs" processively bridging with the sites along the DNA 

track via attachment strands and unbinding from the track upon the addition of 

disattachment strands (Fig. 7).66 The so-called strand displacement reaction allows a 

processive propagation of the walker along the track of six binding sites. Walking is 

controlled by the addition of attachment and disattachment strands, meaning that the 

designed DNA motor produces directed movement only with the external stimulus.66 
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Figure 7. Translocation of a DNA-based synthetic bipedal walker.66 A bipedal DNA  

walker consists of a walker, a track, attachment and detachment strands. The movement 

is powered by (1) binding of two attachment strands to the track, (2) binding of the 

detachment strand that causes a strand displacement of the neighboring leg. Reproduced 

from Reference 66 with a permission from American Chemical Society. 

Another significant step forward in designing DNA-based molecular machines is the 

invention of the DNA lame walker, a strand with two legs randomly and autonomously 

moving along the surface of a microsphere (Fig. 8).67 A stochastic DNA walker, in this 
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case, consists of a long leg responsible for the movement and association, while a short 

leg rapidly searches for the following binding site on the particle.67 In contrast to the 

walking system described before, this walker is powered by the nicking endonuclease 

cleavage rather than a strand displacement mechanism. The construct's processivity and 

performance lead to its effective application in detecting target DNA with a high level of 

specificity.67 

 
Figure 8. Translocation of a synthetic DNA walker on a microsphere powered by 

the cleavage of the nicking enzyme.67 A lame DNA walker persistently moves on the 

surface of the microsphere, binding a long and a short leg to the anchor strands. The 

movement is powered by the enzymatic cleavage of the binding region by the nicking 
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enzyme Nb.BbvCl. Reproduced from Reference 67 with a permission from Biosensors 

and Bioelectronics. 

DNA-based walkers described above, as well as numerous other versions with altered 

designs and applications, are considered to be breakthroughs in the field of DNA 

biophysics and nanoengineering. Yet the implementation and advancement of this 

technology have been hindered by several potent scientific challenges and trade-offs. 

First, the maximum distance the best DNA walkers can propagate is 1 um, highlighting 

the difficulty of preserving the track affinity and motor endurance in the system.65,68 

Increasing the multivalency of the walker solves some of the issues regarding fidelity yet 

significantly slows down the motor.68 Currently, the limit for the rate of DNA walkers is set 

as 1 nm/min.68 Indeed, it turns out that the mean distance traveled and the mean velocity 

of the motor traveling that distance are two target goals colliding with each other and 

leading scientists towards an uncomfortable decision of what parameter to prioritize in 

their design.69 

Kevin Yehl and colleagues at the Salaita group described a system in Yehl et al. that 

untangles the mentioned trade-off and increases both the distance traveled and velocity 

of the motor by orders of magnitude.68 An elegant solution to the problem, in this case, 

was to introduce a completely different mode of motion: rolling. The proposed system 

consists of a DNA-coated particle hybridized to the complementary RNA monolayer on a 

gold surface (Fig. 9). Upon the addition of RNase H, which selectivity hydrolyzes dsRNA 

that links the motor to the surface, the substrate gets consumed, and the motion of the 

rolling motor is directed away from the areas of the cleaved substrate.68 This phenomenon 
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is described as a "burnt-bridge Brownian ratchet," previously employed in DNA walkers 

and spiders. What is novel about Yehl's system is the proposed utilization of a spherical 

bead which significantly increases the contact area and, thus, multivalency of the motor 

compared to previously reported constructs.70 It is important to note that even with an 

increased multiplicity, the speed of the motor is not impaired due to a high level of 

processivity and turnover of RNase H compared to enzymes commonly employed in DNA 

walkers. The unique "cog-on-wheel" design allows the rolling motors to travel in a super-

diffusive, self-avoiding manner for, on average, 380 ± 50 nm with a speed of about 2 

µm/min (Fig. 9).68 A particle displacement readout of the proposed motor system was 

able to detect single nucleotide polymorphism using a smartphone camera.68 This newly 

invented mechanism defies previously established limitations and brings new possibilities 

to creating next-generation molecular machines employed in future biosensing, drug 

delivery, and computational efforts. 
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Figure 9. Translocation of a synthetic DNA-based rolling motor on RNA monolayer 

fabricated on a thin gold film.70 A. A schematic shows the principle of the rolling motion 

of the DNA-modified particle on an RNA layer via cog-and-wheel translocation. B. 

Representative BF and TRITC (Cy3-fluorescence) image depicting a single particle’s 

locomotion track over 30 mins after RNase H addition. C. The line-scan plot from B 

showing a Cy3 signal depletion in the track region. Reproduced from Reference 70 with 

a permission from Nature Nanotechnology. 

Over the years, the Salaita lab group have expanded on this invention and attempted to 

modify the design to achieve even higher processivity and endurance. In Bazrafshan et 

al., Alisina Bazrasfshan and colleagues have used DNA origami structure instead of a 

particle as a nanomotor. A bundle of 16 DNA double helices formed into a rectangular 

prism with outstanding DNA legs was reported to show a ballistic, unidirectional, linear 

movement over micron distances at an average velocity of 40 nm/min (Fig. 10).65 Another 

A 

B                                                                            C 
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advantageous characteristic of a DNA origami nanomotor is its high tunability of 

numerous system parameters, such as leg distribution and body rigidity.65 In addition to 

the assembly of more optimal DNA rolling motors, the study has explained some of the 

previously obscure structure-function dependencies regarding the role of shape, leg 

density, and chassis flexibility in enhancing the performance of motors.65 

 

Figure 10. Tunable DNA origami motor travelling ballistically over micron-scale 

distances.65 A. A schematic and a TEM image of 16 HB origami motor. B. A ensemble 

plot showing the trajectories of motors (n = 33) with 43.2 nM RNase H (left) and no 

enzyme added (right). C. Time-lapse fluorescence images of A647-16HB, Cy3-fuel, and 

overlay of a single origami motor. The color bar after 60 min time-lapse demonstrates a 

ballistic motion of the motor. Reproduced from Reference 65 with a permission from 

Angewandte Chemie International Edition.  
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Tackling the challenges and opportunities that DNA rolling motors bring, our group has 

focused efforts on (1) developing the fundamental knowledge of the thermodynamic and 

kinetic phenomena at the interface of the enzyme-substrate interaction, (2) tuning and 

optimizing motors' performance by changing various systemic parameters, and (3) 

exploring the potential in vitro and in vivo applications of the construct.65,69–72 The first 

task aims to address incremental yet necessary questions about the interplay between 

kinetic constants (kon, kcat, koff) governing the movement of the motor as well as the role 

of the DNA/RNA length, stability, and rigidity in creating an optimal molecular machine. 

