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1.1 Introduction 

The energy crisis is the challenge for every country in the world. Depletion of 

fossil fuel (oil, coal and natural gas) leading to the searching for the renewable energy 

such as hydroelectricity, solar energy, wind energy, wave power, geothermal energy, 

tidal power, and bioenergy. Among them, bioenergy is the promising source of energy 

because, under billions of years of evolution, living organisms are well-built for 

uptaking, transferring, and utilizing energy and substances to maintaining its life 

activities.     

Proteins as enzymes play a central role in biochemical reactions which are 

crucial to physiological activities at cellular level, however, concentration of proteins is 

surprisingly low ranging from 10 to 1000 molecules per cell (10 nM - 1 µM).1 To gain 

the function, protein itself develops not only high selectivity and reactivity but also its 

localization within the cell in the so-called compartmentalization process in many levels 

such as enzymes clustering, enzymes cascading, multi-enzyme system, and organelles at 

nanometer-scale (Figure 1.1).2–4 Understanding of in vivo localization and function of 

enzymes would provide a basic principle for the development of enzyme technology. 

The enzyme cascade has been constructed on several of bio-friendly nanoscaffolds such 

as liposomes/polymersomes, protein scaffolds, and DNA scaffolds to study the 

efficiency of the cascade reaction at the close proximity (Figure 1.2).5–8  

Thanks to the development of DNA nanotechnology (Figure 1.3), the DNA 

nanostructures are the ideal scaffold for immobilizing or scaffolding enzymes.8–10 DNA 

technology offers the controllable size and shape of the nanostructures. The number and 

distance of assembled enzymes also can be fully controlled. Most proteins of interest 

(POIs) are fragile; the very mild condition is needed for handling, especially assembling 

on a DNA nanoscaffold. Current methods for proteins or enzymes assembly on a DNA 

scaffold show many disadvantages including the loss of enzymatic activity, time and 
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money consuming, or difficulty in assembly of multiple enzymes in one step. The study 

in this thesis, I have developed a new method which is fast, efficient and orthogonal to 

locate multiple enzymes on the designed addresses of a DNA scaffold.  

 

Figure 1.1 Metabolic pathway in compartmentalization. (a) Photosynthetic reactions in the 

chloroplasts of C3 plants.11 1,3BPG: bisphosphoglycerate; G-3-P: glyceraldehyde 3-phosphate; 

DHAP: dihydroxyacetone phosphate; F-1,6-P: fructose 1,6-bisphosphate; F-6-P: fructose 

6-phosphate; X-5-P: xylose 5-phosphate; E-4-P: erythrose 4-phosphate; S-1,7-P: sedoheptulose 

1,7-bisphosphate; S-7-P: sedoheptulose 7-phosphate. (b) Schematic overview of biofuel 

production through co-utilization of cellobiose, xylose, and acetic acid from lignocellulosic 

biomass by engineered yeast.12 XR: xylose reductase. XDH: xylitol dehydrogenase. XK: 

xylulose kinase. ACS: acetyl-CoA synthetase. AADH: acetylating acetaldehyde dehydrogenase. 

ADH: alcohol dehydrogenase. (c) The carboxysome contains two cascaded enzymes carbonic 

anhydrase and RuBisCO for carbon assimilation 13 (d) Substrate channeling in carbamoyl 

phosphate synthase complex.14  
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Figure 1.2 Artificial enzyme cascade on (a) polymersome,15 (b) protein scaffold16 and (c) 

DNA scaffold.17 a) Three-step synthesis of CMP-N-acetylneuraminic acid (CMP-Neu5Ac) in a 

polymersomes. The AGE is separated from the incompatible component CTP by encapsulation 

in polymersomes. The NAL and the CSS are immobilized on the surface to form a single 

biocatalytic entity. Channel proteins enable a selective mass transport across the polymer 

membrane. b) Schematic illustration of two enzyme cascade co-immobilized on 

EutM–SpyCatcher protein scaffolds. An ADH (NAD+-dependent alcohol dehydrogenase) 

oxidizes an alcohol substrate into the corresponding ketone intermediate that is subsequently 

reduced by an AmDH (NADH-dependent amine-dehydrogenase) into a chiral amine. c) Cascade 

reaction of xylose metabolic pathway on DNA scaffold. Xylose reductase (XR) converts xylose 

into xylitol in the presence of NADH cofactor, the produced intermediates, xylitol and NAD+, 

are then transferred to xylitol dehydrogenase (XDH), which converts xylitol into xylulose by 

reducing NAD+. 
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1.2 DNA nanotechnology 

From the idea of abiological utilization of the Watson-Crick base pairing of 

DNA sequences, the DNA nanotechnology was first developed by Nadrian Ned Seeman 

approximately 30 years ago.18 Many symmetric nanostructures varying from size and 

shape were proposed using difference DNA tiles (Figure 1.3). With the discovery of 

DNA origami techniques,19 the DNA scaffold has become more sophisticated and 

programmable. When a long single strand of DNA is hybridized with hundreds of short 

strands called "staple strands", the DNA origami nanostructure is formed in a 

well-defined manner with high folding yield. The 3D nanostructures based on DNA 

origami technique are also easily constructed, many methods to fold a DNA single 

strand are well-established (Figure 1.4, 1.5). Thanks to the flexible and dynamic 

properties of DNA hybridization, the DNA scaffold becomes more attractive with a 

moveable component which is potential for fabricating the nanodevices, nanomotors, 

and nanorobots (Figure 1.5). 20  

Although DNA nanotechnology has been well developed, the DNA 

nanostructures are relatively inert and its beauty is only expressed when functionalizing 

with other materials such as nanoparticles, fluorophores, proteins, and enzymes.21,22 

Among them, enzymes are the ideal materials to assemble on DNA scaffold because of 

its biological values. Study on the spatial and stoichiometric organization of cascade 

enzymes on DNA scaffold would shed light in the real behavior of enzyme in vivo 

conditions and provides potential application in the field of enzyme technology (Figure 

1.6). Therefore, it is needed to develop a convenient method for assembling multiple 

enzymes on a DNA scaffold.  
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Figure 1.3. Summary of DNA tile and DNA origami.23 (a) Multistranded DNA tile. Each tile 

is composed of several short DNA strands. Strands of different colors have different sequences. 

Sticky-end mediated cohesion between tiles leads to the assembly of larger structures such as 

2D arrays or 3D polyhedra. (b) Single-stranded DNA (ssDNA) tile. A number of ssDNAs with 

unique sequences assemble into prescribed objects, which can serve as 2D and 3D canvases to 

construct arbitrary objects. (c) Scaffolded DNA origami. A long ssDNA template serves as a 

scaffold that is folded by a number of shorter ssDNAs (staples) into both delicate 2D and 3D 

objects. DNA duplexes can be organized using parallel lattices or wireframe structures.  
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Figure 1.4 DNA origami structure.24 (a) The method employed to prepare a DNA origami 

structure from the template single-stranded DNA and staple strands. (b) Design of a 

self-assembled DNA origami structure and geometry of the incorporated dsDNAs. Colored 

strands and a gray/black strand represent staple strands and template single-stranded DNA, 

respectively. Staple strands connect the adjacent duplexes with crossovers. Inset: structure of 

hairpin DNA for a topological marker. (c) Design and AFM images of self-assembled DNA 

origami structures. (d) Drawing of a hemisphere on the DNA origami with hairpin DNAs (white 

dots) and an AFM image of the assembled DNA origami. 
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Figure 1.5 DNA nanoscaffold with moveable parts. (a) DNA origami with the stiff 

components and flexible joints, the motion caused by the geometry of the stiff component and 

the arrangement and degrees of freedom of the joints.25 (b) A DNA based molecular platform 

with an integrated robotic arm that actuated with the external applied electrical field. Precise, 

computer-controlled switching of the arm between arbitrary positions on the platform can be 

achieved within milliseconds.26 (c) The DNA walker using toehold mechanism with stepping 

kinetic for enhancing the velocity.27 (d) A DNA catenane rotary motor. The engine consists of an 

engineered T7 RNA polymerase attached to a dsDNA nanoring that is catenated to a rigid 

rotating dsDNA wheel. The wheel motor produces long, repetitive RNA transcripts that remain 

attached to the engine and are used to guide its movement along predefined ssDNA tracks 

arranged on a DNA nanotube.28  
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Figure 1.6 Artificial cascade enzyme reaction assembled on DNA scaffold.8 (a)29 Assembly 

of two sub-domain of cytochrome P450 BM3 on a doubled strain DNA scaffold. (b,30 c,31 e,32 

f17) Two enzymes cascade reaction on a 2D scaffold. (d)33 A three enzymes cascade reaction on 

a DNA scaffold. (g,34 h35) Two enzymes cascade reaction in a confined tubular DNA scaffold. 

(i)36 The arrangement of two enzymes cascade on a grid-like 2D ARN scaffold. BMR: 

cytochrome P450 BM3 reductase domain; BMP: cytochrome P450 BM3 porphyrin domain; 

GOx: glucose oxidase;  HRP: horse radix peroxidase;  Glu: glucose; ABTS2+: 

2,2'-azinobis-(3-ethylbenzthiazoline-6-sulfonate) dianion; MDH: malate dehydrogenase; OAD: 

Oxaloacetate decarboxylase; LDH: Lactate dehydrogenase; MA: malate; OAA: oxaloacetate; 

LA: lactate; G6pDH: glucose-6-phosphate dehydrogenase; G6p: glucose-6-phosphate; GL6p: 

6-Phosphogluconolactone; XR: xylose reductase, XDH: xylitol dehydrogenase;  HydA: [FeFe] 

hydrogenase; Fd: ferredoxin 



10 

 

1.3 Methods for the assembly of a protein on a DNA scaffold 

The ideal method for assembly of functional enzymes on a DNA scaffold 

should be fast, stable, and precise in a mild condition such as at ambient temperature 

and natural pH. Many of methods were developed to assemble POIs on the defined 

addresses on a DNA scaffold.37–39 These methods could be classified into two strategies: 

the methods based on the noncovalent interaction (Ni-NTA-hexahistidine interaction, 

biotin-avidin interaction, antigen-antibody interaction, protein-aptamer interaction and 

DNA binding protein adaptor) and the methods based on the covalent linkage formation 

between POI and DNA scaffold (direct covalent modification of POI with staple strand, 

method based on self-ligating protein-tags, method based on HUH-tags, and the 

orthogonal modular adaptors which are presented in this thesis). The principles, 

advantages, disadvantages, and applications of each method described in the following 

paragraphs.       

 

1.3.1 Methods for the noncovalent assembly of POIs  

1.3.1.1 Ni-NTA-hexahistidine interaction  

The Ni-NTA-polyhistidine has been applied in biochemical assays such as 

protein purification, protein immobilization, and protein labeling for many years. The 

interaction relies on the divalent transition metal Ni2+ where the polyhistidine-tagged 

POI could be immobilized on a surface using conjugated chelators such as 

nitrilotriacetic acid (NTA). The micromolar affinity interaction provides a moderately 

immobilization yield of the POI to a surface. Hexahistidine-tagged proteins are able to 

bind to multi NTA groups tethered ODN at sub-micromolar affinity. The trisNTA-ODN 

with three groups of NTA tethered to ODN provides the tight binding of the His6-tag 

protein with the equilibrium dissociation constant (KD) is as low as 6 nM.40 Other 

divalent ions such as Co2+, Cu2+ and Zn2+ could replace Ni2+ in the Ni-NTA complex 
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with the same affinity. Research also indicated that Co3+ serves as a mediator creating a 

more stable complex.41 Ni-NTA interaction method was used for assembling the EGFP 

on a DNA scaffold as shown in Figure 1.7.42   

 

 

 

Figure 1.7 a) Mechanism of Ni-NTA interaction. b) Assembly of EGFP on the DNA scaffold42. 

White arrows and yellow arrows indicated the DNA scaffold before and after assembled with EGFP, 

respectively. 

 

1.3.1.2 Biotin-avidin interaction  

The biotin-avidin interaction is one of the strongest non-covalent bonds with 

femtomolar affinity.43 Avidin is a tetrameric protein with four identical subunits 

allowing the binding of four biotin derivatives. Using this interaction, avidin conjugated 

materials were able to assemble to the defined position on a DNA scaffold containing 

the biotinylated DNA strands. 
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Figure 1.8 a) Principle of biotin-avidin interaction, four molecules of biotin derivatives could 

binding to one homotetrameric avidin molecule. Streptavidin assembled on a DNA scaffold that 

base on (b) the triple crossover tiles,44 (c) four-arm junctions tiles,36 and (d) the punched 

rectangle DNA origami. 38  

Due to its simple but strong interaction, the biotin-avidin system is generally 

used for the assembly of a functional POI on a newly developed DNA nanoscaffold. 

Streptavidin, an avidin derivative from Streptomyces bacteria, was attached on a linear 

array of DNA structure 44 derived from the DNA triple crossover tile (Figure 1.8b) or a 

2D nanogrid array acquired from the four-arm junction tile (Figure 1.8c).45,46 The 

well-defined 2D array based on DNA origami technique allows full control of the 

position of assembled streptavidin molecules (Figure 1.8d).47,48 
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Functional POIs assembled on DNA scaffold with biotin-avidin system were 

first reported by Niemeyer group in the study the cascade reaction of NAD(P)H:FMN 

Oxidoreductase (NFOR) and Luciferase (Luc).29 In the research, two biotinylated 

enzymes NFOR and LUC were assembled to two short streptavidin tethered DNA 

strands, respectively. The enzyme assembled strands were allowed to hybridize to one 

biotinylated long strand that previously immobilized to the STV-coated microplate. By 

this way, the two reaction center were co-located at a nanometer distance and the 

cascade reaction driven by two enzymes was characterized. The method is also useful 

for attaching enzymes on the 3D scaffold in which the enzymatic cascades reaction was 

enhanced not only by the close proximity and by the confined space (Figure 1.9b).34   

Although the biotin-avidin-based assembly of POIs is simple, it offers the 

highest yield among the methods based on the non-covalent interactions, up to 84% of 

the addresses are possibly filled with POIs. Since this approach only allows one type of 

POI to be assembled each time, two-step assembly is critical for the orthogonal 

coassembly of two POIs on the scaffold6,31-34 (Figure 1.9). Multi-step assembly requires 

much caution on loading functional proteins and enzymes. The conjugation of biotin to 

an enzyme is another limiting factor of the method. Although this process can be done 

in vivo, the yield of enzyme biotinylation varies among cultures and reaches only about 

30%.29 As a result, this method has been received much less attention than other 

methods for assembling multiple types POIs.  
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Figure 1.9 Stepwise assembly of coupled enzymes for the cascade reaction on (a) a simple 

DNA scaffold31 or (b) a tubular DNA scaffold using biotin-avidin interaction.32 a) 

NAD(P)H:FMN oxidoreductase (NFOR) and luciferase (Luc) were firstly assembled on two 

short single DNA strands buying using biotin-avidin interaction. In the next step, the two short 

enzyme-assembled DNA strands were assembled on the long DNA strand by using the strand 

hybridization. b) Glucose oxidase (GOx) and horseradish peroxidase (HRP) were separately 

assembled on two half of the DNA origami nanoreactor by using the biotin-avidin interaction. In 

the next step, the two half of the DNA origami were assembled by using the strand 

hybridization. 
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1.3.1.3 Method based on antigen-antibody interaction and protein-aptamer 

interaction 

These methods are based on the biological selectivity of the interaction of POIs 

with antibody or aptamer. By using the in vivo (for antibody) or in vitro selection (for 

aptamer), the antibody or aptamer for specific POIs could be generated, respectively. 

The antibody51,53 or aptamer52,54 could be used for locating POIs on DNA scaffold. 

These methods are resulting in orthogonal assemble of POIs in a DNA scaffold (Figure 

1.10). However, these methods are time-consuming for designing and constructing the 

specific antibody or aptamer, not convenient for studying the cascade reaction of 

multiple enzymes.  

 

Figure 1.10 Assembly of POIs on DNA scaffold using antigen-antibody interaction (a, b) 

and protein-aptamer interaction (c, d). Scheme (a) and AFM image (b) of assembly antibody 

(IgG) on the two-dimensional DNA scaffolded antigen arrays.51 Schematic (c) showing a rigid 

DNA tile (blue) that can spatially separate two aptamers (red and green) at a controlled distance, 

with each aptamer attached to a different part of the target molecule (orange) for bivalent 

binding and AFM images (d) of the thrombin assembled on a DNA scaffold.52  
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1.3.1.4 DNA binding proteins 

 

The DNA binding proteins57–59 were used to locate POIs on the specific 

position on a DNA scaffold simply by fused the POIs to it (Figure 1.11). DNA binding 

proteins bind to the specific DNA sequences with approximately ten base pairs long, the 

protein adaptors based on the DNA binding protein allow orthogonal assembly of a 

number of POIs on a DNA scaffold.55,56,60 POIs can be located quickly on a DNA 

scaffold by fusing them to appropriate DNA binding proteins. The disadvantage of this 

technique is that the loading yield of POIs on a DNA scaffold is not quantitative. The 

moderate loading yield is due to the nonvalent interaction of the DNA-protein complex, 

even though the affinity of DNA binding protein can reach sub-nanomolar KD. 

 

Figure 1.11 Assembly of POIs on DNA scaffold using DNA binding protein. EGFP 

assembled on a five-well DNA scaffold by using zinc finger protein zif268 (left).55 Xylitol 

dehydrogenase (XDH) assembled on a five-well DNA scaffold by using basic leucine zipper 

GCN4 (G-XDH) (right).56 

 

1.3.2 Covalent methods for the assembly of protein on a DNA scaffold 

 

1.3.2.1 Direct chemical modifications of POIs 

 

 Several methods covalently conjugating POIs to DNA scaffold have been 

developed.61–64 Direct tethering POIs to the DNA staples strand was the first choice 

because the techniques of chemical modification of protein have been well established 

(Figure 1.12).65 In these techniques, several positions of POIs can be modified 

specifically at the terminus or the side chain of several types of amino acid residues. In 
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general, the modified POIs need to be purified from the un-reactant before assembled on 

a DNA scaffold. The post-translational protein chemical modification may significantly 

reduce the activity of the interested enzyme.32,62–64 Therefore, this method may not be 

suitable for the study of unstable enzymes.  

 
 

Figure 1.12. Example of chemical conjugation of oligonucleotides with enzymes. 

N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP) was used for cross-linking a 

thiol-modified oligonucleotide to the lysine group of an enzyme, the oligonucleotide-modified 

enzyme needs to purify using anion-exchange FPLC before assembling on DNA scaffold.61  

 

Gothelf and co-workers (2014)66 showed a generic approach for the covalent 

attachment of single-stranded ODN to metal-coordinating proteins in a site-selective 

manner. The method utilizes three components: a POI to be labeled possessing a metal 

ion binding site, an ODN modified with a metal ligand, such as the NTA group, and its 

complementary ODN that carries an activated ester to react with the ɛ-amino group of 

lysines. To avoid the non-specific reaction between the activated ester and the lysine 

residues on the surface of POI, these components must be kept in diluted conditions. By 

tuning pH, salt concentrations and concentrations of the components, the 

template-directed ODN conjugated to POI was obtained in 38% isolated yield with 

avoiding the non-templated side reactions.  
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1.3.2.2 Method base on self-ligating protein-tag 

 

A safe way to avoid reduction of enzyme activity is to genetically fuse the POIs 

to the self-ligating proteins.67 The self-ligating protein tags allow the covalent bond 

formation to its specific substrate derivatives. When the substrate modified DNA strand 

was designed to hybridize at the specific position on DNA scaffold, the location of the 

assembled POIs is tunable in nanometer precision. With the available of self-ligating 

protein tags system (SNAP-tag,68 and Halo-tag69) which have high substrate selectivity 

towards O6-benzylguanine (BG) and 5-chlorohexane (CH) (Figure 1.13), respectively, 

orthogonal assembly of several POIs on DNA scaffold is possible in on pot reaction 

(Figure 1.14).  

 

Figure 1.13 Substrates selectivity of the protein-tag system. SNAP-tag and Halo-tag 

selectively form the covalent bond with benzylguanine (BG), and chlorohexane (CH), 

respectively. The ODN modified with BG or CH could react orthogonally with POI fused 

SNAP-tag or POI fused Halo-tag to form a covalent bond between POI and ODN.  

 

A recent report described this elegant method by using SNAP-tag, Halo-tag, 

and the avidin-biotin interaction for the assembly three POIs on a DNA scaffold.67 

Orthogonal assembly of three kinds of proteins using SNAP-tag, Halo-tag, and the 

avidin-biotin interaction was achieved. Although the specific reactions of SNAP-tag and 

Halo-tag with its respective substrates are quite fast, the performance of POIs fused 
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SNAP-tag and Halo-tag on the ODN conjugated substrates was poor, resulting in a very 

low loading yields, only about 40 – 60% (Figure 1.14). As a result, the coassembly yield 

of three POIs was only several percents. In addition, the assembly required an excess 

amount of protein-tag fused POIs (1000 times molar equivalent concentration of 

protein-tag fused POIs were incubation with DNA scaffold) and overnight incubation is 

required. The reason for this poor performance was likely that the electrostatic repulsion 

between the DNA scaffold and the protein-tag that prevented the protein-tag from 

accessing its substrates. The recent work showed an improvement of the assembly yield 

up to 80% by rationally designing the positive binding interface of Halo-tag.70 

Therefore, the protein tag for the efficient assembly multiple enzymes on a DNA 

scaffold should be very carefully selected among the variety of protein tags, such as 

CLIP-tag, PYP-tag, and TMP-tag.71,72 

 

 

Figure 1.14 Co-assembly of three POIs on a DNA scaffold using SNAP-tag, Halo-tag, and 

biotin-streptavidin system.67 a) Face-like DNA scaffold with the targets for mKate-SNAP 

(mouth), CCP-Halo (eyes), and mSTV (nose). b-d) Sequential assembly of mKate-SNAP (b), 

CCP-Halo (c), and mSVT (d) on the DNA scaffold with the overall coassembly of 7.5%. mKate:  

far-red fluorescent protein; CCP: cytochrome C peroxidase; mSTV: monovalent streptavidin. 
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1.3.2.3 Method base on HUH-tag proteins 

Other approaching using the HUH-tags (or HUH endonuclease domains)73,74 to 

covalently locating POIs on a DNA scaffold (Figure 1.15). The in vivo endonuclease 

activity of HUH-tags is the nicking of the single-strand DNA at a specific sequence and 

following by the formation of the phosphotyrosine intermediate, specific tyrosine in the 

HUH-tag protein becomes covalently linked to the 5’ end of the DNA strand. In vitro, 

the covalent linkage becomes permanent, HUH-tag fused POIs can be stably located on 

a DNA scaffold. The advantage of HUH-tags based method is that the method does not 

require substrate modification on the target DNA strands. With the abundance of 

sequence-specific HUH-tags,75 this strategy can be used for assembling multiple 

enzymes on the design position of a DNA scaffold. However, the loading yield is not 

significantly high enough when compared with that of the other current methods.      

 

Figure 1.15. Covalent bond formation of the HUH-tag (relaxase) on DNA scaffold. a) 

Extended staples contain the recognition sequence of a relaxase and several base pairs linker 

that allows the target to extrude from the nanostructure. Binding of the relaxase to its cognate 

site involves bending of the ssDNA to fit the nic site into the relaxase active center. Inset: the 
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catalytic tyrosine carries out a transesterification reaction that links it covalently to the 

5’-phosphate between the scissile nucleotides. As a result, the relaxase becomes covalently 

bound to the extended staple. b) AFM image of DNA nanostructures assembled with relaxases. 

 

1.3.2.4 Modular adaptors  

A modular adaptor based on the combination of a DNA binding protein and a 

self-ligating protein showed excellent improvement of the covalent assembly of POIs on 

the defined position of the DNA scaffold in which the yield of assembly reach almost 

unity under very mild incubation condition.76,77 In the design, SNAP-tag was fused to 

the C-terminus of the well-known zinc finger protein zif268 (ZF) 78 to form the modular 

adaptor ZF-SNAP that has both characteristics of the two modules to create the stable 

covalent bond at the designed position of the DNA scaffold (Figure 1.16). The zinc 

finger protein provides a fast assembly of POIs to the staple strand containing a specific 

sequence for ZF of the scaffold. The covalent bond is formed by the SNAP-tag modules 

at the targeted ODN in which the SNAP-tag substrate was tethered on (ODN-ZF-BG). 

In fact, the study indicates the fast and tight binding of zinc finger protein toward the 

sequence-specific ODN accelerated the covalent bond formation of the protein-tags with 

the ODN modified substrates. The assembly yield reached more than 90% after 30 min 

incubation) (Figure 1.17). 

 

 

 

Figure 1.16 Design of modular adaptor for covalent assembly of POIs on DNA scaffold. 

The modular adaptor consists of two modules, protein-tag and DNA binding protein. The 
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modular adaptors fused POIs can be located at the designed positions on the DNA scaffold 

containing the substrate modified DNA within the specific binding sequence for the DNA 

binding protein.   

 

Figure 1.17. Assemble of EGPF on DNA scaffold using modular adaptor ZF-SNAP.76 a) An 

illustration of EGFP fused to ZF-SNAP (ZF-SNAP-EGFP) b) The 5-well DNA scaffold 

containing a single binding site for ZF-SNAP-EGFP at each of the cavities II, III, IV and V. c) 

AFM image of ZF-SNAP-EGFP assembled on DNA scaffold.  

 

The modular adaptor ZF-SNAP was used to load xylose reductase (XR), an 

enzyme from xylose metabolic pathway,79 on a DNA scaffold.77 The cascade reaction by 

ZF-SNAP fused XR (ZS-XR) and G-XDH56 was artificially activated on a DNA 

scaffold and the dependency of the cascade reaction on the interenzyme distance was 

investigated (Figure 1.18).  
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Figure 1.18 Artificial metabolic system on a DNA scaffold.17 a) Natural metabolism pathway 

for utilizing xylose in fungi and yeast.79 XR: xylose reductase, XDH: xylitol dehydrogenase, XI: 

xylose isomerase, XK: xylose kinase, PPP: pentose phosphate pathway b) A schematic 

illustration of the cascade reaction by two adaptor-fused enzymes (ZS-XR and G-XDH) 

coassembled on the DNA scaffold. d) Illustrations of the assembly of ZS-XR with or without 

G-XDH on DNA scaffold with different interenzyme distances. e) AFM images indicate the 

coassembly of ZS-XR and G-XDH on DNA scaffolds with different interenzyme distances. f) 

Time-course reaction profiles for the amount of NADH when two enzymes were coassembled 

with interenzyme distances of 10, 54, and 98 nm and for the free diffusion system, in which 

ZS-XR was located on DNA scaffold while G-XDH was free in solution with a theoretically 

estimated interspacing distances of 249 nm.  
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1.4 Aim of the research in this thesis 

This thesis aims to develop a system of modular adaptors with fast loading and 

high orthogonality to assemble several types of enzymes on defined positions of a DNA 

scaffold. The modular design of adaptor possesses two characteristics, the 

sequence-specific of DNA binding proteins and the substrate selectivity of protein-tags 

showed significant improvement of the assembly yield of POIs on a DNA scaffold. 

