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Abstract
Building Nucleic Acid-Based Technologies for Biological Sensing and Modulation

By Brea A. Manuel

Nucleic acids are historically known and studied for their natural functions of information
storage. However, over the last few decades, functional nucleic acids have emerged in the fields
of biotechnology, bioremediation, and biomedicine, as they possess the abilities to bind targets
of interest and perform catalysis. Aptamers have been evolved to bind several targets, including
proteins, heavy metals, and small molecules. As a result, many different aptamer-based
applications have come to fruition. This dissertation aims to explore various applications of
aptamers and develop different technologies for biological sensing and modulation, advancing
the fields of biotechnology and biomedicine. Chapter 1 introduces the different functional nucleic
acids, their uses, and the gaps in the field. In Chapter 2, we sought to address current challenges
of modulating aptamers to produce stable nucleic acids that are capable of binding a range of
targets with a range of affinities. We then use these aptamers in Chapter 3 in an attempt to study
sequestration of small molecules, and the effects of this phenomenon on enzymes. Specifically,
we use these aptamers to enhance enzyme activity with total control of the various kinetic
parameters. In Chapter 4, we take an opposite turn and explore reversible control of enzymes
and functional nucleic acids using a thermoreversible protecting/caging group. In Chapter 5, we
then use the idea of aptamer evolution to explain the effects of the selection process on diversity,
equity, and inclusion. Lastly, we summarize our findings and propose future explorations of
aptamers and their applications in Chapter 6.
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Chapter 1: Introduction?!

1.1 Functional Nucleic Acids

Nucleic acids are historically known for their control of all cellular activity such as gene
expression, recognition, and protein binding. However, nucleic acid function expands far beyond
what nature intended. Functional nucleic acids are singled-stranded nucleic acids capable of bind-
ing a specific target and capable of enzymatic activity (Figure 1.1). In 1990 Ellington et al. devel-
oped aptamers, singled stranded DNA or RNA capable of binding a target molecule, via Systemic
Evolution of Ligands by Exponential Enrichment (SELEX).® Aptamers have been evolved over the
last three decades to bind a variety of targets such as metals and proteins. There’s been a shift
in biotechnology with the emergence of small-molecule binding aptamers. Adjacent to aptamers,

nucleic acid enzymes are DNA (DNAzymes) or RNA (ribozymes) that can perform catalysis.
1.2 DNAzymes

DNA enzymes, or DNAzymes, are a subset of functional DNAs that act as biocatalysts.*®
These catalytic DNAs offer similar advantages over protein-based enzymes as described for ap-
tamers relative to protein-based affinity reagents. Through SELEX, DNAzymes have been gen-
erated for a variety of reactions, including RNA cleavage,” ® RNA ligation,® '° and even carbon—
carbon bond forming reactions."" > DNAzyme SELEX is particularly challenging because the
functional output is unique to every selection. Furthermore, the substrate molecule generally must

be immobilized to the DNA library to maintain the genotype—phenotype link during isolation and

T Reproduced in part from ref. 2, https://doi.org/10.1039/D2SC00117A, under the terms of CC BY 3.0 li-
cense https://creativecommons.org/licenses/by/3.0/.
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Figure 1.1: Types of functional nucleic acids. (a) Aptamers bind the small molecule. (b)
Molecular beacon structure-switching biosensor. (c) Split aptamer structure-switching biosen-
sor. (d) Structure-switching biosensor. Reprinted (adapted) with permission from B. A. Manuel,
S. A. Sterling, A. A. Sanford and J. M. Heemstra, Anal. Chem., 2022, 94(17) 6436—6440,
https://doi.org/10.1021/acs.analchem.2c00422. Copyright 2022 American Chemical Society.
(e) DNA catalysed reaction.

washing steps.'? However, this can also offer an advantage as target specific affinity handles can

then be used to isolate active sequences. For example, a zinc dependent DNAzyme capable of

RNA cleavage activity was isolated by appending the target RNA strand with a biotin handle,

which allowed for easy isolation using streptavidin-coated magnetic beads.

While DNAzymes have found use in small molecule environmental contaminant detection,
it is very rare that they are acting strictly as the biorecognition element. DNAzyme based biosen-
sors instead are selected to rely on a specific heavy metal for an activity such as nucleic acid
cleavage, and this metal-dependent activity is then coupled to a fluorescence readout or other
amplification and sensing motif."*'” This format can make DNAzyme biosensors field deployable
and cost effective, and in the next section we describe the use of reporter enzymes such as
horseradish peroxidase (HRP) to amplify signal. A major limitation, however, is that the catalytic
efficiency of DNAzymes remains poor compared to native enzymes. We suggest that this can be
addressed by developing homogenous selection methods for DNAzymes, in which the substrate
does not need to be tethered to the DNA library during the selection process. This would provide
greater control over the stringency of the selection process and enable the direct selection of
DNAzymes that function in trans with free substrate molecules. Selection in trans could also lead

to improvements in selectivity, as sequences would be sorted based on their ability to produce a



specific reaction product rather than a general DNA cleavage or ligation event. A key hurdle to
such selection methods is the ability to detect the desired products of the DNAzyme reaction, but
we propose that other forms of DNA sensors such as those described below could be leveraged

for such applications.
1.3 Aptamers

Unlike DNAzymes, aptamers do not possess catalytic capabilities. However, over the
years they have been evolved to bind small molecules, showing great promise in the fields of
medicine, biosensing, and environmental remediation. Specifically, aptamers have been shown
to be reusable, making them very affordable and environmental friendly as it relates to remedia-
tion.? '® 19 |n addition they have many advantages over chemical techniques, such as safety, and
over other biological techniques such as antibodies due to their cost and easier generation.? % In
addition, aptamers are far more tunable by simply modifying bases via error prone PCR, stem
truncations, and changing the environment of the aptamer.?'>®> On the other hand, other affinity
reagents such as peptides, proteins, and antibodies are tuned via longer and less cost effective
methods. In addition, These biomolecules are much larger, resulting in limitations when using
them in biological settings. While aptamers tend to be less stable than their amino acid-based
counterparts, they are able to be tuned to be nuclease-resistant, and more recently, it has been

shown that encapsulation allows for nuclease-resistance without a pertubation of function.?*2°

1.4 Modulating Aptamer Recognition with Nucleotide Modifications

Modifying nucleic acid bases and nucleotides have many benefits including nuclease re-
sistance, catalytic ability (nucleic acid enzymes), and recognition tunability.> 2! Specifically, un-

natural nucleotides are incorporated, yielding xenonucleic acids (XNAs), and we specifically



explore natural bases that are not typically found in DNA.3**2 There are many different forms of
modified nucleotides, such as peptide nucleic acids (PNA), threose nucleic acids (TNA), and
2’0Me RNA to name a few. PNA replaces the phosphate backbone with a peptide moiety.3*3?
These biomolecules have shown great stability and nuclease resistance. TNA replaces the ribose
sugar backbone of RNA with a therose sugar backbone, making them also resistant to nuclease
digestion. A huge limitation of using these unnatural bases, however, is that for further generation
and certain applications, polymerases are not promiscuous enough for efficient replication of
these molecules. Therefore, generating aptamers from them is rather challenging. Therefore, we

focus on using natural bases, not found in DNA, to tune recognition, and in chapter 4, we explore

glyoxal-based modifications to control nucleic acid function altogether.

As an initial model system for aptamer recognition tuning, we chose a well-studied and
well-characterized anti-cocaine aptamer reported by Stojanovic et al.*® Stojanovic and others
have explored multiple modifications to this sequence, most of which result in decreased binding
affinity.>*3° Due to this perturbation, others explored other methods to more efficiently tune bind-
ing. Because improving the binding affinity improves the LOD of aptasenors, various base muta-
tions were explored, leading to both slight increases and decreases in cocaine binding affinity.*®
Truncations were also explored, and it was shown that not only did this decrease the binding
affinity for cocaine but it also increased the affinity to off-target analytes.?* From these studies,
they concluded that cocaine binding relies on structure as opposed to specific sequence, further
leading us to explore more natural base modifications and in chapter 4, reversible base modifica-

tion.

1.5 Aptamer-Based Small Molecule Detection



Aptamers form secondary structures upon binding of their targets. Therefore, over time,
their 5" and/or 3’ termini have been functionalized to produce a readout upon binding of targets.
Aptamer-based sensors, or aptasenors, have been developed for a number of targets and appli-
cations, and there are three different types: molecular beacons, split aptamers, and structure-
switching. Molecular beacons consist of one end being functionalized with a fluorophore and the
other with a quencher. Upon binding, the two ends come together, and there is a quenching of
fluoresence. Split aptamer-based sensors consists of a parent aptamer that is strategically cut at
a specific site to create two separate strands. One strand is is functionalized with a fluorophore
and the other, with a quencher. In the presence of the target, the strands hybridize to bind the
target, resulting in FRET between the fluorophore and quencher. Lastly, structure-switching ap-
tasenors consist of an aptamer functionalized with a fluorophore prehibridized to a quencher-
functionalized partial complement, also called a capture strand. Upon hybridization, the signal is
quenched. In the presence of the target, the capture strand is displaced, resulting in a restoration
in fluoresence. Aptasensors show great promise, as they are safe to use in a variety of different
settings. For example, aptasensors have been used to detect BPA in water'® and on the other

hand have been used in living systems for metal detection.>®

In this dissertation, we specifically explore work with DNA aptamers that bind cocaine. The
anti-cocaine aptamer has been extensively utilized in biosensor development for drug monitoring
and remediation. In addition, much effort has been taken to modulate this aptamer in an attempt
to tune target recognition, and thus improve aptasensor LOD.*” These efforts include truncations
and crucial base modifications near binding sites. However, both of these methods lead to dimin-
ished binding, and thus poorer biosensing activity.?* 3 3° In addition to improving affinity, gener-

ating aptamers having a range of binding affinities is a crucial component of the work presented.



Altering aptamer structure can also lead to a change in selectivity,*® and thus, modulating aptamer
affinities to generate a range can enable full control over detection and sequestration of analyte

mixtures containing structurally similar molecules, which we explore in chapters 2 and 3.
1.6 Aptamer-Based Small Molecule Sequestration

While functional nucleic acids have mainly been developed for detection of small mole-
cules, the new emerging field of small molecule sequestration has found great promise. Because
aptamers are easily tunable and functionalizable, there are many methods that have been ex-
plored for aptamers to be used as sequestering agents, such as scaffolds, solid supports, and
membranes for a variety of applications, including removal from soil, water, and food (Figure
1.2)."8:20.41 gpecifically, many of these methods sequester via dispersion in the sample, and they
typically work to sequester and remove. For example, Huang, et al. explore sequestration of E.
coli using TiO; particles, coupled to DNA aptamers. Upon UV irradiation, TiO, produces reactive
oxygen species, killing the E. Coli.*> Another example is the use of these biomolecules in hydro-
gels and liposomes. Specifically, BPA has been sequestered and removed from water using both
methods, and oxytetracycline has been removed using liposomes.** * Lastly, our group has
shown the beneficial effects of functionalizing membranes with BPA aptamers in order to purify

water.'®

While sequestration has been scarcely studied, and specifically for removal of toxins, in
this dissertation, we specifically explore the effects of co-encapsulating aptamers with enzymes.
Encapsulation of nucleic acids in a wide variety of nanocompartments, including lipid vesicles,
liposomes, and virus-like particles (VLPs) has been explored.?>2 4546 Specifically, encapsulation

of nucleic acids, including aptamers, have been explored greatly in therapeutics as liposomes,



lipid vesicles, and VLPs have all been shown to protect their cargo for nucleases.?>2% 4% 46 While
nucleic acid encapsulation has been utilized widely for protection, we take a more unorthodox

approach in Chapter 3 and explore sequestration to improve enzyme enhancement, specifically
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Figure 1.2: Aptamer-based methods for sequestration of environmental contaminants.
(a) Nanoparticle-based aptamer support. (b) Liposome-based aptamer support. (c) Aptamer
column filtration. Reproduced from ref. 147, https://doi.org/10.1155/2017/3712070, under the
terms of CC BY 4.0 license. (d) Aptamer membrane filtration.

by controlling the degree of saturation, in turn, controlling Ku.

1.7 Summary and Conclusions of this Dissertation

Because aptamers are small, easily tunable, and cost effective, they show great promise
in bioremediation, therapeutics, and biotechnology. As a result, modulating them allows for great
control of their function, and further, great control over biological systems overall. The primary
research goal of this dissertation was to develop and modulate aptamers for control in biological
systems. Here, we describe four major applications involving aptamer and nucleic acid modula-

tion: recognition tuning, biosensing, enzyme enhancement, and enzyme inhibition (Figure 1.3).



In the areas of recognition tuning and biosensing, we first sought to modulate aptamer
affinity and specificity to generate aptamers with ranges of binding affinities for both their intended
target and their off targets using guanosine-to-inosine substitutions (Chapter 2). This was the first
demonstration of an inosine-driven range of affinities. We then sought to generate structure-
switching biosensors from these new aptamers. Excited with this newfound control over recogni-
tion, we then sought to study the effects of these affinity reagents and their affinities on enzyme
enhancement driven by sequestration (Chapter 3). This was accomplished by co-encapsulating
anti-cocaine aptamers of varying affinities with the cocaine-hydrolyzing enzyme cocaine esterase.
After successfully controlling aptamer Kp, we aimed to control enzyme Ku separate from enzyme
keat by controlling the degree of sequestration using the aptamers of ranging affinities. In Chapter
4, we investigate the effects of nucleic acid modulation on enzyme, aptamer, and nucleic acid
enzyme inhibition. Specifically, we are the first to demonstrate thermoreversible control of nucleic
acids and its role in reversible enzyme inhibition. In Chapter 5, we discuss the analogy between
aptamer selection and the selection process of graduate school as underrepresented students

are often weeded out during every round of selection, along with ways that diversity, equity, and



inclusion can be improved in graduate school. Finally, | summarize these works and their contri-

bution to the field, and | propose future directions (Chapter 6).

% 10 100 1000
Cocaine Concentra tion (M)

Nucleic Acids

Recognition Tuning Biosensing

Enzyme Enhancement

Figure 1.3: Nucleic Acid-based Technologies. Nucleic acid-mediated biosensing, enzyme
enhancement, and enzyme inhibition. Figure made with Biorender.

Chapter 2: Systematically Modulating Aptamer Affinity and Specificity by Guanosine-to-

Inosine Substitution?'*

* Reproduced from Ref. 21 with permission from Manuel, B. A.; Sterling, S. A.; Sanford, A. A_;
Heemstra, J. M., Systematically Modulating Aptamer Affinity and Specificity by Guanosine-to-

Inosine Substitution. Analytical Chemistry 2022, 94 (17), 6436-6440. Copyright 2022 American
Chemical Society.
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2.1 Abstract

Aptamers are widely used in small molecule detection applications due to their specificity,
stability, and cost effectiveness. One key challenge in utilizing aptamers in sensors is matching
the binding affinity of the aptamer to the desired concentration range for analyte detection. The
most common methods for modulating affinity have inherent limitations, such as the likelihood of
drastic changes in aptamer folding. Here, we propose that substituting guanine for inosine at
specific locations in the aptamer sequence provides a less perturbative approach to modulating
affinity. Inosine is a naturally occurring nucleotide that results from hydrolytic deamination of aden-
osine, and like guanine, it base pairs with cytosine. Using the well-studied cocaine binding ap-
tamer, we systematically replaced guanosine with inosine and were able to generate sequences
having a range of binding affinities from 230 nM to 80 uM. Interestingly, we found that these
substitutions could also modulate the specificity of the aptamers, leading to a range of binding
affinities for structurally-related analytes. Analysis of folding stability via melting temperature
shows that, as expected, aptamer structure is impacted by guanosine-to-inosine substitutions.
The ability to tune binding affinity and specificity through guanosine-to-inosine substitution pro-
vides a convenient and reliable approach for rapidly generating aptamers for diverse biosensing

applications.
2.2 Introduction

Aptamers are single-stranded oligonucleotides that selectively recognize and bind to a
target analyte through non-covalent interactions. Their specificity, stability, and cost-effectiveness
have made them attractive for use as affinity reagents in small-molecule detection applications,

and a large number of DNA aptamer-based sensor designs have been described.*’-*? In particular,
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the cocaine aptamer has been extensively utilized in biosensor development for drug monitor-
ing,* and significant effort has been directed toward improving aptamer affinity through trunca-
tions and base modifications. However, aptamer truncations and drastic base modifications often
compromise stability, leading to diminished selectivity and binding affinity.*”*® In addition to im-
proving affinity, generating aptamers having a range of binding affinities can yield biosensors
having a wide dynamic range. Altering aptamer structure can also lead to a change in selectivity,??
and thus using combinations of aptamer analogues can enable more efficient detection or se-

questration of analyte mixtures containing structurally related molecules.

We recognized that guanosine-to-inosine substitution could provide a convenient ap-
proach to modulating aptamer affinity and selectivity, as this substitution changes the number of
hydrogen bonds involved in base pairing, but should not affect folding to the same extent as other
non-synonymous mutations.*® % While guanosine-to-inosine substitution has been explored in
aptamers, these studies have focused on single mutations of key binding residues in order to
study aptamer folding and binding as opposed to modulating affinity.>® Additionally, these substi-

tutions are predominantly studied in G-quadruplex aptamer sequences.>®®

As an initial model system, we chose the MNS-4.1 anti-cocaine aptamer reported by Stoja-
novic and coworkers.* Stojanovic and others have explored multiple modifications to this se-
quence, most of which result in decreased binding affinity." ** >° Due to this perturbed binding,
other efforts were sought after to improve binding by modifying the MNS-4.1 aptamer. Roncancio
et al. tested the parent MNS-4.1 aptamer in their dye displacement cocaine biosensor.' Because
improving the binding affinity improves the LOD of aptamer-based biosensors, they performed
various base mutations, leading to both slight increases and decreases in cocaine binding affin-

ity." Like Stojanovic and coworkers, Sachan et al. reported that truncations of their modified MNS-
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4.1 sequence or substituting key adenosines in stems 1 and 2 with 2-aminopurine not only de-
creased the binding affinity for cocaine, but also increased the affinity to off-target analytes.®
From these studies, they concluded that cocaine binding relies on structure as opposed to specific

sequence.

Starting from the MNS-4.1 and related 38-GC and 38-GT parent aptamer sequences; we
explore systematic replacement of guanine with inosine in strategic locations known to impact
structure or target binding. Using microscale thermophoresis (MST) to quantify the binding affinity
of these aptamers to cocaine and structurally similar analytes, we find that guanosine-to-inosine
substitution can be used to dramatically alter both binding affinity and specificity. Whereas the
parent aptamer has a Ky value of ~80 uM, we are able to generate aptamers having a range of Ky
values of 230 nM—80 uM. Additionally, we found that guanosine-to-inosine substitution could have
a surprisingly large impact on binding specificity. Together, these data demonstrate that guano-

sine-to-inosine substitution serves as a convenient method for rapidly generating aptamer
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analogues having varying binding properties, and thus is well-suited for use in diverse biosensing

applications.
Stem 2
ATc 1°A ATc cCa ATc T8
A C A A A A C A
ATAGGA—T C'AéTGA ATAGGTT CGAGTGA A TAGG;T CGAéTG/
stem3  'CG Acg Ace
AT AT AT
GC GC GC
AG AT AT
GA G|C GC
GC GC G|C
GA Stem1 GC GC
MNS-4.1 38-GC 38-GT

Figure 2.1: Structures of parent aptamers MNS-4.1, 38-GC, and 38-GT with stems 1-3 labeled
for MNS-4.1. Stems 1-3 are the same for all aptamers. Magenta boxes indicate positions of guano-
sine-to-inosine substitutions. Yellow boxes indicate key differences between parent aptamers imple-
mented by Roncancio et al. in an attempt to increase aptamer stability.1 Inosine substitutions were
formed at positions G1-3 for all aptamers and G25 of 38-GT and 38-GC.

