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Abstract

The detection of specific proteins and deoxyribonucleic acid (DNA) can be used
for disease diagnostics, pathogen identification, and the study of biological processes.
Many proteins and nucleic acids occur at low concentrations, making their detection
challenging. The detection of trace-level DNA is aided by several isothermal and
exponential amplification technologies that have been developed; there are no equivalent
strategies for protein detection. The major goal of my research is to expand the use of
isothermal and exponential amplification of DNA to facilitate the detection of proteins.
Four protein detection strategies and improvements to an existing DNA amplification
technique have been designed and developed in this thesis.

I developed a homogeneous protein detection strategy with an amplified signal by
incorporating isothermal amplification of DNA. I use binding induced DNA assembly
(BINDA) to activate a linear amplification of DNA by enzymatic nicking and strand
displacement. To increase the sensitivity of the assay, I added the exponential
amplification reaction (EXPAR) to the design. The exponentially amplified signal
generated by EXPAR increases the amount of DNA generated. However, the
incorporation of EXPAR increased the background amplification. Therefore, I modified
the design to occur at higher temperature for a reduced background amplification. The
modified design had a binding phase at 37 °C to allow for antibody—target binding,
followed by amplification occurring at 55 °C, which is the optimum temperature of
EXPAR.

While EXPAR is a well-used technique, it is limited by the occurrence of

background amplification. Exponential amplification in EXPAR is achieved by a
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feedback mechanism that generates additional target sequences. Consequently,
background amplification generates the same amplification products as target specific
amplification products; therefore, background amplification is indistinguishable from
target-specific amplification. I devised several methods to test the mechanisms that
contribute to the triggering of background amplification. Blocking mechanisms that
prevent nonspecific hybridization at the 3’-end of EXPAR templates as well as the entire
length of the template showed reduction of background amplification. By designing these
blocking strategies, I was able to reduce background amplification in EXPAR, resulting
in an improved detection limit by 3 orders of magnitude.

Next, [ used loop mediated isothermal amplification (LAMP) as a signal amplifier
for protein detection. LAMP is a well-used DNA amplification technique capable of
detecting single copies of DNA. This strategy used BINDA to trigger the ligation of DNA
probes; the ligated product served as the target molecule for LAMP. Control reactions
also were designed to evaluate critical reaction components. This design is isothermal,
exponential, and procedurally simple, only requiring addition of the reagents in a single
step.

The techniques described in this thesis may be applied to the detection of a wide
range of proteins, provided suitable affinity ligands are available. Furthermore, because
of the isothermal and homogeneous nature of these techniques, they may be adapted to
point-of-care diagnostics. Due to the two binding probes used in these strategies, they are

well suited for the study of protein—protein interactions.
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Chapter 1: Introduction

1.1 Proteins and Nucleic Acids

Nucleic acids and proteins are fundamental building blocks of all organisms. Their many
biological functions include the storage, translation, and regulation of genetic
information, catalyzing reactions, immune response, transport of small molecules, cell
signalling, and mechanical support.!> While this list is not comprehensive, it demonstrates
the vast utility of nucleic acids and proteins in biological systems. The widespread roles
of nucleic acids and proteins in biological systems and our ability to analyse them are of
great importance. The detection of these biomolecules in complex sample matrices, such
as cells or serum, requires high analytical specificity and sensitivity.

Improving detection methods for proteins and nucleic acids facilitates better
understanding of their structure and function, as well as factors that may alter function
and structure. Detection parameters, such as specificity and sensitivity, are critical to
improve to support new biological research barriers. For instance, in recent years there
has been increased interest in single cell analysis.>”” However, single cell analysis requires
more sensitive detection techniques compared to bulk cell analysis.

Beyond the study of normal biological functions, detection of both nucleic acids and
proteins can be used for disease diagnosis. Changes from normal concentration or altered
structure of biomolecules can be used to diagnose, prognose, or monitor a disease; these
molecules often are referred to as biomarkers.®'° Improvements of detection parameters,
such as analysis time, procedural complexity, and cost, enable increased output in clinical
laboratories and are more suitable to resource limited settings, such as point-of-care

(POC).!""7 An excellent example of POC diagnostics is the human pregnancy test. It



offers a low cost, fast, and simple method that someone with no training can perform.
This is possible partially due to the high concentration of the human chorionic
gonadotropin (hCG) hormone. However, many biomarkers occur at low concentrations
that are more difficult to detect in complicated matrices than hCG.!*'#2% Improved
detection methods will facilitate POC detection of low concentration biomarkers as well
as the identification of new biomarkers.

Many detection techniques have been developed to address a wide range of
applications in molecular diagnostics and imaging.>!**> This Chapter will provide the
background on emerging trends in new assay development for nucleic acids and proteins.
Since many applications require ultrasensitive assays, the focus will be on exponential

signal amplification techniques with isothermal and homogenous formats.

1.1.1 Functional DNA

Just as organisms use nucleic acids and proteins as building blocks, this same class of
molecules can be used as tools to develop novel assays. Synthetically designed
deoxyribonucleic acid (DNA) can be used in assays for target recognition, signal
transduction, signal amplification, or structural support.”® Likewise, proteins commonly
are used for target recognition and signal amplification in biomarker assays.

DNA is a biopolymer made of four different nucleotide subunits that are
determined by the nitrogenous bases they contain: adenine (A), thymine (T), cytosine (C),
and guanine (G). DNA nanotechnology is the use of non-biological DNA for developing
useful technology. In particular, precise Watson-Crick base-pairing between A-T and C-
G nucleotides enables prediction of how synthetically designed DNA strands will interact

with one another.?* This has led to the creation of intricate two- and three-dimensional



DNA structures, such as lattice structures, nanotubes, and other shapes, which can be
employed for useful detection strategies.?> Beyond the formation of static structures, DNA
can be designed to generate dynamic systems, such as switchable DNA structures, DNA
motors, or DNA logic gates.?? This precise control of DNA has been used widely for
signal generation in biomolecule detection. Nucleic acid sequences that mimic the action
of protein antibodies also have been developed.’®2® These nucleic acids are called
aptamers and can bind noncovalently to specific target molecules in a similar manner to
antibodies.”’ Compared to antibodies, aptamers have better stability, are cheaper to
produce, and allow more controlled functionalization.*® The ability to predict interactions
between DNA strands precisely, combined with DNAs high chemical stability and low

cost to manufacture, make it an ideal molecule to build new assay designs with.

1.2 Nucleic Acid Amplification

1.2.1 Polymerase chain reaction
Chemically amplifying nucleic acids in test tubes has improved detection of nucleic acids
remarkably. This is evident in the vast utilization of polymerase chain reaction (PCR) in

research and clinical laboratories over the past 30 years.>! -3

PCR amplifies nucleic acid
targets exponentially, achieving amplification of over 10’-fold within 1 or 2 h. Each cycle
of PCR involves: denaturation of double-stranded DNA (dsDNA) to yield two single-
stranded DNA (ssDNA) templates; annealing of a primer to each ssDNA template; and
extension/elongation catalyzed by a DNA polymerase. Thus, PCR reaction temperatures
are changed repeatedly from a high temperature (e.g. 94-98 °C) for denaturation to a

lower temperature (e.g. 50—65 °C) for annealing and enzymatic extension/elongation (e.g.

72 °C). Such thermal cycling requires appropriate equipment to achieve fast and accurate



control of temperature, which may be challenging at point-of-care and resource-limited
settings. Real-time PCR (RT-PCR) is used for quantification of DNA, where fluorescent
probes are used to monitor amplification after each temperature cycle. High
concentrations of DNA generate a detectable fluorescence signal faster than lower
concentrations, therefore, a threshold fluorescence signal is set, and the number of

temperature cycles required to exceed the threshold value is used for quantification.

1.2.2 Isothermal exponential amplification of nucleic acids

Several techniques that generate exponentially amplified DNA and do not require thermal
cycling have been developed.!’?*% Some commonly used isothermal exponential
amplification techniques include nucleic acid sequence based amplification (NASBA),3¢~
40 helicase dependent amplification (HDA),*""* recombinase polymerase amplification

(RPA),%! exponential strand displacement amplification (E-SDA),>2-4

exponential
rolling circle amplification (E-RCA),>% exponential amplification reaction (EXPAR),%
and loop-mediated isothermal amplification (LAMP).61-%° All of these exponential DNA
amplification techniques require the generation of a ssDNA template from a dsDNA
amplicon to enable template-guided DNA elongation in each amplification cycle. Unlike
PCR, that uses a high temperature to denature dsDNA into ssDNA, isothermal
amplification techniques use a separate enzyme or the strand displacement activity of
particular polymerases to generate ssDNA from dsDNA. For example, the techniques of
HDA, RPA, and NASBA use helicase, recombinase, and RNase H, respectively, to
unravel dsDNA or a DNA-RNA hybrid. Instead of using these additional enzymes, the

techniques of E-SDA, E-RCA, LAMP, and EXPAR make use of the strand displacement

activity of the polymerase to displace a DNA strand from dsDNA. The techniques in the



latter group are promising for point-of-care testing and on-site analysis because they

require fewer enzymes and/or proteins in the amplification process.

1.2.3 Nucleic acid sequence-based amplification

Nucleic acid sequence-based amplification was developed first in 1991 for the detection
of RNA, but it is capable of detecting RNA and DNA with comparable sensitivity to RT-
PCR.?%70 Figure 1.1 shows a schematic illustration of NASBA from either a ssRNA target
or a dsDNA target. The reaction is triggered by the binding of an RNA target to a DNA
forward primer. Then, the primer is extended along the target by reverse transcriptase,
which generates a complementary DNA (cDNA) strand. After extension, the RNA target
strand is digested by RNAase H, which leaves a single stranded cDNA (ss-cDNA).
Double stranded cDNA (ds-cDNA) is generated from the binding and extension of a
reverse primer. The ds-cDNA contains a promoter sequence for T7 RNA polymerase,
which generates many copies of ssRNA that are the reverse complement sequence to the
original RNA target. This antisense strand continues amplification by binding to the
reverse primer and undergoing extension, digestion, and transcription reactions to produce
many copies of the original RNA sequence. These continued cycles of generating target
and antisense RNA can achieve 10°-fold amplification in 1-2 h at 41 °C. A benefit of
NASBA is that the amplified product is ssRNA, which can be adapted easily to various
detection schemes without the need for denaturation. NASBA has been used for pathogen
detection in food, environmental, and clinical samples.”! Self-sustained sequence
replication and transcription-mediated amplification (TMA) are two other amplification
techniques with the same principles as NASBA.3” TMA takes advantage of a reverse

transcriptase that has inherent RNAse H activity so that only two enzymes are required.”?



1.2.4 Helicase dependent amplification
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Figure 1.1 Mechanisms of nucleic acid sequence-based amplification (NASBA) from
an RNA target (left) or a DNA target (right). Reprinted and modified with

permission.”® Copyright 2014 Elsevier.

Helicase dependent amplification was developed in 2004 by Vincent et al. and is capable

of 107-fold amplification at 37 °C or 65 °C in 0.5-2 h.*! HDA mimics natural DNA

replication by using helicase to open dsDNA and allow primer binding. In principle, HDA



operates in a similar manner to PCR, but instead of using temperature to separate dsDNA,
HDA uses helicase to separate dsDNA target (Figure 1.2). After separation, single
stranded binding protein (SSB) binds to and stabilizes the ssDNA strands, preventing
them from reforming dsDNA; this allows primers to bind to the ssDNA. Then, the primers
are extended by polymerase, generating two new dsDNA substrates that can be amplified
further. The main benefit of HDA compared to other exponential isothermal amplification
techniques is the ability to amplify DNA targets that are many kilobases long. The
development of thermostable proteins and the fusing of the helicase to the polymerase
have improved the specificity and reaction speed of HDA in applications such as the

detection of pathogens and single nucleotide polymorphisms (SNP).42437475



.“"‘Ih.. i
A —_ A
Helicases unwind DMNA,

dupdexes in the presence of
S5B and accessory protein

l Primers annaal to ssDMA
2

5 3
3 5
3 1 DOMA polymerases extend
the primess, one duplex s
amplified to two duplexes
B <

dsDMA are separated by
halicases and this chain
reaction repeats itself

Figure 1.2 Mechanisms of helicase dependent amplification (HDA). Helicase and
accessory proteins unwind DNA to allow primer binding. After extension of primers
two new dsDNA templates are generated and undergo subsequence rounds of
amplification. Reprinted and modified with permission.*! Copyright 2004 John Wiley

and Sons.



1.2.5 Recombinase polymerase amplification

Recombinase polymerase amplification was developed in 2006 by Piepenburg et al. and
is capable of 107-fold amplification at 37 °C in 40 min.* Similarly to HDA, RPA uses a
specific protein (recombinase) to enable the binding of primers to the dsDNA target. A
recombinase-primer complex scans the dsDNA target for the complementary sequence of
the primer and facilitates strand exchange, which results in a primer-target duplex (Figure
1.3). Single stranded DNA binding proteins are used to stabilize the ssDNA region
generated by the strand exchange. Then, the primers are extended by polymerase, which
generates a copy of the original dSDNA target and a displaced ssDNA copy of the target.
The dsDNA copy undergoes another round of amplification, and the displaced ssDNA
copy is bound by the next primer and continues to amplify. RPA has been used to detect

single copies of a DNA target from pathogens and viruses.’s”’
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Figure 1.3 Mechanism of recombinase polymerase amplification (RPA).
Recombinase proteins that have bound primers scan dsDNA until the complementary
sequence of the primer is found. Recombinase then facilitates strand exchange
between the dsDNA and primer. Polymerase then extends bound primers which
generates a new dsDNA template and a displaced ssDNA that undergo further

amplification. Reprinted and modified with permission (open access).*

1.2.6 Exponential strand displacement amplification
Exponential strand displacement amplification was developed first in 1992 by Walker et
al >3 E-SDA is capable of 107-fold amplification in 2 h at 37 °C. E-SDA uses two

enzymes, a polymerase and a nicking endonuclease (NEase), which are combined with
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two primers. Each primer contains both a target recognition sequence and a recognition
sequence for the NEase used. Figure 1.4 shows the reaction scheme for E-SDA. Initially,
heat denaturation is required to separate the dsDNA target to allow binding by the two
primers, S1 and S2. Following binding by primers, DNA polymerase extends the 3'-ends
of both the primer and target strands. This extension generates the NEase recognition site
and NEase cleaves the phosphate backbone of one DNA strand on each primer—target
duplex. This generates a nicked site, which is extended by a DNA polymerase that lacks
a 5'—>3' exonuclease. Extension of the nicked site by polymerase results in the
displacement of the downstream oligo. The reaction is designed so that the displaced oligo
from the S1-T1 duplex binds to S2 for further amplification. Likewise, the displaced oligo
from S2-T2 is amplified further by S1. This feedback loop between displaced strands and
primers results in exponential amplification. E-SDA has been used for the detection of

Chlamydia trachomatis and Neisseria gonorrhoeae in a clinical setting.”s 2
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Figure 1.4 Illustration of exponential strand displacement amplification (E-SDA).

Primers are extended by polymerase to generate NEase recognitions sites. After

cleavage, polymerase extends from the nicked site and displaces the downstream DNA.

The displaced DNA is then bound by either S1 or S2 primers to start the next round of

amplification. The initial DNA-primer duplex continues nicking and strand

displacement amplification. Reprinted and modified with permission.>* Copyright 1992

Oxford University Press.

1.2.7 Exponential rolling circle amplification

Rolling circle amplification (RCA) was developed in 1995 and is capable of 10°-fold

amplification in 90 min.>>%3# RCA uses a single polymerase with strand displacement
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activity to amplify a primer around a circular DNA template. As the polymerase elongates
the primer around the circular template, it displaces the initial primer region and the
previously synthesized strand. This linear amplification results in a long ssDNA that
contains hundreds of repeated sequences complementary to the circular DNA template.
Several variations of RCA have been developed to increase the amplification
speed and yield by introducing exponential amplification components. Each type of E-
RCA incorporates additional amplification after generation of the linearly amplified
ssDNA. Figure 1.5 shows three exponential variants of RCA. Figure 1.5A illustrates
hyberbranched RCA (HRCA) that uses a series of additional primers for exponential
amplification. The extra primers bind to the ssDNA RCA product and are extended by
polymerase. Extension of HRCA primers displaces the downstream primers, allowing
binding by additional primers. This cycle of primer binding, extension, and strand
displacement continues to generate the hyperbranched product. Figure 1.5B shows the
mechanism of circle-to-circle amplification, where a restriction enzyme is used to cleave
the long RCA product to generate many short ssDNA strands. Then, the short ssDNA
strands are ligated to generate a second circular template that undergoes RCA with a
second primer. Figure 1.5C shows the mechanisms of primer generation RCA (PG-RCA),
which is a NEase assisted RCA reaction. A second circular template that contains a NEase
recognition sequence binds to the long RCA product. A NEase cleaves the original RCA
product that is bound to the second circular template; each cleavage site then acts as a
primer, which then is extended along the second template via RCA. The long ssDNA
product is simple to adapt to different detection schemes and has been used to detect

nucleic acids, proteins, cells, and small molecules.*>’
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Figure 1.5 Three exponential variants of rolling circle amplification (E-RCA). (A)
Hyper-branched RCA. (B) Circle-to-circle amplification. (C) primer generation RCA.

Reprinted and modified with permission.’® Copyright 2014 Royal Society of Chemistry.

