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Abstract
Interest in developing probes capable of targeting chromosomal DNA in cells has grown to
meet diagnostic and therapeutic needs. DNA has a stable predicable double-stranded
structure that has been the subject of study to identify agents that can specifically bind to the
duplex (CHAPTER 1). Success stories from probe technologies such as triplex-forming
oligonucleotides, peptide nucleic acids (PNAs), and minor-groove-binding polyamides have
been well characterized. However, they suffer limits of detection with experimental
conditions requirements (homopurine targets; denaturing steps; low ionic strengths; short
target sequences). Newly discovered CRISPR-Cas9 has garnered much attention; however,
the approach requires transfection of plasmids encoding CRISPR-Cas9 components. To
address these shortcomings, our laboratory has developed Invader probes. Placement of 2'-O-
(pyren-1-yl)methyl RNA monomers in +1 interstrand zipper arrangements destabilizes the
probe duplex as the intercalating pyrene moieties vie for the same space between two
Watson-Crick base pairs. These ‘energetic hotspots’ activate the double-stranded probe and,
in concert with the high affinity for complementary DNA (cDNA) displayed by individual
probe strands, provide the driving force for recognition of mixed-sequence target sites. The
capabilities and features of Invader probes specific detection of chromosomal DNA
fluorescent in situ hybridization (FISH) assays at near physiological conditions were
statistically analyzed. Based on these results, Optimized Invader probes were synthesized and
showed improved efficiency in chromosomal DNA detection (CHAPTER 2). Moreover, the
combination of Invader FISH probes with the powerful detection properties of flow
cytometry was used to quantify thousands of specifically label isolated nuclei, offering a

potential advantage over the laborious microscope evaluation of detection (APPENDIX A).
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Chapter 1: DNA Targeting Agents in the Context of Imaging and Detection

of Chromosomal DNA
Caroline Shepard

1.1 DNA as a Target
The critical role of DNA
DNA is the central molecule of life, providing the code for the structure and development of
living organisms. Housed in the nucleus of cells, chromosomal DNA is the source of protein
synthesis, cell regulation, and function. Based on the order of adenine (A), thymine (T),
cytosine (C), and guanine (G) nucleobases that constitute genes, or rather the DNA’s ‘code,’
RNA polymerases can ‘read’ the bases to synthesize pre-mRNA. Subsequently, this is
processed into mature mRNA to be translated into usable structure and function proteins.!
The genetic flow from DNA to protein synthesis is entitled the Central Dogma of Molecular
Biology as it represents the core foundation for life. As the core, abnormalities occurring at
any point along this path can be detrimental for living things. For instance, unwanted or
unusual expression of genes can result in negative phenotypic traits and disease. This is the
case for those with suffering from Huntington’s disease as an expansion of a trinucleotide
(CAG) repeat region on human Chromosome 4 results in a mutant, toxic huntingtin protein
that causes severe motor and cognitive deficits.> Moreover, Duchenne Muscular Dystrophy
(DMD) is caused by exon skipping, resulting in misprocessed pre-mRNA into mature
mRNA. Once ribosomes translate this incorrect mRNA, it forms dysfunctional protein that
leads to muscle breakdown.? For such diseases, the development of detection tools and
treatments are a constant focal point for scientific and biomedical research, with much effort

focused on the targeting of proteins. Despite much success, this work is limited as many



diseases are not the result of mis-expressed proteins, and the majority of transcribed DNA is
not translated into protein. This incentivizes moving focus ‘“upstream’ to the nucleic acid
level to increase the number of targets within DNA and RNA. Additionally, the predictability
of nucleic acid structures (i.e. a sugar-phosphate backbone attached to the four nucleobases)
(Figure 1.1-1) provides easier determination of targeting molecules in comparison to the
complexity of protein structures taking on any number of conformations. Currently, there is
extensive work in the development of RNA targeting;* however, focusing further upstream at
the DNA level could prove more advantageous. For RNA targeting agents, higher
concentrations of probe must be utilized to match the thousands of RNA existing in a cell. If
DNA was the target, theoretically, there would only be a need for two targeting molecules
per cell as an individual gene is present twice within chromosomal DNA. This brings much
interest to DNA for potential diagnostic and therapeutic applications.

Structure of DNA

In order to target DNA, its unique double-stranded structure must be understood (Figure 1.1-
1). Each strand is constructed of repeating nucleotide units supported by a negatively charged
phosphodiester backbone. Nucleotide monomer units consist of a phosphate group, a 2’-
deoxy-B-D-erythro-pentosefuranose, and a nucleobase (A, C, G, and T) connected to the C1
of the furanose sugar ring. C and T are termed pyrimidines for their 6-membered ring
structure. The bicyclic nucleobases, G and A, are classified as purines.’ These units
determine the DNA’s ‘code,” which RNA polymerases transcribe into RNA that will
eventually be translated into proteins or be used as functional units themselves. Hydrogen
bonds connect complementary nucleobases on the opposite strand to form the double-

stranded structure. Determined by the location of hydrogen bond donor and acceptor atoms,



A will bind to T (A:T) and C will bind to G (C:G).> These are known as Watson-Crick (WC)
base pairs (bps). Strands hybridize in an antiparallel fashion, where the 5° end of one strand
will align with 3’end of the other strand. This predictability in structure makes DNA an
excellent target. If the sequence (i.e. order of nucleobases) is known, probes can be designed

with the target’s complementary base pair.
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Figure 1.1-1. Structure of DNA and Watson-Crick base pairing (dashed lines denotes
hydrogen bonds)

The formed duplex can take on different 3D helical structures, termed: A-type, B-type, and
Z-type.>® All three helical geometries form double-stranded duplexes determined by base
complementarity, stabilization by intra- and inter-strand w-nstacking of the planar
nucleobases, hydration, and positive counterions preventing the negatively charged strands
from repelling each other. They differ in the handedness of the helix (right or left), tightness
of twist, number of base pairs per turn of helix, and size and depth of minor and major

grooves. Chromosomal DNA takes on the B-type structure, which is characteristically: right-



handed with narrow, deep minor grooves and wide, deep major grooves to give 10 bps per
turn. Furthermore, the sugar ring plays a role in determining the 3D structure. In B-type, the
furanose ring adopts a South Type conformation, or ‘sugar pucker,” where the C2 moves out
of the ring’s plane in an endo position®®. Consideration of sequence and overall helical
geometry is used to design DNA targeting probes capable of forming Watson-Crick base
pairs and binding within the major and minor grooves.

Considerations for the advancement to target chromosomal DNA

There has been varying levels of success in targeting chromosomal DNA with consideration
to biological challenges and diagnostic relevance.’!? This is no easy feat as i) chromosomal
DNA is housed in the nucleus of mammalian cells which implicates accessibility issues,
requiring the targeting tool to cross the cell and nuclear membranes, i1) DNA is tightly
packed into chromosomes. The duplex is supercoiled, wrapped around histones, and further
compacted into chromatin that constitute chromosomes, raising further questions of target
accessibility, and iii) double-stranded DNA (dsDNA) forms a stable duplex, raising a myriad
of questions on how and where on the DNA structure to target.>!'* Discussion of established
DNA targeting designs follows in the subsequent section, outlining how these questions have
addressed, with a focus on DNA detection and imaging. Before designing DNA targeting
tools for in vivo use, their ability to recognize dsDNA with high specificity must be
determined. Detection and imaging results highlight their potential as diagnostic tools and
successful recognition gives promise to future in vivo and therapeutic applications.

1.2 History of DNA Targeting Designs

The field of Nucleic Acid Chemistry has sought to design dsDNA targeting probes (Figure

1.2-1), beginning with the development of Triplex Forming Oligonucleotides (TFOs). It was



noted in 1957 that naturally occurring polyadenylic acid (a single-stranded oligonucleotide
consisting of only A nucleobases) will hybridize to polyuridylic acid (a single-stranded
oligonucleotide made up of only U nucleobases). Another polyuridylic acid strand was
shown to bind to this duplex, forming a 1:2 triplex.'* Based on this observation, synthetic
oligonucleotides termed TFOs were designed to mimic this structure, binding as a third
strand to dsDNA..!>!® Single-stranded in structure, TFOs form hydrogen bonds to short
polypurine segments of dsSDNA in the major groove. These contacts are known as Hoogsteen
base pairs, and can be formed as the TFO aligns in a parallel (Hoogsteen) or anti-parallel

(reverse Hoogsteen) orientation relative to its polypurine target.
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Figure 1.2-1. Schematic of current dSDNA targeting approaches

There have been many successful applications of TFOs in the targeting of chromosomal
dsDNA, including, and not limited to: mutagenesis and modulation of gene expression.'”!8
Moreover, these constructs have shown use in detection and imaging studies. For instance,
fluorescent TFOs were synthesized for in situ hybridization assays to target the chromosomal
DNA of isolated, denatured and non-denatured metaphase and interphase nuclei. Termed
TISH (Third-strand in situ hybridization), this assay was used to labeled specific sequences

within human and mouse chromosomes. '’



Despite these successes, TFOs suffer many drawbacks. In order to have unlimited targeting
of chromosomal DNA, probes must be able efficiently recognize any sequence context at
physiological relevant conditions (i.e. cellular environments). The polypurine sequence
requirement severely limits the number of potential targets, which may preclude TFOs from
detecting genes and sequences of interest. Additionally, the environmental pH must be acidic
(<6.5) in order to protonate the cytosine TFO nucleobases to form the C+:CG triplets. This
requirement makes TFOs suboptimal at a more neutral physiological pH. Much work has
been done to overcome these challenges, such as modifying strands with crossover moieties
to recognize sequences with an interrupting pyrimidine in an otherwise polypurine region,
development of 5-methylcytosine (mC) to waive the pH requirement, reduction of charge
repulsion between the negatively charged TFO and negatively charged dsDNA with positive
charge addition to nucleobases, and increasing the overall affinity to target through affinity-
enhancing modifications such as Locked Nucleic Acids (LNA).?%2* These advancements
have had varying levels of success, leaving much room for the development of new probe
designs.

To address sequence limitations, minor-groove binding polyamides were developed. Non-
nucleotidic monomer units N-methyl pyrrole (Py), hydroxy N-methyl pyrrole (Hp), N-methyl
imidazole (Im) are joined by amide bonds to constitute this short, minor groove binding
probe (Figure 1.2-1). Each subunit binds to a different DNA base pair (Py 2 A or C, Hp 2>
T, Im = G) based on shape complementarity.?* Due to their unique binding mode,
polyamides can recognize mixed sequences, providing an advantage of TFOs. Particularly,
Py/Im polyamides have shown potential in detecting chromosomal DNA targets. For

example, pericentromeric heterochromatin (important for gene expression and cellular



differentiation) in murine chromosomal DNA was detected in a fluorescent in situ
hybridization (FISH) assay with FITC-labeled pyrrole-imidazole polyamide probes as well as
telomere labeling.?>?® However, this design leaves much to be desired as they cannot
distinguish between AT and TA base pairs, which raises questions about target fidelity and
specificity. Moreover, they are most useful against short sequence targets (<8 bp). As the
length of the target increases, it loses its shape complementarity and binding capabilities.'?
24,2729

There has been extensive work in designing Peptide Nucleic Acid (PNA) probes (Figure 1.2-
1) that have been used to target chromosomal DNA for purposes such as: manipulation of
gene expression, site-specific mutagenesis, and dsSDNA labeling.!%?%2° In one study, this
design’s DNA detection potential was highlighted by fluorescently labeling Chromosome 9
under denaturing conditions in a PNA-COMBO-FISH assay.?! Similar to TFOs, these probes
can form triplexes in a parallel or anti-parallel fashion with double-stranded polypurine DNA
sequences. Nucleobases (A, C, G, T) are attached to an achiral, uncharged N-(2-
aminoethyl)glycine backbone (Figure 1.2-2). The lack of charge facilitates fast association
and immensely high binding affinity with negatively charged DNA, offering an advantage
over other negatively charged probes. Triplex formation is the preferred binding mode at
physiological conditions and low PNA concentrations, which confers the same targeting

restrictions to polypurine regions.>?
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Figure 1.2-2. Structures of PNA and y-PNAs. (B denotes nucleobases A, C, G, and T)
However, PNAs are a diverse class of probes that display binding modes.*? Triplex formation
can facilitate access the Watson-Crick faces of dsDNA, which is termed triplex invasion.
During invasion, the hydrogen bonds of the target duplex are disrupted and the nucleobases
of the PNA probe form classical Watson-Crick hydrogen bonds with the target strand. In the
case of triplex invasion, one PNA strand will form a triplex with a polypurine target,
disrupting the dsDNA duplex to allow the hybridization of a second PNA strand with
Watson-Crick base pairing. As a result, the non-complementary, adjacent target strand, is
displaced, forming a single-stranded loop. Triplex invasion has been further enhanced by
tethering two PNA strands with a linker to form bis-PNA (Figure 1.2-1).3° Linking the two
strands increases the local concentration of the PNA and reduces entropic costs to facilitate
efficient binding. This has been used to indirectly detect chromosomal and mitochondria
DNA with a combined incubation of bis-PNA and an additional padlock probe.** Tail-clamp
PNA bind similarly to bis-PNA; however, the PNA strand meant to form Watson-Crick base
pairs is extended to improve binding affinity and confer some level of mixed-sequence
recognition in this extended region limitations (Figure 1.2-1).3* Unfortunately, these designs
suffer similar polypurine sequence limitations as TFOs as triplex invasion necessitates triplex

formation.



10

The targeting of mixed sequences is the ‘gold standard’ for nucleic acid probes. To address
past sequence limitations, next generation single-stranded y-PNAs were developed.
Introduction of chirality through substitution at the y carbon position of the glycine
backbone, enables the recognition of mixed sequences (Figure 1.2-2).3>%¢ This additional
chiral group preorganizes the PNA strand to match the chiral right-handed conformation of
dsDNA, enabling the probe to overcome entropic costs to invade B-type DNA. Moreover, its
improved target affinity is facilitated by reduction in electrostatic repulsion due to its
uncharged backbone. This probe binds through duplex invasion, displacing one of the target
DNA strands to form Watson-Crick base pairing with one of the target strands (Figure 1.2-1).
This differs from triplex invasion, as the formation of an initial triplex is not needed. Several
designs and optimizations have been deployed such as G-clamps, diethylene glycol
substitution, addition of acridine units, and increasing probe length.>”*° Improvements have
resulted in y-PNAs capable of mixed-sequence DNA detection (e.g. chromosomal labeling of
telomeres).*” However, current efforts are still solving aggregation, solubility issues, and
poor cellular uptake issues in order to move to future in vivo studies.

There is another design to note that has resulted in mixed-sequence recognition of DNA.
Zorro-LNA is also two-stranded probe where the strand ends hybridize to form a linker,
leaving their 3’-ends single-stranded, forming a “Z” shaped probe (Figure 1.2-1). For the
classic Zorro-LNA structure, each strand must have an inversion of polarity (i.e. align anti-
parallel) in order to hybridize in the linker region. Additionally, affinity enhancing units,
such as LNA, must be incorporated within the linker and single-stranded overhang in order to
bind to target. There have been developments of other architectures such as single-stranded

Zorro-LNA, single-stranded Zorro-LNA with a stiffener strand, and utilization of non-
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nucleotide linkers.*! There is evidence of its capabilities in recognizing mixed-sequence
dsDNA targets, even so far as to inhibit transcription at the plasmid level. However, this
design requires a pre-annealing step, presents issues of self-hybridization due to the affinity
enhancing LNA monomers, and there is evidence that the binding mechanism might require
initial triplex formation of one probe molecule to facilitate invasion.

