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 Recent advances in DNA sequencing technologies have allowed researchers to 

decrease the cost and time requirements for genomic sequencing by orders of 

magnitude. Investments in novel sequencing methods and improvements to existing 
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next-generation sequencing platforms have resulted in much higher accuracy and 

lower cost-per-base for genomic sequencing using a variety of chemistries. However, 

one of the bottlenecks for all next-generation sequencing methods is the amount of 

time and resources required for template and library preparation. This process 

typically results in considerable sample loss and low throughput. Two of the steps that 

are in need of improvement are the fragmentation of long DNA strands and the 

amplification of fragmented genomes. To enable the creation of high quality genomic 

libraries, I have developed an automated device, based on a syringe pump, for the 

random fragmentation of genomic DNA. The length of the resulting fragments is 

tunable using a single parameter and the ends are easily repaired for the efficient 

ligation of adapters. I have also developed a method for the unbiased linear 

amplification of long DNA fragments using the concerted activities of a nicking 

endonuclease and a polymerase. The optimization of reaction conditions resulted in 

markedly better performance than existing similar protocols and I have demonstrated 

the utility of this method in amplifying a fragmented phage genome. I explored 

methods of using a highly specific homing endonuclease for use with this technique, 

including the incorporation of non-native nucleotides and the engineering of the 

enzyme’s catalytic site. Lastly, I have made significant progress in efforts towards the 

engineering of the nuclease’s DNA recognition residues in order to create a highly 

specific nicking enzyme for use in the modification or amplification of large genomes. 
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Chapter 1: Introduction 

1.1 Significance of genomic sequencing 

The potential applications of genome sequencing have been recognized and 

have continued to grow since the first sequencing technologies were developed by 

Frederick Sanger in 1975 (1,2). They led to the initiation of the Human Genome 

Project (HGP) in 1990 and increased funding for genomic sequencing technologies in 

recent decades. The cost of DNA sequencing, prohibitive for most applications at 

$10/base in 1990, has been reduced by several orders of magnitude. Low-cost 

sequencing has enabled the investigation of: genotype-phenotype associations, gene-

expression profiling, identification of pathogens, and comparative genomics, amongst 

many others (3). Indirectly, DNA sequencing technologies have provided information 

on transcriptomes at the cell, tissue and organism level via RNA-seq (4) and 

epigenetic marks via ChIP-seq (5).Miniaturization and multiplexing of sequencing 

devices as well as the development of novel sequencing chemistries promise to reduce 

the cost much further. 

Perhaps the most compelling potential application of DNA sequencing is 

health care. In 2003 the X Prize Foundation offered an incentive of $10 million dollars 

to the first team to accurately sequence a human genome for less than $1000. The 

National Human Genome Research Institute (NHGRI) then awarded grants in excess 

of $32 million dollars towards the goal of this “$1000 dollar genome”. The 

assumption of both institutions was that at this cost, it becomes viable for “health care 

1 
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professionals to tailor diagnosis, treatment, and prevention to each person’s unique 

genetic profile” (6). The detection and identification of single nucleotide 

polymorphisms (SNPs) in an individual genome from a growing library of SNPs can 

assist a doctor in predicting a disease long before the symptoms are manifested. The 

era of personalized medicine will allow unprecedented accuracy and efficiency in 

disease treatment and prevention. A disease of particular interest is cancer. The ability 

to sequence and compare the genomes of normal, neoplastic, and malignant cells 

would greatly help elucidate the mutations that lead to cancerous cells (3). A greater 

understanding of the underlying genetic basis of the disease will suggest new ways to 

combat its development and spread. In short, the motivations for developing faster and 

cheaper sequencing platforms are well established. 

1.2  Next Generation Sequencing 

Despite many technical improvements to Sanger sequencing during the last 

two decades, its inherent limitations, particularly in regard to miniaturization and 

parallelization, exposed a need for new and improved technologies for sequencing 

large numbers of human genomes. These massively parallel instruments and 

chemistries were broadly termed “next-generation sequencing” methods and this class 

of technologies includes a diverse portfolio of approaches to querying the identity of 

DNA bases. 
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 Many iterations of sequencing by synthesis (SBS) have been developed and 

currently exist as commercial platforms through Roche/454 FLX (pyrosequencing) 

(7), the Illumina/Solexa HiSeq and Genome Analyzer (8), and the Heliscope from 

Helicos Bio. In the near future two additional SBS platforms are expected to make 

their way to market: the Pacific Biosciences SMRT instrument and the Ion Torrent 

Personal Genome Machine. A competing chemistry that has found success via the 

Applied Biosystems/Life Technologies SOLiD System is sequencing by ligation 

(SBL). Lastly, a promising but relatively very immature approach is nanopore 

sequencing (9). This method uses a nanosensor to measure a change in some physical 

or chemical property as a single DNA molecule passes through a nanopore. This 

concept has received funding from the NIH in recent years and shows great potential, 

but significant advances in pore engineering and nanofabrication will required to make 

this a useful technology. 

The figure below illustrates the steps common to most modern commercial 

cyclic array sequencing strategies. Chromosomal DNA is first extracted from the cell 

and isolated from cellular debris. Even relatively small bacterial genomes can be 

millions of base pairs long, so the purified DNA must be fragmented into much shorter 

strands in order to be more easily manipulated (10). These fragments are then attached 

to beads or a surface and clonally amplified in order to provide greater signal during 

the sequencing reaction. While most groups randomly disperse DNA fragments or 

beads onto a surface, methods of assembling high-density DNA arrays are being 

developed to improve throughput and imaging efficiency (11). When the library is 
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complete, sequencing is initiated and the resulting signal is collected via CCD camera 

or other detection device. The resulting raw data consists of the individual sequences 

of millions of small DNA fragments and these must be aligned into the complete 

genome using assembly algorithms. This is referred to as “shotgun sequencing”. 

 
Figure 1.1. The Sequencing Pipeline. 
 

Not all strategies follow this pipeline strictly. In particular, it is important to note that 

the Pacific Biosciences and Helicos instruments are “single-molecule” sequencers and 

do not require the amplification of DNA fragments prior to sequencing. 

1.3 Library Construction 

The need for robust methods that produce a representative, non-biased source 

of nucleic acid material from the genome under investigation cannot be 

overemphasized (12). It should be recognized that the “pre-processing” protocols (e.g., 

library construction) for new sequencing technology platforms are not nearly as 
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mature as for conventional Sanger dideoxy sequencing. The development of robust, 

straightforward protocols for in vitro library construction for various applications is a 

critical challenge that must be addressed if investigators are to make the most of next-

generation sequencing technologies (13). Two of the steps shared by most sequencing 

strategies that are in need of improvement are genome fragmentation and genome 

amplification. 

1.3.1 DNA Fragmentation 

 The first step to library construction is the fragmentation of chromosomal 

DNA. Currently there are five methods that are used: enzymatic digestion, sonication, 

ultrasonication, nebulization, and hydrodynamic shearing. They have all been 

successfully used to make sequencing libraries, but each has its limitations and 

therefore none of them has emerged as the preferred method for all applications. 

 During an enzymatic digestion, restriction endonucleases(14,15) or DNAse I 

(16) are added to the chromosomal DNA and the rate and scope of the digestion is 

controlled to achieve a desired fragment size. There are many modes of control 

available including methylation of target DNA, inclusion of competing divalent 

cations, using a time course for digestion, or by histone protection (10). Unfortunately 

the use of specific endonucleases inherently carries a sequence bias, and this is 

unacceptable for sequencing applications. Regions of DNA with few restriction sites 

are underrepresented or absent from the DNA library, and a lack of overlapping 

fragments complicates sequence analysis and genome assembly (17). Even the use of a 

 

 



6 

 

nonspecific nuclease such as DNAse I, controlled by the presence of Manganese 

ions(16) or histones (10) exhibits sequence bias, as DNase I has been shown to have 

both a sequence preference (18,19) and DNA flexibility preference (20), while 

nucleosome phasing is non-random (21,22). 

 Fragmenting DNA using physical stress induced by sonication has been 

suggested as an alternative method of randomly breaking DNA strands (23). 

Sonication is fast and easy and the target size can be controlled to an extent by varying 

the amplitude and time of sonication. However, results from sonication are difficult to 

reliably reproduce and the size distribution of the resulting DNA fragments is large. 

Many of the fragments produced are unclonable due to damage caused by hydroxyl 

radicals produced by thermal dissociation of water under the pressures of ultrasonic 

cavitation (17,24). For these reasons, sonication is not always the preferred method to 

produce DNA fragments for cloning. A similar method pioneered by Covaris Inc is 

“Adaptive Focused Acoustics”, a form of ultrasonication that harnesses cavitation to 

fragment DNA. This has several advantages over traditional sonication, including 

isothermal operation and the ability to focus the acoustic energy into a localized area 

of the sample due to the much shorter wavelengths used. This approach has become 

very popular in recent years due to the ease of multiplexing and non-contact nature of 

the technology. 

 Nebulization of DNA has become the method of choice for many labs, and kits 

are commercially available (from Illumina and Invitrogen) to assist in library 

construction utilizing nebulizers. Nebulizers can break genomic DNA into strands 
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about 1kb long that have much higher cloning efficiency than those obtained by 

sonication (25,26). However, the resulting fragments have a very wide size range. 

Nebulization requires a large volume of DNA solution so dilution of the sample is 

often necessary. Additionally, to avoid contamination a new disposable nebulizer must 

be used for each sample to be fragmented. The cost of these nebulizers is nontrivial (a 

pack of 5 from Invitrogen is over $100). 

 Most recently, methods of hydrodynamically shearing genomic DNA have 

been developed. First discovered by Oefner et. al in 1996 (17), a device is now 

available commercially (Genomic Solutions® Hydroshear). To hydrodynamically 

shear DNA, a syringe pump is used to rapidly force a DNA solution through a small 

orifice or length of small-bore tubing. The mode of breakage is two-fold: shear forces 

within the orifice and extensional strain as the fluid approaches the orifice combine to 

randomly break long DNA strands (27). The length of product is dependent on the 

velocity of the solution and the diameter of the orifice and is largely independent of 

DNA concentration, initial DNA size, temperature, and salt concentration (27). The 

distribution of sizes is relatively tight, with the longest fragments typically 2-3 times 

the length of the smallest fragments. This method is the easiest to automate and 

cloning efficiency of the product is very high. However, there are some drawbacks to 

this method. Even when using very pure reagents it is easy for the small orifice to get 

clogged, causing the syringe pump to stall. Unclogging the orifice requires a lengthy 

procedure where the shearing device is washed and sonicated. It is also very difficult 

to ensure that the device has been thoroughly washed, leading to the risk of 
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contamination between runs. Finally, the cost of purchasing the commercial 

Hydroshear device (in excess of $15,000) is excessive for many researchers. 

 

Figure 1.2. Comparison of methods of physically breaking DNA. Lane 1: DNA standards. Lane 2: 

Typical product of nebulization. Lane 3: Typical product of sonication. Lane 4: Hydrodynamic shearing 

at high speed. Lane 5: Hydrodynamic shearing at lower speed. (28) 

 

1.3.2 DNA Amplification 

After the genomic DNA is fragmented, the next step is often the amplification 

of the pieces of DNA. This is required by most sequencing chemistries in order to 

increase the signal-to-noise ratio so that the recorded sequence is accurate. For the 

amplified DNA to be useful during imaging, it must be somehow segmented so that 

each template fragment and its amplified products are physically separated from the 
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other templates in solution or on a surface. For this reason, the templates must be 

“clonally amplified”.  

Cell cloning is one of the earliest methods of amplifying DNA and continues to 

be used today. It was first demonstrated in 1973 that artificial, biologically functional 

plasmids could be created and inserted into bacteria, and that these plasmids would be 

replicated along with the cells (29). Thus, single molecules could be amplified 

millions of times in a manner that was inherently clonal. Once the bacteria received 

the plasmid, or “Bacterial Artificial Chromosome” (BAC), the DNA could be stored in 

the cells or a large supply could be created by growing the cells. The Human Genome 

Project was completed almost entirely using DNA amplified by bacteria. To create a 

BAC, DNA of interest is digested with a restriction enzyme that produces single-

stranded overhangs. When combined with a plasmid that has been similarly digested 

and a DNA ligase, the DNA is incorporated into the plasmid. This new plasmid can be 

introduced into a competent cell by electroporation or heat shock (30). While cell 

cloning is a very useful method, it is also very costly in terms of time and reagents. 

Improvements in the quality and availability of restriction enzymes and cloning 

vectors have helped simplify the process. However, cell cloning will always be more 

laborious, expensive, and complicated to than cell-free methods of DNA 

amplification. 

This is typically done using adaptations of the powerful polymerase chain 

reaction (PCR) (31,32), although alternate amplification techniques such as rolling 

circle amplification (RCA) (33,34) have also been used (35). Unlike cell cloning, 
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however, if a library of templates is amplified with the same primers, products from 

all templates are mixed in a single volume. This limits its utility for massively parallel 

sequencing applications. Variations of the standard PCR reaction have been developed 

to allow clonal amplification, where the amplicons arising from each template in a 

complex library remain locally clustered. The two most common PCR methods, 

illustrated in Figure 1.3, are emulsion PCR (36) and solid-phase amplification or 

“bridge” PCR (37). 

Emulsion PCR, favored by Roche/454 and Life Technologies/Applied 

Biosystems, is carried out in aqueous solutions dispersed in an oil phase to form 

microscopic compartments (36,38-40). A complex library flanked by universal 

adaptors can be amplified using a single pair of primers. When the library is dispersed 

in the emulsion such that only one DNA template exists in each chamber, billions of 

molecules can be clonally amplified simultaneously. Up to 1010 bacterial-sized 

droplets can be created in a volume of 1 mL (38). Further, streptavidin coated 

microbeads covered in biotinylated primers can be added to the mix. This enables the 

solid-phase capture of PCR amplicons within individual aqueous compartments (13). 

Upon PCR amplification, each bead carries 104 to 107 copies of a unique DNA 

template (38). When the emulsion is broken, the beads can be distributed onto a 

surface, into an array of wells, or immobilized in a polyacrylamide gel. However, it 

has been shown that the efficiency of emulsion PCR decreases drastically with 

increasing amplicon length. Efficiency of a 500 bp template is 10% that of a 100 bp 

template (41).  
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Bridge PCR, favored by Illumina/Solexa, similarly creates spatially separate 

clonally amplified product. Universal adaptors are ligated to a library of sequencing 

templates. Forward and reverse primers are designed to specifically target these 

adaptors and are immobilized on a glass slide by their 5’-ends using any of several 

chemical methods (37,42). All other required reagents for PCR are added in the 

aqueous phase and thermal cycling is performed on the slide. Since all primers are 

immobilized the copies of each template remain localized, and the result is that each 

template molecule generates a tight cluster of about 1000 copies (13). Bridge PCR can 

achieve extremely high density surfaces of up to 10 million colonies/cm2 (37). Cyclic 

sequencing can then be performed on this amplified product. 

 

Figure 1.3. Clonal amplification of DNA fragments. (a) Emulsion PCR (b) Solid-phase PCR 

amplification (12) 
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These PCR protocols, while effective, do have substantial drawbacks. All 

thermostable polymerases have nontrivial error rates, introducing mutations into the 

PCR product. Also, PCR exhibits bias towards AT-rich and GC-rich stretches of 

sequence, resulting in the overrepresentation of some targets and underrepresentation 

of others (43,44). This is undesirable when aligning genomes after sequencing and is 

particularly detrimental to quantitative applications such as RNA-seq (12). 

1.4 Homing Endonucleases 

Homing is the transfer of a mobile genetic element to a cognate allele that 

lacks that element resulting in its duplication. Homing endonucleases are rare-cutting 

enzymes that are encoded by open reading frames embedded within introns or inteins. 

They promote the homing of their mobile genetic elements by generating strand 

breaks in the cognate alleles that lack the intervening sequence (45). Homing enzymes 

can be divided into several unique families based on their structure, including HNH, 

His-Cys box, GIY-YIG, and LAGLIDAG. As a class they exhibit some properties that 

are unique to endonucleases. They display extremely high DNA-binding specificities 

which arise from target sites that can approach 40 base pairs (46). They are tolerant of 

a range of sequence degeneracy within these sites and display disparate DNA cleavage 

mechanisms (47). Most homing enzymes create double-stranded breaks in their DNA 

target but two homing nicking enzymes have been identified (48-50). Homing 

enzymes have garnered considerable interest in the field of genomics because their 

unusually long recognition sites and specificity make them uniquely suitable for 
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genomic research. Many research groups have targeted homing enzymes as substrates 

for protein engineering and altered specificity investigations (51,52)due to their 

potential applications in gene therapy. 

1.5 Engineering Novel Enzymes 

 All of the enzymes that exist in biology arose through a Darwinian evolution 

system over millions of years and through countless cycles of polypeptide mutations. 

As molecular biology has progressed, we have found many commercial and research 

uses for these effective enzymes designed by nature. The diversity of living beings has 

provided a library of unique enzymes with valuable properties. The PCR reaction 

became a viable method of amplifying DNA only after Taq polymerase was 

discovered and isolated from a thermophilic organism (32). As the relationship 

between proteomic genotype and phenotype was further elucidated, methods were 

developed to tailor enzymes to a particular need or condition. A greater understanding 

of protein structure and function led to the ability to engineer enzymes with altered 

activity, stability, and specificity (53). These artificial enzymes have found uses in the 

laboratory as well as industrially, where environments of extreme temperature, pH, or 

salinity preclude the use of natural enzymes (54). Significant progress in 

computational models, capable of predicting tertiary structure and protein or 

nucleotide interactions from an amino acid sequence, has also facilitated the design of 

novel enzymes. Currently there are two well-established approaches for engineering 

proteins: rational design and directed evolution. 
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In rational design, the structure of a protein and its amino acid sequence are 

analyzed to determine which residues play key roles in the function of the enzyme. 

Educated guesses can then be made to predict the effect of mutating these key amino 

acids. Site-directed mutagenesis, utilizing either PCR or cell cloning, is used to 

introduce the desired mutant base pairs into the gene for the protein. Researchers have 

successfully used rational design to alter the specificity of enzymes(55-57), enhance 

an enzyme’s thermal properties(58,59), tailor a protein’s nanomechanical properties 

(60),and increase resistance to pH denaturation or proteolytic degradation(61). This 

approach is only possible when detailed knowledge of the structure and function of the 

protein are known. However, even if the protein in question has not been studied 

extensively, its properties can often be inferred by comparing it to well-documented 

homologous proteins (62) since many classes of enzymes have similar motifs or even 

segments of identical sequence. 

 If the enzyme structure or knowledge about the relationship between its 

sequence, structure, and function are unknown, directed evolution can be applied. In 

directed evolution, the gene for a protein is subjected to random mutagenesis. A 

library of mutants is then screened either in vivo (63)or using a cell-free translation 

system in vitro (64). Directed evolution implements an iterative Darwinian process 

whereby the fittest variants are selected from a library of mutants. Unlike natural 

selection, in which proteins evolve under multiple selection pressures, directed 

evolution employs a single controlled selection pressure for predetermined functions. 