1.2.8 Exponential amplification reaction

The exponential amplification reaction was developed in 2003 by Galas and co-workers
and is capable of 10%-fold amplification in less than 30 min at 55 °C.%° EXPAR uses a
DNA template and two enzymatic reactions to achieve exponential amplification of a
target sequence (Figure 1.6). The EXPAR template is designed to contain two repeat
regions that are complementary to a trigger sequence and separated by a short NEase
recognition sequence. This type of template commonly is referred to as a X'-X' template,
where X' is the complement of the trigger sequence and [-] is the NEase recognition
sequence. The trigger sequence is a short DNA or RNA strand that can either be the target

itself, such as a microRNA (miRNA), or must be generated from larger targets, such as
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from a genomic DNA. Once hybridized to the template, the trigger DNA is extended along
the template by a DNA polymerase with strand displacement activity. After extension, the
dsDNA contains the NEase recognition sequence and NEase can cleave the extended
trigger DNA strand, generating a nicked site. DNA polymerase can extend the 3'-end of
the nicked site, which simultaneously displaces the newly synthesized strand. Since the
template contains two X' regions, the displaced DNA strand has the same sequence as the
trigger DNA. The displaced strand then hybridizes with another template molecule,
initiating new amplification, while amplification of the target DNA from the initial
trigger-template complex continues. Thus, each reaction cycle produces two copies of the
trigger DNA from a single target molecule, achieving exponential amplification.
Nicking site

(B)Extension \ 4
D ——

(A} 4 |
©) ;( (C)Nicking

EXPAR Template
+ < rverrrrererer, \eyreerreeree
(D) Extension
Target DNA and strand
displacement

Figure 1.6 Schematic illustration of the exponential amplification reaction (EXPAR).
(A) Annealing between a short DNA target and a EXPAR template. (B) Polymerase
extends the target DNA along the EXPAR template to generate a NEase recognition

site. (C) NEase generates a nicked site on the original target DNA strand. (D)

15



Polymerase extends from the nicked site, which displaces the previously synthesized

strand and regenerates the NEase recognition site.

1.2.9 Loop mediated isothermal amplification

Loop-mediated isothermal amplification was developed in 2000 by Notomi ef al. and is
capable of 10°-fold amplification in 1 h at 65 °C.% LAMP uses 4 primers to amplify the
target DNA: a forward inner primer (FIP); a backward inner primer (BIP); and two outer
primers (F3 and B3). Figure 1.7 schematically illustrates the LAMP reaction. The reaction
occurs in two phases: the dumbbell structure generating step; and the cycling
amplification step. After the target dsDNA is heat denatured, FIP and F3 both bind to the
target and are extended by DNA polymerase. Since F3 binds the target upstream of FIP,
the extension of F3 displaces the extended FIP sequence. FIP is designed so that after
strand displacement, the 5’-end forms a DNA hairpin loop. The displaced sequence then
is bound by BIP and B3, which are both extended by polymerase. Since B3 binds upstream
of BIP, the extension of B3 displaces the extended BIP sequence. This second displaced
sequence forms DNA hairpins on both the 5" and 3'-ends, forming a dumbbell shape. This
structure is the sequence required for the cycling amplification stage. Since the 3'-end is
in a hairpin structure, it is extended by polymerase, which changes the dumbbell shape
into a single hairpin loop with a long double stranded stem region. FIP then binds the
hairpin loop and is extended along the large stem region of the hairpin loop. The ssDNA
that was displaced by the extension of FIP forms a hairpin, which is then extended by
polymerase and displaces the previously extended FIP. This process continues with FIP

and BIP continuously priming the hairpin loops and generating many long concatemers.
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LAMP has been used widely for the detection of nucleic acids, single nucleotide

polymorphisms (SNPs), and pathogens.®!-8¢87
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Figure 1.7 Schematic illustration of the mechanisms of loop mediated isothermal
amplification (LAMP). Steps 1-5 show the generation of the dumbbell structure using
two forward (F3 and FIP) and two backward (B3 and BIP) primers. Steps 5—12 show
the cycling phase that generates long concatemers for exponential amplification, using
FIP and BIP primers. Reprinted with modifications with permission.®® Copyright 2017

Springer.
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1.3 Protein Detection

1.3.1 Conventional immunoassays
Proteins can be measured directly using the absorption of ultraviolet light at both 280 nm
and 205 nm. Amino acids containing aromatic rings absorb light at 280 nm and the C-N
peptide bond absorbs light at 205 nm. Several colorimetric detection methods also can be
used to detect proteins, such as the Bradford assay that uses Coomassie Blue dye, and the
Lowry or bicinchoninic acid assays that use the biuret reaction to produce color. These
methods are well established, but they only detect high concentrations of total protein.
To achieve more sensitive detection of specific proteins, affinity-based methods that
use specific recognition elements, such as aptamers or antibodies, have been coupled with
signal amplification mechanisms. The enzyme linked immunosorbent assay (ELISA) is a
widely used protein detection method, both in clinical and research settings.*>*° There are
several different types of ELISA, but the most common ELISA technique uses a sandwich
format in a 96 well plate.”’ 3 In a sandwich ELISA, the first step is to add the sample to
a well, which allows binding of the target protein by the capture antibody that is anchored
to the well surface. After target capture, a washing buffer is used to remove the sample
matrix from the well. This is followed by the addition of a biotinylated primary antibody
that binds to the surface bound targets. This generates a sandwich complex consisting of
the target protein bound between the capture antibody and the primary antibody. After
incubation with the primary antibody, another washing step is performed to remove
unbound primary antibodies. Following the second washing step, a streptavidin—enzyme
conjugate is added; it binds to the biotinylated primary antibody. A final washing step

removes unbound streptavidin—enzyme conjugates. The streptavidin—enzyme conjugate

19



performs two functions. First, it recognizes the primary antibody, which represents the
amount of target protein captured. Second, streptavidin is conjugated to a signal producing
enzyme, typically horseradish peroxidase (HRP). The final step is addition of a substrate
that HRP uses to produce an amplified signal for quantification of the target.

ELISA has several advantages compared to nonspecific protein detection methods,
resulting in its widespread used. The use of an enzyme to amplify the detection signal
improves detection limits compared to non-amplified methods. Since the assay usually is
performed in a 96-well plate, automated systems can be used, which facilitate high
throughput. The multiple washing steps reduce both matrix effects and the incidence of
background signal due to nonspecific antibody binding or nonspecific adsorption of
reaction components on the plastic wells.

While ELISA is a well-established technique, there are several characteristics that can
be improved upon. Even though HRP generates an amplified signal, the amplification is
much less compared to the amplification achieved in the nucleic acid amplification
techniques described in Section 1.2. Because of this, the limits of detection (LOD)
achieved in ELISA assays are much higher than LODs achieved in amplified nucleic acid
detection. Furthermore, with multiple washing steps, ELISA is time consuming and
labour intensive. Several new strategies achieve homogenous protein detection and do not
require any washing or separation steps, which decreases analysis time and simplifies
procedures.

The detection of low abundance proteins represents a significant challenge since
proteins cannot be amplified simply in the same manner as nucleic acids. This challenge

has led to the development of protein assays that use nucleic acid amplification to generate
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an amplified signal. These assays take advantage of well established nucleic acid
amplification technologies to achieve highly sensitive detection of proteins.

The first technology adapting this strategy was immuno-PCR (iPCR).**%> iPCR
operates in a similar format as ELISA but uses an antibody-DNA conjugate instead of a
streptavidin—enzyme conjugate. Sandwich format iPCR uses a capture and primary
antibody to bind the protein of interest, followed by the binding of the detection antibody
that is labelled with a surrogate DNA. After all washing steps are completed, RT-PCR is
used to detect the antibody-linked surrogate DNA. iPCR is capable of ultralow protein
detection, but it requires extensive washing steps and precise temperature control for
thermocycling.

Several methods similar to iPCR have been developed that incorporate isothermal
nucleic acid amplification in place of RT-PCR. These techniques are advantageous
because they do not require precise temperature control for thermocycling. Isothermally
amplified immuno techniques include immuno-RCA, immuno-NASBA, and immuno-
LAMP %1% While these techniques negate the use of a thermocycler, they still require

extensive washing steps to remove unbound antibody-DNA conjugates.

1.3.2 Homogenous immunoassays

Homogeneous protein assays are desirable because the lack of washing steps results in
faster and simpler procedures. Typically, homogenous techniques do not require the
immobilization of reaction components on a surface, which can lead to faster binding
processes in a solution compared to a solid phase. Reduced handling steps also minimize

the potential for user contamination, which can lead to false positives. Because

21



homogeneous assays only require the delivery of assay reagents, they may be used in situ,
in vitro, Or in vivo.

In heterogenous assays, amplified detection of specific proteins requires two
components: affinity binding of the target and an amplification component. ELISA uses
an enzyme and a substrate to achieve an amplified signal, while iPCR exponentially
amplifies DNA to achieve an amplified signal. These techniques use washing steps to
remove unbound affinity ligands and prevent signal generation in the absence of the
target. Homogeneous assays require an alternative strategy to prevent signal generation
in the absence the target. This is achieved by designing a mechanism that triggers
amplification only when the target has been bound by the affinity ligand(s). Therefore,
homogenous protein assays require three components: affinity binding of the target, an

amplification activation mechanism, and an amplification component.

1.3.3 Binding-induced DNA assembly

To achieve homogenous detection of protein targets, our group developed the binding-
induced DNA assembly (BINDA).!°:192 BINDA uses binding of a target molecule by
affinity ligands to trigger the assembly of DNA motifs that can be used for detection. Two
probes (Figure 1.8), each consisting of an affinity ligand-DNA conjugate, are used for
target binding. Affinity ligands commonly used are antibodies or aptamers. The
conjugated DNA contains a spacer region, typically a poly-T sequence, and a short
complementary region between the two probes. The complementary region is short (5-7

bases) so that in the absence of the target, the probes remain separate. However, binding
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of the target by both probes brings the complementary regions into close proximity,

enabling them to assemble (Figure 1.9).

Complementary
Region

Spacer
Region

Affinity
Ligands

Probe 1 Probe 2

Figure 1.8 Illustration of the DNA-affinity ligand probes required for binding induced
DNA assembly (BINDA). The black line represents a ssDNA poly-T sequence and the
red line represents a short complementary region between probes. The inverted Y

shapes represent antibodies.

Assembly between probes is enabled because both probes are anchored to the
same target molecule, which increases their effective local concentration (Figure 1.9). The
increased local concentration increases the stability of the short complementary region,
similar to a DNA hairpin loop (Figure 1.10). The melting temperature (Tw) is used to
estimate the stability between two DNA strands. The T of two complementary strands is
defined as the temperature at which the two strands will be 50 % hybridized. Two short
complementary DNA strands with a low T, will not hybridize to form dsDNA. If those
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same sequences are linked on the same DNA strand, they will hybridize to form a hairpin
structure, where the two complementary strands form the stem and an arbitrary spacer
sequence forms a loop; this is a well-known DNA structure. The increased stability of the
stem region in a DNA hairpin is similar to the increased stability of target bound probes
in BINDA. However, in BINDA the loop of a DNA hairpin is replaced by a loop

consisting of the spacer regions on each probe and the target bound affinity ligands.

1nM

Figure 1.9 Illustration of the increased local concentration of target bound probes in
BINDA. The close proximity of two probes bound to a single target increases the
stability of their complementary region. Binding of two probes to a single target

increases their local concentration by 4 x 10° fold.
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Figure 1.10 Comparison of a DNA hairpin to target bound probes in BINDA. The loop
created by two target bound probes closely resembles the DNA loop in a DNA hairpin

structure.

BINDA was applied first to the detection of platelet derived growth factor (PDGF-
BB) and prostate specific antigen (PSA) with yoctomole detection limits.!®! The amplified

signal was generated from RT-PCR. Several addition detection strategies for BINDA have

103-107

been developed, including the activation of fluorescent dyes, activation of

DNAzyme amplification,'”” generation of fluorescent silver nanoclusters,'®

109 110-114

electrochemical signals, and fluorescence resonance energy transfer.

Applications of BINDA include triggering toehold mediated strand displacement

112-114

networks,'% detecting antibody-antigen binding, controlling molecular translators

103,105,107

and DNA nanomotors, and cell imaging.''?

1.3.4 Proximity ligation assays
The proximity ligation assay (PLA) was developed first in 2002 by Landegren and
coworkers.!'® PLA uses a similar concept to BINDA, where target binding events result
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in the assembly of DNA strands (Figure 1.11). Two affinity ligand-DNA probes are used
to bind the target. After target binding, an additional connector DNA hybridizes to the
DNA motifs on each probe. The connector oligo places the 5’-end of one DNA motif next
to the 3'-end of the other DNA motif. This orientation serves as the template for a ligase
to join the two strands together, generating a new DNA strand that can be used for
detection.

The first application of PLA used RT-PCR to amplify the ligated DNA product
exponentially to detect as low as 24 000 molecules of cytokine platelet derived growth
factor (PDGF-BB).!'® The authors also designed a solid phase format that used washing
steps to remove unbound probes. The solid phase format achieved a low femtomolar
detection limit of PDGF-BB.!'® The same group developed a triple-binder proximity
ligation assay (3-PLA) that used an affinity ligand-DNA conjugate in place of the
connector oligo.!!” 3-PLA improves the detection limit of PLA; however, the requirement
of three simultaneous binding events on a single target may limit the applicability of 3-
PLA. The connector oligo in PLA typically has the same number of complementary bases
with each probe. Kim et al. discovered that using an asymmetric connector oligo improved
the dynamic range of PLA by two orders of magnitude and increased sensitivity by a

factor of 1.6.'18
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Figure 1.11 Principle of the proximity ligation assay (PLA). (a) When two probes bind
to the same target, they are in close proximity. A connector oligo hybridizes to both
probes, and triggers ligation between the two DNA probes. The newly ligated DNA is
detected by RT-PCR. (b) In the absence of a target, probes are unable to be ligated

together. Reprinted with permission.!" Copyright 2003 Elsevier.

In situ PLA is a variant of PLA that uses RCA to generate an amplified detection
signal.’’ In situ PLA uses two connector oligos that are ligated together to generate the
circular template required for RCA (Figure 1.12). After ligation, one of the affinity ligand-
DNA conjugate probes serves as the primer to be amplified around the circular RCA
template. RCA generates a long concatameric repeat of the RCA template sequence that
1s anchored to the protein target. /n situ PLA has been adapted widely for the imaging of
fixed cells using fluorescence microscopy. In principle, in situ PLA can be performed

without any washing steps, but for low abundance proteins, washing steps are used. PLA
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has been used for several applications, including the detection of proteins and

pathogens,'?*'?? the study of protein—protein interactions and posttranslational

57,123-126 t 127-129

modifications, and biomarker developmen

Addition of circularizable Ligation RCA and detection
probes

Figure 1.12 Schematic illustration of in situ PLA. Binding of two probes to the target
allows circularization of two connector oligos, which triggers subsequent RCA.

Reprinted with permission.’” Copyright 2006 Springer Nature.
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1.4 Thesis Objectives

The specific detection of low abundance proteins remains challenging. Complicated
sample matrices require affinity-based methods for specific detection. However, many
commonly used methods, such as ELISA, have insufficient signal amplification for ultra-
low concentrations of protein target. In contrast, there are many technologies capable of
detecting <10 copies of a DNA target. These DNA detection methods are homogenous,
isothermal, rapid, and generate high amounts of amplification products. Since proteins
have no comparable way of being amplified, converting protein detection into a DNA

amplification provides an alternate way to detect low concentration proteins.

Using DNA amplification for protein detection in a homogenous format requires
a transduction event to trigger amplification. PLA and BINDA are two techniques capable
of triggering DNA amplification from a protein target in a homogenous format. PLA
commonly uses PCR, which requires thermocycling. /n situ PLA typically uses washing
steps and fluorescence microscopy, making it a heterogeneous format. While fluorescence
microscopy facilitates low detection limits, it requires trained personnel, more
complicated sample preparation, and is not applicable to a POC setting. BINDA has been
used to trigger several DNA amplification systems, including PCR and toehold mediated
strand displacement networks, but it has not been coupled with isothermal and exponential
DNA amplification. The use of isothermal and exponential DNA amplification with
BINDA based target recognition can improve detection limits compared to non-enzymatic

amplification systems.

My initial work focused on developing binding induced enzymatic strand

displacement networks for the detection of proteins. Three designs were tested and
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optimized. In this work, EXPAR was used for signal amplification, but I discovered that
EXPAR has an inherently high background signal. Next, I investigated the cause of the
high background signal in EXPAR and designed strategies to slow the onset of the
background amplification to improve the detection limit of EXPAR. Although I was able
to decrease the background in EXPAR, the methods used were not compatible with my
original designs. I then developed an improved BINDA system that takes advantage of
LAMP’s powerful amplification of DNA for protein detection. The designs developed in

this thesis are all homogenous, rapid, and incorporate isothermal amplification.

Chapter 2 The primary goal of this Chapter is the development of a BINDA
system for protein detection that incorporates both linear and exponential enzymatic
strand displacement amplification of DNA. First, a linear amplification system was
designed and experimentally optimized. Building upon the linear amplification system,
exponential amplification was added by incorporating EXPAR. The addition of EXPAR
added a high background, so a modified BINDA system incorporating EXPAR was

designed to have amplification occur at a higher temperature to reduce background.

Chapter 3. The primary objective of this Chapter investigates the cause of the
inherently high background in EXPAR. Two general strategies were used to test the
triggering mechanism of background amplification. The blocking strategies used to
prevent background amplification provided evidence of the triggering mechanism of
background amplification. Using a single stranded binding protein to reduce background
amplification resulted in three orders of magnitude improvement to the EXPAR detection

limit.
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Chapter 4 The goal of this Chapter was to design and optimize a BINDA system
that incorporates LAMP for the detection of proteins. Important reaction and design
parameters were optimized. Several control experiments were used to assess the
performance of different design components. This is the first reported use of LAMP for

homogenous protein detection.

