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A faster method of quantitative detection of specific dsDNA of pathogenic bacteria such 

as the Shiga toxin 2 gene (stx2) present in E. coli O157:H7 is of great importance. There is 

a need for a simple and facile method for sensitive detection of pathogenic gene which is 

crucial for the prevention and earlier treatment of any infectious diseases. A Transcriptional 

Activator-Like Effector (TALE) is a novel class of DNA-binding proteins with the unique 

modularity, flexibility and easy programmability compared to previously discovered DNA-

binding proteins. TALEs can bind to any DNA sequences through its unique variable di-

residues (RVDs) present in each repeat in the DNA-binding region of the protein. Graphene 

oxide (GO) is a 2D-nanosheet formed by the oxidation of graphite. It has many oxygen-

containing functional groups such as carboxyl, hydroxyl, carbonyl and epoxide in its 

structure, allowing for interaction with biomolecules such as DNA and proteins. The GO 

has gained wide popularity because of its unique properties such as larger surface area, 

high water dispersibility and excellent biocompatibility. Quantum dots (QDs) are metallic, 

semi-conducting nanoparticles possessing unique electrical, physical and optical 

properties.  

          Our goal was to develop a rapid method to quantitatively detect pathogenic double 

stranded (ds) DNA in the stx2 gene encoding the Shiga toxin present in E. coli O157:H7. 
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Novel TALEs were designed to detect the stx2 gene and were cloned into the pMAL c2x 

vector system replacing AvrBs3 TALE protein for bacterial BL-21 E. Coli expression. The 

TALE proteins were purified by His-tag affinity chromatography using Ni-resin. TALE 

proteins were then labeled with CdSe/ZnS QDs using EDC/NHS bioconjugation to create 

a stable peptide bond between the QDs and the proteins. Labeling efficiency was higher, > 

90% compared to the previously discovered Zinc Finger Proteins (ZFPs). The GO 

quenching assay was performed to determine the optimal concentration of GO that 

quenches QD signals via fluorescent resonance energy transfer (FRET). The optimal 

sensitivity conditions were determined to be 20 nM of QD-labeled proteins and 3 μg/mL 

of GO. The GO assay took in less than 30 minutes in a simple laboratory setting. The limit 

of detection of TALE stx2 236 was determined to be 200 pM which is equivalent to 40 

fmol of the target oligonucleotide. In summary, we have demonstrated the novel 

application of a new class of DNA binding protein TALEs and 2D nanosheet GO as a 

sensing platform for detecting pathogen-specific dsDNA in a simple assay.
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CHAPTER I. INTRODUCTION 

 

1. DNA Detection and Recognition Methods 

          There is a growing need for sequence specific and sensitive detection of DNA for 

variety of applications such as disease diagnosis, pathogen detection, food safety and 

environment monitoring.1 Numerous methods have been developed for DNA detection. 

However, the development of a simple, facile and sensitive detection technology for the 

detection of pathogen-specific double-stranded (ds) DNA is still challenging. 

          A number of current methods for pathogen detection and disease diagnostics involve 

DNA denaturation and subsequent hybridization with its complementary probes. Among 

these methods are polymerase chain reaction (PCR), DNA microarray and fluorescence in-

situ hybridization (FISH).2,3,4 PCR requires multiple primers and precise thermal cycling 

conditions for nucleic acid amplification even though it is faster and provides sensitive 

detection compared to traditional culture-based methods.5 DNA microarray is another 

commonly available technique which enable one to detect multiple pathogens 

simultaneously.6 The DNA microarrays may be disadvantageous because of requiring 

DNA labeling and hybridization with their complementary probes which could ultimately 

increase inaccuracy of the technique due to the cross-reaction of several probes with 

incorrect targets.7 FISH is another widely used technique for visual detection of specific 

DNA/RNA sequences but, it can be time-consuming with limited sensitivity as well as its 

standard protocol is not widely available.8 Thus, the shortcomings of these commonly 

available methods can be avoided through the direct and sensitive detection of specific 

dsDNA with the aid of DNA-binding proteins. DNA-binding proteins can allow simple, 
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fast and specific detection of pathogenic DNA sequences and avoid the need of laborious 

steps in denaturation and subsequent hybridization of dsDNA.9,10 This is the novel aspect 

of our study which would allow us to design a lab-on-a-chip technique for simple and facile 

DNA detection.  

