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ABSTRACT

Analysis of polymorphisms in nucleic acid sequences provides the basis for
identification of individuals and their genetic deficiencies. Currently, the accepted
method of analysis for profiling is (STR) profiling. This is a lengthy process,
typically taking up to 3 days. The time necessary to generate an STR profile, along
with the ever-increasing reliance on DNA to solve crimes, has led to a large DNA
sample backlog, with violent crime turnaround taking an average of 103 days. The
time and resource investment required for STR analysis is significant, and not all
samples generate useful profiles.

The current methods for use of technologies require an isolated template
sample. This isolation typically requires hours of extractions and incubations,
followed by still more time for analysis. The considerable length of time necessary
for this process makes it inherently expensive, while also increasing the backlog. A
universal protocol allowing amplification from various, frequently used samples
would allow extremely rapid sampling and results. Further, these templates are
faster and easier to amplify than standard STRs, which reduces the risk of resources
and time on a sample which may not amplify.

Common forensic samples include blood, hair, saliva, and buccal swabs.
Using a single, universal protocol to prepare these samples for analysis without
extensive isolation allows the simultaneous preparation of multiple samples.
Accordingly, this work explores the development of a preparatory method for
multiple forensic samples coupled with the optimization of polymerase chain
reaction conditions to facilitate the real-time monitoring of the interaction of
molecular beacons (MBs) with the template. These MBs can then be used to
identify the presence or absence of specific nucleotide polymorphisms. This
increase in throughput has extensive application in forensic and medical

applications.
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GLOSSARY OF TERMS
1X TBE: Buffer system commonly used in biochemistry for gel electrophoresis.
Contains 0.0889 M tris base, 0.0889 M boric acid (as borate), 0.002 M EDTA,
adjusted to pH 8.3 with HCI.
1X TE: Buffer system commonly used in PCR techniques. Contains 0.010 M Tris
base, 0.001 M EDTA, adjusted to pH 8.0 with HCI.
Allele: A variation of a gene.
Amplicon: Also known as PCR fragment size.
Bathochromic shift: Shift in optical spectrum to a longer wavelength than
observed under standard conditions.
Biallelic: A gene or polymorphism for which there are only two known variations.
Chromophore: A moiety capable of absorbing light.
Cofactor: An ion or molecule essential for the function of an enzyme.
Electrophoresis: Separation technique based on size and charge differences used
in biochemistry. Capable of separating DNA by size using applied voltage through
a porous gel, typically composed of agarose.
Erythrocyte: Also known as a red blood cell. These cells, upon maturation and
before release into the bloodstream, purge their nucleus and any DNA.
Ex vivo: Outside of a living organism.
Exonuclease: Enzyme capable of cleaving nucleotides from an end of an
oligonucleotide.
Fluorophore: A moiety capable of emitting light after excitation and internal
conversion of energy.
Forster distance: Distance at which FRET is 50% efficient for a donor-acceptor

pair.
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Hemoglobin: Protein in erythrocytes capable of transporting O». Uses iron ions as
a cofactor.

Heterozygote: An individual who has inherited two different alleles of the same
gene.

Homozygote: An individual who has inherited two of the same alleles of the same
gene.

Hybridization probe: Any labeled oligonucleotide capable of hydrogen-bonding
to a target sequence to give signal. In the absence of a target sequence, no signal
should be generated. These probes are highly specific to individual sequences.
Hydrolysis probes: A type of hybridization probe which works by Taq
polymerase’s intrinsic ability to cleave a fluorophore and quencher from a
hybridized oligonucleotide, thereby generating signal. These are linear probes with
no secondary structure.

In silico: Software-based

In vitro: Inside living, cultured cells, but outside an organism.

In vivo: Inside a living organism’s cells.

InDels: Type of genetic polymorphism. Includes either an inserted or deleted
sequence of a short number of nucleotides.

Intercalating dye: Fluorophore which binds to the minor or major grooves in
DNA, forming a J-aggregate and increasing fluorescence quantum yield.
Leukocyte: Also known as white blood cells. These cells contain a nucleus and
DNA.

Locus (pl. loci): A point or region in an organism’s genome.

Low Copy Number sample: Sample with an extremely low concentration of
DNA. Preferential amplification of one allele in a heterozygous sample is possible,

making interpretation of results complex.

xxii



Micro-satellite region: Very short repeating motif capable of use in DNA
profiling. See also STR, SNP, InDel, and Y chromosome STR.

Mini-satellite region: Short repeating motif originally used in DNA profiling, but
longer than a micro-satellite. See also VNTR.

mtDNA: Mitochondrial DNA. Inherited maternally, and capable of identifying
maternal lineage.

Multiplex PCR: Amplification of multiple loci in one reaction mixture.
Oligonucleotide: Short, synthetic polymer of nucleotides.

Polymerase: Enzyme which forms a polymer.

Polymorphism: Variation in a genetic sequence. See also SNP and InDel.

qPCR: See Real-Time PCR.

Quantum yield: Decimal value of the ratio of photons emitted to photons absorbed.
Real-Time PCR: Technique used to amplify DNA while simultaneously
monitoring its rate of amplification. Can be adapted to suit many methods and
chemistries.

Restriction Fragment Length Polymorphism: Technique which employs the use
of bacterial enzymes capable of cleaving at specific DNA sequences. Sometimes
used to discern alleles.

Reticulocyte: Mature erythrocyte.

RFLP: See Restriction Fragment Length Polymorphism.

Scorpion probes: Hybridization probe which incorporates a PCR primer joined to
a MB. Highly specific, and reduces required amplicon size. More complex to design
for specificity.

SNP: Single Nucleotide Polymorphism. Point mutation, or variation of only one

nucleotide in a sequence without changing the number of nucleotides.
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Southern blotting: Biochemical technique for the analysis of DNA combining
electrophoresis and hybridization probes to identify specific nucleic acid
sequences.

Spectrofluorometric thermocycler: An instrument capable of adjusting to
specified temperatures for specified times, while also collecting fluorescence
measurements.

STR: Short Tandem Repeat. Micro-satellite. Currently used as the primary method
of DNA profiling. Requires sample collection, purification, amplification, and
capillary electrophoresis before analysis.

TaqMan probes: See hydrolysis probes.

Tris: 2-Amino-2-hydroxymethyl-propane-1,3-diol. A common base used in
biochemistry buffers.

VNTR: Variable Number Tandem Repeat. Mini-satellite. First method used for
DNA profiling. Superseded by STR profiling.

Watson-Crick base pairing: Nucleic acid base pairing for optimal stability. In
DNA, adenine pairs with thymine, guanine pairs with cytosine. Deviations are

possible but lead to lower stability and are not thermodynamically favored.
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CHAPTER 1: INTRODUCTION

1.1: Purpose of the project

Forensic laboratories are under enormous stress as the need for
identification of victims and perpetrators rises every year. These laboratories are
also responsible for the identification of victims of terrorist attacks and natural
disasters. Terrorist attacks are growing at an alarming rate, with ever-increasing
devastation as seen recently in Paris, Egypt, and Syria. Natural disasters such as
tsunamis and earthquakes can result in large numbers of casualties, particularly in
less developed areas such as Haiti and Nepal.

Typically, non-degraded samples can produce full DNA profiles for an
individual with relative ease due to current methods. However, in both of these
scenarios—terrorist attacks and natural disasters—there is great potential for
extreme degradation of human remains. Terrorist attacks leave behind charred
remains, damaging the soft tissue normally used for profiling. Disaster victims’
remains are often left for days to weeks at a time before recovery, allowing decay.
The success of profiling a sample from degraded remains is highly uncertain, and
failure results in wasted time and resources.

In the case of DNA profiling, the integrity of the sample is crucial. Ideally,
analysts should be able to assess this integrity prior to amplification. Pre-screening
a sample would allow analysts and scientists to make better predictions about a
degraded sample. Colorimetry (Fredericks et al., 2015) and Fourier Transform
Infrared (FTIR) spectroscopy (Fredericks et al., 2012) can be used to determine the
probability of successful amplification, and multiplex polymerase chain reaction

(PCR) may help to determine sample viability (von Wurmb-Schwark et al., 2004).
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Colorimetry and FTIR are limited in their analysis, however, as they do not give
direct quantity or quality of DNA available; their uses are derived from correlations
between optical properties of samples and the probabilities of successful
amplification depending on the length of an amplified fragment, or amplicon. A
sample which is deemed suitable for amplification through these methods may still
fail to yield a usable profile. Multiplex PCR, while a more reliable standard against
which to judge the suitability of a sample, is limited to simply informing the
investigator that multiplex PCR is possible. This technique gives no information as
to possible preliminary profiles.

Molecular beacons (MBs) are short, single-stranded nucleic acid probes
which form a strong secondary structure in the shape of a hairpin. These probes
consist of a fluorogenic moiety at the 5’ terminus and a nonfluorescent
chromophore at the 3’ terminus to control signal generation. A MB is composed of
a probe region and a stem region. The probe region is a reverse complement to the
target DNA and capable of hydrogen bonding with the target. The stem region is a
reverse complement to itself, flanking both ends of the probe region and providing
the secondary structure necessary. The two-part nature of a MB probe gives rise to
its greatest advantage over standard qPCR dyes and linear probes: specificity.
Intercalating dyes used for qPCR are completely nonspecific; they bind to double-
stranded DNA (dsDNA) indiscriminately. Linear probes do not form secondary
structures, so specificity is limited by the length of the probe.

The strong thermodynamic competition between the probe and stem
sequences allows for the discrimination of a single nucleotide polymorphism (SNP)
by a MB probe (Marras et al., 2003, Marras et al., 1999, Mhlanga and Malmberg,
2001, Root et al., 2004). These polymorphisms are the smallest possible in a

sequence—only one base is changed, and none deleted or inserted. The stem region
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provides a thermodynamic drive to hold the dyes in close proximity and quench
signal in the absence of a target. However, in the presence of an exact target, the
MB will undergo conformational changes allowing fluorescence, and thus signal.
These MBs are typically used in a real-time PCR (qPCR) format without a lengthy
melt analysis. This technology is roughly 1-2 days faster than current STR
technology, and hours faster than HyBeacon probes, from sample collection to
results (Butler, 2005, French et al., 2006).

There are no satellite regions—tandemly repeating, noncoding DNA—to
analyze, and as such the amplicon sizes necessary are extremely small. These
fragment sizes can be limited to the length of the forward and reverse primers, plus
the length of the MB used in the assay, resulting in a typical amplicon length of less
than 150 bp, while satellite analysis can require upwards of 350 bp (Butler, 2005).
Amplicon size is inversely proportional to the probability of successful
amplification from a degraded sample, and as such it is advantageous to use as
small an amplicon as possible in analysis.

Given the MB’s ability to discriminate SNPs, there is potential for the
development of a forensic panel based on this technology. This would not only
allow an investigator to determine the probability of a successful profile based on
currently accepted techniques such as STRs, but also give a preliminary profile.
This preliminary profile could be used as a benchmark for determining the
likelihood of a match to a reference sample from a disaster victim, terror attack

victim, or perpetrator.

1.2: Overview of the project

Profiling individuals through DNA can take many routes: VNTR, STR,

SNP, Y chromosome STR, and InDels. Variable Number Tandem Repeat (VNTR)
3
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regions are extremely long in comparison to other methods. Since all DNA profiling
is the product of statistical analysis of genotypes, and a longer region is less likely
to be successfully amplified, VNTR profiling is inherently less reliable than more
current methods. This method was made obsolete upon the development of the STR
method. Single Nucleotide Polymorphism (SNP) profiling requires the smallest
amplicon length, but also has the lowest power of discrimination; there are only
three possible genotypes per locus. Insertion-Deletion (InDel) polymorphisms are
similar to SNPs in that there are only 3 possible genotypes; however, they are more
compatible with nucleic acid probes such as MBs given the additional differences
in the sequence. The STR method relies on much shorter repeating motifs than
VNTRs, but still requires a 400 bp or longer amplicon. A variation of this method,
Y-chromosome STR analysis, is specific to men only.

Currently, the accepted method of DNA profiling for legal proceedings such
as trials is STR analysis of 13 core loci, along with the amelogenin gene on the sex
chromosome for gender discrimination. This method is time- and resource-
consuming, and as such a DNA testing backlog has occurred. As of 2011, more
than 100,000 samples were awaiting testing with 83,000 of those over 30 days old.
According to the National Institute of Justice, an additional 241,000 samples were
added for analysis in 2011 (Nelson et al., 2013).

Current STR methods require sample extraction and purification,
amplification, and analysis; this is a 2-3 day process, with multiple opportunities
for contamination. This project proposes details the development of a single-step
method for DNA sample analysis and profiling. The proposed method uses
molecular beacons (MBs) in conjunction with established direct PCR methods. The
MB targets are single nucleotide polymorphisms (SNPs). The literature review

establishes the mechanism by which a MB is capable of distinguishing even a single
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nucleotide difference. This is a proof-in-concept project, establishing the capability
of MBs to discriminate alleles in a complex analytical matrix, leading to further
work using insertion-deletion (InDel) alleles for the final discriminatory panel.
InDels will have increased discriminatory ability compared to SNPs, as there is a

greater thermodynamic penalty due to increased base mismatching.

1.3: Definition of a molecular beacon

A MB is defined as a synthetic oligonucleotide hybridization probe. It has
a self-complementary stem sequence flanking a target-complementary probe
sequence. The probe sequence is typically at least twice as many nucleotides (nt)
long as the stem sequence. A fluorescent moiety is covalently linked to the 5’
terminus of the oligonucleotide, and an appropriate nonfluorescent quenching
moiety is covalently linked to the 3’ terminus. These are located such that the stem
sequence holds them in close proximity, forming a hairpin-like structure under
standard conditions. Their proximity facilitates quenching. Upon the introduction
of a complementary target in the form of single-stranded DNA (ssDNA), the MB
will spontaneously unfold and anneal, changing conformation and separating the

fluorescent and quenching moieties. This separation results in signal generation.

1.4: Forensic samples examined

This project focuses on the application MBs to forensic biology, and this is
a proof-in-concept. As such, only simple, freshly collected, unpreserved samples
were studied. These samples include fresh hair, saliva, buccal (cheek) swabs, and
blood. Future studies should examine samples with anticoagulants or other matrix

additives in blood samples, along with other common forensic samples such as
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semen and vaginal swabs. Mixtures of sample types or individuals should also be

studied at a later date.

1.5: Aim and scope of the project

The aim of the project is to develop a sample preparation and MB assay
methodology that is sufficiently robust to known PCR inhibitors and optical
impediments for non-purified samples. It is hypothesized that MB assays can be
adapted to a direct PCR (DPCR) format. Further, it is hypothesized that the length
of time required to perform these assays can be considerably shortened. Multiple
experiment types were necessary to test these hypotheses. All experiments in this
project were PCR-based, primarily serving either to verify previous work or
optimize the newly developed assay. Novel work for this project included the use
of MB assays in a DPCR format, capable of successfully genotyping individuals.
Further, this was done in a 2-step PCR cycling format; a thorough literature review
did not find any other work showing a 2-step MB assay.

The objectives:

1. Verify primer functionality

2. Develop a thermal profile of the MBs

3. Verify a working MB assay

4. Screen for genotypes necessary for the project

5. Test various PCR master mixes for compatibility

6. Develop a working MB-DPCR assay

7. Optimize the MB-DPCR assay
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CHAPTER 2: LITERATURE REVIEW

2.1: Introduction

The following is a primer on the current state of the field of single
nucleotide polymorphism (SNP) genotyping and the theoretical bases of the project
as a whole. Contents include in-depth descriptions of the mechanics of PCR, an
introduction to real-time PCR, the mechanics of molecular beacons (MBs) and their
design, theory of fluorescence and quenching, challenges of direct PCR, and the
basis of DNA profiling. Where appropriate, more exhaustive reviews of a particular

topic are suggested.

2.2: Mechanics of PCR

The current state of forensic biology is largely a result of the development
of polymerase chain reaction (PCR). This technique was first described in a 1986
patent application by K. B. Mullis as a way to synthetically replicate DNA in
solution (Mullis et al., 1987). This replication is necessary for forensic biology as
“many forensic samples would be impossible to analyze...[because] obtaining a
cleaner, more concentrated sample is normally not possible,” and current forensic
methods require high quality DNA (Butler, 2005).

As PCR is a chain reaction, each nascent strand of DNA functions as a template in
template in the following step to synthesize more strands of DNA (Mullis et al.,
1987, Reynolds et al., 1991, Saiki et al., 1988, Butler, 2005). This is an enzymatic
process involving repeated heating and cooling of a reaction with a complex
analytical matrix. There are three phases of a typical PCR cycling: a 95°C
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denaturation phase to break the hydrogen bonds between strands of dsDNA, a
variable (but typically 55°C) annealing phase to allow primers and enzymes to form
new hydrogen bonds with individual strands of dsDNA, and a 72°C extension phase
during which the enzyme is best able to polymerize a nascent strand. A diagram of
the thermocycle is shown as

Figure 2.1. Figure 2.2: Diagram of PCR mechanism As PCR continues,
products follow geometric growth. Each cycle doubles the amount of template
present in the previous cycle, provided it is working at 100% efficiency. For
instance, after three cycles, the original number of copies is multiplied by 23, or 8;
after 20 cycles, the original copy number is multiplied by 22°, or roughly 10° times

as many copies. Figure 2.2 shows a diagram of the PCR mechanism.

05°C 05°C
5min |30s

2 21
30s| Smin

556
30s

30 cycles
::: —

Figure 2.1: PCR thermocycling

This figure shows an example setup for a PCR reaction. The initial 95°C hold is to
fully denature all dsDNA. The 30 second, 95°C hold is used to again denature the
dsDNA at the beginning of each cycle. The 30 second, 55°C hold allows the primers
and polymerase to anneal to the existing strands. The 30 second, 72°C hold allows
the polymerase to synthesize a nascent strand complementary to the existing strand,
at the site of primer annealing.
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Figure 2.2: Diagram of PCR mechanism

Butler, J. M. (2005) Forensic DNA typing : biology, technology, and genetics of
STR markers, 2nd ed. ed., Elsevier Academic Press, Burlington, MA.

This figure shows the molecular-level process of each phase of the PCR. A
denaturation phase separates the individual strands, a primer anneals to the single
strands, and the enzyme polymerizes a nascent strand. This occurs for each strand
of the dsDNA during each cycle, giving rise to its geometric growth. This is
represented as the 2" growth, where n is the cycle number; this is an ideal,
theoretical limitation.
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Table 2.1 shows a list of common components in a PCR reaction. A Tris-
HCI solution buffered to pH 8.3 at 25°C is commonly employed as the bulk of the
solution. Divalent cations are required as cofactors (Berg, 2012). Magnesium is the
most commonly used cation for this purpose; Mg?* will coordinate with the 3’
hydroxyl group of the primer or nascent strand, while also coordinating with the
dNTP (Antony and Subramaniam, 2002). Since the terminal phosphate group will
still be negatively charged, another Mg?" binds to the NTP temporarily to allow
the ANTP to coordinate with the primer or nascent strand (Berg, 2012). Since all
that is required is a divalent cation, manganese (Mn*") can also be used, but has a
markedly increased error rate due to the size difference (Wilson and Keefe, 2001,
Zhou et al.). Potassium chloride is used to coordinate the primer and template
strands. The four ANTPs—deoxyadenosine triphosphate (dATP), deoxythymidine
triphosphate (dTTP), deoxyguanosine triphosphate (dGTP), and deoxycytidine
triphosphate (dCTP)—are used as the building blocks of the nascent strand. A DNA
polymerase is necessary to form the nascent strand. A thermally stable polymerase
enzyme is crucial to PCR. Since enzymes are proteins, these polymerases are
susceptible to denaturation due to heat. Thermal denaturation would almost
certainly occur after one cycle with human DNA polymerase, thus necessitating
aliquots of expensive enzymes with each iteration (Saiki et al., 1988). A thermally
stable polymerase would not require iterative aliquots, and would be able to
withstand extended incubations near boiling. Thermus aquaticus (Taq) was
discovered to have such an enzyme in 1976 (Chien et al., 1976).

Bovine serum albumin (BSA) serves a few purposes. Bovine serum
albumin is used to stabilize the enzyme and prevent adsorption to the reaction

vessel. The addition of BSA to a PCR reaction helps to prevent any copurified
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contaminants or inhibitors from interfering with the polymerase enzyme (Comey et
al., 1994). Primers are used to provide an initiation point for polymerization.

Table 2.1: Common PCR components and concentrations
Adapted from Carracedo, A. (2005) Forensic DNA typing protocols, Humana
Press, Totowa, N.J.

Reagent Optimal Concentration
Tris-HCI, pH 8.3 (25°C) 10-50 mM
Magnesium chloride 1.2-2.5 mM
Potassium chloride 50 mM
Deoxynucleotide triphosphates 200 uM each dATP, dTTP, dCTP,
(dNTPs) dGTP
DNA Polymerase, thermally stable 0.5-5U
Bovine serum albumin 100 pg/mL
Primers 0.1-1.0 uyM
Template DNA 1-10 ng purified genomic DNA

2.3: Introduction to qPCR: terminology and mechanism

Most current qPCR methods are based on fluorescence technology. These
fluorescent methods require the use of a spectrofluorometric thermocycler. This
instrument is capable of heating and cooling reaction containers from room
temperature to almost 100°C (although some have a wider range) while
simultaneously using a light source to excite fluorophores and a detector to measure
the emitted light at a certain wavelength. This instrument is the pillar of qPCR.

A fluorophore must also be used in conjunction with a spectrofluorometric
thermocycler. Depending on the technology used, this fluorophore can exist freely

(i.e., unbound in solution), or attached to a small oligonucleotide (hybridization
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probe) (Li, 2002, Livak et al., 1995, Nazarenko et al., 1997, Solinas et al., 2001,
Tyagi and Kramer, 1996, Whitcombe et al., 1999, Morrison et al., 1998). Free
fluorophores, such as SYBR Green I, are intercalating dyes which bind to either the
major or minor grooves of DNA, thereby greatly increasing quantum yield (Zipper
et al.,, 2004). Hybridization probes include MBs, Scorpion probes, hydrolysis
(TagMan) probes, and others based on fluorescence quenching and oligonucleotide
hybridization (Didenko, 2006).

Both free fluorophore and hybridization probe assays are considered qPCR
techniques, and can be used for qualitative and quantitative purposes. Hybridization
probes, however, are designed with specificity in mind, and are much more useful
in qualitative experiments than free fluorophores such as SYBR Green I. Since
SYBR Green I binds to dsDNA indiscriminately, nothing is known about the
specific genotype of a given template at the amplification site (Mackay et al., 2002,
Morrison et al., 1998).