Chapter 5 This chapter summarizes all research conclusions and discusses future

research directions of the work detailed in this thesis.
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Chapter 2: Binding Induced Enzymatic Strand Displacement
Amplification Reactions for Protein Detection

2.1 Introduction
Over the past 20 years, remarkable advances have been made in the homogenous detection
of proteins, particularly in the development of BINDA and PLA techniques.'®""!1%!1® Both
techniques translate protein binding by affinity ligands into unique DNA structures. PLA
uses ligase to join two or more strands from target bound DNA-affinity ligand conjugates;
this generates a new DNA strand that is commonly amplified by PCR or by
RCA 7612813031 BINDA uses two DNA-affinity ligand conjugate probes that assemble
via a short complementary region between DNA motifs when bound to a single target.
The assembly between probes in BINDA can be amplified by PCR, trigger toehold
mediated strand displacement networks, or trigger amplification via DNA motors. 01193
106,115 However, combining these protein recognition techniques with isothermal
amplification of DNA to enable detection of ultralow concentrations of proteins in
solution remains challenging. Both PLA and BINDA can achieve ultralow detection when
PCR is used for signal amplification. The use of PCR requires temperature cycling making
PCR less suitable for POC and resource limited settings compared to isothermal
techniques. /n situ PLA can achieve ultralow detection limits but are typically used to
detect surface bound proteins on fixed cells with fluorescence microscopy. This requires
trained personnel, is not amenable to POC setting, and does not allow for high throughput.
The primary objective of this chapter is to use the principles of BINDA to design
a binding induced strand displacement amplification (BISDA) technique that uses

isothermal enzymatic strand displacement amplification for protein detection. The second
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objective is to develop two additional strategies that build upon the linear amplification
of BISDA and incorporate exponential amplification by using EXPAR. Each strategy uses
isothermal amplification with a homogenous format that results in a simple procedure.
These properties are desirable for POC settings and amenable to high throughput since
the procedure only requires the addition of reagents followed by the monitoring of
fluorescence.

The BISDA strategy is illustrated in Figure 2.1. BISDA is designed to have target
recognition and signal amplification components. Upon binding of the target by both the
template probe (PT) and primer probe (PR), the complementary region between the two
probes assembles to form a dsDNA region. The probes are designed so that after
assembly, PR acts as a primer that can be extended by polymerase along PT. After
extension, the dsDNA recognition sequence of NEase is generated, which allows the
NEase to cleave the phosphate backbone of the extended PR strand. This generates a
nicked site that can be extended by polymerase. The second extension by polymerase
displaces the previously extended strand, generating a single stranded trigger DNA (T)
and regenerating the NEase recognition site. The cycle of polymerase extension/strand
displacement and nicking by NEase continues to achieve linear amplification of T. The
increasing amount of T generated with each cycle generates a fluorescence signal by
activating a toehold mediated strand displacement beacon (FQ). The beacon was
constructed of a fluorophore strand (F) that is fully complementary to T-28 and a
quencher strand (Q) that has same sequence as T-28 with eight bases shorter on the 5'-
end. The amount of fluorescence generated is then directly related to the amount of target

present.

33



EXPAR was incorporated into the BISDA system to achieve an exponentially
amplified signal (Figure 2.2). The T oligo amplified in BISDA is designed to act as the
trigger DNA in EXPAR. Two modifications are required to incorporate EXPAR with
BISDA: the addition of an EXPAR template (XT) and the use of SYBR Green I (SG)
instead of FQ. XT is designed to have the same NEase recognition sequence used in
BISDA so that the same NEase and polymerase function with both BISDA and EXPAR
components. SG is used to lower the cost of the assay and facilitate simpler sample
preparation.

The final strategy uses BISDA and EXPAR, but the EXPAR component occurs at
55 °C, where EXPAR is typically operated at (Figure 2.3). A short (10 min) extension
phase at 37 °C is used, followed by exponential amplification (EXPAR) at 55 °C, to
incorporate the higher temperature amplification. The higher temperature has two main
advantages: faster amplification speed and lower occurrence of nonspecific DNA
interactions. The faster amplification is achieved because polymerase enzymes with
higher optimum operating temperatures typically have increased speed. Decrease of

nonspecific DNA interactions occurs because higher temperatures destabilize them.
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Figure 2.1 Schematic illustration of binding induced strand displacement amplification
(BISDA). The short complementary region (blue) between PT and PR anneal when
bound to the same streptavidin target molecule. After annealing, PR is extended by
polymerase. After extension, NEase cleaves the backbone of the extended PR strand at
the recognition site (black dots) that was previously generated. Polymerase then extends
from the nick site and displaces the previously synthesized strand. The bound probes
continue to undergo nicking and strand displacement to generate many copies of trigger
DNA (T) which generate fluorescence by activating a toehold mediated strand

displacement beacon (FQ).

35



—> NEase
m T . recognition
NEase 1 § 4,.--'-"' site

recognition - > <<

Polymerase site —_— M

ﬂ Y
—> —> 2
PT PR
=

2

= = T SHE —

Figure 2.2 Schematic illustration of BISDA incoporating EXPAR. The reaction is
triggered in the same way as in BISDA (Figure 2.1); however, T is amplified further
by EXPAR. T anneals to XT, followed by extension of T along XT by polymerase.
This extension generates the NEase recognition site, which is then cleaved by NEase,
generating a nick site. Polymerase extends from the nick site and displaces the
previously extended strand. The displaced strand has the same sequence as T and can
anneal to another XT molecule to undergo amplification. The original template
continues to undergo strand displacement amplification, generating increasing amounts
of T; thus, each cycle generates two strands of T for exponential amplification. The

signal is generated by SYBR Green I (SG) binding to dsXT.
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Figure 2.3 Schematic illustrations of 2-stage BISDA incorporating EXPAR. An initial
binding and extension phase occurs at 37 °C, similar to standard BISDA. 2PT has a
stabilization region (yellow) to stabilize the hybridization between probes when the
temperature is increased to 55 °C. The NEase is inactive at 37 °C; therefore, no nicking
occurs until the temperature is increase to 55 °C. After the temperature is increased to 55
°C, the NEase becomes active, and the reaction proceeds in the same manner as BISDA—

EXPAR (Figure 2.2) but at a higher temperature.

2.2 Experimental

2.2.1 Materials and reagents

All oligonucleotides were synthesized, labelled, and purified by Integrated DNA
Technologies (Coralville, IA). DNA sequences and modification are listed in Tables 2.1,
2.2, 2.3. Klenow (3'—5' exo-) polymerase, Klenow large fragment polymerase, Bst 2.0
polymerase, Nt.BbvCl NEase, Cutsmart buffer, and NEBuffer 3.1 were from New

England Biolabs (Whitby, ON, Canada). SYBR Green I (10 000X), SYBR Gold (10
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000X), deoxynucleotide triphosphates (10 mM mix), and ROX reference dye (ROX) were
from Life Technologies (Burlington, ON, Canada). Ammonium persulfate (APS) and
40% 19:1 acrylamide:bisacrylamide used for polyacrylamide gel electrophoresis (PAGE)
were from BioRad (Mississauga, ON, Canada). 1, 2-bis(dimethylamino)ethane
(TEMED), Tris-borate-EDTA (TBE) buffer, and DNA gel loading dye were from Fisher
Scientific (Nepean, ON, Canada). Recombinant human ErbB2/Her2 Fc Chimera and
biotinylated polyclonal anti human ErbB2/Her2 goat IgG were from R&D Systems
(Minneapolis, MN). All experiments used nanopure H.O (>18MQ), purified by an

Ultrapure Milli-Q water system.

Table 2.1 DNA sequences and modifications for BISDA

DNA Name Sequence

Template Probe (PT) 5'-C GCT TGA ACG CTG TGC TAG ATG TGC

TGA GGA TAG GAT GGT TTT TTT TTT-Biotin-3'

6 base Primer Probe (PR6) | 5'-Biotin -TTT TTT TTT TTT TTT CTA TCC-3'

7 base Primer Probe (PR7) | 5'-Biotin -TTT TTT TTT TTT TTT CTA TCC T-3'

8 base Primer Probe (PR8) | 5'-Biotin -TTT TTT TTT TTT TTT TC CTA TCC-3'

F 5'-FAM-C GCT TGA ACG CTG TGC TAG ATG
TGC TGA-3'

Q 5'-T CTA GCA CAG CGT TCA AGC G-lowa Black-
3

Blocker 8 (B-8) 5'-TTT CAT CCT AT TTT-3'

Blocker 9 (B-9) 5'-TTT CCA TCC TAT TTT-3'
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Blocker 10 (B-10)

5-TTT ACCATCCTA T TTT-3'

Blocker 11 (B-11)

5-TTT ACC ATC CTA TC TTT-3'

The blue colored regions highlight the complementary sequence between template

and primer probes. Underlined regions contain either the full or partial NEase

recognition sequence.

Table 2.2 DNA sequences and modifications for the 37 °C EXPAR

DNA Name

Sequence

EXPAR Template 28 (XT-28)

5'- C GCT TGA ACG CTG TGC TAG ATG TGC
TGA GGT C GCT TGA ACG CTG TGC TAG

ATG TGC TGA-SpC3-3'

EXPAR Template 19 (XT-19)

5'- TAG GTG AAC GTG GAG CTG AGG GCT

AGG TGA ACG TGG AGC TGA -Phos-3’

EXPAR Template 15 (XT-15)

5-GGT TTT A TTT GCT GAG GTTTTATTTG

CTG A-Phos-3’

EXPAR Template 11 (XT-11)

5'-GGT TTT GCT GAG GTT TTG CTG A-Phos-3’

EXPAR Template 8 (XT-8)

5'-GGT GCT GAG GTG CTG A-Phos-3’

Trigger 28 (T-28)

5'-TCA GCA CAT CTA GCA CAG CGT TCA

AGC G-3'

Trigger 19 (T-19)

5'- TCA GCT CCA CGT TCA CCT A-3'

Trigger 15 (T-15)

5'-T CAG CAA A TAA AAC C-3'

Trigger 11 (T-11)

5'-TCA GCA AAA CC-3'

Trigger 8 (T-8)

5'-TCA GCA CC-3'
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Table 2.3 DNA sequences and modifications for the 2-stage BISDA-EXPAR

DNA Name | Sequence

2-stage Template Probe (2PT) 5'-AAC TAT ACA ACC TAC TAC CTC ACT

CAGACT CCT CTC GAACACTTTTTTTTT

ITTTTTTTT TTT TTT T-Biotin-3'

2-stage Primer Probe 7 (2PR7) 5-Biotin-TTT TTT TTT TTT TTT TTT TTT TTT

AGT GTT C

2-stage Primer Probe 6(2PR6) 5-Biotin-TTT TTT TTT TTT TTT TTT TTT TTT

GTGTITC

EXPAR Template 55 (XT-55) 5'-AAC TAT ACA ACC TAC TAC CTC ATT
CAG ACT CAA ACT ATA CAA CCT ACT ACC

TCA A-Phos-3'

Trigger 55 (T-55) 5'-T GAG GTA GTA GGT TGT ATA GTT-3’

The red colored regions highlight the complementary sequence between template and

primer probes

2.2.2 Preparation of the toehold-mediated strand displacement beacon

A toehold-mediated strand displacement beacon (FQ) was used to detect T-28. The
beacon was constructed of a fluorophore strand (F) that is fully complementary to T-28
and a quencher strand (Q) that has same sequence as T-28 with eight bases shorter on the

5'-end. F and Q were received lyophilized, subsequently dissolved in nanopure water to
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50 uM and 100 uM, respectively, and stored at -20 °C. To prepare FQ, F and Q were
diluted to 5 uM and 10 puM, respectively, in 1X Cutsmart buffer (50 mM Potassium
Acetate, 20 mM Tris-Acetate, 10 mM Magnesium Acetate, 100 ug/mL BSA, pH 7.9) by
mixing 20 uL of 50 uM F, 20 puL of 100 uM Q, 20 uL of 10X Cutsmart buffer, and 140
uL nanopure water. The 5 uM FQ solution was annealed by heating to 90 °C for 5 min,
followed by cooling to 25 °C over 1.5 hours. The ratio of F to Q was kept at 1:2 to

minimize background fluorescence.

2.2.3 Binding induced DNA probes

The template probes (PT, 2PT) and primer probes (PR6, PR7, PR8, 2PR6, 2PR7) used
to detect streptavidin in all three designs consist of binding induced DNA assembly
complementary regions, a poly-T spacer region, and biotin labels on the 5" and 3’ ends of
primer probes and template probes, respectively. For the analysis of streptavidin, template
probes and primer probes were used directly and biotin serves as the affinity ligand for
streptavidin recognition. Probes used for the detection of Her2 protein were constructed
by linking biotinylated polyclonal anti human ErbB2/Her2 goat IgG to PT or PR6 via
streptavidin in solutions of 1X phosphate buffered saline (PBS). 25 pL of 2 uM
streptavidin was mixed with 25 pL of 2 pM PT or PR6 and incubated at 37 °C for 30
min, followed by 25 °C for 30 min. The resulting mixture was added to 50 pL of 1 uM
biotinylated Her2 antibody and incubated at 25 °C for 30 min. Then, this mixture was
diluted to 200 nM Her2-Probe conjugate by adding 150 uL of I mM biotin and stored at
4°C. Excess biotin was used to block the vacant biotin binding locations on streptavidin;
this prevents any free PT or PR6 from linking to the same streptavidin molecule and

triggering background amplification.
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2.2.4 BISDA procedure

The procedures for detecting streptavidin and human epidermal growth factor receptor 2
(Her2) using BISDA are similar and therefore described together. The procedure consists
of making two master mixes and adding them to a target or a blank that contains only
buffer. The two master mixes were a reagent mix and an enzyme mix. The reagent mix
contained deoxynucleotide triphosphates (dANTPs), FQ, PT, PR6; PR7; or PRS8, and
Cutsmart buffer. The enzyme mix contained Nt.BbvCl, Klenow (exo-), and Cutsmart
buffer. For the analysis of Her2, the reagent mix contained Probe-Her2 antibody
conjugates and was added to either Her2 or a blank buffer and incubated for 20 min at
room temperature to allow for complete binding of antibody probes before addition of the
enzyme and reagent mixes. For the analysis of streptavidin, the enzyme mix was added
immediately following the addition of reagent mix because the binding between biotin
and streptavidin is rapid and does not require an incubation phase. After both mixes were
added to the sample, the resulting 100 puL solution was transferred to a black 96 well
microplate and placed in a preheated multi-mode DX880 microplate reader (Beckman
Coulter). Fluorescence was monitored at 37 °C with excitation/emission set at 485/515
nm to detect F. The final concentrations of reagents, unless otherwise noted, were 5 nM
of each probe, 0.25 mM dNTPs, 1X Cutsmart buffer, 100 nM FQ, 0.2 U/uL Nt.BbvCl,

0.1 U/ pL Klenow (exo-), and varying amounts of streptavidin or Her2.

2.2.5 EXPAR procedure
The procedure for EXPAR uses a reagent mix and an enzyme mix that are both added to
the target or blank. The reagent mix consists of dNTPs, SG, ROX, XT-28; XT-19; XT-

15; XT-11; or XT-8, and Cutsmart buffer. The enzyme mix contained Nt.BbvClI, Klenow
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(exo-) or Klenow LF, and Cutsmart buffer. After the reagent mix and enzyme mix were
prepared and added to T-28, T-19, T-15, T-11, T-8, or the blank, the resulting 100 uL
reaction solutions were transferred to a black 96 well plate. The plate was placed in a
preheated multi-mode DX880 microplate reader. Fluorescence was monitored at 37 °C
with excitation/emission set at 485/515 nm to detect SG and 535/595 nm to detect ROX
as a reference dye. Final concentrations of reagents, unless otherwise noted, were 0.25
mM dNTPs, 1X Cutsmart buffer, 1X SG, 125 nM ROX, 100 nM XT-28, 0.2 U/uL
Nt.BbvCl, 0.1 U/ pL Klenow (exo-), and varying concentrations of T-28.

EXPAR products were visualized on a 12 % native polyacrylamide gel. The gel
was made by combining 4.5 mL of 40 % 19:1 acrylamide/bisacrylamide, 3 mL of 5X TBE
buffer, 7.5 mL nanopure water, 15 pL. TEMED, and 93 pL of 10 % APS. EXPAR
reactions were incubated for 30 min with higher concentrations of reagents so that the
products could be visualized. The final reaction concentrations of EXPAR reagents were
2 uM XT-28, 2.5 mM dNTPs, 1X Cutsmart buffer, 0.5 U/uL Klenow LF or Klenow
(exo-), 1 U/uL Nt.BbvCl, and varying amounts of T-28. After incubation for 30 min, 10
uL of each EXPAR reaction was mixed with 2 pL of 6X DNA gel loading dye and then
loaded onto the PAGE gel. The PAGE gel was run for 1 h at 120 V, followed by staining
with SYBR gold and imaged by an ImageQuant 350 (IQ 350) digital imaging system (GE

Healthcare).

2.2.6 BISDA incorporating EXPAR
The procedure for BISDA-EXPAR follows a similar protocol as BISDA. The reagent mix
consists of ANTPs, SG, ROX, PT, PR6, XT-28, and Cutsmart buffer. The enzyme mix

contained Nt.BbvCl, Klenow (exo-), and Cutsmart buffer. Reagent and enzyme mixes
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were added to streptavidin or a blank, and the final 100 pL reaction solution was
transferred to a black 96 well plate. The plate was placed in a preheated multi-mode
DX880 microplate reader, and fluorescence was monitored at 37 °C with
excitation/emission set at 485/515 nm to detect SG and 535/595 nm to detect ROX
reference dye. The final concentrations of reagents, unless otherwise noted, were 5 nM of
each probe, 0.25 mM dNTPs, 1X Cutsmart buffer, 1X SG, 125 nM ROX, 100 nM XT-

28, 0.2 U/uL Nt.BbvCl, 0.1 U/ pL Klenow (exo-), and varying amounts of streptavidin.