Understanding the kinetic aspect of these molecular recognition and chemical reaction 

process is necessary for developing new modular adaptors. This study discussed the 

mechanism of the modular adaptors to establish a general strategy for expansion of the 

number of orthogonal modular adaptors system (Figure 1.19). In Chapter 2, I developed 

a series of modular adaptors that enabled the orthogonal assembly several POIs on DNA 

scaffold by investigating the combination of two DNA binding zinc finger proteins 

(zif268 and AZP4) and three available protein-tags (SNAP-tag, CLIP-tag, and Halo-tag) 

(Figure 1.20b). 

 

 

Figure 1.19 Design of the orthogonal modular adaptors. a) The modular adaptors system 

requires orthogonality and fast reaction at the specific positions on a DNA scaffold. b) 

Combination of DNA binding proteins and protein tags for the possible modular adaptors. The 
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1st generation: the orthogonal modular adaptors, of which the orthogonality is depended on both 

the sequences specificity of the DNA binding modules and substrates selectivity of protein-tags 

(Chapter 2). The 2nd generation: the sequence-specific modular adaptors, of which the 

orthogonality is depended exclusively on the sequence specificity of the DNA binding modules 

(Chapter 3). c) Design of substrate modified ODN containing the binding sites for zif268 (ZF), 

AZP4 (AZ), and GCN4 (G).      

 

In Chapter 3, kinetic aspects of the covalent bonding formation of the modular 

adaptor were studied to develop a general design of the next generation of the 

orthogonal modular adaptors named sequence-specific modular adaptors. In this design, 

the orthogonality of modular adaptors is governed exclusively by the DNA binding 

modules, so that different DNA binding proteins could be used with only one type of 

protein-tag to create a series of sequence-specific modular adaptors (Figure 1.20b).  

 

Figure 1.20. Coassembly of (a) orthogonal modular adaptors and (b) sequence-specific 

modular adaptors on DNA scaffold. (a) An illustration associated with AFM image of a DNA 

scaffold coassembled with three modular adaptors: AZ-Halo (green arrow), ZF-SNAP (orange 

arrow), and AZ-CLIP (blue arrow). (b) An illustration associated with AFM image of a DNA 
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scaffold coassembled with three modular adaptors: CLIP-G (red arrow), ZF-SNAP (green 

arrow), and AZ-CLIP (blue arrow). 

The robustness of the orthogonal modular adaptors was next tested by using 

AZ-CLIP (AC) and AZ-Halo (AH) to assemble the unstable enzyme xylulose kinase 

(XK) on a DNA scaffold (Chapter 4). Indeed, XK was successfully constructed in the 

form of adaptor fused enzymes (AC-XK and AH-XK), and AC- XK and AH-XK were 

assembled on a DNA scaffold. I further constructed the artificial xylose metabolism 

pathway of three adaptor fused enzymes: ZS-XR (ZF-SNAP fused xylose reductase), 

G-XDH (GCN4 fused xylitol dehydrogenase), and AC-XK on a DNA scaffold. Several 

configurations of the assembly of three enzymes on DNA scaffold with the interenzyme 

distance vary from approximately 50 nm to 10 nm were constructed. The efficiency of 

the three enzymes cascade reaction was significantly enhanced when these three 

enzymes were placed at 10 nm proximity. This is the first study to investigate the 

cascades reaction derive from three enzymes of the natural metabolic pathway on a 

DNA scaffold (Chapter 4) (Figure 1.21). 
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Figure 1.21. The three enzymes cascade reaction on a DNA scaffold (Chapter 4). (a) 

An illustration of the cascade reaction by three enzymes ZS-XR, G-XDH and AC-XK on the 

DNA scaffold. (b, c) AFM images of the three enzymes bound on the DNA scaffolds (b) 

I-4XR/II-4XDH/III-1XK and (c) I-4XR/I-4XDH/I-1XK. The arrows in red, blue, and green 

indicate ZS-XR, G-XDH, and AC-XK, respectively. (d) Production of ADP from the cascade 

reaction all enzyme in bulk solution (Free), with the one enzyme assembled on DNA scaffold 

(I-4XR: ZS-XR located on the scaffold and G-XDH and AC-XK in bulk solution), and with the 

three enzymes assembled on DNA scaffold I-4XR/II-4XDH/III-1XK and I-4XR/I-4XDH/I-1XK.  
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CHAPTER 2  

 

Design of modular protein-tags for the 

orthogonal covalent bond formation at specific 

DNA sequences 
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2.1 Introduction 

DNA nanostructures1-4 provide an ideal scaffold to assemble the proteins of 

interest (POI), such as enzymes participating in sequential enzymatic reactions, in a 

spatially well-defined manner.5-9 Construction of a given sequential enzymatic reaction 

in vitro accelerates our understanding of the spatial factor and the chemistry behind the 

highly efficient cascade reaction and provides a principle for further application of 

current enzyme technology.5-9 In many cases, POIs were located on the DNA scaffold 

through the hybridization of oligodeoxyribonucleotides (ODNs) that were 

chemically-modified on POIs.10-11 This approach could locate multiple POIs on the 

DNA scaffold, but the activity of POIs tends to be reduced upon the chemical 

modification with ODN.11-15 Other methods to stably locate a POI on the DNA scaffold, 

such as the one relies on the avidin-biotin interaction, may not be suitable for 

assembling more than two kinds of POIs on the same scaffold.10-11 Sequence-specific 

DNA binding proteins, the zinc finger protein16 and the basic-leucine zipper protein17, 

have utilized by the Morii laboratory as the protein-based DNA binding adaptors to 

locate a POI at a target position on the DNA scaffold. Upon simple construction of 

adaptor-fused POIs by genetic modification, the sequence-selective DNA binding of 

these adaptors enables orthogonal arrangements of POIs at the specific DNA sequences 

on the DNA scaffold with fast binding kinetics.16 A drawback of this adaptor system 

could be its reversible nature, which causes incomplete loading of POIs to the defined 

DNA addresses on the DNA scaffold. To overcome this issue, a chemoselective 

crosslinking domain was conjugated to the adaptor to afford a modular adaptor, which 

would convert the noncovalent adaptor-DNA complex into a covalently linked complex. 

A modular adaptor (ZF-SNAP)18 consisting of the zinc finger protein (zif268)19 and a 

self-ligating protein-tag (SNAP-tag)20 expedites a covalent linkage formation between 
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the SNAP-tag domain and its substrate modified at a target DNA sequence on the DNA 

scaffold to near saturation. A monomeric enzyme xylose reductase (XR) fused to 

ZF-SNAP (ZS-XR) was specifically located on the DNA scaffold in fast reaction 

kinetics and in a high yield with fully retaining the enzymatic activity.21  

In order to assemble several POIs on the DNA scaffold at their specific 

locations in functional forms, modular adaptors with orthogonality and fast reaction 

kinetics under a mild condition are required, especially for the thermally unstable 

proteins. The self-ligating protein tags22 modified with a basic peptide23 may not be 

suitable for this purpose even with its improved reaction efficiency. Combination of 

DNA-binding proteins with distinct sequence-specificity and the same self-ligating 

protein tag would ideally provide a series of modular adaptors that orthogonally forms 

covalent linkages at different DNA sequences. However, ZF-SNAP forms a covalent 

linkage not only with the substrate in its specific DNA sequence but also with that in the 

nonspecific DNA sequence.18 This result is reminiscent of the DNA alkylation by small 

molecules, in which the balance of reactivity and affinity of ligands are important to 

induce the alkylation reaction at specific DNA sequences.24 In this work, I asked a 

question of whether a combination of protein-tags and DNA-binding proteins could 

provide modular adaptors that orthogonally form covalent linkages at specific locations 

with defined substrates (Figure 2.1). Among the combination of two DNA-binding 

proteins and three protein-tags, a set of three modular adaptors was successfully chosen 

to orthogonally react at their respective target sites with over 90% coassembly yield. 
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Figure 2.1 Candidates of the orthogonal modular adaptors. (a) Protein-tag modules 

(SNAP-tag, CLIP-tag, and Halo-tag) and DNA binding modules (ZF and AZ). (b) 

Candidates of the modular adaptors used in this study: ZF-SNAP, AZ-SNAP, AZ-CLIP, 

and AZ-Halo with the matched substrate modified ODNs (ODN-ZF-BG, ODN-AZ-BG, 

ODN-AZ-BC, and ODN-AZ-CH), respectively.   
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2.2 Results 

2.2.1 Design of modular adaptors and ODNs modified with the substrates for 

protein-tags 

A series of modular adaptors consisting of a DNA binding domain and a 

crosslink-forming protein-tag (Figure 2.2a) was systematically constructed to evaluate 

the orthogonal covalent bond formation at specific positions of DNA addresses on the 

DNA scaffold (Figure 2.2b). Zinc finger proteins zif268 and AZP4,28 a derivative of 

zif268 with unique sequence selectivity, were utilized as the sequence-specific DNA 

binding domain (Figure 2.2c). Three protein-tags, SNAP-tag20, CLIP-tag29 and 

Halo-tag30 were adapted as the crosslink-forming domain. SNAP-tag and CLIP-tag are 

reported to react specifically with O6-benzylguanine (BG) derivatives and 

O2-benzylcytosine (BC) derivatives, respectively, but they retain a certain degree of 

cross reactivities.28 Halo-tag reacts specifically with 5-chlorohexane (CH) derivatives 

with much less cross reactivity to BG or BC. By fusing SNAP-tag, CLIP-tag and 

Halo-tag, respectively, to the C-terminal of AZP4 through a GGSGGS linker, a series of 

modular adaptors, AZ-SNAP, AZ-CLIP, and AZ-Halo, were constructed (Figures 2.3, 

2.4, Table 2.1). Crosslinking reactions of these three modular adaptors were compared 

with that of ZF-SNAP.  
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Figure 2.2. (a) An illustration of modular adaptor. (b) A scheme representing fast and 

orthogonal loading of POIs fused modular adaptors at the defined DNA addresses on the DNA 

scaffold. (c) Combination of the DNA binding domains and tag-proteins for constructing a 

series of modular adaptors used in this study. (d) Nucleotide sequences of the ODNs for each of 

modular adaptors with the substrate for protein-tags and the chemical structures of the substrates 

for protein-tags modified T, denoted as “TR”. (e) Reaction schemes representing the crosslinking 

reactions between the modular adaptors and the substrates incorporated in the ODN.  
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Figure 2.3. a) A scheme illustrates the design of ZF-SNAP and ODN-ZF-BG. (b-d) Models for 

the complex of (b) ZF-SNAP with ODN-ZF-BG, (c) AZ-SNAP with ODN-AZ-BG, (d) 

AZ-CLIP with ODN-AZ-BC, (e) AZ-Halo with ODN-AZ-CH, respectively, based on the 

crystal structures of the complex between zif268 and ODN (PDB ID : 1ZAA) and the complex 

of SNAP-tag with BG (PDB ID:3KZY), and Halo-tag with CH (PDB ID : 1CQW). The models 

were constructed by using Discovery Studio (version 3.1, Accelrys Inc.).  
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Figure 2.4. SDS-PAGE analyses of purified modular adaptors. (a) AZ-SNAP, (b) AZ-CLIP, (c) 

AZ-Halo. Amino acid sequences and molecular weights of these proteins were shown in Table 

2.1. 
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Table 2.1 Amino acid sequences and molecular weights of modular adaptors. 

Modular 

adaptors 

Amino acid sequences Mw 

(Da) 

AZ-SNAP 

MKTGEKRPYACPVESCDRRFSQSNDLTRHIRIHTGQKPF

QCRICMRNFSRSDSLTRHIRTHTGEKPFACDICGRKFAE

SDNRKTHTKIHTGEKEFGGSGGSMDKDCEMKRTTLDSPL

GKLELSGCEQGLHEIIFLGKGTSAADAVEVPAPAAVLGG

PEPLMQATAWLNAYFHQPEAIEEFPVPALHHPVFQQESF

TRQVLWKLLKVVKFGEVISYSHLAALAGNPAATAAVKTA

LSGNPVPILIPCHRVVQGDLDVGGYEGGLAVKEWLLAHE

GHRLGKPGLGGGSGGSHHHHHH 

32,181 

AZ-CLIP 

MKTGEKRPYACPVESCDRRFSQSNDLTRHIRIHTGQKPF

QCRICMRNFSRSDSLTRHIRTHTGEKPFACDICGRKFAE

SDNRKTHTKIHTGEKEFGGSGGSMDKDCEMKRTTLDSPL

GKLELSGCEQGLHRIIFLGKGTSAADAVEVPAPAAVLGG

PEPLIQATAWLNAYFHQPEAIEEFPVPALHHPVFQQESF

TRQVLWKLLKVVKFGEVISESHLAALVGNPAATAAVNTA

LDGNPVPILIPCHRVVQGDSDVGPYLGGLAVKEWLLAHE

GHRLGKPGLGGGSGGSHHHHHH 

32,196 

AZ-Halo 

MKTGEKRPYACPVESCDRRFSQSNDLTRHIRIHTGQKPF

QCRICMRNFSRSDSLTRHIRTHTGEKPFACDICGRKFAE

SDNRKTHTKIHTGEKEFGGSGGSMAEIGTGFPFDPHYVE

VLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHV

APTHRCIAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIEA

LGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIR

PIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGT

LPMGVVRPLTEVEMDHYREPFLNPVDREPLWRFPNELPI

AGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPA

EAARLAKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARW

LSTLEISGEPTTEDLYFQSDNAIAHHHHHH 

47,768 
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Among the modular adaptors, ZF-SNAP and AZ-SNAP shared the same 

protein-tag (SNAP-tag) but differed in the DNA binding domain (zif268 or AZP4). 

Comparison of them asks whether the orthogonality is dictated by the specificity of 

DNA binding domain or not. AZ-SNAP, AZ-CLIP, and AZ-Halo possessed the same 

DNA binding domain (AZP4) but fused to different protein-tags (SNAP-tag, CLIP-tag 

or Halo-tag). Reactions of these adaptors clarify whether the substrate selectivity of 

protein-tag could control the orthogonality of the crosslinking reaction or not.  

An ODN containing the AZP4 binding sequence was designed to form a loop 

with four T nucleotides, in which one of the T nucleotides was displaced by amino-C6-T 

(ODN-AZ) (Figure 2.2d). The amino-C6-T was modified with each of the substrates for 

the protein-tags (Figure 2.2d: ODN-AZ-BG, ODN-AZ-BC, and ODN-AZ-CH). ODN 

containing the zif268 binding sequence modified with BG (ODN-ZF-BG) was also 

prepared (Figure 2.2d).18 The binding ability of the modular adaptors AZ-SNAP, 

AZ-CLIP and AZ-Halo to the AZP4 binding sequence (ODN-AZ) or to the zif268 

binding sequence (ODN-ZF), both lacking the substrate modification, was studied by 

titrations of gel mobility shift (Figure 2.5, 2.6 and Table 2.2). The equilibrium 

dissociation constants (KD) for the matched complexes, AZ-SNAP, AZ-CLIP and 

AZ-Halo for ODN-AZ, were 61±30 nM, 65±2 nM, and 118±6 nM, respectively (Figure 

2.5, Table 2.2). For the unmatched complexes, AZ-SNAP, AZ-CLIP, and AZ-Halo did 

not afford measurable dissociation constants for ODN-ZF (KD >1000 nM, Figure 2.6, 

Table 2.2). These results confirmed the expected sequence-specific DNA binding of 

these modular adaptors. 
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Figure 2.5. Autoradiograms show the electrophoretic mobility shift titration of (a) AZ-SNAP, 

(b) AZ-CLIP, (c) AZ-Halo, and (d) ZF-SNAP to 0.05 nM 5'-32P-labeled ODN-AZ in a buffer 

(pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1mM DTT, 1µM 

ZnCl2 0.02 % Tween 20, and 200 nM BSA at ambient temperature (left). Open arrows and filled 

arrows denote free ODN-AZ and modular adaptor bound ODN-AZ, respectively. 

Semilogarithmic plots show the fractions of 5'-32P-labeled ODN bound to modular adaptors 

(right). The estimated equilibrium constants are listed in Table 2.2 
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Figure 2.6. Autoradiograms show the electrophoretic mobility shift titration of (a) AZ-SNAP, 

(b) AZ-CLIP, (c) AZ-Halo, and to 0.05 nM 5'-32P-labeled ODN-ZF in a buffer (pH 8.0) 

containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1mM DTT, 1µM ZnCl2 

0.02 % Tween 20, and 200 nM BSA at ambient temperature (left). Open arrow and filled arrow 

denote free ODN-ZF and modular adaptor bound ODN-ZF, respectively. Semilogarithmic plots 

show the fractions of 5'-32P-labeled ODN bound to modular adaptors (right). The estimated 

equilibrium constants are listed in Table 2.2. 
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Table 2.2. Equilibrium disassociation constants (KD) for the complexes of modular adaptors 

with ODNs. 

Modular Adaptors 
KD (nM) 

ODN-AZ ODN-ZF 

ZF-SNAP > 1000 63 ± 18* 

AZ-SNAP 61 ± 30 > 1000 

AZ-CLIP 65 ± 2 > 1000 

AZ-Halo 118 ± 6 > 1000 

 

   *the value is taken from ref. 18 

 

2.2.2 Formation of covalent bonds between the modular adaptors and the substrate 

modified ODNs  

As reported previously, the slow kinetics of the covalent bond formation of 

SNAP-tag by itself22 to its substrate on ODN was dramatically improved by using 

ZF-SNAP due to the fast kinetics of zif268 binding to its target DNA sequence and 

successive increase in the effective molarity of substrate.18 Formation of a covalent 

linkage between each of the modular adaptors and the substrate modified ODNs was 

monitored by denaturing polyacrylamide gel electrophoreses (PAGE) as shown in 

Figure 7. For all the reactions of matched pairs, ZF-SNAP with ODN-ZF-BG, 

AZ-SNAP with ODN-AZ-BG, AZ-CLIP with ODN-AZ-BC, and AZ-Halo with 

ODN-AZ-CH, the crosslinking yields exceeded 90% (Figure 2.7b). The second-order 

rate constants of these reactions were determined to be 105 - 106 M-1s-1 (Figure 2.8-2.11 

and Table 2.3). These values were similar to each other within the four modular 

adaptors despite the fact that the parent protein-tags showed several orders of difference 

in the rate constants (103 - 106 M-1s-1).20,29,30 The reactions of unmatched pairs in the 

same conditions were evaluated next (Figure 2.7b). Among them, the cross-linking 

yields of ZF-SNAP to ODN-AZ-BG and AZ-SNAP to ODN-ZF-BG also reached over 
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90%. In addition, measurable cross-linking reactions were observed for AZ-SNAP to 

ODN-AZ-BC (15%) and AZ-CLIP to ODN-AZ-BG (14%). No detectable reaction was 

observed for the unmatched pairs of AZ-Halo. 

 

 

Figure 2.7. Analyses of crosslinking reactions between the modular adaptors and the substrate 

modified ODNs. (a) A scheme illustrates the crosslinking reactions of the modular adaptors to 

the substrate modified ODNs. (b) Denaturing PAGE analyses of the crosslinking reaction by 

modular adaptors (ZF-SNAP, AZ-SNAP, AZ-CLIP, and AZ-Halo) and each of the substrates 

modified ODNs, (ODN-ZF-BG, ODN-AZ-BG, ODN-AZ-BC, and ODN-AZ-CH), respectively. 

A substrate modified ODN was 5’-32P-end-labeled (0.5 nM) and incubated with a modular 

adaptor (100 nM) in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM 

MgCl2, 1 mM DTT, 1 µM ZnCl2, 0.02% Tween 20, 200 nM BSA, and 100 nM calf thymus 

DNA. Reactions were carried out for 30 min at ambient temperature. N/A : not applicable, n.d. : 

not detectable. 
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Figure 2.8. Autoradiograms shows denaturing gel electrophoretic analyses of the cross-linking 

reactions of 0.5 nM 5'-32P-end-labeled ODN-AZ-BG, 0.5 nM 5'-32P-end-labeled ODN-AZ-BC, 

and 0.5 nM 5'-32P-end-labeled ODN-AZ-CH with 10 nM, 1000 nM, and 1000 nM ZF-SNAP, 

respectively (left). Open arrows and filled arrows denote unmodified ODN and ZF-SNAP bound 

ODN, respectively. Time-course plots for the crosslinking reactions of ODNs and ZF-SNAP to 

obtain the rate constants (kapp) (right). The estimated rate constants are listed in Table 2.3. 

kapp=22±1 M-1s-1 
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Figure 2.9. Autoradiograms show denaturing gel electrophoretic analysis of the cross-linking 

reactions of 0.5 nM 5'-32P-end-labeled ODN-ZF-BG, 0.5 nM 5'-32P-end-labeled ODN-AZ-BG, 

ODN-AZ-BC, and 0.5 nM 5'-32P-end-labeled ODN-AZ-CH with 10 nM, 10 nM, 1000 nM, and 

1000 nM AZ-SNAP, respectively (left). Open arrow and filled arrow denote unmodified ODN 

and AZ-SNAP bound ODN, respectively. Time-course plots for the crosslinking reactions of 

ODNs and AZ-SNAP to obtain the rate constants (kapp) (right). The estimated rate constants are 

listed in Table 2.3. 
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Figure 2.10. Autoradiograms show denaturing gel electrophoretic analysis of the cross-linking 

reactions of 0.5 nM 5'-32P-end-labeled ODN-ZF-BG, 0.5 nM 5'-32P-end-labeled ODN-AZ-BG, 

ODN-AZ-BC, and 0.5 nM 5'-32P-end-labeled ODN-AZ-CH with 1000 nM, 1000 nM, 10 nM, 

and 1000 nM AZ-CLIP, respectively (left). Open arrow and filled arrow denote unmodified 

ODN and AZ-CLIP bound ODN, respectively. Time-course plots for the crosslinking reactions 

of ODNs and AZ-CLIP to obtain the rate constants (kapp) (right). The estimated rate constants 

are listed in Table 2.3. 
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Figure 2.11. Autoradiograms show denaturing gel electrophoretic analysis of the cross-linking 

reactions of 0.5 nM 5'-32P-end-labeled ODN-ZF-BG, 0.5 nM 5'-32P-end-labeled ODN-AZ-BG, 

ODN-AZ-BC, and 0.5 nM 5'-32P-end-labeled ODN-AZ-CH with 1000 nM, 1000 nM, 1000 nM, 

and 10 nM AZ-Halo, respectively (left). Open arrows and filled arrows denote unmodified ODN 

and AZ-Halo bound ODN, respectively. Time-course plots for the crosslinking reactions of 

ODNs and AZ-Halo to obtain the rate constants (kapp) (right). The estimated rate constants are 

listed in Table 2.3. 
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Table 2.3. Kinetic parameters for the cross-linking reaction between 5'-32P-end-labeled 

ODN derivatives and modular adaptors 

Rate constant kapp (M-1s-1) 
Modular adaptors 

ZF-SNAP AZ-SNAP AZ-CLIP AZ-Halo 

ODN 

derivatives 

ODN-ZF-BG 
(3.8 ± 1.2)  × 

105* 

(9.5 ± 0.6) × 

104 
62 ±13 n.d. 

ODN-AZ-BG (2.6 ± 0.2) × 104 
(9.1 ± 2.4) × 

105 
77 ± 18 n.d. 

ODN-AZ-BC 22  ±  1 304 ± 9 
(5.0 ± 0.7) × 

105 
n.d. 

ODN-AZ-CH 55  ± 11 147  ± 25 17  ±  24 
(4.0 ± 1.0) × 

105 

n.d. : not detectable 

The modular adaptors possessing the same protein-tag with different DNA 

binding domains, such as ZF-SNAP and AZ-SNAP, are not suitable for a pair of 

orthogonal adaptors. When modular adaptors shared the same DNA binding domain but 

differed in the protein tag, combination of AZ-SNAP and AZ-Halo or AZ-CLIP and 

AZ-Halo reduced the crosslinking reaction for unmatched pairs due to the lower 

reactivity of SNAP-tag and CLIP-tag to the Halo-tag substrate (CH) or vice versa. On 

the other hand, crosslinking reactions for the unmatched pairs of both AZ-SNAP to 

ODN-AZ-BC and AZ-CLIP to ODN-AZ-BG were observed due to the inherent 

crosslinking ability of SNAP-tag for BC and CLIP-tag for BG.29 Therefore, a 

combination of ZF-SNAP with ODN-AZ-BC and AZ-CLIP with ODN-ZF-BG was 

preferred to reduce the unmatched crosslinking reaction. As shown in Figure 2.7b, no 

crosslinking reaction was observed for the unmatched pairs of these combinations. 

Taken all together, complete orthogonality for the crosslinking reaction of three modular 

adaptors, ZF-SNAP, AZ-CLIP, and AZ-Halo, to each matched ODN was established as 

shown in Figure 2.12. 
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Figure 2.12. (a) Combination of modular adaptors to validate their orthogonal reactions to 

target sites. (b) Denaturing PAGE analyses of the crosslinking reaction by modular adaptors 

(ZF-SNAP, AZ-CLIP, and AZ-Halo) and the substrate modified ODN (ODN-ZF-BG, 

ODN-AZ-BC, and ODN-AZ-CH), respectively. Each 5'-32P-end-labled ODN (0.5nM) 

(ODN-ZF-BG, ODN-AZ-BC or ODN-AZ-CH) was incubated with a modular adaptor (100 nM : 

ZF-SNAP, AZ-CLIP or AZ-Halo) for 30 min in a buffer (pH 8.0) containing 40 mM Tris-HCl, 

20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 µM ZnCl2, 0.02% Tween 20, 200 nM BSA 

and 100 nM calf thymus DNA at ambient temperature. N/A : not applicable, n.d: not detectable. 

 

2.2.3 Formation of covalent bonds between the modular adaptors and the substrate 

modified addresses on the DNA scaffolds  

Orthogonal crosslinking reactions of three modular adaptors (ZF-SNAP, 

AZ-Halo, and AZ-CLIP) were analyzed at the designed positions of DNA scaffold. A 

rectangular DNA scaffold (I-1AH/II-1ZS/III-1AC) containing three cavities (Figure 
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2.13, Table 2.4, 2.6) was prepared as described previously.21 Briefly, 10nM of the 

M13mp18 single-stranded DNA M13mp18 was incubation with 50 nM of the staple 

strands (Table 2.4 and 2.6 ) for 30 min and stored at 4C in a thermal cycler.  

 

Table 2.4. Nucleotide sequences for the staple strands including zif268 and AZP4 binding sites 

with substrates modified T (TBG, TCH, TBC for T modified with BG, BC, and CH, respectively). 

The zif268 and AZP4 binding sites on the staple strands were colored in red and blue, 

respectively. 

Oligo name Sequence (from 5’ to 3’) 

8E-AZ-CH CTACTAA CTTATGCCACGTAGCGTTCHTTCGCTACGTGGCATAAG 

TGACCATTAGATACAACGAGTAGA 

11D-ZF-BG AACAGGTC CTTACGCCCACGCGCG TTBGTT 

CGCGCGTGGGCGTAAG GAACCAGACCGGAAGATTCGAGC 

24D-AZ-BC GGACAGAT CTTATGCCACGTAGCGTTBCTTCGCTACGTGGCATAAG 

AAATTGTGTCGAAATCTGTATCAT 

 

 

Figure 2.13. An illustration shows the shape and addresses of the DNA origami scaffold 

used in this study. (a) DNA scaffold (I-1AH/II-1ZS/III-1AC) containing the single binding site 

for AZ-Halo, ZF-SNAP, and AZ-CLIP at the cavity I, I and III, respectively. (b) AFM image of 

the DNA scaffold (I-1AH/II-1ZS/III-1AC). The scale bars represent 100 nm. 
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Upon reaction of the DNA scaffold (5 nM) and each of the modular adaptors 

(100 nM) for 30 min, the yields of crosslinking reaction at matched and unmatched sites 

were estimated by AFM images (Figures 2.14b-d, Table 2.5). The yields of covalent 

bond formation by each of the modular adaptors at the matched positions were over 

93% with the highest yield of 96% for AZ-Halo (Figure 2.14b). Little or no crosslinking 

reaction was observed for the unmatched sites on DNA scaffold. These results 

confirmed nearly perfect orthogonal assembly of these three modular adaptors. 

