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Abstract

A high-throughput single nucleotide polymorphism (SNP) genotyping
assay based on the Illlumina GoldenGate platform was developed to study
mutations associated with human migration in mitochondrial DNA (mtDNA)
isolated from 150 saliva samples. Populations with similar migratory routes,
commonly known as haplogroups, have specific positions of mtDNA mutations
that are highly correlated and maternally inherited. An extensive literature search
was performed to identify potential SNPs of interest. From the data obtained, a
list of working SNPs was used to develop a low cost ligation-based genotyping
assay that can be performed with minimal equipment and experience. The assay
utilizes allele-specific probes (ASPs), which are complementary to either the
mutant or normal base for each SNP, and locus-specific oligonucleotide probes
(LSPs) that anneal to the region immediately flanking a target SNP. Ligation of
the biotinylated ASP to the poly dA-tailed LSP is highly specific and dependent
on the SNP site’s identity. The signal is then amplified through thermally cycled
denaturing, annealing, and ligating to create many products from each target
strand. The ligation products are then deposited onto a lateral flow biosensor
(LFB). Ligated strands are captured by streptavidin, allowing for a fast,
colorimetric readout with poly dT-functionalized nanospheres. Over 40 SNPs
have been successfully investigated using the low cost ligation assay and can now
be used in a classroom to teach students about genetics and DNA analyses while

learning about their ancestor’s migratory history.
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Part |. Introduction



1. Background on Howard Hughes Medical Institute Research Project

The Howard Hughes Medical Institute (HHMI), a non-profit biomedical
research organization, grants money to institutions looking to promote the
advancement of scientific education in undergraduate and high school classrooms.
Professor Walt received an HHMI Professor’s Award in 2006, with the idea of
creating laboratory experiments that would introduce the modern biotechnology
and analytical methods developed in his research group to younger students. The
grant provided funding for myself and my fellow undergraduate researchers the
opportunity to experience aspects of individual research, while being overseen
and working alongside graduate student and post doctoral mentors.

In this multi-faceted, multi-year project, the primary task was to create a
low-cost assay to trace maternal ancestry. The project focused on single
nucleotide polymorphism (SNP) genotyping of mitochondrial DNA (mtDNA), to
identify the origins of an individual’s ancestors. The work detailed in this thesis
demonstrates an experiment that will be useful in teaching the basics of DNA
analysis, genetics, and basic laboratory skills, while allowing students to discover

personal information about their ancestor’s history.

2. Maternal Ancestry and Mitochondrial DNA

Genomic DNA is present in the nucleus of cells and is passed down
equally from both parents, whereas mitochondrial DNA is solely passed down
maternally.> Without any recombination occurring between mtDNA, the genetic

material is a useful tool for tracing information along ones maternal side.
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Mitochondrial DNA exists as a closed circular loop of duplex DNA nearly 16,600
base pairs in length? and is derived from the circular DNA of bacteria, engulfed
by ancestors of our eukaryotic cells.® A single cell has been found to contain
1,000-10,000 molecules of DNA, contributing to the high yield of mtDNA after
isolation.*

The mitochondrial genome has been found to mutate 5-10 times faster
than nuclear DNA.> A mutation, called a single nucleotide polymorphism (SNP),
is a single nucleotide in a DNA sequence that differs between members of a
species and can provide important information about an individual.  With so
many SNPs present in the small region of ~16.6 kb, it has become very difficult to
identify specific mutations in the mitochondrial genome. When designing PCR
primers and genotyping probes, the sequence surrounding the SNP of interest may
contain other SNPs, resulting in inefficient hybridization of probes and primers
utilized in sequencing.

The analyses of mtDNA sequences can be used to trace maternal ancestry
back hundreds of thousands of years. The relationship between two individuals
can be determined by comparing the variations between the two genomes and the
percentage of overlap seen within the sequences.® A comparison between the
SNPs of a population can be used to determine maternal lineage. Conventionally,
the comparison is made between a sample and the revised Cambridge Reference
Sequence (rCRS), which is the mitochondrial genome of one individual of
European descent that was sequenced for use as a reference point.” With this

standard reference, any difference in a compared sequence is considered a
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mutation. As our ancestors traveled throughout the world, settling in different
communities and reproducing with others in the same population, their mtDNA
evolved with similar mutations, allowing SNPs found in today’s individuals to be
used to trace an individual’s ancestry back hundreds of thousands of years.

Some of the first research done with human mtDNA to identify and
categorize SNPs used restriction enzymes to digest the entire genome. Brown’s
study isolated DNA from 21 individuals with diverse geographic backgrounds and
identified differences in mtDNA using restriction-enzyme fragment length
polymorphism (RFLP).® After hundreds of studies were done to find correlations
between different SNPs and geographic regions, he was able to find relationships
between individuals from similar backgrounds and the patterns of SNPs.

Eventually, portions of the mitochondrial genome were sequenced to find
more comprehensive information. Initial tests were run looking at mutations for
medical conditions including Parkinson’s disease, mitochondrial myopathy, and
cardiomyopathy in Japanese populations.®*° Studies within this population were
further explored to analyze the phylogenetic relationships between individuals in
Eastern Asia.'’ With complete sequencing available, others started to look at the
original migration out of Africa to develop a detailed route, giving more
information to migration patterns.*> While complete mitochondrial genomes were
being sequenced, attention was drawn to the inconsistent mutation rate along the
genome. It was found that the control region, including the hypervariable
segments HVS-1 and HVS-I11, evolved more rapidly than the coding regions.™

Although the high mutation rate made it difficult to find patterns among
4



individuals, it also contributed to the dense amount of information that could be
obtained within the region. Complete sequences of the control region provided
information necessary to establish concrete migration patterns.'* While the
introduction of sequencing contributed greatly to phylogenetic networking, it is
expensive and time consuming.

A new method of minisequencing was introduced that shortened the time
of sequencing by focusing on small portions of the mitochondrial genome. The
Affymetrix MitoChip (Santa Clara, CA) is a directed array that uses thousands of
known probes to sequence portions of the mitochondrial genome.™ The array has
been used to genotype hundreds of individuals and diagnose many diseases,
including Alzheimers,™ breast cancer,'” pancreatic cancer,'® hearing loss,*® head

and neck cancer, 22

and gastrointestinal cancer.?

Photolithography is used to synthesize oligonucleotides on the surface of
the Mitochip. A photomask is used to add one protected nucleotide at a time to
the surface. After several (sometimes up to a hundred) photomasks have been
used to add single nucleotides to known locations, the array consists of thousands

of known sequences in known locations.?*%*

By constructing an array with
thousands of probes complementary to portions of the mitochondrial genome,
minisequencing allows for a faster readout than complete genome sequencing.
While the MitoChip and minisequencing have improved the time, it is still

extremely costly. Through previous timely and costly work, we now have

sequences that can be used to develop faster and cheaper methods by looking



directly at known locations. Genotyping looks specifically at known SNPs

instead of obtaining excess information about surrounding sequences.

3. Human migration patterns

Human migration patterns are determined by studying the patterns of
SNPs in a population. A population consisting of similar SNPs is recognized as a
single haplogroup, which is used to categorize individuals based on geographic
location and migration patterns. By categorizing an individual into a haplogroup,
it is possible to trace migration routes by observing the branching points of all
associated haplogroups. Larger main haplogroups break down into smaller, more
specific haplgroups, in a tree formation as seen in Figure 1.1. Therefore, if an
individual indentifies for a small sub-haplgroup, they are in every larger

haplgroup higher on the tree.
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Figure 1.1. Major branching points of human migration.”® Each branching point can be
traced to follow migration patterns of populations. Each large haplogroup breaks down
into smaller haplogroups based on their separation from the larger population during
migration. [Image reprinted from Reference 25]

It was found that all humans originated in Africa from a mitochondrial
Eve.”® People started to migrate out of Africa, most likely due to climate change,
and headed to Asia and Europe.”” The different migration patterns correlating
with each haplgroup are seen in Figure 1.2. The first evidence of branching is
seen at the horn of Africa, indicated by the large variation in Ethiopian samples.?®
As populations left Africa they branched into two main groups; haplogroup M
went to Asia and haplogroup N first went to Europe, branching into haplogroup

R. Later, evidence shows that some people turned away from Europe and headed

east towards northern Asia.*** It was found that Europeans share many more

common SNPs than Asians due to the populations’ mixing. Haplogroups in Asia



have much more variation because populations settled in a particular region and

did not mix with any other settlements. These routes have been researched

extensively and compiled in Torroni’s review.*
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Figure 1.2. Migration routes of human beings dating back to 170,000 years ago.”® All
humans originated in Africa and migrated out, branching into the two main out of Africa
haplogroups, M and N. Individuals in haplogroup M headed west to Asia and later to the
Americas, while haplogroup N moved into Europe. [Image reprinted from Reference 25]

4. Phylotree and its Construction

Thousands of human genomes have been sequenced and used to find
patterns of similar SNPs within populations. Many studies have been completed
focusing on small populations around the world to find phylogenetic relationships
between the inhabitants. However, inconsistencies have been found when
comparing studies. Each independent study focused on a specific population, but
many new haplogroups and branching points have recently been introduced,
making it difficult to follow the relationships between different haplogroups. A
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recent paper by van Oven and Kayser compiled from approximately 100 studies
to construct an up-to-date universal phylotree that could be used by everyone.*
Previous research on this project in our lab was based on the work done by
Herrnstadt, who focused on establishing phylogenetic networks within a
geographic region.®* While many of these same SNPs are still being investigated,
several of the branching points noted in the paper have been restructured.
Therefore, our lab’s previous work placed individuals into the correct haplogroup,
however the relationships between the haplogroups were not correct. Van Oven
worked to find consistencies among almost 100 papers in order to create the
universal tree. The original nomenclature proposed by Richards® introduced
many inconsistencies among other studies. In some instances the same name was

353637 and in other situations different names were

used for different haplogroups,
used for the same haplogroup.®2**° \van Oven created a complete phylotree that
is available at phylotree.org and is updated with current information in order to
maintain a tree that can be used to keep studies consistent. A small portion of the
website is seen in Figure 1.3 showing the branching points off of the main

haplogroup U. The position number of each SNP is seen along with references

for the SNP identity and location.
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Figure 1.3. Snapshot from phylotree.org. The main haplogroup U, branches into small
more detailed haplogroups. Each SNP that identifies a haplogroup is listed by position
with coding region mutation (577-16023) in black and control region mutations (16024-
576) in blue. The reference where each SNP was found is shown to the right of each
SNP. [Image reproduced from phylotree.org]

A simplified version of the tree is seen in Figure 1.4, to show major

branching points that can be compared to the original tree made by MitoMap in

section 1.3.
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Figure 1.4. Simplified version of the phylotree showing major branching points and
haplogroups. The original haplogroup out of Africa is L3 which breaks down into N,
leading to Europe and M, heading west to Asia. [Image reproduced from reference 32]
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5. Introduction to SNP Genotyping Methods

Analysis of different individual’s DNA sequences has revealed positions
in which one of two different bases could be present. These SNPs occur when a
single base mutates to a new base and is passed down through generations,
making it possible to trace mutations through family members. Millions of SNPs
have already been identified and can each encode for many different
characteristics. Exploring different genotyping methods has increased the ability
to genotype larger populations and lowered the cost of genotyping.

The invention of the polymerase chain reaction (PCR) was the necessary
first step in creating SNP genotyping assays (Figure 1.5). The task of identifying
a single base in 6 billion bases of genomic DNA and ~16.6 kilobases of mtDNA
is extremely difficult without shortening the sequence to a more manageable size.
PCR uses two synthetic primers complementary to the target DNA. Each primer
binds to one of the two strands of dehybridized target DNA surrounding the
desired region, and a DNA polymerase is introduced along with the all four
deoxyribonucleotide triphosphates (dNTPs). The polymerase adds each dNTP to
the end of the hybridized primer in order to extend the sequence creating a
complement to the target strand.** PCR is important because as long as the
flanking regions are known, the polymerase will add the dNTPs specific to the
target strand, incorporating any mutations present. After the reaction runs
through many cycles of dyhybridization, annealing and extension, the final
product consists of a concentrated solution of billions of copies of DNA of a

specified length as determined by the location of the hybridized primers. PCR has
11



enabled researchers to work with high concentrations of short DNA in order to

maximize specificity in a concentrated sample.

53" 5 3 5° 3’
3
Dehybridization Primer annealing 5
i
3
3’5 3’ 5 3 5’

Primer extension l

5 5
5 5~ 5'3 Dehybridization 3
4 53 Primer annealing
I ‘ & Primer extension
_—
3 3’5 3 3
N 35" 5
3’5’ 5 5
Dehybridization
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, 5 53
3- 5’3" 53 5% H i3 3 ‘
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Figure 1.5. PCR starts with the dehybridization of the long target strand. Primers anneal
to the 5° end of the target and extend to the 3’ end with the addition of dNTPs and
polymerase. After dehybridization, the number of strands doubles to four. Primer
annealing and extension takes place again, resulting in 8 strands, then 16. After 30 cycles
there are billions of copies of the desired region.