The final binding mode that has been utilized and will serve as the basis for the research
discussed later herein, is double-duplex invasion. Differing from duplex invasion, each strand
of a double-stranded probe will form Watson-Crick base pairs with its complementary target
strand. Both target strands hybridize to the probe, leaving no displaced strand as is in the
cases of triplex invasion and duplex invasion. Pseudocomplementary (pc) PNA probes take
advantage of this approach mode (Figure 1.2-1).*** This novel design is constructed as two
hybridized PNA strands forming a duplex. To reduce affinity towards its complementary
PNA strand and to increase each PNA strand’s affinity for its DNA target strand, A and T
nucleobases are replaced with 2,6-diaminopurine (D) and 2-thiouracil (S) (Figure 1.2-3).
When these monomers are placed across from each other on opposing strands of the double-
stranded probe, the NH> of the D and the sulfur of the S clash due to sterics, resulting in
destabilization. Thus, the more labile probe is ‘activated’ to follow a thermodynamic gradient
(i.e. unstable to stable) driving recognition. As it encounters its target, the labile probe
strands easily displace from each other. The D and S monomers of the now single-stranded
pc-PNA serve to enhance each strands affinity to its complementary DNA (cDNA) strand,
driving recognition. There has been reported success in targeting chromosomal DNA under
molecular crowding conditions and for the purpose of gene modification in mouse fibroblast

cells.*** However, this design requires a high level of modification per strand (i.e. many D
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and S units) and low ionic strength to increase lability of target site, especially region rich in

GC-content, to facilitate recognition.

0 2-thiouracil (S)
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2,6-diaminopurine (D)

Figure 1.2-3. Pseudocomplementary (pc) PNA base pair

Worth mentioning are engineered protein designed to target dSDNA. CRISPR Cas has made
a recent debut as a potential tool for gene detection and manipulation (Figure 1.2-1). Itis a
cluster of regulatory interspaced short palindromic repeats within CRISPR associated
proteins which have an RNA-guided nuclease function. Originally utilized by bacteria in
virus immune responses, this construct can be ‘hijacked’ and redesigned to target
chromosomal DNA for the purposes of gene manipulation and detection.***’” For example, a
CASFISH assay was developed by fluorescently labeling nuclease-deactivated Cas9 protein.
With this design, pericentromere, centromere, G-rich telomere, and different coding genes in
genomic DNA were fluorescently labeled and detected.*® While there is success in in vitro
assays, engineered proteins face many challenges such as inadequate specificity, limited
targets, and in vivo hurdles with stimulation of immunogenic responses and problematic

delivery.
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1.3 Introduction to Invaders

With the targeting and environmental challenges posed in other DNA targeting probes, there
is a need to design tools that accurately recognize mixed sequence dsDNA at physiological
relevant conditions for diagnostic and therapeutic purposes. To meet this need, our lab has
developed double-stranded probes, termed Invaders. They follow a similar thermodynamic
driving force for recognition as pc-PNA (Figure 1.3-1). The strategic placement of 2'-O-
(pyren-1-yl)methyl RNA monomers creates a destabilized oligonucleotide probe, activated
for target recognition. By arranging these monomers in a +1 interstrand architecture (termed
energetic hotspots), the pyrene moieties are forced to occupy the same space, violating the
nearest neighbor exclusion principle (NNEP). The ingenuity of this design in part due to the
use of pyrenes as DNA intercalators. They slide in between base pairs and remain stably
bound in this region by n-7 stacking interactions. According to the NNEP, intercalators are
limited to binding every second base pair as there is a limit to the extent that the DNA helix
can expand to accommodate intercalators. Violating this rule and forcing the pyrenes to
occupy the space between the same base pairs, leading to a less stable duplex. As the Invader
encounters its target, the probe will easily denature into its individual strands and bind with
high affinity to their respective complementary strands. The stacking interactions by the
pyrene moieties of individual probe strands help create stable probe-target duplexes (i.e.

recognition complex), driving double duplex invasion. stability.*-!
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Figure 1.3-1. Double duplex invasion mechanism of Invader probes.
1.4 Development of Efficient Invaders
The recognition of mixed-sequenced DNA by Invader probes is driven by the

thermodynamic gradient determined by a destabilized probe moving to a highly stable



15

recognition complex. The origins of Invader probes began with development and
incorporation of 2’-amino-L-a-LNA monomers.>? A 2'-C,4'-C-oxymethylene linker ‘locks’
the ribose ring into the C2 -endo sugar conformation. The use of a conformationally
restricted oligonucleotides enhances the affinity of the probes as the oligonucleotide is
restricted to a conformation that matches its target, leading to a reduction of entropic cost.
Additionally, intercalators attached to these monomers are in a favorable position and
conformation for intercalation once bound to its target. While these locked nucleic acids offer
efficient targeting, generation of these probes are synthetically difficult which led to the
development of the Invader chemistry. Though more flexible than their LNA predecessor, the
2’-O-(pyren-1-yl)methyl-RNA monomers (Figure 1.3-1), they retain adequate hybridization
properties.*’

Upon development of Invaders, it was crucial to establish design rules and determination of
optimal probe architectures. First, the effect of sequence context of energetic hotspots was
evaluated to determine if the nucleobase (B) of the Invader monomer and/or its unmodified
flanking base pairs within its sequence affected recognition. To this end, 2’-O-(pyren-1-
yl)methyl-RNA monomers A, T, C, and G were incorporated into Invader probe strands.™ It
was discovered that the G was less stabilizing than the other three monomers, which may be
attributed to weakened G:C base pair within the recognition, rather than a lack of
intercalation by the pyrene. Furthermore, it was shown that these monomers provided more
stabilization in the recognition complex when flanked by a 3’-purine. Lastly, probes
incorporated with U and C monomers showed greater potential for dsSDNA recognition.

These studies laid the groundwork for all future Invader probes, necessitating use of U and C
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with limited use of A, and an avoidance of G incorporation. Additionally, incorporated
monomers should by flanked by a 3’-purine.

Second, the optimal level of modification was evaluated to determine the required number of
energetic hotspots to facilitate efficient dSDNA recognition. Recent studies have shown the
need to balance high binding affinity with binding specificity. A small number of hotspots
gives low binding affinity, while increasing the number of incorporations reduces
specificy.**° Probes with 15-30% of their sequence modified with Invader monomers
display adequate affinity and specificity towards their dsDNA targets.

1.5. Invader Probe Applications

DNA targeting tools have great diagnostic application. Current studies have shown the
potential of Invaders for these purposes. They can detect different pathogenic bacteria that
are common food contaminates through use of sandwich assay.>® In this study, Invader
probes were immobilized on a plate. Bacterial DNA was introduced and hybridized to the
immobilized duplexes, leaving a single-stranded region of bacterial DNA. Subsequently, an
additional biotin-labeled Invader probe was added to bind to the available base pairs of the
single-stranded region. After a wash step, streptavidin-horseradish peroxidase conjugate and
substrate were added to produce a fluorescent signal that can be used for quantification. This
detection could be advantageous in food preparation as Invader probes have mixed sequence
recognition capabilities (i.e. target sequence is not a limitation), avoid laborious sample
preparation, occurs isothermally, and is highly sensitive (capable of recognition at 20 pM).
Results and design of this assay have the potential to expand to other fields for medical

diagnostic and biotechnological applications.
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Extensive work has been done to evaluate the use of these Invaders in non-denaturing
fluorescent in situ hybridization (nd-FISH) assays in the detection of chromosomal DNA.
Towards this end, Invader probes have been Cy3-labeled in order to be visualized by
fluorescent microscopy. These fluorescently labeled probes are incubated with fixed nuclei
on microscope slides under physiological relevant conditions. Following incubation, nuclei
are DAPI counterstained in order to overlay the Cy3-labeled probe signal to determine the
probe’s binding to chromosomal DNA. This technique has been shown to effectively target
the telomeres and Y chromosome of bovine cells.’**> Control experiments have verified
these findings through relevant mismatch studies, incubation with female bovine fibroblast
cells (displayed no signal), pre-treatment with DNase (disappearance of signal), and pre-
treatment of RNase and proteinase (signal is maintained). This represents an advancement in
DNA targeting probes as Invaders can: 1) recognize mixed-sequence chromosomal DNA, ii)
target in non-denaturing conditions suggesting that target sequences do not need to be
denatured in order to bind, and iii) recognize chromosomal DNA near physiological
conditions.

1.6 Conclusion

Mixed sequence double-stranded DNA has remained an elusive target for nucleic acid
targeting probes for diagnostic, detection, and biological applications. However, the
advantages in effective targeting of DNA fuel the development of usable probes. Our Invader
probe design utilizes the prior knowledge of previous DNA targeting approaches to take the
next step in that direction. The ability to target mixed-sequence chromosomal DNA under
physiological conditions gives immense promise for future diagnostic and detection

applications as well as biological applications.
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Abstract

Future advancements in chemical biology will necessitate probes capable of targeting specific
sites on chromosomal DNA to regulate biological processes and aid in diagnostic applications.
Established probe technologies such as triplex-forming oligonucleotides, peptide nucleic acids
(PNAs), and minor-groove-binding polyamides only detect DNA under limited experimental
conditions (homopurine targets; denaturing steps; low ionic strengths; short target sequences),
whereas the CRISPR-Cas9 approach requires transfection of plasmids encoding CRISPR-Cas9
components. To address these shortcomings, our laboratory has developed Invader probes,
which are energetically activated for sequence-unrestricted DNA recognition. Placement of 2'-
O-(pyren-1-yl)methyl RNA monomers in +1 interstrand zipper arrangements destabilizes the
probe duplex as the intercalating pyrene moieties vie for the same space between two Watson-
Crick base pairs. These energetic hotspots, in concert with the high affinity for complementary
DNA (cDNA) displayed by individual probe strands, provides the driving force for recognition
of the target site (Figure 2.1-1). Herein, we evaluated ten Invader probes designed against
different targets within the DYZ-1 satellite region (~6 x 10* tandem repeats) of the bovine (Bos
Taurus) Y chromosome. Fluorescence in situ hybridization (FISH) assays conducted under
non-denaturing conditions revealed specific binding of several of the Invader probes, resulting
in high signal intensity. A subsequent Spearman Rank Correlation analysis revealed properties
and design features of Invader probes that result in efficient recognition of chromosomal DNA.
Optimized Invader probes based on these factors confirmed our statistical analysis. This
represents a step in the continual improvement of the Invader probe design that will help
develop efficient probes for applications in molecular biology, nucleic acid diagnostics, and

biotechnology.
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2.1 Introduction

Oligonucleotide-based technologies for targeting specific sequences of double-stranded DNA
have shown great success in identification, regulation, and manipulation of genes; however,
the design of established approaches remain suboptimal.!” For example, Triplex-forming
oligonucleotides (TFOs) bind in the major groove of double-stranded DNA (dsDNA) by
forming Hoogsteen base pairs.®® There is a limitation in number of target sequences as major
groove binding of TFOs necessitates long purine tracts as only adenine and guanine have the
optimal hydrogen bond acceptor and donor group geometry to interact with the TFO.
Additionally, Pyrrole-Imidazole (Py-Im) Polyamides have been designed to target specific
sites by binding to the minor groove; however, it is challenging to design Py-Im probes that
target sequences longer than 8 nucleotides because its structure loses flexibility with increasing
length and no longer adequately fits in the minor groove.'®!! Additionally, they cannot
distinguish between AT and TA base pairs, reducing their specificity.'>!* Utilizing a different
approach, Peptide nucleic acids (PNAs) have base pairs attached to an uncharged N-[2-
aminoethyl)glycine backbone which reduces charge repulsion associated with duplex
formation.!*!> This results in very stable duplexes with ¢cDNA via Watson-Crick and
Hoogsteen base pairing, allowing for strand invasion of dsDNA. Due to the need for Hoogsteen
base pairing, PNAs are limited to targeting sequences with a short stretch of polypurines.
Different designs have been employed to overcome these limitations, such as tail-clamp PNA
and bis-PNA that utilize Hoogsteen base pairing to perturb the target duplex so their long
Watson-Crick arm can stably hybridize.!>!'® Additionally, the y-PNA design has been used to
reduce sequence limitations by its significant increase in binding affinity.!”!® Introduction of

a chiral center induces preorganization of the probe to reduce entropic costs, thus increasing
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affinity to cDNA. Although y-PNA can recognize mixed-sequence dsDNA target regions (150-
300 bp), they require low ionic conditions for duplex invasion, making them less than ideal for
physiologically relevant ionic strengths. The recent discovery CRISPR-Cas9 and its
programmability interduce single specific cuts in a genome has been of enormous value for
gene-editing. Moreover, by deactivating its nuclease activity, CRISPR-Cas9 can be used for
recognition of specific sequences of DNA in diagnostic applications.'*?° Unfortunately, these
abilities are limited in in vivo studies due to the need for plasmid transfection.?*?!

To overcome limitations in target sequences and experimental conditions, we have
developed dsDNA probes, termed Invaders, which have targeting capabilities of mixed-
sequence chromosomal DNA through double-duplex invasion (Figure 2.1-1a). The driving
force for dsDNA recognition is the energy difference between the less stable reactants (i.e. the
double-stranded probe and DNA target) and the highly stable products (i.e. the two probe-
target duplexes formed as part of the recognition complex). In this approach, the Invader probe
is destabilized or “activated” through steric clashing of intercalators at the energetic hotspots.
The term “energetic hotspots” denotes the +1 interstrand zipper architecture in which
intercalating moieties vie for the same space between two Watson-Crick base pairs, promoting
unwinding and destabilization of the double-stranded probe. The Invader design employed
herein utilizes 2’-O-(pyren-1-yl)methyl-RNA monomers (Figure 2.1-1b), which are the
successor to the classic 2’-N-(pyren-1-yl)methyl-2’-amino-a-L-LNA monomers.??>* These
monomers increase affinity to target DNA by sterically constricting the probe strand to reduce
entropic costs and increase base stacking interactions via the intercalator and the nucleobases.

The destabilization of Invader probe in concert with the high affinity for cDNA displayed by
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individual probe strands provides the driving force for recognition of target site (Figure 2.1-
la).

Previously reported Invader 4 (INV4) (Table 2.2-1) displayed the ability to detect
chromosomal DNA, specifically the Y chromosome of male bovine kidney cells under non-
denaturing conditions (3 h, 37.5 °C, 20 mM Tris, 100 mM KCI, pH 8.0) to yield a single
localize fluorescent signal in ~90% of observed nuclei.”> Encouraged by these results, the
ability to detect chromosomal DNA by nine other Invaders with different energetic hotspot
arrangements and targeting different sequences in the 1175 base-pair repeat (Table 2.2-1 and
Figure 2.4-6) was determined. Thermal denaturing analysis, thermodynamic properties, and
dose-response experiments were used as measures of the physical properties and invasion
potential for each of the ten probes. A subsequent DNA FISH assay was conducted at
denaturing and non-denaturing conditions to determine the Invader probes’ capability to detect
chromosomal DNA. Based on the results of these experiments and structural features of each
probe, a Spearman Rank Correlation analysis was conducted to determine factors contributing
to efficient FISH signaling under physiologically relevant, non-denaturing conditions. Based
on these factors, three of the ten screened Invaders were optimized and evaluated to determine
the validity of our statistical analysis. Results revealed crucial factors in detection of

chromosomal DNA and will contribute to future probe design.
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Figure 2.1-1. (a) [llustration of Invader-mediated recognition of dsDNA via a double-duplex
invasion process. (b) Structure of Invader monomers used herein.
2.2 Results and Discussion
Experimental design of Invader probes
Ten oligodeoxyribonucleotide (ON)-based Invader probes - varying in length (14-16 base pairs
(bps)), number of energetic hotspots (3-4), and GC-content (GC%) (31-71%) and designed to
target corresponding complementary sequences in the DYZ-1 satellite gene (~6 x 10* tandem
repeats of the ~1175 bp region) on the bovine (Bos taurus) Y chromosome (NCBI code:
M26067, Figure 2.4-6)*° — were obtained using previously established machine-assisted solid-

phase DNA synthesis protocols (Table 2.2-1).2” Each Invader probe targeted one region within
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each ~1175 bp repeat with the exception of INV4 whose target sequence is present 6 times
within each repeat. The identity and purity of the modified ONs was established by MALDI-
TOF (Table 2.4-1 and Figures 2.4-1, 2.4-2, and 2.4-3) and ion-pair reverse phase HPLC
respectively. The lengths of the probes were selected to minimize unintended binding to non-
targets, whereas the relative modification density (mod%) (18.8-28.6%, Table 2.2-1) was

chosen based on prior work?>>?’

in which we showed that Invader probes with a hotspot content
of 20-25% strike a favourable balance between high binding affinity and excellent binding
specificity. Less densely modified probes (e.g., ~15%) result in lower binding affinity, whereas
more densely modified probes (e.g., ~30%) display reduced specificity.