 

Figure 2.14. (a) An illustration of DNA origami scaffold (I-1AH/II-1ZS/III-1AC), in which 

each cavity contained a single address for one of the modular adaptors. The stem loops in blue, 

orange and green denote the binding site for AZ-Halo (AH) in cavity I, ZF-SNAP (ZS) in cavity 

II, and AZ-CLIP (AC) in cavity III, respectively. (b-d) AFM images of the DNA scaffold reacted 

by the modular adaptor (b) AZ-Halo, (c) ZF-SNAP, or (d) AZ-CLIP at the predesigned specific 

position. [I-1AH/II-1ZS/III-1AC] = 5 nM and [AZ-Halo], [ZF-SNAP] or [AZ-CLIP] = 100 nM. 

The reactions were carried out in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic 

acid, 12.5 mM MgCl2, 1 mM DTT, 1 µM ZnCl2, and 0.02% Tween20 for 30 min at ambient 

temperature. Yields for the matched and the unmatched crosslinking reactions were estimated by 
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counting the number of cavities occupied by the modular adaptors (Table 2.5). The scale bars 

represent 200 nm. 

 

Sequential assembly of these modular adaptors to the DNA scaffold was next 

tested (Figure 2.15). DNA scaffold (5 nM) was first incubated with AZ-Halo (100 nM), 

then with ZF-SNAP (100 nM), and finally with AZ-CLIP (100 nM). After each step of 

the reaction, an aliquot of reaction mixture was taken to purify by a size-exclusion 

chromatography for AFM analysis. Statistical analyses of AFM images showed that the 

loading yield of the modular adaptor to its designed position at each step was over 93%. 

The overall co-assembly yield of three modular adaptors after three steps of reactions 

was 90% (Figure 2.15), which represents the highest co-assembly yield to date for 

loading three different proteins to specific sites through covalent linkages on the DNA 

scaffold.22  

 

 

Figure 2.15. (a) An illustration of the sequential assembly of modular adaptors on the DNA 

scaffold (I-1AH/II-1ZS/III-1AC) and (b-e) AFM images of the DNA scaffold reacted by the 

modular adaptors. The DNA scaffold (5 nM) was incubated (c) with AZ-Halo (100 nM) for 10 

min at ambient temperature (1st step), and then (d) with the ZF-SNAP for additional 10 min 
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(2nd step), and finally (e) with AZ-CLIP for further 10 min (3rd step). The reactions were 

carried out in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM 

MgCl2, 1 mM DTT, 1 µM ZnCl2, and 0.02% Tween20. At each step, an aliquot of the reaction 

mixture was purified by size-exclusion chromatography and then analyzed by AFM. Yields at 

each cavity and co-assembly yields after the 2nd step and the 3rd step were estimated by 

counting the number of cavities occupied by the modular adaptors (Table 2.5). The scale bars 

represent 200 nm. 

 

One pot co-assembly reaction of the modular adaptors for their target positions 

on DNA scaffold was further assessed (Figure 2.16). The DNA scaffold (5 nM) was 

incubated with three modular adaptors (100 nM of each) at ambient temperature or on 

ice. The co-assembly yields of the modular adaptors were estimated from the AFM 

images. The yield of co-assembly reaction reached 93% in 5 min at ambient temperature 

or 87% in 20 min on ice, respectively. 

 

 

Figure 2.16 (a) One pot co-assembly reaction of three adaptors on the DNA scaffold 

(I-1AH/II-1ZS/III-1AC) under different incubation times and temperatures. (b-c) AFM images 

of the DNA scaffold reacted by the modular adaptors. A reaction mixture of 5 nM DNA scaffold 

and 100 nM each of adaptors (AZ-Halo, ZF-SNAP and AZ-CLIP) in a buffer (pH 8.0) 

containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 µM ZnCl2, and 
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0.02% Tween20 was incubated for (b) 5 min at ambient temperature or (c) 20 min on ice. Yields 

were estimated by counting the number of cavities occupied by the modular adaptors (Table 2.5). 

The scale bars represent 200 nm. 

  

Table 2.5. Total numbers and yields of the DNA scaffolds (I-1AH/II-1ZS/III-1AC) assembled 

with the modular adaptors analyzed by AFM. 

Modular 

adaptor 

derivatives 

Number of 

well-formed 

DNA 

scaffold 

Numbers and yields of the 

modified cavities Co-assembly 

yield 
AFM image 

 

Cavity I Cavity II Cavity III 
Temp. 

AZ-Halo 151 
145 

[96%]  

1  

[1%] 

4  

[3%] 
n.a. Figure 2.14b 

25C 

ZF-SNAP 179 
1  

[1%]  

166 

[93%] 

5  

[3%] 
n.a. Figure 2.14c 

25C 

AZ-CLIP 147 
1  

[96%]  

5  

[3%] 

137 

[93%] 
n.a. Figure 2.14d  

25C 

AZ-Halo 157 
155 

[99%]  

5  

[3%] 

6  

[4%] 
n.a. 

Figure 2.15 

1st step 
25C 

AZ-Halo 

and 

ZF-SNAP 

129 
125 

[97%]  

120 

[93%] 

4  

[3%] 

118  

[91%] 

Figure 2.15 

2nd step 

25C 

AZ-Halo, 

ZF-SNAP 

and 

AZ-CLIP 

101 
100 

[99%]  

92 

[91%] 

100 

[99%] 

92  

[91%] 

Figure 2.15 

3rd  step 

25C 

AZ-Halo, 

ZF-SNAP 

and 

AZ-CLIP 

153 
153 

[100%]  

146 

[95%] 

151 

[98%] 

142  

[93%] 
Figure 2.16b 

25C 

AZ-Halo, 

ZF-SNAP 

and 

AZ-CLIP 

153 
149 

[97%]  

139 

[91%] 

143 

[93%] 

133  

[87%] 
Figure 2.16c 

4C 

 

2.3 Discussion 

DNA nanotechnology enables the rapid production of fully addressable 

nanostructures that are suitable for the scaffold of site-directed assembly of functional 

materials in the nanometer precision. Proteins are a particularly interesting class of 

molecules to assemble in such high precision because such protein assemblies act as in 

vitro models for the cellular protein assemblies. Proteins, in contrast to the stable small 
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molecules and nanoparticles, usually require much more caution not to suppress or 

abolish their activity during the assembly formation on DNA scaffold. In addition, 

stable assembly of proteins on the DNA scaffold through covalent linkages promotes its 

reliable and reproducible functional analyses. Previous methods to locate POIs on the 

DNA scaffold through covalent linkages required a large excess amount of modified 

proteins to the target on the DNA scaffold with long incubation times, 22 which is not 

preferable to retain the enzyme activity. When POIs chemically modified with ODN 

were used to locate on the DNA scaffold through hybridization, an annealing process, 

for example, an incubation from 37 to 4 °C for 1-2 h, was required to maximize the 

assembling yield.11 Such a process often reduces the activity of thermally unstable 

enzymes. In addition, multiple redundant binding sites for locating POIs were 

introduced in many cases on the DNA scaffold to enhance the apparent loading 

yield.12-15,22,23,32 Such a scaffold design causes difficulty in controlling the accurate 

stoichiometry of located proteins. 

Unlike these methods, site-specific crosslinking reactions by the modular 

adaptors are efficient enough to saturate a unique binding site on a DNA scaffold. The 

one-pot coassembly yield of three different modular adaptors reached almost 90% at 

ambient temperature within 5 min or on ice for 20 min. The apparent rate constants for 

the crosslinking reaction of three different modular adaptors described here are at the 

same order of magnitude. Such characteristics of multiple crosslinking reactions are 

very useful to simultaneously assemble various POIs on the DNA scaffold by a one-pot 

co-assembly reaction. The short reaction time for assembly formation is suitable to load 

the thermally unstable enzyme on the DNA scaffold with maintaining the activity. These 

newly designed orthogonal modular adaptors are suitable for stably assembling various 

kinds of enzymes in their active forms on the DNA scaffold. In fact, the enzyme XK, 



63 

 

 

 

which is reported to be thermally unstable,27 was successfully loaded on the DNA 

scaffold to drive the enzyme cascade reaction (Chapter 4). It is also worth mentioning 

that the high loading yield achieved by the modular adaptor fused enzyme to a single 

binding site on the DNA scaffold allows us to control the distinct stoichiometry of 

enzymes on the DNA scaffold.  

The set of three orthogonal modular adaptors described here now enables 

successful location of three POIs at their respective positions on the DNA scaffold. To 

assemble more than three kinds of POIs, further expansion of the members of 

orthogonal modular adaptors, which may consist of different types of DNA binding 

domains33 and the chemoselective cross-linking domains33-34 are required. 

The kinetics and selectivity studies described in this study revealed important 

characteristics for the crosslinking reaction of modular adaptors that are useful for the 

design of the orthogonal modular adaptors. To verify the kinetic aspect of crosslinking 

reaction between the modular adaptor (MA) and the substrate modified ODN (SUB), 

the reaction was considered as represented by scheme (1), where a reversible complex 

of DNA binding domain of modular adaptor and ODN was formed as a transient 

complex (COMP):36  

 

    (1) 

 

The first step of scheme (1) is the formation of reversible complex, COMP, by 

MA and SUB. The second step is an intramolecular crosslinking reaction within COMP 

between MA and SUB to form a crosslinking product CROSS. The apparent rate 

constant of the crosslinking reaction (kapp) (M
-1s-1) is represented as an equation (2): 
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      (2) 

 

where kon (M
-1s-1) and koff (s

-1) are the association and dissociation rate constants of the 

DNA binding domain with SUB, and kcov×M (s-1) is the rate constant of covalent bond 

formation in close proximity, which is defined by the product of the rate constant of 

intermolecular covalent formation (M-1s-1) and the effective concentration (M).24 When 

the rate constant of covalent bond formation is much larger than the dissociation rate 

constant (kcov×M >> koff), the equation (2) leads to an equation (3): 

  

kapp ≈ kon    (3) 

 

On the other hand, when the rate constant of covalent bond formation is much 

smaller than the dissociation rate constant (kcov×M << koff), the equation (2) leads to an 

equation (4): 

 

kapp ≈ kcov×M *kon/koff = kcov×M /KD  (4) 

 

where KD (M) is the equilibrium dissociation constant. I first consider the reaction of 

matched pairs of the modular adaptor and the substrate modified ODN. The association 

rate constants of DNA binding domains including the zinc finger motif to DNA are 

reported to be quite large (106 to 108 M-1s-1).44 From the equilibrium dissociation 

constant obtained for the matched complex of the zinc finger motif (~60 nM) as shown 

in Table 2.2 and the association rate constant of 106 to 108 M-1s-1, the dissociation rate 
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constant of COMP is expected to be 6 to 0.06 s-1. The rate constant of covalent bond 

formation for the protein-tag and its substrate ranged from 103 to 106 M-1s-1 (e.g. 

SNAP-tag and BG derivative: ~104 M-1s-1),20,29,30 which is much larger than the 

dissociation rate constant of COMP (0.06 s-1) by assuming that the effective 

concentration of the reactant within COMP is over 1 mM as previously reported for 

such complexes.37-39 Therefore, the apparent rate constant for the crosslinking reaction 

(kapp) corresponds to the association rate constant for the complex formation between 

the DNA binding domain and ODN as in the equation (3). This explains the results that 

kapp obtained for the crosslinking reaction of matched complexes are around 105 - 106 

M-1s-1 (Table 2.3). We next consider the reaction of unmatched pairs of the modular 

adaptor and the substrate modified ODN. The sequence selectivity of the zinc finger 

motif is governed by the dissociation rate constants, not by the association rate 

constants for the DNA complex formation.40-44 Because the equilibrium dissociation 

constant of unmatched complex is larger than 10-6 M (Table 2.2) and the association rate 

constant of unmatched complex is similar to that of matched complex, the association 

rate constant and dissociation rate constant of unmatched complex are expected to be 

106 M-1s-1 and 1s-1, respectively. Even though the dissociation rate constant for the 

unmatched complex (1 s-1) is larger than that for the matched complex (0.06 s-1), the 

condition of kcov×M >> koff again stands for the reaction of the protein-tag and its 

substrate in the un-matched complex. These considerations explain the results that 

ZF-SNAP and AZ-SNAP formed covalent linkages at the BG modified sites both in the 

matched and the unmatched sequences. The modular adaptors possessing the same 

protein-tag with different DNA binding domains, such as ZF-SNAP and AZ-SNAP, are 

not suitable for a pair of orthogonal adaptors because these modular adaptors possess 

characteristics leading the equation (3). Due to the inherent side reactions of SNAP-tag 
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for BC and CLIP-tag for BG, minor crosslinking reactions (less than 15% yield) for the 

unmatched pairs of both AZ-SNAP to ODN-AZ-BC and AZ-CLIP to ODN-AZ-BG 

were observed (Figure 2.7b). In the reaction of AZ-SNAP to ODN-AZ-BC, AZ-SNAP 

specifically binds ODN-AZ-BC with fast associate rate constant but the crosslinking 

kinetic constant for SNAP-tag with BC was reported to be 26 M-1s-1.37-39 For this 

unmatched complex, the condition for the rate constant of covalent bond formation and 

the dissociation rate constant reaction observed in the case of matched complex such as 

ZF-SNAP and ODN-ZF-BG (kcov×M >> koff) does not stand. Assuming that the effective 

concentration of the reactant within COMP is over 1 mM as previously reported for 

such complexes, 37-39 kcov×M for AZ-SNAP and ODN-AZ-BC is estimated to be 2.6 x 

10-2 s-1, which is in the same order to the dissociation constant of COMP (0.06 s-1). The 

kinetic aspect of this side reaction cannot be simplified as equation (3) or equation (4).  

Thus, reducing the rate constant of covalent bond formation by the protein-tag to follow 

the conditions of equation (4) would provide an effective strategy to prevent the 

crosslinking reaction at the unmatched DNA sequences by the modular adaptors bearing 

the same chemoselective crosslinking domains. Base on the equation (4), the higher the 

equilibrium dissociation constant (KD) for the unmatched complex of zinc finger motif 

and ODN is, the lesser the undesired crosslinking reactions of unmatched complexes 

would proceed. A wide variation of sequence-selective DNA binding proteins has been 

well characterized to date.33 These DNA-binding proteins reveal a wide range of affinity 

and sequence selectivity. The chemoselective crosslinking domains34-35 could be tuned 

to show the different rate constant of covalent bond formation. Further investigation on 

the combination of DNA binding domain and chemoselective crosslinking domain will 

provide us various sets of orthogonal modular adaptors, in which the same 

chemoselective crosslinking domain is shared by different DNA binding domains, to 
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complete the crosslinking reactions at different DNA sequences. 

 

2.4 Conclusion 

I have systematically investigated a series of modular adaptors that differed in 

the sequence-specific DNA binding domain and the self-ligating protein tag to achieve 

not only the fast kinetics and the high loading yield for the crosslinking reaction but also 

the high orthogonality to the individual target addresses. This study suggested an 

important guideline for the design of modular protein-tags for the orthogonal formation 

of covalent bonds at specific DNA sequences. Further application and functional 

evaluation of the combination of these modular adaptors are currently underway. 

 

2.5 Materials and methods 

2.5.1 Materials 

The single-stranded M13mp18, restriction enzymes (NdeI and HindIII), 

pSNAP-tag (T7)-2 Vector (N9181S), BG-GLA-NHS (S9151S), BC-GLA-NHS 

(S9237S) were purchased from New England Biolabs. pCLIPf(T7)-2 Vector was 

generously donated from New England Biolabs. HaloTag 7 vector (pFN18K : G2681) 

and HaloTag Succinimidyl Ester (O2) Ligand (P1691) were purchased from Promega. 

Purified oligonucleotides as the staple strands for DNA origami, oligonucleotide 

primers for gene construction and all other oligonucleotides were obtained from 

Sigma-Aldrich (St. Louis, MO), Thermo Fisher Scientific Inc. (Waltham, MA, USA) or 

Gene Design Inc. (Osaka, Japan). Escherichia coli BL21 (DE3) competent cells were 

purchased from Invitrogen (Carlsbad, CA). Mini Elute Gel Extraction Kit was prepared 

from QIAGEN (Tokyo, Japan). HiTrap SP XL cation exchange column (5 ml), HisTrap 

HP column (5 ml), and Sephacryl S-400 were from GE Healthcare Japan Inc. (Tokyo, 
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Japan). PrimeSTAR HS DNA polymerase, T4 DNA ligase, and E. Coli DH5α competent 

cells were obtained from TaKaRa Bio Inc. (Shiga, Japan). Ultrafree-MC-DV was 

obtained from Merck Millipore (Darmstadt, Germany). Cosmosil 5C18-MS II column 

(4.6 i.d. × 150 mm) and HPLC-grade acetonitrile were purchased from Nacalai Tesque 

(Kyoto, Japan). Gel electrophoresis grade acrylamide, bis(acrylamide), phenol, and all 

other chemicals and reagents were purchased from Wako Chemicals (Tokyo, Japan) or 

Nacalai Tesque (Kyoto, Japan). Phosphate buffer (PB) was prepared as 20 mM 

Na2HPO4 and 20 mM NaH2PO4. DNA origami buffer (pH 8.0) contained 40 mM 

Tris-HCl, 20 mM acetic acid, and 12.5 mM MgCl2. 

 

2.5.2 Preparation of the protein-tag derivatives (AZ-SNAP, AZ-CLIP, and 

AZ-Halo) 

Overexpression and purification of the ZF-SNAP were described in the 

previous report.18 As a typical example, preparation of AZ-SNAP is shown below. All of 

the vectors encoding protein-tag derivatives (pET-30a-AZ-CLIP, pET-30a-AZ-Halo,) 

were prepared and the protein-tag derivatives (AZ-CLIP, AZ-Halo) were overexpressed 

and purified in the same manner. 

Construction of Vectors for AZ-SNAP (pET-30a-AZ-SNAP). SNAP-tag in 

pSNAP-tag (T7)-2 vector was amplified by PCR using the following primer pairs.  

Forward primer (F_EcoRI_SNAP):  

TAATAAGAATTCGGCGGCTCCGGCGGCTCCGACAAAGATTGCGAAA  

Reverse primer (R_SNAP_HindIII): 

TTATTAAAGCTTTTAATGATGGTGATGATGATGGTGATGATGGTGGGT

ACCATTAACCTCGAGCCCGGGG  

The PCR products were run on a 1% agarose gel (TAE) and were purified by 
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Mini Elute Gel Extraction Kit. The PCR products and pET-30a-cys-AZP46 were 

digested with EcoRI and HindIII and were purified in the same manner. These products 

were incubated with T4-DNA-ligase. The mixture was transformed into E. coli DH5α 

competent cells for amplification. The vector encoding AZ-SNAP (termed as 

pET-30a-AZ-SNAP) was purified, sequence checked, then transformed into E. coli 

BL21(DE3) competent cells. 

 

2.5.3 Overexpression and purification of protein-tag derivatives (AZ-SNAP, 

AZ-CLIP, and AZ-Halo) 

The transformed cells were grown at 37 °C until OD600 reached 0.5, and protein 

expression was induced with 1 mM IPTG for 24 h at 25 °C. The soluble fraction of the 

cell lysate containing recombinant protein was loaded to HisTrap HP column 

equilibrated with a 50 mM phosphate buffer (pH 8.0) containing 200 mM NaCl and 1 

mM DTT, and eluted by imidazole gradient. The main fractions containing the target 

protein were collected, loaded to HiTrap SP HP column equilibrated with a 50 mM 

phosphate buffer (pH 7.0) containing 1 mM DTT and eluted by NaCl gradient. The 

purified protein was dialyzed by using a 50 mM phosphate buffer (pH 8.0) containing 1 

mM DTT, 50 µM ZnCl2, and 50% glycerol and stocked at -20°C. The purity of the 

target protein was checked by SDS-PAGE. The major band in SDS-PAGE corresponded 

to the calculated molecular weight with estimated purity of over 95% (Figure 2.4). The 

modular adaptors were characterized by MALDI-TOF mass spectrometry 

(AXIMA-LNR, Shimadzu, SA matrix). AZ-SNAP: m/z calcd 32181, found 32183; 

AZ-CLIP: m/z calcd 32196, found 32249; AZ-Halo: m/z calcd 47768, found 47736. 

Amino acid sequences and calculated molecular weights of recombinant proteins used 

in this study are shown in Table 2.1.  
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2.5.4 Preparation of substrate modified ODNs 

A coupling reaction between amino modified ODNs (100 µM) and 

succinimidyl derivative of protein-tag substrates (1 mM) was carried out in a 100 mM 

phosphate buffer (pH 8.0) for 8 hours at ambient temperature. The substrate modified 

ODNs were purified by reversed-phase HPLC on a Cosmosil 5C18-MS II column (4.6 x 

150 mm, elution with 100 mM triethylammonium acetate buffer, pH 7.0, linear gradient 

over 30 min from 2.5 to 30% acetonitrile at flow rate of 1.0 mL.min-1), and 

characterized by MALDI-TOF mass spectrometry (AXIMA-LNR, Shimadzu, HPA 

matrix). ODN-AZ-BG: m/z calcd 11236, found 11237; ODN-AZ-BC: m/z calcd 11195, 

found 11193; ODN-AZ-CH: m/z calcd 11175, found 11172; ODN-8e-AZ-CH: m/z calcd 

21084, found 21085; ODN-24D-AZ-BC: m/z calcd 21471, found 21471. 

 

2.5.5 Preparation of 32P-end-labeled ODNs and the analysis of covalent-linkage 

formation between 32P-end-labeled ODNs and modular adaptors by denaturing gel 

shift assay 

The ODNs (Figure 2.2d) were 5'-32P-end-labeled as previously described.18 In a 

typical experiment for kinetic analysis, 32P-ODN-AZ-CH (less than 0.1 nM) was 

incubated with AZ-Halo (10 nM) in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 

mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 µM ZnCl2, 0.02% Tween20, 200 nM 

BSA and 100 nM calf thymus DNA at ambient temperature and aliquots taken at 

defined reaction times were quenched by addition of formamide. The aliquots were 

analyzed by 8 M Urea PAGE and the intensities of the bands on the gel were analyzed 

by using Storm 860 Molecular imager (Amersham). The kinetics data were fitted to a 

reaction model assuming the first-order kinetics, and then the second-order rate 

constants were determined. For checking the selectivity, each 5'-32P-end-labled ODNs 
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(ODN-ZF-BG, ODN-AZ-BG, ODN-AZ-BC or ODN-AZ-CH) was incubated with a 

modular adaptor (100 nM) (ZF-SNAP, AZ-SNAP, AZ-CLIP, AZ-Halo) for 30 min in a 

buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 mM 

DTT,  1 µM ZnCl2, 0.02% Tween 20, 200 nM BSA and 100 nM calf thymus DNA at 

ambient temperature.  

 

2.5.6 Preparation of the DNA origami scaffold with three cavities 

A solution (50 µL) containing M13mp18 single-stranded DNA (New England 

Biolabs, 10 nM), staple DNA strands (5 equiv, 50 nM, the nucleotide sequences of all 

the staple DNA strands were shown in our previous report11 and Table S4) in a buffer 

(40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, pH 8.0) was heated at 95 °C for 

1 min, annealed at 53 °C for 30 min, and kept at 4 °C by using a thermal cycler. The 

samples were purified by size-exclusion chromatography (400 µL volume of Sephacryl 

S-400, GE Healthcare) equilibrated with a buffer (pH 8.0) containing 40 mM Tris-HCl, 

20 mM acetic acid, and 12.5 mM MgCl2 in Ultrafree-MC-DV (Millipore). 