According to Bustin et al., even qualitative experiments require a minimum
amount of quantification in order to deduce qualitative results; that is, there must
be some lower or upper limit at which the results are deemed positive or negative
(Bustin et al., 2009). No minimum data set had yet been established as of 2008, and
misleading data was being published (Bohlenius et al., 2007, Garson et al., 2009).
Thus, the Minimum Information for Publication of Quantitative Real-Time PCR
Experiments (MIQE) was developed. BustinThis publication is centered around
standardization of terminology, increasing transparency, and reducing ambiguity in
interpretation of results (Bustin et al., 2009). Nomenclature for both qualitative and
quantitative real-time PCR experiments is termed qPCR. While qPCR traditionally
involves an intercalating dye used for quantification of DNA, any real-time PCR

experiment is inherently quantitative, regardless of the mechanism used. Any
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analytical technique must have a limit of detection (LOD), which is important in
determining the sensitivity of an assay. The analytical specificity must also be
included; this demonstrates the number of correctly identified samples in an assay,
compared to the total number of samples. A low analytical specificity results in an
unviable assay, as it will produce false positives or false negatives, thus limiting its
use. Accuracy is also included, specifically for quantification experiments. This is
a comparison between measured and actual concentrations. Precision, both short-
and long-term, are to be reported as well (Bustin et al., 2009).

The above qualities required for MIQE data are fulfilled in a number of
ways. Sequences, thermodynamic data, PCR conditions, vendors, and many other
items are required in order to publish. A suggested list of required items for
publication is shown in Error! Reference source not found.. Use of in silico tools
such as BLAST (NCBI, Maryland, USA) are virtually required to fulfill the
requirements, and their use is good practice for any qPCR experimental design.

The mechanism of qPCR is identical to that of standard PCR, with the
exception that the fluorophore or labeled oligonucleotide is added to the reaction,
and during one of the phases of cycling (depending on the technique used),
fluorescent measurements are obtained. The fluorescent data is plotted as a function
of cycle number and interpreted by the researcher. This gives rise to the name “real-
time PCR,” as it allows the researcher the opportunity to monitor amplification
through fluorescence measurements during the experiment as opposed to only after
amplification. The fluorescence signal indicates the presence of either dsDNA or
even a specific sequence, depending on the technique employed, and is also capable

of quantitation.
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2.4: Overview of molecular beacons: an introduction to the biochemical and

analytical bases of signal generation

Molecular beacons were described in 1996 as a diagnostic tool for analyzing
nucleic acid sequences (Tyagi and Kramer, 1996). These MBs consist of four
components: a complementary probe sequence, a stem sequence, a reporting
fluorophore attached to one side of the stem, and a fluorescent quencher attached
to the other side of the stem. A typical MB is single-stranded, and between 15-30
bp total length (Goel et al., 2005, Kostrikis et al., 1998b, Tyagi and Kramer, 1996).
An example of a MB is shown as Figure 2.3: Basic diagram of a molecular beacon
(Goel et al., 2005). These MBs are used in conjunction with typical polymerase
chain reaction components for real-time monitoring. During the reaction, the
annealing phase temperature is set at 3-5°C below the calculated melting
temperature of the probe sequence. This allows hybridization of the MB to a
template strand. Once the MB comes in contact with a template strand at this
temperature, the MB will expand and separate the fluorophore from the quencher;
Figure 2.4 shows a diagram of a hybridized MB (Wang et al., 2009).

A probe sequence is designed to be a reverse complement to the intended
target. This allows for the probe sequence to bind to the target through traditional
Watson-Crick base pairing. The probe sequence is typically at least twice as long
as the stem sequence in order to give thermodynamic favorability of interaction
with a target sequence rather than internal coupling (Tsourkas et al., 2003). The
interaction of a MB with a target sequence is the basis for the signal generation.
The thermodynamic favorability of the intermolecular versus intramolecular

interactions ensures optimal signal generation.
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Loop DNA
target sequence

Stem

Quencher Fluorophore

Figure 2.3: Basic diagram of a molecular beacon

Goel, G. et al. (2005) Molecular beacon: a multitask probe, Journal of Applied
Microbiology 99, 435-442

The “Loop DNA target sequence” is the probe segment; it is a reverse complement
to the target site, which allows hydrogen bonding and duplex formation. The
“stem” is a self-complementary sequence flanking the probe segment and holds the

fluorophore and quencher dyes in close proximity to facilitate quencing in the
absence of target. The probe segment is at least twice as long as the stem sequence,
allowing a thermodynamic drive to separate the stem sequence and separate the
dyes to generate fluorescent signal.
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Figure 2.4: Structure of a hybridized molecular beacon

Wang, K. M. et al. (2009) Molecular Engineering of DNA: Molecular Beacons,
Angew Chem Int Edit 48, 856-870.

This figure shows the structure of a MB in greater detail, along with its
hybridization to a target.

The stem sequence has the opposite task, however. The stem sequence is
typically four to seven bases in length flanking either side of the probe sequence,
not complementary to the target sequence, but in fact complementary to itself
(Kostrikis et al., 1998b, Ortiz et al., 1998, Tyagi et al., 1998, Tyagi and Kramer,
1996). The purpose behind this is to form a secondary hairpin structure. This hairpin
structure brings the DAP within the Forster distance, and allows the DAP to
resonate energy internally when not interacting with the intended target. This
allows for differentiation between alleles.

The quencher-fluorophore pair works through two processes: Forster
Resonance Energy Transfer (FRET) and static quenching (Tyagi and Kramer,
1996). In FRET, the donor molecule does not actually emit a photon; rather, it acts
as an oscillating dipole which resonates energy to the acceptor, capable of receiving
energy in the same resonance frequency (Lakowicz, 2013). The efficiency of this

resonance is dependent upon the overlap integral (Clegg, 2009, Lakowicz, 2013).
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The overlap integral is a function of the area enclosed underneath the emission
spectrum of the donor and the absorption spectrum of the acceptor. Additionally,
the efficiency is a distance-dependent, inverse, sixth order relationship between the
DAP. The distance at which efficiency for a DAP is 50% is termed the Forster
distance. The Forster distance is between 20-60 A for most molecules (Lakowicz,
2013). Thus, when designing a MB, the choice of a proper donor-acceptor pair
(DAP) is essential. Static quenching is less reliant on spectral overlap; the primary
factor in static quenching is the orientation and proximity of the dyes. This is
discussed in greater detail in 2.9: Signal generation and quenching: Dynamic and
Static quenching.

The purpose behind the DAP is signal generation (Goel et al., 2005). During
the annealing phase of the PCR, in the absence of the target sequence, the DAP is
in close proximity. The average distance between strands in a DNA helix is between
22-26 A, well within the Forster distance of most DAPs (Lakowicz, 2013,
Mandelkern et al., 1981, Wu and Brand, 1994). The DAP exists split between the
two strands, and as such are spaced roughly 25 A apart when closed. This allows
the DAP to resonate energy internally, thus quenching the signal by preventing
photon emission. If the target sequence is present and interacts with the MB, the
MB expands and separates the DAP (Goel et al., 2005). Given that the average
distance between DNA bases is 3.3 A, the DAP is separated by over 80 A in a 25
bp MB. This distance prevents FRET, and optical signal can be generated from an
extended MB.

The signal can be monitored using optical instruments coupled with a PCR
thermocycler. A qPCR incorporates an excitation source and a photodetector to
measure any photon emission. Monitoring is possible during the annealing phase

only; during an extension or denaturation phase of the PCR, the temperature would
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dissociate the MB itself, preventing FRET, and this signal cannot be distinguished
from a signal attributed to a hybridized MB (Goel et al., 2005). The qPCR emits a
specific wavelength of light corresponding to the fluorophore during the annealing
phase while simultaneously monitoring any emission attributed to the fluorophorea
high-output LED excitation source and photomultiplier tube with monochromator.
The fluorescent intensity is plotted against the cycle number during which the data
was collected. An example of this data is shown Figure 2.5 (Abravaya et al., 2003).
In order to discriminate alleles, the data must show an exponential increase in signal
at some point for a positive result, or a linear relationship for a negative result. A
linear relationship results from the lack of exponential signal growth due to the
absence of the allele interrogated. The exponential increase is due to the mechanism
of PCR itself. For every cycle of PCR, the theoretical increase in template strands
is 2", where n is the cycle number.

The likelihood of an interaction of a MB and template strand is a probability
distribution, and with an exponential increase in template strand comes an
exponential increase in probability of interaction. The thermodynamic order of the
interaction between the MB and target sequence is second-order when
concentrations are within an order of magnitude, which accounts for the
exponential increase in signal. After a few cycles of this exponential increase,
though, the template concentration exceeds the order of magnitude parameter,
which results in a pseudo-first-order interactionbetween template DNA and MBs,
given the mass excess of template in comparison to the MBs, which are generating

the signal (Tsourkas et al., 2003).
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Figure 2.5: Graphical representation of spectral genotyping

Parts A and B show homozygous genotypes, while Part C shows a heterozygous
genotype. The y-axis represents fluorescent signal. The marked lines correspond to
signal from the respective probes.

Abravaya, K., Huff, J., Marshall, R., Merchant, B., Mullen, C., Schneider, G., and
Robinson, J. (2003) Molecular beacons as diagnostic tools: Technology and
applications, Clin Chem Lab Med 41, 468-474.

This pseudo-first-order interaction results in data that appears linear. The
resulting positive signal thus shows an exponential increase in signal for a time,
followed by a linear increase in signal due to the change in kinetics. Negative
results, on the other hand, show only a linear relationship between relative
fluorescent intensity and cycle number, as the signal is only first-order. There is no
interaction between a non-complementary template and a MB, meaning the kinetics
of the signal depend only on the concentration of the MB which remains constant

throughout the PCR.
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2.5: Experimental design for MB assays

Experimental design of MB assays requires care in variable manipulation,
as with any experimental design. Only one variable should be manipulated per
experiment. For example, only annealing temperature should be changed, not
annealing temperature and time. Additionally, a known, purified sample should be
used as a positive control which is capable of eliciting signal from all MBs in the
assay. A no-template control (NTC), containing all components with nuclease-free
water (NFW) in place of template DNA, should also be used to check for

contamination in the assay.

2.6: Thermodynamic basis for the hybridization of MBs to targets

The MB extension is a thermodynamically driven process. During the
annealing phase of a PCR cycle, the template strands of DNA have already been
denatured; this melting of template strands produces ssDNA for a brief time. In the
presence of complementary DNA at elevated temperatures, with an appropriate salt
concentration, the target DNA will begin wrapping itself around the MB probe
sequence, causing the MB stem sequence to separate and form a MB-ssDNA
hybrid. This tendency is governed by the temperature of the cycle, the
complementarity of the template ssDNA, and the salt concentration of the solution.
For the purposes of this review, the effects of salt concentration will not be
discussed; no work was done concerning the salt concentration, and as such does
not impact the scope of this research.

As a ssDNA-MB hybrid forms, the MB stem is less thermodynamically
favored. The AG of the stem becomes larger in magnitude, while still negative, than

that of the ssDNA-MB hybrid, and the stem separates fully, allowing complete
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hybridization of the probe sequence. This separation causes extension of the MB,
thereby separating the DAP. The separation of the DAP allows fluorescence to

ocCcur.

2.7: Thermodynamic basis for allelic discrimination

During ssDNA-MB hybridization, the thermodynamic favorability of
hybrid formation outweighs that of stem formation in a perfect complement
between the target and probe sequence. However, deviations from complementarity
impose thermodynamic penalties, making stem formation preferable. According to
Aboul-ela, a base-base mismatch has approximately a 2.1-5.1 kcal-mol™! difference
in hybrid formation at 50°C (Aboul-ela et al.). This penalty does not take into
account the competing thermodynamic favorability of stem formation, thus causing
underestimation of the actual penalty.

In the case of a base-base mismatch, the thermodynamic penalty causes the
AG of hybridization to stay lower in magnitude than that of stem formation, and the
beacon remains in a closed conformation at the annealing temperature. It is
important to ensure the use of an optimal annealing temperature for allelic
discrimination, as false positives—results which generate signal where none should
be detected—are possible.

The most likely cause of a false positive result is the use of a suboptimal
annealing temperature. If the annealing temperature is set too far below optimum,
the thermodynamic penalty of a base-base mismatch is minimized, thus resulting
in hybridization and extension without a perfect complement. If the temperature is
sufficiently low, the bases surrounding the mismatch will still orient in such a way
to cause hybridization, especially in the case of a single nucleotide polymorphism

(SNP). Given that the amount of hydrogen bonding in a ssDNA-MB hybrid is
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greater than that of a MB stem, even with a base-base mismatch, the temperature
of the reaction must be raised to prevent this nontarget hybridization. This
hybridization is generally a small fraction of the total MB concentration, but may
still be significant in terms of qualitative allelic discrimination (Tsourkas et al.,

2003, Tyagi et al., 1998, Tyagi and Kramer, 2012).
2.8: Kinetics of hybridization

Molecular beacon hybridization reactions are second-order overall, first
order with respect to the concentration of both the ssDNA target and the molecular
beacon. This is intuitive as the rate of hybrid formation is dependent on the amounts
of both target and beacon present. If one of the two is absent, hybridization—and
thus exponential signal generation—cannot occur.

Tsourkas ef al. confirmed this in a 2003 paper detailing the kinetics of
hybridization interactions (Tsourkas et al., 2003). They discussed a three-step
mechanism for the hybridization of a MB to a target. Initially, the target begins
bonding to the probe domain of the MB, while the signal remains quenched. As the
number of bases hybridized increases, the stem domain separates. Once the stem
separates and signal generation begins, the remaining bases on the probe domain
hybridize and the DAP is at maximum separation. The difference between the
signal at step two and step three is minimal. As the next section describes, the length
of an extended MB would far exceed the distance required for any mechanism of
quenching.

At a molecular level, the rate of hybridization is governed by the following

equation set:

k4
B+T-D
B+T<«D

ko
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Equation 2.1 Equilibrium rate expression of hybridization
Variables are as follows: B—beacon; T—target; D—duplex (hybrid).

d[D
T~ k181171 -~ esl0)

Equation 2.2: Differential form of rate expression of hybridization
Variables are as follows: B—beacon; T—target; D—duplex (hybrid).

This leads to the differential form expressed in Equation 2.2. The on-rate
constant, ki, can be affected by stem length, probe length, and labelling dyes. There
is a moderate, positive correlation between the probe length and on-rate constant.
The addition of a single base to the probe sequence can double the rate constant.
The addition of a single base to the stem sequence, however, can increase the rate
constant by an order of magnitude, thus showing a strong, positive correlation
between the stem length and on-rate constant (Tsourkas et al., 2003).

At a macroscopic level, this second order interaction can be visualized at
the exponential phase of the amplification (Li et al., 2008). In Figure 2.6, which
depicts a typical positive response for an allele in the presence of an appropriate
MB,, there are four highlighted regions. The normalized fluorescence is plotted
along the Y axis against the cycle number on the X axis. The first region, a mostly
horizontal line, is the baseline phase. This region describes a period in the
amplification during which the concentration of DNA is many orders of magnitude
less than that of the MBs. It provides the background fluorescence measurement.
During this time, amplification is occurring but is not represented by the
fluorescence data as there is not enough DNA target in solution to provide a
meaningful amount of DNA-MB hybrid. The second region shows exponential
growth of the fluorescent signal. At this point, there has been enough replication

such that the DNA target and MB are in roughly equivalent concentration, allowing

24



Chapter 2: Literature Review

visualization of the second-order kinetics. The DNA target will continue to grow in
concentration, and eventually eclipse the concentration of MB by many orders of
magnitude. At this point, the data suggests a pseudo-first-order process as the DNA.
This is represented by a linear growth in fluorescent signal. This pseudo-first-order
process is heavily influenced by increasing competition between complementary,
nascent strands and the MBs. Since the MBs are in a constant concentration and the
nascent strands are theoretically doubling every cycle, the nascent strands will have
a much higher probability of associating to the MB target. This increased
competition prevents MB hybridization, thus slowing the growth of signal
generation and causing apparent linearity. The linear growth occurs as
hybridization becomes more likely every cycle, but not enough MBs are present to
show exponential growth. Finally, the plateau phase occurs when the reaction is
depleted of primers or dNTPs, as no further growth can occur. As amplification of

DNA ceases, so too does the signal growth.
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Figure 2.6: Graphical results of a general gPCR reaction

Part A shows the baseline phase. Part B corresponds to the exponential phase, with
second-order kinetics shown. Part C is the linear phase, where DNA target
concentration has greatly exceeded the MB concentration. Part D is the plateau
phase, or the end of amplification.
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2.9: Signal generation and quenching: Dynamic and Static quenching

The scope of this project does not include studies into fluorescent data
generation, and as such a fully in-depth review of fluorescence and quenching is
not provided. The following review provides the foundations for what is necessary
to understand the scope of the project. For a more detailed review of fluorescence
and quenching, see the most current edition of Principles of Fluorescence

Spectroscopy by Joseph R. Lakowicz (Lakowicz, 2013).

2.9.1: Static quenching: Contact quenching

Static quenching, or contact quenching, occurs as a result of strong
intramolecular dipole-dipole interactions between two labeling moieties (Kasha,
1963, Kasha, 1991, Scholes and Ghiggino, 1994). In the case of MBs, these labeling
moieties are the fluorophore and quencher. According to Bernacchi, this formation
of a ground-state intramolecular dimer allows strong coupling between transition
dipoles, resulting in delocalization of excitation and large changes in spectral
properties (Bernacchi and Mély, 2001).

Dyes in solution, such as 6-carboxyfluorescein (FAM), 6-carboxy-
2',4,4'.5',7,7"-hexachlorofluorescein (HEX), and Black Hole Quencher 1 ((BHQ1),
tend to aggregate due to electrostatic, steric, and hydrophobic forces (Arbeloa,
1981a, Arbeloa, 1981b, Johansson et al., 2002, Khairutdinov and Serpone, 1997,
West and Pearce, 1965). Structures of FAM, HEX, and BHQI1 are shown in . Given
the steric conditions of a MB, however, it is not so much the inherent, spontaneous
aggregation of the dyes which causes this interaction as it is the close proximity in
which they are held by the stem sequence (Tyagi et al., 1998, Tyagi and Kramer,

1996). Between the stem sequence immobilizing the dyes in close proximity and
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the aggregation of the DAP, the DAP forms an H-aggregate heterodimer with

significantly diminished fluorescence (Wang et al., 2000).
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Figure 2.7: Strucure of FAM, HEX, and BHQ1
Part A shows the structure of FAM; Part B shows the structure of HEX; Part C
shows the structure of BHQI.

Dye aggregation follows two primary patterns: J- and H-aggregation8. In J-
aggregation, supramolecular self-organization occurs through the stacking of dye
molecules. This stacking can take many shapes, but there is a principle axis upon
which the self-organization occurs (Jelley, 1936). The stacking occurs roughly in a
brickstone manner according to Vacha, but more studies are needed to confirm this
as multiple stacking angles are observed (Vacha et al., 2001). The stacking occurs
in such a way that the absorption is bathochromically shifted, with a marked
increase in fluorescence (Johansson et al., 2002). Much of what is known about J-
aggregates is due to the work of E. E. Jelley and G. Scheibe with pseudoisocyanine
chloride (PIC) and subsequent research (Jelley, 1936, Jelley, 1937, Wiirthner et al.,

2011). J-aggregates are present in qPCR techniques other than MBs, specifically
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involving SYBR Green I. This dye binds to the minor groove in DNA, thereby
forming dye aggregates through stacking. It has been determined that these dye
aggregates are J-aggregates, as the absorption pattern is bathochromically shifted
and fluorescence greatly increases (Wang et al., 2000).

H-aggregates are of specific interest with regards to MBs. These aggregates
also form due to supramolecular self-organization through stacking, but do so with
a different orientation than J-aggregates, primarily through the angle of stacking
(Berlepsch and Boéttcher, 2012, Emerson et al., 1967). A diagrammatic
representation of this is shown in Figure 2.8. An additional difference between H-
and J-aggregates is the number of molecules involved in the supramolecular
structure: J-aggregates tend to have a much larger supramolecular structure than do

H-aggregates.
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Figure 2.8: 2D and Quasi-1D assemblies of dye molecules for H and J aggregates
Conceivable arrangements of dye molecules in two-dimensional (a—d) and quasi
one-dimensional assemblies (e—h).

Adapted from Berlepsch, H. v., and Bottcher, C. (2012) The Morphologies of
Molecular Cyanine Dye Aggregates as Revealed by Cryogenic Transmission
Electron Microscopy, In J-aggregates (Kobayashi, T., Ed.), World Scientific
Publishing Company, Singapore.
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Dye aggregates have markedly different electronic properties arising from
their geometric orientation. The geometric orientation of the dyes allows the
interaction of dipole moments, producing “nonfluorescent heterodimers with their
own distinct absorption spectra,” (Johansson et al., 2002). An analogue of H-
aggregates occurs in MB DAPs resulting in fluorescence quenching. These
heterodimers of fluorophore and nonfluorescent quenching dyes have minimal
fluorescence in spite of the sometimes limited spectral overlap between the
fluorescence spectrum of the reporter and absorbance spectrum of the quencher
(Johansson, 2006). It is known that static quenching dominates the quenching
mechanisms in MBs (Antony and Subramaniam, 2002, Carracedo, 2005, Didenko,
2006, Emerson et al., 1967, Johansson, 2006, Johansson et al., 2002, Livak et al.,
1995, Marras et al., 2002). A static quenching mechanism is made more feasible
through the linkages between the dye and oligonucleotide, limiting the rotation and

keeping the orientation of the DAP constant.

2.9.2: Dynamic quenching: FRET

While static quenching is the primary and most efficient mechanism of
quenching in MBs, FRET also contributes. This is a distance- and overlap-
dependent quenching mechanism. The distance dependence is shown in Equation

2.3.
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Equation 2.3: Dependence of FRET rate on distance
The terms are as follows: ki(R) is the rate of energy transfer with respect to
distance,; Qp is the quantum yield of the donor in the absence of acceptor, n is the
refractive index (typically assumed to be 1.4 for biomolecules in solution); i’ is a
factor describing the relative orientation of the transition dipoles of the DAP
(typically assumed to be 2/3); tq is the lifetime of the donor in the absence of
acceptor, ris the distance between the DAP; N is Avogadro’s number, and J is the
overlap integral described in Equation 2.4 (Lakowicz, 2013). Equation 2.3 is also
used in calculating efficiency in Equation 2.5.