5.1  Enzyme Mismatch Cleavage

Nucleases are enzymes that naturally cleave the phosphodiester bond
between nucleotides. Researchers have used this class of enzymes for mismatch
detection in duplex DNA.*> Original nucleases that were isolated for mismatch

detection include the T4 endonuclease VII and mung bean endonuclease. The
12



specific nucleases found were able to detect a single mismatch at a SNP site and
cleave the double stranded DNA.** Probes can be designed complementary to a
particular base, and the regions flanking the base, so when a non-complementary
base is present, the mismatch is detected and cleaved on the 3’-end of each strand
as seen in Figure 1.6. The cleavage products can then be analyzed using gel

4244 A more recent discovery of the CEL 1

electrophoresis or Southern blots.
endonuclease from celery, has demonstrated increased cleavage specificity.*
While other enzyme’s reaction conditions include a pH below 7 and increased
temperatures of 60 °C, the optimum conditions of CEL 1 has a pH between 7 and
8 and temperatures between 37-40 °C, allowing for more moderate reaction
conditions.*  Changing the reaction conditions to an environment more
compatible with DNA allowed for increased cleavage specificity, where CEL |
has demonstrated useful in the detection of a single mutation.“°
5

Cleaved Target

Cleaved Target 5 3
/\_/ T G _/ ¥
/ 5’

3 3
,  Cleaved Probe

5

Figure 1.6. A probe is designed to surround the SNP position. If there is a mismatch,
the endonuclease will detect the mismatched bases and cleave the double stranded DNA
at the 3’ end of the mismatch. The cleavage is then detected using gel electrophoresis or
Southern Blots.
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5.2  Single Base Extension

Single Base Extension analyzes a single base in the genome using a
polymerase and dideoxyribonucleotide triphosphates (ddNTPs). Oligonucleotides
are designed to be complementary to the target sequence and end before the SNP
at the 3’ end.”” Polymerase and ddNTPs are then added to be incorporated into
the sequence. The polymerase adds the ddNTP to 3’-end of the probe,
complementary to the SNP base. Only the ddNTP complementary to the expected
base is labeled, therefore when the ddNTP is detected after the reaction is
complete, the base will be known as seen in Figure 1.7.*® Single base extension
incorporates ddNTPs to prevent extension after the addition of one base, as
ddNTPs lack the 3’-hydroxyl group on their sugar, therefore no additional
nucleotides can be incorporated because the phosphodiester bond cannot be
created between the 5’-phosphate and 3°-carbon.*®

Many different detection methods have been explored to be used with
primer extension. Only the ddNTP complementary to the SNP base contains a
label, therefore if a different base was present at the SNP site, the lack of signal
indicates that the allele is not present. Originally, radioisotopes where used to
identify the SNP base. The complemenetary ddNTP could be labeled with either

%30 or hydrogen®” and could easily be detected.

a radioisotope of phosphorous
Later, fluorescenctly labeled ddNTPs were introduced allowing for higher
throughput.® Instead of adding only one labeled ddNTP, all four ddNTPs could

be added, each with a different fluorescent label, and could be detected using the

different excitation and emission wavelengths of each label. Colorimetric
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readouts have also allowed for the easy SNP detection.”® The principles
introduced by primer extension can be expanded upon in order to detect SNP

using different immobilization techniques and detection methods.

5)
A
SNP Target ' Flucrescent ddTTP
3’ /
5 Capture Probe
5)

G
CRS Target G Unmodified ddGTP
3)

3)
5 Capture Probe

Figure 1.7. Single base extension is used to identify a specific SNP. A capture probe is
designed to anneal to the target strand 3’ to the SNP and end before the SNP. A. A
complementary fluorescent ddNTP is added to the mixture and the presence of signal
indicates the SNP is present . B. An unmodified ddNTP can be added to test for the
other allele and the absence of a signal shows the other allele is present.

5.3  Oligonucleotide Ligation Reaction

The Oligonucleotide Ligation Reaction (OLR) uses a DNA ligase to form
a phosphodiester bond between two adjacent probes hybridized to a target strand.
The ligase requires complete hybridization of both probes to the target in order to
catalyze the formation of the bond.® For SNP genotyping, two probes are
introduced into solution: the Locus-Specific Oligonucleotide (LSO), which stops

15



before the SNP and the Allele-Specific Oligonucleotide (ASO), which includes
the base complementary to the SNP. Therefore, if the SNP is not present, the last
base of the ASO will not anneal, creating a tail and the ligase will not form a bond
(Figure 4A). However, if the SNP is present, the ASO will hybridize completely,
and the ligase will form a phosphodiester bond with the LSO (Figure 1.8). The
LSO and ASO can be modified in order to create a read-out. Often one
modification is used to immobilize the newly formed strand to a surface and one
modification is used for a readout.”® Different readouts have been explored that
included radioactivity, fluorescence and color absorption.

The catalysis of the formation of the phosphodiester bond between directly
adjacent 3’-hydroxyl and 5’-phosphoryl termini is done in three steps involving
two intermediates.>® First the ligase reacts with either ATP or NAD to form
ligase-adenylatae. Next the adenylel group is transferred to the DNA to form a
bond between the 5’-phosphoryl terminus and AMP, while PPi is released. Last,
the 3’ hydroxyl group attacks the 5’-phosphate to form the phosphodiester bond

and the AMP leaves.”
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Figure 1.8. A locus-specific probe binds 3’ to the SNP and an allele-specific probe binds
5’ to the SNP and includes the complementary base of the SNP. One probe contains a
signal molecule and the other contains a substrate for immobilization. A. When the ASP
diagnostic base is complementary to the SNP, ligation occurs between the ASP and LSP.
If the ASP diagnostic base is not complementary to the SNP, there is a tail and no ligation
occurs resulting in three separate strands of DNA after dehybridization.

The read-out of the ligation reaction can be enhanced by amplifying the
signal. The ligation amplification reaction (LAR) provides a means of producing
many signal molecules from a single target strand.”® The reaction still requires
the dehybridization of target DNA followed by the hybridization of the ASO and
LSO and ligation, however the reaction is cycled over and over to increase the
signal. By adding excess ligation probes, several ligation reactions can occur
using a single target strand with multiple probes. The discovery of thermostable
ligase® has allowed for easy cycling similar to PCR, using a thermocycler that
alternates between a dehybridization temperature and an annealing and ligation
temperature. By adding a read-out method to the ligation probes, the signal is

significantly amplified.
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6. Motivation for Creating an Inexpensive SNP Genotyping Assay

Using of the Illumina GoldenGate Genotyping assay, we investigated the
success of our custom sequences in order to identify single mismatches in the
mitochondrial genome. After testing over 100 samples, we generated a database
of the sample’s known SNP calls and haplogroups that could be used later. The
GoldenGate assay provided very precise results, however it was still costly and
time consuming. By modifying the GoldenGate sequences in conjunction with
the information obtained from the standard samples, a low cost ligation assay was
developed. The ligation assay used basic laboratory equipment to produce a
colorimetric readout on a nitrocellulose biosensor within hours. By utilizing basic
laboratory skills and equipment, the assay could be easily adapted for use in high

school and undergraduate classrooms.
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Part I1. lllumina GoldenGate
Genotyping Assay



1. Introduction

The Illumina GoldenGate assay is a high throughput genotyping method
that is read on Sentrix BeadChips with a BeadArray Reader. While the assay was
traditionally used with genomic DNA, we have adapted it for use with the SNP
genotyping of mtDNA. The assay uses a combination of allele-specific extension,
ligation, and amplification to produce a highly specific assay, while the Sentrix
BeadChip allows for a multiplexed readout. Each silicon Sentrix BeadChip
includes 16 etched microarrays containing thousands of encoded beads with
unique oligonucleotide probes complementary to DNA sequences (address
sequences) that are part of the designed oligonucleotide pool. During the assay,
the reaction products hybridize to the specific address sequence of a certain bead
type, which can later be decoded based on the known location. Each array
contains multiples of at least 18 identical beads with sequences complementary to
the same address sequences. This method provides a significant advantage

because it utilizes replicates to increase the confidence in allele calls.

2. General workflow and protocol

One benefit to the GoldenGate Assay is that it does not require
amplification of the target sequence prior to genotyping. Allelic discrimination
occurs directly on the mtDNA, and PCR follows to amplify the synthetic
template. Purified target mtDNA is activated to bind directly to magnetic beads
for immobilization (Fig. 2.1A.). A previously designed custom oligonucleotide

pool is then added to the target DNA for hybridization of the probes. The pool
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contains three probes for each of the 86 SNP sites, such that over 250 oligos are
present in the solution. Two probes are specific to each of the two possible alleles
at the SNP site, called allele-specific oligos (ASO). Each ASO consists of a
sequence on the 3’ end that will hybridize to the target, differing in the 3’ terminal
base that will be complementary to one of the two alleles, and a 5’ portion that is
complementary to a universal PCR primer sequence. The third probe, called the
locus-specific oligo (LSO) will bind approximately twenty base pairs downstream
of the SNP, irrespective of the allele present. The LSO contains three portions;
the 5’end hybridizes downstream of the SNP, the middle sequence is called the
address sequence, and the 3’ end is complementary to the universal PCR primer
sequence. The address sequence is complementary to one of the unique
sequences found on a specific bead in the Sentrix BeadChip and is used later in
the read-out to identify each SNP being analyzed.

After the hybridization step, several washes are performed to remove all
non-specifically bound oligos. Allele-specific extension then occurs at the 3’ end
of the ASO, only if the terminal base is complementary to the SNP. The
extension step fills the gap between the ASO and the LSO followed by a ligation
step that attaches the extended ASO to the present LSO. High specificity is
introduced in this step, because ligation will only occur if both probes hybridized
and the ASO was extended (Fig. 2.1B.). A new strand of DNA is now formed
that has two universal sequences complementary to the PCR primers, one on each
end. These sequences allow for amplification of the recently created oligos

through PCR thermocycling.
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The PCR primer solution contains three different primers. Primers P1 and
P2 are each complementary to one of the respective ASOs. Therefore only one
primer will be incorporated into the oligonucleotide, determined by which ASO
hybridized to the target strand. P1 and P2 are labeled with Cy3 and Cy5 dyes
respectively, creating an amplified signal for an easy read-out, when the
fluorescently labeled primers are incorporated during PCR (Fig. 2.1C.). By
obtaining information about which dye corresponds to each ASO, and which LSO
address sequence corresponds to each bead, the assay can be multiplexed through
knowledge of the location of each bead type on the array (Fig. 2.1D.). Using the
bead map supplied with each bead chip and spatial encoding, each SNP call can
be distinguished (Fig. 2.1E.). When the assay is complete, the BeadArray Reader
simultaneously scans the BeadChip at two different wavelengths to find a positive
or negative signal for each SNP, and uses the unique bead map for each array to
generate a file of signal intensity and SNP calls*. The complete schematic of the
protocol is seen in Figure 1.

One notable change made to the protocol occurred during the
centrifugation of the filter plate after PCR. Originally, PCR products were added
to the filter plate, which was placed on an adaptor on top of V-bottom plates and
added to the plate centrifuge. The process was included in order to separate
products from magnetic beads and catch the filtrate in the V-bottom plate.
However, the V-bottom plate adaptor did not align the filter plate properly and
caused solutions to combine unfavorably. Instead of using the adaptor, we tightly

taped the two plates together in order to obtain perfect alignment. We also
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adjusted the centrifuge to a lower acceleration to avoid abruptly disturbing the

solution.

mtDNA

! |
B. T 4(’%5
V_—_ A—" 3

< e,
Figure 2.1. Schematic of lllumina GoldenGate Genotyping Assay. (A.) DNA is
activated and attached to magnetic beads. (B.) All oligonuclotides for each SNP are
hybridized followed by allele-specific extension of the ASO and ligation to the LSO.
(C.) Ligation products are amplified through PCR with fluorescently labeled universal
primers. (D.) PCR products are hybridized to the Sentrix BeadChip and scanned with
the BeadArray Reader. (E.) Composite confocal images of an Illumina BeadArray and
size of an actual Sentrix BeadChip.
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3. BeadStudio Analysis

Each SNP is assigned a different address sequence that is part of the LSO
and is complementary to a bead capture probe. The address sequences are
common to all Sentrix BeadChips of a given multiplexing level, allowing for
universal readout. The beads are then located using the unique bead map
provided with each BeadChip. BeadStudio then interprets the ratio of Cy3 to Cy5
fluorescence intensity exported from the BeadArray Reader? (Figure 2.2). The
program uses a custom-designed clustering algorithm on the sample DNA to
produce a score between 0 and 1°. Normally with genomic diploid DNA, scores
of 0 and 1 would indicate homozygous alleles, while a score of 0.5 would show
the presence of a heterozygous allele. However, when analyzing mitochondrial
DNA, only a score of 0 or 1 is possible because the mtDNA genome is haploid.
For example, an A/G SNP of 0 could represent an A allele, while the presence of
the G allele would be read as a 1. The clustering allows for comparison to other
samples in the population in order to determine the reproducibility of the assay.
High precision of the SNP call is seen with tight clusters that are polarized to
opposite axes. Pictured below is an example of the plot produced by BeadStudio
for the U-A12308G SNP. Each dot represents an individual sample and the SNP
can be identified by the location on the x-axis. A call of 1 places the 15
individuals into the U haplogroup with the G allele, and a call of 0 signifies the
presence of the A allele, which indicates that there are 64 samples not in

haplogroup U.
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Figure 2.2. A snapshot of the BeadStudio analysis screen, which gives the SNP calls for
haplogroup U for each individual. The x-axis gives the SNP call ranging from 0 to 1,
which identifies the allele present. The y-axis shows the intensity of each individual SNP
call. The circles around each cluster provide a visual of the precision of the assay. Small
clusters show similar SNP calls and intensities, demonstrating high precision.

We were able to export the data obtained in BeadStudio to Excel in order
to determine the exact base for each person for every SNP. The SNP calls for all

the samples tested for all 86 SNPs can be seen in the Appendix 1.

4. Designing an OPA

The allele-specific oligos and locus-specific oligos used in our assay for
mtDNA SNP genotyping were custom designed specifically for the SNPs we
were looking to analyze. Proper design of the oligonucleotides significantly
contributed to, and was essential for the overall success of the genotyping assay.
Over 250 oligos were combined into a unique solution used only in our assay in

what Illumina has named the Oligo Pool All (OPA).
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A time intensive process was performed in order to create a list of SNPs
that would work in the GoldenGate Assay. We looked to find SNPs that would
genotype samples into a diverse range of haplogroups that covered as much of the
globe as possible. In order to create sequences that could be used simultaneously
on one target strand, each SNP had to be separated by at least 60 base pairs (bp);
Illumina recommended a separation of at least 150 bp. This separation was
necessary because each SNP required the hybridization of the ASO and an LSO
approximately 20 bp downstream and is hindered by different probes attempting
to anneal to any shared portion of the sequence. The cross-reactivity of each SNP
probe was important to consider when designing a list of SNPs because all three
probes for all 86 SNPs were combined in the OPA. If probes non-specifically
annealed to other locations on the target, false and inaccurate data would result.
Once a list of SNPs was produced, the sequence flanking the SNP, 40 bp on each
side of the SNP, was obtained from the Cambridge Reference Sequence (CRS)
and sent to Illumina for scoring. Illumina used its OligoDesigner software to give
each sequence a proprietary score from 0 to 1 based on specificity and likelihood
of success in the assay. Qualities such as repeated sequences, palindromic
sequences and GC content were considered when sequences were scored. We had
the final decision in whether to keep the SNP, but a score above 0.4 was
considered sufficient, with a score of 1 being ideal. The Illumina score sheet can
be found in the Appendix 1.

