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Abstract

On-demand selective regulation of gene expression in living cells is a central goal
of chemical biology and antisense therapeutic development. While significant advances
have allowed regulatory modulation through inserted genetic elements, on-demand
control of the expression/translation state of a given native gene by complementary
sequence interactions remains a technical challenge.

Toward this objective, in the second chapter, we demonstrate the reversible
suppression of a luciferase gene in cell-free translation using Watson-Crick base pairing
between the mRNA and a complementary gamma-modified peptide nucleic acid (YPNA)
sequence with a non-complementary toehold. Exploiting the favorable thermodynamics
of YPNA—yPNA interactions, the antisense sequence can be removed by hybridization of
a second, fully complementary YPNA, through a strand displacement reaction, allowing
translation to proceed. Additionally, we characterize the displacement reaction via
surface plasmon resonance (SPR).

The third chapter continues the theme of reversible translation control and SPR
measurements of strand displacement. However, we do so through the orthogonal
recognition capability of chiral YPNA. In addition to reversible translation control, we
characterize the chimeric probe displacement reaction via surface plasmon resonance
(SPR) and demonstrate specific chiral recognition of the chimeric YPNA probes.

The fourth chapter explores increasing the selectivity of complementary YPNA by
incorporating intramolecular stem-loop structure. Using SPR, we investigated the
selectivity of a structured YPNA against several mutations types and at different target

positions. To this end, we identify several mutations which are kinetically discriminated



against compared to an unstructured YPNA control. Additionally, we replicated the

enhanced selectivity findings in an antisense knockdown assay.
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Chapter 1: Conjugated- and Backbone Modified-PNA as

Bioactive Probes

1.1 Background

From the combined effort of four Danish scientists who set out to build a selective
and avid ligand to Nature’s singular molecule, the DNA double helix, peptide nucleic
acid (PNA) was invented.' After their seminal PNA publication in 1991", subsequent
studies were focused on understanding and exploring the in vitro chemical and biological
properties, and in turn, the immediate applications of this DNA analog. For example, it
was quite exciting when PNA was used as a sequence targeted antisense and antigene
probe.” * The immediate attraction (and publicity) surrounding PNA was immense due to
the untapped clinical and experimental potential of PNA.*

The potential to modify PNA further, through the modularity of solid phase
synthesis and the rather simple PNA backbone, further added to the scientific
wonderment around what might be possible. However, the therapeutic excitement and
promise turned to outright speculation, when it was demonstrated that PNA does not
penetrate the cell membrane, nor was it generally obvious how to get PNA to do so in an
effective manner.” Even if the lipid bilayer could be breached through the addition of
delivery assists, further doubt set in surrounding being able to achieve targeted control
over PNA biodistribution (for example, having the PNA target only heart tissue) and

intracellular delivery (does PNA escape endosomes?). In short, for PNA to realize its



early promise, investigators had (have) to solve a “body-to-cell-to-gene” drug delivery

problem.

1.2 Introduction

It is the goal of this review to detail some of the impressive synthetic
advancements of backbone modified and/or conjugated PNA, which together have
lowered the barrier to cellular applications. To this end, a brief overview of the early
PNA functionalization work will be given to provide a historical context to the “newer
generation” PNA biotechnologies. A summary of key improvements to physiochemical
and cell delivery properties will be given in separate sections. The highlighted
applications will follow, with an emphasis placed on backbone-modified PNA with
biological activity. To conclude, a brief account of the remaining challenges that impede
broad use of PNA, and the potential directions for future work, will be given.

PNA has an achiral pseudopeptide backbone with methylenecarbonyl-linked
nucleobases capable of complementary hybridization of DNA, RNA, and PNA (Figure

1.1).
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Figure 1.1 Example of a Watson-Crick DNA-PNA structure. Adapted from reference 6.

PNA-target recognition can occur along any face of the cognate target nucleobase.
Specifically, PNA binding modes employ Watson-Crick (duplex), Hoogsteen (triplex or
quadruplex), or if the PNA is designed accordingly, both types of interaction
simultaneously (bisPNA or “tail clamp”’). The PNA-target duplex is generally the most
stable in the antiparallel conformation, however Hoogsteen-mediated interactions are
commonly parallelly directed. Regardless of the exact register of binding used, specific
targets are recognized by “programming” the PNA to include the complementary

(homologous in the case of heteroquadruplex formation) target sequence (Figure 1.2).
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Figure 1.2 (Above) PNA binding modes with duplex DNA. (Below) Invasion of a Guanine quartet
structure by a homologous (right) or a complementary (left) PNA. Adapted from reference 7, 8.

With the effortless ability to define probe-target interactions, increased biological
stability” and high binding affinity, PNA was proven to be a useful and pluralistic in vivo
and in vitro biotechnology. Further expanding the application space of PNA is the
relative synthetic ease to incorporate additional molecules (e.g., amino acids, fluorescent
dyes, metals, etc.) along the backbone via solid phase synthesis directly or through “post-
synthetic” addition.

The lack of a PNA backbone charge leads to salt insensitivity, allowing for
beneficial buffer manipulations in vitro, and high affinity binding due to the lack of

intermolecular electrostatic repulsion. However, the overall hydrophobicity of



unmodified PNA limits its water solubility and therefore has stinted its bioactive ‘plug
and play’ nature. Again, as highlighted above, the poor cellular uptake and uncertain
systemic distribution and tissue localization profile have slowed PNA therapeutic
progress. Recognizing these issues, several groups have set out to improve PNA

biocompatibility by synthetic alteration of the parent PNA design.

1.3 Conjugated and backbone modified PNA: increased solubility properties
With its displayed hydrophobic nucleobases and non-polar backbone, unmodified
PNA is a globular molecule in water. However, the PNA skeleton contains an alpha (o),
beta (), and gamma (y) positions, which can be modified to improve its biochemical
properties (Figure 1.3). Moreover, applying monomers that are compatible with solid
phase synthesis and post-functionalization allow for the terminal conjugation of
orthogonal chemical groups to the PNA main chain. In part, the synthetic modularity of

PNA has allowed for continued biotechnology progress.
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Figure 1.3 Structure of unmodified and backbone-modified (R substituents) PNAs. Adapted from
reference 10.



The conjugation of a positively-charged lysine to the PNA C-terminus increased
water solubility and maintained high probe-target affinity and mismatch sensitivity.''
Similar in effect, a-substitution derived from a positively-charged, chiral amino acid in
forming the PNA skeleton also granted increased water solubility.'? Specifically, the
incorporation of two D-lysine modifications within a PNA dodecamer led to a 5-fold
solubility enhancement over the analogous unmodified PNA. Interestingly, the -
substituted D-lysine PNA/DNA binding affinity was dependent on the amino acid charge
and stereochemistry due to electrostatic contributions and a-substituent/groove-
accommodation, respectively. Biophysically, the a-substituted D-lysine PNA-DNA
hybrid adopts a P-form duplex with limited PNA backbone flexibility, and thus, the
potential for increased mismatch target discrimination." In short, the increased selectivity
of backbone-modified is due to the limited conformational space that can be explored, by
the PNA, in order to energetically compensate for a mismatch base pair. It should be
noted that backbone incorporation of solubilizing negative-charge through internal
glutamic acid- or phosphono-incorporation has been pursued as well.' '*'® Whether a
positive or negative charge is chosen, the incorporation of charge in the backbone will
likely affect the affinity/selectivity for DNA/RNA targets. Furthermore, solution ionic
strength, through counterion masking effects, can alter PNA/DNA heteroduplex stability
when the PNA backbone is charged."’

In addition to incorporating solubilizing agents inspired by nature, synthetic units
have been applied to improve PNA’s physiochemical properties and increase its
biocompatibility. For example, polyethylene glycol (PEG) incorporation is often pursued

due to its noted high water solubility, low immunogenicity and cytotoxicity profile.'®



Thus it is no surprise that PNA-PEG conjugation has been carried out as well, with
demonstrated applications on surface'” and in solution®” *'. Notably, the hydrophilic
diethylene glycol (miniPEG) unit has also been placed at the y-carbon position of the
PNA backbone, termed *M*yPNA, to improve water solubility. Excitingly, the core
installation of R-substituent at the y-carbon transforms the collapsed PNA globule into a
rigid (relative to DNA/RNA) right-handed helix, with helical propagation occurring in a
C- to N-direction (Figure 1.4).” Probe preorganization confers enhanced stability to the
R-MP

vPNA/target heteroduplex by lowering the entropic cost of binding and increasing

mismatch discrimination through backbone rigidity.*
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Figure 1.4 Gamma-substitution leads to helical preorganization (blue) compared to the unmodified PNA
globular state (red). Adapted from reference 24.

By studying the yPNA-DNA (P-form) crystal and NMR structural information®,
the helical sense of the YPNA was determined to be the result of a series of steric clashes
between the internal amide bond and proximal y-substituent, followed by helical

stabilization through base stacking.'® Interestingly, the right- or left-handed chirality can



be “programmed” into the YPNA probe through a judicious choice of the y-position
stereochemistry during monomer synthesis, thus adding another layer'® of hybridization
“encoding” that can be used in bimolecular applications (Figure 1.5).***’ It should be
noted that helical preorganization is also seen in the trans-cyclopentyl backbone PNA
derivative.”® The chiral constrained pyrrolidinyl PNA represents another promising
backbone derivative, especially when considering their high sequence discrimination.***°
Although trans-cyclopentyl and pyrrolidinyl PNAs have not been heavily explored as an
intracellular bioactive tool (and are not highlighted in depth in this review), they have

been employed in a couple impressive in vitro diagnostic contexts.”" >
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Figure 1.5 Helical handedness is determined by the gamma-substituent stereochemistry which leads to a
intramolecular steric interaction within the backbone. Thus, bimolecular interactions are defined by both
sequence and helical complementarity. Adapted from reference 10.

Another interesting strategy to increase the aqueous solubility of PNA, although
not implemented for this feature alone, is the synthesis of PNA-DNA oligonucleotide

. 33-35
chimeras.

The intense clinical interest as well as the accompanying literature breadth
of DNA-modified oligonucleotides*®>* present an exciting opportunity to study systems
that leverage both the PNA and the DNA properties. For example, engagement of RNase
H machinery and high target binding affinity has been achieved using PNA-DNA

chimeric probes.



1.4 Conjugated and backbone-modified PNA: increased cell-permeability

The intracellular application of nucleic acids as target-specific probes affords a
promising technology that has clearly been stinted by uptake and distribution problems.
3%:40 The strategies employed to deliver oligonucleotides are quite varied, but in general
use chemical, mechanical, and/or electrical transduction means (Figure 1.6). A common
in vitro PNA-delivery strategy has been to form PNA-DNA heteroduplexes that are

4142 However, this method is not without its limits in

complexed to lipid delivery vectors.
terms of systemic delivery and cytotoxicity.*' That being said, the following section will
primarily focus on chemical delivery methods that incorporate “main-chain” PNA

modifications and allow for “naked” probe delivery. Some mention will be made of non-

toxic nanoparticle approaches to increase modified PNA delivery.

Direct delivery

+  Microinjection Peptide based
Electroporation delivery
B (A,C,G,T)
O
O
‘}H/\/N\/U‘I\
PNA
Nanoparticle Modified PNAs
based delivery based delivery

Figure 1.6 Various methods to delivery PNA probes. Adapted from reference 24.

Conjugation of short cationic peptides to the PNA termini was used to deliver
PNA cargo to mammalian cells without a liposome aid. PNA-peptide conjugates
commonly include positively charged cell penetrating peptides (CPPs), such as the HIV

Tat” and the Drosophila Antennapedia** (termed penetratin), as well several other
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natural and synthetic variants, for mammalian cell delivery.’ For example, in a seminal
study by Nielsen and coworkers the mammalian-based delivery efficacy of PNA-
Antennapedia versus PNA-Tat was compared.” Additionally, the authors investigated the
delivery efficacy as a function of the CPP placement and the particular conjugation
chemistry used to attach PNA cargo.*’ Importantly, cell-specific instances of both
endosomal inclusion and limited escape were observed for various CPP designs, which
was similarly observed in earlier PNA conjugate delivery work.*

After observing some initial PNA delivery progress, an expanded comparison of 7
CPP peptides conjugated to splice-site correcting antisense PNAs by several different
linker chemistries was made.*” In addition to relating the overall antisense efficacy of the
various CPPs, the authors noted that the PNA-CPP serum sensitivity and linker position-
and chemical- composition effect delivery. Similarly, in another comparative PNA-CPP
study, it was again suggested that intracellular trafficking (and therefore biological PNA
activity) and CPP enzymatic stability is likely influenced by CPP chemical
composition.*® Collectively, this work laid important experimental and control rules for
how PNA delivery experiments should be carried out, as well as, included some clear
examples of successful PNA delivery.

Terminal conjugations of PNA to various sugar and lipophilic ligands have been
studied for cell targeting as well. For example, conjugation of an adamantyl sugar group
to PNA led to increased cellular uptake in some mammalian cell lines. However, the use
of a cationic lipid aid was effective endosomal release observed.*® Further exploring the
possible PNA-conjugation chemistries, Nielsen and coworkers also investigated lipid-

mediated delivery of an array of hetero-aromatic and lipophilic PNA-conjugates. The
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PNA-conjugates were screened based on splice site correction efficacy in cell culture,
with several variants showing promising bioactivity.* In an effort to try and strike a
balance between the hydrophilicity and lipophilicity required for effective cellular uptake
without the need for additional lipid delivery aids, researchers synthesized steroidal
cholic acid-PNA “umbrella” conjugates and measured their in vivo uptake and
bioactivity.”’ Unfortunately, this design showed limited delivery, and thus antisense
activity.”® In a similar design that strives to balance chemical properties, the conjugation
of a lipid-CPP (CatLip) motif to an antisense PNA increased the delivery and biological
effect of the PNA, however noticeable toxicity effects were also observed as a function of
lipid conjugate length.”' Nevertheless, the application of various sugars/lipids
combinations to the PNA scaffold is still underexplored and warrants closer investigation.
Apart from terminally conjugating chemical groups, increasing PNA cell delivery
can be acquired through altering the backbone chemical composition. For example,
inspired by the mammalian uptake properties of the arginine-rich HIV-1 Tat transduction
domain, Ly and coworkers studied the cellular delivery and targeting potential of a-

guanidine PNA, named GPNA (Figure 1.7).>
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Figure 1.7 Structure of a-guanidine PNA. Adapted from reference 52.

12



The direct in vitro application of fluorescently labeled GPNA to HCT116 (colon)
cells resulted in cellular uptake, which was consistent with the uptake of earlier lysine-
backbone modified PNA.* In subsequent studies™ >*, GPNA cellular uptake was
observed in human somatic and embryonic stem cells, with optimal delivery requiring
alternating o-D-guanidine functionalization of the PNA backbone. Delivery to stem cells
is especially exciting given the transfection difficulties associated with this cell type.
Additionally, this result may become more relevant for future embryonic PNA gene
editing technologies. Beside the GPNA’s delivery potential, stable duplex and triplex
GPNA-DNA complexes were studied through circular dichroism and UV melting
spectroscopy, thus providing important biophysical characterization of the
antigene/antisense potential of these “newer” generation probes. The highest GPNA-
target affinity was achieved with GPNA probes that contained alternating spaced
guanidine groups, likely due to reduced intramolecular steric clash.”® Furthermore, the o-
D-guanidine configuration granted higher GPNA-RNA binding affinity, compared to the
stereoisomer a-L-guanidine GPNA.>> ** Additionally of note, PNA has been modified at
the y-position with guanidine, which grants both increased cellular delivery properties
and, as noted above, higher binding affinity to targets due to helical preorganization.™

The general consensus is that PNA-CPP delivery is endocytosis-dependent”’, but
the exact internalization pathways leading to cytoplasmic PNA-CPP release remains

>7% In addition, effective PNA delivery is thwarted by endosomal entrapment

unclear.
which limits the overall bioavailability of PNA.% To address endocytosis challenges,

researchers have applied external chemical aids®' and/or further PNA core additions to
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. . : 58, 62,63
potentiate endosomal disruption and escape.™ ™~

For example, PNA conjugation to a
‘proton sponge’ polyethyleneimine (PEI) polymer for purposes of endosomal-disruption
has successfully increased the antisense activity of PNA.®* In addition, delivery via
polymeric nanoparticle formulations is becoming increasingly common and affords the
opportunity to build upon decades worth of nanoparticle encapsulation research.*

The fact that many of the hurdles in early nucleic acid delivery research, namely
achieving and understanding mechanisms and routes of intracellular delivery, exist today
speaks to the complexity of intracellular trafficking. It is recommended that oligo-
delivery experiments include bioactivity (for example, antisplice activity) measurements
and scrambled probe controls to avoid delivery and activity misinterpretation,
respectively. An increased focus on the identification of intracellular pathways as a
function of probe design is essential to achieve a higher understanding of how probes
must be designed to locate to specific tissues/targets. In an early example, Dowdy and
coworkers have presented an interesting experimental tool which may help to understand
how and where PNA-peptides traffic, although this tool has not been adapted to PNA yet.
Specifically, cellular internalization mechanisms and transduction efficiency of several
peptide conjugates were studied through the application of a GFP-complementation
fluorescence assay (Figure 1.8).%° Furthermore, the reconstitution of a split GFP
construct is dependent efficient cellular uptake and cytosolic delivery of a CPP
conjugated to a GFP-fragment. In short, this approach allows for the localized expression
(via cellular address tags) of protein constructs that can be targeted by a synthetic nucleic
acid construct, thus simultaneously reporting on the specific trafficking profile and

potential bioactivity of the probe. In a similar manner, targeting cell-permeable
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fluorogenic dyes to genetically-encoded proteins at various cellular sites, which may also
provide a technological platform to help understand oligonucleotide trafficking biology.®
However, the fluorogenic dye-protein technology has not been explicitly applied to
nucleic acid trafficking questions and will require some “re-tooling” of the technology to
oligonucleotides. Nevertheless, further engaging with technology that can interface with

genetically-encoded machinery is under explored and much needed in the nucleic acid

field.

GFPp11 TAT EED

: GFP
No - Fluorescence

Fluorescence

Figure 1.8 Experimental system employed by Dowdy et al. Here, intracellular delivery of GFFB11 cargo is
mediated by CPP and EED (endosomal release) peptides. Verification of cargo localization is established
through GFP complexation. Adapted from reference 65.
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1.5 Applications of backbone-modified PNA

It is impossible to give a comprehensive summary without leaving out several
informative examples because there exists a tremendous amount of PNA literature replete
with impressive applications. With that said, the goal of this section is to highlight some
common uses of backbone-modified PNA into bioactive categories.

When considering the potential applications of modified PNA, it is worthwhile to
first start with a general understanding of the Central Dogma of Molecular Biology,
which states that genetic information passes through three discrete levels: DNA
replication, RNA transcription, and protein translation. Of course, this description is too
simplified, considering the important role epigenetics and intermediate RNA processing
and modifications have on gene expression. Nevertheless, this model allows for a
scientist to hypothesize points of therapeutic PNA intervention (or any other base
sequence cognate technology for that matter).

For example, one may build a complementary PNA to block transcription
(antigene strategy) at a specific gene or construct a transcript-specific PNA to inhibit
translation (antisense strategy). Of course, antigene efforts have an added challenge, that
of invading the cell and entering the nucleus. Hence, many of the published intracellular
examples include antisense data. Indeed, a vast amount of PNA literature revolves around
antisense developments in mammalian or bacterial systems. Nevertheless, as the above
sections hopefully detailed, the main challenge has been in building PNA technologies
that work in water and can effectively access the intracellular environment where the
genetic information is housed. These challenges are the reasons for which research on

backbone-modified PNA has remarkable progress. Next sections highlight some of the
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antigene, RNA interference, and gene editing advancements using backbone-modified-

and conjugate-PNAs.