)@

o)

JA) = j- Fp(De(A)A*dA
0

Equation 2.4: Overlap integral between fluorescence of donor and absorbance of
acceptor

The terms are as follows: J(1) is the overlap integral as a function of wavelength,
and is normally in units M cm™ nm?; Fp()) is the corrected fluorescence intensity
of the donor in the wavelength range A to . + AJ (area under the curve) normalized
to unity, and is dimensionless.,; (1) is the extinction coefficient of the acceptor at
A, normally in units of M cm™!; . is wavelength of light in nm.

E =kpty
Equation 2.5: Efficiency of FRET with respect to energy transfer rate
The terms are as follows: E is the efficiency as a decimal; kr is the rate of energy
transfer between the DAP; tu is the fluorescence lifetime of the donor in the
presence of acceptor.

It is important to note that the reader is not expected to understand the
arithmetic manipulations which go into solving for the rate of energy transfer.
Rather, the reader must understand the importance of each of the terms. The
orientation of the DAP (x?), the spectral overlap between the emission of the donor
and absorbance of the acceptor (J), the quantum yield of the donor and extinction

coefficient of the acceptor (Qp and &, respectively) are of great importance when
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designing a MB and choosing compatible donors and acceptors. Of specific note
is the distance between the DAP.

The distance term typically dominates the efficiency and rate of energy
transfer (Lakowicz, 2013). According to Clegg, “FRET is the physical process by
which energy is transferred nonradiatively from an excited molecular chromophore
to another chromophore by means of intermolecular long-range dipole-dipole
coupling,” (Clegg, 1996). In FRET, no photons are emitted from the donor
chromophore. While Clegg states that this is intermolecular coupling, perhaps a
more apt term may be interchromophore coupling. S.A.E. Marras et al. have shown
that this process occurs in MBs, which are considered a single macromolecule
(Marras et al., 2002, Tyagi et al., 1998, Tyagi and Kramer, 1996). The two
chromophore moieties are held in close proximity in the closed conformation of the
MB, but the absorption and emission patterns of the free moieties are unchanged
upon linkage to the MB (Tyagi and Kramer, 1996).

This process occurs over a distance typically between 10-100 A (1-10 nm),
but most Forster distances (the distance at which quenching is 50% effective
through FRET alone) are in the range of 2-6 nm (Clegg, 1996). A distance-based
justification for FRET can be found in the distance between DNA strands: the
typical distance between sugar-phosphate backbones is 2.2-2.6 nm (Mandelkern et

al., 1981).

2.9.3: Summary of Signal Generation and Quenching

The previous sections explained how signal is quenched and prevented
throughout the assay. While FRET is commonly cited as the mechanism for
quenching in MBs, contact quenching tends to dominate given the distances and

orientation involved. Upon hybridization to a target strand, the beacon will extend
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and separate the DAP located on the termini. The average distance along the sugar-
phosphate backbone of each nucleotide is 0.33 nm, meaning the average molecular
beacon (at 35 nt) produces roughly 12 nm separation between the DAP, preventing
static quenching and much longer than a typical Forster distance. This allows signal
generation in the presence of a target strand. In the presence of a nontarget strand
differing by only a single nucleotide, some hybridization will occur, potentially
separating the DAP slightly; this slight separation is likely still within the Forster
distance, allowing for signal quenching, albeit at a reduced efficiency.

Between static quenching (and to a lesser degree, FRET) in a closed
conformation MB, and FRET in a random-coil conformation MB, fluorescent
results can discriminate between nontarget and target presence. An open
conformation MB results in generation of fluorescence, and this signal—or lack

thereof—provides the basis for allelic discrimination.

2.10: Allelic discrimination based on fluorescent results

2.10.1: Allelic discrimination by kinetic results

The primary method of allelic discrimination is the presence of an
exponential growth phase of signal followed by linear growth, as shown in Figure
2.6, parts B and C. This exponential growth phase corresponds to the expected
second-order kinetics of MB hybridization, first order with respect to both MB and
target concentrations.

Assays are designed to detect fluorescence at specific wavelengths
corresponding to specific fluorophores. These specific wavelengths of detection are
also called channels. An assay for a single locus with a heterozygous sample will

show exponential then linear growth on two channels, corresponding to each MB,
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as each MB has a different conjugated fluorophore. This is due to the presence of
both alleles (Kostrikis et al., 1998a). A homozygous sample will show exponential
then linear growth on only one of the two channels investigated, however. An

example of this is shown as Figure 2.9, Figure 2.10, and Figure 2.11.
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Figure 2.9: Example 1 of homozygous allelic discrimination
Blue line represents T-targeted probe, orange line represents C-targeted probe.
Note the exponential and subsequent linear growth on only the T channel.
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Figure 2.10: Example 2 of homozygous allelic discrimination
Blue line represents T-targeted probe, orange line represents C-targeted probe.
Note the exponential and subsequent linear growth on only the T channel.
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Figure 2.11: Example of heterozygous allelic discrimination
Blue line represents T-targeted probe, orange line represents C-targeted probe.
Note the exponential and subsequent linear growth on only the T channel.
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As stated previously in Section 2.3: Introduction to qPCR: terminology and
mechanism, any qualitative PCR experiment such as this is inherently quantitative.
The quantification alleleis determined by exponential growth begins. This point,
also known as the cycle threshold (Cr) defines whether the exponential growth is
significant or an artifact. The determination of this limit is assay-specific; a series
dilution should be tested for the limit of detection (LOD) and limit of quantitation
(LOQ) under all sampling conditions, and the LOD be used as the benchmark for
the determination of artifacts. The Cr value is used to quantify DNA in solution by
comparing to a calibration curve. This curve is formed using a serial dilution of
known concentrations of DNA, amplified at the same locus with signal generated
in the same way as the intended sample. Given the geometric growth nature of PCR,
differences in the Ct have a logarithmic, not direct, relationship to the initial
quantity of DNA in solution.

If possible, preliminary quantification of DNA in a sample is of value, as
initial quantity of DNA has an inverse correlation to the Ctvalue. If the initial DNA
concentration is lower than the LOD, the sample should be concentrated before
amplification. If the sample has a significantly lower Cr than expected for its
concentration, replicate assays should be considered to ensure confidence in the
results. No template controls (NTCs) are also of extreme importance for intraassay

validation and contamination detection in any type of qualitative discrimination.

2.10.2: Allelic discrimination by dissociation temperature

Allelic discrimination of PCR amplicons can also be accomplished through
the detection of the dissociation temperature, or Tm. This discrimination method
involves amplification followed by a temperature ramp during which fluorescence

data is collected. As the temperature increases, the hybrid will reach a point at
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which the hydrogen bonds are no longer stable; at this point, the hybrid will separate
and the stem will form. This results in a marked decrease in fluorescence, which
can be seen in a first-derivative plot of fluorescence with respect to temperature.
The maximum of this plot is the Tm. The MB is tested in a five-fold excess of
synthetic oligonucleotide target under separate conditions: with a perfectly
matching target and its other allele. Given the targets interrogated are biallelic,
testing both alleles is a simple method to gather data for the hybridization stability
of a perfectly matching or single nucleotide difference target. This allows the
determination of the dissociation temperature (Bonnet et al., 1999, Tyagi and
Kramer, 1996, Wang et al., 2009).

Once the dissociation temperature is determined, amplification of the target
is carried out with an extra step after cycling: a temperature-ramping melt. Reaction
vessels are heated to 95°C and held for 30 seconds to ensure full denaturation of
MBs and targets, then rapidly cooled to room temperature. Ideally, nonspecific
annealing of the MB will occur at this temperature. Once the reaction vessel reaches
room temperature, the temperature is held constant for 30 seconds, fluorescence
data collected, and the temperature increased in 0.1-1°C steps followed by a hold
time and data collection, up to 95°C (Tyagi et al., 1998).

The normalized fluorescence intensity is plotted as a function of
temperature. Nonspecific annealing of MBs to nontargets will dissociate at a much
lower temperature than MBs annealed to matching targets, with the magnitude of
the difference governed by the placement of the mismatch in the structure of the
probe sequence, the specific nucleotide mismatched, and the stem sequence (EI-
Hajj et al., 2009, Tyagi and Kramer, 2012).

If a mismatch is present, the difference between a perfectly matched and

nonspecifically annealed MB Ty will likely be greater than 3°C with the melting
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of a mismatch occurring at a temperature lower than the perfectly matched
sequence (El-Hajj et al., 2009, Gundry et al., 2003). A measured sample Ty higher
than the baseline Twm is not indicative of anything other than stronger bonding
between the MB in the presence of a longer DNA target; this is likely due to a range
of factors including sterics, electrostatics, and hydrophobicity. It is not uncommon
for samples to exhibit higher Tm values compared to a complementary
oligonucleotide only as long as the probe sequence.

Measuring the Twm of the sample-MB hybrid is another valuable method of
verification. This data allows for less ambiguity in the inherently qualitative results
of MB screening. Given the lack of quantifiable data used in the screening, Twm
quantification allows an increased level of confidence in the results of allelic
discrimination of SNPs by MBs. This data, however, is typically uneccessary given
the specificity of the probes using an optimized thermocycle profile. This data is

much more important for other hybridization probes, though.

2.11: Challenges of Direct PCR

2.11.1: Introduction to Direct PCR

Direct PCR is the amplification of DNA without purification or isolation.
Most forensic sample analysis and ex vivo DNA cloning occurs after purification
from the cell matrix. This purification introduces the possibility of contamination
and is a very time-intensive process, so if methods and assays can be developed
which are robust to the inhibitors commonly found in samples, purification may be
unnecessary. Many commercial kits exist today for the purpose of direct PCR, but
none are specific to the chemistry behind MBs (Thermo-Fisher, 2015¢c, Thermo-

Fisher, 2015b, Thermo-Fisher, 2015a, BioLine Reagents, 2015). In fact, the
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Thermo-Fisher Phusion kits contain an enzyme with exonuclease activity, very
much incompatible with MB technology. The use of direct PCR is becoming more
popular, however, with advances in enzyme technology and robustness against

inhibitors.

2.11.2: Hair samples

Extraction of DNA from hair can occur using either the hair root or shaft
(Dixon et al., 2005, Miiller et al., 2007, Ohhara et al., 1994, Ottens et al., 2013a,
Park et al., 2008, Robertson et al., 2007, Wilson, 1997, Wilson et al., 1995). The
follicle is most commonly used, as the hair shaft does not have nucleated cells, and
thus no nDNA; only mtDNA is present (Scientific Working Group on Materials
Analysis (SWGMAT), 2005). Since mtDNA is out of the scope of this project, only
freshly extracted hairs with attached follicles were analyzed. This allows for the
analysis of gDNA SNPs. Extracted hairs can have 1-750 ng of DNA per hair, while
shed hair can have as little as 1-10 ng of DNA per hair (Boonen et al., 2008, Ottens
et al., 2013a, Ottens et al., 2013b, Robertson et al., 2007, Wilson et al., 1995, Lee
and Ladd, 2001).

The wide range of available quantity of DNA from a hair with follicle
allows for DNA analysis. Direct analysis of this sample type has PCR inhibitors
involved, however (Butler, 2005). Melanin is in hair shafts and cells, and
contributes to the color. This melanin will be released from the cell upon lysis,
along with any nDNA. Eckhart ef al. published a study on the reversible inhibition
of thermostable DNA polymerases by melanin in 2000 (Eckhart et al., 2000). Their
study shows that as either amplicon size or melanin concentration increases, PCR

efficiency decreases.
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2.11.3: Saliva samples

Liquid saliva samples can contain 1-10 ug of DNA per mL (Lee and Ladd,
2001). Saliva does not inherently contain DNA, however; rather, the source of DNA
is free buccal cells. Buccal cells are similar to hair and other skin samples in that
they contain melanin—specifically, buccal cells contain pheomelanin (Caspi et al.,
2014).

An added challenge of liquid saliva samples, however, is the presence of
any residual food or beverage. Saliva contains enzymes involved in lipid and
carbohydrate digestion (Ligtenberg and Veerman, 2014). The presence of residual
food, beverage, enzymes, and their products makes for a much more complex
analytical matrix. These are all capable of inhibiting the polymerase, resulting in

failed amplification.

2.11.4: Buccal swab samples

Buccal swab samples can contain 100-1500 ng of DNA per swab (Lee and
Ladd, 2001). These buccal swabs are typically cotton- or foam-tipped applicators
(Carracedo, 2005). Buccal swabs contain similar challenges to liquid saliva samples
as they have the same source. Any additives in the swab itself can further
complicate the matrix by inhibiting the polymerase or hybrid formation. Some
swabs contain DNA binding agents or are treated with coatings such as ethylene

oxide (Cell Projects, 2016).

2.11.5: Blood samples

Whole blood can contain 20-40 pg of DNA per mL (Lee and Ladd, 2001).

Blood samples provide the most challenging sample type investigated in this
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project. Reticulocytes, or mature red blood cells, purge the nucleus and all nDNA
before entering the bloodstream (Alberts et al., 2015). Further, these reticulocytes
contain hemoglobin, giving rise to their defining red color (Berg, 2012). Heme, a
cofactor for hemoglobin, is a known PCR inhibitor (Berg, 2012, Akane et al., 1994).
Additionally, heme has a coordinated iron ion in its divalent state upon oxygen
uptake, increasing the divalent cation concentration of the matrix and thus lowering
specificity of PCR (Berg, 2012, Alberts et al., 2015). Another major consideration
is the clotting pathway, which could solidify the sample (Berg, 2012).
Anticoagulants could potentially prevent this, but may also interfere with cation

concentrations.

2.11.6: Solutions to Direct PCR Issues

The most common solution to the issues faced with direct PCR is simply
purification. In this case, however, it is not desirable to purify, as this would
introduce another potential source of contamination. Digestion with Proteinase K
would eliminate many issues such as melanin and hemoglobin, but would also
destroy the polymerase. Primarily, this project avoids these issues through thermal
denaturation of proteins during the thermolytic phase of sample preparation and

dilution of inhibitors as solutions to these potential issues.

2.12: Basis of DNA profiling

2.12.1: Introduction to Profiling

DNA profiling was first introduced in 1985 by Dr. Alec Jeffreys using mini-
satellite regions of the human genome (Jeffreys et al., 1985). Profiling methods rely

on polymorphisms in satellite regions which can make up as much as 30% of the
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human genome (Singer, 1982). These hypervariable satellite regions consist of
repeats of 2-60 nucleotides, depending on whether they are mini- or micro-satellites
(National Library of Medicine, 2011b, National Library of Medicine, 2011a,
Fredericks, 2011). These regions are of great importance to the forensic community
as they are unique to each individual, even siblings (with the exception of
monozygotic twins) (Schneider, 2007, Office of Justice Programs, 2012). Both
VNTR and STR profiling are outside of the scope of this project, but a brief review
is provided for the foundational understandings of DNA profiling. Other methods
exist such as Y-chromosome and mtDNA profiling, but as they too are outside of

the scope of this project, they will not be covered.

2.12.2: VNTR Profiling

Mini-satellite profiling was the first DNA “fingerprinting” method
proposed. This method, however, is now obsolete with the rise of short tandem
repeat (STR) profiling centered around micro-satellites. Variable number of tandem
repeats (VNTR) profiling was crucial to the development of forensic biology as it
provided the basis for identification. These hypervariable regions are typically 10-
60 bases long, repeating 5-50 times in tandem (Tautz, 1989, Tautz, 1993, Chambers
and MacAvoy, 2000). These mini-satellite regions are normally analyzed through
restriction fragment length polymorphism (RFLP) analysis or Southern blotting,
and to a lesser extent PCR (Hviid et al., 1992, Demers et al., 1995, Fredericks,

2011).
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2.12.3: STR Profiling

Microsatellites such as STRs make up approximately 3% of the total human
genome (International Human Genome Sequencing, 2001). Unlike VNTR profiling
which utilizes large fragment sizes, STR profile fragments are small enough to
analyze using capillary electrophoresis after multiplex PCR (Promega Corporation,
2015). The repeat size typically used for forensic identification is 2-5 bp (Urquhart
etal., 1993, Urquhart et al., 1994). This is currently considered the standard method
of forensic biology identification and is the only method currently accepted by the
US Federal Bureau of Investigation for legal proceedings, although mtDNA and Y
STR profiling are acceptable for missing persons investigations (Federal Bureau of
Investigation, 2015).

This method of profiling involves the amplification of 13 loci
simultaneously, and each locus has at least 15 known alleles with some loci having
as many as 80 alleles (Butler, 2005, Federal Bureau of Investigation, 2015,
Promega Corporation, 2015). Forensic STRs can be categorized in three ways:
simple, compound, or complex repeats. Simple repeats are units of identical length
and sequence, with the exception of the final repeat. The final repeat may be only
a fractional repeat, known as a non-consensus allele or microvariant, and is possible
even in simple STRs (Butler, 2005, Puers et al., 1993). An example is shown as
Figure 2.12. A compound repeat consists of two or more adjacent simple repeats,
with a motif such as the von Willebrand factor, 40" intron (VWA) locus:
[TCTG]a[TCTA]m. This is not an octanucleotide repeat, as the two tetranucleotide
motifs are repeating adjacently; this is, however, considered a single microsatellite,
useful for discrimination. An example is shown as Figure 2.13. Only one complex

repeat is currently used for Combined DNA Index System (CODIS) identification;
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these contain “several repeat blocks of variable unit length as well as variable

intervening sequences,” (Urquhart et al., 1993, Urquhart et al., 1994, Butler, 2005).

GATA 1 GATA 1 GATA H GATA R GAT

—| GATA [ GATA | GATA | GATA | GATA | GATA M GATA -

Figure 2.12: Example of Simple STR with Microvariation
The individual would have a profile of 4.3 and 7 repeats at this locus. Note the
partial repeat in the top copy.

TCTA HTCTA HTCTG HTCTA RTCTG

—TCTG HTCTA H TCTAHTCTA H TCTGH TCTG

Figure 2.13: Example of Compound STR

TCTA -

The power of STR (and VNTR) profiling arises from the sheer number of
alleles due to the variability of these regions, and the selection of independently
assorting loci. Without the consideration of monozygotic twins, STR profiling
commonly results in matching probabilities on the order of 1 in 10'* or rarer with
only 13 loci chosen (Chakraborty, 1992, Chakraborty et al., 1999). Results are
further narrowed using genotyping of the sex chromosomes, with different
amelogenin gene sizes between X and Y chromosomes. The Y chromosome
amelogenin copy contains a 6 bp deletion within intron 1 (Sullivan et al., 1993). If
only one size is detected, the individual is XX (female); if two sizes are detected,

the individual is XY (male) (Sullivan et al., 1993).
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2.12.4: SNP Profiling

Single nucleotide polymorphism (SNP) profiling is based on the analysis of
biallelic markers which are normally detected through sequence analysis methods
such as capillary electrophoresis, Sanger sequencing, or pyrosequencing. The
biallelic nature of SNPs is both an advantage and disadvantage to SNP profiling.
The reduced number of alleles allows for faster screening, but the power of
discrimination is greatly reduced. In order to obtain the match probabilities inherent
in current STR analysis, between 25-50 SNP markers would need to be examined
(Chakraborty et al., 1999, Gill, 2001). A study by Gill et al. in 2004 suggested
between 50-100 SNPs would be required to match the power of discrimination and
mixture resolution capabilities of the current STR methods (Gill et al., 2004).
Recently, however, SNPs have been investigated as potential methods for familial
and identification analyses (Amorim and Pereira, 2005, Costa et al., Huijsmans et
al., 2007, Kidd et al., 2006). Current STR profiling methods require sample
purification, PCR amplification, and subsequent capillary electrophoretic detection.
These results are then interpreted by a forensic biologist to build a profile. A SNP
panel using hybridization probes, though, would eliminate the capillary
electrophoresis step; these reactions can be monitored in real-time and results
obtained at the end of amplification. In the case of disaster victim identification
(DVI), faster results and smaller amplicons are extremely favorable given the
number of samples and potential for degradation (Zigtkiewicz et al., 2012).
Additionally, the power of discrimination necessary for legal proceedings such as
trials may not be necessary for DVI. Panels as small as 19-21 SNPs have proven to
theoretically have sufficient probability of match values (Dixon et al., 2005, Kidd
et al., 2006). A table comparing the advantages and disadvantages of the three

profiling methods discussed is presented in Appendix B: Comparison of Selected
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Profiling Methods, adapted from Fredericks (Fredericks, 2011). Insertion-deletion
(InDel) profiling is virtually identical in practice to SNP profiling, with the
exception of the genetic polymorphism tested. InDel profiling analyzes the
sequence for a marker insertion or deletion, typically 4-8 nt in length (Pereira et al.,

2010). Table 2.2 compares the differences in SNP and STR profiling.

Table 2.2: Comparison of STR and SNP markers

Characteristics STRs SNPs
Occurrence in genome ~1 in every 15 kb ~1 in every 1 kb
Low; 20-30% as
1 inft i High ’
General informativeness ig informative as STRs
Marker type 2-5 nt repeat markers Single nt difference
Alleles per marker Typically >5 Typically 2
Detection methods Gel/caplllar}f Seq.uence‘analyms,
electrophoresis microchip assay
. o 1000s using microchip
Multiplex capability >10 markers
assays
Small amplicons, higher
Major advantage Power of discrimination | success with degraded
DNA

2.13: Summary of literature review

The advent of PCR and its associated technologies such as qPCR and
hybridization probes has allowed great strides in the advancement of forensic
biology. MBs are highly specific hybridization probes which allow for the detection
of SNPs in a given sequence, requiring an amplicon only as long as the sum of the

length of the primers and MB itself.
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These probes are extremely useful when working with degraded DNA
samples and result in simple, qualitative results. These results can also be made
quantitative, depending on the needs of the end user. They generate signal in the
presence of an exact target after thermodynamically favorable conformational
changes. Under optimal conditions, MBs will provide specific and selective signal
generation through these conformational changes, allowing allelic discrimination
by either kinetic results or dissociation temperature measurements.

The use of MBs under direct PCR conditions for forensic applications is not
well studied. A thorough literature review did not return any publications on this
topic. There are currently many challenges to forensic applications of MBs in a
direct PCR assay, with each sample presenting unique, inherent problems which
must be solved.

