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ABSTRACT 

Proteins, as key components of life, are not standalone pieces. They frequently 

work cohesively either to form complex multi-step biochemical reactions in metabolic 

process or signaling pathway to receive specific inputs/signals and translate them into 

specified output responses. With all these protein collaborating to sustain life, nature 

has evolved protein co-localization on biomolecular scaffolds to enhance pathway 

efficiency. Inspired by the remarkable and extensive advantages provided by these 

scaffolds, we organized proteins on synthetic nucleotide or protein scaffolds to create 

protein co-localization systems for cellulose hydrolysis and cancer marker detection. 

In objective one, we focused on organizing cellulases on DNA scaffolds to 

construct artificial cellulosomes based on zinc finger protein (ZFP)-guided assembly. 

Cellulosomes are naturally occurring multi-enzyme complexes with key components of 

cellulose binding module (CBM) and cellulases. Although artificial cellulosomes on 

protein scaffolds with up to 6 enzymes have been constructed with enhanced behavior, 

extending artificial cellulosome to more complex structures on protein scaffolds is still 

challenging as multi-domain large proteins tend to aggregate due to incorrect folding. 

Focusing on solving this problem, DNA templates were picked as scaffolds with the 

advantages of flexibility, easy synthesis and readily available complex structures. Zinc 

finger proteins as the DNA binding proteins were utilized to enable chemical 

modification free protein organization for artificial cellulosome assembly. 

Our second objective was to improve the performance of DNA scaffold-based 

artificial cellulosomes by having a more stable immobilization. To achieve that, a 



 xv 

mutant dehalogenase enzyme (HaloTag) was used to replace the ZFP, such that fusion 

proteins can be covalently attached onto DNA linker, and DNA hybridization was used 

to immobilize cellulosome components onto a DNA scaffold. This alteration resulted in 

a system with increased enzyme efficiency compared with zinc finger protein-based 

assembly. A complex artificial cellulosome on a rolling circle amplification DNA 

template was achieved with 5-fold enhancement of cellulose hydrolysis efficiency. 

Our final objective was to utilize three dimensional protein nanoparticles as 

platform for biosensor assembly for antigen and cancer cell detection. Protein-based 

nanoparticles have emerged as an excellent platform for biosensor assembly; however, 

current strategies of decorating bionanoparticles with different sensing and detection 

moieties often suffer from unfavorable spacing and orientation as well as 

bionanoparticle aggregation. To solve these problems, we use a highly modular post-

translational modification approach, which enables the simultaneous modification of the 

Bacillus stearothermophilus E2 nanoparticles with different functional moieties for 

antibody, enzyme, DNA and dye decoration. The resulting platform offers easy 

purification, signal amplification and a high degree of targeting and sensing modularity. 

These advantages are demonstrated by the detection of both immobilized antigens and 

cancer cells. 
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Chapter 1 

INTRODUCTION 

Proteins are key components of life, responsible for nearly every cellular 

function, including cell shape and inner organization, product manufacture, waste 

cleanup, routine maintenance, receiving signals from outside the cell and mobilizing 

intracellular responses.1  

As essential components of life, proteins are not standalone pieces and usually 

work cohesively to achieve required functionalities. The success of many cellular 

processes depends on the quick communication among these partners within the same 

enzyme network in order to elicit more complex responses. Co-localization of these 

proteins through evolution has been developed with several natural systems.2 The 

nanoscale organization has been shown to incorporate the right components into the 

system, to increase the local concentrations of enzymes and their substrates, to improve 

intermediate channeling between consecutive enzymes, and to avoid competition with 

other metabolites.3 With advantages provided by protein co-localization, we are going 

to explore artificial protein co-localization and highlight our approach to (i) organize 

artificial cellulosomes on DNA templates through zinc finger protein guided assembly, 

(ii) assemble artificial cellulosomes on DNA templates through HaloTag mediated 

DNA conjugation, and (iii) co-localize multi-functional components on protein 

nanoparticles to create biosensors for tumor marker detection.  



 2 

1.1 Co-localization of Proteins for Multiple Applications 

While all proteins collaborate to achieve multiple functions, protein co-

localization is a common method evolved by nature to achieve improved efficiencies. 

Examples are naturally occurring complex enzyme clusters such as carbamoyl 

phosphate synthase,4 polyketide synthase,5 and tryptophan synthase6, all of which are 

parts of key metabolite synthesis pathways. These kinds of enzyme clustering form 

substrate channeling within the enzyme complexes to prevent loss of low-abundance 

intermediates, increase the effective concentrations of reactants and protect unstable 

intermediates, thus enhancing catalytic performance of the system.3,7 In addition to 

catalytic functions, proteins with different functions (including signaling and effector 

proteins) can be organized to modulate signaling pathways.2 One of the most notable 

examples is the mitogen-activated protein kinases (MAPKs), a three-kinase regulatory 

cascade that is central to a highly conserved signaling mode that controls fundamental 

cellular processes, such as proliferation, cellular survival and differentiation.8,9 A 

protein scaffold (either ste5 protein in yeast or the kinase suppressor Ras in mammals) 

brings multiple signaling and effector proteins of the MAPK cascade into close 

proximity and thereby facilitates efficient signal amplification. Consequently, this 

protein scaffold acts as a signaling hub, providing intricate spatial and temporal control 

over MAPK signaling.7 The main objective in this dissertation is to develop two new 

strategies for creating artificial and modular scaffolds for protein co-localization and to 

demonstrate their usefulness in cellulose hydrolysis and tumor marker detections. 

1.1.1 Cellulose hydrolysis 

An increasing global energy demand along with the shrinking supply of fossil 

fuel, the most prevalent energy source, have made the search for alternative fuels 
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critical. A viable alternative is biofuel, a fuel derived from biological carbon fixation. 

According to a report by International Energy Agency in 2011, biofuels have the 

potential to meet more than a quarter of the world demand for transportation fuels by 

2050.10 As an added bonus, biofuel is sustainable and has a potentially lower net carbon 

footprint.11  

Compared with food crops currently used for biofuel production, cellulose from 

agriculture residues and wood residues are considered more cost effective and is the 

most abundant biomass resources in the world.11 Cellulose is a polysaccharide 

consisting of a linear chain of thousands of glucose monomers and is the most common 

form of biomass in nature. In a typical biofuel production procedure, cellulosic biomass 

is broken down into glucose, which is utilized by microbes to produce a variety of 

biofuels. Three enzymes (endoglucanase, exoglucanase and β-glucosidase)12 are needed 

for the complete hydrolysis of cellulose to glucose (Figure 1.1). The significant role of 

cellulose hydrolysis in biofuel production has led to an increasing need for developing 

highly efficient cellulase systems, which is also the primary obstacle of using cellulose 

for biofuel production.13  

Cellulosomes are complexes of cellulolytic enzymes naturally produced by 

anaerobic cellulolytic microorganisms. This multi-enzyme complex is formed through 

interactions between the cohesin domains on the surface scaffoldins and the dockerin 

domains on the enzymatic subunits (Figure 1.2).14 The enzyme cascade brings multiple 

enzymes in close proximity to the substrate via a cellulose-binding module (CBM). This 

provides a structure that ensures a high local concentration and the correct ratio and 

order of the enzymes.15 Enhancement of cellulose hydrolysis was observed from the 

cellulosome structure compared with non-organized enzymes. This enhancement is 
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attributed to the synergistic enzymatic action gained through substrate channeling, 

allowing preferential transfer of intermediates due to close proximity between active 

sites and a localized high concentration of substrates.16,17  

Inspired by nature, Fierobe and coworkers constructed artificial cellulosomes on 

CBM containing scaffolds with three cohesins.18 Three-fold enhancement in activity 

compared to free enzymes was observed from this synthetic cellulosome.19 Although 

artificial cellulosome with up to six enzymes have been constructed while preserving 

the enhanced cellulose hydrolysis efficiency,18,20 the possibility of extending this 

approach to more complex natural cellulosome structures remains a challenge as larger 

multi-domain proteins tend to aggregate due to incorrect folding.20 Also, the right order, 

distance and ratio of enzymes in the cellulosome for the best synergistic effect remains 

to be explored while is challenging to execute with protein scaffolds.21  

To counter the current problems associated with protein scaffolds based 

cellulosome, we explored the possibility of using DNA templates to organize complex 

artificial cellulosomes targeting at higher efficiency while simultaneously providing 

enough modularity to study the effect of ratio, ordering and distance of enzymes on 

cellulose hydrolysis efficiency. 

1.1.2 Tumor marker detection 

Cancer is a collection of related diseases characterized by abnormal cell growth 

with the potential to invade or spread to other parts of the body. It is among the leading 

causes of death worldwide. In 2015, an estimated 1,658,370 new cases of cancer will be 

diagnosed in the United States and 589,430 people will die from the disease.22 

Approximately 39.6% of men and women will be diagnosed with cancer at some point 

during their lifetimes (based on 2010-2012 data).23  
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Tumor markers, substances produced by cancer or other cells when cancer is 

present, can be used to confirm the presence of cancer, cancer types and the stage of 

cancer treatment. Most tumor markers are made by normal cells as well as by cancer 

cells; however, they are produced at much higher levels in cancerous conditions.24 The 

level of tumor marker overexpression can also reflect the effectiveness of certain 

treatment toward cancer. To better distinguish healthy cells from cancer cells and 

monitor the progress during treatment, sensitive detection of tumor markers is 

necessary.25 Meanwhile, more than 20 different tumor markers have been characterized 

and are in clinical use. Some are associated with only one type of cancer, whereas others 

are associated with two or more cancer types. Another consideration in cancer detection 

is that noncancerous conditions can cause the levels of certain tumor markers to increase 

even when no cancer exists. Considering all the possible situations associated with 

cancer, the detection of multiple tumor markers are necessary for cancer 

confirmation.25,26 In short, highly sensitive and modular biosensor platforms for tumor 

marker detection are needed for accurate cancer detection and treatment.  

Biosensor functions by converting the recognition of analytes into actuated 

signals, making tumor marker detection possible.27 To construct a functional biosensor, 

input modules like antibody or aptamer, output modules like fluorescence dyes or 

enzymes, and scaffolds, which organize input and output modules, are required.28 

Among all the different nanoscaffolds, protein nanoparticles are particularly attractive 

arising from their ability to self-assemble into simple nano-size uniform protein 

structures and allow precise control over material architectures.29 Despite these 

desirable properties, current strategies of decorating bionanoparticles with different 

sensing and detection moieties often suffer from unfavorable spacing and orientation as 
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well as bionanoparticle aggregation.30,31 We attempt to solve these problems and expand 

the use of protein nanoparticles to organize highly sensitive, highly modular and easy 

to purify biosensor for immobilized antigen and cancer cell detection by going through 

a flexible post-translational sortase A-mediated modification.  

1.2 Artificial Protein Co-localization on Biomolecular Scaffolds 

With all the potential benefits provided by protein co-localization, artificial co-

localization is desired. Several approaches have been investigated to co-localize 

proteins. While the protein fusion approach works well to recruit two enzymes near each 

other, this strategy becomes less viable for three or more enzymes (Figure 1.3a). 

Expression of larger fusion enzymes is often challenging since correct folding and 

retention of activity of all components are not guaranteed. While the effect of the latter 

can be ameliorated by increasing the linker length, low expression of functional proteins 

may lower yields despite superior synergy. Furthermore, even minute changes to the 

fusion enzyme require rechecking the functionality of each fusion partner. This process 

becomes more cumbersome as the number of fusion partners increases, which is why 

most fusion proteins reported in literature contain only 2–3 domains.2 Enzyme 

clustering techniques, (Figure 1.3b) such as chemical conjugation,32 physical adsorption 

onto surfaces,33 and encapsulation within a matrix,34 from another aspect, has less 

control over the orientation, distance and orderings of all the components, which might 

affect substrate channeling formation. The organization of multi-protein complexes 

using a scaffold-based strategy is particularly attractive because of the modular nature 

of the design, and can be used as a flexible post-translational strategy for controlling the 

flow of information for complex metabolic and signaling pathways.2 In this section, we 

will discuss the design principles of different biomolecule scaffolds and their usage for 
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protein co-localization. Nucleic acids and proteins, as the most abundant biomolecular 

materials in life, will also be explored. 

1.2.1 DNA scaffolds 

The emerging DNA nanotechnology has exploited nucleic acids as a promising 

template for immobilization of proteins. The ability to easily predict and manipulate the 

base-pairing property of nucleic acids along with the ease of synthesis have allowed 

researchers to create various DNA or RNA-based nanoscaffolds for the organization of 

multi-enzyme complexes.35 Additionally, DNA can be replicated with polymerase 

especially with rolling circle amplification to generate long DNA templates with 

hundreds of repeating sequences, which can be used to organize individual molecules 

including proteins, target nucleic acids, small molecules. In one example, glucose 

oxidase (GOx) and horseradish peroxidase (HRP), chemically modified with DNA 

oligonucleotides, were spatially organized on single DNA strands generated by rolling 

circle amplification with amplified GOx and HRP binding sequences. The long DNA 

chains (up to 30 nt) enabled multi-enzyme cascades at relatively low enzyme 

concentrations, at which unassembled enzymes do not exhibit the full cascade activity. 

This demonstrated the feasibility of using DNA for ordered assembly of enzymes into 

hybrid composites with complex structures.36  

To increase the rigidity of one-dimensional nucleic acid based scaffolds, two-

dimensional DNA scaffolds have also been explored. A set of predesigned single-

stranded nucleic strands with partially complementary sequences was used to form 

‘hexagon-like’ structures with 10 bp overhanging DNA ‘hinges’ available for 

biomolecule tethering. GOx and HRP, chemically functionalized with DNA 

oligonucleotides, were attached onto two different hexagons by hybridization onto the 
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overhanging hinge areas. The overall activity of the enzyme cascades can be fine-tuned 

by controlling their relative position on two-hexagon and four-hexagon structures, with 

the two-hexagon case showing 1.2-fold higher over-all activity than that of the four-

hexagon case. This is due to the expected longer diffusional path length of the 

intermediate using four-hexagons versus two-hexagons.37 Two-dimensional DNA 

origami structure also looks at the effect of diffusion path lengths of the same two-

enzyme system and the results were very similar to the hexagon systems.38 

Unfortunately, the current strategy of using single-stranded oligonucleotides when 

chemically conjugated to random surface residues of enzymes may lead to activity loss, 

decreasing the feasibility and universality of this strategy.38  

In this thesis, we are going to explore the organization of artificial cellulosome 

on DNA scaffolds through the help of zinc finger protein or HaloTag. Both methods 

help avoid direct chemical modification on enzymes to reduce the potential enzyme 

damage. Enhanced cellulose hydrolysis efficiency is also expected with this system. 

1.2.2 Protein scaffolds 

Other than nucleic acids, protein scaffolds have also been widely used for co-

localizing proteins with different functions. Examples of protein scaffolds used for 

catalytic reaction enhancement exist both inside and outside of cells. Protein scaffolds 

organizing enzymes can guarantee the correct order and ratio of enzymes in cascade 

reactions, increasing communication by decreasing the diffusion path lengths.  