1.6 Antigene

In vitro antigene studies typically include 2PNA/DNA or bisPNA/DNA triplexes,
which are constrained to purine-rich DNA duplex targets. Furthermore, these studies are
often performed at relatively low salt concentrations, which limit their potential target
scope and clinical utility. Although it is possible to lower the target sequence stringency
by incorporating pH-independent, “non-Watson-Crick” nucleobases (i.e.,
pseudoisocytosine) or employing a PNA-mediated duplex strand displacement strategy,
the overall progress using these approaches has been slow due to the nuclear targeting
and energetic challenges of invading duplex DNA.®" ®® Nevertheless, there are examples
that have demonstrated chromosomal antigene activity of PNA in cells. For example,
Corey and coworkers have demonstrated liposome-mediated and CPP-mediated delivery
of a progesterone-receptor promoter-directed PNA inside cells.”””° However, several
complications were observed related to overall PNA-CPP potency and delivery
efficiency, leading the authors to suggest that further PNA modifications may need to be
explored. To this end, much of the PNA antigene work has been limited to targeting non-
nuclear DNA (plasmid or linear DNA) in culture or cell-free systems because targeting
chromosomal DNA in vivo is much more challenging due to several factors including
nuclear localization, nucleosome packaging, and the inability to manipulate the

surrounding buffer.*!
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Interestingly, recent studies of single stranded YPNA (y = miniPEG) modified
with “G-clamp” bases showed promise in invading and binding duplex DNA under
physiologically-relevant conditions. The high binding affinity of yYPNA affords
thermodynamically favorable double helical DNA recognition in a sequence-unrestricted
manner.”"" > However, as seen in unmodified PNA examples’”, YPNA duplex invasion is
kinetically hindered by the native double stranded structure. The fact that yYPNA
“nucleation” to duplex DNA is slow may warrant applying “breathing-mode”
independent intercalation groups directly to the probe. As shown previously with
acridine-PNA and acridine-yPNA conjugates, a conjugated intercalator “anchors” the
PNA probe proximal to the DNA target, thus raising the local probe concentration and
increasing the probability of duplex invasion.”* > Additionally, designing experiments
which take advantage of transiently formed transcription bubbles® in order to bind the
PNA near the DNA invasion site may also be a useful approach.’® Upon solving the
kinetic challenges, the high binding affinity coupled with the unrestricted sequence
recognition properties demonstrated in vitro, should allow YPNA variants to function as a

potent transcriptional agent. Further, selecting a YPNA capable of cell-delivery and

nuclear localization may be a promising strategy for achieving nuclear antigene activity.

1.7 Antisense

PNA inhibits translation by the steric blockage of ribosomal assembly or
translocation through PNA-RNA duplex formation (PNA-mediated degradation of the
mRNA has also been hypothesized).”” An important contribution to the PNA antisense

field was the discovery that targeting the terminal end of the 5’-UTR with a
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complementary PNA results in potent luciferase knockdown, relative to other transcript
binding sites, including the Kozak-AUG protein start site (Figure 1.9).”® It has been
noted that the high antisense activity observed at the terminal transcript site is likely due
to the bound PNA probe sterically hindering small ribosomal subunit association at the
5’-cap region.
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Figure 1.9 PNA Gene walk antisense study (in cells) along the length of a luciferase reporter transcript. A)
Cartoon representation of the PNA binding sites (1 blue arrow and rest are red arrows) and (B)
demonstrates the actual PNA probe length and name labels. C) Luciferase activity is measured for each
PNA probe, with probe I (blue arrow) demonstrating the highest knockdown at the 5’-terminal end.
Adapted from reference .

Subsequent PNA antisense studies that targeted other gene transcripts in

mammalian cell culture have identified high potency via terminal binding, thus giving
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79-80 Nevertheless, there are

credence to the general antisense potency of this site.
examples of successful mammalian antisense demonstrations that targeted alternative
transcript sites, such as translation start site.*" ¥ Additionally, it is worth noting that
although targeting the terminal 5’-UTR is an effective strategy in eukaryotic systems,
prokaryotic-based antisense studies generally require targeting the Shine-Delgano and
translation start site (RBS-AUG) region for high potency.*® The difference in the probe
target site selection within the transcript is largely guided by the differences in eukaryotic
and prokaryotic ribosomal association mechanisms.** In eukaryotes, the small ribosomal
subunit associates at the 5’-cap of the transcript and proceeds to scan (5 --> 3’) the UTR
until it encounters the Kozak-AUG start site. Thus, the introduction of a 5’-terminal
complementary probe is likely to yield potent eukaryotic antisense knockdown by
sterically blocking the small-subunit association. In contrast, prokaryotes direct small
subunit association with the ribosome binding site (Shine-Dalgarno). Thus, prokaryotic
antisense probes which directly target the start codon are effective ribosome steric blocks.
Backbone-modified PNAs are attractive antisense agents due to their un-aided
delivery potential and relatively high binding RNA affinity, compared to unmodified
PNA. After initially studying the intracellular delivery properties of a-guanidine GPNA,
subsequent GPNA work demonstrated sequence specific in vitro antisense knockdown of
human E-cadherin.” In a recent example, the Ly lab demonstrated GPNA antisense-
mediated antitumour efficacy in cancer cells both in vitro and in vivo. ®* Specifically,
anti-EGFR antisense GPNA was administered intraperitoneally in a xenograft mouse
model resulting in sequence specific tumor reduction over the GPNA treatment time

course. Interestingly, GPNA effectively inhibited in vitro cancer cell growth in a
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cetuximab (FDA-approved EGFR inhibitor) resistant EGFR-mutant model. y-guanidine
GPNAs, which allows for un-aided cell-delivery and preorganization-mediated enhanced
target affinity, has also been used as an antisense probe in f-catenin mutated liver tumor
cells.®” This study demonstrated high y-guanidine GPNA sequence selectivity and
antitumor potency when targeted to the transcription start site. Additionally, a recent
combined approach which coupled the “newer generation” YPNA with nanoparticle
delivery methods, specifically PGLA-mediated delivery, anti-Chemokine Receptor 5
(CCRS5) antisense was demonstrated in vitro.*® Moreover, the specific antisense YPNAs
studied included both the y-miniPEG and the y-guanidine monomers in an individual
probe, thereby granting the ability to compare the encapsulated nanoparticle delivery to
naked probe delivery efficacy.

Antisense targeting of double stranded RNA (in cells) through PNA-CPPs has
resulted in a few successful demonstrations worth noting. In an impressive example,
Corey and coworkers demonstrated effective in vitro antisense targeting of the mutant
huntingtin (HTT) allele CAG repeat (forms a repeating hairpin structure) with a single
stranded PNA-peptide probe.®” In addition, experimental evidence pointed to the benefits
of applying a shorter (13-mer) PNA probe for increased selectivity without
compromising potency. In a separate approach, the incorporation of physiologically
charged (positive) nucleobases into a PNA, allowed for triplex-mediated targeting of
dsRNA structures within the 5’-UTR. The authors noted the nucleobase-modified PNA
had selective (mutation sensitive) and potent translation knockdown.*® In addition to the
triplex-mediated strategy, the incorporation of nucleobases which can “bifacially” invade

and interact with double stranded RNA targets presents an exciting strategy for in vivo
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manipulation, however this strategy has only been applied to in vitro RNA targets.”
Although, the above probes used for double stranded RNA invasion apply unmodified
PNA, they do provide potential targets and inspiration to test future backbone modified
PNAs. For example, motivated by the work of duplex DNA invasion by YPNA, it would
be interesting to investigate if the high target affinity of YPNA can be leveraged in order
to invade duplex RNA targets.

In addition to mRNA targeting, application of antimiRNAs PNA-CCPs can be
conducted as well. In an impressive recent example, Slack and coworkers conjugated a
low pH-induced transmembrane structure (pHLIP) peptide to a PNA (antimiRNA) to
target the acidic tumor microenvironment within a mouse model.” The pHLIP
mechanism for intracellular delivery is endocytosis-independent and involves (1) pH
activated helical folding and lipid bilayer invasion of the pHLIP peptide, followed by (2)
the reduction of the disulfide PNA-peptide linker and (3) intracellular PNA
bioavailability (Figure 1.10). Additional, backbone modified PNAs have been applied as
an antimiRNA agent in leukaemic K562 cells (GPNA against miR-210), resulting in

efficient probe delivery and bioactivity.”'
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Figure 1.10 Non-endosomal mediated delivery of an anti-microRNA pH sensitive CPP-PNA (CPP =
pHLIP) conjugate. Adapted from reference .

Alteration of pre-mRNA processing through antisense PNA (unmodified backbone)
splice site obstruction has led to corrective protein expression in vitro.”> However, tissue-
and target-specific effects, as well as, delivery challenges often confound the general
rules for building effective antisplice agents. For example, a 4-lysine PNA conjugate (18-
mer) administered intraperitoneally resulted in corrective splice switching in numerous
mouse tissues.”” However, the application of a 14-mer 4-lysine PNA conjugate failed to
demonstrate effective splice switching in patient muscle cells, likely hinting at the role of
probe length-affinity effects.”* In a set of muscular related examples, intramuscular and
intravenous delivery of antisplice PNA was studied in a Duchenne muscular dystrophy
mouse model (mdx). Although earlier work showed increased muscular uptake (via direct

muscle injection) and splice-site correction® *® with a PNA-CPP (PNA-Pip2b),
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intravenous injection of PNA-Pip2b as well as other candidate PNA-CPPs all performed
therapeutically worse than the analogous unmodified 20mer PNA (which also performed
relatively poorly).”” The authors noted PNA sequence length may be a causative factor in
observing low PNA and PNA-CPP systemic activity, and thus evaluated intramuscular
delivery and splice correction as a function of applying shorter (<20mer) and longer
(>20mer) length PNA probes. From this, a 25mer PNA showed enhanced activity,
thereby hinting at the interplay between steric blockage, affinity, and selectivity towards
achieving effective bioactivity.”’ In another antisplice study, PNA conjugated to lysine
rich (up to 8 lysines) peptides showed substantial and preferential inhibition of PTEN
expression in adipose tissue in vivo, however nephrotoxicity was observed, which raised
concerns about future PNA-CPP work.” These features do seem to warrant the
application of naked backbone modified PNA variants for systemic delivery and
antisense-mediated splice correction due to their more attractive physiochemical
properties, however experiments using backbone modified PNA as an antisplice agent

have yet to be done.

1.8 Gene repair

The application of backbone modified PNA for targeted gene repair arguably
represents the most exciting demonstration of PNA yet. However, the capability of PNA
as a potent and selective “gene editor” was not discovered by fortuitous happenstance. In
fact, for nearly 25 years the Glazer lab has worked on PNA-mediated gene repair,
publishing across a spectrum of disciplines. For example, the early gene repair work

99-101

focused on understanding DNA-PNA triplexes in cell culture and in parallel, the
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Glazer lab aimed to understand how the endogenous DNA repair machinery engages with
the PNA-DNA triplex.'” '” Recently, the Glazer lab has employed a strategy that uses a
nanoparticle formulation to aid in PNA delivery (also formulated with the “corrective”
DNA template), thus working around many of PNA’s delivery short comings (Figure
1.11). In short, the Glazer lab is well on its way in building a bona-fide competitor to the

CRIPSR-Cas technology.
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Figure 1.11 General PNA-mediated gene editing strategy. Nanoparticle delivery of both the donor
DNA and triplex forming PNA (red) target allow for gene specific correction of a mutated locus.

Adapted from reference 24.

Recently, researchers have achieved in vivo gene therapy through the corrective
action of a triplex forming PNA. Two impressive in animal experimental results are
worth noting here. First, through intranasal delivery of a PLGA nanoparticle with an
entrapped triplex-forming bisPNA and donor DNA template, corrective editing of the

F508del mutation in the CFTR gene was demonstrated.'® Impressively, no statistically
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significant off-target modifications were observed. In a closely followed publication,
Glazer and coworkers systemically delivered a PLGA nanoparticle formulation
consisting of a tail-clamp forming YPNA (y = miniPEG) and the “wild type” DNA donor
template, in a human B-thalassemia mouse model. This treatment course resulted in
disease phenotype correction with “extremely” low off-target effects.'” Additionally,
elevated gene repair was achieved upon co-administration of a stimulatory cytokine
(SCF) for increased homology dependent repair (HDR) gene expression, thus evidencing
a role for adjuvants in PNA triplex gene editing.

Future work is likely to include additional disease corrections and, speculatively,
should include other correction examples across various cell lineages and differentiation
states. Irrespective of the specific route of the future work, the PNA gene editing is an
exciting technology that, so far at least, leverages the best features of yYPNA (i.e.,
solubility, affinity, unrestricted targeting) and the nanoparticle delivery platform (i.e.,
high delivered dose, non-toxic, biodistribution, etc.) to construct a clinically exciting

technology.

1.9 Conclusions

The above sections highlight the tremendous >25-year effort spent in developing
PNA into a powerful tool for genetic manipulation. Over this time, the PNA water
solubility problem has been solved through hydrophilic group incorporation. Yet, when
considering “naked” probes, the cell-delivery and cell-internalization problem is not
completely solved. There are several examples of effective delivery to be sure, however

the exact internalization pathways and intracellular biomolecule associations (especially
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if the probes contain charged groups) that lead to PNA bioactivity are still unclear.
Further, in hopes of developing a truly impactful PNA-based pharmacology, additional
focus on PNA biodistribution and toxicity are needed. Lastly, additional focus should be
placed on selectivity of binding, and not just affinity, especially as we enter the realm of
irreversible gene-editing technologies. Lessons from the recent progress in building ultra-
specific DNA hybridization technologies may become quite relevant as we look to build
precise PNA materials.'*

As we learn increasingly more about the various internal structures and UTR
modifications RNA employs for regulation/function, new targets become apparent. To
this end, further development and continued application of high affinity backbone/base
modified PNAs is warranted against various RNA structures and sequences. Additionally,
the synthesis of different PNA monomers with different displayed stereochemistry and/or
functionalization hinders their broad use and limits modified PNA studies to a handful of
labs across the world. Therefore, building “modular” backbones that can easily
functionalized, where the exact pendant group used depends on the downstream
application, may also accelerate wide spread use of backbone modified PNAs. To this

end, placing orthogonal chemistry functional groups, such as azide-alkyne “click”, in key

backbone positions will likely lower the barrier to use.

1.10 Research overview
Cell-free reversible translation control through toehold-mediated YPNA strand
displacement is demonstrated in chapter 2. In addition to achieving control over the

translation state of a reporter gene, we also developed a surface plasmon resonance (SPR)
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method to measure the displacement reaction. In chapter 3, we aimed to leverage
additional properties of YPNA to dictate the strand displacement reaction; specifically, we
constructed helical chimeric probes that contained complementary left- and right-handed
domains. With the chimeric probe set we demonstrate helical-dependent (orthogonal)
displacement using our SPR method. Chapter 4 presents our efforts to improve YPNA
selectivity through incorporating intramolecular structure into the antisense probe. We
investigate YPNA binding discrimination on the SPR and in a cell-free context. In short,
we observe enhanced binding selectivity and detail how mutational type and placement
effects the kinetic discrimination of the structured yYPNA. Chapter 5 provides an
improved example of YPNA-mediated strand displacement measured by SPR. Lastly,

chapter 5 gives potential forward direction of the strand displacement system.
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Chapter 2: In Vitro Reversible Translation Control Using

YPNA Probes

2.1 Eukaryotic translation overview

Controlling gene expression ectopically through synthetic molecular tools is an
intriguing and challenging prospect in chemical and synthetic biology." * In this chapter,
we demonstrate translation control with complementary oligonucleotides. To fully
appreciate the antisense tactic employed herein, it is important to summarize the
translational initiation and scanning processes that lead to the assembly of a mature 80S
ribosome on a gene transcript.

The first step in the eukaryotic initiation pathway begins with the assembly of the
ternary complex (eIF2, GTP, and Met-tRNA;"'®") and its subsequent interaction with the
40S subunit to form the 43S preinitiation complex (Figure 2.1).” The 43S complex then
interacts with the mRNA in an ATP dependent manner by binding to the capped 5’-end.
Here, we encounter our first antisense opportunity to inhibit the 43S subunit from binding
to the 5° end of the untranslated region (UTR) via introduction of a complementary
probe, a method that will be used in this project. After successful docking of the 43S
small subunit, the second step in ribosomal assembly involves scanning and denaturing
local secondary structure on the template in a 5° to 3’ direction along the UTR. Two
translation factors (eIF4A and eIF4F) have been indicated as ATP-dependent helicases
capable of unwinding RNA folding to allow the 43S complex to continue scanning.* The
scanning process completes when optimal binding interactions are established between

the AUG start codon, the Met-tRNA;"* anticodon, and the upstream Kozak initiation
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sequence (ribosome binding sequence). Lastly, with the aid of eIF factors to recruit the
60S large subunit, the 80S mature ribosome complex forms on the transcript ready to

begin peptide elongation.
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Figure 2.1 Overview of eukaryotic translation initiation pathway. Adapted from reference °.
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2.2 Introduction

Methods to irreversibly interfere with gene expression (e.g., antisense targeting of
mRNA) are well-known chemical biology tools and potential therapeutic strategies.’
Reversible regulation of gene expression offers the opportunity to perturb gene regulatory
networks and signaling cascades. Through the use of a serial method of translation
control, investigations related to the temporal and spatial effects of a specific transcript
can be approached. Through the careful attention to chemical probe affinity and
selectivity, control over protein expression is possible at the transcript level, which allows
for the direct investigation at precise nodes in biochemical pathways. Importantly,
achieving reversible control through the supply of an external probe can enable numerous
interventions and manipulations of native genetic elements to assess or control
downstream phenotypic effects. To this end, chemical probes can be introduced at precise
time points, allowing for on-demand control of translation locally or systemically,
depending on the method of probe delivery.

Synthetic translation regulation has been implemented through the utilization of
various engineered mRNAs and antisense-probe manipulations. Facile examples of
ligand-dependent (i.e. riboswitches’) protein expression, sequence optimization
(ribosome binding site strength®), and direct expression knockdown through exogenous
and endogenous probe hybridization’ have provided a way to selectively (de)-activate
target transcripts. Translation regulation through a strand displacement mechanism has
also been realized. For example, through the careful design of toehold-driven RNA
interactions, conditional RNAi mediated knockdown has been demonstrated. '

Furthermore, the mRNA transcript itself has been engineered to display conditional
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ribosome binding site (RBS) sequestration, whereupon translation is driven by a small
non-coding RNA displacement reaction.'" Using this approach, Green and coworkers
recently reported improved transcript designs for higher-fold GFP activation and
generalized the design to detect a much larger set of small RNA targets (triggers).'* In
terms of antisense reversible regulation, Young et al. suppressed gene expression
knockdown and then subsequently re-activated it by manipulating a light-sensitive
antisense agent that undergoes an intramolecular strand displacement reaction." This
work demonstrated the feasibility of light-defined control over reporter expression where
reversibility was established through application of caged antisense probes. Nevertheless,
achieving light-activated translation control is limited to a relatively small sensitized area
and penetrance depth, thus precluding systemic translation control (i.e. whole animal). To
achieve translation control in a systemic manner as well as limit any genetic manipulation
of target transcripts, we designed a translation control system consisting of an antisense
agent that inhibits translation but can be subsequently displaced from the mRNA target
by a suitable complementary sense agent.