 

2. Transcriptional Activator-like Effectors (TALEs) 

          TALE is the largest effector family for the transcriptional activation of plant genes.11 

TALEs are novel class of DNA-binding proteins expressed and released by a plant 

pathogenic bacteria of genus Xanthomonas and released to infect a variety of plant hosts 

with the major host being rice plants.12 Similar to Zinc Finger Proteins (ZFPs), TALE 

proteins can bind to the major grooves of dsDNA in a sequence-specific manner.13 

However, they are completely unique in their structures, the mechanism of nucleotide 

binding specificity and the number of nucleotide targets compared to ZFPs.14 Through the 

investigation of the AvrBs3 family of TALE proteins, much of the information concerning 

the structure and function of TALE has been acquired.15 Figure 1 is a schematic diagram 

of a TAL effector showing an N-terminus flanking region, a C-terminus flanking region 

and a central DNA-binding region.16 The central DNA-binding region consists of a tandem 

repeat of 34 amino acids, allowing it to bind to the specific promoter region on DNA.17 

Amino acid residues at number 12 and 13 of the repeats collectively named repeat variable 

di-residues (RVDs) determine the nucleotide to which the particular repeat binds.18 A 

single TAL effector in figure 2 highlights the amino acid residues, Histidine (H) and 

Aspartate (D), respectively at positions 12 and 13. These are collectively called RVDs. 

Each RVD recognizes single base and different RVDs have variable affinity for different 
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nucleotides.19 All TALE proteins require a 5’ thiamine independently of other RVDs before 

the protein can bind to the DNA.20 (Fig. 1) The RVDs bind sequentially in 5’ end to 3’ end 

direction once the first nucleotide is identified.21 Asparagine-Isoleucine (NI), Asparagine-

Glycine (NG), Asparagine -Asparagine (NN) and Histidine-Aspartate (HD) are the 

commonly used RVDs in engineered proteins to bind adenine, thiamine, guanine and 

cytosine bases respectively.22  

 

 

Figure 1. A schematic of a TAL effector showing N-terminus, central repeat and C-

terminus regions (Mak et al, 2013) 

 

 



4 
 

 

Figure 2. Structure of a single TAL effector highlighting the RVDs at position 12 and 13 

of the repeat (Mak et. al, 2013) 

 

3. Applications of TALEs 

3.1 TALE Nucleases (TALENs) 

          TALENs are formed by the fusion of TALE with FokI nuclease domains and are 

responsible for the DNA double-stranded break (DSB).11 These FokI nuclease domains are 

located at the C-terminus end of each TALE on either side.11 TALENs are designed in pairs 

with a spacer in between so that the FokI nuclease domains have enough space to dimerize 

and cause a DNA DSB.23 TALENs can be used as site-specific endonucleases for selective 

genomic cleavage.23 The TALEN-based DSB is responsible for efficient targeted alteration 

of endogenous genes in plants, yeast, human somatic cells, and so on.24,25,26 AvrXa10 is a 
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TALE protein which has been used to design TALEN by manipulating the N- and C-

terminal extensions on either side of the repeat domain.27 Such TALENs have been 

optimized and show efficient cleavage of the target DNA in the human -globulin gene 

with either little or no cytotoxicity.27 In addition to this, TALENs have been used in the 

manipulation of the nucleotide sequence of protein dystrophin in Duchenne Muscular 

Dystrophy disease.28 Moreover, TALENs have also been used in HIV1 gene therapy where 

there is about 45% of the disruption of genes.26 Although similar level of gene disruption 

was achieved using ZFNs, TALENs-mediated gene disruption shows much lower 

cytotoxicity with reduced off-target cleavage.11  

 

3.2 TALE Recombinases (TALERs) 

          Because of the high specificity, single-stranded recombinases (SSR) have been used 

in genome engineering for the manipulation of DNA.11 The target specificity of SSR can 

be altered by replacing the DNA-binding domain (DBD) of SSRs by novel DNA-binding 

TALEs.11 TALEs ensure the specificity for inducing DSB and the recombinase assures the 

homology directed insertion of exogenous DNA.11 By the use of TALER, the 

recombination of any DNA sequences in bacteria and mammalian cells is possible and the 

limitation of the modular targeting capacity of ZFRs can be minimized.11  

 

3.3 TALE Artificial Transcription Factors (TALE-ATFs) 

          Engineered TALEs can be fused to gene-specific activator and repressor domains to 

form TALE-ATFs.29 TALEs fused with a VP64 domain have been shown to target a wide 

spectrum of DNA sequences at a similar or greater extent than ZFPs fused to VP64 
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domain.29 Most TALE activators bearing a VP64 domain significantly induced expression 

of the VEGF-A gene in a wide range from 5.3 to 114-fold.29  

 