Cellulosomes (Figure 1.2) from anaerobic cellulolytic microorganisms are one 

good example of protein scaffold organized multi-enzyme complexes outside cells.39 

For in vivo, evolved enzyme complexes capable of physically channeling intermediates, 

such as carbamoyl phosphate synthase and tryptophan synthase, are well studies.2 With 
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orthogonal cohesin–dockerin pairs from different species cellulosomes, this system was 

utilized to enhance other sequential biochemical reactions beyond cellulose hydrolysis. 

For example, three dehydrogenases responsible for sequential conversion of methanol 

to carbon dioxide or three enzymes responsible for converting glyceraldehyde-3-

phosphate to fructose-6-phosphate were organized with this cohesion-dockerin system. 

The correct assembling of enzymes resulted in more than 5-fold increase in product 

yield over that for unassembled enzymes.40,41  

In addition to in vitro biocatalysis, synthetic protein scaffolds were also used in 

vivo for increasing product titers. The mevalonate synthesis pathway enzymes were 

each fused with peptides specific to three different ligand binding proteins, PDZ, SH3, 

and GBD,42 and organized onto synthetic scaffolds composed of different numbers of 

binding proteins. The 77-fold enhancement in mevalonate production was achieved with 

binding protein ratios of GBD, PDZ, and SH3 domains of 1:2:2, which recruits a single 

copy of AtoB and two copies of both HMGS and HMGR.42 synthetic scaffolds 

containing three orthogonal domains were displayed on the surface of yeast cells to 

assemble three different dockerin-tagged cellulases onto the scaffolds with three times 

ethanol production enhancement compared with free enzyme mixtures.12,19,43  

Other than the well-known catalytic functions, proteins also provide essential 

functions for sensing, intracellular signal transduction and cell-cell communication. 

These events require teamwork of multiple proteins organized together to enable 

efficient communication and since many of these protein domains are modular in 

function, signaling rewire can usually be achieved by exchanging or replacing the 

organized proteins. Mitogen-activated protein kinases (MAPKs) is one good example, 

with a three-kinase regulatory cascade that controls fundamental cellular processes. 
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They are organized on a natural protein scaffolds (Ste5p) for facilitated efficient signal 

propagation. By employing a simple artificial scaffold with heterologous SH3 and 

leucine zipper interaction pairs to dock histidine kinases (HKs) and response regulators 

(RRs), a 2.5-fold to 4-fold increase in activation was observed compared to the response 

in the absence of the scaffold. The addition of the recombinant SH3 domain also 

changed the specificity of the HK by direction its kinase activity toward the leucine 

zipper-fused response regulator that co-localized on the same artificial scaffold. On the 

basis of these works, we can envision using artificial scaffolds and interaction domains 

to connect pre-existing signaling modules in novel ways to rewire input-output 

combinations to generate novel response as part of synthetic signaling.  

Although chimeric protein scaffolds are widely used for enhanced enzyme 

performance and signaling efficiency, another class of protein scaffolds that are also 

well studied and used are the protein nanoparticles. They offer the ability to self-

assemble from simple protein building blocks and allow precise control over material 

architectures.  

These protein nanoparticles can be used to organize multiple functional 

components for rewired functions as three dimensional protein scaffolds. One example 

is to construct biosensors, which convert the recognition of analytes into detectable 

signals; they have been widely used for monitoring biorecognition events.29 In need of 

input modules to recognize analytes and output modules for detectable signals, protein 

nanoparticles were used to organize biosensor. An apoferritin nanoparticle with direct 

genentic fusion of protein G and 6xHis-tag on the particle surface was used to 

immobilize IgGs for input and quantum dots (QDs) as output signals. Significantly 

improved target interaction and detection sensitivity have been achieved by having 
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multiple copies of IgGs and quantum dots (QDs) on the same nanoparticles.28 However, 

direct fusion does not work for every particle fusion partner because aggregation might 

happen rising from protein incorrect folding. Other ways of modifying protein 

nanoparticles including chemical modification or click chemistry all surfer from 

uncontrollable orientation or high cost problems.  

In this thesis, we are going to highlight our recent progress in transforming 

protein nanoparticle to an ideal platform to organize protein with varieties of functions 

for biosensor assembly. Our platform offers easy purification, signal amplification, and 

modularity that could not be previously achieved.  

1.3 DNA-protein or Protein-protein Attachment 

In order to achieve the organization of proteins on biomolecular scaffolds (DNA 

and protein scaffolds), proper DNA-protein or protein-protein attachment are desired. 

This kind of attachment, either affinity based or covalent attachment, should serve the 

purpose of organizing proteins. Chemical modifications should be avoided because it 

might affect proteins functionality. Meanwhile, the ideal approach should guarantee 

proper protein functions by guaranteeing correct protein orientation and stable 

attachment between the scaffold and the proteins. In the following section, we will 

discuss our approach that will fulfill these requirements and our rationale behind its 

design. 

1.3.1 DNA Binding Proteins 

For organizing proteins on DNA templates, DNA binding proteins are good 

options, as they can be easily fused with target proteins to enable immobilization. There 

are two types of DNA binding, non-sequence specific DNA binding and sequence 
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specific DNA binding, non-sequence specific DNA binding and sequence specific DNA 

binding. Non-sequence specific DNA binding is usually used for holding chromosome 

structures.44 Compared with non-sequence specific DNA binding, sequence specific 

DNA binding event is fundamental to many biological processes including transcription 

regulation and nucleases which sequence specifically cleave DNA.45 To fulfill our 

requirement of organizing proteins with positional order on DNA templates, we chose 

to use sequence-specific DNA binding proteins. 

Zinc-finger proteins (ZFP) are among the most abundant proteins in eukaryotic 

genomes.46 It was first recognized 1986 as a repeated zinc-binding motif, containing 

conserved cysteine and histidine ligands, with an embedded zinc ion that maintains the 

protein’s structure. The classical Cys2His2 zinc fingers are the first member of the zinc 

binding motif. Numerous other motifs have since been identified and designated. From 

the engineering angle, it was discovered that the binding affinity of zinc finger protein 

increases approximately 1000-fold with each finger motif added. Each of these motifs 

recognizes a specific three base-pair (bp) sequence and consists of 30 amino acids, with 

the zinc ion holding the stable ββα structure.47 Zinc fingers can be redesigned to bind 

onto more specific three base-pair DNA sequences with high specificity. By taking 

advantage of the modularity of each individual zinc finger motif, multiple zinc finger 

protein with nanomolar affinity have been designed to extend the target sequences from 

9 to 18 bp while retaining exquisite specificity.48,49  

Successful use of zinc finger proteins for protein organization has already been 

achieved. The first example is the reconstitution of a functional green fluorescent 

protein (GFP) in the presence of a DNA scaffold by appending two different sequence-

specific ZFPs to each fragment of a split GFP.50 The split GFP will only reconstitute 
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into the functional whole only when each fragment comes into close proximity with the 

other, thereby demonstrating that zinc finger proteins can bind onto pre-designed DNA 

templates to assemble their fusion partners in a position specific manner. 

Zinc finger proteins have also been successfully used to enhance synthetic 

metabolic pathways inside E. coli. Using plasmid DNA as the scaffold, a variety of 

strains capable of self-assembling enzymes of biosynthesis pathways were developed, 

achieving up to fivefold enhancements of target metabolite titers.51 The real strength of 

this system lies in the fact that DNA is very easy to produce, allowing researchers to 

rapidly test different scaffolds in order to determine the best ratio of enzymes to put on 

the scaffold. The three metabolic pathways for resveratrol, 1,2-propanediol and 

mevalonate production tested in this paper51 along with L-threonine production 

enhancement52 highlight the wide applicability of this method, which makes DNA 

scaffolds appropriate for many diverse applications.  

In this dissertation, we exploited the use of zinc finger proteins for organization 

of artificial cellulosomes to enhance cellulose hydrolysis efficiency. This zinc finger 

protein-based strategy helped us avoid chemical modifications for protein-DNA 

attachment and enabled predictable binding of zinc finger proteins and their fusion 

partners onto DNA templates in a position specific manner.  

1.3.2 Covalent protein-DNA linkage 

Another strategy to bind proteins onto DNA scaffolds is to covalently attach 

single stranded DNA onto proteins, after which DNA hybridization will be used for 

protein immobilization onto DNA templates. Since DNA hybridization has high affinity 

even with short length,53 this strategy might provide higher linkage stability. Existing 

technology uses native cysteine or lysine residues on protein to attach functional group 
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modified DNA. With this method of modification, the specific position of modification 

cannot be controlled, because there might be multiple Cys or Lys residues present. This 

results in a loss of control over orientation of immobilized fusions. Additionally, loss of 

enzyme activity is commonly observed after chemical modifications due to the harsh 

conditions used during modification. 

Taking advantage of the covalent linkage between protein and DNA while 

avoiding chemical modifications of proteins, the use of HaloTag is proposed. HaloTag 

is a 34 kDa monomeric haloalkane dehalogenase designed to covalently bind to 

synthetic chloroalkane linker attaching to useful molecules, including DNA, fluorescent 

dyes or solid surfaces. The reaction starts with a necleophilic attack involving Asp106 

and the formation of an ester intermediates and a point mutation in the gene clustering 

in a His272Phe substitution impairs the original hydrolysis step, leading to the stable 

covalent bond between protein and the chloroalkane modified ligands. This covalent 

bond formation is highly specific, occurs rapidly under mild physiological conditions, 

and is irreversible because it is a covalent attachment. With these characteristics, 

chloroalkane modified DNA should be easily attached onto proteins fused with 

HaloTag.54 Since one HaloTag only binds to one ligand modified DNA, this attachment 

should be very specific and thus shows good control over the orientation of 

immobilization. Another added advantage of HaloTag is that it can help the soluble 

expression of fusion partners both in E. coli, in vitro and mammalian expression 

systems.55  

With all the advantages provided by HaloTag, DNA attachment for stable 

protein-DNA attachment, as well as fluorescence dyes for imaging or material surface 

conjugation have all been investigated.54,56 
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In this dissertation, the use of DNA conjugated HaloTag for organization of 

proteins for artificial cellulosome assembly is evaluated. Higher efficiency is expected 

from HaloTag-based system with this stable and covalent attachment. 

1.3.3 Post-translational modification 

Protein-based nanoparticles are attractive platforms as they offer the ability to 

self-assemble from simple protein building blocks and allow precise control over 

material architectures.29 Despite these desirable properties, protein bionanoparticles do 

have several drawbacks serving as platform for functional complex assembly. Most 

notable is the use of chemical modifications for functionalization, which can often result 

in random orientation and a loss of function.30,57–60 Direct gene fusion has been reported 

but is limited to relative small peptides and proteins.31,61 Moreover, the ability for 

simultaneous modifications with multiple sensing and detection modules remains 

challenging. A universal approach to interface different sensor components in the 

correct spatial orientation will be invaluable to satisfy the need to create highly modular 

biosensing platforms.27  

Sortase is a membrane-bound transpeptidase found in most Gram-positive 

bacteria responsible for pilin assembly and surface protein attachment. Staphylococcus 

aureus Sortase A (SrtA) recognizes the C-terminal LPXTG motif (X representing any 

amino acid) of a surface protein. Upon binding, a cysteine within the active site of 

sortase attacks the carbonyl group of threonine on the LPXTG motif, cleaving between 

T and G to make an acyl-enzyme intermediate. Then, a membrane-bound pentaglycine 

nucleophilically attacks the acyl-enzyme intermediate, forming a new native amino acid 

bond between the LPXT motif and the membrane-bound penta-glycine of the cell-wall 

peptidoglycan.62,63 Other than the original membrane protein ligation function, sortase 
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A was expressed and used to ligate two non-membrane-attached proteins together with 

>90% yield as long as they are LPXTG and GGG motif tagged, providing the chance of 

using Sortase A to post-translationally ligate proteins together. 

The N and C motifs needed for ligation can guarantee the spatial orientation of 

the proteins, while the small size of the tags should have minimal impacts on their 

functionalities. With the ligation proceeding at mild pH and temperature conditions,63 a 

series of protein fusions, alkaline phosphatase (AP), luciferase (Luc), and glucose 

oxidase (GOD) with the antibody-binding ZZ domain, fluorescence protein GFP, or 

peptides were able to be created in an orientation controlled manner.64 Other than the 

direct protein post-translational ligations, Sortase A have also been exploited for site-

specific labeling of proteins onto solid supports, vesicles and even capsid proteins of 

living M13 phages.57 

To take advantages of protein nanoparticles and Sortase A enabled post-

translational modifications, we have constructed biosensors on Bacillus 

stearothermophilus E2 nanoparticles with different functional moieties, including 

antibody, enzyme, DNA and dye decoration. The resulting platform offers the 

controlled orientation of moiety decoration as well as a high degree of targeting and 

sensing modularity.  

1.4 Biomolecular Purification 

Extensive efforts have been invested in the development of simple and efficient 

methods for protein or protein nanoparticle purification. Use of specific protein or 

peptide fusion tags with reversible binding towards corresponding complementary 

chromatographic resins as well as multiple affinity tags such as His-Tag, FLAG, maltose 

binding protein (MBP), and glutathione S-transferase (GST) have long been 
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developed.65,66 Size, shape, charges, solubility, and function of proteins or protein 

nanoparticles were also widely explored for size-exclusion chromatography, ion-

exchange chromatography, filtration or precipitation.67 Although these purification 

protocols are commercially available, they are often time consuming, inefficient, and 

non-economical.65 Thus, alternative methods using elastin-like polypeptides (ELPs) 

have been developed and can provide tremendous upside in the purification of both 

protein and protein nanoparticles.  

ELP is a protein polymer with repeating sequence of VPGXG, where X can be 

any amino acid except for proline. They exhibit an inverse temperature phase transition 

based on a critical transition temperature. ELPs are soluble in aqueous solution below 

inverse temperature, but when temperature of the solution increases above the transition 

temperature, inverse phase transition occurs, resulting in aggregation of the ELP and 

forming an insoluble, polymer-rich “coacervate” phase.68 Aggregation formed at this 

stage can be isolated from the surroundings using centrifugation. Since this phage 

transition is reversible, the ELP pellet can then be resolubilized by the addition of a cold 

buffer.69  

There are several factors affecting ELP transition temperatures. The guest 

residue (X) in the VPGXG repeat and the number of the repeats in the polymers are the 

two genetic factors affecting transition temperatures of the ELPs. The addition of 

hydrophobic guest residues lowered the transition temperature while the incorporation 

of ionized the polar groups raised the temperature. Increasing the number of repeats of 

VPGXG in the polymer also increases the transition temperature. Additionally, the 

transition temperature can be lowered by elevating salt concentrations, which lead to 
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enhanced aggregation due to the formation of salt \. With all the design principles, ELPs 

with response to changes in pH, redox triggers and lights were also designed.69 

The use of ELPs as partners has been reported to relay the purification frame to 

the whole complex system. Target proteins including thioredoxin,70 antibodies,71 GFP,65 

OPH,72 and plasmids73 have all been purified by going through thermal cycles either by 

direct fusion or interaction pairs attached onto ELP.  

Due to the attractive properties of ELP, we incorporated ELP into our system. 

For the artificial cellulosome assembly part, ELP was fused between cellulosome 

components and zinc finger proteins or HaloTag as purification tag as well as linkers. 

For easy purification of protein nanoparticles, ELP was sortase ligated on E2 surface to 

enable the reversible aggregation purification of protein nanoparticles.  