2.3 Results and Discussion
2.3.1 Binding affinity of aptamers to cocaine

The cocaine aptamer has been subjected to many sequence truncations and mutations,
and we based our investigation on the parent aptamer sequences MNS-4.1, 38-GC, and 38-GT."
Because it has been shown that changes made to stem 1 affect binding affinity, we substituted
Gi3 of all aptamers to inosine to yield MNS-4.1 Inosine, 38-GC Inosine, and 38-GT Inosine." **
% In addition, we substituted Gs of 38-GC and 38-GT to inosine to yield 38-IC and 38-IT respec-
tively (Figure 2.1). G2s is near, but not in, the binding pocket therefore we did not suspect that

changing this base would severely alter the binding pocket.?® 34 60. 61
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Using fluorescently labeled DNA strands, we employed microscale thermophoresis (MST)
to measure the binding affinities of all eight aptamer sequences for cocaine. MST is a highly
sensitive method based on changes in thermophoretic mobility upon target binding. Unlike surface
plasmon resonance and many other analytical methods, MST does not require that the target or
aptamer be immobilized on a surface. In addition, compared to isothermal titration calorimetry,
MST requires only small amounts of sample. Thus, MST offers an accurate and convenient
method for quantifying aptamer binding affinity.®> * MST analyses indicated that most inosine-
containing aptamers bound cocaine with a higher affinity than their unmodified counterparts (Ta-
ble 2.1, Figure 2.2a). The Ky value of the MNS-4.1 Inosine aptamer having substitutions at G1.3
improved 17-fold in comparison to the parent MNS-4.1 aptamer. In addition, 38-GT Inosine bound
cocaine with a ~2.5-fold improvement in comparison to the parent 38-GT aptamer. However, 38-
GC Inosine bound with a Ky of 18.7 uM, which is comparable to the 38-GC parent aptamer. In the
case of the Gas substitution, 38-IT only bound with a ~1.5-fold improvement in comparison to the
38-GT aptamer. Finally, the 38-GC G5 substitution, 38-1C, showed an impressive 63-fold increase

in affinity compared to the parent 38-GC aptamer. We were very excited about these results, as



15

most modifications to the cocaine-binding aptamer have resulted in a decrease in binding affinity

for the target, and achieving an increase in affinity is significantly more challenging.
2.3.2 Melting temperature of aptamers

To investigate the relationship between folding stability and cocaine binding affinity, we
purchased non-labeled aptamer strands and used UV absorbance to determine the melting tem-
perature (Tm) of each aptamer (Table 2.1, Figure A9). We found that substituting G+.3 for inosine
had a large effect on the T, of the 38-GT and 38-GC parent sequences, decreasing Trm by 13.7
and 9.6 °C, respectively. This is not unexpected, as I-C base pairs have one fewer hydrogen bond
than G-C base pairs.®* ® However, the Gi; substitutions interestingly had a slightly stabilizing
effect on the MNS-4.1 aptamer. Given that where G1.3 are located in the S; stem has been noted

23, 34, 60

to be crucial for cocaine binding, we found it interesting that we did not observe a distinct

correlation between binding affinity and melting temperature. We also found that changing G2s of

Table 2.1: Binding affinity for cocaine and analogues and melting temperature of parent ap-

tamers and inosine-substituted variants.

Aptamer Cocaine Ky (M) Norcocaine Ky (uM) Cocaethylene Ky (M) Tm (°C)
Positions

MNS-4.1 - 79.6 £ 14.0 15.1+2.6 222+49 41.5+0.1
MNS-4.1 Inosine Gis 45+1.2 159 £ 69 38+1.8 42.9+0.1
38-GT - 20.3+2.8 15.1+4.2 256+25 456+0.8
38-GT Inosine Gis 6.2+26 111+ 24 14+05 31.9+0.2
38-IT Gas 13.7+3.8 23.2+13.0 128 + 33 45.0+0.7
38-GC - 145+8.8 N.D. 155+7.6 51.4+0.7
38-GC Inosine Gis 18.7+3.9 N.D. 35+ 14 41.8+0.3
38-IC Gos 0.23+£0.10 13.1+3.8 152+ 4.6 48.9+0.1
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38-GT and 38-GC only slightly affected the T values of the aptamers indicating that the changes
in affinity for these inosine-substituted aptamers are likely a result of much more subtle changes

in fold or structure as opposed to overall stability
2.3.3 Binding affinity of aptamers to cocaine-like analogues

Next, we were curious to investigate the effect of inosine substitution on binding selectivity
against structurally related analytes. Cocaine is primarily hydrolyzed to benzoyl ecgonine (BE) by
human choline esterase 1 and to ecgonine methyl ester (EME) by butyryricholinesterase, human
cholinesterase 2, and cocaine esterase.®®*® Therefore, binding to these metabolites is of signifi-
cant interest in biosensing applications. We performed MST with each of the parent and inosine-
substituted aptamers and found no detectable binding of any of the aptamers to BE or EME (Fig-
ure A4 and A5). This indicates that the change in aptamer structure arising from inosine substitu-

tion does not decrease specificity against EME and BE.

We were also curious to test the binding affinity of the aptamers with norcocaine and co-
caethylene, as the parent MNS-4.1 aptamer has been reported to bind these metabolites.®* Inter-
estingly; norcocaine is also the only known metabolite of cocaine to be biologically active.®® As
expected, we found that the parent MNS-4.1 aptamer binds norcocaine (Figure 2.2b, Table 2.1).
However, inosine substitution at G+.3 resulted in 11-fold weaker binding, demonstrating that this
substitution can dramatically impact selectivity. Similarly, we found that inosine substitution at G+.
3 of the 38-GT aptamer resulted in 7.4-fold weaker binding however, inosine substitution at Gzs of
the 38-GT aptamer did not have a significant impact on norcocaine binding affinity. Interestingly,
the parent 38-GC aptamer shows no affinity for norcocaine, and this selectivity was retained with

inosine substitution at Gi.3. However, substitution of the 38-GC aptamer at the G5 position
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restored norcocaine binding, and in fact, this sequence had the highest affinity for norcocaine of
all of those tested. In the case of cocaethylene, we also found that the parent MNS-4.1 aptamer
binds with an affinity of 22 uM, which is not unexpected given previous reports and the similarity
between cocaethylene and cocaine.? In a similar trend, our MNS-4.1 Inosine aptamer bound with
a higher affinity to cocaethylene than MNS-4.1 and with a higher affinity to cocaethylene than
cocaine (Figure 2.2c, Table 2.1). Inosine substitution at the G1.3 positions of the 38-GT and 38-
GC aptamers produced similar changes in cocaethylene binding as observed for cocaine. How-
ever, while 38-IC bound cocaethylene with the same affinity as its parent 38-GC aptamer, 38-IT
bound with a 5-fold lower affinity than its parent 38-GT aptamer. Together, these data demon-
strate that inosine substitution not only impacts binding for the target substrate, but can also dra-
matically impact selectivity by modulating the affinity of aptamers for off-target analytes. For co-
caethylene, substitutions made to either G13 and G2s resulted in an increase in affinity in most

cases. However, norcocaine showed a nearly opposite trend, with the exception of 38-IC.
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Figure 2.2: (a) Cocaine (b) norcocaine and (e) cocaethylene binding of parent MNS-4.1 aptamer
in comparison to MNS-4.1 Inosine measured using MST. All MST experiments were performed
in triplicate.

2.3.4 Binding affinity of aptamers to cocaine in biological fluid

MNS-4.1 has been shown to have salt-dependent affinity for cocaine, and thus we sought
to also test binding in a biological fluid.?* ** We performed MST analysis with MNS-4.1 and MNS-
4.1 Inosine in 2.5% artificial saliva, which has higher KCI concentration than the standard binding
buffer used for the aptamer. Interestingly, we observed a ~10-fold increase in binding affinity in
the case of MNS-4.1, but observed no change in affinity in the case of MNS-4.1 Inosine (Figure

A8).
2.3.5 Generation of cocaine structure-switching biosensors

Cocaine-binding aptamers have found wide use in structure-switching biosensors, and
thus we sought to test MNS-4.1 and its inosine counterpart, MNS-4.1 Inosine in this context. We
functionalized our aptamers with Cy5 and hybridized each to a BHQ3-functionalized complemen-
tary strand.”® "' In the absence of cocaine, the two sequences hybridize, resulting in quenching
of the Cy5 fluorescence. In the presence of cocaine, however, the capture strand (CS) is dis-

placed, resulting in an enhancement in fluorescence (Figure 2.3a). We observed dose-dependent
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curves with Ksens values of 11.4 £ 4.6 yM and 20.9 £ 6.6 yM for MNS-4.1 and MNS-4.1 Inosine,
respectively (Figure 2.3b). Using a previously reported method, we combined these measure-
ments with the Ky of each aptamer for the complementary strand in order to independently calcu-
late the Ky of each aptamer for cocaine.”" 2 This resulted in Kq4 values of 41.2 uM for MNS-4.1

and 13.9 yM for MNS-4.1 Inosine, which

a
are consistent with our MST data. These
data further support our earlier observa-
VeV
tions and demonstrate that inosine modifi- b
cation can also be used to modulate the 1007 o= MNS-4.1: K, = 11.4 £ 4.6 uM
804~ MNS-4.1 Inosine: K. = 20.9 6.6 uM

dynamic range of aptamer sensors.

% Displacement

Y T T T 1
0.1 1 10 100 1000

Cocaine Concentration (uM)

Figure 2.3: Biosensor characterization for
MNS-4.1 and MNS-4.1 Inosine. (a) Sche-
matic of our structure-switching biosensing
method. The red circle represents our fluoro-
phore, and the grey represents our quencher.
(b) Dose-dependent curves for MNS-4.1 and

2.4 Conclusion MNS-4.1 Inosine biosensors with cocaine.

Here we explore guanosine-to-inosine substitution as a method to modulate the affinity
and specificity of DNA aptamers. Using the well-studied cocaine-binding aptamer, we designed

and analyzed five inosine-containing sequences based on the parent aptamers MNS-4.1 38-GT
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and 38-GC." *° Using MST, we found that inosine substitution at Gi.3 and Ggs resulted in se-
quences having a wide range of binding affinities. Excitingly, in some cases, we observed im-
proved affinity with one aptamer showing 63-fold stronger binding as a result of a single inosine
substitution. Melting temperature studies showed that inosine substitution also dramatically im-
pacts thermal stability, but we did not observe a strong correlation between changes in Tr value
and changes in binding affinity for cocaine. Thus, we hypothesize that inosine impacts cocaine
binding through more subtle structural changes to the aptamer that are not necessarily reflected

in thermal stability.

A survey of aptamer binding to cocaine metabolites demonstrated that inosine substitution
does not impact selectivity against EME and BE as no binding was detected for the parent ap-
tamers or their inosine-containing analogues. However, we did find that selectivity for norcocaine
and cocaethylene could be modulated by inosine substitution with G1.3 modification resulting in
up to 10-fold increase in selectivity compared to the parent aptamer. We also demonstrated that

inosine substitution could be used to modulate the dynamic range of aptamer sensors.

While at times we observe dramatic changes to analyte binding upon inosine substitution, we
have not yet been able to elucidate clear trends that would predict how inosine substitution could
be used to strategically tune affinity. We envision that future studies harnessing a greater number
of analogues in tandem with machine learning approaches could provide insight into this interest-
ing question. We also look forward to exploring inosine substitution with other aptamer se-
quences. We envision that this approach will provide a facile, rapid, and cost-efficient method for
obtaining aptamers having a range of binding affinities, not only for the desired target, but also for

off-target analytes. We anticipate that this will significantly advance the use of DNA aptamers in
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biosensing applications by enabling researchers to carefully tune binding affinity to match the

desired dynamic range for analyte detection.

2.5 Materials and Methods

2.5.1 Chemicals

Cocaine, benzoylecogonine, ecogonine methyl ester, cocaethylene, and norcocaine were
purchased from Sigma-Aldrich. All stock solutions were prepared in water and stored at 4 °C. For

biological samples, artificial saliva was purchased from Sigma-Aldrich.

2.5.2 Generation of aptamers

Oligonucleotides were purchased from the University of Utah DNA/Peptide Synthesis
Core Facility or Integrated DNA Technologies (Table A1 and A2). All oligonucleotides were puri-
fied by 10% denaturing polyacrylamide gel electrophoresis prior to use. Gel bands were excised
and incubated in 300 mM sodium acetate, 1 mM EDTA (pH 8.0) at 37 °C for 24 h. The DNA was
then separated from the gel pieces using cellulose acetate membrane filters (ThermoFisher) and
concentrated using 10K Amicon Ultra-0.5 centrifugal unit with Ultracel 10 membrane (EMD Milli-

pore). DNA concentrations were measured on a NanoDrop 2000 (Thermo Scientific).

2.5.3 Generation of binding curves using microscale thermophoresis (MST)

MST experiments were performed using a Monolith NT.115 (NanoTemper Technology).
All measurements were performed in 10 mM Tris buffer (pH 7.4), 0.01 mM MgCl, and 5% DMSO
or with with 2.5% artificial saliva at 25 °C. The aptamer concentration was kept constant at 5 nM,
while the titrant (cocaine, EME, BE, cocaethylene, or norcocaine) concentrations ranged from 50

MM to 1.65 mM. We introduced 16 Monolith capillaries (NanoTemper) of 5 uL each at N=3 for
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cocaine, cocaethylene, and norcocaine and N=1 for EME and BE. Data were fitted using Prism 8

analysis software to determine the aptamer Kp values.

2.5.4 Determination of melting temperatures

Samples were prepared at a concentration of 3 yM. All measurements were performed in
10 mM Tris buffer (pH 7.4), 0.01 mM MgCl; and 5% DMSO at 25 °C in 8-well cuvettes and run on
a Shimadzu UV-1800 spectrophotometer to monitor absorbance at N=3. Measurements were
taken from 20-95 °C at a ramping rate of 0.5 °C per minute. Melting temperatures were deter-

mined by the first derivate method.

2.5.5 Generation of structure-switching biosensors

Cyb-labeled aptamer stock solutions were diluted in 2X tris buffer as used in MST. Bio-
sensors were prepared by combining Cy5-labeled aptamer (2.5 yM) and BHQ3-labeled capture
strand (2.5 pM) in 2X tris buffer used in MST. This solution was heated to 95 °C and slow-cooled
to 25 °C over 30 minutes in a thermal cycler. Biosensor solutions were stored at 4 °C until use.
The biosensor was equilibrated to room temperature and 20 uL added to 384-well black plates
(Corning, #3573). In triplicate, increasing concentrations of cocaine (30 pL) was added to the
wells and the solutions incubated for 40 minutes at 25 °C while protected from light. Displacement
was quantified by measuring the fluorescence intensity on a Cytation 5 multi-mode plate reader
(BioTek) using excitation at 650 nm and emission at 670 nm (bandwidth 9, read height 10.5 mm).
All samples were normalized to wells containing Cy5-labeled aptamer alone. Percent displace-

ment was calculated and plotted using GraphPad Prism.
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Chapter 3: Modular Catalysis: Aptamer Enhancement of Enzyme Kinetics in a

Nanoparticle Reactor®
3.1 Abstract

Enzymes are widely used in commercial processes and therapeutic applications due to
their efficient catalytic turnover, environmental sustainability, and high biocompatibility. While di-
rected evolution and random mutagenesis are common methods for improving enzyme activity,
these methods can be costly and time-consuming, and do not allow for independent control of Ku
and kcat. To achieve such control, we envisioned that co-encapsulation of aptamer affinity rea-
gents with enzymes could increase catalytic efficiency through pre-concentration of substrate. We
explored this concept with cocaine esterase and anti-cocaine aptamers of varying affinities, co-
encapsulated in MS2 virus-like particles. Rate enhancements were observed, with magnitudes
dependent on both aptamer Kp and aptamer:enzyme stoichiometry. Peak performance was ob-
tained when aptamer binding affinity and enzyme Ku were roughly equivalent; the beneficial ef-
fects of substrate-binding aptamers was lost either when aptamer binding was too tight or the

aptamers were not co-localized with the catalyst.
3.2 Introduction

Enzymes have demonstrated great promise in biomedicine, bioremediation, and chemical
synthesis due to favorable properties of bioavailability, catalytic turnover, and selectivity.”>"® En-
zymatic catalysis encompasses substrate binding, bond-breaking or bond-making (termed “chem-

istry” for the purposes of this discussion), and product binding (release). These steps are often

§ Unpublished work.
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conceptualized separately, such as in the common (and incomplete) association of the Michaelis-
Menten parameter Ku with substrate binding affinity and k..t with the rate of the bond-altering

76,77

step. However, the modification of enzyme sequence, whether by rational design or laboratory

78-80

selection/evolution, necessarily changes all functional steps at the same time.

While natural evolution often achieves advantageous levels of enzymatic reactivity by
striking a balance between binding and chemistry, there are situations in which these functions
are spatially separated. One striking example is ribosomal translation, in which the catalyst pro-
vides a general compartment for substrate binding and localized bond-making, the specificities of
which are entirely controlled by the substrates. In parallel, non-ribosomal peptide synthesis offers
a system in which substrate binding is mediated by thioester handoffs, thereby escaping problems
of substrate recognition and product release that would otherwise occur if each intermediate were

freely diffusible.

We sought explore whether the substrate binding and chemistry functions of an enzymatic
reaction could be partially separated by co-localization of a substrate-binding DNA aptamer and
a substrate-converting enzyme inside the confines of a stable virus-like particle (VLP) shell. En-
capsulation of enzymes in a wide variety of nanocompartments, including liposomes, poly-
mersomes, nucleic acid cages, carbohydrates, hydrogels, mineral capsules, and VLPs, has been
described, mostly to aid in enzyme stabilization.®" ® In many of these cases, no or only modest
decreases in enzyme activity (often defined as k../Ku) are observed while stability is enhanced.®"
83108 However, few examples of rate improvement upon encapsulation have been reported, in-

cluding the use of a DNA nanocages'® and alginate or carboxymethylcellulose-coated silica.'™
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It has been suggested that encapsulation increases the probability of collision between
enzyme and substrate, leading to an improvement in catalytic activity.'"" ''? Peeples et al. inves-
tigated this phenomenon in biomolecular droplet condensates and showed that the degree of
saturation was increased by high local concentrations of the substrate (mass action) and proximity
of substrate to target, leading to a decrease in Ku.""® In a separate study, Gao et al. also explored
this phenomenon in enzyme-DNA nanostructures, emphasizing the role of proximity of substrate

and catalyst.”"

To test our hypothesis that co-encapsulation enables tuning of substrate binding separate
from catalytic turnover, we explored VLPs as the container. VLPs are sufficiently porous to allow
free diffusion of small molecules through the capsid shell while excluding large molecules and
proteins,? and so they provide an excellent way to test the role of a separate substrate-binding
additive on enzyme activity. VLP packaging of enzymes imparts resistance to denaturation by
heat, organic solvents, and chaotropic agents.?” % Additionally, kinetic parameters are insensitive
to the number of enzymes entrained per particle, suggesting that the packaged proteins are not
sterically crowded.? 2" 28 Because encapsulation is achieved through noncovalent interactions,

minimal redesign is needed to swap out components, providing helpful modularity.

In the simplest terms, we envisioned that co-packaging of aptamers and enzyme would
provide a boost to kca/Ku by pre-concentrating substrate in close proximity to the enzyme using
binding agents (aptamers) of varying substrate affinity. Co-encapsulation of stabilizing agents,*
small-molecule cofactors,''® and (most often) other enzymes for cascade-reaction systems?: 1'%
8 have all received attention in the literature. Co-localization of sequential enzymes in a cascade

inside nanoparticles usually results in modest advantages, often no more than a doubling of ac-

tivity but occasionally a much more substantial enhancement (in one case as much as a 24-fold
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increase®® "), To our knowledge, the pairing of an independent affinity reagent with an enzyme
has not been previously investigated. Aptamers are well suited to this role? > '8 due to their spec-
ificity, size, cost-effectiveness, and, particularly useful in our case, their polyanionic nature which
makes them natural substrates for VLP packaging. Using co-encapsulation as illustrated in Figure
3.1, we demonstrate the ability of aptamers to modulate enzyme activity and show that this can

be tuned by varying the stoichiometry and affinity of the aptamer reagents.

3.3 Results and Discussion
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Figure 3.1. (left) Co-encapsulation of Hiss-CocE-wt and cocaine-aptamers inside MS2 VLPs. Assembly of purified MS2 CP was
initiated with Hise-binding aptamer 6H7 driving the packaging of Hiss-CocE-wt; anti-cocaine aptamers were simultaneously
packaged by electrostatic interaction with the positively charged inner wall of MS2 CP. (right) Enzyme-catalyzed hydrolysis of
cocaine and acceleration via aptamer pre-concentration; the cocaine-binding aptamer sequence shown is that of MNS-4.1.

3.3.1 Production and characterization of MS2-packaged enzymes and aptamers

The icosahedral capsid of bacteriophage MS2 is composed of 180 subunits (T = 3 sym-
metry) with a diameter of 28 nm.""® When MS2 capsid protein is heterologously expressed, the
subunits only assemble into VLPs without nucleic acid or scaffolding proteins at higher protein
concentrations. Consequently, in vitro assembly of VLPs from isolated MS2 coat proteins can be
controlled and used to capture a variety of molecular cargos for nanotechnology applications.'?*
26 The cargo molecules can be encapsulated randomly, or in the case of negatively charged
cargo molecules, packaging is favored by electrostatic interactions with the interior-facing posi-

tively charged N-terminal sequence of the MS2 CP.
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To test the inherent aptamer-packaging ability of the MS2 capsid, we employed the 38-

t35 1 33

GC variant™ of the Landry cocaine-binding aptamer MNS4.1°° Different concentrations of fluores-
cein-labeled aptamer were incubated with a standard concentration of MS2 coat protein in reas-
sembly buffer, followed by sucrose gradient purification. VLPs appeared in a bright green band at
the standard density in these gradients, consistent with the expected entrainment of the aptamers,
with a maximum of approximately 75 aptamers packaged per particle (Figure B2, assessed by
UV-vis absorbance of the dye relative to protein concentration determined by repeat Bradford
assay). However, the relatively large (approx. 70 kDa) Hise-CocE-wt enzyme was not captured in
significant amounts by a similar approach; a maximum average of only one enzyme for every 10
particles (0.1 CocE per VLP) was found despite testing a number of different component concen-
trations, and no enzyme at all could be co-packaged with aptamer. (Protein encapsidation effi-

ciency was determined by the relative intensities of electrophoretic bands of denatured MS2 CP

and CocE, correcting for the respective protein molecular weights; Figure 3.2c).
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To enhance protein packaging we employed the Hiss-binding DNA aptamer 6H7 that binds

to the hexahistidine peptide with nM affinity'?’