4. Pathogen Detection  

          The rise in antibiotic resistant pathogens has created a need for improvements in the 

rapid and specific detection of known the DNA sequences.30 E. coli O157:H7 is a common 

food-borne pathogen producing pathogenic Shiga toxin (stx2) gene.31 The Center for 

Disease Control and Prevention (CDC) estimated in 2011 that 3,600 individuals were 

hospitalized because of the food-borne illness caused by the pathogen. The Shiga toxin 

causes severe gastrointestinal and urinary distress in humans and can sometimes lead to 

kidney failure or death.32 To control the spread and infection of harmful pathogens, many 

new antibiotics and novel diagnostic techniques are being developed.33 A simple, quick 

and sensitive detection of pathogenic DNA is always critical for the early treatment of 

infectious diseases. 

 

5. Detection methods 

          DNA diagnostics require a detection method with a signal transducer. Several non-

PCR methods for DNA diagnostics have been developed as a sensitive method.34  

5.1 Detection based on Fluorescence Resonance Energy Transfer 

          Fluorescence resonance energy transfer (FRET) is a physical phenomenon in which 

there is distance-dependent transfer of energy from a donor molecule to an acceptor 

molecule.35 Figure 3 is a Jablonski Diagram explaining the effect of FRET. Here, the 

energy that is released from the relaxation of the donor is taken up by a suitable acceptor 
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in close proximity, leading to the excitation of one of its electrons, and further to the 

emission of a photon by the acceptor. Since FRET is highly sensitive to distance between 

the molecules, different FRET-based biosensors composed of fluorophores and quenchers 

have been used to study various biochemical activities which produce changes in molecular 

proximity such as protein-protein interactions and enzyme activities.36 FRET allows the 

visualization of these events through the use of various microscopic methods.37 The donor 

molecules are called as fluorophores in which the energy absorbed by the donor is 

transferred to the acceptor.38 

 

 

 

Figure 3. Jablonski diagram illustrating FRET phenomenon showing energy states for 

both donor and acceptor molecules 

 

 5.2 Quantum dots in diagnostic applications 

          Quantum dots (QDs) are metallic, semiconducting nanoparticles having unique 

optical, physical and electrical properties.39 They can fluoresce at monochromatic 
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wavelengths after excitation by a single shorter wavelength, depending on the size and 

composition of the nanoparticle.40 There is a considerable difference in their exciton 

discrete spectrum from a bulk crystal spectrum of the same chemical. This difference 

results in the change in the optical properties of the QDs compared to the bulk material.41 

The QDs have the unique and exciting properties such as high quantum yield, size-tunable 

light emission and good chemical and photo-stability.39 The QD consists of a core and a 

shell where a core is made up of materials such as cadmium-selenium (CdSe), cadmium-

tellurium (CdTe), indium-phosphate (InP) or indium-arsanate (InAs).42 The shell is made 

up of zinc sulphide (ZnS) which stabilizes the core.42 Due to the broad absorption spectra, 

QDs can be excited by a wide range of wavelengths and it can be simultaneously utilized 

to generate multiple different colored QDs under a single wavelength.43 The quantum 

mechanical model explains how the energy of an emitted photon is dependent upon the 

size of the region to which the energy is confined.44 This means that the larger the QDs, 

the smaller the energy difference between the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO), and also lower is the energy of the 

emitted photon.45 The surface carboxylic acids on some QDs can react with other 

functional groups such as primary amine groups on the N-terminus of the peptides by 

forming stable covalent bonds.46 QDs have been used for rapid and precise quantitative 

determination of proteins/viruses by using its fluorescent intensity.47 QDs have also been 

used for quantification of nucleic acid, single nucleotide polymorphism analysis as well as 

detection of aptamer-specific biomolecules.48 
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5.3 Graphene oxides as biosensors 

          Graphene oxide (GO) two-dimensional nanosheet is a unique material produced by 

the oxidation of graphite.49 A 2D structure of a GO sheet in figure 4 shows that various 

oxygen containing functional groups such as epoxides, carbonyl, carboxyl and hydroxyl 

groups are present on a monomolecular graphite.49 High quality GO monolayers with 

excellent sheet-like properties have been synthesized by the mechanical exfoliation and 

chemical vapor deposition (CVD) methods.50 GO can be used in a potential biosensor with 

strong quenching ability because of sp2 hybridization, -  and n-  interactions and 

various bioconjugation properties.51 GO can interact with DNA or other biomolecules 

through covalent, non-covalent or electrostatic interactions.52  

 