 

 

  



 19 

 

 

 
 

   Endo-glucanase; 

   Exo-glucanase; 

   β-glucosidase; 

  Glucose monomer; 

 Cellulose. 

 

1.1    Three enzymes (endoglucanase, exoglucanase and β-glucosidase) 

needed for hydrolysis of cellulose to glucose.  
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1.2    Cellulosome with enhanced hydrolysis efficiency of cellulose and 

hemicellulose. 
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1.3    Different modes of artificial protein co-localization. (A) Free proteins, 

(B) Fusion proteins, (C) Protein clusters, (D) Scaffolds strategies 

(C) Protein clusters (D) Scaffolds strategies 

(A) (B) 
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Chapter 2 

CREATION OF ARTIFICIAL CELLULOSOMES ON DNA SCAFFOLDS BY 

ZINC FINGER PROTIEN-GUIDED ASSEMBLY FOR EFFICIENT 

CELLULOSE HYDROLYSIS 

Abstract 

For the first time, artificial cellulosome structures were created on DNA 

scaffolds based on zinc finger protein (ZFP)-guided assembly. These resulting two-

component cellulosome structures exhibited enhancement in cellulose hydrolysis 

compared to the non-complexed mixture depending on the number of CBMs and 

cellulases assembled. 
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2.1 Introduction 

Efforts to improve the efficiency of cellulose hydrolysis are gaining momentum 

because of its significant role in biofuel production. Cellulosomes are naturally 

occurring multi-enzyme complexes with a substantially enhanced ability for cellulose 

hydrolysis. The major component of cellulosome is a surface-displayed scaffoldin 

composed of at least one cellulose binding module (CBM) and repeating cohesin 

domains that are decorated individually with a cellulase tagged with a dockerin 

domain.14 This self-assembled enzyme cascade brings multiple cellulases in close 

proximity to the substrate via CBM binding, and provides a structure that ensures a high 

local concentration of enzymes for efficiency cellulose hydrolysis.16,17 Synthetic 

minicellulosomes consisting of three to six cohesin/dockerin domains from different 

species have been constructed while preserving the enhanced cellulose hydrolysis 

efficiency.18,74 Although most natural scaffoldins contain 9 to 11 cohesin domains,15 the 

possibility of extending this synthetic approach to larger, more complex cellulosome 

structures remains elusive since these large multi-domain proteins tend to degrade due 

to incorrect folding. This was clearly demonstrated by the extensive degradation of even 

a smaller hexavalent scaffoldin in a recent report.74 DNA is another attractive biological 

scaffold for multi-enzyme organization.37 Semisynthetic conjugates of enzymes tagged 

with a short, single-stranded DNA oligo have been generated for the position-specific 

assembly of a two-enzyme complex consisting of NAD(P)H:FMN oxidoreductase 

(NFOR) and luciferase (Luc) based on hybridization onto a complementary DNA. This 

artificial bienzyme complex was shown to generate 3-fold more light compared with 

the free enzyme system.75 Although this result provides the framework of multi-enzyme 

organization on a DNA scaffold, the high cost and loss of enzyme activity due to 

chemical conjugation has made it less than ideal.38 However, DNA affords many 
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advantages since longer, rigid, and more complex one-, two- or three-dimensional DNA 

scaffolds can be easily synthesized for enzyme organization.37,51,76 Recently, artificial 

cellulosomes were constructed by conjugating multiple copies of the endoglucanase, 

Cel5A, onto a double-stranded DNA template. These DNA-Cel5A conjugates were 

prepared by using transglutaminase-mediated cross-linking between a lysine-based K 

tag on Cel5A and benzyloxycarbonyl-L-glutaminylglycine (Z-QG) motifs on the DNA 

template. Although the resulting Z-QG-modified DNA templates can be easily 

synthesized, this random conjugation method lacks the ability to organize cellulases in 

a position-specific manner,77 which has been shown to be important in improving the 

overall performance of artificial cellulosomes.21 In contrast, proteins can be site-

specifically localized onto a doublestranded DNA scaffold using DNA-binding 

proteins. Zinc-finger proteins (ZFPs) are DNA binding proteins that are composed of 

three subunits with each recognizing a specific three base-pair (bp) sequence.47 By 

taking advantage of the modularity of the individual zinc finger protein, multiple zinc 

finger motifs with nanomolar affinity have been designed to sketch the target sequences 

from 9 to 45 bp while retaining the exquisite specificity.78,79 Successful reconstitution 

of a functional green fluorescent protein (GFP) has been demonstrated by appending 

two different sequence-specific ZFPs to each fragment of a split GFP, allowing binding 

onto two adjacent sites on the same DNA template.50,80 This result suggests that 

synthetic DNA scaffolds can be used to create artificial cellulosomes with the desired 

ordering and spacing based on ZFP-guided assembly. In this communication, a synthetic 

DNA scaffold was used for the site-specific organization of two ZFP-appended proteins 

(an endoglucanase CelA and a cellulose binding module CBM from Clostridium 
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thermocellum)81 into a bifunctional cellulosome structure for enhanced cellulose 

hydrolysis (Figure 2.1). 

2.2 Materials and Methods 

2.2.1 Construction of expression vectors 

Escherichia coli strain NEB 5-alpha (fhuA2 Δ(argF-lacZ)U169 phoA glnV44 

Φ80Δ (lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17) was used as the host for all 

genetic cloning. The ELP[KV8F-40] polypeptide was constructed by overlapping 

oligonucleotides (Integrated DNA Technologies, Coralville, IA) as previously 

described.65 The fragment was inserted into pET24a to generate pET24a-ELP[KV8F]40 

with several restriction sites at the C- terminus for inserting genes of interest. DNA 

coding for Zif268 was ordered from Genescript (Piscataway, NJ) and PCR amplified 

with forward primer 5’- CCG GAATTC GGATCC GGC GGC AGC AGCCC and 

reverse primer 5'- CCG CTC GAG CTG GTC TTC TTC AGA GAT AAG CTT -3'. The 

PCR product was inserted into ELP[KV8F]40 at BamHI and XhoI restriction sites to 

form pE-Z. DNA coding for PE1A was ordered from Genescript (Piscataway, NJ). It 

was inserted into pET24a-ELP[KV8F]40 at SalI and XhoI restriction sites to form pE-

A. CelA-E-Z was constructed by first PCR amplifying the CelA fragment81 with 

forward primer: 5’-AGTCC CCCGGG CCGCGG CATATGGCTAGC GCGGCC and 

reverse primer: 5'- GGG AAT TCC ATA TGG GCG GCC GCC CGC GGG CTG CCG 

-3'. The amplified CelA fragment was digested and ligated into NdeI digested pE-Z to 

form pCelA-E-Z. Orientation of CelA was confirmed by DNA sequencing. CBM-E-A 

was constructed by PCR amplifying CBM with primers 5’-AGTCC CCCGGG 
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CCGCGG CATATGGCTAGC GCGGCC and 5'- GGG AAT TCC ATA TGG GCG 

GCC GCC CGC GGG CTG CCG -3' and inserting into NdeI digested pE-A.  

2.2.2 Expression and Purification of proteins 

All proteins were expressed in E. coli BLR [F- ompT hsdSB (r-B m-B) gal 

dcm(DE3) Δ (srl-recA)306::Tn10(TetR); Novagen, Madison,WI]. Strains with plasmids 

were inoculated in 20 mL Terrific broth (TB) medium supplemented with 100 µg/mL 

kanamycin and incubated at 37°C until OD600 reached 1. The cultures were moved to 

25°C for overnight expression. Cells were harvested by centrifugation, resuspended in 

DNA binding buffer (100 mM Tris base, 90 mM KCl, 1 mM MgCl2, 100 µM ZnCl2, 5 

mM DTT, pH 7.5), and lysed by sonication. Purification of the ELP fusion protein was 

achieved by two cycles of inverse phase transitions. NaCl was added to the cell lysates 

to a final concentration of 1 M and the mixture was incubated at 37 °C for 10 min before 

centrifuging for 30 min at 15,000 rpm at the same temperature. The pellet was 

resuspended in ice-cold binding buffer and centrifuged for 30 min at 15,000 rpm at 4 

°C to remove the insoluble cellular proteins. This precipitation and resolubilization 

process was repeated a second time and the purity of the protein was determined by 10% 

SDS-PAGE electrophoresis followed by Coomassie blue staining.  

2.2.3 Electrophoretic Mobility Shift Assay (EMSA) 

EMSA was performed with the Lightshift Chemiluminescent EMSA kit (Pierce 

Chemical Co., Rockford, IL) according to manufacturer’s recommendations. All DNA 

templates were 5’ biotinylated (Integrated DNA Technologies, Coralville, IA). Purified 

protein and biotinylated DNA were incubated at 37°C for 1 h. The complexes run on a 
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10% native acrylamide gel at 90 volts for 30 min. Membrane transferring and 

chemiluminescence signaling were done with protocols suggested by the manufacture. 

2.2.4 CBM and CelA functionality 

CBM fusion proteins were incubated with Avicel for 1 h at room temperature. 

Avicel was then removed by centrifugation and washed once with the binding buffer. 

The bound proteins were eluted by boiling for 10 min in the elution buffer (1% SDS, 

0.1M NaOH).  

CelA activity was assessed by mixing 80 µM of CelA with 1% CMC. Samples 

were collected after one hour and immediately mixed with 0.5 mL of DNS reagent 

(10g/liter dinitrosalicylic acid, 10 g/L sodium hydroxide, 2 g/L phenol, 0.5 g/L sodium 

sulfite). After incubation at 95°C for 10 min, 1 mL of 40% Rochelle salts was added to 

fix the color before measuring the absorbance at 575 nm. 

2.2.5 Dissociation constant determination 

The DNA concentration was held constant at 1 nM while the protein 

concentration was varied from 0 nM to 1000 nM. The binding affinities were calculated 

as follows. Let θ represent the fraction of total DNA bound to protein, [P] represent 

unbound protein, [D] represent unbound DNA, [PD] represent the bound protein and 

DNA complex, [D]total represent the total DNA:  

𝐾𝐷 =
[𝑃][𝐷]

[𝑃𝐷]
 

𝜃 =  
[𝑃𝐷]

[𝐷]𝑡𝑜𝑡𝑎𝑙
=

[𝑃𝐷]

[𝐷] + [𝑃𝐷]
=

[𝑃][𝐷]
𝐾𝐷

[𝐷] +
[𝑃][𝐷]

𝐾𝐷

=
[P]

𝐾𝐷 + [𝑃]
 

The dissociation constant 𝐾𝐷 is equal to the free protein concentration when the 

DNA bound fraction θ=50%. In this case, the DNA concentration is very low compared 
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with the protein concentration, thus [P]≈[P]total. KD is then measured as concentration 

of total protein concentration [P] when θ=0.5 (Fig. S3). 

2.2.6 Artificial cellulosome efficiency characterization 

Artificial cellulosome assembly and phosphoric acid-swollen cellulose (PASC) 

for reducing sugars assay were prepared as previous described.19 Enzyme activity was 

assayed in the presence of a 0.1% (wt/vol) concentration of cellulose at 30°C in 20 nM 

Tris-HCl buffer (pH 6.0). Samples were collected periodically and immediately mixed 

with 0.5 mL of DNS reagents (10g/liter dinitrosalicylic acid, 10 g/L sodium hydroxide, 

2 g/L phenol, 0.5 g/L sodium sulfite). After incubation at 95°C for 10 min, 1 mL of 40% 

Rochelle salts was added to fix the color before measuring the absorbance at 575 nm. 

2.3 Results and Discussion 

2.3.1 ELP-Zinc Finger Protein function check 

Two well-characterized ZFPs, Zif268 and PE1A,82,83 each with high affinity for 

a unique 9 bp sequence, were chosen for spatial organization of the two cellulosomal 

components onto the DNA scaffold. Although ZFP fusions can be purified by adding a 

flanking His-tag, the residual imidazole must be removed by repeated dialysis to 

preserve the ZFP binding function because of the complexation with Zn2+.84 To bypass 

this problem, an elastin-like-polypeptide (ELP) tag was added for simple purification 

based on its thermally triggered, reversible aggregation property.65 To ensure that this 

thermal purification strategy has no effect on the DNA-binding function, Zif268 (E-Z) 

and PE1A (E-A) were first fused to ELP[KV8F]40 and purified by two cycles of 

precipitation/solubilization (Figure 2.2A).65,85 The DNA-binding functionality was 

investigated using the electrophoretic mobility shift assay (EMSA), which takes 
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advantage of the differences in mobility between protein–DNA complexes and free 

DNA.86 Neither the ELP tag nor the thermal cycles has any effect on the ZFPs as both 

purified fusions retained their individual DNA-binding functionality (Figure 2.2B and 

C). A slower mobility band corresponding to the DNA–protein complex was detected 

for each ZFP fusion upon mixing with a DNA template containing the target sequence, 

while no binding was observed when a control template containing a random sequence 

was added.  

2.3.2 Characterization of CelA-E-Z and CBM-E-A 

To construct the bifunctional cellulosome structure, CelA and CBM were 

inserted into the N-terminus of ELP in order to maintain both the function of ZFPs as 

well as the inserted domains. The resulting CelA-E-Z and CBM-E-A fusions were again 

purified by two cycles of thermal precipitation and resolubilization (Figure 2.3A). The 

functionality of CelA was confirmed by demonstrating the ability of CelA-E-Z to 

hydrolyze cellulose (Figure 2.3B). More importantly, the ability of Zif268 to bind DNA 

was not compromised as demonstrated by EMSA (Figure 2.4A and B). This result is 

significant as we demonstrated for the first time that ELP can serve both as a purification 

tag and a peptide linker separating two functional moieties. Similarly, CBM-E-A was 

expressed and purified using the ELP property. Purified proteins were fully functional 

retaining the ability to bind both avicel (Fig. 2.3C). The binding affinity for each protein 

was determined using a fixed amount of DNA and an increasing amount of proteins 

(Figure 2.4A and B). The calculated apparent binding constant for CelA-E-Z was 63 

nM while that for CBM-E-A was 190 nM; both are consistent with values reported in 

the literature (Figure 2.4C).82,83   
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2.3.3 Artificial cellulosome assembly 

Next, the feasibility of ZFP-guided assembly of a two-component artificial 

cellulosome onto the same DNA template was demonstrated. A double-stranded DNA 

template (50 biotin-GGACCTTA TGCAATCACAGTG C G T G G G C 

GCCAGTACTGT A T A A A T A A CGGCTC GAGGTGT) with a 10 bp spacing 

between two binding sites was used (Figure 2.1). Binding of CelA-E-Z and/or CBM-E-

A onto the DNA scaffold was examined using a 1 : 1 protein to DNA ratio (Figure 

2.5A). While binding of CelA-E-Z was close to 100% under this condition, only around 

50% of the DNA template was found to contain both proteins due to the lower affinity 

of PE1A. To assess the effect of the complex on cellulose hydrolysis, the assembled 

mixtures were added directly to a solution containing phosphoric acid-swollen cellulose 

(PASC). CelA, an endoglucanase, cuts cellulose randomly to produce smaller 

oligomers, and the hydrolysis efficiency was quantified by measuring the number of 

reducing ends from the smaller oligomers (reducing sugars) using the dinitrosalicylic 

method (Figure 2.5B). As expected, no reducing sugar production was observed in the 

presence of only the DNA template. However, when a mixture of CelA-E-Z and CMB-

E-A was added without the DNA template, a significantly higher level of reducing sugar 

was produced. The level of reducing sugar was further enhanced by 1.7-fold when both 

proteins were mixed with the DNA template. The level of enhancement is consistent 

with other protein-based artificial cellulosomes containing only CelA and CBM,81,87 

indicating that our DNA-based scaffold affords the same level of enzyme synergy and 

enhancement in cellulose hydrolysis.  