 

Table 2.6. Unmodified staple strand for assembly of DNA scaffold 

Name Address Sequence 

3W-type2-001 1a GCGGGAGGTTTTGAAGCGAGGCGTTTTAGCGACATGTTCA 

3W-type2-002 1bc GCTAATGCATTCTGTCCAGACGACTCTTCTGACCTAAATTT

TTTTCAA 

3W-type2-003 1d ATATATTTAGATGATGAAACAAACTATTCATTTCAATTACCT

TTTACA 

3W-type2-004 1ef TCGGGAGAACGTCAGATGAATATAGAAGGGTTAGAACCTA

ATTGTTTG 

3W-type2-005 1g GATTATACAAAGAAACCACCAGAATTTGAGTAACATTATCA

TTTAGAA 

3W-type2-006 1hi GTATTAGAGAGCCGTCAATAGATAGTTGGCAAATCAACAGT

ATCAAAC 

3W-type2-007 1j CCTCAATCAAAGGGACATTCTGGCAGATTCAC 

3W-type2-008 1k CAGTCACAAACGGTACGCCAGAATGAGGCCGATTAAAGG

G 



72 

 

 

 

3W-type2-009 2ab GTAAAGTAAGAACGCGCCTGTTTCGGTATTCTAAGAACGC

CTTAAA 

3W-type2-010 2c AAACAAAAAAGAACGCGAGAAAACTAATGGTTTGAAATA

GACAAAAG 

3W-type2-011 2de CAGGTTTAAACAATAACGGATTCTCGCGCAGAGGCGAATA

TCAAGA 

3W-type2-012 2f AATTATCACATCAATATAATCCTGCCATATCAAAATTATTAGA

TTTT 

3W-type2-013 2gh ATAGATTACTTTACAAACAATTCTTATTAATTTTAAAAGGGA

GCGG 

3W-type2-014 2i GATAGAACCTTGCTGAACCTCAAATTGAAAGGAATTGAGA

ACAACTA 

3W-type2-015 2jk CTAAACAGCCTGAGAAGTGTTTTGATTATTTACATTGGCCA

ACAGA 

3W-type2-016 3a TCAAGATTAGTTGCTATTTTGCACTATAGAAGGCTTATCATC

AACAA 

3W-type2-017 3b TAGATAAGAGAATATAAAGTACCCCGACCGT 

3W-type2-018 3c GTGATAAATCCAATCGCAAGACATTAATTAC 

3W-type2-019 3d ATTTAACATACCAAGTTACAAAAGCCTGATT 

3W-type2-020 3e GCTTTGAAAATAAAGAAATTGCGTTGCACGT 

3W-type2-021 3f AAAACAGACAGATGATGGCAATTTCATATTC 

3W-type2-022 3g CTGATTATTCCTTTGCCCGAACGGACAACTC 

3W-type2-023 3h GTATTAAAATCTTTAGGAGCACTGAAGGTTA 

3W-type2-024 3i TCTAAAATAATCTAAAGCATCACCCTTCTGA 

3W-type2-025 3j CCTGAAAGCAATCGTCTGAAATGTATAATCA 

3W-type2-026 3k GTGAGGCCCCTCGTTAGAATCAGAGCGGGAG 

3W-type2-027 4a AAATCAGACCAGCTACAATTTTATCCTGAATC 

3W-type2-028 4b TAAATAAGTCGAGCCAGTAATAAGTCCTGAACAAGAAAAA

TAGCAAGC 

3W-type2-029 4c ATTTCATTTGAATTACTAAATGCTGATGCAAATAAGGCGT 

3W-type2-030 4j TTGACGCTCGTAAGAATACGTGGCCCAGCAGCAAATGAAA 

3W-type2-031 4k CGTGCTTTACCGAGTAAAAGAGTCCCTACATT 

3W-type2-032 5a TTACCAACCATTACCGCGCCCAATAATATCC 

3W-type2-033 5b CATCCTAATAGGCAGAGGCATTTAATAAACA 

3W-type2-034 5c CCGGAATCTTATATAACTATATGCTTTTTTAA 

3W-type2-035 5j GCTGAGAGACAGACAATATTTTTAACGCTCATGGAAATA 

3W-type2-036 5k TGTCCATCACGCAAAGGTTGCTTTGACGAGCACGTATAA 

3W-type2-037 6a GTAGGAATGCTAACGAGCGTCTTTCCAGAGC 

3W-type2-038 6b ATGTAATTTTTACGAGCATGTAGTTTTCATC 

3W-type2-039 6c TGGAAACAGTACATAAATCAATTCCGGCTTAGGTTGGGATA

ATTACTAGAAAAACGCCAAC 

3W-type2-040 6j AGCTGCATTGCCGGAAACCAGGCACGGCGGA 

3W-type2-041 6k CGCCGCTACAGGGCGCGTACTATTTAACCGT 

3W-type2-042 7a CTAATTTGAAGCAAGCCGTTTTTAAAACCAAT 

3W-type2-043 7b CAATAATCATCGCCATATTTAACAAGCCTGTT 

3W-type2-044 7c TAGTATCAGACTACCTTTTTAACCATATGTGAGTGAATAA 

3W-type2-045 7j TGAGGCGGTCAGTATTTTAATGCGCGAACTGACAATATTA 
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3W-type2-046 7k CCGCCAGCTACTTCTTTGATTAGTGCTTAATG 

3W-type2-047 8a CGAGAACCCAGTTACAAAATAAACAGCCAT 

3W-type2-048 8b ATTGAGAGGCTGTCTTTCCTTACGCACTCAT 

3W-type2-049 8c TCTGAGATATGCGTTATACAAATAGGGCTTA 

3W-type2-050 8d TTTAGTTCCTTGCTTCTGTAAAAATCATAGG 

3W-type2-051 8e CTACTAATGACCATTAGATACAACGAGTAGA 

3W-type2-052 8f AATCATATAGTAGTAGCATTAAGCATCAATT 

3W-type2-053 8g TAATACTCAGGCAAGGCAAAGACATCCAATA 

3W-type2-054 8h ACGCAAGTTTGCGGGAGAAGCCATGACCCTG 

3W-type2-055 8i ACAGAGGGATAAAAATTTTTAGTTTATTTCA 

3W-type2-056 8j TCCAGAATAGCCCTAAAACATCGAAGATAAA 

3W-type2-057 8k CCGCCGCAATAACATCACTTGCCTGGTAATA 

3W-type2-058 9a ATTATTTATATTAAACCAAGTACTCATTCCA 

3W-type2-059 9b AGAACGGGGCCAACGCTCAACAGTTCTTACC 

3W-type2-060 9c AGTATAAATAGTGAATTTATCAATCGTCGCT 

3W-type2-061 9d ATTAATTATTCCCAATTCTGCGATTTCGCAA 

3W-type2-062 9e ATGGTCAACGAGCTGAAAAGGTGTTTGCGGA 

3W-type2-063 9f TGGCTTAGTGATAAGAGGTCATTATTAGCAA 

3W-type2-064 9g AATTAAGCTGTACCAAAAACATTGAAGCCCG 

3W-type2-065 9h AAAGACTTCAAAAAGATTAAGAGAACCCTCA 

3W-type2-066 9i TATATTTTAACGAACCACCAGCAGCCATTAA 

3W-type2-067 9j AAATACCGAAACTATCGGCCTTGCTGAGTAG 

3W-type2-068 9k AAGAACTCTCACGCTGCGCGTAACCACCACAC 

3W-type2-069 10ab TTGAGTAAAAGGTGAATTATCACCCGGAAATTATTCATTAT

CCCAATC 

3W-type2-070 10c TTAGAATCCGCTGAGAAGAGTCAACAGTGCCCGTATAAAC

TCAGTGCC 

3W-type2-071 10de TTGGGGCGTAACCTGTTTAGCTATTCCATATAACAGTTGAA

TTTTCCC 

3W-type2-072 10f CTCAGAGCCTTTAATTGCTCCTTTAGCTTAATTGCTGAATAT

TTTCAT 

3W-type2-073 10gh GATTGCATCAAATATCGCGTTTTAATAAAGCTAAATCGGTA

ATAAAGC 

3W-type2-074 10i CAGTATCGTCTGCCAGTTTGAGGGAAATGCAATGCCTGAG

GCAAAGCG 

3W-type2-075 10jk GTGTAGCGGTTTCACCAGTGAGACGCCAGGGTGGTTTTTC

TGACGACGA 

3W-type2-076 11a CAAATAAGAAACGATTTTTTGTTTGAAGGTAAATATTGAGT

CACCGA 

3W-type2-077 11b CTTGAGCCTAAGTTTTAACGGGGAGTTAATG 

3W-type2-078 11c CCCCCTGCTAGCTTAGATTAAGACTTGAAAA 

3W-type2-079 11d CATAGCGAGTCTGGAAGTTTCATGCAACTAA 

3W-type2-080 11e AGTACGGTACATGTTTTAAATATATAATGCT 

3W-type2-081 11f GTAGCTCAAGGATTAGAGAGTACCAAACTCC 

3W-type2-082 11g AACAGGTCGAACCAGACCGGAAGATTCGAGC 

3W-type2-083 11h TTCAAAGCCTATTATAGTCAGAATAATGTGT 



74 

 

 

 

3W-type2-084 11i AGGTAAAGCATCGTAACCGTGCAGCCTCAGG 

3W-type2-085 11j AAGATCGCTTTGCGTATTGGGCGGGCAACAG 

3W-type2-086 11k CTGATTGCGCGGGCGCTAGGGCGCTGGCAA 

3W-type2-087 12a ATTAGAGAACCGATTGAGGGAGGAACGTCAAAAATGAA 

3W-type2-088 12b CTATTTCGGAACCTAAGGAGTGTACTGGTAAATTTGGGA 

3W-type2-089 12i GATGGGCGATTCAAAAGGGTGAGCAGGTCTTTACCCTGA 

3W-type2-090 12j AGAGGCGGACTCCAGCCAGCTTTTTGGTGTA 

3W-type2-091 12k CGAAAGGACCTTCACCGCCTGGCGCGCGGGG 

3W-type2-092 13a AATAGCAGCCTTTACACAAAAGGGCGACATTCCCAGCAAA 

3W-type2-093 13b ATCACCAGTGGCTTTTGATGATACTTATTCTGAAACATGA 

3W-type2-094 13i CGAGAATGACCATAAATCAAAAATAAAGGCCGGAGACAGT

AATGGGAT 

3W-type2-095 13j AGGTCACGCCGGCACCGCTTCTGGTAATGAATCGGCCAAC

CCTGAGAG 

3W-type2-096 13k AGTTGCAGTGGCGAGAAAGGAAGGGAAGAAAG 

3W-type2-097 14a TTACCATTTACCAGCGCCAAAGAGAGAGAATAACATAAA 

3W-type2-098 14b AAGTATTAAGAGGCTGAGTAAGCGTCATACATAGCACCA 

3W-type2-099 14i TTGACCGTCAAATCACCATCAATTCAGAAAA 

3W-type2-100 14j CAATTCCAGTTGGGTAACGCCAGATCAGCTC 

3W-type2-101 14k GGCGAACGCAAGCGGTCCACGCTGTCGTGCC 

3W-type2-102 15a AACAGGGAAGCGCATGAAAATTCATATGGTTAGCAAGGC 

3W-type2-103 15b CGGAAACCTGAATTTACCGTTCCAGACTCCTCAAGAGA 

3W-type2-104 15i AATGCTTTAAACAGTATGATATTCAACCGTTTCTCCGTGGG

AACAAAAAGCGCC 

3W-type2-105 15j ATTCGCCACCAGTCGGGAAACCTGGTTTGCC 

3W-type2-106 15k CCAGCAGGTTTAGAGCTTGACGGGGAAAGCC 

3W-type2-107 16a TGAAACCATTTGTCACAATCAATATAGACGGG 

3W-type2-108 16b GATTAGCGATGGAAAGCGCAGTCTGTCACCAA 

3W-type2-109 16c GGTTTAGTATAGGTGTATCACCGTAGGATTAG 

3W-type2-110 16d CTCAGAACACCGCCACCCTCAGAAACTCAGGA 

3W-type2-111 16e TACAAACTCGTAACACTGAGTTTCCCGCCACC 

3W-type2-112 16f CAGCCCTCACAACGCCTGTAGCATGTCACCAG 

3W-type2-113 16g AACAGTTTATGGGATTTTGCTAAATCCACAGA 

3W-type2-114 16h TAAATTAACATTGAATCCCCCTCACAACTTTC 

3W-type2-115 16i GCGCAACTTAACAACCCGTCGGATCTAGCTGA 

3W-type2-116 16jk GCCCCCGACGAAAATCCTGTTTGAGCTCACTGCCCGCTTT

TTCAGGCT 

3W-type2-117 17a AGAATTAACTGAACACCCTGAACCACGGAA 

3W-type2-118 17b TAAGTTTATTCGATAGCAGCACCGCCTCATT 

3W-type2-119 17c AAAGCCAGAGGGTTTTGCTCAGTAATAAGTA 

3W-type2-120 17d TAGCCCGGAGATCGTCACCCTCAGAAGGCCG 

3W-type2-121 17e CTTTTGCGGCGCCACCCTCAGAGCATAGGAA 

3W-type2-122 17f CCCATGTACCGAGGTGAATTTCTTTTTATCA 

3W-type2-123 17g GCTTGCTTTATAGTTAGCGTAACGTAAATGA 

3W-type2-124 17h ATTTTCTGTCAGCGGAGTGAGAATAATCGTC 
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3W-type2-125 17i ATAAATATTTGCCGGAGAGGGTAGATTAAAT 

3W-type2-126 17j GTGAGCGAGGTTGGGAAGGGCGATACATTAA 

3W-type2-127 17k TTGCGTTGCTGGTGGTTCCGAAATCACTAAATCGGAACCCT

AAAGGGA 

3W-type2-128 18a AAAGACACAAAGTCAGAGGGTAATTGAGCGCT 

3W-type2-129 18b AAATAAATTAATCAGTAGCGACAGAGAAACGC 

3W-type2-130 18c GGGTTGATCCAGGCGGATAAGTGCTCACAAAC 

3W-type2-131 18d GGGAGTTACAGCGAAAGACAGCATCGTCGAGA 

3W-type2-132 18e CAAGCCCACACCACCCTCATTTTCGGCTTGCA 

3W-type2-133 18f TGTATCGGAAACAGCTTGATACCGAGGGATAG 

3W-type2-134 18g GACGTTAGATCTAAAGTTTTGTCGCCTTTAAT 

3W-type2-135 18h TACTGCGGAGAAAGGAACAACTAATCTTTCCA 

3W-type2-136 18i TCATCAACCTATTTTTGAGAGATCGCGTCCAA 

3W-type2-137 18j GCTAACTCCGGTGCGGGCCTCTTCGCCAGCTT 

3W-type2-138 18k CGTAAAGCGGCAAAATCCCTTATATGAGTGA 

3W-type2-139 19a AATATCAGGTGGCAACATATAAAAATCAAGT 

3W-type2-140 19b TTGCCTTTGATTGGCCTTGATATTTGAGGAC 

3W-type2-141 19c TAAAGACTACGGCTACAGAGGCTCGGAACGA 

3W-type2-142 19d GGGTAGCAATATTCGGTCGCTGACCCACGCA 

3W-type2-143 19e TAACCGATTGACAACAACCATCGATAGTTGC 

3W-type2-144 19f GCCGACAAAGGCTCCAAAAGGAGAAAATCTC 

3W-type2-145 19g CAAAAAAAAATTTTTTCACGTTGAGGAATTG 

3W-type2-146 19h CGAATAATTGTTTAGACTGGATATACAAAGG 

3W-type2-147 19i CTATCAGGTCTGGCCTTCCTGTAGCTATTAC 

3W-type2-148 19j GCCAGCTGAGCCTGGGGTGCCTAAAATCAAA 

3W-type2-149 19k AGAATAGCTCAAGTTTTTTGGGGTCGAGGTGC 

3W-type2-150 20a ACTGTAGAAATACATACATAAAGAGAGATAA 

3W-type2-151 20b TTTTCATGAGGAAGTTTGAGGCAGGTCAGACAGCGTCAG 

3W-type2-152 20i AATTCGCGTCATTGCCTGAGAGTGGGGGTAATAGTAAAA 

3W-type2-153 20j AAGTGTAAGCGAAAGGGGGATGTTCAAAAAT 

3W-type2-154 20k CACCCAAACCGAGATAGGGTTGAGAAGCATA 

3W-type2-155 21a CCCACAAGAATTGAGTTAAGCCCTGTTAGCA 

3W-type2-156 21b AACGTAGACGCGTTTTCATCGGCACAGCATTGACAGGAGG

TTCCATTA 

3W-type2-157 21i TTTTGCAAAAGAAGTTTTGCCAGACTGGAGCAAACAAGA

GACCAATAGGAACGCCAGCTGCAAG 

3W-type2-158 21j GCGATTAACACAACATACGAGCCGGTGTTGTT 

3W-type2-159 21k CCAGTTTGGCGATGGCCCACTACGTGAACCAT 

3W-type2-160 22a CATAGCCCCCTTATTACGCAGTAAATAATAAGAGCAAGAAA

CAATGA 

3W-type2-161 22b AACGGGTAAAATACGTAATGCCACCACCAGAGCCGCCGCT

TTTCGGT 

3W-type2-162 22i ATTTTTTAAATCGATGAACGGTACGAGAGGC 

3W-type2-163 22j TGTAGCAACATTGCAACAGGAAAGAATGGCTATTAGTCTA

ACACCGCCTGCAACAGTGCCAC 

3W-type2-164 22k CTATCAGGGAACAAGAGTCCACTTCCGCTCA 
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3W-type2-165 23a AATAGCAATGGCATGATTAAGACTCCTTATTA 

3W-type2-166 23b GCGTTTGCCCGCCACCAGAACCACTACGAAGGCACCAAC

C 

3W-type2-167 23i TAAAAACCAAAATAGATCGTAAAACTAGCATTTAAATTTTT

GTTAAGGTTTTCC 

3W-type2-168 23j CAGTCACGTGTGTGAAATTGTTAATTAAAGA 

3W-type2-169 23k ACGTGGACAACGTCAAAGGGCGAAAAACCGT 

3W-type2-170 24a AAAAGAACTAGCTATCTTACCGAAGCCCTTTT 

3W-type2-171 24b CCTCAGAGCATCTTTTCATAATCAGAATACCC 

3W-type2-172 24c CGCCTGATTAAAACGAAAGAGGCAGCCACCAC 

3W-type2-173 24d GGACAGATAAATTGTGTCGAAATCTGTATCAT 

3W-type2-174 24e TGCTCATTGAACGGTGTACAGACCTTGAAAGA 

3W-type2-175 24f TGCGATTTCAGTGAATAAGGCTTGAACAAAGC 

3W-type2-176 24g ATCAGTTGTAAGAACTGGCTCATTTTACCTTA 

3W-type2-177 24h GACGACGAAGATTTAGGAATACCAAAAGATTC 

3W-type2-178 24i AATTCGCAGTCAATCATATGTACCGTTTACCA 

3W-type2-179 24j CTGTTTCCACGTTGTAAAACGACGTTTGTTAA 

3W-type2-180 25a TAAGAAAAAACGCAATAATAACGAAATCACC 

3W-type2-181 25b GGAACCAGACCGCCACCCTCAGAAAAGAATA 

3W-type2-182 25c CACTAAAAAGTACAACGGAGATTCGCGACCT 

3W-type2-183 25d GCTCCATGCCGAACTGACCAACTAGGCGCAT 

3W-type2-184 25e AGGCTGGCTACCCAAATCAACGTCCCTGACG 

3W-type2-185 25f AGAAACACTTTAATCATTGTGAAATACCAGT 

3W-type2-186 25g CAGGACGTCATTATTACAGGTAGCATTCAAC 

3W-type2-187 25h TAATGCAGACTATCATAACCCTCCCGGTTGA 

3W-type2-188 25i TAATCAGATGTAAACGTTAATATGCCAGTGC 

3W-type2-189 25j CAAGCTTGCGAATTCGTAATCATGGTCATAG 

3W-type2-190 26a ACCGAGGAGTAAGCAGATAGCCG 

3W-type2-191 26b CCCTCAGAAGCCACCACCGGAACAGAAGGAA 

3W-type2-192 26c CGAAACAACACTCATCTTTGACCAGCCGCCA 

3W-type2-193 26d TAAGGGAATTACTTAGCCGGAACACCAAGCG 

3W-type2-194 26e ATATTCATTGACCTTCATCAAGAGTCAATCA 

3W-type2-195 26f ATTTCAACCAGAACGAGTAGTAAAGAACCGG 

3W-type2-196 26g CGGAACAATGGGAAGAAAAATCTATGGTTTA 

3W-type2-197 26h AGAGCAACATACATAACGCCAAACGAACTAA 

3W-type2-198 26i ATTTAAATAAAGCCCCAAAAACAGCATAGTA 

3W-type2-199 26j CCCCGGGTACCGAGCTCATGCCTGCAGGTCGAAGCAAAT 
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2.5.7 Preparation of DNA origami scaffold assembled with modular adaptors  

A DNA origami scaffold (I-1AH/II-1ZS/III-1AC) was incubated with 

ZF-SNAP, AZ-CLIP, and/or AZ-Halo under the conditions shown in the caption of 

figures or tables. In the typical condition, the crosslinking reaction of each of modular 

adaptor was carried out for 30 minutes at ambient temperature with 5 nM DNA scaffold 

and 100 nM modular adaptor (ZF-SNAP, AZ-CLIP or AZ-Halo) in a buffer (pH 8.0) 

containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 µM 

ZnCl2, and 0.02% Tween20. The mixture was purified by size-exclusion 

chromatography (400µL volume of Sephacryl S-400 in Ultrafree-MC-DV) equilibrated 

with the buffer used for the reaction to remove the unbound modular adaptors. The 

fractions containing DNA origami scaffold were utilized for AFM analyses. The 

preparation of DNA origami scaffolds assembled with modular adaptor-fused enzymes 

was performed in the same manner. 

 

2.5.8 AFM imaging and statistical analysis 

The sample was deposited on freshly cleaved mica surface (1.5 mmϕ) and 

adsorbed for 5 min at ambient temperature, then washed three times with a buffer (pH 

8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, and 12.5 mM MgCl2. The sample 

was scanned in tapping mode using a fast-scanning AFM system (Nano Live Vision, 

RIBM Co. Ltd., Tsukuba, Japan) with a silicon nitride cantilever (Olympus 

BL-AC10DS-A2). At least three independent preparations of each sample were 

analyzed by AFM and several images were acquired from different regions of the mica 

surface. The total number of DNA scaffolds corresponds to the number of expected 

rectangular shapes possessing three cavities observed by AFM. The specific and 

nonspecific binding of modular adaptors were counted for only the modular adaptor 
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bound to the perfectly folded DNA scaffold. The yield of DNA-scaffold-assembled 

modular adaptor was calculated as reported previously. 

The yield of modular adaptor - DNA origami complex (Pmatched posi) was calculated 

as the percentage of attached structures, i.e., the number of modified DNA origami 

bearing the proteins at the expected position divided by the total number of cavities 

containing specific binding sites for modular adaptor of the well-formed DNA origami 

structures. In this case, the total number of the well-formed DNA origami structures 

(Ntotal) is equal to the total number of cavities containing the ZF-SNAP, AZ-CLIP or 

AZ-Halo binding sites: 

P = (Nmatched posi / Ntotal) x 100 

The yield of modular adaptor found in nonspecific positions (Punmatched) was also 

calculated as the percentage of attached structures, i.e. the number of cavities on which 

modular adaptor bound nonspecifically (Nunmatched posi) divided by the total number of 

cavities without the modular adaptor binding sites in the well-formed DNA origami 

structures: 

Punmatched = (Nunmatched/ Ntotal) x 100 

The co-assembly yield of two or three modular adaptors found in matched positions 

(Pcoasembly) was also calculated as the percentage of attached structures, i.e. the number 

of cavities on which two or three modular adaptors bound at the matched position 

(Ncoassemly) divided by the total number of cavities without the modular adaptor binding 

sites in the well-formed DNA origami structures: 

Pcoassembly = (Ncoassembly/ Ntotal) x 100 
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3.1 Introduction 

In the previous chapter, I have demonstrated the advantages of the orthogonal 

modular adaptors for assembling multiple enzymes on a DNA scaffold. Further 

combination of DNA binding proteins and protein-tags would provide the increasing the 

number of the orthogonal modular adaptors. In this chapter, I developed a general 

strategy for the simple, yet effective method to expand the number of orthogonal 

modular adaptors. The aimed strategy is to design the modular adaptor in the way that 

the same protein-tag is combined with different DNA binding proteins and that the 

orthogonality is governed exclusively by the DNA binding proteins. These next 

generation of modular adaptors are termed as the sequence-specific modular adaptors.  

Site-specific chemical reactions to modify nucleic acids by ligands rely on the 

specific molecular recognition of target sites and selective reactions.1–5   

Sequence-selective chemical modification of DNA by DNA binding molecules is one of 

the long-standing challenges in the field of chemistry.4,5  Various sequence-specific 

DNA binders, ranging from small molecules6,7 to short peptides,8  proteins,9 and 

synthetic oligonucleotides,10 have been coupled with a reactive group to specifically 

modify the nucleic acid bases, the sugar moiety or the phosphodiester linkage. However, 

coupling a reactive group to a sequence-specific DNA binding domain often 

accompanied with off-target reactions. A basic principle to design DNA modifiers 

exclusively governed by the DNA sequence recognition remains to be established.  

The fully addressable nano-architectures of various shapes and geometries 

provide ideal scaffolds to locate a molecule of interest with a nanometre spatial 

precision.11 DNA scaffolds prepared by DNA origami12 are readily incorporated 

additional DNA sequences on the surface by simple extension of the staple strand. 

These extended DNA strands are further chemically modified to serve as binding sites 

for various molecules.13–15 Proteins are a particularly interesting class of molecules to 
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assemble on the DNA scaffold because of their huge functional variability. To assemble 

on the DNA scaffold through the hybridization, a protein of interest (POI) is chemically 

modified with a short DNA strand that is complementary to the attached sequence on 

the DNA scaffold. Though this method is convenient, it is suffered from drawbacks: the 

method often limits the modification conditions and causes the loss of activity.16–19 It 

would be ideal to locate the POI to a specific position on DNA scaffold without the need 

of post-chemical modification of POI to prepare the precisely controlled assembly of 

POI that is suitable for further investigation.20–26 To realize the efficient and quick 

location of POI at specific DNA sites, we have developed modular adaptors (Figure 

3.2a). The modular adaptor consists of a DNA binding protein (zif268) as DNA 

sequence-selective recognition module and a self-ligating protein tag (SNAP-tag) that 

forms a chemoselective covalent linkage between the protein tag and its substrate (BG) 

modified at the given DNA sequence (Figure 3.2a).27 A modular adaptor fused enzyme 

was specifically located at the target position of DNA scaffold in fast reaction kinetics 

and in high yield with fully retaining the original enzymatic activity.27,28 To assemble 

three types of proteins at unique positions on DNA scaffold by taking the advantage of 

chemoselective characteristics for three types of self-ligating protein tag (SNAP-tag, 

CLIP-tag, and Halo-tag), a set of modular adaptors with orthogonality and retaining fast 

reaction kinetics under mild conditions has been selected from the systematic 

combination of DNA binding domains (zif268 or AZP4) and protein tags.28 Three types 

of orthogonal modular adaptors simultaneously locate three types of proteins at their 

respective positions on the DNA scaffold. 

Because the reaction of modular adaptor to its substrate locating in the specific 

DNA sequence proceeds through the specific recognition of DNA sequence and the 

alkylation reaction between the protein-tag and its substrate, the factors governing 

specific reaction of modular adaptors are well correlated to the basic principle for 
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designing selective DNA modifiers driven by the sequence-specific DNA recognition. 

In this study, I constructed a sequence-specific modular adaptors by tuning the kinetics 

of the reaction between the self-ligating protein tag and its substrate. Based on the 

results of proof-of-principle experiments, I propose a general principle on the kinetic 

parameters for the DNA binding and alkylation reaction to design a site-specific 

modifier driven by the target recognition (Figure 3.1). 

 

Figure 3.1. Model of sequence-specific modular adaptor. Covalent bond 

formation only occurs at the sequence-specific ODN of the DNA binding module.   

 

In Chapter 3, with an aim to increase the number of the modular adaptors, I 

investigated the three sequence-specific modular adaptors, ZF-CLIP, AZ-CLIP, and 

CLIP-G, containing CLIP-tag and three different DNA binding proteins zif268, AZP4, 

and GCN4,29–31 respectively.    



88 

 

3.2 Results 

3.2.1 Design of sequence-specific modular adaptor and the substrate modified 

ODNs 

Previous study on the reaction of modular adaptors described in Chapter 2 

suggested important factors affecting the kinetics and the selectivity of cross-linking 

reaction. The covalent bond formation between the modular adaptor and its 

substrate-modified ODN is described by the following two steps (Figure 3.2b): the first 

step forms a reversible complex between the DNA binding domain and 

substrate-modified ODN, and the second step is an intramolecular crosslinking reaction 

between the self-ligating protein tag domain and its substrate on substrate-modified 

ODN.28 The apparent rate constant of cross-linking reaction (kapp) (M
−1s−1) between the 

modular adaptor and the substrate-modified DNA is represented by an equation shown 

in Figure 3.2b. From the equation of kapp, a modular adaptor with a highly reactive 

protein tag to its substrate falls into case 1 (kcov >> koff). Because the association rates 

(kon) of DNA binding proteins to its specific and non-specific site are almost 

identical,32–34 the modular adaptor is expected to react substrate-modified ODN 

regardless the sequence of DNA (the case 1 in Figure 3.2b). This is actually the case for 

the reaction of SNAP-tag and BG (Table 3.1, ~104 M−1 s−1).28 The modular adaptors 

ZF-SNAP and AZ-SNAP consisting of the same SNAP-tag and different DNA binding 

proteins zif268 and AZP4, respectively, showed the crosslinking reaction at the 

expected sequence, but the reactions with the substrate located at the unmatched 

sequence proceeded to the same extents (Figure 3.3 and Table 3.1). 