MS2@CocE, 4.1, kDa

o5 and can simultaneously bind to the MS2 coat

— Cock

63 protein through electrostatic interactions.
46

Relative abs.

Therefore, the 40-mer 6H7 aptamer (2 equiv-

"5 10 15 20 25 o8
Elution vol. (mL)

D=275%18nm usocp  alents with respect to enzyme, in DI water)

was pre-mixed with Hise-CocE-wt then intro-

duced into the MS2 reassembly reaction.

Presence of this aptamer in the assembly

mixture enhanced the protein packaging effi-
Figure 3.2. Characterization data for MS2@CocE-

4.121 particles as a representative example. a) size-ex-
clusion FPLC; b) negative-stain (uranyl acetate) transmis-
sion electron microscopy; c) denaturing microfluidic elec-
trophoresis (Agilent Bioanalyzer). mum average of 2.5 Hisg-CocE-wt molecules

ciency by approximately 20-fold, to a maxi-

per VLP. Presumably, this arises from the effective conversion of the positively-charged His-
tagged N-terminus to a negatively charged aptamer-bound handle. Co-packaging of enzyme and
cocaine-binding aptamer was explored by initial incubation of Hiss-CocE-wt with 6H7 aptamers
followed by addition of cocaine aptamer and purified MS2 CP in varying ratios. Conditions were
thereby identified which provided encapsulation of a consistent range of 1.5-2.1 CocE enzymes
and varying amounts of cocaine-binding aptamers (from 4 to 21) per VLP (Table 3.1). The particle
recoveries, determined by Bradford assay, were 55-65%, typical for these types of manipulations.
Further, the encapsulation efficiency of enzyme and aptamers remained consistent for different
aptamer sequences of similar lengths, as expected for an assembly process controlled primarily

by electrostatic interactions.
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VLPs having only enzyme are designated as MS2@CocE and VLPs having both enzyme

and aptamer are denoted MS2@CocE.-aptamern where n is the average number of enzymes per

VLP and m is the average number of aptamers per VLP. As evidence that packaging does not

impact the VLP architecture, we note that all particles were found to elute at the same retention

time on size-exclusion chromatography (SEC, example in Figure 3.2a), appear essentially identi-

cal by TEM (example in Figure 3.2b), and do not have significant difference in hydrodynamic

radius by dynamic light scattering (Figure B4). Aptamer packaging on the inside of the particles

was confirmed by correlation of dye (510 nm) and nucleoprotein (280 nm) absorbance on SEC

and by incubation with DNase-I (Figure B5). Such treatment induced no change in aptamer-as-

sociated dye signal for aptamer-containing VLPs but a rapid loss of signal for a physical mixture

of MS2 VLPs and aptamer.

Table 3.1. Initial ratios and resulting average numbers of packaged enzymes and cocaine-

binding aptamers. Error represents standard deviation for at least three independent replicates.

cocaine apta-

Hiss-CocE-wt
mers
MS2-
6H7 found found
CP use
per used | per
d
VLP VLP
50 2 1 2.5 - -
50 2 1 2.1 1 4 +1
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50 2 1 1.8 5 10 + 1

50 2 1 1.5 15 21 +1

3.3.2 Anti-cocaine aptamer binding

In the expected interplay of affinity reagents and catalysts, the relative values of aptamer
Ko and enzyme Ku should impact the level of cooperativity that can be achieved between these
two components. Thus, we used aptamer variants having similar length and structure but varying
affinities bracketing the Ku of CocE (10 uM): the parent MNS-4.1 aptamer (cocaine Kp = 100 uM),
38-GC (Kp =9 yM), and 38-IC (Kp = 0.3 uM), as determined by microscale thermophoresis (MST)
at 30 °C (the same temperature as the rate measurements described below; Figure S3, Table
3.2). These values were similar to reported aptamer-cocaine dissociation constants measured at
room temperature (80 uM, 15 uM, and 0.23 pM, respectively).?! A scrambled 38-GC sequence

(Scr) exhibited no binding to cocaine by MST (Figure B6).
3.3.3 Catalytic activities of free and MS2-packaged enzymes and aptamers

Measurements of enzyme kinetics were performed under standard conditions as de-
scribed in the Materials and Methods and Supporting Information (Figure B7). Data for each of
the free, packaged, and co-packaged enzyme systems provided a good fit to the single-site Mich-
aelis—Menten equation (R? > 0.9). Table 2 and Figure 3 summarize the resulting kinetic parame-
ters. The packaged enzyme alone (without co-packaged aptamer) exhibited increased catalytic
rate (kcat) but also a higher value of Ky, making for a slight diminution in catalytic efficiency (kcat/Kw)

relative to free enzyme. As a control, inclusion of 10 or 20 copies of the scrambled (nonfunctional)
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DNA aptamer per particle made little difference in the kinetic parameters, consistent with our prior

findings that the presence or absence of randomly packaged bacterial RNA has no effect on the

catalytic properties of enzymes packaged in the related Q1 VLP.?®

Table 3.2. Kinetic Parameters of Free, Packaged, and Aptamer Co-packaged Enzymes.

Average

Aptamer Kp
Particle/enzyme Aptamer ap- Knm (UM) Keat (Min™") | Keat/Kn (UM min")

(D tamer/VLP
CocE-wt - - - 10.3+1.0 281+4 274 +19
MS2@CocEz 5 - - - 19.9+1.0 403+ 8 20.3+1.0
MS2@CocE; 1-4.13 3 9.7+09 2374 245+15
MS2@CocE1s-4.19 MNS-4.1 98.3 9 41+0.2 201 +£2 492+24
MS2@CocE15-4.12 22 6.9+0.6 197 +£5 28.8+25
MS2@CocE> 1-GCs 5 6.4+0.9 216+ 9 34.3+4.0
MS2 CocE1s-GC14 38-GC 8.5 11 39+03 227+5 57.7+3.5
MS2@CocE+5-GC21 21 9.7+0.8 244 +3 255+24
MS2@CocE; 1-1C4 4 142+ 3.8 239+ 13 171 +45
MS2@CocE1 s-IC10 38-IC 0.3 10 146+238 235+9 16.2+25
MS2@CocE1 5-1C2 22 111+24 220+ 9 19.9+1.6
MS2@CocE+s-Scrig 10 13.6+5.3 309 +34 228+1.2

Scrambled | -

MS2@CocE+s5-Scrao 20 23.0+6.6 363 + 34 15.8+24
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Figure 3.3. Effect of co-encapsulation of aptamers and enzymes on enzyme kinetics. Error
bars represent the standard deviation of three independent trials. Statistical significance was eval-
uated by One-way ANOVA with Dunnett’s multiple comparisons test at p*<0.01, p**<0.001, and

p****<0.0001. All data compared to WT CocE.

In contrast, the presence of the co-packaged substrate-binding aptamer had a consistent
deleterious effect on kcat (Figure 3.3a) diminishing that parameter by 30-40% (7-15% relative to
keat Of the free enzyme) regardless of the amount of aptamer present in the particle. The response

of Ku, however, was much more nuanced, decreasing by at least a factor of 2 (with respect to the



33

packaged enzyme alone) when the enzyme was entrained with the weak (MNS-4.1) and moder-
ate-binding (38-GC) aptamers, but not the high-affinity 38-IC aptamer. Furthermore, the beneficial
effects of aptamer binding to catalysis (low Ku) were maximized in the presence of a moderate
number of aptamers (9-10 per VLP, Figure 3.3b). This gave rise to an approximately 2-fold in-
crease of in catalytic efficiency relative to free enzyme and approximately 2.5-fold enhancement
relative to the packaged enzyme in the absence of aptamer. Aptamers are unable to transit the
capsid shell, and so as expected, their presence in solution outside the particles made little dif-
ference to overall catalytic efficiency. Indeed, only the moderately-binding 38-GC aptamer in-
duced significant differences in any kinetic parameter compared to the packaged enzyme alone
when present outside the particle, giving rise to an increase in Ky, and therefore a modest de-

crease in catalytic efficiency (Fig. 3.3, Figure B3, Figure B10).

A model of the relevant interactions in this system is shown in Figure 3.4. Diffusion of the
small-molecule substrate and products through the capsid protein is assumed to be essentially
unconstrained, as we have shown in a different context.?® Since the effect of packaged aptamer
is sequence-dependent, relying on sequences having specific affinity for the cocaine substrate,
the aptamer can only improve enzyme performance if it increases the local substrate concentra-
tion but releases the substrate easily enough to be processed by the enzyme. Thus, the binding
constant added to the system by the presence of the aptamer (Kas) can neither be too large
(insufficiently able to capture enough substrate in the particle to make a difference) nor too small

(unable to release enough substrate in the vicinity of the enzyme).

Such a phenomenon is demonstrated here, in which the low- and medium-affinity ap-
tamers improve kca/Ku, but only when present in moderate amounts. Weaker-binding aptamers

have a greater effect when present in higher numbers in the VLPs, whereas the moderate-binding
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aptamer exerts its influence at lower copy numbers. In contrast, aptamer 38-IC, with Kp much
lower than Ky, has little effect on catalysis, as more than enough substrate is present to saturate
the aptamer and render it innocuous. In these cases, the concentration of substrate is much
greater than that of aptamer, and thus the loss of substrate to aptamer binding is negligible. As
expected, the beneficial effect with low and moderate binding aptamers occurs by modulation of
Kwm, not keat, and location is important: only when the aptamer is held close to the enzyme can its
substrate-binding ability help. (The interior volume of the MS2 VLP is approximately 7 zeptoliters;

10 aptamer molecules in such a volume represents a concentration of approximately 2 mM).

S = substrate (cocaine) KA'SX
E = enzyme (CocE)
A = aptamer

Figure 3.4. Model of aptamer-assisted catalysis by packaged enzymes.

3.4 Conclusions

The use of substrate-binding moieties outside of the active site of an enzyme is demon-
strated most elegantly by natural systems such as non-ribosomal peptide synthesis. Here, the
substrate is passed from enzyme to enzyme in the cascade by reversible covalent (thioester)
linkages. This highly evolved mechanism has inspired many attempts to immobilize multiple en-

zymes in close proximity to each other to allow the product of one catalyst to be passed along as
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the substrate of another. We describe here a system in which substrate-binding affinity reagents

can act in cooperation with enzymes in order to enhance the rate of catalysis.

Co-packaging of aptamers with enzymes gave rise to a maximum improvement in catalytic
efficiency of 2.5-fold. While perhaps a bit disappointing in magnitude, we were gratified to see
that the reaction enhancement required the right balance of affinity and enzyme Ky, as predicted:
too strong or too weak recruitment of the substrate were both ineffective. The former scenario is

similar in some respects to substrate competition in a multi-enzyme system.'?

These studies also provide some clues about strategies to improve performance further.
For example, an aptamer that was 10-fold weaker in substrate affinity was able to give very similar
improvements by being packaged at only 3-fold higher concentration. This suggests that faster
off-rates may be an important factor that we have yet to explore. Overall, while enzyme evolution
has the advantage of simultaneous adjustment of the steps of substrate binding and transfor-
mation, such a complex interplay is often beyond our predictive capabilities. The conceptual re-
ductionism demonstrated here certainly makes it easier to change these functions independently,

with potential advantages for the understanding and enhancement of biomolecular catalysis.
3.5 Materials and Methods
3.5.1 Chemicals

Cocaine, benzoylecogonine, and ecogonine methyl ester were purchased from Sigma-

Aldrich. All stock solutions were prepared in water and stored at 4 °C.

3.5.2 Aptamer Generation
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Oligonucleotides were purchased from the University of Utah DNA/Peptide Synthesis
Core Facility or from Integrated DNA Technologies. A list of oligonucleotides is provided in Table
S1. All oligonucleotides were purified by 10% denaturing polyacrylamide gel electrophoresis prior
to use. Gel bands were excised and incubated in 300 mM sodium acetate, 1 mM EDTA (pH 8.0)
at 37 °C for 24 h. The DNA was then separated from the gel pieces using cellulose acetate mem-
brane filters (ThermoFisher) and concentrated using 10K Amicon Ultra-0.5 centrifugal unit with
Ultracel 10 membrane (EMD Millipore). DNA concentrations were measured on a NanoDrop 2000

(Thermo Scientific).
3.5.3 Microscale Thermophoresis (MST)

MST experiments were performed using a Monolith NT.115 (NanoTemper Technology)
instrument. All measurements were performed in 10 mM Tris buffer (pH 7.4) and 0.01 mM MgCl.
at 30°C. The aptamer concentration was kept constant at 5 nM, while the titrant (cocaine or EME)
concentrations ranged from 50 nM to 412.5 yM. We introduced 16 Monolith capillaries (Nano-

Temper) of 5 1 L each at N=1. Data were fitted using Prism 8 analysis software to determine the

aptamer Kp values.
3.5.4 Cloning, Production, and Purification of MS2-wt VLPs

We used plasmids coding for MS2 CP in the pCDF-1b parent vector as previously de-
scribed.?® Sequences were verified before expression. E. coli BL21 (DE3) (Biogen) cells harboring
the appropriate plasmids were grown in SOB (Amresco) supplemented with 20 mM magnesium
sulfate and 50 n g/mL streptomycin. Starter cultures were grown overnight at 37 °C and used to
inoculate larger expression cultures. Expression was induced with 1 mM IPTG when OD600

reached approximately 1.0, and the induced culture was kept at room temperature overnight for
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expression. Cells were then harvested by centrifugation in a JA-10 rotor at 6000 rpm, and the
pellets were either processed immediately or stored at —80 °C. The cell lysate was prepared by
re-suspending the cell pellet with 100 mL of 20 mM HEPES buffer (pH 7.4) and sonicating at 50
W for 10 min with 5 s bursts and 5 s intervals. Cell debris was pelleted in a JA-17 rotor at 14000
rpm, and 0.265 gm/mL ammonium sulfate was added to the supernatant to precipitate the VLPs.
The crude VLP pellet from precipitation was re-suspended in 3 mL of 20 mM HEPES (pH 7.4).
Organic extraction with 1:1 n-butanol:chloroform was performed to remove lipids and other cellu-
lar debris. The aqueous layer containing VLPs was further purified by sucrose density ultracen-
trifugation (10—-40% w/v). Particles were pelleted out by ultracentrifugation in a 70Ti rotor (Beck-

man) at 68000 rpm for 2 hours.
3.5.5 Production and purification of His6-CocE-wt enzyme

Free (unpackaged) enzymes were expressed as C-terminal Hiss fusions as above, but
protein expression was done at 18 °C instead of room temperature. The cleared E. coli cell lysate
was passed through a cobalt-NTA Talon resin column (0.5 mL bed volume), and the column was
washed and eluted according to the manufacturer's instructions at 4 °C. The fractions containing
free enzyme were pooled and dialyzed against three changes of 1 L of 10 mM Tris buffer (pH 7.4)
and concentrated with an Amicon Ultra centrifugal filtration unit (30 kDa MWCO, Millipore). Purity

was assayed by chip-based electrophoresis.

3.5.6 Packaging of His6-CocE-wt enzyme and aptamers using disassembly-reassembly of MS2

VLPs

Packaging of enzymes and aptamers was performed by the method of Stockley and

coworkers (Figure 3.1)."2% 2" |n brief, 1.0 mL of glacial acetic acid was slowly added to 0.5 mL of



38

the MS2 CP (10 mg/mL in 20 mM HEPES, pH 7.4) and mixed by flipping the tube twice. The
reaction mixture was kept on ice for 30 min before centrifugation at 6600g at 4 °C for 10 min. The
supernatant was desalted into 1 mM acetic acid by passage over a NAP-25 column pre-equili-
brated with 1 mM acetic acid. The fractions containing disassembled MS2 coat protein were com-
bined and protein concentration was determined by Bradford assay. This MS2 CP solution (5
mg/mL, 365 pM in MS2 CP monomer), enzyme (7.3 uM in 10 mM Tris, pH 7.4), and aptamer
(varying concentrations in DI water) in separate eppendorf tube was treated with 1/10th volume of
10x TMK buffer (10x TMK = 100 mM Tris, 10 mM MgClz, and 80 mM KCI) respectively on ice.
After a min of incubation, the resulting solutions were mixed to a different molar ratio of MS2 coat
protein: enzyme: aptamers on ice. Then the reaction mixture was removed from ice and incubated
at room temperature for 3 h followed by storage at 4 °C for overnight. The assembled MS2 parti-
cles were purified by sucrose density ultracentrifugation (10-40% w/v) and isolated by ultracen-

trifugation in a 70Ti rotor (Beckman) at 68000 rpm for 2 hours.

3.5.7 Characterization of enzyme and aptamers packaged VLPs

The purity of assembled VLPs was assessed by isocratic size exclusion FPLC chroma-
tography (Superose 6 column). Non-aggregated MS2 particles were eluted at approximately 12.5
mL after the void volume. Dynamic light scattering (DLS) was used to measure hydrodynamic
radius, and a Bioanalyzer 2100 Protein 80 microfluidics chip was used to analyze the average
number of enzymes packaged inside the particles. The latter value was determined by normaliz-
ing the integrated intensities of coat protein and cargo protein peaks to their respective molecular
weights to estimate the molar ratio of cargo protein to coat protein, assuming that equal molar
amounts of the two proteins gives the same intensity in the staining and detection in the microflu-

idic Bioanalyzer instrument. This ratio was divided by 180 to obtain the loading of cargo proteins
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per VLP, as each VLP is composed of 180 CP subunits. The overall protein concentration was
determined with Coomassie Plus Protein Reagent (Pierce) according to the manufacturer's in-
structions. The average number of aptamers entrained per particle was determined from UV-Vis
absorbance measurements using the molar absorptivity of FAM molecule attached to the ap-

tamer.

3.5.8 Transmission Electron Microscopy (TEM)

TEM was performed by applying the VLP sample (0.1 mg/mL; 6 1 L) onto a 300-mesh
Lacey Formvar/Carbon-coated copper grid for 90 s followed by removal of the solvent with filter
paper. Negative staining of the particles was done using freshly filtered uranyl acetate solution
[2% (w/v); 3 p L] for 45 s followed by removal of the solvent with filter paper. The grids were
viewed (Hitachi HT-7700) at an accelerating voltage of 120 kV with magnification between 4,000-

600,000.

3.5.9 Enzyme activity assay

Cocaine esterase (CocE) activity was measured by monitoring the loss of cocaine by
tracking the UV absorbance at 240 nm using a Shimadzu UV-1800 spectrophotometer. For de-
terminations of kinetic parameters, 3 » L of a 1 yM enzyme solution of unpackaged, packaged,
or co-packaged CocE was added to 147 n L of solution containing 0-330 uM substrate in 10 mM
Tris buffer (pH 7.4), 0.01 mM MgCl. and read at 30 °C every 40 seconds for 20 minutes. (Note: a
solution of 1.06 mg/mL of VLP containing an average of 2.5 CocE molecules per particle estab-

lishes a total enzyme concentration of 1 uM.) A Michaelis—Menten nonlinear fit was used to obtain

Kwm and kcat Values.
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Chapter 4: Thermoreversible Control of Nucleic Acid Structure and Function with Glyoxal

Caging®*”
4.1 Abstract

Controlling nucleic acid structure and function expands their applicability of these biomol-
ecules in biomedicine, nanotechnology, and biosensing. Many chemical and light-based methods
have been employed to achieve this goal. However, these stimuli often come with costly limita-
tions. One field that has not been extensively studied, however, is heat-triggered control of nucleic
acids. Here we show that glyoxal, a chemical denaturant of nucleic acids, addresses several of
these limitations by thermoreversibly controlling the structure and activity of any nucleic acid scaf-
fold. Using DNA and RNA constructs, we show that glyoxal-modified nucleic acids can temporarily
and reversibly be inhibited from forming secondary structures. With this, we show that we can
have reversible control over functional nucleic acids, XNAs, nuclease function, CRISPR-Cas9,
and gene expression in live cells. Together, this demonstrates that thermoreversible glyoxal cag-
ing can be easily applied for reversible inhibition of nucleic acid function in a multiple different
applications, establishing a straightforward and effective framework for use in a variety of potential

biomedical applications.