One of the most powerful aspects of using our DNA-based assembly is the 

ability to increase the number of binding sites simply by employing a longer DNA 

template. To demonstrate this flexibility, two new DNA templates containing either an 
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additional Zif268 or PE1A binding site were synthesized. Cellulose hydrolysis 

experiments were repeated as described above. In all cases, the amounts of CelA-E-Z 

and CBM-E-A were kept constant. A 25% increase in reducing sugar production was 

observed using a template with two CelA binding sites instead of only one. Although 

the level of increase is smaller than expected, this is likely due to the lower percentage 

of scaffolds carrying all three required components. In contrast, increasing the number 

of CBM on the cellulosome structure has a smaller effect on cellulose hydrolysis (Figure 

2.6). This may explain why the natural cellulosomal scaffolding CipA contains nine 

cohesin domains but only one CBM 39. It is also clear that a more efficient design will 

require the use of ZFPs with binding affinities below 10 nM as in the case of the 

cohesin–dockerin interaction 88. This can be achieved either by isolating 9-bp binders 

with higher affinities or by employing more complex ZFPs that recognize 15 or 18 bp. 

2.4 Conclusions 

In summary, we have constructed a series of artificial cellulosomes based on 

ZFP-guided assembly using DNA as a scaffold. The site-specific docking of CelA and 

CBM onto a single DNA template was achieved by exploiting the specificity of the two 

tethering ZFPs. The modular nature of the design allows easy alteration of the number, 

spacing, and ordering of enzymes assembled, leading to the virtually unlimited 

combination of artificial cellulosome structures optimized for a given target cellulosic 

substrate. 
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2.1    A schematic representation for the co-immobilization of two 

components on DNA template. Endoglucanase (red) was fused with 

ELP and Zinc finger protein (Zif268) while CBM (Blue) was fused with 

ELP and PE1A. Target template has both Zif268 and PE1A binding sites 

with 10 bp spacer between. 
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2.2    ELP-ZFP fusions functionality. (A) E-Z and E-A were purified by two 

cycles of thermal precipitation/solubilization. M: marker. The DNA-

binding functionality of (B) E-Z and (C) E-A was confirmed using 

EMSA. In both cases, 1 nM biotinylated DNA was mixed with 500 nM 

protein. D: target DNA template only; D/P: target DNA template + 

protein; C: random DNA template + protein. The DNA–protein 

complexes are indicated by arrows. 
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2.3    Purification and characterization of CelA-E-Z and CBM-E-A. (A) 

Purification of CelA-E-Z and CBM-E-A by two cycles of thermal 

precipitation and solubilization. M: marker. (B) The cellulose hydrolysis 

activity of CelA-E-Z was measured by the reducing sugar production 

from PASC. (C) The cellulose-binding function of CBM-E-A. Purified 

proteins were mixed with avicel and the bound proteins were removed by 

centrifugation. The amount of CBM-E-A in the solution (B) before or (A) 

after binding was analyzed. The bound proteins were eluted (E) by 

boiling. 
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2.4    CelA-E-Z and CBM-E-A purification and ZFP binding. 

Determination of dissociation constants of CelA-E-Z (A) and CBM-E-A 

(B) by EMSA. All samples contained 1 nM DNA and 0, 10, 25, 50, 100, 

300, 500, 1000 nM purified proteins. Controls contained 1 nM control 

DNA and 1000 nM protein. Dissociation constant calculations for CelA-

E-Z and CBM-E-A (C). 
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2.5    Assembly of artificial cellulosomes on DNA template. (A) Production 

of reducing sugars from artificial cellulosomes. Green is DNA control; 

Blue is two proteins with control DNA (No binding sites); Purple is two 

proteins with DNA template having both binding sites. (B) EMSA 

analysis of all samples. Lane 1. CelA-KV8F-Zif268 with DNA; Lane 2. 

CelA-KV8F-Zif268 and CBM-KV8F-PE1A with DNA; Lane 3. two 

proteins with control template.  
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2.6    Cellulose hydrolysis by different cellulosome structures. Artificial 

cellulosomes containing more than one CelA (Cel-CBM-CelA) or CBM 

(CBM-CelA-CBM) domain were obtained using DNA templates carrying 

one additional binding site. 
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Chapter 3   

HALOTAG MEDIATED ARTIFICIAL CELLULOSOME ASSEMBLY ON 

DNA TEMPLATE FOR EFFICIENT CELLULOSE HYDROLYSIS 

Abstract 

In this chapter, we report the generation of complex artificial cellulosomes 

assembly on DNA template through DNA hybridization, which was achieved through 

HaloTag site specific oligo conjugation. The high-affinity interaction associated with 

DNA hybridization improves the assembly efficiency of DNA template based artificial 

cellulosome compared with a zinc finger protein guided strategy, leading to 2.5-fold 

enhancement of cellulose hydrolysis efficiency. For the first time, an artificial 

cellulosome with four components (endoglucanase, carbohydrate binding module, 

exoglucanase and -glucasidase) for complete cellulose hydrolysis to glucose was 

assembled. More importantly, the use of rolling circle amplification enables the simple 

amplification of binding sites for improved enzyme density on a single scaffold 

structure. A 5-fold enhancement in glucose release was observed with this complex 

cellulosome structure. The possibility to create more complex structure either to 

incorporate more varieties of cellulases to mimic enzyme diversity of natural 

cellulosome or create more complex two or three dimensional structures with this 

strategy are the advantages of this system.   

. 
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3.1 Introduction 

Cellulosic biomass found in many agriculture or wood residues are considered 

particularly well suited for biofuel production as they are fairly inexpensive and widely 

available.13 The primary obstacle of using cellulose for biofuel production is the absence 

of a low-cost technology for releasing glucose monomers from cellulosic biomass.13 

This significant hurdle in biomass processing has attracted attention to the naturally 

occurring cellulosome structures found in many anaerobic bacteria, which are 

complexes of cellulases with significantly enhanced performance.14 Cellulosomes are 

organized through interaction of cohesin domains on the surface scaffold subunits and 

dockerin domains on the enzymatic subunits.14  The synergistic action of a cocktail of 

three different enzymes, endoglucanase, exoglucananse, and β-glucosidase, is used for 

complete hydrolysis of cellulose to glucose monomers.19 Presence of a carbohydrate 

binding module (CBM) on the surface scaffold enhances cellulose binding and brings 

the enzymes in close proximity to the substrate.16 The very high local enzyme and 

substrate concentrations affords by this elaborate structure is the main driving force for 

the significantly faster hydrolysis rate.17  As a result, the number of enzymatic subunits 

that are incorporated into the cellulosome complex are known to effectively increase the 

overall enzyme density and hydrolytic efficiency.20 

In order to mimic natural cellulosome systems, artificial cellulosomes have been 

assembled on protein scaffolds with up to six enzymes immobilized on the same 

scaffolds.74,89 However, attempts to design protein-based scaffolds for artificial 

cellulosome with higher complexity15,90 have been challenging because larger multi-

domain protein tend to aggregate due to incorrect folding.74 Moreover, the effect of 

enzyme ordering, ratio and distance on cellulose hydrolysis efficiency was complicated 

to study because a new protein scaffold must be designed for every combination. 91,92 
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To bypass these limitations, DNA has been proposed as a potential scaffold for 

constructing artificial cellulosomes.93 Several characteristics of DNA have made it an 

ideal scaffold for enzyme organization. First, single stranded DNA can hybridize into 

double stranded DNA in a sequence-specific manner, and programmable hybridization 

has been used to turn single stranded DNA into predictable, stable and complex one, 

two or three dimensional structures.35 Second, DNA can be replicated using DNA 

polymerase, and rolling circle amplification (RCA) has been used to generate long DNA 

templates with repeating sequences, which can be used to organize up to several hundred 

copies of proteins, nucleic acids, and nanoparticles onto the same template.94  

Artificial cellulosomes based on DNA scaffolds have already been achieved 

using zinc finger protein (ZFP) guided assembly.59 By fusing CBM and the 

endoglucanase CelA to two different zinc finger proteins, a two-component mini-

cellulosome was created using a double stranded DNA template based on position-

specific enzyme assembly. Although the resulting 1.7-fold enhancement in cellulose 

hydrolysis was in line with that achieved using protein scaffolds, the major drawback 

of this strategy is the low binding affinity of zinc finger proteins toward DNA, leading 

to only 50% cellulosome assembly efficiency.59 Another parallel effort to assemble 

artificial cellulosomes on a DNA template is through transglutaminase-mediated cross-

linking between a lysin-based K tag on Cel5A and the benzyloxycarbonyl-L-

glutaminylglycine (Z-QG) motifs on the DNA template. Although multiple copies of 

Cel5A were immobilized onto DNA template for cellulosome synthesis, this random 

conjugation method lacks the ability to organize cellulases in a position-specific 

manner, which has been shown to be important for the overall performance of artificial 

cellulosomes.95 More importantly, none of these reports were able to assemble artificial 
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cellulosomes containing all three cellulases and CBM in order to achieve complete 

liberation of glucose from cellulose.  

To assemble a complex four-component artificial cellulosome in a position-

specific manner, we proposed to conjugate single stranded DNA onto each protein 

component to enable cellulosome assembly through DNA hybridization. Since direct 

chemical modification of DNA linker on proteins usually leads to functional loss,38 the 

self-labeling HaloTag was used for conjugation. HaloTag is a 34kDa monomeric mutant 

haloalkane dehalogenase designed to covalently bind to synthetic chlorohexane (CH) 

linker attaching useful molecules, including DNA, fluorescent dyes, and solid 

supports.54 The covalent attachment is highly specific and occurs rapidly under mild 

physiological conditions.54 By genetically tethering HaloTag to the different 

cellulosome components, CH-modified DNA oligonucleotides can be site-specifically 

conjugated for cellulosome assembly. By combining sequence specific DNA 

hybridization with RCA, we demonstrated up to 5.6-fold enhancement in cellulose 

hydrolysis using more complex cellulosome structures generated using the longer DNA 

templates from RCA. 

3.2 Materials and Methods 

3.2.1 Vector construction and expression of proteins  

Escherichia coli strain NEB 5-alpha (NEB #C2987I) was used as the host for 

cloning of expression vectors. ELP-HaloTag-His6 was constructed starting with PCR 

amplifying HaloTag with HaloTag-Forward, HaloTag-Reverse. PCR amplified 

HaloTag was inserted into pET24(a)-ELP[KV8F]4065 with BamHI and XhoI to form 

pET24(a)-ELP-HaloTag.  
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CBM was then PCR amplified with CBM-Forward and CBM-Reverse and 

inserted into pET24(a)-ELP-HaloTag at NdeI to form CBM-ELP-HaloTag. CelA, CelE, 

and BglA were then individually PCR amplified using CelA-Forward, CelA-Reverse, 

CelE-Forward, CelE-Reverse, BglA-Forward, BglA-Reverse and inserted into 

pET24(a)-CBM-ELP-HaloTag at SacII and SpeI restriction sites to form CelA-ELP-

HaloTag, CelE-ELP-HaloTag and BglA-ELP-HaloTag, respectively. 

All proteins were expressed in host E. coli BLR [F‐ ompT hsdSB (r‐B m‐B) gal 

dcm(DE3) Δ  (srl‐recA)306::Tn10(TetR); Novagen, Madison,WI] in TB medium. The 

four plasmid-containing strains were inoculated in TB medium supplemented with 50 

µg/mL kanamycin at 37 ⁰C until OD reached 1. Then the culture was moved to 25 ⁰C 

shaker for overnight leaky expression. 

After protein expression, cells were harvested by centrifugation at 4200 g, 

resuspended in PBS and lysed by sonication. The cell debris was removed by 

centrifugation at 16,100 g for 10 min at 4 ⁰C. ELP purification of all components were 

then conducted to purify the proteins from cell lysate. 

Lists of primers used for gene manipulations are:  

HaloTag-

Forward 

5’- CCG CAT GGA TCC GGC GGC AGC AGC CCG AGC ACC 

CCG CCG ACC CCG AGC CCG AGC ACC CCG CCG GGC 

GGC AGC GCA GAA ATC GGT ACT GGC TTT CCA T -3’ 

HaloTag-

Reverse 

5’- TTG GCC CAA GCT TGC CGG AAA TCT CGA GCG TCG 

-3’ 

CBM-Forward 5'- GGG AAT TCC ATA TGC CGC GGG ATC CGA CCA AGG 

GAG CAA CAC -3' 

CBM-Reverse 5'- GGG AAT TCC ATA TGG CTG CCG CCC GGC GGG GTG 

CTC GGG CTC GGG GTC GGC GGG GTG CTC GGG CTG 

CTG CCG CCA CTA GTG TCG ACT ACT ACA CTG CCA 

CCG G -3' 

CelE-Forward 5'- AAA TCC CCG CGG ATG CTT GTT GGG GCA GGA GAT 

TTG -3' 

CelE-Reverse 5'- TTC TAG ACT AGT TGC AGC GAA GTC CAA TGC ATC 

C -3' 
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BglA-Forward 5'- AAA TCC CCG CGG TCA AAG ATA ACT TTC CCA AAA 

GAT TTC ATA TGG GGT -3' 

BglA-Reverse 5'- TTC TAG ACT AGT AAA ACC GTT GTT TTT GAT TAC 

TTC TTT GTA CCA GTA G -3' 

CelA-Forward  5'- AAA TCC CCG CGG GCA GGT GTG CCT TTT AAC ACA 

AAA TAC CC -3' 

CelA-Reverse 5'- TTC TAG ACT AGT GTT TCC TGT TAT GTA CAA CAA 

AGT GAG CAG TCT C -3' 

 

3.2.2 Protein functionality 

ELP functionality was confirmed by purifying all the proteins from cell lysate 

after expression. The protein was collected by inverse phase transition with the addition 

of 1M Na2SO4, incubated at 37°C for 10 min, and centrifuged at 16,000g for 10 min at 

37 °C. After discarding the supernatant, the protein pellets were resolubilized in 4 oC 

cold buffer. This thermal cycling was repeated for better purity. DNA linkers modified 

with a 5’ amine group were ordered from Integrated DNA Technologies (Coralville, 

IAUpon arrival, they were modified with the HaloTag Succinimidyl (O4) Chlorohexane 

(CH) ligand (Promega P6751) for HaloTag attachment. The CH ligand was mixed with 

the DNA linker at a molar ratio of 30:1 and incubated at room temperature for 4 hours. 

