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ABSTRACT 

 

DNA diagnostics are important technologies in molecular and cellular biology. By 

allowing identification of specific sequences, DNA-based diagnostics potentially provide 

more accurate and rapid results than protein- or antigen-based diagnostics, primarily 

because phenotypic changes come much later than changes in genotype. Despite this 

advantage, there are fewer diagnostic or imaging systems that target DNA than those 

targeting proteins, antibodies, or antigens.   

 

Each type of DNA-based diagnostic has its own, unique set of limitations; however, most 

can be attributed to issues related to sequence restriction, signal detection, specificity, or 

some combination thereof. For example, while PCR-based methods allow amplification 

and assessment of specific DNA sequences, they lack the ability to report information of 

specific cells, or cell types, within the heterogeneous pool of cells typically found in a 

tumor biopsy. In addition, none of the currently available DNA detection methods has the 

potential to be utilized in living cells, a disadvantage which limits the potential 

applications. 

 

The work presented here describes the design and development of a new methodology for 

the detection of specific double-stranded DNA sequences. This detection method is based 

on the concept that two inactive fragments of a reporter protein, each coupled to 

engineered zinc finger DNA-binding motifs, are able to reassemble and form an active 



 

 

 

19 

complex in the presence of a predefined DNA sequence. This system, designated 

sequence-enabled reassembly (SEER), can achieve single base-pair specificity, and has 

the potential to be utilized in living cells.  

 

In this dissertation, we discuss the efforts from constructing to refining the system, as 

well as the future applications of SEER in diagnostics and therapeutics. Chapter I will 

provide an introduction to DNA detection methods, on which the principles of the SEER 

system are based. Chapter II describes the design and construction of an enzymatic SEER 

system, SEER-LAC, using -lactamase as the enzyme. In Chapter III, we outline the in 

vitro characterization of the SEER-LAC system, followed by its optimization in Chapter 

IV. Chapter V illustrates the efforts to develop SEER system for mammalian cell culture 

applications. In the final chapter, the future developments and applications of SEER are 

discussed. 
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CHAPTER 1: INTRODUCTION AND BACKGROUND 

 

1.1 DNA Detection Methods  

The main focus of this dissertation is the design and development of a new DNA 

diagnostic, termed sequence-enabled reassembly (SEER). All DNA diagnostics require 

two essential components. First, a recognition method is needed for the sequence-specific 

detection of the DNA. The second component needed is a signal transducer, which makes 

possible the quantification of the DNA-recognition occurrence by generating a 

measurable signal when the event happens. The SEER technology contains both these 

components, which will be discussed in length here.  

 

There are several ways of detecting DNA, and all of the methods can be categorized into 

two groups. The first group is the hybridization-based technology, which involves the 

denaturation of double-stranded DNA, followed by hybridizing the single-stranded DNA 

with a probe that carries a signal transducer (Figure 1.1A). This method is very common 

and widely applied in techniques such as RT-PCR and FISH. The second method 

involves the direct recognition of double-stranded DNA, which can be achieved by 

triplex-forming oligonucleotides, zinc finger proteins, or polyamides (Figure 1.1B). The 

SEER system employs zinc fingers as the detection method.  However, several methods 

are discussed here for the purpose of comparison and understanding DNA-binding 

technologies in general. 
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Figure 1.1. An overview of DNA diagnostics.  (A) Hybridization-based detection, where 

the target DNA duplex is first denatured, and then hybridized with a probe that can be 

detected with the methods of choice. (B) Direct detection of double-stranded DNA is 

achieved by specific interactions with the target by binding to the major groove or minor 

groove (Ghosh et al. 2006). 
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1.1.1 Hybridization-based DNA detection 

The advantage of utilizing hybridization-based techniques to create DNA diagnostics is 

that they are highly specific in sequence recognition, which is achieved by 

complementary base pairing of the probe to the target.  Here we look at a few useful 

DNA diagnostics that employ this method of detection. 

 

a. Fluorescent in situ hybridization (FISH) 

In 1969, Gall and Pardue established the original version of in situ hybridization, where 

they used radioactive probes to detect DNA targets within the nucleoli (Gall and Pardue 

1969). Since then, in situ hybridization was constantly being developed into a better 

technology, and the ability to detect a single copy gene made it a pivotal tool in human 

gene mapping. This conventional method of in situ hybridization, though widely utilized 

for its broad spectrum potential, has some limitations as a diagnostic tool.  First of all, it 

is time consuming, and the use of isotopic probes and photographic emulsions generate 

high background signals, making it difficult to accurately localize the targets. To 

overcome this problem, isotopic labeling of the DNA probe can be replaced by 

fluorescence tagging, creating a new technology now known as fluorescent in situ 

hybridization (FISH) (Bauman et al. 1981).   

 

In FISH, the cells are hypotonically swollen, fixed, and permeabilized on slides.  Then, 

the probe is prepared by directly labeling the DNA with a fluorophore, or with reporter 

molecules such as dinitrophenyl or biotin, which can be bound with fluorescent-tagged 
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antibodies or streptavidin. These molecules are incorporated onto the DNA by either nick 

translation or polymerase chain reaction using labeled primers. The DNA probes and 

target cell DNA are then denatured, and the probes are introduced to the slides for 

annealing to their target sites. After washing and incubation with appropriate reagents, a 

fluorescent signal is produced at the precise site of probe hybridization, telling us exactly 

where the DNA sequences of interest are present on the chromosome. FISH has been 

shown to predict telomere lengths (Slijepcevic 2001), detect translocations (Figure 1.2) 

(Zagaria et al. 2004), and locate multiple targets using DNA probes tagged with different 

fluorescent dyes (Macville et al. 1997). Although FISH is a very powerful technique, it is 

also time consuming and cannot be used in living cells.  
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Figure 1.2. Detection of translocation t(9;22) with FISH. Cohybridization with ABL-

specific probe (red) and BCR-specific probe (green) showed ABL/BCR fusion on der(9), 

BCR/ABL translocation on both der(8) chromosomes, and a BCR signal was detected on 

der(22) (Zagaria et al. 2004).
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b. Real-time PCR 

RT-PCR differs from conventional PCR in such a way that the amplification is monitored 

by fluorescence intensity, providing information that can be used to calculate the amount 

of initial template molecules. The quantification of RT-PCR is made possible by the 

incorporation of fluorescent DNA intercalaters or binders into the PCR reaction. 

Fluorescent-labeled oligonucleotide probes are normally used for sequence-specific 

detection. There are probes with different mechanisms of action, including one where 

fluorescence resonance energy transfer (FRET) is detected when the probes hybridizes to 

DNA in proximity (Emig et al. 1999). There is also a hydrolysis-based probe such as the 

TaqMan probe, where the fluorescent quencher is cleaved during primer extension to 

release the active fluorophore (Heid et al. 1996). The major advantage of RT-PCR is that 

it can quantify nucleic acids with high precision over a wide range of concentrations. RT-

PCR is utilized in a wide variety of applications including verification of gene expression 

levels (Goerke et al. 2001), and titers of contaminations in food (Norton 2002). It has also 

been shown to measure amplifications of oncogenes (Bieche et al. 1999), and identify 

deletions of tumor suppressor genes, which are important processes in cancer diagnosis. 

Single nucleotide polymorphism (SNP) screening (Burian et al. 2002), genotyping 

(Bullock et al. 2002), studies on gene dosage (Ruiz-Ponte et al. 2000), and detection of 

DNA methylation (Worm et al. 2001) can be performed by the melting curve analyses, 

which record the temperature dependence of the fluorescent signals after target 

amplification. As with FISH, RT-PCR requires specific instrumentation and temperature 

regulation, and cannot be used to analyze DNA information in living cells. 
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c. Peptide nucleic acid (PNA) 

A PNA is a synthetic oligonucleotide mimic where the bases are attached to an achiral 

and uncharged polyamide backbone (Nielsen et al. 1991). This backbone is not 

recognized by proteases or nucleases, making PNAs very stable under physiological 

conditions. Natural DNA-binding proteins cannot form electrostatic interactions with the 

neutral backbone and thus do not interact with PNAs (Kurg et al. 2000). This eliminates 

potential problems when PNAs are utilized in vivo. PNA oligomers bind specifically to 

the single-stranded DNA via Watson-Crick base-pairing, and form a heteroduplex that is 

sometimes more stable than the natural DNA duplex due to lack of electrostatic repulsion. 

The strong thermo-stability of PNA-DNA duplex contributes to the fact that some PNAs 

hybridize to single-stranded DNA with higher sequence discrimination than DNA-DNA 

duplex (Egholm et al. 1995). All these properties of PNA oligomers make it possible for 

them to be utilized as probes in existing hybridization-based technologies. Several 

chromosome-specific PNAs have been established to examine chromosomal anomalies 

via FISH (Chen et al. 2000). PNA probes that target the telomeric sequences have been 

used in FISH to study the stages of cell aging and cancer progression (Boei et al. 2000; 

Fomina et al. 2000). PNAs are also utilized in a process called PCR clamping, in which a 

PNA probe inhibits the amplification of a specific target by competing directly with the 

PCR primer. This method is highly specific, and can be used in the screening or detection 

of single base-pair mutations in the presence of 100-fold excess wild type DNA (Behn et 

al. 2000). 
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Although it is generally believed that a PNA-DNA duplex is more stable than DNA-DNA 

duplexes, this is only true for the purine-rich PNA, whereas pyrimidine-rich PNA forms a 

less stable duplex and homopyrimidine PNA forms PNA-DNA-PNA triplex (Giesen et al. 

1998; Nielsen 2001). Therefore, one undesirable characteristic of PNA is the many 

sequence restrictions that need to be taken into consideration when selecting the DNA 

target sites and designing the PNA probes. 

 

1.1.2 Direct detection of double-stranded DNA 

The SEER system is composed of a DNA recognizing domain that binds directly to the 

DNA duplex. There are several reasons why it is beneficial to use a detection method that 

recognizes double-stranded DNA. One obvious reason is that DNA exists naturally in the 

double-stranded form. From a more technical point of view, detecting double-stranded 

DNA provides more quantitative data, as there is no competition from the reannealing of 

sister strand DNA. Since there is no requirement for the melting of DNA duplex, the 

potential exists for development of a faster and simpler assay, bypassing the temperature 

regulation constraint needed in a PCR experiment. Finally, detecting double-stranded 

DNA presents the possibility to recognize DNA in living cells. 

 

a. Polyamides 

Polyamides are synthetic hairpin molecules composed of N-methylpyrroles and N-

methylimidazoles that bind to the minor groove of double-stranded DNA in a sequence 

specific manner (Figure 1.3) (Mrksich and Dervan 1993; White et al. 1998; Dervan 
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2001). They have relatively simple pairing rules and have been designed in such a way to 

allow conjugation of ligands or dyes. Fluorescein-labeled polyamides have been utilized 

to identify AT-rich satellite regions and scaffold-associated regions in the Drosophila 

genome (Janssen et al. 2000).  Polyamides labeled with Texas-Red have been shown to 

visualize telomeric sequences in insects and vertebrates (Maeshima et al. 2001). These 

studies were done with fixed cells or isolated nuclei where the unbound polyamides can 

be removed prior to visualization with fluorescence microscopy.  However, this method 

is not optimum for the detection of DNA sequences in live cells or whole animals as the 

background signal from the unbound labeled-polyamides will decrease the overall 

sensitivity. 

 

Recently, Dervan and coworkers designed and synthesized polyamides conjugated with 

thiazole orange, which is a DNA-intercalating dye (Rucker et al. 2003; Fechter et al. 

2005). These thiazole orange-conjugated polyamides were shown to give more than 

1000-fold increase of fluorescent signal in the presence of respective DNA target in 

concentrations as low as 1 nM, where the dye intercalates adjacent to the binding site. 

The signal was reduced by at least 90% when the labeled polyamides were tested against 

mismatched DNA targets. This new and improved labeled-polyamide presents the 

possibility of detecting DNA sequences in living cells.  
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Figure 1.3. Polyamide and its target DNA. Left: polyamide binding to the minor groove 

of DNA. Right: stick figure representations of polyamides forming hydrogen bonds with 

the target nucleotides. 
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b. Triplex helix-forming oligonucleotides (TFOs) 

TFOs are synthetic oligonucleotides consisting of polypurines or polypyrimidines that 

bind to the major groove of DNA duplex, forming triple-helix DNA (Le Doan et al. 1987; 

Moser and Dervan 1987). The sequence specificity of TFOs is achieved by forming 

Hoogsteen or reverse-Hoogsteen hydrogen bonds to purines in the major groove, which 

accounts for the restriction that the targeted DNA must have purines on one strand 

(Figure 1.4) (Chan and Glazer 1997). Polypurines TFO binds antiparallel to the purine 

strand of the double helix, whereas TFOs composed of polypyrimidines binds parallel to 

the purine strand. For polypurines TFOs, formations of G-quadruplex structures have 

been observed in G-rich sequences and subsequently reduce the ability to bind to DNA 

(Cheng et al. 1998). The binding of polypyrimidines TFO requires protonated cytosines, 

which makes it pH-dependent and unachievable in physiological pH.  

 

TFOs tethered with fluorescein isothiocyanate (FITC) can be used to perform a FISH-like 

assay, making it a useful DNA diagnostic with high sensitivity and specificity. This 

method, termed TISH, utilizes TFOs as the probe to bind to double-stranded DNA 

without the requirement of the denaturation step in FISH. The application of the TISH 

technique was originally described in visualizing an alpha-satellite repeat in 

chromosomal spreads, where a 16-nt polypyrimidine TFO was used to target 500-1000 

repeats at pH 6 without having to denature the DNA (Johnson and Fresco 1999).  The 

TFO probe was conjugated to a psoralen moiety, which was crosslinked to the DNA 

duplex for extra stability. 
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Alternatively, TFOs can be used to form a more stable ―padlock‖ structure around the 

target duplex DNA (Escude et al. 1999). In this case, the center part of a long 

oligonucleotide forms triple-helix with the target DNA, where the ends of the linear 

molecule are stabilized in proximity by hybridizing to a single-stranded template 

oligonucleotide, and covalently joined by DNA ligase to form a circular single-stranded 

DNA around the target duplex. The presence of this circular single-stranded DNA can be 

detected by rolling-circle amplification (RCA) (Demidov 2002). These padlock TFOs can 

also be radiolabeled or tagged with fluorescent molecules for different ways of detection. 

Radiolabeled padlock TFO was used in one study to detect subfemtomolar concentrations 

of target DNA via gel electrophoresis followed by autoradiography of dried gels (Geron-

Landre et al. 2005). 

 

TFOs have an advantage over some other technologies, as they are a lot easier to 

synthesize when compared to polyamides or PNA. TISH is also considered more 

quantitative, and has wider range of application when compared to the conventional FISH. 

However, as mentioned above, TFO has many sequence restriction for its target DNA, 

which limits its application potential. 
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Figure 1.4. TFO and its target DNA. Left: schematic diagram showing TFO binding to 

the major groove, forming triplex-DNA. Right: Stick figures of TFO forming hydrogen 

bonds with its target purines. 
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c. Sequence-specific DNA-binding proteins 

In nature, sequence-specific recognition of double-stranded DNA is mostly achieved by 

protein-DNA interactions. Proteins such as transcription factors, and DNA maintenance 

enzymes such as nucleases, topoisomerases, and helicases, contain DNA binding 

domains that help to direct the protein to the specific sites on DNA where the protein 

function is carried out.   

 

There have been several attempts in which natural DNA-binding proteins were utilized as 

DNA diagnostics. Generally, a reporter protein was fused to the DNA-binding domain of 

a protein or enzyme with a known binding site. For example, the fluorescence dye 

oxazole-yellow conjugated to the DNA-binding domain of Hin recombinase was able to 

detect the presence of the enzyme’s binding site (Thompson 2006). The use of natural 

DNA-binding domains also allows researchers to explore the possibilities of detecting 

DNA sequences in living cells. In one study, green fluorescent protein (GFP) was 

attached to the E. coli lac repressor to identify lac operator repeats that were inserted into 

living yeast and mammalian cells (Robinett et al. 1996). When the GFP-lac fusion 

protein was expressed, it was possible to visualize and identify, under a fluorescent 

microscope, cells containing single chromosomal integrations of a vector carrying 256 

repeats of the lac operator. In the absence of the 256 repeated lac binding sites, the 

expressed GFP-lac produced diffused fluorescence, with a signal-to-noise ratio of 12:1, 

which is comparable to the sensitivity of immunostaining and FISH. Recently, this GFP-

lac system was used to visualize chromosomes and extrachromosomal transgenes, and as 
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markers for genetic mosaic analyses in C. elegans (Gonzalez-Serricchio and Sternberg 

2006).  

 

d. Engineered zinc finger DNA-binding proteins 

The Zinc finger is the DNA-binding domain used in the SEER system. The zinc finger 

motif is a naturally occurring protein structure found mostly in eukaryotes. These motifs 

are used in many proteins to bind DNA, RNA, or other proteins. Among all the subtypes, 

the Cys2-His2 zinc finger is the most studied, given the fact that it is the most commonly 

found DNA-binding domain in mammalian cells (Venter et al. 2001). Although some 

Cys2-His2 zinc finger domains are known to bind proteins and RNA, a majority of the 

published studies are on their DNA-binding characteristics. 

 

Structurally, the approximately 30-amino acid Cys2-His2 zinc finger motif has a very 

simple fold that consists of two antiparallel -strands and a -helix. The fold is 

stabilized via chelation to a zinc ion by two cysteins and histidines residues, hence the 

name Cys2-His2 zinc finger (Wolfe et al. 2000). The Cys2-His2 zinc finger binds DNA by 

inserting the -helix into the major groove, making specific interactions by hydrogen 

bonding with the bases and phosphosugar backbone. Each motif recognizes three to four 

nucleotides, and is often found in tandem arrays of multiple fingers to bind longer DNA 

sequences. The first X-ray crystal structures of a zinc finger-DNA complex were that of 

Zif268 and its target DNA (Pavletich and Pabo 1991; Elrod-Erickson et al. 1996; Elrod-

Erickson et al. 1998; Elrod-Erickson and Pabo 1999). Zif268 is a 3-finger protein that 
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recognizes a specific 9-bp sequence. This breakthrough structure has provided many 

insights on how zinc fingers work, and has given us a framework for the design and 

selection of engineered zinc fingers. Briefly, the amino acid residues at position -1, 3, and 

6 in regards to the start of the -helix make specific hydrogen bonds with the bases on 

one strand of the target DNA, where position 2 of the recognition helix makes contacts 

with a base on the opposite strand (Figure 1.5).   

 

With the information gathered from the crystal structure, several researchers began to 

design and select for Zif268 variants that might have specificity for different DNA 

sequences.  The most commonly used method for the selection process was phage display 

(Pabo et al. 2001; Beerli and Barbas 2002).  Filamentous phage M13 was used as the 

helper phage, where the 3-finger proteins to be tested were fused to the N-terminus of the 

minor coat protein pIII and displayed on the surface of the phage.  Keeping two fingers 

constant, 3-4 DNA-contacting residues in one of the fingers were randomized, and the 

zinc fingers were tested against different target DNA.  After washing the unbound phages, 

genes coding for the zinc fingers with specific DNA interactions can be retrieved.   

 

Recently, a cell-free selection system was developed using in vitro compartmentalization 

(Sepp and Choo 2005).  In this selection method, DNA cassettes carrying a zinc finger 

proteins library were prepared in vitro.  The zinc fingers were conjugated with a tag and 

every DNA cassette also harbored a target sequence for which the binding of zinc fingers 

was selected.  The cassettes were emulsified along with bacterial S30 extract in mineral 
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oil where each droplet contained only one gene.  The expression occurred intra-

compartmentally, and the gene could be retrieved after affinity purification against the 

peptide tag only if the zinc finger bound to the target site. 
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Figure 1.5. Amino acid residues in Cys2-His2 zinc finger that make specific contacts with 

DNA.  The numbers on the individual zinc finger indicate the amino acid positions in the 

DNA-recognizing -helix. Position 6 binds to the 5’ nucleotide, position 3 recognizes the 

middle base, and the residue at –1 position forms hydrogen bonds with the 3’ base of the 

zinc finger binding site.   
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Barbas and coworkers used the phage display selection method to come up with a list of 

zinc finger motifs that recognize their respective 3-bp binding sites (Segal et al. 1999; 

Dreier et al. 2001; Dreier et al. 2005). These selected zinc finger motifs can be treated as 

modules because they readily assemble with each other to form zinc finger domains in 

various lengths that bind sequences from 3- to 18-bp (in 3-bp increments) with good 

specificity. Three-finger proteins typically have affinities in the 1-50 nM range and are 

highly specific for their target site (Segal et al. 2003). This approach of constructing zinc 

finger proteins requires only 64 of those modules to target any desired DNA sequence.  

The recognition helix sequences for about 3/4 of the 64 modules have been published 

(Figure 1.6), enabling us to target a wide spectrum of DNA sequences. 

 

The modular approach of building zinc finger proteins has allowed researchers to rapidly 

design and construct DNA-binding domains with known binding sites. These zinc fingers 

can be attached to functional domains of choice to carry out a desired activity at the target 

site.  Artificial transcription factors (Beerli and Barbas 2002), endonucleases (Kim et al. 

1996), and integrase (Tan et al. 2004; Tan et al. 2006) were successfully created by 

fusing engineered zinc fingers to the functional domains. This shows that the DNA-

binding property of these designed zinc fingers is not influenced by adding extra domains 

on either the N-terminus or C-terminus of the protein. This characteristic is very 

important in utilizing zinc finger as the detection method in SEER, because it is 

necessary to attach a signal transducer to the zinc finger domain in order to transform it 

into a DNA diagnostic. 
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Figure 1.6. Zinc finger binding to the major groove of double-stranded DNA. (A) The 

amino acid residues in the recognition helix that make specific contacts to the bases. In 

this case, a zinc finger module targeting the DNA triplet 5’-GGT-3’, with Arg at position 

6 forming hydrogen bonds with the 5’ guanine, His at position 3 recognizing the second 

guanine, and Thr at position –1 making contacts with the 3’ thymine. (B) Zinc finger 

modules with the amino acid sequence for the -helix and its respective 5’-ANN-3’, 5’-

CNN-3’, and 5’-GNN-3’ target sequence (Ghosh et al. 2006).  

A 
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1.2 Signal Transducer 

Many of the signal transducers used in DNA diagnostics are fluorescent molecules, such 

as in most cases of RT-PCR, FISH, and polyamides. Those fluorescent molecules are 

often covalently fused to the DNA-binding probe, or attached via dimerizing interactions 

such as that between biotin and streptavidin. To successfully create a detection system, 

one needs to address a major problem, which is how to separate target-bound from 

unbound fluorescent probes so that the signals detected represent the presence of the 

interested DNA sequences. In FISH, proper washing steps are required to remove the 

unbound probes, and that limits the conditions in which the assay can be performed. In 

some cases, fluorescence quenchers are used to lower the background signals, such as the 

TaqMan probe in RT-PCR. Intercalating dyes are sometimes used, as in the polyamide 

experiment, in hopes of lowering the background to achieve a higher signal to noise ratio. 

In the GFP-lac system, multiple tandem repeats of target are needed to ensure strong 

localized fluorescent signal in opposition to the diffused background signal. 

 

In SEER, the signal transduction is achieved by employing a technique called protein 

fragment complementation assay, where the background signals should be very low even 

without washing or using a quencher.   

 

1.2.1 Protein fragment complementation assay (PCA) 

Originally designed to detect protein-protein interaction, PCA is composed of two 

chimeric proteins, each containing two components: a rationally designed signal-
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generating protein fragment, and the dimerization domain that is to be tested. The 

reporter protein fragments in each of the chimeric proteins are complementary to each 

other. Successful dimerization of the interacting domains will bring the reporter protein 

fragments into proximity for the folding and formation of an active protein.   

 

Galarneau and coworkers showed that properly dissected fragments of the E. coli 

ampicillin resistance gene product, TEM-1 -lactamase, could be separately expressed 

and brought together to form an active enzyme when each of the fragments is fused to a 

dimerizing interface (Galarneau et al. 2002). They successfully regenerated active -

lactamase when the fragments were attached to complementary pairs of GCN4 leucine 

zippers, apoptotic protein partners Bcl2 and Bad, homodimerizing Smad3, as well as 

protein kinase B and its substrate Bad. Functional -lactamase was not detected when the 

dimerizing domains tested were not those that form protein-protein interactions. 

 

Another successful example of PCA was done by Ghosh et. al., where reassembly and 

formation of active fluorophores were achieved via noncovalent interaction of antiparallel 

leucine zippers that were attached to the non-functional GFP fragments (Ghosh et al. 

2000). Apart from TEM-1 -lactamase and GFP, PCA has also been successfully shown 

with fragmented -galactosidase (Rossi et al. 1997), dihydrofolate reductase (DHFR) 

(Pelletier et al. 1998), ubiquitin (Johnsson and Varshavsky 1994), PH domains (Sugimoto 

et al. 2003), and firefly luciferase (Paulmurugan and Gambhir 2003).  
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SEER will benefit from utilizing PCA in several ways. First, the background signal 

should be low as the fragmented proteins are not active. Second, instead of fluorescent 

proteins, it is possible to use enzymes such as -lactamase or luciferase, where the signals 

can be amplified by ways of enzymatic conversion of substrate to signal.  

 

1.3 The importance of creating new DNA diagnostics 

One of many possible applications of DNA diagnostics is to detect cells that are 

predisposed to cancers. Many tumor-imaging methods rely on the expression of tumor-

specific proteins on the surface of the cell. The underlying differences at the genetic level 

are inaccessible as targets or markers, due to the lack of a viable technology for 

recognizing and generating a response to specific DNA sequences. Although PCR-based 

methods are utilized to analyze DNA sequences obtained from tissue-biopsies, it cannot 

be used to amplify DNA from a single cell in a field of cells. It is also impossible to use 

PCR to identify the cells inheriting a particular genotype within its surrounding tissue. 

Finally, it is impractical to obtain genetic information in living cells using PCR methods.  

 

DNA diagnostic for use in living cells is a novel idea, and because of that there seems to 

be no demand for this technology. Nevertheless, with the increased importance and 

interest in the developments of gene therapies, such DNA diagnostic system may be 

required to validate the potential target sites in living cells, especially for the zinc finger-

based tools such as the artificial transcription factors and zinc finger nucleases. Another 

advantage for using a DNA diagnostic in living cells is in the case where the cells are 
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needed to be alive for subsequent studies following the genotyping. This technology is 

applicable in detecting the HIV-infected memory T-cells that are in latency, where there 

is no production of viral proteins or viral RNA and thus cannot be easily detected by 

currently available methodologies (Han et al. 2007). The ability of differentiating 

individual living T-cells that are latently-infected by HIV presents the opportunity to 

subsequently study the induction of infected memory T-cells from latency to HIV-

replicating state. 

 

While using natural DNA-binding domains as diagnostic tools seems like a promising 

way to detect DNA sequences, as shown in the case of GFP-lac system, there are several 

technological disadvantages that limit the possibility of progressing beyond the proof-of-

concept stage. First of all, a practical DNA diagnostic agent should be readily amendable 

to redesign to target different sites when desired.  The use of natural DNA-binding 

proteins limits the probable target sites to the binding sites of known and characterized 

DNA-binding domains, which substantially reduces the potential applications. Second, 

the GFP-lac system works best when it is used to detect multiple repeats, where many 

GFP molecules are localized to a specific site for optimal visualization. This method is 

not designed to detect unique sequences that are spatially distributed, as there is no way 

of telling the bound molecules from the unbound background signals. 

 

In short, new DNA diagnostics are needed in order to overcome all the restrictions 

mentioned above, and we are hoping to achieve that with SEER by combining the 
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technologies of engineered zinc finger domains and PCA. In the following chapters, the 

design, construction, development, and potential applications of SEER as a new DNA 

diagnostic agent are discussed. 
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CHAPTER 2: DESIGN AND CONSTRUCTION OF MODEL SEER-LAC 

SYSTEM 

 

2.1 Introduction 

The early concept of utilizing custom-designed zinc finger proteins to develop a tool for 

DNA sequence detection was based on two technologies: the ability to design and make 

zinc fingers that bind to DNA sequences of interest, and the ability to append signal-

generating proteins to the zinc finger motifs. The initial idea was therefore to attach a 

reporter protein, such as GFP, to a zinc finger motif that recognizes a specific DNA 

sequence (Figure 2.1A). This approach is very similar to the GFP-lac system mentioned 

in Chapter I, but with the advantage of targeting wide selections of desired sequences. In 

the GFP-lac system, the DNA-binding domain was the E. coli lac repressor protein. The 

idea behind the system was to use a known DNA-binding protein as the DNA-

recognizing motif. This approach restricted the potential target sites only to the binding 

sites of known DNA-binding proteins. Nevertheless, even with the incorporation of 

custom-designed zinc finger proteins, the general idea of this method is not desirable as a 

tool for DNA detection. The major drawback of this design is that the unbound protein 

would still transmit signal (in this example, green fluorescence), resulting in 

unacceptably high background. There are only two ways to get around this problem. First 

solution is to wash away the unbound proteins to remove the background signal. The only 

way to do this, however, would require fixing and permeabilizing the cells and therefore 

cannot be done in living cells. The second way to get around this problem, which was 
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employed by the GFP-lac system, is to only use this technology on repeated sequences. 

With tandem repeats of target sites, the signals are localized to one particular spot in the 

cell which is then possible to identify from the diffused background signal. In the GFP-

lac system, Belmont and coworkers successfully applied the system on 256-repeat of lac 

repressor binding sites. Even though the method is applicable in living cells, the 

constraint on having to only detect multiple repeats limits the overall potential of the 

system. 

 

This initial concept of zinc finger diagnostics was then modified to eliminate the problem 

of having high background with the initial idea. We envisioned the new version of the 

diagnostic would utilize an altered signal transducer that would only generate a signal 

when the zinc fingers bound to DNA (Figure 2.1B). By having a system like this, the 

unbound proteins would not give out signal and therefore it would not be necessary to 

wash them away. The background would be substantially lower than the previous concept, 

and it would be possible to target DNA sequences that are not multiple repeats confined 

to the same locus.  
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Figure 2.1. Early concepts of utilizing designed zinc fingers as DNA diagnostic. Red 

ovals: custom-designed zinc fingers; orange boxes: zinc finger binding sites. (A) Zinc 

fingers attached to GFP molecules. This system can only be used to detect multiple 

repeats on a same locus due to high background of the unbound proteins. (B) Zinc fingers 

attached to modified GFP molecules, which would only fluoresce when the zinc fingers 

are bound to the target sites. This concept allows the system to detect spatially distributed 

target sites as the background signal would be much lower than the concept shown in (A), 

and therefore does not require having a localized signal to be detectable. 
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This concept was then evolved to form the final principle and design for the SEER 

system. In SEER, we utilized the sequence-enabled activity in the rational design of a 

split-protein system that reassembles only in the presence of a specific DNA sequence. 

This DNA detection system is a modified version of protein complementation assay 

(PCA, also known as protein reassembly assay), where the protein-interacting domain is 

replaced by DNA-binding zinc finger domain, and the complementation of the reporter 

protein fragments would come about in the presence of the correct zinc finger binding 

sites.  

 

In this chapter, the design and construction of a SEER system that carries the inactive 

fragments of TEM-1 -lactamase are described. This system, named sequence-enabled 

reassembly of -lactamase (SEER-LAC), consists of rationally designed zinc finger 

domains and properly dissected -lactamase fragments. The goal was to attach the 

engineered zinc finger domains to the enzyme fragments without losing their DNA-

binding specificity. The design of the orientation of the zinc finger domains and the 

lactamase fragments was very critical, as the direction in which zinc finger binds to DNA 

might influence the chances of fragments reassembly.  

 

SEER-LAC, however, is not the first example of DNA-dependent reassembly of protein 

fragments. Our collaborators, Dr. Indraneel Ghosh and Cliff Stains, worked on the design 

and construction of a SEER system with GFP fragments (SEER-GFP) concurrently when 
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SEER-LAC was being developed.  SEER-GFP was the first successful example of DNA-

assisted regeneration of a reporter protein from its inactive fragments (Stains et al. 2005).   