A naming scheme was developed to organize the list of SNPs and provide

all necessary information for identification (ex. U-A12308G). The first letter
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identifies the haplogroup and the number gives the position of the base along the
CRS. The two letters surrounding the number provides information about the
mutation. The first base given is the base present in the CRS and the second base
(after the number) is the mutant base. In the example shown, hapolgroup U is
being analyzed at position 12,308 along the genome. If a sample has a G at that
position, a mutation has occurred and the sample can be placed in haplogroup U.
If a sample has an A, a mutation has not occurred and the sample is not in
haplogroup U.

Yet, there are a few exceptions to the naming scheme. Since all mutations
are referenced to the CRS, most variations from the CRS will allow for the
placement of a sample into its respective haplogroup. However, the CRS is also
placed in a haplogroup, H, therefore any sample that has the mutation at the
haplogroup H SNP position is NOT in the haplogroup. The other exceptions refer
to the larger branch points higher up on the phylotree that haplogroup H branches
off of, and are marked with an asterisk (*) for identification (*H-A2706G, *HV-
C14766G, *R0O-G11719A, *N9-G5417A, *N-T10873G, *L3-G769A, *L2°3°4°6-

C13506T).

4.1  Problems with OPA I

While the proper design scheme was followed to create OPA I, the
phylogenetic tree, used to plot all the haplogroups and their relation to one
another, was updated shortly after the OPA was created. Many SNPs were

proven to be more cross-reactive than previously thought, and several of the SNP
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groups were placed in different locations on the tree. Also, many of the SNPs
chosen for OPA | were found to be shared by haplogroups in different parts of the
tree and did not uniquely represent one haplogorup. The primary paper used to
create OPA |* was later proven to have wrong branching points, however the SNP
identities were correct. While the first GoldenGate assay using OPA | worked
and gave SNP calls for individuals, the branching throughout the tree could not be
traced. It was essential that samples positive for smaller haplogroups lower on the

tree were also positive for the major branching haplogroups higher on the tree.

4.2 Improvements to OPA II
After learning of the updated phylotree created by Van Oven®, an
extensive literature search was performed in order to create a list of SNPs that
would work successfully in the assay. Van Oven compiled over 100 studies to
create the tree and it was essential to look through all the papers to find successful
SNPs. First, using phylotree.org in combination with the references, we identified
every possible SNP that could be used in the assay. Haplogroups were picked
that included a large sample size and covered a diverse number of countries and
regions. It was necessary to use larger haplogroups positioned higher on the tree
because these larger groups included several subgroups and could be explored
further.
Next, approximately 400 SNPs were chosen and narrowed down by
looking at their cross-reactivity. Many SNPs coded for several haplogroups and

needed to be eliminated to increase the specificity of the assay. Once the list was
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cut down to 300, spacing along the genome was considered for specificity.
Because the assay combines all probes into one hybridization reaction, it was
necessary to find SNPs that were at least 60 base pairs apart in order to give
enough room for the ASO and LSO to anneal properly. At this point there were a
few SNPs that coded for the same haplogroup, however both were kept in order to
compare their success in the assay. The list of 100 SNPs was sent to Illumina to
receive scoring. When the scores were returned, the few that did not receive a
sufficient score were replaced with other SNPs that were originally left out. Since
the success rate of each pair of SNP probes depended on every other sequence in
solution, this step was repeated several times to find the right combination of
sequences. The OPA was ordered in multiples of 96, giving us the opportunity to
run 86 mtDNA SNPs and 10 control SNPs from oral microbes. After eight score
reports, all SNPs received a score over 0.4 and the final list of sequences was sent
to Illumina be created. Ilumina designed the ASOs to have a T, of 57-62°C and

the LSO to have a T,0f 54-60°C.

5. Custom Phylotree

From the data collected with the GoldenGate assay, we created a custom
phylotree (Figure 2.3). This tree includes only the SNPs tested in the assay and
demonstrates the correct branching that can be used to trace migration patterns
back to Africa. By eliminating cross-reactive SNPs and simplifying the tree with
the more populated haplogroups, the tree can be used as a visual aid in

conjunction with the GoldenGate SNP calls, to correctly map a population’s
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ancestry. The SNPs and sequences tested with the Goldengate assay were later

used to develop the low cost genotyping assay.
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Figure 2.3. Custom phylotree showing all haplogroups tested with the Goldengate assay
and the location of all branching points according to the most recent data on
phylotree.org.

6. Final SNP Calls from GoldenGate Analysis

Once the GoldenGate Assay was run, it was essential to analyze each SNP
in BeadStudio. Successful SNPs were seen with tight, polarized clustering,
demonstrating little deviation. All sequences that were run with GoldenGate,
were later modified for use with the low-cost ligation assay. While the sequences

were the same, the length and melting temperatures were selected for use with the

ligation assay.

32



After the analysis of all samples and SNPs, data was organized into a
SNP grid to provide all necessary information. The SNP grid shows the SNP
calls for all the SNPs tested for each sample. A positive call is represented by a
black box and a white box indicates a negative signal. The larger haplogroups at
major branching points include more people and as the haplogroups get more
specific towards the bottom of the tree, they include fewer people. This pattern
demonstrates that everyone originated in Africa and the people who left Africa

(L3) either went west to Asia (M) or branched off into Europe (N).

! the Illumina GoldenGate Assay Protocol Cards Doc. # 11171817 Rev. B
% Fan, J.-B. et al. Quant. Bio. 2003, 118, 69-78.

% Shen, R. et. al. Mut. Res. 2005, 573, 70-82.

* Herrnstadt, C. et. al. Am. J. Hum. Genet. 2002, 70, 1152-1171.

® van Oven, M.; Kayser, M. Hum. Mutat. 2008, 30, E386-E394.
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Part 11l. Creating a Bench Top
Genotyping Assay



1. DNA purification
1.1 Introduction

The collection of DNA from blood cells has long been the method of
choice for most medicinal studies; however blood collection is not always
possible in large population studies." Saliva collection is a non-invasive
procedure that allows for high volunteer compliance. In collecting saliva, the
cells of importance are the buccal cells from the inside of cheeks. Saliva has
many other components that must be eliminated in order to obtain pure DNA.
The most notable components are proteases, including deoxyribonuclease
(DNase) that will degrade DNA over time by catalyzing the hydrolytic cleavage
of the phosphodiester bonds of the DNA backbone.? .

The purification of saliva was essential in order to eliminate components
that would hinder a higher concentration of preserved, intact strands of DNA.
The Genotek Oragene kit was selected for the use of saliva collection and DNA
purification in our lab because of its easy collection method and high DNA vyield.
The Oragene kit produces a median yield of 110 pg of DNA in comparison to a
yield of 1.9 pg of DNA from buccal swabs.®> The kit requires a volunteer to spit
into the collection capsule, which can keep DNA stable for years. The
purification process uses proteases to destroy enzymes and proteins, wash steps to
remove unwanted cellular debris, and ethanol to precipitate the DNA. The final
solution at the end of the process contains a concentrated mixture of

mitochondrial, genomic and bacterial DNA.
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1.2 Methods

This protocol is modified from the DNA Genotek Laboratory Protocol for
Manual Purification of DNA from 0.5 mL of Oragene DNA/saliva.

Volunteers were requested to spit 2 mL into the Oragene disk and cover it
with the provided top. The top component contained a proteinase solution that
degraded enzymes in order to stabilize the DNA so the sample could potentially
be stored at room temperature for several years. The sample is then mixed by
inversion and placed in a 50 °C water bath for one hour. Next, 500 pL of the
mixed Oragene DNA solution/saliva sample was transferred to a 1.5 mL
microcentrifuge tube. The remainder of the saliva sample can be stored frozen at
-20 °C. To the 500 pL sample, 20 pL of Oragene DNA purifier is added and
mixed by vortexing to lyse the cells. The sample was placed on ice for 10
minutes then centrifuged for eight minutes at 13,000 rpm. Once complete, the
supernatant containing the DNA was transferred to a new microcentrifuge tube.
The pellet, containing all other cell contents, was discarded.

To the 500 pL of supernatant, 500 puL of 99% ethanol (Sigma, St.
Louis, MO) was added and mixed gently by inversion 10 times. The sample was
then left to stand at room temperature for 10 minutes. Next, the microcentrifuge
tube was placed in the centrifuge at a known orientation and centrifuged for two
minutes at 13,000 rpm. This is necessary so the position of the DNA pellet can be
located even if it is not easily visible. After the centrifugation, the supernatant
containing leftover impurities and ethanol is removed and discarded. The DNA

pellet is resuspended in 200 pL of sterile water and stored at 4° C.
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1.3 Conclusion

The Oragene protocol has proved successful in several different assay
designs. Its easy and non-invasive collection method has allowed us to collect
samples from hundreds of volunteers both quickly and easily. Volunteers were
much more willing to give a sample of saliva instead of a blood sample, allowing
us to accumulate many more samples in a noninvasive manner with no special
training required. While buccal swabs are painless, they often do not collect
much DNA as noted by Bimboim.® The Oragene kit can collect larger quantities

of DNA, which contributed to the successful assays.

2. Amplex Red and QuantaRed Enzymatic Read-out
2.1 Introduction

A colorimetric read-out was explored to eliminate the use of expensive
fluorescence microscopes and cut costs for a classroom setting. Aiming to
increase interest in the results of the experiment from high school and college
students, the colorimetric read-out also added an exciting and easily detectable
color change to obtain the final results. In the reaction investigated,
nonfluorescent 10-acetyl-3,7-dihydroxyphenoxazine (ADHP or Amplex Red)
undergoes de-N-acetylation and oxidation to produce fluorescent 7-Hydroxy-3H-
phenoxazin-3-one (Resorufin)*® (Figure 3.1). The oxidation of the Amplex Red
phenol groups occur when reacted with hydrogen peroxide, and rate enhancement

is observed with the addition of the catalyst horseradish perosidase (HRP)®.
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The reaction has been measured as a two step process that involves a
radical intermediate of Amplex Red and then a second enzyme-independent step
using another Amplex red molecule creating a 2:1:1 ratio of Amplex Red: H,0O:
HRP’. The completion of the reaction can be measured quantitatively at an
excitation wavelength of 568 nm and an emission wavelength of 582 nm, but can
also be measured qualitatively by observing the pink color of resorufin®. With a
sensitivity of 15-20 fold more than other colorimetric products, an assay using
Amplex Red was ideal to detect concentrations as low as 10nM hydrogen
peroxide.’

However, some complexities in the reaction have been observed. If the
reaction is allowed to proceed for an extended period of time, the fluorescence
intensity decreases as resorufin turns into non-fluorescent resazurin (7-hydroxy-
3H-phenoxazin-3-one 10-oxide).> While we are only concerned with the
immediate colorimetric response, this undesired reaction does not affect our read-
out. Another complication occurs at concentrations of hydrogen peroxide above
100 puM, where the observed fluorescence intensity is noticeably lower.> Again,
because the color change is the important aspect of the reaction, the decrease in
fluorescence did not affect the experiment.

A later discovery of the QuantaRed substrate (Theormo Scientific,
Rockford, IL) gave a similar reaction and read-out but with a much stronger
signal. The Kit uses the same reaction between ADHP and hydrogen peroxide

with the HRP catalyst to produce resorufin as the Amplex Red kit. However, the
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reaction incorporates chemical enhancers to produce maximum yield, resulting in

stronger fluorescence intensity and color absorbance.’

M0, IHO 40,

07 "CH,
Amplex Red Resorufin Resazurin
10-acatyl-3,7-dihydroxyphenoxazing T-Hydroxy-3H-phenoxazin-3-one T-Hydrany-3H-phenaxazin.G-one 10-oxide
(Man-Fluorescent) [Flusrescent, pi, ~6.5) [Mon-Fluorescant, pa -5.2¢ )

Figure 3.1. Oxidation and de-N-acetylation of nonfluorescent ADHP to highly
fluorescent and pink resorufin in the presence of hydrogen peroxide and catalyzed by
HRP. [Image reprinted from reference 5]

A direct hybridization assay was designed using immobilized DNA on
microspheres with complementary biotinylated probes (Figure 3.2). The assay
employs the high binding affinity between streptavidin for biotin (K,=10*° M™)*
to obtain a read-out. Three microcentrifuge tubes were prepared for each
experiment: tube A had the complementary sequence, tube B had a non
complementary sequence, and tube C was the control, containing only the buffer.
If the probes hybridized completely, the biotin would then bind to the added
streptavidin-modified HRP. The high non-specific binding affinity of streptavidin
made it essential to use a blocking solution to prevent excess streptavidin from
binding to the surface of the microcentrifuge tube. Bovine Serum Albumin (BSA)
was used to coat the surface of the microcentrifuge tubes before the addition of
streptavidin, while a mixture of BSA and a detergent, Tween 20, was used further

used as a wash to remove additional non-specific binding'**2

. If the complement
probe was present, addition of the QuantaRed substrate and hydrogen peroxide

resulted in a color change from clear to a strong pink signal.
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Streptavidin

Modified HRP

Capture Probe

Figure 3.2. Capture probes are linked to microspheres and allowed to hybridize to the
complementary biotinylated probes. Streptavidin-modified HRP was then added to the
solution and bound to the biotin. When ADHP and hydrogen peroxide were added, the
HRP catalyzed the reaction to produce resorufin, giving a positive colorimetric read-out.

2.2 Methods

All chemicals and solvents were purchased at molecular biology grade
available from Sigma (St. Louis, MO) unless otherwise noted. Funtionalized
beads (Polysciences, Inc., Warrington, PA) were separated into three 50 pL
aliquots in three microcentrifuge tubes, tube a the complement DNA sequence,
tube b the non-complement DNA sequence, and tube c, the control, contained
only buffer. The protocol for making beads can be found in section 3.4.2 EDC
Coupling. The tubes were first centrifuged at 12,000 rpm for 2 min (Centrifuge
5424, Eppendorf, Hauppauge, NY) and the supernatant was removed. Next a 50
puL aliqguot of 50 nM biotinylated target (Integrated DNA Technologies,
Coralville, lowa) in 5x Phosphate Buffered Saline (PBS, pH 7.4) was added to the
appropriate tube and 5x PBS was added to the control, pipette mixing each time.
The mixture was left to hybridize for 15 minutes on an orbital mixer (IKA MS3
digital orbital mixer, Wilmington, NC). The supernatant was removed after
centrifugation (2 min at 12,000 rpm) and a washing step was preformed, by

adding 200 pL of 20% formamide in 1x PBS and pipette mixing. This step was
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followed by three washes with 200 uL of TE. For each washing step pipette
mixing, centrifugation, and removal of the supernatant are preformed.