 

Figure 4. Structure of a monolayer graphene oxide showing various oxygen containing 

functional groups (Singh et. al, 2016) 

 

6. Aims of Study 

          This study focuses on developing a non-PCR-based detection method using quantum 

dots (QDs) and graphene oxide (GO) in our signal transduction system. Our study is based 
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on hypothesis that QD-labeled TALEs can be adsorbed onto proximal GO sheets through 

hydrophobic interactions, -  stacking interactions between the aromatic graphene rings 

and aromatic side chains available on the side chains of proteins, and some hydrogen bonds 

between hydrophilic side chains on the protein and hydrophilic groups on the edge of the 

GO sheets. These interactions are weak and reversible. A schematic diagram of our 

approach is represented in Figure 5. As QD-labeled TALEs are adsorbed on GO surface, 

the distance between the QD and GO gets closer and when QD emits a photon, it is 

absorbed and dispersed by GO. This causes overall decrease in QD signal, resulting in 

signal quenching via FRET. Since FRET can easily be broken by conformational changes, 

our approach utilizes this phenomenon upon target binding to the QDs-labeled TALEs, 

resulting in dissociation from the GO. When bound to target DNA, TALEs change into 

dense and short sunflower conformation and the interactions between TALEs and GO are 

weakened, leaving the GO surface. Thus, the distance between QDs and GO is becoming 

farther, which reduces a FRET effect, ultimately restoring QD signal. We will engineer 

TALEs to be able to recognize the stx2 gene present in E.coli O157.  Next, we will optimize 

the concentration of GO used in our assay and determine the sensitivity of our system. 
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Figure 5. A schematic diagram showing GO-FRET based assay using QD-labeled  

TALEs for detecting dsDNA 
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CHAPTER II. EXPERIMENTAL  

 

1. Engineering of TALEs 

          TALE proteins have N- and C-terminal truncated regions. TALE proteins were 

constructed to be specific to the DNA sequences of the stx2 gene. TALE stx_236 and 

stx_255 were subcloned between StuI and AatII sites of the pMAL-c2X vector, replacing 

AvrBs3 TALE. The pMAL-c2X vector contains Maltose-Binding Protein (MBP) and 

Histidine (His) purification tag. Table 1 includes the TALE stx2 236 RVD sequences as 

well as their target nucleotides. A 17.5 repeat long DNA-binding region starting with a 5’ 

thiamine was constructed by using four nucleotides specific RVDs that specifies a single 

DNA base, respectively. This repeat region recognizes 18 base pair (bp) long DNA 

sequences which is long enough to specify a unique single site in the E. coli genome. 

Table 1. TALE stx2 236 RVD sequences and their target sequence in Shiga Toxin gene 

stx2 

5’      3’ 
DNA 

sequence 
(238-258) 

G A T G T C T A T C A G G C G C G 

TALE 
(A) stx2 

236 
RVDs 

NN NI NG NN NG HD NG NI NG HD NI NN NN HD NN HD NN 

 

2. Expression and purification of TALEs 

          The TALE expression and purification are completed in four days. On day 1, 10 

inoculation tubes each containing 5 mL of culture were prepared. Each culture tube consists 

of 5 mL of Luria-Bertani (LB) medium, 2.5 L of Ampicillin (Amp) and a single colony 

from a plate containing BL-21 E. coli transformed with stx2 236 TALE. The cultures were 
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grown overnight (16-18 hours) in a shaker incubator at 37 C and 250 rpm. On day 2, the 

culture tubes were removed from the shaker and kept at 4 C for additional 6 hours. 2 L of 

cell culture was made by adjusting the final volume of culture required to produce enough 

proteins. Two Erlenmeyer flasks each being able to hold at least twice the final volume 

were used. For each liter, 975 mL of LB media, 487.5 L of Amp and five of 5 mL 

inoculations from day 1 were added. Then, the cells were incubated in a shaker incubator 

at 37 C and 250 rpm. The optical density (OD) of the cells were read at regular intervals 

using a UV-Vis spectrophotometer (Thermo Scientific) at 600 nm, keeping in mind that 

the cells grow exponentially with doubling time of about 20 minutes. When the OD reaches 