 

2.1.1 SEER-GFP 

The concept of SEER was based upon selecting the appropriate zinc finger DNA binding 

domains, and a properly dissected signal-generating protein that could produce an easily 

detectable optical signal upon successful reassembly. In SEER-GFP, a well-characterized 

GFP variant was chosen as the disassembled reporter protein. This fluorescence protein 

has been previously shown to be dissectible into two fragments that were capable of 

reassembling to restore the protein function when coupled with dimerizing protein 

partners. Two zinc finger domains that recognize 9-bp sequences were chosen for the 

system. The first zinc finger, Zif268, was a natural protein, while the second zinc finger, 

PBSII, was a designed protein.   

 

The experiments describing the construction and characterization of SEER-GFP were 

conducted by Cliff Stains, under the supervision of our collaborator Dr. Indraneel Ghosh. 

The first protein construct was designed in such a way that Zif268 was attached to the C-

terminus of the NGFP fragment, which consisted of amino acid residues 1-157 of the 

GFP protein. The second construct was built by appending PBSII to the N-terminus of 

CGFP, which was the C-terminus of GFP with amino acid residues 158-236 (Figure 2.2). 

The zinc fingers were both fused to the GFP fragments via a 15-amino acid linker 

comprised of repeated Gly-Gly-Gly-Gly-Ser. The DNA constructs for these proteins were 



 

 

 

50 

cloned together or separately in the pETDuet vector and transformed into E. coli. A 

fluorescence profile of the cells was monitored over the period of 1 week, and no 

fluorescence was detected in cells expressing either one or both of the proteins. This 

showed that the SEER-GFP system did not reassemble randomly in E. coli cells, and the 

E. coli genomic DNA did not have the zinc finger binding sites in the proximity or 

orientation needed for the GFP fragments to form a mature fluorophore. 
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Figure 2.2.  SEER-GFP strategy.  NGFP-ZnFingerA  (cyan and blue) comprises residues 

1-157 of GFP fused by a 15-amino acid linker to the DNA-binding zinc finger Zif268. 

CGFP-ZnFingerB (pink and red) comprises residues 158-238 of GFP attached to the zinc 

finger PBSII via a 15-residue linker. The DNA binding of the zinc fingers then facilitates 

the formation of functional GFP (Stains et al. 2005). 

 

Sequence-Enabled Reassembly of GFP 
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For proof-of-concept experiments, both protein constructs were separately expressed and 

purified with affinity chromatography using Ni-NTA columns. Since one of the proteins 

was found mostly in the inclusion bodies, the proteins were purified under denaturing 

condition with 6 M urea. A double-stranded oligonucleotide that carried both the 9-bp 

zinc finger binding sites was designed as the target DNA (Zif268-10-PBSII). The binding 

sites were separated by a 10-bp spacer, which allowed the zinc fingers to bind on the 

same face of the DNA, but prevented the possibility of steric clashing between the two 

proteins. An equimolar (15 mM) mixtures of the denatured proteins was refolded in the 

presence of 10 mM Tris-HCl, 100 mM NaCl, 1 mM DTT, and 100 µM ZnCl2 at pH 7.5, 

with or without the target oligonucleotide at the concentration of 4 mM. At this initial 

phase of testing the SEER-GFP system, the DNA concentration was set to about 4-fold 

lower than the protein concentration. Although it might not be the optimized protein to 

DNA ratio, the experiment was designed that way to ensure the GFP fragments would not 

localize to different DNA molecules.   

 

The reassembly of GFP was analyzed by means of acquiring the fluorescence spectra 48 

hours after the refolding procedures. For this GFP variant, the fluorescence profile was 

obtained with excitation at 468 nm and emission at 505 nm. Emission of green 

fluorescence was only observed for reactions containing both NGFP-Zif268 and CGFP-

PBSII in the presence of target oligonucleotide Zif268-10-PBSII, but not in the absence of 

DNA (Figure 2.3A). This DNA-dependent fluorophore formation was the first evidence 

backing the SEER concept. To confirm that the reassembly of GFP was due to the zinc 
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fingers binding to their respective target sites, several control experiments were carried 

out, testing the SEER-GFP systems with several different DNA samples. The reassembly 

experiments were performed with the target oligonucleotide (Zif268-10-PBSII), 

oligonucleotides containing only one of the two zinc finger binding sites (Zif268 only or 

PBSII only), non-specific herring sperm DNA, no DNA, or just the buffer. All the control 

experiments failed to generate significant fluorescence when compared to the experiment 

using the intended target oligonucleotide (Figure 2.3B). Finally, the effect of increasing 

target DNA concentration in the reassembly of GFP was examined. The results showed 

that the fluorescence started to diminish when the target DNA concentration exceeded the 

concentration of the dissected proteins (Figure 2.3C). This observed effect indicated that 

when the target DNA concentration is too high, the SEER protein halves might distribute 

to different sites and thus protein reassembly could not occur.  
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Figure 2.3. In vitro assays with SEER-GFP. (A)  Fluorescence emission spectra of 

NGFP-Zif268 (15 mM) + CGFP-PBSII (15 mM) in the presence (green) and the absence 

(blue) of 4 mM target DNA (Zif268-10-PBSII) excited at 468 nm. Inset shows SDS-

PAGE with MW standards (lane 1); purified NGFP-Zif268 (lane 3); CGFP-PBSII (lane 

4); and equimolar mixture used in the SEER experiments (lane 2). (B)  Fluorescence 

emission at 505 nm of NGFP-Zif268 (5 mM) + CGFP-PBSII (5 mM) in the presence of 

indicated double stranded DNA controls (5 mM each). (C)  Relative fluorescence 

emission at 505 nm of NGFP-Zif268 (5 mM) + CGFP-PBSII (5 mM) as function of 

increasing concentrations of target DNA (Zif268-10-PBSII) (Stains et al. 2005). 
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2.1.2 The Advantages of Creating an Enzymatic SEER System 

In the above experiments, one GFP molecule is produced for every copy of the target 

DNA sequence. This feature might provide a linear relationship between signal intensity 

and target copy number, which would be useful to identify highly repetitive sequences, 

such as in telomeres and genomic amplifications. However, this feature may limit the use 

of the SEER-GPF to detect low-copy number sequences. A different approach is to use 

an enzyme, such as TEM-1 -lactamase, to produce the signal instead of a single 

molecule. By having the enzyme convert a substrate into an easily detectable product, the 

signal would be amplified (Figure 2.4). Therefore, -lactamase may be a better tool for 

detecting single copy genetic abnormalities, while GFP may be more appropriate for 

multiple copy detection. 

 

TEM-1 -lactamase belongs to the TEM family of class A serine -lactamases. It is the 

major source of bacterial antibiotic resistance by hydrolyzing the -lactam antibiotics 

before they reach their targets. It also provides several features appropriate for the 

proposed studies (Galarneau et al. 2002). -lactamase has been well characterized 

structurally and functionally. It is not toxic to prokaryotic or eukaryotic cells. Since 

eukaryotic cells do not contain an endogenous -lactamase activity, a signal generated 

from this enzyme will have little background. Its activity can be monitored both in vitro, 

using the colorimetric -lactamase substrate nitrocefin, and in vivo, using the fluorescent 

substrates CCF2-AM, CCF4-AM (Invitrogen),  CC2, or CC1 (Gao et al. 2003). The 

hydrolyzed CCF2 product had an intracellular half-life of 2-3 hours. 
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Like GFP, fragments of TEM-1 -lactamase have been generated that can reassemble 

when attached to appropriate dimerization domains (Galarneau et al. 2002). Reassembly 

of an active enzyme has been shown in vitro and in mammalian cell culture. The 

minimum dimerization affinity required for complementation has not been determined, 

but it was reported that an affinity of 5 nM was sufficient while an affinity of 450 nM 

was not. Background due to spontaneous reassembly was extremely low in cell culture. 

In vitro, the rate of hydrolysis for the reassembled enzyme ranged from 10- to 250-fold 

over background, depending on the dimerization domains used. 
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Figure 2.4. DNA-assisted reassembly of enzyme fragments. Once the reassembled 

enzyme is active, signal amplification can be achieved by enzymatic conversion of 

substrates to products.  
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2.2 Design of the SEER-LAC System 

When designing a SEER system, there are several important components that need to be 

considered. As discussed earlier, the choice of signal-generating domain is important. 

Once a protein or enzyme is chosen, it has to be decided how to dissect the protein in 

such a way that it is split into two non-active fragments but can be functionally 

reactivated later. To be able to find the appropriate separation site, one has to know the 

structure and the active site of the protein. 

 

There are two domains in TEM-1 -lactamase, the  domain and the  domain (Figure 

2.5) (Jelsch et al. 1993; Roccatano et al. 2005). The  domain contains three -helices 

and a five-stranded antiparallel -sheet. On the other side of the -sheet is the  domain, 

which includes eight helices. The catalytic site lies in a groove between these two 

domains, which is surrounded by residues that are important for the enzyme function 

(Gibson et al. 1990; Damblon et al. 1996). To transform TEM-1 -lactamase into 

fragments suitable for PCA, Galarneau et. al. proposed to separate the emzyme between 

Gly196 and Leu198. As shown in Figure 2.6, this site is located on the surface of the 

protein and carries no periodic secondary structure, which is desired as the overall protein 

structure will not be disrupted when dimerizing domains are attached to the dissected 

residues. This site is also located at the opposite side of the substrate binding site, thus the 

enzyme function will not be affected. Splitting the enzyme at that interface will generate 

two fragments that both contain some important residues required for substrate catalysis, 
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ensuring each fragment individually will not possess the ability to hydrolyze a -lactam 

ring.                                                                                                                                          
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Figure 2.5. The  domain (blue) and the  domain (red) of TEM-1 -lactamase. The 

catalytic residues are shown in white, and the split site for the SEER-LAC constructs is 

shown in magenta.   
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Figure 2.6. LacA (green) and LacB (yellow) fragments of TEM-1 -lactamase used in 

the SEER-LAC system. The catalytic residues are in white, and the split site is shown in 

magenta, which is on the surface of the protein and not involved in substrate catalysis. 
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Other major components of the SEER system is the zinc finger domains and their target 

sites.  Since a biologically relevant target site cannot be chosen until the optimal spacer 

and orientation parameters are established, initial design will employ target sites that are 

recognized by existing, well-characterized, designed zinc finger proteins.  Two such 

proteins are PBSI and PBSII, which bind to their respective 9-bp target sites of 5’-GTG 

TGG AAA-3’ and 5’-AGG GTC TGA-3’. Target site selection experiments have shown 

that these proteins are highly specific for their target sequences (Segal et al. 2003).  A 

single base mismatch is expected to reduce binding affinity 100-fold (Segal et al. 1999).  

Together, the two proteins recognize 18-bp of DNA, a target site sufficiently large to be 

unique in the human genome (Liu et al. 1997). 

 

Recent studies of a zinc finger-tethered FokI endonuclease suggested several critical 

parameters for a SEER system (Smith et al. 2000; Bibikova et al. 2001). These 

parameters must be resolved before the systems can be applied to any biologically 

relevant targets. It was shown that spatial and temporal co-localization of the two FokI 

endonuclease cleavage domains occurred only in the presence of appropriate spaced and 

oriented binding sites. The optimal orientation of the zinc finger binding sites was found 

to be in everted orientation, which arranged the two C-terminal FokI domains next to 

each other. For the SEER proteins, the anticipated optimal orientation of the target sites 

will be in direct orientation, which should appropriately arrange the polarity of signal-

generating fragments anti-parallel to each other. 



 

 

 

63 

The optimal spacing between the target sites was found to be related to the length of the 

protein linker between the DNA-binding and cleavage domains. A spacer of less than 5-

bp created steric interference between the two cleavage domains, and as a result disrupted 

the overall function of the system. The optimal length of DNA spacer was proved to be 5 

to 6 bp. Long spacers not only brought the cleavage domains farther apart, but also 

arranged them on a different face of the DNA helix. Suboptimal positioning was tolerated 

by the use of 15- to 18-aa protein linkers, which allowed greater flexibility of the 

cleavage domains. However, enabling the system to tolerate changes in spacer length 

decreases its binding specificity, and the additional flexibility increases the entropic cost 

of reassembly. Removing the linker improved the stringency of interaction to allow 

assembly at only the optimal spacing, 5 to 6 bp, and the cleavage efficiency was 

improved compared to the longer linker version.  

 

For the initial SEER-LAC system, the length of the linkers between the signal-generating 

and zinc finger domains will be 15-aa in order to maximize the likelihood that reassembly 

of any significant extent will occur. A 15-aa linker was used in the original the TEM-1 -

lactamase fragment complementation study (Galarneau et al. 2002), and in the zinc 

finger-FokI chimeric endonuclease studies (Bibikova et al. 2001). However, a shorter 

linker would be expected to provide more robust and specific reassembly. For a given 

linker length, the preferred binding site spacing can be determined using variously spaced 

DNA targets. A general layout of the SEER system is shown in Figure 2.7. 
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Figure 2.7. Schematic diagram of a general SEER system with the correct orientation of 

the domains. This arrangement ensures proper polarity between the zinc fingers and their 

target sites, as well as between the two signal-generating fragments.   
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2.3 Results 

2.3.1 Construction of SEER-LAC 

Genetic constructs were generated by standard cloning methods to code for the following 

two proteins: ―LacA-PBSI‖, a C-terminal zinc finger protein PBSI linked by a 15-aa 

(Gly-Gly-Gly-Gly-Ser)3 linker to residues 26-196 of E. coli TEM-1 -lactamase (lacking 

the N-terminal secretory signal sequence); and ―PBSII-LacB‖, an N-terminal zinc finger 

protein PBSII linked by a 15-aa linker to residues 198-290 of TEM-1 -lactamase 

(Figure 2.8).   

 

The constructs were cloned into the bacterial expression vector pQE-30 that would 

additionally append an N-terminal (His)6 tag to facilitate purification and detection.  

Proteins were expressed and purified using standard methods. However, the proteins 

were not found in the soluble fractions. Since it is preferable to have soluble proteins for 

the in vitro testing of the SEER-LAC system, we decided to use different expression 

vectors and cloned the SEER-LAC constructs into pHis-8 vector and pMAL-c2X vector.  

The pHis-8 vector would attach an N-terminal (His)8 tag to the expressed proteins. The 

His-tagged proteins were expressed and purified using Ni-NTA columns. It was found 

that the proteins expressed from pHis-8 vector also remained in the inclusion bodies. The 

proteins expressed form pMAL-c2X vector would carry a 392-amino acid, 44 kD 

Maltose-Binding Protein (MBP) tag at the N-terminus. This vector was chosen for the 

large MBP domain that was expected to increase the solubility of the protein. The 

proteins were expressed following standard protocol and purified using amylose resin.  
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The DNA sequences of LacA-PBSI and PBSII-LacB constructs are shown in Figure 2.9 

and Figure 2.10.  
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Figure 2.8. Model of the SEER-LAC system. The ―LacA-PBSI‖ protein (blue ribbons) 

and ―PBSII-LacB‖ protein (yellow ribbons) each consist of an inactive fragment of -

lactamase tethered to a designed zinc finger DNA-binding domain. A functional signal-

generating domain is reassembled when the proteins bind their DNA target sites (DNA 

rendered as spheres). The lengths of the DNA spacer between the target sites (DNA 

rendered as sticks), and the protein linker (purple ribbons) between the zinc finger and -

lactamase fragments will be further discussed in the following chapters. 
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Figure 2.9. DNA sequence of LacA-PBSI construct cloned into pQE-30, pHis-8, and 

pMAL-c2X. 

LacA-PBSI: 1 to 828 
 

       BamHI 

                       10           20           30            40           50           60 

            GGA TCC CAC CCA GAA ACG CTG GTG AAA GTA AAA GAT GCT GAA GAT CAG TTG GGT GCA CGA 

            CCT AGG GTG GGT CTT TGC GAC CAC TTT CAT TTT CTA CGA CTT CTA GTC AAC CCA CGT GCT 

             G   S   H   P   E   T   L   V   K   V   K   D   A   E   D   Q   L   G   A   R> 

     Tem-1 aa26 

                       70           80           90           100          110          120 

            GTG GGT TAC ATC GAA CTG GAT CTC AAC AGC GGT AAG ATC CTT GAG AGT TTT CGC CCC GAA 

            CAC CCA ATG TAG CTT GAC CTA GAG TTG TCG CCA TTC TAG GAA CTC TCA AAA GCG GGG CTT 

             V   G   Y   I   E   L   D   L   N   S   G   K   I   L   E   S   F   R   P   E> 

 

                      130          140          150           160          170          180 

            GAA CGT TTT CCA ATG ATG AGC ACT TTT AAA GTT CTG CTA TGT GGC GCG GTA TTA TCC CGT 

            CTT GCA AAA GGT TAC TAC TCG TGA AAA TTT CAA GAC GAT ACA CCG CGC CAT AAT AGG GCA 

             E   R   F   P   M   M   S   T   F   K   V   L   L   C   G   A   V   L   S   R> 

 

                      190          200          210           220          230          240 

            ATT GAC GCC GGG CAA GAG CAA CTC GGT CGC CGC ATA CAC TAT TCT CAG AAT GAC TTG GTT 

            TAA CTG CGG CCC GTT CTC GTT GAG CCA GCG GCG TAT GTG ATA AGA GTC TTA CTG AAC CAA 

             I   D   A   G   Q   E   Q   L   G   R   R   I   H   Y   S   Q   N   D   L   V> 

 

                      250          260          270           280          290          300 

            GAG TAC TCA CCA GTC ACA GAA AAG CAT CTT ACG GAT GGC ATG ACA GTA AGA GAA TTA TGC 

            CTC ATG AGT GGT CAG TGT CTT TTC GTA GAA TGC CTA CCG TAC TGT CAT TCT CTT AAT ACG 

             E   Y   S   P   V   T   E   K   H   L   T   D   G   M   T   V   R   E   L   C> 

 

                      310          320          330           340          350          360 

            AGT GCT GCC ATA ACC ATG AGT GAT AAC ACT GCG GCC AAC TTA CTT CTG ACA ACG ATC GGA 

            TCA CGA CGG TAT TGG TAC TCA CTA TTG TGA CGC CGG TTG AAT GAA GAC TGT TGC TAG CCT 

             S   A   A   I   T   M   S   D   N   T   A   A   N   L   L   L   T   T   I   G> 

 

                      370          380          390           400          410          420 

            GGA CCG AAG GAG CTA ACC GCT TTT TTG CAC AAC ATG GGG GAT CAT GTA ACT CGC CTT GAT 

            CCT GGC TTC CTC GAT TGG CGA AAA AAC GTG TTG TAC CCC CTA GTA CAT TGA GCG GAA CTA 

             G   P   K   E   L   T   A   F   L   H   N   M   G   D   H   V   T   R   L   D> 

 

                      430          440          450           460          470          480 

            CGT TGG GAA CCG GAG CTG AAT GAA GCC ATA CCA AAC GAC GAG CGT GAC ACC ACG ACT CCT 

            GCA ACC CTT GGC CTC GAC TTA CTT CGG TAT GGT TTG CTG CTC GCA CTG TGG TGC TGA GGA 

             R   W   E   P   E   L   N   E   A   I   P   N   D   E   R   D   T   T   T   P> 

             PstI         M182T 

                      490          500          510           520          530          540 

            GTA GCA ATG GCA ACA ACG TTG CGC AAA CTA TTA ACT GGC CTG CAG GGC GGT TCA GGC GGT 

            CAT CGT TAC CGT TGT TGC AAC GCG TTT GAT AAT TGA CCG GAC GTC CCG CCA AGT CCG CCA 

             V   A   M   A   T   T   L   R   K   L   L   T   G   L   Q   G   G   S   G   G> 

     KpnI    XmaI   TEM-1 aa196 

                      550          560          570           580          590          600 

            GGG GGT TCT GGT GGG GGT GGT ACC CCC GGG GAG AAG CCC TAT GCT TGT CCG GAA TGT GGT 

            CCC CCA AGA CCA CCC CCA CCA TGG GGG CCC CTC TTC GGG ATA CGA ACA GGC CTT ACA CCA 

             G   G   S   G   G   G   G   T   P   G   E   K   P   Y   A   C   P   E   C   G> 

     15aa Linker 

                      610          620          630           640          650          660 

            AAG TCC TTC AGC CAG GCC GGC CAC CTG GCC AGC CAC CAG CGT ACC CAC ACG GGT GAA AAA 

            TTC AGG AAG TCG GTC CGG CCG GTG GAC CGG TCG GTG GTC GCA TGG GTG TGC CCA CTT TTT 

             K   S   F   S   Q   A   G   H   L   A   S   H   Q   R   T   H   T   G   E   K> 

       Finger 1 – TGA      XmaI   

                      670          680          690           700          710          720 

            CCG TAT AAA TGC CCA GAG TGC GGC AAA TCT TTT AGT GAC CCG GGC GCC CTG GTT CGC CAT 

            GGC ATA TTT ACG GGT CTC ACG CCG TTT AGA AAA TCA CTG GGC CCG CGG GAC CAA GCG GTA 

             P   Y   K   C   P   E   C   G   K   S   F   S   D   P   G   A   L   V   R   H> 

         Finger 2 - GTC 

 

 

                      730          740          750           760          770          780 

            CAA CGC ACT CAT ACT GGC GAG AAG CCA TAC AAA TGT CCA GAA TGT GGC AAG TCT TTC TCC 

            GTT GCG TGA GTA TGA CCG CTC TTC GGT ATG TTT ACA GGT CTT ACA CCG TTC AGA AAG AGG 

             Q   R   T   H   T   G   E   K   P   Y   K   C   P   E   C   G   K   S   F   S> 

         AgeI  HindIII 

                      790          800          810           820           

            CGC AGC GAT CAC CTG GCC GAA CAC CAA CGT ACT CAC ACC GGT AAG CTT 

            GCG TCG CTA GTG GAC CGG CTT GTG GTT GCA TGA GTG TGG CCA TTC GAA 

             R   S   D   H   L   A   E   H   Q   R   T   H   T   G   K   L> 

      Finger 3 – AGG 

15aa Linker Beta-lactamase 26-196 

BamHI HindIII 

KpnI AgeI 

ZnFn PBS1 

PstI 
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Figure 2.10. DNA sequence of PBSII-LacB construct cloned into pQE-30, pHis-8, and 

pMAL-c2X. 

 

 

PBSII-LacB: 1 to 591 
 

       BamHI   XmaI 

                       10           20           30            40           50           60 

            GGA TCC CCC GGG GAG AAG CCC TAT GCT TGT CCG GAA TGT GGT AAG TCC TTC AGT CAG CGC 

            CCT AGG GGG CCC CTC TTC GGG ATA CGA ACA GGC CTT ACA CCA TTC AGG AAG TCA GTC GCG 

             G   S   P   G   E   K   P   Y   A   C   P   E   C   G   K   S   F   S   Q   R 

 

                       70           80           90           100          110          120 

            GCA AAC CTG CGC GCC CAC CAG CGT ACC CAC ACG GGT GAA AAA CCG TAT AAA TGC CCA GAG 

            CGT TTG GAC GCG CGG GTG GTC GCA TGG GTG TGC CCA CTT TTT GGC ATA TTT ACG GGT CTC 

             A   N   L   R   A   H   Q   R   T   H   T   G   E   K   P   Y   K   C   P   E 

  Finger 1 - AAA 

                      130          140          150           160          170          180 

            TGC GGC AAA TCT TTT AGC CGC AGC GAT CAC CTG ACC ACC CAT CAA CGC ACT CAT ACT GGC 

            ACG CCG TTT AGA AAA TCG GCG TCG CTA GTG GAC TGG TGG GTA GTT GCG TGA GTA TGA CCG 

             C   G   K   S   F   S   R   S   D   H   L   T   T   H   Q   R   T   H   T   G 

      Finger 2 - TGG 

                      190          200          210           220          230          240 

            GAG AAG CCA TAC AAA TGT CCA GAA TGT GGC AAG TCT TTC TCC CGC AGC GAT GTG CTG GTG 

            CTC TTC GGT ATG TTT ACA GGT CTT ACA CCG TTC AGA AAG AGG GCG TCG CTA CAC GAC CAC 

             E   K   P   Y   K   C   P   E   C   G   K   S   F   S   R   S   D   V   L   V 

         AgeI     Finger 3 - GTG 

                      250          260          270           280          290          300 

            CGC CAC CAA CGT ACT CAC ACC GGT GGG GGT GGC GGT TCA GGC GGT GGG GGT TCT GGT GGG 

            GCG GTG GTT GCA TGA GTG TGG CCA CCC CCA CCG CCA AGT CCG CCA CCC CCA AGA CCA CCC 

             R   H   Q   R   T   H   T   G   G   G   G   G   S   G   G   G   G   S   G   G 

      KpnI       15-aa Linker 

                      310          320          330           340          350          360 

            GGT GGT ACC CTA CTT ACT CTA GCT TCC CGG CAA CAA TTA ATA GAC TGG ATG GAG GCG GAT 

            CCA CCA TGG GAT GAA TGA GAT CGA AGG GCC GTT GTT AAT TAT CTG ACC TAC CTC CGC CTA 

             G   G   T   L   L   T   L   A   S   R   Q   Q   L   I   D   W   M   E   A   D 

   TEM-1 aa198 

                      370          380          390           400          410          420 

            AAA GTT GCA GGA CCA CTT CTG CGC TCG GCC CTT CCG GCT GGC TGG TTT ATT GCT GAT AAA 

            TTT CAA CGT CCT GGT GAA GAC GCG AGC CGG GAA GGC CGA CCG ACC AAA TAA CGA CTA TTT 

             K   V   A   G   P   L   L   R   S   A   L   P   A   G   W   F   I   A   D   K 

 

                      430          440          450           460          470          480 

            TCT GGA GCC GGT GAG CGT GGG TCT CGC GGT ATC ATT GCA GCA CTG GGG CCA GAT GGT AAG 

            AGA CCT CGG CCA CTC GCA CCC AGA GCG CCA TAG TAA CGT CGT GAC CCC GGT CTA CCA TTC 

             S   G   A   G   E   R   G   S   R   G   I   I   A   A   L   G   P   D   G   K 

 

                      490          500          510           520          530          540 

            CCC TCC CGT ATC GTA GTT ATC TAC ACG ACG GGG AGT CAG GCA ACT ATG GAT GAA CGA AAT 

            GGG AGG GCA TAG CAT CAA TAG ATG TGC TGC CCC TCA GTC CGT TGA TAC CTA CTT GCT TTA 

             P   S   R   I   V   V   I   Y   T   T   G   S   Q   A   T   M   D   E   R   N 

                

                      550          560          570           580       HindIII       

            AGA CAG ATC GCT GAG ATA GGT GCC TCA CTG ATT AAG CAT TGG TGA AAG CTT 

            TCT GTC TAG CGA CTC TAT CCA CGG AGT GAC TAA TTC GTA ACC ACT TTC GAA 

             R   Q   I   A   E   I   G   A   S   L   I   K   H   W  Stop K   L 

         TEM-1 aa290 

 

 

 
ZnFn PBSII 15-aa Linker Beta-lactamase 198-290 

BamHI 
XmaI 

HindIII 
AgeI KpnI 
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2.3.2 Making the M182T mutation for extra stabilization 

In nature, TEM-1 -lactamases mutate to overcome problems such as increased use of 

wide-spectrum antibiotics and -lactamase inhibitor. The missense mutation M182T is 

observed both in variants that evolved to catalyze substrate hydrolysis more efficiently, 

and in variants that are resistant to the inhibitors (Huang and Palzkill 1997; Sideraki et al. 

2001). It is, however, a secondary mutation that is only found in combination with other 

amino acid substitutions. This observation suggests that this M182T mutation is selected 

for its contribution in correcting protein function defects bestowed by other mutations. It 

was found in some studies that the M182T mutation alone has very little effect on the 

enzyme activity, but its presence prevents the forming of inactive molten-globule 

intermediate in some mutated variants, leading to a more stable protein. We decided to 

incorporate this mutation in the SEER-LAC constructs as it might help with the protein 

folding upon fragments reassembly. From this point onward, all the LacA fragments that 

are mentioned in this dissertation contain the M182T mutation. 

 

2.3.3 Making LacA-Zif268 and PE1A-LacB 

One major concept of SEER is to be able to detect different sequences when desired. 

Therefore, a very critical aspect of SEER is the ability to rapidly change the DNA 

binding domains to create a system recognizing new target sites. In order to test if the 

SEER system works with other zinc finger domains, constructs containing different zinc 

fingers were made for the SEER-LAC system. A 3-finger protein Zif268 was cloned into 

the LacA construct replacing PBSI, and PE1A, another 3-finger protein, was cloned into 
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the LacB construct replacing PBSII. Zif268 is a naturally occurring 3-finger zinc finger 

that has been extensively studied structurally and biochemically (Elrod-Erickson et al. 

1996; Wolfe et al. 2000). It binds the 9 bp sequence 5’-GCG TGG GCG-3’. PE1A is a 

designed 3-finger protein assembled from a predefined modified zinc finger module 

(Segal 2002; Blancafort et al. 2004), and recognizes the sequence 5’-ATA AAT AAC-3’. 

The full DNA sequence for LacA-Zif268 and PE1A-LacB constructs are shown in 

Figure 2.11 and Figure 2.12.  

 



 

 

 

72 

 

 

Figure 2.11. DNA sequence of LacA-Zif268 construct with the M182T mutation. 