2.2.7 BISDA and EXPAR conducted in two-stages

In a typical 2-stage BISDA-EXPAR reaction, a probe mix and a master mix were
prepared and added to either a streptavidin target or a blank containing only buffer. The
probe mix contained 2PT and 2PRé6 or 2PR7. The master mix contained dNTPs, SG,
ROX, NEBuffer 3.1 (100 mM NaCl, 50 mM Tris-HCIL, 8-10 mM MgCl, 100 pg/mL BSA,
pH 7.9, 7.4), XT-55, Nt.BstNBI, and Bst 2.0. To initiate the reaction, 4 pL of probe mix
were added to 2 pL streptavidin or blank buffer, followed by addition of 14 pL of the
mastermix. The resulting reaction solutions were transferred to an Applied Biosystems
StepOnePlus real-time PCR system. The reaction was held at 37 °C for 10 min, to allow
extension of either 2PR6 or 2PR7, followed by increasing the temperature to 55 °C and
monitoring the fluorescence using the FAM dye filter to measure SG and the ROX dye
filter to measure ROX. The final concentrations of reagents, unless otherwise noted, were
100 pM of each probe, 0.25 mM dNTPs, 1X NEB3.1 buffer, 1X SG, 125 nM ROX, 100

nM XT-28, 0.5 U/uL Nt.BstNBI, 0.4 U/ uL Bst 2.0, and varying amounts of streptavidin.
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2.3 Results and Discussion

2.3.1 Design of probes for the construction of Binding induced strand displacement
amplification (BISDA)

PT and PR probes were purchased with biotin labels on their 3" and 5'-ends, respectively.
This allows PT and PR to be used directly for the detection of streptavidin, where biotin
serves as the affinity ligand. The use of biotin labelling also allows simple construction
of probes for different target proteins by linking PT and PR to antibodies. Streptavidin
can bind four different biotin molecules, which allows use of streptavidin as a linking
molecule to join DNA motifs to affinity ligands for other proteins.

The 3'-end of PR was designed to have a short (6—8 nucleotide) complementary
region to PT. This region is short enough that in the absence of target, the two probes
exist as ssDNA probes. In the presence of a target, when both probes bind to a single
target molecule, they are brought into close proximity, which promotes hybridization
between the 3’-end of PR and the middle of PT. IDTs Oligoanalyzer 3.1 software was
used to estimate the stability between probes when they are free in solutions or bound to
a target. To estimate the stability of free probe hybridization, the Tm of the 68 base
sequence was used. A hairpin sequence was used to estimate the stability between two
target bound probes. The hairpin consisted of the complementary region between PT and
PR on the 5" and 3'-ends, respectively, separated by a 100-T sequence. The 100-T
sequence is used to mimic the spacing between target bound probes. By using estimated
melting temperatures, the complementary sequence was designed to maximize the

difference in stability between bound and unbound probes.
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Since PT and PR also are used when BISDA is combined with EXPAR, it was
important to minimize any nonspecific interactions between PT, PR, and XT. Avoiding
any complementarity between the 3’-end of PR and XT is critically important because
XT is present in solution at high concentration. Hybridization between the 3'-end of PR
and XT would result in extension of PR by polymerase and trigger EXPAR, which would

result in high background signals.

2.3.2 Detection of streptavidin using BISDA

The ability of the BISDA system to amplify T linearly was tested using streptavidin as
the target and a toehold mediated strand displacement beacon (FQ) to detect T.
Streptavidin was chosen to test the feasibility of our strategy due to the strong binding
affinity between biotin and streptavidin (Kq = 107'* M). The strong and rapid binding
between biotin and streptavidin enabled evaluation of reaction parameters, such as
complementary region length, probe concentration, and the use of blockers, without being
limited by weak affinity ligand-target binding. FQ was used to detect T because it only
produces a signal when T is present, unlike nonspecific DNA fluorescent dyes.
Nonspecific DNA dyes, such as SYBR dyes, generate fluorescence from any DNA
sequence. Since the BISDA system contains two DNA probes at high concentrations
relative to the target, a nonspecific DNA dye would generate a high background

fluorescence.
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Figure 2.4 shows a typical amplification profile of a streptavidin target and blank
reactions for BISDA. When 1 nM streptavidin is present, an increase of fluorescence
signal is observed. The increased signal is due to the increase of displaced T-28, which
undergoes toehold mediated strand displacement to activate FQ. When no streptavidin is
present, no T-28 is generated to activate FQ, and the fluorescence remains constant at the

baseline level.

—a—1 nM Streptavidin

Time {min)

Figure 2.4 Amplification profile of BISDA. Fluorescence increases in the presence of
streptavidin by the continual generation of T-28, which activates the FQ toehold strand
displacement beacon. Data shown is the mean + standard deviation of triplicate

experiments.
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The length and G-C content of the complementary region between PT and PR was
designed to achieve the largest ATm between free and target bound probes. Achieving
little or no hybridization between free probes is critical to ensure a low background signal.
Conversely, achieving a high percentage of bound probes that hybridized together is
required to achieve a high signal. Figure 2.5 shows fluorescence after 40 min reaction
time using 6, 7, and 8 nucleotide complementary regions between PT and PR. Comparing
the target and blank fluorescence signals, a 6 base and 7 base complementary regions
show similar results. However, when the complementary region is increased to 8 bases,
both the target and background fluorescence signals greatly increase, indicating target
independent hybridization between probes that triggers amplification. This shows the
critical importance of having an appropriate complementary region between probes to
ensure signal generation while limiting background. PR6, which has a 6 base
complementary region with PT, was used for all further experiments because it showed
comparable target fluorescence as the 7 base length but, in principle, should minimize

target independent hybridization.
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Figure 2.5 Effect of the length of the complementary region between PT and PR. Each
reaction was incubated at 37 °C for 40 min, and the fluorescence signal was measured
for 200 pM target and blank reactions. Six Base corresponds to the use of PT and PR,
7 Base used PT and PR7, and 8 Base used PT and PRS8. Data shown is the mean of

duplicate experiments.

The system must generate higher amounts of T with increasing streptavidin
concentrations to be quantitative. Figure 2.6 shows the fluorescence signals from 1-500
pM streptavidin after 40 min of incubation at 37 °C. The increased fluorescence signal as

the concentration of streptavidin is increased confirms that the assay produces increasing
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amounts of T relative to the target and is suitable for quantitation. As low as 1 pM
streptavidin generates a higher signal than the blank. The ability to generate higher
amounts of ssDNA trigger with increasing streptavidin concentrations in BISDA is
required for quantitation using BISDA and also ensures the possibility for quantitation

when EXPAR is incorporated into the system.
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Figure 2.6 Fluorescence response of BISDA to varying concentrations of streptavidin.

Data shown is the mean =+ standard deviation of triplicate experiments.

2.3.3 Detection of Her2 using BISDA

Her2, a breast cancer transmembrane protein biomarker, was used to test the feasibility of
BISDA further: specifically, the ability to trigger BISDA using antibody probes. To detect
molecules other than streptavidin, affinity ligands for the desired target must be
conjugated to PT and PR. Polyclonal Her2 antibodies were used as affinity ligands to

detect Her2 in a buffered system. It is important to note that either 2 monoclonal
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antibodies that bind different epitopes or polyclonal antibodies must be used to ensure
that both probes are able to bind to a single Her2 molecule.

It is common to link biotinylated affinity ligands to biotinylated DNA probes
through streptavidin. By mixing a 1:1:1 ratio of biotinylated DNA to streptavidin to
biotinylated antibody (Ab), construction of PT linked Ab and PR6 linked Ab is achieved.
Excess biotin is added to block unoccupied streptavidin binding sites. This prevents any
free PT or PR from binding to the same streptavidin molecule and generating a
background.

Antibodies have lower binding affinities (K4 ~10") compared to streptavidin-
biotin (K4 = 1071%), therefore, a higher concentration of antibody probes may be required
to achieve more complete binding of a target. The principle of BINDA is based on the
increased stability between probes bound to the same target molecule, which increases
their local concentration. High probe concentrations lead to strong target binding and a
correspondingly higher target specific signal. However, this may also lead to a high
background signal from target independent hybridization between probes. Low probe
concentration will reduce target independent hybridization between probes but may also
decrease target triggered signal. The optimum probe concentration will maximize target
triggered probe hybridization while limiting target independent probe hybridization.

Figure 2.7 shows the detection of Her2 using BISDA with Her2 probe
concentrations ranging from 2 to 8 nM. As the concentration of probes increases, both
target and blank signals increase; this is consistent with BINDA principles. Two nM

probes showed little target specific signal, while 8 nM probes had very high background.
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Four and six nM probes have similar differences between target and background signals.

A probe concentration of 5 nM was chosen for further experiments
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20000
2 nM 4 nM 6 nM 8 nM

Probe Concentration

Figure 2.7 Effect of probe concentration on detecting Her2 with BISDA. Each
concentration of probes corresponds to a concentration of PT linked antibody and PR6

linked antibody. Data shown is the mean of duplicate experiments.

Although probe concentrations and probe complementary length have been
optimized for BISDA, a background signal persists. To address this issue, blocking oligos
were designed (illustrated in Figure 2.8). The blocker forms a duplex with the

complementary region on PT, preventing weak hybridization between PT and PR when
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probes are free in solution. Upon target binding, the increased stability between PT and
PR6 displaces the blocker oligo and allows for normal hybridization between PT and
PR6. The sequence is short so that it can be displaced easily by target triggered
hybridization between probes. A high concentration of blocker is used relative to the

probes, which increases its stability with PT and the corresponding blocking efficiency.

Blocker Oligo

5 —> ;E +
PT PR Her2

Figure 2.8 Schematic illustration of a blocking oligo. When probes are free in solution

the blocking oligo anneals to the complementary region of PT. Upon target binding by
both probes, the complementary region of PR displaces the blocking oligo and the

reaction proceeds.

The blocker is designed to achieve a stable enough hybridization to prevent
nonspecific interaction between probes but weak enough to be displaced when probes are
bound to the target. Four blocking sequences were designed from 8§ to 11 bases. Each
blocker DNA has a 3-T sequence on each end. This prevents extension by polymerase as

well as facilitates displacement by PR6 when both probes are target bound.
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Figure 2.9 shows that as the length of the blocker increases, both the target
triggered and background signals decrease. The 8 base-blocker shows some decrease in
background signal while maintaining high target triggered amplification. This

demonstrates how a blocker can be used effectively to improve signal to background.
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Figure 2.9 Effect of the length of blocking oligo in BISDA. Blocker lengths of 8, 9, 10,
and 11 correspond to blocker sequences B-8, B-9, B-10, and B-11, respectively. Data
shown is the mean of duplicate experiments.

2.3.4 Exponential amplification reaction (EXPAR)

Incorporation of exponential amplification can facilitate ultrasensitive detection of

proteins.!!%!32 Exponential amplification can enable much lower amounts of target to be
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detected because it yields higher amounts of amplification products compared to linear
amplification. Since displaced T-28 from BISDA was designed to be the trigger oligo for
EXPAR, incorporating exponential amplification with BISDA only requires the addition
of XT-28. However, since EXPAR typically occurs at 55 °C, the ability of EXPAR to
operate at 37 °C was tested before combining with BISDA.

Figure 2.10 shows two native PAGE images of EXPAR products after reacting for
30 min. Both Klenow LF and Klenow (exo-) were evaluated as the polymerase in EXPAR
at 37 °C. Lane 5 in Figure 2.10A shows that Klenow LF can extend T-28 along XT-28;
however, it shows no excess trigger generated, indicating that Klenow LF has slow strand
displacement activity. Figure 2.10B uses Klenow (exo-), which lacks the 3'—5’
exonuclease region found on the large fragment version of Klenow polymerase. Lanes 2-
8 of Figure 2.10B show EXPAR products using Klenow (exo-) as polymerase with T-28
starting concentrations from 2 pM to 1 pM. Not only is Klenow (exo-) able to extend T-
28 along the EXPAR template, but it also produces excess trigger, indicating that it has
high strand displacement activity. Lane 1 shows the EXPAR reaction with a 200 nM
starting trigger without NEase. The products are a mixture of fully extended template and
single stranded template, indicating that the initial trigger oligos are extended along the
template, but in the absence of NEase no additional triggers are generated to be amplified

by other templates.
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Figure 2.10 Native PAGE images of EXPAR products. (A) Lane 1 contained 2 uM T-
28. Lane 2 contained 2 pM XT-28. Lane 3 contained 4 uM T-28 and 2 uM XT-28.
Lane 4 contained 200 nM T-28 and 2 uM XT-28. Lane 5 contained 200 nM T-28, 2
uM XT-28, Klenow LF, and Nt.BbvClI. (B) Lane 1 contained 200 nM T-28, 2 uM XT-
28, and Klenow (exo-). Lanes 2-8 contained EXPAR reactions using 2 uM XT-28,
Klenow (exo-), and Nt.BbvCI and varying T-28 concentrations. Lane 2 contained 2 pM
T-28. Lane 3 contained 20 pM T-28. Lane 4 contained 200 pM T-28. Lane 5 contained
2 nM T-28. Lane 6 contained 20 nM T-28. Lane 7 contained 200 nM T-28. Lane 8
contained 1 pM T-28. Lane 9 contained 200 nM T-28 and 2 uM XT-28. Lane 10

contained 2 pM XT-28. Lane 11 contained 1 uM T-28.

The amplified product detected in EXPAR is a double-stranded EXPAR template.
The signal is generated using SYBR Green I (SG), which has increased fluorescence after
binding to dsDNA.'33. Similar to RT-PCR, high concentrations of trigger DNA generate
a detectable fluorescence signal faster than lower concentrations. Therefore, a threshold

fluorescence signal is set, and the time required to exceed the threshold value is used for
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quantification. Figure 2.11 shows a typical EXPAR amplification profile for 100 pM of
T-28, 200 nM positive control, reagent blank, and a negative control. 200 nM T-28 is
used as a positive control to generate fully dsXT-28 and produces the maximum
fluorescence signal. The negative control occurs in the absence of NEase and polymerase
and shows baseline fluorescence with no amplification. The blank reaction contains no T-
28, but background amplification occurs. Background amplification is common in

EXPAR.

el e |
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Blank
=@§=Negative Control
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Figure 2.11 Real-time fluorescence monitoring of EXPAR reactions. The positive
control uses 200 nM T-28 and 100 nM XT-28. This produces a reaction where all
templates are fully dsDNA, which yields the maximum fluorescence signal. The
negative control (N.C.) lacks Klenow (exo-) and Nt.BbvCl; this represents the baseline

fluorescence. Data shown is the mean of duplicate experiments.
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Several reaction conditions were investigated in EXPAR to achieve the highest
difference between target triggered amplification and background amplification. The
length of trigger sequence in EXPAR can affect the amplification speed and the rate of
background amplification. Ideally, the trigger sequence has a T that is near the reaction
temperature.®® This allows the trigger sequence to hybridize with EXPAR templates and
be extended by polymerase but also to dissociate readily and be extended along additional
templates. With normal EXPAR temperatures (~55 °C), this usually results in an
approximately 20 nucleotide trigger. The amplified T-28 sequence from BISDA is 28
nucleotides long: this length was chosen to be able to activate FQ. Five EXPAR templates
and their corresponding trigger sequences were tested to determine the optimum length
of trigger sequence in EXPAR.

Figure 2.12 shows the amplification profiles of each trigger sequence and the
corresponding EXPAR template. Even though the T, between XT-28 and T-28 is much
higher than the reaction temperature, the strand displacement activity of Klenow (exo-)
allows fast target specific amplification and shows the slowest background amplification

of all lengths tested.
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Figure 2.12 Evaluation of the trigger DNA length in EXPAR. Each solution contained
the same reaction conditions but with varying trigger lengths and the corresponding
EXPAR template. (A) T-28 and XT-28 (B) T-19 and XT-19 (C) T-15 and XT-15 (D)

T-11 and XT-11 (E) T-8 and XT-8. Data shown is the mean of duplicate experiments.
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The concentration of EXPAR template can also affect amplification in EXPAR.
Figure 2.13 shows parallel reactions with varying concentrations of XT-28. Higher
concentrations of template resulted in faster amplification. This may be due to increased
duplex stability with a higher concentration of DNA, which increases background
amplification. Nonspecific background amplification seen in blank reactions occurs not
only in blank reactions but also in target specific reactions. The time that background
amplification occurs acts as a baseline, and target specific amplification is adding to
background amplification. It is then reasonable that increasing template concentrations
would increase reaction speed of both the blank and target specific amplification. A 100
nM template was chosen as the optimum concentration because amplification occurred in
under 1 h and showed a larger difference between target triggered and blank amplification

signals compared to a higher concentration of template.
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Figure 2.13 Effect of EXPAR template concentration on the signal and blank signals
in EXPAR. Increasing concentrations of XT-28 were used in parallel to determine the
optimum concentration. (A) 200 nM XT-28 (B) 100 nM XT-28 (C) 50 nM XT-28 (D)

25 nM XT-28. Data shown is the mean of duplicate experiments.

2.3.5 BISDA incorporating EXPAR

After confirming EXPAR functions at 37 °C, I combined EXPAR with BISDA. The

NEase concentration was optimized first, using 500 pM streptavidin for the target signal.

Sufficient NEase is required to generate nicked sites at a similar speed as polymerase
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generates NEase recognitions sites. However, as Figure 2.14 shows, higher NEase
concentrations increase background amplification. 0.2 U/uL Nt.BbvCI was chosen as the
optimum concentration due to target specific amplification under 1 h and lower

background signal compared to higher concentrations of NEase.
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Figure 2.14 Effect of NEase concentration on the signal and blank reactions in BISDA—
EXPAR. (A) 0.05 U/uL Nt.BbvCI (B) 0.1 U/pL Nt.BbvClI (C) 0.2 U/uL Nt.BbvCI (D)

0.4 U/uL Nt.BbvClI. Data shown is the mean of duplicate experiments.
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The concentration of polymerase also was optimized by comparing concentrations
from 0.05 U/uL to 0.2 U/uL. In Figure 2.15, the lowest background signal was achieved
with 0.05 U/uL Klenow (exo-) and had comparable target specific signals to higher

concentrations, therefore, 0.05 U/uL Klenow (exo-) was chosen as the optimum

concentration.
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Figure 2.15 Effect of polymerase concentration on the signal and blank reactions in
BISDA-EXPAR. (A) 0.05 U/uL Klenow (exo-) (B) 0.1 U/uL Klenow (exo-) (C) 0.2
U/uL Klenow (exo-) (D) 0.4 U/uL Klenow (exo-). Data shown is the mean of duplicate

experiments.
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Although the reaction parameters of BISDA and EXPAR were optimized both
separately and together, background amplification remained high in BISDA-EXPAR. In
principle, exponential amplification should improve the sensitivity and corresponding
detection limits in BISDA-EXPAR. However, compared to BISDA, where 1 pM
streptavidin could be detected, BISDA-EXPAR was unable to distinguish the 100 pM
streptavidin from the blank (Figure 2.16). Although EXPAR does achieve exponential
amplification, the high level of background that it introduces limits the overall BISDA—

EXPAR reaction.