A probe that alters translation must display the requisite affinity, specificity, and
solubility, and be amenable to cellular uptake to be successful in a range of applications.
Peptide nucleic acids (PNA'* ") provide high affinity complementary probes, with

biological stability owing to the unnatural backbone configuration (Figure 2.2).
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Figure 2.2 Chemical structures of PNA and yYPNA (y = R-miniPEG). Adapted from reference 16

The ability of PNA to interfere with gene expression has been well documented'”,

with examples including modulation of transcription'®?’, pre-mRNA splicing” >, mRNA

24-27 28,29

translation®**’ and miRNA function®*’. yPNA, a second generation analogue of PNA,*
exhibits enhanced target affinity and increased solubility compared to traditional PNA.'
These features arise from the fact that y-modifications that introduce an appropriate
chirality to the PNA backbone induce right-handed helicity, presumably reducing the
entropic binding penalty to a complementary partner, and leading to enhanced target
affinity. Meanwhile, the diethylene glycol (miniPEG) substituent used in the current
work provides significantly improved water solubility to PNA. YPNA has shown
promising target selectivity with excellent mismatch discrimination,'® and guanidinium-
modified YPNA has been shown to inhibit translation of mRNA within living cells.”'
Moreover, YPNA-yPNA duplexes are significantly more stable than YPNA-RNA
heteroduplexes, meaning our proposed approach relies on a thermodynamically favorable

process.’” Finally, PNA molecules are nuclease, protease, and peptidase resistant, which

makes them stable in biological milieu, such as the cell lysates we used in the following
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in vitro translation experiments.” Herein, we demonstrate reversible translation control

mediated through a YPNA-yPNA strand displacement process.

2.3 Results

Reversible translation control is achieved through two separate and fully
complementary YPNA molecules. The first YPNA is required for direct mRNA target
binding (antisense), which represses translation. The second (sense) YPNA de-represses
translation through a YPNA-yPNA displacement interaction, mediated by a free toehold

sequence on the first (antisense) YPNA strand (Figure 2.3).

State: OFF
r —
b
s
yPNA Strand 3
- 2
Displacement Sense —— G
yPNA
_: — ) )
State: ON (Anti, Sense)
—_—

Figure 2.3 Reversible translational control through use of YPNA probes. State: OFF is established by the
introduction of an antisense YPNA that binds to a partially cognate mRNA transcript, leaving the adjoining
toechold domain free. With the introduction of sense YPNA, a subsequent YPNA-yPNA (tochold nucleation
event) binding event initializes strand displacement, rendering the translation to State: ON. The
subsequently altered luciferase expression can be plotted to measure the translation recovery (right
illustration).

Reversible control of translation by base-pairing requires two functioning
components: (i) a sequence-selective probe that suppresses translation effectively and (ii)

an agent that can relieve this suppression. Previous antisense “gene walk” investigations

with PNA established two effective native mRNA target sites™ >**° (i) the 5’-terminal
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end of the mRNA and (i7) proximal to or at the Kozak initiation sequence and AUG start
codon. Relative to eukaryotic translation, probe hybridization at the terminal end of the
5’-UTR is largely believed to attenuate translation by inhibiting the attachment of the 43S
ribosomal pre-initiation complex to the transcript and thus blocking initiation of

3% When a probe is targeted to the Kozak/AUG region,’® both ribosomal

translation.
scanning of the 5’-UTR and subsequent translocation into the coding region is
prevented.” The removal of the antisense block from the mRNA transcript via strand

displacement from either site would release a fully functional native mRNA and allow

translation to proceed.

2.3.1 Translation suppression by PNA and yYPNA

To begin development of the translational switch, two unmodified 15-mer PNA
probes were synthesized that were designed to bind to the abovementioned sites within a
luciferase transcript. Both of the PNAs display 1Cs values in the low nM range (Figure
2.4A), indicative of excellent in vitro targeting, while maintaining negligible activity
towards an orthogonal 5’-UTR luciferase transcript that lacks the PNA target sites
(Figure 2.4B). To improve target binding, analogous YPNA (y = (R)-diethylene glycol,
“miniPEG”) oligomers were prepared. As mentioned above, YPNA has been
demonstrated to exhibit favorable RNA duplex stability, while still maintaining target
selectivity. Due to the higher thermodynamic stability of YPNA—RNA interactions,
compared to PNA-RNA,*’ we synthesized two yYPNAs (10-mer and 15-mer) targeting the

5’ terminus of the mRNA (referred to as YPNA;9 and YPNA;s). The luciferase mRNA

target sequence and the YPNA sequences are given in Table 2.1.
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Figure 2.4 PNA (unmodified) antisense inhibition of luciferase. (A.) Antisense dose-response curves for
both the 5’-Terminal and Start codon PNA probes (both tested at N=3) tested against the luciferase mRNA
(10 nM). The PNA probe and mRNA were pre-annealed in a solution (37 °C for 1 hour in RRL-matching
concentration of 79 mM K" and DEPC-treated H,0) and then translated for 90 mins at 30 °C. The given
ICs¢ values (mean average) represent the PNA concentration where a 50% reduction in luciferase activity is
observed. (B.) A luciferase transcript with a 5’-UTR lacking PNA binding sites is not suppressed by the
PNAs (checkered bars) as compared to the no PNA control (p >.05). Red and blue columns correspond to
level of inhibition by each PNA for the specific target. The two PNAs, both tested at 100 nM, were
incubated with 10 nM of the mRNA.

Table 2.1 The 5’-terminal mRNA target sequence is given. The YPNA sequences are written from the C-
terminus to the N-terminus, “K” represents lysine. The 5’-end of the mRNA transcript is hybridized with
the C-terminal end of the YPNA oligonucleotide. All monomers are YPNA.

mRNA Target 5 —-AGACCCAAGCUUUCA-3’
YPNA,; NH,-K-TCTGGGTTCGAAAGT-H
YPNA,, NH,-K-TCTGGGTTCG-H

The antisense dose response relationship for both YPNA;5 and YPNA; probes
against the luciferase reporter are presented in Figure 2.5A. Both probes gave low 1Cs

values (<50 nM). Furthermore, a dose of 100 nM YPNA gave >85% gene knockdown for
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both cases. Unexpectedly, the two YPNAs gave similar ICsy values despite the difference
in length. This is likely due to both probes blocking ribosome association at the termianl
end. Nonetheless, the improved efficacy of the YPNAs compared to the PNA is consistent
with the enhanced YPNA thermodynamic stability. In addition, by utilizing an mRNA
transcript with an orthogonal 5’-UTR, we observed only slight (~10-15%) off-target
luciferase knockdown (Figure 2.5B), again likely due to the higher affinity tradeoff with
selectivity. Having observed sufficient antisense knockdown for both lengths of YPNA,

subsequent YPNA translational control probes were based off the shorter YPNA ¢

sequence.
A B 150
2> ->- yPNA15 >
2 0= -+ yPNATO 2
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Figure 2.5 YPNA antisense gives effective and specific luciferase knockdown. (A.) Overlay of antisense
dose-response curves for both YPNA 1y and YPNA 5 (both tested at n = 3) tested against the luciferase
mRNA (10 nM). The yPNA probe and mRNA were pre-annealed in a buffered solution (RRL-matching
concentration of 79 mM K" and DEPC-treated H,0) and then placed in a 37 °C incubator for 1 hour. (B.)
YPNA probes against a luciferase mRNA (10 nM) that has a scrambled YPNA target site (checkered bars).
YPNA o shows insignificant knockdown (p > .05) and YPNA s shows small (~15%) but potentially
significant (p < .05) luciferase knockdown. The knockdown of the perfect match luciferase is shown for
YPNA 5 (100 nM, black bar) and yPNA o (100 nM, green bar).
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2.3.2 Reversible translation suppression with YPNA

Because the 10-mer sequence is effective for translational suppression, we
designed an extended YPNA probe containing the same 10-base mRNA binding domain
and a contiguous 5-nucleobase toehold that is not complementary to any site on the
mRNA (Figure 2.3). The toehold domain functions as a nucleation site that mediates the
displacement of the bound antisense strand by addition of the second sense YPNA. The
sense YPNA is fully complementary to antisense YPNA, leading to 5-extra base pairs (for

specific sequence design see Table 2.2).

Table 2.2 Specific YPNA sequence used in reversible experiments, with complementary toehold
domains indicated in red. K = lysine.

mRNA Target 5"-AGACCCAAGC-3"
Antisense YPNA H,N-K-TCTGGGTTCGTGATA-H
Sense YPNA H-AGACCCAAGCACTAT-K-NH,

The use of a 5-nucleobase toehold was determined by previous reports that show
this to be a suitable length®® for strand displacement reactions in DNA-based
manipulations. However, shorter length toeholds may potentially be suitable given the
higher affinity of PNA-PNA interactions relative to the analogous DNA-DNA
interactions. Hence, upon the introduction of the complementary sense YPNA and through
binding of the sense toehold to the complementary antisense toehold, a strand

displacement reaction should free the mRNA transcript and toggle translation back ON.
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To characterize the YPNA-yPNA displacement reaction we designed a series of
surface plasmon resonance (SPR) experiments to verify and quantify the displacement
reaction. Unfortunately, SPR is not amenable to direct immobilization of RNA due to the
harsh chip regeneration conditions (i.e. NaOH wash) needed to remove bound yYPNA
prior to the next injection of sample. Given this, the SPR chip is functionalized with an
immobilized biotinylated-DNA target, where the DNA sequence matches the target
mRNA probe binding domain. Antisense YPNA is then injected (20 nM) into the flow cell
to allow the target DNA-antisense YPNA hybridization reaction to occur (Figure 2.6).
Subsequently, a short buffer wash is used to remove any unbound antisense YPNA, and
then a titrated concentration (0-200 nM) of sense YPNA is flowed over the chip to allow
for the YPNA-yPNA displacement reaction. A successful displacement reaction causes an
overall loss of mass on the chip and generates a discernable dissociation curve on the
SPR sensorgram (Figure 2.6). The percent displacement should increase as a function of

sense concentration.

I|__J|||2 _}I\|\

YPNA YPNA
Antisense Sense
Target (DNA) Antisense Branch Migration Displacement
* A ?% Displacement
e
@ v 100% Loading
Response Response

Figure 2.6 Surface Plasmon Resonance (SPR) investigation of yPNA-yPNA strand displacement.
Antisense YPNA (light blue), with toehold (red), is loaded (association phase) onto the SPR chip via a
hybridization reaction with the surface bound DNA (gray) capture strand. A wash step is included to
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remove any residual antisense YPNA. The toehold nucleation and strand displacement reaction is initiated
through sense YPNA (black) injection. Branch migration phenomena (unresolvable by SPR) leads to strand
displacement, resulting in overall mass loss from the chip. The ratio of loading versus loss due to
displacement is taken as the percent displacement.

Figure 2.7 demonstrates that the displacement experiment functions as illustrated
in Figure 2.6. Loading of the antisense YPNA results in strong increase in signal, while
subsequent addition of sense YPNA decreases the signal in a dose-dependent manner.
Interestingly, only ca. 50% of the antisense YPNA could be displaced, based on the
decrease in the observed response units. Although we saw clear evidence of YPNA strand
displacement in the SPR (Figure 2.7C), the reaction was incomplete even when using

high sense YPNA concentrations (> 200 nM).
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Figure 2.7 Surface plasmon characterization of YPNA displacement from complementary DNA. (A.)
Calculation of percent displacement. The response unit change due to sense YPNA dissociation (ARU
Sense) is divided by initially hybridized antisense YPNA (ARU Antisense). The experiments were
conducted so that ARU antisense is constant for all runs. (B.) Dissociation of antisense YPNA through
increasing sense YPNA concentrations over time. Every SPR run used a constant antisense concentration of
20 nM which was injected onto the SPR chip to hybridize the immobilized target DNA. Sense YPNA was
then titrated (0-200 nM), to allow for displacement of the antisense YPNA from the chip. (C.) Various
antisense conditions were considered including: toehold, no toehold and sequestered toehold (left). The
total displacement achieved by the various conditions is shown (right). (All data in C is presented as
average of n =2 +s.d.).

To try to further understand the displacement saturation, we tested the possibility
of non-specific YPNA sense interactions on the SPR. First, we verified that sense YPNA
does not interact with the streptavidin-functionalized chip alone, that is, without any
immobilized DNA present on the chip. As expected, we saw no indication of a sense

YPNA-streptavidin interaction (Figure 2.8).
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Figure 2.8 Non-specific interaction of increasing amounts of Sense YPNA (0-500 nM) flowed over a
streptavidin-functionalized SPR chip (inset shows streptavidin (red dots) chip with introduced sense
YPNA). We do not see any detectable levels of binding above background (0 nM sense).

Next, we tested if there is any non-specific binding between the sense YPNA and
the homologous immobilized DNA target. We did indeed observe non-specific binding of
the sense YPNA to the target strand particularly at concentrations above 200 nM sense
YPNA (Figure 2.9A). We hypothesize that this non-specific interaction may be due to the
formation of partial duplexes between the homologous sense YPNA and immobilized
DNA. Interestingly, when we immobilize a longer DNA target having 5 additional bases
that sequester the antisense toehold (Figure 2.7C), we observe little sense YPNA non-
specific binding (Figure 2.9B). Clearly, further experiments are needed to better
understand the origins of non-specific hybridization and lack of complete displacement.
This can be tested in the future by studying different antisense/sense/DNA sequence

combinations to investigate if off-target effects can be mitigated.
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Figure 2.9 (A.) Non-specific binding of sense YPNA to an immobilized DNA target is evident at high
concentration (> 200 nM) of sense YPNA (scheme above shows experiment, sense YPNA (black) and DNA
(gray) have the same sequence). Above scheme shows experimental design. (B.) Immobilization of a DNA
that contains 5-extra bases (designed to sequester antisense toehold) diminishes sense YPNA off-target
sense binding. All data is presented as an average of two sample runs. In both cases, the antisense YPNA
binding is shown (black curve) to indicate specific hybridization. The above scheme shows the
experimental design (note, the longer DNA target).

To verify that the presence of the antisense toehold was necessary for
displacement, we repeated the SPR displacement reaction by considering two separate
experimental toehold-control conditions. The first control removed the toehold from the
antisense YPNA to test if displacement driven by the sense YPNA can still proceed
without proper toehold nucleation to the YPNA-10mer sequence. Here, we found that the
removal of the antisense toehold gave no measurable displacement on the SPR (Figure
2.7C). The second control experiment utilized a longer immobilized target that
completely base-pairs with the antisense YPNA toehold. When the longer target was
applied, there was minimal detection of sense YPNA driven displacement (Figure 2.7C)

presumably due to sequestering the antisense toehold.
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After observing YPNA-driven displacement on the SPR, in vitro translation
control studies were then conducted. The initial antisense YPNA probe was pre-annealed
to the target mRNA (1 hour at 37 °C in 79 mM K buffer). The sense YPNA was then
introduced and allowed to interact with the antisense YPNA-mRNA complex over time.
The total mixture (mRNA, antisense/sense YPNA) was subsequently added to the Rabbit
Reticulocyte Lysate (RRL) and luciferase bioluminescence was measured using a
TECAN plate reader after 90 minutes of translation. Following this approach, yPNA
translation recovery was observed across a range of sense YPNA incubation times at
equimolar sense-antisense (100 nM) concentrations in a time-dependent fashion (Figure
2.10A), with ca. 20% translation recovery observed in one hour, increasing to ca. 75%
recovery in three hours.

The time dependence almost certainly indicates that our probe-driven reversibility
has kinetic limitations. This is further supported by the SPR data, which demonstrated
increase strand displacement as higher concentration sense YPNA was titrated. To ensure
that the antisense YPNA does not knockdown an orthogonal luciferase, we incubated the
toehold extended antisense YPNA at the high end of the dose range (100 nM) against a
luciferase (10 nM mRNA) transcript with a scrambled target-binding site. We observed
no knockdown of the luciferase expressed from the orthogonal transcript when compared
to the 0 nM antisense YPNA control (Figure 2.10B). These results reflect the high degree
of affinity and specificity antisense YPNA has for the target sequence of the transcript.
Lastly, to show that the sense YPNA/mRNA interaction (no antisense present) does not
cause elevated expression, the sense YPNA was incubated with the mRNA (100 nM

sense, 2-hour incubation, 10 nM mRNA) and then added to the RRL. Again, the sense
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YPNA showed no effect on protein expression levels when compared to the 0 nM yYPNA

control (Figure 2.10B).
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Figure 2.10 Time dependent translation recovery via yPNA-yPNA displacement. (A.) The amount of
luciferase translation recovery observed was directly related to the sense YPNA incubation times. At 3-hour
sense YPNA translation recovery approached ~75% activity opposed to only ~20% when 1-hour
incubations were performed. Equimolar (100 nM) antisense YPNA/sense YPNA was used with 10 nM of

target mRNA for all samples (Data is plotted as n=3 average + s.d.). (B.) When the antisense YPNA alone
or sense alone or both were incubated (1 hour at 37 °C) against an orthogonal mRNA transcript (scrambled

antisense YPNA target site) we observed insignificant (p > .05) luciferase knockdown ([yYPNA] = 100 nM,
[MRNA]= 10 nM). (Data is plotted as n = 3 average £ s.d.).

The reversibility of an antisense YPNA that lacks the toehold domain was
evaluated to determine if the increased YPNA-yPNA duplex stability alone was sufficient
to reactivate translation. Initially, we annealed the “toehold-less” antisense YPNA to the
luciferase mRNA at 37 °C. Next, we introduced the sense YPNA to the annealed
mRNA/antisense YPNA and let the ternary mixture incubate for 2 hours before adding the
entire mixture to the rabbit reticulocyte lysate (RRL) for translation. While the antisense-
driven luciferase knockdown was conserved without the presence of a toehold domain,
the sense-mediated reversibility was abolished completely (Figure 2.11A), indicating the

importance of the antisense toehold as a nucleation site required to recover gene

54



translation. Furthermore, similar results were observed even at elevated temperatures (55
°C) applied over a 2-hour sense incubation time. Applying the same reaction conditions
(sense incubation at 55 °C) to a toehold-containing antisense YPNA showed increased
recovery of translation (Figure 2.11B) when compared to recovery values obtained at 37
°C sense incubation (70% versus 55%). Although operation of the strand displacement at
55 °C is not relevant for many biological applications, this is a useful experiment to
explore the robustness of the strand displacement reaction and may be useful for in vitro

experiments or methods.
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Figure 2.11 An antisense toehold is required to reverse YPNA-mediated translation inhibition. (A.) The
absence of the antisense YPNA toehold domain eliminates any observed sense YPNA translation recovery
(2-hour sense incubation [YPNA] = 100 nM, n = 3), however the toehold loss does not affect the antisense
potency, see (+,-) bar. Additionally, the loss of the antisense YPNA toehold eliminates any observed
translation recovery regardless of applying an elevated sense YPNA incubation temperature (55 °C) see
(+,%) bar. (Data is plotted as n = 3 average + s.d.). (B.) When the antisense YPNA toehold is available,
applying an elevated temperature (55 °C) sense YPNA incubation yields high values of translational
recovery (~70%) compared to the knockdown (p = .0002). (Data is plotted as n = 3 average + s.d.).