LacA-Zif268: 1 to 867 
 

      BamHI 

                       10           20           30            40           50           60 

            GGA TCC CAC CCA GAA ACG CTG GTG AAA GTA AAA GAT GCT GAA GAT CAG TTG GGT GCA CGA 

            CCT AGG GTG GGT CTT TGC GAC CAC TTT CAT TTT CTA CGA CTT CTA GTC AAC CCA CGT GCT 

             G   S   H   P   E   T   L   V   K   V   K   D   A   E   D   Q   L   G   A   R> 

    Tem-1 aa26 

                       70           80           90           100          110          120 

            GTG GGT TAC ATC GAA CTG GAT CTC AAC AGC GGT AAG ATC CTT GAG AGT TTT CGC CCC GAA 

            CAC CCA ATG TAG CTT GAC CTA GAG TTG TCG CCA TTC TAG GAA CTC TCA AAA GCG GGG CTT 

             V   G   Y   I   E   L   D   L   N   S   G   K   I   L   E   S   F   R   P   E> 

 

                      130          140          150           160          170          180 

            GAA CGT TTT CCA ATG ATG AGC ACT TTT AAA GTT CTG CTA TGT GGC GCG GTA TTA TCC CGT 

            CTT GCA AAA GGT TAC TAC TCG TGA AAA TTT CAA GAC GAT ACA CCG CGC CAT AAT AGG GCA 

             E   R   F   P   M   M   S   T   F   K   V   L   L   C   G   A   V   L   S   R> 

 

                      190          200          210           220          230          240 

            ATT GAC GCC GGG CAA GAG CAA CTC GGT CGC CGC ATA CAC TAT TCT CAG AAT GAC TTG GTT 

            TAA CTG CGG CCC GTT CTC GTT GAG CCA GCG GCG TAT GTG ATA AGA GTC TTA CTG AAC CAA 

             I   D   A   G   Q   E   Q   L   G   R   R   I   H   Y   S   Q   N   D   L   V> 

 

                      250          260          270           280          290          300 

            GAG TAC TCA CCA GTC ACA GAA AAG CAT CTT ACG GAT GGC ATG ACA GTA AGA GAA TTA TGC 

            CTC ATG AGT GGT CAG TGT CTT TTC GTA GAA TGC CTA CCG TAC TGT CAT TCT CTT AAT ACG 

             E   Y   S   P   V   T   E   K   H   L   T   D   G   M   T   V   R   E   L   C> 

 

                      310          320          330           340          350          360 

            AGT GCT GCC ATA ACC ATG AGT GAT AAC ACT GCG GCC AAC TTA CTT CTG ACA ACG ATC GGA 

            TCA CGA CGG TAT TGG TAC TCA CTA TTG TGA CGC CGG TTG AAT GAA GAC TGT TGC TAG CCT 

             S   A   A   I   T   M   S   D   N   T   A   A   N   L   L   L   T   T   I   G> 

 

                      370          380          390           400          410          420 

            GGA CCG AAG GAG CTA ACC GCT TTT TTG CAC AAC ATG GGG GAT CAT GTA ACT CGC CTT GAT 

            CCT GGC TTC CTC GAT TGG CGA AAA AAC GTG TTG TAC CCC CTA GTA CAT TGA GCG GAA CTA 

             G   P   K   E   L   T   A   F   L   H   N   M   G   D   H   V   T   R   L   D> 

 

                      430          440          450           460          470          480 

            CGT TGG GAA CCG GAG CTG AAT GAA GCC ATA CCA AAC GAC GAG CGT GAC ACC ACG ACT CCT 

            GCA ACC CTT GGC CTC GAC TTA CTT CGG TAT GGT TTG CTG CTC GCA CTG TGG TGC TGA GGA 

             R   W   E   P   E   L   N   E   A   I   P   N   D   E   R   D   T   T   T   P> 

             PstI              M182T 

                      490          500          510           520          530          540 

            GTA GCA ATG GCA ACA ACG TTG CGC AAA CTA TTA ACT GGC CTG CAG GGC GGT TCA GGC GGT 

            CAT CGT TAC CGT TGT TGC AAC GCG TTT GAT AAT TGA CCG GAC GTC CCG CCA AGT CCG CCA 

             V   A   M   A   T   T   L   R   K   L   L   T   G   L   Q   G   G   S   G   G> 

      KpnI     XmaI   TEM-1 aa196 

                      550          560          570           580          590          600 

            GGG GGT TCT GGT GGG GGT GGT ACC CCC GGG GAG AAG CCC TAC GCT TGC CCA GTG GAG TCC 

            CCC CCA AGA CCA CCC CCA CCA TGG GGG CCC CTC TTC GGG ATG CGA ACG GGT CAC CTC AGG 

             G   G   S   G   G   G   G   T   P   G   E   K   P   Y   A   C   P   V   E   S> 

     15aa Linker 

                      610          620          630           640          650          660 

            TGT GAT CGC CGC TTC TCC CGC TCC GAC GAG CTC ACC CGC CAC ATC CGC ATC CAC ACA GGC 

            ACA CTA GCG GCG AAG AGG GCG AGG CTG CTC GAG TGG GCG GTG TAG GCG TAG GTG TGT CCG 

             C   D   R   R   F   S   R   S   D   E   L   T   R   H   I   R   I   H   T   G> 

            Finger 1 – GCG         

                      670          680          690           700          710          720 

            CAG AAG CCC TTC CAG TGC CGC ATC TGC ATG CGC AAC TTC AGC CGC AGC GAC CAC CTC ACC 

            GTC TTC GGG AAG GTC ACG GCG TAG ACG TAC GCG TTG AAG TCG GCG TCG CTG GTG GAG TGG 

             Q   K   P   F   Q   C   R   I   C   M   R   N   F   S   R   S   D   H   L   T> 

           Finger 2 - TGG 

 

 

                      730          740          750           760          770          780 

            ACC CAC ATC CGC ACC CAC ACA GGC GAA AAG CCC TTC GCC TGC GAC ATC TGT GGA AGA AAG 

            TGG GTG TAG GCG TGG GTG TGT CCG CTT TTC GGG AAG CGG ACG CTG TAG ACA CCT TCT TTC 

             T   H   I   R   T   H   T   G   E   K   P   F   A   C   D   I   C   G   R   K> 

           AgeI    

                      790          800          810           820          830          840 

            TTT GCC AGG AGC GAT GAA CGC AAG AGG CAT ACC AAG ATC CAC ACC GGT GAG CAG AAA CTG 

            AAA CGG TCC TCG CTA CTT GCG TTC TCC GTA TGG TTC TAG GTG TGG CCA CTC GTC TTT GAC 

             F   A   R   S   D   E   R   K   R   H   T   K   I   H   T   G   E   Q   K   L 

                    Finger 3 – GCG 

        HindIII 

                    850          860 

      ATC TCT GAA GAA GAC CTG TGA AAG CTT 

           TAG AGA CTT CTT CTG GAC ACT TTC GAA  

       I   S   E   E   D   L  Stop K   L 

 

 

 

15aa Linker Beta-lactamase 26-196 (M182T) 

BamHI HindIII 

KpnI AgeI 

ZnFn Zif268 

PstI 
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Figure 2.12. DNA sequence of PE1A-LacB construct. 

 

 

 

 

PE1A-LacB: 1 to 588 
 

       BamHI   XmaI 

                       10           20           30            40           50           60 

            GGA TCC CCC GGG GAG AAG CCC TAT GCT TGT CCG GAA TGT GGT AAG TCC TTC AGC GAT AGC 

            CCT AGG GGG CCC CTC TTC GGG ATA CGA ACA GGC CTT ACA CCA TTC AGG AAG TCG CTA TCG 

             G   S   P   G   E   K   P   Y   A   C   P   E   C   G   K   S   F   S   D   S> 

 

                       70           80           90           100          110          120 

            GGC AAC CTG CGC GTG CAC CAG CGT ACC CAT ACG GGT GAA AAA CCG TAT AAA TGC CCA GAG 

            CCG TTG GAC GCG CAC GTG GTC GCA TGG GTA TGC CCA CTT TTT GGC ATA TTT ACG GGT CTC 

             G   N   L   R   V   H   Q   R   T   H   T   G   E   K   P   Y   K   C   P   E> 

  Finger 1 - AAC 

                      130          140          150           160          170          180 

            TGC GGC AAA TCT TTC AGT ACC ACT GGC AAC CTG ACC GTG CAT CAA CGC ACC CAC ACT GGC 

            ACG CCG TTT AGA AAG TCA TGG TGA CCG TTG GAC TGG CAC GTA GTT GCG TGG GTG TGA CCG 

             C   G   K   S   F   S   T   T   G   N   L   T   V   H   Q   R   T   H   T   G> 

      Finger 2 - AAT 

                      190          200          210           220          230          240 

            GAG AAG CCA TAC AAA TGT CCA GAA TGT GGC AAG TCC TTC TCT CAG AAA AGC TCC CTG ATC 

            CTC TTC GGT ATG TTT ACA GGT CTT ACA CCG TTC AGG AAG AGA GTC TTT TCG AGG GAC TAG 

             E   K   P   Y   K   C   P   E   C   G   K   S   F   S   Q   K   S   S   L   I> 

         AgeI     Finger 3 - ATA 

                      250          260          270           280          290          300 

            GCC CAC CAA CGT ACT CAC ACC GGT GGG GGT GGC GGT TCA GGC GGT GGG GGT TCT GGT GGG 

            CGG GTG GTT GCA TGA GTG TGG CCA CCC CCA CCG CCA AGT CCG CCA CCC CCA AGA CCA CCC 

             A   H   Q   R   T   H   T   G   G   G   G   G   S   G   G   G   G   S   G   G> 

      KpnI       15aa Linker 

                      310          320          330           340          350          360 

            GGT GGT ACC CTA CTT ACT CTA GCT TCC CGG CAA CAA TTA ATA GAC TGG ATG GAG GCG GAT 

            CCA CCA TGG GAT GAA TGA GAT CGA AGG GCC GTT GTT AAT TAT CTG ACC TAC CTC CGC CTA 

             G   G   T   L   L   T   L   A   S   R   Q   Q   L   I   D   W   M   E   A   D> 

   TEM-1 aa198 

                      370          380          390           400          410          420 

            AAA GTT GCA GGA CCA CTT CTG CGC TCG GCC CTT CCG GCT GGC TGG TTT ATT GCT GAT AAA 

            TTT CAA CGT CCT GGT GAA GAC GCG AGC CGG GAA GGC CGA CCG ACC AAA TAA CGA CTA TTT 

             K   V   A   G   P   L   L   R   S   A   L   P   A   G   W   F   I   A   D   K> 

 

                      430          440          450           460          470          480 

            TCT GGA GCC GGT GAG CGT GGG TCT CGC GGT ATC ATT GCA GCA CTG GGG CCA GAT GGT AAG 

            AGA CCT CGG CCA CTC GCA CCC AGA GCG CCA TAG TAA CGT CGT GAC CCC GGT CTA CCA TTC 

             S   G   A   G   E   R   G   S   R   G   I   I   A   A   L   G   P   D   G   K> 

 

                      490          500          510           520          530          540 

            CCC TCC CGT ATC GTA GTT ATC TAC ACG ACG GGG AGT CAG GCA ACT ATG GAT GAA CGA AAT 

            GGG AGG GCA TAG CAT CAA TAG ATG TGC TGC CCC TCA GTC CGT TGA TAC CTA CTT GCT TTA 

             P   S   R   I   V   V   I   Y   T   T   G   S   Q   A   T   M   D   E   R   N> 

           HindIII 

                      550          560          570           580  

            AGA CAG ATC GCT GAG ATA GGT GCC TCA CTG ATT AAG CAT TGG AAG CTT 

            TCT GTC TAG CGA CTC TAT CCA CGG AGT GAC TAA TTC GTA ACC TTC GAA 

             R   Q   I   A   E   I   G   A   S   L   I   K   H   W   K   L> 

         TEM-1 aa290 

 

 

 
ZnFn PBS2 15aa Linker Beta-lactamase 198-290 

BamHI 
XmaI 

HindIII 
AgeI KpnI 



 

 

 

74 

2.4 Discussion 

When designing the SEER system, it is very important to understand the requirements for 

the orientation in which the fragments of the dissected protein of choice are positioned. 

The arrangement of each protein fragment relative to each other is critical so that when 

both of the fragments are brought together, it is possible for them to fold into the natural 

structure of the protein. For -lactamase, we chose that the split site be on the surface of 

the protein to ensure the hydrophobic cores of the protein domains would not be 

disrupted. The chosen site was also at the opposite side of the substrate binding site to 

minimize the possibility of affecting the enzyme activity. 

 

Beside the orientation of the protein fragments, polarity of the zinc finger-DNA 

interactions has to be taken into consideration. Since the zinc fingers are directly linked 

to the dissected protein, careful attention must be paid as to which end of the zinc finger 

is connected to the protein fragment. The constructs have to be positioned with the 

intention that the protein fragments will be right next to each other when the zinc fingers 

bind to their respective target sites.   

 

The success of SEER-GFP proved that the initial design of SEER was appropriate, and 

validated the concept of SEER. However, there is still room for improvements, and we 

hope that some of the disadvantages presented by SEER-GFP could be overcome by 

developing an enzymatic SEER system like SEER-LAC. First of all, for the SEER-GFP 

system, it took hours for the fluorophore to mature once the GFP fragments were 
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reassembled. A previous example of PCA for -lactamase showed that the enzyme 

activity could be detected within the first 20 minutes after the reassembly (Galarneau et al. 

2002). This would hopefully decrease the assay time dramatically, which is desired when 

designing a diagnostic system.   

 

One of the SEER-GFP constructs failed to provide soluble protein, which is desired for 

running several subsequent experiments for optimization of parameters. The SEER-GFP 

proteins were purified under denaturing conditions, and were refolded in the presence of 

the DNA oligonucleotides containing the zinc finger target sites to prevent precipitation 

of the proteins. The -lactamase fragments, when attached to several dimerization 

domains, were found to be soluble (Galarneau et al. 2002). The SEER-LAC constructs 

have zinc fingers attached to the -lactamase fragments, and we were able to obtain 

soluble proteins when the proteins were expressed with a MBP domain attached at the N-

terminus. Without the need to refold the proteins, we could add the DNA separately while 

running the SEER assay, and not while purifying the proteins. 

 

Another advantage of using an enzymatic system is the prospect of signal amplification 

via substrate-to-product conversion. The SEER-GFP system generates one fluorescent 

molecule per protein assembly, which does not provide sufficient sensitivity for detection 

of unique DNA sequences with low copy number. By using -lactamase, the successfully 

reassembled enzyme is detected by the presence of hydrolyzed substrates. The ability of 
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signal amplification is one of the reasons for the design and construction SEER-LAC in 

order to create a system that allows detection of low copy number DNA sequences. 

 

2.5 Material and methods 

2.5.1 Cloning of SEER-LAC constructs 

Zinc finger proteins PBSI and PBSII were cloned into the sites of Xma I/Hind III and 

BamH I/Pst I, respectively, of separate pQE30 (Qiagen) expression vectors. The 

restriction enzymes were purchased from New England Biolabs and the double digest 

reactions were set up following the standard protocol. In a 50 L reaction, 1g of DNA 

was digested with 25 units of each restriction enzyme. The reaction mixtures were 

incubated at 37 °C for 2 hours in the presence of 1X NEB Buffer 4 in the Xma I/Hind III 

reactions, and 1X NEB Buffer 2 in the BamH I/Pst I reactions. The entire 50 L of 

reaction products were examined by electrophoresis on a 1% agarose gel in 1X TAE. The 

bands were cut from the gel and the DNAs were extracted via Montage columns 

(Millipore). In 10 L ligation reactions, the 2L of zinc finger inserts were ligated into 

2L of properly digested vectors in the presence of 1 L T4 ligase (New England 

Biolabs) and 1X T4 ligase buffer. The reactions were incubated at room temperature 

overnight, and 2 L of ligation product from each of the reactions was transformed into 

BL21 star cells (Invitrogen) for protein expression.   

 

The LacA and LacB DNA fragments were generated by PCR using pMAL-c2X (New 

England Biolabs) as the template. The LacA fragment, corresponding to TEM-1 -
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lactamase aa26-aa196, was amplified using forward primer LacA-BamHI-F1 (5’-GAG 

GAG GAG GGA TCC CAC CCA GAA ACG CTG GTG-3’) and reverse primer LacA-

P15K-R2 (5’-CTC CTC CTC GGT ACC CAC CCC CGC CAG AAC CCC CAC CGC 

CTG AAC CGC CCT GCA GGC CAG TTA ATA GTT TGC GC-3’). The LacB 

fragment, aa198 – aa290 of TEM-1 -lactamase, was amplified using the forward primer 

LacB-AgeI-F (5’-GAG GAG GAG ACC GGT GGG GGT GGC GGT TCA GGC GGT 

GGG GGT TCT GGT GGG GGT GGT ACC CTA CTT ACT CTA GCT TCC CGG C-

3’) and reverse primer LacB-Stop-R2 (5’-CTC CTC CTC AAG CTT TCA CCA ATG 

CTT AAT CAG TGA GGC-3’). LacA-P15K-R2 and LacB-AgeI-F contained the DNA 

sequences coding for the 15 amino acid linker that would be placed between the 

lactamase domain and the zinc finger domain. The LacA fragment was cloned into the 

BamH I/Kpn I sites of pQE-30 vector containing PBSI zinc finger following the standard 

protocol described above (Figure 2.13). Kpn I restriction enzyme and the Kpn I buffer 

that was used in the double-digest reaction were purchased from Frementas. The LacB 

fragment was cloned into the Age I/Hind III sites of pQE-30 vector containing PBSII zinc 

finger following the standard protocol, with NEB Buffer 2 as the buffer for the double 

digest (Figure 2.14). The fully constructed LacA-PBSI and PBSII-LacB were then 

cloned into expression vectors pHis8 and pMAL-c2X using the restriction sites BamH I 

and Hind III, with BamH I buffer from NEB for the double-digest (Figure 2.15).   

 

To make the LacA construct with M182T mutation, the new LacA fragment was 

generated by PCR using forward primer LacA-BamHI-F1 and reverse primer LacA-
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M182T-R (5’- CTC CTC CTG CAG GCC AGT TAA TAG TTT GCG CAA CGT TGT 

TGC CAT TGC TAC AGG AGT CG-3’). The reverse primer contained the DNA 

sequence coding for the M182T mutation. The PCR product was cloned into BamH I/Pst 

I sites to replace the original LacA fragment, following standard cloning protocol 

described above. 

 

Zif268 zinc finger was amplified by PCR with pMAL-Zif268#1 (constructed by Ross 

Varga) as template, using forward primer pBI-Zif268-Fnew (5’-GAG GAG GGT ACC 

CCG GGG AGA AGC CCT ACG CTT GCC CAG TGG AGT CC-3’) and reverse 

primer pBI-Zif268-R2 (5’- TCT CAA GCT TTC ACA GGT CTT CTT CAG AGA TCA 

GTT TCT GCT CAC CGG TGT GGA TCT TGG-3’). The new zinc finger was cloned 

into KpnI/HindIII sites to replace PBSI in LacA constructs, using NEB Buffer 2 as the 

double-digest buffer. PE1A zinc finger was excised from pMAL-PE1A (constructed by 

Ross Varga) in a double-digest reaction using restriction enzymes BamH I and Age I in 

NEB Buffer 1. This zinc finger was cloned into the BamH I/Age I sites, replacing PBSII 

in LacB constructs.   
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Figure 2.13. Cloning of LacA-PBSI into pQE-30 vector. The zinc finger PBSI was first 

cloned into the vector using Xma I and Hind III sites.  Then, the LacA fragment with 15-

aa linker was cloned into the vector using BamH I and Xma I sites, upstream of PBSI. 
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Figure 2.14. Cloning of PBSII-LacB into pQE-30. The zinc finger PBSII was first cloned 

into the vector using BamH I and Pst I sites. Then, the LacB fragment with 15-aa linker 

was cloned into the vector downstream of PBSII, using Age I and Hind III sites.  
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Figure 2.15. Cloning of LacA-PBSI and PBSII-LacB into pHis-8 and pMAL-c2X 

vectors. 
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2.5.2 Protein expressions 

Protein was expressed in BL-21 Star cells (Invitrogen). 100 µM of ZnCl2 was added to 

100 ml of LB growth media containing 5 mL of overnight culture. At OD600 = 0.6-0.8, 

protein expression was induced with 1 mM isopropyl -D-thiogalactoside (IPTG) for 5 

hours at 37 °C. Cells were pelleted and resuspended in zinc buffer A (ZBA: 100 mM Tris 

base, 90 mM KCl, 1 mM MgCl2, 100 µM ZnCl2, pH 7.5)/5 mM DTT. The cells were 

lysed by sonicating the resuspension on ice for six 10-second cycles. The sonicated 

samples were centrifuged at 20,000 rpm for 30 minutes at 4 °C. The supernatant, which 

was the cell extract, was stored at -80 °C for further usage, or purified right away. The 

histidine-tagged proteins were purified over Ni-NTA columns, following the protocols in 

the QIAexpressionist handbook (Qiagen), for both native and denatured conditions. The 

MBP-tagged proteins were purified over amylose columns and eluted in ZBA/5 mM 

DTT/10 mM maltose, following the methodology of the Protein Fusion and Purification 

System (New England Biolabs). Briefly, the cell extract was filtered via 0.2 m syringe 

filter, and loaded on a 2 mL amylose column that was pre-equilibrated with 20 mL 

ZBA/5 mM DTT. After letting the extract to flow through the amylose resin, the column 

was then washed with 20 mL ZBA/5 mM DTT prior to eluting the protein.   
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CHAPTER 3: IN VITRO CHARACTERIZATION OF THE SEER-LAC SYSTEM 

 

3.1 Introduction  

Virtually all scientific methods for reading the sequence information of DNA rely on the 

hybridization properties of complementary nucleic acid molecules. Such methods, 

including PCR, Sanger sequencing, DNA microarray, Southern and Northern blotting, 

and in situ hybridization, all consequently require denaturation of the native DNA double 

helix into single strands and subsequent renaturation with specific primers or probes 

under carefully controlled conditions. In contrast, nature frequently relies on sequence-

specific DNA-binding proteins to read the sequence information of DNA, such as occurs 

during the processes of transcription initiation, intron homing, and defense against 

invasive DNA by restriction endonucleases. In the human genome, DNA-binding 

transcription factors comprise one of the largest classes of known genes, with 

approximately 2,000 members (Venter et al. 2001). The most common type of DNA-

binding domain is the Cys2-His2 class of zinc fingers.  

 

In this chapter, we tested the hypothesis that two complementary fragments of TEM-1 -

lactamase linked to engineered Cys2-His2 zinc finger DNA-binding modules can be 

reassembled to form a functional enzyme when the DNA bearing the sequences targeted 

by the zinc finger domains is present. Complementary fragments of reporter proteins 

were shown to reassemble to form active proteins in PCA when tethered to dimerizing 

domains. In this proposed system, the presence of appropriate DNA sequence facilitates 



 

 

 

84 

the formation of the ternary complex required for the protein reassembly. DNA without 

the zinc finger binding sites will not act as an inducer for the complex formation, and 

thus will not generate any active reporter protein.  

 

Previously, we demonstrated the chromophore regeneration of dissected zinc finger-

linked fragments of GFP upon forming a ternary complex in the presence of a specific 

DNA sequence (SEER-GFP) (Stains et al. 2005). One advantage of the SEER-GFP 

approach was an extremely low background, due to the inability of the two unfolded GFP 

fragments to spontaneously reassemble. The signal produced by SEER-GFP was 

expected to be one GFP molecule for every copy of the target site. While this may be 

desirable in some instances, for example to have a signal that would be linearly 

proportional to target copy number, this feature may limit the use of SEER-GFP for the 

detection of low copy number sequences. In addition, poor protein solubility coupled 

with a slow rate of chromophore formation required assays times of 72-96 hours for 

maximal SEER-GFP signal intensity. 

 

In the current study, we extend the SEER concept to the sequence-specific reassembly of 

an enzymatic activity, E. coli TEM-1 -lactamase (SEER-LAC).  We demonstrate that a 

SEER system can be generated by dissecting TEM-1 -lactamase into two-halves with 

each fragment linked to a zinc finger domain. These protein fragments can be 

functionally reassembled when brought into proximity in the presence of target DNA 

sequences for the zinc fingers (Figure 3.1). Its activity can be easily assayed by the 
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hydrolysis of nitrocefin, which changes from yellow to red (peak absorbance at 486 nm) 

when the -lactam ring is hydrolyzed by -lactamase. The enzymatic signal amplification 

enables the sensitive detection of even a single base substitution within an 18-bp site in 5 

minutes, representing a greater than 1,000-fold rate improvement over our previous 

design. These results show the possibility of utilizing an enzymatic reporter protein to 

create a SEER system that has improved potential for further development into a useful 

detection tool.  

   

 

 

 

 

 

 

 

 

 

 

 



 

 

 

86 

 

 

 

Figure 3.1. The SEER-LAC strategy. LacA-Zif268 comprises residues 26-196 of -

lactamase (green) fused by a 15-aa linker (orange) to the DNA-binding zinc finger Zif268 

(blue).  PBSII-LacB comprises the zinc finger PBSII (red) fused by a 15-aa linker 

(magenta) to residues 198-290 of -lactamase (yellow). In the presence of target DNA 

containing binding sites for Zif268 (cyan) and PBSII (pink) with an appropriate spacer 

(0-bp spacer is shown), SEER fragments reassemble to form an active reporter enzyme. 
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3.2 Results  

3.2.1 Enzyme-linked immunosorbent assay (ELISA)  

Proteins expression and purification are described in the previous chapter. All proteins 

used in the nitrocefin assay were expressed from pMAL-c2X vector with MBP domain 

appended at the N-terminus. The proteins were first tested for their DNA binding ability 

via qualitative enzyme-linked immunosorbent assay (ELISA). In this assay, the LacA-

Zif268 and PBSII-LacB proteins were tested against hairpin oligonucleotides containing 

either the Zif268 binding sequence or PBSII binding sequence. As shown in Figure 3.2, 

the LacA-Zif268 protein only bound to its corresponding target oligonucleotide, and not 

to the PBSII binding site. The PBSII-LacB protein, however, showed binding activity to 

the Zif268 target site as well even though it had higher preference for its own target site.  

This was not too surprising, since Finger 2 in PBSII recognized the same DNA target 

triplet (TGG) as Finger 2 in Zif268, and contained the same DNA-contacting amino acids. 

Another factor contributing to the low specificity was the AAA-recognizing Finger 1 in 

PBSII. Our approach of constructing zinc fingers creates a specificity problem when 

building a protein with the target site containing an ANN triplet. This issue is discussed 

in length in Chapter VI. Although the PBSII-LacB protein did not possess strong 

specificity for its own 9-bp target, we went ahead and tested this SEER-LAC system 

using this pair of proteins. The difference in the specificity of these proteins could help to 

determine if the specificity of the zinc fingers affect the overall specificity of the SEER-

LAC system. 
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Figure 3.2. ELISA results for LacA-Zif268 and PBSII-LacB proteins. The purified 

proteins were tested against hairpin oligonucleotides carrying the target site for either 

Zif268 or PBSII. Zif268 showed high selectivity for its own target, whereas PBSII 

showed around 50% of non-specific binding to the Zif268 target site. 
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3.2.2 DNA-dependent enzyme activity 

-lactamase activity assays were conducted using the colorimetric substrate nitrocefin, 

which changes from yellow to red (486 nm) upon hydrolysis. Based on similar studies 

with chimeric zinc finger-endonucleases (see Discussion), we expected the spacing 

between the two zinc finger sites (―spacer‖) on the target DNA to be crucial for efficient 

enzyme reassembly. To examine this relationship, nitrocefin assays were performed in 

triplicate with 0.5 µM of each LacA-Zif268 and PBSII-LacB proteins in the presence of 

hairpin oligonucleotides containing the two target sites at spacer lengths of 0-, 6-, and 10-

bp (labeled Zif-0-PBSII, Zif-6-PBSII, and Zif-10-PBSII in Figure 3.3), at concentrations 

of 1 µM, 20 nM, 200 pM, and no DNA as a control. DNA-assisted enzyme reassembly 

was shown with all three spacer lengths (Figure 3.3A). The relative signal intensity after 

20 minutes of incubation was highest for the 0 bp spacer, followed by 10 and 6 bp 

(Figure 3.3B). The signal intensity was generally proportional to the DNA concentration 

for all spacings, although a slightly higher correlation was observed for the 0-bp spacer, 

followed by 10 and 6 bp (R
2
 correlation coefficients of 0.986, 0.971 and 0.887, 

respectively).  

 

A kinetic analysis of the reaction using the 0-bp spacer (Figure 3.3C) revealed hydrolysis 

rates of 25 mU/min at 1 µM DNA (red), 20 mU/min at 20 nM (orange), 7 mU/min at 200 

pM (yellow), and a background rate of 6 mU/min with no DNA (black). A hydrolysis rate 

of 3 mU/min was observed for the negative control of LacA-Zif268 paired with PE1A-

LacB on the above target DNA (green). A difference in the relative signal intensity 
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between the 1 µM DNA sample and background was distinguishable by the earliest time 

point in our assay (3 minutes), and became more pronounced over time. All hydrolysis 

rates were linear over the 23 minute assay interval, with correlation coefficients generally 

greater than 0.99.  
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Figure 3.3. DNA concentration-dependent SEER signal. (A) Digital image of triplicate 

nitrocefin assays after 30 minutes incubation. DNA target oligonucleotides (with target 

site spacings of 0, 6 and 10 bp) and their concentrations are indicated above the image; 

SEER fragments (0.5 µM each) are indicated to the left. (B) Relative signal vs. DNA 

concentration plot for the assay shown in (A). Relative signal (normalized and 

background subtracted) after 20 minutes of incubation was calculated on Zif-0-PBSII 

DNA (blue diamonds), Zif-6-PBSII DNA (gray squares), and Zif-10-PBSII DNA (purple 

circles). (C) Kinetic data for the reactions with Zif-0-PBSII DNA. Absorbance at 486 nm 

was measured at 3 minutes and every 2 minutes after. Raw data were plotted for LacA-

Zif268 & PBSII-LacB with 1 µM DNA (red diamonds), 20 nM (orange diamonds), 200 

pM (yellow diamonds), and no DNA (black triangles), as well as the non-cognate LacA-

Zif268 & PE1A-LacB (green diamonds) with 1 µM Zif-0-PBSII DNA. Hydrolysis rates 

were calculated as the slope of the linear fit of the kinetic data (solid lines) (Ooi et al. 

2006).  
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3.2.3 Effects of target site mutations on the SEER signal intensity 

In order to determine the sensitivity of SEER to mutations, nitrocefin assays were 

performed using oligonucleotide targets carrying different mutations on either one or 

both of the zinc finger binding sites (Figure 3.4). At 1 µM DNA concentration and 0.5 

µM each protein, a single mutation in the Zif268 target site reduced the relative signal 90% 

to nearly background levels. A single base pair mutation in the PBSII target site resulted 

in a 36% reduction in relative signal intensity. Target sites carrying two or more 

mutations also lowered the relative signal levels by at least 90%.  
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Figure 3.4. Sensitivity of SEER to mutations in the target DNA. (A) Digital image of 

triplicate nitrocefin assays after 30 minutes incubation. A series of modified Zif-0-PBSII 

target oligonucleotides were used at 1 µM, containing 1, 2, 3 or 5 GT substitutions 

(boxed) in the Zif268 (blue) or PBSII (red) binding sites, as indicated. SEER fragments 

LacA-Zif268 & PBSII-LacB were used at 0.5 µM each.  (B) Graphical representation of 

the relative signal intensities after 20 minutes of incubation for the assay shown in (A) 

(Ooi et al. 2006).  
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3.2.4 SEER binding domains are interchangeable 

In order to demonstrate the generality of SEER-LAC to target significantly different 

binding sites, a nitrocefin assay was performed with two different DNA target sequences 

(Figure 3.5). One target contained Zif268 and PBSII binding sites with no spacer (Zif-0-

PBSII, black bars) and the other contained Zif268 and PE1A sites with no spacer (Zif-0-

PE1A, gray bars). Both SEER combinations reassembled in the presence of their cognate 

DNA sequences. Inappropriate target DNA produced a signal similar to the background 

signal of no target DNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

95 

 

 

Figure 3.5. SEER activity using various combinations of zinc finger binding domains 

and DNA targets. The relative signal intensities after 20 minutes of incubation for 

triplicate nitrocefin assays are shown. Target oligonucleotides at 1 µM are indicated 

above the graph (black and gray bars); SEER fragments at 0.5 µM each are indicated 

below (Ooi et al. 2006). 
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3.2.5 SEER binding in the presence of genomic DNA 

The previous experiments were conducted with purified DNA targets. However, some 

applications of this technology might require it to recognize its target in the presence of 

complex DNA, such as a genome, which might contain multiple alternative sites for the 

individual SEER proteins. To investigate if the presence of complex double-stranded 

DNA would interfere with this assay, a nitrocefin assay was performed in the presence or 

absence of herring sperm DNA (HS-DNA). The concentration of HS-DNA used was 

equimolar in base pairs (ie: equal in mass) to 1 µM of the oligonucleotide target DNA. 

Under these conditions, there was no difference in relative signal intensity when 0.5 µM 

each of LacA-Zif268 and PBSII-LacB proteins were incubated with 1µM of Zif-0-PBSII 

target DNA in the presence or absence of HS-DNA (Figure 3.6, black bars). As a 

negative control, the proteins were also incubated with the Zif-0-PE1A target DNA (gray 

bars). Although the relative signal generated using this target was somewhat higher than 

in previous assays, there was essentially no change in the signal intensity in the presence 

of HS-DNA. 
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Figure 3.6. SEER binding in the presence of genomic DNA. LacA-Zif268 & PBSII-

LacB at 0.5 µM each were incubated with 1 µM Zif-0-PBSII (black bars) or 1 µM Zif-0-

PE1A (gray bars) for 20 minutes in the presence or absence (as indicated) of 3.2 µg of 

sheared, double-stranded Herring Sperm DNA. This concentration is equal in moles of 

base pairs (5.2 nmoles bp) to 1µM of the target oligonucleotide (Ooi et al. 2006). 

 

 

 

 

 

 

 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

R
e
a
la

ti
v
e
 S

ig
n
a
l 
@

 4
8
6
n
m

SEER targets

Target DNA Target DNA
+ HS-DNA



 

 

 

98 

3.3 Discussion 

In this study, the SEER-LAC system produced a DNA-concentration-dependent signal. 

Signal amplification remained linear over the assay time, and target DNA could be 

distinguished from non-target DNA in less than 5 minutes. The proteins were expressed 

from the plasmid pMAL-c2X, which appends an MBP domain to the N-terminus. Based 

on previous experience (Beerli et al. 1998; Segal et al. 1999; Segal et al. 2003), the 

presence of the MBP domain was not expected to interfere with SEER binding or activity. 

In fact, the MBP domain may have contributed to the solubility of these protein 

fragments, facilitating their use for in vitro assays. In our previous studies with a SEER-

GFP system (Stains et al. 2005), GFP-containing fragments were insoluble, requiring an 

extensive (48 hours) renaturation process, followed by a lengthy (24-48 hours) incubation 

for chromophore formation. The use of soluble protein fragments, coupled with the 

enzymatic signal amplification provided by -lactamase, enabled the detection of DNA in 

less than 5 minutes. This enhancement represents a greater than 1,000-fold time 

improvement over our previous design. 