A blocking step was essential before the addition of streptavidin-HRP in
order to prevent binding of streptavidin to the walls of the microcentrifuge tubes.
First 200 pL of 0.05% BSA and 0.05% Tween 20 in 1x PBS was added to each
tube and let mix for five minutes on the orbital mixer. The supernatant was then
removed after centrifugation, and a wash with 0.05% BSA and 0.05% Tween 20
in 1x PBS was performed. Next, 50 pL of 1 pM Streptavidin modified HRP was
added to the mixture and left to incubate on the mixer for 15 minutes, protected
from light.

After the incubation, the tubes were centrifuged at 12,000 rpm for 2 min.
and the supernatant was removed. A 100 pL solution of 1% BSA and 1% Tween
20 in 1x PBS was added and let mix for 5 min. To remove all the excess
streptavidin-HRP, four final washes were preformed. First, the beads were
washed once with 100 pL of 1% BSA and 1% Tween 20 in 1x PBS and then three
times with 100 puL of TE. Resuspension of the beads was done in a final solution
of 60 pL 1x PBS. The QuantaRed Working solution was prepared with 250 pL of
the QuantaRed Enhancer, 250 pL of the Quanta Red Peroxide and 5 uL of ADHP.
A visible read-out is possible within minutes of the 50 pL addition of the working

solution.
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2.3 Results and Discussion

To determine the different concentrations needed for the Amplex Red
reaction, a kit was ordered from Invitrogen (Carlsbad, California) that contained
the necessary reagents to produce a colorimtric signal: Amplex Red, dimethyl
sulfoxide (DMSQO), hydrogen peroxide, HRP, and PBS buffer. Later, the contents
of the kit were bought separately to cut the costs of the experiment. The first goal
of the experiment was to determine the correct concentrations of each reagent that
could be used to produce the strongest signal (Figure 3.3). After that was
accomplished, the concentrations could be used with the biotinylated probes in

direct hybridization.

Amplex Red Hydrogen Peroxide/HRP Exp. 2
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Figure 3.3. Reaction between Amplex Red and hydrogen peroxide versus different
concentrations of HRP, increasing from 0 mU/mL to 5 mU/mL. The fluorescence was
measured using a microtiter plate reader set at an excitation of 550 nm and emission of
590 nm.

The reactions showed that there was a peak concentration at which the

fluorescence intensity began to plateau. Ideally, we wanted the highest intensity
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possible while still able to differentiate between the presence or absence of HRP,
in order to distinguish between a complementary and non-complementary DNA
sequence. When incorporating this reaction into a readout with DNA, it was
essential to create an assay that gave a clear positive or negative result depending
on the complementarity of the target strands. The biotinylated complementary
strands, present after washes, were bound to the streptavidin-HRP, and therefore
created a strong signal when allowed to react with Amplex Red in the presence of
hydrogen peroxide. However, the noncomplementary strand was not expected to
hybridize, therefore leaving no biotin present for the binding of the streptavidin-
HRP, producing no signal. The first experiment run, using only three buffer
washes after hybridization, gave nonspecific signals, seen in Figure 3.4. The
fluorescence intensity of the non-complementary probe was very similar to the
fluorescence intensity of the complementary probe. The sequences used in the

direct hybridization experiment are seen in Table 1.
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Figure 3.4. The fluorescence responses of the complement, non-complement and control
solutions measured over 30 min at an excitation wavelength of 550 nm and an emission
wavelength of 590 nm. Fluorescence intensity of non-complement and complement
probes gave comparable fluorescence intensities showing that there were non-specific
responses.

Name Sequence

Capture Probe NH3-GCTGAGGATCTTGGTTGGCGTGGAATTAAT

Complementary Cy3-ATTAATTCCACGCCAACCAAGATCCTCAGC

Noncomplementary | Cy3-TCTGACATTCTGGTTGACTCTC

Table 3.1. Oligonucleotide sequences used for the capture probe and target probes in
direct hybridization experiments. Sequences were provided by Ryan Hayman.*®

With only simple stringency washes after the hybridization step, it was
clear that there was non-specific binding between the non-complementary strands
and the immobilized probe. The non-specific signal was mostly likely due to non-
specific binding of streptavidin-HRP to the microcentrifuge tube. From the high
intensity of the control, it was clear that there was an ample amount of HRP
present after the washes, showing the non-specific binding of streptavidin-HRP.
To prevent binding of streptavidin, a blocking step was added using bovine serum
albumin (BSA) before the hybridization step with biotinylated probes. Also,

more washes were added after hybridization with 20% formamide in 1x PBS in
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order to increase stringency. After the incubation with streptavidin-HRP,

additional washes with 1% Tween 20 in 1x PBS were added (Figure 3.5).
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Figure 3.5. The fluorescence of the complement, non-complement and control solutions
measured over 30 min at an excitation wavelength of 550 nm and an emission
wavelength of 590 nm. An increase in the complementary signal is seen along with a
decrease in signal with the non-complement and control. However, the solutions were
not easily differentiated visually. The bottom image shows the control in the left image,
the non-complement in the center image and the complement in the right image.

This graph shows that the additional blocking and washing steps were
extremely important in order to decrease non-complementary signal. Visually
however, there is little difference between the control, non-complement and
complement probes. There was still excess HRP in the tubes giving a high signal

in samples where there should be no signal. An additional blocking step with
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BSA was added after the incubation with streptavidin-HRP, in order to displace

excess streptavidin that was still bound to the microcentrifuge tube (Figure 3.6).
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Figure 3.6. The fluorescence of the complement, non-complement and control solutions
measured over 30 min at an excitation wavelength of 550 nm and an emission
wavelength of 590 nm. The non-complementary signal is much lower than the
complement and there is a visual difference between the complement and the control and
non-complement. The bottom image shows the control in the left image, the non-
complement in the center image and the complement in the right image.

These data show the importance and effectiveness of a BSA blocking step.
Next, to test the effectiveness of these blocking steps we decreased the number of
washes, eliminating a TE wash after hybridization with probes and a 1% Tween

20 in 1x PBS wash after incubation with streptavidin-HRP (Figure 3.7).
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Figure 3.7. The fluorescence of the complement, non-complement and control solutions
measured over 30 min at an excitation wavelength of 550 nm and an emission
wavelength of 590 nm. By decreasing the number of TE washes after dehybridization
and incubation with streptavidin, the non-complementary signal increased.

The increase in non-complement and control signals seen after eliminating
some washing steps demonstrated the importance of, not only the blocking, but
also the washing steps.

Later, similar direct hybridization experiments were conducted using a
new QuantaRed Kit that produced the same resorufin color but with a much

stronger intensity (Figure 3.8).
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Comparing Quanta Red to Amplex Red at t=5 min
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Figure 3.8. Different concentrations of HRP measured using the Amplex Red reaction
and the Quanta Red reaction. The fluorescence was measured after 5 minutes at an
excitation wavelength of 530 nm and an emission wavelength of 590 nm. Comparing the
fluorescence intensities of Amplex red and QuantaRed, it is clear that the Quanta Red Kit
produces a much stronger signal.

The QuantaRed kit produced the same color but the fluorescence and color
intensity were much stronger, which made it easier to detect. In many
experiments, the DNA concentration was extremely low, consequently making
the HRP concentration low and giving a faint signal. By introducing a reagent
with a stronger intensity, we were able to differentiate between lower levels of
DNA. Although the reaction between ADHP and hydrogen peroxide with HRP

produces resorufin if left for a long period of time independent of the amount of
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HRP, we were only concerned with the immediate qualitative results so this was

not a concern.

2.4  Conclusion

We investigated a direct hybridization reaction that used a low cost
colorimetric read-out to determine the presence of the complementary sequence.
The assay employed the reaction between non-fluorescent ADHP and hydrogen
peroxide in the presence of HRP to produce the colored and fluorescent product
resorufin.  Utilizing the high binding affinity between biotin and streptavidin,
DNA probes were modified with biotin and when streptavidin-HRP, hydrogen
peroxide, and ADHP were added to solution, only the presence of the
complementary probe would give a positive signal.

The information gained from the direct hybridization assay was used to
explore different genotyping assays. Single base extension was investigated using
biotinylated ddNTPs along with streptavidin-HRP and the Quanta Red read-out.
Therefore if the complementary base was extended, the biotin would produce a

colored signal.

3. Solid Substrates
3.1  V-Arrays
3.1.1 Introduction
The first array proposed for the genotyping project was created by Varandt

Kodevarian (Case Western University *11), Dr. Matthew Aernecke, and Dr.
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Christopher LaFratta, in order to immobilize DNA-tethered microspheres for use
with a colorimetric read-out. The V-array used a glass slide for support with two
layers of silicone sheeting to create wells on top (Figure 3.9). The silicone
sheeting was flexible and had one adhesive side, able to attach to the glass slide
and remain adhered throughout the experiments. The first layer of silicone
covered the glass slide completely and was used as the base, while the second
layer had holes punched in it, so as to form macro-sized wells when placed on the
first sheet. When an aliquot of beads coupled to DNA was placed in each well
and allowed to dry, the beads stuck to the silicone and experiments could be
performed using the substrate. Each V-array could be customized to a particular
experiment by designing the correct number of wells. Since the wells were
isolated from each other, different solutions could be added to each well at the

same time while never mixing.

S

—_ — - T — )

Figure 3.9. Image of V-Array. A piece of adhesive silicone sheeting is placed on a glass
slide followed by another adhesive silicone sheeting with three holes punched. The holes
create three wells that can hole three separate solutions without mixing.

3.1.2 Methods
First, a 3” x 1 glass microscope slide (Corning, Corning NY) was cut to
the desired size using a diamond cutter. The slide was then washed using soap

and DI water to remove any dust and debris and placed in the oven at 60 °C to
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ensure it was completely dry. Two pieces of silicone sheeting (McMaster-Carr,
Robbinsville, NJ) were cut to the size of the slide. In one piece, holes
approximately 1cm in diameter were created using a hole punch. The adhesive
backing was removed from the silicone sheet with holes and was placed on top of
the other silicone sheet. After the glass slide had cooled, the adhesive backing of
the base layer of silicone was removed, and the double layered sheet was placed
onto the slide. The constructed V-array was again washed with soap and DI
water, and placed in the oven to remove any excess water. Once the array had
been removed from the oven and allowed to come to room temperature, aliquots
of DNA linked beads were added to each well. The array was then placed in the
oven for five minutes at 60 °C to ensure that all the liquid evaporated. After the
array was allowed to come to room temperature it was washed with soapy water

and air dried.

3.1.3 Conclusion

The V-array was used for different hybridization protocols that involved
incubation and washing steps. Incubations were performed by adding the
designated solutions to each well and allowing it to rest, while the washing steps
were completed by placing the V-array into a Falcon tube and vortexing. The
washing steps were made simple with the V-array because there was no need for a
centrifuge, which cut down considerable on the time of protocols. The fabrication
of the V-array posed some problems however, because cutting the piece of glass

often resulted in non-uniform cuts and shards of glass. Also, the silicone sheets
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often separated from the glass slide during the different washing steps, making it
difficult to work with. Improved arrays would need to be investigated to address

these concerns.

3.2 Lego Arrays
3.2.1 Introduction

The next generation of arrays were created using polydimethylsiloxane
(PDMS), a silicone based organic polymer by Dr. Christopher LaFratta and Ryan
Lena (Tufts University 10). The silicone liquid mixture, when heated, cures to
create a solid substrate through a polymerization reaction'*. This procedure
allowed for different size molds to create customized arrays. The mold
investigated and eventually settled on was a set of Legos. By pouring the PDMS
over the positive bumps on the Legos, the final cured product contained several
uniform wells (Figure 3.10). The Lego array provided the advantage of using safe
materials that could be used in the classroom. The array was also more reliable
during experiments because it contained only one component opposed to the V-
array that was made of several components, that could separate during
experiments The substrate was also more flexible and durable, which made it

more dependable for use.
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Figure 3.10. Lego Arrays are made by pouring PDMS into a Lego mold, and then cured
in the oven to create a solid support. The sheet was then cut into desired sizes and pealed
out of the Lego mold.

3.2.2 Methods

First, the mold was constructed using the large base from a Lego kit and
making a border of approximately 10 cm by 10 cm with other Lego pieces. Next,
the PDMS was created by weighing 10 g of Sylgard® Silicone Elastomer Base
(Dow Corning, Midland, MI) and adding it to a Falcon tube. A mass of 1g of
Sylgard® Silicone Elastomer Curing Agent (Dow Corning) was added to the
Falcon tube and vigorously mixed together with a wooden stick. Any volume of
PDMS can be made with a 10:1 ratio Sylgard® Silicone Elastomer Base:Sylgard®
Silicone Elastomer Curing Agent. The Falcon tube was then centrifuged at 2,000
rpm for two minutes, and the mixing and centrifugation steps were repeated, to
eliminate any air bubbles. Once the PDMS solution was mixed, it was poured
into the base plate and then placed in the oven at 60 °C for one hour. After the

PDMS had cured in the oven, it could be cut into smaller arrays of a desired size.
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3.2.3 Conclusion

The Lego array is still being used for simple hybridization protocols;
however we have been unable to create a successful SNP genotyping protocol that
could be used with the Lego array. The technology proves beneficial because of
its durability, however there are some concerns about consistency and
contamination with the substrate. To immobilize DNA in the wells of the
substrate, DNA coupled microspheres were used. A solution of the microspheres
were added and baked to allow them to stick to the PDMS. However, throughout
the experiment, it was found that multiple clusters of beads would fall off the

substrate.