Further, directed evolution can obtain non-natural functions of practical use while 
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natural selection must choose those whose function is most advantageous to a living 

organism (65). Typically, several rounds of selection are carried out where each round 

is more stringent than the last to obtain the best possible variant. In vitro evolution 

requires the continued introduction of genetic mutations to offset the loss of diversity 

due to selection, thereby allowing a more extensive exploration of potentially 

advantageous sequences (66). This is usually achieved using error-prone PCR 

(epPCR) or genetic recombination (gene shuffling). 

 Currently many researchers have turned to a combination of the two methods 

to achieve the most efficient selection of enzymes with desired properties. This 

combined approach has been called “semi-rational design” (67) or “focused directed 

evolution” (68). Once target amino acids have been identified, as in rational design, 

they are subjected to saturation mutagenesis where every residue is mutated to each of 

the other 19 amino acids. This results in a large library of variants where the mutations 

are focused into a desired area, often the substrate-binding site. Some evolutionary 

pressure is then applied to the library to select the best proteins. A major breakthrough 

that has assisted all directed evolution studies is the use of in vitro 

compartmentalization (IVC). Developed in 1998 (69), these water-in-oil emulsions 

were originally designed to serve as compartments for molecular evolution long before 

the technology was adopted by emulsion PCR. These emulsions miniaturized and 

parallelized biochemical reactions in which it was desirable to maintain a link between 

genotype and phenotype. The emulsions are stable across a broad range of 

temperatures, pH, and salt concentrations, making them perfect for the directed 
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evolution of billions of molecules or proteins simultaneously. They have been shown 

to be an effective tool for the selection of endonuclease genes from a library of DNA 

fragments (70,71). Many modern protein engineering studies make use of both 

focused directed evolution and IVC (72-74). 

1.6  Scope of the Dissertation 

The objective of this dissertation work was to develop methods to improve the 

techniques currently used to generate genomic libraries for DNA sequencing. The 

pursuit of this goal led to a diverse group of projects that address steps in the genomic 

library pipeline. 

In Chapter 2, we describe the design and assembly of device for the automated 

fragmentation of genomic DNA. We show that the length of the fragments can be 

easily controlled by varying the velocity of the DNA in solution as it passes through a 

filter screen. This device represents an improvement over similar commercially 

available models. 

In Chapter 3, we report the development of protocols for the unbiased linear 

amplification of long DNA fragments. A DNA polymerase and a nicking 

endonuclease act in concert in a custom buffer to replicate DNA via a strand 

displacing mechanism. This optimized method is superior to previous iterations of the 

technique due to the exclusive use of native nucleotides and the length of fragments 

that can be amplified. 
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Lastly, in Chapter 4 we present strategies for the use of a highly specific 

homing endonuclease in strand displacement amplification reactions. Since the 

method typically requires a nicking enzyme, methods of protecting one DNA strand 

from cleavage were necessary. These included the use of non-native nucleotides and 

the inactivation of the enzyme’s cutting site. We also present work towards a platform 

for the engineering of an endonuclease’s recognition sequence. Strategies for mutating 

targeted amino acids, expressing millions of mutant variants in parallel, and selecting 

desirable genes from the pool using biotin-streptavidin binding are explored. Progress 

made using the homing endonuclease I-PpoI is described. The platform may be useful 

for engineering other endonucleases or investigating the plasticity of the recognition 

sequences of existing nucleases. 
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Chapter 2: A Device for Automated Hydrodynamic 

Shearing of Genomic DNA 

2.1 Abstract 

We describe a device for automated fragmentation of genomic DNA by 

hydrodynamic shearing using a filter screen with uniform pores. Human genomic 

DNA can be fragmented reproducibly to 2 to 12 thousand base pairs by using various 

fluid flow rates and screens with 0.5 μm to 10 μm pores. The utilization of disposable 

screens eliminates sample cross-contamination and the tendency of device clogging 

commonly encountered in single-orifice shearing devices. 

2.2 Introduction 

The fragmentation of chromosomal DNA and production of unbiased genomic 

DNA libraries is a critical and sometimes rate-limiting step in the DNA sequencing 

pipeline, especially for many next-generation sequencing platforms. Currently four 

methods are commonly used for DNA fragmentation: enzymatic digestion (1-8), 

sonication (9,10), nebulization (11-13) and hydrodynamic shearing (14,15). Even 

though all have been used in library construction, these methods have limitations; as 

examples, the biases produced by endonuclease digestion, low cloning efficiency due 

to DNA damage by sonication (14,16,17), large size distribution and difficulty in 

automation by nebulization, and the high cost and clogging issues by hydrodynamic 

shearing using instruments with single-orifice devices.  
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The hydrodynamic shearing method is widely used for shearing genomic DNA 

(14,15). The DNA molecules are fragmented by hydrodynamic shear stress when they 

are forced through a point-sink such as a small orifice or the bore of small-diameter 

tubing at high velocity. Genomic DNA can be sheared randomly with a tight 2-3 fold 

size distribution and the cloning efficiency of the sheared DNA fragments is very high 

(14,15). The length of the fragments is determined by the flow velocity of the solution 

and the diameter of the orifice, independent of the initial DNA size and concentration, 

and salt concentration (15). A commercial instrument and various shearing assemblies 

containing a single laser-drilled orifice on a ruby jewel (Hydroshear® by Genomic 

Solutions Inc., Ann Arbor, MI, USA) are available for performing the process semi-

automatically. However, the instrument is expensive for many investigators. The 

shearing assemblies also tend to get clogged and are too expensive to be disposed of 

after every use.  

We describe an inexpensive device for automated fragmentation of genomic 

DNA using hydrodynamic shearing. A schematic of the device is illustrated in Figure 

2.1. The system consists of a computer-controlled syringe pump with a built-in 9-port 

valve and a filter screen housed in an adaptor connected to the valve via rigid tubing. 

The key component of the device is a disposable stainless steel filter screen which 

contains thousands of uniform pores with micron or sub-micron dimensions, in 

contrast to the single-orifice devices used in the shearing assemblies of the Hydroshear 

instrument. Similar to the Hydroshear instrument, hydrodynamic shear stress is 

utilized to break long DNA molecules into smaller fragments. 

 

 



26 

 

Cavro XR Rocket Pump

Valve

2.5 mL 
syringe

Waste

HCl

NaOH

H2O

TE

Air

Output 1

Output 2

Samples

Filter Screen Housing

Filter Screen

Figure 2.1. Schematic of a device for hydrodynamic shearing of DNA. A Cavro XR pump with a 

built-in 9-port valve is used. A cross-section of the filter screen housing is also illustrated. Shown at the 

upper right corner is a transmitted-light micrograph of a portion of a 10 μm screen. The computer used 

to control the instrument is not shown here. 

2.3 Materials and Methods 

2.3.1 Materials 

Our shearing device consists of a syringe pump with a built-in 9-port valve 

(Cavro XR syringe pump, part No. 729848, $2073, Tecan Systems, Inc., Männedorf, 

Switzerland) and a syringe (Cavro XLP syringe, 2.5 mL, part No. 734806, $60, Tecan) 

with a ¼-28 fitting to the bottom port of the valve. The syringe pump is controlled by 

a computer via an RS232 interface using the PumpLink program provided by Tecan. 
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The syringe pump plunger speed can be varied from 1.2 to 1200 seconds per stroke, 

corresponding to 125 mL/min to 0.125 mL/min with a 2.5 mL syringe. All flow rates 

tested between 15 mL/min and 125 mL/min produced sheared fragments of 

predictable length. Shearing is accomplished with a removable stainless steel filter 

screen of 1/8" diameter and of various pore sizes (0.5 μm, part No. 5SR2-10, $2 each; 

or 10 μm, part No. 10SR2-10, $1 each; from VICI Valco Instruments Co. Inc., 

Houston, TX, USA) housed in a standard filter adaptor (Part No. ZUFR1C, $40, VICI 

Valco). The thickness of each screen varies depending on the diameter of the type 316 

stainless steel fibers used to construct the screen. The thickness of the 0.5 μm screen is 

40 μm while that of the 10 μm screen is 125 μm. All tubing used in the system is high 

purity PFA Teflon tubing with 1/16" outer diameter and 0.030" inner diameter (Cat. 

No. 1513, $1.80/foot, Upchurch Scientific, Oak Harbor, WA, USA). Tubing lengths 

between the sample and valve are generally less than 5 cm to minimize void volume. 

We recommend that users concerned about potential rust formation on stainless steel 

components consider an all-PEEK filter housing (Cheminert® Part No. ZU1FPK.5, 

$44, VICI Valco) and replaceable PEEK-encapsulated titanium filter elements 

(Cheminert® Part No. C-F1.5TI, $4.50 each, VICI Valco). The cost of our instrument 

is about $2200 (computer not included):  
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Part Cost 

Cavro XR Syringe Pump $2073.00 

Cavro XLP Syringe $60.00 

Filter Adaptor $40.00 

PFA Teflon Tubing $1.80 

0.5 μm filter $2.00 

10 μm filter $1.00 

Total $2177.80 

   

The source DNA was human genomic DNA (Cat. No. G304A, Promega Corp., 

Madison, WI, USA) diluted to 30 μg/mL in a TE buffer (10 mM Tris-Cl, 1 mM 

EDTA, pH 8). Greater than 90% of the DNA is longer than 50 kb in size. All solutions 

were prepared with 18.2 MΩ-cm H2O (Milli-Q, Millipore Corp., Billerica, MA, USA) 

and filtered through a 0.22 μm cellulose nitrate filter (Part No. 430758, $1.50 each, 

Corning Inc., Corning, NY USA) to prevent potential clogging by impurities. 

2.3.2 Hydrodynamic Shearing of Genomic DNA with Screens 

DNA shearing with our device is a relatively simple 2-step process that can be 

carried out automatically in 20 minutes: 

 

(1) Washing. After the chosen screen is inserted into the filter screen housing, the 

assembly was washed extensively, 6 times with 1.5 mL of 0.5 M HCl followed by 6 

times with 1.5 mL of 0.5 M NaOH. 500 μL of air was drawn into the syringe to purge 

any wash solution remaining in the valve that may damage the DNA. To rinse the 

 

 



29 

 

wash solution from the syringe and tubing, the system is washed 8 times with 2 mL of 

dH2O and then with TE buffer. About 50 μL TE buffer is left in the tubing so that no 

air will be present in the system which could cause splashing of the sample onto the 

tube wall. The entire wash sequence is automated. 

(2) DNA Shearing. The DNA was sheared by pulling the sample into the syringe and 

then forced back into its original tube through the screen for a determined number of 

iterations at the desired speed. After the shearing, air is pulled into the syringe and 

used to purge the entire fluid sample into the collection tube. To produce DNA of 

various fragment lengths from the same genomic DNA, portions of the sample were 

sheared at incrementally higher speeds and output into tubes connected to the different 

ports of the valve. The plunger depth was adjusted to account for the decrease in 

sample volume, and the remainder of the sample was then sheared at a higher speed. 

After each shearing experiment, the system was washed with the procedure described 

above. 

2.3.3 Characterization of fragment lengths and distributions 

To quantify the effect of screen pore sizes and flow rates on fragment lengths 

and distributions, we sheared human genomic DNA using screens of two different 

pore sizes (0.5 μm and 10 μm) at six flow rates (15, 25, 35, 45, 79, and 125 mL/min). 

The initial sample used was 165 μL of 30 μg/mL human genomic DNA in TE buffer. 

Shearing was performed as described above. A 15 μL aliquot was removed after 

shearing at each of the six speeds. To determine the potential variation in performance 
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with different batches of screens, three different screens of both 0.5 and 10 μm pore 

sizes were used to perform the shearing on three different days. 

2.3.4 Elimination of Contamination 

To show that the system can be washed sufficiently to eliminate any residual 

DNA in the tubing and the syringe, we sheared a sample that had been spiked with a 

1600 bp known DNA fragment. Forty microliters of 500 nM DNA was added to 10 μL 

of 163 ng/μL genomic DNA and 70 μL TE buffer. After shearing at 79 mL/min 

through a 0.5 μm screen, the sample was collected. The system was washed with 

NaOH and HCl solutions according the procedure described above. Fifteen microliters 

of the final TE buffer rinse was saved and used as template in a PCR reaction with 

primers specific for the amplification of the spiked DNA. As a positive control, 0.2 μL 

of the sample was also used as a template for a PCR reaction. To see if the screen 

could be a source of contamination, the used screen was discarded and a new one 

placed into the housing. The system was rinsed with TE buffer again, and 15 μL of 

this final wash solution was used in the PCR reaction as well. Each PCR was carried 

out for 30 cycles using Phusion™ High-Fidelity Polymerase (New England Biolabs, 

Cat. No. F-530L) according to the manufacturer’s instructions. 

2.3.5 Analysis 

The average size and range of the DNA fragments were analyzed by 

electrophoresis using 0.8% agarose gels. 250 ng of 1 kb Plus DNA ladder (Cat. No. 

10787018, Invitrogen, Carlsbad, CA, USA) was also loaded onto the gel for 
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quantification. Approximately 225 ng of sheared DNA was loaded in each lane and 

electrophoresis was carried out at 5V/cm for 60 minutes in TAE buffer (40 mM Tris, 

20 mM acetic acid and 2 mM EDTA, adjusted to pH 8.0 with NaOH). The gels were 

stained with SYBR Gold nucleic acid stain (Cat. No. S-11494, Invitrogen) in TAE 

buffer, and then imaged with a Gel Doc XR and a 12-bit camera system using the 

Quantity One 1-D Analysis Software (Bio-Rad Laboratories, Hercules, CA, USA). 

After background subtraction, the raw intensity values at all the points in each lane 

were exported to Microsoft Excel. To characterize each screen, data from 3 separate 

shearing runs with the same screen were averaged. An exponential equation relating 

fragment length and migration distance on the gel was established from the bands of 

the 1kb Plus standard. That equation was used to assign a base pair value to each data 

point. By dividing the raw intensity values with their corresponding base pair number, 

the relative population of each fragment length was calculated. The average fragment 

length was calculated by dividing the sum of the raw intensity values by the sum of 

the relative population values. The relative population data was normalized by 

dividing each point by the maximum value in the lane and then plotted as a function of 

fragment length using Kaleidagraph (Synergy Software, Reading, PA, USA). 

The range of fragment sizes for each screen (0.5 μm and 10 μm) at each speed 

(15, 25, 35, 45, 79, and 125 mL/min) was defined as the range of base pairs that 

encompasses 80% of the total fragments, with approximately 10% of fragments falling 

above and below this range. This was determined by calculating the area underneath 

the curve of the relative population vs. length to find the lower and higher cut-offs. 
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The percent range in Table 2.1 is the coefficient of variation from three shearing runs. 

The coefficient is calculated by dividing the standard deviation by the mean value. 

2.4 Results and Discussion 

 Shearing of genomic DNA with our device entails a washing step and a 

shearing step that can be carried out automatically in about 20 minutes. First, the 

desired screen is inserted into the adaptor and the fluidic system is washed extensively 

with HCl, NaOH, water, and a buffer. Second, the DNA is loaded and sheared by 

running the solution through the screen 20 times. A computer-controlled syringe pump 

with a 9-port valve is used to fully automate the entire shearing process. We have 

shown that human genomic DNA can be sheared using screens with pore sizes of 0.5 

μm, 1 μm, 2 μm and 10 μm at fluid flow rates of 15 mL/min to 125 mL/min. Table 2.1 

lists the average lengths and distributions of the fragments and the coefficients of 

variation from three independent runs using three different 0.5 μm and 10 μm screens 

at six different flow rates. Typical gel images of the sheared products are shown in 

Figures 2.2A and 2.2B. Shearing with screens of pore sizes 1 μm and 2 μm gave 

results similar to those obtained with the 0.5 μm screen. 
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Table 2.1. Flow rates and fragment lengths – Reproducibility between different batches of 

screens. The average size and range of the DNA fragments produced by shearing with 0.5 μm and 10 

μm screens at 15, 25, 35, 45, 79, and 125 mL/min flow rate are listed. For each pore size and flow rate, 

the averages and coefficients of variation were calculated from data obtained from three runs, each time 

with a different screen. 80% of the DNA fragments have lengths between the low and high value while 

10% of DNA fragments have lengths below and 10% above. 

 

 

Flow Rate 

(mL/min.) 

Size and Distribution (Kbp) 

0.5 µm Screen 10 µm Screen 

Low High Mean Low High Mean 

15 4.7 ± 17% 10.4 ± 10% 6.2 ± 9% 9.8 ± 7% 17.6 ± 8% 11.7 ± 9% 

25 2.9 ± 11% 7.4 ± 4% 4.2 ± 11% 7.0 ± 16% 15.8 ± 5% 9.2 ± 13% 

35 2.0 ± 7% 5.6 ± 6% 3.1 ± 11% 5.5 ± 9% 14.1 ± 9% 7.3 ± 9% 

45 1.7 ± 3% 4.2 ± 7% 2.4 ± 6% 4.1 ± 4% 12.8 ± 4% 6.0 ± 2% 

79 1.3 ± 10% 3.7 ± 2% 2.0 ± 4% 3.7 ± 6% 11.0 ± 13% 5.2 ± 3% 

125 1.2 ± 15% 3.3 ± 8% 1.9 ± 7% 3.4 ± 1% 10.7 ± 10% 4.8 ± 4% 
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Figure 2.2. Lengths and size distributions of the DNA fragments as a function of screen pore size, 

flow rate and number of iterations. (A) and (B) Gel images of human genomic DNA sheared with 0.5 

μm (A) and 10 μm (B) screens at various flow rates. Lanes 1 and 8: 250 ng of 1 kb Plus ladder. Lane 2-

7: DNA sheared with a flow rate of 15, 25, 35, 45, 79, and 125 mL/min respectively. (C) Effect of the 

number iterations. Human genomic DNA was sheared by increased number of iterations using a screen 

with pores of 0.5 μm diameter. Lane 1: 250 ng of 1 kb Plus ladder. Lane 2: 250 ng of genomic DNA. 

Lanes 3-7: DNA sheared with1, 3, 5, 10, 15 and 20 iterations respectively. 
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The average length of the fragments is controlled primarily by the fluid flow 

rate, the size of the pores in the screen, and the iterations of sample passing through 

the screen. As shown in Figure 2.2C, the majority of DNA molecules were sheared to 

the target size in just one iteration. Almost all DNA fragments approached the 

minimal length after 5-10 iterations. No further change in length and distribution was 

observed after 20 iterations. The more important parameters are the flow rate and 

screen pore size. The fluid flow rates given in the text and the figures are the speeds at 

which the syringe pump delivers the fluid, not the actual flow rates of the DNA 

solution through the pores. The screen is constructed of woven stainless steel fibers. 

The pores are of irregular geometry but are very uniform in shape and size across the 

entire screen (Figure 2.3). Due to the complex geometry of the pores, the flow rate of 

the fluid through each pore increases, reaches the maximum and then decreases as the 

fluid enters, reaches the smallest cross section of, and leaves the pore. We have 

estimated that the pores account for approximately 2% and 10% of the cross section of 

the 0.5 μm and 10 μm screens respectively, so the actual flow rate for the 0.5 μm 

screen and 10 μm screens is 50 and 10 times of that delivered by the syringe pump. 