An alternative to regulation of translation by exogenous sense YPNA is to utilize
expressible RNA (e.g. miRNA, mRNA, or IncRNA) or exogenously supplied RNA (i.e.
siRNA). Therefore, a sense RNA was tested for its ability to displace the antisense YPNA

(Figure 2.12A). The sense RNA (200 nM) was incubated with pre-annealed antisense
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YPNA/mRNA sample over the course of 2 hours. A two-fold excess (200 nM) of sense
RNA was required to obtain ~30% translation recovery (Figure 2.12B). This differs from
the sense YPNA experiments where 2-hour equimolar sense-antisense (100 nM)
incubations gave ~55% recovery. Furthermore, sense RNA concentrations that were 10-

fold higher (1 uM sense) than antisense YPNA yielded similar translation recovery results

to 200 nM sense RNA.
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Figure 2.12 (A.) Reversible translation control with sense RNA in place of sense yYPNA. The RNA probe
replacement is the equivalent nucleotide sequence. (B.) Sense RNA displayed modest translation recovery
(~30%, p < .05) at higher applied concentrations, specifically 200 nM (2 eq.) or 1000 nM (10 eq.) of sense

RNA compared to 100 nM sense YPNA with a 2-hour displacement time. (Data is plotted as n = 3 average
+s.d.).

Additionally, we tested sense RNA driven-displacement on the SPR (Figure
2.13), however we did not observe antisense YPNA displacement, which could be due to
non-optimized toehold design (e.g. length, sequence, etc.) or the much shorter time scale
of the SPR experiment, where the sense RNA has only 400 seconds during which to
displace the antisense YPNA versus a two hour incubation prior to beginning in vitro

translation.
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Figure 2.13 (A.) Dissociation of antisense YPNA through increasing sense RNA concentrations. Every SPR
run used a constant antisense concentration of 20 nM to hybridize the immobilized target DNA. Sense
RNA was titrated in (0-500 nM) to allow for displacement of the antisense YPNA. (B.) Percent
displacement of antisense YPNA by sense RNA (black), also plotted in green is displacement from the
sense YPNA experiment. (All data in B is presented as average of n =2 + s.d.).

To demonstrate translational control under physiological translation conditions,
we tested sense YPNA reversal directly in a functional translation lysate system (Figure
2.14A). The sense YPNA was added at various concentrations to the RRL solution. These
lysates were then charged with the antisense YPNA/mRNA complex (100 nM of
antisense, 10 nM mRNA), and translation proceeded for 90 minutes. As expected, when
no sense YPNA is present, ~98% of luciferase activity is blocked by the antisense strand
(Figure 2.14B). Translation of luciferase is restored in a concentration-dependent
manner, ultimately achieving ~90% recovery at a 20-fold (20X) excess of sense YPNA
(Figure 2.14B). The excess sense is likely needed because of the constrained time-
window (90 mins) and temperature (30 °C) the strand displacement reaction occurs in.
Additionally, after strand displacement, protein expression is confined to this time and
temperature windown. Considering the antisense reversal in lysates, this suggests that
such control may be possible in native physiological environments (e.g. cells), provided

the excess sense strand does not exert significant off-target effects.
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Figure 2.14 (A.) Reversible translation through addition of sense YPNA (1 — 20X) into rabbit reticulocyte
lysate (RRL). The antisense YPNA (100 nM) is pre-annealed (1 hour at 37 °C) to the mRNA prior to the
introduction into the RRL. The translation reaction then proceeds for 90 mins at 30 °C. Translation
recovery as a function of sense YPNA concentration (N=3 for all concentrations). (B.) 0x represents 100 nM
antisense YPNA (+,-), with no added sense YPNA. Significant (p < .05) translational recovery is seen at 10-
fold and 20-fold sense concentration compared to antisense (100 nM) alone (~98% knockdown). (Data is
plotted as n = 3 average + s.d.).

2.4 Discussion

Reversible and selective translation control will provide a tool that is useful in the
study of fundamental biological processes as well as in synthetic biology. Here, we
demonstrated reversible translational regulation of a luciferase reporter in a cell-free
system using YPNA strand displacement driven by toehold recognition.” Translation
blocked by an antisense YPNA targeted to the 5'-terminus of the mRNA could be restored
through addition of either a sense YPNA or a synthetic RNA designed to be fully
complementary to the antisense YPNA. The latter result opens the door toward using
endogenous sense molecules (e.g., miRNA) to reverse translational inhibition by an
antisense YPNA, although further optimization of the toehold is needed to enhance the
potency of reversal by RNA. In addition, successful demonstration of PNA as an

21,22,29

inhibitor of transcription,* splicin and miRNA function®™ % suggests that our
p p g gg
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YPNA-based approach can be extended to allow reversible control over other steps in
gene expression.

In addition to the luciferase reporter experiments, we developed a new SPR method
to monitor strand displacement reactions in real time without the need for fluorescent
labels.*' This method should be useful for studying the kinetics of strand displacement for
any other natural or synthetic nucleic acid. With growing interest in nucleic acid—based
computing, SPR provides an attractive platform on which to study hybridization reactions
in a label-free, automated, medium-throughput manner.

We anticipate that the YPNA displacement method may be useful in more elaborate
cell-free experiments that include multiple gene targets, which are to be controlled
discretely and independently, or to exert control over multiple open reading frames on a
single transcript. Nevertheless, the simultaneous regulation of multiple genes will require
careful sequence design of the YPNA system to limit off-target binding and maximize
translation activation. Here, we directly synthesized the YPNAs to target the 5’-terminal
UTR. However, if selectivity is a concern, additional focus can be placed on scanning the
transcript for potential off-target sites, and shifting the yYPNAs target site accordingly to
limit the off-target binding potential. For example, shifting a few bases down from the 5°-
terminal site may result in similar antisense potency, but improved selectivity. Future
improvements upon the YPNA design, for instance by altering toehold sequence and
length may lead to enhanced toehold nucleation and subsequent displacement in these
types of reactions.

The next logical step in this work is to demonstrate reversible antisense effects in

cell culture, which will require effective delivery of YPNAs into cells. Cell-penetrating
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peptides, " cationic side chain modifications or small molecule conjugates*® have
all been used to deliver PNAs into cells. In addition, a recent paper reported site-specific
genome editing in vivo by YPNA delivered via a polymeric nanoparticle vehicle.*” A
similar nanoparticle formulation could be integrated with our technology to achieve
intracellular translation recovery. In practice, this would involve delivering the antisense
and sense YPNAs in separate transfections. Alternatively, a single nanoparticle bolus that
delivers both YPNAs simultaneously could be used if the sense YPNA is prevented from
hybridizing to the antisense YPNA, e.g., through introduction of a photoreleasable caging
group.®®

Another concern with moving our reversible translation inhibition to a cellular
context is the possibility of off-target binding due to the exceptionally high affinity of
yPNA,>” which could lead to weaker antisense inhibition of the targeted mRNA and/or
slower, less potent reversal due to competitive hybridization of one or both YPNAs to
unintended sites. However, designing structure into the yYPNAs, for example, in the form
of a hairpin* or competitor strand,”® could limit such off-target binding while preserving
sufficient affinity to drive the key yYPNA—yPNA hybridization reaction.

Finally, it could be anticipated that the cellular mRNA surveillance pathways
would interfere with our approach by degrading the antisense-targeted transcript before
the sense YPNA could be introduced. However, the activation of nonsense-mediated
decay (NMD), nonstop-mediated decay (NSD), and no-go decay (NGD) mechanisms are
dependent on the presence of a transcript-docked ribosome.”" In the work presented here,

we selected an mRNA target site (terminal 5'- UTR) that prevents 5'-UTR eukaryotic

ribosomal initiation. Under this YPNA targeting strategy, we anticipate that little mRNA
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will be lost due to ribosome-dependent degradation pathways. Similarly, RNaseH-
mediated mRNA degradation is unlikely to occur due to the unnatural structure of YPNA.
Thus, it should be possible, within cell culture, to trap a transcript using an antisense
YPNA and then release it for translation at some later time through addition of the
corresponding sense YPNA.
2.5 Conclusion

The results presented here demonstrate “toggling” an mRNA transcript from an
OFF state to an ON state, using a complementary YPNA toehold-mediated strand
displacement mechanism. Additionally, we developed a modified SPR method to verify
the strand displacement phenomenon. In short, this project was a success, especially
considering that this is the first PNA-based toehold-mediated strand displacement.

However, some difficulties were encountered. First, the explanation behind the
50% displacement saturation on SPR is still unclear, however the off-target sense binding
was likely a part of the problem. As of this writing, I am exploring some potential mass
transport limitations that may be the cause (especially after seeing the same displacement
saturation in chapter 3 work). Additionally, there was some off-target knockdown (i.e., in
the orthogonal FLUC sequence), however this likely comes with the territory when using
such a high affinity oligonucleotide like YPNA. Nevertheless, careful attention to probe
design (e.g., sequence, length, structure, etc.) may aid in improving the overall quality of

the data.
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2.6 Materials and Methods

2.6.1 (y)PNA synthesis, purification, and characterization

PNA oligomers were synthesized and purified using common protocols. Mass
characterization was conducted by MALDI-TOF TOF (START PNA m/z found 4252.4
calcd 4255.0, TERM PNA m/z 4263.8 calcd 4263.0), and subsequently checked for purity
on a reverse phase HPLC (See Appendix for HPLC and MALDI-TOF data). YPNA;¢ and
YPNA 5 probes used in Figure 1.5 were HPLC purified and characterized by MALDI
TOF (yPNA 1y m/z found 4041.6 calcd 4044.0, yPNA 5 m/z 6019.1 calcd 6018) (See
Appendix for HPLC and MALDI-TOF data). yPNA oligomers used for reversible
translation experiments were obtained from PNA Innovations. PNA and yPNA stock
concentration was determined by measuring the oligomer absorption at 260 nm (collected
at 95°C) and dividing by the following respective molar extinction coefficients:
PNA START ¢ = 146,700 M cm”
PNA 5° TERMINAL ¢ = 155,800 M cm’'
YyPNA o € = 94,000 M cm
YyPNA;s€= 155,800 M cm™
Antisense YPNA € = 150,700 M cm’*
Sense yYPNA ¢ = 155,800 M cm™
(note: Sense YPNA extinction coefficient is indeed the same as PNA 5° TERMINAL and

YPNA s although the sequences are different)
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2.6.2 Luciferase plasmids for T7 RNA polymerase generation of RNA and in vitro

protein synthesis in a rabbit reticulocyte lysate

The T7 Luciferase Control Plasmid, Promega part number L482A, was modified
to remove alternate start codons, add the CMV transcription start sequence, a restriction
site upstream of the Kozak-ATG and a restriction site at the start codon to enable
luciferases to be inserted. The Promega plasmid was digested with BamHI and Sacl and
the luciferase was ligated into the Promega vector. This also introduced an Ncol site at
the start codon. The firefly luciferase was PCR amplified digested and ligated into Ncol

and Sacl digested vector.

NcoFFlucF 5’-TATATACCATGGAAGACGCCAAAAACATAAAGAAAGG-3’

SacFFlucR 5’-TATATAGAGCTCGCCCCCTCGG-3’

This plasmid was then digested with HindIII and BamHI and annealed oligos

were ligated to introduce an Nhel site and CMV transcription start sequence.

HindCMVtransF 5-AGCTTTCAGATCCGCTAGCGCTACCGGG

BamCMVtransR 5’-GATCCCCGGTAGCGCTAGCGGATCTGAA

The firefly luciferase plasmid has the T7 promoter, CMV transcription start
sequence and restriction sites, HindIII, Nhel, BamHI and Ncol at the start codon. There is
a Sacl site 66 bases from the stop codon and a 30 base polyA sequence following the

Sacl site.
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2.6.3 PCR amplification of the firefly luciferase plasmid

The firefly plasmid was digested (linearized) using an Apal.1 restriction site
located downstream of the encoded poly A tail sequence. The linearized product was
purified using the Thermo Scientific GeneJET Gel Extraction Kit protocol. The DNA
was then PCR amplified using the NEB PCR Protocol for Phusion” High-Fidelity DNA
Polymerase (cycled 35 times, PCR program 98 °C 2m, 98 °C 10s, 45 °C 15s, 72 °C, 2m,

72 °C 1m, hold at 4 °C).

Primer design: T7 transcription site 5’-TACGACTCACTATAGGG-3’

poly A tail site 5’-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT-3’

The products were purified using the Thermo Scientific Gel Extraction Kit

protocol and verified using agarose gel electrophoresis (1.8 kB).

2.6.4 Transcription reaction and purification

The transcription reaction followed the Thermo Scientific conventional
transcription protocol (50 pL final volume) and consistently gave high RNA product
yield (~ 2.5 uM, determined via NanoDrop spectrophotometer). The transcription
reaction was conducted at 37 °C for 2 hours. The transcription products were purified
using the Thermo Scientific GeneJET RNA Cleanup and Concentration Micro Kit and

concentration was measured using a NanoDrop spectrophotometer.
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2.6.5 yPNA/mRNA annealing

The yPNA and RNA were annealed together in the presence of 79 mM potassium
chloride (designed to match the K concentration in the rabbit reticulocyte lysate, RRL
source) and DEPC-treated water. The RNA concentration for all translation experiments
is set at 10 nM in the final translation reaction. The probe concentration varies depending
on the desired final concentration of probe. The initial antisense probe is annealed at 37
°C for 1 hour. In the case of the reversible translation experiments, an additional pre-
incubation time (1-3 hours) is given for sense YPNA displacement at 37 °C being careful

to maintain the incubation salt concentration (79 mM).

2.6.6 Translation conditions and luciferase read out

The translation reaction was conducted using the Promega Luciferase Assay
System (E1500) (rabbit reticulocyte lysate). The PNA concentration was determined by
considering the 50 pL final translation reaction volume. The translation reaction is
conducted at 37 °C for 2 hours. Immediately after, the samples are stored in ice to quench
any further protein synthesis. Following the Promega Rabbit Reticulocye Lysate System
technical manual, 5 pL lysate solution is mixed into 50 pL. Promega Luciferase Assay
Reagent (E1483) added to a Thermo Scientific Nunc 96 well plate (flat white). The

bioluminescent reading was collected on a TECAN Infinite M1000 plate reader.

2.6.7 Surface plasmon resonance (SPR)
All SPR experiments were performed on a Biacore T100 instrument (GE

Healthcare) equipped with a four-channel sensor chip. The commercially available chip is
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coated with a carboxylmethyl dextran matrix that allows further functionalization with
streptavidin via a standard NHS-EDC coupling procedure.’> Immobilization of
streptavidin was continued until 7000 response units (RU) of the protein were captured
on each of the four channels (flow cells). The final step of the sensor design involved
non-covalent capture of the 5’-biotinylated DNA targets (~150 RU) on the respective
flow cells bearing immobilized streptavidin.

Each experiment was preceded by injection of a solution containing 20 nM of the
antisense YPNA oligomer for 400 s (flow rate = 30 pL/min). A dissociation time of 200 s
was incorporated after the injection to allow for diffusion of unbound antisense oligomers
from the sensor surface. The subsequent displacement assay was then performed by
injecting a solution containing a fixed concentration of either the sense yYPNA/RNA
oligomer (flow rate = 30 pL/min) and monitoring the sensor response over 400 s. Each
displacement cycle was ended by introducing a pulse of a regeneration cocktail (1 M
NaCl, 10 mM NaOH) for 30 s at a flow rate of 50 uL/min. The cocktail serves to release
any residual antisense/sense oligomers and is followed by a buffer injection (150 s, flow
rate = 30 uL./min) to reestablish a baseline prior to the next displacement cycle.

The attenuation in response units following introduction of the sense oligomer
was taken as evidence of displacement of the antisense YPNA from the sensor surface.
Therefore, we established a quantitative estimate of the displacement reaction by the ratio
of signal attenuation upon introduction of the sense YPNA, ARU (sense), to enhancement

upon introduction of the complementary antisense YPNA, ARU (antisense) (Eqn. 1).
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ARU (sense)

x 100

% Displacement =

1

ARU (antisense)

2.7 Appendix
2.7.1 PNA START HPLC & MALDI-TOF

PNA START m/z found 4252.4 calcd 4255.0
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2.7.2 PNA 5> TERMINAL HPLC & MALDI-TOF

PNA 5° TERM m/z found 4263.8 calcd 4263.0
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2.7.3 yPNA;iHPLC & MALDI-TOF

YPNAp m/z found 4041.6 calcd 4044.0
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2.74 yPNA;sHPLC & MALDI-TOF
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Chapter 3: Translation Control Using Chimeric yYPNA Strand

Displacement

3.1 Introduction

The renewed focus in the last 15 years on nucleic acid hybridization kinetics and
thermodynamics has provided an impressive set of Watson-Crick nanotechnologies.'”
The resultant nucleic acid systems often demonstrate a stimulus-dependent re-distribution
of molecular species, which in turn yields a detectable output. Characteristically, well-
designed dynamic systems can (1) receive and autonomously (non-enzymatically) (2)
process a nucleic acid input, that in turn, drives a molecular and/or mechanical (3) output.
The output species, which is often a nucleic acid, may directly report on the presence of a
disease marker or be used to alter the genetic information behind the disease.®’
Additionally, multiple nucleic acid devices can be “wired” together, in a cascading or
parallel manner, to form gate circuits which are layered for higher order computation.®’
The internal structure of the nucleic acid device itself and the recognition event between
the device and the input, are all programmed by Watson-Crick base pairs.'’ Thus, given
the well-understood nature of DNA base-pairing, the nucleic acid interactions are
engineered to achieve agreement between user design and the resultant device
performance.'' Furthermore, computational tools, such as NUPACK web application, are
readily available and can be used to design and simulate nucleic acids systems.'?

The central component in dynamic nucleic acid nanotechnology is the single

stranded toehold domain."® The toehold domain allows for kinetically fast molecular
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rearrangements (processing and output generation) between a mix of Watson-Crick
cognate molecules.'* Furthermore, without the presence of an exposed toehold domain,
new duplex combinations are kinetically discouraged, regardless of any potential
thermodynamic gain upon duplex rearrangement.'® Thus, the toehold domain accelerates
the reaction by providing a “docking” domain to initiate the strand displacement reaction.
The strand displacement reaction is largely governed by the coupling between toehold
thermodynamics and displacement kinetics. For example, modifying the toehold length or
increasing the G-C content can increase the binding strength between complementary
pairs and accelerate the rate of the overall displacement reaction.'> '

However, binding selectivity is also important in toehold driven hybridization
reactions.'® The need for high affinity (sensitivity), but without compromised selectivity,
presents an interesting challenge in the design and implementation of hybridization

1718 To strike a balance between affinity and selectivity, nucleic acid systems are

probes.
designed to contain regions that impart binding affinity (toehold), but also contain
structural regions that minimize “off-target” events by introducing a discriminatory

. . . 9.20
competing intramolecular architecture.'”

Indeed, the incorporation of competitive
internal structure to improve target selectivity is a design feature that has been
implemented in several nucleic acid designs for some time now, including triplex
forming oligonucleotides and molecular beacons, to name a few.*'*

It should be noted, that much of the strand displacement work has involved
DNA/RNA only, whereas demonstrations that employ analog systems (e.g., PNA or
LNA) are sparse.”* > Similar to DNA/RNA, PNA/LNA rely on the same Watson-Crick

base-pairing rules and are dictated, in large part, by nearest-neighbor thermodynamics in
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target recognition.”®*” Thus, to a first approximation, DNA/RNA computational tools
may also be used reliably to design analog hybridization nanotechnologies. However, due
to PNA having a drastically different backbone (chemical makeup and lack of charge),
application of these tools should be used cautiously.

The analog nucleic acids demonstrate heightened affinity/selective properties and
enhanced bio-stability, thus giving them several potential contextual advantages in
dynamic nucleic acid technology compared to DNA/RNA.** * Specific to PNA, several
backbone modifications have recently been explored to improve the physiochemical
properties and cellular compatibility. For example, PNA modified at the y-position with
solubilizing agents has improved water solubility, improved target binding affinity, and,

30-32

enhanced cellular delivery of the PNA molecule class. In short, the unique features of

non-natural nucleic acids present interesting opportunities to create more robust
DNA/RNA hybrid or orthogonal technologies.