 

A 15-aa linker between the zinc fingers and the -lactamase domains was originally 

chosen to avoid possible steric clashes. A linker of this length may be useful for 

applications in which the target sites are separated by 1 to 10 bp.  However, future SEER 

variations may benefit from the use of shorter linkers. Insights can been gained from 

studies of chimeric zinc finger endonucleases (Bibikova et al. 2001). In this analogous 

system, two monomers of the dimeric endonuclease FokI are brought together by DNA-
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binding zinc finger domains to create an active cleavage enzyme. The optimal DNA 

spacing between the target sites was found to be related to the length of the protein linker. 

Long linkers (15 aa) allowed greater flexibility in the spacer size between the zinc finger 

binding sites. However, eliminating the 15-aa linker improved the specificity of 

interaction (allowing reassembly only at 6 bp) and improved cleavage efficiency. In the 

current study, hydrolysis rates were highest on the targets with no spacer and 10-bp 

spacer, with no spacer providing the maximal signal. Thus, maximum efficiency was 

achieved with the current SEER design when the -lactamase fragments were positioned 

on the same face of the DNA helix and close together. As in the endonuclease studies, 

shorter linkers might provide a more rigid positioning of the -lactamase fragments, 

resulting in more efficient reassembly and less tolerance to variations in target site 

spacing. 

 

A single base pair substitution in the Zif268 DNA-binding sequence reduced the relative 

signal 10-fold to background levels, demonstrating the sensitivity of SEER to detect point 

mutations. However, a similar substitution in the PBSII site reduced the relative signal by 

only 36%. This discrepancy likely results from differences in the binding properties of 

the two zinc finger proteins. Interestingly, the mutant site was recognized by the same 

zinc finger domain in both fragments. However, other differences, such as inter-domain 

amino acid interactions and sequence-dependent DNA deformation, may influence 

specificity. These results identify the quality of the zinc finger-DNA interaction as an 

important determinant of SEER function. Generally, the specificity of designed zinc 
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finger proteins has been shown to be excellent (Liu et al. 2002; Segal et al. 2003; Tan et 

al. 2003). 

 

Substitution of a different custom zinc finger DNA-binding domain generated a new 

SEER that produced a signal only on the new cognate target. These results clearly 

demonstrate that the observed effects were not due to special properties of zinc fingers 

Zif268 and PBSII, but can be achieved using other custom zinc fingers, such as PE1A. 

This feature suggests that SEERs can be rapidly designed to detect virtually any desired 

DNA sequence using custom zinc finger DNA-binding technology (Segal 2002; 

Blancafort et al. 2004). 

 

 In summary, we have demonstrated the use of TEM-1 -lactamase to improve the 

sequence-enabled enzyme reactivation method for the detection of double-stranded DNA. 

The assay can detect its target sequence rapidly and with high specificity. The technology 

could be advantageous for certain applications, particularly those for which purified DNA 

is not limiting. For example, SEER-LAC might be useful for the rapid detection of 

specific sequences in amplified DNA. The linear relationship between signal and DNA 

target concentration suggests SEER could be developed for the quantitative determination 

of target copy number, or for measuring the length of repeated sequences such as 

telomeres. In principle, the ability to directly detect double-stranded DNA could provide 

some novel capabilities. However, further studies on the range and utility of the SEER-

LAC system will be necessary before its general applicability can be assessed. 
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3.4 Material and methods 

3.4.1 Design and construction of target oligonucleotides 

Hairpin oligonucleotide DNA target Zif-0-PBSII had the sequence, 5’-GGC TTT CCA 

CAC CGC CCA CGC GGG TTTT CCC GCG TGG GCG GTG TGG AAA GCC-3’, and 

Zif-0-PE1A had the sequence, 5’-GGC GTT ATT TAT CGC CCA CGC GGG TTTT 

CCC GCG TGG GCG ATA AAT AAC GCC-3’, where 5’-CGC TGG GCG-3’, 5’-GTT 

TGG AAA-3’ and 5’-ATA AAT AAC-3’ are the target sites for zinc fingers Zif268, 

PBSII and PE1A, respectively. All oligonucleotides were heated to 95 °C for 10 minutes 

at 10 µM in ZBA, and then slowly cooled to room temperature to form hairpins. 

 

DNA targets used in this study had the general sequence shown in Figure 3.7, where 1a 

1a 1a is a three nucleotide subsite for zinc finger 1, and 1a’ 1a’ 1a’ is its complement. A 

4-nucleotide hairpin was formed by four-thymidine loop. Between the 9-bp binding sites 

for the two zinc finger proteins was spacer of 0-, 6-, or 10-bp, indicated as (N)spacer. The 

full sequence of all target site DNAs used in this study are shown in Table 1.   
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 T CCC 3a 3a 3a  2a 2a 2a  1a 1a 1a (N)spacer 3b 3b 3b  2b 2b 2b  1b 1b 1b GCC-3’  

T 

T            

 T GGG 3a’3a’3a’ 2a’2a’2a’ 1a’1a’1a’(N’)spacer3b’3b’3b’ 2b’2b’2b’ 1b’1b’1b’CGG-5’  

 

 

Figure 3.7. Hairpin oligonucleotide DNA target design. 3a 3a 3a indicates the triplet 

subsite targeted by finger 3 of the zinc finger in the LacA fragment, with 3a’ 3a’ 3a’ as 

the complementary sequence. 
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            Zinc finger site A    Zinc finger site B 

Zif-0-PBSII, 

Z0P0 

TT CCC GCG TGG GCG GTG TGG AAA GCC-3’ 

Z1P0 TT CCC GCG TGT GCG GTG TGG AAA GCC -3’ 

Z0P1 TT CCC GCG TGG GCG GTG TGT AAA GCC -3’ 

Z1P1 TT CCC GCG TGT GCG GTG TGT AAA GCC -3’ 

Z2P1 TT CCC GCT TGT GCG GTG TGT AAA GCC -3’ 

Z3P2 TT CCC GCT TGT GCT GTT TGT AAA GCC -3’ 

Zif-6-PBSII TT CCC GCG TGG GCG TGCAGT GTG TGG AAA GCC -3’ 

Zif-10-PBSII TT CCC GCG TGG GCG CACTTGCAGT GTG TGG AAA GCC -3’ 

Zif-0-PE1A TT CCC GCG TGG GCG ATA AAT AAC GCC -3’ 

 

Table 3.1. Full sequences of hairpin oligonucleotide DNA targets. For simplicity, only 

the top strand (3’ end of the hairpin oligonucleotide) is shown. Zif268 target sites are 

shown in blue, where GT mutations shown in black, PBSII target site shown in red, 

and PE1A target site shown in green. 
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3.4.2 ELISA 

A 96-well plate was coated with 25 L of 8 g/mL (20 mL of 2 mg/mL in 5 mL PBS) 

streptavidin. The plate was incubated at 37 °C for 30 minutes, and washed twice with 

deionized water. Hairpin oligonucleotides were diluted to the concentration of 1 ng/L in 

PBS. The oligonucleotides used in this experiment were bio-hairpin-Zif268 (5’- GGC 

CGC CCA CGC GGG TTTT CCC GCG TGG GCG GCC -3’) and bio-hairpin-PBSboth 

(5’- GGC TTT CCA CAC TCA GAC CCT GGG TTTT CCC AGG GTC TGA GTG 

TGG AAA GCC -3’). The target sites are bolded in the sequences shown. In the plate, 25 

L of sterile deionized water was added columns 1 and 4, 25 L of 1 ng/L bio-hairpin-

Zif268 was added to columns 2 and 5, and 25 L of bio-hairpin-PBSboth was added to 

columns 3 and 6. The plate was then incubated at 37 °C for 30 minutes, and washed twice 

with deionized water. To block the plate, 175 L of 3% w/v BSA/ZBA was added to the 

wells, and incubated at 37 °C for 30 minutes. After blocking, the BSA solution was 

shaken out of the wells without the washing step. The protein samples to be tested were 

diluted 1:2 with 2X dilution buffer (2% BSA/ZBA, 10 mM DTT, 240 g/mL Herring 

sperm DNA), and 50 L of the dilution were added to the first row of wells. The LacA-

Zif268 protein was added to the first row of columns 1, 2, and 3, whereas PBSII-LacB 

was added to the first row of columns 4, 5, and 6. The rest of the plate was added 25 L 

of 1X dilution buffer (1:1 dilution of 2X dilution buffer to ZBA). Using a multichannel 

pipettor, 25 L of the samples were taken out of the first row and transported to the next 

row, mixed, and repeated for the following rows to make 2-fold dilution series. After 

adding the proteins in serial dilutions, the plate was incubated at room temperature for 30 
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minutes, and washed ten times with deionized water. Mouse anti-MBP monoclonal 

antibody (Sigma) was diluted 1:1000 in 1X dilution buffer, and added 25 L to all wells. 

The plate was incubated at room temperature for 30 minutes and washed ten times with 

deionized water. Goat anti-mouse alkaline phosphatase conjugate was diluted 1:1000 in 

1X dilution buffer and added 25 L to all wells. The plate was incubated for 30 minutes 

at room temperature and washed ten times with deionized water. Alkaline phosphatase 

substrate solution was prepared by dissolving one substrate tablet (5 mg disodium p-

nitrophenyl phosphate) into 5 mL of developer (10% diethanolamine, 0.01% MgCl2, 3 

mM sodium azide, pH 9.8 adjusted with 12 M HCl), and 25 L of the substrate solution 

was added to all wells. After 30 minutes, absorbance at 405 nm was recorded. 

 

3.4.3 Nitrocefin Assay  

In a 96-well plate, 120 µl of ZBA was added to the wells followed by 20 µl of 10 µM, 

200 nM, 2 nM, or no hairpin oligonucleotide DNA targets (1 µM, 20 nM, 200 pM, 0 final 

concentration, Operon). For the experiment in Figure 5, the volume of ZBA was reduced 

20 µl, and 20 µl of 160 µg/ml sheared, double-stranded Herring Sperm DNA (HS-DNA, 

Invitogen) was added. 20 µl of 5 µM protein fragments LacA-Zif268 and PBSII-

LacB/PE1A-LacB (0.5 µM final concentration each fragment) was added to the wells 

before adding 20 µl of 1 mM nitrocefin (0.1 mM final concentration, Calbiochem). All 

steps were carried out at room temperature.  Absorbance at 486 nm was monitored over 

20 minutes with a SpectraMax M2 (Molecular Devices). The relative signal was 

determined by subtracting the background (samples containing no DNA) from triplicate 
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measurements, then normalizing to the highest signal value. Error bars indicate the 

standard deviation of triplicate samples. To ensure that trace contamination of the pMAL-

c2X-expressed full-length -lactamase was not contributing to background hydrolysis, 

samples containing individual SEER fragments were incubated with substrate. No 

detectable hydrolysis was observed over the assay interval.  
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CHAPTER 4: OPTIMIZING THE SEER-LAC SYSTEM FOR MAXIMAL 

EFFICIENCY AND SPECIFICITY 

 

4.1 Introduction 

One of the goals of the SEER system is to detect genetic information within individual 

living cells. However, in order to achieve that goal, the specificity and sensitivity of the 

current system must be improved for successful visualization of low copy-number DNA 

sequences in cells. An estimation of nitrocefin hydrolysis rate by the SEER-LAC shown 

in the previous chapter is about 6 sec
-1

, while the wild type TEM-1 -lactamase 

hydrolyzes nitrocefin at the rate of 30 sec
-1

 (Queenan et al. 2004). Although the SEER-

LAC data collected from our preliminary experiments do not give us an accurate platform 

to calculate the hydrolysis rate for a direct comparison, the difference in the hydrolysis 

rates obtained form the rough estimation does suggest that the current SEER-LAC system 

is about 5-fold less active than the wild type TEM-1 -lactamase. This observation tells 

us that there is definitely room for improvements in the current system. 

 

The hypothesis to be tested in this chapter is that the SEER-LAC system can be improved 

through extra series of protein engineering by optimizing parameters such as linker length 

and binding affinity. Although the intended and ultimate goal of the optimization is to be 

able to apply this technology in living cells, it should also be emphasized that an 

optimized SEER technology may be useful even if the goal of visualizing unique 

sequences in cells is not achieved. We hope that any form of optimization will give us a 
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better system with wider range of applications in vitro or the capability of detecting high 

copy-number genetic information in cells. The following experiments described in this 

chapter are conducted to improve this technology, and at the same time to provide 

general insights into various aspects of protein design. 

 

4.1.1 Protein linker and target sites spacing 

To determine how the SEER system can be optimized, we examined studies of a more 

established system of targeted endonucleases (Bibikova et al. 2001).  Chandrasegaran and 

co-workers built a system where two monomers of a dimeric nuclease, FokI, were fused 

to custom-designed zinc finger proteins.  In the presence of appropriately-spaced DNA 

sequences for the zinc finger binding sites, the two monomers of FokI were brought 

together to create an active cleavage enzyme when the zinc fingers bind to adjacent sites. 

The zinc finger-fused endonuclease has been shown to cleave chromosomal DNA at 

specific sites in Drosophila embryos (Bibikova et al. 2002), as well as in human cells 

(Urnov et al. 2005). The double-strand break was designed to trigger homologous 

recombination at that specific site, inducing modifications on precise genetic loci at 

frequencies around 18%. This series of targeted endonuclease systems are insightful as 

they provide relevant and successful examples for a SEER-type system, and also suggest 

several critical parameters to be considered when optimizing the SEER system. In the 

study on designing a better chimera of zinc finger nuclease, the spacing between the 

target sites was found to be critical for the system to function properly (Figure 4.1A) 

(Bibikova et al. 2001). A spacer less than 5 bp inhibited the nuclease activity due to steric 
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hindrance of the two cleavage domains whereas 8-bp spacing was the optimal 

arrangement for the target sites.  Longer spacers would position the cleavage domains 

farther apart, and might also arrange them on a different face of the double helix. 

Nevertheless, suboptimal spacer lengths could be tolerated by the use of 15- to 18-aa 

protein linkers that allowed flexibility between the zinc finger domain and the cleavage 

domain. In the same study where 18-aa linker was used, the nuclease activity was 

detected with target sites spaced 16 and 18 nucleotides apart. Other than reducing spacer 

length selectivity, the incorporation of these long protein linkers might also decrease the 

overall activity of the system as the extra flexibility introduced by the linkers adds 

entropic cost to the nuclease reassembly. As shown in Figure 4.1B, the system with the 

linker removed (L0) showed highly refined specificity with preferred reassembly when 

the target sites were 6 bp apart. Based on these studies, it proved essential to optimize the 

existing SEER-LAC system. In this chapter, the optimal protein linker and target sites 

spacing combination will be determined. 
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Figure 4.1. Effect of spacer length on the efficiency of the chimeric zinc finger-

endonuclease system. In this experiment DNA target plasmid with various spacer lengths 

were injected into Xenopus oocytes before the nuclease was introduced into the nuclei. 

Active nuclease would cause a double-strand break between the target sites and through 

recombination a different size DNA product was produced. (A) Summarized results of 

independent oocyte injection experiments, normalized to the recombination yield in 8-bp 

spacing, with the 18-aa linker proteins. (B) Summarized results of oocyte injection 

experiments with various linker lengths between the zinc finger and the nuclease domain. 

When the amino acid linker was removed (L0), the system became highly selective on 

the spacer size (6 bp) between the target sites (Bibikova et al. 2001).  
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In the initial SEER-LAC system presented in Chapter II and Chapter III, the length of the 

linker between the signal-generating fragment and zinc finger domain was 15 aa in order 

to maximize the likelihood of reassembly to occur. A 15-aa linker was used in the 

original TEM-1 -lactamase fragment complementation study (Galarneau et al. 2002), 

and in the zinc finger-FokI chimeric endonuclease studies (Bibikova et al. 2001). 

Nevertheless, a shorter linker would be expected to provide more robust and specific 

reassembly. For a given linker length, the preferred binding site spacing can be 

determined using variously spaced DNA targets. 

 

The desired SEER system will produce a signal only in the presence of a unique DNA 

sequence, not for similar sequences with variable spacing. This optimization must 

therefore be performed before SEER systems can be designed to visualize any 

biologically relevant DNA targets. The first generation SEER-LAC and SEER-GFP 

systems both have 15-amino acid linkers. SEER-LAC showed a preference for binding 

sites without separation over a spacing size of 6- or 10-bp (Figure 3.3), while the SEER-

GFP showed a preference for 10-bp spacing over 3 bp. These results suggest that the 

optimal design parameters for various signaling domains may be different. The first 

hypothesis to be investigated in this chapter is that SEER’s specificity and efficiency can 

be improved by modifications to protein linker length and spacer size between targets. 
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4.1.2 The number of zinc finger modules 

The initial SEER-LAC (as well as SEER-GFP) system has three zinc finger modules on 

all DNA-binding domains. These 3-finger proteins were designed to bind to a 9-bp 

sequence. Assuming random distribution of DNA bases in the human genome, there are 

4
9
 possible combinations of 9-bp sequence in the genome. Therefore, there are about 

13000 sites (3.5x10
9
/4

9
) in the entire human genome for a given 9-bp DNA sequence. 

This presents another parameter for the SEER system to be optimized.  If more zinc 

finger modules are added to the DNA-binding domain, the protein would recognize a 

longer DNA sequence, making it more specific. Keeping the same assumption that the 

distribution of DNA bases is random, a 6-finger protein would target an 18-bp sequence, 

which has 4
18

 possible combinations, a number that is big enough to be a unique site in 

the human genome. For that reason, it is worthwhile to build a SEER system consists of 

6-finger zinc finger proteins to ensure more specific and efficient targeting in the human 

cells.  

 

Other than targeting to a more distinctive site in the genome, adding modules to the zinc 

finger domain might increase the affinity of the protein-DNA interaction. We hoped that 

this effect would cause higher selectivity for mutated sites, thus leading to a system that 

could efficiently distinguish target sites from sequences that carried only one or a few 

base-pairs mutations. 
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4.2 Results 

4.2.1 Truncating the 15-aa linker 

Since the previous examples of zinc finger chimera systems suggested that truncating the 

linker between the zinc finger and the activity domain would generate a more specific 

system by restraining the selectivity of target sites spacing, the first step toward 

optimizing the SEER-LAC system was to design and generate the constructs without the 

15-aa (GGGGS)3 linker. The DNA constructs for the lactamase fragment of the 0-aa 

linker proteins were generated by PCR and cloned into pMAL-c2X vectors. The MBP-

tagged proteins were expressed in E. coli and purified over amylose column. The DNA 

and amino acid sequences of the no-linker proteins are shown in Figure 4.2 and Figure 

4.3.  
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Figure 4.2. DNA sequence of LacA-L0-Zif268 construct cloned into pMAL-c2X. 

 

LacA-L0-Zif268: 1 to 822 
 

            BamHI      10           20           30            40           50           60 

            GGA TCC CAC CCA GAA ACG CTG GTG AAA GTA AAA GAT GCT GAA GAT CAG TTG GGT GCA CGA 

            CCT AGG GTG GGT CTT TGC GAC CAC TTT CAT TTT CTA CGA CTT CTA GTC AAC CCA CGT GCT 

             G   S   H   P   E   T   L   V   K   V   K   D   A   E   D   Q   L   G   A   R 

     TEM-1 aa26 

                       70           80           90           100          110          120 

            GTG GGT TAC ATC GAA CTG GAT CTC AAC AGC GGT AAG ATC CTT GAG AGT TTT CGC CCC GAA 

            CAC CCA ATG TAG CTT GAC CTA GAG TTG TCG CCA TTC TAG GAA CTC TCA AAA GCG GGG CTT 

             V   G   Y   I   E   L   D   L   N   S   G   K   I   L   E   S   F   R   P   E 

 

                      130          140          150           160          170          180 

            GAA CGT TTT CCA ATG ATG AGC ACT TTT AAA GTT CTG CTA TGT GGC GCG GTA TTA TCC CGT 

            CTT GCA AAA GGT TAC TAC TCG TGA AAA TTT CAA GAC GAT ACA CCG CGC CAT AAT AGG GCA 

             E   R   F   P   M   M   S   T   F   K   V   L   L   C   G   A   V   L   S   R 

 

                      190          200          210           220          230          240 

            ATT GAC GCC GGG CAA GAG CAA CTC GGT CGC CGC ATA CAC TAT TCT CAG AAT GAC TTG GTT 

            TAA CTG CGG CCC GTT CTC GTT GAG CCA GCG GCG TAT GTG ATA AGA GTC TTA CTG AAC CAA 

             I   D   A   G   Q   E   Q   L   G   R   R   I   H   Y   S   Q   N   D   L   V 

 

                      250          260          270           280          290          300 

            GAG TAC TCA CCA GTC ACA GAA AAG CAT CTT ACG GAT GGC ATG ACA GTA AGA GAA TTA TGC 

            CTC ATG AGT GGT CAG TGT CTT TTC GTA GAA TGC CTA CCG TAC TGT CAT TCT CTT AAT ACG 

             E   Y   S   P   V   T   E   K   H   L   T   D   G   M   T   V   R   E   L   C 

 

                      310          320          330           340          350          360 

            AGT GCT GCC ATA ACC ATG AGT GAT AAC ACT GCG GCC AAC TTA CTT CTG ACA ACG ATC GGA 

            TCA CGA CGG TAT TGG TAC TCA CTA TTG TGA CGC CGG TTG AAT GAA GAC TGT TGC TAG CCT 

             S   A   A   I   T   M   S   D   N   T   A   A   N   L   L   L   T   T   I   G 

 

                      370          380          390           400          410          420 

            GGA CCG AAG GAG CTA ACC GCT TTT TTG CAC AAC ATG GGG GAT CAT GTA ACT CGC CTT GAT 

            CCT GGC TTC CTC GAT TGG CGA AAA AAC GTG TTG TAC CCC CTA GTA CAT TGA GCG GAA CTA 

             G   P   K   E   L   T   A   F   L   H   N   M   G   D   H   V   T   R   L   D 

 

                      430          440          450           460          470          480 

            CGT TGG GAA CCG GAG CTG AAT GAA GCC ATA CCA AAC GAC GAG CGT GAC ACC ACG ACT CCT 

            GCA ACC CTT GGC CTC GAC TTA CTT CGG TAT GGT TTG CTG CTC GCA CTG TGG TGC TGA GGA 

             R   W   E   P   E   L   N   E   A   I   P   N   D   E   R   D   T   T   T   P 

              XmaI     M182T 

                      490          500          510           520          530          540 

            GTA GCA ATG GCA ACA ACG TTG CGC AAA CTA TTA ACT GGC CCC GGG GAG AAG CCC TAC GCT 

            CAT CGT TAC CGT TGT TGC AAC GCG TTT GAT AAT TGA CCG GGG CCC CTC TTC GGG ATG CGA 

             V   A   M   A   T   T   L   R   K   L   L   T   G   P   G   E   K   P   Y   A 

           TEM-1 aa196    

                      550          560          570           580          590          600 

            TGC CCA GTG GAG TCC TGT GAT CGC CGC TTC TCC CGC TCC GAC GAG CTC ACC CGC CAC ATC 

            ACG GGT CAC CTC AGG ACA CTA GCG GCG AAG AGG GCG AGG CTG CTC GAG TGG GCG GTG TAG 

             C   P   V   E   S   C   D   R   R   F   S   R   S   D   E   L   T   R   H   I 

           Finger 1 - GCG  

   

                      610          620          630           640          650          660 

            CGC ATC CAC ACA GGC CAG AAG CCC TTC CAG TGC CGC ATC TGC ATG CGC AAC TTC AGC CGC 

            GCG TAG GTG TGT CCG GTC TTC GGG AAG GTC ACG GCG TAG ACG TAC GCG TTG AAG TCG GCG 

             R   I   H   T   G   Q   K   P   F   Q   C   R   I   C   M   R   N   F   S   R 

 

                      670          680          690           700          710          720 

            AGC GAC CAC CTC ACC ACC CAC ATC CGC ACC CAC ACA GGC GAA AAG CCC TTC GCC TGC GAC 

            TCG CTG GTG GAG TGG TGG GTG TAG GCG TGG GTG TGT CCG CTT TTC GGG AAG CGG ACG CTG 

             S   D   H   L   T   T   H   I   R   T   H   T   G   E   K   P   F   A   C   D 

     Finger 2 - TGG   

                      730          740          750           760          770         AgeI 

            ATC TGT GGA AGA AAG TTT GCC AGG AGC GAT GAA CGC AAG AGG CAT ACC AAG ATC CAC ACC 

            TAG ACA CCT TCT TTC AAA CGG TCC TCG CTA CTT GCG TTC TCC GTA TGG TTC TAG GTG TGG 

             I   C   G   R   K   F   A   R   S   D   E   R   K   R   H   T   K   I   H   T 

           Finger 3 - GCG      

                      790          800          810         HindIII     

            GGT GAG CAG AAG CTT ATC TCT GAA GAA GAC CTG TGA AAG CTT 

            CCA CTC GTC TTC GAA TAG AGA CTT CTT CTG GAC ACT TTC GAA 

             G   E   Q   K   L   I   S   E   E   D   L  Stop K   L 
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Figure 4.3. DNA sequence of PBSII-L0-LacB construct cloned into pMAL-c2X. 

 

 

 

 

 

 

PBSII-L0-LacB: 1 to 546 
 

  BamHI   XmaI 

                       10           20           30            40           50           60 

            GGA TCC CCC GGG GAG AAG CCC TAT GCT TGT CCG GAA TGT GGT AAG TCC TTC AGT CAG CGC 

            CCT AGG GGG CCC CTC TTC GGG ATA CGA ACA GGC CTT ACA CCA TTC AGG AAG TCA GTC GCG 

             G   S   P   G   E   K   P   Y   A   C   P   E   C   G   K   S   F   S   Q   R 

 

                       70           80           90           100          110          120 

            GCA AAC CTG CGC GCC CAC CAG CGT ACC CAC ACG GGT GAA AAA CCG TAT AAA TGC CCA GAG 

            CGT TTG GAC GCG CGG GTG GTC GCA TGG GTG TGC CCA CTT TTT GGC ATA TTT ACG GGT CTC 

             A   N   L   R   A   H   Q   R   T   H   T   G   E   K   P   Y   K   C   P   E 

  Finger 1 - AAA 

                      130          140          150           160          170          180 

            TGC GGC AAA TCT TTT AGC CGC AGC GAT CAC CTG ACC ACC CAT CAA CGC ACT CAT ACT GGC 

            ACG CCG TTT AGA AAA TCG GCG TCG CTA GTG GAC TGG TGG GTA GTT GCG TGA GTA TGA CCG 

             C   G   K   S   F   S   R   S   D   H   L   T   T   H   Q   R   T   H   T   G 

      Finger 2 - TGG 

                      190          200          210           220          230          240 

            GAG AAG CCA TAC AAA TGT CCA GAA TGT GGC AAG TCT TTC TCC CGC AGC GAT GTG CTG GTG 

            CTC TTC GGT ATG TTT ACA GGT CTT ACA CCG TTC AGA AAG AGG GCG TCG CTA CAC GAC CAC 

             E   K   P   Y   K   C   P   E   C   G   K   S   F   S   R   S   D   V   L   V 

         AgeI          Finger 3 - GTG    

                      250          260          270           280          290          300 

            CGC CAC CAA CGT ACT CAC ACC GGT CTA CTT ACT CTA GCT TCC CGG CAA CAA TTA ATA GAC 

            GCG GTG GTT GCA TGA GTG TGG CCA GAT GAA TGA GAT CGA AGG GCC GTT GTT AAT TAT CTG 

             R   H   Q   R   T   H   T   G   L   L   T   L   A   S   R   Q   Q   L   I   D 

      TEM-1 aa198 

                      310          320          330           340          350          360 

            TGG ATG GAG GCG GAT AAA GTT GCA GGA CCA CTT CTG CGC TCG GCC CTT CCG GCT GGC TGG 

            ACC TAC CTC CGC CTA TTT CAA CGT CCT GGT GAA GAC GCG AGC CGG GAA GGC CGA CCG ACC 

             W   M   E   A   D   K   V   A   G   P   L   L   R   S   A   L   P   A   G   W 

 

                      370          380          390           400          410          420 

            TTT ATT GCT GAT AAA TCT GGA GCC GGT GAG CGT GGG TCT CGC GGT ATC ATT GCA GCA CTG 

            AAA TAA CGA CTA TTT AGA CCT CGG CCA CTC GCA CCC AGA GCG CCA TAG TAA CGT CGT GAC 

             F   I   A   D   K   S   G   A   G   E   R   G   S   R   G   I   I   A   A   L 

 

                      430          440          450           460          470          480 

            GGG CCA GAT GGT AAG CCC TCC CGT ATC GTA GTT ATC TAC ACG ACG GGG AGT CAG GCA ACT 

            CCC GGT CTA CCA TTC GGG AGG GCA TAG CAT CAA TAG ATG TGC TGC CCC TCA GTC CGT TGA 

             G   P   D   G   K   P   S   R   I   V   V   I   Y   T   T   G   S   Q   A   T 

 

                      490          500          510           520          530          540 

            ATG GAT GAA CGA AAT AGA CAG ATC GCT GAG ATA GGT GCC TCA CTG ATT AAG CAT TGG TGA 

            TAC CTA CTT GCT TTA TCT GTC TAG CGA CTC TAT CCA CGG AGT GAC TAA TTC GTA ACC ACT 

             M   D   E   R   N   R   Q   I   A   E   I   G   A   S   L   I   K   H   W  Stop 

       HindIII               TEM-1 aa290 

            AAG CTT 

            TTC GAA 

             K   L 
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The newly expressed proteins with no linkers (LacA-L0-Zif268 and PBSII-L0-LacB) 

were tested in vitro with nitrocefin assay alongside with the original system containing 

15-aa linker as comparison. This initial test of the new system was carried out using 

hairpin oligonucleotide Zif268-0-PBSII as the target DNA, and hairpin oligonucleotide 

containing target site for Aart as the non-target DNA. Aart is a 6-finger zinc finger that 

has specificity for an 18-bp sequence of 5’- ATG TAG GGA AAA GCC CGG -3’ (Segal 

et al. 2006). As shown in Figure 4.4, both of the system had a stronger preference for the 

intended target oligonucleotide compared to the Aart target. Nevertheless, the substrate 

hydrolysis rates for the systems were different, with the no-linker proteins having the 

faster kinetic. The hydrolysis rates in terms of the change of absorbance at 486 nm for the 

15-aa linker system were 19 milli-unit/second with Zif268-0-PBSII as target DNA and 2 

milli-unit/second with the Aart target oligonucleotide; for the newly constructed no-linker 

proteins, the rates were 32 milli-unit/second and 3 milli-unit/second, respectively. One 

way to estimate the selectivity of the system is to calculate the ratio of signal over 

background, which is the hydrolysis rate in the presence of target DNA divided by the 

hydrolysis rate in the presence of non-target DNA. In this case, the signal for the 15-aa 

linker proteins was 9-fold over background, whereas the signal for the 0-aa linker 

proteins was 10-fold over background. With this comparison, it is clear that even though 

the newly designed 0-aa linker system gave faster hydrolysis rate, it did not significantly 

improve the selectivity of the original SEER-LAC system.   
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Figure 4.4. Comparison between the initial version of SEER-LAC proteins (LacA-Zif268 

and PBSII-LacB) with the 0-aa linker SEER-LAC proteins (LacA-L0-Zif268 and PBSII-

L0-LacB). The no-linker system showed faster hydrolysis rate than the 15-aa linker 

system. The final concentration of each of the protein used in this assay was 200 nM with 

final DNA concentration of 500 nM.  
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4.2.2 Linker length and target sites spacing preference 

Although the 0-aa linker system did not show a significantly higher signal to background 

ratio, it is still possible that this newly designed system has a more specific preference on 

the target sites spacing. To examine if the removal of linkers actually enhances the 

selectivity on spacer length, we tested the original system and the new no-linker system 

with oligonucleotides containing target sites separated by various lengths of base pairs. 

These studies were carried out in vitro using nitrocefin as substrate.  

 

In the previous chapter a proof-of-concept experiment was conducted using the original 

SEER-LAC constructs with oligonucleptides harboring target sites spaced 0-, 6-, and 10-

bp apart. The preliminary study showed that the most preferred target oligonucleotides 

carried target sites with no spacing between them, followed by 10-bp and 6-bp spacing. 