Thermal denaturation properties of Invader probes

Thermal denaturation temperatures (7ms) were determined for the double-stranded Invader
probes and the corresponding duplexes between individual probe strands and cDNA (Table
2.2-1). The Invader probe duplexes are slightly destabilized, displaying Tms which on average
are 1.6 °C lower than the Tis of the corresponding unmodified DNA duplexes DNA1-DNA10,
though ATnm of probe duplexes range widely (-18.5 °C to +9.5 °C, Table 2.2-1). Conversely,
duplexes between individual Invader probe strands and cDNA display 7is that on average are
12.8 °C higher than for the unmodified DNA duplexes (ATws range between +3.5 °C and +22.0
°C, Table 2.2-1). Greater relative increases in Tms are observed for more densely modified

probe-target duplexes (A7m =~17 °C and ~10 °C for duplexes with hotspot contents of >20%

and <20%, respectively).! These observations follow our expectations that Invader probes are

! By design, Invader probes targeting dsDNA sequences with a low GC-content, will tend to be more densely
modified (in the present study, probes with a GC-content below 50% have, on average, a hotspot contents of
~24%, whereas probes with a GC-content at or above 50% have, on average, a hotspot content of ~20%. This is
because Invader probes with hotspots constructed of 2'-O-(pyren-1-yl)methyl RNA pyrimidine monomers,
display higher dsDNA-affinity than probes constructed using the corresponding purine monomers.?
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22,29

more labile®>“” as the neighbor exclusion principle is violated due to high localized intercalator

densities,**!

whereas individual probe strands form more stable duplexes with cDNA since
the neighbor exclusion principle is not violated, which enables favorable stacking interactions
between the pyrene moieties and neighboring base-pairs.?**’ Spearman correlation coefficients
(rs) comparing modification density to ATms of probe-target duplexes confirms these
observations. There is a correlation between increasing modification with increasing ATms of

probe-target duplexes 5'-INV:cDNA (rs = 0.774, p-value = 0.009) and 3'-INV:cDNA (rs =

0.661, p-value = 0.037).

Consequently, probe-target duplexes with low GC-contents display greater relative increases (ATy ~16 °C and
~9.5 °C for duplexes with GC contents of <50% and >50%, respectively)
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Table 2.2-1. Thermal denaturation temperatures (7m), Thermal Advantage Values (TAisq and
TApn), Percent Modification (Mod%), and GC-content (GC%) of DYZI-targeting Invader

probes and duplexes between individual probe strands and cDNA.?

T [4Tw] (°C)

Probe 5'-INV: 3'-INV: TAisq TAbpu

Probe Sequence duplex <DNA <DNA ©C) ©0) Mod% GC%
5'-Cy3-TUATCAGCACUGUGC-3' 52.0 65.5 66.0
INV1 +23.5 +3.5 20% 47%
3 AAUAGTCGTGACACG-Cy3-5' [-4.0] [+9.5] [+10.0]
5'-Cy3-AUACUGGTTTGUGUTC-3' 345 66.0 66.0
INV2 +44.5 +25.5 25% 38%
3'- TAUGACCAAACACAAG-Cy3-5' [-18.5] [+13.0] [+13.0]
5'-Cy3-TUGUGCCCTGGCAAC-3' 64.0 62.0
INV3 NT ND ND 20% 60%
3 AACACGGGACCGTUG-Cy3-5' [+5.5] [+3.5]
5'-Cy3-AGCCCUGTGCCCTG-3' 61.5 69.5 75.5
INV4 +23.0 +1.5 21.4% 71%
3- TCGGGACACGGGAC-Cy3-5' [+1.0] [+9.0] [+15.0]
5'-Cy3-GATTTCAGCCAUGUGC-3' 45.0 63.0 69.5
INV5 +30.5 +11.5 18.8% 50%
3 CTAAAGTCGGTACACG-Cy3-5' [-12.0] [+6.0] [+12.5]
5'-Cy3-CUGUGCAACTGGTUTG-3' 63.0 65.5 69.0
INV6 +13.5 -3.5 18.8% 50%
3- GACACGTTGACCAAAC-Cy3-5' [+5.0] [+7.5] [+11.0]
5'-Cy3-CUGUGCAAUATTTUGT-3' 55.0 73.0 71.0
INV7 +38.0 +21.0 25% 31%
3- GACACGTTATAAAACA-Cy3-5' [+4.0] [+22.0] [+20.0]
5'-Cy3-TTCACAGCCCUGUGC-3' 58.5 70.5 74.5
INVS8 +26.5 +6.0 20% 60%
3- AAGUGTCGGGACACG-Cy3-5' [-1.5] [+10.5] [+14.5]
5'-Cy3-TUAUATGCTGUTCTC-3' 55.0 58.0 64.0
INV9 +21.5 0 20% 33%
3 AAUAUACGACAAGAG-Cy3-5' [+9.5] [+12.5] [+18.5]
5'-Cy3-GUGUAGTGUAUATG-3' 455 65.0 64.5
INV10 +40.5 +22.0 28.6% 36%
3= CACAUCACAUAUAC-Cy3-5' [+2.0] [+21.5] [+21.0]

ATm = change in T, values relative to corresponding unmodified duplexes. Tms for the
corresponding unmodified DNA duplexes DNA1 = 56.0 °C, DNA2 = 53.0 °C, DNA3 = 58.5
°C, DNA4 = 60.5 °C (previously reported in reference 25), DNAS = 57.0 °C, DNA6 = 58.0
°C, DNA7 = 51.0 °C, DNAS8 = 60.0 °C, DNA9 = 45.5 °C, and DNA10 = 43.5 °C. Thermal
denaturation curves were recorded in medium salt buffer ((Na"] = 110 mM, [CI'] = 100 mM,
pH 7.0 (NaH2PO4/Na;HPO4), [EDTA] = 0.2 mM) and each [ON] = 1.0 uM; see main text for
definition of TAisq and TApu. NT = no clear transition (very broad) at wavelengths 230-280
nm. ND = not determined. For structures of A, C and U, see Figure 2.1-1.
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Thermodynamic driving force for recognition of dsDNA targets.

The driving force for Invader-mediated recognition of isosequential dsSDNA targets can be
assessed by the term thermal advantage, which we define as TAisq = Tm (5'-INV:cDNA) + Tin
(3'-INV:cDNA) - T (probe duplex) - Tm (dsDNA) (Table 2.2-1). Large positive TAisq values
indicate that a probe is activated for dsDNA recognition, meaning the probe duplex is
sufficiently destabilized and its individual strands form stable duplexes with cDNA. Eight of
the ten Invader probes display 74isq values above 20 °C, indicating these probes have dsDNA
recognition potential. Noteworthily, the three most densely modified Invader probes, display
the most prominent 74isq values (74isqs between 38.0-44.5 °C for INV2, INV7 and INV10).
Only INV6, which is less densely modified (18.8%), displays a 74 value below 20 °C.
Calculated Spearman correlation coefficients confirms a positive correlation between 7A4isq and
percent modification (rs = 0.662, p-value = 0.052), indicating the activation for dsDNA-
recognition by Invader monomer incorporation.

In order to fully understand the driving force for dsDNA recognition, thermodynamic
parameters of hybridization were determined by using baseline fitting of the thermal
denaturation curves of each of the ten Invader probes via the van’t Hoff method.>?> The
available free energy for dsDNA recognition can be described as AG>L) = AG*'° (5
INV:cDNA) + AG*'? (3-INV:cDNA) — AG*! (probe duplex) — AG*!? (dsDNA) (Table 2.4-3).
Large negative values (AGizg << 0 kJ/mol) indicate a more prominent driving force and probes
activated for dsDNA recognition. This driving force is achieved by a relative change in stability
between the labile Invader probes to a stable recognition complex. In agreement with 7r,-based

trends, our probes are largely activated for invasion (AGizg ranging between -19 to -56 kJ/mol)

which can be attributed to the energy differential between the low stability of the ten Invader
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Probes (AAG*!? averaging at +11.6 kJ/mol) and high stability of probe-target duplexes (5'/3'-

INV:cDNA AAG’' averaging at -6.6 kJ/mol) (Table 2.4-3). Additionally, recognition of
dsDNA by probes (except for INV9) are highly enthalpically favored (AHiig < 0 kJ/mol),
further highlighting the intercalation driving force of dsDNA recognition that results in stable

recognition complex (Table 2.4-4). A combination of positive 74isq values and negative AGiZS

values these Invader probes show they have potential for recognition of dsDNA, which is
confirmed in the subsequent experiments below.

Recognition of mixed-sequence model DNA hairpin targets — design and initial screen.

The dsDNA-recognition potential of the ten Invader probes were initially evaluated in an
electrophoretic mobility shift assay?® using 3'-digoxigenin (DIG)-labelled DNA hairpins (DH)
as model targets (Figure 2.2-1). DNA hairpins DH1-DH10 are comprised of a double-stranded
stem which is complementary to the corresponding Invader probe and is linked at one end by
a decameric thymidine (T10) loop. The unimolecular nature of the DNA hairpins ensures that
both target strands are present in equimolar amounts and that the stem regions are denaturing
at high temperatures, thus rendering them as challenging dsDNA targets (compare Tms for
DH1-DH10 and 7ixs for DNA1-DNA10, 2.4-9 and footnote a of Table 2.2-1, respectively. Tms
for DH1-DH10 are higher by 17-23 °C). The challenging nature of this double-stranded hairpin
was designed as a representation of chromosomal DNA where both ends of the duplex are
clamped. Invader-mediated recognition of the double-stranded stem regions is expected to
result in the formation of ternary complexes (TC), similar to the formation of recognition
complex in Figure 2.1-1, which are visualized as lower mobility bands on non-denaturing (nd)

PAGE gels.
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Invader probe Hairpin (DH)
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Ternary complex (TC)

Low mobility

Figure 2.2-1. Principle Hairpin Assay

A 100-fold molar excess of each Invader probe was incubated with its corresponding
DNA hairpin for 15 hours at 37 °C in a HEPES buffer containing 100 mM NaCl and 5 mM
MgCl (Figure 2.2-2) and percent recognition of hairpin was determined (i.e. the amount of
TC formed relative to DH). This experiment was conducted at 15 hours to ensure that full
recognition potential was reached for each Invader probe. INV2, INV7, INVS, and INV10
resulted in almost full recognition (>96%) (Figure 2.2-2 and Table 2.2-2). INV1, INV3, and
INV9 exhibited moderately high recognition (60-66%) whereas INV6 gave lower levels of
recognition (41%). INV4 gave no recognition in this screen.
For this assay, TApu values - defined as TApn = Tm (5'-INV:cDNA) + T, (3'-INV:cDNA) - Ty
(probe duplex) - T (DH) — are evaluated (Table 2.2-1). TApn is being used for this assay as it

better describes the Invader probes activated for recognition of DNA hairpin. Both 74;sq and



34

TApn follow a similar relative trend (i.e. higher values for more highly activated probes);
however, hairpins (DH1-DH10) are a more challenging target (i.e. higher in 7i») in comparison
to the isosequential DNA duplexes (DNA1-DNA10). A large positive 7Aisq may indicate
activation for dsDNA recognition; however, it might be inadequate to predict invasion of
hairpin. 74Apu more clearly shows probes exhibiting a sufficient driving force for hairpin
recognition. This is exemplified by INV6, which gives a positive 74isq (+13.5 °C), but a
negative TApn (-3.5 °C) (Table 2.2-1). This indicates INV6 is not highly activated for hairpin
recognition, which is reflected in its poor recognition in this screen (Table 2.2-2).

The high recognition efficiency of the quadruply modified INV2, INV7, and INV10 probes
was expected given their prominent AGiZS and TApu and their relatively low Invader duplex

Tm(Table 2.4-3 and Table 2.2-1), which is expected to facilitate probe separation as recognition

ensues. Although INVS is less densely modified (20%), it exhibited near full binding at 15 h,
which can be attributed to its significant AGiig (-52 kJ/mol), and favorable TApn (+6.0) (Table

SX and Table 2.2-1). INV1, INV3, and INV9 each have a relatively lower modification density

(20%), which could rationalize the lower levels of recognition in comparison to highly
modified INV2, INV7, and INV10, in addition to small 7Apus (Table 2.2-1). AGiig values
could not be determined for INV1 and INV3; however, low recognition by INVS, INV6, and
INV9 could also be explained by a less prominent AGiig (between -29 kJ/mol and -19 kJ/mol)
and low modification density (>20%) (Table SX and Table 2.2-1). The absence of recognition
by INV4 may be attributed to less significant AGiZg (-29 kJ/mol) and TA4pn (+1.5), in addition
to a highly GC rich target sequence (71%), contributing to the highest hairpin 7y, of 82 °C

(Table 2.4-9). Lending support to these rationales are Spearman correlation coefficients, as

recognition at 15 h is highly correlated to TApu (rs = 0.707, p-value = 0.033), GC% (15 = -
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0.640, p-value = 0.046), %mod (rs = 0.699, p-value = 0.025), AG>>? of DH (r; = -0.872, p-

value = 0.005). This initial screen suggests: 1) need for highly modified probes that are
sufficiently activated to invade their target sequence, and ii) that most of our Invaders meet
this requirement.

An additional recognition screen was performed using 100-fold molar excess of each
Invader probe incubated with its corresponding DNA hairpin for 2.5 hours at 37 °C in a HEPES
buffer containing 100 mM NaCl and 5 mM MgCl (Figure 2.4-12). INV2 and INV10 result in
high levels of recognition (>80%), whereas INV7-INV9 result in intermediate levels of
recognition (30-60%) and INV1 and INV3-INV6 result in low levels of recognition (<25%)
(Table 2.4-10). Although the 2.5 h assay shows the potential for fast recognition, allowing 15
h for recognition is needed to reach the full binding potential of the Invader probes and, as
discussed in subsequent sections, recognition after 15 h is better measure of potential binding

in chromosomal DNA.
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Figure 2.2-2. a) Representative gel electrophoretograms from recognition experiments at 15 h
between a 100-fold molar excess of Invader probes INV1-INV10 and their corresponding
DNA hairpin targets DH1-DH10. b) Histograms depicting averaged results from at least three
recognition experiments with error bars representing standard deviation. TC = ternary
complex. DIG-labeled DH1-DH10 (34.4 nM, sequences shown in Table 2.4-9) were incubated
with the corresponding Invader probe in HEPES buffer (50 mM HEPES, 100 mM NaCl, 5 mM
MgClz, pH 7.2, 10% sucrose, 1.44 mM spermine tetrahyrdochloride) for 15 h at 37 °C.
Incubation mixtures were resolved on 12% non-denaturing TBE-PAGE slabs (~70 V, ~4 °C,
~1.5 h).