The size of the pores is vast (≥500 nm) compared to the diameter of the DNA 

molecule (2 nm), so the effect of pore geometry on the shear stresses on the DNA 

molecules is expected to be minimal. With the exceptional uniformity in size, 

geometry, and distribution across each screen and between different batches of 

screens, a narrow range of fragment sizes with over 80% of fragments within a 2- to 3-
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fold range can be achieved reproducibly. In all cases a higher flow rate results in 

smaller DNA fragments and a smaller pore size produces shorter fragments at all fluid 

flow velocities. The coefficient of variation is usually small, less than 10% between 

three runs with the same screen or three different batches of screens. 

 

 

Figure 2.3. SEM image of a 10 µm screen. 
 

Figures 2.4A and 2.4B show the relationships between the flow rates and 

lengths of the DNA fragments produced by shearing with 0.5 μm and 10 μm screens. 

Fragment sizes from 2 to 12 kbp can be achieved using screens of these two pore sizes 

by varying the flow rates. The minimum average size that can be produced with our 

current device is about 2000 bp using a 0.5 μm screen (the smallest pore size currently 

available from VICI Valco) with a flow rate of 125 mL/min (maximum flow rate 

attainable with our current system). As shown in Figure 2.4C, the non-linear 

relationship between flow rate and fragment size follows a power law. The increase in 
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flow rate from 40 to 125 mL/min results in only a small decrease in fragment size. To 

shear DNA to fragments shorter than 2 thousand base pairs will require screens of 

smaller pore sizes and a syringe system that can deliver higher flow rates. Very little 

heat is generated in our shearing process. However, as a precaution against any 

potential GC bias, the shearing assembly can be cooled on ice as usually practiced in 

DNA shearing process (18). 
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Figure 2.4. Lengths and size distributions of the DNA fragments as a function of screen pore size 

and flow rate. (A) and (B) Distribution of DNA fragments produced by shearing with screens of 0.5 

μm (A) and 10 μm (B) pore sizes at various flow rates, plotted as relative population of the DNA 

fragments as a function of fragment size. The slight distortion of the curves at larger fragment sizes 

seen in (B) could be due to artifacts in the gel analysis of large DNA fragments. (C) Fragment lengths 

vs. fluid flow rates. Human genomic DNA was sheared at six different speeds using screens with pore 

sizes of 0.5 μm and 10 μm. The products were separated by electrophoresis with 0.8% agarose gel and 

the average fragment size was computed as described in the Methods in the Supplementary Materials. 

Data from three shearing runs with the same screen were averaged to obtain the data. Each error bar is 

one standard deviation from the mean and is intended to demonstrate reproducibility across different 

batches of screens. 
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A major concern for hydrodynamic shearing instruments that employ single-

orifice devices is the frequent clogging of the small orifice. Our attempts to design a 

custom shearing instrument were prompted by frustration following many attempts to 

shear DNA with the HydroShear-Custom Shearing Assembly - small (650b-5Kb). 

Despite thorough filtering of all reagents, clogging of the orifice frequently terminated 

our experiments prematurely. With the use of a screen, however, we have never 

experienced any clogging. The screens can be used repeatedly without any change in 

performance. This makes our system more robust and user-friendly. No noticeable 

evidence of rust was observed on the stainless steel screens even after several weeks 

of usage. If rust is a concern, filters made of PEEK-encapsulated titanium (available 

from VICI Valco) can be used. Another concern is potential sample carryover 

contamination. The shearing assemblies used in the Hydroshear instrument are too 

expensive to be disposed of after every use. We found that with our standard wash 

procedure re-using the screens increases the potential of sample carryover which can 

be detected by PCR amplification (Figure 2.5). Fortunately, the screens used in our 

device are very inexpensive (2 US dollars at time of writing) and can be replaced 

easily. Cross-contamination can be eliminated entirely by replacing the screens 

between samples.  
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Figure 2.5. Elimination of cross-contamination. After washing the syringe and tubing and replacing 

the screen, no contamination is detected by PCR. Lane 1: PCR reaction with sheared DNA as template. 

Lane 2: PCR reaction with TE from tubing after washes. Lane 3: PCR reaction with TE from tubing 

after the washes and the replacement of the screen. Lane 4: 250 ng of 1 kb Plus Ladder. Lane 5: 

Sheared DNA spiked with 1600-bp fragment. 

 

It has been shown that DNA fragments obtained by hydrodynamic shearing are 

random and have high cloning efficiency, suitable for genomic library construction 

(14,15). Since our device utilizes the same hydrodynamic shearing mechanism, it is 

reasonable to expect that the fragments produced using our device are random and 

have similar high cloning efficiency. 

2.5 Conclusion 

In summary, we have discovered that stainless steel filter screens with very 

uniform pores can be used in place of single-orifice devices to shear genomic DNA. 
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We have developed an inexpensive device and the procedure for fully automated 

hydrodynamic shearing of genomic DNA with performance comparable to that of the 

Hydroshear instrument (14,15). The utilization of the inexpensive disposable screens 

eliminates potential sample cross-contamination and the tendency of device clogging. 

Our device can be assembled easily from very inexpensive commercially available 

parts. We believe our significantly improved device and method for hydrodynamic 

shearing of DNA will be of great utility in producing genomic DNA libraries for 

genome sequencing using next-generation sequencing platforms. 
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Chapter 3: Linear Nicking Endonuclease-Mediated Strand 

Displacement DNA Amplification 

3.1 Abstract 

We describe a method for linear isothermal DNA amplification using nicking 

endonuclease-mediated strand displacement by a DNA polymerase. The nicking of 

one strand of a DNA target by the endonuclease produces a primer for the polymerase 

to initiate synthesis. As the polymerization proceeds, the downstream strand is 

displaced into a single-stranded form while the nicking site is also regenerated. The 

combined continuous repetitive action of nicking by the endonuclease and strand 

displacement synthesis by the polymerase results in linear amplification of one strand 

of the DNA molecule. We demonstrate that DNA templates up to five thousand 

nucleotides can be linearly amplified using a nicking endonuclease with seven base-

pair recognition sequence and Sequenase version 2.0 in the presence of single-

stranded DNA binding proteins. We also show that a mixture of three templates of 

500, 1000, and 5000 nucleotides in length are linearly amplified with the original 

molar ratios of the templates preserved. Moreover, we demonstrate that a complex 

library of hydrodynamically sheared genomic DNA from bacteriophage lambda can be 

amplified linearly. 

44 



45 

 

3.2 Introduction 

Many recent advances in biomedical research and applications such as genome 

sequencing and genetic diagnosis can be attributed, to a large extent, to the invention 

of many ingenious methods for DNA amplification, such as the cloning of plasmid 

DNA in bacteria (1) and the polymerase chain reaction (PCR) (2,3). In addition to the 

revolutionary PCR and the ligase chain reaction methods (4) which are based on 

thermal cycling, a variety of other methods have been developed for isothermal 

amplification (5). Notable ones include strand displacement amplification (SDA) with 

linear templates (6) or rolling circle amplification (RCA) with circular templates (7,8), 

transcription-mediated amplification (TMA) (5,9,10), multiple-displacement 

amplification (MDA) (11,12), helicase-dependent amplification (HDA) (13,14) and 

primase-based amplification (pWGA) (15). SDA, RCA, TMA and HDA can be used 

for both linear and exponential amplification with sequence-specific primers. MDA 

and pWGA can only be used for exponential amplification. Short degenerate 

oligonucleotide (6-8 nt) primers are required for MDA while no primers are needed 

for pWGA. The powerful MDA has been the method of choice for whole genome 

amplification from limited amount of genomic DNA (16) and has been applied to the 

amplification of genomic DNA from single cells for genome sequencing (17-20). 

Unfortunately, a high degree of amplification by MDA could produce significant 

amplification bias and artifactual chimeras, which are very likely the results of the 

stochastic random priming events and the formation of primer-dimers due to the use of 

the short degenerate primers (17,20,21). 
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The nicking-mediated SDA method initially described by Walker et al. utilizes 

a polymerase working in concert with a restriction enzyme and a set of specific 

primers to amplify target DNA molecules isothermally (6,22,23). However, there are 

substantial drawbacks. First, the method relies on the incorporation of an α-

phosphorothioate into one strand of the partially palindromic recognition site of a 

double-stranded cutting restriction enzyme to prevent the hydrolysis action of the 

enzyme on the strand containing the α-phosphorothioate. The incorporation of the α-

phosphorothioate essentially transforms the cutting site introduced by the primers into 

a nicking site for the restriction enzyme. Only a very limited number of restriction 

enzymes (usually HincII or BsoBI) can be used for SDA. Second, a DNA product 

containing a significant fraction of bases with α-phosphorothioate may not be 

desirable for certain downstream applications since the non-native nucleotide may 

interfere with further manipulations of the DNA such as digestion by nucleases (24-

27). Third, it has not been demonstrated that DNA molecules with length greater than 

100-200 nucleotides (nt) can be amplified with the method (22,28). This may have 

been due to use of DNA polymerases that do not possess both high processivity and 

strand-displacement capability in the earlier SDA experiments. In addition, the 

restriction enzymes used have recognition sequences equivalent to only five base 

pairs. Therefore, it is expected that in general the method cannot be employed to 

amplify targets over a thousand nucleotides since there exists an average of one 

cutting site per 1024 nt assuming the template sequence is random. While SDA with 

endonucleases and phosphorothioate nucleotides has proven to be very useful for 
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signal amplification and sequence detection (29,30), so far its utility for amplifying 

longer DNA sequences has yet to be demonstrated. 

To circumvent the use of α-phosphorothioates and double-stranded cutting 

restriction enzymes in SDA, two groups have reported attempts at utilizing nicking 

enzymes for SDA (31,32). In a method called nicking-endonuclease mediated DNA 

amplification (NEMDA) reported by Chan et al., an engineered nicking nuclease with 

only three-base recognition sequence was used in combination with a DNA 

polymerase for the amplification of genomic DNA (31). Through extensive 

optimization, Ehses et al. also demonstrated some success in the amplification of a 93-

nt fragment by SDA with engineered nicking endonuclease Nt.BstNBI, which has a 

five-base recognition sequence (32). However, so far there has not been any report of 

success in the amplification of DNA molecules greater than 200 bases by SDA 

(28,32). Other methods such as NESA (33) and EXPAR (34,35) that employ 

polymerases and nicking enzymes are limited to even shorter targets and rely on the 

spontaneous dissociation of DNA strands following nicking rather than the strand 

displacement activity of the polymerase. Techniques that use cycles of nicking and 

polymerization to stimulate the aggregation of nanoparticles or light emission have 

also been developed (36,37). Much like SDA with phosphorothioate nucleotides, these 

methods are excellent for signal amplification but cannot be used for amplifying long 

DNA strands. 

Other similar approaches have been developed for the isothermal linear 

amplification of RNA and DNA as well. Small quantities of RNA can be amplified 
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with little bias by T7 transcriptional amplification (38-40), and adaptations of this 

method for DNA amplification (41) have demonstrated replication of genomic DNA. 

Recently, a method called circular nicking endonuclease-dependent amplification 

(cNDA) demonstrated the ability to combine a nicking enzyme with the T4 replisome 

to amplify plasmid DNA (42). However, these methods require the concerted action of 

several enzymes. There is still a potential for bias introduced by the T7 primer 

sequence (43) and RNA intermediates or final products are susceptible to degradation 

(44), while cNDA requires a circular template. Another group has exploited the 

nicking activity of the DNA mismatch-repair enzyme endonuclease V to enable linear 

SDA of target molecules (45), but did not demonstrate the ability to amplify long 

DNA molecules. 

Very long DNA molecules in a complex mixture such as a whole genome can 

be amplified by RCA (8,46) and MDA presumably due to the use of ϕ29 DNA 

polymerase which has extremely high processivity and strong strand-displacement 

capability (16,47). However, the construction of circular DNA templates for RCA 

could be cumbersome or not practical and large DNA molecules may not be amplified 

efficiently by RCA, while MDA may still produce significant amplification bias and 

chimeras due to the use of short degenerate primers (17,20,21). Methods for unbiased 

linear or exponential amplification of long DNA molecules in a complex mixture are 

useful for many applications. SDA appears to be an ideal method because of its unique 

mechanism of amplification. 
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In this study, we investigated the use of DNA polymerases with high 

processivity and strong strand displacement capability in combination with nicking 

endonucleases with long recognition sequences for linear amplification of long DNA 

molecules by SDA. A number of DNA polymerases and nicking endonucleases were 

examined. The DNA polymerases include Bst (large fragment), ɸ29, and Sequenase 

2.0, all of which seem to possess the desired characteristics for SDA. To enable the 

specific amplification of long DNA targets, nicking endonucleases with long 

recognition sequences are essential. Fortunately, several nicking endonucleases have 

been recently engineered and are commercially available (31,48-54). The engineered 

nicking enzymes Nt.BspQI and Nt.BbvCI both have seven bp recognition sequences 

(52-54), which are 16X more specific than an enzyme with a five bp recognition 

sequence. On average, they would nick only once every 16,000 base pairs (47 = 

16,384) in a DNA molecule with random sequence, ensuring that for most templates 

amplification only occurs at nicking sites introduced by the primers. We report the use 

of these commercially available nicking endonucleases for linear amplification of 

DNA molecules by SDA. The basic principle of linear strand displacement 

amplification (LSDA) is illustrated in Figure 3.1. We have demonstrated for the first 

time that a mixture of DNA molecules from 500 to 5000 nucleotides can be amplified 

in a linear fashion independent of the lengths and sequences of the DNA molecules. 

We have also demonstrated that a complex library of bacteriophage lambda genomic 

DNA can be amplified linearly with the original distribution of the fragments largely 

preserved. 
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Figure 3.1. Linear DNA amplification by nicking endonuclease-mediated strand displacement 

DNA synthesis. After a nicking endonuclease cleaves a phosphodiester bond in the recognition 

sequence in one strand of the double-stranded DNA, a DNA polymerase binds to the nicking site and 

extends from the 3’ OH group, displacing the downstream strand. The extension by the DNA 

polymerase from the nick regenerates the double-stranded recognition site for the nicking enzyme. The 

continuous combined actions of the nicking endonuclease and DNA polymerase result in the linear 

amplification of one strand of the DNA. The recognition site for a nicking enzyme is either an 

endogenous site on the target DNA, or a site added to the end of the target DNA by the ligation of an 

oligonucleotide duplex containing the recognition sequence or by PCR using a primer containing the 

recognition sequence.  
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3.3 Materials and Methods 

3.3.1 Oligonucleotides, enzymes and other reagents 

 All oligonucleotides were purchased from Integrated DNA Technologies. All 

nicking enzymes and several polymerases, including Nt.AlwI, Nt.BbvCI, Nb.BsmI, 

Nt.BspQI, Nb.BsrDI and Nt.BstNBI, Exo- Klenow enzyme (E. coli. DNA polymerase 

large fragment), Bst DNA polymerase large fragment, ϕ29 DNA polymerase, 9°Nm 

DNA polymerase, Vent exo- DNA polymerase, and BSA (bovine serum albumin) 

were acquired from New England Biolabs (NEB). T4 DNA ligase was also obtained 

from NEB. Sequenase version 2.0, an engineered T7 DNA polymerase (55), and E. 

coli. single-stranded DNA binding protein (SSB) were purchased from United States 

Biochemicals. PCR was performed using a Phusion PCR kit from Finnzymes. 

Nucleotides were from Sigma Aldrich. Plasmid pET-24(a) was acquired from 

Novagen, now part of Merck Biosciences. The PCR Purification kit (Cat. No. K3100-

01) and nucleic acid dyes SYBR Gold, SYBR Green I, and SYBR Green II were 

obtained from Invitrogen. The PerfeCTa SYBR Green FastMix from Quanta 

Biosciences was used for the quantitative PCR (qPCR) experiments. Sequencing was 

provided by Eton Bioscience Inc. 

3.3.2 DNA templates 

 The 0.5, 1, and 5-kilonucleotide (knt) DNA templates were amplified from 

plasmid pET-24(a) by PCR. The same forward primer was used for the amplification 

of all the templates. In addition to 21 bases that anneal to the plasmid DNA, this 
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primer contained at its 5’ end the recognition sequences for both Nt.BspQI 

(GCTCTTCN^) and Nt.BbvCI (CC^TCAGC), and an additional 23 nucleotides of 

random sequence to increase the melting temperature of the upstream fragment 

following nicking activity. Each fragment produced from a template created with this 

forward primer will be 38 nucleotides shorter than the initial template. The forward 

primer had this sequence: 5’-CTG GAG TCA ACG CAT CGA GCA TAC CTC AGC 

GCT CTT CCG CTT CCT CGC TCA-3’. The reverse primers were 20-21 base long 

oligonucleotides designed to bind at the appropriate locations on the plasmid to 

provide the desired template lengths. The following primers were used: 5’-CGG GTT 

GGA CTC AAG ACG ATA-3’ for the 500 nt template, 5’-GAC ATT ATC GCG 

AGC CCA TT-3’ for the 1 knt template, and 5’-CTG TTC ATC CGC GTC CAG 

CTC-3’ for the 5 knt template. The GC content of the fragments varied from 52% for 

the 1 and 5 knt templates to 58% for the 0.5 knt template. All of the templates were 

amplified by 33 cycles of PCR. Each cycle consisted of 10 s at 98 ºC, 15 s at 78 ºC, 

and 15 s/knt at 75 ºC. The amplification was finished by a final reaction at 72 ºC for 

five min and cooling to 4 ºC. The amplified products were purified with a PCR 

purification kit and quantified by absorption measurement at 260 nm using a 

spectrophotometer (Nanodrop Model ND-1000 and software version 3.5.2, Thermo 

Scientific). Templates to test other nicking endonucleases were obtained similarly. 
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3.3.3 Genomic DNA library construction 

A library of randomly fragmented bacteriophage lambda genomic DNA was 

prepared and used as a model system to demonstrate the ability to amplify a complex 

library linearly by SDA. The lambda genomic DNA was fragmented by hydrodynamic 

shearing using a custom-built device (56). Briefly, linear lambda genomic DNA (48.5 

kbp, NEB) at a concentration of 30 ng/µL was passed through a filter screen (1-µm 

pore size and 1/16” in diameter, Product No. 1SR1-10, Valco Instruments Co. Inc.) 

housed in an internal stainless steel union with 0.25 mm diameter bore (Product No. 

ZU1C, Valco Instruments Co. Inc.). The DNA solution was pumped through the 

screen 20 times at a flow rate of 50 mL/min. The resulting DNA fragments were 

blunt-ended and 5’ phosphorylated using the NEBNextTM End Repair Module (Cat. 