In this study, the system was tested with DNA oligonucleotides Zif-0-PBSII (S0), Zif-1-

PBSII (S1), Zif-2-PBSII (S2), Zif-3-PBSII (S3), Zif-4-PBSII (S4), Zif-5-PBSII (S5), Zif-6-

PBSII (S6), Zif-8-PBSII (S8), Zif-10-PBSII (S10), and Zif-12-PBSII (S12), with the 

number representing the number of base-pair separating the target sites. Out of all the 

target DNA tested, S0 gave the fastest hydrolysis rate (Figure 4.5). The rate of hydrolysis 

reduced with increasing spacer length until it reached the slowest rate at 5 bp. The rate 

then increased with subsequent increment of spacer length until it reached the second 

maximum rate at 8 bp and 10 bp, and dropped to the lowest rate at 12 bp.  
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The experiments were repeated using the same set of oligonucleotides with the new 

proteins LacA-L0-Zif268 and PBSII-L0-LacB. Even though the overall hydrolysis rates 

using this pair of proteins were higher than those with original proteins, the maximum 

and minimum hydrolysis rates were the same for both systems, with S0 gave the fastest 

rate and S12 the slowest (Figure 4.6). Nevertheless, the new system displayed a slightly 

different order of preference for the target oligonucleotides. Most importantly, the new 

system did not show any increase in selectivity for one particular spacer length. 
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Figure 4.5. The first five minutes of nitrocefin hydrolysis by the 15-aa linker SEER-LAC 

system on target DNA with different spacer lengths. Final protein concentration was 200 

nM; final DNA concentration was 500 nM. 
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Figure 4.6. The first five minutes of nitrocefin hydrolysis by the 0-aa linker SEER-LAC 

system on target DNA with different spacer lengths. Final protein concentration was 200 

nM; final DNA concentration was 500 nM. 
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4.2.3 Constructing the 6-finger SEER system 

To generate a SEER-LAC system that recognizes a longer target sequence, a 3-finger 

zinc finger module were added to each of the zinc finger domain of the proteins, making 

it a 6-finger module that should recognize a stretch of 18-bp DNA. Zinc finger PE7A was 

cloned into the Age I/Hind III sites of pMAL-LacA-Zif268 and pMAL-LacA-L0-Zif268, 

whereas zinc finger PE6B was cloned into the BamH I/Xma I sites of pMAL-PBSII-

LacB and pMAL-PBSII-L0-LacB. Thus, two 6-finger SEER-LAC systems, with and 

without the 15-aa linker, were constructed. PE7A, which was appended to the C-terminal 

of the LacA protein, was expected to bind to 5’-GGA GAA GGG-3’ at the 5’-end of the 

Zif268 target. PE6B was added to the N-terminal of the LacB protein, and would 

recognize the sequence 5’-GAG GAG GAA-3’ at the 3’-end of the PBSII target. The 

DNA and amino acid sequences for these constructs are shown in Figure 4.7 – 4.10. The 

proteins were expressed in E. coli and purified with amylose columns.   
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Figure 4.7. DNA sequence of LacA-Zif268-PE7A cloned into pMAL-c2X. 

LacA-Zif268-PE7A: 1 to 1116 
 

             BamHI     10           20           30            40           50           60             

            GGA TCC CAC CCA GAA ACG CTG GTG AAA GTA AAA GAT GCT GAA GAT CAG TTG GGT GCA CGA GTG GGT TAC 

            CCT AGG GTG GGT CTT TGC GAC CAC TTT CAT TTT CTA CGA CTT CTA GTC AAC CCA CGT GCT CAC CCA ATG 

             G   S   H   P   E   T   L   V   K   V   K   D   A   E   D   Q   L   G   A   R   V   G   Y 

   TEM-1 aa26  

           70           80           90           100          110          120           130           

            ATC GAA CTG GAT CTC AAC AGC GGT AAG ATC CTT GAG AGT TTT CGC CCC GAA GAA CGT TTT CCA ATG ATG 

            TAG CTT GAC CTA GAG TTG TCG CCA TTC TAG GAA CTC TCA AAA GCG GGG CTT CTT GCA AAA GGT TAC TAC 

             I   E   L   D   L   N   S   G   K   I   L   E   S   F   R   P   E   E   R   F   P   M   M 

 

           140          150           160          170          180           190          200          

            AGC ACT TTT AAA GTT CTG CTA TGT GGC GCG GTA TTA TCC CGT ATT GAC GCC GGG CAA GAG CAA CTC GGT 

            TCG TGA AAA TTT CAA GAC GAT ACA CCG CGC CAT AAT AGG GCA TAA CTG CGG CCC GTT CTC GTT GAG CCA 

             S   T   F   K   V   L   L   C   G   A   V   L   S   R   I   D   A   G   Q   E   Q   L   G 

 

            210           220          230          240           250          260          270         

            CGC CGC ATA CAC TAT TCT CAG AAT GAC TTG GTT GAG TAC TCA CCA GTC ACA GAA AAG CAT CTT ACG GAT 

            GCG GCG TAT GTG ATA AGA GTC TTA CTG AAC CAA CTC ATG AGT GGT CAG TGT CTT TTC GTA GAA TGC CTA 

             R   R   I   H   Y   S   Q   N   D   L   V   E   Y   S   P   V   T   E   K   H   L   T   D 

 

              280          290          300           310          320          330           340       

            GGC ATG ACA GTA AGA GAA TTA TGC AGT GCT GCC ATA ACC ATG AGT GAT AAC ACT GCG GCC AAC TTA CTT 

            CCG TAC TGT CAT TCT CTT AAT ACG TCA CGA CGG TAT TGG TAC TCA CTA TTG TGA CGC CGG TTG AAT GAA 

             G   M   T   V   R   E   L   C   S   A   A   I   T   M   S   D   N   T   A   A   N   L   L 

 

               350          360           370          380          390           400          410      

            CTG ACA ACG ATC GGA GGA CCG AAG GAG CTA ACC GCT TTT TTG CAC AAC ATG GGG GAT CAT GTA ACT CGC 

            GAC TGT TGC TAG CCT CCT GGC TTC CTC GAT TGG CGA AAA AAC GTG TTG TAC CCC CTA GTA CAT TGA GCG 

             L   T   T   I   G   G   P   K   E   L   T   A   F   L   H   N   M   G   D   H   V   T   R 

 

                420           430          440          450           460          470          480     

            CTT GAT CGT TGG GAA CCG GAG CTG AAT GAA GCC ATA CCA AAC GAC GAG CGT GAC ACC ACG ACT CCT GTA 

            GAA CTA GCA ACC CTT GGC CTC GAC TTA CTT CGG TAT GGT TTG CTG CTC GCA CTG TGG TGC TGA GGA CAT 

             L   D   R   W   E   P   E   L   N   E   A   I   P   N   D   E   R   D   T   T   T   P   V 

             M182T 

                  490          500          510           520 PstI     530          540           550   

            GCA ATG GCA ACA ACG TTG CGC AAA CTA TTA ACT GGC CTG CAG GGC GGT TCA GGC GGT GGG GGT TCT GGT 

            CGT TAC CGT TGT TGC AAC GCG TTT GAT AAT TGA CCG GAC GTC CCG CCA AGT CCG CCA CCC CCA AGA CCA 

             A   M   A   T   T   L   R   K   L   L   T   G   L   Q   G   G   S   G   G   G   G   S   G 

        KpnI    XmaI         TEM-1 aa196   15-aa Linker 

                   560          570           580          590          600           610          620  

            GGG GGT GGT ACC CCC GGG GAG AAG CCC TAC GCT TGC CCA GTG GAG TCC TGT GAT CGC CGC TTC TCC CGC 

            CCC CCA CCA TGG GGG CCC CTC TTC GGG ATG CGA ACG GGT CAC CTC AGG ACA CTA GCG GCG AAG AGG GCG 

             G   G   G   T   P   G   E   K   P   Y   A   C   P   V   E   S   C   D   R   R   F   S   R 

 

                    630           640          650          660           670          680          690 

            TCC GAC GAG CTC ACC CGC CAC ATC CGC ATC CAC ACA GGC CAG AAG CCC TTC CAG TGC CGC ATC TGC ATG 

            AGG CTG CTC GAG TGG GCG GTG TAG GCG TAG GTG TGT CCG GTC TTC GGG AAG GTC ACG GCG TAG ACG TAC 

             S   D   E   L   T   R   H   I   R   I   H   T   G   Q   K   P   F   Q   C   R   I   C   M 

     Zif268 Finger 1 - GCG  

                      700          710          720           730          740          750             

            CGC AAC TTC AGC CGC AGC GAC CAC CTC ACC ACC CAC ATC CGC ACC CAC ACA GGC GAA AAG CCC TTC GCC 

            GCG TTG AAG TCG GCG TCG CTG GTG GAG TGG TGG GTG TAG GCG TGG GTG TGT CCG CTT TTC GGG AAG CGG 

             R   N   F   S   R   S   D   H   L   T   T   H   I   R   T   H   T   G   E   K   P   F   A 

    Finger 2 - TGG 

          760          770          780           790          800          810           820           

            TGC GAC ATC TGT GGA AGA AAG TTT GCC AGG AGC GAT GAA CGC AAG AGG CAT ACC AAG ATC CAC ACC GGG 

            ACG CTG TAG ACA CCT TCT TTC AAA CGG TCC TCG CTA CTT GCG TTC TCC GTA TGG TTC TAG GTG TGG CCC 

             C   D   I   C   G   R   K   F   A   R   S   D   E   R   K   R   H   T   K   I   H   T   G 

       Finger 3 - GCG 

           830          840           850          860          870           880          890          

            GAG AAG CCC TAT GCT TGT CCG GAA TGT GGT AAG TCC TTC AGC CGC AGC GAT AAA CTG GTG CGC CAC CAG 

            CTC TTC GGG ATA CGA ACA GGC CTT ACA CCA TTC AGG AAG TCG GCG TCG CTA TTT GAC CAC GCG GTG GTC 

             E   K   P   Y   A   C   P   E   C   G   K   S   F   S   R   S   D   K   L   V   R   H   Q 

             PE7A Finger 1 - GGG  

            900           910          920          930           940          950          960         

            CGT ACC CAT ACG GGT GAA AAA CCG TAT AAA TGC CCA GAG TGC GGC AAG TCT TTC AGT CAG AGC AGC AAC 

            GCA TGG GTA TGC CCA CTT TTT GGC ATA TTT ACG GGT CTC ACG CCG TTC AGA AAG TCA GTC TCG TCG TTG 

             R   T   H   T   G   E   K   P   Y   K   C   P   E   C   G   K   S   F   S   Q   S   S   N 

               Finger 2 - GAA 

              970          980          990          1000         1010         1020          1030       

            CTG GTG CGC CAT CAA CGC ACC CAC ACT GGC GAG AAG CCA TAC AAA TGT CCA GAA TGT GGC AAG TCC TTC 

            GAC CAC GCG GTA GTT GCG TGG GTG TGA CCG CTC TTC GGT ATG TTT ACA GGT CTT ACA CCG TTC AGG AAG 

             L   V   R   H   Q   R   T   H   T   G   E   K   P   Y   K   C   P   E   C   G   K   S   F 

             AgeI  

              1040         1050          1060         1070         1080          1090         1100      

            TCT CAG CGC GCC CAC CTG GAA CGC CAC CAA CGT ACT CAC ACC GGT GAG CAG AAG CTT ATC TCT GAA GAC 

            AGA GTC GCG CGG GTG GAC CTT GCG GTG GTT GCA TGA GTG TGG CCA CTC GTC TTC GAA TAG AGA CTT CTG 

             S   Q   R   A   H   L   E   R   H   Q   R   T   H   T   G   E   Q   K   L   I   S   E   D 

        Finger 3 - GGA  

               1110 HindIII       

            CTG TGA AAG CTT 

            GAC ACT TTC GAA 

             L Stop  K   L 
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Figure 4.8. DNA sequence of PE6B-PBSII-LacB construct cloned into pMAL-c2X. 

 

 

PE6B-PBSII-LacB: 1 to 843 
  BamHI   XmaI 

                       10           20           30            40           50           60             

            GGA TCC CCC GGG GAG AAG CCC TAT GCT TGT CCG GAA TGT GGT AAG TCC TTC AGC CAG AGC AGC AAC CTG 

            CCT AGG GGG CCC CTC TTC GGG ATA CGA ACA GGC CTT ACA CCA TTC AGG AAG TCG GTC TCG TCG TTG GAC 

             G   S   P   G   E   K   P   Y   A   C   P   E   C   G   K   S   F   S   Q   S   S   N   L 

                PE6B Finger 1 - GAA 

           70           80           90           100          110          120           130           

            GTG CGC CAC CAG CGT ACC CAT ACG GGT GAA AAA CTG TAT AAA TGC CCA GAG TGC GGT AAG TCT TTC AGT 

            CAC GCG GTG GTC GCA TGG GTA TGC CCA CTT TTT GAC ATA TTT ACG GGT CTC ACG CCA TTC AGA AAG TCA 

             V   R   H   Q   R   T   H   T   G   E   K   L   Y   K   C   P   E   C   G   K   S   F   S 

 

           140          150           160          170          180           190          200          

            CGC AGC GAT AAC CTG GTG CGC CAT CAA CGC ACC CAC ACT GGC GAG AAG CCA TAC AAA TGT CCA GAA TGT 

            GCG TCG CTA TTG GAC CAC GCG GTA GTT GCG TGG GTG TGA CCG CTC TTC GGT ATG TTT ACA GGT CTT ACA 

             R   S   D   N   L   V   R   H   Q   R   T   H   T   G   E   K   P   Y   K   C   P   E   C 

      Finger 2 - GAG 

            210           220          230          240           250          260          270         

            GGC AAG TCC TTC TCT CGC AGC GAT AAC CTG GTG CGC CAC CAA CGT ACT CAC ACC GGG GAG AAG CCC TAT 

            CCG TTC AGG AAG AGA GCG TCG CTA TTG GAC CAC GCG GTG GTT GCA TGA GTG TGG CCC CTC TTC GGG ATA 

             G   K   S   F   S   R   S   D   N   L   V   R   H   Q   R   T   H   T   G   E   K   P   Y 

         Finger 3 - GAG 

              280          290          300           310          320          330           340       

            GCT TGT CCG GAA TGT GGT AAG TCC TTC AGC CAG CGC GCA AAC CTG CGC GCC CAC CAG CGT ACC CAC ACG 

            CGA ACA GGC CTT ACA CCA TTC AGG AAG TCG GTC GCG CGT TTG GAC GCG CGG GTG GTC GCA TGG GTG TGC 

             A   C   P   E   C   G   K   S   F   S   Q   R   A   N   L   R   A   H   Q   R   T   H   T 

        PBSII Finger 1 - AAA 

               350          360           370          380          390           400          410      

            GGT GAA AAA CCG TAT AAA TGC CCA GAG TGC GGC AAA TCT TTT AGC CGC AGC GAT CAC CTG ACC ACC CAT 

            CCA CTT TTT GGC ATA TTT ACG GGT CTC ACG CCG TTT AGA AAA TCG GCG TCG CTA GTG GAC TGG TGG GTA 

             G   E   K   P   Y   K   C   P   E   C   G   K   S   F   S   R   S   D   H   L   T   T   H 

               Finger 2 - TGG 

                420           430          440          450           460          470          480     

            CAA CGC ACT CAT ACT GGC GAG AAG CCA TAC AAA TGT CCA GAA TGT GGC AAG TCT TTC TCC CGC AGC GAT 

            GTT GCG TGA GTA TGA CCG CTC TTC GGT ATG TTT ACA GGT CTT ACA CCG TTC AGA AAG AGG GCG TCG CTA 

             Q   R   T   H   T   G   E   K   P   Y   K   C   P   E   C   G   K   S   F   S   R   S   D 

               Finger 3 - GTG 

                  490          500          510  AgeI     520          530          540           550   

            GTG CTG GTG CGC CAC CAA CGT ACT CAC ACC GGT GGG GGT GGC GGT TCA GGC GGT GGG GGT TCT GGT GGG 

            CAC GAC CAC GCG GTG GTT GCA TGA GTG TGG CCA CCC CCA CCG CCA AGT CCG CCA CCC CCA AGA CCA CCC 

             V   L   V   R   H   Q   R   T   H   T   G   G   G   G   G   S   G   G   G   G   S   G   G 

           15-aa Linker 

                 KpnI           570           580          590          600           610          620  

            GGT GGT ACC CTA CTT ACT CTA GCT TCC CGG CAA CAA TTA ATA GAC TGG ATG GAG GCG GAT AAA GTT GCA 

            CCA CCA TGG GAT GAA TGA GAT CGA AGG GCC GTT GTT AAT TAT CTG ACC TAC CTC CGC CTA TTT CAA CGT 

             G   G   T   L   L   T   L   A   S   R   Q   Q   L   I   D   W   M   E   A   D   K   V   A 

   TEM-1 aa198 

                    630           640          650          660           670          680          690 

            GGA CCA CTT CTG CGC TCG GCC CTT CCG GCT GGC TGG TTT ATT GCT GAT AAA TCT GGA GCC GGT GAG CGT 

            CCT GGT GAA GAC GCG AGC CGG GAA GGC CGA CCG ACC AAA TAA CGA CTA TTT AGA CCT CGG CCA CTC GCA 

             G   P   L   L   R   S   A   L   P   A   G   W   F   I   A   D   K   S   G   A   G   E   R 

 

                      700          710          720           730          740          750             

            GGG TCT CGC GGT ATC ATT GCA GCA CTG GGG CCA GAT GGT AAG CCC TCC CGT ATC GTA GTT ATC TAC ACG 

            CCC AGA GCG CCA TAG TAA CGT CGT GAC CCC GGT CTA CCA TTC GGG AGG GCA TAG CAT CAA TAG ATG TGC 

             G   S   R   G   I   I   A   A   L   G   P   D   G   K   P   S   R   I   V   V   I   Y   T 

 

          760          770          780           790          800          810           820           

            ACG GGG AGT CAG GCA ACT ATG GAT GAA CGA AAT AGA CAG ATC GCT GAG ATA GGT GCC TCA CTG ATT AAG 

            TGC CCC TCA GTC CGT TGA TAC CTA CTT GCT TTA TCT GTC TAG CGA CTC TAT CCA CGG AGT GAC TAA TTC 

             T   G   S   Q   A   T   M   D   E   R   N   R   Q   I   A   E   I   G   A   S   L   I   K 

 

           830          HindIII    

            CAT TGG TGA AAG CTT 

            GTA ACC ACT TTC GAA 

             H   W  Stop K   L 

      TEM-1 aa290  
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Figure 4.9. DNA sequence of LacA-L0-Zif268-PE7A cloned into pMAL-c2X. 

LacA-L0-Zif268-PE7A: 1 to 1044 
 

             BamHI     10           20           30            40           50           60            70   

            GGA TCC CAC CCA GAA ACG CTG GTG AAA GTA AAA GAT GCT GAA GAT CAG TTG GGT GCA CGA GTG GGT TAC ATC 

            CCT AGG GTG GGT CTT TGC GAC CAC TTT CAT TTT CTA CGA CTT CTA GTC AAC CCA CGT GCT CAC CCA ATG TAG 

             G   S   H   P   E   T   L   V   K   V   K   D   A   E   D   Q   L   G   A   R   V   G   Y   I 

     TEM-1 aa26 

                    80           90           100          110          120           130          140      

            GAA CTG GAT CTC AAC AGC GGT AAG ATC CTT GAG AGT TTT CGC CCC GAA GAA CGT TTT CCA ATG ATG AGC ACT 

            CTT GAC CTA GAG TTG TCG CCA TTC TAG GAA CTC TCA AAA GCG GGG CTT CTT GCA AAA GGT TAC TAC TCG TGA 

             E   L   D   L   N   S   G   K   I   L   E   S   F   R   P   E   E   R   F   P   M   M   S   T 

 

                150           160          170          180           190          200          210         

            TTT AAA GTT CTG CTA TGT GGC GCG GTA TTA TCC CGT ATT GAC GCC GGG CAA GAG CAA CTC GGT CGC CGC ATA 

            AAA TTT CAA GAC GAT ACA CCG CGC CAT AAT AGG GCA TAA CTG CGG CCC GTT CTC GTT GAG CCA GCG GCG TAT 

             F   K   V   L   L   C   G   A   V   L   S   R   I   D   A   G   Q   E   Q   L   G   R   R   I 

 

              220          230          240           250          260          270           280           

            CAC TAT TCT CAG AAT GAC TTG GTT GAG TAC TCA CCA GTC ACA GAA AAG CAT CTT ACG GAT GGC ATG ACA GTA 

            GTG ATA AGA GTC TTA CTG AAC CAA CTC ATG AGT GGT CAG TGT CTT TTC GTA GAA TGC CTA CCG TAC TGT CAT 

             H   Y   S   Q   N   D   L   V   E   Y   S   P   V   T   E   K   H   L   T   D   G   M   T   V 

 

           290          300           310          320          330           340          350          360 

            AGA GAA TTA TGC AGT GCT GCC ATA ACC ATG AGT GAT AAC ACT GCG GCC AAC TTA CTT CTG ACA ACG ATC GGA 

            TCT CTT AAT ACG TCA CGA CGG TAT TGG TAC TCA CTA TTG TGA CGC CGG TTG AAT GAA GAC TGT TGC TAG CCT 

             R   E   L   C   S   A   A   I   T   M   S   D   N   T   A   A   N   L   L   L   T   T   I   G 

 

                      370          380          390           400          410          420           430   

            GGA CCG AAG GAG CTA ACC GCT TTT TTG CAC AAC ATG GGG GAT CAT GTA ACT CGC CTT GAT CGT TGG GAA CCG 

            CCT GGC TTC CTC GAT TGG CGA AAA AAC GTG TTG TAC CCC CTA GTA CAT TGA GCG GAA CTA GCA ACC CTT GGC 

             G   P   K   E   L   T   A   F   L   H   N   M   G   D   H   V   T   R   L   D   R   W   E   P 

 

                   440          450           460          470          480           490          500      

            GAG CTG AAT GAA GCC ATA CCA AAC GAC GAG CGT GAC ACC ACG ACT CCT GTA GCA ATG GCA ACA ACG TTG CGC 

            CTC GAC TTA CTT CGG TAT GGT TTG CTG CTC GCA CTG TGG TGC TGA GGA CAT CGT TAC CGT TGT TGC AAC GCG 

             E   L   N   E   A   I   P   N   D   E   R   D   T   T   T   P   V   A   M   A   T   T   L   R 

          M182T 

                510           520 XmaI     530          540           550          560          570         

            AAA CTA TTA ACT GGC CCC GGG GAG AAG CCC TAC GCT TGC CCA GTG GAG TCC TGT GAT CGC CGC TTC TCC CGC 

            TTT GAT AAT TGA CCG GGG CCC CTC TTC GGG ATG CGA ACG GGT CAC CTC AGG ACA CTA GCG GCG AAG AGG GCG 

             K   L   L   T   G   P   G   E   K   P   Y   A   C   P   V   E   S   C   D   R   R   F   S   R 

       TEM-1 aa196 

              580          590          600           610          620          630           640           

            TCC GAC GAG CTC ACC CGC CAC ATC CGC ATC CAC ACA GGC CAG AAG CCC TTC CAG TGC CGC ATC TGC ATG CGC 

            AGG CTG CTC GAG TGG GCG GTG TAG GCG TAG GTG TGT CCG GTC TTC GGG AAG GTC ACG GCG TAG ACG TAC GCG 

             S   D   E   L   T   R   H   I   R   I   H   T   G   Q   K   P   F   Q   C   R   I   C   M   R 

      Zif268 Finger 1 - GCG 

           650          660           670          680          690           700          710          720 

            AAC TTC AGC CGC AGC GAC CAC CTC ACC ACC CAC ATC CGC ACC CAC ACA GGC GAA AAG CCC TTC GCC TGC GAC 

            TTG AAG TCG GCG TCG CTG GTG GAG TGG TGG GTG TAG GCG TGG GTG TGT CCG CTT TTC GGG AAG CGG ACG CTG 

             N   F   S   R   S   D   H   L   T   T   H   I   R   T   H   T   G   E   K   P   F   A   C   D 

       Finger 2 - TGG 

                      730          740          750           760          770          780           790   

            ATC TGT GGA AGA AAG TTT GCC AGG AGC GAT GAA CGC AAG AGG CAT ACC AAG ATC CAC ACC GGG GAG AAG CCC 

            TAG ACA CCT TCT TTC AAA CGG TCC TCG CTA CTT GCG TTC TCC GTA TGG TTC TAG GTG TGG CCC CTC TTC GGG 

             I   C   G   R   K   F   A   R   S   D   E   R   K   R   H   T   K   I   H   T   G   E   K   P 

           Finger 3 - GCG  

                   800          810           820          830          840           850          860      

            TAT GCT TGT CCG GAA TGT GGT AAG TCC TTC AGC CGC AGC GAT AAA CTG GTG CGC CAC CAG CGT ACC CAT ACG 

            ATA CGA ACA GGC CTT ACA CCA TTC AGG AAG TCG GCG TCG CTA TTT GAC CAC GCG GTG GTC GCA TGG GTA TGC 

             Y   A   C   P   E   C   G   K   S   F   S   R   S   D   K   L   V   R   H   Q   R   T   H   T 

              PE7A Finger 1 - GGG  

                870           880          890          900           910          920          930         

            GGT GAA AAA CCG TAT AAA TGC CCA GAG TGC GGC AAG TCT TTC AGT CAG AGC AGC AAC CTG GTG CGC CAT CAA 

            CCA CTT TTT GGC ATA TTT ACG GGT CTC ACG CCG TTC AGA AAG TCA GTC TCG TCG TTG GAC CAC GCG GTA GTT 

             G   E   K   P   Y   K   C   P   E   C   G   K   S   F   S   Q   S   S   N   L   V   R   H   Q 

                Finger 2 - GAA  

              940          950          960           970          980          990          1000           

            CGC ACC CAC ACT GGC GAG AAG CCA TAC AAA TGT CCA GAA TGT GGC AAG TCC TTC TCT CAG CGC GCC CAC CTG 

            GCG TGG GTG TGA CCG CTC TTC GGT ATG TTT ACA GGT CTT ACA CCG TTC AGG AAG AGA GTC GCG CGG GTG GAC 

             R   T   H   T   G   E   K   P   Y   K   C   P   E   C   G   K   S   F   S   Q   R   A   H   L 

             HindIII        Finger 3 - GGA  

          1010         1020          1030         1040      

            GAA CGC CAC CAA CGT ACT CAC ACC GGT TGA AAG CTT 

            CTT GCG GTG GTT GCA TGA GTG TGG CCA ACT TTC GAA 

             E   R   H   Q   R   T   H   T   G Stop  K   L 
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Figure 4.10. DNA sequence of PE6B-PBSII-L0-LacB construct cloned into pMAL-c2X. 

 

 

 

 

PE6B-PBSII-L0-LacB: 1 to 798 
       BamHI   XmaI 

                       10           20           30            40           50           60            70   

            GGA TCC CCC GGG GAG AAG CCC TAT GCT TGT CCG GAA TGT GGT AAG TCC TTC AGC CAG AGC AGC AAC CTG GTG 

            CCT AGG GGG CCC CTC TTC GGG ATA CGA ACA GGC CTT ACA CCA TTC AGG AAG TCG GTC TCG TCG TTG GAC CAC 

             G   S   P   G   E   K   P   Y   A   C   P   E   C   G   K   S   F   S   Q   S   S   N   L   V 

                 PE6B Finger 1 - GAA  

                    80           90           100          110          120           130          140      

            CGC CAC CAG CGT ACC CAT ACG GGT GAA AAA CTG TAT AAA TGC CCA GAG TGC GGT AAG TCT TTC AGT CGC AGC 

            GCG GTG GTC GCA TGG GTA TGC CCA CTT TTT GAC ATA TTT ACG GGT CTC ACG CCA TTC AGA AAG TCA GCG TCG 

             R   H   Q   R   T   H   T   G   E   K   L   Y   K   C   P   E   C   G   K   S   F   S   R   S 

 

                150           160          170          180           190          200          210         

            GAT AAC CTG GTG CGC CAT CAA CGC ACC CAC ACT GGC GAG AAG CCA TAC AAA TGT CCA GAA TGT GGC AAG TCC 

            CTA TTG GAC CAC GCG GTA GTT GCG TGG GTG TGA CCG CTC TTC GGT ATG TTT ACA GGT CTT ACA CCG TTC AGG 

             D   N   L   V   R   H   Q   R   T   H   T   G   E   K   P   Y   K   C   P   E   C   G   K   S 

  Finger 2 - GAG 

              220          230          240           250          260          270           280           

            TTC TCT CGC AGC GAT AAC CTG GTG CGC CAC CAA CGT ACT CAC ACC GGG GAG AAG CCC TAT GCT TGT CCG GAA 

            AAG AGA GCG TCG CTA TTG GAC CAC GCG GTG GTT GCA TGA GTG TGG CCC CTC TTC GGG ATA CGA ACA GGC CTT 

             F   S   R   S   D   N   L   V   R   H   Q   R   T   H   T   G   E   K   P   Y   A   C   P   E 

    Finger 3 - GAG 

           290          300           310          320          330           340          350          360 

            TGT GGT AAG TCC TTC AGC CAG CGC GCA AAC CTG CGC GCC CAC CAG CGT ACC CAC ACG GGT GAA AAA CCG TAT 

            ACA CCA TTC AGG AAG TCG GTC GCG CGT TTG GAC GCG CGG GTG GTC GCA TGG GTG TGC CCA CTT TTT GGC ATA 

             C   G   K   S   F   S   Q   R   A   N   L   R   A   H   Q   R   T   H   T   G   E   K   P   Y 

      PBSII Finger 1 - AAA 

                      370          380          390           400          410          420           430   

            AAA TGC CCA GAG TGC GGC AAA TCT TTT AGC CGC AGC GAT CAC CTG ACC ACC CAT CAA CGC ACT CAT ACT GGC 

            TTT ACG GGT CTC ACG CCG TTT AGA AAA TCG GCG TCG CTA GTG GAC TGG TGG GTA GTT GCG TGA GTA TGA CCG 

             K   C   P   E   C   G   K   S   F   S   R   S   D   H   L   T   T   H   Q   R   T   H   T   G 

           Finger 2 - TGG  

                   440          450           460          470          480           490          500      

            GAG AAG CCA TAC AAA TGT CCA GAA TGT GGC AAG TCT TTC TCC CGC AGC GAT GTG CTG GTG CGC CAC CAA CGT 

            CTC TTC GGT ATG TTT ACA GGT CTT ACA CCG TTC AGA AAG AGG GCG TCG CTA CAC GAC CAC GCG GTG GTT GCA 

             E   K   P   Y   K   C   P   E   C   G   K   S   F   S   R   S   D   V   L   V   R   H   Q   R 

           Finger 3 - GTG 

                510  AgeI     520          530          540           550          560          570         

            ACT CAC ACC GGT CTA CTT ACT CTA GCT TCC CGG CAA CAA TTA ATA GAC TGG ATG GAG GCG GAT AAA GTT GCA 

            TGA GTG TGG CCA GAT GAA TGA GAT CGA AGG GCC GTT GTT AAT TAT CTG ACC TAC CTC CGC CTA TTT CAA CGT 

             T   H   T   G   L   L   T   L   A   S   R   Q   Q   L   I   D   W   M   E   A   D   K   V   A 

       TEM-1 aa198  

              580          590          600           610          620          630           640           

            GGA CCA CTT CTG CGC TCG GCC CTT CCG GCT GGC TGG TTT ATT GCT GAT AAA TCT GGA GCC GGT GAG CGT GGG 

            CCT GGT GAA GAC GCG AGC CGG GAA GGC CGA CCG ACC AAA TAA CGA CTA TTT AGA CCT CGG CCA CTC GCA CCC 

             G   P   L   L   R   S   A   L   P   A   G   W   F   I   A   D   K   S   G   A   G   E   R   G 

 

           650          660           670          680          690           700          710          720 

            TCT CGC GGT ATC ATT GCA GCA CTG GGG CCA GAT GGT AAG CCC TCC CGT ATC GTA GTT ATC TAC ACG ACG GGG 

            AGA GCG CCA TAG TAA CGT CGT GAC CCC GGT CTA CCA TTC GGG AGG GCA TAG CAT CAA TAG ATG TGC TGC CCC 

             S   R   G   I   I   A   A   L   G   P   D   G   K   P   S   R   I   V   V   I   Y   T   T   G 

 

                      730          740          750           760          770          780           790   

            AGT CAG GCA ACT ATG GAT GAA CGA AAT AGA CAG ATC GCT GAG ATA GGT GCC TCA CTG ATT AAG CAT TGG TGA 

            TCA GTC CGT TGA TAC CTA CTT GCT TTA TCT GTC TAG CGA CTC TAT CCA CGG AGT GAC TAA TTC GTA ACC ACT 

             S   Q   A   T   M   D   E   R   N   R   Q   I   A   E   I   G   A   S   L   I   K   H   W  Stop 

                 TEM-1 aa290

      HindIII 

            AAG CTT 

            TTC GAA 

             K   L 
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4.2.4 Nitrocefin assay of the 6-finger SEER-LAC proteins 

To test if the 6-finger SEER-LAC constructs work in vitro, a nitrocefin assay was carried 

out using these new constructs (Figure 4.11). Both sets of 6-finger protein pairs, with and 

without the linker, were tested in this initial nitrocefin assay. The DNA target used in this 

assay is 7AZP6B, which consisted of two complementary single-stranded DNA 

oligonucleotides that were annealed prior to the experiment. 7AZP6B contained the zinc 

finger binding sites for both the 6-finger proteins, with no spacing between the target 

sites.  
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Figure 4.11. Nitrocefin hydrolysis of the 6-finger proteins (with and without 15-aa linker) 

over ten minutes. Blue bars: 250 nM 7AZP6B and 600 ng herring sperm DNA; red bars: 

1.2 g herring sperm DNA; green bars: deionized water in reaction buffer. The final 

concentration of each of the protein was 200 nM. 
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Three different DNA target conditions were prepared for this study. The first one 

contained mixture of equal amount in mass of DNA target 7AZP6B and herring sperm 

DNA. The other two were both negative controls, in which one contained only herring 

sperm DNA, and the other contained no DNA. For both of these 6-finger SEER-LAC 

proteins tested here, the negative controls, which contained no target DNA, gave faster 

nitrocefin hydrolysis rate compared to the ones supplied with 7AZP6B. This observation 

was totally unexpected and never seen in all the previously tested SEER systems. For 

these 6-finger constructs, the hypothesis was that using 6-finger proteins would improve 

the SEER system due to the potential increase in affinity and specificity of the zinc finger 

proteins. Nevertheless, the results from this nitrocefin assay did not support that 

hypothesis. Due to this unusual observation, a series of tests were performed to find out 

the factors contributing to the observed behavior of these newly constructed proteins. 