The end goal of this project is to develop a working, proof-in-concept MB
assay with minimal purification of the sample. This will help eliminate a possibility
of contamination and provide faster collection-to-result times, ultimately resulting
in a viable assay method to reduce the DNA backlog currently experienced by many

law enforcement agencies.
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CHAPTER 3: METHODS AND MATERIALS
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CHAPTER 3: MATERIALS AND METHODS

3.1: Introduction

This chapter describes in detail the methodology and rationale of the
techniques used for the project. Common forensic samples include saliva, buccal
swabs, hair bulbs, and blood. All samples were subjected to the same thermal lysis
protocol. In order to fulfill the requirements set out in the goals and scope (Section
1.5:), samples were obtained from living, consenting adults age 18-35. As this is a
proof-in-concept, all samples were prepared from freshly extracted tissue or fluid.
This ensures the matrix effects involved are as reduced as possible. In the future,
studies will need to be done to ensure the viability and robustness of the protocols

developed herein with various levels of degradation or preservatives.

3.2: Materials and equipment used

Many probe master mixes were tested. These contained different enzymes,
cation concentrations, etc., and were tested to find the most sensitive, reliable, and
robust kit for the sample types studied. BioLine SensiFAST™ Probes Master
(BioLine, London, UK), BioLine SensiFAST SYBR Green I (BioLine, London,
UK), LightCycler™ 480 Probes Master (Roche Applied Science, Penzberg,
Germany), Phusion Human Specimen Direct PCR Kit (ThermoFisher Scientific,
Massachusetts, USA) and Phusion Blood Diret PCR Kit (ThermoFisher Scientific,
Massachusetts, USA) were used.

All oligonucleotides and MBs were custom ordered through Sigma-Aldrich
(Missouri, USA). Oligonucleotides and MBs arrived as lyophilized pellets and were

resuspended as a master stock at 100 pM. Aliquots of this master stock were then
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diluted to a working stock of 10 uM. Specific sequences can be found in Error!
Reference source not found.. Control gDNA samples were tested to find a
heterozygote for the allele used as a model, and that heterozygote used throughout
the project as a positive control. A heterozygous positive control is preferable, as it
allows verification of a working assay for both MBs, rather than using a
homozygote which would only give signal response for one MB in the assay. The
control gDNA (Promega, Wisconsin, USA) for each positive control was 20
ng/reaction. A negative control was also employed using nuclease-free water
(NFW) (Roche Applied Science, Penzberg, Germany) in place of gDNA.
Equipment was routinely subjected to a CL-1000 UV crosslinker (UVP, California,
USA) to prevent contamination.

Screening of participants prior to direct PCR amplification was necessary.
Participant DNA was extracted using an Isolate II Genomic DNA Kit (BioLine,
London, UK). This extraction was done according to the manufacturer’s instruction
without deviation. Extracted DNA was used to obtain baseline genotypes for this
allele to ensure accuracy in subsequent experiments. All incubations for DNA
isolation were carried out using an Accublock dry bath (Labnet, New Jersey, USA).

The Nanodrop 2000 (ThermoFisher Scientific, Massachusetts, USA) was
used to approximate DNA quality and quantity. It is a microscale UV-Visible
spectrophotometer, calibrated for aliquots as small as 0.5 pL. Using preconfigured
and regularly calibrated standard curves, the Nanodrop 2000 is able to approximate
dsDNA concentration in nanoscale samples and give information regarding purity.
The Nanodrop 2000 was used for all DNA stock solution preparations. This purity
information is generally given as a ratio of absorbances at 260 nm to 280 nm. Since
DNA bases absorb at 260 nm, and proteins—the most common DNA

contaminant—absorb at 280 nm, a ratio of the two absorbance values can give
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relative amounts of each in a solution. However, since this is a spectroscopic
method without derivatization, it is nonspecific. Any molecule absorbing 260 nm
light will cause an increase in signal, whether it is DNA or not. While nonspecific,
it is still useful in determining the potential viability of the sample. Most
derivatization methods, such as SYBR quantification, are prohibitively expensive
to test on unverified methods of DNA preparation; the Nanodrop 2000, conversely,
requires only a micropipette and its included hardware in addition to the sample.
All Nanodrop measurements were performed with the buffer used in sample
preparation as a blank and according to manufacturer’s guidelines. The Nanodrop

2000 has a published accuracy of 2% and precision of 0.002 AU.

3.3: Standard experimental concentrations and cycling

3.3.1: Assays without MBs

A master mix was prepared using 10.00 pL aliquot of the Roche
LightCycler 480 Probes Master, 1.00 pL aliquot of each working stock for FOR100
and REV100 primers, and 7.00 pL aliquot of nuclease free water (NFW) per
reaction, plus one additional reaction to account for pipetting loss, was placed into
a 0.2 mL PCR tube. In the case of an assay with 6 samples, 70.0 pL of Probes
Master, 7.00 uL of each primer, and 49.0 uLL NFW would be used to prepare this
master mix. This mixture was then vortexed. A 19.00 pL aliquot of this mixture
was placed into each of the 0.2 uL PCR tubes, labelled appropriately. A 1.000 pL
aliquot of NFW was placed in the — tube, and a 1.000 pL aliquot of control gDNA
into the + tube. Resulting concentrations were as follows: Roche LightCycler
Probes Master: 1X; Primers, each: 0.5 uM; control DNA: 20 ng/reaction (1.00

pg/mL). Amplification was performed using a C1000 Touch thermocycler

52



Chapter 3: Materials and Methods

(BioRad, California, USA). A 95°C, 5 minute initial hold followed by 35 cycles of

a 30 second hold at 95°C, then 48°C, then 72°C.

3.3.2: Assays with MBs

A master mix was prepared using 10.00 puL aliquot of the Probes Master,
1.00 uL aliquot of each 10 uM working stock for FOR100 and REV100 primers,
1.000 pL of an equimolar 10 pM MB mix, and 6.00 pL aliquot of nuclease free
water (NFW) per reaction, plus one additional reaction to account for pipetting loss,
was placed into a 0.2 mL PCR tube. In the case of an assay with 6 samples, 70.0
puL of Probes Master, 7.00 uL of each primer, 7.00 pL MB mixture, and 42.0 uL
NFW would be used to prepare this master mix. This mixture was then vortexed. A
19.00 pL aliquot of this mixture was placed into each of the 0.2 uL PCR tubes,
labelled appropriately. A 1.000 pL aliquot of NFW was placed in the — tube, and a
1.000 pL aliquot of control gDNA into the + tube. Resulting concentrations were
as follows: Probes Master: 1X; Primers, each: 0.5 uM; control DNA: 20 ng/reaction
(1.00 pg/mL). Amplification was performed using a Rotor Gene Q (Qiagen, Hilden,
Germany). The thermal cycle followed a 95°C, 5 minute initial hold followed by
35-45 cycles of a 30 second hold at 95°C, then 48°C, then 72°C. Fluorescent data
was acquired at the end of the annealing phase for both 510 and 555 nm channels
and plotted as raw counts against cycle number, and then normalized for analysis.

Software-assisted Cr values were determined for comparison.

3.3.3: Gel preparation

Agarose (Molecular grade, BioLine, London, UK) and a 0.089 M tris base,

0.089 M boric acid, 0.002 M EDTA (1X TBE) buffer (BioBasic, Ontario, Canada)
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were used to make 2% "'/, gels for electrophoresis. A GeneMate 120 g analytical
balance (BioExpress, Pennsylvania, USA) was used to measure agarose before
addition to the buffer. Gels were prepared by boiling using a 700 W microwave
oven (Rival, Florida, USA) until optically clear, followed by the addition of
ethidium bromide (EtBr) stain (BioBasic, Ontario, Canada) to a final EtBr
concentration of 0.5 pg/mkL in the gel.

A typical gel is prepared with 50 mL of 1X TBE, with 1.000 g agarose,
followed by boiling. Upon cooling to slightly above room temperature, 2.500 pL
EtBr stain is added and mixed thoroughly. The mixture is then poured into a casting
plate with a comb insert to form the wells. Electrophoresis was performed using a
Mini-300 gel electrophoresis system (Major Science, California, USA). Imaging
was performed using a BioDoc-It UV Imaging system (UVP, California, USA). All
gel electrophoresis procedures used the HyperLadder™ 50 bp molecular weight
marker system (BioLine, London, UK) for comparison of fragment sizes, with an
example image of the bands and their corresponding weights as Figure 3.1.
Electrophoresis was performed for 75 minutes at 120 V. Images for gel
electrophoresis of primer validation are presented in Section 4.2.1: . While the
optimal annealing temperature for the primer set is much higher than 48°C, this is
the operating temperature with molecular beacons and was used to check for

nonspecific priming under operating conditions.
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Figure 3.1: HyperLadder 50 bp run on 1.5% TBE/agarose gel, bands marked
Image adapted from BioLine HyperLadder 50 bp product information web page,
URL: http://www.bioline.com/us/hyperladder-50bp.html.

Table 3.1: PCR Conditions, Assays without MBs
Tube

Component
Probes Master
FOR100
REV100
Control gDNA
NFW

+

10.00 uLL
1.000 uLL
1.000 pL
1.000 pL
7.00 pnL
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10.00 pL
1.000 uL
1.000 uL
N/A
8.00 uL
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Table 3.2: PCR Conditions, Assays with MBs

Tube
Component + -

Probes Master 10.00 uL. 10.00 nLL
FOR100 1.000 uL  1.000 uL
REV100 1.000 pL 1.000 pLL

Control gDNA 1.000 uLL N/A
NFW 7.00 pL 8.00 uL
MB Mixture 1.000 uL  1.000 pL

3.4: Phase I: Verification of amplification and detection

3.4.1: Verification of FOR100 and REV100 primers

The MBs and an original set of known, amplifying primers were chosen
from a previous research project by Dr. Jamie Fredericks (Fredericks, 2014). These
primers amplify a 100 bp fragment around a SNP located on human chromosome
8, on an intron region of the DLGAP2 gene with refSNP ID: RS763869. Neither
allele has any known clinical significance, and as such has minimal ethical issues
surrounding its genotyping. Knowledge of the genotype for this site has no clinical
implications, making it ideal for research. There are no other known, common
variations in the selected amplicon.

BioEdit was used to initially align the primer, MBs and target sequence.
This is shown as Figure 3.2: Alignment using BioEdit, including FOR100,
REV100, C probe, and T probe. The web-based nBLAST was used to confirm
specificity in priming. The expect value is used to determine the likelihood of a

random-chance match; the smaller the value, the less likely the match is due to
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random chance. The expect value should be much larger for nontargets than it is

for targets, or nonspecific annealing can occur. The expect values are as follows:
FOR100, 0.002; REV100, 0.0005. This denotes high specificity in the primers for

their targets.
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Letters represent one letter abbreviations for DNA bases. Bases with colored blocks
match the target sequence, letters without blocks do not match target sequence.
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Figure 3.3: Alignment using BioEdit, including FOR100, REV158, C probe, and T

probe.

Letters represent one letter abbreviations for DNA bases. Bases with colored blocks
match the target sequence, letters without blocks do not match target sequence.
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3.4.2: Thermal profile of MB probes

Complementary oligonucleotides and the MBs were ordered from Sigma
Life Science (Missouri, USA). The complementary oligonucleotides were 50 bp,
with one an exact match and another matching the opposite allele. These were
ordered as 50 bp of the target sequence in order to fully cover the stem and simulate
as best as possible the performance when in contact with the amplicon, as the new
MB has a total length of 48 bp, stem and probe included. The thermal profile was
generated using 1.000 uM MB, 10.00 uM complementary (or mismatch) strand, in
8.00 mM Tris-HCI, 280 nM MgCl,, pH 8.0. The thermal profile used was a 5
minute, 95°C hold, followed by a 2 minute, 55°C hold, followed by a 1°C/min ramp
from 25°C to 90°C. Fluorescence data was obtained for each MB and plotted as
both raw counts against temperature and a first-derivative plot of fluorescence

change with respect to temperature.

3.4.3: Verification of MB assay

The MB assays were verified using a standard 90 second cycling profile for
at least 40 cycles. This verification first studied each MB probe separately in order
to limit any interferences with the other probe. The T probe was conjugated with a
FAM fluorophore, with Amax at 520 nm; the C probe was conjugated with a HEX
fluorophore, with Amax at 556 nm (Biosearch Technologies, 2016). This experiment
was performed to show the performance of each probe at both target wavelengths
of fluorescence independently of the other MB, and validates the MBs are
performing as desired. This assay followed the standard conditions for assays with

MBs, with a modification. The MB set was not mixed; each tube had only of the
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two MBs. The Roche LightCycler 480 Probes Master and REV100 primer were
used in this assay.

After the MBs were validated separately, the MBs were validated in a
multiplex format. It is important to note that this is not a true PCR multiplex which
amplifies multiple loci in one reaction; rather, this is a probe multiplex, which uses
multiple probes in the same reaction. Interferences and spectral effects are possible,
and it was necessary to ensure valid performance of the probes when used in
conjunction. This required adding both MBs in equal concentration to a single
reaction mixture, then collecting the fluorescence data for each reaction on both
channels. This experiment was performed to show the performance of each probe
at both target wavelengths of fluorescence, and validates the MBs are performing
as desired. This assay followed the standard conditions for assays with MBs, with
no modification. The Roche LightCycler 480 Probes Master was used in this assay,

with the REV100 primer.

3.4.4: Screening of genotypes

Assays were performed under standard assay conditions with MBs, with a
modification: extracted DNA used as a sample in place of control gDNA. A control
gDNA sample was used as a positive control, and a NFW sample used as a negative
control. All other conditions were the same. The Roche LightCycler 480 Probes

Master was used in this assay.

61



Application of Molecular Beacons to Direct Forensic Samples

3.5: Phase II: Comparison and selection of Kits

3.5.1: ThermoScientific Phusion kits

The thermocycle was set to the manufacturer’s specifications. All

concentrations were the same as standard MB assay conditions.

3.5.2: Roche LightCycler 480 and BioLine SensiFAST comparison

Assay conditions were the same as standard MB assays. Both Probes Master
kits were used in this assay in separate reactions. Additionally, control gDNA
concentrations varied using a series dilution. The reactions used 20, 10, 5, 2.5, and
0.25 ng/reaction for each the Roche and BioLine kits. The REV100 primer was

used for this assay.

3.6: Phase III: Direct MB-PCR assay development

3.6.1: Sample preparation

What follows is a complete, detailed account of the sample preparation
methods for the four sample types studied, along with rationale for the chosen
methodologies. For convenience, Appendix C: Summary of Sample Preparation

has a summary of the sample types and necessary materials.

3.6.1.1: Hair sample preparation

Hair samples were extracted using a pair of stainless steel dissection
forceps. Typically, five to ten hairs were extracted from each pull. This ensured at

least one hair would have the entirety of the follicle still attached.
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After extraction, a suitable hair with attached follicle was chosen and
trimmed approximately 1-2 mm above the follicle. The follicle was then placed at
the bottom of a 0.2 mL tube. A 10.00 pL aliquot of the modified TE buffer described
in Section 0 was added to each hair sample before thermal lysis. The buffer allows
collection of the DNA and a suitable means by which to transfer the collected DNA

to the reaction. No post-lytic treatment was required.

3.6.1.2: Saliva sample preparation

Saliva samples were obtained after a 30 second rinse using a cold 0.9% %/
saline wash. The wash was expelled before sample collection. Participants were
asked to expel saliva into a 1.5 mL microfuge tube. Approximately 1 mL of saliva
was collected from each participant. Microfuge tubes were then centrifuged at 2000
G using a Prism Mini centrifuge (Labnet, New Jersey, USA) for approximately 10
seconds to separate any colloids in the saliva. The colloidal solids are primarily
composed of proteins, which can interfere with PCR. For each sample, a 100.0 uL
aliquot of supernatant was transferred to a 0.2 mL tube for thermal lysis. Once lysis
was complete, this sample type required centrifugation at 2000 G using a Prism
Mini centrifuge for approximately 10 seconds to again separate the colloidal solids

from the saliva. Aliquots of the supernatant were used as the sample.

3.6.1.3: Buccal swab sample preparation

Buccal swab samples were obtained after saliva samples. Participants had
already rinsed with a 0.9% %/, saline wash prior to saliva collection. The buccal
swab collection was done after saliva collection as the swab is abrasive and able to

extract buccal cells even after the expulsion of saliva, containing loose buccal cells.
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Had the buccal cell collection been done first, the resulting saliva would have had
a greatly reduced concentration of loose buccal cells, and thus a lower concentration
of DNA.

Participants were given a foam-tipped applicator and asked to brush the
buccal cavity—the area between the gums and cheek—for at least 30 seconds to
ensure cell collection. The swab was then placed in a 0.2 mL tube with 20.00 puL of
the modified TE buffer described in Section 0, and the swab’s handle removed. The
buffer served as a means for collection and transfer of DNA after thermal lysis.
Once the handle was removed from the swab, the sample was ready for thermal
lysis. No post-lytic treatment was required. The buccal swab collection is done last

to ensure the resulting saliva has a sufficient cell concentration for DNA extraction.

3.6.1.4: Blood sample preparation

A single-use, disposable, 20-gauge hypodermic needle (BD PrecisionGlide,
Franklin Lakes, New Jersey) or 16-gauge disposable, single use, self-contained
Unistik 3 Normal diabetic lancet (Owen Mumford, Georgia, USA) was used for
blood extraction. Once the skin was pierced using either a hypodermic needle or
lancet, a 2.000 pL sample was obtained using a micropipette and diluted to 10.00
pL with the modified TE buffer described in Section OError! Not a valid
bookmark self-reference.—all in a 0.2 mL tube for thermal lysis. Once lysis was
complete, this sample type required centrifugation at 2000 G using a Prism Mini
centrifuge for approximately 10 seconds to separate the red blood cells from the
plasma. The plasma still contained the leukocytes necessary for gDNA analysis, as
the centrifuge used is not powerful enough to pull the leukocytes into their own

layer. Given the methods and instrumentation, erythrocytes would interfere with
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the optical signal and must be removed. These erythrocytes can be removed without

reducing the quantity and quality of DNA present.

3.6.1.5: Thermal lysis

All samples were subjected to the same thermal lysis conditions. Each 0.2
mL tube was placed in a C1000 Touch thermocycler (BioRad, California, USA) at
98°C for 5 minutes, followed by a 4°C infinite hold until the samples were
retrieved. The samples were held at 4°C for no longer than 10 minutes. This was
especially important in the case of the blood samples, as no anticoagulants were
used in this study. The 4°C hold was used to ensure a consistent time was used for

thermal lysis, and thus its reproducibility.

3.6.2: Verification of amplification under direct conditions

To validate amplification, standard MB-free assay conditions were used,
with a modification: direct samples as prepared above were used in place of either
NFW or control gDNA as samples. The Roche LightCycler 480 kit was used in this

assay as the Probes Master, with the REV100 primer.

3.6.3: Design of new primer set

During the course of the project, the negative control consistently showed
heterozygosity; the signal did not rise above the limits for significance (three times
the background), but was still noticeable. Given the specificity of the MBs, the
likely etiology was a stem-primer hybrid forming with the reverse primer. The MBs
for both alleles were identical with the exception of the central base, which was

allele-specific. With an identical stem, both MBs would likely form a stem-primer
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hybrid as the two were complementary. This caused the observed false
heterozygosity, and a new reverse primer was designed in order to afford greater
sensitivity and specificity.

An ideal primer is highly specific for the given target, has a G-C content at
least 50%, and is between 15-20 bp. Given the DNA sequence surrounding the
primers, the new selected site of the reverse primer had to be at least 50 bp further
away to ensure a similar Ty while still preventing a stem-primer hybrid formation.
The sequence contains an extremely A-T rich region adjacent to the previous primer
with poly-A and poly-T regions, which if included in a primer could allow for false
priming due to increased homology at other sites. This repeating region, if included,
would greatly reduce the PCR efficiency. Further, since an A-T pair has fewer
hydrogen bonds than a G-C pair, the Twm is lower for primers with a lower G-C
content. A primer with such a low G-C content would require a much longer primer,
accompanied by a longer annealing time due to the kinetic considerations. Primer
REV158 was designed with the Ty of FOR100 in mind, so only one primer would
need to be changed. Changing multiple primers would require additional
verification assays; simply lengthening the fragment size by 50 bp does not
appreciably affect hybridization of the MBs. Additionally, this primer was designed
to be as close as feasible to a 150 bp fragment, allowing easy verification by gel
electrophoresis using a 50 bp ladder. Primers for a MB assay should limit the
amplicon size to no higher than 200 bp due to the kinetics of hybrid formation.
Since the target sequence must first line up with the probe sequence, hybridization
takes much longer as fragment size increases, thus lowering the likelihood of hybrid
formation.

Primer design was aided by the use of BioEdit Sequence Alignment Editor

(Ibis Therapeutics, California, USA), web-based Nucleotide Basic Search
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Alignment Tool (nBLAST) (NCBI, Maryland, USA), and web-based Primer Basic
Search Alignment Tool (PrimerBLAST) (NCBI, Maryland USA). These tools were
helpful in ensuring the designed primers would not amplify outside of the target
amplicon. The nBLAST and PrimerBLAST tools check for specificity against all
known sequences using probability-based algorithms. Additionally, web-based
primer design tools for technical data (Sigma Life Science, Missouri, USA),
(Integrated DNA Technologies, lowa, USA) were employed to ensure Twm
compatibility between the FOR100 and the designed primer by using algorithms to
predict the new primer’s Twm.

Oligo7 software was then used to search for any secondary structures in the
primers. Secondary structures (such as hairpin formation, self-dimers, and
heterodimers) can prevent the primer from annealing to the target, thus preventing
amplification. This program works by predicting any complementarity which could
cause the formation of secondary structures, given theoretical AG calculations for
specified conditions. Neither FOR100 nor REV100 formed any hairpins nor
significant self-dimers. The primer REV158 did, however, form a self-dimer. This
self-dimer can be neglected due to the number of base-base mismatches; in solution,
and at the lowest temperature of the cycle (48°C), the self-dimer is not likely to
form. The primer also formed a hairpin up to 21.4°C; at a temperature above this
such as the annealing temperature of the cycle, the hairpin will separate and
linearity will be restored. Web-based tools from Sigma Life Science and Integrated
DNA Technologies were used to screen for heterodimers between a forward and
reverse primer; none were observed. Oligo7 and the web-based tools were also used
to screen the primers for thermal compatibility. All primers were within 0.5°C of

each other, which is ideal for PCR.
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3.6.4: Comparison of new primer set

Comparison assays followed standard, MB-free conditions with a
modification: a positive and negative control was used for the FOR100/REV100
set, and also for the FOR100/REV158 set. The reactions with REV158 did not
include an aliquot of REV100. The BioLine SensiFAST kit was used in this assay

as the Probes Master.