3.3 Lateral Flow Biosensor
3.3.1 Introduction

Lateral Flow Biosensors (LFBs) are the current substrates used for the
bench top SNP genotyping assay. The sensor is made of four different
components that use capillary action to draw a buffer to the top, moving the
analyte with it. The main body of the sensor is the membrane card, which is
porous to allow flow but tightly knit to control the velocity of the flow. At the
very bottom of the LFB there is a cellulose immersion pad whose purpose is to
start the movement of the buffer up the membrane. Above the cellulose
immersion pad is the glass fiber conjugate pad, which is the depositing membrane
for the sample and other analytes used in the sensor (Figure 3.11). The conjugate

pad is very porous in order to hold the solution in place until the buffer flows up
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the sensor. At the very top of the sensor, above the membrane card, there is a
cellulose absorbent pad in order to ensure complete flow of the buffer all the way

to the top of the sensor.
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Figure 3.11. Top (left image) and side view (right image) of a Lateral Flow Biosensor

The Lateral Flow Biosensor is designed to promote flow of the buffer up
the sensor, which moves the analyte up the sensor. A solution of poly-dA is
spotted in a line across the top of the sensor, and a line of streptavidin is spotted
underneath, both for use downstream during the readout.

The construction of lateral flow biosensors is simple and creates several
sensors at once. While each membrane card is 6 cm tall and 30 cm long, the final
biosensor is 6 cm tall and only 4 mm long. All solutions and components are
added to the membrane card, and once the entire system is assembled, the card is

cut into 4 mm wide strips using a paper cutter.

3.3.2 Methods
The details about construction of the biosensor were provided to us

from Dimitra Toubanaki.®> All reagents were purchased from Sigma (St. Louis,
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MO) at molecular biology grade unless otherwise specified. To begin, the
spotting solutions were prepared. The streptavidin solution contained 4g/L
streptavidin, 150 mL/L methanol, 20 g/L sucrose in 1x PBS. A solution of 20 uM
poly-dA probes was prepared for the test zone. The solution contained 7.5 pL
sterile water, 4 pL of 10mM dATPs, 4 pL of 100 uM oligonucleotide, 2 pL of 2.5
mM CoCl,, 2 pL 10x Transferase buffer containing 500mM potassium acetate,
200 mM Tris-acetate and 100mM magnesium acetate (pH 7.9) and 0.5 pL
Terminal Transferase enzyme(New England Biolabs, Ipswitch, MA). It was
important to heat the CoCl, and 10x Reaction buffer to 37 °C before adding each
to solution. The mixture was then incubated at 37 °C for 1 hour and 70 °C for 10
min and stored at 4 °C.

Later, multiplexing experiments required another test zone that would
allow for one biosensor to be used to test two alleles. A 250 mg/L solution of
Anti-Digoxigenin in buffer consisting of 100 mN NaHCOj3, 50, mL/L methanol
and 20 g/L sucrose, was created for this experiment. Fine tip capillary tubes were
made by holding the middle of the capillary tube over a Bunsen burner to heat the
glass and pulling apart to elongate the tubes. When the capillary was cooled, they
were broken in half in order to create a fine tip in the stretched area.

A Hi-Flow Plus 240 Membrane card (Millipore, Bedford, MA) was used
as the base of the biosensor. The card contains the membrane in the middle
portion with an adhesive cover at the top and two adhesive portions at the bottom.

The adhesive portion at the top of the card is eventually replaced with the
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cellulose absorbent pad, while the two adhesive covers at the bottom are replaced
with the cellulose immersion pad and the glass conjugate pad.

To begin spotting the two test zones, a fine-tipped capillary tube was
placed in the poly-A probe microcentrifuge tube to draw up the solution. The
probe was carefully spotted in a horizontal line across the entire 30 cm of
membrane approximately 0.5 cm from the top of the membrane. Next, the
streptavidin solution was drawn up into a new fine tip capillary tube and spotted
in a horizontal line approximately 1cm from the top of the membrane (Figure
3.12). For multiplexing biosensors, a solution of Anti-Digoxigenin was spotted
across the membrane 1.5 cm from the top of the membrane (Figure 3.13). Once
test zone lines were spotted, the membrane card was placed in the oven at 60°C

for 45 minutes to immobilize the molecules on the nitrocellulose pad.

Poly-dA — 5 B T s oo
Streptavidin

Figure 3.12. Test zone spotting locations for a single readout. A poly-dA line is spotted
0.5 cm from top of the membrane and a streptavidin line is spotted 1 cm from the top.
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Figure 3.13. Test zone spotting locations for a multiplexed readout. A poly-dA line is
spotted 0.5 cm from top of the membrane, a streptavidin line is 1 cm from the top and an
anti-digoxigenin line is 1.5 cm from the top.

Once the test zone solutions were immobilized, the final three components
were added to the membrane card: the cellulose immersion pad, the glass
conjugate fiber, and the cellulose absorbent pad. Two pieces of Cellulose Fiber
Sample Pad (Millipore, Bedford, MA) were cut to 1.7 cm by 35 cm and one piece
of Glass Fiber Conjugate Pad (Millipore, Bedford, MA) was cut to 0.8 cm by 35
cm. The adhesive cover at the top of the membrane card was then removed and
one of the cellulose pads was added, lining up exactly with the top of the card and
overlapping about 2 mm over the top of the membrane. Next, the smaller of the
two adhesive covers was removed from the bottom of the card. The glass
conjugate fiber was added so the top portion overlapped about 2 mm over the
bottom of the membrane. To complete the biosensor, the very bottom adhesive
pad was removed and other cellulose pad was added to line up exactly with the
bottom of the card and overlap 2 mm over the glass fiber. It was essential for

every component of the biosensor to overlap with the next in order ensure
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continuous flow up the biosensor. The constructed membrane card was then cut

in to 4 mm wide strips.

3.3.3 Conclusion

Lateral flow biosensors have been demonstrated to be a very simple,
inexpensive and reliable substrate for SNP genotyping. Many biosensors can be
made at once and stored for later use and there is not much concern for
contamination. The biosensors have also been utilized in other experiments using
direct hybridization to detect oral microbes and bacteria. It is hopeful that the

analytical methods used here can be used for other platforms in the future.

3.4  Making Beads
3.4.1 Glutaraldehyde
3.4.1.1 Introduction

Crosslinkers are often used to connect two different macromolecules using
two reactive groups and a target on each molecule. The benefits of crosslinkers
include the ability to direct molecules to certain targets and to link hundreds of
molecules at once. The products are often permanent linkages but can also be
temporary depending on the chemical environment.*® For our experiments, we
were interested in coupling DNA probes to functionalized microspheres using
glutaraldehyde. This linkage allows for easier handling of the DNA in assays that
include washes and imaging on arrays. The reaction can undergo two different

linking steps. The aldehyde will react with an amine to form a Schiff base upon
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nucleophilic attack by amine modified microspheres, however this compound is
not stable under acidic conditions. Thus it is more likely that the cyclic

hemiacetal, formed in aqueous solution, reacts with an amine (Figure 3.14)."’
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Figure 3.14. Reactions of glutaraldehyde with amine modified microspheres. [Image
reprinted from reference 17]

3.4.1.2 Methods
All chemicals and solvents were purchased at the highest purity grade

available from Sigma (St. Louis, MO). The working buffer for this portion of the
functionalization procedure was comprised of 1x phosphate buffered saline (PBS)
solution containing 0.01% Tween 20 by volume. A 5% solution of anime
modified microspheres (Phenomenex, Torrance, CA) was prepared by mass in a
1x PBS solution. The solution was then centrifuged (Centrifuge 5424, Eppendorf,
Hauppauge, NY) to remove the supernatant to ensure that excess precursors had
been removed from the system before performing the next part of the
functionalization procedure. The mixture was then incubated with 150 puL of 8%
glutaraldehyde in 1x PBS with 0.01% Tween 20 in order to activate the
microspheres. Upon each addition of a reagent, pipette mixing was used to
suspend the beads and minimize clumping. The reaction mixture was left to
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shake at room temperature for 1 hour on an orbital mixer (IKA MS3 digital orbital
mixer, Wilmington, NC).

After, 200 pL of the 1x PBS with 0.01% Tween 20 solution was added to
the reaction mixture and centrifuged for 15 minutes at 13,000 rpm. The
supernatant was then discarded. The beads were washed with 0.01% Tween 20 in
1x PBS and centrifuged for 2 minutes at 13,000 rpm and the supernatant was
removed. Two more washes were performed with centrifugation, and then 150
uL of 5% polyethylenimine (PEI) in 1x PBS was added to the reaction mixture,
which was left to shake on an orbital mixer for 1 hour at room temperature.
Finally, the beads were washed three times with 0.01% Tween 20 in 1x PBS and
centrifuged, discarding the supernatant containing unreacted PEI.

DNA probes were ordered from Integrated DNA Technologies with 5°-
amino groups and resuspended in sterile water to a final concentration of 1200uM.
A 200 pL aliquot of resuspended probe was added to 180 pL of 0.01 M sodium
borate buffer (SBB). The oligonucleotides were activated by the addition of a 40
uL aliquot of fresh 0.05 M cyanuric chloride in acetonitrile and left to shake on an
orbital mixer for 1 hour. It is extremely important to use a fresh solution of
cyanuric chloride because it is hygroscopic and therefore degraded by water very
quickly.®®  The unreacted cyanuric chloride was removed by centrifugal
ultrafiltration using an Ultracel YM-3 Regenerated cellulose filter (Millipore
Corp., Billerica, MA). The solution containing the oligonucleotides and cyanuric
chloride was added to the filter, which was placed on a microcentrifuge tube and

centrifuged at 10,000 rpm for 40 minutes. A 200 pL aliquot of SBB was then
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added to the filter to wash the oligonucleotides and the filter was moved to a new
microcentrifuge tube. The solution centrifuged at 10,000 rpm for 40 minutes and
then the washing step was repeated. Next, 100 pL 0.1 M SBB was added to the
filter and pipette mixed. The filter was then turned upside down in a new tube
and allowed to centrifuge at 2,000 rpm for 1 min. This step was repeated by
turning the filter back right side up and adding 100 pL of SBB, then flipping it
back into the same tube for collection. The activated DNA was recovered in the
microcentrifuge tube and stored at 4°C until ready to add to the functionalized
beads.

The activated DNA was coupled to the functionalized microspheres, by
adding all the DNA solution to the microspheres shaking at room temperature for
at least six hours. When complete, the solution was washed three times with 200
pL of 0.01% Tween 20 in 1x PBS buffer.

After the probes are coupled to the beads, it was essential to cap the
remaining activated amine groups on the beads, to avoid side reactions. First, 100
uL of a buffer solution was added to the beads, containing 100 mM succinic
anhydride in 90% DMSO and 10% SBB and left to shake on the orbital shaker for
1 hour. Lastly, the beads were washed six times with 0.01% Tween 20 in 1x PBS
and resuspended in 100 pL of 1x PBS. They should be stored at 4° for no more
than two months in order to prevent DNA breakdown and damage to the

microspheres.
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3.4.1.3 Results and Discussion

Experiments were run using fibers and a fluorescence microscope in order
to verify the success of the protocol. After the microspheres were coupled with
DNA probes, the probes were allowed to hybridize with non-complement and
complement Cy3 labeled probes seen in Figure 3.15. The capture probe and two

target sequences are seen in Table 3.2.

Name Sequence

Capture Probe NH3-GCTGAGGATCTTGGTTGGCGTGGAATTAAT
Complementary Cy3-ATTAATTCCACGCCAACCAAGATCCTCAGC
Noncomplementary | Cy3-TCTGACATTCTGGTTGACTCTC

Table 3.2. Oligonucleotide sequences for capture probes and target probes in direct
hybridization experiments. Sequences were provided by Ryan Hayman."™

If the coupling procedure was successful, probes would only have a
fluorescent signal when the complementary strand was added. First, a
background image was taken with only microspheres present in the wells of the
optical fiber bundle, then the fiber was allowed to hybridize with the Cy3
modified non-complement sequence and another image was taken. The fiber was
then dehybridized with a 95 °C formamide solution and another background
image was taken. Lastly, the capture probes were allowed to hybridize with a

Cy3 modified complementary sequence and a final image was taken.
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A_ Background Fluorescence: 160 + 9 A U. B. Non-Complement Fluorescence: 172+ 6 A.U.

C. Background Fluorescence: 170 £ 5 A U. D. Complement Fluorescence: 1119+ 236 A U.
Figure 3.15. Images taken of direct hybridization with Cy3 modified probes on a fiber.

Magnification of 20x and exposure time of 100 ms were used with excitation and
emission wavelengths of 550 nm and 570 nm respectively. A. Image taken before
hybridization with only coupled microspheres in the wells of the fiber. B. Image taken
after the hybridization with non-complementary sequence. C. Image taken after
dehybridization with 95 °C formamide. D. Image taken after the hybridization with
complementary probe.

Images were taken of the fiber after each hybridization and
dehybridization step to show the effectiveness of the coupling protocol. The
fluorescence was measured by averaging the individual fluorescence of the same
40 beads after each step using the IPLab software version 3.7, developed by
Scanalytics, Inc. It is clear that there is a significant difference in the
complementary image and the non-complementary image, which shows the
success of the protocol. While there is effect coupling present, the protocol takes

three days to make only 500 pL of bead solution, which is used fairly quickly

when using an average of 10 pL per experiment.
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3.4.4. Conclusion

Although the gluteraldehyde coupling reaction was the primary coupling
technique used in the lab for several years, problems started arising that were
unavoidable. Gluteraldehyde has several side reactions that were interfering with
the quality of linking between the probes and beads. Also, conjugated polymer
side products of gluteraldehyde? were observed fluorescing at the same
wavelengths as Cy3, a fluorescent dye in the cyanine family (550 nm excitation
and 570 nm emission). While this does not affect a colorimetric readout,
problems arise when using fibers and fluorescence microscopes. We were
frequently seeing false positives when looking at fluorescence under the
microscope because of the side products. Another aspect we were looking to
improve on was the length of the protocol. Currently the protocol takes three
days to complete because solutions need to shake overnight, however this time
frame is not compatible with a classroom experiment. Eventually, high school
and undergraduate students need to prepare all needed solutions for the low-cost
genotyping assay using a three day protocol to prepare coupled microspheres does

not fit the time restraints of most high school and undergraduate class periods.