 

4.2.5 ELISA of the 6-finger proteins 

First, the 6-finger SEER-LAC proteins were tested in an ELISA to examine their DNA-

binding ability. Purified LacA-Zif268-PE7A, PE6B-PBSII- LacB, as well as the 3-finger 

LacA-Zif268 (as positive control) were tested against biotinylated oligonucleotides 

Hairpin-PE1A-Zif268 and Hairpin-PBSII-PE6B, with water as negative control. The 

oligonucleptides were designed to form a hairpin structure with four thymidines at the 

turn, so that the target sites were double-stranded for proper zinc finger targeting. The 

ELISA results showed that both of the new 6-finger proteins bound only to their 

respective target oligonucleotides (Figure 4.12). This eliminated the possibility that the 
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unusual results was due to the low specificity of the 6-finger proteins made for this 

experiment. Nevertheless, the ELISA was designed in such a way that all unbound 

proteins, as well as proteins that bound to anything other than the biotinylated hairpin 

target DNA, were washed away from the assay wells prior to detection. This assay, 

therefore, could not eliminate the possibility that the observed unusual hydrolysis pattern 

was due to protein-protein interaction between the zinc finger proteins, or that there were 

contaminants in the protein samples that disrupted the results in the previous nitrocefin 

assay. 
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Figure 4.12. ELISA data of LacA-Zif268-PE7A and PE6B-PBSII-LacB, with LacA-

Zif268 tested along as a control. The results indicated that each protein only bound to 

hairpin oligonucleotide that carried its respective target site.  
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4.2.6 Contaminating DNA in the purified proteins 

While expressing zinc finger proteins in E. coli, especially 6-finger proteins, there might 

be DNA from the E. coli genome that co-purifies with the proteins and extra purification 

steps are normally needed to remove the contaminating DNA (Crotty et al. 2005). To 

determine if the purified zinc finger proteins contained contaminating DNA, the PE1A-

L0-LacB protein was expressed, followed by two different paths of purification; one 

treated with DNase I and the other was purified as normal. The purified protein samples 

were electrophoresed on an ethidium bromide agarose gel and visualized under UV light 

(Figure 4.13A). The gel was then washed and stained with Coomassie Blue and the result 

is shown in Figure 4.13B. The DNA band shown in the non-treated sample (Figure 

4.13A, lane 2) was at the same location where the protein sample was in the gel (Figure 

4.13B, lane 2). These results showed that there was DNA co-purifying with the protein, 

and stayed bound to the zinc finger proteins in the purified samples. Treating the samples 

with DNase I during purification was successful in removing the contaminating DNA 

bound to the proteins.  
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Figure 4.13. Electrophoresis analysis of protein sample treated with DNase I on agarose 

gel. (A) Purified protein samples run on a 1% agarose gel in TAE, stained with ethidium 

bromide. Lane 1: protein sample treated with DNase I during purification; Lane 2: the 

same protein sample purified without the DNase treatment. (B) The agarose gel in A 

stained with Coomassie blue, showing the protein samples on the gel. 
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4.2.7 Nitrocefin assay with the DNase I-treated protein samples 

The purification process with the extra DNase I wash step described above provided 

quick method to remove unwanted DNA that co-purified with the proteins. This method, 

however, might not be suitable as the purification method in obtaining proteins for the 

subsequent assays, as residual DNase in the protein samples would affect the outcome of 

the assays. To test if purifying with DNase I produced decent protein samples, a 

nitrocefin assay was performed using the DNase-treated and non-treated PE1A-L0-LacB, 

both paired with LacA-L0-Zif268 that was purified normally without the DNase I 

treatment (Figure 4.14). The results showed that the reassembly assay performed with 

the DNase-purified sample failed to hydrolyze nitrocefin over a 20-minute period, 

whereas the untreated samples gave expected substrate hydrolysis profile over the same 

period of time.  
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Figure 4.14. Nitrocefin assay using 500 nM of normally purified LacA-L0-Zif268 and 

500 nM of PE1A-L0-LacB that was purified with or without the DNase I treatment. The 

target DNA used in this experiment was Zif268-S0-PE1A, which was a hairpin 

oligonucleotide carrying the target sites for Zif268 and PE1A with 0-bp spacing between 

them. Blue bars: 1 M target DNA; red bars: 300 nM target DNA; green bars: no target 

DNA. 
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The results observed in Figure 4.14 could be caused by left-over DNase I in the purified 

sample, even though several washes were performed prior to eluting the protein from the 

amylose column. A quick analysis of the differently purified proteins on SDS-PAGE 

showed that the DNase I-treated sample was fragmented (Figure 4.15). This could be due 

to the presence of proteases in the DNase used in this purification process, even though 

the manufacturer (Roche) claimed that the enzyme did not contain proteases. 

 

Since purifying the proteins with DNase was not a practical option, a different purifying 

method should be tested in effort to remove contaminating DNA in the protein samples. 

The method that was used eventually involved washing the lysate-loaded amylose 

column with wash buffer containing 2 M NaCl, followed by two normal washes before 

eluting the proteins. This purification method gave protein samples with decreased 

concentration of co-purifying DNA and at the same time did not fragment the proteins. 

Throughout the rest of this dissertation, the purification of all MBP-tagged proteins via 

amylose columns included the extra 2 M NaCl wash. From this point onward, all proteins 

were stored at -20 °C in 50% glycerol in the presence of protease inhibitor cocktail 

Complete (without EDTA) to ensure protein stability. 
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Figure 4.15. SDS-PAGE of LacA-L0-EC21 protein stained in Coomassie blue. EC21 is a 

6-finger protein constructed to recognize a specific site in pathogenic E. coli strain 

CFT074. The design and construction of LacA-L0-EC21 is described in Chapter 6.  

Lane 1: LacA-L0-EC21 purified with the treatment of DNase I; Lane 2: LacA-L0-EC21 

purified using the normal protocol without the DNase I treatment; Lane 3: SDS-PAGE 

standards.   
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4.2.8 Nitrocefin assay with newly purified 6-finger SEER-LAC proteins 

With this new method of purification, new protein samples were prepared and examined 

in a nitrocefin assay (Figure 4.16). The constructs tested were LacA-L0-Zif268-PE7A 

and PE6B-PBSII-L0-LacB. LacA-L0-Zif268-PE7A was also tested along with the 3-

finger construct PBSII-L0-LacB. With the new purification step of washing with 2 M 

NaCl, as well as adding protease inhibitor into the purified protein samples, it was 

possible to reduce the concentration of the proteins, as well as the concentration of the 

oligonucleotide targets used in the nitrocefin assay.  

 

Since the previous nitrocefin assay with the 6-finger proteins produced unusual data 

where the water background was higher than when target DNA or non-specific DNA 

were present, this assay was done to determine the efficiency of the new proteins to 

differentiate the presence of target DNA from background. The results showed that the 

new protein samples gave more promising results compared to the previous samples. We 

were able to differentiate the rate of nitrocefin hydrolysis in the presence of 50 nM target 

DNA over water background with just 37 nM of the LacA and LacB proteins.  
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Figure 4.16. Nitrocefin assay results for the SEER-LAC proteins that were purified with 

the extra 2 M NaCl wash and stored with protease inhibitor in 50% glycerol. The data 

showed faster hydrolysis rates than the previous samples for the 3-finger no-linker system. 

The new purification and storage conditions also produced 6-finger samples that were 

able to detect the presence of target DNA over no-DNA background. Final concentration 

for each protein sample was 37 nM, with 50 nM target DNA. 
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4.2.9 Comparison between the 3-finger and 6-finger SEER systems in the presence 

of non-specific DNA 

The 6-finger SEER-LAC system was constructed to improve the overall specificity and 

selectivity of the system. The hypothesis is that with longer target sequences, the number 

of potential pseudo sites decreases and therefore the background signal generated in the 

presence of non-specific DNA would be lower than that observed in the 3-finger system. 

To test this hypothesis, a nitrocefin assay was carried out to directly compare the 3-finger 

and 6-finger systems in the presence of non-specific DNA.   

 

The 3-finger proteins tested in this assay were LacA-L0-Zif268 and PBSII-L0-LacB, and 

the 6-finger proteins tested were LacA-L0-Zif268-PE7A and PE6B-PBSII-L0-LacB. The 

final concentration of each of the protein was 18.5 nM in each well, with 25 nM of target 

DNA 7AZP6B. The assay was designed in such a way that the target DNA tested in each 

well remained the same, while at the same time increasing amount of herring sperm DNA 

(HS-DNA, Invitrogen) as the non-specific DNA. The amount of HS-DNA used in the 

study was determined by mass, with 1X being 130 ng of HS-DNA, the mass equivalent 

of 200 L of 25 nM 7AZP6B.  

 

The hydrolysis of nitrocefin was monitored for 10 minutes by recording the absorbance at 

486 nm every minute (Figure 4.17). Overall, the signal over background was better for 

the 3-finger system with 7.8-fold over water background when only the target present. 

The best result for the 6-finger system was 2.9-fold signal over background in the case of 



 

 

 

141 

25 nM target with 65 ng HS-DNA. This observation indicated that, at this protein 

concentration of 18.5 nM, the 6-finger system was not an improvement over the 3-finger 

system in discriminating target sequences from the presence of non-specific DNA.  

 

Nevertheless, as the HS-DNA amount increased, especially at 50-fold excess, the 

background signal for the 6-finger system did not increase as much when compared to 

that of the 3-finger system. For the 6-fnger system, the signal-to-background ratio 

dropped from 2.9 (best result, 25 nM target + 0.5X HS-DNA: 0.5X HS-DNA) to 1.5 in 

the presence of 50X HS-DNA, whereas for the 3-finger system the signal-to-background 

ratio dropped from 7.8 (best result, 25 nM target: no DNA) to 1.7 when 50X HS-DNA 

was added. Therefore, even though the 6-finger system produced high background 

signals, the system was more tolerable to increasing amount of non-specific DNA 

compared to the 3-finger system. It should also be noted that the signals decreased with 

increasing HS-DNA added to the target DNA (except in the case of 50X HS-DNA) in the 

3-finger system, a trend that was not observed in the 6-finger system.   
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Figure 4.17. Nitrocefin hydrolysis in 10 minutes by the SEER-LAC systems in the 

presence of herring sperm DNA. Both SEER-LAC systems tested were the no-linker 

systems, with the results from the 3-finger proteins shown on the left panel, and the 6-

finger proteins on the right. ―Target‖ indicates 25 nM of 7AZP6B, and 1X HSD refers to 

130 ng of herring sperm DNA, the mass equivalent of 25 nM of 7AZP6B in 200 L. Final 

concentration for each protein was 18.5 nM. 
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4.3 Discussion  

In the last two chapters, we described the design, construction, and the initial proof-of-

concept experiments on the SEER-LAC system. Although the results were promising and 

showed potential for future applications, the sensitivity and specificity of the assay were 

not good enough to be utilized in a biologically relevant system. To improve the system, 

we attempted to optimize it through rational protein engineering. The success of the 

chimeric zinc finger nuclease system provided us some insights and examples on how to 

optimize the SEER system.  From the available information on linker length and target 

sites spacing selectivity, we decided to construct a SEER-LAC system with the 15-aa 

linker removed. As shown in the previous chapter, SEER-LAC with the 15-aa linker 

allowed reassembly at various spacing between the target sites. By shortening the linker, 

we hoped to improve the SEER system by making it more selective on spacer length. 

After building and testing the new system, it was found that the 0-aa linker system did 

not improve the spacer length selectivity. It did, however, increase the overall hydrolysis 

rate most probably by reducing the entropy cost of reassembly caused by the linker. 

 

The second parameter we investigated in the optimization of SEER-LAC was the number 

of zinc finger modules attached to the SEER proteins. The previous systems, true for both 

SEER-LAC and SEER-GFP, carried 3-finger domain on each of the protein. In effort to 

increase specificity and overall efficiency of the system, 6-finger DNA binding domains 

were constructed and appended to the SEER-LAC proteins. From the in vitro data, at 

least for the 6-finger domains we made, we found out that using more zinc finger 
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modules in the DNA binding domain did not help with the overall efficiency of the 

SEER-LAC system. The 6-finger system was expected to produce a lower background 

signal compared to the 3-finger system in the presence of high amount non-specific DNA, 

as there would be fewer pseudo sites for the 6-finger proteins to bind to. The observed 

results, however, showed that the background for the 6-finger system was very high, 

making the signal only around 3-fold over background.  

 

Several factors could be contributing to the high background detected in the 6-finger 

system. First of all, the 6-finger proteins constructed in this chapter might not have good 

specificity for their intended target sites. Although the DNA-binding ability of the 6-

finger proteins was tested in an ELISA, the assay condition did not allow for crucial 

examination on the specificity of the zinc fingers. All the proteins that bound to non-

specific sites on the HS-DNA would be washed away, as the HS-DNA used in the assay 

was not biotinylated and therefore not attached to the streptavidin-coated plate. 

Consequently, an absence in signal did not indicate the proteins were not binding to DNA. 

The low specificity of the zinc finger domains could be due to the way the zinc fingers 

were designed and constructed following the modular assembly approach. The problems 

of making zinc fingers by modular assembly will be addressed in more details in Chapter 

VI. 

 

Another reason that could contribute to the observed high background for the 6-finger 

system was the DNA-independent reassembly of the SEER-LAC system. DNA-
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independent reassembly could occur via two different ways. First, the reassembly could 

take place as a result of self association from the lactamase fragments. Although this is a 

logical reason and we are not ruling it out as a possible mechanism, the fact that the high 

background signal was not observed in the 3-finger system indicates that the DNA-

independent reassembly most probably occurred through a different mechanism. The 

second possible reason contributed to the DNA-independent background signal was the 

dimerization of the 6-finger proteins. In nature, Cys2-His2 zinc fingers are also used as 

protein-protein interaction motifs, in addition to DNA- and RNA-binding motifs. It is 

highly possible that the zinc fingers constructed in our laboratory may interact with each 

other, and the affinity of that interaction may increase with increasing number of modules 

added to the zinc finger. As Cys2-His2 zinc finger-mediated protein-protein interaction is 

still a very new area in this field, little is known about how the specificity or the 

distinction between protein and DNA is achieved. With all we know about Cys2-His2 zinc 

fingers, it is still impossible for us to tell whether a zinc finger is a protein-binder, a 

DNA-binder, or both, when given a primary sequence of a zinc finger motif. Therefore, 

more research has to be done on Cys2-His2 zinc finger-mediated protein-protein 

interactions, as the information obtained from this kind of study would refine the way we 

design DNA-binding zinc fingers to avoid making a module that might bind strongly to a 

protein. 

 

While expressing and purifying the 6-finger proteins, we discovered that the final elution 

of the purified samples contained E. coli genomic DNA. After verifying that was indeed 
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the case, we tried a couple of methods to remove the DNA during the purification steps. 

The best method was determined to be washing the protein-bound amylose column with 

2 M NaCl, followed by two extra washes of ZBS prior to eluting the protein. The proteins 

samples were then stored in 50% glycerol at -20 °C. That was a critical adjustment to 

how the SEER-LAC proteins were purified and stored, as the modified procedure 

produced protein samples that were much more active than previously prepared proteins.  

 

In Chapter III, the final concentration of the SEER-LAC proteins used in the nitrocefin 

assay was 500 nM, along with 1 M or target DNA, in order to achieve good results. 

Although it was possible to detect the rate difference between target and background in 

five to ten minutes, a good hydrolysis rate profile could only be obtained after 20 minutes. 

With the no-linker proteins purified and stored following the new protocol, we were able 

to produce more active SEER-LAC proteins that would lower the protein concentration 

requirement from 500 nM to 18.5 nM. The target DNA concentration could also be 

lowered to 25 nM without losing the efficiency of the system. Most importantly, now we 

are able to obtain a good hydrolysis profile that would distinguish the presence and 

absence of DNA target sites in just 5 minutes, at the new and lowered protein and target 

DNA concentrations.  
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4.4 Material and methods 

4.4.1 Cloning of the no-linker constructs 

The no-linker fragment of LacA was amplified by PCR using the primers LacA-BamHI-

F1 (5’-GAG GAG GAG GGA TCC CAC CCA GAA ACG CTG GTG-3’) and LacA-L0-

R (5’- CTC CTC CCC GGG GCC AGT TAA TAG TTT GCG CAA CG -3’). The 

amplified fragment was cloned into BamH I and Xma I sites of pMAL-LacA-Zif268. The 

no-linker LacB fragment was PCR-amplified using the primers LacB-L0-F (5’- GAG 

GAG ACC GGT CTA CTT ACT CTA GCT TCC CGG C -3’) and LacB-Stop-R2 (5’-

CTC CTC CTC AAG CTT TCA CCA ATG CTT AAT CAG TGA GGC-3’) and cloned 

into AgeI and HindIII sites of pMAL-PBSII-LacB and pMAL-PE1A-LacB. The 

BamHI/XmaI double digest was done in NEB Buffer 4, whereas the Age I/Hind III 

double digest was carried out in NEB Buffer 1. The protocol for cloning is described in 

Chapter II.   

 

4.4.2 Cloning of 6-finger constructs 

The 3-finger proteins PE7A and PE6B were constructed by Vincent Brondani using PCR 

with seven overlapping primers. This approach is outlined in Chapter VI. The cloning of 

the 3-finger proteins into the existing SEER-LAC constructs was conducted following the 

general cloning protocol described in Chapter II. PE7A was digested with Xma I/Hind III, 

and cloned into the Age I/Hind III sites of pMAL-LacA-Zif268 and pMAL-LacA-L0-

Zif268. PE6B was digested with BamH I/Age I and cloned into the BamH I/Xma I sites 

of pMAL-PBSII-LacB and pMAL-PBSII-L0-LacB. This cloning strategy is made 
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possible by the fact that Age I and Xma I create overhang complementary sequence at the 

sticky ends. The BamH I/Xma I sites on the LacB constructs were generated by 

sequential digestion, since the sites were adjacent to each other. The sequential digestion 

was done first with Xma I, followed by BamH I. The DNA was purified using a miniprep 

column (Qiagen) with PB and PE buffer washes after the first digestion.  

 

4.4.3 Nitrocefin assay 

The protocol for nitrocefin assay is described in Chapter III. Zinc buffer sulfate (ZBS) 

was used to replace all the buffers where ZBA was called for. The only difference 

between ZBA and ZBS was that zinc sulfate was used in place of zinc chloride. The 

kinetic data was collected every one minute over a period of time (30-45 minutes), and 

part of the linear range of the data was analyzed and presented in graphical representation. 

The target oligonucleotides used in the 6-finger SEER-LAC studies, 7AZP6B, carried all 

target sequences for the four 3-finger modules with no spacing among them. The order of 

the target sites, from 5’ to 3’, was PE7A, Zif268, PBSII, and PE6B. The target DNA was 

prepared by annealing two single-stranded oligonucleotides with complementary 

sequence. 450 L of 11.11 M 7AZP6B-T (5’- GGG GGA GAA GGG GCG TGG GCG 

GTG TGG AAA GAG GAG GAA CCC -3’) was mixed with 450 L of 11.11 M 

7AZP6B-B (5’- GGG TTC CTC CTC TTT CCA CAC CGC CCA CGC CCC TTC TCC 

CCC -3’) and 100 L of 10X NEB Buffer 2, then incubated at 95 °C for 10 minutes, and 

cooled slowly (around one degree per minute) to room temperature. This preparation 

method would yield 1 mL of 5 M double-stranded target oligonucleotides.  
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4.4.4 ELISA 

The protocol for ELISA is described in Chapter III. Instead of using the mouse anti-MBP 

monoclonal antibody followed by goat anti-mouse alkaline phosphatase conjugate, the 

ELISA in this chapter was done with 25 L/well of 1:1000 mouse anti-MBP-horse radish 

peroxidase conjugate, followed by 50 L/well of 3,3',5,5'-tetramethylbenzidine (TMB) 

liquid substrate system (Sigma) as the substrate. The absorbance at 650 nm was recorded 

every minute over 60-minute period of time.  

 

4.4.5 Purifying proteins with DNase I treatment 

The protocol for protein expression and purification from pMAL vector is described in 

Chapter II. In this experiment, upon obtaining the cell extract after sonication and 

centrifugation, the sample was divided into two fractions. One of them was treated with 

DNase I (Roche) at final concentration of 1 unit/L where the other fraction was not 

treated with anything. Both tubes were incubating at room temperature for 30 minutes 

with gentle rocking. The lysates were then loaded on separate amylose columns. The 

DNase-treated lysate was further washed with 20 mL of ZBS/5 mM DTT/DNase I (1 

unit/L final), followed by two 20-mL washes of ZBS/5 mM DTT, while the non-treated 

lysate was washed 3 times with 20 mL ZBS/5 mM DTT. The purified proteins were 

eluted with 5 mL of ZBS/5 mM DTT /10 mM maltose. 30 L of the purified protein 

samples were loaded on a 1% agarose gel with ethidium bromide and run for 40 minutes 

at 120 V. After imaging the gel, it was stained in Coomassie for 1.5 hours, and destained 

in deionized water for 15 minutes, changing the water every 5 minutes.  
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4.4.6 Purifying proteins with 2 M NaCl wash 

The expression of the protein up to the step of loading the cell lysate onto the amylose 

column remained the same as described in Chapter II. After passing the lysate through 

the amylose resin, 10-column volume (20 mL) of 2 M NaCl was used to wash the column. 

This was followed by two 20-mL washes of ZBS/5 mM DTT, and finally elution with 5 

mL of ZBS/5 mM DTT /10 mM maltose. After saving 50 L of the protein elution for 

SDS-PAGE analysis and protein concentration determination, the rest of the samples 

were stored in 50% glycerol at -20 °C. 
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CHAPTER 5: DEVELOPING THE SEER SYSTEM FOR USE IN MAMMALIAN 

CELL CULTURE 

 

5.1 Introduction 

One of the proposed future applications of SEER is to develop it into a FISH-like assay, 

where the visualization is done directly on living cells without the requirement to fix, 

permeabilize, or denature the DNA in the cells. All the previous SEER-GFP and SEER-

LAC experiments were done in vitro, in cell-free environments. Although those were 

excellent proof-of-concept studies, we wanted to eventually utilize this technology in 

living cells.  

 

In this chapter, the main goal is to modify and prepare the SEER system for transition to 

mammalian cell culture applications. The concentration ratio of the SEER proteins to 

target DNA is very critical in the in vitro assays; these parameters could be easily altered 

and determined by simply doing a titration of different amount of protein and DNA. In 

cell culture, however, these parameters are more difficult to control depending on the 

mode of delivery and the nature of target sites (i.e., whether they are endogenous or 

exogenous sites).  

 

In this initial attempt to use SEER in mammalian cell culture, we proposed to deliver the 

SEER proteins via transfection of DNA coding for the proteins. Instead of trying to target 

an endogenous site, the target DNA would be transfected along with the SEER proteins-



 

 

 

152 

coding DNA. Eventually, the goal would be using SEER to detect endogenous DNA 

sequences. However, the initial experiments were to evaluate the possibility of using this 

technology in cells and thus we would test the system in a simpler condition with 

transiently transfected, extrachromosomal target DNA. 

 

There are several examples of using artificial zinc finger chimeras in cell culture, such as 

the zinc finger transcription factors and zinc finger endonucleases. The artificial zinc 

finger transcription factors have been successfully demonstrated in mammalian cells with 

transiently transfected target sites (Beerli et al. 2000), chromosomally integrated target 

sites (Kang and Kim 2000), as well as endogenous genomic sites (Snowden et al. 2003). 

Zinc finger nucleases, too, have shown encouraging results when applied in mammalian 

cells with transiently transfected target sites and stably integrated target sites (Miller et al. 

2007; Szczepek et al. 2007), as well as endogenous sites (Moehle et al. 2007).   

 

5.1.1 Mammalian expression vectors 

There are several vectors suitable for expression in mammalian cells, and we picked two 

to test our SEER system. The first mammalian vector chosen for this study was pBI-

EGFP vector (Clontech). This 5.1-kb vector contains a bi-directional promoter Pbi-1 that 

allows users to clone the gene of interest into the multiple cloning site (MCS), where the 

reverse direction is occupied by the gene coded for enhanced green fluorescent protein 

(EGFP). The bi-directional promoter consists of a tetracycline responsive element (TRE) 

flanked by two identical minimal cytomegalovirus (CMV) promoters, PminCMV. The TRE 



 

 

 

153 

allows users to use this vector in tetracycline-regulated systems, such as the Tet-On and 

Tet-off cell lines. The manufacturer included EGFP in the vector for the convenience of 

monitoring transfection and expression efficiency of the gene of interest cloned into the 

vector. For the purpose of this study, the SEER constructs would be cloned into both the 

MCS and the EGFP site (replacing the EGFP gene), so that a single pBI vector would 

carry both the DNA constructs coding for the two SEER proteins.   

 

The second mammalian vector chosen for the cell culture experiments was pcDNA3.1 (-) 

vector (Invitrogen). This 5.4-kb vector contains a single CMV promoter and a T7 

promoter/priming site directly upstream of the MCS. To use this vector, we would have 

to clone the SEER genes separately into two different pcDNA vectors, and co-transfect 

them into the cells. Both pBI-EGFP and pcDNA3.1 (-) vectors carry the ampicillin 

resistance gene governed by a bacterial promoter to allow cloning and selection in E. coli. 

The pcDNA3.1 (-) vector also carries the SV40 early promoter and origin of replication 

sequence, which allows for episomal replication of the vector in cells containing the 

SV40 large T antigen. This feature might be useful to achieve high level of protein 

expression with little amount of DNA transfected.  

 

5.1.2 Mammalian cell lines 

There were two human cell lines used in cell culture experiments, HeLa-Tet Off cells and 

HEK293T cells. HeLa cells are immortalized cells derived from cervical cancer cells of 

Henrietta Lacks. The Tet-Off feature allows users to inhibit the transgene expression 
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from a TRE-controlled promoter (such as the pBI-EGFP vector) by adding tetracycline to 

the culture medium. HEK293 cells refer to an epithelial cell line derived from human 

embryonic kidney cells. The HEK293T cell line is a variant of HEK293 cells that 

expresses SV40 large T antigen. As mentioned above, the SV40 large T antigen is 

capable of replicating plasmids containing the SV40 origin of replication, leading to 

increased expression of the intended gene products.  

 

5.1.3 Cell culture substrate for -lactamase 

For the in vitro assay, Nitrocefin was a great substrate for our SEER experiments. For the 

cell culture experiments, however, a new substrate for -lactamase was needed to test the 

SEER system inside the cells. The substrate chosen for the study was CCF4-AM 

(PanVera), which is a more stable form of CCF2-AM (Zlokarnik et al. 1998; Galarneau et 

al. 2002). CCF4-AM is a FRET-based fluorescent substrate where two fluorophores, 

hydroxycoumarin and fluorescein, are linked via a cephalosporin core. The molecule is 

esterified on several residues to ensure its lipophilicity for crossing the cell membrane. 

Upon entering the cell, hydrolyses of the esters by cytoplasmic esterases produce 

negatively charged molecule that will be retained in the cytoplasm. At this stage, the 

fluorophores are active and in the absence of -lactamase, excitation of hydroxycoumarin 

at 409 nm results in FRET to the fluorescein with green fluorescence emission at 520 nm. 

In the presence of -lactamase, the -lactam ring is hydrolyzed and fluorescein is 

released from the molecule, resulting in a loss of FRET. Thus, excitation at 409 nm 

would then result in a more robust blue fluorescence emission at 450 nm.  
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5.2 Results 

5.2.1 Cloning of SEER-LAC constructs and full length -lactamase into pBI-EGFP 

vector and pcDNA3.1(-) vector 

The strategy of using the pBI-EGFP vector was to take advantage of the bi-directional 

promoter and clone both SEER-LAC constructs into a single plasmid. By doing that, the 

EGFP gene would be replaced by one of the SEER-LAC constructs, whereas the other 

SEER-LAC construct would be cloned into the MCS (Figure 5.1). The LacA-Zif268 and 

PBSII-LacB constructs were amplified by PCR, using primers that carried appropriate 

restriction sites. The Kozak sequence (GCCACCATGG) was included in both forward 

primers used to amplify the SEER constructs. DNA sequence coding for MYC-tag was 

included in the reverse primer for the LacA-Zif268 construct, where the expressed 

protein would have the MYC-tag appended to the C-terminal end. The FLAG-tag DNA 

sequence was included in the forward primer for the PBSII-LacB construct, where the 

expressed protein would carry the FLAG-tag at the N-terminus.  

 

First, the LacA-Zif268 construct was cloned into the EGFP site (counter-clockwise 

direction from the promoter) using Not I/Hind III restriction sites. The resulting plasmid 

was named pBI-LacA. PBSII-LacB was then cloned into the MCS of pBI-LacA 

(clockwise direction from the promoter) using Pvu II/Nhe I restriction sites. The resulting 

plasmid was named pBI-AZB, which contained both LacA-Zif268 and PBSII-LacB 

coding sequences at opposite direction from the promoter. 
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To have a positive control for the expression efficiency from the pBI-EGFP, as well as a 

control for the CCF4-AM substrate, the full length and functional -lactamase enzyme 

was cloned into the vector. The DNA sequence for the enzyme was generated by PCR 

with designed primers, and cloned into the Pvu II/Nhe I sites in the MCS. The resulting 

plasmid, pBI-FL, would be transfected into the cells and assayed in the presence of 

CCF4-AM for its fluorescence profile. 
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Figure 5.1. Cloning of the SEER-LAC constructs into pBI-EGFP vector. (A) Cloning of 

LacA-Zif268 (dark blue) into the Not I/Hind III sites (counter-clockwise direction form 

the promoter) to replace the EGFP gene (green). (B) Cloning of PBSII-LacB (orange) 

into the Pvu II/Nhe I sites (clockwise direction from the promoter) at the MCS (yellow). 
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The pcDNA3.1 (-) plasmid used for this project was a modified plasmid that was 

constructed by Kathryn Brayer for her project on Cys2-His2 zinc finger-mediated protein-

protein interactions. In this modified vector named pcDNA-OAZ, the Kozak sequence 

and the DNA sequence coding for the FLAG-tag were cloned into vector between Nhe I 

and Not I restriction sites in the MCS. To clone the SEER-LAC constructs into the 

pcDNA vector, the LacA-Zif268 fragment was obtained from pBI-AZB by digestion with 

Not I and Hind III restriction enzymes, whereas the PBSII-LacB fragment was obtained 

from pMAL-PBSII-LacB by digestion with BamH I and Hind III restriction enzymes. 