No. E6050S, NEB). Sheared DNA (85 µL) was mixed with 10 µL 10X End-Repair 

Buffer and 5 µL Enzyme Mix (T4 polymerase and T4 Polynucleotide Kinase) and 

incubated at 20 °C for one hour. The enzymes were removed by membrane 

purification using the PCR Clean-up kit. An 8 µL aliquot of the resulting library was 

run on a 1% agarose gel to determine the mean size of the fragments, and the molar 

concentration of the fragments was calculated. Next, both ends of the genomic DNA 

fragments were ligated to a duplex adapter containing the recognition site for nicking 

endonucleases Nt.BbvCI and Nt.BspQI. To ensure that the adapter ligation is uni-

directional and to avoid self-ligation between the adapters, the duplex adapter is 

designed to have one blunt end without a 5’ phosphate group and one end with a 1-

base 5’ overhang. The duplex adapter consists of a 51-base oligonucleotide with 
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sequence 5’-CTG GAG TCA ACG CAT CGA GCA TAC CTC AGC GCT CTT CCG 

CTT CCT CGC TCA-3’, and a 50-base complement from the 3’ end. The nicking sites 

for Nt.BbvCI and Nt.BspQI are located at 25 and 38 nucleotides respectively from the 

5’ end of the top strand. An 80-fold molar excess of adapters over genomic DNA was 

used to prevent the ligation between genomic DNA fragments. The ligation reaction 

contained 2 µM of adapters and 25 nM of end-repaired genomic DNA in 50 mM Tris-

HCl pH 7.5, 10 mM MgCl2, 20 mM KCl, 1 mM ATP, and 10 mM dithiothreitol 

(DTT). T4 ligase was added to a final concentration of 15 cohesive end units/µL, and 

ligation was carried out at 26 °C for 12 hours. The reaction was stopped by heating at 

65 °C for 20 minutes. Since the adapters do not have a 5’ phosphate, only one strand 

of the duplex is ligated to the genomic DNA, leaving a nick on the other strand. The 

nicks were removed by performing a short strand displacement reaction using the 

nicks as the priming sites. Nucleotides, BSA and Bst DNA polymerase large fragment 

were added to a final concentration of 150 µM, 100 µg/mL, and 35 units/mL 

respectively and the mix was heated to 37 °C for 30 minutes. The polymerase and 

excess adapters were removed by two-time purification using a PCR Clean-Up kit. 

The final concentration of the DNA library was determined by absorption 

measurement using the Nanodrop spectrophotometer. The mean fragment size and the 

molar concentration of the resultant DNA fragments with the adapters were obtained 

by gel electrophoresis analysis of a small aliquot of the final library. 
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3.3.4 Strand displacement amplification reactions 

For SDA reactions with only one DNA template, each 25 μL reaction volume 

was assembled on ice and contained 2 nM DNA template, 40 mM Tris-Cl pH 8.0, 10 

mM MgCl2, 50 mM NaCl, 5 mM DTT, 100 μg/mL BSA, 500 μM each of all four 

dNTPs, 5 μM SSB, 400 nM (0.45 U/μL) Sequenase 2.0, and 3 nM (0.04 U/μL) 

Nt.BspQI (the molar concentration of Nt.BspQI was calculated using a specific 

activity of 370,000 U/mg and a molecular weight of 50 kDa, personal communication 

from New England Biolabs). The solution was divided into 5 μL aliquots in five 

microtubes. Immediately, 15 μL of PAGE gel stop buffer (80% formamide, 20 mM 

EDTA pH 8.0, 10 mM Tris-borate, 0.0125% bromophenol blue and 0.0125% xylene 

cyanol FF) was added to one tube for the zero time point reaction. The remaining 

tubes were incubated at 37 ºC. After 5 min, 10 min, 20 min, and 40 min incubation, 

one tube was removed and 15 μL of stop buffer was added to terminate the reaction. 

For simultaneous amplification of a mixture of three templates at equal molar 

concentrations, the reaction conditions were the same except that 2 nM of each of the 

0.5, 1 and 5 knt templates was used. For simultaneous amplification of a mixture of 

three templates at equal mass or nucleotide concentrations, all conditions were also the 

same except that the concentrations of the 0.5, 1, and 5 knt templates were 3 nM, 1.5 

nM, and 0.3 nM, respectively. When expressed in terms of mass or nucleotide, all 

three templates have the same concentration, 1.5 μM in nucleotide. To investigate the 

important contribution of SSB to the amplification reaction, two SDA reactions were 

performed in parallel on 1 nM 0.5 knt template using the conditions described above 
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without SSB or with 5 μM of SSB. Time points were taken at 0 min, 5 min, 10 min, 

and 20 min. 

For the amplification of the sheared genomic DNA library from bacteriophage 

lambda, a 15 µL reaction was assembled on ice. The reaction mix contained 2 nM 

DNA templates, 40 mM Tris-Cl pH 8.0, 10 mM MgCl2, 50 mM NaCl, 5 mM DTT, 

100 μg/mL BSA, 500 μM each of all four dNTPs, 5 μM SSB, 400 nM (0.45 U/μL) 

Sequenase 2.0, and 3 nM (0.04 U/μL) Nt.BspQI. The solution was divided into 5 μL 

aliquots in three microtubes. For the zero reaction time point, an agarose gel stop 

buffer (1.2% SDS, 7% Ficoll-400, 25 mM Tris-Cl pH 7.5, 25 mM EDTA, 0.0025% 

bromophenol blue, and 0.0025% xylene cyanol FF at 1X) was added immediately to 

one tube. The remaining tubes were incubated at 37 °C. After 15 min and 30 min, one 

tube was removed and the stop buffer was added to terminate the reaction.  

To observe the effect of nicking enzyme concentration on the SDA reaction, 

four different molar concentrations of Nt.BspQI were used in parallel SDA reactions 

on 2 nM 0.5 knt template. The concentrations of the enzyme tested were 0.6 nM, 3 

nM, 15 nM, and 75 nM. In addition to a zero min time point, samples were taken from 

each reaction at 10 min and 20 min and added to PAGE gel stop buffer. 

3.3.5 Quantification by gel analysis 

The rates and linearity of strand displacement amplification of the DNA 

templates prepared by PCR were quantified by electrophoretic analysis with 5% 

denaturing polyacrylamide gel in 0.5X TBE buffer (45 mM Tris-borate and 1 mM 
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EDTA, pH 8.4). For the 0.5 knt reaction, the entire volume of each time point was 

loaded onto the gel. For the other templates, half of the sample for each time point was 

loaded. Additionally, 250 ng of 1 kb DNA ladder (NEB) was run for size comparison 

and four standard lanes were loaded on each gel for mass quantification. The standards 

contained known amounts of the template being analyzed and represented 1X, 4X, 

16X, and 32X the mass of initial template in the reaction. Each gel was run for 35 

minutes at 400V constant voltage with a Bio-Rad Mini PROTEAN 3 gel setup. The 

gels were briefly soaked in deionized water before staining with SYBR Gold in 1X 

TAE buffer (40 mM Tris, 20 mM acetic acid, 2 mM EDTA, pH 8.0). The gels were 

imaged with a Gel-Doc XR and 8-bit camera system using Quantity One 1-D analysis 

software (Bio-Rad Laboratories). After background subtraction, the lanes of known 

mass were used to create a standard curve so that the amount of DNA in each sample 

band could be calculated. Following quantification of each sample band, the mass of 

the product at each time point was plotted vs. time using Microsoft Excel 2007. A 

linear equation was fitted to the data and the R-squared value for each time series was 

calculated. 

Alkaline agarose gel electrophoresis was used to analyze the strand 

displacement amplification of the bacteriophage lambda genomic DNA library. Prior 

to loading onto the gel, the samples were heated to 95 °C for two minutes and then 

cooled on ice. After NaOH was added to a final concentration of 30 mM, the entire 

volume of sample for each time point was loaded into a well. Samples from three 

separate SDA reactions using the same library were loaded onto one gel. For size 
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comparison, one lane was loaded with DNA fragments from the genomic library at 15 

times of the initial amount used in the amplification. Along with the samples to be 

analyzed, 400 ng O’Gene RulerTM Express DNA Ladder (Fermentas) was loaded onto 

each gel. The alkaline gel (0.8% agarose, 30 mM NaOH, 2 mM EDTA) was run on ice 

at 3.5 V/cm for 135 min in 30 mM NaOH and 2 mM EDTA. The gel was briefly 

soaked in deionized water, neutralized by soaking in 2X SSC (300 mM NaCl, 30 mM 

sodium citrate pH 7.0) for 20 minutes, stained with SYBR Gold in 1X SSC for 15 

minutes, and destained in TAE for 30 minutes. The gel was imaged as described 

above. An exponential equation relating fragment length and migration distance on the 

gel was established from the bands of the DNA Ladder standard. After background 

subtraction, the raw intensity values of each pixel along the length of each lane were 

exported to Microsoft Excel, and the average pixel value for each migration distance 

was calculated from the three samples at each time point. The migration distance was 

converted to base pair values using the exponential equation, and we plotted the 

average raw intensity vs. fragment length for each of the time points. By dividing the 

raw intensity values with their corresponding base pair number, the relative population 

of each fragment length was calculated. The average fragment length was found by 

dividing the sum of the raw intensity values by the sum of the relative population 

values. Using three sets of samples on the gel, we calculated the average mean 

fragment length for each time point and the standard deviation. The amplification of 

PCR-generated fragments with hairpin-forming adapters was also visualized by 

alkaline gel electrophoresis using the same conditions. 
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3.3.6 Real-time monitoring of strand displacement amplification 

For the real-time detection experiments, the reaction mix contained the DNA 

template (1 nM and 3 nM for the 0.5 knt fragment, 0.33 nM and 1 nM for the 5 knt 

fragment), 100 nM reverse primer (same primer used to generate the fragment by 

PCR), 40 mM Tris-Cl pH 8.0, 10 mM MgCl2, 50 mM NaCl, 5 mM DTT, 100 μg/mL 

BSA, 500 μM each of all four dNTPs, 5 μM SSB, and 0.5X SYBR Green II. The 

reaction mix was incubated without enzymes at room temperature for 30 minutes. 

After placing the mix on ice, Nt.BspQI and Sequenase 2.0 were added to a final 

concentration of 3 nM and 400 nM, respectively. Each template concentration was 

loaded in triplicate into adjacent wells of a Real-Time PCR Detection System 

(MiniOpticon, Bio-Rad Laboratories). The samples were pre-incubated for 2 minutes 

at 37 °C, and a reading was then taken every 40 seconds for 60 minutes with the 

temperature maintained at 37 °C. Data was collected using the Bio-Rad CFX Manager 

Software Version 1.5. 

At the conclusion of the run, all data was exported to Microsoft Excel 2007. 

Baseline subtraction was done by subtracting the relative fluorescent unit (RFU) value 

of the first read of each well. The resulting data for each template concentration were 

averaged and the standard deviation calculated. The mean values were then plotted 

against time with vertical error bars indicating one standard deviation from the mean. 

A linear equation was fitted to each set of data and the R-squared value for each time 

series was calculated. 
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3.3.7 Analysis of amplification bias by qPCR 

Three primer pairs were designed to amplify three sequences of lengths 129, 

152, and 152 nt from the SDA product. The sequences are located at approximately 5 

knt, 30 knt, and 40 knt from one end of the 48.5 knt linear bacteriophage lambda 

genome. The primer pairs used are 5’-ACA CTG CAG TCC CGG ATG GA-3’ and 

5’-ATC AAT GGC CTC CTG ACC GC-3’, 5’-CGC GTC ACC CAC ATG CTG TA-

3’ and 5’-TGC TCT CCC GAT GGT TTA TGC A-3’, and 5’-TAC CGC TCA CCG 

TAT TGC AGG TTG-3’ and 5’-GCC GAC GTA TGG AGT GCC ATA TTT-3’, 

respectively. The sheared genomic DNA library from was amplified for 30 min by 

SDA as described above and the reaction was stopped by heating at 80° C for 20 min. 

qPCR reactions were performed to quantify the three sequences in the SDA product. 

Each qPCR reaction mix contained 1X qPCR mix, 125 nM of a primer pair, and a 

small volume of product from the SDA reaction. The PCR reaction consisted of one 

initial denaturation/activation cycle of five min incubation at 95° C followed by 40 

cycles of 10 s denaturation at 95° C and 20 s hybridization/synthesis at 68° C. 

3.3.8 Hairpin adapter to produce double-stranded products 

The 3’-end of one molecule of the amplified single-stranded products could 

partially hybridize to certain regions of the same molecule or other molecules, 

resulting in chimeric products. To prevent this, we designed an adapter 

oligonucleotide with self-complementary regions to form a hairpin at the end of the 

single-stranded SDA product. Once a product is fully synthesized and released from 
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the polymerase, the hairpin forms, allowing the 3’ end to serve as a primer for the 

synthesis of a double-stranded product. The adapter contains the sequence used in the 

lambda phage genome library followed by five random nucleotides and 12 additional 

bases added at the 3’ end that are the reverse complement of the 12 bases immediately 

following the Nt.BspQI nicking site. One strand of the duplex adapter has a 68-base 

sequence of 5’-CTG GAG TCA ACG CAT CGA GCA TAC CTC AGC GCT CTT 

CCG CTT CCT CGC TCA ATC CAG AGC GAG GAA GC-3’ while the complement 

strand has a two base overhang (AA) at the 3’ end. The oligonucleotides are not 

phosphorylated at the 5’ end. We used a 1.5 knt fragment without any Nt.BspQI 

nicking sites amplified by PCR from the Saccharomyces cerevisiae genome as a test 

template. The forward and reverse PCR primers have the sequences 5’-phosphate-

TGC TTT GCC AAG GGT ACC AAT GTT T-3’, and 5’-phosphate-GCA ATT ATG 

GAC GAC AAC CTG GTT G-3’, respectively. The PCR was performed by 

denaturation of the genomic DNA at 98 °C for two minutes followed by 30 cycles of 

PCR, each consisting of 10 s at 98 ºC, 20 s at 63 ºC, and 25 sec at 68 ºC. The 

amplification was completed by a final reaction at 72 ºC for five min and cooling to 4 

ºC. The amplified products were purified with a PCR purification kit and quantified by 

absorption measurement at 260 nm using a Nanodrop spectrophotometer. The duplex 

adapters were ligated to the PCR product, and SDA reactions were performed by 

following the same procedures used for genomic DNA library construction and 

amplification. 
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3.4 Results 

We present an approach for isothermal linear amplification of DNA. In order 

to demonstrate the linear kinetics of this method and to illustrate its ability to amplify 

long DNA molecules, DNA templates of various lengths were obtained via PCR using 

primers containing restriction sites and plasmid pET-24(a) as source material. 

Fragments of length 0.5, 1, and 5 knt were then amplified using Sequenase 2.0 and 

Nt.BspQI. The results are shown in Figure 3.2. First, each fragment was amplified 

separately and time points were taken at 5 min, 10 min, 20 min, and 40 min. The 

products were quantified and plotted, and a linear regression line was fitted to each set 

of data. For each template length, the SDA product is 38 bases shorter than the 

original molecule since the nicking endonuclease creates a single-stranded break in the 

DNA 38 base pairs from the 5’ end of the template. This size difference is seen most 

clearly in the amplification of the 0.5 knt template, but the polyacrylamide gel is 

unable to resolve the two bands of higher molecular weight templates. We designed 

the templates to have a long 38-base “primer” upstream of the nicking site so that the 

nicked primer remains hybridized even at 70 °C for testing amplification at elevated 

temperatures. At 37 °C, the temperature at which SDA appeared to be most successful, 

a shorter primer (e.g. 12-14 bases long) would be sufficient. To verify the identity of 

the amplified fragments, we sequenced the SDA products of the 500 nt and 1 knt 

fragments by the conventional Sanger dideoxy method. The results confirmed that 

each product has the same sequence as the initial template. 
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Figure 3.2. Linear amplification of 0.5 to 5 knt DNA templates by nicking endonuclease-mediated 

SDA. (A) – (C) Linear SDA amplification of 0.5, 1, and 5 knt templates respectively. A 1 kb ladder is 

included for size reference with the 0.5, 1 and 5 kb bands indicated by arrows. The SDA product for 

each template should be 38 nucleotides shorter than the original molecules. Graphs beside each gel are 

the calculated masses of each sample band plotted vs. time. In each case, a regression line was fit to the 

data, and the resulting equation and R-squared value are shown. 

 

The amplification reaction could be modeled very well by a linear equation (R2 

> 0.95). Additionally, it appeared that each template was amplified about 15-20 times 
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during the 40 min incubation. Unlike in previous iterations of SDA, an increase in 

target length does not result in an observable decrease in the amplification factor. 

Furthermore, the doubling time of this reaction is approximately 2-2.5 minutes. This 

compares favorably to the original mesophilic SDA using HincII and Klenow exo-, 

which had a doubling time of 3-5 minutes (28,57). Due to the limited dynamic range 

of the gel imaging instrument and the difficulty in quantifying very low concentrations 

of DNA, the first data point in each series appears close to zero. 

In order to show that our method can be used for linear amplification of a 

library of targets with fragments of disparate lengths, three target templates with 

lengths of 0.5, 1, and 5 knt were amplified simultaneously in the same solution. In the 

first experiment, as illustrated in Figure 3.3A, the three templates were initially present 

at equal molar concentrations. The fluorescent intensity of each stained product band 

is proportional to the mass or the number of nucleotides in the amplified product. 

Therefore, if the reaction is linear across the templates of various lengths, the product 

of each template should increase linearly and the slope of the equation fitted to the 5 

knt template should be about 10 times that of the 0.5 knt template and 5 times that of 

the 1 knt template. As shown, the amplification of each target is linear (R2 > 0.99) and 

the slope of the trend lines for both the 5 knt and 1 knt fragments are within 10-15% of 

the expected values. 

In the second experiment, the three templates are initially present at equal mass 

concentrations. In this case, the amount (in mass or total number of nucleotides) of 

DNA in all three bands should increase linearly at the same rate. As shown in Figure 
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3.3B, this is what is observed. The amplification of each template is linear and the 

slopes of each trend line are within 15-20% of each other, indicating that all three 

templates are amplified equally in mass.  

 

Figure 3.3. Simultaneous linear amplification of 3 templates of various lengths. (A) Amplification 

of three templates of lengths 0.5, 1, and 5 knt with equal initial molar concentration of 2 nM. A 1 kb 

ladder is included for size reference with the 0.5, 1 and 5 kb bands indicated by arrows. A plot of DNA 

mass vs. time for each template length is shown below each gel image. As anticipated, in mass, the 5 

knt product increases 10 times faster than the 0.5 knt product and 5 times faster than the 1 knt product. 

(B) Amplification of three templates of lengths 0.5, 1, and 5 knt with equal initial concentration in mass 

or total nucleotides of 1.5 μM. As expected, the mass or the total number of nucleotides of all three 

templates increases at the same rate. 

 

To prove the linearity of the SDA reaction, the 0.5 knt and 5 knt templates 

were amplified using a real-time PCR machine to monitor the increase in DNA mass 

in real time. Various concentrations of SYBR Gold, SYBR Green I, and SYBR Green 
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II were investigated to find the optimal conditions for the best fluorescent signal. We 

found that concentrations of SYBR Gold or SYBR Green I above 0.5X significantly 

inhibited the SDA reaction. Additionally, it had been previously reported that although 

SYBR Green II is commonly considered a single-strand DNA or RNA binding dye, it 

exhibits increased fluorescence when bound to double-stranded DNA as opposed to 

single-stranded DNA (34). We also found this to be the case and included the reverse 

primers in the reaction mix to make the SDA product double-stranded. 

Plots of relative fluorescent units vs. time for the 500 nt and 5 knt templates 

are shown in Figure 3.4. A straight line is a good fit for each data set (R2 > 0.99). In 

Figure 3.4A, it was anticipated that the slope of the trend line for the 3 nM sample 

wells would be 3-fold higher than the slope of the trend line for the 1 nM samples. 