A 3,000 Da ultrafiltration colum (Vivaspin 500, Sartorius Stedim Biotech) was used for 

dialysis to remove excess CH ligand. The purified DNA linkers were then mixed with 

the purified Halo fusions, using a 3x molar excess of DNA linker and incubated 

overnight at 4 °C. Then, utilizing the ELP tag, unconjugated DNA linker were removed 

by pelleting the protein-DNA linker and washing away any residual DNA linker.  The 

protein only, protein plus excess DNA linker and purified protein-DNA linker samples 

were loaded onto a 10% SDS-PAGE and stained with coomassie blue for analysis of 

labeling efficiency.  
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CelA activity was assessed by mixing 80 µM of CelA with 1% CMC. Samples 

were collected after one hour and immediately mixed with 0.5 mL of DNS reagents 

(10g/liter dinitrosalicylic acid, 10 g/L sodium hydroxide, 2 g/L phenol, 0.5 g/L sodium 

sulfite). After incubation at 95°C for 10 min, 1 mL of 40% Rochelle salts was added to 

fix the color before measuring the absorbance at 575 nm. 

CelE activity was assessed by mixing 200 µM of CelE with 0.3% PASC, 

prepared from Avicel PH101 (Sigma) as previously described.19 Samples were collected 

after one hour and reducing sugars checked like for CelA. 

CBM fusion proteins were incubated with Avicel for 1 h at room temperature. 

Avicel was then removed by centrifugation and washed once with the binding buffer. 

The bound proteins were eluted by boiling for 10 min in the elution buffer (1% SDS, 

0.1M NaOH). 

To assay the functional secretion of β-glucosidase BglA, 100 µL of a 10 mM of 

fluorescent substrate p-4-methylumbellifery- β-D-glucopyranoside was mixed with 5 

µM of purified and labeled BglA and incubated at 37°C for 10 min. The activity was 

confirmed by detecting the fluorescence under UV light. 

3.2.3 Native PAGE Mobility Shift 

Mobility shift experiments were carried out in a 4.5% non-denaturing 

acrylamide gel. The protein only, protein with DNA linker, and purified protein-DNA 

linkers were loaded and run for 45 min at 90 V. The gel was then stained with ethidium 

bromide for 5 min before imaging. 
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3.2.4 Rolling circle amplification 

The single stranded DNA template with four binding sites (5’- 

GAGAGTCAGTCAGGAATT 

TTTAAAGGAGGGAGGGGAATTTTTACAGCGAGCGTCTACATTTTTACACCA

GCCAGC CAACTTTTTTTTATGCATCGTCAGTTAG-3’) at a concentration of 

1×10-6 M was ligated following a quick circular ligation protocol with CircLigase 

ssDNA Ligase (epicentre). Then, 5×10-8 M of the ligated oligonucleotide was treated 

with 0.5×10-3 M dNTPs, and 0.4 U/µl of Phi29 DNA polymerase (NEB) in 50 µl of 

Phi29 buffer for 1hr, at 30°C, the enzymes were then deactivated at 65°C for 10 min. 

Single stranded DNA template, circulated DNA template, RCA product and purified 

RCA product was run on 4.5% native PAGE gels to check on the RCA template 

synthesis.  

3.2.5 Artificial cellulosome assembly 

For artificial cellulosome assembly, equal concentrations of linker-labeled 

cellulosome components were mixed with DNA template in DNA hybridization buffer. 

The mixture was heated to 37 °C and incubated for 10 min. Then 5X detergent buffer 

(25mM DTT, 50% glycerol and 0.5% IGEPAL) was added into the mixture to prevent 

potential association of all the components. After sitting at 4 °C overnight, the mixture 

were taken out and mixed with 0.1% cellulose buffer. Samples were collected 

periodically to check reducing sugars or glucose concentration, which was determined 

with a glucose HK assay kit from Sigma.  
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3.3 Results 

3.3.1 Protein function check 

To enable complete hydrolysis of cellulose to glucose, four different 

components: CelA (endoglucanase from Clostridium Thermocellum), CBM 

(carbohydrate binding module from Clostridium Thermocellum), CelE (exoglucanase 

from Clostridium Cellulolyticum) and BglA (-glucasidase from Clostridium 

Thermocelllum),43,81 were employed to assemble the cellulosome structures. Each 

cellulosomal component was genetically fused at the N-terminus to HaloTag to enable 

the self-specific conjugation of CH-modified DNA oligonucleotides. An elastin like 

polypeptide (ELP) tag was incorporated between the cellulosome component and 

HaloTag to simplify purification by taking advantage of the inverse phase transition 

property associated with ELP.65,85  

To co-localize all the cellulosome components onto the same DNA template, a 

single stranded DNA was designed (target DNA scaffold) with four unique 20bp 

hybridization domains, I, II, III and IV, that are complementary to four different DNA 

linkers 1, 2, 3 and 4 (Figure 3.1A) on discrete DNA template (Figure 3.1B) or RCA 

template (Figure 3.1C) for cellulose hydrolysis.  

To enable the self-conjugation of linker 1, 2, 3 and 4 onto fusion proteins, a CH 

ligand was incorporated to the 5’ end as described previously.56 Full length CelA-ELP-

HaloTag (CelA-E-H) fusions was purified using two cycles of thermal precipitation and 

solubilization. To incorporate the CH-modified linker 1, 3x molar excess oligo was 

incubated with the purified proteins. Close to 100% conjugation was demonstrated by 

detecting a single, larger band corresponding to the CelA-E-H-linker 1 complex (Figure 

3.2A). Formation of the CelA-E-H-linker 1 (CelA-E-H-1) complex was further 
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confirmed by detecting a slower mobility protein-DNA band with the electromobility 

shift assay (EMSA). After labeling, excess linker 1 was removed by another cycle of 

phase transition to avoid potential interference with cellulosome assembly (Figure 3.2A 

and B). The functionality of the CelA domain was investigated by measuring the release 

of reducing sugar from cellulose hydrolysis (Figure 3.2C). Conjugation with DNA has 

no impact on the functionality of CelA as the same activity was detected after 

purification and conjugation (data not shown). The same procedure was executed to 

conjugate DNA linker 2, 3 and 4 onto purified CBM-ELP-HaloTag (CBM-E-H), CelE-

ELP-HaloTag (CelE-E-H) and BglA-ELP-HaloTag (BglA-E-H), respectively, as shown 

in Figure 3.3. The functionality of other components were confirmed either by cellulose 

binding (CBM) (Figure 3.3A, C and E) or by activity assays (CelE and BglA) (Figure 

3.3B, D and F).  

3.3.2 Cellulosome Assembly 

After successful DNA conjugation, we next investigated the capability of 

cellulosome assembly. A simplified cellulosome containing only CelA and CBM was 

first constructed by mixing CelA-E-H-1 and CBM-E-H-2 with a same amount of the 

target DNA scaffold. As a control, CelA-E-H-1 and CBM-E-H-2 were first pre-blocked 

with their complementary oligo (I or II) before mixing together for cellulose hydrolysis.  

As depicted in Figure 3.4A, a 2.1-fold more reducing sugars was released using the 

cellulosome structure as compared with the control, indicating the functional assembly 

of cellulosome with this strategy. To confirm cellulosome assembly, the resulting 

mixtures were evaluated by EMSA. Compared with the control, a slower migration band 

was detected with the cellulosome mixture demonstrating the successful assembly of 

the two proteins onto the target DNA scaffold (Figure 3.4B). From the band intensity, 
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over 90% of the added proteins were assembled, which is significantly better than the 

50% assembly efficiency with the zinc finger protein guided approach. This improved 

assembly efficiency may explain the higher enhancement in cellulose hydrolysis (2.1-

fold vs 1.5-fold) because of the higher degree of protein promixity. 59  

A key benefit of the strategy is the ease of increasing the cellulosome complexity 

by simply employing a longer DNA scaffold. To achieve this, rolling circle 

amplification (RCA) was used to prepare templates with up to 200 repeats of the four 

binding sites.36 Successful template amplification by RCA was demonstrated using a 

native gel and the presence of large DNA band was detected only with the RCA sample 

(Figure 3.5). We proceeded to investigate whether a complex cellulsome structure 

created using the RCA template could result in further enhancement in cellulose 

hydrolysis. CelA-E-H-1 and CBM-E-H-2 were organized onto the RCA template as 

described above, and the amount of reducing sugars released was compared. Although 

the amount of proteins used in all cases were the same, the RCA-derived cellulosome 

structure produced 3.8-fold more reducing sugars than the control as compared to only 

2.1-fold using the single binding site template. This level of enhancement is in line with 

those reported for multi-Cel5A conjugated onto a single DNA template through 

transglutaminase-mediated cross-linking95 or artificial cellulosome structures created 

by clustering cellulases onto quantum dots,96 all supporting a direct correlation between 

local enzyme density and the efficiency of cellulose hydrolysis (Figure 3.4C).  

To further increase enzyme density for complete cellulose hydrolysis to glucose, 

all four components, CelA-E-H-1, CBM-E-H-2, CelE-E-H-3, and BglA-E-H-4, were 

co-localized onto the same DNA scaffold. Again, a mixture of CelA-E-H-1, CBM-E-

H-2, CelE-E-H-3, BglA-E-H-4 pre-blocked with the corresponding oligo I, II, III and 
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IV was used as a control. While only individual bands were detected for the pre-blocked 

proteins or the mixture, a significantly larger band was observed when all four proteins 

are assembled onto the DNA scaffold (Lane 12). The presence of all four components 

is further supported by the slower mobility protein-DNA complex for the four-

component system as compared to the two-component system (Figure 3.6A). The ability 

of the assembled cellulosome structures to produce glucose from cellulose was further 

assessed.  Compared with a mixture of free enzymes, a 3.1-fold enhancement in glucose 

production was achieved using the four-component cellulosome structure assembled on 

the DNA scaffold (Figure 3.6B). The level of enhancement is better than the two-

component system, consistent with other reports indicating increased enzyme synergy 

with increasing number of cellulases recruited to the cellulosome structures. More 

importantly, the same four-component cellulosome structure when assembled onto the 

RCA template resulted in more than 5-fold enhancement in glucose release (Figure 

3.6C). This represents the highest level of enhancement reported for artificial 

cellulosomes designed for complete liberation glucose from cellulose. This may be 

attributed to the flexibility of the DNA scaffold allowing the cellulosome structure to 

potentially wrap around a single cellulose fiber for enhanced hydrolysis.    

3.4 Conclusions 

In conclusion, we presented a new approach to create complex cellulosome 

structures based on DNA hybridization. The use of HaloTag fusions enables site-

specific assembly without any effect on enzyme activity. The high-affinity interaction 

(typically in the range of 0.5nM) afforded by site-specific DNA hybridization over 

cohesin-dockerin pairs greatly improves the assembly efficiency and results in 

improved enzyme synergy. The levels of enhancement with our two-component and 
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four-component cellulosome structures are 50% higher than those achieved using 

protein scaffolds.81 More importantly, the use of RCA enables the simple amplification 

of binding sites for improved enzyme density on a single scaffold structure.  The 

resulting 5-fold enhancement in glucose release using the complex RCA-derived 

cellulosome structure is the highest synergy reported so far. However, the true benefit 

of the strategy is the flexibility to embed additional hybridization sites to assemble a 

large array of cellulases to better mimic the enzyme diversity of the naturally occurring 

cellulosomes. This in combination with the possible to create more complex two-

dimensional or three-dimensional DNA scaffolds structures for cellulosome assembly 

should pave the way to generate new cellulosome structures for improved cellulose 

processing. 
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3.1    Schematic of artificial cellulosome on DNA template through 

HaloTag mediated site-specific DNA linker labeling. (A) 

Immobilization of cellulosome components on DNA template for 

cellulosome assembly; (B) Cellulose hydrolysis with cellulosome on 

discrete DNA template; (C) Cellulose hydrolysis with cellulosome on 

RCA DNA template. 
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3.2    CelA-E-H function check. SDS-PAGE (A) and Native PAGE (B) 

analysis of DNA labeling of CelA-E-H and activity check of CelA after 

labeling and purification (C). Protein (P) was purified from cell lysis 

(CL). Purified CelA-E-H (P) with a 3-fold excess of the CH-modified 

DNA (P/D) were purified by going through one cycle of precipitation and 

solubilization the remove the excess DNA (Pure). Activity of CelA was 

checked by cellulose hydrolysis (S) compared with control (C). 
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3.3    CBM-E-H, CelE-E-H and BglA-E-H function check. SDS-PAGE 

analysis (A, C, E) of DNA labeling of CBM-E-H, CelE-E-H, CelA-E-H 

and activity check (B, D, F) of CBM, CelE and BglA after labeling and 

purification. In A, C and E, first lane was purified protein (P) and second 

lane was purified protein with DNA linker labeling (P/D).  (B) The 

cellulose-binding function of CBM-E-H. Purified proteins (P) or DNA 

linker 2 modified proteins (P/D) were mixed with avicel and the bound 

proteins were removed by centrifugation. The amount of CBM-E-A in 

the solution (B) before or (A) after binding was analyzed. After wash 

(W), the bound proteins were eluted (E) by boiling. Activity of CelE and 

BglA was checked by substrate hydrolysis (S) compared with control (c). 
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3.4    Assembly of artificial cellulosome with CelA and CBM. (A) 

Production of reducing sugars from DNA alone (blue), free enzymes 

(red) and the assembly cellulosome (green). (B) EMSA analysis of 

protein binding. Lane 1: CelA-E-H-1 mixed with CBM-E-H-2; Lane 2: 

both proteins with DNA template with two binding sites. (C) Artificial 

cellulosome on RCA template.  
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3.5    Rolling circle amplification of DNA template. The discrete DNA 

template (T) was circulated (C) and rolling circle amplified to synthesize 

long repeating DNA sequence (R). Control was the rolling circle 

amplification conducted without circulated DNA template as shown (E). 

Nothing was detected in (E) demonstrating the synthesis of long 

repeating DNA template was specifically from circulated DNA template.   
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3.6    Assembly of artificial cellulosome with CelA, CBM, CelE and BglA. 
(A) Production of glucose from DNA alone (blue), free enzymes (red) 

and the assembly cellulosome (green). (B) EMSA analysis of protein 

binding. Lane 1, 2, 3, 4: CelA-E-H-1, CBM-E-H-2, CelE-E-H-3, BglA-

E-H-4 mixed with blocker DNA; Lane 5: Mixture of Lane 1, 2, 3, and 4; 

Lane 12: CelA-E-H-1 and CBM-E-H-2 mixed with DNA template with 

four binding sites; Lane 124: CelA-E-H-1, CBM-E-H-2 and BglA-E-H-4 

mixed with DNA template with four binding sites; Lane 1234: CelA-E-

H-1, CBM-E-H-2, CelE-E-H-3, and BglA-E-H-4 mixed with DNA 

template with four binding sites. (C) Artificial cellulosome on RCA 

template.  
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Chapter 4 

POST-TRANSLATIONAL MODIFICATION OF BIONANOPARTICLES AS A 

MODULAR PLATFORM FOR BIOSENSOR ASSEMBLY 

Abstract 

Context driven biosensor assembly with modular targeting and detection 

moieties is gaining significant attentions. Although protein-based nanoparticles have 

emerged as an excellent platform for biosensor assembly, current strategies of 

decorating bionanoparticles with targeting and detection moieties often suffer from 

unfavorable spacing and orientation as well as bionanoparticle aggregation. Herein, we 

report a highly modular post-translational modification approach for biosensor 

assembly based on sortase A-mediated ligation. This approach enables the simultaneous 

modifications of the Bacillus stearothermophilus E2 nanoparticles with different 

functional moieties for antibody, enzyme, DNA aptamer, and dye decoration.  The 

resulting easy-purification platform offers a high degree of targeting and detection 

modularity. This flexibility is demonstrated for the detection of both immobilized 

antigens and cancer cells. 

