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EPIGRAPH

Why waste time learning, when ignorance is instantaneous?

Bill Watterson
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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



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.



Many iterations of sequencing by synthesis (SBS) have been developed and
currently exist as commercial platforms through Roche/454 FLX (pyrosequencing)
(7), the Ilumina/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



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”.
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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



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



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



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



contamination between runs. Finally, the cost of purchasing the commercial

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

mw neb son hsh hsil

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



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,



10

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 10" 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 10* 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/cm® (37). Cyclic

sequencing can then be performed on this amplified product.

a Roche/454, Life/APG, Polonator
Emulsion PCR
One DNA molecule per bead. Clonal amplification to thousands of copies occurs in microreactors in an emulsion
100-200 million beads

zrcl'nzllification l;r-:zli‘swon L\esTcﬁ:!i:cn ﬁ/ﬁ*;‘f m\
€1 7. 0L " <> - **ﬁ; ¥
Wl s

Chemically cross-

Primer, (empla(e
dNTPs and polymerase linked to a glass slide

&)
4

b Illlumina/Solexa
Solid-phase amplification
One DNA molecule per cluster

Sample preparation
DNA (5 ug)

Template
dNTPs
and
polymerase

Bridge amplification

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 wuse 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-Ppol 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 um to 10 um 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.
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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 um 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., Madnnedorf,
Switzerland) and a syringe (Cavro XLP syringe, 2.5 mL, part No. 734806, $60, Tecan)
with a '4-28 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 um, part No. SSR2-10, $2 each;
or 10 um, 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 pm screen is
40 um while that of the 10 pm screen is 125 um. 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 um filter $2.00

10 pm filter $1.00
Total $2177.80

The source DNA was human genomic DNA (Cat. No. G304A, Promega Corp.,
Madison, WI, USA) diluted to 30 pg/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 MQ-cm H,O (Milli-Q, Millipore Corp., Billerica, MA, USA)
and filtered through a 0.22 pum 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 HCI followed by 6
times with 1.5 mL of 0.5 M NaOH. 500 pL of air was drawn into the syringe to purge

any wash solution remaining in the valve that may damage the DNA. To rinse the
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wash solution from the syringe and tubing, the system is washed 8 times with 2 mL of
dH,O and then with TE buffer. About 50 uLL 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 um and 10 pm) at six flow rates (15, 25, 35, 45, 79, and 125 mL/min).
The initial sample used was 165 pL. of 30 pg/mL human genomic DNA in TE buffer.
Shearing was performed as described above. A 15 pL 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 um 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 pL.
of 163 ng/uL genomic DNA and 70 pL TE buffer. After shearing at 79 mL/min
through a 0.5 pm screen, the sample was collected. The system was washed with
NaOH and HCI 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 pL
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 pL 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 um and 10 um) 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 HCI, 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
pm, 1 pm, 2 pm and 10 pm 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 pm and 10 um 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 ym and 2 pm gave

results similar to those obtained with the 0.5 um 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 pm and 10
pum 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.

Size and Distribution (Kbp)
Flow Rate

0.5 pm Screen 10 pm Screen
(mL/min.)
Low High Mean Low High Mean
15 47+17% 104+10% 62+9% | 9.8+7% 176 £8%  11.7£9%
25 294 11% 74+4% 42+£11% | 7.0+16% 158+5%  9.2+13%
35 20£7%  5.6+6% 3.1+£11% | 55+9% 14.1 £ 9% 7.3+ 9%
45 1.7€3%  42+7% 24+6% | 4.1+4% 12.8 4% 6.0+2%
79 1.3£10% 3.7£2% 20£4% | 3.7+6% 11.0£13% 52+£3%

125 1.2+15% 33+£8% 1.9+ 7% 34+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
um (A) and 10 um (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 um diameter. Lane 1: 250 ng of 1 kb Plus ladder. Lane 2: 250 ng of genomic DNA.
Lanes 3-7: DNA sheared withl, 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 um and 10 um screens respectively, so the actual flow rate for the 0.5 pm
screen and 10 um 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 pum 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 pm and 10 pm 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 pm 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
um (A) and 10 pm (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 pm and 10 um. 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.
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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 a-
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 o-phosphorothioate. The incorporation of the a-
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 Hincll or BsoBI) can be used for SDA. Second, a DNA product
containing a significant fraction of bases with a-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 a-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 ¢$29 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), $29, 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 (4’ =
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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Nicking by endonuclease

\J

Strand displacement synthesis
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Continuous nicking and strand
displacement DNA synthesis

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.Alwl, Nt.BbvCI, Nb.Bsml,
Nt.BspQI, Nb.BsrDI and Nt.BstNBI, Exo- Klenow enzyme (E. coli. DNA polymerase
large fragment), Bst DNA polymerase large fragment, $29 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 (CCA"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 °C, 15 s at 78 °C,
and 15 s/knt at 75 °C. The amplification was finished by a final reaction at 72 °C for
five min and cooling to 4 °C. 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/uL. was passed through a filter screen (1-um
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 NEBNext™ End Repair Module (Cat.
No. E6050S, NEB). Sheared DNA (85 pL) was mixed with 10 uL 10X End-Repair
Buffer and 5 pL. 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 pL 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.BbvClI 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 uM of adapters and 25 nM of end-repaired genomic DNA in 50 mM Tris-
HCI pH 7.5, 10 mM MgCl,, 20 mM KCI, 1 mM ATP, and 10 mM dithiothreitol
(DTT). T4 ligase was added to a final concentration of 15 cohesive end units/puL, 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 uM, 100 pg/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 pL reaction volume
was assembled on ice and contained 2 nM DNA template, 40 mM Tris-Cl pH 8.0, 10
mM MgCl,, 50 mM NaCl, 5 mM DTT, 100 pg/mL BSA, 500 uM each of all four
dNTPs, 5 uM SSB, 400 nM (0.45 U/uL) Sequenase 2.0, and 3 nM (0.04 U/uL)
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 pL aliquots in five
microtubes. Immediately, 15 pL 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 °C. After 5 min, 10 min, 20 min, and 40 min incubation,
one tube was removed and 15 pL 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 uM 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 uM 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 pL reaction was assembled on ice. The reaction mix contained 2 nM
DNA templates, 40 mM Tris-Cl pH 8.0, 10 mM MgCl,, 50 mM NaCl, 5 mM DTT,
100 pg/mL BSA, 500 uM each of all four dNTPs, 5 uM SSB, 400 nM (0.45 U/uL)
Sequenase 2.0, and 3 nM (0.04 U/uL) Nt.BspQI. The solution was divided into 5 pL
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