" Reproduced in part from Ref. 24 with permission from Knutson, S. D.*; Sanford, A. A*.; Swen-
son, C. S.; Korn, M. K.; Manuel, B. A.; Heemstra, J. M. Journal of the American Chemical Society.
2020, 142(41), 17766-17781. Copyright 2020 American Chemical Society.
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4.2 Introduction

Nucleic acids have been studied for over a century as they control all cellular activity such
as gene expression, recognition, and protein binding. Therefore, understanding the structures
and functions of these biopolymers has opened doors to many different applications, including
biosensing, therapeutics, and biotechnology. Externally controlling these biomolecules can further
expand the field, allowing for better characterization of these molecules, leading to better biosen-
sors, therapeutics, and biotechnology. One method that has been put into place to control nucleic
acids externally is using chemical stimuli. Bases have been modified by incorporating compounds
such as trichloroethyl (TCE), which inhibit duplex formation.'?® This interaction is reversible by
reacting these sequences with reducing agents in order to remove TCE."?® However, this method
can only be used for shorter DNA and RNA sequences. Another method involves reacting se-
quences with an azide-functionalized acylating agent. These agents react with the 2’ hydroxyls of
RNA, and the interaction is reversible by using triphosphine derivatives. However, this method
can only be applied to RNA. Another method that has been put into place to control nucleic acids
is using light stimuli. Nucleobases are functionalized with protecting groups that are light sensitive
at their respective wavelengths.”® Therefore, this interaction is easily reversed by irradiating
these protected sequences with light at the respective wavelength, causing the protective groups
to “fall off.”"*® However, these protecting groups have to be synthesized into the nucleobases,
which becomes time consuming and costly."" In addition, because some of these groups require
UV-irradiation for long periods of time, using these in cellular settings is not ideal.

Glyoxal reacts with the Watson-Crick-Franklin face of nucleobases, inhibiting duplex for-
mation in nucleic acids."? In particular glyoxal preferentially interacts with guanosine, and at high

concentrations, it interacts with cytosine and adenosine.'® Because glyoxal does not have to be
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chemically synthesized into the bases, we aimed to explore it further for caging properties. In
addition, the reversibility of this compound in nucleic acids has never been studied.

Because DNA and RNA contain important structural and functional properties in gene reg-
ulation, storage, and transport, being able to “turn on” and “turn off” the function of these biopoly-
mers is very beneficial.'**'% We envisioned the use of glyoxal to “cage” these nucleic acids by
reacting with guanosine, cytosine, and adenine. Our group is broadly exploring the caging and
decaging of a variety of biomolecules. My role in the project focused on exploring the ability of
glyoxal to inhibit the activity of EcoRl, a restriction endonuclease, on double stranded DNA. Fur-
ther, | tested the thermoreversibility of this activity by heat activation to restore full enzymatic
activity. Together, using glyoxal as a caging group allows for further application in the biomedical
sciences as it is thermally reversible and is non-toxic.

4.3 Results and Discussion
4.3.1 Caging and decaging kinetics of glyoxal

Partial decaging and/or caging may produce false negatives and positives in dowstream
applications, and thus it is crucial that we are able to fully cage and decage the DNA. Therefore,
we sought out to determine the caging and decaging kinetics of glyoxal at different temperatures
and pH’s. In our initial conditions (1.3 M glyoxal in 50:50 DMSO:H->0, 50°C), we determined a

half-life of 9 minutes with full caging in 30-40 minutes. We then decaged in pH 7.5 PBS at 70°C,
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and observed a half-life of 11 minutes with full decaging at 30 minutes. We then observed decag-
ing at different pH’s and temperatures. We observed that decaging rates increased as the tem-

perature and pH increased (Table 4.1).

Table 4.1: Temperature and pH dependent half-lives for glyoxal decaging

pH 6.5 pH7.0 pH7.5 pH 8.0
95 °C 1.4 £ 0.34 minutes 1.1 £ 0.24 minutes <1 minute <<1 minute
70 °C 52 + 7.7 minutes 14 + 2.7 minutes 11 + 2.4 minutes 3.8 £ 1.6 minutes
50 °C 14 + 1.8 hours 8.0 £ 1.7 hours 4.6 £ 1.1 hours 3.1 £0.70 hours
37°C 14 + 4.2 days 6.6 £ 1.4 days 3.0 £ 0.5 days 2.0 £ 0.33 days

4.3.2 Thermoreversible control of functional nucleic acids

Because glyoxal binds nucleic acids, we decided to begin our studies with the broccoli
aptamer, 10-23 DNAzyme, and modified nucleic acids. We chose these targets, because they are
well characterized. The broccoli aptamer is an RNA oligonucleotide that binds the fluorogenic dye
3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI) (Figure 4.1a)."*® Aptamers must adopt
a secondary structure to function properly and bind their target. Therefore, we hypothesize that
by disrupting this secondary structure; the aptamer will not be capable of binding the dye, resulting
in no fluorescence. Upon decaging, this activity should be restored, leading to a gain in fluorescent
signal. Using our determined caging time of 10 minutes and our rapid decaging conditions of 95°C
and pH 7.5 for 2 minutes, we were able to observe a loss in fluorescence and a regain in signal

(Figure 4.1b-f).
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Figure 4.1: Glyoxal caging imparts thermoresponsive fluorogenic activity in the broccoli RNA
aptamer. A+) Schematic of the fluorogenic broccoli RNA aptamer. Glyoxal caging reversibly denatures
and cages the aptamer, preventing fluorescent signal generation. b) 20% denaturing PAGE analysis of
untreated (untr.), caged, and decaged RNA aptamers. 60 pmol (2 ug) of RNA aptamer was first treated
with 1.3 M glyoxal in 50:50 DMSO:H20, 50 °C for 10 minutes. To decage the aptamer, 20 pmol of caged
RNA (10 minutes glyoxal treatment time) was incubated at 95 °C, pH 7.5 for 2 minutes. c) Quantified
fluorescence enhancement of untreated (untr.), caged, and decaged broccoli aptamers. 20 pmol of un-
treated, minimally caged (10 minute glyoxal treatment time), or decaged aptamer (2 minutes at 95 °C,
pH 7.5) was combined with 2 yM 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI), 40 mM
HEPES, 100 mM KCI, and 1 mM MgClz, pH 7.4 and incubated for 30 minutes at 37 °C prior to fluorescent
measurement. Bars represent mean and S.D. from triplicate binding reactions. Unpaired t-test was per-
formed between untreated and decaged samples. “ns” indicates no significant difference. d) Fluores-
cence enhancement reactions visualized with a typhoon gel imager. e) Minimally caged broccoli (10
minutes glyoxal treatment time) was combined with 2 yM DFHBI in 40 mM HEPES, 100 mM KCI, and
1 mM MgClz, pH 7.4 and incubated at various temperatures for increasing times. Reactions in 384-well
plates were then visualized using a Typhoon gel imager. Heat map values represent fluorescent inten-
sity generated using the acquisition software (FI = fluorescent intensity). f) Quantified broccoli aptamer
fluorescence plotted against temperature and incubation time. Values represent mean and S.D. of 2
independent trials.
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Next, we explored the effects of glyoxal caging on DNAzyme function. The 10-23
DNAzyme is the first ever developed DNAzyme. It hybridizes a ssDNA target and cleaves at an
internal ribonucleotide (Figure 4.2a)."®” Upon caging for 20 minutes, we began to notice reduced
activity from our DNAzyme, and after 1 hour, we see a full reduction in activity. Upon decaging at

95°C and pH 7.5 for 10 minutes, we notice full restoration of DNAzyme activity (Figure 4.2).
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Figure 4.2: Reversible control of the RNA-cleaving 10-23 DNAzyme. a) Schematic of the
10-23 DNAzyme-mediated cleavage of the target strand following hybridization. Glyoxal re-
versibly inhibits hybridization and catalytic activity. b) 20% denaturing PAGE analysis of un-
treated (untr.), caged, and decaged 10-23 DNAzyme. 100 pmol of DNAzyme was first treated
with 1.3 M glyoxal in 50:50 DMSO: H20, 50 °C for 1 hour. To decage the DNAzyme, 10 pmol
of caged DNA (1 hour glyoxal treatment time) was incubated at 95 °C, pH 7.5 for 10 minutes.
c,d) Functional activity of untreated (untr.), caged, and decaged 10-23 DNAzyme was tested
by combining 15 pmol of untreated, caged, or decaged 10-23 DNAzyme with 1.5 pmol of a
target DNA strand in 10 mM MgClI2, 150 mM NaCl, 50 mM Tris-HCI, pH 7.5. Reactions was
incubated for one hour at 37 °C, quenched with EDTA, and then analyzed with 12% denaturing
PAGE. Percent target strand cleavage (n = 2) was quantified using band densitometry. Values
represent mean and S.D. of 2 independent trials. Unpaired t-test was performed between un-
treated and decaged samples. “ns” indicates no significant difference.
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Many functional nucleic acids benefit greatly from containing modified bases that aid in
both thermal stability and nuclease resistance. Therefore, we sought to explore the effects of
glyoxal on the function of these XNAs. We first tested this with the VEGF aptamer, ARC259, which
is a 2’-OMe containing RNA aptamer (Figure 4.3a). To begin, we first validated caging and decag-
ing kinetics with the new backbone. We found that there was no significant change to caging and
decaging kinetics of the VEGF aptamer (Figure 4.3b). Using fluorescence polarization (FP), we
observed binding of the untreated ARC259 to its VEGF target. Upon increasing caging times, we
noticed a gradual decrease in binding, with binding being fully diminished after ~40 minutes. We
then sought to determine the reversibility of the system. Using FP, we, again, tested the binding
of the now decaged ARC259 to VEGF. We found that both the untreated and decaged aptamers

exhibited similar Kps of 3.27 £ 0.59 nM and 3.36 £ 0.55 nM respectively (Figure 4.3c).
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Figure 4.3: Glyoxal caging of a fully 2'-O-methylated RNA aptamer. a) Sequence and
NUPACK fold analysis of 2'-O-methylated ARC259 RNA aptamer. b) 20% PAGE analysis of
untreated (untr.), caged and decaged ARC259 aptamer. 60 pmol of RNA aptamer was first
treated with 1.3 M glyoxal in 50:50 DMSO: H20, 50 °C for 40 minutes. To decage the aptamer,
20 pmol of caged ARC259 (40 minutes glyoxal treatment time) was incubated at 95 °C, pH 7.5
for 5 minutes. c) Fluorescence polarization (FP) binding curves of untreated, caged, and
decaged aptamer towards VEGF1es. A 10 nM solution of untreated, caged (40 minutes glyoxal
treatment time), or decaged (5 minutes at 95 °C, pH 7.5) ARC259 aptamer was combined with
increasing amounts of recombinant human VEGF1e5 and allowed to incubate at room temper-
ature for 30 minutes. Binding reactions were then transferred to a 384-well black plate and
fluorescence polarization was measured using Cytation 5 multi-mode plate reader. All values
were normalized to a buffer blank and represent mean and S.D. of independent replicates (n
=3).
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Encouraged by the versatility of our approach, we next tested our approach with threose
nucleic acid (TNA) and peptide nucleic acid (PNA). TNA’s backbone consists of repeating threose
sugars connected with alternating 2’ to 3' phosphodiester bonds,*® and PNA consists of a peptide
backbone versus a phosphodiester backbone (Figure 4.4a).3' For TNA, we first determined the
caging and decaging kinetics of glyoxal, and we observed comparable kinetics to that of DNA.
We then evaluated the effect of caging on hybridization between TNA and a DNA complement or
scrambled sequence (Figure 4.4b). Using MST to observe duplex formation, we found that as we
increased caging times, we gradually notice a disruption in the duplex, with full disruption at ~40
minutes. We then decaged the TNA and observed full duplex formation (Figure 4.4c-d). To apply
these experiments to PNA, we synthesized the “Nielsen decamer” sequence as a model strand.*?
Interestingly when characterizing caging kinetics of PNA, we noticed a decrease in molecular
weight on 20% denaturing PAGE as the caging times increased (Figure 4.4e). We originally hy-
pothesized that this was due to degradation or hydrolysis. However, we did confirm an increase
in mass via mass spectrometry. We also were able to decage our PNA using heat. We hypothe-
size that the glyoxal may lead to a partial negative charge on the strand, leading to the opposite
effect on gel electrophoresis. We then tested hybridization of the caged PNA. We observed duplex
disruption as caging times increased, with full disruption occurring at 20 minutes. We then com-
pared untreated, caged, and decaged (Figure 4.4f). We noticed full duplex formation for the
decaged species. Together, these results show that glyoxal is a robust and universal method for

reversibly modulating nucleic acids of all types.
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Figure 4.4: Glyoxal caging reversibly inactivates xenonucleic acid hybridization. a)
Chemical structures of DNA/RNA alongside threose nucleic acid (TNA) and peptide nucleic
acid (PNA) scaffolds. b) Heteroduplex formation between XNA strands and a DNA comple-
ment. Glyoxal caging reversibly inhibits duplex formation. c) 20% denaturing PAGE analysis
of untreated (untr.), caged, and decaged TNA strands. 250 pmol of TNA strand was first treated
with 1.3 M glyoxal in 50:50 DMSO: H20, 50 °C for 40 minutes. To decage the TNA substrate,
20 pmol of caged strand (40 minutes glyoxal treatment time) was incubated at 95 °C, pH 7.5
for 5 minutes. d) MST binding curves of untreated, caged (40 minutes glyoxal treatment time),
and decaged (5 minutes at 95 °C, pH 7.5) TNA strands when challenged with increasing
amounts of DNA complement. Bars represent mean and S.E. from triplicate binding titration
curves. e) 20% denaturing PAGE analysis of untreated (untr.), caged, and decaged PNA
strands. 1 nmol of PNA was first treated with 1.3 M glyoxal in 50:50 DMSO: H;0, 50 °C for 20
minutes. To decage the PNA substrate, 20 pmol of caged strand (20 minutes glyoxal treatment
time) was incubated at 95 °C, pH 7.5 for 5 minutes. f) MST binding curves of untreated, caged,
and decaged PNA strands when challenged with increasing amounts of DNA complement.
Bars represent mean and S.E. from triplicate binding titration curves.
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4.3.3 Determining EcoRI efficiency

Our EcoRI enzyme must be able to fully cleave the decaged dsDNA. In this aim, we tested
the efficiency of our EcoRI enzyme and our caging and decaging ability. EcoRI cleaves after the
G in the recognition sequence (GAATTC) in dsDNA."2 Therefore, we needed to ensure that we
can hybridize the complement to the FAM labeled ssDNA. We also needed to validate that our
enzyme cleaves with high efficiency. To test for this, we incubated or ssDNA alone with EcoRI.
We then hybridized our ssDNA with its partial complement to produce dsDNA, which we also
incubated with EcoRI. We then ran the samples on a native polyacrylamide gel with ssDNA and
dsDNA alone to serve as controls. We observed no cleavage for the ssDNA sample that was
incubated with EcoRI (Figure 4.5), which was expected as EcoRI only cleaves dsDNA. There was
partial cleavage of the dsDNA with EcoRlI, which we attributed to not having the full complemen-
tary strand as opposed to reduced efficiency of EcoRI. The dsDNA and ssDNA controls showed
no difference, which we also attributed to not having the full complementary strand. We needed
to ensure that we were able to fully cage and fully decage as partial caging and decaging can
result in false positives and negatives. To cage the DNA, we took our ssDNA and incubated it
with glyoxal for one hour. To decage, an aliquot of this sample was heated for three minutes at
95°C. These were then run on native polyacrylamide gel along with the ssDNA as a template
(Figure 4.5). We observed no shift between the ssDNA and the decaged sample, indicating that
we fully decaged the DNA. We did observe a complete shift for the caged sample indicating full
caging.

4.3.2 EcoRI digestion of caged and decaged DNA

Once we validated and optimized all steps, we tested our hypothesis that by caging ssDNA

using glyoxal, we can inhibit EcoRI. We first incubated ssDNA with EcoRI for one hour and two
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hours separately. We also incubated ssDNA without EcoRIl. We also did this for caged and
decaged samples. We then ran these on a polyacrylamide native gel as seen in Figure 4.5. We
observed no cleavage for the caged DNA, as expected. We also confirmed that there was hybrid-
ization. Lastly, we observed cleavage of the decaged DNA, as expected. These data supported

our hypothesis that caging ssDNA with glyoxal inhibits EcoRI activity.

untreated caged decaged
EcoRlI - + - + - +

Figure 4.5: Reversible control of EcoRI. 12% PAGE gel of EcoRI mediated target cleavage
by untreated, caged, and decaged DNA.

4.3.4 Thermoreversible control of other enzymes

After exploring how glyoxal affects duplex formation and secondary structure, we were
curious how caging nucleic acids would affect restriction enzyme function. RNase T1 is known to
be inhibited by glyoxalation, as it cleaves after both guanosine and inosine.'*® '*° Taking inspira-
tion from this, we first tested RNase H, which cleaves RNA/DNA duplexes."® We began by incu-
bating the RNA strand with or without glyoxal. We then hybridized the target RNA to a comple-
mentary DNA strand, and exposed the sample to RNase H. As expected, we observed cleavage

of untreated duplexes, while the caged ssRNA showed no cleavage. Upon thermal decaging, we
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observed full cleavage activity due to RNase H. We were then curious to observe the effects of
glyoxal caging on thermostable RNase H."' To test this, we combined caged target RNA, com-
plementary DNA, and thermostable RNase H in 1X reaction buffer (50 mM Tris-HCI, 75 mM KCl,
3 mM MgCl,, 10 mM DTT, pH 8.3) in a “one pot” reaction. Reactions were then separately heated
to 95°C for increasing time points, followed by 1 h at 37°C. We observed an increase in RNase H

cleavage approaching 100% over 10 minutes as the target RNA strand decaged.

Next, we wanted to study the effects of glyoxal caging on RNase A, as it cleaves ssSRNA
and dsRNA after cytidine and uridine nucleotides.'*? However, we did not observe any activity
inhibition in the presence of caged RNA. We observed similar results with nuclease P1, which
hydrolyzes phosphodiester bonds in the 3’ = 5’ direction', where we noticed no inhibition. We
next tested DNase |, which cleaves dsDNA after pyrimidine nucleotides."* Similar to the other
enzymes, we first treated the ssDNA with glyoxal, followed by hybridixation to a complementary
DNA strand. We then introduced DNase |I. We noticed full inhibition upon glyoxal caging, and

upon decaging, we observed full cleavage of the target DNA.

Lastly, we wanted to observe the effects of glyoxal on exonuclease activity. We first used
RNase T, which cleaves both ssRNA and ssDNA from 3’ to 5°."> %6 However, we noticed full
hybridization even in the presence of glyoxal and no inhibition of RNase T. We observed similar
results in the case of snake venom phosphodiesterase |, which hydrolyzes ssDNA and ssRNA in
the 5 to 3’ direction.™” While these data were disappointing, exonuclease activity isn’t typically
sequence specific, and they typically interact with the phosphate backbone, which is not affected

by glyoxal.
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As seen in Table 4.2, glyoxal caging is most effective where nucleic acid secondary struc-
ture is required for enzyme recognition. Specifically, RNase H, DNase |, and EcoRI all prefer
duplex fotmation for cleavage. Therefore, glyoxal introduction inhibits this activity by inhibiting
duplex formation. With the exception of RNase T1, all other enzymes appeared to be unaffected

by glyoxal, likely due to their preference for ssRNA.

Table 4.2: Glyoxalation reversibly modulates activity in several enzymes.

Name Type Target Inhibition?
RNase T1 Endonuclease ssRNA after G resi- Partial
dues
RNase H Endonuclease RNA: DNA heterodu- Yes
plexes
RNase A Endonuclease ssRNA, dsRNA No
Nuclease P1 Endonuclease ssRNA, ssDNA No
DNase | Endonuclease ssDNA, dsDNA (pre- Yes
ferred)
EcoRl Endonuclease dsDNA at Yes
5 GAATTC ¥
RNase T Exonuclease 3’ exonuclease No
Phosphodiesterase | Exonuclease 5’ exonuclease No

4.3.5 Thermoreversible control of CRISPR-Cas9

Because we analyzed the effects of glyoxal on restriction enzymes, we hypothesized that

we could likely control CRISPR-Cas9 activity, as it relies on a single guide RNA (sgRNA). The



55

sgRNA acts as both an aptamer toward Cas9 to bind the nuclease and a sequence-specific probe
to bind the ribonucleoprotein (RNP) complex to the genetic locus of interest for cleavage (Figure
4.6a)."® 14 Similar to restriction enzymes, many have tried to control the CRISPR-Cas9 system.
Given the control we have over nucleic acids, we first characterized the caging and decaging of
the sgRNA. Over 30 minutes of caging, we only observed minimal inhibition. However, we ob-
served a drastic decrease in cleavage after ~40 minutes - 1 hour, and full inhibition after 2 hours
of caging (Figure 4.6b-d). We hypothesized that this is like due to uridine-rich nature of the sgR-
NAs, which is not known to react with glyoxal. Based on our previous experiments with the ap-
tamers, it is likely that partially caged sgRNAs are still active with Cas9. However, we observed
full inhibition after 2 hours of caging and full activity after 2 minutes of decaging (Figure 4.6e-f).
When compared to untreated sgRNA, there was also no significant difference in Cas9 cleavage

activity when paired with a decaged sgRNA.
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Figure 4.6: Thermal reactivation of CRISPR-Cas9 function. a) Schematic of reversible
modulation of CRISPR-Cas9 cleavage. Glyoxal caging reversibly denatures and cages the
sgRNA, preventing RNP complex formation and target cleavage. b) 20% denaturing PAGE
analysis of untreated (untr.), caged, and decaged sgRNAs. 2 ug of sgRNA was first treated
with 1.3 M glyoxal in 50:50 DMSO: H20, 50 °C for 2 hours. To decage the substrate, 2 ug of
caged sgRNA (2 hours glyoxal treatment time) was incubated at 95 °C, pH 7.5 for 5 minutes.
c¢) Functional Cas9 target cleavage with untreated (untr.), caged, and decaged sgRNAs visu-
alized by 1% agarose gel and d) quantified using densitometry. Bars represent mean and S.D.
from 2 independent trials. Unpaired t-test was performed between untreated and decaged
samples. “ns” indicates no significant difference. e) Caged sgRNAs (2 hours glyoxal treatment
time) were decaged at 37 °C for increasing times and combined with Cas9 and dsDNA target
followed by 1% agarose gel analysis and f) quantified using densitometry. Values represent
mean and S.D. of 2 independent trials.