 

 

 

 

 

This Chapter is reproduced by permission of American Chemical Society. Qing 

Sun, Qi Chen, Daniel Blackstock and Wilfred Chen, Post-translational modification of 

bio-nanoparticles as a modular platform for biosensor assembly, ACS Nano, 9, 8554-

8561, 2015. 
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4.1 Introduction 

Analytes, including pathogens,97,98 toxins,99–101 tumor markers,28,102 and 

metabolites,103 have attracted substantial attentions due to their impact on human health 

and daily lives. Biosensors, which employ biological elements to convert the 

recognition of analytes into detectable signals, have been widely used for monitoring 

biorecognition events.29 The most common biosensor format employs a target-specific 

primary antibody for recognition and the use of secondary antibodies modified with 

either fluorescence dyes or enzymes to reflect the initial binding events.27 Direct 

labeling of primary antibodies has also been reported, however, this method suffers from 

tedious chemical modifications, reduced binding affinity, and limited sensitivity.104  

Ideally, a universal adaptor platform that is able to link any recognition motif of interest 

to a detection module is of great interest, especially if signal amplification can be 

achieved to detect analytes with required sensitivity.28  

Recently,  a bifunctional adaptor with the ability to link Immunoglobulin G 

(IgGs) to different DNA-modified output domains was constructed to achieve a high 

degree of modularity and selectivity.27 Significantly improved target interaction and 

detection sensitivity have also been achieved by using complex three-dimensional 

nanoscaffolds, allowing dual modifications with IgGs and quantum dots (QDs).28 This 

improved sensitivity is the result of signal amplification achieved by linking multiple 

QDs to a single binding event. A similar enhancement in detection sensitivity has been 

reported by immobilizing multiple biotin-conjugated antibodies and invertases onto 

streptavidin magnetic beads. Binding of a single bead onto targets resulted in the 

conversion of sucrose to glucose by multiple invertases for highly sensitive detection.105  

Among different nanoscaffolds, protein-based nanoparticles are the most 

attractive as they offer the ability to self-assemble from simple uniform-size protein 
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building blocks and allow precise control over material architectures.29 Despite these 

desirable properties, protein bionanoparticles do have several drawbacks. Most 

noticeably is the use of chemical modifications for functionalization, which can result 

in random orientation and loss of functions.30,57–60 Direct genetic fusion has been 

reported previously to fuse protein G and 6xHis-tag on apoferritin surface to capture 

IgGs and nickel-nitriolotriacetic acid (Ni-NTA) coated quantum dots, gold particles or 

magnetic particles for sensor assembly.28 However, genetic fusion is limited to relative 

small peptides and proteins, restricting the varieties of sensing and detection moieties 

that can be decorated.31,61 As a result, the ability for simultaneous modifications with 

multiple sensing and detection modules remains challenging. Ideally, a universal 

approach to interface different sensor components in the correct spatial orientation will 

be invaluable to satisfy the need to create highly modular biosensing platforms.27  

At the same time, purification of protein-based nanoparticles from cellular 

contaminants has been one obstacle for wider application of protein-based 

nanoparticles. Traditional ways including sucrose gradient, ultracentrifugation or 

chromatography are time and expense consuming, leading to the needs of exploiting an 

easy purification method of the protein-based nanoparticles. 106,107 

Staphylococcus aureus Sortase A (SrtA) is a bacterial transpeptidase that 

catalyzes the condensation reaction between a C-terminal LPXTG recognition motif and 

an N-terminal tri-glycine tag to generate a native amide bond.62,108 The N to C ligation 

can be used to guarantee the spatial orientation of targeted moieties, while the small size 

of the tags has a minimal impact on functionalities. Since the ligation can proceed at 

mild pH and temperature conditions,63 we argue that SrtA can be exploited to attach 
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multiple proteins and peptides onto protein nanoparticles without any effect on folding 

and functionalities.  

Our group has recently demonstrated this feasibility of attaching multiple 

proteins onto the E2 core of the pyruvate dehydrogenase complex from Bacillus 

stearothermophilus, a genetically-modifiable 60-mer protein bionanoparticle of 24nm 

diameter.109–111 Simple recovery of modified E2 nanoparticles was achieved using two 

cycles of thermal precipitation and resolublilization by taking advantage of the tethered 

thermal-responsive elastin-like-polypeptide (ELP) moiety.65,85,112 This thermal based 

purification scheme enables recovery of bio-nanoparticles within 1 h without the use of 

conventional sucrose gradient, ultracentrifugation or chromatography that are time-

consuming and expensive.106,107 Because of the versatility in decorating E2 with 

proteins of different sizes and properties and the ease in purification, this approach is 

ideal in transforming E2 into a modular sensing platform capable of facile exchange and 

integration of different targeting and detection components. To illustrate this 

modularity, we modified the E2 nanoparticles with a combination of the antibody-

binding Z domain,113 the DNA- or fluorescent dye-conjugating HaloTag,54,56 and 

nanoluciferase (NLuc)114 to form highly specific and sensitive biosensors for the 

detection of antigens and cancer cells (Figure 4.1, Figure 4.2 and Figure 4.7).  

4.2 Materials and Methods 

4.2.1 Genetic manipulation  

Escherichia coli strain NEB 5-alpha (NEB #C2987I) was used as the host for 

genetic manipulations. BL21 (DE3) (Novagen) and BLR (DE3) (Novagen) were used 

for protein expressions. Details of DNA manipulation and expression procedures can be 
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found in the following session for GGG-E2, His6-Sortase A, ELP-LPETG, Nluc-

LPETG, Z-Ct-LPETG, HaloTag-LPETG.  

 E2 monomer was expressed using plasmid pGGGE2, constructed by amplifying 

E2(158) [E2 encoding amino acids 158‐427] fragment using the E2‐Forward and E2‐

Reverse primer. The PCR product was inserted into pET11(a) at NdeI and BamHI 

restriction sites. ELP‐LPETG‐His6 was constructed by first overlapping 5 

oligonucleotides: Oligo 1, Oligo 2, Oligo 3, Oligo 4 and Oligo 5 to form the fragment 

of (G4S)3‐LPETG‐His6 with BamHI and XhoI overhangs. The overlapping oligo was 

ligated into BamHI and XhoI digested pET24(a)‐ELP[KV8F‐ 40] (Liu, Tsai, Madan, & 

Chen, 2012) to form pET24(a)‐ELP‐LPETG.             

For HaloTag‐LPETG and Nluc‐LPETG, HaloTag and Nluc were first 

individually PCR amplified with HaloTag‐Forward, HaloTag‐Reverse and Nluc‐

Forward, Nluc‐Reverse. These two PCR amplified fragments were inserted into 

pET24(a)‐ELP‐LPETG using NdeI and BamHI restriction sites to form HaloTag‐

LPETG and Nluc‐LPETG.             

Z‐Ct‐LPETG was completed through three‐step cloning. GST (Glutathione S‐

transferase) was first PCR amplified with primers GST‐Forward and GST‐Reverse. The 

PCR product was inserted into pET24(a)‐ELP‐LPETG at NdeI and BamHI restriction 

sites to form GST‐LPETG. Z‐domain was PCR amplified with Z‐Forwad and Z‐Reverse 

and inserted into GST-LPETG at Nde1 restriction site to form Z‐GST‐LPETG. Cohesin 

Ct was then PCR amplified with Ct‐Forward and Ct‐Reverse and inserted into Z-GST-

LPETG at HindIII and BamHI to form Z‐Ct‐LPETG.           

The control fusion protein Z‐ELP‐Nluc was constructed by first inserting PCR 

amplified Z domain into NdeI digested pET24(a)‐ELP‐LPETG to form Z‐ELP‐LPETG. 
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Then Nluc was PCR amplified with Nluc‐Forward and Nluc‐Reverse and inserted into 

BamHI digested Z‐ELP‐LPETG to form Z‐ELP‐Nluc. 

Lists of primers used for gene manipulations are: 

E2-

Forward 

5’-

GCGCCATATGGGCGGTGGAGCTAGCGTGCTGAAAGAAGAC-3’ 

E2-

Reverse 

5’- GCGCGGATCCTTAAGCTTCCATCAGC-3’ 

Oligo 1  5'- GAT CCC CGC GGG GCG GCG GAG GGT CTG GAG GAG GCG 

GTT CAG GTG GTG GGG GCT -3' 

Oligo 2 5'- CCC TAC CAG AAA CCG GAG GAT CTG GCC ACC ATC ACC 

ATC ACC ACT GAT AAC -3' 

Oligo 3 5'- TCG AGT TAT CAG TGG TGA TGG TGA TGG -3' 

Oligo 4 5'- TGG CCA GAT CCT CCG GTT TCT GGT AGG GAG CCC CCA 

CCA CCT GAA CCG CCT -3' 

Oligo 5 5'- CCT CCA GAC CCT CCG CCG CCC CGC GGG -3' 

HaloTag-

Forward 

5'- CCT CCA GAC CCT CCG CCG CCC CGC GGG -3' 

HaloTag-

Reverse 

5'- TGG CGC GGA TCC GCC GGA AAT CTC GAG CGT CG -3' 

Nluc-

Forward 

5'- GGG AAT TCC ATA TGG TCT TCA CAC TCG AA -3' 

Nluc-

Reverse 

5'- TTC CGC GGG GAT CCG G -3' 

GST-

Forward 

5’- GGG AAT TCC ATA TGA TGC ATG GCA AAA CCC AGG CGA 

CCA GCG GCA CCA TTC AGA GCA TGC ATG GCA AAA CCC 

AGG CGA CCA GCG GCA CCA TTC AGA GCA TGC ATG GCA 

AAA CCC AGG CGA CCA GCG GCA CCA TTC AGA GCA AGC 

TTG GCG GCG GTG GTA GCT CCC CTA TAC TAG GTT ATT GGA 

AAA TTA AGG GCC -3’  

GST-

Reverse 

5’- TAT TGG CGC GGA TCC CAG GGG CCC C -3’ 

Z-

Forward 

5'- GGG AAT TCC ATA TGA GCG GCA GCG GCA GC -3'  

Z-

Reverse 

5'- TCC CAA GCT TAC TGC CAC CGC TCC CGC CTC CGC TAC 

CGC CTC CTT TCG GCG CCT GAG CAT -3' 

Ct-

Forward  

5'- GGG AAT TCC ATA TGC CAT CAA CAC AGC CTG TAA CAA 

CAC C -3' 

Ct-

Reverse 

5'- TAT TGG CGC GGA TCC TAT ATC TCC AAC ATT TAC TCC 

ACC GTC AAA GAA C -3' 
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4.2.2 Protein expression 

 Plasmid pMR5‐His6‐Sortase A was a gift from Dr. Eric T. Boder, University of 

Tennessee, Knoxville and used as a source of Sortase A. SrtA, GGG‐E2, Nluc‐LPETG, 

HaloTag‐LPETG, Z‐Ct‐ LPETG were expressed in BL21(DE3) (F2 ompT gal dcm lon 

hsdSB(rB2 mB2) kDE3).              

For SrtA expression, overnight SrtA cultures were sub‐inoculated into 25 mL 

Luria‐Bertani (LB) medium supplemented with 50 µg/mL kanamycin. The culture was 

grown at 37⁰C until OD600 reached 1. Protein expression was induced at 37 ⁰C for 4 

hours with 1 mM IPTG.              

GGG‐E2 was inoculated with LB medium supplemented with 100ug/mL 

ampicillin, induced with 0.2 mM IPTG when OD600 reached 0.5 and grown at 20 ⁰C 

overnight for protein expression.              

HaloTag‐LPETG was inoculated in LB medium supplemented with 50 µg/mL 

kanamycin, induced at 30⁰C for 4 hours by 0.25 mM IPTG at OD 0.5.  

Z‐Ct‐LPETG was cultured in LB medium supplemented with 1.5% glycerol and 

50 µg/mL kanamycin at 37 ⁰C until OD600 reached 1. Protein expression was induced 

by 0.2mM IPTG at 25 ⁰C for overnight. Nluc‐LPETG was cultured in Terrific Broth 

(TB) medium until OD reached 1. 0.2mM IPTG was used to induce protein expression 

for overnight at 25 ⁰C.               

ELP and Z‐ELP‐Nluc was expressed in E. coli BLR [F‐ ompT hsdSB (r‐B m‐B) 

gal dcm(DE3) Δ  (srl‐recA)306::Tn10(TetR); Novagen, Madison,WI]in TB 

medium.               

After protein expression, cells were harvested by centrifugation at 4200 g, 

resuspended in SrtA ligation buffer (50 mM Tris, 150 mM NaCl, pH 8) and lysed by 
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sonication. The cell debris was removed by centrifugation at 16.1 k rcf for 10 min at 

4 ⁰C.             

Nluc‐LPETG, Z‐Ct‐LPETG and GGG‐E2 were partially purified based on their 

thermostable character. Nluc‐LPETG was incubated at 55 ⁰C for 10 min, while Z‐Ct‐

LPETG, GGG‐E2 was incubated at 70 ⁰C for 10 min to denature most of the E. coli 

contaminant proteins. The aggregated contaminants were removed by centrifugation at 

15,000 rpm at 4 ⁰C for 10 min. Purification of the ELP fusion protein was achieved by 

two cycles of inverse phase transition. NaCl was added to the cell lysates to a final 

concentration of 1 M and the mixture was incubated at 37 °C for 10 min before 

centrifugation for 30 min at 15,000 rpm at 37 °C. The pellet was resuspended in ice‐

cold buffer and centrifuged for 30 min at 15,000 rpm at 4 °C to remove insoluble cellular 

proteins. This precipitation and resolubilization process was repeated a second time. 

The purity of the purified protein was determined by 10% SDS‐PAGE electrophoresis 

followed by coomassie blue staining. The molar concentration of SrtA, GGG‐E2, Nluc‐

LPETG, HaloTag‐LPETG, Z‐Ct‐LPETG and ELP‐E2 cage were checked by Bradford 

protein assay from Bio‐ Rad (Hercules, CA). The molar concentration of ELP was 

calculated according to absorbance at 215 nm.65 

4.2.3 Individual components ligation onto ELP-E2 and function check 

To prepare ELP-E2, 1 μM of E2 cage, 12 μM of ELP-LPETG and 12 μM of 

Sortase A were used in a reaction volume of 400 μL reaction buffer (50 mM Tris, 150 

mM NaCl, 60 mM CaCl2, pH8). Reaction mixtures were incubated at 37 ⁰C for 4 h. The 

ligated products were collected by inverse phase transition with addition of 1 M Na2SO4, 

37 ⁰C incubation for 10min and centrifugation at 160,000g for 10min at 37 ⁰C. Then 

after supernatant removal, pellets were resolubilized in 4 ⁰C cold buffer. This thermal 
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cycle was repeated for better purity.  To ligate Z-Ct-LPETG onto ELP-E2 (10% E2 

monomers ligated with ELP), 1 μM of ELP-E2 cage, 12 μM of Z-Ct-LPETG and 12 μM 

of Sortase A were used in 400uL reaction volume. The precipitation and resolubilization 

procedures were the same as ELP-E2 as mentioned above. The resulting products were 

analyzed with 10% SDS-PAGE. Nluc-LPETG and HaloTag-LPETG ligation onto ELP-

E2 were achieved with similar procedures.  