For the second task, lab members attempted to switch the type of enzyme and surface, 

introduce microfluidic flow and enzyme-free platforms, and alter the buffer composition, 

beads' size and shape, DNA/RNA sequence and GC content – all in the process of 

evolving the initial design into a more robust and controllable shape. Indeed, the achieved 

versatility brings greater familiarity and understanding of the underlying mechanism of the 

system.  

 

The third, application-oriented task pushed our group to think of the advantages our 

model has over the existing scope of bioanalytical methods. The remarkable selectivity 

and specificity of DNA nanomotors in detecting nucleic acids and viral particles, including 

the ones of SARS-CoV-2, hold immense potential for our system in piloting and, 

subsequently, manufacturing novel biosensing tools. Another strength is the possibility of 

cross-communication between multiple types of particles, which was explored in Piranej 

et al. and resulted in the creation of the simplest logic gates. This important milestone 

marks motors' future promise as a blueprint for biocomputational technologies. And, 
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finally, a far-ahead goal of the group is to develop DNA rolling motors capable of 

translocating in vivo, turning targeted drug-delivery nanomachines rolling on the 

organelle, cell, and tissue surfaces into a reality.  

A project my graduate mentor, Yusha Imtiaz, and I have been working on entails using 

ExoIII to power the RNA-free, DNA-only nanomotors rolling on a DNA-modified glass 

surface. The schematic design and early data showing moderate motor translocation is 

shown in Fig. 11. The principle of motion via the burnt-bridge Brownian ratchet in this 

project is reminiscent of the one previously reported in Yehl et al. and Bazrafshan et al., 

yet the design of ExoIII-powered motors avoids the dependence on the RNA monolayer 

or RNA/DNA chimera hybrids.65,70 The reasoning behind such avoidance is RNA's 

instability and inapplicability in environments rich with RNases. Additionally, utilizing just 

one type of nucleic acid in the motor system simplifies experiments' general architecture 

and workflow. Exonuclease III (ExoIII) was picked over other candidates, which included 

exonucleases, nicking enzymes, and Cas12, due to its processive cleavage of dsDNA, 

commercial availability, and a precedent of use in DNA-based walker designs.  
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Figure 11. A proposed RNA-free, next-generation rolling motor (unpublished by Y. 

Imtiaz). A. A proposed sequence for the fuel and gDNA strands used in the preliminary 

studies. B. A schematic depicting the principle of motion of the DNA motor reminiscent of 

the previously reported RNA-dependent, RNase H-powered rolling motors. C. An initial 

data depicting small track formation on the BF, TRITC (Cy3-fluorescence), and merged 

microscope images.  
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In order to obtain the processive rolling of the nanomotor on the surface, three rates must 

be closely monitored: the rate of hybridization of the DNA leg to the surface monolayer 

(kon), the rate of enzymatic cleavage of the surface-bound double-stranded substrate 

(kcat), and the rate of unzipping of the DNA leg from the consumed substrate (koff). The 

balance between these three kinetic constants ensures a super-diffusive motion of the 

particle, while the failure to maintain it leads to either particle stalling or floating. Previous 

studies have done much work to uncover the kinetics of RNase H powering the DNA/RNA 

motors' movement. However, little is known about the kinetic capabilities of ExoIII with 

short oligonucleotides under the conditions set for the translocation of the DNA motor. 

Previous literature on enzyme kinetics of ExoIII is largely outdated and does not give 

reliable estimates of its cleavage rates of short DNA fragments in both in-solution and on-

surface environments.  

In its essence, this study is aimed to address the gap in knowledge of  ExoIII's behavior 

with DNA substrates under different conditions – freely floating and immobilized. Besides, 

the enzyme's cleavage viability against common protecting groups is assessed. The 

findings of the study contribute to the larger project of designing RNA-free rolling motors 

with ExoIII. Series of experiments are conducted to discover the optimal system 

parameters for both kinetic assays and rolling experiments. In the longer term, elucidation 

of ExoIII's potential in highly multivalent, processive rolling motors opens new possibilities 

in the field of DNA nanotechnology, promoting progress towards better and faster 

molecular motors performing tightly controlled, sophisticated tasks reminiscent of the 

natural biological machinery. 
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Methods 
 
Sections ‘Glass surface preparation and etching’ and ‘Fabrication of the DNA monolayer 

on a glass surface’ were adapted from the protocol design of Alisina Bazrafshan 

described in Bazrasfhan et al. with minor variations and additions.65 Sections ‘Thermal 

evaporation of gold films’, ‘Fabrication of the DNA monolayer on a gold surface’, and 

‘Microscopy’ were adapted from the protocol design of Selma Piranej described in Piranej 

et al. and accompanied supplementary information.71  

Materials  

All chemicals were purchased from Sigma-Aldrich unless otherwise noted. All DNA 

oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA), stored 

at –20 ºC, and used without purification. The sequences of all oligonucleotides used in 

the experiments, including fluorescently labeled and modified, are shown in the Table X. 