4.3.6 Thermoreversible control in cells

After exploring decaging kinetics and a wide range of in vitro applications, we were inter-
ested in exploring caged nucleic acids in cellulo. We decided to continue forward with our studies
using an antisense oligonucleotide (ASO). Controlling gene expression is emerging as a powerful
strategy in cellular processes and cancer research.'® "' Therefore, we curious whether caging

an ASO would allow us to explore tunable control over gene expression in living cells. To begin,
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we identified an ASO optimized to silence eGFP expression by degrading its mRNA via a RNase
H-mediated decay pathway (Figure 4.7a)."** "> This class of ASOs is composed of locked nucleic
acid (LNA) nucleotides at both the 3’ and 5’ ends and contains phosphorothioate linkages through-
out the strand, making these oligonucleotides highly stable and resistant to endonucleases.'>* "%
Using glyoxal, we hypothesize that we could inhibit hybridization of the ASO to its target mMRNA,
thus blocking expression of eGFP (Figure 4.7b). Our previous kinetic experiments show that
decaging is possible for RNA constructs at 37°C (Table 4.1). We also hypothesize that this ex-

pression could be restored upon full decaging. We were concerned that the high stability of GFP

would hinder the detection of ASO activity. To circumvent this, we appended a C-terminal degron

tag (supp.).
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Figure 4.7: Thermal reactivation of antisense oligonucleotide (ASO) function in cellulo.
a) Schematic of ASO gene silencing mechanism through antisense mRNA hybridization and
RNase H-mediated decay. b) Glyoxal caging reversibly blocks ASO hybridization, preventing
silencing complex formation and target cleavage. c) Experimental workflow for in cellulo time-
release ASO decaging. At t = 0, HEK293T cells were transfected with a pCMV-GFP plasmid
as well as 250 nM glyoxal caged ASO (8 hours glyoxal treatment time, red), untreated (untr.)
ASO (black) or no ASO (green). Cells receiving no ASO exhibit uninhibited GFP expression
throughout the experiment, while cells given untreated (untr.) ASO produce no detectable GFP
due to constant gene silencing. Cells treated with caged ASO (8 hours glyoxal treatment time)
exhibit initial increase in fluorescence due to GFP expression followed by a delayed suppres-
sion of GFP signal due to time-release reactivation of glyoxalated ASO. d) Representative live-
cell fluorescence microscopy images (4X magnification) taken throughout the course of the
experiment. e) Quantification of GFP-positive cells in each field across treatment groups during
the experimental time course. Circles represent individual wells (n = 3) from a 96-well plate.
Curves are overlayed with a second-order polynomial fit (dashed lines).
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We inserted this construct into a cytomegalovirus (CMV) mammalian expression plasmid
(Figure 4.7c). We then evaluated the GFP expression efficiency in HEK293T cells using fluores-
cence microscopy. Next, we aimed to identify an optimal ASO concentration for silencing GFP
expression. At 250-500 nM of ASO, we observed no detectable GFP signal, and a scrambled
sequence produced no GFP expression across all concentrations. Using these optimal conditions
(250 nM ASO), we next created a library of increasingly caged ASO samples and observed the
impact of glyoxal caging on GFP silencing by cotransfecting HEK293T cells with both the pCMV-
GFP vector and respective ASOs. We then imaged the cells and noticed that 6-8 hours of glyoxal
treatment completely inhibited ASO function. We then thought that it could be possible that glyoxal
treatment could inhibit cellular uptake. However, using Cy5-labeled ASOs showed similar uptake

to untreated ASOs.

Next, we explored the ability of gene expression to be restored upon decaging of the ASOs
in cellulo. Therefore, we performed a time-course experiment to monitor GFP expression in
HEK293T cells. On day 0, cells received either (1) GFP plasmid alone, (2) plasmid and a fully
caged ASO (8 h glyoxal treatment time), or (3) plasmid and an untreated active ASO (Figure
4.7c¢). We imaged the samples over the course of 7 days (Figure 4.7d-e). We noticed that cells
receiving fully caged ASO showed similar GFP increases throughout the first 24 hours as the
untreated, which suggests full inhibition. However, our control cells showed increased GFP ex-
pression throughout days 2-7, and cells treated with caged ASO showed a decrease in GFP ex-
pression (Figure 4.7d-e). Lastly, cells receiving untreated ASO showed no GFP expression for
the entire experiment, confirming that 250 nM ASO was sufficient for gene silencing. We then
wanted to compare decaging in these conditions. Therefore, we prepared several caged ASO

samples in DMEM and monitored decaging at 37°C using denaturing PAGE. We determined that
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full decaging took 1-2 days. Next we decided to test the viability of our cells using a tetrazolium
assay,'®” and we observed that no matter the degree of caging, there was no significant decrease
in viability. We also tested the cytotoxicity of glyoxal alone, and we observed that glyoxal was

cytotoxic at higher concentrations (ICso = 310 £ 83 uM).
4.4 Conclusions

Nucleic acids are versatile and attractive materials for nanotechnology, biomedicine, and
biosensing. Therefore, the ability to control their structure and function is essential in advancing
the field of bioscience. However, many of the efforts for controlling nucleic acids reversibly involve
chemical or light-based stimuli, which is often harmful to nucleobases and cells. In addition, many
of these methods are no compatible with XNAs. Heat, however, remains unexplored as nucleic
acid cages. Here, we explore glyoxal, a chemical denaturant, as a thermal cage. We show that it
can impart thermoreversible inhibition of both the structure and activity of nucleic acids. We first
show that glyoxal is able to cage and decage effectively from unmodified RNA and DNA over a
range of different pH’s, temperatures, and incubation times. We then went on to demonstrate the
thermoreversibility of glyoxal with functional nucleic acids, aptamers and DNAzymes. In addition,
we show that thermoreversible caging can be applied towards noncanonical XNAs as well. We
also explore the reversible control of many endonucleases, as ell as the CRISPR-Cas9 system.
Lastly, we demonstrate that glyoxal still imparts thermoreversible gene expression in live cells.
Together, this demonstrates that thermoreversible glyoxal caging can be easily applied for re-
versible inhibition of nucleic acid function in a multiple different applications, establishing a

straightforward and effective framework for use in a variety of potential biomedical applications.

4.5 Materials and Methods
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4.5.1 Caging Kinetic Assays

For visualization and quantification of caging kinetics, a custom designed DNA oligonu-
cleotide was purchased from Integrated DNA Technologies (IDT), containing a 6-FAM (Fluores-

cein) label at the 5’ terminus as shown below.

5 FAM TGCCAAGACTGTTGAGGAAGATGAGAGAAT 3’

In triplicate, 0.2 nmol of the test DNA strand was mixed with 14.5 pL of a 40% glyoxal solution
(Sigma Aldrich) and 50 yL DMSO. Reactions were brought to a final volume of 100 pyL with nu-
clease-free water, and incubated at 50 °C for 0, 5, 10, 20, 30, 40, 50, and 60 minutes. At each
time point, reactions were ethanol precipitated and reconstituted in 60 uL of nuclease-free water.
10 pmol of each purified reaction was then mixed with 2X RNA loading dye (New England Biolabs)
and then separated with 20% PAGE and imaged with a GE Amersham Typhoon RGB scanner
using a 488 nm excitation laser and the Cy2 525BP20 emission filter. Fiji (ImageJ) was used to
calculate densitometric intensity of each reaction and normalizing to the fully caged DNA band at
60 min to estimate percent conversion. Caging half-times was estimated based on pseudo-first

order rate kinetics using a nonlinear curve fit in GraphPad Prism.

4.5.2 Decaging Kinetic Assays

In duplicate, 20 pmol of a fully caged (1 hour treatment) test DNA strand was incubated in
a final volume of 50 pL of phosphate buffered saline (137 mM NaCl, 2.7 mM KCI, 8 mM Na;HPO4,
and 2 mM KH2PO,) adjusted to pH 6.5, 7.0, 7.5, or 8.0 where appropriate. Samples were incu-
bated at various temperatures (25 °C, 37 °C, 50 °C, 70 °C, 95 °C) in a thermal cycler, and 3 uL
samples were taken at the indicated time points and mixed with 2X RNA loading dye (New Eng-

land Biolabs) and then separated with 20% PAGE and imaged with a GE Amersham Typhoon
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RGB scanner using a 488 nm excitation laser and the Cy2 525BP20 emission filter. Fiji (ImageJ)
was used to calculate densitometric intensity of each reaction and normalizing to an untreated
DNA band to estimate percent fully decaged. For stability at 25 °C, percent remaining was calcu-
lated using the band intensity of each reaction normalized to the fully caged DNA strand at T =0
hours. Decaging half-times were estimated based on pseudo-first order rate kinetics using a non-

linear curve fit in GraphPad Prism.

4.5.3 Broccoli Aptamer Preparation

A dsDNA template gBlock containing a T7 RNA polymerase promoter (underlined) was

purchased from Integrated DNA Technologies (IDT) as shown below.

5 GCTAGTAATACGACTCACTATAGTTGCCATGTGTATGTGGGAGACGGTCGGGTCCAGA-

TATTCGTATCTGTCGAGTAGAGTGTGGGCTCCCACATACTCTGATGATCCTTCGGGATCATTCA

TGGC 3’

Template was then amplified with a forward primer (5 GCTAGTAATACGACTCACTATA GGGTT-
GCC 3’) and reverse primer 5 GCCATGAATGATCCCGAAGGATCATCA 3’) using HotStart Taq
DNA polymerase (New England Biolabs) according to the manufacturer’s instructions, using the
following PCR program: 94 °C for 3 min, followed by 30 cycles of (94 °C for 1 m, 57 °C for 45 s,
68 °C for 1 m), 68 °C for 5 min. PCR reactions were then purified using the Monarch PCR & DNA
Cleanup Kit (New England Biolabs). RNA was then synthesized and purified using the HiScribe

T7 High Yield RNA Synthesis Kit and Monarch RNA Cleanup Kit (New England Biolabs).

4.5.4 Broccoli Aptamer Caging and Functional Fluorogenic Analysis

60pmol (~2 ug) of broccoli RNA aptamer was mixed with 14.5 pL of a 40% glyoxal solution

(Sigma Aldrich) and 50 yL DMSO. Reactions were brought to a final volume of 100 pyL with
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nuclease-free water and reacted at 50 °C for 0 min, 30 sec, 5 min, 10 min, 15 min, 20 min, 25
min, 30 min, and 1 hour. At each time point, reactions were ethanol precipitated and reconstituted
in 25 L of nuclease-free water. 10 pmol of each purified reaction was then mixed with 2X RNA
loading dye (New England Biolabs) and then separated with 10% denaturing PAGE. Gels were
then stained with 1X SYBR Gold solution (Thermo Fisher Scientific) for 20 minutes, and visualized
with the Typhoon RGB scanner. Functional fluoregenic activity of the broccoli RNA aptamer was
performed by mixing 20 pmol of untreated, caged, or decaged aptamer with 2 uM 3,5-difluoro-4-
hydroxybenzylidene imidazolinone (DFHBI, Sigma Aldrich), 40 mM HEPES, 100 mM KCI, 1 mM
MgClz, pH 7.4 in a final volume of 20 uL. Reactions were incubated for 30 minutes at 37 °C.
Reaction tubes were imaged with the GE Amersham Typhoon RGB scanner using a 488 nm
excitation laser and the Cy2 525BP20 emission filter. Fluorescence was also quantified by trans-
ferring the reactions to 384-well black plates (Greiner) and measuring intensity on a Cytation 5

multi-mode plate reader (BioTek) using excitation at 447 nm and emission at 501 nm.

4.5.5 Broccoli Aptamer Decaging

To remove glyoxal adducts, 20 pmol of minimally caged (10 minute glyoxal treatment)
broccoli RNA aptamer was added to a final volume of 50 uL of phosphate buffered saline (137
mM NaCl, 2.7 mM KCI, 8 mM Na;HPO,, 2 mM KH2PO4, pH 7.5). Samples were incubated in a
thermal cycler at 95 °C for indicated times and purified by ethanol precipitation. 10 pmol of the

collected RNAs were then combined with DFHBI and analyzed as described above.

4.5.6 In Situ Broccoli Aptamer Decaging

20 pmol of minimally caged broccoli RNA aptamer was combined with 2 yM DFHBI, 40

mM HEPES, 100 mM KCI, 1 mM MgCl,, pH 7.4 in a final volume of 20 pL. Reactions were
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incubated in a thermal cycler set at 60 °C, 65 °C, 70 °C, 75 °C, 80 °C, 85 °C, 90 °C, and 95 °C
and allowed to react for 0, 5, 10, 20, 30 and 60 minutes. Reactions were quenched by freezing at
-80 °C. Reactions were then thawed at room temperature and transferred to a 384-well black plate
with a clear bottom (Greiner) and imaged and analyzed as described earlier. Heatmap image was

obtained using the Typhoon acquisition software and reflects relative fluorescent intensities.

4.5.7 10-23 DNAzyme Caging and Functional Assay

The 10-23 DNAzyme oligonucleotide was purchased from IDT as shown below:

5 - AGGACGGGAGGCTAGCTACAACGAGTGGTTGCC- 3’

100 pmol of DNAzyme was mixed with 14.5 pL of a 40% glyoxal solution (Sigma Aldrich) and 50
uL DMSO. Reactions were brought to a final volume of 100 pL with nuclease-free water and
reacted at 50 °C for 0 min, 1 min, 5 min, 10 min, 20 min, 30 min, 40 min, and 1 hour. At each time
point, reactions were ethanol precipitated and reconstituted nuclease-free water at a final con-
centration of 1 uM. 10 pmol of each purified reaction was then mixed with 2X RNA loading dye
(New England Biolabs) and then separated with 20% denaturing PAGE. Gels were then stained
with 1X SYBR Gold solution (Thermo Fisher Scientific) for 20 minutes and visualized with the
Typhoon RGB scanner. To test functional cleavage activity, 15 pmol of untreated or caged 10-23
DNAzyme were added to 1.5 pmol of target strand: (5 FAM GGCAACCACrGTCCCGTCCT BHQ1
3’, rG indicates ribonucleotide guanosine) in DNAzyme buffer (10 mM MgCl,, 150 mM NaCl, 50
mM Tris-HCI, pH 7.5) at a total volume of 50 uL. The reaction was incubated in a thermocycler
for one hour at 37 °C and quenched with addition of 1 uL of 125 mM EDTA. All samples were

then analyzed with 12% denaturing PAGE, stained with 1X SYBR Gold solution (Thermo Fisher
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Scientific) for 20 minutes and visualized with the Typhoon RGB scanner. Percent cleavage was

calculated by densitometry analysis of the cleaved band/sum using ImageJ software.
4.5.8 10-23 DNAzyme Decaging

To decage the 10-23 DNAzyme, we first determined the minimum amount of thermal
decaging time required for the gel shift to return to the original size. 10 pmol DNAzyme was sus-
pended in 1X PBS and incubated at 95 °C for 30 seconds, 1 min, 2 min, 3 min, 5 min, 8 min, and
10 mins. The samples were ethanol precipitated and resuspended at a concentrated of 1 uM. The
size shift from glyoxal removal was monitored by 20% denaturing PAGE. Optimal timepoints for
caging (1 h) and decaging (10 minute) were then analyzed for size shift with untreated 10-23
DNAzyme on 20% denaturing PAGE. For full tuning of activity, we performed the cleavage assay
with untreated, caged, and decaged 10-23 DNAzyme. 15 pmol of untreated, caged, or decaged
10-23 DNAzyme were added to 1.5 pmol of target strand in DNAzyme buffer in a total volume of
50 yL. The reaction was incubated for one hour at 37 °C and quenched with the addition of 1 pL
of EDTA at 125 mM. All samples were then analyzed on 12% denaturing PAGE. Densitometry
analysis was performed using ImageJ software. Percent cleavage was calculated by dividing the

band intensity of the cleaved product by the sum of all band intensities in that lane.
4.5.9 ARC259 Aptamer Caging

ARC259 2'-O-Methylated RNA aptamer was purchased from Integrated DNA Technolo-
gies, containing a 6-FAM (Fluorescein) label at the 5’ terminus as shown below (m indicates 2'-

O-Methylated modification).

5 FAM mAmMCmGmMCmAMGMUMUmMUMGMAMGMAMAMGMUMCmMGMCmMGMCmGmU 3’
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60pmol (~2 pg) of ARC259 aptamer was mixed with 14.5 pL of a 40% glyoxal solution (Sigma
Aldrich) and 50 yL DMSO. Reactions were brought to a final volume of 100 pL with nuclease-free
water and reacted at 50 °C for 0 min, 30 sec, 5 min, 10 min, 15 min, 20 min, 25 min, 30 min, and
1 hour. At each time point, reactions were ethanol precipitated and reconstituted in 25 pL of nu-

clease-free water. 5 pmol of each reaction was analyzed by 20% denaturing PAGE.

4.5.10 ARC259 Aptamer Decaging

20 pmol of minimally caged (40 minute glyoxal treatment) ARC259 aptamer was added to
a final volume of 50 pL of phosphate buffered saline (137 mM NaCl, 2.7 mM KCI, 8 mM Na;HPO,,
2 mM KH2POg4, pH 7.5). Samples were incubated in a thermal cycler at 95 °C for indicated times
and purified by ethanol precipitation. 10 pmol of the collected RNAs were then analyzed by 20%

denaturing PAGE as described above.

4.5.11 VEGF Fluorescence Polarization Binding Assay

A 20 nM solution of untreated, caged, or decaged ARC259 aptamer was prepared in 1X
binding buffer (phosphate buffered saline 137 mM NaCl, 2.7 mM KCI, 8 mM Na;HPO4, 2 mM
KH2PO4, pH 7.5 with 0.05% Tween 20). A 30 uM solution of recombinant human VEGF165
(Peprotech) or bovine serum albumin (BSA, Sigma Aldrich) was prepared in 1X binding buffer
and serially diluted 1:1 several times. Dilutions were combined with an equal volume of 20 nM
ARC259 to yield final conditions in all samples of 10 nM ARC259, 1X binding buffer, and protein
(VEGF or BSA) ranging from ~30 pM to 250 nM in a final volume of 40 yL. Binding reactions were
allowed to incubate at room temperature for at least 30 minutes, and then transferred to a 384-
well black plate. Fluorescence polarization was measured using Cytation 5 multi-mode plate

reader (BioTek) equipped with a Blue/UV FP filter cube. All measurements were performed using
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a 360/40 excitation and 460/40 emission filter set in combination with a 400 nm cut off dichroic

mirror. Net values were computed by subtracting FP values calculated from blank (buffer) wells.
4.5.12 TNA Oligonucleotide Synthesis and Labeling

TNA phosphoramidites were synthesized according to previously published methods for
solid phase synthesis of TNA oligonucleotides.'*® A custom TNA oligonucleotide was synthesized

and purchased from the University of Utah DNA/Peptide Synthesis Core Facility as shown below:
3’ CATGACATGAGCTAACCAGACAG 2’

TNA was fluorescently labeled with Cyanine 5 (Cy5) using the Label IT® Tracker™ Intracellular
Nucleic Acid Localization Kit (Mirus Bio) according to the manufacturer’s instructions. The oligo-
nucleotide was ethanol precipitated and analyzed by UV/Vis spectrophotometry to measure de-

gree of labeling, confirming approximately 2 dye molecules per strand.
4.5.13 TNA Caging

250 pmol of TNA oligonucleotide was mixed with 14.5 L of a 40% glyoxal solution (Sigma
Aldrich) and 50 yL DMSO. Reactions were brought to a final volume of 100 uL with nuclease-free
water and reacted at 50 °C for 0 minutes, 5 minutes, 10 minutes, 20 minutes, 30 minutes, 40
minutes, 50 minutes, and 1 hour. At each time point, reactions were ethanol precipitated and
reconstituted in 25 uL of nuclease-free water. 5 pmol of each reaction was analyzed by 20%
denaturing PAGE and imaged with a GE Amersham Typhoon RGB scanner using a 635 nm ex-

citation laser and the Cy5 670BP30 emission filter.