0.4-0.5, the cultures were placed on ice and stirred occasionally until OD = 0.6. Then, the 

cells were induced with 0.1 mM Isopropyl -D-1-thiogalactopyranoside (IPTG) at 250 rpm 

overnight at 16 C. On day 3, the culture from a flask is divided into six Beckmann tubes 

and centrifuged at 3500 rpm for 20 minutes. The procedure is repeated for another flask of 

culture. The pellets can be stored at -80 C upto 3 days. On day 4, the pellets were 

resuspended using 25 mL of Lysis buffer (2 mM Sodium Azide, 500 mM Sodium Chloride, 

5 mM Imidazole, 20 mM Tris Cl, pH 7.9). The cells were then lysed using a sonicator on 

50% amplitude, for 7, 10 second intervals with 20 seconds breaks in between and a final 

10 sec sonication. The lysed cells were then centrifuged at 15,000 rpm for 40 minutes. The 

cell lysate was collected and purified using a Nickel (Ni) column (Thermo Fisher). In a 

cold room, a Ni-column of bed height 2-3 cm was prepared and allowed to set for 30-60 

minutes. The column was equilibrated with 75 mL of Lysis buffer. The lysate was syringe-

filtered and then passed through the column. The column was then washed with 100 mL 

of Lysis buffer, 100 mL of High Salt Wash buffer (2 mM Sodium Azide, 2 M Sodium 
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Chloride, 5 mM Imidazole, 20 mM Tris Cl pH 7.9) and finally 100 mL of Lysis buffer to 

remove unbound proteins. The protein was then eluted with 10 mL of Elution buffer (2 

mM Sodium Azide, 500 mM Sodium Chloride, 500 mM Imidazole, 20 mM Tris Cl pH 

7.9). The protein fractions were buffer exchanged with TALE storage buffer (480 mM 

Potassium Chloride, 1.6 mM Ethylene diammine tetra-acetic acid (EDTA), 25 mM Tris Cl 

pH 7.5) using a 10,000 Da filter (Pierce, Rockford, IL, USA) and stored in ice at 4 C until 

further use. The concentrations of proteins are determined by Bradford assay and the purity 

of proteins is known by running an SDS-page gel.  

 

3. Preparation of GO 

          GO dispersion (ACS Material, Pasadena, CA, USA) is vortexed to ensure 

homogeneous solution before diluting using water. A serial dilution was performed for the 

preparation of different GO concentrations. The stock GO dispersion of 5 mg/mL is 

initially diluted to 1 mg/mL, and subsequently diluted to 20 μg/mL, with 100 μg/mL 

decrease in concentration from 1 mg/mL to 100 μg/mL, and 10 μg/mL decrease in 

concentration from 100 μg/mL to 20 μg/mL of GO. For TEM observation, the sample was 

prepared by depositing a droplet of GO dispersion on a lacey formvar films on copper TEM 

grid. 

 

4. Quantum dot labeling 

          Using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-Hydroxy 

succinimide (NHS) coupling, the Carboxy polyethylene glycol (PEG) functionalized 

CdSe/ZnS quantum dots in water having emission peak of 520 nm (Creative Diagnostics, 
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Shirley, NY, USA) were covalently conjugated with TALEs. The formation of a stable 

peptide bond is depicted in figure 6 using EDC/NHS bioconjugation. Free carboxyl groups 

react with EDC crosslinker to form an unstable o-Acylisourea intermediate. This 

intermediate on reaction with free amino groups can form a stable peptide bond or can react 

with Sulfo-NHS to give a Sulfo-NHS ester, which on further reaction with free amino 

groups gives a stable peptide linkage. For conjugation reaction, the molar ratio of 

QD:EDC:NHS was determined to be 1:4000:8000. For the labeling experiment, 10 L of 

10 M QDs were added to 70 L of HEPES buffer (20 mM HEPES, 90 mM KCl, 1 mM 

MgCl2 and 100 mM ZnCl2 at pH 7.5). Then, 10 L of 40 mM EDC (Thermo Scientific, 

Rockford, IL, USA) and 10 L of 80 mM NHS (Thermo Scientific, Rockford, IL, USA) 

were added to the solution and mixed end-to-end using a Hula-mixer. After 20 minutes of 

mixing, 100 L of about 5 M TALEs was added and mixed end-to-end in the mixture for 

additional 2 hours. The mixture was then filtered for separating unlabeled TALEs and 

excess EDC/NHS in the flow-through, using 0.5 mL 100 K ultrafiltration unit (Pierce, 