In case of unavailability of the desired modifications, Cy3-NHS, Cy3B-NHS, FAM-NHS, 

and Cy5-NHS fluorescent dyes and alkyne-modified oligonucleotides were purchased 

separately from Integrated DNA Technologies (Coralville, IA). Fluorophores and 

oligonucleotides were conjugated and later isolated by the HPLC. Stock solutions and 

aliquots were prepared using Nanopure water (BarnsteadTM NanopureTM system, 

resistivity = 18.2 MΩ, Thermofisher, Waltham, MA), from now on referred as DI water. 

ExoIII was obtained from New England Biolabs (Ipswich, MA).  
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Table 2. All DNA oligonucleotides used in the study. 
ID Sequences (5’-3’) 

Cy3-Fuel (in-solution) /Cy3/CTG CCT CAG CTA C 

Cy3-Fuel (on-surface) CACCCCATCTCTCTCT5 CTGCCTCAGCTAC/Cy3/ 

FAM-Fuel CACCCCATCTCTCTCT5 CTGCCTCAGCTAC/FAM/ 

gDNA GTA GCT GAG GCA G 

BHQ2-gDNA GTA GCT GAG GCA G/BHQ2/ 

gDNA-T5 GTA GCT GAG GCA GTT TTT 

Inverted gDNA GTA GCT GAG GCA GT*T* T*T*/3InvdT/ 

Cy5-gDNA GTA GCT GAG GCA G/Cy5/ 

DNA anchor (glass) GAGAGAGATGGGGTGT15/5-Hexynyl/ 

DNA anchor (gold) /5AmMC6/GAGAGAGATGGGGTGT15/3ThiolMC3-D/ 

In-solution kinetic assay 

Oligonucleotides purchased from Integrated DNA Technologies were annealed at 95 ºC 

in a Bio-Rad T100 thermal cycler from Bio-Rad Laboratories (Hercules, CA) and then 

gradually cooled down to 25 ºC for about 90 mins. The obtained products were pipetted 

into the 96-well plates along with the buffer (150 mM NaCl, 60 mM Tris-HCl, 5-15 mM 

MgCl2) and 1 mM DTT. ExoIII was added right before the kinetic readout, ensuring the 

immediate measurement of the initial cleavage of substrate. The fluorescence intensity 

(540/590 nm excitation/emission for Cy3/Cy3B signals, 485/528 nm excitation/emission 

for FAM signal) of each well were detected with a Bio-Tek Synergy HT plate reader to 
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measure a real-time fluorescence intensity change due to the increase of the distance 

between the quencher and the quenched fluorophore as a result of a cleavage.  

PAGE Gel electrophoresis 

To cast a 20% denaturing polyacrylamide (PAGE) gel, a mixture consisting of 10 mL 40% 

29:1 acrylamide/bis, 7.2 g urea, 2 mL 10X TBE buffer, and 2.55 mL DI H2O was made in 

a 50 mL falcon tube and thoroughly shaken until a nearly complete dissolvement of urea. 

Then, 12 µL TEMED and 60 µL 30% (w/v) ammonium persulfate (APS) were added to 

begin the activation of the polymerization. The solution was quickly vortexed and poured 

in between a set of 0.75 mm gel plates (Bio-Rad, Hercules, CA). After approximately 30 

mins, polymerization was complete, and the obtained PAGE gel was fully solidified. The 

gel plates were wrapped in a wet tissue and stored at –4 ºC for 1-3 days after the casting.  

In preparation of samples for the gel electrophoresis, a uniform final concentration of DNA 

oligonucleotide probes (100 nM) was used. Depending on the condition tested, various 

concentrations of ExoIII (0 nM, 8 nM, 40 nM) were added. Annealing of the DNA substrate 

strands was done in a Bio-Rad T100 thermal cycler from Bio-Rad Laboratories (Hercules, 

CA) for approximately 90 mins with a stepwise cooling to ensure the stability of the 

annealed product. The product was then incubated at 37 °C with ExoIII (0 nM, 8 nM, 40 

nM) in a Bio-Rad T100 thermal cycler for 20 mins. ExoIII left in the solution was terminated 

by increasing the temperature of incubation up to 95 °C. 15 µL of the reacted solution 

was taken and mixed with 3 µL of 1X Purple SDS-free DNA loading dye (NEB, Ipswich, 

MA). The DNA loading dye used in the electrophoresis consists of 0.042% (w/v) 

bromophenol blue and 10% (v/v) glycerol.  
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Electrophoresis was conducted on a Bio-Rad Mini-PROTEAN Tetra Vertical 

Electrophoresis Cell (Bio-Rad Laboratories, Hercules, CA)  and PowerPac™ Basic Power 

Supply. An empty gel was pre-run before the addition of DNA oligonucleotides at 120V 

for approximately 15 mins. The gel wells with the DNA probes were held at 170V for 

approximately 45-60 mins. The completed gel was first imaged on a Cytiva Amersham 

Typhoon laser-scanning platform using ‘Fluorescence mode’ and Cy3, Cy5, or FAM filters 

to detect the presence of certain dyes on the investigated strands. Finally, the gel was 

kept in a 50mL 1:10,000 dilution of Promega Diamond™ Nucleic Acid Dye for 10 mins 

and imaged with the ‘Nucleic acid mode’ to make inferences about the presence of 

specific DNA denatured strands upon the addition of enzyme to the system. 

Glass surface preparation and etching65 

An IBIDI glass slide (No.1.5H, 25 x 75 mm2) was sonicated in DI water twice for 5 min. 

The slide was subsequently sonicated in 200 proof ethanol for 15 min. The slide was then 

thoroughly washed with DI water to eliminate any remains of ethanol on the surface. A 

piranha solution (v/v = 3:7 hydrogen peroxide/sulfuric acid) was used to etch the glass 

slide for 30 min leading to the activation of hydroxyl groups and ensuring no contamination 

with any organic material on the glass. Extreme caution was taken while working with 

corrosive and potentially explosive (if in contact with organics) piranha solution. 

Immediately following etching, a slide was placed into a solution containing 2% (v/v) 

APTES in ethanol for 1 h. Lastly, a slide was washed with ethanol three times and  
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cured in an oven in 110 ºC for 10 min. The produced slides were used within 1-2 days 

after the process. 