Recognition of model mixed-sequence dsDNA targets — dose-response and binding specificity.
Dose-response experiments conducted at 15 h were performed for all Invader probes
displaying above 15% recognition in the preliminary screen (Figure 2.2-3) using the same
electrophoretic mobility shift assay (EMSA) as described above to determine Csy values, i.e.,
the probe concentration that results in 50% recognition of DH. The Csy values follow a similar

trend as percent recognition. INV2 and INV10 have the lowest Csg values (0.2 uM) followed
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by INV8 and INV7 (0.6 uM and 0.7 uM) (Table 2.2-2), exhibiting excellent binding in our
model system. In line with percent recognition trends, these are followed by INV1, INV3,
INVS, and INV9 with Csy values between 1.3 uM and 4.1 uM (Table 2.2-2). Once again,

trailing the other probes are INV6 and INV4, which have negligible levels of recognition. As

they follow a similar trend to the initial screen, similar rationales related to TApw, AGiig,

modification density, and GC-content of each probe can be applied to explain their resulting
Cso values. These dose-responses further support the rationale that densely modified probes
sufficiently activated for invasion of dsDNA are needed for efficient dsSDNA recognition (i.e.
low Csg values). This is supported by Spearman correlation coefficients as Cso values are

correlated to %mod (rs = -0.850, p-value = 0.008) and AGiZg of DH (rs = 0.852, p-value =

0.031).

Additional dose-response experiments were conducted at 2.5 h for all Invaders; however, four
of the ten Invaders did not reach 50% recognition even at high levels of excess hairpin (Table
2.4-10) and, as will be discussed in subsequent sections, Cso values obtained at 15 h are more

predictive of chromosomal binding.
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Figure 2.2-3. Dose-response curves for INV1, INV2, INV3 (upper left panel), INVS, INV6,
and, INV7 (upper right panel), and INVS8, INV9, and INV10 (lower panel) at 37 °C for 15 h.
Experimental conditions are as described in Figure 2.2-1, except for variable probe
concentrations.

Table 2.2-2. Csgpvalues at 15 h for Invader probes studied herein.?

Probes Cso (M) Reci00x (%)
INV1 1.3 66+1.3
INV2 0.2 97+2.8
INV3 2.9 6062
INV4 ND ND
INVS5S 4.1 39+7.0
INV6 >10 41+34
INV7 0.7 97+£2.6
INVS 0.6 96+4.2
INV9 1.5 66+14
INV10 0.2 99 +£0.0

4 Recioo = level of DNA hairpin recognition using 100-fold molar probe excess. Cso values
were determined from dose-response curves shown in Figure 2.2-3.

Next, to evaluate their binding specificity, each Invader probe — present at 3.44 uM — was

incubated with a mixture comprised of the nine non-target hairpins, each present at 34.4 nM
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(e.g., INV1 was incubated with a mixture of DH2-DH10). As expected, none of the Invader
probes recognized the mismatch target hairpins and ternary complexes were not formed
(Figure 2.2-4). To ensure the presence of the non-target hairpins did not interfere with potential
non-specific binding to hairpin in our specificity assay, each Invader probe was individually
incubated with a DH1-DH10 mixture. The lack of interference was confirmed as similar levels
of recognition of match target hairpin were seen for all Invader probes when each was
incubated with the DH1-DH10 mixture, though recognition could not be quantified due to

presence of large quantities of non-targeting hairpin (Figure 2.4-11)
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Figure 2.2-4. Binding specificity. Representative electrophoretograms for experiments in
which the specified Invader probe (3.44 uM) was incubated at 37 °C for 2.5 h with a mixture
of nine non-target DNA hairpins (each hairpin present at 34.4 nM). For example, INV1 was
incubated with DH2-DH10, while INV10 was incubated with DH1-DH9. Conditions are
otherwise as described in Figure 2.2-2.

Detection of chromosomal DNA: Fluorescence in situ hybridization (FISH) assays

The ten Cy3-labelled Invader probes were evaluated for their ability to recognize the
corresponding DYZ-1 target regions on the bovine Y chromosome using fluorescence in situ
hybridization (FISH) assays. Fixed interphase nuclei and metaphase spreads from a male

bovine kidney cell line (MDBK (NBL-1) (ATCC® CCL-22™)) were incubated with INV1-
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INV10 under denaturing (d) or non-denaturing (nd) FISH conditions. Results from the d-FISH
assay (80 °C, 5 min, 20 mM Tris, 100 mM KCI, pH 8.0) are expected to yield each Invader
probes’ full recognition potential for chromosomal DNA due to the increased lability of
chromosomal DNA by high temperature conditions. Binding under these conditions would
reflect targetable regions and probes capable of recognizing chromosomal DNA. More
critically, nd-FISH results would reveal probes capable of binding at physiologically relevant
conditions (3 h, 37.5 °C, 20 mM Tris, 100 mM KCI, pH 8.0)

When incubated with isolated nuclei, fluorescently labeled Invader probes display varying
levels of signal strength, background, and coverage (i.e. number of nuclei displaying one strong
localized signal) (Figure 2.4-23, 2.4-24 and 2.4-25 and Table 2.4-12). Thus, to determine
acceptable conditions and Invader probe concentrations yielding many nuclei with a single
strong signal against a weak background, probes were incubated under denaturing (80 °C, 5
min, 20 mM Tris, 100 mM KCI, pH 8.0) and with increasing amounts of Invader with non-
denaturing conditions (3 h, 37.5 °C, 20 mM Tris, 100 mM KCI, pH 8.0) (Table 2.4-12). These
preliminary studies revealed an excellent signal-to-background ratio with our d-FISH assay.
Increasing the concentration of the Invader probes did not yield further improvements in
quality of the signal in nd-FISH experiments and only increased the background, rendering it
more difficult to discern signals (Table 2.4-12). Thus, 1x concentration (~30 ng of probe per
200 pL of incubation buffer) was used for subsequent experiments to yield quality signals,
except for INV4, which required % the concentration of the other Invader probes due to high
levels of background.

The d-FISH assay results revealed Invader probes capable of recognizing their target in

chromosomal DNA. INV2, INV4, and INV10 display a single localized Cy3-signal (red dot)
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with minimal background in ~90% of the analyzed nuclei, consistent with successful
recognition of the corresponding target regions on the Y chromosome (Figure 2.2-5 and Figure
2.2-6 — left column; Table 2.2-3). These results demonstrate that Invader probes can bind to
chromosomal DNA provided they exhibit a sufficiently high binding affinity and the target
region is accessible. Consistent with this, INV3 and INV6-INV9 display clear signals in 30-
70% of the analyzed nuclei at denaturing conditions (Figures 2.4-23, 2.4-24, 2.4-25 — left
column; Table 2.2-3), a trend that reflects the more moderate recognition levels seen for these
probes in the hairpin assay. Furthermore, INV1 yields multiple patches of signals, indicative
of significant non-specific binding (Figure 2.4-23, Row 1, Left), whereas neither signals nor
background staining is observed with INVS, which agrees with the results from the DNA
hairpin assay. This indicates that 1) most of our probes can recognize their chromosomal DNA
target, and ii) our hairpin model has predictive power in identifying which probes will have

the ability to recognize chromosomal DNA. (3 h, 37.5 °C, 20 mM Tris, 100 mM KCI, pH 8.0)
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INV2

INV10

Figure 2.2-5 Images from FISH experiments using DYZ!-targeting Invader probes INV2
and INV10 under denaturing (80 °C, 5 min) (left), or non-denaturing (3 h, 38.5 °C)
conditions (right). Images are representative of the signal intensity and background, and the
size and morphology of all analyzed nuclei (~200). Fixed isolated nuclei from male bovine
kidney cells were incubated with probes in a Tris buffs (20 mM Tris-Cl, 100 mM KCI, pH
8.0) and counterstained with DAPI. Images are obtained by overlaying Cy3 (red) and DAPI
(blue) filter settings and adjusting the exposure. Nuclei were viewed at 60X magnification
using a Nikon Eclipse Ti-S inverted microscope. The scale bar represents 16 um. For
corresponding images for other Invader probes, see Figures 2.4-23, 2.4-24, and 2.4-25.

Exhibiting similar trends shown in the d-FISH assay, the nd-FISH assay revealed probes
capable of recognizing chromosomal DNA at near physiological conditions. Thus, no signals
are observed for INV1 and INVS, while clear signals are observed for INV3 and INV6-INVS
at a slightly lower coverage than in the d-FISH assay (20-40%, Table 2.2-3). Interestingly,

INV9, which results in distinct signals at moderate coverage in the d-FISH assay, does not
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produce signals (Table 2.2-3). As INV9 can access its target under denaturing conditions, the

lack of coverage may be due to insufficient energy that is needed invade its chromosomal DNA
target (AG‘:’Z(C) =-19 kJ/mol, Table 2.4-3). The moderate level of coverage resulting from INV7

was surprising as well considering it is a densely modified probe (25%) displaying favorable
binding within the hairpin assay (Table 2.2-2 and Table 2.2-3). This, as well as the lack of
signal by INV1 and INVS, highlights the unpredictability and challenging targeting nature of
chromosomal DNA. It may be that there is not sufficient energy to target the stable dsSDNA
duplex, or possibly, the target sequence tightly packed with supercoiling and/or wrapped
around structural proteins, preventing full binding even under denaturing conditions.
Critically, INV2, INV4, and INV10 retained clear signaling against a clean background with
excellent coverage at nd-FISH conditions (80-90%, Table 2.2-3), corroborating the feasibility
of these probe designs for recognition of chromosomal mixed-sequence dsDNA at
physiologically relevant conditions. As discussed above, INV2 and INV10 are strongly
activated for dsDNA-recognition (Table 2.2-1), thus providing a compelling rationale for their

performance in the nd-FISH assay. The signaling efficiency of INV4 (Table 2.2-3) is surprising

given that the probe is weakly activated (7A4isq = +23.0 °C, AGiig = -29 kJ/mol, TApu = +1.5

°C, Table 2.2-1) compared to the other Invader probes, has a high GC-content (~71%), and
does not result in recognition of its corresponding DNA hairpin (Figure 2.2-2). A unique
feature of INV4 (and, hence, its corresponding target region) relative to the other probes is that
it features two GGG-tracts, which may render the target region uniquely accessible due to G-
quadruplex formation or other G-forming secondary structures.** An alternative - and perhaps
more likely explanation for the unusual signaling characteristics of INV4 - is that the

corresponding target region is present six times within a single 1175 bp long DYZ-1 unit, which
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in turn is repeated ~60,000 times (Figure 2.4-6).2° In contrast, the target regions of the other

probes are only present once per repeating unit. The additional target sites may yield more

strong signals that is reflected in the high level of coverage.

INV4

d-FISH nd-FISH

Figure 2.2-6. Images from FISH experiments using DYZI-targeting Invader probes INV4
under denaturing (80 °C, 5 min) (left), or non-denaturing (3 h, 37.5 °C) conditions (right).
Incubation and imaging specifications are described in Figure 2.2-5. Scale bar represents 16

pm.

Table 2.2-3. Percentages of nuclei presenting clear signal (coverage) in d-FISH and nd-FISH

assays using DYZ[-targeting Invader probes.

Probe d-FISH nd-FISH
INV1 0% 0%
INV2 90% 80-90%
INV3 30-50% 20-40%
INV4 90% 90%
INVS 0% 0%
INV6 50-70% 20%
INV7 50-70% 20-30%
INVS 50-70% 20-30%
INV9 50-70% 0%

INV10

90%

90%
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Pre-treatment with enzymes to digest DNA (DNase 1), RNA (RNase A), and protein
(Proteinase K) prior to incubation with probes of interest (INV2 and INV10) confirmed that
Invader probes target chromosomal DNA, rather than binding to RNA or adhering to nuclear
proteins. Nuclei pre-treated with DNase I (Figure 2.4-26) were completely devoid of signal,
supporting that Invader probes are binding to chromosomal DNA. Treatment with RNase A
and Proteinase K yielded signal for both INV2 and INV4, albeit less and overall fainter signal
(Figure 2.4-27). The signal reduction could be attributed to nuclei/chromosome loss during the
RNase A and Proteinase K treatment prior to incubation with Invader probe that was not seen
in the DNase I treatment. However, the presence of signal indicates that Invader probe signal
is not caused by binding to RNA or protein.

Additionally, a negative control was run for both INV2 and INV10 (Figure 2.2-7). Both
Y chromosome specific Invaders were incubated with a female bovine fibroblast cell line. The
incubation was run under denaturing conditions to eliminate the barrier of strand invasion and
ensure that a lack of signal is due to specificity of probe. All nuclei for the female controls for
both probes were devoid of signal, supporting the specificity of these Y chromosome targeting

Invader probes.
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Figure 2.2-7. INV2 (left panel) and INV10 (right panel) incubated in female bovine fibroblast
cells under denaturing conditions. Note the lack of red Cy3 signal. Incubation and imaging
specifications are described in Figure 2.2-5. Scale bar represents 16 pm.

Spearman rank correlation analysis: rules of probe design

The results from screening the ten Invader probes were used to determine the key parameters
that result in efficient binding to chromosomal DNA at near physiological conditions. To this
end, thermal denaturation results (Probe Duplex 7T, Probe Duplex AT, 5'-INV:cDNA Tp, 5'-
INV:cDNA AT, 3'-INV:cDNA Ti, 3'-INV:cDNA AT, T cDNA, TAisq, TApn), Probe design
features (GC%, %mod, # of modifications [#mod], probe length, longest stretch of nucleotides
between each hotspot [Unmodified Stretch]), thermodynamic parameters (Probe Duplex AG,
Probe Duplex AAG, 5-INV:cDNA AG, 5-INV:cDNA AAG, 3-INV:icDNA AG, 3'-

INV:cDNA AAG, AG cDNA, AGiig of DH, AG%S of cDNA), EMSA hairpin assay results

(Cso and Recioox at 2.5 and 15 h), and FISH assay results (denaturing and non-denaturing probe
coverage) were evaluated via Spearman Rank Correlation analysis (Table 2.2-4). Results were
ranked from 1 to 10 (i.e. low Csy values were ranked closer to 1 and higher Csy values ranked
closer to 10) and based on each Invaders ranking, statistical relevance to the listed parameters

was determined. The Spearman correlation coefficients between nd-FISH coverage (Table 2.2-
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3) and all parameters listed above elucidated key factors in effective Invaders. Most strongly
correlated to nd-FISH coverage are percent modification (%mod), Csy values at 15 h, and d-
FISH coverage (Table 2.2-4). First, this suggests a positive denaturing control and Csy values
once probes have reached their full recognition potential in the hairpin model are decent first
approximations for determining which probes have the potential to bind to chromosomal DNA.
Second, it gives one factor that should be considered in Invader probe design: percent
modification. To this end, we sought verify these results by creating highly modified probes
and observe their chromosomal binding capabilities.