Rockford, IL, USA) at 15,000 x g for 10 minutes. The concentration of unlabeled TALEs 

in the flow-through was calculated using Bradford assay. The concentration of unlabeled 

TALEs was subtracted from the initial concentration of TALEs to determine the 

concentration of the QD-labeled TALEs. The labeled protein was stored in TALE Storage 

Buffer (480 mM KCl, 1.6 mM EDTA, 2 mM DTT, 12 mM Tris-Cl, pH 7.5) in dark at 4 C 

until further use.  
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Figure 6. EDC/NHS bioconjugation chemistry showing the formation of a stable peptide 

bond (Thermo Fisher Scientific) 

 

5. Graphene oxide quenching 

          Using several different concentrations of GO (ACS Material, Pasadena, CA, USA) 

and 10 nM of QD-labeled TALEs, a quenching assay was run to calculate the fluorescent 

quenching efficiency of the labeled protein by the GO. The stock GO dispersion of 5 

mg/mL was diluted to 1 mg/mL and then serially to one-tenth in the final reaction 

concentration using deionized water. The concentration of GO used for the experiment 

ranges from 10 g/mL to 1000 g/mL. Each experiment was run in duplicate using opaque 

black 96-well plates (Corning, Kennebunk, ME, USA). The final reaction volume was 

made up to 200 L with PBS before mixing by pipetting and allowed it to incubate for 10 

minutes in dark. Quenching was then measured by exciting the QDs using 370 nm light. 

Using Synergy H1 multi-plate reader (BioTek Instruments, Winooski, VT, USA), the 
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fluorescent spectral scanning was performed ranging from 400 nm to 600 nm with an 

interval of 5 nm and gain of 75 along with a final 515 nm endpoint fluorescence 

measurement. The fluorescent quenching efficiency was calculated for each experimental 

GO concentration in the range by dividing the observed fluorescence (F) to the maximum 

fluorescence at no GO (F0) multiplied by 100% and then subtracting the obtained value 

from 100%.  

 

 

 6. TALE-GO assay 

          The TALE assay with GO was performed in an opaque black 96-well plate (Corning, 

Kennebunk, ME, USA). In each well, 20 L of GO dispersion, 20 L of QD-labeled 

TALEs, 20 L appropriate target DNA and finally 140 L of TALE Storage Buffer were 

added in duplicate to bring up a final volume of 200 L. Each sample was then mixed by 

pipetting and allowed to incubate at room temperature in dark for 10 minutes. Using 

Synergy H1 multi-plate reader (BioTek Instruments, Winooski, VT, USA), the 

fluorescence intensity was measured with excitation wavelength ( ex) of 370 nm and 

emission wavelength (( em) of 515 nm.  
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CHAPTER III. RESULTS AND DISCUSSION 

 

1. Expression and purification of TALEs 

          TALE stx2-236 was expressed in BL-21 E. coli cells using IPTG induction. It 

required only a week to culture, express and isolate bacterial cells. A Bradford assay was 

run to determine the concentration of protein which resulted in 1 mL of 14.83 μM of TALE 

protein. An SDS-PAGE gel was run to check the purity of the protein and the size of 

purified proteins. The gel image is shown in figure 7 where lane 1 represents a protein 

standard marker while lanes 2 through 8 represent samples. This result was consistent with 

the theoretical predicted protein size of 110.3 kDa due to the presence of full N and C 

terminus flanking regions as well as MBP used to increase the total protein solubility.  
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Figure 7. SDS-PAGE gel of TALE stx2 236 from E. coli BL-21 expression and 

purification. From the right, lane 1 contains a protein standard marker. Lanes 2 and 3 

contain bacterial culture collected before and after IPTG induction respectively. Lane 4 

contains lysate before passing through the Ni-column and Lane 5 is the flow-through. 

Lanes 6, 7 and 8 are the eluted protein fractions.  