3.4.2 EDC Coupling

3.4.2.1 Introduction
In an effort to increase the efficiency of coupling DNA to microspheres, a

new linking system was proposed using 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC).*® Coupling begins when the EDC reacts with a carboxyl

group to form the reactive intermediate O-acylisourea’®. The carbodiimide of
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EDC catalyzes the linking of carboxylic acid to an amine by activating the

1920 The intermediate reacts with an

carboxyl group with the ester intermediate
amine group to produce a stable amine bond linking the DNA capture probe to the
microsphere surface.  If an amine does not react with the intermediate, O-
acylisourea will hydrolyze back to the carboxyl in the presence of water. It is
therefore essential to use excess EDC to ensure a high efficiency of the desired
immobilization reaction. The reactions are seen in Figure 3.16. Another, more
stable intermediate can be introduced with the addition of N-
Hydroxysulfosuccinimide [HOSu(SO3)].® The additional step significantly
increases the yield; however it also adds time to the protocol’. We were able to
produce high yield by adding EDC in excess throughout the reaction. In order to

create the link between beads and probes, carboxyl functionalized beads were

ordered along with 5’ amine modified DNA probes.

o]
Carbored /@ Stable
arboxylate u amide bond

molecule

@io/\ L

o N H,0 oH Regenerated
| - carboxyl group
\ o- 0/‘\0/\ NH
NH o
Unstable reactive
o-acylisourea ester
N7
c EDC

Figure 3.16. A reaction scheme for DNA probe coupling to microspheres using 1-Ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC). Microspheres are modified with
carboxyl groups, which react with EDC to form an unstable o-acylisourea ester. The
reactive intermediate readily reacts with 5’ amine-modified DNA probes. In an agueous
solution, the ester intermediate will hydrolyze back to the original carboxylic acid.*
[Image reprinted from reference 21]
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4.2.2 Methods

All reagents were purchased from Sigma (St. Louis, MO) with the highest
purity available unless otherwise noted.

First, a 100 pL solution of 0.30 pum Polybead® Carboxylate Red Dyed
Miccrospheres (Polysciences, Inc., Warrington, PA) was prepared in a 1.5 mL
microcentrifuge tube. To the solution, 200 pL of 0.1 M MES buffer (0.1 M 2-(N-
morpholino)ethanesulfonic acid, 0.5 M NaCl, pH 5.5) was added followed by an 8
minute centrifugation step at 12,000 rcf (Centrifuge 5424, Eppendorf, Hauppauge,
NY). The supernatant was then discarded and two more washes were preformed
with centrifugation in order to remove excess MES buffer, being sure to pipette
mix each time more buffer was added. The beads were then resuspended in 1 mL
MES buffer and split between ten microcentrifuge tubes, 100 pL per tube. It is
essential to have small volumes of beads in order for the EDC coupling to be most
efficient.

To each tube 5 puL of 100 uM 5’ amino-labeled DNA probe (Integrated
DNA Technologies, Coralville, lowa) and 10 pL of 100 g/L EDC in MES buffer
was added. EDC was stored in the — 20°C freezer until it was needed. The tubes
were placed on an orbital mixer (IKA MS3 digital orbital mixer, Wilmington,
NC) protected from light and left to shake for 30 minutes at 500 rpm. Then 10 pL
of 100 g/L EDC in MES buffer is again added to each tube and let shake protected
from light for 30 minutes.

Once the EDC coupling was finished several washes were completed in

order to remove the excess EDC and MES buffer from solution. First, the tubes
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were centrifuged for 5 minutes at 15,000 rcf and the supernatant was discarded.
To each tube, 100 pL of 0.2 mL/L Tween 20 in water was added to resuspend the
aliquoted beads which were then combined in a new microcentrifuge tube. The
new tube was then centrifuged at 15,000 rcf for 3 minutes and the supernatant was
discarded. Two more washes were performed by adding 200 pL of 0.2 mL/L
Tween 20 in water to resuspend the beads followed by centrifugation at 15,000 rcf
for 3 minutes and removing the supernatant. A 200 pL aliquot of of 0.2 mL/L
Tween 20 in water was added and the solution was split between ten tubes, adding
20 pL to each tube. Then the tubes were centrifuged at 14,000 rcf and the
supernatant was removed.

For several of our protocols, poly-dT beads were made by coupling a 30
bp oligo to the microspheres and extending the probe after coupling with the
Terminal Transferase enzyme, purchased from New England Biolabs (Ipswitch,
MA). First 11.5 pL sterile water was added to each tube of beads, resuspending
the bead pellet. The tailing solution made by adding 4 pL of 10mM dTTPs, 2 puL
of 2.5 mM CoCl,, 2 pL 10x Transferase buffer containing 500mM potassium
acetate, 200 mM Tris-acetate and 100mM magnesium acetate (pH 7.9) and 0.5 pL
Transferase enzyme. It was important to heat the CoCl, and 10x Reaction buffer
to 37°C before adding each to solution. The mixture was then incubated at 37°C
for 1 hour.

After incubation, the tubes were centrifuged for 3 min at 15,000 rcf and
the supernatant was discarded. An aliquote of 100 puL 0.2 mL/L Tween 20 in

water was added to each tube, then the tubes were combined into one tube. The
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tube was centrifuged at 15,000 rcf and the supernatant was discarded. Two more
washes were then performed, adding 200 pL 0.2 mL/L Tween 20 in water and
centrifuging at 10,000 rcf, then removing the supernatant. The beads were
resuspended in 500 pL of a final resuspension buffer consisting of 440 mM
sucrose, 12.5 mL/L 20% SDS, 2.5 mL/L Tween 20, 45 mM NaCl in sterile water.
The beads were stored at 4 °C to preserve the DNA probes immobilized on the

microsphere surface.

3.4.2.3 Results

EDC coupling experiments were done by Shrikar Rajogopa and Varandt
Khodoverdian on an optical fiber array using a direct hybridization assay. After
wells in the fiber were etched, beads linked DNA probes were immobilized in the
wells. The beads were then immersed in a solution of Cy3-labled target and
allowed to hybridize. If the target was complementary to the probe, Cy3 would
fluoresce under the microscope (Figure 3.17B), however if the target was non-
complementary, then there should be no signal (Figure 3.17C). A control

experiment was performed with 5x PBS containing no target (Figure 3.17A).

A. B. C.
Figure 3.17. Images taken at 10x magnification with a 100 ms exposure time, with
excitation and emission wavelengths of 550 and 570 nm respectively. Separate fibers
were incubated in a solution of 5x PBS (A), a complement target solution (B), a non-
complement target solution (C). Greater fluorescence signal is observed from the fiber
incubated with the complementary target solution.
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The sequences used in this experiment are seen in Table 3.3. The first
image shows results after incubating with the control 5x PBS buffer. The second
image shows hybridization with the complementary strand modified with Cy3.
Seen in the third image are the results after incubation with the non-

complementary sequence.

Name Sequence
Capture Probe NH3-CCTTATCCTCCACCACTGCTGTTCTATGCT
Complementary Cy3-AGCATAGAACAGCAGTGGTGGAGGATAAGG

Noncomplementary | Cy3-TGTGAAAGGTAGGTTGCATACGC
Table 3.3. Oligonucleotide sequences used as capture probes and target probes in direct
hybridization experiments. Sequences were provided by Ryan Hayman."

3.4.2.3 Conclusion

The significant difference between the fluorescence of the complement
and non-complement probes demonstrates the specificity of the linking protocol,
making the coupled microspheres reliable for downstream assays. EDC coupling
has decreased the protocol time from two days using glutaraldehyde to three hours
because of the simplicity of each step. The protocol eliminates many incubation
steps and there is no need to activate DNA probes before adding them to the
microspheres. With the use of the EDC protocols, a larger quantity of coupled

microspheres can be produced at once, allowing more time for experiments.
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4. Enzymatic Assays Researched
4.1  Enzymatic cleavage (CEL 1)
4.1.1 Introduction

An enzymatic cleavage assay for SNP detection was explored using the
Surveyor Mutation Detection Kit. The CEL | enzyme contained in the kit, works
by cleaving double stranded DNA containing a mismatched base pair at the 3’ end
of both strands. The cleavage can then be detected by gel electrophoresis or high
performance liquid chromotagraphy (HPLC)? to analyze the length of the DNA
after the assay is performed. Surveyor Nuclease has already been used for the
identification of mutations across the entire mitochondrial genome with gel
electrophoresis. The current protocol uses PCR amplification, localization of
mismatches using the Surveyor Nuclease, and identification of the mutation by
sequencing and takes two days to complete.”® While this method is very accurate
in identifying thousands of SNPs, it takes too much time and requires expensive
equipment for sequencing. Therefore, our goal was to cut down on time and cost
by eliminating the sequencing portion of the assay.

The CEL | enzyme, has optimum working conditions at neutral pH and
moderate temperatures of approximately 40°C.2*  The Surveyor Nuclease has
been used for mismatch detection in double stranded DNA up to 2.95 kb in
length, which demonstrates its detection limits.”* The enzyme specificity is
essential with mitochondrial DNA analysis because of the high mutation rate of

mtDNA.
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We proposed an assay that would use the Surveyor Mutation Detection Kit
for SNP genotyping of mtDNA. The design involved a hybridization step
between biotinylated capture probes and target DNA. The capture probes were
complementary to 60 bases on the target DNA, including the SNP site. If the
SNP base was not present, a mismatch would be detected and the enzyme would
cleave at the 3’-end of both strands, eliminating the biotin end of the capture
probe after stringency washes (Figure 3.18A). However, if the SNP base was
present, there would be no cleavage, and the biotin would be present after the
cleavage step (Figure 3.18B). The assay included an incubation step with
streptavidin modified HRP, which catalyzes a reaction that produces a colored
solution upon the addition of Amplex Red and Hydrogen Peroxide. By
introducing a specific, colorimetric read-out, the assay would be rapid and low in
cost. Initial experiments were conducted using the Surveyor Kit control DNA and

gel electrophoresis.
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Cleaved Target 5
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Figure 3.18. A. The target strand binds to the biotinylated-capture probe with a
mismatched base pair. CEL 1 recognizes the mismatch and cleaves both strands of DNA
on the 3” end of each base. The biotin is then washed away in a stringency wash and no
color is produced in the readout. B. When the bases are complementary, the biotin binds
to streptavidin-modified HRP, which catalyzes the reaction between ADHP and hydrogen
peroxide to produce colored resorufin.

4.1.2 Methods

The Surveyor Mutation Detection Kit for Standard Gel Electrophoresis
was purchased from Transgenomic (Omaha, NE). The kit contained the Surveyor
Nuclease, Surveyor Enhancer and the Surveyor Stopper along with control DNA;
a mismatch sequence and complementary sequence containing the PCR primers.

PCR was run on both DNA sequences with the PCR Master Mix from
Promega (Madison, MI). The Control G Sequence contained the G base while the
Control C Sequence contained a C at the same position. One tube was prepared
for each sequence containing 2 pL of control DNA including primers, 10 uL of
Promega Master Mix and 38 pL of sterile water for a total volume of 50 pL. The
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reaction conditions were as follows: 94 °C for 2 min followed by 35 cycles at 94
°C for 30 s, 65 °C for 30 s and 72 °C for 1 min. Cycling was followed by a final
extension at 72 °C for 5 min and stored at 4 °C

After amplification, a heteroduplex sample was prepared with 15 pL of
Control G and 15 pL of Control C PCR product and a homoduplex sample was
prepared with 30 pL of Control G PCR product. Hybridization took place in a
thermocycler with a slow decrease in temperature from 95°C to 25°C. The
thermocyler held a constant temperature of 95 °C for 2 min and then decreased to
85 °C at -2 °C/s. Next the temperature decreased from 85 °C to 25 °C at -0.1 °C/s
and was stored at 4 °C.

The slow decrease in temperature allowed for maximum annealing of the
sequences. The heteroduplex mixture consisted of 50% homoduplex, 25%
heteroduplex with a C/C mismatch, and 25% heteroduplex with a G/G mismatch.

In order to determine the best condition for digesting the mismatch DNA,
different mixtures were made containing the hybridized DNA and Surveyor
Nuclease and Enhancer in a 1:1 ratio. Different mixtures varied the volumes of
PCR product, Nuclease and Enhancer. The tubes were then incubated at 42°C for
20 minutes at the Stop solution was added at 1/10 the total volume. The stop
solution was essential to prevent excess cleavage by the enzyme.

Digested DNA was then analyzed with gel electrophoresis in 2% agarose
gels and visualized under a UV transilluminator. Hybridized G/C products were

expected to produce two cleavage products of 217 bp and 415 bp.
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4.1.3 Results and Discussion
Experiments were run using the control DNA provided by Transgenomic
and the protocol suggested. Different volumes of PCR product, Nuclease,

Enhancer and Stop Solution were tested to determine the best conditions for

cleavage (Table 3.4).

Tube
Number
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GIC
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Surveyor
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Table 3.4. Reaction mixtures of DNA with Surveyor Nuclease and Enhancer to

empirically determine the best conditions for digestion.

After the hybridization step and enzyme incubation, the mixtures were

imaged in a 2% agarose gel with gel electrophoresis (Figure 3.19).
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1 2 3 4 5 6 7 8 9 10 11 12

Lane |Conients

1 _

2 Tube 1

3 Tube 2

4 Tube 3

5 Tube 4

6 25 bp Ladder
7 50 bp Ladder
8 Tube 5

9 Tube 6
10 Tube 7

11 Tube 8
12 -

Figure 3.19. 1.2% agarose gels imaged under a UV transilluminator. Solutions
consisting of homoduplex double stranded DNA in tubes 1-4 do not have a mismatch
base pair and therefore are seen at 632 bp. Tubes 5-6 consist of a mismatch base pair and
are expected to see cleavage producing two strands of DNA of 217 bp and 415 bp.

After incubation with the nuclease, solutions containing a mismatch were

expected to produce two segments of DNA at 217 bp and 415 bp. There was no

cleavage in any of the heteroduplex DNA, which could have been due to several

variables.  However, the first adjustment to the protocol increased the

concentration of the Nuclease and Enhancer to increase the probability of

cleavage. The volume of Nuclease and Enhance added to the solution was

doubled for each tube and the lowest volume of 0.5 puL was eliminated Table 3.5.

The results were imaged with gel electrophoresis (Figure 3.20).
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Tube

Number Volume (pL)
Hybridized | Control | Surveyor | Surveyor | Surveyor
G/C G Nuclease | Enhancer | Stopper

1 - 4 2 2 0.8

2 - 8 2 2 1.2

3 - 8 4 4 1.6

4 4 2 2 0.8

5 8 - 2 2 1.2

6 8 - 4 4 1.6

Table 3.5. Different mixtures of DNA with Surveyor Nuclease and Enhancer doubling
the volume of Surveyor Nuclease and Surveyor Enhancer in increase effectiveness.