Likewise, in Figure 3.4B, it would be expected that the slope of the 1 nM template 

would be three-fold higher than the slope of the 0.33 nM template samples. In each 

case, the magnitude of the slopes are within 10% and 20% of the expected values, 

respectively. It should be noted that the vertical axes in Figures 3.2 and 3.3 reflect the 

total amount of DNA in mass or nucleotide while the vertical axes in Figure 3.4 

represent the increase in relative fluorescent units from the samples. 
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Figure 3.4. Real-time monitoring of SDA. Linear SDA of 500 nt (A) and 5 knt (B) templates. Relative 

fluorescent units (RFU) were measured every 40 seconds for 60 minutes. After background subtraction, 

a linear regression line was fitted to each data set. The error bars indicate the standard deviation of 

measurements from three wells. For both templates, a three-fold increase in template concentration, 

from 1 nM to 3 nM for the 0.5 knt template and from 0.33 nM to 1 nM for the 5 knt template, resulted 

in three times faster increase in the measured RFU. 

 

The data curve for the 5 knt template at 3 nM concentration appears to be 

slightly less linear than those of the other samples. This moderate decrease in reaction 

rate is likely due to the depletion of reagents in the reaction, which causes the slope of 

the regression line to be lower than expected. It should be emphasized, however, that 

in a mixture of templates with different lengths, each template would experience the 

same reduction in available reagent concentrations. While the overall reaction rate 

may diminish somewhat for a long reaction, this would not result in longer templates 

being underrepresented in the final amplified DNA mix. 

After demonstrating that SDA can be used to amplify a mixture of templates of 

disparate lengths in an unbiased manner, we investigated linear SDA of more complex 

templates. We used a genomic library constructed from the relatively small genome 

(48.5 kbp) of the bacteriophage lambda as a model system. A genomic library with a 
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mean fragment length of 1.15 knt was constructed. Figure 3.5 shows some typical 

results from the amplification of the library by SDA using the conditions we 

established for the PCR-generated templates. After 30 min of incubation with 

Nt.BspQI and Sequenase 2.0, the template has been replicated about 15 times. When 

the mean raw intensity from triplicate experiments is plotted as a function of fragment 

length (Figure 3.5B), it is observed that the overall curves of the SDA products shift 

toward a shorter length relative to the initial template library. The amplified product 

from each template is expected to be 76-base shorter than the original template since 

Nt.BspQI nicks at a site 38 bases from both ends of the adapters. However, the mean 

fragment length is 810 nt with a standard deviation of 30 nt from triplicate samples, 

about 200 nt shorter than the expected full-length product. This discrepancy can be 

explained by the presence of 10 “native” Nt.BspQI nicking sites within the phage 

genomic library. Amplification from an internal nicking site results in a product 

shorter than the full-length fragment. The intensity of the bands in the gel image in 

Figure 3.5A and the vertical axis in Figure 3.5B depict the raw intensity which is 

proportional to the total mass of the DNA, not the relative population of each 

fragment. Therefore, the centers of the bands on the gel and the peaks of the curves in 

Figure 3.5B do not correspond directly to the true mean fragment sizes reported above. 

In order to show that the library amplification was unbiased, we selected three short 

sequences located approximately in the middle and at both ends of the lambda phage 

genome. We used qPCR to determine the number of molecules in the initial 
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unamplified library and library amplified by SDA. The three fragments were found to 

be amplified by about 10-, 10-, and 12-fold respectively. 

 

Figure 3.5. Amplification of a genomic library from bacteriophage lambda. (A) Analysis of the 

linear amplification of a sheared genome on a denaturing alkaline gel. An Express DNA Ladder is 

included for size reference. A lane containing 15 times the amount of starting material used for the 

amplification is included for comparison. (B) Average raw intensity of three reactions at each reaction 

time plotted as a function of DNA fragment length. Error bars indicate one standard deviation from the 

mean, calculated from a triplicate data set. The overall shift of the SDA product towards shorter lengths 

relative to the initial library is likely due to the presence of internal nicking sites within the genomic 

DNA fragments and the placement of the Nt.BspQI nicking site in the adapter. 

 

The amplified products of a complex library by SDA are single-stranded. The 

3’-end of one product molecule could partially hybridize to certain regions of itself or 

other molecules, resulting in chimeric products. The use of an adapter sequence that 

results in a product with a self-priming hairpin structure could alleviate this potential 

problem. The strategy is illustrated in Figure 3.6A. A DNA fragment amplified from 

the Saccharomyces cerevisiae genome was used as a test template. As shown in Figure 
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3.6B, the amplification of a 1.5 knt template results in a product of twice that length 

on a denaturing gel. This indicates that the product is converted to a double strand 

with a hairpin at one end with 100% efficiency. 

 

Figure 3.6. Use hairpin adapters to convert SDA product to double-stranded DNA. (A) Both ends 

of the genomic DNA fragment are ligated to an adapter oligonucleotide with two self-complementary 

regions to form a hairpin at the end of the single-stranded SDA product. Once a product is fully 

synthesized and released from the polymerase, the 3’ end of each single-stranded SDA product folds 

into a hairpin and serves as a primer for the synthesis of the double-stranded product with a hairpin at 

one end. This helps to prevent the non-specific hybridization of the 3’ end of the single-stranded 

molecules to regions of itself or other molecules. (B) Strand displacement amplification of a 1.4 knt 

template from lambda phage genome. With the 60-base hairpin adaptors, the product appears as a 3 knt 

fragment on a denaturing alkaline gel. An Express DNA Ladder is included for size reference. Lane 

“SM” contains 30 times the amount of starting material used in the amplification. The lane with the 

small amount of starting materials (zero min lane) is not visible on the gel. 

3.5 Discussion 

We have established the reaction conditions for strand-displacement 

amplification of DNA molecules up to 5 knt in length. These conditions differ from 

previously reported SDA techniques in several important aspects. Past publications 
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have advocated the use of very high concentrations of endonuclease and suggested 

that a linear relationship exists between endonuclease concentration and reaction rate 

(22,28). In our initial experiments, very high concentrations of nicking enzymes were 

used. Much to our surprise, our numerous attempts at SDA using templates of various 

lengths and concentrations, and many combinations of DNA polymerases (including 

Klenow exo-, ɸ29, Bst large fragment, 9°Nm and Vent exo-) and nicking enzymes 

(including Nt.AlwI, Nt.BstNBI, Nb.BsrDI, Nb.BsmI, Nt.BbvCI, and Nt.BspQI) were 

not successful. Eventually, we discovered that, in contrast to what was previously 

reported (28), high concentrations of nicking enzyme in the solution could severely 

inhibit the SDA reaction. Tan et al. also reported that high concentrations of nicking 

endonucleases inhibit DNA amplification by EXPAR (34). 

We found that the SDA reaction is highly sensitive to nicking enzyme 

concentration. There exists an optimal concentration unique to each nicking 

endonuclease. Higher concentrations inhibit the reaction while lower concentrations 

may not be sufficient to sustain the reaction rate. It has been suggested that some 

nicking enzymes may bind tightly to the DNA templates at high concentrations (34) 

and certain nicking endonucleases such as Nt.BbvCI are known to have a tendency to 

aggregate into higher-order species that inhibit the activity of the enzymes (53,54) . 

However, the mechanism by which high nicking enzyme concentrations inhibit SDA 

is still not very clear. We found that it is not due to nonspecific nicking by the 

nuclease or stifling levels of glycerol or BSA contributed by the enzyme storage 

buffer. The phenomenon was observed for all combinations of nicking enzymes and 
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polymerases we have investigated. The effect is demonstrated in Figure 3.7A. A 500 

nt template with a starting concentration of 2 nM was amplified by SDA with 

Sequenase 2.0 and four different concentrations of Nt.BspQI. An increase in the 

reaction rate is observed when the Nt.BspQI is increased from 0.6 nM to 3 nM. 

However, at 15 nM the reaction rate decreases considerably, and at 75 nM the reaction 

stops completely even though the DNA templates are still nicked by the endonuclease. 

Similar experiments were repeated to identify the optimal concentration of each 

nicking enzyme. The optimal concentration for the nicking enzymes we tested varies 

by nearly two orders of magnitude. We found that if the optimal concentration of the 

nicking endonuclease was used, SDA of templates up to 250 nt in length was 

successful with all the nicking endonucleases, including Nt.AlwI, Nb.BsrDI, Nb.BsmI, 

Nt.BbvCI, Nt.BstNBI, and Nt.BspQI. It had been previously reported that the ratio of 

polymerase to nicking enzyme was important (28). However, this does not seem to be 

the case for linear SDA under our conditions. We found that the optimal concentration 

of each nicking endonuclease remains the same regardless of polymerase 

concentrations. Moreover, the optimal concentration of nicking endonuclease was the 

same regardless of template concentration. Increasing the template concentration does 

increase the overall reaction rate. It is quite possible that template concentrations in 

the 1-15 nM range are below the KM of the nicking endonuclease; therefore, any 

change in substrate concentration will have a large effect on the turnover rate of each 

enzyme. 

 

 

 



73 

 

 
Figure 3.7. Critical parameters for successful strand displacement amplification. (A) There exists 

an optimal concentration for each nicking enzyme for SDA. Shown is a gel image of SDA of a 500 nt 

template using varying concentrations of Nt.BspQI. Maximal amplification of a 500 nt fragment at a 

template concentration of 2 nM is achieved with 3 nM of Nt.BspQI. This concentration of nuclease is 

also optimal for other templates of varying lengths and concentration. Amplification yield drops sharply 

at concentrations above this value. (B) The presence of a high concentration of E. coli single-strand 

DNA binding protein (SSB) is essential for efficient SDA by Sequenase 2.0 DNA polymerase. 

 

Once the optimal concentrations for the nicking endonucleases were 

established, SDA of short templates was successful with all of the nicking enzymes 

and most of the polymerases. The surprise exception was ϕ29 DNA polymerase. With 

its high processivity, strong strand displacement activity and high fidelity, it would 

seem to be an ideal DNA polymerase for SDA. Unfortunately, ϕ29 DNA polymerase 

is unable to initiate strand displacement DNA synthesis from an endonuclease-

mediated nick in a double-stranded DNA molecule. Similar to what was reported in 

the original SDA method, SDA with Klenow exo- resulted in specific amplification of 

short templates, but the amplification factor was highly dependent on target length. 

SDA with Bst DNA polymerase large fragment gave mixed results. While short 

templates (<100 nt) were amplified efficiently by Bst DNA polymerase with fast 

kinetics at high reaction temperatures (50-60 °C), for longer templates we observed 
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very high levels of nonspecific products and the yields of the specific products were 

much lower. Similar phenomena were observed for other thermophilic polymerases 

including Vent exo- and 9°Nm. In some cases, a brief period of specific amplification 

was followed by a rapid increase in nonspecific amplification. Thermophilic 

polymerases are known to be able to initiate template-independent de novo DNA 

synthesis and amplification (58,59), particularly in the presence of endonucleases 

(34,60,61). We chose Sequenase 2.0 as the best polymerase candidate for further 

investigation because it has a far superior synthesis rate and processivity (55) 

compared to Klenow exo- and does not exhibit the nonspecific background 

amplification observed in most thermophilic polymerases. Nt.BspQI was selected as 

the nicking endonuclease because it has a long seven bp recognition sequence and has 

a faster turnover rate than Nt.BbvCI. Table 3.1 lists the concentrations of the enzymes 

we have optimized for linear SDA. 
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Table 3.1. The concentrations of enzymes for optimal isothermal linear SDA. For enzymes whose 

specific activities were not available, the concentrations are given in units per microliter. The usage of 

higher concentrations of thermophilic polymerases usually leads to nonspecific amplification. 

 
Optimal Concentrations of Enzymes for SDA 

Polymerase Concentration Nicking Enzyme Restriction Site Concentration 

Klenow exo- 25 nM Nt.AlwI GGATCNNNN^ 20 pM 

Bst Large Fragment 5 nM Nt.BstNBI GAGTCNNNN^ 10 nM 

Sequenase 2.0 400 nM Nt.BspQI GCTCTTCN^ 3 nM 

Vent exo- 100 nM Nt.BbvCI CC^TCAGC 50 nM 

9° Nm 5 nM Nb.BsrDI ^CATTGC 0.08 U/µL 

  Nb.BsmI G^CATTC 0.25 U/µL 

 

 

It is known that the addition of single-stranded DNA binding proteins can 

significantly facilitate DNA synthesis by many DNA polymerases (62-67). We found 

that single-stranded DNA binding proteins are essential for SDA with Sequenase 2.0. 

Even though both T4 gene 32 protein and E. coli SSB can be used, amplification with 

the latter and Sequenase 2.0 gives cleaner bands on polyacrylamide gels. In addition, 

the use of SSB enhances SDA amplification by Klenow exo- and significantly 

suppresses background amplification by Bst DNA polymerase. The binding of the 

displaced DNA strand by SSB facilitates the strand displacement synthesis by the 

polymerase and suppresses nonspecific amplification by preventing non-specific 

hybridization of the 3’-ends of the single-stranded products. The profound effect of 

SSB on SDA with Sequenase 2.0 is shown in Figure 3.7B. With 5 μM SSB, long DNA 
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molecules can be amplified by Sequenase 2.0. In the absence of SSB, however, no 

observable amplification occurs. It can be seen that the nicking enzyme did cut one 

strand of the target, but Sequenase 2.0 was unable to proceed with strand displacement 

synthesis in the absence of SSB. As shown in Figure 3.7B, the nicked strand appears 

as a band 38 bases below the original template. 

If the nicking site is absent in the internal sequences of the target DNA 

molecules, all of the target molecules in a complex mixture can be amplified by 

nicking-endonuclease mediated strand displacement in a linear fashion regardless of 

the length or sequence of the molecules. In other words, the molecules are multiplied 

to the same fold factor with the original ratio among the molecules in the mix 

maintained. This is because each template molecule contains an identical adaptor 

sequence that is nicked at an equal rate by the endonuclease with the nicked site in 

turn serving as the primer for strand-displacement synthesis by the DNA polymerase. 

The amplification reaction rate could be limited either by the nicking rate of the 

endonuclease or by the rate of strand displacement synthesis from the nicks. 

The rate-limiting step for SDA under our conditions appears to be the rate of 

nicking by the endonuclease. This is evidenced by the absence of visible unfinished or 

truncated products on the gel following the immediate termination of an SDA reaction 

with stop buffer containing formamide and EDTA. This implies that Sequenase 2.0 

can initiate the SDA reaction immediately after each nicking event and can complete 

the SDA along the entire template in a short amount of time before another nick is 

made again in the template. A quick calculation supports this theory. The rate of 
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synthesis for Sequenase 2.0 is about 200 nucleotides per second, and the polymerase 

can incorporate an average of 800 nucleotides without dissociating from the template 

(55,68). The presence of at least 100-fold molar excess of polymerase to template and 

a high concentration of the polymerase (400 nM) ensure that if an enzyme does fall off 

the template, it is quickly replaced. Therefore, we can expect a 5 knt long fragment to 

be completely synthesized in less than 30 seconds. In contrast, the turnover rate for a 

mesophilic nicking enzyme appears to range from 30 seconds for the very active 

Nt.AlwI (48) to 4.5 minutes for Nt.BbvCI (53). Nt.BspQI is considered a thermophilic 

enzyme with an ideal operating temperature of 50 °C. The KM and intrinsic turnover 

rate of the enzyme have not been reported. We determined the intrinsic turnover rate 

of substrate-saturated Nt.BspQI at 37 °C to be about 45 seconds under our reaction 

conditions (data not shown). Interestingly, the enzyme was three times more active in 

our SDA buffer than in the buffer recommended by New England Biolabs. At a 

template concentration below 3 nM, the amplification may be operating below the KM 

of the nicking enzyme. Therefore, the nicking enzyme is not saturated with substrate 

and Nt.BspQI would have a lower effective turnover rate. Our observation that 20-fold 

amplification seems to occur in 40 minutes indicates that the effective turnover rate 

under our reaction conditions is about two minutes. 

The low turnover rate of the nicking enzyme essentially acts as a method of 

local isothermal cycling. For each nicking event, each template is replicated once 

regardless of length or sequence. Complications could arise during SDA of longer 

DNA molecules if the template was nicked multiple times before the initial 
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polymerization of the strand was complete. This would lead to multiple polymerases 

performing SDA reactions simultaneously at different sites on the same template. 

While the amplification would still remain linear, the template would be susceptible to 

a traffic jam of polymerases if a region of unusual sequence or complexity were 

encountered by the first polymerase. Additionally, a fraction of truncated products 

would be present at the conclusion of the reaction. However, in our SDA experiments, 

very little unfinished product is observed (Figures 3.2 and 3.3). This is due to the rapid 

kinetics, high processivity, and strong strand displacement properties of the Sequenase 

2.0 DNA polymerase and the slower turnover rate of the nicking enzyme Nt.BspQI 

used for the SDA reaction. 

It is likely that the nicking rate can be increased somewhat without 

jeopardizing the linearity of the amplification. This would be desirable to obtain 

greater product yields. Although the optimal temperature for Nt.BspQI is 50 °C, the 

reaction rate cannot be increased by raising the reaction temperature because 

Sequenase 2.0 DNA polymerase is not stable above 37 °C. Faster nicking enzymes 

will be required to increase the speed of linear SDA.  

The amplification of a complex library constructed from the lambda phage 

genome was successful and commensurate to the amplification of single templates. 

Approximately 10-15 fold amplification was achieved in 30 minutes with the original 

length distribution of the fragments remaining largely intact. The larger than expected 

increase in the number of shorter fragments is likely due to the presence of internal 

Nt.BspQI nicking sites that were not introduced by our adapter fragments but are 
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instead native to the lambda phage genome. The Nt.BspQI recognition site is 

overrepresented in the lambda phage genome with 10 cutting sites. If the distribution 

of the native nicking sites follows a Poisson distribution, about 18% of the 1.15 knt 

fragments contain one or more internal nicking sites. Amplification from the internal 

native cutting sites results in shorter products, introducing some bias toward certain 

fragments. This underscores the need for the discovery or engineering of novel nicking 

endonucleases with much greater specificity. For the amplification of longer DNA 

molecules and larger genomes, a nicking endonuclease with an even longer 

recognition sequence (e.g. 12-16 bases) would be ideal. Fortunately, there has been an 

increased effort in engineering such nicking endonucleases for both DNA 

amplification and genome engineering (69-71).  

There is a relatively bright low molecular weight band at around 0.5 knt in the 

amplified product which is not present in the original library (Figure 3.5A). This band 

corresponds to the shoulder peak in the curves of Figure 3.5B. The source of this is not 

known. This could be due to the products generated from the internal nicking sites in 

the genomic DNA fragments, or some non-specific amplification. Non-specific 

amplification is commonly observed in SDA with Bst DNA polymerases even with a 

single template species. It is, however, rarely observed in SDA by Sequenase 2.0 in 

the presence of high concentration of SSB. The use of hairpin adapters may provide a 

means to improve the specificity of the amplification by converting the free 3’-ends of 

initial SDA product into a double-stranded form (Figure 6). An added benefit of using 

such a design is that the conversion of the single-stranded DNA into a double-strand 
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form also frees up the bound SSB which is essential for strand displacement 

replication by Sequenase 2.0. 

Given that a 5 knt template can be amplified with ease by SDA using Nt.BspQI 

and Sequenase 2.0, we expected that longer templates could also be amplified 

efficiently. Surprisingly, our attempts to amplify a 10 knt fragment from the lambda 

phage genome were less successful. A large number of shorter DNA fragments are 

present in the final product. Further optimization of the reaction conditions or the use 

of a more processive enzyme will be required for the efficient amplification of longer 

templates. 