Fabrication of the DNA monolayer on a glass surface65 

The slides were attached to either six-channel microfluidic cells (Sticky-Slide VI 0.4, IBIDI) 

or 96-well plates (Corning, ME). To each channel or well, approximately 50 μL of 10 

mg/mL of NHS-PEG4-azide (Click Chemistry Tools) in 0.1 M NaHCO3 (pH = 9) were 

added, and the solution was incubated for 1 h. Upon incubation, the channels or wells 

were washed with DI water under a constant flow powered by the vacuum suction.   After 

a thorough rinse, a solution of 10 μM alkyne modified DNA anchor strand, 50 μM THTPA, 

10 μM CuSO4 and 1 mM sodium ascorbate in 1 M potassium phosphate buffer was added 

to the surface and incubated for 1 h. Excess DNA was then removed from the channel or 

well with a constant flow of approximately 5 mL of DI water. A complimentary was DNA 

strand (100 nM) was then added to the channels or wells; the plate was parafilmed and 

left overnight at room temperature. The DNA monolayer remained intact within one-two 

days after the process (Fig. 12). 

Figure 12. Glass slides preparation. A scheme summarizing the procedure for 
preparing and functionalizing the glass slides.  
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Thermal evaporation of gold films71  

An IBIDI glass slide (No.1.5H, 25 x 75 mm2) was sonicated in DI water twice for 5 minutes. 

The slide was subsequently sonicated in 200 proof ethanol (Fisher Scientific, 04-355-223) 

for 5 minutes and dried under a constant flow of N2. A slide was transferred into a thermal 

evaporator chamber with a constant pressure of 50 x 10-3 torr. After three purges with N2, 

the pressure was decreased to 2 x 10-3 torr. Under this pressure, a 3-nm Cr film was 

added onto the glass slide at a rate of 0.2 Å s–1. Following the adhesion of Cr layer, 6-nm 

Au layer was added at a rate of 0.4 Å s–1. The produced slides were used within 1 week 

after the process (Fig. 13).  

Fabrication of the DNA monolayer on a gold surface71  

The slides were attached to six-channel microfluidic cells (Sticky-Slide VI 0.4, IBIDI). Prior 

to functionalization of the surface, each channel was washed with 5 mL of DI water. 

Approximately 50 μL of thiol-modified DNA anchor in 1M potassium hydrophosphate 

buffer were added to each channel, and the solution was incubated overnight. The gold 

film was parafilmed to prevent evaporation. Upon incubation, excess DNA was removed 

by rinsing each channel with 5 mL of DI water. A complimentary was DNA strand (100 

nM) was then added to the channels; the plate was parafilmed and left overnight at room 

temperature. The DNA monolayer remained intact within one-two days after the 

hybridization (Fig. 13). 
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Figure 13. Gold slides preparation. A scheme summarizing the procedure for preparing 
and functionalizing the gold slides. 

Microscopy71 

Optical microscope imaging was done on Eclipse Ti2-E Nikon Inverted Research 

Microscope with the Elements software package (Nikon). An automated scanning stage, 

a 1.49 NA CFI Apo TIRF x100 objective, a Prime 95B 25 mm scientific complementary 

metal oxide semiconductor camera, and a SOLA SE II 365 Light Engine as a white-light 

excitation source were used to capture images and record the time-lapses. Fluorescence 

signals of Cy3, Cy5, and FAM were collected with a TRITC filter set (Chroma, 96321), an 

EGFP/FITC/Cy2/Alexa Fluor 488 filter set (Chroma, 96226) and a Cy5/Alexa Fluor 

647/Draq 5 filter set (Chroma, 96232) with an exposure time of 100 ms.  

Data analysis and acquisition 

Microscope image processing was conducted in Fiji (ImageJ). A Fiji extension allowed a 

direct transfer from Nikon Elements file (.nd2) into the ImageJ system for subsequent 

surface fluorescence intensity analysis. Gel electrophoresis analysis stayed mostly 

qualitative. The rest of the statistical inferences, calculations, and graphs were performed 

in GraphPad (v.9.1.0).   
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Results and Discussion 

Enzyme kinetics of exonucleases is dependent on multiple factors, including but not 

limited to substrate and enzyme concentrations, intrinsic properties of the enzyme, DNA 

sequence and GC content of a substrate, the steric availability of the substrate cleavage 

sites, presence of coordinating ions, and other buffer conditions.12 Throughout this study, 

we scanned multiple experimental conditions, changing one parameter at a time. This 

stepwise approach allowed us to determine the optimal conditions for a moderate and 

processive cleavage of freely floating short oligonucleotides by Exonuclease III and 

establish the kcat of the enzyme in solution.   

However, the rolling motor design devised by our group employs the enzymatic cleavage 

of the substrate in a drastically different condition – attached to the surface. The steric 

rigidity of the substrate immobilized on the surface changes the kinetics of the interaction 

of enzyme and substrate, demanding another measurement of the enzymatic kcat. 

Microscope imaging of the enzymatic cleavage of DNA substrate functionalized on the 

glass surface resulted in gaining the kcat of the enzyme with a surface-bound substate. 

Obtaining the cleavage rates of short oligonucleotides by Exonuclease III in two 

environments, in solution and on surface, allowed us to establish a quantitative relation 

between those rates. 

Along with the investigation of the kinetic rates of the enzyme, fundamental studies of the 

ExoIII's interaction with substrate were conducted with denaturing PAGE gel 

electrophoresis to determine the viability of certain protecting groups.  
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In-solution kinetic assay setup  

In-solution kinetic measurements on the fluorescence plate reader allowed a high 

throughput, real-time tracking of enzymatic activity on the substrate of varying 

concentrations and conditions. A general experimental design of this assay is shown in 

Fig. 14. As ExoIII starts hydrolyzing from the 3' end of the dsDNA, the BHQ2 quencher 

gets cleaved. The increased distance between the Cy3 fluorophore and BHQ2 quencher 

results in the rise of the Cy3 signal detected by the apparatus. At least three replicates of 

each kinetic run were conducted, and fluorescence intensity was later calibrated to the 

concentration of the substrate. 