Besides demonstrating improved physiochemical or binding properties, nucleic
acid analogs can also be made to “play” by different rules than the natural nucleic acids.
For example, recent work with y-modified peptide nucleic acids (YPNA, y = methyl)
demonstrated orthogonal bimolecular recognition of right- and left-handed probes.>
Specifically, depending on which amino acid stereoisomer (D or L) was used in YPNA
synthesis, the probe can adopt either right- or left-handed pre-organization. To this end,
successful YPNA-yPNA duplex formation is a function of sequence and helical
complementarity. Although left-handed YPNA does not bind DNA/RNA, left-handed
domains can be conjugated to right-hand domain containing probes to interface with the

natural nucleic acid class. The construction of this type of “chimeric” molecule allows for
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bi-helical and orthogonal interactions among complementary pairs. For example, recent
work by Winssinger and coworkers demonstrated DNA template-driven turnover
enhancement of a ruthenium functionalized chimeric YPNA (y = methyl). The chimeric
YPNA has a hairpin architecture that is composed of three connected domains; L-yPNA
domain, followed by an achiral unmodified PNA domain that is internally hybridized to a
connected D-yPNA domain.** Moreover, the D-yPNA domain is terminally
functionalized with a ruthenium complex that is catalytically enhanced upon a DNA-
mediated (target) structural rearrangement. This work presents an interesting in vitro
example of chiral YPNA for improved nucleic acid catalysis, however the application of
helically orthogonal YPNA which confers bioactivity has not been achieved yet.

To address the gap in strand displacement mediated nucleic acid nanotechnology
using PNA, we recently designed a toehold-mediated strand displacement system using y-
modified peptide nucleic acid (yPNA, y = diethylene glycol).”® In brief, this work
demonstrated toehold-mediated reversible YPNA antisense control of a reporter gene and
characterized the strand displacement reaction biophysically. However, due to the high
binding affinity of YPNA some concerns with selectivity were noted, thereby leaving
room for design improvement.

In this work, we demonstrate orthogonal recognition and reversible translation
control using YPNA designed with concatenated left- and right-handed domains. The
right-handed domain is designed to bind to DNA and mRNA, whereas the downstream
left-handed domain is designed to function as a toehold domain. The left-handed toehold

domain initiates helical and sequence compatible YPNA-yPNA strand displacement.

7R



Additionally, the chimeric strand displacement reaction is characterized directly using

surface plasmon resonance.

3.2 Results

As mentioned above, in vitro reversible translation control of a reporter gene was
shown using a complementary probe system composed of an antisense YPNA and a
complementary sense YPNA. In this work, we investigated a helically chimeric YPNA
system for mediating reversible translation control. The two chimeric YPNA probes,
which are referred to antisense YPNAcy and sense YPNAcp, contain a 10-mer right-
handed domain, a diethylene glycol (miniPEG) linker, which is attached to a 6-mer left-
handed toehold domain. The miniPEG linker functions to separate the two helical
domains within probe(s). Specifically, we speculated that directly connecting the
chimeric domains may lead to unwanted backbone conformational distortions, which in
turn, could potential complicate any hybridization reactions. Furthermore, the sense
YPNAch and antisense YPNAcy are sequence and helical complements in the 10-mer and

6-mer domains (Table 3.1).

Table 3.1 mRNA (target) and yYPNA used in cell-free and biophysical experiments”

mRNA (FLUC) Target 5’ -AGACCCAAGC-3'

Chimeric Antisense yPNAc H2N-K-TCTGGGTTCG-miniPEG-ATATTA-H
Chimeric Sense YPNAcy H-AGACCCAAGC-miniPEG-TATAAT-K-NH2
Right-Handed Sense YyPNAgg: H-AGACCCAAGC-miniPEG-TATAAT-K-NH2

“Toehold domains are indicated in red and italics indicate left-handed monomers. K = lysine.
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3.2.1 Translation inhibition and recovery by chimeric YPNA

Guided by our recent demonstration of firefly luciferase (FLUC) knockdown
using YPNARry, we designed the antisense YPNAcp to bind to FLUC mRNA at the
terminal end to the 5’-UTR via the 10-base right-handed domain. In brief, the reversible

translation experiments are conducted as shown below (Figure 3.1).

Linearize DNA

\ >
+ FLUC [

r 1
NANAN T 1. Antisense

RRL TL —l—

Oy,

‘ . Measure: 2. Sense
1

FLUC

‘ .‘ 2. RLUC

Figure 3.1 General workflow of reversible translation control using chimeric YPNA in cell-free lysate
(RRL). Following linearization of plasmid firefly (FLUC) and Renilla (RLUC) DNA and transcription,
chimeric YPNA (yYPNAcy) probes are pre-annealed with mRNA prior to translation (RRL TL). The
antisense YPNAcy and sense YPNAcy both contain right- and left-handed domains, which are separated by a
diethlyene glycol (miniPEG) spacer (black disk). The antisense YPNAcy right-handed domain (black) is
complementary to the 5’-terminal end of FLUC mRNA, preventing downstream translation. Strand
displacement of the antisense YPNAy is toechold-mediated (toehold shown in red) by a sense YPNAcy
input. After antisense displacement, FLUC mRNA is available for downstream translation. Input of a sense
YPNA(q is unable to displace antisense YPNAgry due to helically orthogonal toeholds. RLUC signal is
measured to quantitate off-target binding of the yYPNAcy probes.
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To test YPNAcp antisense inhibition of FLUC expression, we pre-annealed 100
nM antisense YPNAcn to 10 nM FLUC target for 1.0-hr at 37 °C. Additionally, to
investigate the specificity of YPNAcq right-handed domains we performed the annealing
and translation reactions in the presence of 10 nM Renilla luciferase (RLUC). The
annealed YPNACH/mRNA (FLUC and RLUC) mixture was then added to rabbit
reticulocyte lysate (RRL) for translation (90 mins at 30 °C). After translation, the amount
of knockdown was qualitatively determined by the amount of bioluminescence signal,
which was measured on a TECAN plate reader. Here, we observed ~90% and ~5%
antisense YPNAcy inhibition of FLUC and RLUC, respectively (Figure 3.2, (A, case +, -
)

Next, we investigated if the sense YPNAcy can recover FLUC expression to levels
comparable to untreated (0 nM) YPNAcn samples. Specifically, annealing sense YPNAcn
to the antisense YPNAcu/mRNA (pre-annealed) mixture, we expected to observe
increased FLUC expression due to YPNAcy-yPNAcy strand displacement. When
incubating 100 nM sense YPNAy for 1.0-hr before adding the total mixture to RRL, we
observed ~50% FLUC signal (compared to untreated FLUC expression), representing a
5-fold increase in expression compared to the antisense alone treatment (Figure 3.2, (A,
case +, +)). Furthermore, increasing the sense annealing time to 3.0-hr we observed
~80% FLUC expression, which represents an 8-fold increase relative to the untreated
control (Figure 3.2, (B, case +, +)). Unfortunately, upon the addition of sense YPNAcy
we observe a 20% and ~55% off-target knockdown of RLUC signal, at 1.0-hr and 3.0-hr

sense annealing times respectively. The reduced RLUC signal is likely due to off-target
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binding of the right-handed sense domain. Thus, future designs may try different target

sites which would thus change the sequences of the probes to try and improve selectivity.
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Figure 3.2 Chimeric YPNA reversible translation in cell free lysate. (A.) The addition of the antisense
YPNAcy (100 nM, annealed 1.0-hr at 37 °C) inhibits ~90% firefly luciferase (FLUC) expression and ~5%
Renilla luciferase (RLUC), see case (+, -). By sequentially incubating an equimolar amount of the sense
YPNAy, for an additional 1.0-hr, ~50% FLUC and ~80% RLUC (~20% off-target knockdown) expression
is observed, see case (+, +). (B.) Doubling the sense YPNAcy annealing time to 3.0-hr allows for >80%
FLUC and ~55% RLUC expression respectively, see case (+, +). All annealing steps were performed at 37
°C with 10 nM of FLUC and RLUC, respectively. Data is plotted as n = 2 average + SD.

3.2.2 Helical toehold-dependent reversible translation

We additionally investigated the dependence of the strand displacement reaction
on the chirality of the sense toehold. Sense YPNARry contains the exact sequence
composition (including the miniPEG linker) as the sense YPNAcy, but contains a right-
handed toehold (see Table 3.1). Although the antisense YPNAcy and the sense YPNARry
probes have 10-bases of helical and sequence complementarity, this complementary
domain is expected to be masked in the incumbent mRNA-antisense YPNAcn duplex
structure. Therefore, we hypothesized that the overall YPNAcy-yYPNARry displacement
would be kinetically limited and dependent on a cognate toehold interaction. To test this,

we subsequently incubated either sense YPNAy (helical and sequence complement) or a
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control YPNA, named sense YPNARrpy, after pre-annealing to the antisense YPNAcy (same
conditions as above) to the luciferase mRNA. After annealing, we introduced the entire
probe/mRNA (three components) mixture into the RRL translation cocktail to translate
over 90-minutes at 30 °C. After translation, we measured the total luciferase knockdown
of an antisense YPNAcp only tube and the luciferase expression from the two sense cases
(chimeric or right-handed). To quantify the total recovery for the sense probes, we
calculated the fold-increase of luciferase activity relative to the knockdown in the
antisense YPNAcy only tube. Unfortunately, and surprisingly, both sense probes
demonstrated similar levels of luciferase recovery across all sense annealing time tested
(Figure 3.3). Specifically, a similar level of translation recovery was observed,
irrespective of the toehold chirality (match or mismatch) and sense annealing times
applied (30-mins, 1.0-hr, and 3.0-hr). It may be that the annealing incubation time (even
at 30-minutes) coupled to the translation conditions (90-mins at 30 °C) may not allow

kinetic discrimination between sense YPNAcy and sense YPNARgy.
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Figure 3.3 Translation recovery as a function of toehold chirality and annealing time. After antisense
YPNA(y is annealed to the FLUC transcript (1.5-hr), either the sense YPNAcy, which has the helically
complementary toehold (black bar), or the toehold non-cognate sense YPNARy (crosshatch bar) is
introduced to the mixture, respectively. The sense strand incubation time is 30-min, 1-hr, or 3-hr. The sense
annealing step was conducted on the bench top (room temperature). After the sense annealing step, the
probe/mRNA mixture was placed into the RRL media for translation for 1.5-hr at 30 °C. Data is plotted as
n =3 average + SD.

3.2.3 Analysis of YPNAcH strand displacement by SPR

Recently, we demonstrated a label-free method to measure toehold-mediated
strand displacement using surface plasmon resonance (SPR). Here, the SPR method was
applied to characterize both the YPNAcn.yPNAcnh and the orthogonal YPNARry-yYPNAcH
strand displacement. First, the antisense YPNAcp is injected over a biotinylated-DNA chip
to measure the on-chip association of the antisense probe (measured in response units).
The biotinylated-DNA is complementary to right-handed antisense YPN Ay domain and

represents the same sequence as the FLUC mRNA target site. After duplex formation, the
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antisense YPNAcp left-handed toehold is unbound and provides access to downstream

strand displacement (Figure 3.4, Chimeric Antisense). Strand displacement is mediated

initially through a left-handed toehold nucleation, and then a right-handed branch

migration. After a completed branch migration, strand displacement results in measurable

antisense YPNAcy mass loss from the chip (Figure 3.4, Branch Migration and Strand

Y
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Figure 3.4 Surface plasmon resonance (SPR) method to measure YPNA cp-yYPNAcq displacement. Step I
(association phase): antisense YPNAcy is loaded onto the SPR chip by binding surface DNA (grey). The
left-handed toehold (red) is not bound. Step II (branch migration): The addition sense YPNAcy (DNA
protecting strand shown in grey) initiates toehold-mediated YPNA cy-yPNA cp branch migration
(unresolvable by SPR) and completes strand displacement (Step III). After strand displacement, the DNA
protector is displaced and the YPNAs are duplexed. The ratio of YPNA association versus mass loss due to
displacement is calculated as the percent displacement.
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The initial injection of 3 nM antisense YPNAcq into the flow cell, followed by a
titrated concentration (0-400 nM) of sense YPNAy resulted in a clear association and
YPNAcH -YPNAch dissociation signal (Figure 3.5A). The total sense-driven displacement
(calc. % displacement) is calculated by dividing the displacement signal change (ARU
S:CH) by the antisense YPNAcy association signal (ARU AS:CH). The percent
displacement increases as a function of sense YPNAcy in a dose-dependent manner
(Figure 3.5B). For example, at the 400 nM sense YPN Ay injection, we observed ~45%
antisense displacement. To demonstrate strand displacement as a function of toehold
chirality, we again injected antisense YPNAcn (3 nM) to bind to the surface displayed
DNA target. The subsequent injection of a titrated concentration (0-400 nM) of sense
YPNARrn did not yield any measurable antisense strand displacement off the chip. We
interpret the lack of antisense YPNAcn displacement by sense YPNARry as indicative of a
chiral mismatch between probes. Additionally, this result may support the above
hypothesis that the required conditions (temperature) in the cell-free experiments are not
ideal for observing the toehold-binding preferences.

Given the antisense YPNAcy displacement has not completely saturated at 400 nM
sense YPNAcp, we presumed there may be some competitive off-target binding between
the sense strand and immobilized DNA, thus saturating the total displacement amount
near 50%, as seen in a prior set of YPNA SPR displacement experiments. However, when
we directly injected the sense YPNAcp over the immobilized DNA (no antisense
hybridized to the DNA), we did not observe any measurable binding (Figure 3.5, blue
triangles). Currently, the reason behind the 50% displacement saturation is unknown, but

mass transport effects may be possible. For example, it may be that during the sense
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injection there is limited mass transport (after displacement) of the YPNA-yPNA duplex
away from the chip into the buffer flow. The rate of transport of the yYPNA-yPNA duplex
(in bulk) away from the chip is dictated by the flow geometry and the molecular diffusion
coefficient of the duplex.’® The rate of diffusion of a substance (yYPNA-yPNA) is
inversely proportionally to the molecular weight (radius of gyration), and, considering
the YPNA-yPNA duplex molecular weight is ~13,000 g/mol, the diffusion for the duplex
is slower than a single stranded YPNA. However, diffusion is inversely proportional to the
cube root of the molecular weight, thus the diffusion coefficient difference between a
single stranded YPNA and a YPNA-yPNA is small. Additionally, we considered if the
flow velocity was limiting the rate of transport. Specifically, the rate of transport goes by
the cube root of the flow velocity, thus very large changes in flow rate are required to
increment the transport rate (e.g. a 2x increase in the rate of transport requires a 8x
increase in flow velocity). Nevertheless, we conducted our SPR experiments at a
relatively high flow rate (30 uL/min) to ensure the rate of transport was not the limiting
factor in the displacement measurement. It is more likely that the saturation of
displacement signal is an effect of weak (off-target) interactions between the injected
sense strand and the chip surface and/or the immobilized DNA, thereby retaining mass at
the chip surface. To test if the sense strand interacts with the chip, we directly titrated the
sense YPNAcy over the immobilized DNA. Here, we did observe non-specific binding of
the sense YPNAcy at the higher sense concentrations tested (Figure 3.6). We interpret
that this non-specific interaction may be due to the formation of weak interactions
between the homologous sense YPNA and immobilized DNA. Considering this, it should

be possible to measure higher levels of percent displacement by performing the reaction
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at higher temperature or simply by introducing a buffer wash step after the sense strand
injection to remove any weakly bound sense-chip interactions and the YPNA-yPNA

duplexes. This latter hypothesis is currently under investigation.
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Figure 3.5 Quantifying chimeric strand displacement by SPR. (A.) Raw SPR data showing the initial
association antisense YPNAcy (ARU ypiisense) and subsequent strand displacement by sense YPNAcy
(ARUgepse). Calculation of percent displacement is performed by dividing ARUjepse by ARU ytisense (double
head purple arrows). (B.) Dose response dependent antisense YPNAcy strand displacement by sense
YPNAcg. Calculated percent displacement from complementary YPNAcu-yYPNAcq pairs (black squares) is

compared to percent displacement of antisense YPNAry by sense YPNAcy (red circles). Data in B is plotted
as n =3 average + SD.
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Figure 3.6 Non-specific binding of sense YPNA to an immobilized DNA target is evident at high
concentration of sense YPNA.

3.2.4 Analysis of the YPNAcu probes by UV-vis and CD spectroscopy
YPNAcu-yYPNAcn (1:1 at 2.5 uM) duplex formation was analyzed by UV-vis
melting. Given that there are two discrete helical domains within the chimeric probes,
connected by a diethylene glycol linker, we hypothesized that the melting profile of the
YPNAcn-yPNAcnh duplex may contain two melting transitions. Nevertheless, we did not
observe a resolved sigmoidal melting transition(s) with the chimeric duplex. However, a
monotonically increasing change in absorbance across increasing temperatures was
observed (Figure 3.7). Specifically, we interpret the ~0.1 absorbance change to be

evidence of chimeric duplex formation and not just due to the intramolecular melting of

base stacking.
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Figure 3.7 Thermal melting analysis of the YPNAcy-yPNAcy duplex (1:1 at 2.5 uM).

Additionally, we analyzed the YPNAcu-yPNAcy (1:1 at 2.5 pM) using circular
dichroism (CD) to verify chimeric duplex formation. Although the chimeric probe design
includes both a right- and left-handed domain, the right-handed domain contains 10-bases
total, compared to the 6-left handed bases in the toechold domain, we expected to observe
an overall right-handed CD signal for both the monomeric and duplex structures. The
duplex demonstrated an attenuated exciton pattern with a minimum peak at ~280 nm, a
crossover at ~260 nm, and a maximum at 265 nm, with, all of which are characteristic of
a right-handed duplex (Figure 3.8). However, the duplex signal amplitude is quite

attenuated and not well defined at lower wavelengths (<250 nm).
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Figure 3.8 Circular dichroism of the YPNAcy-yPNAcy duplex (1:1 at 2.5 uM).

To simply the analysis, we also investigated the CD profile of the monomeric
antisense and sense YPNAcp probes. As expected, CD analysis of the individual antisense
YPNAch yielded an overall right-handed exciton pattern, with a maximum at ~268 nm
and a minimum at ~245 nm (Figure 3.9). Unexpectedly, however, the sense YPNAcy
yielded a slightly attenuated left-handed exciton pattern (Figure 3.9). The left-handed
sense YPNA(y chirality observed may be because the left-handed toehold domain is on
the C-terminal end of the probe, thereby allowing for the sterically-mediated C-to-N
helical transduction of the left-handed domain into the right-handed domain (i.e., the
“sergeants-and-soldiers effect”).”” However, this process would require communication

through the intervening diethylene glycol spacer, which seems unlikely.
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Figure 3.9 Circular dichroism of the antisense YPNAcy (black) and sense YPNAcy (red) tested at 2.5 pM.

To further investigate the sense YPNAcp properties, we investigated the individual
10-mer right-handed “domain” and the individual 6-mer left-handed “toehold” within the
sense YPNAcp. To this end, we obtained a 10-mer YPNA with the same sequence and
y—substitution pattern as found in the sense YPNAcq right-handed domain. Additionally,
we studied a left-handed 6-mer YPNA with the same sequence and y—substitution amount
found in the sense YPNAcp toehold handed domain. The analysis of the right handed 10-
mer YPNA domain alone yielded an overall right handed signal on CD as expected
(Figure 3.10A). Furthermore, the 6-mer left-handed YPNA also demonstrated the
expected helicity, however the signal was jagged. As a control, we also investigated a
right-handed YPNA 6-mer with the identical sequence and y—substitution as the left-
handed 6-mer YPNA. The 6-mer right-handed YPNA demonstrated a proportionally
enantiomeric CD signal compared to the left-handed 6-mer, however, again, the signal is

quite jagged (Figure 3.10B).