 
 
          The bacterial expression system is very practical than other expression system 

because it is a long-term method of protein expression. Several glycerol stocks of the 

transformed BL-21 cells can be prepared and stored at -80 ºC for several years which can 

be easily streaked onto a LB-agar-AMP plate. The colonies of bacterial cells can be used 

to prepare large volume culture of cells in a very short period of time. This method is so 

viable in research where only few proteins need to be produced before materials must be 

stored.  
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2. Characterization of GO 

          The single layer ratio was > 80% with the GO size ranging from 0.5 to 2 μm and 

width of 3 to 5 nm. The morphology of GO was measured using Transmission Electron 

Microscopy (TEM) JEM-1400plus (JOEL, Peabody, MA, USA). A TEM image showed 

that GO is indeed a monolayer with occasional folds and wrinkles (Fig 8). The size of bare 

GO ranged from 0.5 to 2 μm. The TEM image in Figure 9 showed that the size of QD-

labeled TALEs was estimated to be in the range of several nanometers (5-7 nm) and QDs-

labeled TALEs were adsorbed onto the GO surface. This supports our approach where the 

fluorescence of QDs labeled on TALEs would be quenched on the GO surface via FRET. 

The core diameter of QDs is approximately 6 nM. The diameter of a TALE protein can be 

calculated to be 5.6 nm using the following equation, 

  

 

where, Rmin is a radius of the protein in nanometer and M is the molecular mass of the 

protein in Dalton. The above equation is based on two assumptions; (i) the protein has 

spherical shape and (ii) the estimated size is equal to the minimal radius in the given mass 

of protein. 

          The height profile of bare GO is shown in Figure 10 (B), indicating the thickness of 

4-5 nm. The approximate height of QD-labeled TALEs adsorbed on GO ranged from 11-

17 nm which is indicated by the AFM image (Fig. 11 (B)). This AFM data supports the 

TEM data, confirming that QD-TALEs are indeed adsorbed on GO sheet.  
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Figure 8. TEM image of monolayer GO sheets  

 

Figure 9. TEM image of QD-labeled stx2 236 TALEs on GO surface 
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A. 

 
 
 
B. 

 
 
Figure 10. (A) AFM image of QD-labeled stx2 236 TALEs on GO surface and (B) the 

height profile of the corresponding yellow line 
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A. 

 
 

 
B. 

 
 
 
Figure 11. (A) AFM image of QD-labeled stx2 236 TALEs on GO surface and (B) the 

height profile of the corresponding yellow line 
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3. Quantum dot labeling of TALEs 

          The concentration of proteins before labeling was 6.4 μM and the final concentration 

of QD-labeled proteins was 6.31 μM, which indicates a labeling efficiency of 98.5%. This 

data was significantly better than the previous values obtained on TALE labeling efficiency 

as well as the values obtained for Zinc Finger Proteins (ZFPs) in our lab using the same 

method. The labeled TALE protein is stable and can be used for up to two weeks because 

the total fluorescence rapidly decreases after two weeks.  

 

4. GO Quenching Efficiency 

          The quenching of the QD-labeled TALEs was completed within one week to 

minimize system errors. A quenching array was completed to determine the lowest 

concentration of GO in the stable and linear region determined experimentally. Beyond 

this region, the relative fluorescence becomes unpredictable, which may be because of 

oversaturation of GO. When GO becomes oversaturated, the dissociation of QD-labeled 

TALEs from GO would not create enough distance between the QDs and the GO. This 

would cause a system error due to the significant amounts of background FRET. This has 

been observed in previous experiments with ZFPs and GO in the Kim Lab at WKU.  

          GO is known as a universal quencher of fluorescence for molecules such as 

peptides/proteins, quantum dots and organic dyes. The quenching effect of GO 

concentration on QD-labeled TALEs was investigated over a range of 0 to 70 μg/mL as 

shown in Figure 12. A Stern-Volmer plot of F0/F was plotted as a function of the 

concentration GO where F0 and F were the fluorescence intensity at the maxima in the 

absence and presence of GO, respectively as shown in Figure 12 (B). This plot shows a 
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linear quenching effect of GO when GO was added to the solution containing the QD-

labeled protein. The quenching efficiency of QD-labeled TALEs by GO was calculated 

using the following equation where F0 and F were the fluorescence intensity at the maxima 

in the absence and presence of GO, respectively. 

 

           

         The GO concentration range was examined in duplicate for both endpoint and 

spectrum quenching data. It was determined that 10 nM protein concentration was 

sufficient for quenching assay. At the concentration of 10 μg/mL of GO, there was a rapid 

decrease in fluorescence intensity of the QD-labeled TALEs with a quenching efficiency 

of about 40%. A linear trend in increasing quenching efficiency was observed with 

increasing GO concentration. 
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(D) 

 
 

Figure 12. (A) Changes in fluorescence spectra, (B) quenching efficiency, (C) fluorescence 

intensity of QDs-labeled TALEs with increasing concentrations of GO from 0 to 70 ug/mL, 

(D) Stern-Volmer plot of QD-labeled TALEs versus increasing concentration of GO. 