Z-domain functionality was checked by capturing and purifying rabbit antibody. 

1 μM Z- ELP-E2 cage was incubated with 20uM RIgG for 3 hours at room temperature. 

Then 1M NaCl was added into the solution and the mixture was incubated at 28 °C for 

10 min before 160,000 g centrifugation for 10 min at 15,000 rpm and 28 °C. The pellet 

was resuspended in ice-cold binding buffer for resolubilization. Full complex 

assemblies were visualized by transmission electron microscopy. Samples were 

prepared in DDI water and stained with 2% uranyl acetate on carbon-coated copper 

grids (Electron Microscopy Science).  Zeiss Libra 120 Transmission Electron 

Microscope was used to visualize the samples with voltage of 120 kV. 

Nluc activity was checked using Nano-Glo Luciferase assay system from 

Promega (Madison, WI). Assay substrate and Nluc cell lysate was allowed to equilibrate 

to room temperature (25 °C). Then one volume of Nano-Glo luciferase assay reagent 

was mixed with one volume of diluted Nluc cell lysate. After Nluc catalyzing the 

transfer of Furimazine to Furimamide with light emitting as product, luminescence was 

captured by Synergy H4 hybrid multi-mode microplate reader from BioTek (Winooski, 

VT). 

HaloTag functionality on HaloTag-ELP-E2 was checked by chlohexoane 

modified anti-MUC1 aptamer, which was ordered from Integrated DNA Technologies 
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(Coralville, IA). The Anti-MUC1 ordered was modified with a 5’ amine group with a 

sequence of CTT CTC TCT TCC TCT CTC CTT GCA GTT GAT CCT TTG GAT 

ACC CTG G. Upon arrival, the aptamer was modified with the Chlorohexane (CH) 

ligand from Promega (Madison, WI). The CH ligand was mixed with the MB at a molar 

ratio of 30:1 and incubated at room temperature for 4 hours and 4°C for overnight. The 

mixture was then purified by removing excess CH ligand using a 3,000 Da ultrafiltration 

column (Vivaspin 500, Sartorius Stedim Biotech). The modified and purified aptamer 

was then mixed with the HaloTag-ELP-E2 at 3 aptamer to 1 HaloTag-E2 ratio and 

incubated overnight at 4 °C. Extra aptamer was removed by going through ELP thermal 

cycle purifications. SDS-PAGE and coomassie blue was used to visualize the labeling 

efficiency. 

The hydrodynamic diameters of the complexes were measured by dynamic light 

scattering using Zetasizer Nano ZS (Malvern Instruments).  

4.2.4 Sensor assembly 

Biosensor assembly was achieved by three step ligations. ELP-LPETG was first 

ligated onto GGG-E2 to form ELP-E2 with 10% ligation efficiency. Then No. 1 protein 

was ligated onto ELP-E2 to form ELP-E2-No. 1 protein and purified as described. No. 

2 protein was then ligated onto ELP-E2-No. 1 protein to achieve ELP-E2-No. 1 protein-

No. 2 protein. The No. 1 protein refers to Z-Ct-LPETG or HaloTag-LPETG and No. 2 

protein refers to Nluc-LPETG or HaloTag-LPETG. During the three-step ligation, No. 

1 and No. 2 protein conjugation efficiency can be easily adjusted by changing No. 1 or 

No. 2 protein concentration ranging from 12 µM to 60 µM.   
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4.2.5 Characterization of protein complex 

The ligation products were analyzed by SDS‐PAGE. The ratio of ligated 

products onto E2 was estimated by densitometry, in which GelQuant 

(BiochemLabSolutions) was used to quantify the band densities. Five repeats were used 

to obtain the standard deviation associated with the decoration efficiency of each 

component.  The hydrodynamic diameters of the complexes were measured by dynamic 

light scattering using Zetasizer Nano ZS (Malvern Instruments). The samples were in 

buffer of 50 mM Tris and 150 mM NaCl at pH8 for dynamic light scattering. Full 

complex assemblies were visualized by transmission electron microscopy. Samples 

were prepared in DDI water and stained with 2% uranyl acetate on carbon‐coated copper 

grids (Electron Microscopy Science).  Zeiss Libra 120 Transmission Electron 

Microscope was used to visualize the samples with voltage of 120 kV. 

4.2.6 Thrombin detection 

Varying concentration of thrombin was coated onto 96 well plates by incubation 

at room temperature for 2 hours. 200uL 5% Milk was then used to block the wells by 

incubating at 4 °C for overnight. 100 µL 15 nM thrombin antibody was added into the 

wells and incubated for 1 hour. Cage decorated with Z domain and Nluc was added into 

the wells. After 2 hours’ interaction, cages were removed and 100 µL room temperature 

Nano-Glo luciferase assay reagent were added. Luminescence were checked by 

microplate reader.  Wells were washed 4 times with TPBS between every step to wash 

out extra reagent.  

4.2.7 Tumor marker detection 

Hela cells were obtained from American Type Culture Collection (ATCC). The 

cells were grown and cultured at 37 °C in a 5% CO2 atmosphere with 1x autoclavable 
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minimum essential medium (Life technologies: 11700-077) containing 1 vol% of 7.5% 

NaHCO3, 2 vol% of 1M Hepes, 1 vol% of non-essential amino acids (Fisher: 

SH3023801), 2.5 vol% of Pen/Strep (Fisher: SV30010), 2 vol% of L-glutamine (Fisher: 

SH3003401) and 10 vol% of FBS (Sigma-Aldrich: F6178). 

Hela cells were seeded into 96 well plates and grown at 37 °C in 5% CO2 

overnight, until the well cell density reached around 90% confluency. The growth media 

was then removed and the cells were washed twice with 1x TBS. 100uL 4% 

formaldehyde was used to fix Hela cells for 10min and 100uL 100mM NH4Cl was used 

to incubate with fixed Hela cells to minimize background fluorescence. 5% milk was 

used to block unspecific binding. Then 100uL 5ug/mL Anti-MUC1 antibody was used 

to incubate with Hela cells for 1 hours to bind onto surface MUC1 tumor marker, and 

100uL 10nM Z-ELP-E2-Nluc was used to bind onto antibody. Nluc activity was 

checked with luminescence by detecting luminescent light with microplate reader. 4 

times washes with TPBS between every step were used to remove extra reagent. To use 

Z-ELP-E2-HaloTag-Alexa 488 for cancer detection, microscope with filter was used to 

detect cancer rather than Nluc activity. 

To use aptamer for cancer detection, after fixing Hela cells and blocking, Anti-

MUC1 aptamer and Alexa 488 modified cage was used to incubated with Hela cells to 

bind and reflect surface cancer marker. All imaging was performed on a Zeiss 

AxioObserver Z1 inverted fluorescence microscope. 
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4.3 Results and Discussion 

4.3.1 Individual component ligation 

The E2 core is composed of 60 identical monomers that self-assemble into a 

highly stable cage-like structure (Figure 4.8A).109 A tri-glycine tag was added to the N-

terminus of the E2 monomer and up to 60 different protein moieties can be ligated onto 

a single E2 nanoparticle.  Antibody, one of the most commonly used binding motifs, 

was chosen as the initial recognizing module. Since it is difficult to modify each target 

antibody individually, an antibody capturing Z domain, a shorter synthetic domain 

derived from the S. aureus protein A, was used for antibody immobilization. The Z 

domain has a reported binding affinity of 10 nM to the Fc region and can be used to 

properly orient IgGs without affecting accessibility of the Fab domains.113 To achieve 

high level expression, the Z domain was fused to a thermally stable carrier protein, 

cohesin Ct from Clostridium thermocellum.19 A LPETG tag was added to the C-terminal 

of Ct for SrtA ligation. Expression of Z-Ct-LPETG fusion was confirmed by SDS-

PAGE analysis (Figure 4.9A). One of the added benefits of using a thermally stable 

partner is the ability to purify the fusion protein by incubating at 70℃ for 10 min to 

denature most other cellular proteins (Figure 4.9A). The flexibility to choose any fusion 

partner of interest without size limitation is another advantage of post-translational 

modification compared with direct fusion. 

ELP-E2 conjugates were first prepared by StrA ligation as reported previously 

(Figure 4.7A).63,111 Next, Z-Ct-LPETG was further ligated onto purified ELP-E2 to 

form Z-ELP-E2 conjugates and purified again using two cycles of thermal precipitation 

and resolubilization. The final purified product was verified by SDS-PAGE analysis and 

a new band corresponding to Z-Ct-E2 was detected (Figure 4.3A). From the band 
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density analysis, roughly 5 Z-Ct-LPETG were ligated per E2 cage for antibody capture. 

To check the function of ligated Z-domains, rabbit IgGs were incubated with Z-ELP-

E2 nanoparticles at a 3:1 ratio and thermal purification was used to remove unbound 

antibodies. Successful capturing of IgGs was confirmed by detecting bands 

corresponding to the heavy chain fragments (Figure 4.9B) after binding and purificaiton. 

Transmission electron micrograph (TEM) images further confirmed the capture of Y-

shaped IgGs by the ligated Z domain (Figure 4.3B and 4.8B).  

In many sensitive immunoassays, enzyme is a popular choice as the sensor 

output due to the ability to amplify signals through enzyme activity. NanoLuc (Nluc) 

luciferase is a small (19.1kDa) monomeric luminescent reporter enzyme engineered 

from deep sea Oplophorus gracilirostris.114 Nluc is an ATP-independent luciferase, 

about 150-fold brighter than either firefly (Photinus pyralis) or Renilla reniformis 

luciferase.  Since it is a thermally stable enzyme with a melting temperature of 58℃, we 

were able to partially purify Nluc-LPETG by incubating cell lysis at 55℃ (Figure 

4.10A). Nluc was ligated onto ELP-E2 nanoparticle and purified as described above 

(Figure 4.10A). The Nluc conjugates were fully functional as verified by the detection 

of luminescence (Figure 4.10B).  

4.3.2 Sensor assembled for thrombin detection with signal amplification  

With the individual sensing and detection components expressed and ligated 

onto ELP-E2 nanoparticle, the first generation of biosensor was assembled using the Z-

domain for antibody capturing and Nluc as the detection module. To generate this 

multifunctional particle, a sequential ligation procedure was employed to control the 

decoration efficiency of the individual component in each step. Z-Ct-LPETG was first 

ligated onto ELP-E2 to form Z-ELP-E2, followed by the ligation of Nluc-LPETG to 
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assemble the Z-ELP-E2-Nluc conjugates (Figure 4.4A and Figure 4.11A). This 

sequential ligation strategy was utilized to provide a decoration efficiency of 5 Z 

domains and 5 Nluc per nanoparticle, which could provide up to 5 times signal 

amplification upon antibody binding (Figure 4.11A). Dynamic light scattering 

confirmed the correct nanoprobe assembly as the particle size increased from 32 nm for 

Z-ELP-E2 to 40 nm for the IgG-Z-ELP-E2-Nluc conjugate (Figure 4.11B).  

To test the functionality of assembled biosensors, thrombin, a human protease 

involved in the coagulation cascade for anti-clotting therapeutics, theombosis and 

hemostatis, was used as the analyte.115,116 As a control, a fusion protein with the Z 

domain in the N-terminus, Nluc in the C- terminus, and ELP in between as a linker for 

purification, was constructed (Figure 4.4A and Figure 4.11C). As expected, both 

constructs were successful in detecting 10 nM thrombin. However, the signal was 5-

fold higher with the E2 nanoprobe, a result consistent with the 5 times higher ratio of 

Nluc per nanoparticle (Figure 4.4B).  

To further investigate whether we can adjust the level of signal amplification, 

we took advantage of the two-step ligation procedure to fix the amount of Z-Ct ligated 

on ELP-E2 while varying the decoration efficiency of Nluc in the second step by 

changing the reactant concentration (Figure 4.7C). Densitometry analysis revealed that 

up to 22 Nluc per nanocage was achieved (Figure 4.4C). With the use of this series of 

E2 nanoprobes for thrombin detection, a corresponding increase in the signal 

amplification was detected with increasing ratios of Nluc per nanoprobe (Figure 4.4D). 

This result highlights the flexibility in fine-tuning the signal amplification by changing 

the detection module decoration efficiency. Using the nanoprobes containing 22 Nluc, 

we further investigate the sensitivity of the assay. As low as 2.5nM thrombin was easily 
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detected (Figure 4.11D); this detection limit is in line with other reported enzyme-based 

ELISA assay for thrombin.117  

4.3.3 Sensor assembled for tumor marker detection with modularity 

We next demonstrated the utility of E2 nanoprobes for the detection of cancer 

cells. MUC1, a cell surface associated glycoprotein, was chosen as the target, whose 

overexpression was associated with a variety of breast, ovarian, lung, and pancreatic 

cancers.118,119 A well-characterized anti-MUC1 antibody was loaded onto our 

nanoprobes to detect the surface-exposed MUC1 markers on fixed Hela cells (Figure 

4.5A). A significant Nluc activity was detected only with antibody-loaded nanoprobes, 

while no signal was observed for the control nanoprobes without antibodies (Figure 

4.5B).  

While very sensitive, this Nluc-based assay cannot be easily adapted to 

traditional microscopy imaging for cancer detection.120 To address this problem, we 

replaced Nluc with Alexa 488 as the output while keeping the Z-domain for antibody 

capture. HaloTag, a modified haloalkane dehalogenase capable of linking a suicide 

chlorohexane (CH) ligand covalently to the protein, was employed to conjugate CH-

modified Alexa 488.54 The expression of HaloTag-LPETG was confirmed by SDS-

PAGE (Figure 4.12A), and the successful ligation of HaloTag onto ELP-E2 was 

achieved (Figure 4.12A). The functionality of the ligated HaloTag was further 

demonstrated by the ability to conjugate with CH-modified Alexa 488 (Figure 4.12B).  

By simply replacing Nluc with HaloTag in the second step of the sequential ligation 

reaction, a new nanoprobe composed of the MUC1 antibody and Alexa 488 was 

constructed to visualize fixed HeLa cells (Figure 4.12C). Again, brightly fluorescent 

cells were detected only with nanoprobes loaded with antibodies (Figure 4.5C). This 
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example highlights the modularity of our approach because of the flexibility and the 

ease of exchanging a new detection module using SrtA-mediated ligation.  

In additional to antibody, DNA aptamers have gained considerable attention as 

a sensitive sensing component since they can be selected to bind many target antigens 

with specificity and affinity rivaling that of antibodies.121,122 In addition, DNA can also 

function as a detection module through hybridization to DNA-modified reporter 

molecules such as DNA nanobarcodes.123 To provide a universal platform to incorporate 

DNA into the E2 nanoprobe, HaloTag was again exploited to conjugate to CH-modified 

DNA. A MUC1-sepcific DNA aptamer119 was conjugated to HaloTag, and the DNA-

HaloTag-ELP-E2 conjugates were confirmed by detecting a slower mobility band 

compared with free HaloTag-ELP-E2 protein (Figure 4.6A). Alexa 488 was further 

conjugated onto the nanoprobes for detection purpose (Figure 4.12B). Similar to the 

results with antibody, HeLa cells were detected only with nanoprobes loaded with DNA 

aptamers (Figure 4.6B). Since DNA aptamers and Alexa 488 shared the same HaloTag, 

the fluorescence signal was less compared with that for the antibody and Alexa 488 

combination. This can be easily addressed by ligating more HaloTag onto the nanoprobe 

for improved sensitivity in a fashion similar to the case with Nluc. This is precisely the 

modularity of our approach in tuning the required ratio and function of individual 

sensing and detection modules for each unique application. 