92



A B

a 4
—_—1 RH D i
Omer Sense Domain ——TH__ 2.5uM
2.5 uM M
. ——TH,, 2.5uM
2
— 24
o o
P 0
- ©
€ E o
= 1 fa)
=) (S
(©]
0
\\,\,\/ N
-1

T T T T T -
T T T T T
220 240 260 280 300 220 240 260 280 300

Wavelength (nm) Wavelength (nm)

Figure 3.10 Circular dichroism of the YPNA chiral domains. (A.) Analysis of the right-handed 10-mer
domain alone. (B.) Analysis of the 6-mer left- and right-handed domains individually. All probes

concentrations are 2.5 uM.

3.3 Discussion

The construction of programmed bimolecular hybridizations, which depend on
both sequence and helical complementarity, is an exciting expansion of nucleic acid
recognition.”® For example, the administration of left-handed probes can be used for
unambiguous and selective interactions. Moreover, orthogonal recognition would be
useful in improving the hybridization selectivity in complex settings (e.g., cells) where
the potential of off-target binding is high. Given that the toehold-mediated strand
displacement mechanism is leveraged in many in vitro and in vivo nucleic acid dynamic
applications, we first wanted to show that the chimeric YPNA probes were capable of
antisense knockdown and strand displacement-mediated recovery. To this end, we did

observe potent firefly luciferase knockdown when applying antisense YPNAcy and
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translation recovery through sense-mediated displacement (Figure 3.2). Furthermore, this
result demonstrates that the presence of two helically chimeric internal domains is not a
drastic impediment to intermolecular binding reactions.

However, our main objective in this project was to demonstrate strand
displacement that depends on sequence and chiral complementarity, which we were
unable to show in our cell free translation assay. Given that the sense-mediated strand
displacement reaction should be kinetically limited by the incumbent structure (i.e.,
mRNA/antisense YPNAcp duplex) it was expected that the helically-cognate toehold pairs
should interact faster than the helical mismatch pairs, thus demonstrating kinetic
discrimination within the expression recovery assay. Unfortunately, we observed a
similar level of translation recovery irrespective of input sense toehold chirality and the

total sense annealing time. The sense YPNARry does contain 10-bases of perfect sequence

and helical complementarity to the antisense YPNAcp, which suggests that duplex
formation is thermodynamically favorable, and thus, is likely driving the displacement
reaction forward. It is possible, that the antisense YPNAcy is not stably bound to the
mRNA target and is in a configurational-unstable duplex state, potentially due to the
chimeric nature of the probe, thereby allowing for either of the two sense probes to
achieve similar levels of displacement. The observation of all-around poor CD results,
specifically the lack of clear signal and amplitude, demonstrates that the probe quality
(e.g., monomer purity) is questionable. Nevertheless, moving forward with this project a
complete re-order/re-design, with monomer optical purity verified, is warranted here.
Additionally, given that we observed a left-handed CD signal with the sense YPNAcp, it

is worthwhile to investigate the role of the linker and domain placement in chimeric
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designs, specifically as it relates to the overall helical structure and downstream
bioactivity applications.

Fortunately, we achieved kinetic helical discrimination using SPR. The difference
between the SPR and the cell free results may be due to the differences in the
experimental conditions. Specifically, even with applying an abridged sense time
annealing (the shortest used here is 30 minutes), the cell-free translation requires a 90-
minute 30 °C incubation time, whereas the SPR is performed at room temperature. The
time and temperature parameters used in the cell-free experiments may allow for
indiscriminate antisense displacement and subsequent protein expression. This suggests
that all hope is not lost on building chimeric probes in the future, however experimental

conditions and probe quality should be closely considered to avoid ambiguous results.

3.4 Conclusion

In this chapter, we presented a different approach to achieve bimolecular strand
displacement, which considered above all else, implementing a left-handed toehold
domain to initiate the reaction. Some of the data contained in this chapter, specifically the
SPR results, demonstrate that the “chimeric probe” strategy can indeed work.
Nevertheless, there were some unexpected results that confounded the overall
interpretation of the results. For example, the left-handed CD signal for the sense
YPNAcn was unexpected of course, but also it is difficult to rationally account for. The
CD measurement of the individual sense YPNAcy domains showed their expected signal
(i.e., right or left), however the signals were particularly jagged. Thus, taking these

factors into account, future chimeric work will likely need to “start fresh” with a new set
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of probes for one, but also consider exploring different design implementations of the
chimeric probe. For example, exploration of different linker lengths or compositions may
be worthwhile to explore if this feature has any bearing on the CD signals and strand
displacement selectivity. Ensuring the optical purity of the monomer batch, which is
used in oligomer synthesis, is key for any future chimeric project. Additionally,
adding/deleting or changing the chemical composition of the intervening linker should be
considered and characterized on UV-vis/CD.

Although achieving a bioactive demonstration is important, it is not essential for
the first demonstration of the chimeric probe system. The novelty is in the left-handed
mediated strand displacement. Thus, if a future project revisits this work, I would advise
shifting the focus to understand the biophysics of the displacement reaction. For example,
the construction of a YPNAcy complementary set that contained a quencher/dye pair to
report on the strand displacement reaction would be beneficial. Employing this type
fluorescent probe design would allow for an easier experimental platform to explore
different probe composition effects (e.g., altering sequence, length, etc.). In short, once
some of the basic “rules” for building and using chimeric PNAs are established, then

research around bioactivity is appropriate.
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3.5 Materials and Methods
3.5.1 vyPNA probes and characterization
YPNA oligomers were obtained from PNA Innovations with HPLC purification.
YPNA stock concentration was determined by measuring the oligomer absorption at 260
nm (collected at 95°C) and dividing by the following respective molar extinction
coefficients:
Antisense YPNAcp € = 161,300 M em!
Sense YPNAcy € = 171,500 M1 em!
Sense YPNAgy € = 171,500 M cm™
Right-handed 10-mer domain of Sense YPNAcy &= 104,600 M™' cm™
Left-handed 6-mer domain of Sense YPNAcy €= 66,900 M cm™

Right-handed 6-mer domain of Sense YPNAgy € = 66,900 M cm™

3.5.2 Generation of RNA and in vitro protein synthesis in a rabbit reticulocyte

lysate

The Renilla luciferase plasmid was ordered from Promega (pRL-CMV). The
firefly luciferase plasmid was prepared following previously published technique.’” The
transcription reaction followed the Thermo Scientific conventional transcription protocol
(50 pL final volume) and consistently gave high RNA product yield (~ 2.5 uM,
determined via NanoDrop spectrophotometer). The transcription reaction was conducted
at 37 °C for 2 hours. The transcription products were purified using the Thermo Scientific
GeneJET RNA Cleanup and Concentration Micro Kit and concentration was measured

using a NanoDrop spectrophotometer.
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3.5.3 yPNA/mRNA annealing

The yPNA (antisense and sense) and RNA were annealed together in the presence
of 79 mM potassium chloride (designed to match the K concentration in the rabbit
reticulocyte lysate, RRL source) and DEPC-treated water. The RNA concentration for all
translation experiments is set at 10 nM in the final translation reaction. The probe
concentration varies depending on the desired final concentration of probe. The initial
antisense probe is annealed at 37 °C for a user-defined duration. In the case of the
reversible translation experiments, an additional pre-incubation time is given for sense
YPNA displacement at 37 °C being careful to maintain the incubation salt concentration

(79 mM).

3.5.4 Translation conditions and luciferase read out

The translation reaction was conducted using the Promega Luciferase Assay
System (E1500) (rabbit reticulocyte lysate). The PNA concentration is determined by
considering the 50 pL final translation reaction volume. The translation reaction is
conducted at 37 °C for 2 hours. Immediately after, the samples are stored in ice to quench
any further protein synthesis. Following the Promega Rabbit Reticulocye Lysate System
technical manual, 5 pL lysate solution is mixed into 50 pL. Promega Luciferase Assay
Reagent (E1483) added to a Thermo Scientific Nunc 96 well plate (flat white). The

bioluminescent reading was collected on a TECAN Infinite M1000 plate reader.
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3.5.5 Surface plasmon resonance (SPR) analysis of the chimeric probes

All SPR experiments were performed on a Biacore T100 instrument (GE
Healthcare) equipped with a four-channel sensor chip and all displacement data is
presented in triplicate average. The commercially-available chip is coated with a
carboxylmethyl dextran matrix that allows further functionalization with streptavidin via
a standard NHS-EDC coupling procedure. Immobilization of streptavidin was continued
until 6000 response units (RU) of the protein were captured on each of the four channels
(flow cells). The final step of the sensor design involved non-covalent capture of the 5°-
biotinylated DNA targets (~120 RU) on the respective flow cells bearing immobilized
streptavidin.

Each experiment was preceded by injection of a solution containing 3 nM of the
chimeric antisense YPNA oligomer for 400 s (flow rate = 30 uL/min). A dissociation time
of 100 s was incorporated after the injection to allow for diffusion of unbound antisense
oligomers from the sensor surface. The subsequent displacement assay was then
performed by injecting a solution containing a fixed concentration of either the chimeric
sense YPNA or the right handed sense control (flow rate = 30 uL/min) and monitoring the
sensor response over 600 s. Each displacement cycle was ended by introducing a pulse of
a regeneration cocktail (1 M NaCl, 10 mM NaOH) for 30 s at a flow rate of 50 uL/min.
This cocktail serves to release any residual antisense/sense oligomers and is followed by
a buffer injection (150 s, flow rate = 30 uL/min) to reestablish a baseline prior to the next
displacement cycle. The sensogram data includes chip density and probe molecular
weight corrections to allow for direct comparisons of the multiple runs. We established a

quantitative estimate of the displacement reaction by the ratio of signal attenuation upon
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introduction of the sense YPNA, ARU (sense), to enhancement upon introduction of the

complementary antisense YPNA, ARU (antisense) (Eqn. 1).

ARU (sense)
% Displacement = x 100 )
ARU (antisense)
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Chapter 4: Improved Kinetic Target Discrimination by a

Structured yYPNA

4.1 Introduction

High affinity recognition and accurate discrimination of nucleic acids can provide
clinical utility in the form of diagnosis, monitored prognosis, and guided treatment.'” In
addition to clinical applications, nucleic acid technologies are commonly used to profile®
7 or perturb™® gene expression in single cells or blood, providing the researcher with
genotype or mechanism related information. Nevertheless, the construction and
application of a hybridization method which operates robustly under physiological
conditions and can discriminate between closely related sequences remains a challenge.
Appling temperature or chemical denaturing stringency methods can be an effective way
to increase probe-target selectivity, but the results are not always consistent and this
method is limited to in vitro systems."!

An attractive probe demonstrates high selectivity while yielding a sufficient
(beyond a defined diagnostic threshold) on-target binding. To maximize selectivity, an
ideal free energy change for the probe-perfect match target would be small (AG = 0), to
ensure a positive free energy change in the probe-mismatch, even for the less (~1-2
kcal/mol) destabilizing T-G, G-G, and G-A mismatches.'* * Designing probe systems
that meet these thermodynamic requirements can be challenging, especially when
considering factors such as solution salinity, temperature and target concentration can all

effect the hybridization thermodynamics. Additionally, considering sensitivity is
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paramount in low-copy target identification, the researcher can face a difficult balance
between selectivity and affinity.

In addition to the application of nanomaterials'* (e.g., nanoparticles, DNA
nanostructures, nanowires, and surface electrodes) in nucleic acid detection, a promising
approach in hybridization technology has been to engineer the molecular probe directly
through the incorporation thermodynamic parameters in probe design.'” The
incorporation of intra- or intermolecular probe structure serves to lower the free energy
change of all possible hybridization reactions. Consequently, targets are discriminated by
an impeding thermodynamic barrier within the probe, which can only be overcome by the
perfect match complement. For example, in molecular beacons, and stringency-clamped
triplex forming oligonucleotides, a portion of the target complementary sequence within
the probe is “masked” by an intramolecular stem structure that serves to mitigate the

16-18 The molecular

hybridization free energy change to both perfect and mismatch targets.
beacon is structurally engineered to increase the reaction free energy difference between
the probe-perfect match and probe-mismatch targets (AAG) by incorporating an internal
competitor domain.'”*°

Additionally, probes with intermolecular structure that can rearrange upon target
binding, resulting in a single strand dissociation event (dissociative probes), have also

. o g . .« . 12.21.22
been used to increase hybridization selectivity. =~

In general, dissociative probes are
composed of two partially-complementary single strands that form a duplex with a
single-stranded overhang domain. The internal duplex domain (branch migration region)

confers enhanced target discrimination properties through thermodynamic

gating/screening of invading base-pairs. The overhang (toehold) domain serves to
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recognize the target and initializes the strand displacement of the competitor strand. This
strand output can serve as an input to downstream a dissociative probe(s) to perform
programmed or “sensed” molecular computation, mechanical actuation, and biomolecule
amplification.” The length and sequence of the overhang can be tuned to alter the
hybridization kinetics over a factor of 10° (1 M to 10° M '5") 2"-** These features, in
combination with computational tools* which allow for performing design-test cycles in
silico, have allowed for the engineering of DNA probes with defined thermodynamic and
kinetic behavior.”!

The same molecular engineering principles detailed above have also be applied to
‘non-natural’ nucleic acids probes, such as peptide nucleic acid (PNA). For example,
self-complementary PNA hairpin formation with subsequent PNA single-stranded and
stem-loop DNA recognition has been confirmed.”” >’ Additionally, stem-containing®® and

29, 30

stem-less PNA-based molecular beacons studies have demonstrated improved

(relative to DNA molecular beacons) binding selectivity and affinity. In the case of
stemless PNA molecular beacons, target selectivity is achieved through the energetic cost
of transitioning the PNA structure from a collapsed globular state (via PNA neutral
backbone and hydrophobic bases) to a linear duplex state. In addition, toehold-mediated

DNA-PNA and PNA-PNA dissociative probes have been constructed for mRNA imaging

31,32
|

in vivo and in vitro translation contro In short, the above examples, do incorporate

structure and toehold elements into PNA, however these studies were either not designed
to understand/stdudy PNA selectivity directly or lack a clear description of design rules

to achieve high PNA selectivity. Nevertheless, given PNAs broad use in molecular

33,34 35,36 37,38

diagnostics (e.g. FISH, PCR clamping, sandwich hybridization, and
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39,40 43-45

electrochemical readout™ ™) and as a bioactive probe (e.g., antigene,“’ 2 antisense, ™,
antisplice,*® antimiR,*” and gene editing*®), providing a highly tunable method to enhance
PNA selectivity would be beneficial.

PNA confers several advantages over DNA/RNA systems which encourage its
continued research and application in biotechnology. PNA is highly stable against
proteases and nucleases due to its non-natural backbone.*’ Furthermore, due to its
uncharged backbone, PNA demonstrates high DNA/RNA affinity.* > In addition, a
newer generation of y-modified PNA derivatives (yYPNA), developed by Ly and
coworkers, has demonstrated additional physiochemical enhancements.’'** yPNA is
preorganized into a rigid helix (B-form like), which confers a lower entropic penalty
during hybridization to helical DNA/RNA, thus improving affinity. Furthermore, yYPNA
displays enhanced selectivity (relative to PNA), likely due to the limited configurational
freedom of the backbone, which is a necessary feature to enable mismatch tolerance.'> >
However, as observed previously,”” yPNA selectivity is dependent on the target mutation
placement, thus for all but the most centrally located target mutations (e.g., distal
mutations on the target strand are difficult to discriminate against) the necessary YPNA
design to achieve high target discrimination can be obscure.

To this end, we aimed to improve YPNA binding selectivity by incorporating
competing internal structure, which has conferred high selectivity in molecular beacons
and dissociative probes. In a proof-of-concept approach, we developed a YPNA probe
with intramolecular stem-loop and an overhang domain and characterized the binding

selectivity to single mismatched targets. Thus, we combined structural features found in

DNA molecular beacons and dissociative probes into YPNA design. Importantly, our

107



chosen method to increase YPNA selectivity relies on already established principles, and

as such, this strategy can be easily generalized to any YPNA-target interaction.

4.2 Results

In this work, we demonstrate improved binding selectivity of YPNA by introducing
the intramolecular structure. Furthermore, we investigated YPNA selectivity in several
contexts. First, using surface plasmon resonance (SPR), we investigated the
thermodynamic and kinetic relationship between yPNA structure and single mismatch
discrimination. Moreover, we considered different mutation types and placement relative
to the structured YPNA binding domain (overhang). Subsequently, we compared the
selectivity of a linear unstructured YPNA to a structured yYPNA in an antisense assay, an

application where PNA is commonly applied.

4.2.1 yPNA binding discrimination on SPR

To improve the binding selectivity between perfect and mismatch targets, we
designed a YPNA probe with a 10-mer target complementary domain, an internal ethylene
glycol repeating loop, and a 5-mer unmodified PNA domain that forms a 5-mer
intramolecular stem ‘mask’ (Table 4.1, struc_YPNA). We specifically chose to construct
the stem to be composed of YPNA-PNA because we wanted to increase the likelihood
that this domain would be displaced by the invading DNA target. We speculated that if
we used a YPNA-yPNA stem, the affinity would be too high for efficient DNA-mediated

invasion. We additionally tested an unstructured 10-mer YPNA (Table 4.1, unstruc_YPNA)
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to compare the struc_yPNA binding and selectivity. We distinguished two targeting
domains within the YPNAs: a 5-mer overhang domain (also called a “toehold”) and a
concatenated 5-mer stem domain. Struc_yPNA has a stem-loop, whereas the
unstruc_YPNA does not. The hybridization between the struc_yPNA and target initiates at
the 5-base overhang domain. Permitting a stable overhang interaction, the target bases
invade into the struc_YPNA 5-base stem structure. In short, the intramolecular stem

functions to introduce a thermodynamic competitor to the invading target sequence.

Table 4.1 yPNAs and target sequences used in SPR experiments”

Sequence Name Sequence? Mismatch
NH2-K-TCTGGGTTCG-eg8-
Structured yPNA (struc_yPNA)
cgaac-H
Unstructured yPNA (unstruc_yPNA) NH2-K-TCTGGGTTCG-H
Perfect Match (PM) 5’-AGACCCAAGC-3’
Stem Mismatch (S-MM-7T) 5’-AGACCCTAGC-3’ (T-T)
Stem Mismatch (S-MM-6A) 5’-AGACCAAAGC-3’ (A-G)
Stem Mismatch (S-MM-7G) 5’-AGACCCGAGC-3’ (G-T)
Overhang Mismatch (0-MM-4A) 5’-AGAACCAAGC-3’ (A-G)
Overhang Mismatch (0O-MM-3T) 5’-AGTCCCAAGC-3’ (T-T)
Overhang Mismatch (0-MM-4T) 5’-AGATCCAAGC-3’ (T-G)

a. Mutations are in bold.

We anticipated the overhang and stem mutations would lead to decreased probe
binding (relative to the perfect match) by struc_ yPNA because of mismatch-mediated

destabilization. However, the loss in struc_yPNA affinity is compensated for in the gain
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of selectivity against mismatched targets. In contrast, we hypothesized that
unstruc_YPNA would demonstrate increased binding affinity (relative to struc_ yYPNA)
due to the lack of any competing internal structure, however at the cost of selectivity.