3.6 Conclusions 

In summary, we have developed a method for isothermal DNA amplification 

by nicking endonuclease-mediated DNA polymerase strand displacement. Our 

technique differs from the SDA method pioneered by Walker et al. in several 

important aspects. The most significant attribute of our method is the ability to 

amplify fragments up to 5 knt in length with very little bias. We have shown that 5 knt 

fragments can be amplified with an efficiency approximately equal to that of 0.5 knt 

fragments. This is feasible because our method employs a DNA polymerase, 

Sequenase 2.0, which has very high processivity and strong strand-displacement 

capability in the presence of single-stranded binding proteins, and a nicking 

endonuclease, Nt.BspQI, which has a long seven bp recognition sequence. The other 

attribute is our use of a nicking endonuclease, which obviates the need for α-
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phosphorothioate nucleotides in the reaction so the product contains only native 

nucleotides. We have demonstrated that a mixture of DNA molecules with lengths of 

0.5, 1, and 5 knt can be amplified in a linear fashion with the original molar ratio 

preserved. Using a library of randomly sheared genomic fragments from 

bacteriophage lambda, we also showed that a complex library was amplified linearly 

with the original distribution of the fragments largely maintained. Together, these 

significant improvements open the door to the possibility of using SDA not only for 

sequence detection but also for linear amplification of long DNA templates and 

heterogeneous mixtures of templates with little bias and without thermal cycling. Our 

method is potentially useful for certain applications such as genome sequencing or 

gene expression profiling from a limited sample source where linear unbiased 

amplification of a mixture of complex DNA molecules is highly desirable. It is quite 

possible that our method can be extended to linear amplification of templates longer 

than five thousand bases, and to exponential SDA amplification by including both the 

forward and reverse primers containing a recognition site for the nicking endonuclease 

in the reaction mix. Further work will be required to demonstrate these capabilities 

and to enable the unbiased linear amplification of large genomes by SDA. 
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Chapter 4: Methods and Strategies for Using Homing 

Endonuclease I-PpoI in Strand Displacement 

Amplification Reactions 

4.1 Abstract 

We describe efforts towards the use of homing endonuclease I-PpoI in Strand 

Displacement Amplification (SDA) reactions. Since the wild type of this enzyme cuts 

both strands of its DNA template, in order to make it compatible with SDA it is 

necessary to block the cleavage of one strand. We have pursued several strategies to 

achieve this goal. In the first, we explored the possibility of using nuclease-resistant 

nucleotide analogues to protect one strand of DNA. In the second, we attempted to 

find variants of the I-PpoI recognition sequence that allow it to cut only one strand of 

the template. Lastly, we devised a strategy to engineer a library of mutant enzymes 

and a method of selection that allows us to enrich the coding genes for desirable 

variants. Here, we report limited success in amplifying DNA containing non-native 

nucleotides. We also report techniques for the selection of biotin-labeled oligos from a 

library of unlabeled DNA using biotin-streptavidin binding. We demonstrate limited 

success performing SDA with an engineered version of I-PpoI that has been partially 

inactivated. Finally, we describe methods for the expression of billions of mutant 

enzymes in parallel using water-in-oil emulsions and an in vitro 

transcription/translation kit based on the E. Coli system. 
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4.2 Introduction 

Nicking enzymes are widely used in research applications such as replacement 

DNA synthesis, strand-displacement amplification, exonucleolytic degradation or the 

creation of small gaps in DNA for the study of DNA mismatch repair. However, there 

is a dearth of nicking enzymes available. While New England Biolabs lists over 225 

different restriction enzymes with a range of recognition sites and optimum 

temperatures and buffers, only 9 nicking enzymes are available for purchase. Further, 

only one of these 9 is a naturally occurring enzyme while the others were engineered 

from endonucleases. This underscores a need for more nicking enzymes and the 

necessity of engineering them. In particular, it would be advantageous to have a 

selection of nicking endonucleases available with highly specific recognition 

sequences for the manipulation of large genomes. Homing endonucleases are a class 

of restriction enzymes whose extremely long recognition sequences make them 

excellent candidates for use with genomic DNA. 

The homing endonuclease I-PpoI is the best characterized enzyme from the 

His-Cys box family and one of the most thoroughly examined homing enzymes. It has 

been isolated from the slime mold Physarum Polycephalum and is now commercially 

available from Promega. There are many features of this enzyme that make it a 

particularly attractive target for engineering and use in genomic applications. Details 

of DNA recognition and the mechanism of cleavage have been ascertained from both 

activity assays as well as from extensive X-ray crystallographic structural analyses of 

the enzyme bound to its DNA substrate (1). Its catalytic activity (turnover rate of 2.6 
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min-1) is similar to that of Type II restriction enzymes and far superior to other homing 

endonucleases, and it is completely insensitive to DNA methylation (2,3). I-PpoI has a 

15-bp recognition sequence but has been shown to cut sequences with up to 3 

degenerate base pairs (4). Lastly, it is stable for long periods of time at 37º C. 

 

Figure 4.1. The consensus recognition sequence of I-PpoI. Cutting sites in the pseudo-palindromic 

sequence are indicated with arrows. 

 

Given the success that was achieved with using nicking endonuclease-

mediated strand displacement amplification with unbiased replication of long stretches 

of DNA (5), it is natural to seek nicking enzymes with longer recognition sequences to 

make the technique more compatible with large genomes. It is important that the 

nicking or restriction enzyme is not able to cut within the template itself as this will 

create myriad spurious products. Most enzymes will cut many times within a genome 

and are unsatisfactory for genomic amplification. Naturally occurring nicking homing 

endonucleases, such as I-HmuI, are very rare. I-HmuI has previously been isolated 

from the Bacillus subtilus bacteriophage SPO1 (6,7). The crystal structure of the 

substrate-bound enzyme has been determined and a 25 bp recognition site has been 

suggested. However, it is hypothesized that the actual specificity of I-HmuI is far less 

than 25 base pairs as the observed contacts between enzyme and DNA indicate that no 

more than 14 sequence specific contacts exist (8). 
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Thus, it is desirable to adapt a well-studied homing endonuclease such as I-

PpoI for use with SDA. In order to convert I-PpoI to a nicking enzyme, 4 strategies 

were pursued. 

The first strategy was to use non-native nucleotides to protect one strand of the 

DNA template from digestion. Phosphorothioate-modified nucleotides have been 

shown to be resistant to enzyme digestion (9-12) and the original experiments 

demonstrating successful strand displacement amplification used 

hemiphosphorothioate recognition sites (13-15). Another promising nucleotide 

analogue is the locked nucleic acid (LNA). These have demonstrated exceptional 

resistance to nucleases and are often used in vivo due to their extended lifetimes in 

cells (16-18). If either of these non-native nucleotides is successful in blocking the 

cleavage of one strand of a recognition sequence by I-PpoI, they could be used to 

force I-PpoI into acting as nicking enzyme and linear SDA would be possible. 

However, while it may be possible to perform SDA using I-PpoI and dNTP with an 

alpha-thiophosphotate (α−S-dNTP), this approach has several disadvantages. As α−S-

dNTP is not a natural substrate of the polymerase, it likely produces some decay in the 

processivity of the enzyme. For example, Taq polymerase has a 10-fold higher affinity 

for normal nucleotides over thiol nucleotides (19). It also adds complexity and cost to 

the reagent mix (20). It may also interfere in the sequencing chemistry itself. It would 

be preferable to use a nicking enzyme. 

The second strategy was to convert I-PpoI into a nicking endonuclease by 

inactivating one of its two cutting sites. Since I-PpoI is a dimer, this required us to 
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express the protein as a monomer by tethering two subunits together with an amino 

acid chain. If one subunit was active and the other a knock-out, only one strand of 

DNA template could be cut for each binding event. If the polymerase was able to 

regenerate the nicked strand before the restriction enzyme disengaged, bound to the 

template again, and cut the second strand, I-PpoI could act as a nicking enzyme. We 

theorized that this could allow I-PpoI to be used for SDA. 

The third strategy was to analyze the entire sequence space of the enzyme’s 

recognition site. Since it is known that I-PpoI has an elastic recognition sequence, it is 

possible that there exists a sequence context that allows I-PpoI to cut one strand of 

template but not the other. In order to identify any sequences that satisfy this 

requirement, we optimized a platform for the targeted labeling of nicked templates by 

biotinylated nucleotides, and the recovery of the labeled oligonucleotides from a 

library of randomized sequences. It has been shown that biotin labeling is an effective 

method of separating target DNA molecules (21). 

The final and most ambitious strategy was to find mutations in the protein 

sequence that allow the enzyme to recognize and cleave a non-palindromic sequence. 

Doi et al (22) and Zheng and Roberts (23) recently showed that it is possible to select 

restriction endonuclease genes from a randomized library or bacterial genome using in 

vitro compartmentalization (IVC). We intended to modify and extend this technology 

for the selection of nicking endonucleases and select an active nicking variant of 

homing enzyme I-PpoI. The expression of a library of mutated genes would occur in 

artificial cells. The artificial cells were water-in-oil emulsions containing recombinant 
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transcription/translation reagents and one copy of a mutated open reading frame 

(ORF). This provided a link between phenotype and genotype such that an enzyme 

that modifies its own DNA template will be selected. Only nicking enzymes enable 

SDA to occur on their own gene, and these newly synthesized strands could be 

identified using biotin-labeled nucleotides. 

4.3 Materials and Methods 

4.3.1 Strand displacement amplification with non-native nucleotides 

All enzymes except I-PpoI were obtained from NEB. I-PpoI was obtained from 

Promega. All oligos were ordered from Integrated DNA Technologies. The templates 

for testing SDA with phosphorothioate nucleotides were 5’ – ATG GTC AGC TTA 

CAT GGA TCG ACT CGA TCC GCT GAG GCT GCT ACC TTA A*GA GAG CTA 

CCA G – 3’, 5’ – CAG CTT ACA TGG ATC GAC TCG ATC CGC TGA GGC TGC 

TAC CTT A*A*G* AGA GCT ACC AGC TGG T – 3’, and their respective reverse 

complements. The * indicates a phosphorothioate bond replacing the non-bridging 

oxygen in the oligo phosphate backbone. The recognition sequence for I-PpoI is in 

italics. The templates for testing SDA with locked nucleic acids (LNA) were 5’ – 

CAG CTT ACA TGG ATC GAC TCG ATC CGC TGA GGC TGC TAC CTT A+A+G 

AGA GCT ACC AGC TGG T – 3’, 5’ – CAG CTT ACA TGG ATC GAC TCG ATC 

CGC TGA GGC TGC TAC CTT +A+A+G +AGA GCT ACC AGC TGG T – 3’, and 

their respective reverse complements. In accordance with IDT notation, the LNA 

bases are indicated by placing a + sign prior to the target base. The recognition 
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sequence for I-PpoI is in italics. The template for testing SDA with RNA bases was 5’ 

– CAG ATC CTG TAA CGG CTA CCT TrArA rGrAG AGA TGC ATT GAC T – 3’ 

and its reverse complement in DNA. RNA bases in the DNA oligo are indicated by a 

lowercase “r” prior to the RNA base. 

Each SDA reaction with non-native nucleotides contained 10 mM Tris-HCl pH 

8.0, 50 mM NaCl, 10 mM MgCl2, 1 mM Dithiothreitol (DTT), 330 µM each dTNP, 12 

nM DNA template, 100 µg/mL BSA, 5 µM SSB, between 5 nM and 30 nM I-PpoI, 

and either 125 nM Klenow exo- or 30 nM Bst Large Fragment. The reaction was 

allowed to proceed at 37 °C for various amounts of time between five min and five 

hours. Time points were taken by removing 5 μL of the reaction volume and adding it 

to 15 μL of PAGE gel stop buffer (80% formamide, 20 mM EDTA pH 8.0, 10 mM 

Tris-borate, 0.0125% bromophenol blue and 0.0125% xylene cyanol FF). 

The products were visualized using 20% PAGE. Gels were run at 300V for 40 

min, stained with SYBR Gold, and imaged using a BioRad Gel-Doc. 

4.3.2 Design, expression, purification, and use of dimeric I-PpoI 

A plasmid containing the gene for I-PpoI was obtained with permission from 

the manufacturer, Promega. The gene was extracted via PCR using primers 5' – GAG 

TCC TAC ATA TGG GCA GCA GCC ATC ATC ATC ATC ATC ACA GCA GCG 

GCC TGG TGC CGC GCG GCA GCA TGG CGC TCA CCA ATG CTC – 3’ and 5' 

– CCT AAC GTC TCG AGT TAT ACC ACA AAG TGA CTG CCC C – 3’. All 

oligos were ordered from Integrated DNA Technologies. These primers also added a 
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6x His tag to the N-terminus of the gene, and a stop codon and XhoI cutting site to the 

C-terminus of the gene.  

One aliquot of I-PpoI gene was transformed into an H98A mutant. It was first 

digested with restriction enzymes BtgZI and SfaNI (from NEB). The fragment 

between the two cuts was removed with a PCR Clean-up kit from NEB. It was 

replaced via ligation with pre-annealed oligos 5’ – P – CAA AAC CTG CAC AGC 

ATC GGC GCT ATG TC – 3’ and 5’ – P – TTA TGA CAT AGC GCC GAT GCT 

GTG CAG GT – 3’. 

A tether was designed to join two gene monomers, one the native protein and 

one with the H98A mutation. It had amino acid sequence N-terminus – NSP GSG 

NSP TSS GNT GPS SGT NTP AA – C-terminus. The mutant gene was digested with 

DraIII and the wild type gene with HaeII, creating sticky ends on each. The DNA 

oligos for the tether, using the most common codons for E. Coli and including the 

requisite sticky ends, were 5’ – P – GTG GTA AAC AGC CCG GGC AGC GGC 

AAC AGC CCG ACC AGC AGC GGC AAC ACC GGC CCG AGC AGC GGC 

ACC AAC ACC CCG GCG GCG ATG GCG C – 3’ and 5’ – P – CAT CGC CGC 

CGG GGT GTT GGT GCC GCT GCT CGG GCC GGT GTT GCC GCT GCT GGT 

CGG GCT GTT GCC GCT GCC CGG GCT GTT TAC CAC AAA – 3’. When 

ligated with T4 ligase (USB), a dimeric protein was encoded by a single gene (6His-

H98A-WT). This gene was spliced into plasmid pET-24(a) (Merck Biosciences) and 

transformed into DH5α cells (Life Technologies). Following plating, one colony was 

chosen and grown in 2X YT media overnight. The plasmid was isolated with a 
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miniprep kit from Life Technologies and the sequence was confirmed by Eton 

Biosciences. The plasmid was then transformed into BL21(DE3) cells (NEB). 

Approximately 3 mL of LB medium with 50 µg/mL kanamycin was inoculated 

with a single fresh colony and grown at 37 °C overnight. An aliquot (600 µL) was 

then added to 100 mL of LB medium with 50 µg/mL kanamycin and 1 mM zinc 

acetate. The broth was incubated at 37 °C with shaking for 3.5 hours. Then IPTG was 

added to a final concentration of 1 mM and the culture was grown at 37 °C with 

shaking for 4 hours. The cells were harvested by centrifugation at 4000 x g for 20 min. 

A series of imidazole buffers were made containing 50 mM Sodium Phosphate 

Buffer pH 8.0, 300 mM NaCl and either 1 mM, 20 mM, 50 mM, or 250 mM 

imidazole. The cells were resuspended in 1 mL of the 1 mM imidazole buffer. 

Lysozyme was added to 1 mg/mL and the cells were incubated on ice for 30 minutes. 

The cells were then lysed by sonicating in an ice bath, six times for 10 seconds each 

time with 5 seconds pauses in between, at max power. DNase I and RNase A (Roche) 

were added to final concentrations of 100 units/mL and 5 µg/mL respectively. The 

cells were frozen and thawed three times, and the lysate was centrifuged at 10,000 x g 

for 30 minutes at 4 °C. The supernatant was collected and 150 µL of Ni-NTA resin 

(Qiagen) was added. The mixture was incubated on a roller for 2 hours at 4 °C. It was 

then centrifuged at 16,000 x g for 5 min and the supernatant was collected. The resin 

was washed with 1 mL 20 mM imidazole once and 50 mM imidazole twice. Each 

wash consisted of 5 min on a roller at 4 °C and a centrifugation step. The protein was 

eluted with 10 washes of 100 µL 250 mM imidazole. The purity of the elutions was 
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confirmed by denaturing SDS-PAGE. The gels were 12% pre-cast from Bio-Rad and 

stained with Gel-Code Blue protein stain. They were then assayed for activity using a 

test template containing the I-PpoI recognition sequence. 

With the functionality of the enzyme confirmed, an aliquot was used in a 

strand displacement amplification reaction. The reaction contained 40 nM test 

template (5’ – AGT CAA TGC ATC TCT CTT AA/G GTA GCC GTT ACA GGA 

TCT G – 3’ and its reverse complement, recognition site in italics and cleavage 

indicated by “/”), 25 mM CHES and 25 mM CAPS pH 10.0, 2 mM MgCl2, 1 mM 

DTT, 100 µg/mL BSA, 5 µM SSB, 250 µM each dNTP, 125 nM Klenow exo-, and a 

small volume of eluted H98A-WT I-PpoI dimer. Time points were taken at 0 min, 10 

min, 30 min, and 60 min by removing 5 μL of the reaction volume and adding it to 15 

μL of PAGE gel stop buffer. The products were visualized using 20% PAGE. Gels 

were run at 300V for 40 min, stained with SYBR Gold, and imaged using a BioRad 

Gel-Doc. 

4.3.3 Using biotin-streptavidin binding to purify labeled oligos 

In order to simulate an SDA product with biotinylated nucleotides 

incorporated, a test oligo was ordered with an internal biotin. The 40 bp oligo was 

obtained from Integrated DNT Technologies and had sequence 5' – CAG ACT GAT 

GAC GAT GAG TG-BiotinT GTG ACG TGA CCT CTC AGC TC - 3' and its reverse 

complement. Eight conditions were tested for eluting this oligo from streptavidin 

beads. The yield was estimated by using 20% PAGE at 400V for 30 min, or by qPCR 
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using the Bio-Rad MiniOpticon Real-Time PCR Detection System. The primers for 

qPCR were 5’ – CAG ACT GAT GAC GAT GAG TG - 3’ and 5’ – GAG CTG AGA 

GGT CAC GTC AC - 3’. 

Positive and negative control templates for biotin-incorporating SDA were 

obtained via PCR from plasmid pET-24(a) (Merck Biosciences). A 157 bp nickable 

fragment was extracted using primers 5’ – CGG TTA CCG ACT CAG CTT GAG 

CCA GTC ATG GGA TCG A – 3’ and 5’ – CGG CGG GAC CAG AGA AAA ATC 

ACT C – 3’. The forward primer also introduced the recognition sequence for nicking 

enzyme Nt.BbvCI at the 5’ end of the fragment. A 198 bp sequence that lacks the 

Nt.BbvCI nicking site was obtained with primers 5’ – TGG CTT CTG ATA AAG 

CGG GCC ATG T – 3’ and 5’ – CAT CCA TAC CGC CAG TTG TTT ACC CTC – 

3’.  