Therefore, reducing the reactivity of the protein tag to the substrate to fit in the 

condition of case 2 (Figure 3.2b) would be an effective strategy to prevent the 

cross-linking reaction at the unmatched DNA sequences by the modular adaptors. In 

case 2, the higher KD for the unmatched complex of zinc finger motif and ODN is, the 
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lesser cross-linking reactions of the unmatched complexes proceed. The crosslinking 

reactions for the matched and unmatched pairs are described as in Figure 3.2c. By 

following the conditions of case 2, the sequence-selective crosslinking reaction will take 

place when kapp >> k'app.  

 

 

Figure 3.2. Design of sequence-specific modular adaptors. (a) Illustrations for the structures 

and elements of modular adaptor and substrate modified ODN. (b) A scheme illustrates the 

cross-linking reaction between modular adaptor and its substrate-modified ODN. The 

complex formation between modular adaptor and its substrate-modified ODN is governed by 
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kon and koff. The equilibrium dissociation constant (KD) for the complex of MA and 

substrate-modified ODN is KD = koff / kon. The apparent rate constant (kapp) is described by KD 

and the rate constant kcov [s-1] for the proximity-driven covalent bond formation reaction 

between MA and substrate-modified ODN. (c) The sequence-selective and chemo-selective 

cross-linking reaction between a matched pair is governed by kapp, and non-sequence-specific 

but chemoselective reaction for an unmatched pair is by k'app. Sequence-selective crosslinking 

reaction proceeds when kapp >> k'app. (d) Comparison of the rate constant of protein-tag with 

their substrates. Chemical structures of the substrates are shown in Figure 3.33a 

 

Table 3.1 Kinetic parameters for the cross-linking reaction between 5'-32P-end-labeled ODN 

derivatives with BG and modular adaptors containing SNAP-tag. (bold: Rate constant for the 

matched pair (kapp), plane: Rate constant for the unmatched pair (k’app)). 

Rate constant (M-1 s-1) ZF-SNAP AZ-SNAP 

ODN-ZF-BG (3.8 ± 1.2) × 105 (9.5 ± 0.6) × 104 

ODN-AZ-BG (2.6 ± 0.2) × 104 (9.1 ± 2.4) × 105 

The values were taken from Chapter 2.  
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Figure 3.3 (a) Analyses of crosslinking reactions between the modular adaptors (ZF-SNAP and 

AZ-SNAP) and the substrate modified ODNs (ODN-ZF-BG and ODN-AZ-BG). (b) Denaturing 

PAGE analyses of the crosslinking reaction by modular adaptors (ZF-SNAP and AZ-SNAP) 

and the substrate (BG) modified ODN (ODN-ZF-BG and ODN-AZ-BG), respectively. Each 

5'-32P-end-labeled ODN (0.5 nM) (ODN-ZF-BG or ODN-AZ-BG) was incubated with a 

modular adaptor (100 nM : ZF-SNAP or AZ-SNAP) for 30 min in a buffer (pH 8.0) containing 

40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 μM ZnCl2, 0.02% Tween 

20, 200 nM BSA and 100 nM calf thymus DNA at ambient temperature.  
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Based on the simulation of reactions by varying these rate constants (Figure 3.4 

and Figure 3.5), the orthogonal crosslinking reaction will take place when kapp is two 

orders higher than k'app. The apparent reaction rates of matched pair (kapp) and 

unmatched pair (k’app) is very changed depending on kcov. In the case of Line 1 (kcov = 1 

s-1) in Figure 3.5, kapp is almost 1 × 106 M-1s-1 and k’app is near 1 × 106 M-1s-1, thus the 

cross-linking reaction of matched pair and unmatched pair is progressed in the same 

time scale. In the case of Line 3 (kcov = 1 × 10-5 s-1), kapp is almost 1 × 103 M-1s-1 and 

k’app is near 10 M-1s-1, which is the maximum difference in this situation, but the long 

time incubation is required to complete the reaction (see also Figure 3.4). In the case of 

Line 2 (kcov = 4 × 10-3 s-1), kapp is almost 3 × 105 M-1s-1 and k’app is near 4 × 103 M-1s-1, 

which showed almost two order difference with keeping reactivity of the matched pair. 

These simulation results strongly indicated that the tuning of the rate constant of 

covalent bond formation is very important to appear the sequence selectivity between 

matched pair and unmatched pair. 
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Figure 3.4 Rate simulation. (a) Schematic illustration of cross-linking reaction of matched pair 

and unmatched pair. The apparent reaction rate of the matched pair and the unmatched pair are 

written as kapp [M-1 s-1] and k’app [M-1 s-1], respectively. (b) Simulation data for the time-course 

yields of cross-linking reaction at different time point. The yields of cross-linking reaction under 

the apparent reaction rates (102-106 M-1 s-1) was simulated by using Tenua35–37 as the kinetic 

simulator. As the simulation condition, the concentrations of substrate tethered ODN and 

modular adaptor were set as 10 nM and 100 nM, respectively. 
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Figure 3.5 The apparent reaction rates (kapp) (M-1 s-1) with various rate constants of covalent 

bond formation (kcov) (10-6-10 s-1) were simulated. The association rate constant was set as 1 × 

106 M-1s-1 for both matched and unmatched pair and the dissociation rate constant was set as 

0.01 s-1 for matched pair and 1 s-1 for unmatched pair, respectively. It should be noted that these 

parameters are consistent with the actually determined values as shown in Figure 3.8, 3.9 and 

Table 3.1-3.4.  

 

To test the hypothesis, two combinations of protein tag and substrate, CLIP-tag 

with O2-benzylcytosine (BC) (~102 M−1 s−1) and SNAP-tag with BC (<10 M−1 s−1) 

(Figure 3.6, Table 3.2) were applied as the cross-link-forming domain of modular 

adaptor. Both expected to show lower reactivity than the combination of SNAP-tag and 

BG (~104 M−1 s−1) and kcov values that are smaller than koff. Two DNA binding proteins, 

zif268 and AZP4, were utilized for the DNA-binding domain of modular adaptor. 

ZF-CLIP was constructed by fusing CLIP-tag to the C-terminal of zif268 through a 

GGSGGS linker. ZF-SNAP, AZ-SNAP, and AZ-CLIP were prepared as described 

previously.28 ODNs containing the zif268 or AZP4 binding sequence were designed to 
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form a loop with four T nucleotides, in which one of the T nucleotides was replaced by 

amino-C6-T (ODN-ZF or ODN-AZ). The amino-C6-T was modified with each of the 

substrates BG or BC. 

 

Figure 3.6. Time course formation of covalent bond of (a) SNAP-tag derivatives and (b) 

CLIP derivatives to fluorophore modified BC and BG, respectively. The reaction was 

conducted in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 

1 mM DTT, 1 μM ZnCl2, and 0.02% Tween20 at ambient temperature. (a) A 250 nM SNAP-tag 

derivative was added to the reaction buffer containing 1 nM fluorophore modified BG to start 

the reaction. (b) A 2 µM CLIP-tag derivative was added to a reaction buffer containing 10 nM 

fluorophore modified BC to start the reaction. 

 

Table 3.2 Kinetic parameters for the cross-linking reactions between an adaptor containing 

SNAP-tag or CLIP-tag with ATTO488-BC or ATTO488-BG. 

kcov (M-1s-1) ATTO488-BG ATTO488-BC 

ZF-SNAP (6.0 ± 0.1) × 103 < 10 

AZ-SNAP (2.4 ± 0.1) × 104 < 10 

ZF-CLIP < 10 87 ± 7.0 

AZ-CLIP < 10 70 ± 1.7 
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Cross-linking reactions of these modular adaptors to substrate-modified ODN 

containing the respective matched or unmatched sequence were analyzed by means of 

denaturing polyacrylamide gel electrophoresis (PAGE) as shown in Figures 3.8 and 3.9. 

In the combination of CLIP-tag and BC, the apparent second-order rate constants (kapp) 

for the reactions of matched pair ODN-ZF-BC with ZF-CLIP and ODN-AZ-BC with 

AZ-CLIP were 4.0 × 106 and 5.0 × 105 M−1 s−1, respectively (Figure 3.9 and Table 3.4). 

In the combination of SNAP-tag with BC, kapp for the reactions of matched pair 

ODN-ZF-BC with ZF-SNAP and ODN-AZ-BC with AZ-SNAP were 1.7 × 103 and 3.0 

× 102 M−1 s−1, respectively (Figure 3.8 and Table 3.3). The cross-linking reactions 

between ZF-CLIP with ODN-ZF-BC and AZ-CLIP with ODN-AZ-BC proceeded in 92 

and 90% yield, respectively (Figure 3.9). The reactions of ZF-SNAP with ODN-ZF-BC 

AZ-SNAP with ODN-AZ-BC were very slow with the yield of 40 and 46%, 

respectively, after 30 min (Figure 3.8). 
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Table 3.3 Kinetic parameters for the cross-linking reactions between 5'-32P-end-labeled ODN 

modified with BC and modular adaptors containing SNAP-tag. (bold: Rate constant for the 

matched pair (kapp), plane: Rate constant for the unmatched pair (k’app)). 

Rate constant (M-1 s-1) ZF-SNAP AZ-SNAP 

ODN-ZF-BC (1.7 ± 0.2) × 103 11 ± 3 

ODN-AZ-BC 22 ± 1* (3.0 ± 0.1) × 102* 
 *The value was taken from Chapter 2.  

 

 

Figure 3.7 Autoradiograms show denaturing gel electrophoretic analyse of the cross-linking 

reactions of 0.5 nM 5'-32P-end-labeled ODN-ZF-BC with 100 nM ZF-SNAP (a) and 100 nM 

AZ-SNAP (b). Open arrows and filled arrows denote the free ODNs and the covalent complex 

with modular adaptors, respectively (left). Time-course plot for the crosslinking reaction to 

estimate the rate constants (k) (right). The estimated rate constants are listed in Table 3.2. 

Reaction conditions: 40 mM Tris-HCl (pH8.0), 20 mM acetic acid, 12.5 mM MgCl2, 1 mM 

DTT, 1 μM ZnCl2, 0.02% Tween20, 200 nM BSA, and 100 nM calf thymus DNA at ambient 

temperature.  
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Figure 3.8 (a) Analyses of crosslinking reactions between the modular adaptors 

(ZF-SNAP and AZ-SNAP) and the substrate (BC) modified ODNs (ODN-ZF-BC and 

ODN-AZ-BC). (b) Denaturing PAGE analyses of the crosslinking reactions by modular 

adaptors (ZF-SNAP and AZ-SNAP) and the substrate modified ODNs, ODN-ZF-BC and 

ODN-AZ-BC, respectively. Each 5'-32P-end-labeled ODN (0.5 nM) (ODN-ZF-BC or 

ODN-AZ-BC) was incubated with a modular adaptor (100 nM : ZF-SNAP or AZ-SNAP) for 30 

min in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 

mM DTT, 1 μM ZnCl2, 0.02% Tween 20, 200 nM BSA, and 100 nM calf thymus DNA at 

ambient temperature. 
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Figure 3.9 (a) Analyses of crosslinking reactions between the modular adaptors 

(ZF-CLIP and AZ-CLIP) and the substrate (BC) modified ODNs (ODN-ZF-BC and 

ODN-AZ-BC). (b) Denaturing PAGE analyses of the crosslinking reaction by modular adaptors, 

ZF-SNAP and AZ-SNAP, and the substrate (BC) modified ODNs, ODN-ZF-BC and 

ODN-AZ-BC, respectively. Each 5'-32P-end-labeled ODN (0.5 nM) (ODN-ZF-BC or 

ODN-AZ-BC) was incubated with a modular adaptor (100 nM : ZF-SNAP or AZ-SNAP) for 30 

min in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 

mM DTT, 1 μM ZnCl2, 0.02% Tween 20, 200 nM BSA and 100 nM calf thymus DNA at 

ambient temperature.  

 

The reactions of unmatched pairs for each combination of the protein tag and 

the substrate were evaluated next (Figures 3.8 and 3.9). The apparent second-order rate 

constants for the reaction of unmatched pairs of ZF-CLIP and AZ-CLIP were two orders 

lower than those of the matched pairs (Table 3.4). The observed differences in the 

apparent second-order rate constants were parallel to the difference in the dissociation 
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constants for the matched and unmatched complexes of ZF-CLIP and AZ-CLIP as 

expected from the equation for case 2 (Figure 3.2b). These results indicate that the 

crosslinking reaction of the modular adaptors containing the CLIP-tag to the substrate 

BC on ODN proceeded in case 2 of Figure 3.2b. Because the larger kapp for the matched 

pair was preferred as long as it falls in case 2, the pair of CLIP-tag and BC was selected 

as the self-ligating protein tag domain for modular adaptor that would form a covalent 

linkage at specific sequence driven by the DNA recognition domain. 

Three types of modular adaptors bearing the same self-ligating protein tag 

(CLIP-tag), but differed in the DNA binding domain (ZF-CLIP, AZ-CLIP, and CLIP-G) 

were tested for the sequence-selective crosslinking reaction with ODN modified with 

BC. CLIP-G consisted of a basic-leucine zipper (bZIP) class of protein GCN4 as a 

homodimeric DNA binding module and the CLIP-tag fused to the N-terminus of GCN4 

through a GGSGGS linker. An ODN containing AP1 sequence as the GCN4 binding site 

was designed for the matched target for CLIP-G, in which two T nucleotides at either 

end of AP1 sequence were displaced by amino-C6-T (ODN-AP), ODN-AP was further 

modified with BC (ODN-AP-2BC) as the substrate of CLIP-G (Figure 3.10).  
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Figure 3.10 A scheme illustrates the design of CLIP-G and ODN-AP-2BC based on the crystal 

structures of the complex between GCN4 and DNA containing AP1 sequence (PDB ID : 1DGC) 

and SNAP-tag (PDB ID : 3KZY). Two BCs were appended on ODN-AP with 10 bases 

inter-distance, which allow access of the introduced BCs to the CLIP-tag of modular adaptor 

CLIP-G. The molecular model was constructed by using Discovery Studio (version 3.1, 

Accelrys Inc.). 
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Table 3.4. Kinetic parameters for the cross-linking reactions between 5'-32P-end-labeled ODN 

derivatives and modular adaptors. (bold: Rate constants for the matched pair (kapp), plane: Rate 

constants for the unmatched pair (k’app)) 

 

 

 

 

 

 

 
*The value was taken from Chapter 2.  

 

 

 

Figure 3.11 Autoradiograms show denaturing gel electrophoretic analyses of the cross-linking 

reactions of 0.5 nM 5'-32P-end-labeled ODN-ZF-BC (a), 0.5 nM 5'-32P-end-labeled 

ODN-AZ-BC (b), and 0.5 nM 5'-32P-end-labeled ODN-AP-2BC (c) with 10 nM ZF-CLIP (a), 

100 nM ZF-CLIP (b, c) respectively. Open arrows and filled arrows denote the free ODNs and 

Rate constant kapp 

(M-1s-1) 
ZF-CLIP AZ-CLIP CLIP-G 

ODN-ZF-BC (4.0±0.5) × 106  (8.1±2.7) × 102  (1.7±0.4) × 103  

ODN-AZ-BC (5.3±0.7) × 103 (5.0 ± 0.7) × 105 * (5.61±0.4) × 103 

ODN-AP-2BC (7.0±0.9) × 102 (5.8±1.5) × 102  (2.1 ± 0.1) × 106 
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covalent complexes with modular adaptors, respectively (left). Time-course plots for the 

crosslinking reactions to estimate the rate constants (k) (right). The estimated rate constants are 

listed in Table 3.4. Reaction conditions: 40 mM Tris-HCl (pH 8.0), 20 mM acetic acid, 12.5 mM 

MgCl2, 1 mM DTT, 1 μM ZnCl2, 0.02% Tween 20, 200 nM BSA, and 100 nM calf thymus 

DNA at ambient temperature. 

 

 

Figure 3.12 Autoradiograms show denaturing gel electrophoretic analyses of the cross-linking 

reactions of 0.5 nM 5'-32P-end-labeled ODN-ZF-BC (a), and 0.5 nM 5'-32P-end-labeled 

ODN-AP-2BC (b) with 100 nM AZ-CLIP, respectively. Open arrows and filled arrows denote 

the free ODNs and covalent complexes with modular adaptors, respectively (left). Time-course 

plot for the crosslinking reactions to estimate the rate constants (k) (right). The estimated rate 

constants are listed in Table 3.4. Reaction conditions: 40 mM Tris-HCl (pH 8.0), 20 mM acetic 

acid, 12.5 mM MgCl2, 1 mM DTT, 1 μM ZnCl2, 0.02% Tween 20, 200 nM BSA, and 100 nM 

calf thymus DNA at ambient temperature. 
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Figure 3.13 Autoradiograms show denaturing gel electrophoretic analyses of the cross-linking 

reactions of 0.5 nM 5'-32P-end-labeled ODN-ZF-BC (a), 0.5 nM 5'-32P-end-labeled 

ODN-AZ-BC (b), and 0.5 nM 5'-32P-end-labeled ODN-AP-2BC (c) with 100 nM CLIP-G, 

respectively. Open arrows and filled arrows denote the free ODNs and covalent complexes with 

modular adaptors, respectively (left). Time-course plots for the crosslinking reactions to 

estimate the rate constants (k) (right). The estimated rate constants are listed in Table 3.4. 

Reaction conditions: 40 mM Tris-HCl (pH 8.0), 20 mM acetic acid, 12.5 mM MgCl2, 1 mM 

DTT, 1 μM ZnCl2, 0.02% Tween 20, 200 nM BSA, and 100 nM calf thymus DNA at ambient 

temperature. 
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The cross-linking reactions of ZF-CLIP, AZ-CLIP, and CLIP-G to each 

respective matched ODN were nearly orthogonal as shown in Figure 3.14b with more 

than 90% yield for the matched pairs and less than 12% covalent bond formation for the 

unmatched pairs. The observed sequence-specific cross-linking reactions by ZF-CLIP, 

AZ-CLIP, and CLIP-G were driven by the specific DNA binding of each modular 

adaptor (Table 3.4). The second-order rate constant (kapp) for the reaction of CLIP-G and 

its matched sequence ODN-AP-2BC was determined to be 2.1 × 106 M−1 s−1 and those 

of the unmatched pairs (k’app) were ranged from 103 to 104 M−1 s−1. For the reactions of 

unmatched pairs, ZF-CLIP or AZ-CLIP with ODN-AP-2BC, k’app were ranged from 102 

to 103 M−1 s−1.  

 

 

Figure 3.14 (a) Illustrations of the optimized sequence-specific modular adaptors (MAs) and 

the substrate modified ODNs. (b) Autoradiogram show denaturing PAGE analyses of the 
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crosslinking reactions by modular adaptor (ZF-CLIP, AZ-CLIP and CLIP-G) and 

substrate-modified ODN (ODN-ZF-BC, ODN-AZ-BC, and ODN-AP-2BC). Each 

5’-32P-end-labeled substrate-modified ODN (0.5 nM) was incubated with 50 nM each of 

modular adaptors. These reactions were carried out in a buffer (pH 8.0) containing 40 mM 

Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 μM ZnCl2, and 0.02% Tween20 at 

ambient temperature. 

 

In the presence of 200 mM NaCl, the non-specific DNA binding was reduced15 

(Figure 3.15, Table 3.6, 3.7) and the covalent bond formations for the unmatched pairs 

were further reduced to less than 5% (Figure 3.15), while the yields for the matched 

pairs were reduced for AZ-CLIP (64%) and ZF-CLIP (88%) although the higher 

concentrations of AZ-CLIP and ZF-CLIP were used in this study (Figure 3.15). The 

kinetic constants of the matched and unmatched pairs in the presence of 200 mM NaCl 

were shown in Table 3.5 for modular adaptors containing SNAP-tag and Table 3.6 for 

modular adaptors containing CLIP-tag. The kapp of the reactions in the presence of 200 

mM NaCl also indicated the dramatically reducing of the activity of AZ-CLIP (Table 

3.6). Table 3.6 showed the difference of the kapp and k’app was almost three order of 

magnitudes, therefore, is it possible to increase the concentration of modular adaptors or 

the incubation time to increase the yield at the matched pairs with low reactivity at the 

unmatched pairs.  
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Figure 3.15 (a) Illustrations of the optimized sequence-specific modular adaptors (MAs) and 

the substrate modified ODNs. (b) Autoradiogram show denaturing PAGE analyses of the 

crosslinking reactions by modular adaptor (ZF-CLIP, AZ-CLIP, and CLIP-G) and 

substrate-modified ODN (ODN-ZF-BC, ODN-AZ-BC, and ODN-AP-2BC). Each 

5’-32P-end-labeled substrate-modified ODN (0.5 nM) was incubated in 60 min with 200 nM 

ZF-CLIP, 500 nM AZ-CLIP, and 100 nM CLIP-G. These reactions were carried out in a buffer 

(pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 μM 

ZnCl2, 0.02% Tween20, and 200 mM NaCl at ambient temperature. 
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Table 3.5 Kinetic parameters for the cross-linking reactions between 5'-32P-end-labeled ODN 

derivatives modified with BG and modular adaptors containing SNAP-tag tag in the presence of 

200 mM NaCl. (bold: Rate constants for the matched pair (kapp), plane: Rate constants for the 

unmatched pair (k’app)). 

Rate constant (M-1 s-1) ZF-SNAP AZ-SNAP 

ODN-ZF-BG (1.3 ± 0.2) × 104 (8.5 ± 0.3) × 102 

ODN-AZ-BG (6.1 ± 0.3) × 102 (2.2 ± 0.2) × 104 

 

Table 3.6 Kinetic parameters for the cross-linking reaction between 5'-32P-end-labeled ODN 

derivatives modified with BC and modular adaptors containing CLIP-tag in the presence of 200 

mM NaCl. (bold: Rate constant for the matched pair (kapp), plane: Rate constant for the 

unmatched pair (k’app)) 

Rate constant kapp (M-1 s-1) 

 
ZF-CLIP AZ-CLIP CLIP-G 

ODN-ZF-BC (3.1 ± 0.2) × 103 < 10 < 10 

ODN-AZ-BC < 10 (3.1 ±0.2) × 102 < 10 

ODN-AP-2BC < 10 < 10  (1.8 ± 0.3) × 104 
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Figure 3.16 Autoradiograms show denaturing gel electrophoretic analyses of the cross-linking 

reactions of 0.5 nM 5'-32P-end-labeled ODN-ZF-BG (a, c), 0.5 nM 5'-32P-end-labeled 

ODN-AZ-BG (b, d) with ZF-SNAP (a, b), and AZ-SNAP (c, d). Open arrows and filled arrows 

denote the free ODNs and covalent complexes with modular adaptors, respectively (left). 

Time-course plots for the crosslinking reactions to estimate the rate constants (k) (right). The 

estimated rate constants are listed in Table 3.5. Reaction condition: buffer (pH 8.0) containing 

40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 μM ZnCl2, 0.02% Tween 20, 200 nM 

BSA, 100 nM calf thymus DNA, and 200 mM NaCl at ambient temperature. 
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Figure 3.17. Autoradiograms show denaturing gel electrophoretic analyses of the cross-linking 

reactions of 0.5 nM 5'-32P-end-labeled ODN-ZF-BC (a), 0.5 nM 5'-32P-end-labeled 

ODN-AZ-BC (b), and 0.5 nM 5'-32P-end-labeled ODN-AP-2BC (c) with 100 nM ZF-CLIP, 

respectively. Open arrows and filled arrows denote the free ODNs and covalent complexes with 

modular adaptors, respectively (left). Time-course plots for the crosslinking reactions to 

estimate the rate constants (k) (right). The estimated rate constants are listed in Table 3.6. 

Reaction conditions: 40 mM Tris-HCl (pH 8.0), 20 mM acetic acid, 12.5 mM MgCl2, 1 mM 

DTT, 1 μM ZnCl2, 0.02% Tween 20, 200 nM BSA, 100 nM calf thymus DNA, and 200 mM 

NaCl at ambient temperature. 
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Figure 3.18. Autoradiograms show denaturing gel electrophoretic analyses of the cross-linking 

reactions of 0.5 nM 5'-32P-end-labeled ODN-ZF-BC (a), 0.5 nM 5'-32P-end-labeled 

ODN-AZ-BC (b), and 0.5 nM 5'-32P-end-labeled ODN-AP-2BC (c) with 100 nM AZ-CLIP, 

respectively. Open arrows and filled arrows denote the free ODNs and covalent complexes with 

modular adaptors, respectively (left). Time-course plots for the crosslinking reactions to 

estimate the rate constants (k) (right). The estimated rate constants are listed in Table 3.6. 

Reaction conditions: 40 mM Tris-HCl (pH 8.0), 20 mM acetic acid, 12.5 mM MgCl2, 1 mM 

DTT, 1 μM ZnCl2, 0.02% Tween 20, 200 nM BSA, 100 nM calf thymus DNA, and 200 mM 

NaCl at ambient temperature. 
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Figure 3.19. Autoradiograms show denaturing gel electrophoretic analyses of the cross-linking 

reactions of 0.5 nM 5'-32P-end-labeled ODN-ZF-BC (a), 0.5 nM 5'-32P-end-labeled 

ODN-AZ-BC (b), and 0.5 nM 5'-32P-end-labeled ODN-AP-2BC (c) with 100 nM CLIP-G, 

respectively. Open arrows and filled arrows denote the free ODNs and covalent complexes with 

modular adaptors, respectively (left). Time-course plots for the crosslinking reactions to 

estimate the rate constants (k) (right). The estimated rate constants are listed in Table 3.6. 