25 ,
23 ]

21 ]

19 ]
] —e—500 pM Streptavidin
17
15 3 100 pM Streptavidin

13

"N

Fluorescence

Blank

0 10 20 30 40 50
Time (min)

Figure 2.16 Signal response of BISDA-EXPAR with 500 pM and 100 pM streptavidin.

Data shown is the mean of duplicate experiments.
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Figure 2.17 shows the signal response of EXPAR from 10 pM to 1 nM of T-28.
Operating at 37 °C, EXPAR can only detect 10 pM or higher of trigger DNA. I anticipated
that the BISDA-EXPAR assay would have higher sensitivity than EXPAR alone since
each target protein generates more than one trigger DNA to be amplified by EXPAR.
However, the results show that coupling EXPAR with BISDA increases the detection
limit of the system. This could be attributed to the extra probe DNA strands generating
nonspecific amplification with EXPAR templates. This EXPAR system operates at a
much lower temperature than EXPAR traditionally is used at, which required alternate
polymerase and NEase enzymes that may not be as efficient as their higher temperature
equivalents. Also, at lower temperatures, weak DNA-DNA interactions occur more

frequently than at higher temperatures, which could lead to background amplification.
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Figure 2.17 Signal response of EXPAR with varying T-28 concentrations. Data shown

is the mean of duplicate experiments.
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2.3.6 Two-stage reaction combining BISDA with EXPAR

To improve the detection limit of the combined BISDA-EXPAR system I designed a
modified strategy where an initial target binding and probe extension phase occurs at 37
°C, followed by nicking, strand displacement, and EXPAR at 55 °C. The goal of this 2-
stage system is to incorporate protein binding at 37 °C, the optimum temperature for many
antibodies, but make use of improved EXPAR performance at 55 °C. This design requires
the polymerase to operate at both 37 °C and 55 °C. I take advantage of Bst 2.0 polymerase,
which exhibits activity at a broad range of temperatures: its optimum temperature is 60
°C; however, it remains 10-15% active at 37 °C. This allows Bst 2.0 to extend target
bound probes at 37 °C and have activity at 55 °C for strand displacement and EXPAR.

In BISDA and BISDA-EXPAR, amplification occurs at 37 °C, where the short
complementary region between probes is sufficient to keep bound probes together in a
duplex form as the reaction cycles. In 2-stage BISDA-EXPAR probe binding occurs at
37 °C and amplification at 55 °C. The probes need to be constructed so that even if affinity
ligands release the target protein at 55 °C, probes that were initially bound to target
molecules remain hybridized together. Also, even if affinity ligands remain bound to the
target at 55 °C, the increase in temperature could cause the probes to separate, which
would stop the linear amplification component.

Probe 2PT (Figure 2.3) is designed similar to PT but includes an extra stabilizing
sequence between the probe complementary region and the NEase recognition sequence.
This added region stabilizes the duplex formed between the probes after extension of 2PR
by polymerase at 37 °C. After extension by polymerase there are 42 bases complementary

between probes. Increasing the reaction temperature to 55 °C allows nicking to occur,

66



leaving a 20 base complementary length between 2PT and 2PR. After initial extension at
37 °C, 2-stage BISDA-EXPAR proceeds in the same manner as BISDA-EXPAR but at
an elevated temperature of 55 °C.

The effect that the length of the complementary region between 2PR and 2PT had
on amplification was investigated. Based on previous results from Section 2.3.1, only 6
and 7 base lengths were used since 8 bases produced a very high background. Figure 2.18
shows that 6 and 7 base complementary regions have similar target triggered signals.
However, the 7 base length complementary region has a higher background signal than

the 6 base length; therefore, a 6 base complementary region was used for further

experiments.
35 1
301 seceeesssssssssess . .
1 —e—7 Base-10 pM
g 25 1 Streptavidin
820 ] ——6 Base-10 pM
@ . Streptavidin
§ 15 E 7 Base-Blank
10 1
. 6 Base-Blank
5
O:I--l--ll-l--l--.l--llllllllllllllllllll
5 10 15 20 25
Time (min)

Figure 2.18 Comparison of a 6 and 7 base complementary length between probes in 2-
stage BISDSA-EXPAR. 6 Base uses 2PT and 2PR6 probes and 7 Base uses 2PT and

2PR7 probes. Data shown is the mean of triplicate experiments.
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Next, the effect of probe concentration on amplification was investigated. Figure

2.19 shows probe concentrations ranging from 500 to 50 pM. In this range of probe

concentrations, there was little effect on target specific or background amplification. One

hundred pM probes were used for further experiments because, in principle, a lower

concentration of probes leads to a lower background amplification. A 50 pM probe

concentration was not chosen because for two probes to be able to bind a single target

molecule simultaneously, the probe concentration must be in excess; 50 pM probes would

limit the dynamic range of the assay to <50 pM target.
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Figure 2.19 Effect of probe concentration on amplification in 2-stage BISDA-EXPAR.

Blank reactions contain no streptavidin. EXPAR blanks contain no streptavidin and no

probes, only EXPAR templates. (A) 500 pM probes. (B) 250 pM probes. (C) 100 pM

probes. (D) 50 pM probes. Data shown is the mean of triplicate experiments.
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The concentration of EXPAR template also was investigated (Figure 2.20).
Similar to findings in Section 2.3.2, a lower concentration of XT-55 reduced nonspecific
amplification. Twenty-five nM XT-55 was used for further experiments because it
showed lower background amplification compared to higher concentrations. Twenty-five
nM XT-55 showed a small decrease in target-specific amplification speed compared to
100 nM and 50 nM XT, but lowering the concentration of XT-55 to 10 nM slowed the

target specific amplification by several minutes.
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Figure 2.20 Effect of EXPAR template concentration in 2-stage BISDA-EXPAR. 100
pM probes were used. Blank reactions contain no streptavidin. EXPAR blanks contain
no streptavidin and no probes. (A) 100 nM XT-55. (B) 50 nM XT-55. (C) 25 nM XT-

55. (D) 10 nM XT-55. Data shown is the mean of triplicate experiments.
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Magnesium ion concentration is another critical paramer because it affects the
stability of DNA hybridization and is used as the cofactor by polymerase and NEase.
Higher concentrations of Mg?" will stabilize the complementary region between probes
and lead to faster enzyme kinetics, while lower concentrations of Mg*" will reduce
background by destabilizing nonspecific probe hybridization. Figure 2.21 shows the
amplification profiles of 2-stage BISDA-EXPAR with four different Mg*
concentrations. The lower concentrations of Mg?* show slower amplification speed but a
greater difference between target specific amplification and nonspecific background
amplification. Therefore, 4 mM Mg*" was chosen as the optimum Mg?* concentration

because of slower background amplification.
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Figure 2.21 Effect of Mg2+ concentration on amplification in 2-stage BISDA-
EXPAR. Blank reactions contain no streptavidin. EXPAR blanks contain no
streptavidin and no probes. (A) 10 mM Mg*" (B) 8 mM Mg?* (C) 6 mM Mg>" (D) 4

mM Mg?*. Data shown is the mean of triplicate experiments.

To estimate the current performance of the system I ran several concentrations of
streptavidin with the optimized conditions. Figure 2.22 shows the amplification profiles
triggered by streptavidin concentrations from 1 pM to 1 nM. The blank reaction has a
comparable signal with 1 pM of streptavidin. Also, the 100 pM streptavidin curve is faster
than the 1 nM curve. This is reasonable since only 100 pM of each probe is used, so the
reaction with 1 nM streptavidin contains many streptavidin molecules with only 1 bound

probe, which generates no signal.
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Figure 2.22 Signal response in 2-stage BISDA-EXPAR to varying concentrations of

streptavidin target (1 nM—1 pM and blank). Data shown is the mean of triplicate

experiments.
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2.4 Conclusions

Three protein assays based on enzymatic strand displacement amplification networks
have been developed. Each design uses protein recognition by affinity ligands to trigger
amplification of a DNA sequence. The first linear BISDA system is capable of detecting
as low as 1 pM of target streptavidin and has the potential to be used for the detection of
other protein targets by changing the affinity ligands, shown by the detection of Her2. The
second system, BISDA-EXPAR, used two amplification systems working in tandem to
achieve exponential amplification of DNA from a streptavidin target. The feasibility of
BISDA—-EXPAR has been demonstrated, but with the current optimizations, the detection
limits are high (>10 pM) due to the intrinsically high background amplification from the
EXPAR reaction. The third amplification system is 2-stage BISDA-EXPAR that utilizes
the unique ability of Bst 2.0 polymerase to be active at a wide range of temperatures. This
allows an initial hybridization and extension phase to occur at 37 °C, followed by an
increase to 55 °C for amplification to occur. Two-stage BISDA-EXPAR also is limited
by a high EXPAR background. In principle, if the background signal from EXPAR is
reduced, both systems using EXPAR would be capable of sub-pM detection limits due to
the increased amplification compared to the linear BISDA system. All designs have the
potential to be used in resource limited settings as the procedure is simple, and a simple

heating block and fluorescence reader are the only equipment required.
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Chapter 3: Investigations into Background from Template—Template
Interactions in the Exponential Amplification Reaction of DNA

3.1 Introduction

Exponential amplification of nucleic acids is a powerful strategy for signal amplification
in new assays that enables the detection of pathogens, genetic markers, microRNAs, and
many other biological targets.?>!3*!135 Recently, Exponential Amplification Reaction
(EXPAR) has seen increased usage in both direct nucleic acid detection and as a signal
amplifier in new assay designs.®®!3%137 EXPAR has been adapted for the detection of a
wide range of targets, such as miRNA,3¥ 1% DNA 47150 proteins,!”"1%° enzyme
activity,'® and metals.!”” The EXPAR procedure is simple, requiring only the mixing of
all reagents in a single vial (or plate well), and allowing the reaction to take place at a
constant temperature, typically 55-60 °C.

EXPAR displays high amplification efficiency (10°-10%) in a short time (<30
min), which makes it appealing for generating an amplified signal. EXPAR uses a DNA
template and two enzymatic reactions to achieve exponential amplification of a target
sequence (Figure 3.1). The EXPAR template is designed to contain repeat regions (X'-X")
that are complementary to the target sequence (X) and separated by a short nicking
enzyme (NEase) recognition sequence. Once hybridized to the template, the target DNA
is extended along the template by a DNA polymerase. After extension, the NEase cleaves
the extended target DNA strand, generating a nick. DNA polymerase can extend the 3'-
end of the nicked site, which simultaneously displaces the newly synthesized strand. The
displaced strand then hybridizes with another template molecule, initiating new

amplification, while amplification of the target DNA from the initial target—template
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complex continues. Thus, each reaction cycle produces two copies of the target DNA from

a single target molecule, achieving exponential amplification.
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Figure 3.1 Schematic illustration of the EXPAR system. (A) Target DNA hybridizes
with the EXPAR template. (B) DNA polymerase extends the target strand along the
EXPAR template, generating the nicking enzyme recognition site. (C) Nicking
enzyme cleaves the phosphate backbone of the top strand, creating a nicked site in the
DNA. (D) DNA polymerase extends the 3'-end at the nicked site while simultaneously
displacing the previously synthesized DNA strand. The nicking recognition site is
regenerated and a new target DNA strand is generated, which can undergo
amplification with another EXPAR template.

A major limitation of EXPAR is the presence of nonspecific background
amplification.!® Although background amplification is observed in all EXPAR assays,
it is highly variable, resulting in detection limits varying from pM'*® to aM.'#>!4¢ Some

variability in background amplification may be attributed to different assay designs and
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a user’s technical skills, but additional factors must be present to account for the
variability of six orders of magnitude. Niemz and coworkers reported that the products
of background amplification were specific sequences of the EXPAR template,
indicating that the EXPAR template plays a critical role in generating background
amplification.'*® The involvement of EXPAR templates in background amplification is
supported further by reports that the amount of background amplification varies with
different template sequences.'>® Additionally, background amplification is associated
with GA-rich regions of the template, which may promote background amplification
because of stronger affinity between polymerase and purine oligonucleotides.'*® Due to
the X'-X' sequence of the EXPAR template, once background amplification is
triggered, the displaced ssDNA (X) is identical to the target DNA (X) and amplification
proceeds as a normal EXPAR amplification reaction. Thus, it is thought that
background amplification is generated through nonspecific amplification of the
EXPAR template in the absence of the target strand.'* While the involvement of the
EXPAR template in background amplification is well established, the mechanism that
triggers background amplification remains unknown. A thorough understanding of
what triggers background amplification is required to prevent background amplification
and improve the utility of EXPAR.

We hypothesize that EXPAR background amplification is triggered by transient
template—template hybridization that results in a 3'-end extension of EXPAR templates
by DNA polymerase. Transient interactions capable of generating 3'-end extensions of
EXPAR templates are illustrated in Figure 3.2. These include self-priming between two

template strands, similar to primer—dimer formation in the polymerase chain reaction
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(PCR), or the formation of a hairpin loop within a single template strand. To prevent
3'-end extensions by polymerase, the 3’-ends of EXPAR templates are blocked
chemically with phosphate, with a blocking efficiency of ~99%.!° Although a 99%
blocking efficiency is excellent, the remaining 1% of unblocked template is still much
higher than the concentration of target that needs to be amplified (typically aM).
Because the concentration of the EXPAR template is typically tens to hundreds of nM,
1% of unblocked template DNA strands are approximately 10°-fold more abundant than
the target DNA strands (aM). Thus, only 1 in 10° of unblocked templates extended by
DNA polymerase would generate a background equivalent to the signal generated by
an aM target. Recognizing that chemically blocking the 3’-end nucleotide of templates
cannot achieve 100% reaction efficiency, we focused on the transient hybridizations

between templates.
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Figure 3.2 Schematic illustration of transient template hybridizations able to be
extended by DNA polymerase to trigger background amplification. (A) Hybridization
at the 3’-end between two templates. (B) Hairpin formation on the 3'-end of a single
template. (C) Transient interactions along the whole template sequence, leading to
higher incidences of 3'-end hybridization. (D) Small percentage of hydrolyzed

templates resulting in unblocked 3’-ends.

The objectives of this chapter are to (i) examine various intra- and inter- DNA
template interactions that result in the generation of EXPAR background, and (ii)
minimize the source of background by blocking or weakening these interactions between
templates. We investigated template—template hybridization by using several blocking

schemes designed to probe each specific template interaction. By comparing blocked and
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unblocked EXPAR reactions, we evaluated the contribution of each type of interaction to
the overall background. We employed two main blocking strategies: sequence-specific
blocking of the 3'-end of templates (Figure 3.3A and B) and sequence-independent
blocking of the entire template (Figure 3.3C). Specifically blocking the 3'-end allowed
evaluation of the ability of DNA polymerase to extend transient interactions at the 3’-end.
Sequence-independent blocking of the entire EXPAR template allowed evaluation of
background triggered by interactions along the entire length of the template strand, in

addition to the 3'-end specific interactions.
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Figure 3.3 Three design approaches to reduce the proposed template interactions that
generate background amplification. (A) Hairpin EXPAR template contains a stable 3'-
hairpin with a poly-A tail. (B) PNA EXPAR template contains an extended 3’ region to
allow PNA binding and blocking of nonspecific 3'-end template hybridizations. (C)
SSB binds to single stranded EXPAR templates independent of the sequence to prevent

weak template-template hybridizations.
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3.2 Experimental

3.2.1 Chemicals and materials

All oligonucleotides were synthesized and HPLC purified by Integrated DNA
Technologies Inc. (Coralville, IA). Their sequences and modifications are listed in Table
3.1. Bst 2.0 polymerase (8 U/uL) and Nt.BstNBI nicking enzyme (10 U/pL) were both
from New England Biolabs (Whitby, ON, Canada). SYBR Green I (10 000X), dNTPs (10
mM mix), and Rox reference dye (Rox) were from Life Technologies (Burlington, ON,
Canada). E. coli single stranded binding protein (SSB) (59.1 uM), Tris-hydrochloride
(Tris-HCI), magnesium chloride (MgClL), sodium chloride (NaCl), dimethyl sulfoxide
(DMSO), glycerol, phosphate buffered saline (PBS, 10X), and bovine serum albumin
(BSA, >98%) were from Sigma-Aldrich (Oakville, ON, Canada). The peptide nucleic acid
was from PNA Bio (Thousand Oaks, CA). Nanopure H.O (>18MQ), purified by an

Ultrapure Milli-Q water system, was used for all experiments.
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Table 3.1 DNA sequences and modifications for EXPAR

Target DNA 5'-T GAG GTA GTA GGT TGT ATA GTT-3'

EXPAR Template | 5-AAC TAT ACA ACC TAC TAC CTC ATT CAG ACT CAA

ACT ATA CAA CCT ACT ACC TCA A-PO4-3'

Hairpin EXPAR 5'-AAC TAT ACA ACC TAC TAC CTC ATT CAG ACT CAA

Template ACT ATA CAA CCT ACT ACC TCA AAG CAG CAC CAA

AAA GGT GCT GCA AAA-PO4-3'

PNA EXPAR 5-AAC TAT ACA ACC TAC TAC CTC ATT CAG ACT CAA

Template ACT ATA CAA CCT ACT ACC TCA TCG ACA GCT ACG

GAC TCT-POg4-3'

PNA blocker N-Acetyl-TT A GAG TCC GTA GCT GTC G-C

Sequences in blue are complementary to the red target sequence. The underlined
sequence 1s the NEase recognition sequence. The green sequence corresponds to the
hairpin loop region. The purple sequence of the PNA EXPAR template is

complementary to the purple PNA blocker sequence.