An SDA reaction was performed to label the 157 bp template with biotin, 

either by itself or in the presence of the 198 bp negative control or “decoy” fragment. 

In the case of the template being labeled as the only species in the mix, it was first 

nicked in 10 mM Tris-Cl pH 8.0, 50 mM NaCl, 10 mM MgCl2, and 1 mM DTT using 

200 nM Nt.BbvCI at a concentration of 40 nM. This volume was incubated at 37 °C 

for 1 hour and then heated to 80 °C for 25 minutes to kill the nicking enzyme. The 

labeling was done in the same reaction buffer but included 100 µg/mL BSA, 5 µM 

SSB, 5 uM each dNTP with between 5% and 100% of dTTP replaced by biotin-dUTP 

(Roche), and 125 nM Klenow exo- at a template concentration of 25 nM. To remove 

excess biotinylated nucleotides, the reaction volume was run through an Amicon 
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Ultra-0.5 mL 3K with 400 µL TE twice and recovered in a 50 µL volume of TE 

buffer. When the reaction was done in the presence of the decoy 198 bp fragment, the 

protocol was the same except each tube contained a final concentration of 60 pM 198 

bp fragment and either 60 pM, 6 pM, 600 fM, 60 fM, 6 fM, or 0 fM of the 157 bp 

target.  

Templates were bound to streptavidin-coated magnetic beads based on 

carboxylic acid beads (Dynabeads MyOne Streptavidin C1) obtained from Invitrogen. 

Stock beads (10 mg/mL) were washed by adding 1 µL of beads to 300 µL of 1X 

Binding and Washing (BW) buffer (5 mM Tris-Cl, pH 7.5, 1 mM EDTA, 1 M NaCl, 

0.1% Tween 20) in a DNA LoBind tube (Eppendorf). The beads were pulled down 

with a magnetic tube rack and resuspended in 25 µL 2X BW buffer. The DNA 

template of the same volume was added and the tube was incubated at room 

temperature on a tube rotator (MACSmix) for at least 2 hours. The beads were then 

washed 6 times with 1X BW. Each wash step consisted of adding 400 µL 1X BW, 

transferring the sample to a new DNA LoBind tube, vortexing or incubating briefly on 

the tube rotator, pulling the beads down on the magnetic rack, and removing the 

supernatant. The biotinylated oligos were recovered from the beads by resuspending 

them in 20 µL of an elution buffer, typically 95% formamide with 10 mM EDTA, and 

heating to 98 °C for 10 minutes. The beads were then pulled down and the supernatant 

quickly removed. If the samples were to be used in downstream reactions such as 

qPCR, the formamide was washed from the samples by running them through an 

Amicon Ultra-0.5 mL 3K with 400 µL TE three times. The primers used to extract the 
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fragments were also used in qPCRs with PerfeCTa Sybr Green Fastmix (Quanta 

Biosciences) on a Bio-Rad MiniOpticon Real-Time PCR Detection System. 

4.3.4 Expression of I-PpoI in artificial cells 

A protocol for creating emulsion droplets of the desired size was established 

using a fluorescein aqueous phase to enhance visibility of the drops for analysis. A 

fresh oil phase was created daily, consisting of 4.5% Span-80 and 0.5% Triton X-100 

in molecular biology grade mineral oil (all from Sigma-Aldrich). The aqueous phase 

consisted of 10 µM fluorescein, 10 mM Tris-Cl pH 8.0, and 0.1% Triton X-100. First, 

450 µL of the oil phase was put into a 2 mL round-bottom cryogenic vial (no. 430661, 

Corning) positioned on a magnetic stirrer. A magnetic microstir bar was added (8 x 3 

mm) and stirring was initiated at 1500 rpm. The aqueous phase was added over the 

course of 1 minute, 5 x 5 µL aliquots for a total volume of 25 µL. The entire 

experiment was conducted in a cold room at 4 °C. A few microliters were removed 

every few minutes for analysis. The samples were placed on a coverslip and 

sandwiched with an additional coverslip. They were imaged using a 20X objective 

(200X total magnification) on a Zeiss Axio Observer microscope with a FITC filter 

cube and Lambda DG-5 light source from Sutter Instruments. ImageJ was used to 

quantify the size of the emulsion compartments. 

For the in vitro protein expression, the PURExpress kit from New England 

Biolabs (NEB) was used. The components were assembled as per the manufacturer’s 

directions and included 1.6 units/µL of murine RNAse inhibitor (NEB) and a quantity 
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of linear I-PpoI gene, including all E. Coli regulatory sequences, at a concentration of 

between 3 ng/µL and 0.009 ng/µL. The reaction was assembled on ice. Once again 25 

µL of aqueous phase was added over the course of one minute to 475 µl oil phase 

stirring at 1500 rpm (magnetic microstir bar 8 mm x 3 mm) in a cold room at 4 °C. 

The stirring was allowed to continue for 30 minutes. At this time, the emulsion was 

moved to an incubator at 37 °C for three hours. The emulsions were transferred to 1.5 

mL tubes and centrifuged at 23,000 x g at 4 °C for 1 hour. The upper (oil) phase was 

removed and 20 µL of stop buffer (10 mM Tris-Cl pH 8.0, 20 mM EDTA) was added 

and the tube was vortexed to mix. Two methods were used to break the emulsions. In 

the first, the emulsion was washed three times with chilled mineral oil. For each wash, 

1 mL of mineral oil was added, the emulsion was resuspended by pipeting, and then 

spun for 20 minutes at 4 °C. A wash with 1 mL hexane could be used to remove the 

remaining organic phase before the aqueous phase was collected. In the second 

method, 1 mL of water-saturated ether was added to the emulsion and the tube was 

vortexed. The upper (solvent) phase was removed and the residual ether was 

evaporated by heating to 30 °C for 30 minutes. 

A small volume (2.5 µL) of the recovered aqueous phase was used in an 

activity test to determine the enzyme functionality. Each reaction contained 750 nM of 

a 40 bp oligo containing the I-PpoI recognition sequence, 25 mM CHES and 25 mM 

CAPS pH 10.0, 3 mM MgCl2, and 100 µg/mL acetylated BSA. The reaction was 

incubated at 37 °C for three hours. To remove high molecular weight DNA and RNA 

present in the in vitro expression mix, the reactions were run through a Microcon YM-
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100 (Millipore) and the flow through was collected for analysis on a 20% 

polyacrylamide gel. 

4.4 Results and Discussion 

We have investigated the potential of several strategies to allow the homing 

endonuclease I-PpoI to perform strand displacement amplification on DNA templates. 

At the core of each is the necessity of either slowing or entirely preventing the 

cleavage of one strand of the DNA template so that a polymerase can bind to and 

extend the primer created by the opposite nick. 

We have shown that if phosphorothioate linkages or locked nucleic acids 

(LNAs) are incorporated in sufficient numbers in one strand of the DNA template, 

they are capable of sufficiently inhibiting the cutting of that strand so that SDA can 

proceed. The use of RNA bases in the template did not seem to affect cleavage at all. 

However, preventing the break in one strand causes the entire reaction to be much 

slower than would be the case with a template consisting of purely native nucleotides. 

Additionally, there is a trade-off between strand protection and reaction rate that 

depends on the number of non-native nucleotides present in the recognition sequence. 

Figure 4.1 illustrates SDA using either 1 (A) or 3 (B) phosphorothioate 

linkages and Figure 4.2 illustrates SDA using either 2 (A) or 4 (B) LNAs in I-PpoI's 

recognition site. In the case of the phosphorothioate-modified strands, one modified 

nucleotide was unable to prevent cleavage of the DNA. However, three modified 

nucleotides provided adequate protection to allow SDA to occur. In the case of the 
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LNAs, 2 modified nucleotides were sufficient to allow SDA to proceed for 2 hours. 

The use of 4 LNAs in the strand significantly slowed the reaction. 

            A         B 

 
Figure 4.2. Strand Displacement Amplification using phosphorothioate linkages to block the 

cleavage of one strand of the DNA template. In (A), the DNA template contained one 

phosphorothioate in the backbone. The four lanes are a zero time point, template incubated with just I-

PpoI for 20 min, template incubated with I-PpoI and Bst Large Fragment polymerase for 20 min, and 

template incubated with I-PpoI and Klenow exo-, respectively. In (B), the DNA template contained 

three phosphorothioate linkages in the backbone. The template was incubated with I-PpoI and Klenow 

exo- for one hour. 
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                 A               B 

 
Figure 4.3. Strand Displacement Amplification using locked nucleic acids to block the cleavage of 

one strand of the DNA template. In (A), the DNA template contained two LNA residues. The 

template was incubated with I-PpoI and Klenow exo- for two hours. In (B), the DNA template 

contained four locked nucleic acids. The template was incubated with I-PpoI and Klenow exo- for two 

hours. 
 

As is evident, in all cases the reaction proceeds very slowly. We believe that 

since the DNA template is never fully cleaved, the restriction enzyme is reluctant to 

disengage from its template. In the Michaelis Menten enzyme kinetics equation below, 

k1 is the association rate, k2 is the cleavage rate, and k3 is the dissociation rate. It has 

been shown that k3 is frequently the rate-limiting portion of the reaction, particularly 

for restriction enzymes that have been mutated to nicking enzymes (24). While the 

association rate constant may also be affected, it seems likely to be the cleavage and 

dissociation rates that are most decreased by the modified nucleotides. 

 

 We have demonstrated that a tethered dimeric mutant version of I-PpoI can 

also be used to do SDA. We analyzed the crystal structure of two I-PpoI monomers 

 

 



106 

 

complexed to their DNA substrate (25,26) and determined the distance between the C-

terminus of one monomer and the N-terminus of the second monomer to be 

approximately 45 angstroms. Assuming a length of 2.5 angstroms per amino acid, we 

decided to use a tether of length 19 amino acids. The tether was designed to have a 

nearly equal proportion of hydrophobic and hydrophilic residues, incorporated a 

number of scattered prolines to break up any potential secondary structures, and ended 

with a pair of alanines to encourage the formation of an alpha helix at the N-terminus 

of the second monomer. After confirming that a dimer containing two wild type I-PpoI 

monomers connected by this tether was functional, we proceeded to tether a wild type 

monomer to an inactivated mutant monomer.  

The mechanism of cleavage of I-PpoI has been described in detail (25-28), and 

the key amino acids have been identified: A histidine imidazole ring (His98) serves as 

a base to deprotonate and activate a water molecule. The water molecule then attacks 

the scissile phosphate group, cleaving it from the 3’- nucleotide. An asparagine 

(Asn119) serves to stabilize a metal cation, usually Mg2+, which in turn stabilizes the 

phosphoanion intermediate and the 3'- hydroxylate leaving group. An arginine 

(Arg61) donates hydrogen bonds to the scissile phosphate group and stabilizes the 

final product. It has been suggested that a nearby alternate histidine (His78) can, to an 

extent, rescue activity of the enzyme in the event that H98 is mutated (28). However, 

it has been shown, and we have confirmed, that an H98A mutation in I-PpoI 

completely abolishes catalytic activity without affecting the affinity of the enzyme for 

its DNA template (27,29). Thus, we chose to use this mutation to inactivate one 
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monomer of I-PpoI in the tethered dimer. Since the recognition sequence for I-PpoI is 

pseudopalindromic, we could not control which strand of the DNA template was 

nicked. There is the possibility that an I-PpoI complex could bind to the target, nick 

one strand, disassociate from the template, and bind again in the opposite orientation 

to nick the second strand, creating a full cut. However, since only one strand could be 

cut at a time, we hoped that using a much lower concentration of I-PpoI vs. 

polymerase would allow the polymerase to bind to and extend from the nick before the 

I-PpoI could reorient itself and cut the second strand. 

 

Figure 4.4. An I-PpoI dimer complexed with its DNA substrate (From Protein Data Bank ID 1cyq 

(26)). The two identical subunits appear in green and blue. Note that the tail end of each subunit wraps 

around the other, so that the N-terminus of one subunit is only 45 angstroms from the C-terminus of the 

other. Magnesium ions in green appear close to the scissile groups, in particular His98. 
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Figure 4.5 illustrates SDA with the H98A-WT dimeric I-PpoI. The 40 bp 

template can be nicked on either the “top” or “bottom” strand. If the top strand is 

nicked, a 20 nucleotide (nt) SDA product is formed. If the bottom strand is nicked, a 

16 nt fragment is amplified. In the gel image, both products can be seen increasing 

with time. It is apparent that the 16 nt product is being amplified faster than the 20 nt 

fragment. This may indicate a slight preference for one side of the pseudopalindromic 

recognition sequence. Much like the SDA with modified nucleotides, the amplification 

is overall quite slow. Also, in practice, it may not be desirable to amplify both strands 

of the template. 

 

Figure 4.5. SDA with mutant tethered dimer H98A-WT. Since either strand of the template can be 

nicked, two distinct products are formed in the presence of a polymerase. The enzyme variant was 

expressed in E. Coli, purified using a 6 x His tag, and incubated with a 40 bp DNA target and Klenow 

exo- polymerase. 

 

In order to identify potential recognition sequences that would allow I-PpoI to 

nick, but not cut, at its binding site, we turned to strand displacement amplification 
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again. A DNA template that is fully cleaved by I-PpoI is not a suitable template for a 

polymerase because 3’ ends are left on each strand, precluding DNA synthesis. 

However, if either strand is cut and the opposite strand is left intact, a polymerase can 

incorporate nucleotides via SDA. If labeled nucleotides are used, this could be a 

mechanism to differentiate templates that had been nicked from those that had been 

fully cleaved or were left untouched.  

If we choose to sample the entire sequence space of the I-PpoI recognition site, 

that is a 15 bp stretch that must be completely randomized. This would yield 415 

variants, or about a billion different sequences. Of these, we can guess that somewhere 

between 0 and 10 will have the desired properties that allow I-PpoI to nick but not 

fully cleave the template. Assuming we use a reasonable concentration (1 µM) and 

volume (100 µL), we are left with the challenge of separating less than 100,000 

labeled molecules from a comparatively vast quantity (10 trillion) of unnicked or fully 

cleaved DNA fragments. 

In order to purify target labeled oligos from a library of undesired DNA, we 

chose to use biotin-streptavidin binding. Streptavidin is a tetrameric protein purified 

from Streptomyces avidinii that has an extremely high affinity for biotin (vitamin B7). 

The dissociation constant of the biotin-streptavidin complex is between 10-15 and 10-14 

mol/L (30) and the interaction has a half-life at room temperature of 35 hours (31), 

making it one of the strongest non-covalent bonds in nature. These qualities, along 

with the commercial availability of biotinylated nucleotides and previous publications 

illustrating the feasibility of using biotin-streptavidin bonding to purify labeled oligos 
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(21,22), suggested that this interaction would be an ideal candidate for the selection of 

target oligos. However, initial experiments did not yield a satisfactory enrichment 

factor so we sought to optimize our protocol. There are a number of parameters that 

could be responsible for the poor separation of biotinylated oligos; these include the 

method of labeling (choice of polymerase, concentration of biotinylated nucleotides, 

etc.), binding buffer, the incubation time, the washing buffer, and the elution 

conditions. Realistically, we cannot expect the procedure to be 100% efficient because 

each step will involve losses. A fraction of target oligos will not be labeled, a fraction 

of labeled oligos will not bind to the beads, and a fraction of bound oligos will likely 

be washed away before the elution step. Further, some of the target molecules that do 

bind and stick during the washes may not be eluted from the beads and will not be 

recovered and detected. Additionally, even with the use of ultra-pure DNA LoBind 

polypropylene tubes, it is inevitable that some DNA, both labeled and unlabeled, will 

coat the surface of the tube and stick during washing. Replacing the tube several times 

during washing helps to mitigate this particular issue. Unfortunately, another source of 

contamination is the streptavidin beads themselves. They are known to be “sticky” and 

nonspecific binding is expected. Since DNA is negatively charged, it is important to 

use beads that are also negative or near-neutrally charged. Most commercially 

available recombinant streptavidin has an isoelectric point near 7.0, so the use of a 

buffer with pH ≥7.5 is essential.  

First, we attempted to optimize the binding and washing protocols by adjusting 

the pH, salt concentrations, and detergent concentrations of the buffers and the length 
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of each incubation. None of the new formulas provided markedly superior capture of 

biotinylated fragments or suppression of the background unlabeled DNA. We also 

tried to pre-coat the beads with degraded herring sperm DNA to reduce the 

nonspecific binding to the streptavidin beads, but this was ineffective. Real-time PCR 

data indicated that the poor enrichment factor was likely due to insufficient recovery 

of the target fragment rather than excessive retention of background fragments. 

Since modifications to the binding and washing protocols failed to produce 

better yield of the labeled oligos, we chose to focus on the elution conditions. A 

literature search provided an array of different methods for the breaking of the biotin-

streptavidin bond. These included buffers with SDS or urea to denature the 

streptavidin and free biotin to compete with the labeled oligos (32) (Novagen’s 

MagPrep protocol), alkaline conditions to denature the double-stranded DNA and 

cause the dissociation of the biotin-streptavidin complex (33), or formamide and 

EDTA to disrupt the biotin-streptavidin bond (Life Technologies Dynabeads 

protocol). Uniquely, one group has reported the efficient elution of the biotin-

streptavidin bond using only nonionic water (34). They all incorporated elevated 

temperatures. Table 4.1 summarizes the elution conditions we surveyed. 
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Table 4.1. Conditions tested to elute a biotinylated DNA fragment from streptavidin beads 

 Buffer Temperature Incubation 
1 2% SDS, 3 mM biotin in PBS 99 °C 15 min 
2 2% SDS, 3 mM biotin, 8 M urea in PBS 99 °C 15 min 
3 0.1% SDS 99 °C 15 min 
4 Millipore dH2O 80 °C 5 min 
5 10 mM EDTA, 95% formamide 90 °C 10 min 
6 10 mM EDTA 90 °C 10 min 
7 95% formamide 90 °C 10 min 
8 25% Ammonium Hydroxide 70 °C 10 min 

 

To assay the efficiency of each elution condition, a 40-bp oligo with an 

internal biotinylated nucleotide was incubated with an equal mass quantity of an 

unlabeled 25 nucleotide and magnetic streptavidin beads. After incubation, the DNA 

was eluted using each of the eight conditions and the supernatant was run on a gel. 

Surprisingly, as illustrated in Figure 4.6, all of the elution conditions performed about 

equally well. Approximately 50% of the original quantity of labeled DNA is 

recovered, while all of the unbiotinylated DNA has been washed away. The exception 

is the elution in pure water, which only recovered about half as much oligo as the 

other methods. Since it is unclear what percent of the labeled oligo ever bound to the 

beads, the 50% figure is not truly an indictment of the selected elution conditions; 

however, it is clear that the efficiency is not less than 50%. 
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Figure 4.6. Biotin-streptavidin elution efficiencies using various conditions. Lane “0” indicates the 

quantity of template DNA that was incubated with magnetic streptavidin beads. The higher molecular 

weight band, 40 nucleotides long, includes an internal biotinylated dTTP. The lower molecular weight 

band, 25 nucleotides long, is unlabeled. The numbers above each lane correspond to the elution 

conditions described in Table 4.1. 