3.6.5: Analysis of primers in real-time

Real-time analysis of the primers followed standard, MB-free assay
conditions using the BioLine SensiFAST SYBR Green I Master Mix. The
thermocycle settings were set to manufacturer’s recommendations. One reaction
used the REV100 primer, and another used the REV158 primer. All other

conditions were the same.

3.6.6: Verification of direct amplification, REV158

Assay conditions were the same as in 3.6.2, using the REV158 primer
instead of REV100; additionally, the BioLine SensiFAST Probes Master was used

in this assay.

3.6.7: Thermocycle optimization

Thermocycle optimization followed the standard MB assay conditions with
modification. The times for each step of the cycle were modified for each assay.
Initially, the standard cycling conditions were used. Then, the extension time was

changed. Once the extension time was optimized, the denaturation time was
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optimized. Finally, the annealing time was optimized. Once a step was optimized,
that optimized time was carried forward to the next assays. The BioLine SensiFAST

Probes Master and REV 158 primer were used in these assays.

3.6.8: Buffer development

The use of a sample collection buffer was necessary in this project. Water,
nuclease-free or distilled, is unsuitable due to its lack of a buffering capacity. Blood
especially requires a buffer, as it contains carbonic acid and carbonate ions, capable
of changing the pH of the sample. Additionally, cellular matrices contain
DNAses—enzymes designed to cleave free nucleic acids. In PCR, it is important
to deactivate DNAses, or risk reducing the efficiency of PCR. This is commonly
done through Proteinase K incubation to denature the enzyme and the addition of
EDTA to chelate any metal cofactors necessary for DNAse activity. Proteinase K
incubation is not an option in a direct PCR, as it would destroy the polymerase and
result in no amplification. The addition of too much EDTA can result in lower PCR
efficiency due to chelation of necessary Mg?".

Using either NFW or 1X TE as a sample buffer, false positive results with
lower but significant fluorescence were observed. Comparison to saliva samples
with no false positive results, with no buffer, made clear that the buffer itself was
causing these false positive results. Given that this is an allelic discrimination
method, it is important to avoid these false positives. While the buffer components
for the kits used are not published, the most common buffer system for DNA
chemical biology studies is TE. There was concern, however, that the dilution
would lower the buffering capacity, which could cause pH imbalance, especially in
blood samples. A 9.000 mL aliquot of 10 mM Tris buffer, pH 8.0 (BioBasic,

Ontario, Canada) was used to dilute 1.000 mL 1X TE, pH 8.0 buffer (MCLab,
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California, USA). This resulted in a 10 mM Tris, 100 uM EDTA buffer at pH 8.0.
Assays followed standard conditions for MB assays. The BioLine SensiFAST

Probes Master and REV 158 primer were used in these assays.

3.7: Phase 1V: Allelic discrimination using MB-DPCR assays

Assays initially followed standard conditions for MB assays with direct
sample addition as a modification. Once the assay was verified under standard
conditions, the assay was then subjected to optimized time. The BioLine

SensiFAST Probes Master and REV158 primer were used in these assays.

3.8: Design of new MB

The design of a MB is based on the target assay conditions. For an in-depth
review of the mechanics of MBs, refer to 2.4: Overview of molecular beacons: an
introduction to the biochemical and analytical bases of signal generation. A
properly designed MB should remain closed and dark in the absence of an exact
target at the desired annealing temperature, but be able to spontaneously form
hybrids, resulting in extension and signal generation, in the presence of target. The
spontaneity of the hybrid formation is governed by the length of the probe
sequence; the probability of remaining dark in the absence of target is governed by
the GC content and length of the stem. A 21 bp probe sequence may only anneal
spontaneously and remain stable up to 48°C, while a 30 bp probe may retain its
hybridization up to as high as 65°C. Stem content and length is an equally important
consideration, with a higher GC or longer stem able to remain dark at increased
temperatures and better compete with nontarget hybridization. This section has

been adapted from molecular-beacons.org (Public Health Research Institute, 2016).
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3.8.1: Probe sequence design

The first step in designing a MB is selecting the site and length of the probe
sequence. The probe sequence should be centered about the polymorphism
considered, increasing its discriminatory ability. This region should be within but
not overlapping the primer sequences. This probe sequence should be long enough
that, at the desired annealing temperature of the assay, the MB will still remain
hybridized. For SNP discrimination, the dissociation temperature of the MB should
be 7-10°C above the annealing temperature. Prediction of the dissociation
temperature is accomplished through software estimates based on percent GC and
nearest neighbor rules; these algorithms are not discussed in the review, but are

available in literature. The probe length is normally between 15-30 bp.

3.8.2: Stem sequence design

The stem sequence is designed with a high GC content. This ensures a
strong thermodynamic drive for the formation of a secondary structure, which is
capable of quenching the fluorophore. The stem should melt at 7-10°C above the
annealing temperature of the assay. The length of the stem is dependent upon the
desired specificity of the probe; too long a stem can, however, lead to complications
in the assay. As stem length increases, AGstem becomes more negative than AGnybrid,
and the probe may not hybridize even in the presence of target. Also, guanine
residues should not be used at the 5’ terminus adjacent to the fluorophore; guanine
has innate quenching ability, and will reduce SNR if placed adjacent to a
fluorophore. Guanine should, however, be used at the 3’ end to enhance quenching

and increase SNR.
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The dissociation temperature cannot be determined through typical percent
GC or nearest neighbor algorithms, as the stem forms through intramolecular
hybridization. Software such as Oligo7 is typically employed to predict the
dissociation temperature of the stem through theoretical AG calculations under
specified conditions. This study heavily relied on the data presented by Oligo7. An
example of this data is shown as Figure 3.4. Considerations of final MB design

Once the desired probe and stem sequences are determined, the MB as a
whole must be examined much like a primer for any additional secondary
structures. With MBs, any secondary structure formation other than the intended
stem can cause nonfunctional assays. Figure 3.4 shows the formation of the desired
stem sequence plus an additional two secondary structures. These secondary
structures can be safely ignored as they dissociate well below the intended
annealing temperature of the assay. Since these will dissociate at above 36.4°C, and
the assay runs at 48°C, the other secondary structures will not form spontaneously

and thus may be neglected.
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Figure 3.4: Data from Oligo7 demonstrating stem dissociation temperature
prediction, T probe

This figure shows the predicted Ty of the whole MB using proprietary algorithms.
The stems formed and their predicted dissociation temperatures are presented in
the top half of the figure, and the entire sequence in the bottom half of the figure.
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3.9: Normalization methods

As with most optical characterization methods, allelic discrimination
through MBs requires normalization of the fluorescent data in order to easily
interpret the results. A characteristic of MB fluorescent data is a constant, positive,
linear slope of raw fluorescence units throughout the experiment, even in the no
template control (NTC). This is due to the pseudo-first order kinetics observed
between the MB and target DNA hybridization before the DNA concentration is
roughly equivalent to that of the MB concentration. This is brought to a zero slope
through the use of Microsoft Excel’s linear regression (LINEST) function for the
first 20 cycles, using the fluorescence unit value as known y-values and cycle
number as known x-values. This gives the slope of the first 20 cycles, before the
exponential phase occurs. This slope, multiplied by the cycle number minus one, is
subtracted from the raw fluorescence unit value to obtain a near-zero slope for the
baseline. The minimum of the sample’s fluorescence unit value is then subtracted
from this slope-adjusted fluorescence unit value to ensure all slope values are
positive. Next, the adjusted fluorescence unit value is divided by the maximum of
the positive control fluorescence unit value to obtain the normalized fluorescence
units. The normalized fluorescence unit values are then plotted using a scatter plot
with smooth lines, no data points. This scatter plot allows easy interpretation of
allelic discrimination data. Further, the baseline is very close to horizontal, and this
method of normalization does not alter the overall shape of the curve, only rotating
it slightly. Samples are normalized to the positive control, as this is the standard for
the reaction. A normalized fluorescence unit value either higher or lower than the
positive control is not indicative of any specific result; only the presence (or lack
thereof) an exponential phase followed by linear growth is indicative of a specific

allele. After normalization, the average of the baseline is calculated. If the
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maximum signal generated is at least three times as large as the average of the
baseline, the signal is said to be significant and above the LOD. Below this, the

signal is unreliable, and the sample must be retested.
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CHAPTER 4: RESULTS
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CHAPTER 4: RESULTS

4.1: Introduction

This chapter presents the results of the project in their entirety. As described
in Chapter 1: Introduction, the specific aims of this project were to develop a
protocol capable of allelic discrimination using MBs, apply that protocol in an
unpurified, direct PCR format, and optimize the protocol such that its time is as
short as possible without compromising results. The project followed a methodical
approach to test each individual component, followed by stringent assays to select
an appropriate kit, before ultimately testing the assay in a direct format. The

division of these three phases was essential to the success of the project.

4.2: Phase I: Verification of amplification and detection

4.2.1: Verification of FOR100 and REV100 primers

The primers were tested using a verification protocol (Section Error!
Reference source not found.Error! Reference source not found.) and analyzed
using gel electrophoresis. This protocol used an annealing temperature gradient for
analysis of optimal annealing temperature. This primer set was designed to amplify
a 100 bp region. Any fragment sizes not in agreement with this size can be attributed
to non-specificity and primer-dimer formation, neither of which is desirable in a
PCR assay. The subsequent gel electrophoresis image allows the determination of
the temperature at which primer-dimer formation and nonspecific amplification no
longer occur, while still amplifying the target region. An image of the verification

gel electrophoresis assay is shown as Figure 4.1.
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Figure 4.1: Verification of FOR100 and REV100 amplification.

Lanes, from left to right: 50 bp ladder, positive control, positive control, positive
control, negative control. Note the amplification at 100 bp in all positive controls,
but none in the NTC. All samples exhibit dimer formation. Image by Dr. Fredericks.

4.2.2: Thermal Profile of MB probes

The fluorescence as a function of temperature, or thermal profiles, of MB
probes were determined before incorporation into an assay. This involved using a
complementary oligonucleotide in a multifold excess of MB probe, and
subsequently analyzing the normalized fluorescence with respect to temperature.
The assay was then repeated with a mismatched oligonucleotide in order to gauge
the specificity of the probe at a given temperature. The thermal profiles were then
used to determine the optimal annealing temperature for the PCR assay, based on
the difference in fluorescence between complementary and mismatched profiling

assays for all MBs and targets.
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Figure 4.2: Thermal profile of MB probes using C probe complement
Blue line represents T probe, yellow line represents C probe, black line represents
control.
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Figure 4.3: Thermal profile of MB probes using T probe complement
Blue line represents T probe, yellow line represents C probe, black line represents
control.
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4.2.3: Verification of MB assay

The MB assays were verified using a standard 90 second cycling profile for
at least 40 cycles. This verification first studied each MB probe separately in order
to limit any interferences with the other probe. The T probe was conjugated with a
FAM fluorophore, with Amax at 520 nm; the C probe was conjugated with a HEX
fluorophore, with Amax at 556 nm (Biosearch Technologies, 2016). This data is
designed to show the performance of each probe at both target wavelengths of

fluorescence, and validates the MBs are performing as desired.
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Figure 4.4: Verification of MB assay, T probe only, heterozygous gDNA target, 510
nm acquisition

Blue line represents T probe with gDNA, orange line represents T probe without
gDNA.
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Figure 4.5: Verification of MB assay, T probe only, heterozygous gDNA target, 555
nm acquisition

Blue line represents T probe with gDNA, orange line represents T probe without
gDNA.
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Figure 4.6: Verification of MB assay, C probe only, heterozygous gDNA target,
510 nm acquisition

Blue line represents C probe with gDNA, orange line represents C probe without
gDNA.
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Figure 4.7: Verification of MB assay, C probe only, heterozygous gDNA target,
555 nm acquisition

Blue line represents C probe with gDNA, orange line represents C probe without
gDNA

After the MBs were validated separately, the MBs had to be validated in a
multiplex format. It is important to note that this is not a true PCR multiplex which
amplifies multiple loci in one reaction; rather, this is a probe multiplex, which uses
multiple probes in the same reaction. Interferences and spectral effects are possible,
and it is necessary to ensure valid performance of the probes when used in
conjunction. This requires adding both MBs in equal concentration to a single
reaction mixture, then collecting the fluorescence data for each reaction on both

channels.
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Figure 4.8: Multiplex MB assay, heterozygous gDNA target, 510 nm acquisition
Blue line represents positive control, orange line represents negative control.

< <o <o
e o) o]

Normalized Fluorescence Units

e
)

0 5 10 15 20 25 30 35 40
Cycle number

Figure 4.9: Multiplex MB assay, heterozygous gDNA target, 555 nm acquisition
Blue line represents positive control, orange line represents negative control.
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4.2.4: Screening of genotypes

Upon verification with a purified heterozygous C/T sample, the assay was
then used to discriminate genotypes in order to screen subjects for the study. This
was also useful in determining the ability of the MBs to discriminate homozygous
samples, as only heterozygotes had been tested up to this point. Figure 4.10 and

Figure 4.11 show the results from the genotyping test conducted.
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Figure 4.10: Genotyping test, purified DNA, T probe

Blue solid line represents positive control, black solid line represents NTC, green
long dash line represents a homozygous C sample, yellow short dash line represents
a heterozygous sample, red dotted line represents a homozygous T sample.
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Figure 4.11: Genotyping test, purified DNA, C probe

Blue solid line represents positive control, black solid line represents NTC, green
long dash line represents a homozygous C sample, yellow short dash line represents
a heterozygous sample, red dotted line represents a homozygous T sample.

4.3: Phase II: Comparison and selection of PCR master mix

4.3.1: Kits considered

This study required the consideration of multiple kits, as direct PCR has not
yet been adapted for use in a real-time format, specifically for MB assays. As such,
it was important to test multiple PCR master mixes for efficiency in direct formats
coupled with MB assays. Direct PCR kits such as ThermoScientific’s Phusion
master mixes typically utilize a Pyrococcus furiosus-based polymerase with innate
3’-5" exonuclease activity as a proofreading mechanism given the difficulty
associated with direct PCR. Master mixes designed for real-time PCR, including

the Roche LightCycler 480 Probes Master and BioLine SensiFAST Probes Master,
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typically employ a Thermus aquaticus-based polymerase, without proofreading

ability.

4.3.2: ThermoScientific Phusion kits

The ThermoScientific Phusion kits were incompatible with the MB assays
studied. This can be seen graphically as Figure 4.12 and Figure 4.12. Adjusting the
figures for slope would distort the data such that it is no longer representative. The
kits do not allow the MBs to retain the DAP in close proximity, and it is likely that
either the fluorophore or quencher are being cleaved each cycle. Such rapid increase
in fluorescence each cycle is not expected with a MB assay. As such, the Phusion
kits were removed from consideration. While this kit is designed for direct PCR
applications, it is not useful for this particular application, even under purified DNA

conditions.
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Figure 4.12: MB assay, T probe, Phusion kit
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Figure 4.13: MB assay, C probe, Phusion kit

4.3.3: Roche LightCycler 480 and BioLine SensiFAST comparison

The Roche LightCycler 480 and BioLine SensiFAST kits both initially
worked well with a MB assay under purified conditions. Comparison of Cr values
and limit of detection (LOD) testing was used to determine which kit would be

most compatible with and sensitive to the applications of the project.

4.3.3.1: Crvalues

When studying a qPCR assay, the most useful and reliable method of
comparing kits is to use a serial dilution of DNA in replicate samples, set the
thermocycle to the manufacturer’s recommendation, and compare the point at
which the exponential signal phase rises significantly higher than the background

standard deviation. This is typically done through software, and the point is known
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as the cycle threshold, or Ct. A lower concentration of DNA initially will lead to a

higher Cr, as it takes more cycles to replicate enough DNA to reach roughly

equivalent concentration of MBs.

Table 4.1: Average Cr Values, Comparison of Roche and BioLine kits

T probe | C probe
Roche, 20 ng 30.70 27.23
Roche, 10 ng 30.90 27.39
Roche, 5 ng 34.32 29.29
Roche, 2.5 ng 35.35 29.90
Roche, 0.25 ng 30.05 N/A
BioLine, 20 ng 25.02 22.80
BioLine, 10 ng 25.37 23.06
BioLine, 5 ng 27.86 25.19
BioLine 2.5 ng 28.32 25.78
BioLine, 0.25 ng 33.02 30.69

4.3.3.2: Reliability comparison

As seen when comparing the BioLine kits (Figure 4.16 and Figure 4.17) to

the Roche kits (Figure 4.14 and Figure 4.15), the BioLine kits exhibit increased

sensitivity. The Roche kit was unable to reliably amplify down to 0.25 ng of DNA

per reaction, while the BioLine kit was consistently able to amplify down to 0.25

ng per reaction. Note allelic dropout occurs in the Roche kit when comparing Figure

4.14 and Figure 4.15; a heterozygous sample was used, and exhibits heterozygous

response in the higher concentrations.
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Figure 4.14: Sensitivity comparison, Roche kit, T probe
Blue line represents 20 ng, orange line represents 10 ng, grey line represents 5 ng,
vellow line represents 2.5 ng, blue dashed line represents (.25 ng.
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Figure 4.15: Sensitivity comparison, Roche kit, C probe
Blue line represents 20 ng, orange line represents 10 ng, grey line represents 5 ng,
vellow line represents 2.5 ng, blue dashed line represents (.25 ng.
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Figure 4.16: Sensitivity comparison, BioLine kit, T probe
Blue line represents 20 ng, orange line represents 10 ng, grey line represents 5 ng,
vellow line represents 2.5 ng, blue dashed line represents (.25 ng.
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Figure 4.17: Sensitivity comparison, BioLine kit, C probe
Blue line represents 20 ng, orange line represents 10 ng, grey line represents 5 ng,
vellow line represents 2.5 ng, blue dashed line represents (.25 ng.
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Table 4.2: Summary of Sensitivity Comparison
Roche BioLine

20 ng Detected | Detected

10 ng Detected | Detected

5ng Detected | Detected

2.5ng Detected | Detected

0.25ng | Negative | Detected

4.4: Phase I11I: Direct MB-PCR Assay Development

4.4.1: Verification of amplification under direct conditions

Verification of amplification in an assay is crucial before the use of more
expensive, labeled probes such as MBs. Amplification under purified conditions
using these primers had been confirmed in Section 4.2.1: Verification of FOR100
and REV100 primers. Confirmation of amplification by the original primers under
unpurified, direct PCR conditions was required to ensure kit compatibility. This
was verified by gel electrophoresis, a size-exclusion method for the separation of
DNA fragments. An image of the gel is shown as Figure 4.18. Amplification was
carried out using the verification protocol (Section Error! Reference source not
found.Error! Reference source not found.), using Roche LightCycler™ 480
Probes Master instead of the BioLine SensiFAST™ Probes Master. An image of

the molecular weight marker used is shown as Figure 3.1.
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Lanes, from left to right: 50 bp step ladder, positive control; no template control;
hair sample; buccal swab sample; saliva sample; blood sample.

Referencing Figure 4.18, all lanes containing amplified DNA have a band
at roughly 100 bp as expected. This confirms amplification under the conditions
used. Lane 3, the no template control, shows a faint band at roughly 50 bp, as do
all samples and the control. This is indicative of inefficient priming, likely caused
by dimer formation of the REV100 primer. A new primer was developed and tested

in response to this.

4.4.2: Design of new primer set

The new primer, REV 158, was so named as it has an expected fragment size
of 158 bp. The alignment is shown as Figure 3.3: Alignment using BioEdit,
including FOR100, REV158, C probe, and T probe. This primer was designed
according to the protocol described in Section Error! Reference source not
found.Error! Reference source not found.. Since this is an unverified primer,
amplification under standard, purified conditions must be confirmed before further

testing. Verification of amplification of the new primer set was accomplished
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through an annealing temperature gradient. This was used to determine the optimal
annealing temperature for this primer set. This utilized the verification protocol
described in Section Error! Reference source not found.Error! Reference
source not found., with NFW used in place of MB mix. An image of the
subsequent gel after electrophoresis is shown as Figure 4.19. Given the thermal
profiles of the MBs and the gel image after annealing temperature gradient, it was
clear that nonspecific amplification would be unavoidable in a MB assay. The
highest temperature the MBs can withstand while still annealing is 48°C, while

primer specificity is not achieved until at least 52°C.

Figure 4.19: Gel electrophoresis image of REV158 primer annealing temperature
gradient

Lanes, from left to right: 50 bp step ladder; 48.0°C annealing temperature; 49.5°C
annealing temperature; 51.9°C annealing temperature; 54.7°C annealing
temperature; 61.7°C annealing temperature; 63.7°C annealing temperature; NTC.

4.4.3: Comparison of new primer set

A comparison of the two primers, REV158 and REV100, was completed in

order to determine which had better priming efficiency after introduction of MBs.
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A positive control of 20 ng genomic, purified DNA and a NTC were used for both
primers, using FOR100 as the forward primer for all reactions. Verification
conditions are described in Section Error! Reference source not found.Error!
Reference source not found., modified for an annealing temperature of 55°C each
cycle instead of 48°C. The 55°C annealing temperature was used to minimize the
effects of nonspecific priming and observe the MBs’ effects. An image of the
agarose gel after electrophoresis is shown as Figure 4.20: Comparison of priming

efficiency for REV100 and REV158 primers.
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Figure 4.20: Comparison of priming efficiency for REVI100 and REV158 primers
Lanes: A—50 bp step ladder; B—REV100 positive control; C—REV158 positive
control; D—REVI100 NTC; E—REV158 NTC.