We designed a series of single mismatch targets to investigate unstruc_yPNA and
struc_YPNA binding selectivity using surface plasmon resonance (SPR) (Figure 4.1). The
biotinylated-DNA targets are immobilized onto a streptavidin-functionalized chip and the
YPNAs are injected at a single concentration. Specifically, by measuring the YPNA rate of
association (i.e., probe on-rate) to a series of mutation targets, unstruc_yPNA and
struc_yPNA kinetic discrimination can be compared to each other. The DNA targets to
contain single mutations, which correspond to the overhang or stem binding domain of
struc_YPNA (Table 4.1). Furthermore, to compare the effect of the overhang and stem
mutations on binding selectivity, we designed mutated target pairs which contain the
same mutation, but placed in either the overhang or stem binding domain. For example,
O-MM-3T and S-MM-7T both result in a T-T mismatch with the YPNA’s, but occur in

the overhang or stem domain, respectively.
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Figure 4.1 Direct binding of YPNA-target measured by surface plasmon resonance (SPR). Structured YPNA
shown on left with overhang (B, blue), stem (A, red) and complementary stem (A’, red) domains shown.
Unstructured YPNA (not shown) is composed of the overhang (B) and stem (A) domains only. To
characterize probe-target binding, the YPNAs (individually) are injected over the immobilized perfect match
(PM), overhang mismatch (O-MM-X), or stem mismatch (S-MM-X) targets.

Following the above SPR procedure, struc_ YPNA demonstrated slower target
association relative to unstruc_yPNA (Figure 4.2). The slow association kinetics was
evidenced across a range of struc_YPNA concentrations and quantified by measuring the
on-rate slope (time span: 80s-100s) at each probe concentration (10, 15, 20, and 25 nM).
Considering struc_yPNA initiates target hybridization through the 5-base overhang, a
mutation placed in this domain is likely to discourage stable binding. In contrast,
unstruc_yPNA can bind the target through any subset of its single stranded 10-bases.

Moreover, after overhang domain “nucleation”, the downstream stem structure further
9 9



impedes the struc_yPNA/target association kinetics. Compared to the perfect match, all

the mutations studied attenuated struc_ yPNA and unstruc_yPNA binding (as measured by

the max SPR response).
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Figure 4.2 Direct binding SPR sensograms for (A.) struc_yPNA (10 nM) and (B.) unstruc_ yPNA (10 nM).
DNA target sequences are given in Table 1.1. All data is plotted as n = 3 average + SD.

Struc_yPNA demonstrated higher target discrimination compared to
unstruc_yPNA. Specifically, we divided the perfect match association by the individual
mutation target association (measured in response units and taken at the highest
association amount), to calculate the fold-difference in binding discrimination of the
struc_YPNA and unstruc_yPNA, respectively. Here, we observed O-MM-4A is the
highest discriminated target, demonstrating a steady ~7.5-fold selectivity ratio, when
using struc_yPNA across a range of concentrations (Figure 4.3A). Unstruc_yPNA also

discriminated against O-MM-4A at lower probe concentrations (~3.5-fold at
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[Unstruc_yYPNA] = 10 nM) as well, but the selectivity ratio declines as the probe
concentration increases (Figure 4.3B). For example, at 25 nM unstruc_yPNA displays
~1.5-fold selectivity against O-MM-4A. In addition, struc_yPNA maintained high
selectivity against S-MM-6A and O-MM-4T, with calc. >2.5-fold selectivity at all probe
concentrations. In contrast, unstruc_yPNA demonstrated ~2.75-fold discrimination
against S-MM-6A and O-MM-4T at the lowest probe concentration tested (10 nM), but
the selectivity fell to ~1.25-fold at 25 nM. Besides the ~1.25-fold selectivity of the
struc_yPNA at 25 nM against O-MM-3T, struc_yPNA demonstrated at least 1.5-fold
selectivity across all targets and probe concentrations. In contrast, unstruc_yPNA displays

less than 2.0-fold mutation selectivity against all targets (at 25 nM).
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Figure 4.3 Selectivity ratio of (A.) struc_YPNA and (B.) unstruc_yPNA as determined by dividing the
association max (max response units (RU) in Figure 1.2) of the perfect match to each respective target
mutant association max.

The kinetic discrimination potential of struc_yPNA is further supported by comparing
the probe-target on-rate slopes (time span: 80s-100s) (Figure 4.4). Here, by dividing the

probe/perfect match on rate by the on rate relative to the probe/mutation case, the binding
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selectivity (kinetic) can be compared as well. At 20 nM struc_yPNA displayed ~6.25 fold
on-rate difference between O-MM-4A and PM (Figure 4.5A). The same mutation
comparison relative to unstruc_yPNA (20 nM) represents only ~3.0-fold change (Figure
4.5B). The discrimination achieved against O-MM-4A seems to be related to the
mutation placement central within the overhang. Indeed, O-MM-4T, which contains the
identical mutation placement demonstrated high discrimination as well. In addition,
struc_yPNA did not achieve similar levels of discrimination against S-MM-7G, which
like O-MM-4T, leads to a wobble mutation base pair. Although these results demonstrate
the advantage of using structured probes to improve selectivity, they also suggest careful
consideration of mutational placement should be considered in structure probe design.
For example, it appears that building probes which can “process” (e.g., discriminate) the
mutation directly at the overhang (toehold) domain is likely a faithful design heuristic to

achieve high selectivity.
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Figure 4.4 Rate of probe-targe association (on-rate) of (A.) struc_yYPNA and (B.) unstruc_yPNA to the
various target sequences. On-rate is value is determined by calculating the slope of probe-target association
between 80-100s. All data is plotted as n = 3 average + SD.

8.0
25 ] —a— SMM-7T
o ] —e— S-MM-6A
07 ] —A— S.MM-7G
= 5% ] —¥— 0-MM-4A
= 507 . —— O-MM-3T
= 55 ] —p— 0-MM 4T
g 50 ]
Q a5 -
2 0] ]
< - -
x 35 .
2 20 1 I
© >0 ‘_ -— v v
‘§ 2.5 - — %
© 0] ]
1 - — & P —d
5 1. b p —a
1.0 T T T T T T T T -l T T
10 15 20 25 10 15 20 25
[Structured YPNA] (nM) [Unstructured yPNA] (nM)

Figure 4.5 Selectivity ratio of (A.) struc_yPNA and (B.) unstruc_yPNA as determined by dividing the on
rate of the perfect match to each respective target on rate.



4.2.2 yPNA-target melting analysis

We analyzed the thermal binding stability of O-MM-4A and O-MM-4T to
unstruc_yPNA and unstruc_yPNA, respectively, to further investigate the difference in
binding selectivity observed on SPR. These targets are interesting to study because they
have the same mutation placement, but of course, different mutation type. We observed
both mutation targets generated a decrease in melting temperature (Tr,), measured at 260
nm, relative to the perfect match (Figure 4.6). Furthermore, an ~24 °C T, difference was
observed between unstruc YPNA/O-MM-4A and unstruc_ yYPNA/PM, whereas

unstruc_ YPNA/O-MM-4T and unstruc_ yPNA/PM had an ~16 °C Ty, difference.

= PM T =77.57+0.05 °C
1.04 m
*  O-MM-4A T _=54.32:132°C
] 4 O-MM-4T T _=61.87+0.07°C s -

1.03
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Absorbance (a.u.)
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1.00

Temperature (-C)

Figure 4.6 UV-vis melting analysis of unstruc_ YPNA/O-MM-4T and unstruc_ yPNA/O-MM-4A, and
unstruc_yYPNA/PM. All samples contained 2 pM DNA and 2 pM unstruc_yPNA in 100 mM NaCl, 10 mM
Tris-HCL (pH = 7.4), and 0.1 mM Na,EDTA. Absorbance was measured at 260 nm.
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We also analyzed the hybridization stability of struc_yPNA to the O-MM-4A, O-
MM-4T, and PM targets. Struc_ yYPNA/O-MM-4A demonstrated ~7 °C lower melting
stability than struc_ YPNA/O-MM-4T. However, both mutation cases resulted in at least
~24 °C decrease in melting temperature relative to the struc_ yYPNA/PM case.
Additionally, we analyzed the melting temperature of the stem-loop structure within
struc_yPNA. Specifically, given the relatively large G-C content of stem-loop structure
with struc_ YPNA, we monitored the temperature denaturation process at 275 nm
(cytosine shifts the maximum absorption to 280 nm*’). The melting temperature
transition was found to be independent of struc_ yPNA concentration over a 10-fold
concentration range (Figure 4.8). Moreover, the melting transition of the stem-loop
structure within struc_yPNA is below the bimolecular melting temperature of both
struc YPNA/O-MM-4A and struc yYPNA/O-MM-4T, thus we only observe a single

transition in the melting plots shown in Figure 4.7.
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Figure 4.7 UV-vis melting analysis of struc_ yPNA/O-MM-4T, struc YPNA/O-MM-4A, and
struc_YPNA/PM. All samples contained 2 pM DNA and 2 pM unstruc_yPNA in 100 mM NaCl, 10 mM
Tris-HCL (pH = 7.4), and 0.1 mM Na,EDTA. Absorbance was measured at 260 nm.
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Figure 4.8 UV-vis melting analysis of struc_ yPNA. Samples were measured in 100 mM NaCl, 10 mM
Tris-HCL (pH = 7.4), and 0.1 mM Na,EDTA. Absorbance was measured at 275 nm.
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4.2.3 yPNA antisense knockdown and target selectivity

Both yPNAs are complementary to a 10-mer site at the 5’-UTR terminal end of a
firefly luciferase (Fluc) mRNA, which has previously been shown to be a potent
antisense target site. Additional to the perfect match target, we introduced an overhang
mutation (Table 4.2, O-MM-4A) and a stem mutation (Table 4.2, S-MM-7U) to the

luciferase transcript to test YPNA selectivity.

Table 4.2 Firefly luciferase mRNA targets”

Mismatch
Sequence Name Sequence?

Type
Perfect Match (PM) 5’-AGACCCAAGC-3’ -
Stem Mismatch (S-MM-7U) 5’-AGACCCUAGC-3’ (U-T)
Overhang Mismatch (0-MM-4) 5’-AGAACCAAGC-3’ (A-G)

a. Mutations are in bold.

To compare the antisense activity of the YPNAs, we annealed titrating amounts of
unstruc_yPNA and struc_yPNA to the Fluc mRNA targets (individually) for 1-hour at
37 °C prior to luciferase expression in rabbit reticulocyte lysate (RRL) (Figure 4.9A). As
expected unstruc_yPNA had higher antisense activity (ICso = 45 nM), compared to
struc_YPNA (ICso= 131 nM) (Figure 4.9B). We interpret the ~3-fold difference in
antisense potency to be the result of the decreased affinity of struc_yPNA. The two
independent mutations in the mRNA decreased antisense knockdown for both probes
relative to the perfect match. In the case of the stem mutation (S-MM-7U), both

unstruc_yPNA (ICso= 78 nM) and struc_yPNA (ICso =239 nM) demonstrated a ~2-fold
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decrease in antisense efficacy, as compared to the perfect match. A further decrease in the
antisense potency was observed for the overhang mutation in both struc_ yYPNA (ICso=
340 nM) and unstruc_yPNA (ICso= 84 nM). We did not observe a pronounced difference
in unstruc_yPNA antisense efficiency against the two mismatched targets, as compared to
struc_yPNA, likely due to the same probe/mRNA duplex length allowed (6 bases can

bind the probe beyond the mutation) in both the O-MM-4A and S-MM-7U cases.
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Figure 4.9 Comparison of sturc YPNA and unstruc_yPNA antisense knockdown against perfect and
mismatched targets. (A.) Compared to the perfect match (PM) firefly transcript, the overhang (O-MM-4A)
and stem (S-MM-7U) mismatch have single mutations in the luciferase 5’-UTR (near terminal-end of
transcript). Both unstruc_yPNA and struc_yPNA each contain an overhang (blue) and stem (red) binding
domains, however the struc_ yPNA contains an ethylene glycol loop (black jagged line) connected to a 5-
mer PNA stem-forming domain. The probes are (1) annealed to the targets transcripts prior to (2)
translation in RRL and (3) plate reader quantification of luminescence. (B.) Overlay of struc_yPNA and
unstruc_yPNA antisense titration curves (both tested at n = 3) with 1-hour probe preannealed (in buffered
solution to match RRL salt concentration of 79 mM K" in DEPC-treated H,0) to the PM, S-MM-7U and O-
MM-4A targets.
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Considering the YPNA was annealed for 1-hour in the prior dose-response
experiments we hypothesized further annealing to 3-hours would lead to increased
struc_yPNA perfect match knockdown and selectivity. We annealed unstruc_yPNA and
struc_yYPNA to the three target cases for 1-hour and 3-hours, translated the transcripts and
measured the overall luciferase inhibition (Figure 4.10).

To compare the target selectivity of the YPNAs, we divided the mutation
knockdown amount by the perfect match knockdown amount, computed at a YPNA
concentration of 100 nM. For struc_ yPNA, we observed a 1.5-fold antisense difference
between the overhang and perfect match at 1-hour annealing. Applying a 3-hour
annealing increased the overhang-to-perfect match selectivity to 1.7-fold. In terms of
antisense inhibition, the struc_yPNA knockdown the overhang mismatch ~10% compared
to ~50% knockdown of the perfect match case (1.7-fold difference). In the case of the
stem mutation case, struc_yPNA yielded a 1.2- and 1.3-fold difference between the
mutation and perfect match knockdown, for the 1-hour and 3-hour annealing times,
respectively (Table 4.3). Interestingly, unstruc_ yYPNA demonstrated a 1.5-fold difference
between the stem mutation and perfect match at 1-hour annealing. However, the fold
change was no longer statistically significant (student t-test) using a 3-hour annealing
time due to the further knockdown of the stem mutation target. Further increasing
annealing times may lead to more pronounced fold-differences between perfect and
mismatch targets due to the binding reactions nearing equilibrium. However, by 3-hours

we can easily observe antisense differences between the target transcripts.

121



120

100

80

Luciferase Activity Relative to Untreated

- PM

Figure 4.10 Improved antisense target discrimination by increasing annealing times. We compared (by
ratio) the percent luciferase inhibition of PM to the mutation cases (S-MM-7U and O-MM-4A), as a
function of probe-target annealing time, at either 1-hour or 3-hours, of the struc_yPNA and unstruc_yPNA.
At a 1-hour annealing time (left panel), the struc_ yPNA demonstrated a statistically significant (* = p <
0.05) difference in luciferase inhibition between the PM and S-MM-7U and the PM and O-MM-4A,
whereas the unstruc_YPNA only showed a significant difference between the S-MM-7U. At a 3-hour
annealing time (right panel) there is no inhibition difference (p > 0.05) amongst the three targets when
using the unsturc_yPNA, however the sturc YPNA demonstrated increasing, compared to the 1-hour
annealing time, discrimination of the mismatched to perfect match targets. All data shown is presented as

an average of n = 3 £ SD.

Table 4.3 Cell-free antisense selectivity ratio”

B Structured
- I Unstructured

S-MM O-MM PM

S-MM O-MM

1-HR Selectivity Ratio Structured yPNA Unstructured yPNA
0-MM-4A 1.5 N.S.
S-MM-7U 1.2 1.5
3-HR Selectivity Ratio Structured yPNA Unstructured yPNA
0-MM-4A 1.7 N.S.
S-MM-7U 1.3 N.S.

a. N.S. = not statistically significant.
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4.3 Discussion

We aimed to expand the selectivity of YPNA using a general method which can be
easily adapted to other target sequences. Struc_ yPNA binding was particularly sensitive
to mutations in the overhang (toehold) domain, as evidence by the ~7-fold on-rate
difference between O-MM-4A and PM (at 25 nM). In comparison, O-MM-4T, which
contains the same mutation placement as O-MM-4A, but consists of an T-T mismatch,
yielded ~4-fold selectivity (at 25 nM). The difference in selectivity observed against O-
MM-4A and O-MM-4T may be due to several factors. For one, it may be that the A-base
mutation in O-MM-4 leads to a favorable staking interaction with the 5’-proximal A-base
(e.g., purine-purine stacking), thereby placing the target into a biased helical
conformation prior to YPNA interaction. This presumed helical bias by O-MM-4A may
be unfavorable to the YPNA interaction, which would lead to higher selectivity. The fact
that O-MM-4T can form a potentially “mutation compensating” wobble (G-T) pair, yet is
still suitably discriminated against, demonstrates the influence the surrounding bases
have on the hybridization reaction.

We also demonstrated the benefits of incorporating internal structure for increased
antisense selectivity. Here, we observed a drastic decrease in the antisense knockdown
when the target mRNA contained a single mutation. After annealing the probes for 3-
hours under physiological conditions, we measured struc_ yPNA achieved ~10%
knockdown of the O-MM-4A Fluc transcript, whereas the perfect match Fluc gave ~50%
knockdown. In contrast, unstruc_ yPNA demonstrated no selectivity between O-MM-4A
and the perfect match transcripts (expression knockdown was >90% for both) with 3-hour

annealing.
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In general, we employed two central design elements from current hybridization
probe technologies to improve YPNA selectivity. First, we incorporated intramolecular
stem-loop structure to improve binding selectivity. Second, the stem-loop YPNA
(struc_yPNA) contains an extended arm (overhang) to accelerate the target binding
interaction, as conducted in dissociative (strand displacement) probe design. Struc yYPNA
incorporates the thermodynamic benefits of molecular beacons, however the mechanism
of target recognition is not initialized at the loop domain (struc_yPNA has an ethylene
glycol loop) but through a single stranded overhang (toehold) domain. This latter feature
is attractive because it allows for control over the hybridization kinetics by tuning the
sequence content and length.

It is perfectly rational to estimate that with the proper probe modeling (i.e. probe
design to achieve AG =~ 0) many of these challenges can be overcome. To a first
approximation, the use of established design tools that incorporate DNA/DNA nearest-
neighbor parameters is a good starting point for YPNA hybridization probe design.
However, because of structural preorganization and lack of backbone charge on YPNA
hybridization energetics, these DNA/RNA tools can be misleading in yPNA design. Thus,
an investigator who wants to use YPNA in a selectivity assay is encouraged to test several
structured probes (e.g. different toehold and stem/branch migration lengths and sequence
content) to discover which design gives the best results.

Looking ahead, the application of highly selective (Y)PNA probes is still
underexplored, but presents a promising chassis to develop further. Besides the attractive
biophysical characteristics, the nuclease and protease resistance exhibited by PNA may

also be useful for in situ or unprocessed sample detection of nucleic acid targets.
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Importantly, YPNA improves retains these features as well as expands on the properties
available (e.g., cell delivery,” duplex DNA invasion,”* and orthogonal recognition™).
The pre-arranged helical structure of YPNA gives higher binding affinities through
exhibiting both shape- and base-complementarity. This may allow for the use of
relatively short toeholds (3-5 bases) that also demonstrate fast binding kinetics, in
comparison to analogous DNA probes. YPNA helical preorganization also leads to higher
selectivity by increasing the free-energy difference between the perfect and mismatched
targets. Thus, YPNA demonstrates a desirable anti-correlative relationship between
affinity and selectivity. Furthermore, although YPNA does demonstrate high selectivity,
especially against central mutations, the additional incorporation of intra or

intermolecular structure is anticipated to lead to unbiased mutation discrimination.

4.4 Conclusion

In this chapter, we demonstrated a structure-incorporation method to increase
YPNA selectivity. We applied a hybrid approach to do so. First, we incorporated stem-
loop intramolecular structure, as seen in molecular beacon design. Second, we used an
extended overhang (toehold) domain to initialize the target-probe interaction, as seen in
dissociative probe design. The enhanced selectivity of this probe was tested on SPR and
measured in a cell-free assay. At the time of writing we are still performing SPR
experiments to obtain equilibrium constant data.