4.5.14 TNA Decaging
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20 pmol of minimally caged (40 minute glyoxal treatment) TNA oligonucleotide was added
to a final volume of 50 pL of phosphate buffered saline (137 mM NaCl, 2.7 mM KCI, 8 mM
Na;HPO., 2 mM KH2PO4, pH 7.5). Samples were incubated in a thermal cycler at 95 °C for 5
minutes and purified by ethanol precipitation. 5 pmol of collected TNA was then analyzed by 20%

denaturing PAGEas described above.

4.5.15 TNA Hybridization Assays

To test hybridization, a full complement and scrambled DNA oligonucleotide was pur-

chased from Integrated DNA Technologies as shown below.

TNA complement: 5 CTGTCTGGTTAGCTCATGTCATG 3’

TNA scrambled: 5 ACTCTGTTCGGTACTGGTCTTG 3’

For each hybridization test, a 10 nM solution of untreated, caged, or decaged Cy5-labeled TNA
strand was prepared in 1X binding buffer (40 mM HEPES, 100 mM KCI, 1 mM MgClz, 0.05%
Tween 20, pH 7.4). A 1 uM solution of complement and scrambled DNA was prepared in 1X
binding buffer and serially diluted 1:1 several times. Dilutions were combined with an equal vol-
ume of 10 nM TNA solution to yield final conditions in all samples of 5 nM TNA strand, 1X binding
buffer, and DNA challenge (complement or scramble) ranging from ~152 pM to 500 nM in a final
volume of 100 pL. Samples were incubated at room temperature for 30 minutes and then loaded
into NT.115 standard glass capillaries. MST experiments were performed using a Nanotemper
Monolith NT.115 Pico instrument. All measurements were analyzed using the Pico-RED filter with

20% LED intensity and low laser power.

4.5.16 PNA Oligomer Synthesis
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A fluorescently labeled PNA strand was synthesized using a standard solid-phase synthe-
sis protocol on a Biotage SP wave semi-automatic synthesizer. Sequence is shown below. FAM

denotes fluorescein, and E denotes a single glutamate residue (structure shown in Figure S14a).

N - FAM GTAGATCACTE-C

Synthesis began by loading 69.1 mg of a rink amide MBHA resin (0.52 mmol/g) with 5 ymols of
Fmoc-L-glutamic acid y-fert-butyl ester using 1.5 eq. HATU, 1.5 eq. DIPEA, and 1.5 eq. 2,6-
lutidine in 200 puL dry NMP for 1 hour followed by a 1 hour capping step using a solution of 9%
acetic anhydride and 13% 2,6-lutidine in DMF. The resin was then deprotected with a solution of
25% piperidine in DMF. For monomer couplings, 5 eq. of monomer was pre-activated for 10
minutes with 5 eq. HATU, 5 eq. DIPEA, and 5 eq. 2,6-lutidine in 400 uL NMP before addition to
the resin. Coupling proceeded with microwave-assistance at 75°C for 6 min. The resin was then
washed (5x1 mL DMF), capped using the capping solution (2x5 min with 1 mL each), washed
(5x1 mL DMF, 3x1 mL DCM, 3x1 mL DMF), deprotected with deprotection solution (3x2 min with
1mL each), and washed (5x1 mL DMF, 3x1 mL DCM, 3x1 mL DMF) to complete a coupling cycle.
Upon completion of synthesis, the resin was washed with DCM and dried before cleavage using
a solution of 2.5% H>O and 2.5% TIS in TFA. The crude oligomer was ether precipitated, washed
with ether, and dried for purification. Purification was performed by reverse-phase HPLC using an
Agilent Eclipse XDB-C18 5 um, 9.4x250 mm column at 60°C with a flow rate of 2 mL/min, moni-
tored at 260 nm using a linear gradient (10%-40% in 15 min) of 0.1% TFA/acetonitrile in 0.1%
TFA/H20. Identity of pure oligomer was confirmed using an Agilent 6230 electrospray ionization

time-of-flight (ESI-TOF) mass spectrometer.
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Abbreviations:

Fmoc, fluorenylmethyloxycarbonyl; HATU, 1- [Bis(dimethylamino)methylene]-1H-1,2,3-tria-
zolo[4,5-b]pyridinium 3-oxid hexafluorophosphate; DIPEA, diisopropylethylamine; NMP, N-me-

thyl-2-pyrrolidone; DCM, dichloromethane; TIS, triisopropylsilane; TFA, trifluoroacetic acid.

4.5.17 PNA Caging

1 nmol of PNA oligonucleotide was mixed with 14.5 uL of a 40% glyoxal solution (Sigma
Aldrich) and brought to a final volume of 100 pL with nuclease-free water. Samples were reacted
at 50 °C for 0 minutes, 5 minutes, 10 minutes, 20 minutes, 30 minutes, 1 hour, 2 hours, and 4
hours. At each time point, reactions were purified with reverse-phase HPLC using an Agilent
Eclipse Plus C18 3.5 um, 4.6x150 mm column at 60°C with a flow rate of 1 mL/min, monitored at
260 nm using a linear gradient (10% - 50% in 20 min) of 0.1% TFA/acetonitrile in 0.1% TFA/H.0.
Collected fractions were dried under vacuum and then resuspended in 50 ul phosphate buffered
saline (137 mM NaCl, 2.7 mM KCI, 8 mM Nax:HPO4, 2 mM KH2PO., pH 7.5). 10 pmol of each

reaction was analyzed by 20% denaturing PAGE as described earlier.

4.5.18 PNA Decaging

250 pmol of caged (2 h glyoxal treatment) PNA strand was added to a final volume of 50
uL of phosphate buffered saline (137 mM NaCl, 2.7 mM KCI, 8 mM Na;HPO4, 2 mM KH2POy4, pH
7.5). Samples were incubated in a thermal cycler at 95 °C for 0 minutes, 1 minutes, 2 minutes, 5
minutes, 10 minutes and 20 minutes. 5 pmol of each reaction was then analyzed by 20% dena-

turing PAGE as described above.

4.5.19 PNA Hybridization Assays
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To test hybridization, a full complement and scrambled DNA oligonucleotide was pur-

chased from Integrated DNA Technologies as shown below.

PNA complement: 5 AGTGATCTAC 3

PNA scrambled: 5 CTATGGTACA 3’

For each hybridization test, a 20 nM solution of untreated, caged, or decaged Cy5-labeled PNA
strand was prepared in 1X binding buffer (40 mM HEPES, 100 mM KCI, 1 mM MgCl,, 0.05%
Tween 20, pH 7.4). A 1 uM solution of complement and scrambled DNA was prepared in 1X
binding buffer and serially diluted 1:1 several times. Dilutions were combined with an equal vol-
ume of 10 nM PNA solution to yield final conditions in all samples of 5 nM PNA strand, 1X binding
buffer, and DNA challenge (complement or scramble) ranging from ~152 pM to 500 nM in a final
volume of 100 pL. Samples were incubated at room temperature for 30 minutes and then loaded
into NT.115 standard glass capillaries. MST experiments were performed using a Nanotemper
Monolith NT.115 Pico instrument. All measurements were analyzed using the Pico-RED filter with

20% LED intensity and low laser power.

4.5.20 RNase H assays

An RNA oligonucleotide containing a 6-FAM modifier was purchased from IDT as shown

below:

5 FAM rArArGrCrArGrCrArGrGrCrUrArUrGrUrUrArGrArArCrArAry 3’

To demonstrate duplex requirement for activity, 5 pmols of this RNA was then hybridized to 5
pmols of complementary DNA (5’- ATTGTTCTAACATAGCCTGCTGCTT -3’) in 1X RNase H

buffer (New England Biolabs) in a total volume of 50 pL for 30 minutes at 37 °C. After
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hybridization, 5 units of RNase H (New England Biolabs) were added to 10 pL of each sample.
Reactions were incubated for one hour at 37 °C and halted with addition of 1 uL of 125 mM EDTA.

Samples were then analyzed with 12 % non-denaturing native PAGE.

To inhibit RNase H activity through caging, 100 pmol of RNA was mixed with 14.5 uL of a
40% glyoxal solution (Sigma Aldrich) and 50 yL DMSO and brought to a final volume of 100 pL
with nuclease-free water. RNA was caged at 50 °C for 2 h. RNA was then ethanol precipitated
and resuspended in nuclease free water at a final concentration of 1 uM. 5 pmols of RNA was
then hybridized to 5 pmol of complementary DNA (5'- TTCGTCGTCCGATACAATCTTGTTA -3’)
in 1X RNase H buffer (New England Biolabs) in a total volume of 50 L for 30 minutes at 37 °C.
After hybridization, 5 units of RNase H (New England Biolabs) were added to 10 L of each sam-
ple. Reactions were incubated for one hour at 37 °C and halted with addition of 1 pL of 125 mM
EDTA. Densitometry analysis was performed using ImageJ software. Percent cleavage was cal-
culated by dividing the band intensity of the cleaved product by the sum of all band intensities in
that lane. To decage the strand, 10 pmol of caged RNA was incubated in 1X PBS, pH 7.5 at 95
°C for 5 minutes. RNA was then ethanol precipitated and resuspended at a concentrated of 1 uM.
RNA size shift was analyzed via 20% denaturing PAGE. For full tuning of RNase H activity, we
performed the cleavage assay with untreated, caged, and fully decaged RNA. To separate tubes,
5 pmol of the untreated, caged, or decaged RNA were hybridized to 5 pmol of complementary
DNA in 1X RNase H1 buffer in a total volume of 50 uL at 37 °C for 30 minutes. RNase H1 (5 units)
was added to 10 pL of each reaction and incubated for one hour at 37 °C. Cleavage was halted

with the addition of 1 puL of 125 mM EDTA.

4.5.21 Thermostable RNase
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For one pot decaging of Thermostable RNase H activity, 10 pmol of untreated, caged, or
decaged RNA were hybridized with 10 pmol of complementary DNA in 1X RNase H buffer in a
total volume of 100 pL at 37 °C for 30 minutes. 5 units of Thermostable RNase H (New England
Biolabs) was added to 10 uL of each duplex (untreated, caged, decaged) and incubated at 90 °C
for 0, 0.5, 1, 2, 3, 5, 8, 10 minutes followed by incubation at 37 °C for one hour. Cleavage was
halted with the addition of 1 puL of 125 mM EDTA. Activity was then measured using 12% dena-

turing PAGE as described earlier.

4.5.22 RNase A Assay

To test RNase A, we used the same RNA sequence as shown above in RNase H assays.
Caging and decaging conditions were also identical as described earlier. RNase A (Sigma Aldrich,
~0.02 units at 0.5 yg/mL) was added to 1 pmol of untreated, caged, or decaged RNA diluted to
10 ul in 1X PBS, pH 7.5. Reactions were incubated for one hour at 37 °C and halted with the
addition of 1 yL of 125 mM EDTA. Activity was then measured using 12% denaturing PAGE as

described earlier.

4.5.23 Nuclease P1 Assay

To test Nuclease P1, we used the same fluorescein labeled RNA as shown earlier in
RNase H assays (5 FAM rArArGrCrArGrCrArGrGrCrUrArUrGrUrUrArGrArArCrArArU 3’) and the
same fluorescein labeled DNA as used in glyoxal caging kinetics (5° FAM TGCCAAGACTGTT-
GAGGAAGATGAGAGAAT 3’). Caging and decaging conditions were also identical as described
earlier. Nuclease P1 (New England Biolabs, 1 unit) was added to 1 pmol of untreated, caged, or

decaged RNA in a total volume of 10 pyL in 1X Nuclease P1 buffer (New England Biolabs).
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Reactions were incubated for 15 minutes at 37 °C and halted by addition of 1 yL of 125 mM

EDTA. All samples were then analyzed on 12% denaturing PAGE.

4.5.24 DNase | Assay

To test DNase |, we used the fluorescein labeled DNA sequence as described in the gly-
oxal caging kinetics section (5 FAM TGCCAAGACTGTTGAGGAAGATGAGAGAAT 3’). To inhibit
DNase activity through caging, 100 pmol of target DNA was mixed with 14.5 pL of a 40% glyoxal
solution (Sigma Aldrich) and 50 yL DMSO and brought to a final volume of 100 yL with nuclease-
free water. DNA was caged at 50 °C for 1 h. DNA was then ethanol precipitated and resuspended
in nuclease free water at a final concentration of 1 uM. To decage the strand, 10 pmol of caged
DNA was incubated in 1X PBS, pH 7.5 at 95 °C for 5 minutes. DNA was then ethanol precipitated
and resuspended at a concentrated of 1 uM. In separate tubes, 10 pmol of untreated, caged, and
decaged labeled strand was combined with 10 pmol of a complementary DNA strand (5’
ATTCTCTCATCTTCCTCAACAGTCTTGGCA 3’) in 100 pyL 1X DNase buffer (Thermo Fisher) at
37 °C for 30 minutes. After hybridization, 0.2 units of DNase | (Thermofisher) were added to 10
ML of untreated, caged, or decaged duplexes. Reactions were incubated for one hour at 37 °C
and halted with addition of 1 yL of EDTA at 125 mM. All samples were then analyzed with 12%

denaturing PAGE.

4.5.25 EcoRI Assay

An DNA oligonucleotide containing a 6-FAM modifier was purchased from IDT as shown

below (cut site underlined):

5 FAM TGCCGTACCAGAATTCGCTTAGATGT 3’
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To inhibit restriction endonuclease activity through caging, 100 pmol of DNA was mixed with 14.5
uL of a 40% glyoxal solution (Sigma Aldrich) and 50 yL DMSO and brought to a final volume of
100 pL with nuclease-free water. DNA was caged at 50 °C for 2 h. DNA was then ethanol precip-
itated and resuspended in nuclease free water at a final concentration of 1 uyM. To decage the
strand, 10 pmol of caged DNA was incubated in 1X PBS, pH 7.5 at 95 °C for 5 minutes. DNA was
then ethanol precipitated and resuspended at a concentrated of 1 uM. In separate tubes, 10 pmol
of the untreated, caged, or decaged DNA was hybridized to 10 pmol of complementary DNA (5’
ACATCTAAGCGAATTCTGGTACGGCA 3’) in 1X CutSmart buffer (New England Biolabs) in a
total volume of 100 pL for 30 minutes at 37 °C. After hybridization, 20 units of EcoRI-HF (New
England Biolabs) was added to 10 uL of each sample. Reactions were incubated for one hour at
37 °C and halted with the addition of 1 yL of 125 mM EDTA. All samples were then analyzed on

12% denaturing PAGE.

4.5.26 RNase T Assay

To test RNase T, we used the same fluorescein labeled RNA as shown earlier in RNase
H assays (5 FAM rArArGrCrArGrCrArGrGrCrUrArUrGrUrUrArGrArArCrArArU 3’) and the same
fluorescein labeled DNA as used in glyoxal caging kinetics (5° FAM TGCCAAGACTGTTGAG-
GAAGATGAGAGAAT 3’). Caging and decaging conditions were also identical as described ear-
lier. RNase T (New England Biolabs, 5 units) was added to 1 pmol of untreated, caged, or
decaged RNA and DNA where appropriate in 10 yL 1X NEBuffer™ 4 (New England Biolabs).
Reactions were incubated for one hour at 25 °C and halted with the addition of 1 puL of 125 mM

EDTA. All samples were then analyzed on 12% denaturing PAGE.

5.56.27 Phosphodiesterase | Assay
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To test phosphodiesterase |, we used the same fluorescein labeled RNA as shown earlier
in RNase H assays (5 FAM rArArGrCrArGrCrArGrGrCrUrArUrGrUrUrArGrArArCrArArU 3’) and
the same fluorescein labeled DNA as used in glyoxal caging kinetics (5° FAM TGCCAA-
GACTGTTGAGGAAGATGAGAGAAT 3’). Caging and decaging conditions were also identical as
described earlier. Snake venom phosphodiesterase | isolated from Crotalus adamanteus (Sigma
Aldrich, 0.005 units) was added to 1 pmol of untreated, caged, or decaged RNA and DNA where
appropriate in 10 uL 1X CutSmart buffer (New England Biolabs). Reactions were incubated for
one hour at 37 °C and halted with the addition of 1 yL of 125 mM EDTA. All samples were then

analyzed on 12% denaturing PAGE.

4.5.28 Cas9 sgRNA Preparation

The following dsDNA gBlock containing a T7 RNA polymerase promoter (underlined) was

purchased from IDT as shown below.

5CCCGGGTTCTAATACGACTCACTATAGGAGCGCACCATCTTCTTCAGTTTTAGAGCTA-

GAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTC

GGTGCTTTT &

Template was then amplified with a forward primer (5 CCCGGGTTCTAATACGACTCACTATAG
3’) and reverse primer 5° AAAAGCACCGACTCGGTGC 3’) using HotStart Tag DNA polymerase
(New England Biolabs) according to the manufacturer’s instructions, using the following PCR pro-
gram: 94 °C for 3 min, followed by 30 cycles of (94 °C for 1 m, 56 °C for 45 s, 68 °C for 1 m), 68
°C for 5 m. PCR reactions were then purified using the Monarch PCR & DNA Cleanup Kit (New
England Biolabs). DNA was then loaded onto a 1% agarose gel and the desired 126 bp band was

excised from the gel and purified using the Monarch DNA Gel Extraction Kit. RNA was then
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synthesized and purified using the HiScribe T7 High Yield RNA Synthesis Kit and Monarch RNA

Cleanup Kit (New England Biolabs) to yield the full sgRNA sequence shown below:

5GGAGCGCACCAUCUUCUUCAGUUUUAGAGCUAGAAAUAGCAAGUUAAAAU-

AAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU 3

4.5.29 dsDNA Target Preparation

A 720 bp region of dsDNA was amplified from a plasmid encoding eGFP (Addgene

#60733) sgRNA docking region in bold, cleavage site underlined:

5ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGG
ACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACC
TACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCC
ACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATG
A AGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCAT
CTTCTTCAAGGACGACGGCAACTACAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACAC

CCTGGTGAACCGCATC GAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGG
GGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGA
AGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAG

CTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGA
CAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAGCGCGATCAC
ATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTAC

AAGTAA 3’
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Plasmid template (20 ng) was amplified with Hot Start Tag DNA Polymerase according to the
instructions with a forward primer (5 ATGGTGAGCAAGGGCGAGGA 3’) and a reverse primer
(5 TTACTTGTACAGCTCGTCCATGCCGAGAG 3’). The following PCR steps were used: 94°C
for 3 m, followed by 30 cycles of (94°C for 1 m, 60°C for 45 s, 68°C for 1 m), 68°C for 5 m. The

PCR product was then purified using the Monarch PCR & DNA cleanup Kit.

4.5.30 Cas9 Cleavage Assays

For all CRISPR Cas9 cleavage reactions, 400 ng (12.44 pmol) of sgRNA was incubated
with 500 ng (~3 pmol) of purified recombinant Streptococcus pyogenes Cas9 (IDT) in 10 yL 1X
PBS, pH 7.5. Samples were incubated for 10 minutes at room temperature to allow for formation
of RNP complex. Each RNP complex (10 pL) was then added to 200 ng of dsDNA target in a total
volume of 20 pL 1X CRISPR Cas9 buffer (200 mM HEPES, 1 M NaCl, 50 mM MgCl,, 1 mM EDTA,
pH 6.5). The reactions were incubated at 37 °C for 2 hours and halted with the addition of 1 yL
proteinase K (20 mg/mL, Thermo Fisher) and a 10-minute incubation at 56 °C. All samples were
diluted with 20 uL nuclease free water and analyzed on 1% agarose gel with 1X SYBR Safe.
Densitometry analysis was performed using ImageJ software. Percent cleavage was calculated
by dividing the band intensity of the two cleaved product bands by the sum of all band intensities

in that lane.

To inhibit Cas9 activity through caging, 2 ug sgRNA was added to separate PCR tubes
and mixed with 14.5 pL of a 40% glyoxal solution (Sigma Aldrich) and 50 yL DMSO and brought
to a final volume of 100 pL with nuclease-free water. Reactions were incubated at 50 °C for 0 min,
1 min, 5 min, 10 min, 20 min, 30 min, 40 min, 1 h, 2 h, 4 h, 6 h, and 8 h. Immediately after each

timepoint, each sample was ethanol precipitated and resuspended in nuclease free water to 100
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ng/uL. The size shift from glyoxal addition to sgRNAs was then monitored by 10% denaturing

PAGE stained with 1X SYBR Gold solution for 20 minutes.

To decage the sgRNA, 2 ug sgRNA was added to 100 uL 1X PBS, pH 7.5 and incubated
at95 °Cfor 0, 0.5, 1, 2, 3, 5, 8, and 10 minutes. Samples were ethanol precipitated and resus-
pended in nuclease free water to 100 ng/uL. Size shift from glyoxal removal was then monitored
by 10% denaturing PAGE stained with 1X SYBR Gold solution for 20 minutes. Optimal timepoints
for caging (2 h) and decaging (5 min) were then analyzed for size shift with untreated sgRNA on

10% denaturing PAGE with SYBR Gold staining as previously described.