The fragments were then cloned into the respective sites in separate pcDNA-OAZ vectors, 

and named pcDNA-LacA-Zif268 and pcDNA-PBSII-LacB. The cloned products were 

transformed into One Shot TOP10 cells (Invitrogen). 

 

 The full length -lactamase sequence was also cloned into the pcDNA vector as a 

control. The DNA fragment coding for the enzyme was obtained by PCR and cloned into 

the BamH I/Hind III sites of pcDNA-OAZ. The resulting plasmid was transformed into 

DH5 cells.  

 

5.2.2 Design and construction of the target plasmid  

The approach for testing the SEER technology in cell culture was to transiently transfect 

the plasmid coding for the SEER-LAC proteins, and monitor the presence of active -

lactamase 24-48 hours after transfection. Unlike the in vitro assays, where target DNA 

could be introduced in oligonucleotide form, the target DNA for the cell culture assays 
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needed to be in plasmid form so that it could be introduced to the cells also by means of 

transfection.  

 

Since the target sequence was only 18 bp in length, that short piece of DNA itself would 

not be possible to clone into a plasmid. To make the target plasmid, a 450-bp region in 

pcDNA3.1 (-) vector was amplified via PCR using a designed forward primer that 

contained the target sites for Zif268 and PBSII with 0-bp spacer (GCG TGG GCG GTG 

TGG AAA). The Bgl II restriction site was included in the forward primer, whereas the 

reverse primer carried the Hind III restriction site. The amplified fragment was cloned 

into the Bgl II/Hind III sites of pcDNA3.1 (-) vector, and named pcDNA-Target. The 

Hind III site was in the MCS of the pcDNA vector, whereas the Bgl II site was 220 bp 

upstream of the CMV promoter sequence. The PCR-amplified fragment with the target 

sites would therefore replace the CMV promoter sequence, as well as most of the MCS. 

This strategy ensured that no protein would be expressed from the target plasmid. The 

SV40 origin of replication, however, would still be intact, and allow amplification of this 

target plasmid upon transfection into the cells expressing SV40 large T antigen. 

 

5.2.3 Cell culture assays 

The initial attempts on testing the SEER-LAC system in cell culture involved transfecting 

the plasmid carrying the SEER constructs (either pBI-AZB, or pcDNA-LacA-Zif268 with 

pcDNA-PBSII-LacB), along with the target plasmid pcDNA-Target, into HeLa Tet-Off 

cells or HEK293T cells cultured in 24-well plates. After 24—48 hours, the substrate 
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CCF4-AM was loaded to the cells and the fluorescence profiles of the cells were recorded. 

The expected result was that in the presence of both SEER proteins and the target, the 

CCF4-AM would be in the cleaved form due to the presence of active -lactamase, and 

thus excitation at 409 nm would result in blue fluorescence emission at 450 nm. The 

fluorescent signal would be detected using microplate reader Safire
2
 (Tecan). 

 

For the experiments using pBI-AZB construct, we failed to detect any cleaved substrate 

that produced blue fluorescence at 409 nm excitation. We transfected the cells with a 

range of different amount of pBI-AZB (from 100 ng to 1 g) along with different amount 

pcDNA-Target (from 50 ng to 500 ng) to make sure that the reason for no active -

lactamase formed in the cells was not due to poor transfection efficiency where the 

amount of transfected DNA was not optimized. We also tested different post-transfection 

incubation periods prior to substrate loading, where the substrate CCF4-AM was added to 

the cells at 24, 36, or 48 hours after transfection. The last parameter tested was the 

substrate loading time which refers to the incubation time after CCF4-AM was 

introduced to the cells and before the plate was analyzed under a microplate reader. The 

culture plate was incubated for 30, 60, 90, 120, and 150 minutes after substrate was 

added to the cells to analyze the effect of substrate loading time on substrate hydrolysis. 

Nevertheless, the experiments with pBI-AZB did not produce any detectable activity of 

-lactamase in either HeLa Tet-Off cells or HEK293T cells, even after all the parameters 

mentioned above were tested. For all these cells, excitation at 409 nm yielded green 
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fluorescence at 520 nm, indicating that FRET was not interrupted and thus there was no 

functional -lactamase in the cells. 

 

For the control experiments, cells were transfected with pBI-FL, which should express 

the full length, active form of TEM-1 -lactamase, and serve as the positive control. 

Nevertheless, the cells transfected with pBI-FL did not produce the hydrolyzed substrate, 

indicating the absence of functional -lactamase. The substrate did enter the cell and was 

cleaved by the cellular esterases to produce active fluorophores. This was proven by the 

fact that all the wells plated with cells emitted green fluorescence at 409 nm excitation, 

whereas wells with just culture media failed to produce any active substrate and no 

fluorescence was detected. From these experiments, we hypothesized that the cells were 

not expressing any protein from the pBI vector. 

 

At the same time, we tested the pcDNA constructs in both mammalian cell lines as well. 

The pcDNA plasmid carried only one of the SEER-LAC constructs in each of them, thus 

the cell culture experiments with this vector involved transfecting the cells with two 

plasmids carrying both SEER constructs separately, as well as the target plasmid. The 

parameters that were tested for transfection with the pBI vectors were also tested here. 

The results obtained from this set of experiments also indicated that there was no -

lactamase presence in the cells. For the positive control pcDNA-FL plasmid, however, 

we successfully detected the hydrolyzed substrate, emitting blue fluorescence at 430 nm 

with excitation at 409 nm.  
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To further examine if the proteins were being expressed from both pBI and pcDNA, a 

Western blot analysis was performed on the cell extracts obtained from the cells 

transfected with the individual vectors. It was found that, in accordance to the CCF4-AM 

hydrolysis profile, no protein expression was detected from cells transfected with pBI-

AZB, pBI-FL, pcDNA-LacA-Zif268, and pcDNA-PBSII-LacB, but the -lactamase 

expression was detected from cells transfected with pcDNA-FL. This supported the 

hypothesis that the absence of -lactamase activity in the cells transfected with SEER-

LAC constructs was due to the lack of protein expression, rather than because of the 

inability for the protein fragments to reassemble in cells. 

 

5.2.4 Adding MBP domain to the SEER-LAC constructs in pcDNA vectors and the 

subsequent cell culture experiments using these constructs 

In the SEER-LAC system discussed in Chapter III and Chapter IV, all the engineered 

proteins used in the in vitro assays were expressed from pMAL-c2X vector, which 

appended maltose-binding protein (MBP) as a purification tag on the proteins. The MBP 

not only provided a method for purification, it also helped the solubility of the proteins. 

The vector also included a Factor Xa cleavage site between the MBP domain and the 

protein, which allowed for MBP removal after purifying the proteins. When we were 

expressing and purifying the proteins for the in vitro assays, we tried to remove the MBP 

domain with Factor Xa after isolating the MBP-tagged proteins with amylose resin. We 

found that for some of the samples the SEER proteins precipitated during the cleavage 

reaction. We then tested the proteins with the MBP attached and found that we could get 
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the SEER assays to work without removing the MBP domain. As a result, all the proteins 

used in the assays mentioned in Chapter III and Chapter IV contained MBP domain at the 

N-terminus.  

 

Similarly, the SEER-GFP proteins that were expressed from pETDUET-1 (Novagen) 

expression vector were insoluble. This expression vector has two MCSs; proteins 

expressed from MCS-I would have an N-terminal (His)6-tag, and proteins expressed from 

MCS-II would have a C-terminal S-tag. Without the large globular MBP domain, some 

of these proteins were found to be insoluble and had to be recovered from the inclusion 

bodies.  

 

From these observations, it was clear that having MBP domain on the SEER proteins 

helped the solubility of the proteins. The large globular MBP might also help in the 

proper expression the SEER proteins and prevent them from being tagged for degradation. 

If this assumption was true, adding the MBP domain to the cell culture SEER constructs 

might assist in the protein expression in the mammalian cells. We designed primers to 

amplify the MBP-encoding DNA fragment from a pMAL vector, and cloned it into the 

pcDNA constructs, upstream of the SEER-LAC genes. The new constructs were named 

pcDNA-MBP-LacA-Zif268 and pcDNA-MBP-PBSII-LacB. 

 

Before testing the new constructs in a cell culture assay, a Western blot analysis was 

performed to test if the addition of MBP would help the expression or solubility of the 
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proteins. The constructs (pcDNA-MBP-LacA-Zif268, pcDNA-MBP-PBSII-LacB, and 

pcDNA-FL) were separately transfected into HeLa Tet-Off cells cultured on 10-cm dish 

using Lipofectamine 2000. The cells were plated a day prior to transfection at two million 

cells per dish, and were transfected at the density around 60% confluence. Forty-eight 

hours after transfection, the cell lysates were obtained form the cells for Western blot 

analysis. We were able to detect the presence full length -lactamase (which was the 

positive control for the Western blot experiment), as well as both the MBP-LacA-Zif268 

and MBP-PBSII-LacB proteins (Figure 5.2). In other words, 48 hours after transfection, 

we were able to detect the presence of the proteins in the cell lysates. This result 

suggested that the additional MBP domain improved the expression of the SEER-LAC 

proteins, or enhanced the proteins’ stability in HeLa cells, proving our hypothesis correct. 
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Figure 5.2. Western blot result for pcDNA constructs with MBP domain. Cell extracts 

were obtained from HeLa Tet-Off cells transfected with a particular pcDNA SEER 

construct. Lane 1: pcDNA-FL (no MBP domain); Lane 2: pcDNA-MBP-PBSII-LacB; 

Lane 3: pcDNA-MBP-LacA-Zif268. 
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With the improved expression of the SEER proteins in mammalian cells, the next step 

was to revisit the cell culture experiment with these new constructs. The MBP-containing 

pcDNA constructs were tested in both cell lines, examining all the parameters described 

in the previous section. In the past, we were unable to detect the presence of -lactamase 

activity from the SEER constructs in cells. These new constructs, however, presented us a 

different problem. The new results showed high background signals from the SEER 

proteins when both the LacA and LacB constructs were present, regardless of whether or 

not the cells were transfected with the target plasmid. The results of one of the cell 

culture experiments are shown in Figure 5.3.  

 

Since the zinc fingers used in these constructs were not designed specifically for 

endogenous sites; therefore, it was very unlikely that, even if present in human cells, the 

target sites would appear at close enough spacing for the reassembly to occur. However, 

even if a perfect endogenous site was present, the transfected target plasmids would 

provide the cell with multi-fold increase in perfect target sites, resulting in a more robust 

substrate hydrolysis over the background activity. Nevertheless, that was not the 

observation from the cell culture experiments, which led us to believe that the high 

background signal observed in these assays was caused by the self-reassembly of the -

lactamase fragments without the requirement of zinc finger-DNA interaction, rather than 

because of the presence of target sites in the human genome. 
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Figure 5.3. Cell culture assay with HEK293T cells in 24-well plate. The fluorescence 

emission scans from 420 nm to 530 nm, with excitation at 409 nm. The emission at 520 

nm represents green fluorescence indicating functioning FRET from the intact CCF4-AM. 

The emission at approximately 440 nm represents blue fluorescence of hydrolyzed 

substrates. Cells were transfected with the indicated amount of plasmid DNA. A: 

pcDNA-MBP-LacA-Zif268; B: pcDNA-MBP-PBSII-LacB; target: pcDNA-Target; non-

target: pcDNA-NGFP-T1; FLb: pcDNA-FL; DSRed: pCMV-DSRed-Express 

(Clontech). 
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Another factor that might contribute to the observed high background signal was the 

sensitivity of the signal readout from the microplate reader. The assay was done in a 24-

well cell culture plate, where the cells were seeded and transfected with the plasmids. 

After incubation and substrate loading, the fluorescence profile was then obtained by 

reading the plate directly under the Safire
2
 microplate reader. Therefore, the recorded 

fluorescent signals represented the pool of fluorescent intensity from each well. It was 

possible that the number of blue fluorescent cells in two wells might be very different but 

yet produced total fluorescent signal with similar intensities when recorded by the plate 

reader.  

 

To overcome this problem, we decided to perform the cell culture experiments in 8-cell 

chamber slides, which allowed us to visualize the cells under an inverted-stage 

fluorescence microscope. This approach would only provide qualitative comparison 

among the cells; but with a sensitive microscope, it might be able to obtain a more 

accurate evaluation for differentiating between real signal and background signal. The 

experiments that were done in the 8-cell chamber slides were performed the same way as 

the 24-well plate assays, with the reagents and transfected DNA scaled down 

proportionally according to the surface area in the assay well. After plating, transfecting, 

incubating the cells, and substrate loading, the chamber slide was visualized under 

Axiovert 200M (Zeiss) inverted microscope. For the visualization of the hydrolyzed 

CCF4-AM, filter set XF124 (Omega Optical) was installed on the microscope. This filter 

set provided the excitation filter 400DF15 (which allowed excitation approximately from 
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393 nm to 408 nm), as well as the emission filters 450DF65 (allowed emission from 418 

nm to 483 nm, the blue fluorescence region). 

 

The results indicated that there were slightly more blue fluorescent cells in the chambers 

tranfected with the target plasmid, compared to the chambers transfected with the non-

target plasmid (Figure 5.4). Nevertheless, the difference was not comparable with the in 

vitro assays, which in some cases gave a 10-fold increase in signal over background. 
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Figure 5.4. Cell culture experiment with HEK293T cells in 8-cell chamber slide. Cells 

were transfected with plasmid DNA indicated in the legend, and loaded with CCF4-AM 2 

hours prior to visualization under the microscope. For the tranfected DNA, A: pcDNA-

MBP-LacA-Zif268; B: pcDNA-MBP-PBSII-LacB; target: pcDNA-Target; non-target: 

pcDNA-NGFP-T1; FL: pcDNA-FL.  

 

 

 

A: 200 ng A, 200 ng B, 100 ng target    B: 200 ng A, 200 ng B, 100 ng non-target 

C: 500 ng FL                                       D: non-transfected cell 
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5.3 Discussion 

There is currently no method available to detect DNA in living cells. While useful for 

many applications in its current, in vitro-based form, a functional in vivo SEER system 

would be an extremely useful technology in molecular and cellular biology; and, if 

developed further, might become a useful diagnostic tool. The transition from in vitro to 

in vivo assays is a tricky yet critical step when developing new technologies. Therefore, 

although the ultimate goal was to detect endogenous chromosomal DNA sequences using 

SEER, we initially test the system against transiently transfected plasmid DNA 

containing appropriate target sites to determine if reassembly assay could be performed in 

cells. 

 

We were faced with several problems while trying to test SEER in cell culture. The minor 

problems were the technical kinds, such as getting the protein to express in cells, and we 

were able to address and solve those problems. A more complicated problem was the fact 

that the background signal was very high in cells. There are several possibilities that 

might have contributed to this result. First, the zinc fingers used in these studies might 

not be specific enough for the purpose. Although this could be a major problem for SEER, 

the specificity of zinc fingers was not likely to be the main reason for the high 

background observed in cells.  

 

A more probable cause leading to the high background was the DNA-independent 

reassembly of the SEER proteins. This phenomenon could be caused by two different 
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mechanisms. First of all, the reassembly could occur through zinc fingers binding to each 

other (Mackay and Crossley 1998). Since zinc fingers are often used in nature to mediate 

protein-protein interactions, our designed zinc fingers might also have some affinity for 

each other in the right buffer conditions and leading to unwanted dimerization. Secondly, 

the DNA-independent signal could be caused by self-assembly of the -lactamase 

fragments. Although there was some self-assembly of the -lactamase fragments shown 

in vitro, they normally occurred at high SEER protein concentrations. It was possible that 

the self-assembly might happen more regularly in cells, since we had little control over 

the protein concentrations, and the concentrations of these over-expressed proteins in a 

cell were much higher than the concentrations tested in vitro. 

 

All three problems mentioned above, the quality of designed zinc finger proteins, the 

dimerization of zinc finger domains, and the self-assembly of the -lactamase fragments, 

are discussed in detail in Chapter VI. 

 

One possible way to reduce the background is by changing the -lactamase substrate 

used in the assay. There are different types of substrates that could be used with SEER-

LAC. The fluorescent substrate used in these assays, CCF4-AM, changes from green 

(520 nm) to blue (447 nm) upon hydrolysis. A newer substrate, CC1, which was 

synthesized by the Rao research group in UCLA, would only fluoresce at 460 nm (blue) 

with 360 nm excitation when the molecule is cleaved by -lactamase (Gao et al., 2003). 

The 153-fold increase of fluorescence at 460 nm with CC1 may be more easily detected 



 

 

 

173 

than the 20-fold increase at 447 nm with CCF4-AM, and the kcat of CC1 is nearly twice 

that of CCF4-AM or nitrocefin. By using this alternative substrate, it might be possible to 

enhance the SEER-LAC cell culture assay in mammalian cells. The only drawback with 

CC1 is that it is not commercially available, and thus will be difficult to obtain. 

 

Alternatively, signaling domains other than -lactamase can be considered for the SEER 

system. Among them are EFGP, firefly luciferase, and secreted alkaline phosphatase 

(SEAP). Detection limits reported for these signaling domains are 4x10
3
-4x10

4
 molecules 

of EGFP per cell (Clontech product literature), 6x10
4
 molecules of firefly luciferase per 

assay (Promega product literature), and 9x10
6
 molecules of SEAP per assay (Clontech 

product literature). All these detection limits are either comparable or better than that for 

-lactamase. The complementary fragments for these proteins might have lower affinity 

for each other and, in theory, reduce lower DNA-independent background signal.  

 

5.4 Material and methods 

5.4.1 Cloning of pBI-AZB, pBI-FL, pcDNA-LacA-Zif268, pcDNA-PBSII-LacB, 

pcDNA-FL, pcDNA-MBP-LacA-Zif268, and pcDNA-MBP-PBSII-LacB 

The LacA-Zif268 fragment was amplified by PCR using forward primer pBI-LacA-F (5’-  

GAG GAG GCG GCC GCC ACC ATG GGA TCC CAC CCA GAA ACG -3’) and 

reverse primer pBI-Zif268-R2 (5’- TCT CAA GCT TTC ACA GGT CTT CTT CAG 

AGA TCA GTT TCT GCT CAC CGG TGT GGA TCT TGG -3’), with pMAL-LacA-

Zif268 as template. The underlined sequence in the forward primer was the Kozak 
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sequence, whereas the underlined region in the reverse primer was the DNA sequence 

coding for MYC-tag, which has the amino acid sequence of EQKLISEEDL. The forward 

primer also included the Not I restriction site (GCGGCCGC) and the BamH I sequence 

(GGATCC). The reverse primer carried the Age I site (ACCGGT), Hind III site 

(AAGCTT), and the stop codon.  

 

The general cloning protocol is described in Chapter II. For the construction of pBI-LacA, 

LacA-Zif268 PCR product and pBI-EGFP vector were double-digested with NotI (New 

England Biolabs) and Hind III (New England Biolabs). The double-digestion was carried 

out for 2 hours at 37 °C in 1X NEB Buffer 2. The cloned plasmid (pBI-LacA) was 

transformed into One Shot TOP10 cells (Invitrogen) following the protocol described in 

the product manual.  

 

The PBSII-LacB fragment was amplified by PCR using forward primer pBI-LacB-F (5’- 

GAG GAG CAG CTG GCC ACC ATG GAC TAC AAG GAT GAC GAT GAC AAG 

CCC GGG GAG AAG CCC TAT GC -3’) and reverse primer pBI-LacB-R (5’- CTC 

CTC GCT AGC CTA CCA ATG CTT AAT CAG TGA GG -3’), with pMAL-PBSII-

LacB as template. The underlined sequence in the forward primer was the Kozak 

sequence, whereas the bolded region was the DNA sequence coding for FLAG-tag, 

which has the amino acid sequence of DYKDDDDK. The forward primer also carried the 

Pvu II restriction site (CAGCTG) and the Xma I site (CCCGGG). The stop codon and the 

Nhe I site (GCTAGC) were included in the reverse primer. 
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For the construction of pBI-AZB, PBSII-LacB PCR product and pBI-LacA were double-

digested with Pvu II (Fermentas) and Nhe I (New England Biolabs). The double-

digestion was performed at 37 °C for 2 hours in Pvu II G
+
 buffer (Fermentas). The cloned 

plasmid (pBI-AZB) was transformed into One Shot TOP10 cells. Miniprep plasmid 

extraction kit (Qiagen) was used to extract the pBI-AZB plasmid from the transformed 

cells.  

 

To make pBI-FL, the DNA sequence coding for TEM-1 -lactamase was amplified by 

PCR using forward primer pBI-FL-F (5’- GGA GCA GCT GCC ACC ATG GAC TAC 

AAG GAT GAC GAT GAC AAG GGA TCC CAC CCA GAA ACG -3’) and reverse 

primer pBI-LacB-R (5’- CTC CTC GCT AGC CTA CCA ATG CTT AAT CAG TGA 

GG -3’), with pET15b vector as template. The forward primer carried the Kozak 

sequence (underlined region), the DNA sequence coding for FLAG-tag (bolded region), 

as well as the Pvu II and the BamH I restriction sites. The Nhe I restriction site and the 

stop codon were included in the reverse primer. The PCR product was cloned into the 

Pvu II/Nhe I sites of pBI-EGFP, and transformed into One Shot TOP10 cells.  

 

To construct pcDNA-FL, the full length -lactamase DNA fragment was generated by 

PCR using forward primer LacA-BamHI-F1 and reverse primer LacB-Stop-R2 with a 

pMAL vector as the template. The sequences for these primers are listed in Chapter II. 

The amplified fragment was double digested with BamH I and Hind III and cloned into 
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these restriction sites in pcDNA-OAZ. The cloned product was transformed into One 

Shot TOP10 cells.  

 

For the construction of pcDNA-MBP-LacA-Zif268 and pcDNA-MBP-PBSII-LacB, a 

DNA fragment coding for the MBP domain was generated by PCR using forward primer 

MBP-Nhe I-FLAG-F (5’- GAG GAG GCT AGC GCC ACC ATG GAT TAT AAA GAT 

GAT GAT GAT AAA GGC ATG AAA ATC GAA GAA GGT AAA CTG G -3’) and 

reverse primer MBP-BamH I-R (5’- CTC CTC GGA TCC GAA TTC TGA AAT CCT 

TCC CTC GAT CCC -3’) with a pMAL vector as the template. The forward primer 

contained the Nhe I restriction site, the Kozak sequence, and the sequence coding for 

FLAG-tag. A BamH I restriction site was included in the reverse primer. The PCR-

amplified MBP fragment was then cloned into the Nhe I and BamH I restriction sites of 

pcDNA-LacA-Zif268 and pcDNA-PBSII-LacB. These new clones would append an 

MBP domain at the N-terminus on the expressed proteins, similar to the proteins used in 

the in vitro assays. The cloned products were transformed into DH5 cells. 

 

5.4.2 Making the target plasmid pcDNA-Target 

A 450-bp region from pcDNA3.1 (-) was amplified by PCR with forward primer 

pcTarget-F (5’- GAG GAG AGA TCT GCG TGG GCG GTG TGG AAA AAC GAA 

AAC TCA CGT TAA GGG -3’) and reverse primer pcTarget-R2 (5’- CTC CTC AAG 

CTT AAA CGA CGA GCG TGA CAC C -3’), with pcDNA3.1 (-) as template. The 

underlined sequence in the forward primer was the target sequence for both Zif268 and 
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PBSII with no spacing between the two sites. The forward primer primed to bases 4303 –

4323 of the pcDNA 3.1 (-) vector, whereas the reverse primer primed to bases 4758 – 

4776 on the vector. The resulting PCR product contained Bgl II site on the 5’-end, a 450-

bp region of the vector, the target sequence for the SEER-LAC proteins, and Hind III site 

on the 3’-end. This fragment was then cloned into the Bgl II/ Hind III sites of pcDNA3.1 

(-), following the cloning protocol outlined in Chapter II. The double digest was carried 

out in 1X NEB Buffer 2, and the ligation product was transformed into One Shot TOP10 

cells. 

 

5.4.3 Western blot analysis 

Cell extracts were obtained from HeLa Tet-Off cells transfected with plasmid carrying 

the gene of interest. Briefly, HeLa cells were plated in 10-cm cell culture dishes, with 2 

million cells per dish. The cells were incubated overnight until the density was around 

60-70% confluence. The cells were then transfected with 5 g of the desired plasmid, 

using 20 L Lipofectamine 2000 as the transfecting agent. Forty-eight hours after 

transfection, the cells were harvested in 1 mL 1X Reporter Lysis Buffer (Promega). The 

cells were vortexed for a few seconds and centrifuged at 14,000 rpm and 4 °C for 10 

minutes. The supernatants, which were the cell lysates, were collected and stored at          

-80 °C if they were not used right away. A Bradford assay was performed to determine 

the protein concentration of the cell extracts. 
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For the Western blot analysis, 25 g of each cell extract was prepared for SDS-PAGE by 

adding 1X reducing agent and 1X loading buffer to the samples, and heating the mixture 

at 95 °C for 5 minutes. The samples were loaded on a 10-20% Tris-HCl gel (Bio-Rad 

Laboratories) and run at 120 V for 1 hour 20 minutes, or until the blue dye reached the 

bottom of the gel. While the gel was running, a polyvinylidene difluoride (PVDF) 

membrane (Bio-Rad Laboratories) was equilibrated for the next step by rocking gently 

for 5 minutes each in methanol, followed by deionized water, and lastly with the blotting 

buffer (1X Tris-Gly, 10% methanol). A TE-70 semi-dry transfer unit (Amersham 

Biosciences) was used for the transferring of proteins to the PVDF membrane. The set up 

of the transfer was done according to the product manual of TE-70 for one hour at 100 

mA. After the transfer, the membrane was blocked in the blocking buffer (5% dry milk in 

PBS/TWEEN) for 1 hour at room temperature. While the blocking was going on, 10 L 

of anti-FLAG HRP antibody and 100 g cell lysate was added to 10 mL blocking buffer, 

and incubated for 10 minutes at room temperature on a rocker. After the blocking step, 

the membrane was incubated with the 10 mL anti-FLAG HRP mixture for 45 minutes at 

room temperature on a rocker. After incubating the membrane with antibody, the 

membrane was treated with five 5-minute washes in PBS/TWEEN. The washes were 

followed by the enhanced chemiluminescence (ECL) substrate treatment, which was 

performed following the protocol in the manufacturer’s product manual. After five 

minutes of the ECL substrate treatment, the excess reagent was drained and the 

membrane was covered with sheet protector for the visualization step. The membrane 



 

 

 

179 

was scanned with Storm 860 phosphorimager (Molecular Dynamics) to obtain the final 

image of the membrane.  

 

5.4.4 Cell culture experiments 

For the 24-well plate experiments, 80,000 to 100,000 cells in 500 L of Dulbecco’s 

Modification of Eagle’s Medium (DMEM, with 4.5 g/L glucose and L-glutamine without 

sodium pyruvate (Cellgro), 10% bovine growth serum (Hyclone), 100 units/mL penicillin, 

100 g/mL streptomycin) were plated in each well the day prior to transfection. The 24-

well plates used were Black Visiplate TC (Wallac), which were polystyrene black wall 

clear bottom tissue culture grade plates. For HEK293T cells, the wells were coated with 

200 L of 100 g/mL poly-lysine for 30 minutes at room temperature to allow proper 

cell attachment. The wells were washed twice with sterile deionized water after the poly-

lysine treatment, prior to plating the cells. The cells were transfected with intended 

plasmid DNA when the cell density was at around 60-70% confluence. Lipofectamine 

2000 was the transfecting agent used in these experiments, and the tranfection protocol 

was done following the suggested procedures outlined in the manufacturer product 

manual. Before tranfecting the cells, the media was replaced with Opti-MEM (Gibco), a 

reduced serum medium. The transfection mixture was also prepared in Opti-MEM.  

 

After tranfection, the cells were incubated for 48 hours at 37 °C in 5% carbon dioxide, 

with the media changed twice during that duration. After the incubation period, the media 

was removed from the wells and replaced with 200 L of Dulbecco’s phosphate buffered 
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saline (DPBS, Gibco). The 6X CCF4-AM solution (Beta-lactamase substrate loading kit, 

PanVera) was prepared following the protocol described in the product manual, and 40 

L of the prepared 6X substrate was added to each well of cells containing 200 L of 

DPBS (final concentration was 1 M of CCF4-AM per well). The cells were then 

incubated at room temperature for 2 hours prior to recording the fluorescent signal under 

the Safire
2
 microplate reader (Tecan). The excitation wavelength was set to be 409 nm, 

while the emission was recorded every 5 nm from 420 nm to 520 nm. 

 

For the 8-cell chamber slide experiments, 80,000 cells in 400 L DMEM were plated in 

each well of 8-cell Lab-Tek Chamber Slide (Nalge Nunc International). The rest of the 

experiment followed the protocol for the 24-well plate experiments, with the amount of 

transfecting agent and transfected plasmid DNA scaled down proportionally according to 

the surface area. After substrate loading and incubation, the cells were visualized under 

Axiovert 200M inverted fluorescence microscope. Using the filter set XF124 (Omega 

Optical), the excitation filter 400DF15 set the excitation window to be between 393 nm 

and 408 nm, and the emission filter 450DF65 allowed emission from 418 nm to 483 nm, 

which was the blue fluorescence region.  
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CHAPTER 6: FUTURE DEVELOPMENTS AND APPLICATIONS OF THE 

SEER SYSTEM 

 

6.1 Introduction 

The development of SEER is an ongoing project, covering all aspects of the system from 

protein engineering to in vitro assays and cell culture experiments. The major goal is to 

increase specificity and sensitivity of the system. The more technical parameters of the 

system, such as protein concentration and choice of substrate or vector, were discussed in 

the discussion section of each chapter. In this concluding chapter, the focus is more on 

the scientific problems that SEER has to overcome for further improvements. These are 

important issues that might present obstacles in SEER’s potential in the future. The steps 

that are, or will be, taken to address these problems are discussed here. 

 

Our ideas on SEER’s future applications are presented in this chapter. In addition, the 

recent successes in creating SEER-like assays by other research groups for purposes other 

than detecting DNA sequences are discussed. The initial efforts toward targeting 

endogenous sites are also presented here. 
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6.2 Potential problems  

6.2.1 The problems with the parallel selection and modular assembly approach in 

constructing zinc finger proteins  

The efficiency of the SEER system is dependent on the specificity of the custom-made 

zinc finger proteins used. The zinc finger proteins utilized in the SEER system were 

designed and made using the modular assembly approach, where the modules were 

selected using parallel selection approach (Dreier et al. 2000; Dreier et al. 2001; Segal et 

al. 2003; Dreier et al. 2005). The selection was done by phage display, where the 

principles of zinc finger-DNA interaction were obtained from the crystal structures of 

Zif268 (a 3-finger protein) binding to DNA (Pavletich and Pabo 1991; Elrod-Erickson et 

al. 1996; Elrod-Erickson et al. 1998; Elrod-Erickson and Pabo 1999). In these phage 

display experiments, Finger 1 and Finger 3 of Zif268 were stabilized, where the amino 

acid residues in the DNA-contacting -helix region of Finger 2 were randomized to 

display against pre-selected triplets replacing the wild type triplet sequence recognized by 

Finger 2 (Figure 6.1). Thus, all the modules used in our artificial zinc finger design were 

selected while positioned as the Finger 2 of Zif268. Those modules were used to 

assemble various zinc finger proteins with desired number of modules. Unfortunately, the 

parallel selection and modular assembly approach may not be a very efficient way of 

selecting and constructing zinc finger proteins. 
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Figure 6.1. Parallel selection and modular assembly in constructing zinc finger proteins. 