 
Figure 14. A scheme of the in-solution kinetic assay. An assay with a Cy3-modified 

fuel strand and BHQ2-modified gDNA was used to obtain the in-solution kcat of ExoIII 

based on the change of the Cy3 fluorescence intensity.  
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Optimization of enzyme concentration 
 
The first set of experiments aimed to establish the optimal conditions for measuring the 

in-solution kcat of ExoIII. Different enzyme concentrations of 0.8 nM (0.1 U), 8 nM (1U), 

and 80 nM (10U) were scanned and plotted against each other to determine an enzyme 

concentration that provides measurable activity for future experiments (Fig. 15). Per our 

expectations, an increased concentration of ExoIII resulted in increased enzymatic 

activity and faster substrate cleavage. 0.8 nM (0.1U) of ExoIII proved to be too small for 

robust substrate cleavage, while 80 nM (10U) of ExoIII promoted too quick of a reaction, 

with an initial reaction rate undetectable by the plate reader. 8 nM (1U) of ExoIII was 

established as the optimal concentration of ExoIII and was used in subsequent kinetic 

assays. 

 
Figure 15. Enzyme concentration dependency. Too high of the concentration (80 nM) 

of the enzyme gave an undetected range of measurement of the initial cleavage. Too 



 

 

 

34 

 

small of the concentration (0.8 nM) of the enzyme did not promote processive cleavage. 

8 nm of ExoIII seemed to the most optimal conditions for the subsequent experiments.  

 
Optimization of Mg2+ concentration and other buffer conditions 

Another factor directly affecting the enzymatic activity of most of the nucleases, including 

ExoIII, is the presence of Mg2+ ions in the system. These abundant divalent ions are 

considered to be cofactors of ExoIII, which coordinate the enzyme around the substrate 

and participate in the so-called two-ion catalysis.26 In addition to enhancing the stability 

of the enzyme, two Mg2+ ions participate in nucleophile formation and product release. 

The consensus in the literature is that the presence of Mg2+ improves substrate 

recognition and catalytic specificity.12,19,28 Consequently, we tested the enzymatic activity 

of 8 nM (1U) of ExoIII with 30 nM of the substrate under different Mg2+ conditions (5 mM, 

10 mM, and 15 mM) (Fig. 16). An increased cleavage rate was observed with a higher 

concentration of Mg2+ ions in the solution. 
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Figure 16. Mg2+ concentration dependency. The concentration of Mg2+cofactor ion 

affected the activity of the ExoIII. [Mg2+] = 10 mM condition was picked as the optimal 

setup for future experiments.  

The experiments conducted in this study were performed in the presence of dithiothreitol 

(DTT) (1 mM), a potent reducing agent that is broadly used in biological assays to stabilize 

proteins, including nucleases.73 Additionally, DTT preserves enzymes from irradiative 

damage in the form of oxygen and nitrogen radicals and prevents the formation of the 

disulfide bonds in the enzyme.73 The absence of DTT slowed the enzymatic cleavage of 

the substrate by ExoIII (not shown). Another factor held constant in this study was the 

temperature of the solution. Literature suggests that the temperature change from 25 ºC 

to 36 ºC results in the loss of processivity of ExoIII. With 36 ºC or above, the enzyme 

behaves distributively, binding and unbinding from the substrate, thus, failing to cleave 

DNA strands at the same rate as when being processive.23 To prevent such an event, a 

constant temperature of 25 ºC was maintained throughout the study. Finally, after test 

trials in buffers with varying salt concentrations, an optimal buffer was found with 150 mM 

NaCl, 60 mM Tris-HCl, and 10 mM MgCl2.  

These preliminary experiments demonstrated desirable conditions in which the rest of the 

kinetic assays were conducted. A buffer with specific sodium and magnesium ion 

concentrations, a constant temperature of 25 ºC, 1 mM of DTT as a reducing agent, and 

8 nM (1 U) of ExoIII were kept the same throughout the investigation of the in-solution 

kinetics of the enzyme to ensure the absence of any confounding variables in the trials. 
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Obtaining in-solution kcat rate 

The ultimate purpose of the in-solution kinetic assay was to determine the kcat of the 

ExoIII under the specific conditions described above. The concentration-independent kcat 

can be derived from the maximum velocity of the reaction (Vmax). A common method to 

find the Vmax of an enzymatic reaction, as well as Km, a Michaelis constant, is the 

Michaelis-Menten model, one of the most widely used models in enzyme kinetics. The 

reaction scheme and formula describing the model are shown below: 

 

 

 

A Michaelis-Menten graph is a plot describing the dependence of the initial reaction rate 

on the substrate concentration while keeping other parameters in the system constant. In 

order to plot a Michaelis-Menten graph, the initial rates (the enzymatic rate for the first 30 

s) with varying substrate concentrations from 20 nM to 1000 nM (Fig. 17), were 

measured, and the values were reported in Table 3. Using the obtained data, the 

Michaelis-Menten graph was produced (Fig. 18). The general trend showed increased 

initial rates as substrate concentration rose until saturation at about [S] = 500 nM (Table 

3). Increasing the substrate concentration past 500 nM did not significantly affect the 

reaction rate. The series was conducted in 5 mM and 10 mM of Mg2+. Per our 
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expectations, a lower concentration of Mg2+ promoted a lower enzymatic activity. The 

Vmax of the ExoIII in 10 mM Mg2+ buffer reached 102.10 nM/min with a Km of 272.5 nM 

(Table 4). Therefore, we report 12.76 nM/min as ExoIII's kcat of a short DNA substrate 

freely floating in solution (Table 4). 

 

 

Figure 17. A range of the reactions between 8 nM of ExoIII and varying substrate 

concentrations. Higher concentrations of the substrate resulted in the faster initial kinetic 

rates. For most of the reactions, saturation was reached when 30%-50% of the substrate 
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was cleaved. An increase in the initial rates became smaller with using higher substrate 

concentrations. Doubling [S] from 500 nM to 1000 nM showed an almost negligent rise in 

the initial rate of the reaction.  