The positive controls for both primers show bands at roughly the expected
sizes, confirming amplification. Further, both REV100 lanes show inefficient
priming at roughly 50 bp, while neither REV158 lanes have this band. In fact, the
REV158 NTC lane is completely clear of any visible bands, indicating a much

higher priming efficiency when compared to REV100.
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4.4.4: Analysis of primers in real-time using melt analysis

Further comparison information between primer sets was gathered using a
SYBR Green-based qPCR assay with subsequent melt analysis. This analytical
method employs a standard PCR assay with the addition of SYBR Green—an
intercalating dye. The mechanism of the dye is described in 2.9: Signal generation
and quenching: Dynamic and Static quenching. This dye binds to the minor groove
of DNA with great specificity and forms a J-type aggregate, thus greatly increasing
fluorescence. This dye will bind indiscriminately, and thus will bind to all fragment
sizes after amplification. The melt phase of analysis then measures the change in
fluorescence with respect to time. The temperature begins at 50°C and slowly rises.
Initially, all fragments will have SYBR Green intercalated, and the raw
fluorescence will be at its maximum at the lowest temperature of the melt. As the
temperature rises, however, there will be sudden drops in fluorescence, followed
by a period of a slower decrease in fluorescence. Using the first-derivative plot of
this fluorescence with respect to time, peaks are analyzed to show at what
temperatures the fragments dissociate. The number of peaks corresponds to the

number of fragments present.
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Figure 4.21: Melt analysis of gPCR comparison of REVI100 and REV158 primers
after 48°C annealing
Blue line corresponds to REV100, orange line corresponds to REV158.
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Figure 4.22: Melt analysis of gPCR comparison of REVI100 and REV158 primers
after 58°C annealing
Blue line corresponds to REV100, orange line corresponds to REV158.
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4.4.5: Verification of direct amplification using REV158

The primer set was then tested for amplification of direct, unpurified DNA
using the verification protocol described in Section Error! Reference source not
found.Error! Reference source not found. with sample additions for direct,
unpurified DNA sources as described in Error! Reference source not found.An

image of this gel is shown as Figure 4.23: Verification of amplification of direct

samples using REV158 primer.

Figure 4.23: Verification of amplification of direct samples using REV158 primer
Lanes, from left to right: 50 bp step ladder; positive control; NTC; hair, saliva;
buccal swab; blood.

4.4.6: Assay Optimization

Optimization is necessary to ensure the fastest possible time from sample
collection to results, and the most efficient temperature is used. As explained in
Chapter 1: Introduction, the purpose of this project is to develop a method which is
faster than industry standard, capable of providing reliable preliminary results

pertaining to the potential success of amplification and possibly a preliminary
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profile. The method must be robust and reliable, while still sufficiently improving
the speed at which results can be produced. A standard 90 second cycle is not
sufficient for this purpose.

Thermocycle optimization was carried out through the manipulation of
times within the cycling events. Initial denaturation was performed according to the
manufacturer’s instructions so as to ensure complete cleavage of the heat-labile
blocking groups which prevent enzyme activity below 75°C. Extension time was
first tested for optimization, followed by denaturation time, and finally annealing
time. Results show that the optimal thermocycle for speed and data integrity is a 5
second melt, 30 second anneal without extension. Further optimization allowed the
determination of the minimum MB concentration required to elicit a reliable
discriminatory response. After confirmation of amplification under the optimized
conditions, the assay was tested for sensitivity limits down to 0.1 ng of purified
genomic heterozygotic DNA.

To ensure no loss of data integrity occurred, the cycle threshold (Ct) values
were used as a quantitative comparison. These values are selected by using the
maximum of the pre-exponential fluorescence as a background, then observing
when the exponential phase crosses this background. This threshold is dependent
upon the concentration of DNA in the reaction, and has an inverse relationship. If
less DNA is present, the reaction will have a higher Cr value. All reactions for this
investigation were prepared simultaneously and aliquoted from a master mix
containing all components: PCR kit, primers, water, and DNA. All aliquots are
expected to have negligible differences, so any differences in Ct can be attributed
to PCR efficiency. Higher Cr values in this case are caused by variations in PCR

efficiency due to cycling differences. Slight variations are to be expected as with
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any experiment. No optimized reactions performed worse than the baseline 90

second cycle.

Table 4.3: Cr Values of Assay Optimization

Probe
Cn, T Cr, C Cr, NTC
30-30-30 | 23.58 22.20 N/A
30-30-15 | 21.25 21.88 N/A
30-30-5 22.62 23.30 N/A
30-30-0 21.88 20.97 N/A
15-30-0 22.54 22.18 N/A
10-30-0 21.79 20.77 N/A
5-30-0 23.42 23.83 N/A
5-15-0 21.76 19.58 N/A
1-15-0 22.64 20.77 N/A

Values are averages of the triplicate measurements.
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Figure 4.24: Assay optimization, 30 s denaturation, 30 s annealing, 30 s extension.
Blue line represents T probe, yellow line represents C probe, black line represents

NTC.
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Figure 4.25: Assay optimization, 30 s denaturation, 30 s annealing, 15 s extension.
Blue line represents T probe, yellow line represents C probe, black line represents

NTC.
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Figure 4.26: Assay optimization, 30 s denaturation, 30 s annealing, 5 s extension
Blue line represents T probe, yellow line represents C probe, black line represents

NTC.
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Figure 4.27: Assay optimization, 30 s denaturation, 30 s annealing, no extension
Blue line represents T probe, yellow line represents C probe, black line represents

NTC.
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Figure 4.28: Assay optimization, 15 s denaturation, 30 s annealing, no extension
Blue line represents T probe, yellow line represents C probe, black line represents

NTC.
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Figure 4.29: Assay optimization, 10 s denaturation, 30 s annealing, no extension
Blue line represents T probe, yellow line represents C probe, black line represents

NTC.

0.8
2
ks
)

8 06
=
Q
2
2

g o4
[
=
(5]
S

Té 0.2
o
Z

0

-0.2

\/7/7

— —
5 10 15 20 25

Cycle number

Figure 4.30: Assay optimization, 5 s denaturation, 30 s annealing, no extension
Blue line represents T probe, yellow line represents C probe, black line represents

NTC.
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Figure 4.31: Assay optimization, 5 s denaturation, 15 s annealing, no extension
Blue line represents T probe, yellow line represents C probe, black line represents

NTC.
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Figure 4.32: Assay optimization, 1 s denaturation, 15 s annealing, no extension
Blue line represents T probe, yellow line represents C probe, black line represents

NTC.
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Figure 4.33: Initial sensitivity test, T probe, after optimization

Solid blue line is 20 ng, orange line is 10 ng, grey line is 5 ng, yellow line is 1 ng,
dashed blue line is 0.5 ng, green line is 0.25 ng, black line is NTC. Can also be
read from left to right as 20 ng, 10 ng, 5 ng, 1 ng, 0.5 ng, 0.25 ng, with NTC at
bottom.

105



Application of Molecular Beacons to Direct Forensic Samples

0.8

0.6

0.4

0.2

Normalized Fluorescence Units

-0.2

Cycle Number

Figure 4.34: Initial sensitivity test, C probe, after optimization

Solid blue line is 20 ng, orange line is 10 ng, grey line is 5 ng, yellow line is I ng,
dashed blue line is 0.5 ng, green line is 0.25 ng, black line is NTC. Can also be
read from left to right as 20 ng, 10 ng, 5 ng, 1 ng, 0.5 ng, 0.25 ng, with NTC at
bottom.
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Figure 4.35: MB concentration test, T probe, 10 ng to 0.1 ng, 200 nM MB

Solid blue line is 10 ng, orange line is 5 ng, grey line is 2 ng, yellow line is I ng,
dashed blue line is 0.5 ng, green line is 0.25 ng, dashed orange line is 0.1 ng, black
line is NTC. Can also be read from left to right as 10 ng, 5 ng, 2 ng, 1 ng, 0.5 ng,
0.25 ng, 0.1 ng with NTC at bottom.

107



Application of Molecular Beacons to Direct Forensic Samples

< < <
> =) o0

Normalized Fluorescence Units

<
o

Cycle Number

Figure 4.36: MB concentration test, C probe, 10 ng to 0.1 ng, 200 nM MB

Solid blue line is 10 ng, orange line is 5 ng, grey line is 2 ng, yellow line is I ng,
dashed blue line is 0.5 ng, green line is 0.25 ng, dashed orange line is 0.1 ng, black
line is NTC. Can also be read from left to right as 10 ng, 5 ng, 2 ng, 1 ng, 0.5 ng,
0.25 ng, 0.1 ng with NTC at bottom.
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4.4.7: Buffer development

Over the course of the project, numerous false positives were observed even
after the development of a replacement primer. This mainly occurred in a direct
sample. The sample preparation methods at the time involved using either NFW or
1X TE as a collection buffer, and upon review it was determined the buffer itself
was the cause. Figure 4.37, Figure 4.38, Figure 4.39 and show the results for both
the T probe and C probe MBs, where the sample is known to be homozygous T at
this site and should only show signal response for the T probe, with no signal
response for C probe. As can be seen in Figure 4.38, false positive results are
present using a standard 1X TE buffer. However, Figure 4.40 does not show a false
positive result. A small exponential growth phase is visible, but does not rise
appreciably above the background and is not indicative of a positive result for this
allele. Figure 4.38 shows the results using 1X TE, while Figure 4.40 shows results
using 0.1X TE. There was concern, however, that diluting the buffer system by a
factor of ten would reduce its buffering capacity enough to cause pH changes upon
addition of sample. The buffer system was modified such that the concentration of
buffer was the same, while the concentration of EDTA was reduced by a factor of
ten. This buffer was tested, showed no false positive results, and used throughout

the remainder of the project.
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Figure 4.37: T probe genotyping, homozygous T sample, 1X TE sample prep
Blue solid line represents positive control, black solid line represents NTC, green
long dash line represents a 2 ulL addition of sample, yellow short dash line
represents a 1 uL addition of sample, red dotted line represents a 0.5uL addition
of sample.

110



Chapter 4: Results

, 0.8
g
-]
[}
o
5
3 0.6
2
Q
=
S
B 04
N
E
]
Z 0.2
0 [V Ll — TP :
0 5 10 15 20 25 30 35 40 45

Cycle Number
Figure 4.38: C probe genotyping, homozygous T sample, 1X TE sample prep
Blue solid line represents positive control, black solid line represents NTC, green
long dash line represents a 2 ulL addition of sample, yellow short dash line
represents a 1 uL addition of sample, red dotted line represents a 0.5uL addition
of sample.
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Figure 4.39: T probe genotyping, homozygous T sample, 0.1X TE sample prep
Blue solid line represents positive control, black solid line represents NTC, green
long dash line represents a 2 ulL addition of sample, yellow short dash line
represents a 1 uL addition of sample, red dotted line represents a 0.5uL addition
of sample.
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Figure 4.40: C probe genotyping, homozygous T sample, 0.1X TE sample prep
Blue solid line represents positive control, black solid line represents NTC, green
long dash line represents a 2 ulL addition of sample, yellow short dash line
represents a 1 uL addition of sample, red dotted line represents a 0.5uL addition
of sample.
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4.5: Phase 1V: Allelic discrimination using MB-DPCR assays

4.5.1: Discrimination based on a 3-step format

The final phase of the project was to use the assay developed and test direct
samples. Initially, a standard 90 second cycling profile was used with a single set
of samples from a known T/T homozygote in order to test the ability to distinguish
heterozygosity under direct conditions. These are shown as Figure 4.41 and Figure

4.42.
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Figure 4.41: Verification 3-step protocol of amplification of direct samples, T
homozygote, T probe
Solid blue line represents positive control, solid black line represents NTC, long-
dashed green line represents hair sample, short-dashed yellow line represents
saliva sample, dotted red line represents buccal swab sample, dashed-dotted grey
line represents blood sample
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Figure 4.42: Verification 3-step protocol of amplification of direct samples, T
homozygote sample, C probe
Solid blue line represents positive control, solid black line represents NTC, long-
dashed green line represents hair sample, short-dashed yellow line represents
saliva sample, dotted red line represents buccal swab sample, dashed-dotted grey
line represents blood sample

4.5.2: Discrimination based on a 2-step format

The assay was then tested in a 2-step format following the successful
discrimination of the homozygous T/T sample using a standard 90 second profile.
New samples were collected from the same homozygous T/T individual and
prepared nominally. The assay was conducted using a 5 second denaturation
followed by a 30 second annealing phase, with optimized concentrations of MBs.
Upon initial success, as noted in Figure 4.43 and Figure 4.44, all genotypes were

tested using this assay. These can be seen as Figure 4.45 through Figure 4.50.
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Figure 4.43: Initial allelic discrimination test, 200 nM MB, T probe, known
homozygous T sample, 2-step protocol
Solid blue line represents positive control, solid black line represents NTC, long-
dashed green line represents hair sample, short-dashed yellow line represents
saliva sample, dotted red line represents buccal swab sample.

116



Chapter 4: Results

< < <o
e N o

Normalized Fluorescence Units

<
to

0 Lo ree—————— i
0 5 10 15 20 25 30 35
Cycle Number

Figure 4.44: Initial allelic discrimination test, 200 nM MB, C probe, known
homozygous T sample, 2-step protocol
Solid blue line represents positive control, solid black line represents NTC, long-
dashed green line represents hair sample, short-dashed yellow line represents
saliva sample, dotted red line represents buccal swab sample.
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Figure 4.45: Final allelic discrimination test, 2 step, homozygous T, T probe
Solid blue line represents positive control, solid black line represents NTC, long-
dashed green line represents hair sample, short-dashed yellow line represents
saliva sample, dotted red line represents buccal swab sample.
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Figure 4.46: Final allelic discrimination test, 2 step, homozygous T, C probe
Solid blue line represents positive control, solid black line represents NTC, long-
dashed green line represents hair sample, short-dashed yellow line represents
saliva sample, dotted red line represents buccal swab sample.
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Figure 4.47: Final allelic discrimination test, 2 step, heterozygote, T probe

Solid blue line represents positive control, solid black line represents NTC, long-
dashed green line represents hair sample, short-dashed yellow line represents
saliva sample, dotted red line represents buccal swab sample.
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Figure 4.48: Final allelic discrimination test, 2 step, heterozygote, C probe

Solid blue line represents positive control, solid black line represents NTC, long-
dashed green line represents hair sample, short-dashed yellow line represents
saliva sample, dotted red line represents buccal swab sample.
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Figure 4.49: Final allelic discrimination test, 2 step, homozygous C, T probe
Solid blue line represents positive control, solid black line represents NTC, long-
dashed green line represents hair sample, short-dashed yellow line represents
saliva sample, dotted red line represents buccal swab sample
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Figure 4.50: Final allelic discrimination test, 2 step, homozygous C, C probe
Solid blue line represents positive control, solid black line represents NTC, long-
dashed green line represents hair sample, short-dashed yellow line represents
saliva sample, dotted red line represents buccal swab sample
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4.6: Design of new MB

4.6.1: Software predictions and theoretical design

The false positive results from the homozygous C/C sample prompted the
need for a higher-dissociating MB. Since 48°C is the highest the current beacons
can be used, and this is an extremely low temperature for PCR, many nonspecific
fragments were produced. This can be seen in Figure 4.21: Melt analysis of qPCR
comparison of REV100 and REV158 primers after 48°C annealing. The identities
of the nonspecific fragments are unknown, and could cause nonspecific
hybridization of the beacon. This nonspecific hybridization can cause false signal
generation.

A new MB was designed with a dissociation temperature of roughly 60°C,
the same annealing temperature of the current primers. This closer match ensures
better compatibility. In order to do this, the probe region was selected first. This
was extended to 34 bp from the original 21 bp. This additional length of the probe
region allows the beacon to remain hybridized and stable at increased temperatures.
The predicted temperature is 58.0°C, with the data of the probe region shown as
Figure 4.51.

The thermal profile of the current MBs, Figure 4.2 and Figure 4.3, shows
that the current stem design would not exhibit effective quenching at the desired
annealing temperature; additionally, the stem sequence was about half-
complementary as seen in Figure 3.2 and Figure 3.3, which would greatly reduce
the thermodynamic competition of the stem formation. A new stem was designed
to correct for this. Upon stem design, however, Oligo7 predicted that the probe
region would become self-complementary. The additional bases forming a stem

places complementary nucleotides in the probe domain in proximity such that they
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are capable of weakly associating. This weak association is actually beneficial in
this case, as it increases the thermodynamic competition of the stem, further aiding
SNP discrimination. With SNP discrimination, as discussed in 2.12.4: SNP
Profiling, there is an increased requirement for competition due to the similarity of
the alleles. An image of the secondary structures and their respective predicted Tm
values is shown as Figure 4.52.

With the probe and stem sequences designed, the entire beacon was checked
with nBLAST and found to have an expect value of 10%, with the next closest
expect value being 2.5. This means the probe is extremely specific to the target
sequence, and chances of random alignment in any other known genome is

negligible. The alignment for the new MB is shown as Figure 4.53.
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Figure 4.51: Prediction of Ty and secondary structure formation of new C probe,
Oligo7

This figure depicts the probe segment only of the newly designed MB and its
theoretical Tv. This also shows that there are no predicted secondary structures
formed by the probe sequence.
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Figure 4.52: Predicted secondary structures of new C MB with stem, Oligo7
This figure shows the sequence and predicted secondary hairpin structures formed

by the full MB with the stem included. The resulting stem melting temperatures are
also predicted.
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Figure 4.53: Alignment of new C MB, stem included, with FORI100 and REV158

primers

Letters represent one letter abbreviations for DNA bases. Bases with colored blocks
match the target sequence; letters without blocks do not match target sequence.
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4.6.2: Thermal profile and initial testing of new MB

Due to the inherent cost of MBs, only one of the two targets was designed
and ordered for initial testing. Complementary oligonucleotides and the new MB
were ordered from Sigma Life Science (Missouri, USA). The complementary
oligonucleotides were 50 bp, with one an exact match and another matching the
opposite allele. These were ordered as 50 bp of the target sequence in order to fully
cover the stem and simulate as best as possible the performance when in contact
with the amplicon, as the new MB has a total length of 48 bp, stem and probe
included. The thermal profile was generated using 1.000 uM MB, 10.00 uM
complementary (or mismatch) strand, in 8.00 mM Tris-HCIl, 280 nM MgCl, pH
8.0. The resulting thermal profile is shown as Figure 4.54.

An initial verification assay was tested upon determination of the thermal
profile of the new MB. The thermal profile showed the lowest normalized
fluorescence of a mismatch strand at between 60-65°C, with 65°C being essentially
zero normalized fluorescence. The annealing temperature of the primer set is
known to perform well up to 63.7°C, as seen in Figure 4.19: Gel electrophoresis
image of REV158 primer annealing temperature gradient. With this in mind, the
assay was tested at 60°C for performance under verification conditions. This assay
used a standard 90 second cycling profile, a known homozygous C/C sample to
screen for amplification, a known homozygous T/T sample to screen for
nonspecific signal generation, and an NTC to screen for contamination and random
coil formation resulting in signal in the absence of any DNA. This is shown as
Figure 4.55. All DNA samples were purified using BioLine’s Isolate II Genomic

Purification Kit prior to analysis.

129



Application of Molecular Beacons to Direct Forensic Samples

0.8

0.6

0.4

Normalized RFU

0.2

e

25 30 35 40 45 50 55 60 65 70 75 80 85 90
Temperature (°C)

0

Figure 4.54: Thermal profile comparison, new MB and original C probe

Blue line represents new MB with complementary strand, orange line represents
new MB with mismatch strand, grey line represents original C probe and
complementary strand, black line represents original C probe and mismatch
strand.
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Figure 4.55: Initial verification of new MB, standard conditions
Blue line represents homozygous C/C sample, orange line represents homozygous
T/T sample, black line represents NTC.
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CHAPTER 5: DISCUSSION

5.1: Introduction

This chapter discusses results of the project. The results are explained in
detail, along with their implications. As described in Chapter 1: Introduction, the
specific aims of this project were to develop a protocol capable of allelic
discrimination using MBs, apply that protocol in an unpurified, direct PCR format,
and optimize the protocol such that its time is as short as possible without
compromising results. The project was divided methodically, so as to ensure

SUCCesS.

5.2: Phase I: Verification of amplification and detection

5.2.1: Verification of FOR100 and REV100 primers

Verification of amplification using direct samples for the first set of primers
was crucial. This ensured the PCR was amplifying DNA, and provided a means to
ensure the PCR fragment was the expected size. The FOR100/REV100 primer set
produces a 100 bp fragment, and as Figure 4.18 shows, all samples were amplified
using a direct protocol under verification conditions. The NTC did not show a 100
bp fragment, confirming a lack of contamination. All lanes showed amplification
at roughly 50 bp, confirming the presence of unintended PCR products.

The REV100 primer actually overlaps the stem portion of the MBs used in
this assay, causing the formation of a dimer. It is unclear exactly what the fragment
at 50 bp is, but it is clear that this is an erroneous, unintended product as it is show
in the NTC as well. Identification of nonspecific fragments could be confirmed by

mass spectrum or RFLP analysis, but is unnecessary. Instead, this necessitated the
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development of an additional reverse primer to pair with the existing FOR100
primer. While the gel image is not enough to confirm the exact identity of the
unintended fragment, subsequent false-positives in the real-time PCR were
attributed to the primer annealing to the MBs.

This nonspecific priming is also indicative of inefficiency in priming, which
can result in PCR inhibition and a reduction of overall efficiency. The reduction of
overall PCR efficiency would cause increased Cr values, leading to problems with
low copy number (LCN) samples. The development of a primer positioned such
that the MB has no contact with no guanine residues within 3 bp of the 5’ end of

the MB allowed an increased PCR efficiency.

5.2.2: Thermal profile of MB probes

The thermal profile of the MB probes was determined prior to the study
(Fredericks, 2014). These profiles (shown as Figure 4.2: Thermal profile of MB
probes using C probe complement and Figure 4.3: Thermal profile of MB probes
using T probe complement) were generated using an assay consisting of the MB
and a fold excess of a synthetic oligonucleotide matching the target and extending
past the stem. The reaction vessel was then heated to melt any dimers and cooled
to 25°C, followed by slowly heating up to 90°C. The temperature was held constant
during signal acquisition. The assay measured the normalized fluorescence of each
probe when in contact with a target or non-target oligonucleotide in order to
simulate the mechanics of the probe when exposed to gDNA.

Referencing Figure 4.2, the normalized fluorescence of the C probe is much
higher than the T probe, because the C complement was used in the assay. This is
expected, as hybridization is greatly reduced in the presence of a non-target. A

similar trend is seen in Figure 4.3, as the T probe shows higher fluorescence than
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the C probe when using the T complement. These curves were used to identify an
optimal annealing temperature for the cycle. At roughly 48°C, there is a large
relative difference in fluorescence in both assays. The MB and non-target
oligonucleotide show fluorescence at a similar temperature to the control. This
shows that at 48°C, the probes will selectively anneal. Selective annealing prevents
non-target signal generation. This temperature is still low enough such that the
probes will anneal to their targets, enabling signal generation. This temperature,
48°C, is extremely low for an annealing temperature in a PCR. This can cause non-
specific priming, leading to greatly reduced PCR efficiency and signal generation.
For the sake of this study, this pair of MBs is sufficient, but an improved set is

necessary for future studies.