Table 2.2-4. Spearman Rank Correlation with nd-FISH Coverage Results

Variables Correlation ( Is) p-value
Probe Duplex T -0.063 0.871
Probe Duplex ATy -0.171 0.660
5'-INV:cDNA T, 0.413 0.236
5'-INV:cDNA ATy, 0.268 0.454
3'-INV:cDNA Ty, 0.081 0.036
3'-INV:cDNA ATy, 0.312 0.381
T cDNA 0.106 0.771
TAisq 0.505 0.165
TApu 0.505 0.165
GC% 0.191 0.597
%mod 0.738 0.015
#mod 0.547 0.102
Probe Length -0.360 0.306
Unmodified Stretch -0.590 0.073
Probe Duplex AG 0.108 0.800
Probe Duplex AAG -0.049 0.908
5'-INV:cDNA AG 0.094 0.797
5'-INV:cDNA AAG -0.028 0.939
3"-INV:cDNA AG -0.268 0.454
3"-INV:cDNA AAG -0.563 0.090
AG cDNA -0.157 0.665
AGyc of DH -0.418 0.303
AGhrec of cDNA -0.583 0.129
Cs0(2.5h) -0.211 0.559
Recioox (2.5 h) 0.224 0.533
Cso (15 h) -0.710 0.049
Recioox (15 h) 0.324 0.361
d-FISH Coverage 0.798 0.006

nd-FISH Coverage - -
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Design of Optimized Invader probes

We optimized three of the existing Invader probes using the same synthesis methods described
above. In the nd-FISH assay, INV2, INV4, and INV10 resulted in ~90% of nuclei displaying
signal (Table 2.2-3), eliminating them as potential candidates for optimization as they already
exhibit optimal levels of binding. Out of the remaining seven, INV6, INVS8, and INV9 were
selected for optimization. These Invader probes were chosen due to their potential for
modification and chromosomal DNA recognition. All three have a low percent modification
(~20%; Table 2.2-1), many potential “good steps” (i.e. pyrimidine followed by a 3'-purine base

pair) for effective Invader monomer incorporation,?®

and show some existing levels of
recognition under denaturing and non-denaturing conditions, suggesting their sequences are
accessible for binding. With an additional 2-3 hotspots, the percent modification of INV6,
INVS, and INV9 was increased by 12.5%, 6.6%, and 13.3% respectively to give the newly

designed OPT6, OPTS8, and OPT9 (Table 2.2-5).
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Table 2.2-5. Thermal denaturation temperatures (7m), Thermal Advantages (74isq and TApn),
Percent Modification (Mod%), and Percent GC-content (GC%) of Optimized DYZI-targeting

Invader probes and duplexes between individual probe strands and cDNA.?

T [4Tu] (°C)

Probe 5'-INV: 3'-INV: TAisq TApu

o, o,
Probe Sequence duplex <DNA <DNA ©0) ©C) Mod%  GC%
5'-Cy3-CUGUGCAACUGGTUTG-3' 49.0 75.0 75.0
OPT6 +43.0 +26.0 31.3% 50%
3'-  GACACGUTGACCAAAC-Cy3-5' [-9.0] [+17.0] [+17.0]
5'-Cy3-TTCACAGCCCUGUGC-3' 38.0 77.0 76.5
OPT8 +55.5 +35.0 26.6% 60%
3'- AAGUGUCGGGACACG-Cy3-5' [-22.0] [+17.0] [+16.5]
5'-Cy3-TUAUAUGCUGUTCTC-3' 29.0 65.0 64.0
OPT9 +54.5 +33.0 33.3% 33%
3'-  AAUAUACGACAAGAG-Cy3-5' [-16.5] [+19.5] [+18.5]

Tm = change in T, values relative to corresponding unmodified duplexes. Tms for the
corresponding unmodified DNA duplexes DNA6 = 58.0 °C, DNAS8 = 60.0 °C, and DNA9 =
45.5 °C. Thermal denaturation curves were recorded in medium salt buffer ((Na“] = 110 mM,
[CI'] = 100 mM, pH 7.0 (NaH2PO4/NaxHPOs), [EDTA] = 0.2 mM) and each [ON] = 1.0 uM;
see main text for definition of TA. NT = no clear transition (very broad) at wavelengths 230-
280 nm. For structures of A, C and U, see Figure 2.1-1.

Thermal denaturation and thermodynamic properties of Optimized Invader Probes

To characterize the new probes, thermal denaturation temperatures (7ms) were determined for
the optimized probes and the corresponding duplexes between individual probe strands and
cDNA (Table 2.2-5). First to note is the decrease in 7T, of each optimized probe in comparison
to the original Invader probes due to the additional instability instilled by additional hotspots
(compare Table 2.2-1 and 2.2-5). Furthermore, there is an overall increase in stability each
Optimized Invader probe strand vs. cDNA, facilitated by the additional pyrene moieties
increasing stacking interactions within the recognition complex (compare Table 2.2-1 and 2.2-

5). These differentials give higher 74 values for both isosequential and hairpin target in

comparison to the original ten Invaders, suggesting potentially superb target binding in the
hairpin and FISH assays. This is supported by more prominent AGiigc values for each

Optimized Invader (-84, -93, and -59 kJ/mol) in comparison to the unoptimized versions (-22,



50

-52, and -19 kJ/mol) (Table 2.4-6), indicating very favorable binding energetics that should
lead to improved chromosomal DNA binding.

Recognition of mixed-sequence model DNA hairpin targets by Optimized Invader Probes

The same hairpin screen and dose-responses experiments conducted above were used to
evaluate the optimized probes (Figure 2.2-8 and Figure 2.2-9). OPT8 and OPT9 reached
nearly full recognition of hairpin incubated with hairpin at 100x excess for 15 h — a vast
improvement from the unoptimized probes (compare Table 2.2-2 and Table 2.2-6). Peculiarly,
OPT6 had a negligible increase in recognition in comparison to INV6, despite its additional
hotspots, and did not reach 50% recognition even at high levels of excess (Figure 2.2-9). OPTS8
and OPT9 had favorable reductions in Cs values (0.2 uM and 0.3 uM) in comparison to
unoptimized INV8 and INV9 (0.6 uM and 1.5 uM) (Table 2.2-2 and Table 2.2-6). As low Cs
values at 15 h are highly correlated to recognition of chromosomal DNA under non-denaturing
conditions, this first screen of potential binding suggested at least 2 out of 3 of the Optimized

Invader probes should result in chromosomal DNA recognition at high levels of coverage.
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Figure 2.2-8. a) Representative gel electrophoretograms from recognition experiments at 15 h
between a 100-fold molar excess of Optimized Invader probes OPT6, OPTS8, and OPT9 and
their corresponding DNA hairpin targets DH6, DHS8, and DH9. b) Histograms depict averaged
results from at least three recognition experiments with error bars representing standard
deviation. TC = ternary complex. DIG-labeled DH6, DHS8, and DH9 (34.4 nM, sequences
shown in Table SX) were incubated with the corresponding Invader probe in HEPES buffer
(50 mM HEPES, 100 mM NaCl, 5 mM MgCI12, pH 7.2, 10% sucrose, 1.44 mM spermine
tetrahyrdochloride) for 15 h at 37 °C. Incubation mixtures were resolved on 12% non-
denaturing TBE-PAGE slabs (~70 V, ~4 °C, ~1.5 h).
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Figure 2.2-9. Dose-response curves for OPT6, OPTS8, and OPT9 at 37 °C for 15 h.
Experimental conditions are as described in Figure 2.2-8, except for variable probe
concentrations

Table 2.2-6. Csop values at 15 h for Invader probes studied herein.?

Probes Cso (uM) Reciox (%)
OPT6 ND 42 +34
OPTS 0.2 99+04
OPTY 0.3 99+ 89

? Recioo = level of DNA hairpin recognition using 100-fold molar probe excess. Cso values
were determined from dose-response curves shown in Figure 2.2-9.

Detection of chromosomal DNA by Optimized Invader probes

With results confirming their binding potential, the optimized probes were evaluated in our
FISH assay under denaturing and non-denaturing conditions (Figure 2.2-10). To verify our
predictions that percent modification is a main factor in facilitating chromosomal DNA
recognition, OPT6, OPTS8, and OPT9 were incubated with the male bovine nuclei under the
same non-denaturing conditions as the original ten Invader screen. Based on 7w values,

thermodynamic properties, and hairpin binding, OPT8 behaved as expected, nearly doubling
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the number of nuclei presenting clear signal under non-denaturing conditions (Table 2.2-7).
Unexpectantly, OPT6 had the highest levels of coverage out of the three optimized probes,
under both denaturing or non-denaturing conditions (~90%, Table 2.2-7), despite its modest
recognition of hairpin (Table 2.2-6). Even more surprising was OPT9, which despite having
favorably small Csy values (Table 2.2-6), did not reach high coverage percentages like OPT6
and OPTY (Table 2.2-7). Although the optimization did not result in perfect recognition of
chromosomal DNA for all optimized probes, each optimized probe outperformed its
unoptimized predecessor under both FISH Assay conditions. Particularly OPT9, demonstrates
the predictive power of our statistical analysis. Unoptimized INV9 was unable to detect
chromosomal DNA in our nd-FISH assay; however, upon increasing the modification density
of the probe, OPT9 was able to give clear signal in 20-30% of nuclei (Table 2.2-7). By
increasing the affinity of the Invader probe, OPT9 was able to acquire the adequate energetic
driving force needed to detect its chromosomal target at physiologically relevant conditions.
Overall these results confirm our Spearman Rank Correlation analysis prediction that an
increase in modification density is correlated with an increase in chromosomal dsDNA

recognition.
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Figure 2.2-10. Images from FISH experiments using DYZ1-targeting OPT6, OPTS, and
OPT9 under denaturing (80 °C, 5 min) (left), or non-denaturing (3 h, 38.5 °C) conditions
(right). Incubation and imaging specifications are described in Figure 2.2-5 Scale bar
represents 16 um.

OPT9
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Table 2.2-7 Percentages of nuclei presenting clear signal (coverage) in d-FISH and nd-FISH

assays using DYZ[-targeting Optimized Invader probes.

Probe d-FISH nd-FISH
OPT6 90% 80-90%
OPTS8 90% 70-80%
OPTY9 70-80% 20-30%

2.3 Conclusions

To summarize, this studied screened ten Invader probes functionalized with multiple energetic
hotspots composed of 2'-O-(pyren-1-yl)methyl RNA monomers for potential recognition of
different chromosomal DNA targets. Based on 7, data, these Invader probes displayed the
expected and necessary stability characteristics for double-strand invasion (i.e., probe duplexes
were more labile than the duplexes between individual probe strands and cDNA resulting in
positive T4 values). FISH studies revealed probes capable of detecting chromosomal DNA.
Based on these results, a Spearman Rank Correlation analysis revealed that high levels of
modification (i.e. incorporation of many energetic hotspots) correlates with increased signaling
of chromosomal DNA under non-denaturing conditions. Subsequently, three of the ten Invader
probes were optimized by incorporating 2-3 additional hotspots and then were evaluated in our
FISH assay.

Although utilization of the Spearman Rank Correlation gave mixed results in the level of
chromosomal recognition under non-denaturing conditions, all optimized probes resulted in
improved chromosomal DNA detection. In the case of OPT9, increasing its modification
density by 13.3% gave 20-40% coverage in the nd-FISH assay - a vast improvement over the
unoptimized INV9, which was unable to produce signal. Optimization of INV8 to OPTS8
nearly double the number of signals in the nd-FISH assay. Moreover, signal was quadrupled

in the optimization of INV6 to OPT6 under non-denaturing conditions. While these results
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confer with our statistically derived hypothesis, there is variability between probes. Our
Spearman coefficients showed that low Csy values at 15 h correlate with high levels of nd-
FISH signaling. Based on Cso values, OPT9 should have gave superb coverage while OPT6
should have given relatively less coverage. Our nd-FISH results for optimized probes revealed
that this is not the case. This can be explained from a multitude of perspectives. First, while
our hairpin assay is a decent predictor model, it cannot mimic the exact conditions of the
chromosomal DNA target. Chromosomal DNA is supercoiled and interacts with different
proteins,®* whether it be for structural (i.e. histones) or functional (i.e. polymerases) purposes,
which will affect the accessibility of target sequence.’® The hairpin assay cannot account for
this type of variance and thus our Spearman Correlation that utilizes the hairpin assay results
cannot perfectly predict binding to chromosomal DNA. Second, our Spearman Correlation
only considers the results of a small sample size. Perhaps with a larger sample size, different

factors that contribute to chromosomal binding would be identified. For example, there were

several parameters that showed a modest correlation to chromosomal binding, (i.e. T4, AGiig,

unmodified stretches) that may be augmented and prove to be statistically significant with
additional data. Additionally, incorporating additional probes with different targets may
highlight a sequence dependence (i.e. location of GC or AT steps, number of GC or AT bp in
a row, etc). While there many factors to consider for future work, this study emphasizes that
future probes must be densely modified to target mixed-sequence chromosomal DNA, and will

serve as a reference point for all future Invader probes.
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2.4 Supplementary Material

Protocol - Synthesis and purification of probe strands

Individual Invader strands - i.e., oligodeoxyribonucleotides (ONs) modified with 2'-O-(pyren-
I-yl)methyl-RNA monomers - were synthesized on an Expedite DNA synthesizer (0.2 pumol
scale) using columns packed with long-chain alkylamine-controlled pore glass (LCAA-CPQG)
solid support with a pore size of 500 A. Standard protocols were used for incorporation of
DNA phosphoramidites. The 2'-O-(pyren-1-yl)methyl-RNA phosphoramidites were prepared
as previously described for U monomer*® and C/A monomers?® and incorporated into ONs via
extended hand-couplings (15 min, ~45-fold molar excess, 0.02 M in anhydrous acetonitrile,
using 0.01 M 4,5-dicanoimidazole as the activator) and oxidation (45 s) resulting in coupling
yields of at least 85%. Cy3-labeling of Invader strands was accomplished by incorporating a
commercially available Cy3 phosphoramidite (Glen Research) into ONs by hand-coupling
(4,5-dicyanoimidazole, 3 min, anhydrous CH3CN). Treatment with 32% aq. ammonia (55 °C,
17 h) ensured deprotection and cleavage from solid support. DMT-protected ONs were purified
via ion-pair reverse phase HPLC (XTerra MS C18 column: 0.05 M triethyl ammonium acetate
and acetonitrile gradient) followed by detritylation (80% acetic acid, 20 min) and precipitation
(NaOAc, NaClOs, acetone, -18 °C, 16 h). The purity and identity of the synthesized ONs was
verified using analytical HPLC (Figure 2.4-5) and MALDI-MS analysis (Tables 2.4-1 and 2.4-
2 and Figures 2.4-1, 2.2-2, 2.4-3, 2.4-4) recorded on a Quadrupole Time-of-Flight (Q-TOF)
mass spectrometer using 3-hydoxypicolinic acid matrix.

Protocol - thermal denaturation experiments.

ON concentrations were estimated using the following extinction coefficients (OD2so/umol):
G (12.01), A (15.20), T (8.40), C (7.05), pyrene (22.4)°" and Cy3 (4.93)°. Thermal

denaturation temperatures (7ms) of duplexes (1.0 uM final concentration of each strand) were
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determined on a Cary 100 UV/VIS spectrophotometer equipped with a 12-cell Peltier
temperature controller and measured as the maximum of the first derivative of thermal
denaturation curves (4260 vs. T) recorded in medium salt buffer (7 buffer: 100 mM NaCl, 0.2
mM EDTA, and pH 7.0 adjusted with 10 mM Na>HPO4 and 5 mM Na,HPOs). Strands were
mixed in quartz optical cells with a path length of 1.0 cm and annealed by heating to 85 °C (2
min) followed by cooling to the starting temperature of the experiment. The temperature of the
denaturation experiments ranged from at least 15 °C below the T to 15 °C above the T
(though not above 95 °C). A temperature ramp of 1.0 °C/min was used in all experiments.
Reported Tms are averages of two experiments within = 1.0 °C.