3.2.2 EXPAR templates

All EXPAR templates were synthesized with phosphate modified 3'-ends. The phosphate
at the 3’-end prevents the template from being extended by a DNA polymerase. The
standard EXPAR template and target DNA were resuspended in nanopure water and
subsequently diluted with 10 mM Tris buffer (pH 7.4) supplemented with 20 mM NacCl

and 1 mg/mL BSA. The hairpin EXPAR template, PNA EXPAR template, and PNA were
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dissolved in 1X PBS buffer at pH 7.9 and further diluted using 10 mM Tris buffer (pH
7.4 at 25 °C) supplemented with 20 mM NaCl and 1 mg/mL BSA.

The hairpin template was annealed by heating to 95 °C for 10 min followed by
cooling to 25 °C over 45 min, ensuring that the 3'-end of the template was in a hairpin
conformation. Then, the hairpin template was substituted for the standard template in the
EXPAR reaction mixture (Mix A).

The PNA blocked template was prepared by mixing PNA and the PNA EXPAR
template in varying concentration ratios and annealed by heating to 95 °C for 10 minutes,
followed by cooling to 25 °C over 45 min. These procedures enabled the PNA to hybridize
with the template at the 3’-end. The PNA-template hybrid mixture then replaced the

standard template in the EXPAR reaction solution (Mix A).

3.2.3 EXPAR Reaction

Reagents for the EXPAR reaction and detection of products were prepared in two vials,
Mix A and Mix B. Mix A consisted of EXPAR template, INTPs, BSA, blocking reagent
(details below), and target. Mix B consisted of Bst2.0, Nt.BstNBI, reaction buffer, SYBR
Green I, and ROX. Each mixture solution was prepared separately on ice. Enzymes were
added to Mix B immediately before combining 10 puL of each mixture on ice. Final
reaction conditions were 25 nM EXPAR template, 250 mM dNTPs, 0.5X SYBR Green I,
2.5% ROX, 0.4 Units/uL Bst2.0, 0.5 Units/uL Nt.BstNBI, and 1X Tris buffer (55 mM
Tris-HCI, 110 mM NacCl, 8 mM MgCl,, 15% glycerol, 0.55 mg/mL BSA, pH =7.4). The
blocking component (PNA, SSB, DMSO, or glycerol) was present in the final reaction

mixture at varying concentrations as needed. For isothermal reaction and detection, the

82



final reaction solution was transferred to an Applied Biosystems StepOnePlus real-time
PCR system at 55 °C, and fluorescence was monitored at 30 s intervals.

SSB was diluted to working concentrations with a 10 mM Tris, 20 mM NaCl, and
1 mg/mL BSA buffer (pH 7.4) before being added to Mix A. This solution was incubated
on ice for 15 min before it was combined with Mix B. For comparison, glycerol and
DMSO also were used to weaken nonspecific template interactions. They were added
directly to Mix A before Mix A and Mix B were combined.

For testing the nicking enzyme storage buffer, an aliquot of stock Nt.BstNBI was
heat-inactivated at 90 °C for 30 min. The heat inactivated aliquot of Nt.BstNBI was cooled
to room temperature and added to Mix A to account for the effects of Nt.BstNBI storage

buffer without increasing the amount of Nt.BstNBI.

3.3 Results and Discussion

3.3.1 Sequence-specific blocking of the template at the 3'-end

We first studied the contribution of the 3'-end template hybridization to triggering
background amplification and tested options of blocking multiple nucleotides at the 3'-
end of the EXPAR template with complementary nucleic acid strands. We reasoned that
hybridization of the blocking complementary nucleic acid strands with the 3'-end of
EXPAR templates would weaken the interactions between templates at the 3'-end and
reduce the background. Therefore, we designed and tested two approaches, using a 3'-
hairpin loop and a peptide nucleic acid (PNA) to block the 3’-end of EXPAR templates.
The hairpin loop at the 3’-end of an EXPAR template was designed to block transient

duplex formation between two template strands at the 3"-end (Figure 3.3A). The PNA was
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designed to hybridize to the 3’-end of EXPAR templates and block the 3'-end duplex
interactions as well as 3’-end secondary structures on a single template strand (Figure
3.3B).

The goal of incorporating a DNA hairpin sequence on the 3'-end of the EXPAR
template (Figure 3.3A) was to block transient homodimer hybridization between
templates. The hairpin has an estimated Tm of 75 °C (IDT OligoAnalyzer 3.1), which is
stable under the EXPAR reaction conditions (55 °C.) The hairpin essentially locks the 3'-
end onto its own template sequence, limiting intermolecular hybridization with other
template molecules in solution. To avoid introducing background, as would occur in the
scenario of Figure 3.2B, we incorporated a non-complementary poly-A nucleotide
overhang on the 3'-end of the hairpin that cannot pair with the template (Figure 3.3A).

The hairpin template design was compared with the standard template design by
performing EXPAR amplification of a 1 pM target and blank. Figure 3.4 shows that there
was no difference between the 1 pM target and the blank when the modified hairpin
template was used for EXPAR. Incorporating a 3'-hairpin on the template did not decrease
the background amplification. Although a poly-A overhang was incorporated after the 3'-
hairpin to prevent intramolecular extension, this strategy was unsuccessful in preventing
a 3'-extension by DNA polymerase. We reason that the hairpin forced the 3'-poly-A
sequence into close proximity with the template, enabling extension by DNA polymerase,
which triggered background amplification. Even though the hairpin template was blocked

with phosphate at the 3’-end, high background amplification remained.
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Figure 3.4 Comparison of the signal and background between 1 pM target DNA and
blank when a modified hairpin EXPAR template and the standard EXPAR template
were used for the EXPAR reaction. (A) Amplification profiles obtained from real-time
monitoring of fluorescence. (B) Inflection point difference between the signal (target)
and background (blank), calculated from the amplification profile data. The inflection
point represents the time when 50% of the maximum fluorescence is reached. Data

represent the mean + the standard deviation.

To test the contribution of 3’-end template interactions in activating EXPAR
background further, we designed a PNA strand to hybridize with the 3’-end of an EXPAR
template (Figure 3.3B). This strategy blocks both intermolecular and intramolecular

interactions at the 3"-end of EXPAR templates. We chose PNAs as the blocking molecules
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for their strong hybridization with DNA, high chemical stability, and the inability of DNA
polymerase to extend them due to their peptide backbone.'®! A PNA blocker could be
designed to hybridize with a standard EXPAR template, but this would also block
amplification of the target. Therefore, we extended the 3'-end of the EXPAR template to
contain a PNA binding region so that the PNA could block the 3'-end without interfering
with amplification of the specific target.

A comparison of the signal (from 1 pM target DNA) and background shows that
the presence of the PNA blocker increases the difference between the signal and
background (Figure 3.5). We compared various PNA to template ratios to assess the
effectiveness of PNA blocking (Figure 3.5B). There is a modest reduction in background
as the ratio of PNA to blocker is increased. More complete blocking of the 3'-end of the
template occurred when more PNA was used, which reduced the number of templates
with free 3’-ends. The reduction of background from blocking the 3’-end indicates that 3’
interactions contribute to the activation of background amplification.

The modified EXPAR template required for the PNA blocker showed high
background amplification when no PNA blocker was used, as seen from the 0:1 ratio
between PNA and template. This may be due to the longer template that was required,
which provided more base pairs for template interactions as well as the potential for
increased breakage of the template DNA, resulting in more free or non-blocked 3'-ends
to trigger background amplification.

These results demonstrate that limiting interactions at the 3'-end of templates does

reduce background amplification. It also shows the ineffectiveness of chemically blocking
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the 3'-end to prevent background amplification. Designing strategies that approach 100 %

efficiencies should reduce background amplification substantially.
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Figure 3.5 Effect of a PNA blocker on the difference between signal (1 pM target DNA)
and background (blank). (A) Amplification profiles obtained from real-time monitoring
of fluorescence. (B) Inflection point difference between the signal (target) and

background (blank), calculated from the amplification profile data.

3.3.2 Sequence-independent blocking of the whole template
To understand background amplification further, we investigated the blocking of the
whole template using sequence-independent DNA binding agents to compete with
template—template interactions, as depicted in Figure 3.3C. Blocking the 3'-end only

prevents hybridization between templates at their 3’-end, but nonspecific hybridization
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along the rest of the template sequence remains unhindered. We propose that transient
hybridization between templates at positions other than the 3’-end contribute to
background. Interactions along the whole template sequence bring the 3’-ends of
templates into closer proximity, leading to increased 3'-end extensions by polymerase.
E. coli single stranded binding protein (SSB) was used to reduce template—template
interactions by competitively binding to ssDNA EXPAR templates. DMSO and
glycerol were used to weaken nonspecific template interactions.!6>"1%* Reducing
interactions along the whole template sequence allowed assessment of whether non-3’
template interactions contribute to triggering background amplification.
I. Template blocking with single stranded binding protein
SSB was used to test the effect that weak interactions along the EXPAR template have
on triggering background amplification. SSB binds to the whole template, independent
of the sequence and was used to compete with transient template—template interactions
and secondary structures within a single template.!6>17

The effect of adding SSB to the EXPAR reaction was investigated by testing
several concentrations of SSB; Figure 3.6A shows the difference between the signal
(from 100 fM of target DNA) and the blank when the EXPAR reactions were performed
in the absence or presence of 2 uM SSB. The presence of SSB in the EXPAR reaction
solution substantially reduced the background. As the amount of SSB increased, the
difference between the signal (100 fM of target DNA) and blank also increased (Figure
3.6B), indicating that SSB reduces background amplification. The reduction of
background can be attributed to SSB competitively binding the template to reduce

template—template hybridization and secondary structures. These results demonstrate
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how limiting interactions along the whole template sequence can decrease background

and that all template interactions can contribute to background amplification.
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and background (blank). (A) Amplification profiles obtained from real-time monitoring

of fluorescence. (B) Inflection point difference between the signal (target) and

background (blank), calculated from the amplification profile data. Data represent the

mean =+ the standard deviation.

The improved performance of EXPAR with the addition of SSB (SSB EXPAR)

can be seen by comparing amplification profiles of a standard EXPAR system and the

SSB EXPAR system. Figure 3.7A shows the standard EXPAR system and the

characteristic high background occurring after 10 min of the EXPAR reactions. With the

addition of 2 uM SSB, there is a substantial decrease in the background; significant
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background signal is observed only after 40 min of the EXPAR reactions (Figure 3.7B).
The lower background resulted in improved limit of detection of EXPAR for the
amplification and detection of minute amounts of DNA targets. A log-linear relationship
between inflection point time (background corrected) and target DNA concentrations
from 10'® M to 10® M was observed (Figure 3.8). The estimated limit of detection was
37 aM (3.7 x 1017 M) of target DNA, which represents an improvement of three orders
of magnitude vs. the standard EXPAR system. The binding of SSB to all ssDNA in a
sample can reduce background amplification by blocking nonspecific interactions
between the template and other nucleic acids present in biological samples. In addition,
the low detection limit allows for dilution of samples, minimizing potential interference

from complicated matrices present in biological samples.
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I1. Reducing template interactions with glycerol

It has been reported previously that increasing the amount of nicking enzyme decreased
the reaction kinetics of EXPAR and reduced the background.!*® We also have noticed this
unusual result while optimizing the nicking enzyme concentration (Figure 3.9). This
finding seemed counter-intuitive at first, because more nicking enzymes should lead to a
faster reaction. Our subsequent investigation revealed that glycerol present in the nicking

enzyme storage buffer was responsible for the observed slower reaction speed and lower
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Figure 3.9 Amplification profiles of 2 uM SSB EXPAR with varying nicking enzyme
concentrations. (A) 1 U/uL Nt. BstNBI, 7.50 % glycerol. (B) 0.5 U/uL Nt. BstNBI,
5.00 % glycerol. (C) 0.25 U/uL Nt. BstNBI, 3.75 % glycerol. (D) 0.05 U/uL Nt.
BstNBI, 2.75 % glycerol. The polymerase and SSB storage buffers contribute 2.5 % of
the overall glycerol content in each reaction. The nicking enzyme storage buffer
contributions to the final glycerol content are 0.25 % (A), 1.25 % (B), 2.5 % (C), and 5

% (D).
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background. The nicking enzyme storage buffer contained 50% glycerol. With increasing
amounts of the nicking enzyme from 0.05 U/uL to 1 U/uL, the concentration of glycerol
in the final EXPAR reaction solution increased from 2.75% to 7.5%. Figure 3.9 shows
lower background and longer reaction time needed for the EXPAR reactions as the
amounts of nicking enzyme and glycerol increase. Consistent results also were obtained
when additional heat-inactivated nicking enzyme or glycerol were introduced to the
reaction mixture (Figure 3.10). We heat-inactivated nicking enzyme to compare directly
the effect of its storage buffer on background amplification and the effect of glycerol on
background amplification (Figure 3.10B and C). A series of further experiments
conducted with a constant nicking enzyme and increasing glycerol (Figure 3.11) further
support that the reduction of background is due to glycerol. The beneficial effect of
glycerol is probably through its weak adherence to the EXPAR template, thereby

weakening nonspecific template interactions.
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storage buffer for a total of 7.5 % glycerol. The additional 2.5% glycerol, compared to
(A), is from extra heat-inactivated stock nicking enzyme. (C) SSB EXPAR with

additional glycerol added to the reaction for a total of 7.5 % glycerol.
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I1I. Reducing template interactions with DMSO

DMSO was used to test the effect of template—template interactions on triggering EXPAR
background amplification further. DMSO can weaken template interactions and
potentially lead to lower background amplification.!”! As the amount of DMSO added to
EXPAR increases, background and target specific amplification both decrease (Figure

3.12), leading to no improvement of EXPAR performance. Although no improvement to
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EXPAR is observed, the slower reaction with increasing DMSO reinforces the importance

of small changes in DNA melting temperature on the performance of EXPAR.
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Figure 3.12 EXPAR amplification profiles with increasing amounts of DMSO. (A) no

DMSO (B) 1% DMSO (C) 3% DMSO (D) 5% DMSO
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3.4 Conclusions

We have performed a systematic investigation of the triggering mechanism of EXPAR
background amplification by testing several systems to block template interactions that
trigger EXPAR background. Our results indicate that there are two main contributors that
trigger background amplification in EXPAR. Firstly, background is initiated by the 3’-end
extension of EXPAR templates by DNA polymerase. Extension may occur either through
intramolecular hybridization or intermolecular hybridization with another EXPAR
template. This extension generates the specific target DNA strand of interest that is
amplified further in a normal EXPAR fashion. Secondly, nonspecific hybridization along
the whole EXPAR template leads to increased 3'-end extensions, which increases the
generation of background amplification.

Both of our specific 3’-end DNA blocking strategies provide evidence that 3'-end
extension of templates contributes to background amplification in EXPAR. Incorporating
a 3'-hairpin on the EXPAR template showed the ability of DNA polymerase to extend
non-complementary 3'-end sequences that are in close proximity. The PNA blocking
design demonstrated that more complete blocking of the 3'-end of a template reduces
background amplification. These two results suggest that the 3'-end of templates can
activate background amplification via polymerase extension.

The sequence-independent blocking strategies showed that reducing template—
template interactions along the whole EXPAR template reduces background
amplification. Incorporating DMSO or glycerol showed that small decreases in the
melting temperature of DNA in EXPAR slows the onset of background, indicating that

weak template interactions contribute to the activation of background amplification.
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Using SSB to bind the template substantially reduced background by decreasing
nonspecific template hybridization, not only at the 3’-end but along the whole EXPAR
template.

By focusing on template—template hybridizations in EXPAR, we achieved three
orders of magnitude improvement to the LOD in EXPAR when 2 uM SSB was added to
the reaction. This work provides valuable insight into the mechanism that triggers EXPAR

and gives useful strategies to slow the onset of EXPAR background signal.
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Chapter 4: Development of a Binding Induced Loop-Mediated
Isothermal Amplification Reaction for Protein Detection

4.1 Introduction
Nucleic acid amplification is an invaluable tool that enables the detection of many
biological molecules. There is a high interest in developing methods that harness the
signal amplifying power of nucleic acid amplification for the detection of non-nucleic
acid targets.?!?> PCR has been used successfully as a surrogate signal amplifier, but PCR
requires thermocycling, which often has longer amplification times and requires
thermocycling equipment. Alternatively, isothermal nucleic acid amplification techniques
require no thermocycling, and amplification times are typically under 1 h, making these
techniques promising for use as signal amplifiers for the detection of non-nucleic acid
targets.