5.2.3: Verification of MB assay

It was important to verify the performance of the MBs individually before
testing in conjunction with each other. Depending on the intensity of the signal,
spectral overlap between the fluorophores can cause signal carryover; this artifact
produces a seemingly positive response to a negative sample due to the intensity of
a fluorophore at the detection wavelength. Given the emission spectrum of FAM,
there is a possibility of significant emission at 555 nm, despite its 520 nm Amax. If
significant emission occurs at that wavelength, the instrument will not be able to
differentiate signal due to a FAM-labeled probe from that of a HEX-labeled probe,
preventing allelic discrimination. In this case, a homozygote could appear
heterozygous. The primary goal of this verification assay was to ensure the proper
fluorophore was conjugated to the probe and the probes were performing
adequately, i.e. efficient quenching and limited noise due to overlap. Referencing

Figure 4.4 through Figure 4.7, positive controls responded only at the desired
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wavelength, with only marginal response from negative controls at any wavelength.
This validates the performance of the MBs separately, and allowed studying the
MB pair in a multiplex format.

Once verified as working correctly, the MBs were tested in a probe
multiplex format. The stems of these probes were identical, which may cause
nonspecific expansion of the probes resulting in increased noise. As seen in Figure
4.8 and Figure 4.9, however, no increased noise was observed. The data supports a
lack of increased noise or false positives. The negative control still did not show
any signal, while the positive control responded on both channels. This response is
expected, as the positive control is heterozygous. A heterozygous control was used

to ensure both MBs were working.

5.2.4: Screening of genotypes

The MBs had been validated with a heterozygous sample, but no
homozygous samples had yet been tested. Samples were tested from a number of
consenting, college-age adults for genotypes for further use in the study according
to the IRB for the study (IRB 16-033). This also allowed the investigation of the
ability of this MB pair to discriminate profiles in real time. Three individuals were
identified as research subjects for the study, with one each as a homozygous C/C,
heterozygous C/T, and homozygous T/T. As shown in Figure 4.10 and Figure 4.11,
the MB pair is capable of discriminating genotypes in real-time from purified DNA
samples in a standard 90 second cycling profile. This discrimination is confirmed
through corresponding positive and negative signal generation in the presence of
respective genotypes. Homozygosity was confirmed upon the observation of
significant signal from one MB, with no response from the other. Significant signal

is defined as a resulting signal, after normalization, at least three times the
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maximum of the background. The background is the average of the normalized
fluorescence of the first 15 cycles, prior to the takeoff point. These profiles used
were noted, and the same individuals agreed to participate in the study. Individuals

donated samples as requested, per IRB 16-033.

5.2.5: Summary of verification and detection

Multiple assays were performed in order to ensure all components were
performing as intended. This phase of the project did not so much accomplish novel
work as it did lay the foundation for testing a novel application. The primers were
tested first; without working primers, no amplification can occur. Amplification is
essential for signal generation, so primers are the most crucial component of the
assay. The thermal profile of the MBs were generated in order to determine the
optimal detection temperature, which was used as the annealing temperature of the
PCR cycling. This data was then used to develop an initial assay for the screening

of genotypes. Genotypes can be confirmed through Sanger sequencing.

5.3: Phase II: Comparison and selection of PCR master mix

5.3.1: Kits considered

As discussed in 2.11: Challenges of Direct PCR, there are many obstacles
when using direct PCR. Specialized kits have been commercially developed for
direct PCR, however these are only for amplification. These kits are not designed
with any optical considerations. Real-time applications are generally avoided with
direct PCR. Real-time PCR tends to be quantitative in nature, and consistent results

with low standard deviation would be extremely difficult to obtain when used in a
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direct format, given the concentration of inhibitors. The project took care to

investigate many different kits before selecting a final kit for further investigation.

5.3.2: ThermoScientific Phusion kits

The complexity of direct PCR made the use of the Phusion kits an attractive
option. These kits are engineered to successfully amplify direct samples with high
fidelity. This allows the reliable amplification of even the most challenging
samples, such as blood. The fidelity of these kits is due to their exonuclease activity.
Exonucleases are enzymes which are capable of recognizing a base-base mismatch
in a sequence and cleave the terminal base of the nascent strand. In the Phusion
kits, the polymerase employed has innate exonuclease activity.

The annealing phase of the PCR cycle is used to hybridize the primers and
probes to the template strand, and allow the polymerase to coordinate with the
hybrids. It is then conceivable that, upon probe hybridization, a polymerase can
coordinate with the MB-DNA hybrid and begin proofreading before polymerizing.
Once the exonuclease domain reaches the stem—which is non-complementary to
the target—the exonuclease will recognize a base-base mismatch.

The likely cause of incompatibility, then, is the cleavage of either the
terminal nucleic acid of the stem along with the reporter or quencher, or cleavage
of only the reporter or quencher. As seen in Figure 4.12: MB assay, T probe,
Phusion kit and Figure 4.13: MB assay, C probe, Phusion kit, there is significant
signal increase with each cycle. This rapid signal increase is likely due to the
cleavage of one of the dyes, located at the termini of the MB. The polymerase is
causing the MB to behave more like a TagMan probe by destroying the MB during

the assay. In MB assays, though, it is imperative that the MB remain intact. Thus,
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the Phusion kits are incompatible with the project, which relies solely on MB

assays.

5.3.3: Roche LightCycler 480 and BioLine SensiFAST comparison

5.3.3.1: Crvalues

The most reliable method of comparing the sensitivity of two kits is the
comparison of Ct values. This method relies on using a serial dilution of DNA
concentration, typically determined through the use of a Nanodrop 2000—a
specialized UV-Vis spectrometer. The Cr values are inversely related to the initial
DNA concentration; as DNA concentration decreases, Ct increases. This is because
it takes more cycles to replicate the smaller DNA concentration such that it is in
roughly equivalent concentration to the MBs. When comparing Kits, it is crucial to
ensure replicate samples are used, and the samples are consistent. Variations in
concentrations can easily skew results. Results obtained from the analysis of
serially diluted samples enables the software to calculate the threshold of the data
and produce a table of Cr values for the entire set.

Referencing Table 4.1: Average CT Values, Comparison of Roche and
BioLine kits, the BioLine kit consistently had lower Cr values, indicating increased
sensitivity over the Roche kit selected. Upon averaging replicate samples, the data
showed significant differences between kits, with the BioLine kits performing
roughly 5 cycles faster than the Roche kit. The BioLine kit is optimized to work on
multiple instruments, while the Roche kit is designed specifically with the
LightCycler instrument in mind. Thus, the Roche kit may be less suited for more

conventional fluorometric thermocyclers.
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5.3.3.2: Reliability comparison

Observation of the assay performance beyond Crt values is important as
well. While Cr is the most reliable means of comparison, it is also important to test
LOD and observe effects of LCN samples. Referencing Figure 4.14: Sensitivity
comparison, Roche kit, T probe and Figure 4.15: Sensitivity comparison, Roche kit,
C probe, note that Figure 4.15 does not show amplification at 2.5 ng/reaction. These
reactions were performed with the same DNA source, a known heterozygote. The
assay must be able to reliably report the genotype, a task which becomes
increasingly difficult as the sample concentration decreases. A known issue with
LCN samples is allelic dropout—an artifact caused by early, preferential
amplification of one allele, leaving the other allele in such low concentration at later
cycles that it is unable to be detected. Given that the BioLine kit did not exhibit
allelic dropout at any concentration studied, while the Roche kit exhibited it as low
as 0.25 ng/reaction, the BioLine kit is more reliable than the Roche for LCN

samples.

5.3.4: Summary of kit comparison and selection

The Phusion kits are incompatible with MB assays even under purified
conditions; without the use of a different polymerase, or the same polymerase
without an exonuclease domain, these kits cannot be used to gain reliable data for
this project. The Roche LightCycler 480 Probes Master was less sensitive and less
reliable than the BioLine SensiFAST Probes Master. Ultimately, the BioLine
SensiFAST Probes Master proved to be the most compatible with the assays

performed.
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5.4: Phase III: Direct MB-PCR assay development

5.4.1: Verification of amplification under direct conditions

The components of the project had been tested extensively up to this point.
The primers, MBs, genotypes of samples, and kits were subjected to rigorous
validation. Even with all of the validation work done, however, no data had been
collected on the ability of the MBs to generate a profile without a DNA purification
step. Thus, the third and final phase of the project began much like the initial steps
of the project: standard PCR without real-time data generation, followed by gel
electrophoresis for confirmation of amplification. Gel electrophoresis not only
confirms the presence of DNA in a large quantity, but also estimates the produced
amplicon size for comparison to the expected size. The fragment size expected was
100 bp, which is confirmed by Figure 4.18: Gel electrophoresis of direct PCR
fragments, after amplification. The positive control, Lane 2, was performed with
control gDNA and was known to work through confirmation in 5.2.1: Verification
of FOR100 and REV100 primers above, and shows an amplified band at 100 bp.
The direct sample lanes show the same band, confirming amplification of the
correct locus.

All lanes, including the NTC, showed nonspecific amplification. This is
highly undesirable in a MB assay, especially in a direct format. A direct sample is
difficult to amplify on its own; nonspecific annealing will produce fragments which
cannot be identified by the MBs in the assay, thus significantly lowering the
sensitivity of the assay. Some fragments may complement the stem, leading to
nontarget annealing and separation of the DAP, resulting in increased noise and a
reduced SNR. An efficient primer does not show nonspecific annealing at the

assay’s operating temperature; since the gel shown in Figure 4.1 does show
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nonspecific annealing, this is an inefficient primer at this temperature. The optimal
annealing temperature of the MBs is 48°C, which explains the nonspecific
annealing; however, a more efficient primer was necessary for this assay to

continue.

5.4.2: Design of new primer set

The new primer was designed such that the fragment size shifted from 100
bp to 158 bp, and was named accordingly: REV158. This primer was first verified
alongside the REV100 primer for comparison. The priming site was selected for its
distance from the MB locus. The primer and MB should not overlap in an
alignment. Complementary overlap can cause nontarget signal generation. The

alignment is shown as Figure 3.3.

5.4.3: Comparison of new primer set

As shown in Figure 4.20, the REV100 samples both showed weak
amplification bands at roughly 50 bp, whereas neither of the REV158 samples
showed nonspecific amplification. The fragment size runs slightly smaller than 200
bp, confirming its approximate size. Note that this does not confirm the exact,
intended sequence is amplified; this technique simply estimates the amplicon size
is approximately correct, compared to what is theoretically expected. However, it
can be reasonably assumed to be the correct fragment after development methods
such as BLAST are taken into account. This primer set was tested virtually using
NCBI’s BLAST online tool to ensure specificity prior to ordering. Since specificity

was confirmed computationally, and the fragment size is approximately the same
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as what is expected, reasonable assurance of functionality and specificity of the
primer set were demonstrated.

After it was confirmed that REV158 was a more efficient primer, it was
subjected to DPCR testing. Since the then-current DPCR-MB protocol required a
48°C annealing temperature, the PCR was carried out using the verification
protocol in Section Error! Reference source not found.Error! Reference source
not found. with the sample preparation methods described in Appendix C:
Summary of Sample Preparation. An image of the subsequent gel electrophoresis
is shown as Figure 4.23. This image shows amplification of the correct fragment
sizes in a purified control, unpurified hair, saliva, and buccal swab samples.
Amplification did not occur in blood samples. The original FOR100/REV100 direct
amplification verification was done with Roche’s LightCycler™ 480 Probes Master
as a kit, while this amplification was carried out using BioLine’s SensiFAST™
Probes Master. The difference in results can be attributed to a difference in
polymerase, rather than primers. Blood presents a considerable challenge to direct
amplification of DNA, given the amounts and varieties of inhibitors present. As
such, the polymerase in BioLine’s SensiFAST™ Probes Master is likely not as
robust as that contained in the Roche LightCycler™ 480 Probes Master.

Nonspecific products were noted in the verification of amplification for this
gel. Nonspecific products reduce the PCR efficiency and must be eliminated as
much as possible. Since a DPCR protocol contains inherent PCR inhibitors, further
inhibition and reduction in efficiency is unacceptable in a MB-DPCR assay. The
longer nonspecific fragments can be reduced by simply reducing the
annealing/extension times as smaller PCR fragments will be preferentially
amplified. Nonspecific fragments smaller than the intended amplicon will be

increased, however, and as such an appropriate temperature and time combination
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must be used. Additionally, no dimer formation was observed in the REV158

primer set due to the absence of nonspecific fragments.

5.4.4: Analysis of primers in real-time using melt analysis

Referencing Figure 4.21: Melt analysis of qPCR comparison of REV100
and REV158 primers after 48°C annealing, there are many peaks in the real-time
melt assay of both primer sets at 48°C. These peaks are each indicative of a different
fragment size produced. Since each fragment size will melt at a different
temperature based on length and composition, the nonspecificity of both primers
can be confirmed at this temperature. At 58°C, however, only one PCR fragment is
observed in each reaction (Figure 4.22: Melt analysis of qPCR comparison of
REV100 and REV158 primers after 58°C annealing). It is also clear that more
product was made using the REV158 primer when compared to the REV100
primer. Since the first derivative plot shows a higher maximum for REV158, the
resulting product is in higher abundance than for the reaction utilizing REV100.
This is expected, as REV100 is known to form dimers, while REV158 is not. Dimer
formation of the primer will result in lower overall PCR efficiency, thus producing
less of the desired amplicon given the same conditions. As such, REV158 was
selected as the primer for the remainder of the study. The use of a minor-groove
adsorbing dye such as SYBR Green I is necessary for this assay, as its first
derivative plot will change based on fragment size, whereas that of a MB assay will

not.
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5.4.5: Verification of direct amplification using REV158

Once selected, the primer had to be verified as working with the samples
intended. This was accomplished through standard PCR utilizing a 90 second
cycling profile followed by gel electrophoresis of the resulting amplicon in a 2%
agarose, 0.05% ethidium bromide gel shown as Figure 4.23: Verification of
amplification of direct samples using REV158 primer. This verification was done
after the change in kit to BioLine’s SensiFAST Probes Master. As such, the lack of
amplification in the blood lane is due to this kit’s inability to amplify a blood
sample, not the primer itself. All other samples were amplified successfully and at

the desired fragment size.

5.4.6: Assay optimization

Traditionally, PCR contains 3 steps within the cycle, each taking 30 seconds
upon reaching the specified hold temperature. While optimization of PCR kits and
polymerases for amplification only or with SYBR Green I has allowed the use of a
2 step method, this is not the case with MB probes. A thorough literature review
did not produce any articles in which a 2 step method was used for MB assays. By
using a 2 step method for MB PCR assays, time from sample preparation to results
can be significantly reduced, further satisfying the goals of the project.

In order to develop a 2 step MB PCR assay, the extension time of the cycle
was reduced incrementally over the course of multiple experiments. Initially, an
experiment using all three steps for 30 seconds each was performed as a baseline
from which to judge performance of subsequent assays. Extension times were then
reduced by 5-10 seconds each experiment until the extension step was eliminated

completely. For comparison, Figure 4.24 shows the initial baseline and Figure 4.27
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shows the results of an experiment without an extension step. These experiments
were performed using only positive and negative controls to minimize matrix
effects induced by direct samples. As can be seen in Figure 4.27, purified genomic
DNA at an initial concentration of 20 ng in the reaction vessel was successfully
amplified with a corresponding signal. With positive results, it was determined that,
under purified conditions, it is possible to use MB PCR assays in only 2 steps, thus
eliminating a substantial amount of time.

Optimization continued with the denaturation step. Since this step is
independent of polymerization and hybridization, the time necessary to denature
the strands is determined solely by the kinetics of breaking DNA hydrogen bonds
at 95°C. This is expected to be an extremely fast step, and many commercial
standard and qPCR kits cite 5 seconds to be sufficient for the separation of DNA
strands. Assays were designed with 5 seconds as the goal, but done in a sequential
manner to check for performance drop-off. Assays with a 30, 15, 10, and 5 second
denaturation time were performed without an extension step, and using a 30 second
annealing step. These are shown as Figure 4.27, Figure 4.28, Figure 4.29, and
Figure 4.30, respectively. There is no significant reduction in assay performance
using a 5 second denaturation without extension when compared to the baseline in
Figure 4.24. Cr values are not increased, and the spectra all show exponential
growth in positive controls and no growth in negative controls.

Without an extension step, polymerization of nascent DNA must occur
during the annealing step. It was therefore unlikely that a reduction in the annealing
step would be possible, especially with using 48°C as the annealing temperature.
Since the enzyme’s optimal polymerization temperature is 72°C, this reduction in
temperature would correspond to a reduction in enzyme efficiency. An assay was

tested using a 5 second denaturation step, 15 second annealing step, and no
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extension step as shown in Figure 4.31; this assay performed just as well as the
other assays in spite of the expected reduction in enzyme efficiency when
comparing the spectra and Cr values.

A verification run was performed using FOR100/REV 158 primer set and a
series dilution from 20 ng to 0.25 ng of control gDNA per reaction. The results in
Figure 4.34 and Figure 4.33 show successful amplification under control, genomic
conditions with sensitivity to 0.25 ng per reaction. The assay was then tested using
20 ng of control, genomic DNA in the previously optimized assay. The results of
this 2 step protocol are shown as Figure 4.33 and Figure 4.34. A 2-step sensitivity
test was then performed from 10 ng to 0.1 ng of control gDNA per reaction. No
assay was performed using 20 ng in the sensitivity testing, as 20 ng had already
been verified as working in the initial 2 step testing for this kit. The results for this
assay are shown as Figure 4.35 and Figure 4.36.

Testing for amplification of direct samples was done in two phases:
verification conditions and optimized conditions. Figure 4.41 and Figure 4.42 show
the testing of a known homozygous T sample on the two probes under verification
conditions. In Figure 4.42, representing the C allele of the SNP, amplification of
signal is seen only in the positive control sample, which is a known heterozygote.
By contrast, Figure 4.41, representing the T allele of the SNP, shows amplification
in all samples except the NTC as expected.

Optimization of the MB concentration was the last step in optimization. As
is the case with most nucleic acid sequence analysis, reagents are inherently
expensive. The purpose of this project, as laid out in Chapter 1: , is to develop a
method which is time- and cost-efficient for prescreening DNA samples. Thus, the
lowest reagent concentration capable of eliciting a reliable, selective, and sensitive

response is preferable.
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5.4.7: Buffer development

Over the course of the project, false positive results occurred. This
necessitated the development of an alternate sample preparation buffer. Since this
buffer is added to the reaction, it is important to ensure it is compatible and will not
cause undue changes in the analytical matrix. As qPCR has an inherently complex
matrix, the sample preparation matrix should contain only components which are
already present in the PCR matrix in order to minimize any additional matrix
effects. This complex matrix affords a number of components from which to select
a component already present, thus further reducing the probability of matrix
interferences.

Water was initially used to incubate samples and as a solvent for DNA;
water’s lack of a buffering capacity was thought to be the cause of the false
positives. Changes in pH can cause anomalies in the analytical matrix, leading to
false positives. Most qPCR buffers contain TE as the bulk of the solution. The
addition of water to the qPCR master mix, effectively diluting it, reduced the
buffering capacity to the point that pH was affected. No pH measurement
instruments on this scale were available, and the collection solution was changed
to TE. The TE buffer, while slightly more reliable, still produced false positives.
The addition of EDTA was considered, as it sequesters ions in solution, and reduced
effective 1ion concentration would cause issues with hybridization of MBs.

The final approach was to use a 1X TE buffer, diluted with a Tris-HCI buffer
at the same pH by a factor of 10. This allowed for the same buffering capacity since
the pH and concentration of Tris were constant, while still diluting the EDTA. The
presence of EDTA is advantageous, as cells contain enzymes which can digest
DNA; these enzymes require metal cations as cofactors, however, and EDTA is

able to sequester these cofactors and deactivate the enzymes capable of DNA
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degradation. It is expected that the concentration of these ions in the cell, and the
concentration of cells in solution, is low enough such that 1 mM EDTA in the
incubation buffer is sufficient to sequester these ions without causing matrix effects
in the qPCR.

As can be seen in Figure 4.38, false positive results are present using a
standard 1X TE buffer. However, Figure 4.40 does not show a false positive result.
A small exponential growth phase is visible, but does not rise appreciably above
the background and is not indicative of a positive result for this allele. Figure 4.38
shows the results using 1X TE, while shows results using 0.1X TE. These data are
produced from an experiment using a known, purified heterozygous control and a
T homozygous sample, with an NTC using NFW instead of template. As such, the
positive control should show signal response with respect to both probes, while the
samples should show signal response with respect to the 2 1tSNP69 probe only, and
none with respect to the 21cSNP69 probe. This modified TE buffer was used for

sample incubation throughout the project after development.

5.5: Phase IV: Allelic discrimination using MB-PCR assays

5.5.1: Discrimination based on a 3-step format

After all verification was completed and the target assay developed, test
samples were analyzed in conjunction with the direct PCR format. First, a known
homozygous T/T sample was examined in order to screen for any issues with MB-
DPCR reactions. This was done through standard 90 second cycling in order to
ensure the primers and beacons had sufficient time to anneal and the polymerase
sufficient time to synthesize nascent strands. As shown in Figure 4.41 and Figure

4.42, the T/T sample was successfully amplified and correctly genotyped based on
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the exponential growth from the T probe’s spectrum, and linear response in the C
probe’s spectrum. The three major sample types—hair, saliva, and buccal swabs—
were tested, with each being correctly genotyped. With successful identification of
a homozygous sample in a direct format under standard conditions, it was
hypothesized that the assay could generate reliable profiles for all three genotypes

in an accelerated, 2-step format.

5.5.2: Discrimination based on a 2-step format

The prior success led to the testing of the same homozygous T/T sample
under the optimized conditions. Again, only a homozygous T/T sample was tested
initially. Figure 4.43 and Figure 4.44 show successful amplification and
identification of this homozygous T/T sample using a 5 second denaturation phase,
30 second annealing phase profile for 35 cycles. All three sample types were tested
and correctly genotyped. This demonstrates the assay’s ability to discriminate
genotypes under the accelerated conditions.