Protocol - Electrophoretic mobility shift assays

The nd-PAGE assay was performed essentially as previously described.?” DNA hairpins
(DH) were obtained from commercial sources and used without further purification. Hairpins
were 3'-labelled with digoxigenin (DIG) using the 2™ generation DIG Gel Shift Kit (Roche
Applied Bioscience) as recommended by the manufacturer. Briefly, 11-digoxigenin-ddUTP
was incorporated at the 3'-end of the hairpin (100 pmol) using a recombinant terminal
transferase. The reaction mixture was quenched through addition of EDTA (0.05 M), diluted
to 68.8 nM, and used without further processing. Invader probes (concentrations as specified)
were heated (90 °C, 2 min) and cooled to room temperature over approximately 30 min, and
subsequently incubated with the corresponding DIG-labeled DNA hairpin (final
concentration 34.4 nM) in HEPES buffer (50 mM HEPES, 100 mM NacCl, 5 mM MgCl,, pH
7.2, 10% sucrose, 1.44 mM spermine tetrahydrochloride) at 37 °C for the specified time.
Following incubation, loading dye (6X) was added and the mixtures were loaded onto 12%

non-denaturing TBE-PAGE slabs (45 mM tris-borate, | mM EDTA; acrylamide:bisacrylamide
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(19:1)). Electrophoresis was performed using constant voltage (~70 V) at ~4 °C for ~1.5 h.
Bands were subsequently blotted onto positively charged nylon membranes (~100 V, 30 min,
~4 °C) and cross-linked through exposure to UV light (254 nm, 5 x 15 W bulbs, 5 min).
Membranes were incubated with anti-digoxigenin-alkaline phosphatase Fa, fragments as
recommended by the manufacturer and transferred to a hybridization jacket. Membranes were
incubated with the chemiluminescence substrate (CSPD) for 10 min at 37 °C, and
chemiluminescence of the formed product was captured on X-ray films. Digital images of
developed X-ray films were obtained using a BioRad ChemiDoc™ MP Imaging system, which
also was used for densitometric quantification of the bands. The percentage of dsDNA
recognition was calculated as the intensity ratio between the recognition complex band and
unrecognized hairpin. An average of three independent experiments is reported along with
standard deviations (£). Shown electrophoretograms may be composite images of lanes from
different runs. Non-linear regression was used to fit data points from dose-response
experiments. A script written for the “Solver” module in Microsoft Office Excel was used to
fit data points from dose—response experiments to the following equation: y = C + A (1 - e-kt)
where C, A and k are fitting constants. The resulting equation was used to calculate Cso values
by setting y = 50 and solving for t.

Protocol - cell culture and nuclei preparation

The male bovine kidney cell line (MDBK, ATCC: CCL-22, Bethesda, MD) and female
fibroblast cell line (Minitube, Verona, WI) were maintained in DMEM with GlutaMax (Gibco,
10569-010) and 10% fetal bovine serum (Invitrogen). Cells were cultured in separate 25 mL
or 75 mL flasks at 38.5 °C in a 5% CO> atmosphere for 72-96 h to achieve 70-80% confluency.

At this point, colcemid (65 pL per 5 mL of growth media) was added and the adhered cells
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were incubated at 37 °C and 5% CO; for an additional 20 min. At this point, the medium was
replaced with pre-warmed 0.05% Trypsin-EDTA in DMEM to detach adherent cells (37 °C,
up to 8 min). The cell suspension was transferred to a tube and centrifuged (10 min, 1000 rpm).
The supernatant was discarded and the dislodged cell pellet was incubated with a hypotonic
KCI solution (5-8 mL, 0.075 M, 20 min), followed by addition of fixative solution (10 drops,
MeOH:AcOH, 3:1), and further incubation with gentle mixing (10 min, room temperature).
The suspension was centrifuged (1000 rpm, 10 min), the supernatant discarded, and additional
fixative solution (5-8 mL) added to the nuclei suspension. This was followed by gentle mixing
and incubation (30 min, room temperature). The centrifugation/resuspension/incubation steps
in fixative solution were repeated three additional times. The final pellet — containing somatic
nuclei — was resuspended in methanol and glacial acetic acid (3:1, v/v) and stored at -20 °C
until use.

Protocol - preparation of slides for FISH assays

The prepared nuclei suspension was warmed to room temperature and resuspended in fresh
fixative solution. Glass microscope slides (Fisher Scientific) were dipped in distilled water to
create a uniform water layer across the slide. An aliquot of the nuclei suspension (3-5 pL. or
enough to cover the slide) was dropped onto the slide, while holding the slide at a 45° angle,
and allowed to run down the length of the slide. Slides were then allowed to dry at a ~20° angle
in an environmental chamber at 28 °C and a relative humidity of 38%.

Protocol - fluorescence in situ hybridization

An aliquot of labeling buffer (~200 pL) consisting of 30 ng of Cy3-labeled Invader probe per

200 pL of PCR buffer (20 mM Tris, 100 mM KCI, pH 8.0) was added to each slide. This 200
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uL solution (termed 1x in Table 2.4-12) was placed on each slide. Invader probe concentrations
were varied between 2x-4x for the optimization studies described in Table SX.

For use in denaturing FISH assays, slides with labeling buffer were placed on a heating block
(5 min, 80 °C) and covered with a lid to prevent evaporation of the labeling buffer. For use in
non-denaturing FISH assays, slides with labeling buffer were placed in a glass culture disk,
covered with a lid, and incubated in an oven (3 h, 37.5 °C). Following incubation, slides were
washed (3 min, 37.5 °C) in a chamber with TE Buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and
allowed to dry at room temperature. Once dried, Gold SlowFade plus DAPI (3 pL, Invitrogen)
was placed directly on each slide and a round glass coverslip was mounted for fluorescence
imaging.

A Nikon Eclipse Ti-S Inverted Microscope, equipped with Cy3 and DAPI filter sets, was used
to visualize nuclei at 60x magnification. Images of fluorescently labeled nuclei were captured
and processed with NIS-Elements BR 4.20 software.

In experiments aiming at optimizing signaling output in nd-FISH assays, the concentration of
the Invader probe was varied from 1x to 4x. The coverage of signal (i.e., percentage of nuclei
with representative signals) was estimated by manually evaluating 100+ nuclei per Invader
probe, for each d-FISH and nd-FISH assays. The quality of the signal and level of background
noise seen with each Invader probe was assessed on a scale between 1-3 (Table 2.4-12) across
~200 nuclei. Thus, signals of low, medium, or high intensity were scored 1, 2 or 3, respectively,
while high, medium, or low backgrounds were scored 1, 2, or 3, respectively. An intensity
score of “3” reflects a single signal that can be clearly discerned, whereas an intensity score of
“1” reflects no discernable signal. An intensity score of “2” is given to signals falling between

these two extremes. A background score of “nd” represents high levels of non-specifically
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bound probes (i.e., multiple, scattered spots) and/or residual probe masking potential signal
(i.e., a strong but diffuse signal haze), whereas a background score of “3” is given if minimal
non-specific binding/residual signal is observed. A background score of “2” is given to
background signals falling between these two extremes. The representative images shown in
Figures 2.4-23, 2.4-24, and 2.4-25 reflect the “dFISH” and “[1x]” rows of Table 2.4-12.
DNase, RNase, and proteinase control experiments required pre-treatment of MDBK cells
fixed nuclei prior to incubation with Invader probes. DNase pre-treatment: Cloned DNase |
(RNase Free) (Takara N101 JF) was mixed in 1x Reaction Buffer (diluted 10x Cloned DNase
I Buffer II (Takara A301)) per manufacturer’s recommendation. The solution was pipetted
onto slides with fixed nuclei in 50 mL amounts. DNase | was incubated at 37.5 °C for 20
minutes and then rinsed with TE Buffer. RNase pre-treatment: 1 pL of RNase A (Fisher
Reagents BP2539-100) (5 mg/mL) in 100 uL of buffer (10 mM Tris-HCI, pH 6.5) was placed
on slides and incubated for 15 min at 37.5 °C and then rinsed with TE buffer. Proteinase Pre-
treatment: 1 puL of Proteinase K (Fisher BioReagents BP1700-100) (6.25 pg/mL) was added
to 200 pL of buffer (10 mM Tris-HCIL, pH 7.5) and incubated with fixed nuclei for 10 min at
37.5 °C and then rinse with TE buffer.

Protocol — Spearman Rank Correlation calculations

Spearman Rank Correlation coefficients were calculated with the XRealStat function add-on
for Microsoft ® Excel ®. Invader Probes were rank 1 to 10 for each parameter and these

rankings were compared to determine correlation between two parameters. For example, low

Cso values, high Recioox (%), and more negative AGiig would rank closer to 1 while high

Cso values, low Recioox (%), and relatively more positive AGiZg values would rank closer to
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10. Statistical significance of correlation values was determined with p-values less than the

a-value of 0.05.
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Table 2.4-1. MALDI-MS of individual Invader probe strands denoted up (u) or down (d).

Obs. m/z

ON Sequence [MH]" Calc. m/z [M+H]*
INV1u 5'-Cy3-TUATCAGCACUGUGC-3' 5700 5697
INV2u  5-Cy3-AUACUGGTTTGUGUTC-3' 6265 6264
INVzd  3-  TAUGACCAAACACAAG-Cy3-5' 6280 6279
INV3u  5-Cy3-TUGUGCCCTGGCAAC-3' 5713 5712
INV4u 5'-Cy3-AGCCCUGTGCCCTG-3' 5400° 5398
INVSu  5-Cy3-GATTTCAGCCAUGUGC-3' 6042 6040
INV5d 3- CTAAAGTCGGTACACG-Cy3-5' 6089 6086
INV6u 5'-Cy3-CUGUGCAACTGGTUTG-3' 6063 6057
INV6d 3- GACACGTTGACCAAAC-Cy3-5' 6056 6055
INVIu  5-Cy3-CUGUGCAAUATTTUGT-3' 6248 6247
INV8u  5-Cy3-TTCACAGCCCUGUGC-3' 5673 5673
INvSd  3-  AAGUGTCGGGACACG-Cy3-5' 5807 5804
INV9u 5'-Cy3-TUAUATGCTGUTCTC-3' 5680 5678
INVIOu  5-Cy3-GUGUAGTGUAUATG-3' 5721 5720

®MALDI-MS has been previously reported

66
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Figure 2.4-4. MALDI-MS Spectra of Individual Strands (up and down) of Invader Probes
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Table 2.4-2. MALDI-MS of individual Optimized Invader probe strands denoted up (u) or

down (d).

ON Sequence ([)Dl;[ig]{z Calc. m/z [IM+H]"
OPT6u  5-Cy3-CUGUGCAACUGGTUTG-3' 6506 6504
OPT6d 3-  GACACGUTGACCAAAC-Cy3-5' 6504 6502
OPTS8u 5-Cy3-TTCACAGCCCUGUGC-3' 5905 5903
oPT8d 3- AAGUGUCGGGACACG-Cy3-5' 6042 6041
OPT9u  5-Cy3-TUAUAUGCUGUTCTC-3' 6113 6112

OPT9d 3- AAEAEAQGAQAAGAG-C}G-S' 6248 6247
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CNNTTNTCAGCCCTGTGCCCTGGNRAYTGTGNAANNNGTT
4 —

GGOA.C..ovvvunnnn GT....G..ccc00 A. .CCG.C.TGAGTATGTGTG
TA ..... Mecoeccsanne C....C.Z.AT.CN...WAWWO
TG..Cevicccasooncncans Cocooces C..CCA. .ATCTGTATACCTGTGTG TG TG TG TG TG TG TG TG TG TG TATGTGTG TG TG
T1G..Coo A AT cennnes Ceceves TC..CCA. .. TGTGTATATGTGTUTGTAGATATGTGTG
Coveve G.G. .ACG. .GTGTGTGTGTTGTGTGTCTOTGTGTETG
TGA.T...... Acecocene TCTeceenes C..CTG...TGTGTGTGTGTGCACG
{ o SR T. .CCGT. .GTGTGTUTGAGTATATGTAAGTGTATG
[ PO G..CCG. . .0GTGTGTGTCTGTETCTGTGTOTGTGTG TS
Cicoanes C..TATT. .GTCGTGTGTUTGTGTGTGTGTATTIGTOTGTG
C.Z ..... C..GCA.A. TGTTGCGTATGTTTCTGTGTUTGTATGTOTGTATGTGTGTGTGTATGTG
Coveoans A..CCG. .. TGTATGTGTGTUTGTGTTIGTGTGTG
[ C..GCA. .. TGTGTGTACATGTATCTGTGTGTGTATG TGTC TATATGTACATGTGTCTGTGTGTGTTATATG
Ceceoe A.A. .CCG. . .GTGTGTATGTGTOTATGTCTETGTATGTOTG ’
Tesoeoose C..GTG. .. TGTGTGTGTGTGTGTAGTGTATATGTGTGTGTGTOGTTTGAC
Tecooone T..CTG..
TPeceoses C..GCG. . . TGTCTATGTATGTGAGTOGGTG

Figure 2.4-6. Position of sequences within the DYZ-1 satellite gene on the bovine (Bos taurus)
Y chromosome targeted by the different Invader probes.?® The target sequence for INV4
(shown as a green line) is presented six times within the tandem repeat (~6 x 10* tandem
repeats); all other target sequences are present only once.
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Figure 2.4-7. Representative thermal denaturation curves for Invader probes INV1, INV2,
INV3, and INVS and the corresponding duplexes between individual probe strands and cDNA,
and unmodified reference DNA duplexes (DNA1, DNA2, DNA3, DNAS).
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Table 2.4-3. Change in Gibbs free energy (AG>') at upon formation of duplexes and change

in reaction free energy upon Invader-mediated recognition of dsDNA targets (AG>1%).2

rec

AG*'[AAG*""] (kJ/mol)

310
1 ' .
Probe Sequence Probe 5'INV 3'INV: AGrec
duplex :cDNA cDNA (kJ/mol)
5'-Cy3-TUATCAGCA -3 =72 -45

INVI Cy3-TUATCAGCACUGUGC N/A 7 i
3 AAUAGTCGTGACACG-Cy3-5' [-8] [+19]

INV2 5'-Cy3-AUACUGGTTTGUGUTC-3' -39 -72 -81 50
3 TAUGACCAAACACAAG-Cy3-5' [+25] [-8] [-17]
5'-Cy3-TUGUGCCCTGGCAAC-3' -66 -69

INV3 N/A -
3 AACACGGGACCGTUG-Cy3-5' [-3] [-6]

INV4 5'-Cy3-AGCCCUGTGCCCTG-3' -65 -54 -90 -
3= TCGGGACACGGGAC-Cy3-5' [+7] [+18] [-18]

INVS 5'-Cy3-GATTTCAGCCAUGUGC-3' -46 -68 -78 i
3 CTAAAGTCGGTACACG-Cy3-5' [+25] [+3] [-7]

INV6 5'-Cy3-CUGUGCAACTGGTUTG-3' -58 -73 -79 -
3 GACACGTTGACCAAAC-Cy3-5' [+14] [-1] [-7]

INV7 5'-Cy3-CUGUGCAAUATTTUGT-3' -50 -75 -83 16
3 GACACGTTATAAAACA-Cy3-5' [+12] [-13] [-21]

INVS 5'-Cy3-TTCACAGCCCUGUGC-3' -50 -74 -99 5
3 AAGUGTCGGGACACG-Cy3-5' [+21] [-3] [-28]

INVO 5'-Cy3-TUAUATGCTGUTCTC-3' -53 -62 -62 19
3 AAUAUACGACAAGAG-Cy3-5' [-1] [-10] [-10]

INVI0 5'-Cy3-GUGUAGTGUAUATG-3' -47 -70 -82 s6
3'- CACAUCACAUAUAC-Cy3-5' [+2] [-21] [-33]

*AAG3" is measured relative to the corresponding unmodified DNA duplex (DNA1 = -64
kJ/mol, DNA2 = -64 kJ/mol, DNA3 = -63 kJ/mol, DNA4 = -72 kJ/mol, DNAS = -71 kJ/mol,
DNAG6 = -72 kJ/mol, DNA7 = -62 kJ/mol, DNAS8 = -71 kJ/mol, DNA9 = -52 kJ/mol, and
DNA10 = -49 kJ/mol)
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Table 2.4-4. Change in enthalpy (AH) upon formation of duplexes and change in reaction

enthalpy upon Invader-mediated recognition of dSDNA targets AHrec.”