LAMP is an isothermal nucleic acid amplification technique capable of detecting
<10 copies of DNA in under 1-h amplification time. LAMP has been used extensively for

> single nucleotide polymorphisms,!'’®

the detection of pathogens,®®*7-172-17* tymors,!”
organophosphorus pesticides,!”” and embryo sex determination.!”®* 1" While LAMP
shows exceptional performance in the detection of nucleic acids, its complicated design—
which uses 4-6 interacting primers and produces several intermediate amplification
products—makes it difficult to adapt for signal amplification of non-nucleic acids. Several
heterogeneous protein assays have been developed recently that use LAMP for signal
amplification. Pourhassan-Moghaddam et al. proposed several possible formats for

immuno-LAMP techniques, although they have not been validated experimentally.'?’ The

Kong group recently demonstrated two similar magnetic bead (MB) based immuno-
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LAMP techniques. The first assay uses a sandwich format between an antibody labelled
MB and an aptamer.'8! Aptamers not linked to the MB through target binding are washed
away, and the remaining target bound aptamers are amplified by LAMP. The second assay
uses a sandwich technique with antibody labelled MB and antibody labelled liposomes.*
Liposomes not linked to the MB through target binding are washed away. The remaining
liposomes are lysed to release the encapsulated DNA substrate that is amplified and
detected via LAMP. While these methods are capable of detecting 1 aM of Mucin 1 and
30 aM of P-glycoprotein, respectively, they involve several washing steps which increases
assay time, complexity, and requires trained personnel to perform them. A similar
sandwich method also has been developed to detect pathogen-specific IgG antibodies.!'*?
The objective of this Chapter is to design and optimize the first homogenous and
isothermal assay utilizing LAMP signal amplification for protein detection. I couple
LAMP with binding induced DNA assembly for the detection of non-nucleic acid targets
(Figure 4.1). The binding induced LAMP (BI-LAMP) procedure is simple, only requiring
mixing of reagents in a single tube at room temperature, followed by incubating and
monitoring fluorescence at 65 ‘C. The assay uses binding induced DNA assembly to
trigger the ligation of two target bound probes to generate a new dumbbell structure DNA.
The dumbbell DNA is the starting structure required for the cycling phase of LAMP.
This strategy has significant advantages over heterogeneous techniques that
require several washing and handling steps to remove unbound probes. The procedure is
also simpler than similar techniques, such as in situ PLA, which often require washing

steps and microscope equipment for detection.”’” While fluorescence microscopes
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facilitate low detection limits in situ PLA, they require trained personnel, more

complicated sample preparation, and are not applicable in a POC setting.
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Figure 4.1 Schematic illustration of binding induced loop mediated isothermal
amplification (BI-LAMP). (A) The stability between a and a* is too weak to anneal
when probes are free in solution. (B) Upon target binding by P1 and P2, a and a* anneal
to form a stable duplex. The duplex places the 3’-end of H1 next to the 5" phosphorylated
end of H2. (C) Ligase joins the 3’-end of H1 to the 5’-end of H2, which generates a new

dumbbell shaped DNA sequence. (D) The reaction is heated to 65 °C and LAMP occurs.
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4.2 Experimental

4.2.1 Materials and reagents

All oligonucleotides were synthesized, labelled, and purified by Integrated DNA
Technologies (Coralville, IA). All DNA sequences and modification are listed in Table
4.1. Bst 2.0 Warmstart, T4 ligase, Taq ligase, e.coli ligase, and their corresponding buffers
were from New England Biolabs (Whitby, ON, Canada). SYBR Green I (10 000X),
deoxynucleotide triphosphates (10 mM mix), and ROX reference dye were from Thermo

Fisher Scientific (Eugene, OR).

Table 4.1 DNA sequences, modifications, and purification for BI-LAMP

DNA Synthesis Sequence

H2 Ultramer 5'-Phosphate - CTC CTA TCA ATC TCC GGC

GTT GAT GTA GTC GTA GTG AGA ACA ATA

CTGCTCCACCTCACTCTAAACTCACTAC

GAC TAC ATC AAC GCC-3'

HI-5 Ultramer 5'-GGC ACG GAG ACC AGA CGG AGA A GGA

GAG CTG ATG AGA TGT G TATA TTC TCC

GTCTGGTCT CCGTGC CTTT CCT ACG TGG

ACTTCC TTT TCT GC-3'

HI1-6 Ultramer 5'-GGC ACG GAG ACC AGA CGG AGA A GGA

GAG CTG ATG AGA TGT G TATA TTC TCC

GTCTGGTCT CCGTGC CTTT CCT ACG TGG

ACTTCCTTT CTC TGC-3'
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H1-7 Ultramer 5'-GGC ACG GAG ACC AGA CGG AGA A GGA
GAG CTG ATG AGA TGT G TATA TTC TCC
GTCTGG TCT CCGTGC CTTT CCT ACG TGG
ACTTCCTTT CCT CTG C-3'
HI1-8 Ultramer 5'-GGC ACG GAG ACC AGA CGG AGA A GGA
GAG CTG ATG AGA TGT G TATA TTC TCC
GTCTGG TCT CCGTGC CTTT CCT ACG TGG
ACT TCC AAA ACC TCT GC-3'
H2L Standard 5'-GGA GAT TGA TAG GAG GCA GAG GT
desalting AGTCGTTTTTTTTTTTTTTTTTT TTT TTT-
Biotin-3’
HIL Standard 5'-GGA AGt CCA CGT AGG TTTTTT TTT TTT
desalting ITTTTTTTT TTT TTT TTT-Biotin-3’
Backwards inner | HPLC 5'-GGC ACG GAG ACC AGA CGG AGA A GG
primer (BIP) purified AGA GCT GAT GAG ATG TG-3'
Forward inner | HPLC 5'-GGC GTT GAT GTA GTC GTA GTG AGT
primer (FIP) purified TTA GAG TGA GGT GGA GCA G-3'
Blocker-11 Standard 5'-A CTA CCT CTG C-3'
desalting
Blocker-10 Standard 5'-CTA CCT CTG C-3'
desalting
Blocker-9 Standard 5'-TA CCT CTG C-3'

desalting
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Positive  control | Standard 5'-GGA GAT TGA TAG GAG GCA GAA AAG

linker (PCL) desalting | GAA GTC CA-3'

Regions in red are the complementary sequences a and a*. Underlined regions highlight
the complementary region between the affinity bound linker strands and the DNA

hairpins.

4.2.2 Preparation of probes for BI-LAMP

All DNA was received lyophilized and subsequently was dissolved in water to 50 uM,
and blockers were dissolved to 100 uM. To construct probes to bind to the protein target,
the biotinylated linker DNAs were annealed to the hairpin DNAs. H2, H1, H2 Linker,
and H1 Linker were all diluted to 10 uM using a dilution buffer of 10 mM Tris, 50 mM
NacCl, 0.05 % Tween 20, and 4 mM MgSOs at pH 7.4. To prepare P2, 10 uL each of 10
uM H2 and 10 uM H2 Linker were mixed and further diluted to a total volume of 100
uL using the dilution buffer. P1 was prepared in the same manner using H1 Linker and
H1-5, H1-6, H1-7, or H1-8. The final solutions, each containing 1 uM of H1 or H2
hairpins with their corresponding linker DNA were annealed by heating to 90 °C for 5
min followed by cooling to 20 °C over 1.5 h in a thermocycler. After annealing, each

probe was diluted to 100 nM and stored at 4 °C for up to one week.

4.2.3 BI-LAMP procedure

Each reaction was prepared using three parts: the standard solution of streptavidin, a probe
mix, and a master mix. The standard solution of streptavidin was diluted to the desired
concentration using 10 mM Tris, 50 mM NacCl, and 0.05 % Tween 20 at pH 7.4. Two pL

of streptavidin was added to 4 puL of probe mix (6 uL if blocker was used) and incubated

105



at room temperature for 20 min to allow probe binding and hybridization between probes.
Fourteen uL of mastermix, which contained the remaining reaction components, was then
added to the probe-streptavidin mixture and further incubated at room temperature for 10
min to allow ligation to occur. After 10 min ligation time, each reaction was transferred
to an Applied Biosystems StepOnePlus, and fluorescence was monitored using the SYBR
Green channel at 65 °C. The final reaction conditions were 1 uM FIP and BIP, 1X SG,
0.625 uM ROX reference dye, 100 pM H2 probe, 100 pM H1 probe, 0.4 U/uL Bst 2.0
Warmstart, 0.4 U/uL T4 ligase, 0.75X isothermal amplification buffer and 0.25X T4
ligase buffer (27.5 mM Tris-HCI, 7.5 mM (NH4)2SO4, 37.5 mM KCIL, 2.5 mM MgCl,, 1.5

mM MgS0Os4, 250 uM ATP, 2.5 mM DTT, and 0.075 % Tween 20.

4.2.4 Positive control procedures

Dumbbell positive control sequences were generated by ligating H1.3 to H2 at high
concentration. Both H1.3 and H2 were diluted to 1 uM using 1X T4 buffer, and the
ssDNA PC linker (PCL) was diluted to 1 uM in 10 mM Tris, 20 mM NaCl, and 0.05%
Tween 20 at pH 7.4. Ten pL each of 1 uM H1.3, 1 upM H2, 1 uM PCL, and 400 U/uL T4
ligase were mixed and diluted to 100 pL using 60 pL of 1X T4 buffer, resulting in 100
nM of H1.3, H2, PCL, and 40 U/uL T4 ligase. This reaction mixture was incubated at
room temperature for 1 h to allow complete ligation of H1.3 to H2. Then the ligase was
inactivated by heating to 90 °C for 10 min. Next, the dumbbell PC was annealed with the
temperature program described in Section 4.2.2 to ensure that the DNA formed the proper
dumbbell secondary structure. Next, the positive control reaction was performed as in
Section 4.2.3, but the ligated dumbbell structure was used in place of P1 and P2 and no

ligase was present in the reaction.
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To test the complete ligation between H1.3 and H2, PCL was used as the target
molecule. The reaction was performed as described in Section 4.2.3, but H1.3 and H2

were used in place of P1 and P2, respectively, and PCL was used as the target molecule.

4.3 Results and Discussion

4.3.1 Principle of BI-LAMP

BI-LAMP uses two probes, two primers, ligase, and polymerase to generate an
exponentially amplified signal triggered by a protein target. Probe 1 (P1) is constructed
by annealing H1-Linker (H1L) to the H1 hairpin and Probe 2 (P2) is constructed by
annealing H2-Linker (H2L) to the H2 hairpin. Each linker DNA contains an affinity probe
to the target molecule. Upon binding of the target from both P1 and P2, assembly occurs
between the a motif of P1 and the a* motif of P2. After assembly of a and a*, T4 ligase
ligates the 3’-end of H1 to the 5’ phosphorylated end of H2. The ligation of H1 to H2
generates a new sequence with two hairpins in the shape of a dumbbell. This dumbbell
structure is the starting sequence required for the cycling amplification phase in LAMP.
After a short ligation time at room temperature, the reaction is heated to 65 °C for LAMP
to occur. A signal is generated by SG, which has enhanced fluorescence when bound to

the double stranded LAMP products

4.3.2 Detection of streptavidin using BI-LAMP

LAMP commonly uses Bst, Bst 2.0, Bst 3.0, or Bst 2.0 Warmstart for amplification. [ use
Bst 2.0 Warmstart because activity is blocked under 45 °C by a reversibly bound aptamer.
This allows ligation of probes at room temperature without polymerase displacing the

linking strands from hairpin strands.
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The choice of ligase is an important parameter to investigate because different
ligase enzymes have different specificities and activities. A ligase with low activity and
high fidelity may result in low conversion of the target bound probes to the ligated
dumbbell product. A ligase with high activity and low fidelity may result in large amounts
of dumbbell structure from a target independent ligation. An ideal ligase produces no
target independent ligation but has a high target triggered ligation. Figure 4.2 compares
target and blank signals using T4, E.coli, and Tagq ligases. Each reaction system uses 0.5X
Bst 2.0 Warmstart buffer and 0.5X the supplied buffer for each specific ligase. The
concentration of Mg?" affects DNA hybridization and enzyme activity; therefore, MgSO4
was added to the E.coli ligase system so that each reaction contained a final concentration
of 4 mM Mg?*. Taq ligase showed the slowest background amplification, indicating a low
amount of nonspecific ligation of hairpins. However, Tagq ligase also showed very slow
amplification of target, indicating low conversion of target bound probes to the ligated
dumbbell product. T4 and E.coli ligase both showed fast amplification times of target
specific reactions, indicating a high conversion rate of the target bound probes to
dumbbell product. However, both ligases showed higher background ligation of free
probes compared to Taq ligase. T4 ligase was chosen for further experiments. Since the
probes are present at several orders of magnitude higher concentration than target

concentrations, some nonspecific ligation may be unavoidable.
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Figure 4.2 Comparison of signal to background amplification using three different
ligases in BI-LAMP. Supplied ligase buffers were used for each different ligase and the
Mg?* concentration was normalized to ensure consistent hybridization between probes
and activity of polymerase. A shorter time to reach the amplification inflection point
indicates faster amplification. Data shown is the mean + standard deviation of triplicate

experiments.

Mg?" affects several components in BI-LAMP; therefore, the concentration of
Mg?" in the reaction was optimized. Bst 2.0 Warmstart polymerase uses Mg>* as the
cofactor and commonly is optimized in LAMP reactions to achieve the fastest
amplification without generating background amplification.'®* DNA hybridization also is

largely affected by the concentration of Mg?" as it reduces the repulsion between the
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negative charges of the phosphate groups on DNA, allowing two DNA strands to have
stronger hybridization. The BI-LAMP system has many interacting DNA strands that are
affected by Mg?* (stem of hairpins, linker-hairpin hybridization), but the most critical
interaction is the complementary region between the hairpin probes. A high Mg>"
concentration may promote target independent hybridization, leading to a nonspecific
ligation, while a low or no Mg** will reduce target triggered hybridization and lead to a

low conversion of target bound probes to dumbbell structure.
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Figure 4.3 Effect of magnesium concentration on BI-LAMP. The magnesium
concentration was altered by changing the ratio of Isothermal Amplification Buffer (2
mM Mg?") and T4 Ligase Buffer (10 mM Mg*") used in the reaction. A shorter time to
reach the amplification inflection point indicates faster amplification. Data shown is the

mean * standard deviation of triplicate experiments.
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Figure 4.3 shows that increasing Mg?>* from 4 to 8 mM increased the reaction
speed of both the target and background signals. Curiously, 10 mM Mg** showed a slower
signal compared to 8 and 6 mM Mg?**; the reason for this is not known. Four mM Mg**
was chosen as the optimum condition because the difference between the target and blank

is the largest, even though it shows the slowest amplification speed.

A central design component of BINDA is the concentration of probes used. A high probe
concentration leads to a higher incidence of nonspecific hybridization between probes.
However, the probes must be present in high enough concentration so that P1 and P2 can
bind to the same target molecule simultaneously. Figure 4.4 shows faster amplification
for both the target and blank reactions as the concentration of probes is increased. Higher
than 250 pM probes showed large increases in background amplification, particularly
using 1 nM probes where there is little difference between the target and blank
amplification. One hundred pM probes were used for further experiments. Although 250
pM probes showed similar amplification times as 100 pM probes, a lower probe

concentration, in principle, results in lower hybridization between free probes.
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Figure 4.4 Effect of probe concentration on BI-LAMP amplification. A shorter time to
reach the amplification inflection point indicates faster amplification. Data shown is the

mean + standard deviation of triplicate experiments.

The most critical component of any BINDA system is the strength of hybridization
between the two probes used. The strength of the interaction between P1 and P2 (a— a*
region) must be weak enough that unbound probes do not hybridize, yet is strong enough
for probes to hybridize readily upon target binding. During the design of P1 and P2, the
Tmof the a—a* region was optimized using IDTs oligoanalyzer tool. However, the strength
of hybridization between two DNA strands is affected by many different reaction
parameters, therefore, it is important to validate the optimum length and the corresponding

strength of a-a* hybridization experimentally. The strength of hybridization between two
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DNA strands can be altered by changing the percent of G and C bases or by changing the
length of the complementary sequence. Here, the length was varied as this provides the
most controlled way to test the strength of a-a* hybridization. Changing the sequence of
a and a* could introduce nonspecific interactions with other DNA sequences present in
the reaction, resulting in data that does not rely solely on the strength of hybridization
between a and a*.

As the length of the a-a* interaction is increased, the amplification speed from
both the target and blank increases (Figure 4.5). A 5-base complementary region was used
for further experiments because it showed the lowest background signal and the largest

difference between the target and background signal.
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Figure 4.5 Effect of the complementary region length between probes on BI-LAMP
amplification. A shorter time to reach the amplification inflection point indicates faster

amplification. Data shown is the mean + standard deviation of triplicate experiments.
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Optimizing the concentration of FIP and BIP primers in LAMP will achieve fast
target specific amplification while limiting the background. Increasing the concentration
of primers increased the reaction speed; however, higher than 1 pM primers showed no

increase in target specific amplification (Figure 4.6). Therefore, 1 uM primers were used

for further experiments; this is similar to many optimized LAMP reactions.5*!83
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Figure 4.6 Effect of FIP and BIP primer concentration on BI-LAMP amplification. A
shorter time to reach the amplification inflection point indicates faster amplification.

Data shown is the mean =+ standard deviation of triplicate experiments.

Polymerase concentration is optimized commonly in assays that use its DNA
replicating activity. Often, polymerase concentrations that are too high will induce

nonspecific amplification, while too low a concentration results in a slow amplification.
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Increasing Bst 2.0 Warmstart increased the reaction speed of both target and blank (Figure

4.7). The 0.4 U/uL Bst 2.0 Warmstart was chosen for further experiments because it

improves the difference between target and blank signals without a large reduction in

reaction speed. Using a lower concentration significantly slows the reaction with little

improvement to the difference between target and blank amplification speeds.
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Figure 4.7 Optimization of Bst 2.0 Warmstart in BI-LAMP. A shorter time to reach the

amplification inflection point indicates faster amplification. Data shown is the mean +

standard deviation of triplicate experiments.

The amount of ligase used is an important aspect as T4 ligase generates

nonspecific ligation products.'® A low concentration of ligase limits conversion of target

bound probes into dumbbell DNA, while a high ligase concentration results in large

amounts of ligated dumbbell DNA from a target independent ligation. Changing the
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concentration of T4 ligase from 0.05 to 0.4 U/uL T4 showed little effect on the reaction
(Figure 4.8). Lower concentrations of T4 ligase showed a small decrease in amplification
speed, but no improvement to the difference between the target and blank amplification.
0.4 U/uL was used for further experiments because it showed similar background

amplification as lower concentrations, but in theory, results in a more complete ligation

of probes, leading to higher target specific amplification.
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Figure 4.8 Optimization of T4 ligase in BI-LAMP. A shorter time to reach the
amplification inflection point indicates faster amplification. Data shown is the mean +

standard deviation of triplicate experiments.