1 2 3 4 5 6 7 8 9 10 11 12 Lane |Contents
1 _
2 -
3 Tube 1
4 Tube 2
5 Tube 3
6 25 bp Ladder
7 50 bp Ladder
8 Tube 4
9 Tube 5
10 Tube 6
11 -
12 -

Figure 3.20. Results imaged in a 2% agarose gel after the digestion of homoduplex and
heterodulex DNA with increased concentration of Suveyor Nuclease and Enhancer
solutions. Tubes 4-6 contain a mismatch and are expected to cleave producing segments
of 217 bp and 415 bp, but no cleavage was observed.

By increasing the concentration of Surveyor Nuclease and Enhancer in
solution, there was no additional cleavage observed after gel electrophoresis,
demonstrating that there may be other problems with the assay. Another point in
the protocol that could have produced errors was the hybridization step. If
conditions were not promoting proper hybridization, it was possible that the PCR

product was dehybridizing, but only the homoduplex segments were able to
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anneal. In order to produce conditions to promote hybridization, salt needed to be
present in solution to stabilize the negative charge of the phosphate backbone.
Therefore if the salt concentration was too low proper annealing may not occur.
Since there was no additional salt added after PCR and before hybridization, the
salts present in the PCR Master Mix were the only salts used for the hybridization
step. Therefore, it was suggested by the kit’s manual to add extra KCI in order to
promote hybridization. An aliquote of 3.3 puL of 0.5 M KCI were added to the 30
uL of hybridization solution for a final KCI concentration of 50 mM. Another
experiment was run, adding extra KCI while also increasing the digestion time to
one hour. The same volumes were added during the digestion step as outlined in

Table 3.5 and the results were image with gel electrophoresis (Figure 3.21).

1 23 45 67 8 9101112 1 2 3 4 5 67 8 9 1011 12 Lalnc Contents
2 -
3 [Tube 1
4 Tube 2
5 [Tube 3
6 25 bp Ladder
7 50 bp Ladder
8 [Tube 4
9 Tube 5
10 [Tube 6
11 -
Added KCl1 Added KCl and incubated for one hour 12 -

Figure 3.21. Gels seen after addition of KCI to hybridization mixture. Tubes 1-3 contain
homoduplex DNA and bands are expected at 632 bp, while Tubes 4-6 contain
heteroduplex DNA that is expected to be cleaved in to segments of 217 and 415 bp.

There was no cleavage seen with the addition of more salt, so it was
decided to follow the procedure exactly as stated in the manual, by purchasing the
suggested Optimase Polymerase from Transgenomic. Promega Master mix was

replaced in the PCR mixture with 5 uL 10x Optimase Polymerase Buffer, 4 uL
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dNTPs and 1 pL Optimase Polymerase and the hybridization step included only

the original mixture of 15uL of each PCR product (Figure 3.22).

1 2 3 4 5 6 7 8 9 10 11 12

Lane [Contents

1 -

2 Tube 1

3 Tube 2

4 Tube 3

5 Tube 4

6 25 bp Ladder
7 50 bp Ladder
8 Tube 5

9 Tube 6
10 Tube 7
11 Tube 8
12 -

Figure 3.22. Faint bands are seen at 217 and 415 bp of the heteroduplex Tubes 4-6,
showing results of successful mismatch cleavage, while no cleavage products are
observed for homoduplex Tubes 1-3.

While the bands were faint, cleavage products were seen at 217 and 415
bp after hybridization and cleavage with PCR product using Transgenomics own
Optimase Polymerase. However, the product did not seem worth while

continuing with because of its sensitivity to the reaction conditions.

4.1.4 Conclusion

While we were able to produce successful cleavage with the use of the
Transgenomic kit along with their polymerase, we moved on to a different
genotyping method because of a few variables. Since we are developing a low
cost assay to be done in undergraduate and high school classrooms, the protocol
needs to be easily followed by students with minimal experience. Evidence from

the experiments showed that the reaction was extremely sensitive and only

79



worked in the presence of a specific polymerase. Another potential problem is
that there is a high density of mutations along the mitochondrial genome. Since
the cleavage enzyme detects any mismatch, cleavage would occur at undesired
places along the 60 bp capture probe. Along with the investigation of this assay,
a low cost SBE genotyping method was being developed simultaneously and
proving successful. Consequently the enzymatic cleavage assay was abandoned

for the time and priority was given to the SBE assay.

4.2 Single Base Extension
4.2.1 Introduction

Single Base Extension (SBE) utilizes polymerase and dideoxyribnucletide
triphosphates (ddNTPs) to identify a single base pair among a DNA sequence.
Probes of are designed complementary to the target strand and end before the
SNP. The probes anneal to the 5 portion of the target surrounding the SNP?*,
When a mixture of ddNTPs and polymerase are added, only the base
complementary to the base at the SNP site will be incorporated into the probe on
the 3’ end. The ddNTPs can be labeled with different signal molecules so the
incorporated base can be detected®. The addition of ddNTPs only allows the
extension of one base. ddNTPs lack the 3’-hydroxyl group on their sugar,
therefore no extra nucleotides can be incorporated because the phosphodiester
bond cannot be created between the 5’-phosphate and the 3’carbon®’.

The assay described here utilizes a colorimetric readout for the detection

of a single mutation. The probe complimentary to the target was coupled to a
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polystyrene bead, which was immobilized on a PDMS array. When the target
strand was added to the array, it was allowed to anneal to the complementary
probe. Two ddNTPs were then added to the array. The ddNTP complementary to
the SNP was modified with biotin and the ddNTP complementary to the CRS
base was unmodified. A solution of streptavidin modified horseradish peroxidase
(HRP) was then added to the array. Therefore, if the SNP was present and the
biotinylated ddNTP was incorporated, streptavidin-HRP would then bind to the
ddNTP due to the high binding affinity between streptavidin and biotin.® When
colorless ADHP and hydrogen peroxide was added to the array in the final step,
HRP would catalyze the reaction between ADHP and hydrogen peroxide
producing a pink substrate resorufin (Figure 3.23A)%® The reaction would only
occur if the SNP was present, allowing HRP to be immobilized on the array. If

the SNP was not present, there would be no color (Figure 3.23B).
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Figure 3.23. Schematic of single base extension with the SNP base present, producing a
colorimetric response (A), and with the CRS base present, producing no response (B).

Probes were designed using the mitochondrial DNA revised Cambridge
Reference Sequence (rCRS)? and Integrated DNA Technologies OligoAnalyzer

(Figure 3.24).%°
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D-C5178A

5’-accctactactatctegeacctgaaacaag[C/A]taacatgactaacacccttaattccatccaccctectctcectagg-3’

Probe:
D-C5178A:5'- /SAMMC6/CCT ACT ACT ATC TCG CAC CTG AAA CAA G -3/
Tm:66°C

Complemetary Target CRS:
D-C5178A TgC: 5'- G \ i / -3’

Complementary Target SNP:
D-C5178A TgA: 5'- TCT? [A -3

Figure 3.24. An example of the probe design for SNP D-C5178A. The C allele is
characteristic of the CRS, and an A allele is characteristic of the mutant.

The base was first identified according to position in the CRS. The
Cambridge Reference Sequence is given as a single strand of DNA and the
decision as made that the complementary strand to the CRS would be used as the
target strand. The capture probe was designed to anneal to the 3’ end of the
target downstream of the SNP and ended right before the SNP.

The synthetic targets were designed complementary to the capture probe
with four extra bases. In this example, the CRS target has G present at the
location because it is complementary to the CRS. Then, when ddNTPs were
added, the biotinylated ddCTP identifed the G base, determining the sample had

the CRS base.

4.2.2 Methods
All reagents were purchased at molecular biology grade from Sigma (St.
Louis, MO) unless otherwise noted. Lego arrays were created ahead of time and

were stored in a Petri dish filled with water to preserve hydrophilicity. Each array
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was cut in the upper left hand corner in order to determine orientation throughout
the experiment. The orientation was important in order to note which solution
was added to each well. The arrays were cleaned with soapy water and rinsed
with DI water from a squirt bottle, then dried with an air hose. To the center of
each well of the Lego array, 1uL of polystyrene beads coupled to capture probes
was added and the array was placed in the 80°C oven for five minutes. After
being removed from the oven, the array needed to cool to room temperature in
order to ensure the permanence of the beads in the wells. The array was then
rinsed with DI water from the squirt bottle and air dried carefully so as not to
disturb the beads.

The appropriate target DNA was dissolved in 5x PBS and added to the
designated well. In a three well array, the first well contained the synthetic SNP
target, the second well contained the synthetic CRS target and the third had no
target. The solutions were left to hybridize at room temperature for 20 minutes
and then the excess liquid was removed by a pipette. The array was then washed
by holding it with tweezers over a waste container and spraying 1x PBS with a
squeeze bottle. It was important to hold the array horizontally in order to prevent
contamination from runoff of excess liquid. Next, 30 puL of 20% formamide by
volume in 1x PBS was added to each well, pipette mixed and then removed. The
array was washed again with 1x PBS similarly to the previously described
method.

Next 20 pL of the reaction mixture was added to each well. The solution

consisted of 12 pL sterile water, 2 pL 10x reaction buffer, 2 pyL biotinylated
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ddNTP #1, 2 uL ddNTP #2 and 2 pL Thermosequenase polymerase. Biotinylated
ddNTP #1 is complementary to the SNP target and ddNTP #2 is complementary
to the CRS target. The array was carefully placed horizontally in a 15 mL Falcon
tube and the tube was place in a 50°C water bath, held submerged by a tube rack.
After the array was incubated in the water bath for one hour, it was removed and
allowed to return to room temperature, at which point the excess liquid was
removed. The array was then washed with TE buffer from a squeeze bottle.

A blocking step is necessary in order to prevent excess streptavidin-HRP
from nonspecifically binding to the surface of the wells. To each well, 40 pL of
1% Bovine Serum Albumin (BSA) and 1% Tween 20 by volume in 1xPBS was
added, and the solution was left to incubate for fifteen minutes. After the
blocking solution was removed by pipette, 25 pL of 1 uM streptavidin modified
HRP diluted in 0.5% BSA and 0.5% Tween 20 in 1x PBS was added to each well
and allowed to incubate for 15 minutes. The excess streptavidin-HRP was
removed and the array was washed with 1% Tween 20 in 1x PBS. A post-block
was then completed to remove excess streptavidin by added 40 pL of 1% BSA
and 1% Tween 20 in 1x PBS to each well and left to incubate for five minutes,
removing the excess liquid by pipette. After the array was rinsed with DI water
and air dried, a 30 pL aliquot of QuantaRed working solution was added to each
well. The solution was made from a kit and consisted of 50 uL Peroxide, 50 pL
Enhancer and 1 uL ADHP. An immediate color change was observed for the well

containing the SNP target but not in the noncomplement and control wells. Over
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time, a nonspecific color change is also seen in the negative wells due to the

presence of ADHP and H,0,, but no HRP catalyst.

4.2.3 Results and Discussion

The (SBE) method was first run on the V-array (Figure 3.25) and later was
run on a the analogous Lego Array, which uses the same technology of separate
wells but is more durable and easier to construct. The experiments first used

synthetic target and then progressed, using target from human saliva samples.

7YY

Figure 3.25. Results from the SBE reaction run on a V-array with a synthetic target.
The reaction is testing the SNP W-A11947G, therefore the target with the G base will be
in haplogroup W and the target without the A base is not in haplogroup W. From left to
right the wells test for, allele G, allele A, and a control with no target DNA in the
solution.

The SBE reaction was run on the V-array at first but was transferred to the
Lego array because of its durability. The SNP, W-A11947G was tested using
synthetic target and a mixture of ddNTPs with biotinylated ddGTPs and
unmodified ddATPs was added to detect the presence of cytosine, placing the
sample in haplogroup W. A positive signal was expected when cytosine was
present on the synthetic target strand because only the biotinylated ddGTP would
anneal, allowing streptavidin-HRP to bind, and produce resorufin.

Next the same experiment was run with negative and positive controls on

SNP W-A11947G (Figure 3.26). The purpose of this experiment was to show
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that not only was the G allele present but that the A allele was not present. The
array was designed with four wells, to test the negative and positive signal for
Target A and Target G. The first two wells contained Target A which had the
complement base, T. If the SNP was present, the target would bind to ddATPs.
The second two wells contained Target G, which had the complement base
cytosine and therefore expected to bind to the ddGTPs were if the SNP is present.
In wells one and three, biotinylated ddATPs were added and in wells two and
four, biotinylated ddGTPs were added. A colored response was expected in wells

one and four where the complementary biotinylatedddNTPs were added.

W-TgA, -TgA -TgG, |W-TgG
B-ddATP |B-ddGTP |B-ddATP |B-ddGTP

- —

Figure 3.26. A signal was seen in Well 1 where Target A and biotin-ddATPs are
present. A signal was also seen in Well 4 where Target G is present along with biotin-
ddGTPs. In Well 2 Target A was mixed with biotin ddGTPs and therefore produced no
signal and Well 3 had Target G with biotin ddATPs producing no signal.

Well 1 contained Target A which had the exact complement to the CRS,
therefore the present base is thymine. When the biotinylated-ddATP was added,
the polymerase was expected to extend the probe and produce a signal once
streptavidin-HRP and QuantaRed was added. The solution in Well 2 also
contained Target A with the thymine allele; however biotinylated dd-GTP was
added and therefore was not expected to anneal. Well 3 contained the Target G
complement to the SNP and therefore had a cytosine. When the biotin dd-ATP

was added, was not expected to extend and therefore no signal was produced.
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Well 4 contained Target G with the cytosine, so when biotin ddGTPs were added,
extended and produced a signal.

Once SBE gave consistent results using synthetic DNA, human samples
were used to identify SNPs from saliva samples. After purifying the DNA, it was
essential to break down the mitochondrial DNA (mtDNA) to smaller fragments in
order to minimize steric hindrance when the probe was hybridizing to the target.

Sonication was used to break the DNA into smaller fragments (Figure 3.27).

1 2 3 4 5 6 7 8 9 10 11 12

Lane |Contents
1 -
2 KM 2 min
3 KM 5 min
4 KM 10 min
5 KM 12 min
6 Ladder
7 ISP 2 min
8 ISP 5 min
9 SP 10 min
10 SP 12 min
11 -
12 -

Figure 3.27. Sonication was completed at different lengths of time with two different
samples. The time shows the total amount of time the sample spent in the sonicator.
Samples alternated being in the sonicator for ten seconds and an ice bath for ten seconds.
At ten minutes the DNA is visibly broken into smaller fragments.