 
One other attempt was made to optimize the elution step. It is possible that the 

elution is inefficient in every buffer because the biotin-streptavidin bond is too strong 

to be easily broken. Therefore, we tested monomeric avidin magnetic beads in a 

similar assay. Streptavidin and avidin bind most strongly to biotin when all four 

subunits are present in the tetramer. An engineered monomeric avidin is unable to 

crosslink with another subunits of avidin, greatly decreasing its affinity for biotin (Kd 

= 10-7 mol/L). It should therefore be much easier to elute. However, it also may have 

more difficulty binding the target molecule and, due to its carbohydrate side groups 

and basic pI of 10, is likely to attract more nonspecific binding. We observed both of 

these phenomena and concluded that streptavidin beads were the far superior choice.  

Another factor that may influence the binding and elution efficiencies is the 

number of biotins present in the target oligo. In the previous experiment we used a 

synthetic DNA fragment with one internal biotin. However, fragments labeled via 
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SDA will be far less uniform and contain a distribution of biotins. This distribution, in 

turn, will depend on the number of relevant bases being incorporated, the percent of 

biotinylated vs. non-biotinylated nucleotides, and any preference the polymerase has 

for native nucleotides over modified, biotinylated nucleotides. 

The test fragment we used is 157 bp long, of which 129 bases are downstream 

of the nick created by Nt.BbvCI. Of these, 32 are dTTP, and are eligible to be replaced 

by biotin-dUTP during a strand displacement amplification reaction. If no dTTP is 

included in the nucleotide mix during strand displacement, and the fragment is fully 

resynthesized, then there must be 32 labels on the new strand. However, if both dTTP 

and biotin-dUTP are included in the reaction, it is more difficult to predict how many 

biotins will be incorporated due to potential bias of the polymerase. The biotin-dUTP 

we used, provided by Roche, has a 16-Carbon linker connecting the biotin to the 

nucleotide. This is fairly long and should minimize the perturbation of the active site 

on the polymerase, but there is insufficient data available to confirm this. It has been 

reported that the incorporation rate of biotinylated nucleotides by Klenow exo- 

polymerase is about 50% of the rate for native nucleotides (35), but this does not 

guarantee that there will be twice as many native nucleotides as modified nucleotides 

in a newly synthesized strand. The protocol for NEB’s Phototope kit indicates that 

when using a nucleotide mix with 16% biotinylated dATP and Klenow exo-, the 

expected biotin label rate is about one biotinylated dATP per 7-8 dATP bases, 

implying very little bias towards native nucleotides. Further, they state that using more 
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than 16% biotinylated dATP leads to crowding on the new strand that inhibits 

synthesis. 

We elected to empirically determine the optimum ratio of native:biotinylated 

nucleotides. We investigated the efficiency of binding and eluting using increments of 

10% biotinylated nucleotide between 0 and 100%. The results are illustrated in Figure 

4.7. 

 

Figure 4.7. Binding and elution efficiency with different percentages of biotinylated nucleotides. 
Lanes “L” are 25 bp ladder. Lanes “T” are starting template and “E” are eluates. The percent of biotin-

dUTP out of the total quantity of dTTP + biotin-dUTP is indicated above each pair of lanes. 

 

There are up to three bands visible for each sample. The highest molecular 

weight band represents the newly synthesized strand that includes biotinylated 

nucleotides. Despite being the same length, it is higher on the gel than the middle 

band, which is the unnicked strand, because each biotinylated nucleotide is 3X the 

mass of a native nucleotide. Since the binding and washing is done under non-

denaturing conditions, both of these bands should be present in the eluate. The lowest 

band represents the native DNA that was displaced during synthesis, and should not 

bind to the streptavidin beads. 

 

 



116 

 

The results indicate that it is not optimal to use a very high or very low percent 

of biotinylated dUTP, but rather something in the range of 50% - 60%. It is somewhat 

surprising that higher concentrations of labeled nucleotide were not more successful. 

If excessive biotinylated nucleotides were contributing too many bulky residues and 

inhibiting the polymerase during synthesis of the new strand, we would expect to see 

some truncated fragments on the gel. However, at 90% and 100% biotin-dUTP, there 

are two crisp bands on the gel and no indication of DNA with biotin. It appears that 

synthesis after nicking has not occurred. 

Despite having optimized conditions for labeling, washing, and elution, 

technical difficulties still plague the purification of very small quantities of DNA 

using biotin-streptavidin binding. We have observed that when a positive control is 

labeled in the presence of an excess of negative control lacking a nicking site, the 

enrichment factor does not exceed 10-fold as detected by qPCR. However, if the 

positive control is pre-labeled prior to being mixed with the negative control and then 

the mixture is incubated on streptavidin beads, the enrichment factor can exceed 

10,000-fold. This strongly suggests that the negative controls, in the presence of 

nicking enzyme and polymerase with biotinylated nucleotides, are being somehow 

labeled. Nonspecific nicking of the negative control is not visible by gel 

electrophoresis even after extended incubations. The use of an exo- polymerase does 

not allow the polymerase to chew back the 3’ ends of the DNA and then fill in with 

labeled nucleotides. Further, we have not observed the incorporation of bases to create 

3’ overhangs on the DNA template. Thus, while the mechanism of labeling remains 
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unclear, it is obvious that further changes to the protocol are required in order to 

suppress nonspecific labeling. As a first step we will utilize a template with 3’ dideoxy 

nucleotides to ensure that no bases are added as overhangs. 

Lastly, the ideal method of using I-PpoI in SDA would be to convert it to a 

nicking enzyme with a non-palindromic recognition sequence. This would require not 

only a mutation to inactivate a cutting site (H98A) but also mutations to the amino 

acids that make contact with the DNA template and determine its specificity. It has 

been shown that the specificity of homing endonucleases I-CreI (36-38) and PI-SceI 

(39-41) can be modified, that asymmetry can be introduced into the recognition 

sequence of typically symmetrical target sites for restriction enzymes (42), and that 

homing endonucleases can be modified to strand-specifically nick their targets 

(43,44). The interaction of I-PpoI with its DNA substrate is well-studied 

(25,29,45,46), therefore several residues are known to be good candidates for mutation 

in order to alter the specificity of I-PpoI. These include R61, N57, Q63, and R74, 

interacting with bases ±4, 5, 6, and 7 in the recognition sequence, respectively. 

Since we are not trying to force I-PpoI to recognize a particular sequence but 

rather any non-palindromic sequence, we can explore a larger sequence space by 

randomizing both the amino acid residues that make contact with the DNA and the 

nucleotides they interact with. However, this leads to a prohibitively large number of 

variants and conditions to test: 204 * 44 = 40 million. In order to process this quantity 

of conditions in parallel, we chose to pursue a strategy based on in vitro 

compartmentalization (IVC) and the incorporation of biotinylated nucleotides. In this 
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strategy, illustrated in Figure 4.8, one DNA template containing a copy of a mutant I-

PpoI gene and a mutant recognition sequence would be placed into each of billions of 

emulsion droplets. These water-in-oil emulsions would consist of recombinant 

transcription/translation reagents, allowing the protein to be expressed. Since the 

mutant gene and recognition sequence exist on the same DNA strand and are isolated 

from all other genes and templates, the genotype and phenotype are linked. An active 

nicking enzyme would interact only with the DNA fragment that created it, creating a 

single-stranded break in the recognition sequence. After heat-inactivating the 

enzymes, the emulsion can be broken and a polymerase with biotinylated nucleotides 

introduced to the mix to label the genes and recognition sequences that were 

successfully nicked. After recovering these fragments, they can be PCR amplified to 

do further rounds of selection or spliced into plasmids and transformed into E. Coli in 

order to separate each unique fragment for sequencing. 
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Figure 4.8. Strategy for selecting nicking genes and their substrates from a library. A library of 

fragments containing both mutant genes and degenerate recognition sequences is placed into an 

emulsion containing recombinant transcription/translation reagents such that there exists no more than 

one template per droplet. If an enzyme is produced that recognizes the sequence attached to its gene it 

may nick one strand. After the enzymes are inactivated and the emulsion is broken, a polymerase and 

biotinylated nucleotides are introduced to label nicked strands with biotin. These fragments can then be 

captured and separated from the rest of the library using streptavidin beads. If necessary they can be 

amplified for subsequent rounds of selection. 

 

The first requirement for this strategy is the ability to create uniform emulsions 

of tunable size. This is a notoriously fickle and temperamental process that has been 

referred to as the “black art of emulsions” (47). While microfluidic channels have 

been touted as a method of creating extremely uniform emulsion droplets (47-52), they 

suffer from two drawbacks. First, the emulsion droplets created are generally in the 

range of 10 µm to 500 µm, which is too large for some applications. Second, while 

some devices can create microdroplets at a rate exceeding 10 kHz (47), this is still too 

low throughput for a system that requires billions of compartments. An alternative 

method that sacrifices uniformity for speed is the simple high speed stirring of an 

aqueous phase into an oil phase using a magnetic stir bar (22,23,47,53,54). We sought 

to calibrate this method for the in vitro expression of our protein. 

 

 



120 

 

E. Coli cells are generally on the order of 1.1-1.5 X 2.0-6.0 µm rods and the 

prokaryotic transcription/translation machinery has evolved to operate in cells of 

approximately 2 µm diameter (54), at which size the concentration of a single gene is 

about 400 nM. The use of droplets larger than 2 um with a single gene is inadvisable, 

as coupled transcription/translation can become inefficient at lower concentrations. 

Approximately 33 µL of fluid divided into 2 µm diameter compartments (33 fL 

volume) would provide one billion droplets. We found that when 500 µL of an 

emulsion containing 5% aqueous phase was stirred at a constant rate, the size of the 

emulsion droplets produced was dependent on the amount of time stirring was allowed 

to proceed. As shown in Figure 4.9, approximately 30 minutes of stirring at 1500 rpm 

with an 8 X 3 mm magnetic stir bar produced droplets of mean size 2 µm with a 

coefficient of variation of <0.3. 
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Figure 4.9. Fluorescent micrograph of an emulsion created by rapid stirring. An aqueous phase 

containing 10 µM fluorescein was slowly added to a stirring oil phase containing detergents and 

allowed to spin for 30 minutes at 4 °C. The mean drop size is 2 µm with a coefficient of variation less 

than 0.3. 

 

In order to maximize the chances of selecting the correct gene, it is desirable to 

use a low ratio of templates:droplets to ensure that each drop only contains one gene. 

However, using an extremely low ratio will lead to massive waste of the 

transcription/translation kit and unacceptable cost. The percent of droplets with x 

genes can be predicted using Poisson’s distribution: 
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where λ is the ratio between the number of templates and the number of droplets in the 

emulsion. Thus, if the ratio of templates:droplets was 1, approximately 37% of drops 
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would contain a single gene, 37% would contain no templates, and 26% would contain 

multiple genes. 

Zheng and Roberts(23) calculated the theoretical enrichment of desirable genes 

from a random library. If we assume that every template in a droplet containing a 

nicking enzyme is selected, the number of nicking enzyme genes (Nick) is: 
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where N is the total number of aqueous drops in the emulsion, x is the number of 

genes per droplet, and p is the percent of nicking enzyme genes in the library. The 

number of nonspecific genes that are selected (those that do not code for an active 

nicking enzyme but by chance were in the same droplet as one that does, leading to a 

false positive, NonS) is: 
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This is also the maximum number of nicking genes that may be lost because they 

were, by chance, included in the same droplet as an active endonuclease, leading to a 

false negative. The theoretical enrichment is then: 

(/ 1
rE

p p
=

−                    where r is the ratio                        
Nick NonSr

NonS
−

=  

Each round should enrich the concentration of desirable genes by E. Depending on p, 

several rounds may be necessary to isolate a nicking enzyme gene. Selected genes will 

be amplified with PCR and can be sequenced or used for another round of selection. 
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In order to demonstrate that the expression of functional protein in an 

emulsified recombinant transcription/translation environment is feasible, we added the 

linear gene for I-PpoI with all E.Coli regulatory elements to an in vitro 

transcription/translation mix at concentrations calculated to provide final ratios of 

genes:droplets of 10:1, 1:1, and 1:10. A negative control lacking any I-PpoI gene was 

also included. After spinning for 30 minutes at 4 °C and incubating at 37 °C to allow 

the protein to be expressed, the reaction was stopped and the emulsion was broken 

using either oil washes or an ether wash. While the ether wash is much faster, some 

proteins are sensitive to denaturation by ether (53), so both methods were investigated. 

There was insufficient protein expressed to visualize on an SDS-PAGE gel, so an 

aliquot of each recovered aqueous phase was incubated with an oligo containing the 

recognition site for I-PpoI to test for restriction activity. The results are shown in 

Figure 4.10. 
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Figure 4.10. Activity of I-PpoI expressed in vitro in a water-in-oil emulsion. I-PpoI genes were 

added at various concentrations to a water-in-oil emulsion containing recombinant E. Coli 

transcription/translation machinery. They were then incubated with a 40 bp fragment (blue arrow) 

containing the I-PpoI recognition sequence. Active enzymes would digest the template into 24, 20, and 

16 bp fragments (red arrows). Lane “P” indicates the positive control using enzyme obtained from 

Promega. Lane “L” is a 25 bp ladder. For each sample lane, the ratio of template:drops is indicated, 

along with whether the emulsion was broken with oil washes or a water-saturated ether wash. High MW 

smears are tRNAs, ribosomal RNA, and other nucleic acid mass contained in the 

transcription/translation mix. 

 

It is evident that at the higher concentrations (10:1, 1:1) of gene templates, 

functional protein was expressed and it specifically cut its DNA substrate. Also, the 

protein was not denatured during the ether wash, suggesting that this is the method of 

choice for breaking the emulsion. However, the lowest ratio of genes (1:10) did not 

produce enough functional protein to detect using this activity assay. As calculated 

above, a 1:1 ratio of template:droplet is probably too high, as 26% of drops will 
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contain multiple genes and lead to false positives or negatives. On the other hand, 1:10 

may be excessively low, as over 90% of all drops will be empty. A compromise in the 

neighborhood of 1:2 to 1:4 will likely produce the best results. 

An emulsion-based platform, then, has been established that will allow us to 

express isolated mutant proteins with the ability to interact with and modify the DNA 

fragment containing their own gene and a degenerate recognition site. The next step is 

to complete the optimization of the biotin-streptavidin enrichment protocol so that the 

desirable labeled fragments can be reliably identified and amplified for subsequent 

rounds of selection. 
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Chapter 5: Conclusions and Future Directions 

5.1 Device for Hydrodynamic Shearing of DNA 

In this work, we developed an apparatus for the automated shearing of 

genomic DNA. Compared to the commercial instrument that operates using the same 

mechanism, our device exhibits similar performance characteristics at less than 20% 

of the cost. More importantly, it offers several significant improvements. First, the 

usage of a filter screen with thousands of parallel pores circumvents the clogging 

issues that have plagued single-orifice shearing devices. Second, the filter screens are 

cheap and disposable, making it much easier to decontaminate the system between 

samples. Third, it is more automated, allowing the instrument to be more high-

throughput and eliminate sources of user error. In recent years, the read lengths of 

many DNA sequencing technologies has increased markedly, making long randomly 

sheared DNA fragments more desirable. Currently our instrument is one of the only 

methods for creating libraries of long (> 5kb) DNA fragments. We are collaborating 

with an industrial partner to bring this device to market. The most pressing need to 

make this a viable product is a more intuitive and GUI-based software suite for 

controlling the pump and valve. 

Since small DNA fragments are still useful, we have made efforts to expand 

the range of sizes attainable with our system. To that end, we have replaced the filter 

screen housing with stainless steel internal unions with bore sizes of 150 µm or 250 

µm. This allows us to increase the fluid flow rate at the constrictions (pores) and 
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decrease the size of the resulting fragments. We have demonstrated an ability to reach 

mean sizes of about 800 bp, however at these pressures the valve begins to fail and we 

experience sample loss via internal leaking. There is no reason to believe that a more 

robust pump and valve would not be able to further decrease the sizes achievable. 

However, as noted in the manuscript, the plot of fragment size vs. velocity is non-

linear and approximately follows a power law. Thus, significant increases in flow rate 

will be required to realize incremental decreases in fragment size. 

5.2 Strand Displacement Amplification with a Nicking 

Endonuclease 

In this work, we demonstrated the linear amplification of DNA strands up to 5 

kilonucleotides in length. A complex mixture of DNA fragments of disparate length 

can be amplified simultaneously. A critical feature of the method is that it does not 

exhibit bias based on length or sequence, therefore the original molar ratio of 

fragments in a mixture is preserved. The technique is capable of doing this because it 

uses a nicking enzyme with a relatively long 7 bp recognition sequence, a polymerase 

with extremely high fidelity and processivity, and single-stranded binding proteins 

(SSB) to stabilize the displaced DNA. We succeeded in amplifying a small phage 

genome that had been randomly fragmented using hydrodynamic shearing. 

In its current form, the method is only useful when limited amplification is 

required. Since it is linear amplification, it cannot compete with other exponential 

methods such as PCR if a large quantity of DNA is desired from a small starting 
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sample size. A challenge for the future will be to adapt the current protocol to include 

primers that allow exponential amplification. This has already been demonstrated with 

traditional SDA. Another challenge will be to improve the hairpin adapters that we 

have developed. We have shown them to work with single templates, but not with a 

library of fragments. They may make the reaction simpler and more efficient by 

eliminating the potential for nonspecific interactions between strands of single-

stranded DNA, and by freeing up SSB from newly synthesized strands for use with 

continued amplification. 

5.3 Utilizing Homing Endonuclease I-PpoI in SDA reactions 

 In this work, we explored a number of approaches to using a well characterized 

homing endonuclease to perform Strand Displacement Amplification, culminating in 

an effort to engineer the enzyme to modify its recognition sequence and inactivate one 

of its cutting sites. Through the use of non-native nucleotides including 

phosphorothioate-modified nucleotides and locked nucleic acids (LNA), we managed 

to slow down the cutting of one strand of the DNA template so that SDA could 

proceed slowly. An attempt to identify sequences that can be nicked but not cleaved 

led to the development of protocols for separating biotinylated oligos from a library of 

unmodified oligos but did not yield the target sequence we were searching for. 

Turning the normally homodimeric enzyme into a tethered monomer with one cutting 

site inactivated led to an I-PpoI variant that was able to do SDA for a limited time 

before the recognition site was eventually fully cleaved. We pursued a strategy for 
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expressing and evaluating millions of mutant proteins in parallel. Towards this goal, 

we established protocols for the in vitro transcription and translation of functional I-

PpoI in a water-in-oil emulsion such that each emulsion droplet contained just one 

copy of an I-PpoI gene. 

 We believe we have adequately explored the potential of non-native 

nucleotides and the mutant dimeric enzyme as concerns the use of I-PpoI in strand 

displacement amplification reactions. While we were able to solve many of the 

technical difficulties associated with the protein engineering project and identified 

amino acid residues and positions in the recognition sequence that are good candidates 

for mutation, further work will be required to identify the desirable mutants. The 

platform is established but we have not yet validated it with a positive control. In the 

long run, the solutions that did work (non-native nucleotides, tethered dimeric form of 

enzyme) will never be as robust as an engineered version of I-PpoI with the desired 

properties. It is worth spending time, money, and effort to continue to develop a 

mutant nicking I-PpoI because it is likely to have many applications in genomic 

engineering and DNA amplification via SDA. 
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