 
Table 3. Initial rates of in-solution cleavage of ExoIII with a range of substrate 
concentrations.  

[S] Initial rate (first 30 s, Mg10) 

20 nM 4.63 nM/min 

30 nM 7.37 nM/min 

50 nM 12.43 nM/min 

100 nM 30.43 nM/min 

200 nM 42.17 nM/min 

500 nM 70.02 nM/min 

1000 nM 77.52 nM/min 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18. Michaelis-Menten plot of ExoIII’s kinetic activity with varying Mg2+ 

concentrations. The model demonstrates the initial rate of the enzymatic cleavage 
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reaching a maximum of 50.92 nM/min for ExoIII in 5 mM Mg2+ solution, and a maximum 

of 102.10 nM/min in 10 mM Mg2+ solution. Per expectation, higher Mg2+  concentration 

leads to a higher reaction rate.  

 

Table 4. Kinetic parameters of the in-solution cleavage of the substrate by ExoIII.  
Km Vmax kcat 

With [Mg2+] = 5 mM 685.4 nM 50.92 nM/min 6.36 min-1 

With [Mg2+] = 10 mM 272.5 nM 102.10 nM/min 12.76 min-1 

 
 
Investigating ExoIII cleavage with PAGE gel electrophoresis 

In-solution kinetic experiments described above provide crucial information regarding 

ExoIII's enzymatic potency and ability to interact with the DNA substrate. However, the 

biophysical properties and limitations of the enzymatic cleavage stay largely unaddressed 

with the kinetic assays. For this purpose, denaturing PAGE gel experiments were 

conducted. With this method's capability to decipher which strands of the annealed 

product get cleaved under what conditions, the urea PAGE gel runs carry important 

insights about ExoIII cleavage extent and selectivity. Indeed, the gel experiments 

revealed both expected results of the inhibition of the enzymatic activity with modified, 

protected DNA strands, and unexpected ones, particularly, of the existence of a barrier 

for cleavage created by the fluorescent dye. 

ExoIII is an enzyme processively cleaving double-stranded DNA from both 3' ends of the 

substrate. In our experimental setup, this cleavage has to be directed to only one of the 
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3' ends of the fluorescently labeled substrate. Otherwise, the kinetic assays detecting the 

fluorescence intensity change due to the cleavage from only one end would become an 

inaccurate representation of the molecular process happening in reality. Moreover, 

cleavage from both 3' ends of DNA would mean an eventual consumption of the DNA 

legs of the particle in the rolling experiments. 

To direct the cleavage of the enzyme to the 3' end of the Cy3-labeled fuel rather than the 

3' end of gDNA – a desirable outcome for kinetic and rolling experiments – two types of 

protecting groups were employed on the 3' end of gDNA. First, a sequence of five 

thymines (T) was attached to the 3' end of gDNA in an attempt to create an unfavorable 

substrate recognition for ExoIII. Alternatively, the last nucleotide in the chain was flipped 

from 3' to 5' to effectively distract the ExoIII from starting the phosphodiester hydrolysis 

from this site. Original gDNA, gDNA with T5, and gDNA with an inverted nucleotide were 

tested along with their respective controls with either 8 nM or 40 nM of the enzyme (Fig. 

19). The obtained gel was imaged with a general nucleic acid protocol to view the 

denatured remains of the reaction products as well as with a Cy3 filter to locate 

fluorescently active fuel strands.  
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Figure 19. 20% urea PAGE gel study of the Cy3-labeled strand with varying ExoIII 

concentrations and protecting groups on the gDNA strand. A. A schematic depicting 

the substrate investigated. B. An inverted nucleotide used as a protecting group in one of 

the gel runs. C. A palette demonstrating the observed DNA bands in the wells and the 

conditions per each well. Lanes 1, 3, 5, 7, and 9 serve as a control for the corresponding 

experimental condition. Lane 2 and 6 show cleavage of gDNA yet preservation of fuel 

after 8 nM or 40 nM ExoIII is added. Lane 4 show effective protection of gDNA by T5 

sequence with 8 nM, yet Lane 8 depicts the loss of protection with higher concentrations 
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of ExoIII. Lane 10 demonstrates the viability of the inverted nucleotide to protect gDNA. 

Preservation of the fuel strand in all wells, confirmed by the Cy3 filter imaging, points out 

the imposition of the barrier for cleavage by the Cy3 dye.  

 

A closer look at the gel experiment with Cy3-labeled fuel reveals interesting and 

somewhat unexpected behavior of ExoIII (Fig. 19). First, 8 nM and 40 nM of ExoIII readily 

cleave the gDNA, as shown by the absence of gDNA bands in Lane 2 and Lane 6 

compared to the control (Lane 1 and Lane 5). Lanes 3 and 4 turn out to be identical, 

meaning that the T5 sequence offers protection of the gDNA when 8 nM of ExoIII is 

added. However, once the concentration of the enzyme is increased to 40 nM, T5 is no 

longer an effective protection group (see Lanes 7 and 8). Lanes 9 and 10 show that an 

inverted nucleotide is also a potent protection, even in a reaction with 40 nM of ExoIII.   

Unexpectedly, most of the fuel stayed preserved upon reacting with ExoIII. Imaging with 

a Cy3 filter confirmed the identity of the fuel strand in the gel. A likely reason for such 

behavior is a barrier that Cy3 imposes that protects the target 3' end from cleavage by 

ExoIII. This phenomenon was later confirmed by the on-surface kinetics experiments.  

 

One of the general goals of the study was to measure the rate of the enzymatic cleavage 

of the DNA substrate by ExoIII. The inability of ExoIII to start cleavage from the 3' end 

due to Cy3 being a barrier suggested that an alternative experimental setup has to be 

imposed. For this reason, the Cy3 dye was replaced with the FAM dye, and the gel runs 
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with unprotected gDNA, T5-protected gDNA, and a gDNA with an inverted nucleotide 

were performed (Fig. 20). 