AH[AAH] (kJ/mol)

Probe Sequence Probe 5'INV: 3'INV: AH
1 duplex ¢DNA ¢DNA (kJ/mol)
5'-Cy3-TUATCAGCACUGUGC-3' 414 -345
INV1 =~ VN N/A -
3= AAUAGTCGTGACACG-Cy3-5' [+40] [+109]
vy S-Cy3-AUACUGGTTTGUGUTC-3' -159 -458 -476 -
3 TAUGACCAAACACAAG-Cy3-5' [+372] [+73] [+55]
5'-Cy3-TUGUGCCCTGGCAAC-3' -358 -393
INV3 N/A -
3= AACACGGGACCGTUG-Cy3-5' [+8] [+-27]
Nvg  S-Cy3-AGCCCUGTGCCCTG-' -295 -203 -472 0
3 TCGGGACACGGGAC-Cy3-5' [+174] [+266] [-3]
Nvs  S-Cy3-GATTTCAGCCAUGUGC-3 -240 422 -448 L4
3 CTAAAGTCGGTACACG-Cy3-5' [+286] [+104] [+78]
Nve  -Cy3-CUGUGCAACTGGTUTG-3' -267 422 -441 7
3= GACACGTTGACCAAAC-Cy3-5' [+253] [+98] [+79]
Ny S-Cy3-CUGUGCAAUATTTUGT-3' 242 -418 -474 17
3= GACACGTTATAAAACA-Cy3-5' [+285] [+109] [+53]
Nvg  S-Cy3-TTCACAGCCCUGUGE-Y -209 373 -567 260
3= AAGUGTCGGGACACG-Cy3-5' [+262] [+98] [-96]
o 5-Cy3-TUAUATGCTGUTCTC-3' 275 -386 329 3
3= AAUAUACGACAAGAG-Cy3-5' [+188] [+77] [+134]
Nvip  3-Cy3-GUGUAGTGUAUATG- -240 -425 -488 158
3= CACAUCACAUAUAC-Cy3-5' [+275] [+90] [+27]

*AAH is measured relative to the corresponding unmodified DNA duplex (DNA1 = -454

kJ/mol, DNA2 = -531 kJ/mol, DNA3 = -366 kJ/mol, DNA4 = -469 kJ/mol, DNAS = -526
kJ/mol, DNA6 = -520 kJ/mol, DNA7 = -527 kJ/mol, DNAS8 = -471 kJ/mol, DNA9 = -463
kJ/mol, and DNA10 = -515 kJ/mol).
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Table 2.4-5. Change in entropy (-TAS') upon formation of duplexes and change in reaction

entropy upon Invader-mediated recognition of dsDNA targets (-TAS>2?).2

rec

-TAS*' [A(TAS?")] (kJ/mol)

310
] . ' . -
Probe Sequence Probe 5'INV: 3'INV: ASTec
duplex cDNA cDNA (kJ/mol)
5'-Cy3-TUATCAGCA -3 341 300
INVI Cy3-TUATCAGCACUGUGC N/A )
3 AAUAGTCGTGACACG-Cy3-5' [-49] [-90]

INV2 5'-Cy3-AUACUGGTTTGUGUTC-3' 119 386 209 1
3 TAUGACCAAACACAAG-Cy3-5' [-347] [-80] [-257]
5'-Cy3-TUGUGCCCTGGCAAC-3' 292 324

INV3 == = N/A -
3 AACACGGGACCGTUG-Cy3-5' [-11] [+21]

INV4 5'-Cy3-AGCCCUGTGCCCTG-3' 229 148 382 66
3= TCGGGACACGGGAC-Cy3-5' [-168] [-249] [-15]

INVS 5'-Cy3-GATTTCAGCCAUGUGC-3' 194 354 370 75
3 CTAAAGTCGGTACACG-Cy3-5' [-261] [-101] [-85]

INV6 5'-Cy3-CUGUGCAACTGGTUTG-3' 209 348 362 53
3 GACACGTTGACCAAAC-Cy3-5' [-239] [-100] [-86]

INV7 5'-Cy3-CUGUGCAAUATTTUGT-3' 192 343 390 iy
3 GACACGTTATAAAACA-Cy3-5' [-273] [-122] [-75]

INVS 5'-Cy3-TTCACAGCCCUGUGC-3' 160 299 467 206
3 AAGUGTCGGGACACG-Cy3-5' [-240] [-101] [+67]

INVO 5'-Cy3-TUAUATGCTGUTCTC-3' 222 324 262 47
3 AAUAUACGACAAGAG-Cy3-5' [-189] [-87] [-149]

INVI0 5'-Cy3-GUGUAGTGUAUATG-3' 193 355 406 103
3'- CACAUCACAUAUAC-Cy3-5' [-272] [-110] [-59]

*A(TAS?'%) is measured relative to the corresponding unmodified DNA duplex (DNA1 = 390
kJ/mol, DNA2 =466 kJ/mol, DNA3 = 303 kJ/mol, DNA4 =397 kJ/mol, DNAS =455 kJ/mol,
DNAG6 = 448 kJ/mol, DNA7 = 465 klJ/mol, DNA8 = 400 kJ/mol, DNA9 = 411 kJ/mol, and
DNA10 = 465 kJ/mol).



76

Table 2.4-6. Change in Gibbs free energy (AG>'%) for Optimized Invader probes at upon
formation of duplexes and change in reaction free energy upon Invader-mediated recognition

of dsDNA targets (AG>31?).2

rec

AGAAG*"] (kJ/mol)

310
' . Al .
Probe Sequence Probe 5'INV: 3'INV: AGrec
duplex cDNA cDNA (kJ/mol)
OPT6 5'-Cy3-CUGUGCAACUGGTUTG-3' -44 -95 -105 "
3 GACACGUTGACCAAAC-Cy3-5' [+28] [-23] [-33]
OPTS 5'-Cy3-TTCACAGCCCUGUGC-3' -46 -101 -104 93
3 AAGUGUCGGGACACG-Cy3-5' [+25] [-31] [-33]
OPTY 5'-Cy3-TUAUAUGCUGUTCTC-3' -38 -74 -75 5
3 AAUAUACGACAAGAG-Cy3-5' [+41] [-22] [-23]

*AAG3! is measured relative to the corresponding unmodified DNA duplex (DNA6 = -72
kJ/mol, DNAS8 = -71 kJ/mol, DNA9 = -52 kJ/mol)

Table 2.4-7. Change in enthalpy (AH) for Optimized Invader probes upon formation of

duplexes and change in reaction enthalpy upon Invader-mediated recognition of dsDNA targets

AHrec?
AH[AAH] (kJ/mol)
Probe 5'INV: 3'INV: AH
Probe Sequence duplex cDNA cDNA (kJ/mol)
opre -Cy3CUGUGCAACUGGTUTG-3 -193 -519 -620 16
3= GACACGUTGACCAAAC-Cy3-5' [+278] [-48] [-149]
oprg  -CY3-TTCACAGCCCUGUGC-3 -191 -555 -562 4ss
3= AAGUGUCGGGACACG-Cy3-5' [+280] [-84] [-91]
opro 5-Cy3-TUAUAUGCUGUTCTC- -166 -476 -425 -
3-  AAUAUACGACAAGAG-Cy3-5' [+305] [-5] [+47]

*AAH is measured relative to the corresponding unmodified DNA duplex (DNA6 = -520
kJ/mol, DNAS8 = -471 kJ/mol, DNA9 = -463 kJ/mol).
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Table 2.4-8. Change in entropy (-TAS?!?) for Optimized Invader probes upon formation of

duplexes and change in reaction entropy upon Invader-mediated recognition of dSDNA targets

310\ a
(-TAS?!Y).
-TAS310 [A(TASGIO)] (kJ/mol)
] . ' . - 310
Probe Sequence (i’rolb N SII)NN‘; 3II)NN‘1; TASTGC
uplex ¢ ¢ (kJ/mol)
opre -CY3-CUGUGCAACUGGTUTG-3 149 424 515 .
3.  GACACGUTGACCAAAC-Cy3-5' [-299] [-24] [+67]
OPTS 5'-Cy3-TTCACAGCCCUGUGC-3' 150 452 458 1360
3.  AAGUGUCGGGACACG-Cy3-5' [-298] [+4] [+10]
opro 5-Cy3TUAUAUGCUGUTCTC- 147 402 349 103
3= AAUAUACGACAAGAG-Cy3-5' [-301] [-46] [-99]

AA(TAS31%) is measured relative to the corresponding unmodified DNA duplex (DNA6 = 448
kJ/mol, DNAS8 = 400 kJ/mol, DNA9 =411 kJ/mol).



Table 2.4-9. Sequence and intramolecular 7m of the DNA hairpins used herein.?

Hairpin Sequence T °C

OH1 5.TTA TCA GCA CTG TGC 6o
3.AAT AGT CGT GAC ACG :

OH2 5-ATA CTG GTT TGT GTT C (7, 20
3. TAT GAC CAA ACA CAA G
5-TTG TGC CCT GGC AAC

DH3 3'-AAC ACG GGA CCG TTG 81.5
5-AGC CCT GTG CCC TG

DH4 3'-TCG GGA CAC GGG AC 82.0

DHS 5-GAT TTC AGC CAT GTG C 6o
3'.CTA AAG TCG GTA CAC G :
5-CTG TGC AAC TGG TTT G

DHé 3-GAC ACG TTG ACC AAA C 75.0

oH7 5.CTG TGC AATATTTTG T .
3-GAC ACG TTA TAA AAC A :
5'-TTC ACA GCC CTG TGC ’

DH8 3'-AAG TGT CGG GAC ACG 80.5
5-TTA TAT GCT GTT CTC

DH9 3-AAT ATA CGA CAA GAG 67.0
5.GTG TAG TGT ATA TG )

DH10 3'-CAC ATC ACA TAT AC () 62.0

8 Tm were determined as described in Table 1.
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Figure 2.4-10. Invader and corresponding hairpins with the Invaders at a 5-fold molar excess
to the hairpin. Shows that the hairpin in indeed the lower band. All other conditions are the
same as Figure 2.4-12.

TC > - e T ™
DH >
DH1-10|+|+|+|+|+|+|+|+|+|+|

R T I A T I I
b M My Yy My My s My Ty

Figure 2.4-11. Screen of 100-fold of corresponding Invader probes against all 10 hairpin
targets (one complementary nine non-complementary) in each lane. Incubation for 2.5 hours
at 37 °C, all other conditions are as reported in Figure 2.4-12. Shows that recognition of
complementary hairpin is not hindered by presence of all other hairpins.
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Figure 2.4-12. a) Representative gel electrophoretograms from recognition experiments at 2.5
h between a 100-fold molar excess of Invader probes INV1-INV10 and their corresponding
DNA hairpin targets DH1-DH10. b) Histograms depict averaged results from at least three
recognition experiments with error bars representing standard deviation. TC = ternary
complex. DIG-labeled DH1-DH10 (34.4 nM, sequences shown in Table 2.4-9) were incubated
with the corresponding Invader probe in HEPES buffer (50 mM HEPES, 100 mM NaCl, 5 mM
MgCl, pH 7.2, 10% sucrose, 1.44 mM spermine tetrahyrdochloride) for 2.5 h at 37 °C.

Incubation mixtures were resolved on 12% non-denaturing TBE-PAGE slabs (~70 V, ~4 °C,
~1.5 h).
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b) INV2

TC > e et e

DH2 > s i D
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c) INV6
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L]

HET i o s S -

excess 75 100 150 200 250 300

d) INV7

TC> u-b--n-—d--'"u-

excess 5 25 50 75 100 200 250 300

Figure 2.4-13. Representative electrophoretograms for recognition of model DNA hairpin
targets (34.4 nM) and different concentrations of Invader probes a) INV1, b) INV2, ¢) INVG6,
and d) INV7 at 37 °C for 2.5 h. Experimental conditions are as specified in Figure 2.4-12. For
dose-response curves, see Figure 2.4-15.
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c) INV10
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DH10 > qs e s S
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Figure 2.4-14. Representative electrophoretograms for recognition of model DNA hairpin
targets (34.4 nM) and different concentrations of Invader probes a) INV8, b) INV9, and c)
INV10 at 37 °C for 2.5 h.. Experimental conditions are as specified in Figure 2.4-12. For dose-
response curves, see Figure 2.4-15.
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Figure 2.4-15. Dose-response curves for INV1, INV2, INV6, and INV7 (upper panel), and
INVS, INV9, and INV10 (lower panel) at 37 °C for 2.5 h. Experimental conditions are as
described in Figure 2.4-12, except for variable probe concentrations.
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Table 2.4-10. Cso values at 2.5 h for Invader probes studied herein.?

Probes Cso (uM) Reciox (%)
INV1 >10 18+ 8.9
INV2 1.9 82+9.5
INV3 ND 9+5.6
INV4 ND 2+1.2
INV5 ND 6+6.6
INV6 >10 22+48
INV7 6.0 36+9.3
INVS >10 32+12.7
INV9 2.2 56+8.3
INV10 1.6 93+5.0

? Recioo = level of DNA hairpin recognition using 100-fold molar probe excess. Cso values
were determined from dose-response curves shown in Figure 2.4-15.

a) OPT6

RC > — S D — U e ey
DH6 > -----.ﬂ-wlﬂ-
excess 1 5 25 50 75 100 200 250 300 400

b) OPT8
RC > — —----*--

DHe > (D (D b e i 8 =9 o ww

excess 1 5 25 50 75 100 200 250 300 400

c) OPT9

RC > __--___-‘--

DHO> (g ) G
excess 025 05 1 5 10 25 50 75 100

Figure 2.4-16. Representative electrophoretograms for recognition of model DNA hairpin
targets (34.4 nM) and different concentrations of Optimized Invader probes a) OPT6, b)
OPTS, c) OPTY at 37 °C for 2.5 h. Experimental conditions are as specified in Figure 2.2-8.
For dose-response curves, see Figure 2.4-17.
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Figure 2.4-17. Dose-response curves for OPT6, OPTS8, and OPT9 at 2.5 h at 37 C.
Experimental conditions are as described in Figure 2.2-8, except for variable probe
concentrations.

Table 2.4-11. Csp values at 2.5 h for Optimized Invader probes studied herein.?