For sgRNA decaging at 37 °C, 1 ug untreated or caged sgRNA was combined in a total
of 100 pL 1X PBS and incubated at 37 °C forOh, 1 h,2h,4h,6 h,8h, 1d, and 2 d. The samples
were ethanol precipitated and resuspended in nuclease free water to 100 ng/uL. The size shift
from glyoxal removal was then monitored by running the samples on 10% denaturing PAGE
stained with SYBR Gold. Each of the timepoints for both untreated and caged sgRNA were tested

as described above for Cas9 cleavage activity and analyzed by 1% agarose gel.

4.5.31 ASOs and Plasmids

The following LNA gapmer oligonucleotides were purchased from IDT as shown below.

“+” indicates LNA nucleobases and “*” denotes phosphorothioate modification.

Anti-eGFP: 5 +G*+A*+A*C*T*T*C*A*G*G*G*T*C*+A*+G*+C 3’

Scramble: 5" +A*+G*+G*A*C*G*A*C*T*C*T*A*G*+G*+C*+T 3’

To construct a destabilized eGFP vector, a pCMV plasmid harboring the eGFP coding sequence

(https://www.addgene.org/11153/) was digested with restriction enzymes bsrGl and Notl (New
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England Biolabs) and a dsDNA sequence encoding the CL1 degron tag (ACKNWFSSLSHFVIHL)
was cloned into the vector at the eGFP C-terminus. Correct insertion was verified by Sanger

sequencing (full plasmid map is included in additional supplemental materials as a SnapGene

file).

4.5.32 Transfection and Live-Cell Imaging

HEK293T cells (ATCC CRL-3216) were cultured in Dulbecco's Modified Eagle's Medium
supplemented with 10% fetal bovine serum and maintained at 37 °C, 5% CO.. Cells were seeded
at 10,000 cells/well in tissue culture-treated clear polysterene 96-Well Plates (Costar) followed by
overnight recovery. For initial tests of GFP expression, 200 ng of constructed eGFP plasmid was
introduced into cells with Lipofectamine 3000 (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. After ~12 h incubation at 37 °C, 5% CO., cells were then imaged at 4X
magnification using a Biotek FX Lionheart automated live-cell microscope, and images were pro-

cessed using ImagelJ.

To optimize ASO delivery, cells were seeded into 96-well plates and transfected with 200
ng of plasmid using Lipofectamine 3000 as described above. Cells were then exposed to a range
of concentrations (0 — 500 nM) of both anti-eGFP and scrambled ASO in 0.2 mL DMEM per well.
After ~12 h incubation at 37 °C, 5% CO,, cells were then imaged using a Biotek FX Lionheart as

described.

Increasingly caged ASO samples were generated by combining 2 ug of anti-eGFP ASO
with 14.5 pL of a 40% glyoxal solution (Sigma Aldrich) and 50 yL DMSO. All reactions were
brought to a final volume of 100 yL with nuclease-free water and reacted at 50 °C for 0 min, 5

min, 10 min, 20 min, 30 min, 1 hour, 2 hours, 4 hours, 6 hours, and 8 hours. At each time point,
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reactions were ethanol precipitated and reconstituted in nuclease free water. To assess caging
by gel, 5 pmol of each purified reaction was then mixed with 2X RNA loading dye (New England
Biolabs) and then separated with 20% denaturing PAGE. Gels were then stained with 1X SYBR
Gold solution (ThermoFisher Scientific) for 20 minutes and visualized with the Typhoon RGB

scanner.

To assess cellular uptake, anti-eGFP ASO was first fluorescently labeled with Cyanine 5
(Cy5) using the Label IT® Tracker™ Intracellular Nucleic Acid Localization Kit (Mirus Bio) accord-
ing to the manufacturer’s instructions and purified by ethanol precipitation. A portion of this mate-
rial was set aside (untreated ASO), and in separate PCR tubes, 2 ug ASO was mixed with 14.5
uL of a 40% glyoxal solution (Sigma Aldrich) and 50 yL DMSO and brought to a final volume of
100 pL with nuclease-free water. Reactions were incubated at 50 °C 8 h, after which it was ethanol
precipitated and resuspended in nuclease free water. HEK293T cells were seeded into 96-well
plates as described previously, and cells were exposed to untreated of glyoxal caged ASO at a
final concentration of 250 nM in 0.2 mL DMEM per well. Cells were incubated overnight at 37 °C,
5% CO,, and each well was carefully washed three times with 0.2 mL of prewarmed fresh DMEM,

followed by fluorescent microscopy using the Biotek FX lionheart.

To assess GFP expression across different time points, HEK293T cells were seeded into
96-well plates as described previously, and cells were transfected with 200 ng of plasmid using
Lipofectamine 3000. Cells were then exposed to 250 nM of increasingly caged anti-eGFP in 0.2
mL DMEM per well. At the indicated time points cells were then imaged using a Biotek FX Lion-
heart as described. On days 4 and 7 of the experiment, 100 pyL of media was carefully removed
from the top of each well and replaced with prewarmed fresh complete DMEM. Images were

acquired at 4x magnification in the center of each well, and exposure parameters were identical



82

across cell samples, with GFP exposure times always set at each time point according to “no
ASO” sample wells. Raw images were then processed and colorized in Imaged. To calculate
GFP-positive cells per well, fluorescent image thresholds were first normalized using the Huang
algorithm, followed by “analyze” particles” ImagedJ plugin for cell quantification using a lower area

range set at 10 pixels/sg-inch.

4.5.33 Cell Viability Assays

To test viability, plates from the full time-course decaging experiment were tested using
WST-1 (Sigma Aldrich) according to the manufacturer’s protocol. In brief, on day 7 after acquiring
final images, media was carefully replaced with fresh 100 uyL DMEM, and 10 pL of the WST-1
reagent was added to each well. Plates were incubated at 37 °C, 5% CO: for four hours, and
absorbance of each well at 440 nm was measured. Separately, glyoxal alone was also tested
after seeding HEK293T cells at 10,000 cells per well as described previously. Cells were then
exposed to a range of glyoxal concentrations (0 — 1 mM) in 0.2 mL DMEM. On days 4 and 7 of
the experiment, 100 uL of media was carefully removed from the top of each well and replaced
with prewarmed fresh complete DMEM supplemented with the appropriate amount of glyoxal.
After 7 days, viability was assayed using WST-1. Percent viability was calculated as the net ab-
sorbance value compared to untreated HEK293T cells. ICso value (mean with 95% confidence

interval) was calculated using a dose-response curve fit in Prism.
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Chapter 5: Recruit and Retain a Diverse Workforce'**'

5.1 Abstract

As the world erupts with demands for racial justice, the chemistry community has the ob-
ligation, opportunity and momentum to drive for diversity and inclusion in the sciences. Efforts
towards that end must begin by allocating opportunities for success on the basis of potential, not
privilege, and follow through by soliciting and acting upon feedback from the scholars we have

recruited.

5.2 Introduction

The heterogeneity of chemists across ethnic, gender and socio-economic spectrums has
significance at every echelon, from the young students first discovering the periodic table to the
entrepreneurs launching their pharmaceutical startups. Although our scientific community is in-
creasingly engaged in honest dialogue surrounding diversity and inclusion — particularly after the
killings of Ahmaud Arbery, Breonna Taylor and George Floyd — efforts to increase diversity
through admissions and hiring have historically focused on meeting racial and gender quotas
rather than evaluating candidates holistically. That is, academic programs can exhibit tokenism
by recruiting a few members from underrepresented groups in order to meet the lowest standard

of diversity, rather than to expand the institution’s analytical skillset and capacity for community

TtMaterial from: Manuel, B.A., Karloff, D.B. Recruit and retain a diverse workforce. Nat Rev Chem, 2020.
Copyright © 2020, Springer Nature.
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engagement. Moreover, compared with the time and resources that we expend to recruit scien-
tists from under-represented groups in science, technology, engineering and mathematics
(STEM), far less attention is given to also creating a work environment that respects all individuals
and embraces their feedback. As a result, retention of under-represented scientists constitutes a

major challenge in academia.

What will it take to make our undergraduate and graduate researchers, our postdoctoral interview
candidates, our faculty and our academic leaders reflect local and global populations — and why
should we bother? As a melting pot of aspiring innovators, it is both our extraordinary privilege
and our duty to answer these questions. We work in a research group whose expertise in enrich-
ing functional nucleic acids from a starting pool of trillions of random sequences has, oddly, pro-
vided us with a unique perspective on how to select, retain and invest in the potential of would-be
members of our own chemistry community. While our experiences are mostly grounded in the
American academic system, here we present general insights on how to recruit diverse groups of

people, provide them with the resources to flourish and support them in dreaming big.

5.3 Assessing Candidates

Carrying forwards our research analogy, the “first law of directed evolution” coined by
Frances Arnold states that “you get what you screen for”.'® Every application process represents
a screening step and, if biases (explicit or implicit) are present at each career stage, these accu-
mulate over time to exponentially skew candidate pools. Admissions and hiring committees must
therefore look beyond traditional CV metrics to consider both the context of an applicant’s
achievements and the value of the knowledge and perspective that they bring to the community.

Additionally, we must challenge the mentality, “Does this person have what it takes to be
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successful in our program?” and instead ask, “Does our program have what it takes for this person
to be successful?” This approach is a first step in recognizing the inherent structural biases that
make success easier for some than others. It also reframes each new student, postdoc or faculty
member as someone in whom the institution is deeply invested, as opposed to a diversity statistic.
In this section, we discuss approaches for reframing admissions and hiring decisions to focus on

the potential of each candidate rather than the diversity needs of the institution.

What exactly is diversity? Kenneth Gibbs Jr, a program director in the Division of Training,
Workforce Development and Diversity at the National Institute of General Medical Sciences, de-
fines diversity as, “Difference. Science workforce diversity refers to cultivating talent and promot-
ing the full inclusion of excellence across the social spectrum”.’®' In order to cultivate talent in
STEM from diverse groups, we should first recognize that excellent students come from all ethnic,
religious, socio-economic and academic backgrounds. Indeed, the ability of co-workers to think
in distinct ways fosters creativity and innovation. This concept is exemplified in the acclaimed
2016 film Hidden Figures, which is based on the true story of Black NASA mathematicians Kath-
erine Johnson, Mary Jackson and Dorothy Vaughan and honors their essential roles in making
John Glenn the first American to orbit the Earth. Multiple examples in the literature also support

162, 163

the role of diversity in positive scientific outcomes , including in industry.

After recognizing the inherent benefits of having varied perspectives, we must next criti-
cally evaluate our motivation for soliciting diverse applicants: is it to fulfill social norms? To im-
prove the likelihood of obtaining grant funding? Or is it because we truly believe everyone de-
serves equal access to educational opportunities? And because we want to invest in people who

can provide new insights into our organization’s challenges? Committing to the goal of diversity
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for the right reasons ensures that the initiatives we pursue are consistent with the desired end

goal: positive personal and professional outcomes for all parties involved.

Another major component of selecting among candidates involves evaluating their expe-
rience and past achievements. While a head-to-head comparison of publication output, confer-
ence talks, grade point average (GPA) or awards is a tempting basis for evaluating individuals,
we must also consider the circumstances under which those achievements were realized. How
might socioeconomic or cultural factors have affected access to education and opportunity? It is
well known that standardized tests such as the Graduate Record Examination (GRE), which re-
main widely used in the USA, show poor correlation with research productivity in graduate school
while demonstrably disadvantaging non-native English speakers and students of color. Likewise,
what does it take to publish at a large, fully equipped and funded university versus a smaller
institution with fewer resources? Although privilege often begets early professional success, indi-
viduals who face and overcome adversity throughout their careers develop critical skills that
uniquely prepare them to face new and bigger challenges at later career stages.'® Therefore,
choosing the candidate who appears more qualified according to conventional metrics may mean
losing the one who has become expert in navigating obstacles and persevering through difficulties

as an under-represented scientist.

An added benefit to the practices outlined above is that they help to prevent the tokenism
that can emerge when seeking to diversify admissions or interview pools. By considering the
benefits of recruiting a diverse group of people as well as each individual's merit in the con- text
of their access to resources and opportunities, we recognize that we are recruiting people — not

numbers or quotas. Funding agencies may contribute to this process by following up after initial
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grant disbursal not only on scientific progress but also on diversity statements. Finally, we define
‘potential’ as the capacity to choose and then realize ambitious goals. A highly motivated applicant

already possesses the fuel — employers simply impart the tools to light the fire.

5.4 Origins of Exclusivity

Recruiting a diverse group of students, postdocs and faculty is just the first step towards
achieving equitable representation in STEM. This work is fruitless without also building an envi-
ronment that offers resources and mentorship to retain and support these recruits — a particularly
pressing issue in STEM, as attrition rates are higher among women'®® and people of color. Below,
we describe several factors that exacerbate feelings of exclusion, as well as steps that institutions

and departments may take to mitigate these effects.

Not seeing others who look like us engenders feelings of exclusion and negative thoughts such
as, “Am | here by mistake? What if | don’t succeed?” One way to combat these is by increasing
representation at all levels. Toldson reports that historically Black colleges and universities
(HBCUs), while representing only 3% of higher education institutions in the USA, graduate more
Black science and engineering students than all predominantly white institutions (PWIs) com-
bined. This is due in part to the significantly higher percentage of Black faculty at doctoral-granting
HBCUs (67%) than at PWIs (4%).'® Unsurprisingly, our own success is much easier to envision

when we meet and have the opportunity to be mentored by trailblazers who are like us.

Not seeing others who look like us engenders feelings of exclusion and negative thoughts such

as, “Am | here by mistake? What if | don’t succeed?”
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Furthermore, as depicted in the Hidden Figures film, a major problem in STEM is the lack of
recognition and appreciation for the work done by women and under-represented minorities
(URMs). Of the more than 900 Nobel laureates awarded by 2018, only 14 (1.5%) were Black;
moreover, only 21 women and no Black researchers have won a Nobel Prize in science. In par-
ticular, from 1901 to 1920, only four women won a Nobel Prize. Almost a century later, between
2000 and 2019, only 24 of 244 laureates were women. Likewise, the President’s National Medal
of Science (National Science Foundation) has been awarded to 482 scientists in STEM from 1962
to 2014 with 8% being women. Meanwhile, from 2017 to 2019, the American Chemical Society
awarded over 200 chemists in various subfields. Of these, approximately 27% were women, and
only about 5% were URMs. As recent findings indicate, scientific innovations by women and peo-
ple of color are substantial but also less likely to be valued or pursued further.'®” Meanwhile,

career trajectory is heavily influenced by conference talks'®

, citations and the receipt of awards.
Therefore, it is critical to recognize how these inequities become compounded across a scientist’s
career and then to actively promote inclusive practices in literature citation and the selection of

speakers and award winners.

Finally, women and URMs in STEM often lack a sense of belonging. When you walk into a room
full of people, what do you do? Do you look around? Do you feel like all eyes are on you? Leg-
endary tennis player Arthur Ashe once said, “Like many other Blacks, when | find myself in a new
public space situation, | will count. | always count. | count the number of Black and brown faces
present”.'®® Signs of exclusivity can extend beyond the demographics of students and faculty to
also appear in the culture of the department. Oftentimes department-wide activities in STEM fields
include trivia, dinners and movie nights. How much might an international student know about

local culture, a white student know about Black history, or a man know about women'’s history?
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There can also be a lack of inclusivity in movie choices or even the food served at these events,
leaving students feeling as though they need to conform to the exclusive environment in which

they find themselves.

5.5 Cultivating Inclusion

Creating spaces for individuals from under-represented groups in STEM to share experi-
ences and build platforms for advocacy helps to kindle a sense of belonging. Within the Emory
Department of Chemistry, we have established several graduate student extracurricular groups
for female (@AWIS_Emory on Twitter), international (@IGSSemory) and other under-repre-
sented student communities (@NOBCChE_Emory and @Emory_SACNAS) to connect and dis-
cuss challenges. These organizations regularly host events that foster social networks outside of
research, advance professional development and provide opportunities to educate interested
members of the majority group and potential allies about the experiences of under-represented
populations in chemistry. For example, as board members on the Emory chapter of the National
Organization for the Professional Advancement of Black Chemists and Chemical Engineers
(NOBCChE), the authors have coordinated events to commemorate Black History Month at
Emory, as well as helping to prepare members of the general body for conferences and educa-
tional milestones. Overall, these efforts serve to empower our members as departmental leaders

while also engaging the greater Atlanta community.

Finally, a crucial component of supporting diversity in the sciences is effective listening.
As long as those holding positions of authority come from groups having more privilege than the
students and faculty they are recruiting, our employees will have encountered considerable ob-

stacles that our leaders have never conceived. This can be overcome by building robust



90

infrastructure for anonymous feedback, town halls and private meetings for concerns to be voiced
and then heard. For those of us in positions of leadership, when someone is describing an expe-
rience foreign to us, that is the time to ask questions, develop a deeper understanding and em-
pathize — not to occupy the silence ourselves — in order to best appreciate and address the
issue. Finally, if we cannot immediately remedy the problem, demonstrating to someone that they
have been heard and understood is a powerful step towards comprehending the intricacies of

exclusion.

5.6 Outlook

Diversifying science for the mere sake of fulfilling societal expectations does a huge dis-
service to the communities that these efforts are intended to benefit. Further, it squanders the
unique perspectives and experiences that each individual can bring to our departments and insti-
tutions. Focusing our evaluation criteria on factors beyond GPA, publications and academic ped-
igree is an important first step towards equitable admissions and hiring. Doing so prepares us to
invest in each new student or faculty member’s career goals, enabling diversification of science
without exhibiting tokenism. Importantly, recruiting diverse applicants is insufficient without simul-
taneous efforts to foster an inclusive environment for everyone to thrive. This begins with hiring
diverse faculty members and establishing support groups such as the Association for Women in
Science (AWIS), NOBCChE and the Society for Advancement of Chicanos/Hispanics and Native
Americans in Science (SACNAS) in STEM departments. Moreover, while we can increase the
diversity of a department by accepting diverse candidates, their efforts and accomplishments

must be judged or praised by fair and equal criteria.
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As with nucleic acids in our lab, the scientific community begins with a large pool of scien-
tists. Within this large pool are groups of under-represented individuals that possess great skill. If
we can enrich these populations of scientists in every round of admissions or hiring, and then
provide an environment that allows them to cultivate and utilize their talents, over time we will
produce greater diversity in leadership positions. As the cycle repeats, diverse students in later
generations will see more and more students, faculty members and academic leaders who look
like them. Eventually, instead of constituting a roadblock, diversity and inclusion in STEM will

finally become an asset for researchers to fully leverage.

Chapter 6: Conclusions and Future Perspectives

Nucleic acids have emerged as promising biomolecules for applications in biotechnology,
biomedicine, and bioremediation. Specifically, aptamers are especially promising due to their

tunability, cost, and biocompatibility. In this dissertation, we explored the effects of tuning
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molecular recognition of these biomolecules using simple guanosine-to-inosine substitutions. We
then explored how this tuned recognition can aid enzyme kinetics and enable modification of the
binding portion of an enzymatic reaction. We then explored a reversible modification using glyoxal
to reversibly inhibit nucleic acids and enzymes. Lastly, we discuss the importance of promoting a

diverse and inclusive environment within chemistry like those of the starting pool of SELEX.

In Chapter 2, we explore the effects of G to | substitutions on aptamer stability, specificity,
and selectivity. We also went on to tune the recognition specifically on biosensors. However, more
work is still to be done in this area. While we tested G to | on only two of our aptamers, it would
be interesting to observe this effect on the remaining six aptamers as biosensors. In addition, we
specifically generated structure-switching biosensors with a capture strand. It would be interesting
to study this effect on both split aptamers and molecular beacons, considering we noticed a
change in thermostability in many cases upon G to | substitutions. In addition, it would be inter-
esting for this to be studied with a panel of aptamers of differing structures. For example, there
are aptamers that form 2 stem loops, and those like the cocaine aptamer that forms 3 stem loops.

How does G to | affect stability and specificity/selectivity of 2 stem aptamers versus 3 stem?