Although several reaction components were investigate and optimized,
background amplification was sill present. To prevent background amplification,

blocking oligos were designed to prevent nonspecific ligation of probes. The blocking
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oligos were designed to compete with the complementary region between probes to
prevent nonspecific interaction between a and a* (Figure 4.9). In the absence of a target,
the blocker oligo is ligated to H2, preventing nonspecific ligation between P1 and P2. If

P1 and P2 bind to the same target molecule, then P1 displaces the blocker oligo and H1

is ligated to H2.
6
c (18
Blocker I -
+ 3’
P1
P2

Figure 4.9 Schematic illustration of a blocking oligo in BI-LAMP. The blocker oligo
is a short (9-11 nucleotide) DNA oligo that hybridizes with the a* region of P2 to

prevent transient interactions between P1 and P2.

The blocking oligo must have a strong enough hybridization with P2 to block
nonspecific ligation between H1 and H2, yet still allow the blocker to be displaced easily
by P1 when the probes are target bound. As the length of the blocker is increased, the
background signal is decreased, indicating more complete blocking of nonspecific
ligation of probes (Figure 4.10). However, the competitive hybridization introduced by

the blocking oligo also decreased target specific ligation as the length of the blocker
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increased. To assess the best conditions, the difference of inflection points between the

target and blank was used (Table 4.2).
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Figure 4.10 Effect of using blockers on BI-LAMP amplification. Blockers were
incubated with probes prior to addition of target. The blockers were used at 10 nM
(100X the probe concentrations). A shorter time to reach the amplification inflection
point indicates faster amplification. Data shown is the mean + standard deviation of

triplicate experiments.

Using a 9-base blocker doubled the difference between the target and blank signals
compared to no blocker, while only slowing the target specific signal by 3 min. Using a
10 or 11-base blocker showed no improvement to the target-to-blank signal difference,

compared to the 9-base blocker, but it did slow the target specific signal. Therefore, a 9-
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base blocker achieves the optimum performance that balances a fast reaction speed and a
low background signal. Although the addition of a blocking oligo provided some
reduction to background amplification, the reaction still is limited by the presence of

background signal.

Table 4.2 Effect of blocker length on the inflection point difference between the

target and blank signals

Blocker Inflection point difference (min)

(mean + standard deviation)

No blocker 4+3
9-base blocker 10£2
10-base blocker 8+1
11-base blocker 11+4

There are two ways that background amplification can increase the detection limits
of BI-LAMP. The first is from a slow target specific amplification that is unable to
overcome a sufficiently slow background signal. The second reason is that the speed of
the target specific amplification is adequate, but the background amplification is too fast
and, therefore, limits the reaction. These two possibilities offer two different approaches
to improve the reaction system: decrease the background amplification or increase the

target specific amplification.

4.3.3 BI-LAMP positive controls
To assess the performance systems current conditions, two control reactions were

designed. The first control uses a fully ligated dumbbell structure as the target to assess
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the efficiency of LAMP amplification. The dumbbell structure was generated using a
ssDNA positive control linker strand (PCL) to link H1.3 and H2 (Figure 4.11). One
hundred nM of H1.3, H2, and PCL were used for ligation to ensure a high yield of the
fully ligated dumbbell structure. The ligation reaction proceeded for 1 h at room
temperature, followed by heat inactivation of ligase. The resulting 100 nM dumbbell was
annealed under the same conditions as P1 and P2 to insure that the dumbbell secondary
structure was formed. Then, the amplification reaction was performed under the same
conditions as a standard BI-LAMP reaction in the absence of ligase, probes, and the 10

min ligation time at room temperature.

H2

O— + ~
e PCL

Ligase

Dumbbell Structure

C= O

Figure 4.11 Illustration of the positive control linker DNA used to generate the

dumbbell structure for LAMP. PCL anneals to both hairpins, enabling ligase to join

H1.3 to H2, creating the dumbbell structure.
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Figure 4.12 shows the amplification profiles and calibration curve of this control
reaction. The blank reaction contained FIP and BIP but no hairpins or probes. These
results show that no background is generated in the absence of hairpins, indicating that
FIP and BIP primers do not generate a primer—dimer like background and that the hairpin
structures are required to generate any amplification signal. Further, these results show
that as low as 10 aM of the dumbbell structure can be amplified and detected, which is
120 molecules of dumbbell oligo in 20 pL. This value gives a theoretical detection limit
of a protein target when 100 % of target molecules are bound by probes and 100 % of
target bound probes are ligated without any nonspecific ligation of unbound probes. While
this scenario is not possible due to the dynamic and noncovalent nature of affinity binding
between probes and target, as well as the dynamic nature of annealing between short
complementary DNA, it gives a best-case scenario that additional reaction components
can be compared with. Ten aM is 3—4 orders of magnitude lower than the current
streptavidin detection, which demonstrates that the amplification efficiency of LAMP is
sufficient for ultralow detection limits and does not contribute to the background

amplification that limits BI-LAMP.
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Figure 4.12 Dumbbell positive control to test the efficiency of LAMP amplification.
(A) Amplification profiles with various starting concentrations of dumbbell oligo. (B)
Calibration curve generated using the inflection point from amplification of varying
concentration of dumbbell oligo. Data shown is the mean + standard deviation of

triplicate experiments
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The second control reaction incorporates the ligation step of the BI-LAMP system
but excludes the BINDA component by using PCL to directly link H1.3 and H2 for
ligation (Figure 4.11). Unlike the first control reaction that used high concentrations and
long ligations times, this reaction uses the same ligation time (10 min) and concentrations
of hairpins (100 pM) as BI-LAMP. The blank of this reaction contains H1.3 and H2,
without H1L and H2L, and in the absence of PCL. Initial experiments showed that the
blank of this control system generated a background, indicating that T4 ligase can
generate the dumbbell structure nonspecifically by ligating small amounts of the single

stranded 3’-end of H1.3 to the single stranded 5'-end of H2 in the absence of any linking

5 5
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Figure 4.13 Effect of ligase concentration on nonspecific ligation of hairpins. (A) 4
U/uL T4 ligase (B) 0.4 U/uL T4 ligase (C) 0.04 U/uL T4 ligase (D) 0.004 U/uL T4

ligase
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oligo. This nonspecific ligation of the two hairpins must be dependent on the amount
ligase and the amount of hairpins present in solution. The concentration of hairpins was
not investigated because too low a hairpin concentration would limit the dynamic range
of the final BI-LAMP system. Figure 4.13 shows that lowering the concentration of ligase
can eliminate nonspecific ligation of H1.3 and H2. Using 0.04 U/uL T4 ligase, 1 M to
10 pM of PCL generated amplification, and no background amplification was observed
(Figure 4.14). Lower than 1 fM PCL showed a sporadic signal, where each replicate
showed varied amplification or no amplification. This may be due to incomplete
formation of the hybridization between PCL, H1.3, and H2 or incomplete ligation at the
low concentrations of target and ligase.

Figure 4.14 represents the ideal conditions for the BI-LAMP system, where
hybridization between probes is stable when bound to the target but there is no nonspecific
hybridization when the target is not present. However, using 0.04 U/uL of T4 ligase with
a 5-base complementary region between probes resulted in sporadic signals of 10 fM of
streptavidin, similar to the signals from less than 1 fM PCL. This may be due to weak
duplex formation between P1 and P2 when a 5-base complementary region is used. Using
IDT OligoAnalyzer 3.1, the estimated hairpin T of the 5-base complementary region is
25 °C. Thus, during the ligation phase at room temperature, approximately 50 % of bound
probes are in a duplex formation. Since the 5-base complementary region between probes
produces a transient duplex, the probes are associating and dissociating continually, which
could result in incomplete ligation between H1 and H2 on target bound probes. At high

concentrations of target (>10 fM)
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this 1s not an issue because there are so many bound probes that even if a small percentage
of probes are ligated, they produce enough dumbbell structure to generate amplification.
At low concentrations the efficiency of target bound probes being ligated to produce
dumbbell structure becomes more critical.

From this observation, using the more stable 6-base complementary region may
result in lower detection limits. The estimated Tm of the 6-base hairpin is 38 °C,
considerably more stable at room temperature than the 5-base hairpin (25 °C). Although
previous results show the 6-base probe resulting in a higher background signal (Figure
4.5), the more stable duplex formation between probes may result in a more efficient
ligation of H1 to H2, which becomes more critical when detecting lower concentrations
of target. Furthermore, the background generated when using a 6-base complementary
region may be lowered, compared to the results in Figure 4.5, if a lower concentrations of
T4 ligase is used. If amplification from low concentration targets can be increased, it could
improve the detection limits even with a faster background amplification.

Using a more stable interaction between probes also may increase the
effectiveness of blockers. Blocker results with the 5-base complementary region showed
approximately a 20-min decrease in background amplification using an 11-base blocker.
However, the 11-base blocker decreased target specific amplification as well (Figure
4.10). The 5-base complementary region does not displace blocking oligos effectively
because the probe duplex is weak, which means that blockers may need to passively
dissociate from P2 before P1 can hybridize with P2. This leads to poor target specific
amplification, particularly since blockers hybridized with P2 can permanently become

ligated if not displaced. Using a 6-base complementary region will result in a stable duplex
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between target bound probes, which will have a greater ability to displace blockers and

will prevent blockers from separating target bound probes that have formed duplexes.

4.4 Conclusions

A novel protein detection method has been developed based on binding induced ligation
that triggers amplification via LAMP. This is the first work that takes advantage of
LAMPs exceptional DNA amplification capabilities in a homogeneous format. The assay
is procedurally simple, only requiring the addition of reagents at room temperature,
followed by incubation at 65 °C. Several reaction parameters have been investigated and
optimized. Using control reactions, 120 molecules of the ligated dumbbell product can be
detected. Nonspecific ligation of probes is the main cause of background amplification
and reducing the ligase concentration can decrease nonspecific ligation. Reducing the
ligase concentration decreases the target specific ligation at low target concentrations.
Further work is required to balance the ligase concentration and the strength of
hybridization between probes for the detection of low concentrations of target. Although
background amplification is present, this assay is capable of detecting 100 fM
streptavidin. The design of the assay is complicated, but it may be adapted easily to detect
other targets by simply changing affinity ligands, provided suitable affinity ligands are

available.
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Chapter 5: Conclusions and Future Works

I have explored the use of isothermal DNA amplification strategies for the development
of protein and DNA detection tools. Specifically, I focused on designs with isothermal
and homogeneous formats, with the potential to be adapted for point-of-care testing.
Chapter 2 focused on using enzymatic nicking and strand displacement of DNA to
generate a homogeneous and isothermally amplified signal for protein detection. Chapter
3 investigated the source of the high background amplification observed in EXPAR;
several background blocking strategies were designed and tested. Chapter 4 detailed the
development of an isothermal and homogeneous assay for proteins that achieves a highly
amplified signal through the incorporation of LAMP.

The work performed in Chapter 2 focused on using BINDA to trigger
amplification of DNA through enzymatic nicking and strand displacement reactions.
Using this strategy I was able to detect 1 pM of streptavidin; this is comparable to a similar
technique that uses a switching aptamer to trigger amplification.!>> To demonstrate the
capability of this strategy to detect other targets, the target binding probes were modified
to detect Her2 protein in buffer. To improve the sensitivity of the assay, EXPAR was
incorporated into the reaction system to generate an exponentially amplified signal. After
investigating EXPAR reaction parameters, I determined that the introduction of EXPAR
into the reaction system generated large amounts of background amplification that limited
the detection sensitivity of the system. To minimize the background generated from the
EXPAR component of the reaction, the system was modified to have EXPAR occur at 55
°C; a higher temperature reduces nonspecific DNA interactions that could contribute to

EXPAR generated background. After testing the reaction at a higher temperature, I
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concluded that background amplification from the EXPAR component still limited the
sensitivity of the assay.

All three strategies that were developed successfully triggered amplification of
DNA from a non-nucleic acid target. Although these designs do not achieve detection
limits as low as PLA and BINDA assays, which use PCR for amplification, these designs
are advantageous because they do not require thermocycling. Furthermore, detection of
protein targets in the low pM concentration range is comparable to ELISA, but these
strategies achieve it with much faster (1 h vs. several hours) and simpler procedures.

All three detection systems could be adapted to generate a simple colour change
for detection by using gold nanoparticles (AuNP).!'*”185 In solution, AuNPs are red in
colour, however, if an external stimulus causes the AuNPs to aggregate, they change to a
blue/violet colour. Aggregation can be triggered by a linking DNA strand that is
complementary to DNA anchored on AuNPs surfaces.!®® DNA functionalized AuNPs
could be designed to aggregate in all three detection strategies by functionalizing the
AuNPs with complementary sequences to the amplified ssDNA. Coupling AuNP colour
change with the protein detection systems developed in Chapter 2 would produce simple
visual detection techniques that only require a heating block. A visual detection system is
ideal for POC analysis because it does not require instrumentation for detection.

Chapter 3 investigated the background amplification in EXPAR with two goals:
firstly, to determine the triggering mechanism of background amplification, and secondly,
to rationally design blocking strategies to prevent the triggering of background. Blocking
mechanisms either targeted nonspecific 3’-end template interactions or interactions along

the whole template sequence. Monitoring the effect of each blocker on target specific
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amplification and background amplification allowed evaluation of what types of
nonspecific DNA interactions contribute to the triggering of background amplification.
Based on observations from only blocking the 3'-end of templates, nonspecific and
transient 3’-end DNA interactions between templates trigger background amplification.
Nonspecific interactions along the whole template sequence can increase the triggering of
background amplification. From these observations, I was able to decrease the limit of
detection of an EXPAR system by three orders of magnitude by introducing competitive
binding of the whole template sequence. Furthermore, the binding of SSB to all ssDNA
in a sample can reduce background amplification by blocking nonspecific interactions
between the template and other nucleic acids present in biological samples. In addition,
the low detection limit allows for dilution of samples, minimizing potential interference
from complicated matrices present in biological samples.

Chapter 3 can be used to guide the design of additional background reduction
strategies in EXPAR. Furthermore, the incorporation of single stranded DNA binding
protein could be added to any standard EXPAR system to reduce background signal. This
is advantageous because it only requires the addition of a single reagent, as opposed to
having additional complicated design considerations.

Chapter 4 demonstrated the first system that incorporates the high performance of
LAMP for a non-nucleic acid target, without the need for separation steps.Binding
induced DNA assembly triggered the ligation of two DNA hairpins. The resulting ligation
product was a dumbbell shaped DNA structure, the required starting structure for the
cycling phase in LAMP. To estimate the efficiency of the LAMP component, control

reactions were used, where only the dumbbell shaped DNA and primers were present in
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the reaction mixture. This control showed that the LAMP component is capable of
detecting 120 molecules of the dumbbell DNA. A linker DNA was designed to have
strong hybridization (15 bases) to both hairpins to trigger the ligation of hairpins. This
allowed evaluation of the ligation efficiency in the absence of the streptavidin probes,
which could non-specifically hybridize, leading to background ligation. One fM linker
DNA was capable of triggering ligation for an amplified signal. This control also revealed
that the concentration of ligase used is critical to reduce background ligations. Further
work in optimizing reaction parameters is required to achieve this strategy’s full potential
for ultrasensitive protein detection. Optimizing conditions, such as the strength of
hybridization between probes (Mg?" concentration, probe length, probe concentration)
and the use of blockers (blocker length, blocker concentration) using low ligase
concentrations, may result in improved performance, specifically, decreased background
ligation of hairpins and increased target specific ligation of hairpins at ultralow
concentrations.

It is possible to detect LAMP products visually by the appearance of a precipitate.
Because of the large amount of dsSDNA generated by LAMP, there is a large amount of
pyrophosphate by-product that can precipitate with metal ions.!®* In this way, the BI-
LAMP system could be used to determine the presence or absence of specific target
proteins by the appearance of a precipitate. LAMP detection by coupling it with a
commercial pregnancy test strip also has been achieved recently; this would result in a
simple readout for POC testing.®’

Each strategy described in this thesis uses isothermal and homogenous

amplification; they all have the potential to be applied in a resource limited setting.
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Adaptation of bioanalytical detection strategies to POC or field settings requires the long-
term storage of reagents away from controlled facilities. In a laboratory setting, many
reagents are stored in freezers or fridges to prevent thermal denaturation, oxidation, or
hydrolysis; this is not possible in resource limited settings. One possible solution would
be to dry all reaction components, by lyophilization, in the bottom of 0.2 mL PCR tubes.
To perform the assay, a user would dissolve all reaction components in the tube by adding
the sample and water, followed by brief mixing and placing in a handheld fluorometer
with a heating block to monitor fluorescence. This could be performed with little
instruction and be applied easily in remote or resource limited settings. If colorimetric
signals are used, only a heating block would be required as the signal could be detected
visually, and an estimated colour intensity could be used for quantitation.

While the drying of reagents in PCR tubes is possible, it only partially addresses
the issue of reagent stability. To better address this issue, exciting work into the use of
films and tablets for dry storage of reagents is being conducted. Lyophylization can be
used to remove the water from reagents for dry storage, however, this process still results
in some degradation of reagents. Recently, sugars have been added to stabilize reagents
during lyophylization; this results in the production of thin films or tablets that have a
glassy matrix.!*” 1% These glassy matrices restrict the molecular mobility of reagents,
which reduces the thermal instability, and by preventing the interaction of reagents with
atmospheric oxygen or water vapour to prevent chemical degradation. Furthermore,
glassy matrices have been shown to dissolve rapidly in water and have little or no effect

on assay performance. These sugar-glasses increase the stability of enzymes, antibodies,
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nucleic acids, polymer microspheres, and reactive organic molecules stored in film or

tablet forms. #7199
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