  

 

Figure 20. 20% urea PAGE gel study of the FAM-labeled strand with varying ExoIII 

concentrations and protecting groups on the gDNA strand. A. A schematic depicting 

the substrate investigated. B. An inverted nucleotide used as a protecting group in one of 

the gel runs. C. A palette demonstrating the observed DNA bands in the wells and the 

conditions per each well. Lanes 1, 3, 5, 7, and 9 serve as a control for the corresponding 

experimental condition. Lane 2 and 6 show cleavage of gDNA  after 8 nM or 40 nM ExoIII 
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is added. Lane 4 and 8 show effective protection of gDNA by T5 sequence with 8 nM and 

40 nM. Lane 10 demonstrates the viability of the inverted nucleotide to protect gDNA as 

well. Most importantly, all experimental wells showed an effective cleavage of the FAM-

labeled fuel strand (confirmed by FAM-filter imaging), meaning that FAM barrier does not 

prevent ExoIII to access and hydrolyze bonds from the 3’ end of the fuel strand.  

 

Lanes 2 and 6 in Fig. 20 showed enzymatic cleavage of both FAM-labeled fuel and, to a 

lesser extent, of the unprotected gDNA. The addition of T5 protected gDNA from both 8 

nM and 40 nM of ExoIII compared to the controls (Lanes 3-4, 7-8). The inverted nucleotide 

protected gDNA from high concentrations of ExoIII, while a fuel strand was getting 

cleaved by ExoIII. FAM filter demonstrated the presence of FAM-labeled substrate in the 

controls but the absence of it in the reacted sample (Fig. 20).  Overall, these gel studies 

showed that the usage of T5 or inverted nucleotides as protecting groups together with a 

FAM fuel deliver the most desirable outcomes for the subsequent on-surface 

experimentation.  

 

On-surface kinetic assay setup 

‘A third part of this study was to investigate the ExoIII's behavior with substrates 

immobilized on the surface. An answer to this fundamental question would allow us to 

make a qualitative relation between the enzyme kinetics in two environments, as well as 

become a milestone in the creation of the ExoIII's powered DNA rolling motors. For this 

purpose, a previously mentioned experimental setup was redesigned and shown in Fig. 

X. Unlike the in-solution assay where the enzyme cleaved the 3' end with an attached 
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BHQ2 quencher, this time, a Cy3 fluorophore was attached to the fuel's strand and 

reacted with the enzyme. The system was hydrolyzed with the DNA anchor immobilized 

on the glass surface. Per our setup, the cleavage of the 3' end with a fluorophore would 

result in the signal depletion of the surface detected by the microscope. At least three 

replicates of each microscope capture were conducted, and fluorescence intensity was 

later normalized to elucidate the rate of cleavage of the substrate by the ExoIII. 

 
Figure 21. A scheme of the on-surface kinetic assay design. An assay with a Cy3-

modified fuel strand was used to obtain the on-surface kcat of ExoIII.  
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Confirmation of ExoIII's inability to cleave a Cy3-labeled end 

The proposed experimental design resulted in a slow and non-processive cleavage of the 

substrate on the surface. This inference was made when observing a minimal, negligible 

Cy3 signal depletion after the immobilized substrate was treated with 40 nM of the ExoIII 

for 20 mins (Fig. 21). The change in the fluorescence intensity was accrued mainly due 

to the photobleaching. A positive control trial with a fifty-fold higher concentration of the 

ExoIII (2000 nM) showed a considerable signal depletion (over 40% of the substrate was 

cleaved in 20 mins). This experiment confirms the failure of ExoIII to cleave the substrate 

from the 3'-end labeled with the Cy3 that was previously reported in the PAGE gel studies. 
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Figure 21. A surface depletion experiment confirming ExoIII’s failed cleavage of 

Cy3-modified fuel strand. The addition of 40 nM of ExoIII to the surface-bound Cy3-

modified fuel strand did not result in a significant signal depletion. The drop in the relative 

fluorescence intensity was largely due to the photobleaching. A positive control with the 

fifty-fold higher enzymatic concentration demonstrated significant Cy3 signal depletion.  

Redesign of on-surface kinetic assay setup  

To solve the issue of the Cy3 serving as a barrier for enzymatic cleavage, a different 

fluorescent dye (FAM) was chosen to measure the kcat (Fig. 22). Earlier, the PAGE gel 

study showed that the FAM-labeled fuel strand was getting processively cleaved by both 

8 nM and 40 nM of the ExoIII (Fig. X). An updated experimental design also included the 

Cy5 dye on the 3' end of the gDNA. The Cy5-modified gDNA was used for two reasons: 
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(1) as a protecting group from the ExoIII's cleavage, (2) as a fluorophore used in 

determining the koff of the system. The PAGE gel electrophoresis had shown viable 

protection of the gDNA with a Cy5 dye on par with the protection given by the T5 

sequence or an inverted nucleotide. The koff measurement was accounted for due to a 

likely lag between the rate of the enzymatic cleavage and a complete unbinding of the 

gDNA from the fuel strand. Therefore, the Cy5 signal depletion on the surface would 

indicate the actual rate of the gDNA unzipping from the complementary strand due to the 

enzymatic cleavage. In the end, the new on-surface kinetic assay solved the issue with a 

non-cleavage of a fluorescently labeled fuel strand, put an extra protecting group on the 

3' end of gDNA, and offered a chance to measure not only the kcat but also the koff rate.  
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Figure 22. A scheme of the redesigned on-surface kinetic assay design. A. An assay 

with a Cy3-modified fuel strand and a Cy5-modified gDNA was used to detect the on-

surface kcat and koff of ExoIII. B. An assay with a FAM-modified fuel strand and a Cy5-

modified gDNA was used to detect the on-surface kcat and  koff of ExoIII. 