Reaction conditions: 40 mM Tris-HCl (pH 8.0), 20 mM acetic acid, 12.5 mM MgCl2, 1 mM 

DTT, 1 μM ZnCl2, 0.02% Tween 20, 200 nM BSA, 100 nM calf thymus DNA, and 200 mM 

NaCl at ambient temperature. 
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The dissociation constants of the modular adaptors and three 32P-labled-ODNs 

(ODN-ZF, ODN-AZ, and ODN-AP) were studied by using gel mobility shift assay 

(Figure 3.20-3.25) and listed in Table 3.7 (in the absence of 200 mM NaCl), and Table 

3.8 (in the presence of 200 mM NaCl). The results indicated the increasing of KD when 

200 mM NaCl was used, however, the increasing of the obtained KD was not significant 

when compared with the decreasing of kapp. (Table 3.1 and Table 3.7, Table 3.4 and 

Table 3.8). The reason of the irrelevant of the obtained KD and kapp may due to the 

inaccurate estimation of KD by using the gel mobility shift assay, the concentration of 

NaCl was diluted during loading and running the PAGE analyses. Therefore, 

fluorescence polarization was used to study KD of the modular adaptors and the 

fluorophore modified ODNs. Fluorescence polarization also indicated enhanced 

specificity for the matched and matched pairs in the presence of 200 mM NaCl (Figure 

3.26, Table 3.9, 3.10). Although the titration of concentration-dependent of binding the 

modular adaptors to the fluorophore modified ODNs did not reach the saturation point 

indicating the complete formation of the modular adaptor/ODN complex (the highest 

possible concentration of the modular adaptor in the reaction was only 1024 nM) 

(Figure 3.26), the assay showed the dissociation constants of the modular adaptors and 

matched and unmatched ODNs were increased orders of magnitudes in the presence of 

200mM NaCl. These results indicated that the rates of covalent bond formation (kapp and 

k’app) depended on KD of the complexes between modular adaptors and ODNs as in case 

2 of Figure 3.2b. 
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Figure 3.20 Autoradiograms show the electrophoretic mobility shift titration of ZF-CLIP to (a) 

0.05nM 5'-32P-labeled ODN-AZ and (b) 0.05nM 5'-32P-labeled ODN-AP in a buffer (pH 8.0) 

containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1mM DTT, 1µM ZnCl2 

0.02 % Tween 20, and 200 nM BSA at ambient temperature (left). Open arrows and filled 

arrows denote free ODN and modular adaptor bound ODN, respectively. Semilogarithmic plots 

show the fractions of 5'-32P-labeled ODN bound to modular adaptors (right). The estimated 

equilibrium constants are listed in Table 3.7 
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Figure 3.21 An autoradiogram shows the electrophoretic mobility shift titration of AZ-CLIP to 

0.05 nM 5'-32P-labeled ODN-AP in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic 

acid, 12.5 mM MgCl2, 1mM DTT, 1µM ZnCl2 0.02 % Tween 20, and 200 nM BSA at ambient 

temperature (left). Open arrows and filled arrows denote free ODN-AP and modular adaptor 

bound ODN-AZ, respectively. A semilogarithmic plot shows the fractions of 5'-32P-labeled 

ODN bound to modular adaptors (right). The estimated equilibrium constants are listed in Table 

3.7 
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Figure 3.22 Autoradiograms show the electrophoretic mobility shift titration of CLIP-G to (a) 

0.05 nM 5'-32P-labeled ODN-ZF, (b) 0.05 nM 5'-32P-labeled ODN-AZ, and (c) 0.05nM  

5'-32P-labeled ODN-AP in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 

12.5 mM MgCl2, 1mM DTT, 1µM ZnCl2 0.02 % Tween 20, and 200 nM BSA at ambient 

temperature (left). Open arrows and filled arrows denote free ODN and modular adaptor bound 

ODN, respectively. Semilogarithmic plots show the fractions of 5'-32P-labeled ODN bound to 

modular adaptors (right). The estimated equilibrium constants are listed in Table 3.7 
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Figure 3.23 Autoradiograms show the electrophoretic mobility shift titration of ZF-CLIP to (a) 

0.05nM 5'-32P-labeled ODN-ZF, (b) 0.05 nM 5'-32P-labeled ODN-AZ, and (c) 0.05nM 

5'-32P-labeled ODN-AP in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 

12.5 mM MgCl2, 1mM DTT, 1µM ZnCl2 0.02 % Tween 20, 200 nM BSA, and 200 mM NaCl at 

ambient temperature (left). Open arrows and filled arrows denote free ODN and modular 

adaptor bound ODN, respectively. Semilogarithmic plots show the fractions of 5'-32P-labeled 

ODN bound to modular adaptors (right). The estimated equilibrium constants are listed in Table 

3.8 
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Figure 3.24 Autoradiograms show the electrophoretic mobility shift titration of AZ-CLIP to (a) 

0.05 nM 5'-32P-labeled ODN-ZF, (b) 0.05 nM 5'-32P-labeled ODN-AZ, and (c) 0.05 nM 

5'-32P-labeled ODN-AP in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 

12.5 mM MgCl2, 1mM DTT, 1µM ZnCl2 0.02 % Tween 20, 200 nM BSA, and 200 mM NaCl at 

ambient temperature (left). Open arrows and filled arrows denote free ODN and modular 

adaptor bound ODN, respectively. Semilogarithmic plots show the fractions of 5'-32P-labeled 

ODN bound to modular adaptors (right). The estimated equilibrium constants are listed in Table 

3.8 
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Figure 3.25 Autoradiograms show the electrophoretic mobility shift titration of CLIP-G to (a) 

0.05 nM 5'-32P-labeled ODN-ZF, (b) 0.05 nM 5'-32P-labeled ODN-AZ, and (c) 0.05 nM 

5'-32P-labeled ODN-AP in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 

12.5 mM MgCl2, 1mM DTT, 1µM ZnCl2 0.02 % Tween 20, 200 nM BSA, and 200 mM NaCl at 

ambient temperature (left). Open arrows and filled arrows denote free ODN and modular 

adaptor bound ODN, respectively. Semilogarithmic plots show the fractions of 5'-32P-labeled 

ODN bound to modular adaptors (right). The estimated equilibrium constants are listed in Table 

3.8 
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Table 3.7 Equilibrium disassociation constants (KD) for the complexes of modular adaptors with 

ODNs determined by gel-shift assay. (bold: KD for the matched pair, plane: KD for the 

unmatched pair). 

 

Recognition module 

(without NaCl) 

KD (nM) 

ODN-ZF ODN-AZ ODN-AP1 

Zif268 (ZF) 63 ± 18* > 1000* 787  ± 115 

AZP4 (AZ) > 1000* 61 ± 30* 660 ± 240 

GCN4 (G) 231 ± 70 169± 14 15 ± 1 

* The values were taken from Chapter 2 

 

 

Table 3.8 Equilibrium disassociation constants (KD) for the complexes of modular adaptors with 

ODNs determined by titration of gel-shift assay. (bold: KD for the matched pair, plane: KD for 

the unmatched pair). 

 

Recognition module 

(200 mM NaCl) 

KD (nM) 

ODN-ZF ODN-AZ ODN-AP1 

Zif268 (ZF) 112 ± 17 4454 ± 360 1776 ± 48 

AZP4 (AZ) 1197±112 99±11 4919 ± 1867 

GCN4 (G) 479 ± 55 332 ± 25 51 ± 10 
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Figure 3.26 Fluorescence polarization analyses for study of the binding of modular adaptors (a) 

ZF-CLIP, (b) AZ-CLIP and (c) CLIP-G to ODN-ZF, ODN-AZ, and ODN-AP, without 200 mM 

NaCl (filled circle) and with 200 mM NaCl (open circle). Reaction was conducted in a buffer 

(pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 μM 

ZnCl2, 100 nM calf thymus DNA and 0.02% Tween20, and 0.1 nM fluorophore modified ODN 

with various concentrations of modular adaptor ( 0.25 nM  1024 nM). 
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Table 3.9 Equilibrium disassociation constants (KD) for the complexes of modular adaptors with 

ODNs determined by titration of fluorescent polarization. (bold: KD for the matched pair, plane: 

KD for the unmatched pair). 

Recognition 

module 

(without NaCl) 

KD (nM) 

 ODN-ZF ODN-AZ ODN-AP 

Zif268 (ZF) 8.1 ± 0.6 > 1000 > 1000 

AZP4 (AZ) > 1000 74 ± 3.0 n.d. 

GCN4 (G) > 1000 > 1000 5.1 ± 0.5 

n.d. not detectable 

 

Table 3.10 Equilibrium disassociation constants (KD) for the complexes of modular adaptors 

with ODNs determined by titration of fluorescent polarization in the presence of 200 mM NaCl. 

(bold: KD for the matched pair, plane: KD for the unmatched pair). 

Recognition 

module 

(200 mM NaCl) 

KD (nM) 

 ODN-ZF ODN-AZ ODN-AP 

Zif268 (ZF) > 1000 n.d. n.d. 

AZP4 (AZ) n.d. > 1000 n.d. 

GCN4 (G) n.d. n.d. > 1000 

n.d. not detectable 

 

3.2.2 Orthogonality of the sequence-specific modular adaptors on DNA scaffold 

Orthogonality was studied on a 3-well DNA scaffold (I-1CG/II-1ZC/III-1AC) 

containing a single binding site for CLIP-G, ZF-CLIP and AZ-CLIP at cavity I, II and 

III, respectively (Figure 3.27a). In this study, 50 nM each of the modular adaptors was 

incubation 5 min, 10 min and 15 min with a DNA scaffold (I-1CG/II-1ZC/III-1AC) 

containing three single binding sites for CLIP-G, ZF-CLIP, and AZ-CLIP at cavity I, II 

and III, respectively. At the matched addresses, all the three modular adaptors could be 

loaded efficiently in 5 min incubation with over 93% yield. At the unmatched addresses, 

CLIP-G show orthogonality with thin 15 min incubation with less than 6% yield, 
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AZ-CLIP show less than 8% yield at the unmatched addresses after 10min incubation. 

ZF-CLIP showed poor orthogonality toward the address designed for AZ-CLIP with the 

yield from 21% (5 min incubation) to 47% (15 min incubation) (Figure 3.27). The 

orthogonal study indicated the sequential assembly of these three modular adaptors 

(firstly assemble CLIP-G, follows by the assembly of AZ-CLIP, and ZF-CLIP at the last 

step), could realize the good orthogonality.  

 

Figure 3.27. Orthogonal study of modular adaptors on DNA scaffold. 50 nM of eachof 

modular adaptors was incubation with the DNA scaffold (I-1CG/II-1ZC/III-1AC) contain three 

single binding sites for CLIP-G, ZF-CLIP and AZ-CLIP at the cavity I, II and III respectively at 

ambient temperature. After 5 min, 10 min and 15 min of incubation, an aliquot of the reaction 

mixture was purified by size-exclusion chromatography and then analyzed by AFM. Reaction 

was conducted in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM 

MgCl2, 1 mM DTT, 1 μM ZnCl2, and 0.02% Tween20 at ambient temperature. Yields for the 

matched and the unmatched cross-linking reactions were estimated by counting the number of 

cavities occupied by the modular adaptors (Table 2.11).   
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We performed the sequential assembly of three modular adaptors on the same 

DNA scaffold (I-1CG/II-1ZC/III-1AC). Basically, the sequential assembly consisted of 

three 5 min incubation steps assembly of three modular adaptors on DNA scaffold. At 

the first step, the DNA scaffold (I-1CG/II-1ZC/III-1AC) was incubated with CLIP-G, 

after 5 min the reaction continues with AZ-CLIP, and finally, ZF-CLIP were added.  

The result is showed in Figure 3.28, the sequential assembly method allows me to 

maintain the high assembly yield at matched address and reduced the yield at the 

unmatched addressed for ZF-CLIP to below 11 %. The co-assembly at matched address 

is almost 90%. The modular adaptors system is fast enough to finish the sequential 

assembly of three modular adaptors with thin 15 min reaction, which is difficult to 

archive using other methods.  

 

 

Figure 3.28. Sequential assembling of three modular adaptors on a DNA scaffold. (a) An 

illustration of the sequential assembly of modular adaptors on the DNA scaffold 

(I-1AH/II-1ZS/III-1AC) and (b−e) AFM images of the DNA scaffold reacted with the modular 

adaptors. The DNA scaffold (5 nM) was incubated (c) with CLIP-G (50 nM) for 5 min at 

ambient temperature (1st step), then (d) with the AZ-CLIP for additional 5 min (2nd step), and 

finally (e) with ZF-CLIP for further 5 min (3rd step). The reactions were carried out in a buffer 

(pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 μM 

ZnCl2, and 0.02% Tween20. At each step, an aliquot of the reaction mixture was purified by 
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size-exclusion chromatography and then analyzed by AFM. Yields at each cavity and 

coassembly yields after the 2nd step and 3rd step were estimated by counting the number of 

cavities occupied by the modular adaptors. The scale bar represents 100 nm. 

Addition of 200 mM NaCl to the assembly solution show the significant 

decreasing of the assembly yield at the unmatched position (less than 7%), while the 

three modular adaptors were loaded to the matched positions over 90% yield in 30 min, 

(Figure 3.29). Interestingly, the assembly of AZ-CLIP to the design position of the DNA 

scaffold (Figure 3.30) was significantly faster than the covalent bond formation of 

AZ-CLIP to the BC modified ODN (Figure 3.15). Figure 3.30 showed the assembly of 

AZ-CLIP (250 nM) on DNA scaffold (5 nM) took only 20 min to reach to more than 

90%. The larger DNA scaffold may allow the faster binding and searching for the 

specific sequence of the DNA binding protein module of the modular scaffold.38–41  
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Figure 3.29. Three types of the sequence-specific modular adaptors orthogonally react at 

the predesigned positions on DNA scaffold in the presence of 200 mM NaCl. (a) An 

illustration shows three types of modular adaptors and DNA origami scaffold 

(I-1CG/II-1ZC/III-1AC), in which each cavity contained a single binding site for one of the 

modular adaptors. The stem loops in red, green, and blue denote the binding site for CLIP-G 

(CG) in cavity I, ZF-CLIP (ZC) in cavity II, and AZ-CLIP (AC) in cavity III, respectively. (b−e) 

AFM images of the DNA scaffold reacted with modular adaptors. (b-d) The DNA scaffold (5 

nM) was incubated with MA (250 nM) (b) CLIP-G, (c) ZF-CLIP or (d) AZ-CLIP for 30 min at 

ambient temperature. (e) One-pot co-assembly reaction of three MAs on DNA scaffold 

(I-1CG/II-1ZC/III-1AC). The DNA scaffold (5 nM) was incubated with CLIP-G, ZF-CLIP, and 

AZ-CLIP (each of MA: 250 nM) for 30 min at ambient temperature. These reactions were 

carried out in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM 
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MgCl2, 200 mM NaCl, 1 mM DTT, 1 μM ZnCl2, 0.02% Tween 20, and 200 mM NaCl. The 

reaction mixture was purified by size-exclusion chromatography and then analyzed by AFM. 

Yields at each cavity and co-assembly yields were estimated by counting the number of cavities 

occupied by the modular adaptors (Table 3.11). The scale bars represent 100 nm. 

 

 

Figure 3.30 (a) illustration of the time dependence assembly yield of AZ-CLIP on the matched 

cavity (Cavity III) and unmatched cavities (Cavity I and Cavity II) on 3-well DNA scaffold 

(I-1AH/II-1ZS/III-1AC). (b) AFM image of DNA scaffold I-1AH/II-1ZS/III-1AC. (c-f) 5 nM 

DNA scaffold was incubated with 250 nM AZ-CLIP, after 5 min, 10 min, 20 min, and 30 min 

incubation, an aliquot of the reaction mixture was purified by size-exclusion chromatography 

and then analyzed by AFM, respectively. The reactions were carried out in a buffer (pH 8.0) 

containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 μM ZnCl2, 

0.02% Tween20, and 200 mM NaCl. (g) Yields were estimated by counting the number of 
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cavities occupied by the AZ-CLIP after 5 min, 10 min, 20 min, and 30 min incubation. The 

scale bars represent 100 nm. 

 

Sequential reactions in the presence of 200 mM NaCl in the order of CLIP-G, 

AZ-CLIP, and ZF-CLIP reduced the modification at unmatched positions to less than 

9% as showed in Figure 3.31 with the overall co-assembly yield reached 85% after 60 

min sequential assembly. One pot co-assembly reaction of the modular adaptors for 

their respective target positions on DNA scaffold (Figure 3.29e) resulted in 87% 

co-assembly yield after 30 min incubation.  

 

 

Figure 3.31. (a) An illustration of the sequential assembly of modular adaptors on the 

DNA scaffold (I-1AH/II-1ZS/III-1AC) in the presence of 200 mM NaCl. (b−e) AFM images 

of the DNA scaffold reacted with the modular adaptors. The DNA scaffold (5 nM) was 

incubated (c) with CLIP-G (250 nM) for 5 min at ambient temperature (1st step), then (d) with 

the AZ-CLIP (250 nM) for additional 5 min (2nd step), and finally (e) with ZF-CLIP (250 nM) 

for further 5 min (3rd step). The reactions were carried out in a buffer (pH 8.0) containing 40 

mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 200 mM NaCl, 1 mM DTT, 1 μM ZnCl2, 

and 0.02% Tween 20. At each step, an aliquot of the reaction mixture was purified by 

size-exclusion chromatography and then analysed by AFM. Yields at each cavity and 

co-assembly yields after the 2nd step and the 3rd step were estimated by counting the number of 

cavities occupied by the modular adaptors. The scale bars represent 100 nm.
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Table 3.11. Total numbers and yields of the DNA scaffolds (I-1CG/II-1ZC/III-1AC) assembled 

with the modular adaptors deduced from the AFM images. 

Incubation 

condition 

Modular 

adaptor 

derivatives 

Number of 

well-formed 

DNA scaffold 

Numbers and yields of the 

modified cavities 
Co-assembly 

yield 

AFM 

image 
Cavity I Cavity II Cavity III 

 5 min 

incubation 

CLIP-G 166 
158 

[95%]  

4  

[2%] 

4 

 [2%] 
n.a. 

Figure 

3.27b 

ZF-CLIP 152 
7  

[5%]  

142 

[93%] 

32  

[21%] 
n.a. 

Figure 

3.27b 

AZ-CLIP 130 
7  

[5%]  

8  

[6%] 

127  

[98%] 
n.a. 

Figure 

3.27b 

10 min 

incubation 

CLIP-G 121 
112 

[93%]  

6  

[5%] 

7  

[6%] 
n.a. 

Figure 

3.27c 

ZF-CLIP 105 
2  

[2%]  

91 

[87%] 

38  

[36%] 
n.a. 

Figure 

3.27c 

AZ-CLIP 152 
6  

[4%]  

13  

[8%] 

145  

[95%] 
n.a. 

Figure 

3.27c 

 15 min 

incubation 

CLIP-G 131 
125 

[95%]  

7  

[5%] 

7  

[5%] 
n.a. 

Figure 

3.27d 

ZF-CLIP 141 
16  

[11%]  

132 

[94%] 

66  

[47%] 
n.a. 

Figure 

3.27d 

AZ-CLIP 170 
18  

[11%]  

37 

[22%] 

160  

[94%] 
n.a. 

Figure 

3.27d 

5 min 

sequential 

assembly  

 

CLIP-G 172 
166 

[96%]  

3  

[2%] 

5  

[3%] 
n.a. 

Figure 

3.28c 

CLIP-G, 

AZ-CLIP 
168 

152 

[96%]  

19 

[11%] 

159  

[95%] 

148  

[88%] 

Figure 

3.28d 

CLIP-G, 

AZ-CLIP, 

ZF-CLIP 

167 
161 

[96%]  

153 

[92%] 

165  

[99%] 

146  

[87%] 

Figure 

3.28e 

n.a. : not applicable 
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Table 3.11. (Continued) 

Incubation 

condition 

Modular 

adaptor 

derivatives 

Number of 

well-formed 

DNA scaffold 

Numbers and yields of the 

modified cavities 
Co-assembly 

yield 

AFM 

image 
Cavity I Cavity II Cavity III 

30 min 

incubation with 

200 mM NaCl 

CLIP-G 165 
151 

[92%]  

10  

[6%] 

14  

[8%] 
n.a. 

Figure 

3.29b 

ZF-CLIP 197 
5  

[3%]  

177 

[90%] 

9  

[5%] 
n.a. 

Figure 

3.29c 

AZ-CLIP 153 
3  

[2%]  

7  

[5%] 

143  

[93%] 
n.a. 

Figure 

3.29d 

Figure 

3.30f 

 5 min 

incubation with 

200 mM NaCl 

AZ-CLIP 174 
4  

[2%]  

6  

[4%] 

99  

[58%] 
n.a. 

Figure 

3.30c 

 10 min 

incubation with 

200 mM NaCl 

AZ-CLIP 155 6 [4%]  10 [6%] 117 [75%] n.a. 
Figure 

3.30d 

 20 min 

incubation with 

200 mM NaCl 

AZ-CLIP 176 
7  

[4%]  

7  

[4%] 

159  

[90%] 
n.a. 

Figure 

3.30e 

20 min 

sequential 

assembly with 

200mM NaCl 

CLIP-G 142 
131 

[92%]  

7  

[5%] 

8  

[6%] 
n.a. 

Figure 

3.31c 

CLIP-G, 

AZ-CLIP 
135 

126 

[93%]  

12 

 [9%] 

128  

[95%] 

124  

[92%] 

Figure 

3.31d 

CLIP-G, 

AZ-CLIP, 

ZF-CLIP 

144 
134 

[93%]  

132 

[92%] 

135  

[94%] 

123 

 [85%] 

Figure 

3.31e 

30 min one-pot 

reaction with 

200 mM NaCl 

CLIP-G, 

AZ-CLIP, 

ZF-CLIP 

144 
137 

[95%]  

131 

[91%] 

139 

 [97%] 

125  

[87%] 

Figure 

3.29e 

n.a. : not applicable 

 

3.3 Discussion 

The aim of the sequence-specific modular adaptors is to demonstrate a general 

strategy to develop a simple and convenient method for locating a number of POIs or 

more specify functional enzymes on the DNA nanoscaffold. In this strategy, the 

selectivity of the modular adaptors on targeted sites of a DNA scaffold should only rely 

on the sequence selectivity of DNA binding module, so that any sequence-specific DNA 

binding protein could be used to create the orthogonal modular adaptor with the same 

covalent bond formation module. This simple design could significantly expand the 
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number of the orthogonal modular adaptor because one protein-tag could be used to 

combine with a number of DNA binding proteins.  

The first attempt to develop the sequence-specific modular adaptors used the 

two types of DNA binding protein zif268 and AZP4 with the same protein-tag 

(SNAP-tag). However, ZF-SNAP and AZ-SNAP did not show orthogonality which 

could be explained by the fact that the reactivity of SNAP-tag to BG modified ODN is 

too fast (104 M-1s-1) to maintain the sequence selectivity. The modular adaptor 

containing SNAP-tag reacts with BG modified ODN according to case 1 in Figure 3.2b. 

Therefore the activity of covalent bond formation was reduced to obtain the 

sequence-specific modular adaptors. With changing protein-tag substrates, the reactivity 

could be tuned for several orders of magnitudes. The second order rate constants of 

SNAP-tag and CLIP-tag to fluorescence modified BC is approximately 1 M-1s-1 and 102 

M-1s-1, respectively, indicated that the modular adaptors based on SNAP-tag or 

CLIP-tag to BC modified ONDs is a good candidate. In this chapter, the combinations 

of SNAP-tag or CLIP-tag with three sequences selective DNA binding proteins (ZF, AZ, 

and GCN4) have been constructed: SNAP-tag derivatives (ZF-SNAP, AZ-SNAP) and 

CLIP-tag derivatives (ZF-CLIP, AZ-CLIP, and CLIP-G). By reducing the reactivity of 

SNAP-tag from 104 M-1s-1 (with BG as the substrate) to approximately 1 M-1s-1 (with 

BC as the substrate), the reasonable orthogonality was achieved. However, the covalent 

bond formation yield at the matched pair for ZF-SNAP and AZ-SNAP were only 68% 

and 64%, respectively. To increase the performance of modular adaptors, the higher 

reactivity for the protein tag module was required. Indeed when the CLIP-tag 

derivatives were used, the reaction yields reached to more than 90% after only 10 min 

incubation. The addition of 200 mM NaCl in the reaction mixture further reduced the 

covalent bond formation yield of the modular adaptor at the unmatched sequence. As 

the result, the modular adaptor containing CLIP-tag derivatives in combination with the 
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BC modified ODN were successfully loaded at the designed positions on a DNA 

scaffold with almost 90% co-assembly yield and less than 10 % yield at the unmatched 

positions.  

Modular structures of proteins are commonly found in nature to exert high 

performance with the lowest trade-off.42–45 Nowadays, the modular structure becomes 

important in the development of the modern drug.1,2,46 The modular adaptor design 

described here consists of two functional modules: the sequence recognition module 

(DNA binding module) and the covalent bond formation module (the protein-tag 

module). The design of modular molecule is aimed for the high performance that always 

depends on the balance of affinity and activity as in case 2 of Figure 3.2b. The rational 

design of the sequence-specific modular adaptors and the boundary conditions for the 

kinetics of covalent bond formation and complex formation described in this chapter 

serve as the general principle for the design of molecular recognition-driven modifiers. 

 

3.4 Conclusion 

In summary, I propose here a general principle to design sequence-specific 

DNA modifiers driven by the specific DNA recognition. The kinetic requirements for 

the complex formation step of DNA and the DNA binder and the successive 

intramolecular chemical reaction were applied to design modular adaptors by 

appropriate combinations of the self-ligating protein tag and the sequence-specific 

DNA-binding protein. The modular adaptors with the same self-ligating protein tag 

bearing different types of sequence-specific DNA binding proteins indeed reacted 

preferentially with the substrate located in the matched DNA sequence with little 

reactivity to the substrate in unmatched sequence. Our design principle will expand the 

variation of sequence-specific modular adaptors by simply conjugating various 

sequence-specific DNA binding proteins47–49 and a protein-tag with the appropriate 
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selections of its substrate. This orthogonal set of modular adaptors will locate a variety 

of enzymes or receptors on a DNA scaffold to study the chemistry of spatially arranged 

biomolecules. More importantly, our design principle on the kinetic characteristics 

would be applicable for the design of almost any kind of the recognition-driven 

modifiers. 

 

3.5 Materials and methods 

3.5.1 Materials 

The single-stranded M13mp18, restriction enzymes (NdeI and HindIII), 

pCLIP-tag (T7)-2 Vector (N9181S), BC-GLA-NHS (S9237S) were purchased from 

New England Biolabs. pCLIPf(T7)-2 Vector was generously donated from New 

England Biolabs. Purified oligonucleotides as the staple strands for DNA origami, 

oligonucleotide primers for gene construction and all other oligonucleotides were 

obtained from Sigma-Aldrich (St. Louis, MO), Thermo Fisher Scientific Inc. (Waltham, 

MA, USA) or Gene Design Inc. (Osaka, Japan). Escherichia coli BL21 (DE3) 

competent cells were purchased from Invitrogen (Carlsbad, CA). Mini Elute Gel 

Extraction Kit was prepared from QIAGEN (Tokyo, Japan). HiTrap SP XL cation 

exchange column (5 ml), HisTrap HP column (5 ml), and Sephacryl S-400 were from 

GE Healthcare Japan Inc. (Tokyo, Japan). PrimeSTAR HS DNA polymerase, T4 DNA 

ligase, and E. Coli DH5α competent cells were obtained from TaKaRa Bio Inc. (Shiga, 

Japan). Ultrafree-MC-DV was obtained from Merck Millipore (Darmstadt, Germany). 

Cosmosil 5C18-MS II column (4.6 i.d. × 150 mm) and HPLC-grade acetonitrile were 

purchased from Nacalai Tesque (Kyoto, Japan). Gel electrophoresis grade acrylamide, 

bis(acrylamide), phenol, and all other chemicals and reagents were purchased from 

Wako Chemicals (Tokyo, Japan) or Nacalai Tesque (Kyoto, Japan). Phosphate buffer 
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(PB) was prepared as 20 mM Na2HPO4 and 20 mM NaH2PO4. DNA origami buffer (pH 

8.0) contained 40 mM Tris-HCl, 20 mM acetic acid, and 12.5 mM MgCl2. 

 

3.5.2 Preparation of sequence-specific modular adaptors (ZF-SNAP, AZ-SNAP, 

ZF-CLIP, AZ-CLIP, and CLIP-G)  

Overexpression and purification of the ZF-SNAP, AZ-SNAP, and AZ-CLIP 

were described in the previous chapter. As a typical example, the preparation of 

ZF-CLIP is shown below. All of the vectors encoding protein-tag derivatives 

(pET-30a-ZF-CLIP, pET-30a-CLIP-G) were prepared and the protein-tag derivatives 

(ZF-CLIP and CLIP-G) were overexpressed and purified in the same manner. 

 

3.5.3 Construction of vectors for ZF-CLIP (pET-30a-ZF-CLIP) 

CLIP-tag in pCLIP-tag (T7)-2 vector was amplified by PCR using the 

following primer pairs.  