Although this project is not complete it is/was a fun project to think about and
conduct. I truly think that this method (structuring a YPNA) has plenty of research

potential and promise to warrant further exploration. Here, we designed a probe around a
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“fixed” target sequence (due to that sequence occurring in the fluc gene). However,
future work could explore additional target/probe combinations. For example, a mutation
placed at the distal end of a target may be sufficiently discriminated against by shifting
the overhang domain to coincide with the distal end bases. The discrimination of
alternatively placed mutations is achieved by similar means. Specifically, to discriminate
against a target mutation, the probe design should “shift” the overhang domain to
coincide with the target mutation placement. Additional questions around overhang
length as it relates to binding rate and selectivity are interesting as well. For example, the
comparison of a probe set with either varying overhang lengths (i.e., 3,5,6), all targeting
the same target sequence will allow for an investigator to compare the binding rate and
selectivity among the probe set. Lastly, the loop domain within the structured yYPNA used
here is a simple hydrocarbon linker, however alternate chemical groups may be
substituted instead. For example, a peptide loop may extend or promote the cellular

capability (e.g., delivery, protein substrate, etc.) of the structured yYPNA.
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4.5 Materials and Methods
4.5.1 yPNA/DNA oligomers

All YPNA oligomers reported here were purchased from PNA Innovations Inc.
(www.pnainnovations.com). Concentrations of struc_yPNA (g = 146,700 M"' cm™) and
unstruc_ YPNA (e = 94,400 M' cm™) were determined by UV-vis absorption on a Varian
Cary 300 spectrophotometer. Sequences of all biotinylated target DNA oligonucleotides
used in SPR direct binding experiments are also given below. DNA oligonucleotides

were ordered from Integrated DNA Technologies (idtdna.com)

4.5.2 Surface plasmon resonance (SPR)

SPR experiments were performed using a Biacore T100 instrument (GE
Healthcare) and four-channel carboxymethyl dextran matrix sensor chips. This
commercially available CM5 chips (GE Healthcare) were further functionalized with
streptavidin (approximately 5000 RUs) via NHS-EDC coupling. 5’ biotinylated DNA
targets (all oligonucleotide DNA targets used are shown in table below) were individually
immobilized (approximately 120 RUs) to the streptavidin labeled surface and chips were
finalized for PNA injections by priming five times with buffer. Buffer used for chip
preparation and all subsequent SPR experiments is 10 mM HEPES pH 7.4, 100 mM

NaCl, 3 mM Na,EDTA, and 0.005% v/v polysorbate 20 (HBS-EP Buffer).
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DNA Sequence Sequence?

Perfect Match (PM) 5- BT-TTTTTAGACCCAAGC-3’
Stem Mismatch (S-MM-7T) 5’- BT-TTTTTAGACCCTAGC-3’
Stem Mismatch (S-MM-6A) 5’- BT-TTTTTAGACCAAAGC-3’
Stem Mismatch (S-MM-7G) 5’- BT-TTTTTAGACCCGAGC-3’
Overhang Mismatch (0-MM-4A) 5- BT-TTTTTAGAACCAAGC-3’
Overhang Mismatch (0O-MM-3T) 5- BT-TTTTTAGTCCCAAGC-3’
Overhang Mismatch (0O-MM-4T) 5- BT-TTTTTAGATCCAAGC-3’

a. BT = Biotinylated

Direct binding experiments were conducted in triplicate (sensorgrams provided
are an average of all three experiments with a standard deviation shown at 418 sec) as
well as background subtracted for streptavidin and buffer backgrounds. Various
concentrations (10, 15, 20, or 25 nM) of structured or unstructured YPNA were injected
over the prepared sensor chip for 400 sec (flow rate = 30 pL/min). This was followed by
a dissociation cycle via buffer injection for 600 sec (flow rate = 30 uL./min). Finally, a
regeneration cycle was conducted to wash any residual YPNA from the sensor chip (30
sec injection of 1M NaCl, 10mM NaOH flow rate = 50 pL/min), followed by a buffer
injection to reestablish a baseline for subsequent injections (150 sec injection of buffer

flow rate = 30 puL/min).

On-Rates were calculated using the slopes of the raw sensorgrams between 80-

100 sec.
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RU80 sec — RU100 sec
20 sec

On Rate =

On Rate Ratios were calculated by dividing the PM on rate by each mismatch.

PMOn Rate

On Rate Ratio =
X—MM — XXOn Rate

Selectivity Ratios were calculated for all mismatch DNAs using the maximum at
418 sec. Max RUs of the PM were divided between that of the mismatches in order to

compare the penalty each mismatch imposed on YPNA binding.

PMMAX
X_MM_XXMAX

Selectivity Ratio =

4.5.3 Mutation Fluc template production and in vitro transcription

A previously cloned firefly luciferase template (T7 promoter) was used as the
‘perfect match’ template (Fluc-PM) and used to create the additional O-MM-4 (Fluc-O-
MM) and S-MM-7 (Fluc-S-MM) firefly templates. To create the mutant subclones Fluc-
PM was digested at a Pvull (upstream of T7 promoter) and HindIII (downstream of T7
promoter) cut site. The digested Fluc vector was then purified using agarose gel
electrophoresis (0.4%). The O-MM-4 and S-MM-7 forward and reverse sequences were
ordered from Integrated DNA Technologies (idtdna.com) and contained the Pvull and
HindIII overhangs. The O-MM-4 and S-MM-7 oligonucleotides were pre-annealed into

duplex formation prior to T4-ligation.
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O-MM-4A insert sequences:

5’-CTG GCT TAT CGA AAT TAA TAC GAC TCA CTA TAG GGA GAA
CCA

5’-AGC TTG GTT CTC CCT ATA GTG AGT CGT ATT AAT TTC GAT AAG
CCAG

S-MM-7U insert sequences:

5’-CTG GCT TAT CGA AAT TAA TAC GAC TCA CTA TAG GGA GAC CCT

5’-AGC TAG GGT CTC CCT ATA GTG AGT CGT ATT AAT TTC GAT AAG
CCAG

After ligation, the plasmid was transfected (Machl/T1 E. coli) and plated
(plasmid confers ampicillin resistance) over night. The resultant colonies were selected

and sent for sequencing for verification.

4.5.4 PCR amplification of the firefly luciferase plasmid

The firefly plasmids were PCR amplified using the NEB PCR Protocol for
Phusion High-Fidelity DNA Polymerase (cycled 35 times, PCR program 98 °C, 2 min;
98 °C, 10 s; 45 °C, 15s; 72 °C, 2 min; 72 °C, 1 min; hold at 4 °C).

Primer design: T7 transcription site 5-TACGACTCACTATAGGG

poly A tail site: 5S'-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

The products were purified using the Thermo Scientific Gel Extraction Kit

protocol and verified using agarose gel electrophoresis (1.8 kB). Transcription Reaction
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and Purification. The transcription reaction followed the Thermo Scientific conventional
transcription protocol (50 pL final volume) and consistently gave high RNA product

yield (~2.5 uM, determined via NanoDrop spectrophotometer). The transcription reaction

was conducted at 37 °C for 2 h. The transcription products were purified using the
Thermo Scientific GeneJET RNA Cleanup and Concentration Micro Kit and

concentration was measured using a NanoDrop spectrophotometer.

4.5.5 yPNA/mRNA annealing

The YPNA (struc_ yPNA or unstruc_ yYPNA) and mRNA were annealed together
in the presence of 79 mM potassium chloride (designed to match the K+ concentration in
the rabbit reticulocyte lysate, RRL Promega) and DEPC-treated water. The RNA
concentration for all translation experiments is set at 10 nM in the final translation
reaction at a final volume of 15 pL. The probe concentration varies depending on the

desired dose. The probe/mRNA is annealed at 37 °C for 1 h.

4.5.6 Translation conditions and luciferase readout

The translation reaction was conducted using the Promega Luciferase Assay
System (E1500) (rabbit reticulocyte lysate). The entire 15 pL of annealing solution
(above) is mixed into 20 pL lysate. The YPNA concentration is determined by
considering the 35 pL final translation reaction volume. The translation reaction is
conducted at 30 °C for 1.5 h. 15 pL of lysate solution is mixed into 15puL of Promega

Luciferase Assay Reagent (E1483) added to a Thermo Scientific Nunc 96 well plate (flat
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white). The bioluminescence reading was collected on a TECAN Infinite M1000 plate

reader.
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4.6 Appendix

4.6.1 On-rate tables for yPNAs

Table 4.4A-1 On-rates for unstructured yPNA (slope 80-100 secs)

Concentration | 10nM 15nM 20nM 25nM

PM 0.26327 +0.0284 | 0.406114+0.02393 | 0.54476+0.03014 | 0.70474+0.03838
S-MM-6A 0.1041240.02782 | 0.22585+0.07809 | 0.262214+0.05839 | 0.35285+0.05713
S-MM-7T 0.1633740.01545 | 0.2533540.02606 | 0.335574+0.02699 | 0.44316+0.03688
S-MM-7G 0.2377340.12872 | 0.3378440.17916 | 0.435154+0.0926 | 0.52684+0.01848
0-MM-3T 0.1098+0.02348 | 0.23799+0.07381 | 0.28556+0.04332 | 0.39695+0.05713
0-MM-4A 0.1075340.01667 | 0.1761540.02166 | 0.235014+0.01849 | 0.31309+0.02625
0-MM-4T 0.0639440.05462 | 0.09464+0.07294 | 0.147824+0.04355 | 0.1873+0.01665

Table 4.5A-2 On-rates for structured yPNA (slope 80-100 secs)

Concentration | 10nM 15nM 20nM 25nM

PM 0.078154+0.02295 | 0.17964+0.0285 | 0.2379540.03121 | 0.30186+0.01366
S-MM-6A 0.026940.0135 0.0546740.02092 | 0.06239+0.02202 | 0.143914+0.01449
S-MM-7T 0.029174+0.0314 | 0.09723+0.02118 | 0.13874+0.03758 | 0.163524+0.01575
S-MM-7G 0.04948+0.05674 | 0.10213+0.11543 | 0.127624+0.00761 | 0.16346+0.02175
0-MM-3T 0.0393240.01071 | 0.07261+0.02672 | 0.09206+0.0225 | 0.199574+0.02158
0-MM-4A 0.007944+0.02494 | 0.03845+0.01194 | 0.06174+0.02433 | 0.07471+0.01182
0-MM-4T N/A (Negative) 0.006524+0.04139 | 0.00604+0.01282 | 0.0111440.01115
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4.6.2 yPNA direct binding sensograms
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Figure 4.11A Direct binding SPR sensograms for (A) struc_yPNA (10 nM) and (B) unstruc_ yPNA (15
nM). DNA target sequences are given in Table 1.1. All data is plotted as n = 3 average + SD.
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Figure 4.12A Direct binding SPR sensograms for (A) struc_ yPNA (10 nM) and (B) unstruc_ yPNA (20
nM). DNA target sequences are given in Table 1.1. All data is plotted as n = 3 average + SD.
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Chapter 5: Achieving Increased Strand Displacement on SPR
and Future Directions

5.1 Introduction

In chapter 2 we observed that the yYPNA-yPNA percent strand displacement
reactions saturated at 50% measured by SPR. In brief, we hypothesized that the saturation
effect was due to non-specific binding of the injected sense YPNA with the chip-
immobilized DNA. Hence, we speculated that if a different immoblized DNA was used,
thus a different sequence, this may lead to a higher percent strand displacement. In this
brief chapter, we apply a different immobilized DNA sequence and demonstrate ~100%
strand displacement using our SPR method.
5.2 Results

In chapter 2 the immobilized DNA generated off-target sense YPNA binding. To
investigate if higher strand displacement could be achieved, we immobilized a truncated
DNA (trDNA) strand that is still able to bind the antisense YPNA with 10-base
complementarity. TrDNA does not contain the 5-additional bases of the DNA target used
in chapter 2. These 5-bases are found in the mRNA target and are in sequence register,

but are non-complementary to the antisense YPNA toehold (Table 5.1).
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Table 5.1 Sequence of the immoblized DNA targets and yPNA probes®

DNA Target (Ch. 2)? 5’ -BTTTTTAGACCCAAGCTTTCA-3’

trDNA Target (Ch. 5)° 5"-BTTTTTAGACCCAAGC-3’

Antisense YyPNA H,N-K-TCTGGGTTCGTGATA-H

Sense YPNA H-AGACCCAAGCACTAT-K-NH,

a. B =Biotin

We used the same YPNAs given in chapter 2 (Table 5.1) to carry out the strand
displacement reaction. After antisense association, which resulted in ~120 response unit
(RU) change, we injected 100 nM and 300 nM sense YPNA over the chip. Over the
course of a 600 second injection, we observed ~110 RU and ~115 RU decreasing change
with 100 nM and 300 nM sense YPNA over a 600 second injection, respectively (Figure
5.1). The injection of 0 nM sense YPNA resulted in no observable change in response,
indicating that the injection of the sense YPNA is needed for strand displacement (Figure
5.1). We incorporated the 1500 second buffer wash step in anticipation that complete
sense-mediated displacement may not occur. Hence, this additional buffer wash would
allow for any non-specific interactions to dissociate, and result in additional response
change. Nevertheless, the additional buffer wash step is not needed because we achieved

~100% displacement during the sense YPNA injection.
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Figure 5.1 Antisense (AS)-sense (S) YPNA strand displacement measured by SPR.

5.3 Conclusions

We demonstrate near complete sense-mediated displacement of the surface bound

antisense YPNA. The high displacement achieved is likely due to the lack of non-specific

binding between the sense YPNA and the immobilized DNA. Although we did not

directly inject the sense YPNA over the immobilized DNA, the fact that we get near 100%

displacement provides strong evidence that sense YPNA non-specific interactions are

negligible.
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5.4 Methods and Materials

All SPR experiments were performed on a Biacore T100 instrument (GE
Healthcare) equipped with a four-channel sensor chip and all displacement data is
presented in triplicate average. The commercially-available chip is coated with a
carboxylmethyl dextran matrix that allows further functionalization with streptavidin via
a standard NHS-EDC coupling procedure. Immobilization of streptavidin was continued
until 6000 response units (RU) of the protein were captured on each of the four channels
(flow cells). The final step of the sensor design involved non-covalent capture of the 5°-
biotinylated DNA targets (~120 RU) on the respective flow cells bearing immobilized
streptavidin.
Each experiment was preceded by injection of a solution containing 20 nM of the
antisense YPNA oligomer for 300 s (flow rate = 30 pL/min). A dissociation time of 60 s
was incorporated after the injection to allow for diffusion of unbound antisense oligomers
from the sensor surface. The subsequent displacement assay was then performed by
injecting a solution containing a fixed concentration of the sense YPNA (flow rate = 30
pL/min) and monitoring the sensor response over 600 s. A buffer wash step was
conducted for 1500 s. Subsequently, each displacement cycle was ended by introducing a
pulse of a regeneration cocktail (1 M NaCl, 10 mM NaOH) for 30 s at a flow rate of 50
puL/min. This cocktail serves to release any residual antisense/sense oligomers and is
followed by a buffer injection (150 s, flow rate = 30 uL/min) to reestablish a baseline

prior to the next displacement cycle.

1473



5.5 Future Directions

In this thesis, we demonstrated reversible hybridization, in a cell-free and SPR
context, by connecting a 5-mer toehold domain to complementary YPNAs. Looking
toward future applications which leverage this thesis work, achieving transient control of
a target gene of interest in vivo would be an exciting forward direction. For example,
turning off (antisense) and then on (sense) a primary gene involved in development
would be an obvious target. Furthermore, delivering the YPNAs to the cell by direct
injection would be a relatively simple way to deliver the YPNA in vitro and avoid many
delivery/trafficking challenges. Additionally, the method of reversible YPNA
hybridization may be useful in applications or methods where transient binding is
desirable. For example, hybridization capture and release of a target strand of interest is
often used in many sequencing preparations.’ The incorporation of high affinity and
selectivity of YPNA in hybridization capture systems is beneficial, but the release of the
target strand from the capture YPNA may be difficult due the high duplex stability.
Hence, application of the strand displacement method present in this thesis would allow
for easy target release without altering temperature or buffer conditions. Another
potential use of the strand displacement method is to allow for RNA study on SPR. In
general, RNA immobilization on SPR is not conducted because of the harsh buffer
washes used in chip regeneration, which cleaves the RNA. Previous work has
circumvented this issue by immobilizing a capture YPNA on the SPR surface that

partially binds to an RNA (Figure 5.2).”
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Step I: Immobilization of biotinylated YPNA capture strand on streptavidin-modified SPR chip.

Step II: Hybridization of capture strand to complementary sequence appended to 4G3 RNA.

Step I1I: Quadruplex invasion by YPNA probe results in YPNA-RNA heteroduplex.

Step IV: Washing with 10 mM NaOH dissociates YPNA-RNA hybrid, releasing the free immobilized capture
strand.

Figure 5.2 Hybridization of a target RNA to an immoblized yYPNA. Figure adapated from reference 2.

After RNA capture, the subsequent injection of a YPNA is conducted, thus allowing for
study of the RNA-yPNA interaction. However, under this method, chip regeneration
dissociates the captured RNA from the capture YPNA, thus requiring a new RNA
injection after each wash. Replenishing RNA after each regeneration may be tolerated if
the RNA molecule is readily available, however this requirement may be prohibitive for
some rare or expensive RNA samples (e.g. biologically derived or modified RNA
targets). The application of toehold probes to this system would allow for direct binding
of RNA and numerous probe injections for association/dissociation binding studies.
Specifically, the injection of a complementary YPNA (sense) would mediate the
displacement of the RNA-bound YPNA probe (antisense), thus regenerating the chip
without requiring a harsh buffer wash and resupply of RNA to the chip surface (Figure

5.3).
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Figure 5.3 Release of a yPNA probe to RNA target by sense-mediated strand displacement (dashed arrow).
Figure adapated from reference 2.

Future work may also consider understanding the relationship between strand
displacement energetics and kinetics and YPNA design. For example, investigating
toehold and branch migration length as a function of strand displacement kinetics may
provide valuable insights towards future designs. In addition, acquisition of this
energetic/kinetic data would allow for directly comparing yYPNA systems to analogous
DNA systems, which would aid in understanding the affinity and selectivity benefits, and
potential downsides, of YPNA. Beside the addition or subtraction of bases in the toehold
or branch migration domains, the incorporation of carbon spacers between the toehold
and branch migration domains may present another way to modulate the strand
displacement kinetics. Specifically, by separating the toehold domain from the branch
migration domain by spacer incorporation (e.g. miniPEG units) the overall kinetics of
strand displacement are likely to change because of the spatial separation of the last
toehold base from the first branch migration base. The adjustment of the spacer length
may present another method to tune the kinetics of the reaction, beside just changing the

toehold length or the respective GC content.

144



5.6 References

1. Mamanova, L.; Coffey, A. J.; Scott, C. E.; Kozarewa, I.; Turner, E. H.; Kumar,
A.; Howard, E.; Shendure, J.; Turner, D. J., Target-enrichment strategies for next-
generation sequencing (vol 7, pg 111, 2010). Nature Methods 2010, 7 (6), 479-479.

2. Oyaghire, S. N.; Cherubim, C. J.; Telmer, C. A.; Martinez, J. A.; Bruchez, M. P.;
Armitage, B. A., RNA G-Quadruplex Invasion and Translation Inhibition by Antisense
gamma-Peptide Nucleic Acid Oligomers. Biochemistry 2016, 55 (13), 1977-1988.2.

147