Sonication was performed at four different lengths of time. The time
increments show the total amount of time the sample spent in the sonicator. The
sample alternated between the sonicator and an ice bath, spending ten seconds at
each location in order to prevent overheating and dehybridization of the DNA.
The gel shows that at two minutes, there were still fragments that were not broken

into smaller fragments. Once the sample endured ten minutes of sonication, there
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were minimal amounts of complete 16 kbp mtDNA. Therefore, it is essential to
sonicate for ten minutes in order for the sample to be broken into larger
fragments.

Once the importance of sonication was established, we tested sonicated
human DNA samples with the SBE reaction along with the synthetic targets

(Figure 3.28).

Figure 3.28. This array shows the results after running SBE to identify the SNP W-
A11947G on sonicated human DNA. From left to right the wells are, Positive sample 1,
Positive sample 2, Negative sample 1, Negative sample 2, W-TgG, W-TgA, control. The
samples used for the positive samples contain the G allele and therefore should show a
signal while the negative signals should have no color. As expected the synthetic TgG
gives a positive signal, however all human samples a slight pink color independent of the
base present.

It was clear that the positive and negative samples gave the same signal,
regardless of the base present. This problem could have been due to steric
hindrance that was still present even with smaller fragments or because the probes
were unable to bind to the correct location due to similar sequences elsewhere.
Also it is apparent that the concentration of the DNA from human sample is much
lower than the concentrations of the synthetic target.

In order to increase the concentration of the human DNA sample, it was
determined that PCR would be necessary. Several experiments were run by other
members of the lab using PCR product, however no conclusive results were

obtained.
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5.2.4 Conclusion

While the Single Base Extension reaction showed promising results with
synthetic DNA, the assay could not be applied to human samples, which was the
most important part of the assay. Some problems with the assay included,
possible steric hindrance from the fragmented human sample, nonspecific

binding, or low concentrations of

5. Ligation
51 Introduction

The ligation assay utilizes three probes to discriminate between the two
alleles at the SNP site. The locus specific probe (LSP) is adjacent to the SNP
base and is common for both alleles because it does not include the base. The two
allele-specific probes (ASP) anneal directly next to the LSP and include the base
complementary to one of the two possible alleles as seen in Section I. 5.3
Oligonucleotide Ligation Reaction. Two reactions are run for each SNP, each one
testing separately for one allele with one of the two different ASPs. If the
diagnostic base of the ASP is complementary to the target base, the added ligase
will connect the ASP and LSP. However, if the base is not complementary, no
ligation will occur because there is no hybridization between the terminal bases™'.
The ligation reaction offers high specificity because it involves two recognition
events; the ASP and LSP both must anneal to the designated region, and then the

ligase must connect both probes.
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A low cost assay is proposed using a dry reagent biosensor and capillary
action to detect the results of the ligation reaction, as seen in Figure 3.11, based
on the work done by Toubanaki.'>  Each strip consists of a nitro cellulose
membrane and conjugate pads to enhance flow, with streptavidin spotted across
the top and immobilized by baking for an hour. A poly-dA oligonucleotide is also
immobilized on the membrane above the strepdavidin line as a control line. The
dry reagent biosensor is used for the readout once the ligation reaction is
complete.

The ligation reaction takes advantage of the high binding affinity
between biotin and streptavidin®® along with colored microspheres for an easy to
read, colorimetric readout. In the original design of the assay, the diagnostic base
appeared on the 5’ end of the ASP, with an extra phosphate group, while the LSP
annealed 5’ to the ASP, as seen in Figure 29. Each LSP (also referred to as the
common probe) was modified with biotin on its 5 end, and both ASPs were tailed
with a poly-dA tail on the 3’end. Therefore, if ligation occurred between the two
probes, the reaction would result in a newly formed probe with a 5’ biotin and a

3’ poly A tail.
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3’

Poly-dA
tail
ASP 5’
1

3.’
Figure 3.29. The original design of ligation probes with the diagnostic base appearing on
the 3’ end of the Allele-Specific Probe and a poly-dA tail appearing on the 3* end. The
LSP has biotin on the 5° end, which binds to streptavidin on the biosensor to immobilize
the oligo.

We created an assay that worked for genotyping one SNP with the original
probe design, however it was not able of the ligation reaction was used to
successfully diagnose one SNP, it was not able to be transferred for the detection
of other SNPs. The different reaction conditions that were needed for each assay
were not feasible for a classroom experiment. After reviewing other ligation
techniques, reports were found detailing that ligases provide much greater
specificity in discriminating between a single base mismatch at the 3’ terminus
instead of the 5° terminus.*>  When the complementary base is present at the 3’
end, ligation has been found to occur five times more frequently than at the 5’
end.** New probes were designed with a 3’ diagnostic base on the ASP probe and
biotin-modified on the 5’ end of both ASP probes. The poly-A tail then appeared
on the 3” end of the common probe, as seen in Figure 3.30. The change in probe
design increased specificity and allowed for the identification of more than 40

different SNPs.
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3)
Figure 3.30. The current design of ligation probes with the diagnostic base appearing on

the 3’ end of the Allele-Specific Probe and biotin on the 5° end. The LSP has a poly-dA
tail on the 3’ end.

The last step of the ligation reaction includes a heated dehybridization step
in order to separate the probes from the target. If ligation did not occur, three
separate probes would be present. The ligation reaction products are then spotted
on the glass fiber conjugate pad at the bottom of the biosensor along with poly-dT
red microspheres, and the biosensor is placed in the running buffer. As the
running buffer moves up the biosensor, it carries the probes and microspheres
with it, separating the components at each capture region. The excess LSPs and
ASPs move quickly up the biosensor with the ligated products, while the
microspheres move slowly up the biosensor. As the ligated probes reach the
streptavidin line, they are immobilized by the biotin-streptavidin interaction, and
once the microspheres reach the ligated probes, the poly-dA tail of the probe
hybridizes to the poly-dT tail of the microspheres, creating a red line across the
biosensor. Excess beads are caught by the poly-dA line giving evidence for the

flow, and proper functionalization, of the microspheres as seen in Figure 3.31.
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Biotinylated
Ligation Product
with poly-dA tail

controlzone

signal zone

streptavidin
microbeads

Figure 3.31. A schematic of the lateral flow biosensor readout. Biotinylated ligation
products with poly-dA tail flow up the sensor and are immobilized by the streptavidin
signal zone. As poly-dT red microspheres flow up the sensor, they are captured by the
immobilized poly-dA tail of the ligation product, producing a positive red line. A
positive signal is produced only if the SNP was present and ligation occurred. Excess
poly-dT microspheres flow past the signal zone to the control zone and are captured by
poly-dA oligos. Figure from Ryan B. Hayman’s Thesis."

Once the protocol was established and proved successful for a read of one
allele per biosensor, a protocol was developed to multiplex the readout.
Originally, two solutions were needed per SNP per sample, and each solution
contained one biotinylated-ASP. Each solution would then be added to its own
biosensor. With the multiplexed assay, the ASP complementary to the SNP allele
is modified with digoxigenin, while the ASP complementary to the revised
Cambridge Reference Sequence (rCRS) allele, is modified with biotin. Both
ASPs are added to one ligation reaction per SNP per person and compete for
complete annealing to the target PCR product. The readout is then completed
using a biosensor with two signal zones: streptavidin and anti-digoxigenin. A
positive red line will appear at the stepatividin zone if the SNP was not present
and a positive line will appear at the anti-digoxigenin zone if the SNP was

present.
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5.2  Methods
5.2.1 Polymerase Chain Reaction.

Primer sequences were obtained from Meca-Meyers, and each produced a
product that is between 400 and 700 base pairs long.** The primer sequences are
found in Appendix 3. The DNA primers were purchased lyophilized from
Integrated DNA Technology (Coralville, lowa), and diluted with sterile water
(Sigma, St. Louis, MO), to 100 uM. The PCR mixture contained 5 pL sterile
water 10 pL purified DNA, a 5 pL aliquot of 10 uM forward primer, a 5 pL
aliquot of 10 uM forward primer, and 25 pL Promega PCR Master mix (Madison,
WI) containing 3 mM MgCl,, 400 pM of each dNTP, 50 units/mL Taq
polymerase in a proprietary reaction buffer (pH 8.5) for a total volume of 50 pL.
The reaction conditions were as follows: 94 °C for 1 min followed by 35 cycles
at 95 °C for 30 s, 56 °C for 45 s and 72 °C for 2 min. Cycling was followed by a
final extension at 72 °C for 5 min and stored at 4 °C. An aliquot 15 pL of each
PCR product was visualized with a 2% Sybr Safe agarose gel (Invitrogen,
Carlsbad, CA). A UV Gel Doc Imaging System (Bio-Rad, Hercules, CA) with
trans UV illumination was used for imaging.

5.2.2 Tailing Common Probes and Control Zone Probes with Poly-dA

The tailing solution contained 7.5 pL sterile water, 4 uL of 20mM dATPs,
4 uL of 100 uM oligonucleotide, 2 pL of 2.5 mM CoCl,, 2 pL 10x Transferase
buffer containing 500mM potassium acetate, 200 mM Tris-acetate and 100mM
magnesium acetate (pH 7.9) and 0.5 pL Terminal Transferase enzyme(New

England Biolabs, Ipswitch, MA). It was important to heat the CoCl, and 10x
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Reaction buffer to 37 °C before adding each to solution. The mixture was then
incubated at 37 °C for 1 hour and 70 °C for 10 min and stored at 4 °C.
5.2.3 Ligation Reaction

All ligation probes were ordered lyophilized from Integrated DNA
Technology (Coralville, lowa), and diluted with sterile water to 100 uM. Each
reaction mixture contained 19 pL sterile water, 1 pL PCR product, 1 pL of 4 uyM
poly-dA LSP, 1 pL of 4 uM biotinylated-ASP, 0.5 pL 9 °N Ligase, and 2.5 pL
10x 9 °N Ligation buffer (New England Biolabs, Ipswitch MA) with 100 mM
Tris-HCI, 6mM ATP, 25mM MgCl,, 25 mM Dithiothreitol, and 0.1% Triton X-
100 (pH 7.5). For a multiplexed readout, the solution still had a total volume of
25 pL, however 1 pL of sterile water was replaced with 1 pL of digoxigenin ASP,
so both ASPs were in solution. The final reaction mixture is 18 pL sterile water,
1 uL PCR product, 1 pL of 4 uM poly-dA LSP, 1 pL of 4 uM biotinylated-ASP,
1 pL of 4 uM digoxigenin-ASP, 0.5 pL 9 °N Ligase, and 2.5 pL 10x 9 °N
Ligation Buffer. The cycling conditions were as follows: 95 °C for 5 min,
followed by 20 cycles of a denaturing step at 95 °C for 30 s and an annealing and
ligation step at 55 °C for 90 s and cooled to 4 °C.
5.2.4 Detection of Ligation Product by Lateral Flow Biosensor

The biosensor was composed of a nitro-cellulose membrane with an
immersion pad and glass fiber at the bottom and absorbent pad at the top as
described in Section 3.3 Lateral Flow Biosensor. When the cycling was complete
the reaction mixture ran through a 5 minute denaturing step at 95 °C. The

solutions were then placed directly on ice and 10 pL of the solution was
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immediately added to the glass fiber followed by 5 pL of sonicated microspheres.
The biosensor was then placed in the 300 pL of running buffer (75 mmol/L NaCl,
40 mL/L glycerol, 10 g/L SDS in 1x PBS (Sigma)). The visual detection of the
ligation products was complete in five minutes. All ligation probe sequences are

seen in Appendix 3.

5.3  Results and Discussion
5.3.1 Original Design

All starting solutions and reaction times for the ligation reaction were taken
from previous work reported by Dr. Dimitra Toubanaki."> A reaction mixture of
25uL was suggested with 0.5 pL Taq Ligase (New England Biolabs, Ipswitch
MA), 2.5uL 10X Reaction Buffer containing 200mM Tris-HCI, 250 mM
potassium acetate, 100 mM magnesium acetate, 10 mM NAD, 100 mM
dithiothreitol, and 1% Triton X-100 (pH 7.6), 1 pL each of 2 pM probes
(common probe and allele specific probe) and 1 pL of amplified PCR product.
Two reaction tubes were used for each sample; one tested for the CRS allele,
while the other tested for the mutated allele. [Initial tests were run using probes
for the SNP W-A11947G. Samples were run using information of the known
allele present for each sample obtained from the GoldenGate data. One sample
had the mutation allele, placing it in haplogroup W and the other had the CRS
allele, placing it out of the haplogroup (Figure 3.32). An initial ligation
temperature of 45 °C was used based on information provided by the New

England Biolabs. The cycling conditions were: 95 °C for 5 min, followed by 20
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cycles each consisting of a denaturing step at 95 °C for 30 sec and an
annealing/ligation step at 45 °C for 90 sec. The mixture was then denatured for 5

minutes at 95 °C and placed on ice before being applied to the biosensor.

Haplogroup: W-A11947G

" e ad
P~——

SEER

Allele: A G A G
SampleID: 54 24

Figure 3.32. Four biosensors showing a colorimetric readout for ligation products of W-
Al11947G. The control zone is seen at the top, followed by the test zone, giving results
from ligation. Each strip corresponds to one ligation reaction and tests for the presence
of one allele. Sample 54 is in haplogroup W and therefore should give a positive result in
the testing zone for allele G and no line for allele A. Sample 24 is not in haplogroup W
and should have a positive result for the CRS allele, A and no line for the haplogroup
allele G. A positive result is seen for each ligation reaction indicating that non-specific
ligation is occurring.

While the ligation reaction is designed to discriminate between the
presence of one of two bases, the results from Figure 5 can not be used to identify
the particular base present at the SNP location. The positive signal for both
alleles for each person suggests that ligation was occurring, whether or not the
diagnostic base of the allele-specific probe was complementary to the target base.
In order to increase specificity, the ligation temperature was increased in 5 °C
increments until a difference was seen in positive and negative signal at 65 °C.
The signal lines were very faint at this temperature, showing that minimal ligation
was occurring, even when the probes were completely complementary. Therefore
the ligation temperature was dropped to 63 °C (Figure 3.33), where a distinct

difference was seen between the positive and negative signal.
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