 

          We have found from the previous studies in the Kim Lab that excess GO might be 

unfavorable for the sensing system due to desorption of TALEs from GO surface. Thus, 

we believe that using the minimum amount of GO for the assay would better distinguish 

signals from varying DNA concentrations. We ran a fluorescence quenching assay to 

determine the fluorescence quenching efficiency of the QD-labeled TALEs by GO, at GO 

concentrations less than 10 μg/mL (Fig 13). At the concentration of 10 μg/mL of GO, the 

fluorescence quenching efficiency was calculated to be 47%, which was consistent with 
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the previous report of 40% for the same concentration of GO. At 2 μg/mL of GO, a 

fluorescence quenching efficiency of 10% was calculated. For GO concentration less than 

2 μg/mL, there was hardly any quenching, which could be because of incomplete 

adsorption of GO of TALEs on GO surface. Therefore, 2 μg/mL of GO was used 

preliminarily for the assay.  
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Figure 13. Fluorescence spectral change (A) and fluorescence quenching efficiency (B) 

due to increasing concentration of GO from 0 to 10 μg/mL.  

 

5. Sensitivity 

          To determine the sensitivity of our system, we performed TALE assay at various 

concentrations of target stx2-236 DNA ranging from 50 nM to 1 nM. The percentage 

fluorescence recovery was calculated using the following equation where F0 and F were 

the fluorescence intensity at the maxima in the absence and presence of GO, respectively 

and Fi was the fluorescence intensity at the maxima in the presence of target DNA.  

 

 

 

At the concentration of 1nM DNA, a fluorescence recovery of 30% was obtained, which 

was consistent with the previously obtained values for ZFP stx2 268 (Fig 14). We also 

believe that a lower limit of detection could potentially be achieved. Two different 

concentrations of DNA at 0.2 nM (200 pM) and 0.5 nM (500 pM) were examined. There 

was a linear increase in fluorescence recovery with increase in the DNA concentration. The 

limit of detection of target stx2 236 TALE was determined to be 200 pM, which is equal 

to 40 fmol of target oligonucleotides.  
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Figure 14. The limit of detection of TALE stx2 236 
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CHAPTER IV. CONCLUSION 

 

          In this study, TALEs were designed to recognize the stx2 gene present in pathogenic 

E. coli and we were able to express and purify TALEs using Ni-NTA resin. The E. coli 

BL-21 expression system is quicker than plant expression system requiring only a week to 

culture, express and isolate the bacterial cells. The labeling of TALEs with QDs using EDC 

and NHS bioconjugation resulted in >90% labeling efficiency. This data was significantly 

better than the previous values obtained in TALE labeling efficiency as well as the values 

obtained for Zinc Finger Proteins (ZFPs). This novel sensing system avoids requiring of 

multiple laborious steps in DNA denaturation and subsequent hybridization and also does 

not require the labeling of DNA. The TEM and AFM results supported our approach where 

the fluorescence of QDs labeled with TALEs would be quenched on the GO surface via 

FRET. The fluorescence of QDs was quenched by GO linearly before the system becomes 

saturated with GO. The fluorescence signal was restored when the target DNA bound to 

TALE proteins. TALE proteins show high sensitivity towards their own target DNA, 

allowing for developing a novel and reliable method of pathogen detection. TALE proteins 

showed the best sensitivity at 20 nM of labeled TALEs and 3 μg/mL of GO. Adding 40 

mM MgCl2 and 2 mM DTT in the assay buffer seems to improve the sensitivity of the 

labeled TALE for its target DNA. Our GO-based sensor along with TALEs provided a 

detection limit of 200 pM of the target stx2 gene. In conclusion, we successfully 

demonstrated the novel application of a new class of DNA-binding protein TALEs and 2D 

nanosheet GO for pathogen detection.  
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          As a next step, we will investigate our system with another protein TALE stx2 255 

and newly designed TALEs that recognize the antibiotic resistance gene, for example, the 

tetM gene (tetracycline resistance gene).  We will examine the sensitivity of the labeled 

TALE proteins in the presence of genomic DNA because this system did not quantify 

background signal, which could occur in the presence of multiple non-target DNA. Further 

studies will examine the system’s applicability to sensitively and specifically detect the 

crude biological samples such as cell lysates in order to validate our system for the use of 

a rapid and reliable method for detecting pathogenic bacteria at real world settings. 
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