Forward primer (F_EcoRI_CLIP):  

TAATAAGAATTCGGCGGCTCCGGCGGCTCCGACAAAGATTGCGAAA 

Reverse primer (R_CLIP_HindIII): 

TTATTAAAGCTTTTAATGATGGTGATGATGATGGTGATGATGGTGGG

TACCATTAACCTCGAGCCCGGGG. 

The PCR products were run on a 1% agarose gel (TAE) and were purified by 

Mini Elute Gel Extraction Kit. The PCR products and pET-30a-cys-zif2686 were 

digested with EcoRI and HindIII and were purified in the same manner. These products 

were incubated with T4-DNA-ligase. The mixture was transformed into E. coli DH5α 

competent cells for amplification. The vector encoding ZF-CLIP (termed as 

pET-30a-ZF-CLIP) was purified, sequence checked, then transformed into E. coli 

BL21(DE3) competent cells. 
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3.5.4 Overexpression and purification of ZF-CLIP 

The transformed cells were grown at 37 °C until OD600 reached 0.5, and protein 

expression was induced with 1 mM IPTG for 24 h at 25 °C. The soluble fraction of the 

cell lysate containing recombinant protein was loaded to HisTrap HP column 

equilibrated with a 50 mM phosphate buffer (pH 8.0) containing 200 mM NaCl and 1 

mM DTT, and eluted by imidazole gradient. The main fractions containing the target 

protein were collected, loaded to HiTrap SP HP column equilibrated with a 50 mM 

phosphate buffer (pH 7.0) containing 1 mM DTT and eluted by NaCl gradient. The 

purified protein was dialyzed by using a 50 mM phosphate buffer (pH 8.0) containing 1 

mM DTT, 50 µM ZnCl2, and 50% glycerol and stocked at -20°C. The purity of the 

target protein was checked by SDS-PAGE. The major band in SDS-PAGE 

corresponded to the calculated molecular weight with estimated purity of over 95% 

(Figure 3.32). The modular adaptors were characterized by MALDI-TOF mass 

spectrometry (AXIMA-LNR, Shimadzu, SA matrix). ZF-CLIP: m/z calcd 32462, found 

32440; CLIP-G: m/z calcd 27108, found 27083; Amino acid sequences and calculated 

molecular weights of recombinant proteins used in this study are shown in Table 3.12.  
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Figure 3.32. SDS-PAGE analyses of purified modular adaptors. (a) ZF-CLIP, (b) CLIP-G. 

Amino acid sequences and molecular weights of these proteins are shown in Table 3.12. 
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Table 3.12. Amino acid sequences and molecular weights of modular adaptor derivatives. 

 

 

3.5.5 Preparation of substrate modified ODNs and Alexa 488 modified ODNs  

A coupling reaction between amino modified ODNs (100 µM) and 

succinimidyl derivatives of alexa488 (1 mM) or succinimidyl derivatives of protein tag 

substrates was carried out in a 100 mM phosphate buffer (pH 8.0) for 8 hours at ambient 

temperature. The substrate modified ODNs were purified by reversed-phase HPLC on a 

Cosmosil 5C18-MS II column (4.6 x 150 mm, elution with 100 mM triethylammonium 

acetate buffer, pH 7.0, linear gradient over 30 min from 2.5 to 30% acetonitrile at flow 

rate of 1.0 mL.min-1), and characterized by MALDI-TOF mass spectrometry 

(AXIMA-LNR, Shimadzu, HPA matrix). ODN-ZF-Alexa488: m/z calcd 11397, found 

11395; ODN-AZ-Alexa488: m/z calcd 11400, found 11399; ODN-AP-Alexa488: m/z 

calcd 12011, found 12014. ODN-ZF-BC m/z calcd 11198, found 11200, ODN-AP-2BC: 

m/z calcd 12290, found 12290, ODN-8G-AP-2BC: m/z calcd 21577, found 21578, 

ODN-11G-ZF-BC: m/z calcd 21160, found 21167. Preparation of ODN-AZ-BC, 

ODN-AZ-BG, ODN-ZF-BC, and ODN-24D-AZ-BC were described in Chapter 2 

 

Modular 
adaptors 

Amino acid sequences Mw (Da) 

ZF-CLIP 

MMKTGEKRPYACPVESCDRRFSRSDELTRHIRIHTGQKPFQCRICMRNFS

RSDHLTTHIRTHTGEKPFACDICGRKFARSDERKRHTKIHTGEKEFGGSG

GSMDKDCEMKRTTLDSPLGKLELSGCEQGLHRIIFLGKGTSAADAVEVPA

PAAVLGGPEPLIQATAWLNAYFHQPEAIEEFPVPALHHPVFQQESFTRQV

LWKLLKVVKFGEVISESHLAALVGNPAATAAVNTALDGNPVPILIPCHRV

VQGDSDVGPYLGGLAVKEWLLAHEGHRLGKPGLGGGSGGSHHHHHH 

32462 

CLIP-G 

MDKDCEMKRTTLDSPLGKLELSGCEQGLHRIIFLGKGTSAADAVEVPAPA

AVLGGPEPLIQATAWLNAYFHQPEAIEEFPVPALHHPVFQQESFTRQVLW

KLLKVVKFGEVISESHLAALVGNPAATAAVNTALDGNPVPILIPCHRVVQ

GDSDVGPYLGGLAVKEWLLAHEGHRLGKPGLGGGSGDPAALKRARNTEAA

RRSRARKLQRMKQLEDKVEELLSKNYHLENEVARLKKLVGERHHHHHH 

27108 
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Figure 3.33 a) Nucleotide sequences of the ODNs for each of the modular adaptors with the 

substrate for protein tags and the chemical structures of the substrates for protein tag modified T, 

denoted as “TR” or “TBC”. b) Alexa488 modified ODNs for each of the modular adaptors for 

fluorescence polarization assay to obtain the equilibrium dissociation constant (KD).  

 



139 

 

3.5.6 Preparation of 32P-end-labeled ODNs and the analysis of covalent-linkage 

formation between 32P-end-labeled ODNs and modular adaptors by denaturing gel 

shift assay 

The ODNs (Figure 3.33a) were 5'-32P-end-labeled as previously described 

(Chapter 2). In a typical experiment for kinetic analysis, 32P-ODN-ZF-BC (about 0.5 

nM) was incubated with ZF-CLIP (10 nM) in a buffer (pH 8.0) containing 40 mM 

Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 µM ZnCl2, 0.02% 

Tween20, 200 nM BSA and 100 nM calf thymus DNA and 200 mM NaCl (when 

present) at ambient temperature and aliquots taken at defined reaction times were 

quenched by addition of formamide. The aliquots were analyzed by 8 M Urea PAGE 

and the intensities of the bands on the gel were analyzed by using Storm 860 Molecular 

imager (Amersham). The kinetics data were fitted to a reaction model assuming the 

first-order kinetics, and then the second-order rate constants were determined.  

 

3.5.7 Preparation of the DNA origami scaffold with three cavities  

A solution (50 µL) containing M13mp18 single-stranded DNA (New England 

Biolabs, 10 nM), staple DNA strands (5 equiv, 50 nM, the nucleotide sequences of all 

the staple DNA strands were shown in Chapter 2 and Table 3.13) in a buffer (40 mM 

Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, pH 8.0) was heated at 95 °C for 1 min, 

annealed at 53 °C for 30 min, and kept at 4 °C by using a thermal cycler. The samples 

were purified by size-exclusion chromatography (400 µL volume of Sephacryl S-400, 

GE Healthcare) equilibrated with a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM 

acetic acid, and 12.5 mM MgCl2 in Ultrafree-MC-DV (Millipore). 
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Table 3.13. The staple strands including zif268, AZP4 and GCN4 binding sites with BC 

modified TBC. The zif268 and AZP4 binding sites on the staple strands were colored in red and 

blue, respectively. 

Oligo name Sequence (from 5’ to 3’) 

8g-AP-2BC 
TAATACTGTBCTCATGAGTCATGAGTTTTCTBCCATGACTCATGAACCAG

GCAAGGCAAAGACATCCAATA 

11g-ZF-BC 
AACAGGTCCTTACGCCCACGCGCGTTBCTTTCGCGCGTGGGCGTAAGG

AACCAGACCGGAAGATTCGAGC 

24D-AZ-BC 
GGACAGATCTTATGCCACGTAGCGTTBCTTCGCTACGTGGCATAAGAA

ATTGTGTCGAAATCTGTATCAT 

 

3.5.8 Preparation of DNA origami scaffold assembled with modular adaptors 

A DNA origami scaffold was incubated with ZF-CLIP, AZ-CLIP, and/or 

CLIP-G under the conditions shown in the caption of figures or tables. In a typical 

experiment, the crosslinking reaction of each of modular adaptor was carried out for 30 

minutes at ambient temperature with 5 nM DNA scaffold and 100 nM modular adaptor 

(ZF-CLIP, AZ-CLIP or CLIP-G) in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 

mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 µM ZnCl2, and 0.02% Tween20. The 

mixture was purified by size-exclusion chromatography (400µL volume of Sephacryl 

S-400 in Ultrafree-MC-DV) equilibrated with the buffer used for the reaction to remove 

the unbound modular adaptors. The fractions containing DNA origami scaffold were 

utilized for AFM analyses. The preparation of DNA origami scaffolds assembled with 

modular adaptor-fused enzymes was performed in the same manner. 

 

3.5.9 AFM imaging and statistical analysis 

The sample was deposited on freshly cleaved mica surface (1.5 mmϕ) and 

adsorbed for 5 min at ambient temperature, then washed three times with a buffer (pH 

8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, and 12.5 mM MgCl2. The sample 
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was scanned in tapping mode using a fast-scanning AFM system (Nano Live Vision, 

RIBM Co. Ltd., Tsukuba, Japan) with a silicon nitride cantilever (Olympus 

BL-AC10DS-A2). At least three independent preparations of each sample were 

analyzed by AFM and several images were acquired from different regions of the mica 

surface. The total number of DNA scaffolds corresponds to the number of expected 

rectangular shapes possessing three cavities observed by AFM. The specific and 

nonspecific binding of modular adaptors were counted for only the modular adaptor 

bound to the perfectly folded DNA scaffold. The yield of DNA-scaffold-assembled 

modular adaptor was calculated as in the previous chapter. 

 

3.5.10 Fluorescence polarization spectroscopy 

Fluorescence polarization assay was conducted to study the binding of modular 

adaptors to its matched and unmatched Atto488 modified substrates using Tecan 

INFINITE F PLEX spectroscopy (Figure 3.34). Reaction was carried out in a buffer (pH 

8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 

μM ZnCl2, 100 nM calf thymus DNA and 0.02% Tween20 at 25C. The kinetic 

parameter kobs (s
-1) were fit to the to a reaction model assuming the first-order kinetics, 

and then the second-order rate constants were determined.  
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a 

   
b 

  

Figure 3.34 a) Chemical structures of ATTO488-BG and ATTO488-BC. b) A scheme 

shows crosslinking reactions between the modular adaptors (SNAP derivatives and CLIP 

derivatives) and ATTO488 modified substrates (ATTO488-BG and ATTO488-BC). 

 

Fluorescence polarization assay was conducted to study the dissociation 

constants of modular adaptors to its matched and unmatched Alexa488 modified ODNs 

(Figure 3.33b) using Tecan INFINITE F PLEX spectroscopy. fluorophore modified 

ODNs (0.1 nM) was reated with various concentration of modular adaptors (0.25 nM  

1024 nM) in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 

mM MgCl2, 1 mM DTT, 1 μM ZnCl2, 100 nM calf thymus DNA, 0.02% Tween20, and 

200 mM NaCl (when present) at 25C.   
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CHAPTER 4  

 

A model of three enzymes cascade reaction on 

DNA scaffold 
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4.1 Introduction 

    In Chapter 2 and Chapter 3, several modular adaptors showed orthogonal sequence 

specific DNA modification and high efficiency for assembling proteins fused to them at 

the design positions on a DNA scaffold. In Chapter 2, a set of three orthogonal modular 

adaptors (ZF-SNAP, AZ-CLIP, and AZ-Halo) has been constructed by using two DNA 

binding proteins (zif2681 and AZP42) and three types of protein-tags (SNAP-tag3, 

CLIP-tag4 and Halo-tag5). Three types of modular adaptors were loaded orthogonally to 

defined DNA sequences with the co-assembly yield over 90%. In Chapter 3, three 

sequence-specific modular adaptors (ZF-CLIP, AZ-CLIP, and CLIP-G) constructed 

from three different DNA binding proteins (zif268, AZP4, and GCN4) and one type of 

protein-tag (CLIP-tag) were co-assembled on the DNA scaffold with the overall yield of 

87%. In this chapter, I applied the orthogonal set of modular adaptors to construct the 

cascade of three enzymes derived from a cellular metabolic pathway on a DNA scaffold. 

DNA nanostructures6–10 provide an ideal scaffold to assemble enzymes 

participating in sequential enzymatic reactions, in a spatially well-defined manner.11–15 

The cascade reaction of two model enzymes on various scaffolds was 

demonstrated,12,16–19 a model of three enzymes cascade reaction was also reported 

(Figure 4.1).13 In the previous study, the cascade reaction of two enzymes xylose 

reductase (XR) and xylitol dehydrogenase (XDH) from the xylose metabolism 

parthway20,21 were activated on DNA scaffold.14 The study described the sharp distance 

dependency for the efficiency of the cascade reaction with bimolecular transfer on a 

DNA scaffold. The modular adaptor system described in the previous chapters gives a 

good chance to expand the cascade reaction to the third enzyme of the pathway, the 

xylulose kinase (XK). This chapter discusses the details on construction and 

investigation of the modular adaptor based cascaded reaction of the three enzymes XR, 
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XDH and XK on a DNA scaffold. Three enzymes ZS-XR (ZF-SNAP adaptor fused XR), 

G-XDH (GCN4 adaptor fused XDH) and AC-XK (AZ-CLIP adaptor fused XK), that 

catalyze the cascade reaction of the xylose pathway from xylose to the final product 

xylulose 5-phosphate, were co-assembled on a DNA scaffold. The efficiency of the 

co-assembled enzymatic cascade reaction was significantly enhanced when compared 

with that of the three enzymes in bulk solution. This is the first study on the real 

cascades reaction of the three enzymes derived from the metabolic pathway on a DNA 

scaffold. 

 

Figure 4.1 Cascade reactions of three enzyme system. a) Illustration of the three enzymes 
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encapsulated in a liposome (artcell) (left) and comparison of the efficiency of the cascade 

reaction in artcell with that in bulk solution.22 LDH: lactate dehydrogenase, PDC: pyruvate 

decarboxylase, ADH: alcohol dehydrogenase. b) Illustration of the assembly in a 

protein-polymer membrane of three enzyme glucose amylase (red sphere, GA-NH2/PNIPAAM), 

Glucose oxidase (green sphere, GO-NH2/PNIIPAAm), and horseradish peroxidase (Blue sphere, 

HPR-NH2/PNIPAAm) (right) and the efficiency of cascade reaction with different arrangements 

of the three enzymes on a membrane.23 c) Illustration of the assembly of malate dehydrogenase 

(MDH), oxaloacetate decarboxylase (OAD), and lactate dehydrogenase (LDH) on a DNA 

scaffold (right) and the efficiency of the cascade reaction on DNA scaffold (left).13 

 

4.2 Results 

4.2.1 Construction of the modular adaptor-fused enzymes and assembly of them on 

the DNA scaffolds 

To verify the applicability of modular adaptors to assemble POIs on the DNA 

scaffold, xylulose kinase (XK) from Saccharomyces cerevisiae was chosen as a model 

POI. XK was reported to be a thermally unstable enzyme.24 In this study, XK was fused 

to the C-terminus of AZ-Halo or AZ-CLIP with a linker to afford AH-XK or AC-XK 

(Figure 4.2, 4.3 and Table 4.1). 

    

Figure 4.2. Possible models for the complex of (left) AC-XK with ODN-AZ-BC, (right) 

AH-XK with ODN-AZ-CH, respectively, based on the crystal structure of the complex between 
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zif268 and ODN (PDB ID : 1ZAA) and the complex of SNAP-tag with BG (PDB ID:3KZY), 

and Halo-tag with CH (PDB ID : 1CQW); the model of XK was adapted from crystal of XK 

from E. coli (PDB ID:2ITM). The models were constructed by using Discovery Studio (version 

3.1, Accelrys Inc.). 

 

 

Figure 4.3. SDS-PAGE analyses of purified modular adaptor-fused XK. (a) AC-XK, (b) 

AH-XK. Amino acid sequences and molecular weights of these proteins are shown in Table 4.1. 
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Table 4.1. Amino acid sequences and molecular weights of modular adaptor derivatives. 

 

Derivatives Amino acid sequence Mw 
(Da) 

AC-XK 

MKTGEKRPYACPVESCDRRFSQSNDLTRHIRIHTGQKPFQCRI

CMRNFSRSDSLTRHIRTHTGEKPFACDICGRKFAESDNRKTH

TKIHTGEKEFGGSGGSMDKDCEMKRTTLDSPLGKLELSGCE

QGLHRIIFLGKGTSAADAVEVPAPAAVLGGPEPLIQATAWLNA

YFHQPEAIEEFPVPALHHPVFQQESFTRQVLWKLLKVVKFGE

VISESHLAALVGNPAATAAVNTALDGNPVPILIPCHRVVQGDS

DVGPYLGGLAVKEWLLAHEGHRLGKPGLGGGSGGSMLCSV

IQRQTREVSNTMSLDSYYLGFDLSTQQLKCLAINQDLKIVHS

ETVEFEKDLPHYHTKKGVYIHGDTIECPVAMWLEALDLVLS

KYREAKFPLNKVMAVSGSCQQHGSVYWSSQAESLLEQLNK

KPEKDLLHYVSSVAFARQTAPNWQDHSTAKQCQEFEECIGG

PEKMAQLTGSRAHFRFTGPQILKIAQLEPEAYEKTKTISLVSN

FLTSILVGHLVELEEADACGMNLYDIRERKFSDELLHLIDSSS

KDKTIRQKLMRAPMKNLIAGTICKYFIEKYGFNTNCKVSPM

TGDNLATICSLPLRKNDVLVSLGTSTTVLLVTDKYHPSPNYH

LFIHPTLPNHYMGMICYCNGSLARERIRDELNKERENNYEKT

NDWTLFNQAVLDDSESSENELGVYFPLGEIVPSVKAINKRVIF

NPKTGMIEREVAKFKDKRHDAKNIVESQALSCRVRISPLLSD

SNASSQQRLNEDTIVKFDYDESPLRDYLNKRPERTFFVGGAS

KNDAIVKKFAQVIGATKGNFRLETPNSCALGGCYKAMWSLL

YDSNKIAVPFDKFLNDNFPWHVMESISDVDNENWDRYNSKI

VPLSELEKTLIGGSGGSHHHHHH 

100,901 

AH-XK 

MKTGEKRPYACPVESCDRRFSQSNDLTRHIRIHTGQKPFQCRI

CMRNFSRSDSLTRHIRTHTGEKPFACDICGRKFAESDNRKTH

TKIHTGEKEFGGSGGSMAEIGTGFPFDPHYVEVLGERMHYV

DVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIG

MGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGS

ALGFHWAKRNPERVKGIAFMEFIRPIPTWDEWPEFARETFQA

FRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYREPF

LNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVP

KLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQED

NPDLIGSEIARWLSTLEISGEPTTEDLYFQSDNAIAMLCSVIQR

QTREVSNTMSLDSYYLGFDLSTQQLKCLAINQDLKIVHSETV

EFEKDLPHYHTKKGVYIHGDTIECPVAMWLEALDLVLSKYR

EAKFPLNKVMAVSGSCQQHGSVYWSSQAESLLEQLNKKPE

KDLLHYVSSVAFARQTAPNWQDHSTAKQCQEFEECIGGPEK

MAQLTGSRAHFRFTGPQILKIAQLEPEAYEKTKTISLVSNFLTS

ILVGHLVELEEADACGMNLYDIRERKFSDELLHLIDSSSKDKT

IRQKLMRAPMKNLIAGTICKYFIEKYGFNTNCKVSPMTGDN

LATICSLPLRKNDVLVSLGTSTTVLLVTDKYHPSPNYHLFIHP

TLPNHYMGMICYCNGSLARERIRDELNKERENNYEKTNDW

TLFNQAVLDDSESSENELGVYFPLGEIVPSVKAINKRVIFNPK

TGMIEREVAKFKDKRHDAKNIVESQALSCRVRISPLLSDSNA

SSQQRLNEDTIVKFDYDESPLRDYLNKRPERTFFVGGASKND

AIVKKFAQVIGATKGNFRLETPNSCALGGCYKAMWSLLYDS

NKIAVPFDKFLNDNFPWHVMESISDVDNENWDRYNSKIVPL

SELEKTLIGGSGGSHHHHHH 

116,473 
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The Michaelis constant (Km) and the turnover number (kcat) for the reaction of 

AH-XK and AC-XK were comparable to those of native XK (Figure 4.4 and Table 4.2). 

Both AC-XK and AH-XK showed similar enzymatic activity to that in the bulk solution 

when assembled on the DNA scaffold (Figure 4.5). The assembly yields of AH-XK, 

AC-XK, and ZS-XR, were 93%, 90%, and 93%, respectively, when these modular 

adaptor-conjugated enzymes (25 nM) were incubated for 30 min with 5 nM of the DNA 

scaffold (I-1AH/II-1ZS/III-1AC) on ice (Figure 4.5). Because AC-XK marked slightly 

higher activity than AH-XK, AC-XK was utilized for the three enzymes cascade 

reaction on a DNA scaffold. 

 

 
 

Figure 4.4. Michaelis-Menten plots for the phosphorylation of xylulose by (a) XK, (b) AC-XK, 

or (c) AH-XK. Enzymatic reactions with the same concentration of enzyme (2 nM) were 

performed at 25 C in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 

mM MgCl2, 1 mM DTT, 1 µM ZnCl2, 0.02% Tween20, 100 mM NaCl, 1.1 mM ATP, 0.2 mM 

NADH, 2.3 mM phosphoenolpyruvate, 4.8 U/ml PK and 4.5 U/ml LDH, and the indicated 

concentration of xylulose (0.03 to 2mM). The reaction was started by an addition of xylulose. 

Kinetic parameters were listed on Table 4.2. 
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Table 4.2. Kinetic parameters for XK, AC-XK, and AH-XK for the phosphorylation of 

xylulose 

 

XK AC-XK AH-XK 

Km for xylulose (µM) 203 ± 20 180 ± 21 223 ± 25 

kcat (s-1) 257 ± 23 210 ± 15 240 ± 21 

kcat/Km (mM-1.s-1) 1271 ± 55 1146 ± 194 1030 ± 84 

 

 

 

Figure 4.5. Effect of DNA scaffold on the catalytic activity of XK (a) An illustration of the 

DNA scaffold holding a binding site modified by CH (for AH-XK) and an AFM image of 
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AH-XK bound on the DNA scaffold (left). Time-course profiles of the oxidation of NADH 

monitored by absorbance at 340 nm (right). (b) An illustration of the DNA scaffold holding a 

binding site modified by BC (for AC-XK) and an AFM image of AC-XK bound on the DNA 

scaffold (left). Time-course profiles of the oxidation of NADH monitored by absorbance at 340 

nm (right). Enzyme assay was carried out in a solution containing AH-XK or AC-XK in the 

absence (Free AH-XK or Free AC-XK, red diamonds) or presence of the DNA scaffold 

(AH-XK with the DNA scaffold or AC-XK with the DNA scaffold, pink triangles). Prior to the 

assay for XK activity, 2 nM AH-XK (or AC-XK) was incubated with or without 10 nM DNA 

scaffold for 30 minutes on ice in a buffer (pH 7.6) containing 40 mM Tris-HCl, 20 mM acetic 

acid, 12.5 mM MgCl2, 1 mM DTT, 1 µM ZnCl2, and 0.02% Tween20. Enzyme reactions were 

carried out with the same enzyme concentration (1 nM) at 25 C in a buffer (pH 7.6) containing 

100 mM NaCl, 1.1 mM ATP, 0.2 mM NADH, 2.3 mM PEP, 4.8 U/ml PK and 4.5 U/ml LDH. 

The reactions were started by the addition of xylulose (2 mM). 

 

Orthogonal assembling reactions of three enzymes AH-XK, ZS-XR, and 

AC-XK were studied on DNA scaffold (I-1AH/II-1ZS/III-1AC) (Figure 4.6a). The 

modular adaptor fused enzymes were efficiently loaded on DNA scaffold with the yield 

more than 90% at the matched addressed and less than 2% assembly yield at the 

unmatched addressed. Assembly yields were estimated by counting the number of 

cavities occupied by the modular adaptor fused enzymes (Table 4.3) 
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Figure 4.6. (a) An illustration for the setup of the orthogonal assembly of three adaptor fused 

POIs (ZS-XR, AC-XK, AH-XK) and DNA scaffold. (b-d) AFM images of (b) AH-XK, (c) 

ZS-XR, and (d) AC-XK on the DNA scaffold (I-1AH/II-1ZS/III-1AC), respectively. 5 nM of 

DNA scaffold was incubated with 5 molar equivalent of AH-XK, ZS-XR or AC-XK for 30 

minutes on ice in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM 

MgCl2, 1 mM DTT, 1 µM ZnCl2 and 0.02% Tween20. Scale bars represent 200 nm. 

 

Table 4.3. Total numbers and yields of the DNA scaffolds assembled with the modular 

adaptor fused enzymes analyzed by AFM. 

DNA scaffold 

Modular 

adaptor 

derivatives 

Number of 

well-formed 

DNA 

scaffold 

Numbers and yields of the 

modified cavities 

AFM 

image 

Cavity I Cavity II Cavity III  

I-1AH/II-1ZS/III-1AC 

AH-XK 142 
132 

[93%]  
1 [1%] 3 [2%] Figure 4.6b 

ZS-XR 174 2 [1%]  
162 

[93%] 
1 [1%] Figure 4.6c 

AC-XK 163 1 [1%]  3 [2%] 147 [90%] Figure 4.6d 

 

4.2.2 Construction of a sequential enzyme cascade and comparison of the effect of 

the assistance of the DNA scaffold 

The set of orthogonal adaptors was applied for assembling three enzymes for a 
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part of the cascade reaction in the xylose metabolic pathway on the DNA scaffold 

(Figure 4.7). Previous report from the Morii laboratory demonstrated a two-step 

sequential enzymatic reaction system derived from the initial steps of xylose metabolic 

pathway (XR-XDH pathway).14,25,26 The first enzyme ZS-XR converted xylose into 

xylitol by consuming the cofactor NADH, then the second enzyme GCN4 adaptor fused 

XDH (G-XDH)27 converts the resulting xylitol into xylulose by consuming NAD+ 

formed in the first step. This xylose metabolic pathway was extended to the third step of 

the reaction, where AC-XK converted xylulose to xylulose-5-phosphate by consuming 

ATP (Figure 4.8a).  