4.4 Conclusions 

In summary, we have presented a modular approach to develop highly sensitive 

nanoprobes by decorating E2 protein nanoparticles with a wide range of sensing and 

detection functionalities using SrtA-mediation ligation. The use of Z domain allows not 

only directional immobilization of antibody by targeting the Fc region, but also the 
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virtually unlimited number of commercially available antibodies for sensing 

specificities. Similarly, an unlimited number of target-specific DNA aptamers can be 

conjugated to the nanoprobes using the HaloTag. However, the flexibility is beyond just 

the sensing module. Our approach also provides the feasibility to select either enzymes 

or fluorescent dyes for detection. The sensitivity can be easily fine-tuned by controlling 

the number of enzymes or dyes conjugated onto the nanoprobes and the use of more 

than one detection module is possible because of the modular nature of the approach.  

The multistep nanoprobe assembly process is further simplified by the ELP-based 

purification scheme. In addition to the sensing and detection modalities reported, there 

are many other examples such as single chain variable fragments, fibronectin type III 

domains, and fluorescence proteins that can be ligated onto the E2 nanoprobe. Even 

inorganic gold nanoparticles and quantum dots can be easily coupled by employing 

specific metal binding peptides to further expand the range of applications that can be 

addressed using this modular platform. 
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4.1    Schematic of sortase A-mediated modification of ELP-E2 cage for 

sensor assembly. The LPETG tagged input and output modules were 

ligated onto N-terminal triglycine tag of E2 cage through sortase A 

mediated ligation. Signal amplification and modularity are the expected 

outcome advantages of this system. 
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4.2    Scheme for stepwise ligation and purification of ELP‐E2‐Protein No. 

1 (Z‐domain or HaloTag)‐Protein No. 2 (Nluc or HaloTag).  
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4.3    Sortase A-mediated Z-Ct-LPETG ligation onto ELP-E2 cage. (A) 

SDS-PAGE analysis of reaction mixtures before (B) and after (A) 

ligation as well as purified products (P). (B) Transmission electron 

micrograph of IgG-bound E2 nanoparticles.Y-shaped IgGs were shown 

to bind onto intact E2 nanoparticles.  
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4.4    E2 nanoprobes assembly with antibodies captured by the Z domain 

for sensing and Nluc for detection. (A) Schematic representations of 

IgG-Z-ELP-E2-Nluc and IgG-Z-ELP-Nluc. (B) Thrombin detection with 

Z-ELP-Nluc fusion proteins and IgG-Z-ELP-E2-Nluc nanoprobes; 

control samples contained no thrombin. (C) Signal amplification using 

controlled Nluc assembly by onjugating varying numbers of Nluc (5_22) 

onto E2 nanoparticles. (D) Detection of thrombin using E2 nanoprobes 

with varying Nluc decoration efficiencies.  
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 4.5    Tumor marker detection. (A) Detection of MUC1 on HeLa cells using 

E2 nanoprobes. (B) Detection of MUC1 with Nluc as the detection 

output.(C) Phase contrast and fluorescence images of HeLa cells 

detection with Alexa 488 as the detection output. 
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4.6    Tumor marker detection using DNA aptamer. (A) Conjugation of 

MUC1 aptamers onto HaloTag-ELP-E2 nanoparticles. (B) Phase contrast 

and fluorescence images of HeLa cells detection with using MUCI 

aptamer-modified E2 nanoprobes.  
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4.7    Detailed diagram of the three‐step ligation. (A) Step 1: Elastin‐like‐
polypeptide ligation on E2 nanoparticle; (B) Step 2: Protein No. 1 (Z‐Ct 

or HaloTag) ligation on ELP‐E2 platform; (C) Step 3: Protein No. 2 

(Nluc or HaloTag) ligation on ELP‐E2‐Protein No. 1. 

A Step 1: ELP ligation on E2 nanoparticle 

B Step 2: Protein No. 1 (Z-Ct or HaloTag) ligation 

C Step 3: Protein No. 2 (Nluc or HaloTag) ligation 
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4.8    Transmission electron micrograph of (A) unmodified E2 

nanoparticles and (B) IgG‐ bound E2 nanoparticles.  
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4.9    Formation of IgG‐binding E2 nanoprobes. (A) Expression and 

purification of Z‐Ct‐LPETG. Protein was partially purified by heating 

whole cell lysates at 70oC for 10 min. Most cellular proteins denatured 

and precipitated and was removed by centrifugation. (B) Binding of 

rabbit IgG to Z‐E2‐ELP. Rabbit IgG was mixed with Z‐E2‐ELP and the 

bound complex was recovered by one cycle of thermal precipitation and 

resolubilization. 
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4.10   E2 nanoprobe assembly using the Z domain for antibody capture 

and Nluc for detection. (A) Nluc purification and ligation onto ELP‐E2 

nanoparticles. (B) Detection of Nluc activity for the purified ELP‐E2‐
Nluc nanoparticles.   
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4.11   Two‐step assembly of Z‐ELP‐E2‐Nluc nanoprobes and their use for 

thrombin sensing. (A) Two‐step SrtA‐mediated ligation of Z‐Ct and 

Nluc onto ELP‐E2 nanoparticles. (B) Dynamic light scattering of ELP‐E2 

and IgG‐Z‐ELP‐E2‐Nluc nanoparticles. (C) Production and purification 

of Z‐ ELP‐Nluc probes. (D) Thrombin detection using IgG‐Z‐ELP‐E2‐
Nluc nanoprobes. 
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4.12   Aptamer and Alexa 488 biosensor for tumor marker detection. (A) 

Production and ligaiton of Halo tag onto E2 nanoparticles. (B) 

Conjugation of CH‐ Alexa 488 to either (1) Halo‐ELP‐E2 or (2) 

Aptamer‐Halo‐ELP‐E2. Successful conjugation was verified by detecting 

brightly fluorescent bands under UV light.  (C) Ligation of Z‐Ct and 

Halo tag onto ELP‐E2 nanoparticles.   
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Chapter 5 

CONCLUSIONS 

With all the advantages associated with natural and artificial protein co-

localization, DNA and protein scaffolds were utilized to co-localize multiple proteins 

for cellulose hydrolysis and tumor marker detection. Various strategies were 

implemented to assess and to enhance the performance of these systems.  

In the first section, we constructed artificial cellulosomes based on Zinc Finger 

Protein (ZFP) -guided assembly using DNA as a scaffold. The site-specific docking of 

CelA and CBM onto a single DNA template was achieved by exploiting the specificity 

of the two tethering ZFPs. The resulting two-component cellulosome structures 

exhibited 1.7-fold enhancement in cellulose hydrolysis compared to the non-complexed 

protein mixture and further enhancement was achieved by varying the number of CBMs 

and cellulases assembled. The modular nature of the design allows easy alteration of the 

number, spacing, and ordering of enzymes assembled, leading to virtually unlimited 

combinations of artificial cellulosome structures that can be optimized for any given 

target cellulosic substrate. 

Although ZFPs, for the first time to our knowledge, provide the possibility of 

organizing artificial cellulosomes on DNA templates in position-specific manner, this 

design suffered from low assembly efficiency as a result of low binding affinity of ZFPs 

toward target DNA sequences. To enhance the performance of artificial cellulsomes, we 

replaced zinc finger protein with a HaloTag enzyme in the second chapter; the HaloTag 

enzyme enables covalent linkages of cellulsome components to single stranded linker 

DNAs, such that we can use DNA hybridization to assemble artificial cellulosome. The 

high-affinity interaction (typically in the range of 0.5nM) afforded by site-specific DNA 
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hybridization over cohesin-dockerin pairs greatly improves assembly efficiency and 

results in improved enzyme synergy of 2.5-fold enhancement of cellulose hydrolysis. 

With this HaloTag approach, we were able to construct cellulosomes with four 

necessary component (endoglucananse, exoglucananse, β-glucosidase and CBM) to 

release glucose monomers from cellulose. More importantly, rolling circle amplification 

were used to amplify the number of binding sites to increase enzyme density on a single 

scaffold structure.  The resulting 5-fold enhancement in glucose release using the 

complex RCA-derived cellulosome structure is the highest synergy reported so far. With 

this novel strategy of covalently attaching single stranded DNA linkers onto 

cellulosome components, more complex DNA scaffolds with additional hybridization 

sites for immobilizing a large array of cellulases to better mimic the enzyme diversity 

of naturally occurring cellulosomes or higher order two- or three-dimensional DNA 

scaffolds structures should enable the generation of new cellulosome architecture for 

improved cellulose processing. 

Other than increasing enzyme complex efficiency, multi-functional proteins 

were co-localized to achieve biosensing functions in the last section of this thesis. A 

modular approach was utilized to develop highly sensitive, modular and easy to purify 

nanoprobes by decorating E2 protein nanoparticles with a wide range of sensing and 

detection functionalities using SrtA-mediated ligation. First, an easy purification 

scheme was created by post-translationally ligating Elastin-Like Polypeptide (ELP) 

onto E2 protein nanoparticle surface, thereby enabling the E2 particles to be purified by 

going through ELP-mediated thermal cycle purification. Second, modularity was built 

into our system. Biosensors need input modules to recognize analytes and output 

modules to reflect the analyte recognition events. The use of Z domains as input 
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modules not only allows directional immobilization of antibody, but also allows any 

commercially available antibodies for unlimited sensing specificities. Similarly, an 

unlimited number of target-specific DNA aptamers can be conjugated to the nanoprobes 

as input modules using the HaloTag. This flexibility is extended beyond just the sensing 

module; our approach also provides the feasibility to use either enzymes or fluorescent 

dyes as output modules. In addition to the input and output modules reported, many 

other examples such as single chain variable fragments, fibronectin type III domains, 

and fluorescence proteins can also be ligated onto the E2 nanoprobe. Even inorganic 

gold nanoparticles and quantum dots can be easily coupled to our nanoprobes by 

employing specific metal binding peptides to further expand the range of applications 

of this modular platform. Thirdly, the sensitivity of these biosensors can be fine-tuned 

with ease by controlling the number of enzymes or dyes conjugated onto the 

nanoprobes, and the use of more than one output module is also possible because of the 

modular nature of this approach. Overall, this biosensor platform offers easy 

purification, signal amplification, and modularity on protein scaffolds with post-

translational modifications. 

Future research opportunities  

So far we have used biomolecular scaffolds to co-localize proteins for cellulose 

hydrolysis and tumor marker detection. In the future, we can either optimize the existing 

systems to further enhance performance or employ biomolecular scaffolds to organize 

other proteins to achieve novel functionalities.  

1. For artificial cellulosome assembled on DNA templates, we were able to organize 

all four cellulosome components necessary for complete cellulose hydrolysis. With 

the ease to synthesis DNA templates, we should be able to employ longer DNA 
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templates with more binding sites to incorporate more diverse cellulases and hemi-

cellulases to mimic natural cellulosome. Also, DNA nanotechnology is available 

to create complex and predictable one-, two-, or three- dimensional structures with 

precise control over the distance of all the components. With our system, we should 

be able to create artificial cellulosome with complex structures to increase cellulose 

hydrolysis efficiency. 

2. For enzyme complexes, DNA templates show promise in organizing enzymes in a 

position specific manner. Since DNA template is highly modular, this strategy may 

be used to enhance other sequential biochemical reactions beyond cellulose 

hydrolysis. A good potential system is the three dehydrogenases responsible for 

sequential conversion of methanol to carbon dioxide. The correct assembly of 

enzymes on protein scaffolds already resulted in more than 5-fold increase in 

product yield over that of unassembled enzymes40, and DNA templates can 

potentially be used to organize and optimize this enzyme reaction cascade beyond 

what is currently achieved by protein scaffolds. The same hypothesis can be 

proposed on other enzyme systems.  

3. For biosensor constructed from protein nanoparticles, we already tested antibody 

and aptamer as input modules and fluorescence dyes and nanoluciferase as output 

modules. To enhance the modularity of this system, more sensor components can 

be incorporated, including single chain variable fragments, fibronectin type III 

domains, fluorescence proteins, inorganic gold nanoparticles and quantum dots. 

These options could provide the modularity needed for real context-driven sensor 

assembly. 
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4. Since the bionanoparticle platform we constructed can be easily purified and is 

capable of incorporating diverse functional domains, we can easily extend this 

system for other applications. One of the potential application is targeted drug 

delivery. To achieve this, multiple components need to be immobilized onto our 

protein scaffolds: i) ELP as purification tag; ii) targeting motif to direct 

nanoparticles to diseased cells by recognizing and binding onto disease cell surface 

markers; iii) markers including fluorescence proteins or fluorescence dyes to 

indicate location of particles during the process; iv) drug carrying and releasing 

motif so drugs can be loaded in vitro and released upon getting inside diseased 

cells. With the high modularity of our platform, drug delivery is particularly 

applicable and should be carefully explored. 
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Appendix A 

LIST OF ABBREVIATIONS 

ZFP: zinc finger protein 

CBM: cellulose binding module 

MAPK: mitogen-activated protein kinases 

GOx: glucose oxidase 

HRP: horseradish peroxidase 

TCS: tow-component system,  

HKs: histidine kinases  

RRs: response regulators 

CCMV: Cowpea Chlorotic Mottle virus 

QDs: quantum dots 

Bp: base pair 

GFP: green fluorescence protein 

SrtA: Sortase A 

AP: alkaline phosphatase 

Luc: luciferase 

GOD: glucose oxidase 

MBP: maltose binding protein 

GST: glutathione S-transferase 

ELP: elastin-like polypeptide 

NFOR: NAD(P)H:FMN oxidoreductase 

Z-QG: benzyloxycarbonyl-L-glutaminylglycine 

EMSA: Electrophoretic mobility shift assay 
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E-Z: ELP-Zif268 

E-A: ELP-PE1A 

CelA-E-Z: CelA-ELP-Zif268 

CBM-E-A: CBM-ELP-PE1A 

RCA: rolling circle amplification  

CelA-E-H: CelA-ELP-HaloTag 

CelA-E-H-1: CelA- ELP-HaloTag -linker 1 

CBM-E-H: CBM-ELP-HaloTag  

CBM-E-H-2: CBM-ELP-HaloTag –linker 2 

CelE-E-H: CelE-ELP-HaloTag    

CelE-E-H-3: CelE-ELP-HaloTag –linker 3 

BglA-E-H: BglA-ELP-HaloTag 

BglA-E-H-4: BglA-ELP-HaloTag –linker 4 

IgGs: Immunoglobulin G 

Ni-NTA: nickel-nitriolotriacetic acid 

NLuc: nanoluciferase 

TEM: Transmission electron micrograph  

CH: chlorohexane 

PCR: polymerase chain reaction 
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