Probes Cso (uM) Reciox (%)
OPT6 1.3 66+34
OPTS 1.5 66+0.4
OPTY 0.2 99+ 89

# Recioo = level of DNA hairpin recognition using 100-fold molar probe excess. Cso values
were determined from dose-response curves shown in Figure 2.4-17.
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Figure 2.4-18. Representative electrophoretograms for recognition of model DNA hairpin
targets (34.4 nM) and different concentrations of Invader probes a) INV1, b) INV2, ¢) INV3,
and d) INVS at 37 °C for 15 h. Experimental conditions are as specified in Figure 2.2-2. For
dose-response curves, see Figure 2.2-3.
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Figure 2.4-19. Representative electrophoretograms for recognition of model DNA hairpin
targets (34.4 nM) and different concentrations of Invader probes a) INV6, b) INV7, and ¢)
INVS8 at 37 °C for 15 h. Experimental conditions are as specified in Figure 2.2-2. For dose-
response curves, see Figure 2.2-3.
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Figure 2.4-20. Representative electrophoretograms for recognition of model DNA hairpin
targets (34.4 nM) and different concentrations of Invader probes a) INV9 and b) INV10 at 37
°C for 15 h. Experimental conditions are as specified in Figure 2.2-2. For dose-response curves,
see Figure 2.2-3.
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Figure 2.4-21. Representative electrophoretograms for recognition of model DNA hairpin
targets (34.4 nM) and different concentrations of Optimized Invader probes a) OPT6, b)
OPTS, c) OPTY at 37 °C for 15 h. Experimental conditions are as specified in Figure 2.2-8.
For dose-response curves, see Figure 2.2-9.
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d-FISH nd-FISH

INV1

INV2

Figure 2.4-22. Representative images of INV1 and INV2 from FISH experiments using DYZ1-
targeting Invader probes under denaturing (80 °C, 5 min) (left), or non-denaturing (3 h, 37.5
°C) conditions (right). Incubation and imaging specifications are described in Figure 2.2-5.
Scale bar represents 16 pm.
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d-FISH nd-FISH

INV3

INV4

INVS5S

Figure 2.4-23. Representative images of INV3, INV4 and INVS from FISH experiments
using DYZI-targeting Invader probes. Incubation and imaging specifications are described in
Figure 2.2-5. Scale bar represents 16 pm.
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INV6

INV7

INVS

Figure 2.4-24. Representative images of INV6, INV7 and INV8 from FISH experiments using
DYZI-targeting Invader probes. Incubation and imaging specifications are described in Figure
2.2-5. Scale bar represents 16 um.
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d-FISH nd-FISH

INV9

INV10

Figure 2.4-25. Representative images of INV9 and INV10 from FISH experiments using
DYZI-targeting Invader probes. Incubation and imaging specifications are described in Figure
2.2-5. Scale bar represents 16 um.
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Table 2.4-12. Quality of signal intensity (I) and background (B) in representative images from
d-FISH experiments in which Invader probes were used at 1x concentration (30 ng of probe
per 200 pL. of PCR buffer), and nd-FISH experiments in which Invader probes were used at

1x-4x concentration.

INV1 INV2  INV3 INV4 INVS INV6 INV7 INVS8 INV9 INV10

Conc. I B I B I B I B I B I B I B I B I B I B

dFISH nd 3 33 3 3 1 1 1 3 3 3 33 303 3 3 33
[1x] nd 3 3 3 2 3 1 1 1 3 2 3 2 3 2 3 1 3 3 3
[2x] nd 3 2 2 2 3 nd nd nd nd nd nd 1 3 1 3 1 3 1 3
[3x] nd 1 1 1 1 2 nd nd nd nd nd nd 1 2 1 2 1 2 1 2
[4x] nd 1 1 1 2 1 nd nd nd nd nd nd nd nd nd nd nd nd nd nd

4 Signals of low, medium, or high intensity relative to background were scored 1, 2 or 3,
respectively, while high, medium, or low backgrounds were scored 1, 2, or 3, respectively.
INV7-INV10 were not evaluated above 3x probe concentration due to poor signal-to-
background characteristics at 3x probe concentration. INV5 and INV6 displayed neither high
coverage or signal-to-background characteristics and were not evaluated at concentrations
above 1x. INV4 was not evaluated above 1x due to immense background binding and multiple
potential signals. All other FISH experiments were conducted at 1/4x for INV4 to yield one
discernable signal. Nd = no discernable signal.

INV2 INV10

DNase I

— (]

Figure 2.4-26. Representative Images for FISH experiments of nuclei pre-treated with DNase
I prior to incubation with INV2 and INV10. Note the absence of signal in the DNase I treatment
indicating the Invader probes’ targeting of the chromosomal DNA. Incubation and imaging
specifications are described in Figure 2.2-5. Scale bar represents 16 um.
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INV2 INV10

RNase A

Proteinase K

Figure 2.4-27. Representative Images for FISH experiments of nuclei pre-treated with RNase
A and Proteinase K prior to incubation with INV2 and INV10. Note the continued presence of
signal in the RNase A and Proteinase K pre-treated nuclei (albeit there is a reduction in signal
coverage which could be attributed to the loss of genetic material/number of nuclei during
these enzyme treatments, not seen in DNase treatment). Incubation and imaging specifications
are described in Figure 2.2-5 Scale bar represents 16 um.
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d-FISH nd-FISH

OPT6

OPTS

OPT9

Figure 2.4-28. Images from FISH experiments using DYZI1-targeting OPT6, OPTS8, and
OPT9 under denaturing (80 °C, 5 min) (left), or non-denaturing (3 h, 38.5 °C) conditions
(right). Incubation and imaging specifications are described in Figure 2.2-5. Scale bar
represents 16 um.
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Appendix A. Analysis of Select Invader Probes by Flow Cytometry

Caroline P. Shepard, Saswata Karmakar, Patrick J. Hrdlicka

A.1 Introduction

Fluorescent in situ hybridization (FISH) assays are powerful tools for the detection of nucleic
acids. By fluorescently labeling oligonucleotide probes, RNA and DNA can be visualized
and quantified. Our laboratory has utilized a DNA FISH assay with Cy3-labeled Invader
probes to detect the Y chromosome of isolated nuclei of bovine cells at near physiological
conditions.! This is achieved by incubating Invader probes on microscope slides with fixed
nuclei and evaluating coverage (i.e. the number of nuclei displaying one clear signal) by
visualization through fluorescent microscopes. This FISH assay offers compelling evidence
for future diagnostic and detection application; however, this microscopy-based
quantification is limited. Signals are slowly counted one-by-one and quantification only
reflects a small sample size (i.e. hundreds of nuclei). Additionally, there are biological
characteristics, such as cell cycle stages and shortening of telomeres, that cannot be seen
through a microscope. The use of flow cytometry overcomes the limitations of microscopy as
it allows for high-throughput, multiparametric analysis. Current studies have utilized the flow
cytometry to analyze FISH probe detection of mRNA and chromosomal DNA in cells and
isolate nuclei.’”> Termed Flow-FISH, this assay utilizes the automation and detection power
of the flow cytometer to quantify fluorescence and shape characteristics of many isolated
nuclei within a suspension. Utilization of this instrument for Invader probe detection will
allow for: 1) analysis of thousands of nuclei to determine Invader probe binding to
chromosomal DNA, ii) evaluation of characteristics such as cell cycle on Invader probe

targeting of chromosomal DNA, and iii) determination of invasion properties with Invader
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probes and target nuclei within a suspension, offering a first step to incubation with whole
cells. To this end, we have developed an Invader Flow-FISH assay to incubate our Invader
probes within a nuclei suspension that can be analyzed with flow cytometry. This study is a
proof-of-concept as results show: 1) our protocol gives isolated nuclei that can be analyzed
for cell cycle stages, and ii) Invader probes specifically targeting their Y chromosome target.
This sets the stage for future work to draw conclusions on the effects of cell behavior on
Invader probe targeting and potential cell uptake studies.

A.2 Results and Discussion

Experimental design

To make the chromosomal DNA accessible, nuclei were isolated from bovine cells and
subsequently, the nuclear membrane was permeabilized. Removal of cellular debris and
deconstruction of the nuclear membrane ensured that our Invader probes were not
encumbered by cellular structure barriers. This eliminated concerns regarding uptake of
probes into cells and the nucleus, allowing the focus to be on binding to chromosomal DNA.
Invader probes INV10 and INV4 (Table A.2-1) designed to target corresponding
complementary sequences in the DYZ-1 satellite gene (~6 x 104 tandem repeats of the ~1175
bp region) on the bovine (Bos taurus) Y chromosome (NCBI code: M2606),!® were
incubated with nuclei in 30-fold excess of their target sequence for 3 h at 37.5 °C in PCR
buffer (20 mM Tris, 100 mM KCI, pH 8.0), which are the same conditions used in our
previously published non-denaturing FISH assays. These are non-denaturing conditions that
are physiologically relevant (mimicking cellular conditions), allowing results from this
experiment will be able to be extrapolated to cell studies. After the incubation period, the

labeled nuclei were DAPI stained and analyzed by flow cytometry.
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Table A.2-1. Sequences of Invader probes used for Flow-FISH Analysis

Probe Sequence

5"-Cy3-AGCCCUGTGCCCTG-3'

INV4 3'- TCGGGACACGGGAC-Cy3-5'
INV10 5'-Cy3-GUGUAGTGUAUATG-3'
3'- CACAUCACAUAUAC-Cy3-5'
Gating strategies

A nuclei suspension after incubation with INV10 was analyzed by flow cytometry to
determine if the isolate nuclei and Cy3 signal could be detected. The DAPI stain allowed for
gating of the nuclei population from other debris present in solution. Debris is shown as
black dots and grey peaks in Figure A.2-1. Using the acquisition software, a gate (i.e. orange
square) isolated the nuclei population as determined by high DAPI fluorescence (PB450-A).
Within this orange square, cell cycle stages (G1, S, G2) of nuclei could be determined. This
is achieved due to the increase of genetic material as DNA is replicated in interphase, causing
an increase in the DAPI fluorescence. By comparing these intensities to changes in nuclei
shape (quantified by the FSC-H channel), cell cycle stages of each nuclei could be evaluated.
Between these two measurements, G1 (pink), S-phase (green), and G2 (blue) could be
determined. Overall, this first set of gates confirms that the nuclei have retained their
integrity in the isolation process through the incubation of Invader probes.

With this gated population isolated, the Cy3 fluorescent intensities of each nuclei could be
quantified. This is depicted in Figure A.2-1 as number of nuclei (i.e. count) displaying a
particular Cy3 fluorescent intensity (PE-H). Confident that our gating strategy has produced
results depicting Invader probe binding to the chromosomal DNA of isolated nuclei, we

conducted subsequent experiments to determine the specificity of this binding.
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Figure A.2-1. Gating strategy utilizing DAPI (PB450-A) and Cy3 (PE-H) channels.
Anaylzed nuclei (colored peaks) were incubated with INV10 in 30-fold excess of target
sequence.

A fluorophore labeled INV4 DNA strand (INV4D; i.e. INV4 lacking modification/hotspots)
was tested to determine levels of non-specific binding. During incubation, negatively charged
probes could be wrapped around postiively charged proteins or adhered to other cellular
strucutures. Fluorescent values after incubation with this oligonucleotide (INV4D) would
indicate a non-specific binding baseline unrelated to Watson-Crick binding. Additionally, if
its results matched INV4 this would indicated INV4 fluorescence is not due to specific

hyrbidization to target sequence. A second mis-match control (MM4) was utilized as a
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negative control. With three basepairs changed to be non-complementary to the target
sequence in each Invader probe strand, the oligonucleotide should be unable to bind to the
target sequence, and thus will not result in high fluorescent intensity. If intensity matches the
results of INV4, this would indicate that INV4 is nonspecifically binding to chromosomal
DNA sequences. Figure A.3-2 show the fluorescent intensities of the nuclei population for

each treatment.
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Figure A.2-2. Probe Cy3 intensity (PE-H) values for nuclei populations (count) incubated
with a) INV4, b) INV4D, and c) MM4. Grey peak represents debris in sample. Colored
peaks are isolated nuclei.
After flow cytometer analysis, mean intesity values for each run were taken for a total of
three trials. These values were compared in a one way ANOVA test to determine if there is a
statisitical significance between the three groups (INV4 vs MM4 vs INV4d) (Figure A.2-3).

Results show that the INV4 treatment has a significantly higher mean intensity compared to

the two control groups. Additionally, there is no statistical significance between the two
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negative controls, highlighting that 1) specificy is not lost with the addition of high affintiy
Invader monomers, necessitating a correct complementary sequence to invade chromosomal

DNA, and ii) INV4 resulting fluorescent intensity is due to invasion of target DNA.
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Figure A.2-3. Comparison of Mean Intensities between Unmodified INV4D, Mismatch
MM4, and INV4. Mean intensity values for each probe were taken from three separate
populations (~3000 nuclei) incubated in 30-fold excess of INV4 target sequence.

A.3 Conclusions

This study shows the potential use of flow cytomery to anaylze Invader probe detection of
chromosomal DNA. First, the protocol used herein to isolated nuclei and incubation Invader
probes with their chromosomal targets in suspension has yielded detectable nuclei
populations. These can be analyzed for cell cycle stages and Cy3 fluorescent intensity with
our determined gating strategy. Sceond, this strategy was successfully applied to determine
the specific detection of chromosomal DNA by INV4. Overall, these results set the stage for

future discoveries and applications related to the Invader probe design.
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A.S5 Supplementary Material

Protocol — cell culture and isolation of nuclei

The male bovine kidney cell line (MDBK, ATCC: CCL-22, Bethesda, MD) were maintained
in DMEM with GlutaMax (Gibco, 10569-010) and 10% fetal bovine serum (Invitrogen). Cells
were cultured in separate 25 mL or 75 mL flasks at 38.5 °C in a 5% CO- atmosphere for 72-
96 h to achieve 70-80% confluency. At this point, colcemid (65 pL per S mL of growth media)
was added and the adhered cells were incubated at 37 °C and 5% CO; for an additional 20 min.
At this point, the medium was replaced with pre-warmed 0.05% Trypsin-EDTA in DMEM to
detach adherent cells (37 °C, up to 8 min). The cell suspension was transferred to a tube and
centrifuged (10 min, 1000 rpm). The supernatant was discarded and the dislodged cell pellet
was incubated with a hypotonic KCl solution (5-8 mL, 0.075 M, 20 min, 38.5 °C), followed
by addition of fixative solution (10 drops, MeOH:AcOH, 3:1), and further incubation with
gentle mixing (10 min, room temperature). The suspension was centrifuged (1000 rpm, 10
min), the supernatant discarded, and additional fixative solution (500 uL) added to the nuclei
suspension. This was followed by gentle mixing and incubation (30 min, room temperature).
After an additional centrifuge step and removal of supernatant, an ice cold solution of 200 pL
of 0.1% triton-X-100 in 1x PBS with an additional 100 pL of 1x PBS was added to
permeabilize the nuclear membrane. After 10 min, the solution was centrifuged and the

supernatant was removed. The nuclei pellet was washed with 1 mL of cold 1x PBS and
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followed by an additional centrifuge/removal of supernatant step. The final pellet — containing
somatic nuclei — was resuspended in methanol and glacial acetic acid (3:1, v/v) and stored at -
20 °C until use.

Protocol — Incubation with Invader probes and sample preparation

After removal of fixative solution, nuclei were suspended in a labeling buffer consisting of
Invader probe in PCR buffer (20 mM Tris, 100 mM KCI, pH 8.0). To yield optimal fluorescent
signaling, Invaders were added in 30-fold excess to its chromosomal target. Nuclei were
incubated for 3 h at 37.5 °C. Labeling buffer was removed by centrifugation/removal of
supernatant. Nuclei were rinsed with 1 mL of 1x PBS and incubated with 1 mL of DAPI
solution (1 pg/mL) for 10 minutes. Follow a centrifuge step, the DAPI supernatant was
removed and labeled nuclei were resuspended in 5-8 mL of 1x PBS.

Protocol — Flow Cytometry analysis

A Beckman Coulter CytoFLEX S flow cytometer outfitted with 4 lasers and able to
characterize samples for side scatter, forward scatter and multiple fluorescent markers was
used to analyze samples. Lasers able to excite Cy3 (PE) and DAPI (PB450) for fluorescent
detection were used in combination with forward scattered light (FSC) to quantify and
characterize labeled nuclei samples. Standard settings with the CytExpert for CytoFLEX
Acquisition and Analysis software were utilized. The flow cytometer was set to read 10,000
events per run, yielding nuclei counts of ~3000. This software was used for gating strategies
and determination of mean intensity values related to area and height of fluorescent signal.
Statistical analysis of intensities were conducted with the Data Analysis Tool Pack add-on in

Microsoft® Excel®.
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