 

Figure 4.7 Xylose metabolic pathway. a) Xylose metabolism pathway from fungi, yeast, and 

bacteria.20 XR: xylose reductase, XDH: xylitol dehydrogenase, XI: xylose isomerase, XK: 

xylose kinase, PPP: pentose phosphate pathway b) A schematic illustration of the artificial 

cascade reaction by two adaptor-fused enzymes (ZS-XR and G-XDH) coassembled on the DNA 

scaffold have been constructed in our previous study.14 

 

Two types of DNA origami scaffolds which had the same number of binding 

sites for ZS-XR, G-XDH, and AC-XK but differed in the distance between the binding 

sites were prepared as shown in Figures 4.8b (I-4XR/II-4XDH/III-1XK) and 4.8c 

(I-4XR/I-4XDH/I-1XK). ZS-XR, G-XDH, and AC-XK were loaded on these DNA 
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scaffolds. The AFM images indicated that three enzymes were simultaneously located at 

the positions as designed (Figures 4.8d and 4.8e). A DNA scaffold assembled with only 

ZS-XR (I-4XR) and one coassembled with ZS-XR and G-XDH (I-4XR/II-4XDH and 

I-4XR/I-4XDH) were also prepared (Figure 4.9). The cascade reaction by three 

enzymes was analyzed by HPLC to quantitate the cofactors NADH, NAD+, ATP, and 

ADP, consumed or generated in the cascade reaction (Figures 4.8f and 4.8g) at 

steady-state conditions after 24 h (Figure 4.8, 4.9 and Table 4.4). The amount of ADP 

produced in the final step of the cascade reaction was used as a measure of the 

efficiency of the cascade reaction (Figures 4.8h and 4.8i). When the cascade reaction of 

three enzymes co-assembled system (I-4XR/II-4XDH/III-1XK or 

I-4XR/I-4XDH/I-1XK) was compared with that of two enzymes co-assembled system 

(I-4XR/II-4XDH or I-4XR/I-4XDH), the single enzyme loaded system (I-4XR), and the 

all free enzymes, the amount of ADP produced in the reaction with the three enzymes 

co-assembled system was higher than that with the two enzymes coassembled system 

and that with the single enzyme loaded system. In the cascade reaction by the three 

enzymes, the system with the first enzyme XR being loaded on the scaffold (I-4XR) 

was more efficient than the reaction system with all enzymes being free in the solution 

as shown in Figure 4.8 f and g, where "I-4XR" produced much more ADP than "All 

enzymes in bulk solution". The result indicated that XR could be more stable on the 

DNA scaffold than in the bulk solution because the consumption of NADH was also 

prevented in the case of “All enzymes in bulk solution” (Table 4.4). The result indicated 

the products of XR and XDH were efficiently transported within the co-assembled 

enzymes on the DNA scaffold. Moreover, the amount of ADP produced in the three 

enzymes co-assembled within 10 nm (Figure 4.8i: I-4XR/I-4XDH/I-1XK) was higher 

than that co-assembled with 50 nm distance (Figure 4.8h: I-4XR/II-4XDH/III-1XK). 
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These results were consistent with the previous results that the interenzyme distance is 

one of the important parameters to regulate the efficiency of the cascade reaction by 

facilitating transport of intermediates.3,11 The cascade reaction consisting of three 

enzymes studied here provides a useful model system to thoroughly investigate the 

effects of interenzyme distances, orientations, and ratios of the three enzymes. 

 

Figure 4.8. The three-step cascade reaction of xylose pathway activated on the DNA 

scaffold. (a) An illustration of the cascade reaction by three enzymes ZS-XR, G-XDH and 

AC-XK on the DNA scaffold. (b, c) Illustrations of DNA scaffolds (b) I-4XR/II-4XDH/III-1XK 
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and (c) I-4XR/I-4XDH/I-1XK with 4 binding sites for ZS-ZR, 4 binding sites for G-XDH and 1 

binding site for XK. (d, e) AFM images of the three enzymes bound on the DNA scaffolds (d) 

I-4XR/II-4XDH/III-1XK and (e) I-4XR/I-4XDH/I-1XK. The arrows in red, blue, and green 

indicate ZS-XR, G-XDH, and AC-XK, respectively. The scale bars represent 100 nm. (f, g) 

Production of ADP from the cascade reaction with one enzyme assembled on DNA scaffold 

(I-4XR: ZS-XR located on the scaffold and G-XDH and AC-XK in bulk solution), with the two 

enzymes assembled on DNA scaffold [(f) I-4XR/II-4XDH or (g) I-4XR/I-4XDH: ZS-XR and 

G-XDH located on the scaffold and AC-XK in the bulk solution], and with the three enzyme 

assembled on DNA scaffold [(f) I-4XR/II-4XDH/III-1XK and (g) I-4XR/I-4XDH/I-1XK: 

ZS-XR, G-XDH and AC-XK located on the scaffold]. The analysis was conducted with a 

reaction mixture incubated for 24 hours with ZS-XR, G-XDH and AC-XK located on the 

scaffold (d) I-4XR/II-4XDH/III-1XK or (e) I-4XR/I-4XDH/I-1XK in a buffer (pH 7.0) 

containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 µM ZnCl2, 

0.02% Tween20, 100 mM NaCl, 2 mM NADH, and 1 mM ATP. HPLC chromatograms 

(detected by UV at 260 nm) for determination of the amount of cofactors in the three enzymes 

cascade reactions were shown in Figure 4.9. The results were summarized in Table 4.4. 

 

Table 4.4. Quantitation of the cofactors by HPLC 

On the scaffold Scaffold name In bulk solution 
ATP 

(µM) 

ADP 

(µM) 

NADH 

(µM) 

NAD+ 

(µM) 

None Free 

ZS-XR 

G-XDH 

AC-XK 

952 ± 5 48 ± 5 1311 ± 21 679 ± 21 

ZS-XR I-4XR 
G-XDH 

AC-XK 
587 ± 18 406 ± 21 73 ± 51 1910 ± 45 

ZS-XR 

G-XDH 
I-4XR/II-4XDH AC-XK 557 ± 37 442 ± 37 132 ± 26 1867 ± 37 

ZS-XR 

G-XDH 

AC-XK 

I-4XR/II-4XDH/III-1XK - 522 ± 53 477 ± 52 116 ± 15 1883 ± 11 

ZS-XR 

G-XDH 
I-4XR/I-4XDH AC-XK 510 ± 24 497 ± 29 81 ± 5 1921 ± 12 

ZS-XR 

G-XDH 

AC-XK 

I-4XR/I-4XDH/I-1XK - 459 ± 8 542 ± 10 102 ± 6 1897 ± 10 
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Figure 4.9. HPLC analyses (detected by UV at 260 nm) of cofactors in the three enzyme 

cascade reaction.  Peaks 1, 2, 3 and 4 indicated ATP, ADP, NAD+, and NADH, respectively. 

The analyses were carried out with the reaction mixture incubated for 24 hours (a) All enzyme 
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in bulk solution, (b) with ZS-XR located on the scaffold (I-4XR) and G-XDH and AC-XK in 

bulk solution, (c) with ZS-XR and G-XDH located on the scaffold (I-4XR/I-4XDH) and 

AC-XK in bulk solution, (d) ZS-XR, G-XDH and AC-XK located on the scaffold 

(I-4XR/I-4XDH/I-1XK), (e) with ZS-XR and G-XDH located on the scaffold (I-4XR/II-4XDH) 

and AC-XK in bulk solution, and (f) ZS-XR, G-XDH and AC-XK located on the scaffold 

(I-4XR/II-4XDH/III-1XK), respectively. Each reaction mixture for (a)-(f) contained 26 nM 

ZS-XR, 26 nM G-XDH and 6.5 nM AC-XK in a buffer (pH 7.0) containing 40 mM Tris-HCl, 

20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 µM ZnCl2, 0.02% Tween20, 2 mM NADH 

and 1 mM ATP. Reaction was started by addition of 200 mM xylose. 

 

4.3 Discussion 

Xylose is a major product of the hydrolysis of lignocellulosic biomass, which 

can be used by a variety of organisms to produce bioethanol (Figure 4.7a).28 Attempt to 

industrializing the production of bioethanol by fermenting xylose was studied but still at 

the primary stage.20,29 The study in Morii laboratory have utilized the DNA 

nanotechnology to co-assemble the first two enzymes (xylose reductase and xylitol 

dehydrogenase) of the xylose pathway at close proximity to enhance the efficiency of 

cascade reaction. Xylose reductase and xylitol dehydrogenase were fused to the modular 

adaptors ZF-SNAP and GCN4 adaptor to form ZS-XR and G-XDH, respectively. 

Interenzyme distances of ZS-XR and G-XDH were accurately controlled on DNA 

scaffold for 10 nm, 54 nm, 98 nm, and 249 nm (G-XDH in free form). Investigation on 

the biomolecular transport of substrates to XDH from XR provides important insights 

that the interenzyme distance contribute more to the efficiency of consecutive reactions 

in the biomolecular transport system than that of unimolecular transporting enzyme 

cascade   

In this chapter, I co-assembled the three enzymes (ZS-XR, G-XDH, and 
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AC-XK) derived from xylose pathway on the DNA scaffold. Several configurations of 

the assembly of three enzymes ZS-XR, G-XDH, and AC-XK on the 3-well DNA 

scaffold were investigated. The interenzyme distances were set approximately 50 nm 

(Figure 4.8d) or 10 nm (Figure 4.8e) for three enzymes or with one or two downstream 

enzymes in bulk solution (Figure 4.8, 4.9). The efficiency of the three enzymes cascade 

reaction is enhanced when these three enzymes were co-assembled on the DNA scaffold, 

and further enhanced when placed at close proximity. These results are consistent with 

the previous results of the two enzymes system that the interenzyme distance is one of 

the important parameters to regulate the efficiency of the cascade reaction by facilitating 

transport of intermediates. This study is the first investigation of the cascades reaction 

of three enzymes from the natural metabolic pathway on a DNA scaffold. 

It is worth mentioning that the three enzymes system on DNA scaffold could be 

further optimized by changing the stoichiometry, orientation or placed in the 

space-confined scaffold for enhancing the efficiency of the production of the final 

product.   

 

4.4 Conclusion 

The modular adaptor was successfully applied to assemble xylulose kinase on 

the DNA scaffold. The cascade reaction of three enzymes of the xylose pathway was 

activated on a DNA scaffold. The efficiency of the cascade reaction was enhanced when 

the three enzymes were located at the close proximity, relevant to the previous 

study.15,18  

 

4.5 Materials and methods 

4.5.1 Materials  
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The single-stranded M13mp18, restriction enzymes (NdeI and HindIII), 

pSNAP-tag (T7)-2 Vector (N9181S), BG-GLA-NHS (S9151S), BC-GLA-NHS 

(S9237S) were purchased from New England Biolabs. pCLIPf(T7)-2 Vector was 

generously donated from New England Biolabs. HaloTag 7 vector (pFN18K : G2681) 

and Halo-Tag Succinimidyl Ester (O2) Ligand (P1691) were purchased from Promega. 

Purified oligonucleotides as the staple strands for DNA origami, oligonucleotide 

primers for gene construction and all other oligonucleotides were obtained from 

Sigma-Aldrich (St. Louis, MO), Thermo Fisher Scientific Inc. (Waltham, MA, USA) or 

Gene Design Inc. (Osaka, Japan). Escherichia coli BL21 (DE3) competent cells were 

purchased from Invitrogen (Carlsbad, CA). Mini Elute Gel Extraction Kit was prepared 

from QIAGEN (Tokyo, Japan). HiTrap SP XL cation exchange column (5 ml), HisTrap 

HP column (5 ml), and Sephacryl S-400 were from GE Healthcare Japan Inc. (Tokyo, 

Japan). PrimeSTAR HS DNA polymerase, T4 DNA ligase, and E. Coli DH5α competent 

cells were obtained from TaKaRa Bio Inc. (Shiga, Japan). Ultrafree-MC-DV was 

obtained from Merck Millipore (Darmstadt, Germany). COSMOSIL packed column 

PBr (4.6 i.d. × 150 mm), Cosmosil 5C18-MS II column (4.6 i.d. × 150 mm) and 

HPLC-grade acetonitrile were purchased from Nacalai Tesque (Kyoto, Japan). 

β-Nicotinamide adenine dinucleotide in reduced (NADH) and oxidized (NAD+) forms 

were obtained from Oriental Yeast (Tokyo, Japan). Adenosine triphosphate (ATP) was 

obtained from Sigma-Aldrich (St. Louis, MO). D-xylulose from Santa Cruz 

Biotechnology (Santa Cruz, LA). Xylose, gel electrophoresis grade acrylamide, 

bis(acrylamide), phenol, and all other chemicals and reagents were purchased from 

Wako Chemicals (Tokyo, Japan) or Nacalai Tesque (Kyoto, Japan). Phosphate buffer 

(PB) was prepared as 20 mM Na2HPO4 and 20 mM NaH2PO4. DNA origami buffer (pH 

8.0) contained 40 mM Tris-HCl, 20 mM acetic acid, and 12.5 mM MgCl2.
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4.5.2 Preparation of the modular adaptor fused enzymes  

Overexpression and purification of the ZS-XR and G-XDH were described in 

the previous report.14 As a typical example, preparation of AC-XK is shown below. All 

of the vectors encoding protein-tag derivatives (pET-30a-XK, pET-30a-AC-XK, 

pET-30a-AH-XK) were prepared in a similar manner as described previously14 and the 

protein-tag derivatives (AC-XK, AH-XK) were overexpressed and purified in the same 

manner. 

To construct the vector for AC-XK (pET-30a-AC-XK), AC-XK coding gene in 

pAC-XK (T7)-2 vector was amplified by PCR using the following primer pairs.  

 

Forward primer (F_EcoRI_AC-XK):  

TAATAAGAATTCGGCGGCTCCGGCGGCTCCGACAAAGATTGCGAAA  

Reverse primer (R_AC-XK_HindIII): 

TTATTAAAGCTTTTAATGATGGTGATGATGATGGTGATGATGGTGGGTACCATT

AACCTCGAGCCCGGGG. 

 

The PCR products were run on a 1% agarose gel (TAE) and were purified by 

Mini Elute Gel Extraction Kit. The PCR products and pET-30a-AC-XK were digested 

with EcoRI and HindIII and were purified in the same manner. These products were 

incubated with T4-DNA-ligase. The mixture was transformed into E. coli DH5α 

competent cells for amplification. The vector encoding AC-XK (termed as 

pET-30a-AC-XK) was purified, sequence checked, then transformed into E. coli 

BL21(DE3) competent cells. 
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4.5.3 Overexpression and purification of adaptor fused enzymes (ZS-XR, G-XDH, 

AC-XK, and AH-XK)  

The transformed cells were grown at 37 °C until OD600 reached 0.5, and protein 

expression was induced with 1 mM IPTG for 24 h at 25 °C. The soluble fraction of the 

cell lysate containing recombinant protein was loaded to HisTrap HP column 

equilibrated with a 50 mM phosphate buffer (pH 8.0) containing 200 mM NaCl and 1 

mM DTT, and eluted by imidazole gradient. The main fractions containing the target 

protein were collected, loaded to HiTrap SP HP column equilibrated with a 50 mM 

phosphate buffer (pH 7.0) containing 1 mM DTT and eluted by NaCl gradient. The 

purified protein was dialyzed by using a 50 mM phosphate buffer (pH 8.0) containing 1 

mM DTT, 50 µM ZnCl2, and 50% glycerol and stocked at -20°C. The purity of target 

protein was checked by SDS-PAGE. The major band in SDS-PAGE corresponded to the 

calculated molecular weight with estimated purity of over 95% (Figure 4.3). The 

modular adaptors were characterized by MALDI-TOF mass spectrometry 

(AXIMA-LNR, Shimadzu, SA matrix). AC-XK: m/z calcd 100901, found 100933; 

AH-XK: m/z calcd 116473, found 116435. Amino acid sequences and calculated 

molecular weights of recombinant proteins used in this study are shown in Table 4.1. 

 

4.5.4 Preparation of substrate modified ODNs 

A coupling reaction between amino modified ODNs (100 µM) and the 

succinimidyl derivative of protein-tag substrate (1 mM) was carried out in a 100 mM 

phosphate buffer (pH 8.0) for 8 hours at ambient temperature. The substrate modified 

ODN was purified by reversed-phase HPLC on a Cosmosil 5C18-MS II column (4.6 x 

150 mm, elution with 100 mM triethylammonium acetate buffer, pH 7.0, liner gradient 

over 30 min from 2.5 to 30% acetonitrile at flow rate of 1.0 mL.min-1), and 
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characterized by MALDI-TOF mass spectrometry (AXIMA-LNR, Shimadzu, HPA 

matrix). ODN-5j-AZ-BC: m/z calcd 23632, found 23624; Preparation of 

ODN-8e-AZ-CH and ODN-24D-AZ-BC were described in Chapter 2. The preparation 

of ODNs containing the binding sites for assembly of ZS-XR and G-XDH on DNA 

scaffolds showed in Figure 4.8, 4.9 was described in ref. 14. 

 

Table 4.5. The staple strands including zif268 and AZP4 binding sites with substrates modified 

T (TBG, TCH, TBC for T modified with BG, BC, and CH, respectively). The zif268 and AZP4 

binding sites on the staple strands were colored in red and blue, respectively. 

Oligo name Sequence (from 5’ to 3’) 

5j-AZ-BC GCTGAGAGACAGACAACTTATGCCACGTAGCGTTBCTTCGCTACGTGGC

ATAAG TATTTTTAACGCTCATGGAAATA  

8E-AZ-CH CTACTAACTTATGCCACGTAGCGTTCHTTCGCTACGTGGCATAAG 

TGACCATTAGATACAACGAGTAGA 

11g-ZF-BG AACAGGTCCTTACGCCCACGCGCGTTBGTTCGCGCGTGGGCGTAAG 

GAACCAGACCGGAAGATTCGAGC 

24D-AZ-BC GGACAGATCTTATGCCACGTAGCGTTBCTTCGCTACGTGGCATAAG 

AAATTGTGTCGAAATCTGTATCAT 

 

4.5.5 Preparation of the DNA origami scaffold with three cavities  

A solution (50 µL) containing M13mp18 single-stranded DNA (New England 

Biolabs, 10 nM), staple DNA strands (5 equiv, 50 nM, the nucleotide sequences of all 

the staple DNA strands were shown in Chapter 2 and Table 3.4) in a buffer (40 mM 

Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, pH 8.0) was heated at 95 °C for 1 min, 

annealed at 53 °C for 30 min, and kept at 4 °C by using a thermal cycler. The samples 

were purified by size-exclusion chromatography (400 µL volume of Sephacryl S-400, 

GE Healthcare) equilibrated with a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM 

acetic acid, and 12.5 mM MgCl2 in Ultrafree-MC-DV (Millipore). 
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4.5.6 Preparation of DNA origami scaffold assembled with modular adaptor fused 

enzymes.  

A DNA origami scaffold was incubated with AC-XK, AH-XK, ZS-XR, and 

G-XDH under the conditions shown in the caption of figures or tables. For example, the 

crosslinking reaction of each of modular adaptor was carried out for 30 minutes at 

ambient temperature with 5 nM DNA scaffold and 100 nM AC-XK in a buffer (pH 8.0) 

containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 µM 

ZnCl2, and 0.02% Tween20. The mixture was purified by size-exclusion 

chromatography (400µL volume of Sephacryl S-400 in Ultrafree-MC-DV) equilibrated 

with the buffer used for the reaction to remove the unbound modular adaptors. The 

fractions containing DNA origami scaffold were utilized for AFM analyses.  

 

4.5.7 AFM imaging and statistical analysis 

The sample was deposited on freshly cleaved mica surface (1.5 mmϕ) and 

adsorbed for 5 min at ambient temperature, then washed three times with a buffer (pH 

8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, and 12.5 mM MgCl2. The sample 

was scanned in tapping mode using a fast-scanning AFM system (Nano Live Vision, 

RIBM Co. Ltd., Tsukuba, Japan) with a silicon nitride cantilever (Olympus 

BL-AC10DS-A2). At least three independent preparations of each sample were 

analyzed by AFM and several images were acquired from different regions of the mica 

surface. The total number of DNA scaffolds corresponds to the number of expected 

rectangular shapes possessing three cavities observed by AFM. The specific and 

nonspecific binding of modular adaptors were counted for only the modular adaptor 

bound to the perfectly folded DNA scaffold. The yield of DNA-scaffold-assembled 

modular adaptor fused enzyme was calculated as in Chapter 2. 
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4.5.8 Xylulose kinase assay 

 

Scheme 4.1. Coupled enzyme assay for studying the activity of XK derivatives 

 

The catalytic activity of xylulose kinase derivatives (wild-type XK, AC-XK, 

and AH-XK) were analyzed by the coupled enzyme assay (Scheme 4.1) with pyruvate 

kinase (PK) and lactate dehydrogenase (LDH) as described in previous report with 

slight modification.21,30,31 The XK activity was measured by monitoring NADH 

oxidation by LDH at 340 nm with Shimadzu UV-vis spectrophotometer UV-1700. The 

assays were performed in a buffer (pH 7.6) containing 40 mM Tris-HCl, 20 mM acetic 

acid, 12.5 mM MgCl2, 1 mM DTT, 1 µM ZnCl2, 0.02% Tween20, 100 mM NaCl, 1.1 

mM ATP, 2.3 mM phosphoenolpyruvate (PEP), 0.2 mM NADH, 4.8 U/ml PK, 4.5 U/ml 

LDH and the indicated concentration of xylulose (0.03 to 2 mM). The reaction was 

started by an addition of xylulose and carried out at 25 °C. The kinetic parameters Km 

and kcat were determined by fitting to the Michaelis-Menten plot (Figure 4.4 and Table 

4.2).  

 

4.5.9 Analysis of the enzyme cascade reaction 

An enzyme cascade reaction catalyzed by three enzymes (ZS-XR, G-XDH, and 

AC-XK) was designed and analyzed on the three cavities DNA scaffold (Figure 4.8b, 

4.8c and Figure 4.9) with or without the binding sites for ZS-XR at cavity I (4 binding 

sites), G-XDH at cavity I or II (4 binding sites) and AC-XK at cavity I or III (1 binding 
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site). The calculated distance between the binding site of ZS-XR and G-XDH 

represented as d(ZS-XR/G-XDH) and G-XDH and AC-XK represented as 

d(G-XDH/AC-XK) are determined as remarked below (Figure 4.8b, 4.8c). DNA 

scaffold (I-4XR/II-4XDH/III-1XK): d(ZS-XR/G-XDH) = 54 nm, d(G-XDH/AC-XK) = 

44 nm; DNA scaffold (I-4XR/I-4XDH/I-1XK): d(ZS-XR/G-XDH) = 10 nm, 

d(G-XDH/AC-XK) = 6-30 nm. The reaction was started with an addition of xylose (200 

mM) to a mixture of ZS-XR, G-XDH, and/or AC-XK located on the DNA scaffold (6.5 

nM) (the total concentration of ZS-XR, G-XDH and AC-XK were set to 26 nM, 26 nM 

and 6.5 nM, respectively) in a buffer (pH7.0) containing 40 mM Tris-HCl, 20 mM 

acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 µM ZnCl2, 0.02% Tween20, 100 mM NaCl, 

2 mM NADH, and 1 mM ATP. The amounts of cofactors (ATP, ADP, NADH, and 

NAD+) were monitored by HPLC at 260 nm. HPLC conditions: COSMOSIL packed 

column PBr (4.6 i.d. × 150 mm) eluent A: 10% methanol in 20 mM phosphate buffer 

(pH 7.0); eluent B: 50% methanol in 20 mM phosphate buffer (pH 7.0); gradient of 

eluent B increased from 0% to 20% in 1 min, and to 30% in 10 min; flow rate of 1 

mL/min. 
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CHAPTER 5  

 

General conclusion  
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  In this thesis, a new method for orthogonally and simultaneously assembling 

multiple enzymes through modular adaptors on DNA scaffold was developed. By 

applying the modular adaptors, an assembly of three enzymes driving the metabolic 

cascade reaction was studied. This method is based on the modularization of the protein 

adaptor to content two functional modules: the position targeting module (using the 

sequence-specific DNA binding protein) and the covalent bond formation module (using 

self-ligating protein tag). 

 In Chapter 2, I first expanded the combinations of DNA binding protein (ZF, 

AZ) end the protein-tag (SNAP-tag, CLIP-tag, and Halo-tag) to select an orthogonal set 

of modular adaptors to locate more than two types of enzymes on a DNA scaffold. The 

denaturing PAGE and AFM imaging analyses were used to study the orthogonal reaction 

by four types of modular adaptors (ZF-SNAP, AZ-SNAP, AZ-CLIP, and AZ-Halo). The 

study indicated the modular adaptors with the same DNA binding protein (AZ-SNAP, 

AZ-CLIP, and AZ-Halo) showed good orthogonality; the better result was obtained by  

the combination of ZF-SNAP, AZ-CLIP, and AZ-Halo, where the orthogonality was 

governed by both the substrate selectivity of protein-tags and the sequence specificity of 

the DNA binding modules. AFM imaging showed the co-assembly of ZF-SNAP, AZ-

CLIP, and AZ-Halo were more than 90% in a very short incubation time (5 min 

incubation), which is the highest yield among the currently available methods for co-

assembling three proteins on a DNA scaffold. 

Chapter 3 focused on a more general approach for developing the method to 

assemble a number of POIs orthogonally on a DNA scaffold. Kinetic aspects of covalent 

bond formation between the modular adaptor and its substrate modified 

oligodeoxynucleotide (ODN) showed a new strategy for expanding the number of 

orthogonal modular adaptors by combining the same protein-tag with difference 
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sequence-specific DNA binding proteins. This next generation of modular adaptors was 

termed as “sequence-specific modular adaptors”, in which the covalent bond formation 

occurred exclusively at the substrate modified ODN containing the specific sequence of 

the DNA binding module. The sequence-specific reaction of modular adaptors depends 

on the balance between the binding rate constant of the DNA binding protein and the rate 

constant for the covalent bond formation of the protein-tag module. In Chapter 3, I 

succeed to construct three orthogonal modular adaptors (ZF-CLIP, AZ-CLIP, and CLIP-

G) that were derived from three DNA binding proteins (ZF, AZ, and GCN4) and a single 

protein-tag (CLIP-tag). 

I next tested the robustness of the orthogonal modular adaptors by using AZ-

CLIP (AC) and AZ-Halo (AH) to assemble the unstable enzyme xylulose kinase (XK) on 

DNA scaffold (Chapter 4). Indeed, I succeed to assemble and to characterize XK in the 

form of adaptor fused enzyme (AC-XK and AH-XK). I further constructed an artificial 

xylose metabolism pathway of three adaptor fused enzymes: ZS-XR (ZF-SNAP fused 

xylose reductase), G-XDH (GCN4 fused xylitol dehydrogenase), and AC-XK on a DNA 

scaffold. The efficiency of the three enzyme cascade reaction was significantly enhanced 

when these three enzymes were placed at close proximity. This study is the first study to 

investigate the cascade reaction of three enzymes derived from the nature metabolism 

pathway on a DNA scaffold.  

The method developed in this thesis offers an efficient technique to assemble 

multiple enzymes on a DNA scaffold. This method facilitates the study of the artificial 

cascade metabolism pathway at the close proximity on a DNA nanoscaffold. The number 

of modular adaptors library is easily expanded to construct more complicated artificial 

metabolic pathways on a DNA scaffold, such as a surface-confined or a three-dimension 

DNA scaffold. The modular adaptors are also useful for assembling protein complexes 
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on a design DNA scaffold mimicking the in vivo system to study the spatial and 

stoichiometric effect of protein compartmentalization that occurred inside the cell. 
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