The assay was then tested for the discrimination of all genotypes. Figure
4.45 through Figure 4.50 shows all samples tested with the accelerated conditions.
Beginning with Figure 4.45 and Figure 4.46, the homozygous T/T samples were
tested alongside all others. The successful amplification of this genotype from the
previous experiment was confirmed. All samples from this genotype were correctly
identified with strong signal generation for the T probe with none for the C probe,
and thus unremarkable.

The heterozygous samples, Figure 4.47 and Figure 4.48, were also correctly
identified. The heterozygous saliva and hair samples showed strong signal
generation in both C and T probes. The buccal swab samples did not show strong

signal generation; they were still distinguishable from the NTC, but would require
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replicate testing in order to conclusively define the genotype. This is likely due to
a low quantity of DNA recovered from the swab. If the participant does not swab
well, a low cell count will be obtained resulting in low DNA quantity. If possible,
the sample should be screened with the Nanodrop to ensure sufficient quantity is
added to the reaction, above the LOD. Ideally, multiple swabs from the same
individual could be collected.

The analysis of the homozygous C/C samples, Figure 4.49 and Figure 4.50,
was less successful. The buccal swab sample performed as expected; strong signal
was generated from the C probe, while no distinguishable signal was generated
from the T probe. The saliva and hair samples, though, showed strong signal as a
heterozygote. The most likely cause is the extremely low annealing temperature of
the assay. The same individual was asked to donate additional samples for study,
with the same results. Contamination is unlikely, as the NTC is performing as
expected, and replicate results occurred on separate days. A new MB was designed

with a higher dissociation temperature in response to this.

5.6: Development of new MB

5.6.1: Software predictions and theoretical design

Since the NTC samples performed without amplification, it was expected
that the false positives—even after the development of a new buffer and use of a
new primer—could be attributed to the extremely low temperature of the annealing
phase in the assay. Most PCR applications use an annealing temperature of around
60°C; an annealing temperature so low as 48°C will have nonspecific annealing of
primers especially, and possibly even the MBs themselves. To correct this issue, a

new MB was designed for continued study. The newly designed beacon was
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extended to 34 bp from 21 bp, allowing for stable hybrid formation at a significantly
increased temperature of 58.0°C. The stem was designed with a dissociation
temperature of 62.8°C. The stem must have a higher dissociation temperature than
the probe, as it must compete with mismatch hybrid formation. The nBLAST and
BioEdit alignment data suggest high specificity for the intended target. The
secondary structure data suggests efficient thermodynamic competition. With this
in mind, the probe and its complementary and mismatch oligonucleotides were
ordered. The probe annealing temperature prediction is shown in Figure 4.51, with
the full analysis of the MB shown as Figure 4.52. The BioEdit alignment data with
both primers is shown as Figure 4.53. The predicted temperatures fall within the
ranges necessary for the existing assay. The stem melting temperature is higher than
the probe melting temperature, and the probe Tw is at 58.0°C, which is much more

compatible with PCR.

5.6.2: Thermal profile and initial testing of new MB

The first step of validating a new MB is to generate its thermal profile. The
in silico data gives a great insight as to the theoretical predictions, but those
predictions are based on different generalized algorithms and averages; each
oligonucleotide will differ slightly from these predictions under various conditions
such as salt, BSA, and dNTP concentrations. As such, the thermal profile is
necessary for each MB in the presence of each genotype is necessary. This process
took place as before, during Phase 1. The assays consisted of 1.000 uM MB, 10.00
UM complementary (or mismatch) strand, in 8.00 mM Tris-HCI, 280 nM MgCl,,
pH 8.0. The assay was held at 95°C for two minutes to dissociate any dimers and
secondary structures, cooled to 55°C for two minutes to anneal the MB to the

oligonucleotides, and cooled again to 25°C. Once cooled to 25°C, the assay was
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held for 30 seconds before signal acquisition, then heated 1°C and repeated until a
final temperature of 90°C.

The resulting fluorescence was normalized to unity and plotted as a function
of temperature, shown as Figure 4.54. Both the new and original MBs were tested
for comparison. The new MB exhibited markedly increased signal generation, with
hybrid formation stable and specific between 60-68°C. Specificity was determined
by the difference in match vs. mismatch fluorescence at the given temperatures;
since the mismatch showed almost no fluorescence, while the match showed
comparatively high fluorescence, the probe is specific over this temperature range.
This matches well with the thermal profile of the primer set FOR100/REV158, as
shown in Figure 4.19. The thermal profile of the primer set obtained via annealing
temperature gradient suggests that the ideal temperature for the assay now lies
above 60°C. The primer set does not show nonspecific annealing at or above 61.7°C
based on the gel shown in Figure 4.19, and the probe hybrid is stable and highly
specific at this temperature. This suggests greatly increased PCR efficiency and
identification when compared to the current assay.

The thermal profile only tests a synthetic oligonucleotide, and not genomic
DNA. The next step in validation of the new MB was to test the MB with a known
homozygous C/C and homozygous T/T sample for performance under purified
genomic conditions. This was done using a standard 90 second cycling profile at
60.0°C. Initial testing was performed at a lower annealing temperature than target
in order to screen for nonspecific annealing to genomic DNA; nontarget hybrid
formation is more preferable at a lower temperature due to thermodynamic
considerations of base-base mismatching as discussed in 2.7: Thermodynamic basis
for allelic discrimination. The resulting data is shown in Figure 4.55: Initial

verification of new MB, standard conditions. This data shows clear amplification
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and identification under genomic, purified conditions for the intended homozygous
C/C target, with no exponential signal generated for the homozygous T/T sample
or NTC. This is the expected outcome, as this probe was designed for specificity to
the C allele. Future assays should test this MB under direct conditions in the same
format for performance; if performance of this MB is maintained under direct, 2-
step conditions, the accompanying MB targeted for the T allele should be ordered

and investigated as a pair for direct genotyping in real-time, continuing this project.

5.7: Limitations of methods

It is important to note that the use of MBs in a direct PCR format for allelic
discrimination does have limitations. It should not be considered a replacement to
current industry-standard practices. This technique, while capable of successfully
genotyping individuals, does not have the level of reliability of STR profiling.
Further, it has not been tested in a true multiplex format. Only one locus was
examined in this study. As such, no conclusions can be made about the success of
genotyping an individual sample at more than one locus simultaneously. If this
technique cannot be adapted to a multiplex, it may become prohibitively expensive
for a preliminary screening.

It 1s also important to note that the enzymes in the kits used in this project
were not designed with DPCR as an end-use. While still successful in amplifying
the fragments, a different enzyme may perform at a better or worse rate, thus
affecting the success rate of genotyping. The reaction mixture should be optimized
similar to that of a commercial DPCR Kkit, as the analytical matrix will be affected
by the presence of PCR inhibitors, many of which have not been studied for their

effects on MB-PCR assays. As not much is known about the effects of these
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inhibitors on the MB conformational changes, care should be taken when
interpreting results.

Finally, reliability studies were not performed in this project. No data was
collected about the intra-assay, intra-day, intra-investigator, or investigator-to-
investigator variability. Therefore, no empirical reliability can be attributed to this

assay. This was not within the scope of the project, but is important to note.

5.8: Future directions

The project, while considered complete, does have areas in which future
study should be conducted. Primarily, the next phase of the study shows promise
with these results. This next phase is the incorporation of InDel-targeted MB-DPCR
assays. As SNPs have been successfully genotyped, InDels should prove a much
more reliable target with a higher success rate. This proof-in-concept supports
further study.

Another important future direction is the study of the assay reliability. This
assay, while quite frequently successful, was not studied with empirical variability
in mind. Rather, this was designed as a more qualitative investigation into the
viability of this technique. Nothing can currently be said about its success rate, false
positives, or false negatives; also, as only one investigator performed all assays,
there should be a study into the success rate between investigators.

A critical follow-up is the development of a kit which is specific to MB-
DPCR assays. While many polymerases have been designed for DPCR assays, and
are commercially available, most contain endo- or exo-nuclease activity as a
mechanism for correcting erroneous polymerization due to PCR inhibitors and a
more complex analytical matrix. These enzymes, however, are incompatible with

MB chemistry, as any endo- or exo-nuclease activity will cleave the quencher,
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reporter, or both from the oligonucleotide, resulting in null data. Standard PCR or
qPCR kits are not designed with these inhibitors in mind, and thus do not contain
agents which can help alleviate this inhibition to PCR efficiency or MB
conformational changes. Thus, a new type of kit should be developed in order to
correct for this deficiency. Adjusting the BSA, dNTP, and salt concentrations
should be the first step in the development of a new kit. Finally, the development
of a Pyrococcus furiosus-like (Pfu) polymerase without an exonuclease domain
could potentially allow functionality with more difficult samples, such as blood, as

Pfu-based enzymes are currently in use for direct PCR Kits.
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CHAPTER 6: CONCLUSIONS

6.1: Introduction

The specific objectives of this project, per 1.5: Aim and scope of the project,
were to verify primer functionality, develop a thermal profile of the MBs, verify a
working MB assay, screen for genotypes needed for the project, test various PCR
master mixes for compatibility, develop a working MB-DPCR assay, and optimize
the MB-DPCR assay. Phase I of the project was centered around verifying the
primer functionality and developing the MB profiles and assay. Phase II focused
on selecting an appropriate PCR kit. Phase III was designed to determine the
suitability of sample types and develop the protocol, and developed a new primer.
Phase IV confirmed the viability of the assay and established the basis for future

work, and developed a new beacon for further testing.

6.2: Conclusion of Phase I

Phase I was used to validate components and techniques in current
literature. Thermal lysis is a widely accepted technique for destroying cell
membranes and liberating genomic DNA from the nucleolus of a eukaryotic cell.
Most techniques for DNA extraction utilize enzymes such as Proteinase K;
however, since one of the major objectives is to use a direct sample, Proteinase K
is not an option. The use of Proteinase K without subsequent extraction would
destroy the polymerase after only a few cycles, resulting in no amplification.
Electroporation, another commonly used technique in biochemistry and molecular

biology for disrupting a cell membrane, would not be as efficient or user-friendly.
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Thermal lysis was chosen as it is capable of reliably destroying cell membranes and
liberating DNA.

This phase of the project was also necessary to validate the reaction
components. Care was taken to ensure methodical testing of the primer sets, thermal
profiles of the MBs, MBs for identification in an assay separately, MBs as a pair,
and to screen for potential candidates. This phase produced the foundation for the
subsequent work; without this phase, nothing would have been known to work.
Phase I also provided the purified DNA needed for controls in Phase III and Phase
Iv.

6.3: Conclusion of Phase 11

Phase II rigorously tested multiple kits for use in the project. While the
original kit used in Phase I was known to work with all components, it was
important to screen for the use of potential other kits as the Roche LightCycler 480
has not been tested in a direct PCR assay. The Phusion kits from ThermoScientific
were an extremely attractive option as they are designed for direct PCR with high
fidelity. The high fidelity of the kit is desirable, as mutations early in the cycling
can result in incorrect or failed genotyping. Additionally, they are designed with
direct PCR as an end-use, and minimal modification should be necessary.
Unfortunately, these kits are incompatible with MBs for the same reason they are
attractive: the fidelity of the polymerase is owed to its 3’-5° exonuclease domain,
which destroys the MB and prevents genotyping.

The Roche LightCycler 480 was then compared to the BioLine SensiFAST
Probes Master as a potential replacement. The BioLine kit was shown to have
improved sensitivity over the Roche kit, and selected in its place. Upon screening

for suitability of samples, however, the BioLine kit was unable to amplify a direct
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sample of blood in any tested concentrations. The improved sensitivity of the
BioLine kit was too important to trade for the amplification of this sample type, and
this sample type was excluded from further research in this project. This is a proof-
in-concept project, and blood proved to be too difficult a sample to amplify. Blood
was determined to be an ill-suited sample for initial study, and the remainder of the

project focused on hair, saliva, and buccal swab samples.

6.4: Conclusion of Phase 3

Phase III focused on novel method development. This phase took the
majority of the project. Amplification of direct samples was first verified using both
the Roche and BioLine kits. Observation of nonspecific priming led to the
development of a new primer, REV158, and its validation. The new primer
exhibited improved performance in comparison to REV100, and less nonspecific
priming. Some nonspecific priming was still observed, given the thermal profile of
the MBs and the assay design. Direct amplification of the intended three sample
types studied using REV 158 was successful, determined through standard PCR and
gel electrophoresis.

Assay optimization was crucial. The determination of an optimal annealing
temperature for the assay was determined through annealing temperature gradient
of the primers and thermal profile of the MBs. The assay required the use of an
extremely low 48.0°C annealing temperature due to the thermal profile of the MBs,
leading to nonspecific amplification. The thermocycle of the assay was optimized
stepwise and methodically through the determination of cycle threshold values.
Cycling as fast as a 1 second denaturation and 15 second annealing phase for 35
cycles was achieved under purified genomic conditions, with the complete

elimination of the extension step. This elimination of the extension step improves
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the time to results significantly, and is not currently documented in the literature
for MB assays. This is a considerable breakthrough for MB use.

False positives in direct assays were observed, and a new buffer was
developed for sample preparation. The sample preparation buffer is a modified
version of a standard TE buffer. The reduced EDTA concentration improved
genotyping fidelity, but did not completely eliminate issues with false positives.
This new buffer did, however, make a significant impact on the fidelity of

genotyping and was used in Phase IV.

6.5: Conclusion of Phase IV

Phase IV lays the foundation for future work in this field. This phase
focused on allelic discrimination using the novel method. Purified genomic
conditions allowed for cycling as fast as 1 second denaturation, 15 seconds
annealing. Given the inherent inhibition of direct samples, however, additional time
was allotted to each step with the exception of extension. Verification under
standard cycling was performed before accelerated cycling. Once verified, the
accelerated assay was tested and also succeeded in genotyping the majority of
samples. Some samples were not correctly identified even after replicate assays;
the likely cause is the extremely low annealing temperature of the assay required
by the current MBs. A new MB has been developed and is in testing at the time of
publication. Initial data suggests improved sensitivity and specificity, but this is not

conclusive and must be tested as stringently as the rest of the project.
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6.6: General project conclusions

As a proof-in-concept, this project has succeeded in showing the
applicability of MB assays to DPCR of forensic samples. While some samples may
need to be tested more than once, the pillar of any analytical technique is replicate
measurements. Even in single-hair samples, enough sample is prepared to perform
at least triplicate measurements.

While the use of SNP-targeted MB assays in DPCR does have inherent
intra-assay variability, this lack of variability is low enough to justify further study.
As SNPs are the most difficult polymorphism to analyze—especially with
hybridization probes—this was an extreme application to predict the success rate
of a much simpler polymorphism. As the data clearly show, MB-DPCR 2-step
assays are capable of allelic discrimination of SNPs. The speed of the assay
developed is a marked advantage over current profiling methods. This has the
potential to greatly speed identification of individuals in a forensic application.

This technique is not limited to forensic science, however. Biomedical
applications could very well benefit from this also. The screening of known
polymorphisms follows a very similar workflow to current STR profiling, with the
same time and resource constraints, and opportunities for contamination. Point-of-
care assays could be developed with this same workflow in mind. The reliability of
this technique should not be judged alongside industry-standard methods. Current
standard practices require the purification of DNA in order to limit matrix
interference and ensure reliability in results. This is necessary, as these results are
commonly used for legal proceedings. Any ambiguity would negate its value. This
technique was not designed as a replacement for current industry-standard

practices. Rather, this is intended as a supplement.
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Given the current nature of the DNA backlog and the fact that labs are
receiving an ever-increasing amount of samples, a preliminary test which can be
performed much faster than standard methods is desirable. This preliminary test
could help to prioritize the most likely samples for successful identification,
potentially even giving a probability of a match. While this probability should not
be used as a definitive identification, it could help to further prioritize sample
analysis. Additionally, this procedure can eliminate nonviable samples in a much

faster timeframe.
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Appendix A: Full MIQE Data
Experimental Design:
e Definition of experimental and control groups:

o Experimental groups: unpurified DNA samples collected from hair with
epithelial sheath, saliva, buccal swabs, or capillary blood obtained through
diabetic lancets. All genotypes included in experimental group.

o Control groups: All genotypes of purified DNA using a BioLine Isolate II
Genomic Extraction Kit.

e Number within each group:
o One sample in each group.
e Assay carried out by core or investigator’s laboratory?
o Assay carried out by investigator’s laboratory.
Sample:
e Description:
o Human hair, saliva, buccal swab, and blood.
e Volume/mass of sample processed:
o Hair: 1 hair in 10 pL modified TE buffer. 1.000 pL sample size.
o Saliva: 20 pL, undiluted. 1.000 pL sample size.
o Buccal swab: 1 swab in 10 pL modified TE buffer. 1.000 pL sample size.
o Blood: 2 pL in 8 pL modified TE buffer. 1.000 pL sample size.
e Microdissection or macrodissection:
o No dissection used.
e Processing procedure:
o Samples were collected by using forceps to extract multiple hairs; through
a saline rinse followed by saliva expulsion; buccal swab; or use of a

diabetic lancet on a disinfected palm followed by accurate pipetting of a

178



Appendix A: Full MIQE Data

blood aliquot. Samples were prepared by suspending in modified TE buffer
and lysed at 95°C for 5 minutes. Samples were centrifuged at 2000G for
10 seconds.
e If frozen, how and how quickly?
o Samples not frozen; prepared and analyzed immediately after extraction.
e If fixed, with what and how quickly?
o Samples not fixed.
e Sample storage conditions and duration (especially for FFPE samples)
o Samples not stored; samples discarded after use.
Nucleic Acid Extraction:
e Procedure and/or instrumentation
o Control groups isolated using BioLine Isolate II Genomic Prep Kit.
Experimental groups not extracted.
e Name of kit and details of any modifications
o BioLine Isolate IT Genomic Prep Kit. No modifications.
e Source of additional reagents used
o None.
e Details of DNase or RNase treatment
o None.
e Contamination assessment (DNA or RNA)
o Control groups: no contamination. Samples performed as expected.
o Experimental groups: no contamination with other DNA. Sample impure
with respect to cellular components, as it is a direct, unpurified sample.
e Nucleic acid quantification instrument and method
o ThermoScientific Nanodrop 2000, as directed.
¢ Inhibition testing (Cq dilutions, spike, or other)
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o Not performed; direct samples, inhibition expected.
qPCR Target Information:
e Sequence accession number
o AC005010.2
e Location of amplicon
o 37955-38112
¢ Insilico specificity screen (BLAST, and so on)

o Discussed in depth in Error! Reference source not found.Error!
Reference source not found. and Error! Reference source not
found.Error! Reference source not found..

e Sequence alignment

o Figure 3.2: Alignment using BioEdit, including FOR100, REV100, C
probe, and T probe and Figure 3.3: Alignment using BioEdit, including
FOR100, REV158, C probe, and T probe.

Secondary structure analysis of amplicon
o None observed using Oligo7.
qPCR Oligonucleotides:
e Primer sequences:
o FORI100: ATCAAGTGCTTTCTGTTGACATTTG
o REV100: GGCTACTCCCTCATAATGTAATGC
o REVI158: GCATAACCCAAAGAGTAACAAAATCAA
e Probe sequences:
o Original C probe:
5’[HEX]CTTGCGTCTAACTCAACTGCATTACATCGCAAGG[BHQI]
3’
o Original T probe:
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5’[6FAMJCTTGCGTCTAACTCAATTGCATTACATCGCAAGG[BHQ
113
o New C probe:
5’[HEX]CCCGCGGATATTATTTCTAACTCAACTGCATTACATTAT
GACCGCGGG[BHQ1]3’
e Manufacturer of oligonucleotides
o Sigma Life Science
e Purification method
o Primers: Standard desalting
o Probes: HPLC
qPCR Protocol:
e Reaction volume and amount of DNA
o 20 pL reaction volume; variable amount of DNA.
e Buffer/kit identity and manufacturer
o BioLine SensiFAST Probes Master No ROX.
e Additives
o None.
e Complete thermocycle parameters
o Discussed in detail in 4.4.6: Assay Optimization.
e Reaction setup (manual/robotic)
o Manual.
e Manufacturer or qPCR instrument
o Qiagen Rotor Gene Q 5-plex with HRM
qPCR Optimization:

e Evidence of optimization (from gradients)
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o Figure 4.19: Gel electrophoresis image of REVI158 primer annealing
temperature gradient.
e Specificity (gel, sequence, melt, or digest)
o Figure 4.18: Gel -electrophoresis of direct PCR fragments, after
amplification.
e Evidence for LOD
o Figure 4.33: Initial sensitivity test, T probe, after optimization and Figure
4.34: Initial sensitivity test, C probe, after optimization.
Data analysis:
e PCR analysis program (source, version)
o Rotor Gene Q Series Software (Qiagen, version 2.3.1)
e Method of C4 determination
o Manual. Threshold set above pre-exponential background.
e Description of normalization method

o See 3.9: Normalization methods
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Appendix B: Comparison of Selected Profiling Methods
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Appendix C: Summary of Sample Preparation
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LININ/EFDCITV
Graduate Education and Research EASTERN KENTUCKY UNIVERSITY Jones 414, Coates CPO 20

Division of Sponsored Programs Serving Kentuckians Since 1906 521 Lancaster Avenue
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This document confirms that the Institutional Review Board (IRB) has approved the above
referenced research project as outlined in the application submitted for IRB review with an
immediate effective date.

Principal Investigator Responsibilities: It is the responsibility of the principal investigator to
ensure that all investigators and staff associated with this study meet the training
requirements for conducting research involving human subjects, follow the approved
protocol, use only the approved forms, keep appropriate research records, and comply with
applicable University policies and state and federal regulations.

Consent Forms: All subjects must receive a copy of the consent form as approved with the
EKU IRB approval stamp. Copies of the signed consent forms must be kept on file unless a
waiver has been granted by the IRB.

Adverse Events: Any adverse or unexpected events that occur in conjunction with this study
must be reported to the IRB within ten calendar days of the occurrence.

Research Records: Accurate and detailed research records must be maintained for a
minimum of three years following the completion of the research and are subject to audit.

Changes to Approved Research Protocol: If changes to the approved research protocol
become necessary, a description of those changes must be submitted for IRB review and
approval prior to implementation. Some changes may be approved by expedited review
while others may require full IRB review. Changes include, but are not limited to, those
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active. Itis the responsibility of the principal investigator to submit the annual continuing
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Final Report: Within 30 days from the expiration of the project, a final report must be filed
with the IRB. A copy of the research results or an abstract from a resulting publication or
presentation must be attached. If copies of significant new findings are provided to the
research subjects, a copy must be also be provided to the IRB with the final report.
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