All the modules resulting from the parallel approach were selected in the Finger 2 

position of Zif268, where Finger 1 and Finger 3 were unmodified to anchor the 

randomized Finger 2. The selected modules could then be rapidly assembled to make zinc 

finger proteins capable of binding to sequences with different lengths of choice. 
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When the Zif268-DNA interaction was first analyzed, the binding mode of Cys2-His2 

zinc fingers was thought to be relatively simple, with one amino acid making contacts 

with one base on the same strand of DNA, and each module recognized only three base 

pairs (Pavletich and Pabo 1991). When the higher resolution crystal structures for Zif268 

and its target DNA were solved, as well as the structures of zinc finger proteins that were 

designed to recognize eukaryotic TATA box, the zinc finger-DNA ―recognition code‖ 

turned out to be more complex than the presumed model (Elrod-Erickson et al. 1996; 

Elrod-Erickson et al. 1998; Elrod-Erickson and Pabo 1999; Wolfe et al. 2001). Since then, 

more evidence has shown that some amino acids actually make cross-strand interactions, 

as well as contacting bases that were thought to be recognized by the neighboring 

modules (target-site overlap). 

 

More recently, a new crystal structure of a designed 6-finger protein, Aart, bound to its 

target DNA was solved and analyzed as a result of collaborative efforts between the 

laboratories of Davis Segal and Nancy Horton (Segal et al. 2006). This structure provided 

insights into why target site overlap occurred, and how it was achieved. One example of 

target-site overlap was seen in Finger 3 and Finger 4 of Aart. Finger 3 recognized the 

triplet 5’- AAA -3’, whereas Finger 4 recognized 5’- AGA -3’. From phage display, 

alanine was selected at the position-6 on the recognition helix in both of these fingers, 

and was thought to specify for the 5’-A of the target triplets. As revealed in the crystal 

structure, however, both of the alanines in these two fingers were too distant from the 5’-

A to make any direct interaction with the bases (Figure 6.2). Nevertheless, from the 
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cyclical amplification and selection of target (CAST) assay, an assay designed to select 

for target sites of a DNA-binding protein from a library of DNA, the results confirmed 

that Aart had high specificity for 5-A recognized by Finger 3. Contradictory to the 

prediction, these results suggested that the binding specificity for that 5’-A might be 

achieved by amino acid that was not on position-6 of the helix.  
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Figure 6.2. Crystal structure of Finger 3 and Finger 4 of Aart binding to the target triplets. 

The structure revealed that the amino acid (alanine in position-6 of the helix) thought to 

be specifying for the 5’-base in the target triplet was too distant (green arrow) to make 

any contact to the base. Nevertheless, a CAST assay confirmed that this protein had good 

specificity in recognizing the 5’-A of the Finger 3 target triplet. This result suggested the 

possibility of binding interactions achieved by non-conventional means. 
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It turned out that there was another amino acid that made contacts with that particular 5’-

A. In the same crystal structure, it was shown that the 5’-A recognition was achieved by 

alanine at the position-2 of the neighboring module, Finger 4. Furthermore, specificity for 

the 5’-A was accomplished indirectly by contacting the thymine on the opposite strand 

via van der Waals interactions (Figure 6.3). This is a new pattern of target site overlap, 

where the binding was achieved by amino acid at position-2 of the recognition helix in 

the neighboring finger. It was previously predicted that 5’-A recognition could be 

attained by target-site overlap using leucine at position-1 of the following finger 

interacting with the thymine on the opposite strand (Wolfe et al. 2001). In Aart, there was 

also a leucine at position-1 in Finger 4. Nevertheless, the side chain of this leucine was 

pointing away from the major groove, making it impossible to be a candidate contributing 

in binding specificity. 

 

In summary, it was shown in the Aart structure that position-6 in the recognition helix 

that was thought to be contacting the 5’-base of the target triplet was not located within 

the distance of making direct contacts to the base. This was not a problem for 5’-G 

recognition, where the binding was accomplished mostly by using an arginine, which has 

a long side chain to achieve its purpose. For 5’-A recognition, the preferred amino acid 

such as glutamine could not reach the target base to make proper contacts, and the 

specificity was therefore achieved via target-site overlap. This presented a binding mode 

that was not taken into consideration in the selection strategy for the modules used in 

making our zinc finger proteins.  



 

 

 

188 

 

Figure 6.3. Crystal structure of Finger 3 and Finger 4 of Aart showing evidence of target-

site overlap and cross-strand interaction. Since the alanine in position-6 was too far to 

make any contact with the 5’-A of the target triplet, the target-site specificity was 

achieved by van der Waals interaction (green arrow) between an alanine in position-2 of 

the subsequent finger and the thymine (orange) on the complementary strand, indirectly 

selecting for the 5’-A. 
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Since the efficiency of SEER is highly dependent on how well the designed zinc fingers 

bind to DNA, the modular assembly approach of constructing our zinc fingers might be a 

major problem for SEER. By selecting and assembling our zinc fingers the way we have 

been doing, the possibility of target site overlap was totally overlooked. As a result, all 

the zinc fingers made and used in the constructs described in this dissertation might not 

have desired specificity for the SEER system.  

 

There are several ways to address this problem. First, we could perform a CAST assay 

for every zinc finger protein made using the modular assembly method. This way, we 

could empirically obtain the preferred target sequence and compare it to the predicted 

target sequence which the protein was designed to bind. The CAST assay involves 

performing 4-6 rounds of gel shift-like assays before getting a good consensus target 

sequence. This could get very time-consuming if we were to test every single zinc finger 

protein made. An alternative method is to take advantage of the recent emergence and 

lowering costs in deep sequencing, and send the retrieved DNA out for sequencing after 

one round of selection. The data obtained from the sequencing could be analyzed using 

bioinformatics and the target sequence could be predicted. With this information, we 

could confirm if the zinc finger proteins bind to the intended target sites. 

 

A different way to get around this problem is to avoid using the modules selected by 

parallel approach, especially for the non-GNN target sequence where target-site overlap 

is more likely to occur. There are a few other selection strategies other than the parallel 
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approach, and one of them is the sequential approach. In sequential selection, three 

rounds of selection are required to select for a 3-finger protein, and each of the fingers is 

selected for the context of the previous finger (Greisman and Pabo 1997; Wolfe et al. 

1999; Wolfe et al. 2001). This is achieved by starting with the randomized finger at the 

terminal position and the other two fingers unmodified. After selecting for the terminal 

finger that binds to a specific DNA triplet, the selected finger is moved to the middle 

position of the 3-finger protein, and a new randomized finger is added to the terminal 

position for the next round of selection. This process is repeated again to eventually 

obtain a new 3-finger protein. The sequential selection produces a 3-finger protein that 

has all three modules selected particularly for the 9-bp target sequence. The resulting zinc 

finger might be more specific, as potential target-site overlaps are accounted for; however, 

the convenience of modular assembly is traded in for this feature. 

 

A third selection strategy is the bipartite approach, which combines the convenience of 

modular assembly from the parallel approach, and the concern over target-site overlap 

from the sequential approach. In this approach, the randomized region spans one-and-a-

half finger of a 3-finger protein during the selection process (Isalan et al. 2001a; Isalan et 

al. 2001b). Each 3-finger protein generated is then consisted of two modules, where the 

inter-finger region in which the target-site overlap occurs is in the same module, and is 

taken into consideration during selection. 
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Another way to address this problem without totally discarding the modules selected 

from parallel approach is to learn more about target-site overlap in zinc finger-DNA 

interaction. Since the modular assembly approach works well for most target sites 

especially the GNNs, we could still build our zinc fingers using these modules. For the 

modules recognizing sequences that potentially require target-site overlap mode of 

interactions, namely the ANNs, changes could be made to the modules to accommodate 

the binding interactions that were not considered during selection. Mital Bhakta, a 

graduate student in the Segal lab, is studying the roles of leucine in position-1 and alanine 

in position-2 of the subsequent finger in specifying 5’-A recognition. The results from 

these studies would provide us with a better understanding of zinc finger-DNA 

interaction, which would in turn assist us in constructing better zinc fingers for the SEER 

system. 

 

6.2.2 Zinc finger-mediated protein-protein interaction 

Cys2-His2 zinc fingers are generally perceived as DNA-binding motifs in transcription 

factors and other DNA-interacting proteins. Nevertheless, recently there are growing 

number of reports on zinc fingers, Cys2-His-2 zinc fingers included, facilitating protein-

protein interactions (Mackay and Crossley 1998; Gamsjaeger et al. 2007). The protein-

binding property of a zinc finger could be achieved by interacting with another zinc 

finger motif, as well as interacting with proteins without any zinc fingers.  
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The fact that zinc finger motifs have affinity for each other creates a problem for the 

SEER system. The main concept of SEER was that the protein fragments required the 

presence of appropriate DNA target sites for their reassembly. If the zinc fingers used in 

the SEER proteins bind to each other in cells, it would explain why the background was 

high in the cell culture experiments. In principle, if we could understand how protein-

protein interactions were accomplished by Cys2-His2 zinc fingers, we could potentially 

get around this problem through rational design to construct zinc fingers that would bind 

only to DNA. 

 

An analysis on the differences between protein-binding and DNA-binding Cys2-His2 zinc 

fingers was done on human O/E-1-associated zinc finger protein (OAZ) by Kathryn 

Brayer. In this protein, there are 30 Cys2-His2 zinc finger motifs that are grouped into 6 

clusters. Each cluster was found to serve different function by either binding to DNA or 

protein, or both (Hata et al. 2000). It was also found that the 6
th

 cluster of zinc fingers 

mediates homodimerization of rat OAZ, demonstrating an example of Cys2-His2 zinc 

fingers binding to each other (Tsai and Reed 1997, 1998). There are still several clusters 

where the functions are unknown. Unfortunately, until now, attempts to identify the 

characteristics that separate DNA-binding from protein-binding zinc fingers have been 

unsuccessful.  

 

The complexity of zinc finger-mediated protein-protein interactions makes it extremely 

difficult for researchers to study. We are still far from materializing a set of rules or 
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recognition codes for these zinc finger-protein interactions. Moreover, in the case of 

SEER proteins expressed from E. coli, there were always nucleic acids co-purified with 

the zinc finger proteins, and might have facilitated the zinc fingers to bind to each other. 

Before we have a better understanding on these interactions, we can never be sure that the 

zinc fingers we make do not bind to other proteins in addition to their intended DNA 

sequences. Nevertheless, since the zinc fingers are specifically designed to recognize a 

unique DNA site, we can assume that the affinity for DNA will be much higher than that 

for other proteins.  

 

6.2.3 Self association of the -lactamase fragments 

Aside from zinc fingers dimerization, another factor that might contribute to DNA-

independent reassembly is the random association of the -lactamase fragments. In the 

more established zinc finger nuclease system with FokI endonuclease, it was often found 

that some of the proteins were difficult to express in E. coli. It was later determined that 

the observed effect might be due to toxicity triggered by cleavage at off-target sites 

(Porteus and Baltimore 2003). This in turn was caused partly by the dimerization of FokI 

monomers to form active nuclease without binding to both target sites.  

 

To address this problem, the interface between the nuclease monomers where 

dimerization took place was examined. Based on the crystal structure of FokI, as well as 

some computational studies, several mutations were generated on residues important in 

dimer formation (Miller et al. 2007; Szczepek et al. 2007). Proven by two separate 
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research groups, some of these mutants were shown to reduce toxicity and off-target 

cleavage that were observed in wild type zinc finger nuclease. These mutated nucleases 

would no longer form homodimer, and would only form heterodimer between two 

complementary monomers when bound to the appropriate sites directed by the zinc 

fingers. 

 

Although the zinc finger nuclease system is a dimeric system whereas SEER is based on 

the regeneration of a protein from its fragments, we can draw similarities between the 

high background signal in SEER and the toxicity problem in the nuclease system. We 

hypothesized that if one or more mutations were generated at the reassembly interfaces of 

-lactamase, the high background signal observed in the cell culture experiments could 

be reduced by eliminating possible random association of the fragments. The residues to 

be mutated would be determined by examining the structure of the protein, and should be 

located on the interfaces where the fragments refold. Computational approaches could be 

used to analyze the plausible mutations to narrow down the potential candidates. The new 

constructs could be tested in vitro to examine the relative improvement compared to the 

wild type constructs before being tested in mammalian cells. 

 

There are some quick experiments that can be done to determine which of these potential 

problems affects the efficiency of the SEER system. To check if the specificity of zinc 

fingers is the main reason, a CAST assay can be performed on the SEER proteins to find 

the potential target sequences of the proteins. The results will clarify if the designed zinc 
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fingers are binding to the intended sequences. If the SEER assay is performed in cellular 

setting, or with genomic DNA as target, then the BLAST (http://www.ncbi. 

nlm.nih.gov/BLAST/) tool can be used to performed searches for the intended sites and 

pseudo-target sites retrieved from the CAST assay in the genome. If there are potential 

sequences in the genome that may facilitate SEER reassembly, different zinc fingers 

should be considered while designing the system. 

 

To differentiate between the two possible reasons causing DNA-independent association 

of the SEER proteins, the b-lactamase fragments alone, LacA and LacB can be cloned 

and expressed in E. coli. The purified proteins will be tested in a b-lactamase assay 

without DNA. The kinetic data generated by the b-lactamase fragments will be compared 

to those generated by same concentration of the SEER proteins (LacA and LacB attached 

to zinc fingers) in the absence of DNA target. If the signal is similar in both cases, it can 

be concluded that the self association of the SEER proteins mostly occurs between the b-

lactamase fragments. If the signal is higher in the assay with SEER proteins, the self 

association is most probably caused by the interaction between the zinc fingers.    

 

6.3 Beyond reading the DNA sequences with SEER 

Recently, a couple of SEER-like assays were developed for purposes other than detecting 

DNA sequences. In one of them, a zinc finger was replaced with methyl-binding domain, 

and the system was designed to recognize specific methylated CpG sites. The other 

system replaced the reporter protein with a methyl transferase, converting the assay to 
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direct site-specific methylation. These new versions of SEER showed the flexibility and 

the tremendous potential of the technology.  

 

6.3.1 mCpG-SEER 

The concept of mCpG-SEER was based on the hypothesis that one of the zinc fingers in 

the SEER constructs could be replaced by a different functional motif to carry on an 

alternative task (Stains et al. 2006). In mCpG-SEER, one of the 3-finger proteins in 

SEER-GFP was replaced with methyl-CpG binding domain 2 (MBD2), while the other 

zinc finger (Zif268) was retained to preserve the sequence-specific property of the system 

(Figure 6.4). The MBD2 protein was chosen for this study because the MBD family of 

methyl-binding domains binds to the major groove of DNA, similar to how Cys2-His2 

zinc finger binds to DNA. Moreover, there is a 70-fold difference in binding affinity of 

MBD2 between methylated- and unmethylated-CpG (Fraga et al. 2003).  

 

The mCpG-SEER was tested in vitro, and showed that the system could discriminate 

methylated-CpG from unmethylated-CpG that was present next to the Zif268 target site. 

Only the presence of both Zif268 target site and the methylated-CpG site would bring the 

GFP fragments in proximity to form an active fluorophore. A point mutation in Zif268 

target site brought the signal down to almost background level (Stains et al. 2006) 

 

The success of this system provides important insights to potential future versions of 

SEER. First, SEER is not limited to detection of DNA sequences. Second, the zinc finger 
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motif in one of the constructs can be replaced by a different domain of choice to detect 

DNA modifications at a specific site. Alternatively, proteins that recognize different 

types of modifications as well as proteins that bind to specific secondary structures of 

DNA can be used to create SEER systems for the respective detections.  
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Figure 6.4. Design of mCpG-SEER. One of the 3-finger proteins in SEER-GFP was 

replaced with a methylated-CpG binding domain, in this case MBD2. The idea was to 

locate the methylation site with the sequence specificity achieved by the zinc finger, 

while the MBD indentified if the CpG site was methylated (Stains et al. 2006). 

 

 

MBD2 
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6.3.2 Site-specific methylation 

Another modified version of SEER was developed for the purpose of methylating DNA 

on a specific site (Nomura and Barbas 2007). In this system, the protein to be 

reassembled was HhaI DNA m5c-methyltransferase (M.HhaI), which converts the bolded 

cytosine in 5’-GCGC-3’ to 5-methylcytosine (Figure 6.5). This approach utilized the 

core principle of SEER, where protein complementation assay was coupled with custom-

designed zinc fingers to achieve sequence-specific reassembly of the chosen protein. 

Nevertheless, instead of a signal transducer, a methyltransferase was used, transforming 

the system to a site-specific methylation tool. 

 

This was also the first successful of SEER-like assay performed in vivo. Nomura and 

Barbas transformed the constructs into E. coli, and recovered the plasmid for bisulfite 

sequencing. The sequencing data showed that the system was able to methylate only the 

M.HhaI target cytosine that was flanked by the zinc finger target sites. No methylation 

was detected in 18 other native M.HhaI sites (without the flanking zinc finger target 

sequences) that were incorporated into the plasmid. 

 

The success of these two altered versions of SEER indicates that it is possible to establish 

different SEER systems for various purposes, supporting our ideas for potential future 

applications of SEER mentioned in this chapter.  
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Figure 6.5. The design of SEER applied to M.HhaI for site-specific methylation. The 

constructs were engineered similar to other SEER systems, where each protein consisted 

of a zinc finger linked to a methylase fragment. Upon zinc finger binding to the intended 

sites, methylation was directed to the region between the target sequences (Nomura and 

Barbas 2007). HS1 and HS2 are two designed 3-finger proteins that recognize sequences 

indicated in the figure. 
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6.4 Potential future applications 

The current SEER-LAC system is still in its early phase, and probably cannot be used as 

a detection tool at this stage. One major challenge is to increase the sensitivity of the 

system to increase the detection limit, as the main problem of the current version of 

SEER is the requirement of high target copy number for proper detection. Several of the 

planned developments discussed throughout this dissertation are aiming to improve the 

sensitivity of the system by decreasing the background signal. Nevertheless, it is 

extremely important to propose potential applications of SEER, as it would help us to 

keep in mind what qualities the end products should possess during designing and 

developing new versions of SEER.  

 

6.4.1 Detecting mutations and genetic abnormalities 

The one obvious application of SEER is its ability to detect mutations. Zinc fingers could 

be designed and used in SEER to discover DNA sequences that undergo base substitution, 

insertion, or deletion. Detection of chromosomal translocation is also possible if the zinc 

fingers are designed to target the point of translocation. It is extremely important to have 

a diagnostic system for detecting known mutations and chromosomal translocations, as 

many of them indicate the cells’ predisposal to genetic diseases or cancers. To detect a 

single-base substitution, however, is very challenging and requires a highly-specific 

system. Nevertheless, as shown in the SEER-LAC and mCpG-SEER systems, it was 

possible to achieve this kind of specificity with good quality zinc fingers.  
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6.4.2 Detecting the presence of pathogenic agents 

One possible application of SEER is to detect the presence of pathogenic agents, such as 

bacteria or viruses, by targeting the unique DNA sequences of the infectious agents. 

Conventionally, food-borne bacteria are often detected through cell culturing followed by 

isolation and biochemical identification, a process that is very time consuming. As the 

technology improves over time, better assays are now available in either protein-based or 

DNA-based tests. For example, there are many protein- and DNA-based assays available 

for detecting E. coli O157:H7 strain, a very common food-borne pathogen causing 

enterohaemorragic infections. The protein-based assays are normally done by means of 

ELISA or latex bead agglutination assays to detect the presence of O157 antigen. As a 

result, these assays are not specific enough to differentiate O157 strains that are non-H7 

serotype. DNA-based assays are more likely to achieve the specificity needed to make 

that distinction.  

 

In our effort to design a SEER system for pathogenic agent detection, we chose to target 

E. coli strain CFT073, which is one of the uropathogenic E. coli strains responsible for 

most common form of non-hospital-acquired urinary tract infections. Uropathogenic E. 

coli are also associated with acute cystitis and pyelonephritis in the United States 

(Hooton and Stamm 1997). Despite its roles in these infections, there is currently no 

commercially available diagnostic that can rapidly detect the presence of CFT073.  
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The first step toward constructing a SEER system for CFT073 detection was to find the 

appropriate target site in the CFT073 genome. To achieve that, we first aligned all 

available E. coli genomes published in the NCBI Bacteria Completed Chromosome 

database (http://www.ncbi.nlm.nih.gov/genomes/static/eub_g.html) to find DNA regions 

unique to CFT073. At the time when the alignment was done, four E. coli complete 

genomic sequences were available. They were genomes of K12 strain MG1655 (most 

common laboratory strain), CFT073, O157:H7 strain EDL933, and UTI89 (another 

uropathogenic strain). Since then, three other complete E. coli genomes were deposited in 

the NCBI database; they were E. coli strains 536, O157:H7 strain Sakai, and APEC O1, 

and were not included in our genome alignments. 

 

The alignment was performed using the MAUVE 2.0 multiple genome alignment 

software (http://gel.ahabs.wisc.edu/mauve/). All four E. coli genomes were loaded to the 

MAUVE program and the homologous regions and unique regions were identified 

(Figure 6.6). We further narrowed our search for the appropriate target sequence in 

CFT073 by focusing on the 85,000-bp unique region (blue circle region) shown in Figure 

6.6.  
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Figure 6.6. Genomes alignment of four E. coli strains. The E. coli strains, from top to 

bottom, are K12, O157:H7, CFT073, and UTI89. Colored boxes represent homology 

regions among the genomes, with the white gaps being regions unique to those particular 

strains. The blue circle represents the 85,000-bp unique region in CFT073 strain where 

we looked for potential zinc finger target sites. 
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We decided to find a target site composed of nine consecutive GNNs, since we have the 

best zinc finger modules for GNN recognition and could bypass the possible problem of 

target-site overlap. Using MacVector 7.2.2 software (Accelrys), we were able to identify 

(GNN)9 sites in the CFT073 genome. There were 556 (GNN)9 sites in the complete 

genome (5.23 x 10
6
 bp) of CFT073. Nevertheless, by focusing on the 85,000-bp unique 

region, we were able to narrow down the potential target sites to only four (GNN)9 

sequences. To determine if the four (GNN)9 sites were in fact unique to CFT073, we 

performed BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) searches on these (GNN)9 

sequences against all E. coli genomes and human genome. The sequences would not be 

an appropriate target site if exact match was found in any other genomes examined. Of 

the four (GNN)9 sequences tested, the best sequence was 5’-GTC GCT GCC GGT GCA 

GCA GGC GCA GCA -3’, which was at bases 321,531 – 321557 in the CFT073 genome. 

The closest match of this sequence in E. coli was in the K12 strain with a 16-bp matching 

sequence of 5’- CC GGT GCA GCA GGC GC -3’. In the human genome, the best match 

was a 17-bp matching sequence of 5’- GCT GCC GGT GCA GCA GG -3’. From our 

previous observations of the SEER-LAC system, two or more mutations in the target sites 

were enough to significantly reduce the signal. Hence, we believed we could construct a 

SEER system sensitive enough to differentiate the perfect sequence from the partial sites 

in human and K12. 

 

Once the target site was chosen, we designed the zinc fingers that would bind to the 

selected sequence. A 9-finger protein would be required to bind to the 27-bp sequence. 
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The SEER-LAC system would carry a 3-finger protein on one lactamase fragment, while 

the other fragment would carry a 6-finger protein, which would be constructed by joining 

two 3-finger proteins.  

 

The first step toward building the CFT073-specific SEER-LAC system was to construct 

the three 3-finger zinc finger proteins. The zinc fingers were designed and constructed 

following the protocols outlined by Carroll et al. (2006) with the 7-primer PCR approach. 

The zinc fingers constructed were named EC1 (targeting 5’- GTC GCT GCC -3’), EC2 

(targeting 5’- GGT GCA GCA -3’), and EC3 (targeting 5’- GGC GCA GCA -3’). EC1 

and EC2 were cloned into LacA-L0 construct, whereas EC3 was cloned into L0-LacB 

construct. The resulting SEER proteins were LacA-L0-EC2-EC1 and EC3-L0-LacB.  

 

To test the system, we proposed that the initial experiments could be done in vitro using 

purified genomic DNA from CFT073 (ATCC #700928D). The negative control would be 

genomic DNA purified from K12 (ATCC #700926D). Alternatively, we could try to 

detect the presence of CFT073 by detecting the difference in SEER signals generated by 

crude lysates of CFT073 and K12. However, the sensitivity of the current system would 

require large quantity of genomic DNA in order to generate detectable signal with SEER-

LAC. One possible way to overcome this problem is to construct separate SEER proteins 

targeting to five or more stretches of unique sequences in CFT073. If these SEER 

proteins are used concurrently in an assay, the number of genomes required to provide 

enough target sites to generate a detectable signal may be lowered. 
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6.4.3 Indicating target copy number 

One appealing characteristic of SEER is the ability to produce concentration-dependent 

signal intensity. This is observed in vitro in SEER-LAC, SEER-GFP, as well as mCpG-

SEER. Several diseases that are consequences of carrying long repeated DNA sequences, 

such as Huntingtons’s disease and Fragile X Syndrome, would benefit from SEER’s 

straightforward and rapid mode of diagnosis. Repeated telomere sequence is also a 

potential target for SEER, where the goal will be to investigate the length of telomeres in 

cells. Telomeres are DNA structures located on both ends of chromosomes with the 

purpose to protect the ends from recombination and degradation, as well as to prevent the 

loss of genetic material during DNA replication. Telomeres gradually shorten as somatic 

cells divide, and a correlation has been observed between the average telomere length and 

cell senescence (Harley et al. 1990). Expression of telomerase, the telomere maintenance 

protein, is usually associated with cell immortality, and is typically found in germ-line 

cells, immortalized somatic cells, and many cancer cells. Although other systems, such as 

fluorescence in situ hybridization (FISH), are able to estimate telomere length, SEER 

offers the only possibility to perform the assay in living cells. 

 

The first step toward targeting these endogenous sites was to identify the target sequences, 

and subsequently design zinc fingers for those sequences. The telomeres contain multiple 

tandem repeats of TTAGGG. To build a SEER system targeting to the telomere region, 

we designed two 3-finger proteins, T1 and T2, which recognized the sequences 5’- GTT 

AGG GTT -3’ and 5’- AGG GTT AGG -3’, respectively. Both T1 and T2 zinc fingers 
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should cover the hexameric repeated sequences of TAAGGG when bound contiguously 

to the target sites. The zinc fingers were designed and constructed following the protocol 

outlined by Carroll et al. (2006), using the 7-primer PCR approach. The T1 and T2 zinc 

fingers were cloned into the zero-linker constructs to replace the original zinc fingers. 

The resulting SEER constructs were LacA-L0-T1 and T2-L0-LacB in pMAL-c2X vectors.  

 

For the initial in vitro experiments, we proposed to use the DNA controls supplied in the 

TeloTAGGG Telomere Length Assay Kit (Roche), which are purified genomic DNA 

from immortal cell lines that contained telomere repeats of either 3.9 kb or 10.2 kb. 

Alternatively, we could purify genomic DNA from MCR5 (ATCC #CCL-171) and CHO-

K1 (ATCC #CRL-9818) cell lines, which have known telomere lengths of 4.3 kb 

(Freulet-Marriere et al. 2004) and 60.3 kb (Slijepcevic et al. 1997), respectively. The 

intensities of SEER signal produced from these DNA samples will be compared. The 

SEER system will eventually be tested directly in these cell lines for the detection of 

changes in target copy number in live cells.  

 

6.4.4 Identifying DNA modification and DNA accessibility  

The initial efforts and demonstration of SEER being utilized as a technology other than 

detection of DNA sequences was outlined earlier in this chapter. The original SEER-GFP 

system was modified to identify methylated CpG at a specific site by replacing one of the 

zinc fingers with MBD2 (Stains et al. 2006). 
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Alternatively, SEER can also be used to determine the chromatin accessibility of DNA. 

Chromosomal DNA is packed in many DNA-binding proteins, include histones and 

transcription factors, which could either spatially block other proteins from binding, or 

distort DNA structure and in turn prevent protein binding. Chromatin accessibility is an 

important concern while using zinc finger-based transcription factors and endonucleases 

(Zhang et al. 2000; Liu et al. 2001). There are several methodologies for determining 

accessibility, such as DNaseI hypersensitivity, in vivo footprinting, and micrococcal 

nuclease digestion. These methods, however, are laborious and only provide information 

covering broad regions of the DNA. Therefore, the pragmatic approach in getting around 

this problem is by targeting many sites, hoping that one of the sites will be accessible. 

SEER would provide an excellent alternative to these methods, as it could rapidly verify 

if the sites were accessible and hence targetable, and the researchers could in turn use the 

same zinc fingers in subsequent experiments. The concept of determining targetable sites 

with SEER is that if the sites are inaccessible, no signal would be detected.  

 

6.4.5 Modifying DNA at a specific site 

Although the original idea of SEER is to create a diagnostic applicable to various systems 

and purposes, Nomura and Barbas (2007) showed that the concept of SEER is not limited 

to creating a tool for detection. As outlined earlier in this chapter, the signal-generating 

protein fragments were replaced with methyltransferase fragments. The resulting system 

enables sequence-induced methylation at a specific site. This site-specific methylation 

system has huge potential if developed to target human promoters. It has been reported 
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that in some eukaryotic promoters a single CpG methylation could significantly repress 

the gene expression (Pogribny et al. 2000). This sequence-targeted methylation system 

can potentially be developed into therapeutics, such as silencing transcription of 

oncogenes in cancers. Alternatively, reactivation of different enzymes or proteins could 

exert different forms of modification on specific site of DNA. 

 

6.4.6 Triggering sequence-specific drug delivery 

Activation of -lactamase by SEER-LAC can be used to specifically deliver drugs to 

cells carrying unique DNA sequences. Antibody-directed enzyme prodrug therapy 

(ADEPT) is a strategy to treat malignancies by allowing tumor-targeted delivery of 

chemotherapeutic drugs and at the same time limiting drug exposure to the healthy 

tissues (Springer and Niculescu-Duvaz 1997). ADEPT has been using a -lactamase-

based system to effectively induce drug release from its prodrug. Successful examples are 

the release of doxorubicin (Vrudhula et al. 1995), phenylenediamine mustard (Kerr et al. 

1995; Blakey et al. 1996), mitomycin C (Vrudhula et al. 1997), platinum compounds, and 

paclitaxel (Rodrigues et al. 1995) from cephalosporin prodrugs. Cephalosporin contains a 

-lactam ring, as well as the option for investigator to covalently attach a leaving group at 

the 3’ position. Hydrolyzation of the -lactam ring generates a free amino group and in 

turn spontaneously initiates elimination of any leaving group attached at the 3’ position. 

This is the exact concept of the fluorescence substrate CC1, where the fluorophore 

umbelliferone was attached to the 3’ position of cephalosporin (Gao et al. 2003). Instead 

of using antibody approach as in ADEPT, SEER-LAC could offer an alternative way to 
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release the drugs from their prodrugs by DNA sequence-dependent activation of -

lactamase. 

 

6.5 Conclusions 

As more and more genomes are being sequenced, we now have access to an increasing 

number of genomic sequences of various organisms. At the same time, more and more 

DNA abnormalities, such as mutations and gene amplifications, are being attributed to 

the cause of diseases. With all this information at hand, we would definitely benefit from 

a DNA diagnostic system that allows us to rapidly obtain genotypic information from 

living cells. Nevertheless, all the currently available technologies mostly rely on the 

hybridization method of DNA detection, which requires denaturing the double-helix, 

making it impossible to be utilized in living cells. The main goal of this dissertation 

project is to create a DNA diagnostic that can potentially be used in living cells. 

    

Throughout this dissertation, we presented the formation of the idea for SEER, and 

outlined the design, construction, and various engineering efforts in the development of 

the SEER system. We established a very well-defined in vitro assay with the possibility 

to discriminate target sites that contain only a point mutation. On the other hand, we also 

showed efforts in protein engineering to create a better SEER system. We then presented 

the initial attempts in transferring this technology into mammalian cell culture. Although 

there is still a lot of work to be done in order to refine the system to the state where it is 

applicable in living cells, the existing results are very encouraging for future development, 
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as we were able to slightly improve the system with every new round of design. It is 

promising that with further appropriate protein engineering, we can eventually achieve 

enough specificity and sensitivity for our goal to use the system in living cells. 

 

There are also remarkable amount of potential future applications for SEER, especially if 

the modified versions of SEER are taken into consideration. The diagnostic property of 

SEER can range from the detection of single-base substitution to the mapping of 

methylation sites. Beyond that, SEER can also be therapeutic with the potential to silence 

gene expression by specifically methylating the promoter site. In addition, SEER-LAC 

can be used to trigger DNA sequence-induced drug release from its cephalosporin 

prodrug. In summary, the biggest obstacle of SEER is to improve the parameters needed 

to transfer the technology into living cells. After that barrier is crossed, the possibilities 

seem endless.  
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