Verifying ExoIII interaction with new design 

ExoIII interaction with a substrate of a new design was tested using denaturing PAGE 

gel electrophoresis (Fig. 23). FAM-labeled fuel and Cy5-labeled gDNA were annealed 

and reacted with either 8 nM or 40 nM of ExoIII, subsequent results imaged with FAM 

A                                                    

 

 

 

 

 

B 
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and Cy5 combined filter are shown in Lanes 2 and 4 of Fig. 23. It is clear that with either 

enzyme concentrations, the FAM-labeled fuel undergoes cleavage while Cy5-labeled 

gDNA is protected by Cy5 and, presumably, an addition sequence of 5T on its 3’ end. 

The gel confirms the utility of the proposed design to direct enzymatic cleavage towards 

the 3’ end of the fuel for the purposes of the kinetic assay.  

 

Figure 23. 20% urea PAGE gel study of the FAM-labeled strand and Cy5-labeled 

gDNA with varying ExoIII concentrations. A palette demonstrating the observed DNA 

bands in the wells and the conditions per each well. Lanes 1 serves as a control for the 

corresponding experimental condition with both fuel and gDNA present when no enzyme 

was added. Lanes 2 and 3 show cleavage of FAM-fuel after either 8 nM or 40 nM of ExoIII 

in the solution. gDNA band stays intact in Lanes 2 and 3, meaning that gDNA is protected 

against enzymatic cleavage under both conditions.  
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Obtaining on-surface kcat and koff rates 

Two types of substrate strands (FAM-labeled and Cy3-labeled) were hybridized to the 

DNA anchor strand according to the experimental setup described above. Then, gDNA 

conjugated with the Cy5 dye was added. Each type of substrate was treated with either 

8 nM or 40 nM of the ExoIII, and the surface signal depletion was recorded every ten 

minutes. Neither 8 nM nor 40 nM seemed to cause significant depletion of the Cy3 or Cy5 

signal and, thus, showing slow kcat and koff rates (Fig. 24). As seen before, this 

phenomenon confirms the inability of the ExoIII to access the 3' end of the fuel strand and 

start processive cleavage. This failure to cleave the fuel, in turn, results in the preservation 

of gDNA being annealed to the fuel.  

 

 A                                                   B 
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Figure 24. Cy3 and Cy5 signal depletion with 8 nM and 40 nM of ExoIII. Reactions 

with both 8 nM and 40 nM of ExoIII do not show a significant Cy3 and Cy5 signal depletion, 

confirming the inability of ExoIII to access and cleave the Cy3-modified fuel strand. A. 

FAM signal depleted due to the cleavage of the FAM-modified fuel strand, with the rate 

indicating the kcat of ExoIII.  B. Cy5 signal depleted due to the unbinding of a Cy5-modified 

gDNA as a result of the enzymatic cleavage of the fuel strand, with the rate indicating the 

koff of ExoIII.  

 

In contrast, when the FAM-labeled fuel is used, the enzymatic cleavage proceeds further 

and both FAM and Cy5 signal get depleted (Fig. 25). Per our expectations, higher 

concentrations of the ExoIII result in faster and stronger depletion. For most of the 

substrates, the reaction reaches saturation after 10 mins. 8 nM of ExoIII give the Vcat of 

the ExoIII in this condition is 2.1 nM/min and Voff of the ExoIII is 1.6 nM/min. 40 nM of 

ExoIII show Vcat of 3.9 nM/min and Voff of 2.6 nM/min. Therefore, the kcat of ExoIII with 

surface-immobilized substrates is 0.1-0.3 min-1, while the koff of the substate in the system 

is 0.1-0.2 min-1. The reaction rates of the ExoIII with a surface-bound substrate are slower 

than those in the free-floating system (kcat = 12.8 min-1), likely due to steric unavailability 

of the cleavage site, limited molecular collisions between the enzyme and substrate, and 

higher rigidity of the structural conformation of the DNA attached to the surface.  
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Figure 25. FAM and Cy5 signal depletion with 8 nM and 40 nM of ExoIII. Reactions 

with a higher enzyme concentration result in a steeper signal depletion. Most of reactions 

are completed after 10 mins. A. FAM signal depleted due to the cleavage of the FAM-

modified fuel strand, with the rate indicating the kcat of ExoIII. B. Cy5 signal depleted due 

to the unbinding of a Cy5-modified gDNA as a result of the enzymatic cleavage of the fuel 

strand, with the rate indicating the koff of ExoIII. 
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Conclusion and Future Directions 

At the beginning of this study, we have set three distinct goals: (1) elucidating the 

fundamental knowledge of the kinetics of ExoIII, (2) identifying optimal parameters for the 

enzymatic cleavage, (3) contributing to the RNA-free rolling motor project devised by 

Yusha Imtiaz. In general, the study has succeeded in addressing all three goals. Firstly, 

the cleavage rates of ExoIII interacting with the substrate in solution (kcat = 12.76 min-1) 

and on surface (kcat = 0.1-0.3 min-1, and koff = 0.1-0.2 min-1) were reported. The basic 

relation between kinetic constants shows a significant role in the surrounding environment 

on the processivity of cleavage. According to the second goal, numerous conditions were 

tested and analyzed to develop the most optimal workflow and conditions for successful 

enzyme on-surface assays and rolling experiments. Lastly, the obtained data, for 

example, of the Cy3 barrier against the ExoIII, have aided the progress of the ExoIII-

powered motors. 

A logical future direction of the project is to measure the kinetics of the enzyme-substrate 

interaction with the rolling beads present. Another exciting field of exploration is to test 

different DNA sequences and GC content as the fuel and gDNA, use asymmetric DNA 

strands, and measure the rates of those enzymatic reactions. A research design can also 

be expanded to other enzymes such as RNase H or ExoI. However, the most promising 

and groundbreaking approach to undertake what seems to be an original large project of 

constructing the DNA rolling motors using ExoIII. It is with great hope and anticipation we 

work toward further development of the variety of nanomachines, including DNA rolling 

motors, for their applications in technology and medicine of tomorrow.  
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