In Chapter 3, we explore controlling enzyme kinetics by specifically controlling Ku with the
use of aptamers generated in Chapter 2. While we study enzyme kinetics in this chapter, it would
be interesting to study our system in a biological system. Bacterial cocaine esterase is the most
efficient cocaine-hydrolysing enzyme. In fact, it has been studied for over a decade for its thera-
peutic potential. However, its stability in vivo is subpar, leading many researchers to use directed
mutagenesis in an attempt to obtain a more stable enzyme for delivery. However, these enzymes
typically result in lower activity (kca/Km) due to either a perturbed recognition (Kwu) or slower en-

zyme (Kcat). Because encapsulation has been shown to improve enzyme stability, and we have
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shown that the use of an affinity reagent improves catalytic activity (kca/Kwm) slightly, it would be
very interesting to see how our system would function in a living system. Furthermore, because
VLPs are known to elicit an immune response, it would be very intriguing to study a panel of
differing encapsulants (nanocages, VLPs, liposomes, etc.) with a variety of co-encapsulated af-
finity reagents (antibodies, aptamers, peptides, etc.) with their respective enzymes. This could
provide great insight into what this system overall could be helpful for. In addition, once this panel
is characterized, they could be explored in a variety of applications. For example, there are many
enzymes that are promising in industrial settings, specifically for bioremediation. Often, pesticides
can be harmful to humans and pets. Therefore, treating plants and soil with an enzyme that can
degrade the pesticide can create a healthier approach to gardening. The panel can help deter-
mine which encapsulant can be best for a garden in Louisiana versus a garden in Colorado based

on environment.

In Chapter 4, we investigated the thermoreversible modulation of nucleic acid interactions
a variety of targets using glyoxal. To the best of our knowledge, we are the first group of authors
to demonstrate thermoreversible control of nucleic acids in such a fashion. While in this disserta-
tion we explore two specific base modifications that we incorporate, glyoxal has also been shown
to reversibly cage amino acids. This can specifically be promising in preventing enzyme inhibition.
Specifically in the case of organophosphate poisoning. Many agrochemicals and war agents con-
tain organophosphates (OPs). Exposure to these chemicals has been linked to defecation, gas-
trointestinal distress, emesis, miosis, and in extreme cases, death. OP-containing war agents and
pesticides have a diversity of chemical structures, but they share a common mechanism of tox-
icity, ultimately leading to Acetylcholinesterase (AChE) inhibition. War agents are more potent

than pesticides, as they directly inhibit AChE. However, pesticides are degraded prior coming into
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contact with AChE, inhibiting other key enzymes in the liver and intestines. AChE is a carboxy-
lesterase consisting of the catalytic triad of a Glu334, Ser203, and His447. The primary function
of this enzyme is to hydrolyze the neurotransmitter, acetylcholine (ACh). Glyoxal and its deriva-
tives have been shown to react arginine, lysine, and cysteine. AChE’s opening has an arginine
residue that is crucial for allowing small molecules in and out. In addition, there are AChE inhibi-
tors that are shown to only partially inhibit the enzyme by reacting with amino acids at the mouth
of the gorge. However, this inhibition is very limited, and ACh can still be hydrolyzed at a slower
rate. With this in mind, it would be interesting to explore if by incorporating glyoxal and glyoxal
derivatives, we can create an OP-resistant AChE enzyme. Overtime, this enzyme would decage,

allowing for OP deactivation, which is necessary, as an overactive AChE is not desirable.

Lastly, in Chapter 5, we discuss ways to promote diversity, equity, and inclusion in chem-
istry professions, specifically highlighting academia. We highlight that a lack of diversity begins
with the selection process, leading to a lack of representation. As a result, we run into the issues
of equity and inclusion, because the pool is already not diverse enough to “require” inclusion.
While much work has been done in Emory’s chemistry department following this discussion, much
more remains to be done on a broader scale. To date, one way that | think could help push these
efforts forward is by investing in and growing organizations like NOBCChE. Every year NOBCChE
has a national meeting, and at this meeting is a career expo. Many big companies such as Merck
and Pfiezer, and big schools such as Duke and LSU go to recruit. Often, these recruiters are
Black, as well. Having Black chemists seeing Black employees can be a huge confidence boost

and can increase representation at the university and professional levels.
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Figure A1: DNA sequences used in MST and biosensor experiments. Cy5 = cyanine 5. BHQ3

= blackhole quencher 3

Name

Sequence (5’-3’)

MNS-4.1

ICy5/GGGAGACAAGGATAAATCCTTCAATGAAGTGGGTCGACA

MNS-4.1 Inosine

ICy5/INIAGACAAGGATAAATCCTTCAATGAAGTGGGTCGACA

t Reproduced from Ref. 1 with permission from Manuel, B. A.; Sterling, S. A.; Sanford, A.
A.; Heemstra, J. M., Systematically Modulating Aptamer Affinity and Specificity by Guanosine-to-
Inosine Substitution. Analytical Chemistry 2022, 94 (17), 6436-6440. Copyright 2022 American

Chemical Society.
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38-GT ICy5/GGGAGACAAGGAAAATCCTTCAATGAAGTGGGTCTCCC
38-GT Inosine ICyS/IIIAGACAAGGAAAATCCTTCAATGAAGTGGGTCTCCC
38-IT ICy5/GGGAGACAAGGAAAATCCTTCAATIAAGTGGGTCTCCC
38-GC ICy5/GGGAGACAAGGAAAATCCTTCAACGAAGTGGGTCTCCC
38-GC Inosine ICyS/IIIAGACAAGGAAAATCCTTCAACGAAGTGGGTCTCCC
38-IC ICy5/GGGAGACAAGGAAAATCCTTCAACIAAGTGGGTCTCCC
9-mer TTGTCTCCC/BHQ3/
12-mer TCCTTGTCTCCC/BHQ3/
15-mer TTATCCTTGTCTCCC/BHQ3/

Figure A2: DNA sequences used in melting temperature experiments.

Name

Sequence (5’-3’)

MNS-4.1

GGGAGACAAGGATAAATCCTTCAATGAAGTGGGTCGACA

MNS-4.1 Inosine

IHAGACAAGGATAAATCCTTCAATGAAGTGGGTCGACA

38-GT GGGAGACAAGGAAAATCCTTCAATGAAGTGGGTCTCCC
38-GT Inosine INAGACAAGGAAAATCCTTCAATGAAGTGGGTCTCCC
38-IT GGGAGACAAGGAAAATCCTTCAATIAAGTGGGTCTCCC
38-GC GGGAGACAAGGAAAATCCTTCAACGAAGTGGGTCTCCC
38-GC Inosine INAGACAAGGAAAATCCTTCAACGAAGTGGGTCTCCC
38-IC GGGAGACAAGGAAAATCCTTCAACIAAGTGGGTCTCCC
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Figure A3: MST traces of all aptamers with cocaine. Graphs are displayed as fraction bound
versus cocaine concentration. Errors represent the standard error of three independent trials. The
data were graphed using GraphPad Prism. (a) MNS-4.1 (b) MNS-4.1 Inosine (c) 38-GT (d) 38-
GT Inosine (e) 38-GC (f) 38-GC Inosine (g) 38-IC (h) 38-IT.
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Figure A4: MST traces of all aptamers with EME. Graphs are displayed as fraction bound ver-
sus EME concentration. The data were graphed using GraphPad Prism. (a) MNS-4.1 (b) MNS-
4.1 Inosine (c) 38-GT (d) 38-GT Inosine (e) 38-GC (f) 38-GC Inosine (g) 38-IC (h) 38-IT.
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Figure A5: MST traces of all aptamers with BE. Graphs are displayed as fraction bound versus
BE concentration. The data were graphed using GraphPad Prism. (a) MNS-4.1 (b) MNS-4.1 Ino-
sine (c) 38-GT (d) 38-GT Inosine (e) 38-GC (f) 38-GC Inosine (g) 38-IC (h) 38-IT.
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Figure A6: MST traces of all aptamers with norcocaine. Graphs are displayed as fraction
bound versus norcocaine concentration. Errors represent the standard error of three independent
trials. The data were graphed using GraphPad Prism. (a) MNS-4.1 (b) MNS-4.1 Inosine (c) 38-
GT (d) 38-GT Inosine (e) 38-GC (f) 38-GC Inosine (g) 38-IC (h) 38-IT.



102

1.0
Ky=222+49uM

1.0
Ky=38+1.8 M

° -]
c c
= =3
o <]
7] 0
c 0.5 c 0.5
2 2
k3] ©
© } o
w e
0.0 T I 1 T T T T 1 0.0 T T T T T T 1
0.01 0.1 1 10 100 1000 10000 0.01 0.1 1 10 100 1000 10000
Cocaethylene Concentraion (uM) Cocaethylene Concentraion (uM)
c d
1.0 1.0
Ky=25.6+2.5uM Ky=14£05uM
° ° E
c c
3 3
o o
(] (]
c 0.5 c 0.5
8 8
k3] k3]
£ £
[’ [’
ss®
0.0 T 1 | T T T 1 0.0 T T T T T T 1
0.01 0.1 1 10 100 1000 10000 0.01 0.1 1 10 100 1000 10000
Cocaethylene Concentration Cocaethylene Concentration (uM)
e
f
1.0 1.0
Ky=155+7.6 uM Ky=3855+14.5uM
0.8
T 3 T
3 3
m 0.6 @
§ 5 05
g 041 g
© o
L 0.2 E v {
ts ¢
0.0 1 T T T T 1 0.0 T T T T T T 1
0.01 0.1 1 10 100 1000 10000 0.01 0.1 1 10 100 1000 10000
Cocaethylene Concentraion (uM) Cocaethylene Concentraion (uM)
g h
1.0
Ky=15.2:£4.6 uM 1.0
Ky=127.6 +33.2uM bd
°
< °
3 c
@ 3
c 0.5 o
s 5 05
w o
e

0.0 T I 1 T T T T 1
0.01 0.1 1 10 100 1000 10000
Cocaethylene Concentraion (uM)

'0.01 0.1 1 10 100 1000 10000
Cocaethylene Concentration
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trials. The data were graphed using GraphPad Prism. (a) MNS-4.1 (b) MNS-4.1 Inosine (c) 38-
GT (d) 38-GT Inosine (e) 38-GC (f) 38-GC Inosine (g) 38-IC (h) 38-IT.
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Figure A8. MST traces for MNS-4.1 and MNS-4.1 Inosine in saliva. Cocaine binding of parent

MNS-4.1 aptamer in comparison to MNS-4.1 Inosine in 2.5% saliva measured using MST. All
MST experiments were performed in triplicate.
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Figure A9: Melting temperature curves of all aptamers. Errors represent the standard error of
three independent trials. The data were graphed using GraphPad Prism and T was determined
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Appendix B: Omitted Data from Chapter 3

Figure B1. DNA sequences used in MST and kinetic. Cy5 = cyanine 5. FAM = fluorescein

Name Sequence (5°-3°)

MNS-4.1 /Cy5/GGGAGACAAGGATAAATCCTTCAATGAAGTGGGTCGACA
38-GC /Cy5/GGGAGACAAGGAAAATCCTTCAACGAAGTGGGTCTCCC
38-IC /Cy5/GGGAGACAAGGAAAATCCTTCAACIAAGTGGGTCTCCC

MNS-4.1 /FAM/GGGAGACAAGGATAAATCCTTCAATGAAGTGGGTCGACA
38-GC /FAM/GGGAGACAAGGAAAATCCTTCAACGAAGTGGGTCTCCC
38-IC /FAM/GGGAGACAAGGAAAATCCTTCAACIAAGTGGGTCTCCC

Scrambled /FAM/ GGCGATTGTTGGAGAGCCAGCAGCGATTGCAAATGTCAG
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Figure B2. Incubation concentrations and average numbers of packaged cocaine ap-
tamers per VLP.

Ratio for Incubation After Purification
MS2 CP per Encapsulation
Entry Aptamers/VLP Yield
aptamer efficiency
1 25 100% 18 65%
2 10 80% 45 60%
3 5 66% 74 62%
4 2.5 17% 25 35%

Figure B3. Kinetic parameters of packaged enzyme with free aptamer and co-packaged
enzyme with scrambled DNA.

Aptamer Kp Aptamer conc.
Catalyst Aptamer Km (M) keat (min) | Keat/Km (MM min?)
(M) (nM)
CocE-wt - - - 10.3+£1.0 281t4 274+1.9
MS2@CocE - - - 199+1.0 4038 20.3+1.0
154+29 365+ 15
MNS-4.1 98.3 23.8+£3.9
30.1£6.4 413 £ 22 13.7+£0.8
38-GC 8.5 4
MS2@CocE
20.8£2.8 405+ 12
38-IC 0.3 19.6+£3.0
MNS-4.1 98.3 8 18.8+4.5 377 £19 20.2+£2.8
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38-GC 8.5 27.2.+£3.7 405+ 13 149+1.2
38-IC 0.3 17.1+2.7 400 + 14 233+1.6
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Figure B4. Characterization of MS2@CocE-4.122 particles: (a) dynamic light scattering, (b) UV-
vis spectra.
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Figure B5. Packaging of cocaine-binding aptamers in MS2 VLP confirmed by treatment
with DNase-l: respective samples were treated with DNase-| at 37 °C for 24 h. Each reaction
mixture was then transferred into a dialysis bag (m.w. cut off 3 kDa) and dialyzed against water
for 24 h. The absorbance of the sample present inside of the dialysis bag was measured to de-
termine the concentration of cocaine-binding aptamer. A control experiment using only aptamer
confirmed that DNA cannot cross the dialysis membrane unless it is degraded by DNase-I.
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Figure B6. Determination of cocaine binding by aptamers by MST, plotted using GraphPad
Prism. (a) MNS-4.1, (b) 38-GC, (c) 38-IC, (d) scrambled DNA.
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Figure B7. Michaelis-Menten plots for (a) CocE-wt (b) MS2@CocE (c) MS2@CocE-4.13 (d)
MS2@CocE-4.19 and (e) MS2@CocE-4.122. Error bars represent the standard deviation of
three independent trials. The data were graphed using GraphPad Prism.
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Figure B8. Michaelis-Menten traces for (a) MS2@CocE-GC5 (b) MS2@CocE-GC11 (c)
MS2@CocE-GC21. Error bars represent the standard deviation of three independent trials. The

data were graphed using GraphPad Prism.
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Figure B9. Michaelis-Menten traces for (a) MS2@CocE-IC4 (b) MS2@CocE-IC10 (c)
MS2@CocE-IC20. Error bars represent the standard deviation of three independent trials. The

data were graphed using GraphPad Prism.
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Figure B10. (a-c) Michaelis-Menten plots for MS2@CocE in the presence of aptamer added to
the reaction solution (not co-packaged), compared to the absence of aptamer. (a) aptamer MNS-
4.1, (b) aptamer 38-GC, (c) aptamer 38-IC. Error bars for represent the standard deviation of two
independent trials. (d-e) Michaelis-Menten plots for co-packaged scrambled aptamers: (d)
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MS2@CocE+Scrio and (e) MS2@Coc*EScrz. Error bars for represent the standard deviation of
three independent trials. The data were graphed using GraphPad Prism.
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Appendix C: Omitted Data from Chapter 4
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Figure C1: Decaging kinetics of a fully glyoxalated DNA strand at 95 °C with increasing pH.
a) Representative images of decaging with 20% PAGE analysis. 20 pmol of a fully caged DNA
strand was incubated at 95 °C for the indicated times and immediately loaded onto a 20% poly-
acrylamide gel. b) Densitometric quantification of caging as a function of time. Values represent
mean (n = 2) normalized percentages versus band intensity of an untreated DNA control. Error
bars denote standard deviation.
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Figure C2: Decaging kinetics of a fully glyoxalated DNA strand at 70 °C with increasing pH.
a) Representative images of decaging with 20% PAGE analysis. 20 pmol of a fully caged DNA
strand was incubated at 70 °C for the indicated times and immediately loaded onto a 20% poly-
acrylamide gel. b) Densitometric quantification of caging as a function of time. Values represent
mean (n = 2) normalized percentages versus band intensity of an untreated DNA control. Error

bars denote standard deviation.
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Figure C3: Decaging kinetics of a fully glyoxalated DNA strand at 50 °C with increasing pH.
a) Representative images of decaging with 20% PAGE analysis. 20 pmol of a fully caged DNA
strand was incubated at 50 °C for the indicated times and immediately loaded onto a 20% poly-
acrylamide gel. b) Densitometric quantification of caging as a function of time. Values represent
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mean (n = 2) normalized percentages versus band intensity of an untreated DNA control. Error
bars denote standard deviation.
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Figure C4: Decaging kinetics of a fully glyoxalated DNA strand at 37 °C with increasing pH.
a) Representative images of decaging with 20% PAGE analysis. 20 pmol of a fully caged DNA
strand was incubated at 37 °C for the indicated times and immediately loaded onto a 20% poly-
acrylamide gel. b) Densitometric quantification of caging as a function of time. Values represent
mean (n = 2) normalized percentages versus band intensity of an untreated DNA control. Error
bars denote standard deviation.
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Figure C5: Room temperature stability of a glyoxalated DNA strand with increasing pH. a)
Representative images of decaging with 20% PAGE analysis. 20 pmol of a fully caged DNA strand
was incubated at room temperature for the indicated times and immediately loaded onto a 20%
polyacrylamide gel. b) Densitometric quantification of caging as a function of time. Values repre-
sent mean (n = 2) normalized percentages versus band intensity of the fully caged DNA strand at
T = 0 hours. Error bars denote standard deviation.
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Figure C6: Fluorogenic performance of the broccoli RNA aptamer with increasing caging
times. a) 20% PAGE analysis of broccoli RNA aptamer (104nt) after various amounts of glyoxal
caging, illustrating an increase in apparent molecular weight. b,c) Functional performance of broc-
coli aptamers with increasing degrees of caging, demonstrating that only partial glyoxalation (5—
10 minutes) is necessary to ablate fluorogenic activity.
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Figure C7: Restoration of fluorogenic activity in a caged broccoli RNA aptamer as a func-
tion of increasing decaging times. a) 20% PAGE analysis of caged broccoli RNA aptamer (104
nt) after increasing decaging times at 95 °C pH 7.5 illustrating a decrease in apparent molecular
weight. b,c) Fluorescent activity of caged broccoli aptamers as a function of decaging times,
demonstrating that ~2 minutes is optimal for full restoration of fluorogenic activity.
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Figure C8: Glyoxalation disrupts 10-23 DNAzyme structure and target cleavage. a) 20%
PAGE analysis of the 10-23 DNAzyme with increasing amounts of glyoxal caging, illustrating an
increase in apparent molecular weight. b) 12% PAGE analysis monitoring target cleavage by in-
creasingly caged 10-23 DNAzyme. c) Densitometric quantification of caged DNAzyme activity.
Band intensity was used to quantify activity as percent target cleavage (n = 3). Error bars denote
standard deviation.
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Figure C9: DNAzyme decaging kinetics. 20% PAGE analysis of caged 10-23 DNAzyme after
increasing decaging times at 95 °C pH 7.5 illustrating a decrease in apparent molecular weight.
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Figure C10. Glyoxal caging and decaging of a fully 2'-O-methylated RNA aptamer. a) 20%
PAGE analysis of caged ARC259 (23nt) after increasing caging times, illustrating an increase in
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apparent molecular weight. b) 20% PAGE analysis of caged ARC259 after increasing decaging
times at 95 °C, pH 7.5 illustrating a decrease in apparent molecular weight.
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Figure C11: Functional binding activity of increasingly caged ARC259. Fluorescence polar-
ization (FP) curves of aptamer binding towards VEGF1s5 or bovine serum albumin (BSA). All val-
ues were normalized to a buffer blank and represent mean (n = 3) of independent replicates.
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Figure C12: Glyoxal caging of a TNA oligonucleotide. Sequence of model TNA strand (23 nt)
and 20% PAGE analysis after increasing caging times, illustrating an increase in apparent molec-

ular weight
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Figure C13: Glyoxal caging of TNA disrupts hybridization to DNA. Microscale thermophore-
sis (MST) of TNA binding towards a complementary (black) or scrambled DNA sequence (grey)
with increasing caging times. Values represent mean (n = 3) of independent replicates.
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Figure C14: Analytical characterization of synthesized model PNA strand. a) Chemical struc-
ture and sequence of model PNA strand used in the study. Glu = glutamic acid. b) HPLC (A260
nm) and c) TOF ESI-MS analysis of purified PNA.
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Figure C15: Analytical characterization of glyoxal-treated PNA. a) Chemical structure and
sequence of PNA strand with putative glyoxal adducts (red). Glu = glutamic acid. b) TOF ESI-MS
analysis of purified PNA treated with glyoxal.
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Figure C16: PAGE analysis of PNA caging and decaging. a) 20% PAGE analysis after in-
creasing caging times, illustrating observed downward shift in electrophoretic mobility. b) 20%

PAGE analysis of caged PNA after increasing decaging times at 95 °C pH 7.5, illustrating resto-
ration in electrophoretic mobility.
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Figure C17: Proposed molecular mechanism of PNA mobility shifts. Bis-hemiaminal adducts
introduced by glyoxal may result in an ionizable proton and overall gain in negative charge through

hydrogen bond sharing between hydroxyl moieties.
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Figure C18: Glyoxal caging of PNA caging inhibits hybridization to DNA. a) Microscale ther-
mophoresis (MST) of PNA binding towards a complementary (black) or scrambled DNA sequence
(grey) with increasing caging times. Values represent mean (n = 3) of independent replicates.
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Figure C19: Reversible control of RNase H with glyoxal caging. a) 12% native PAGE gel
showing requirement of RNA :DNA duplexes for RNase H cleavage activity. b) 12% denaturing
PAGE gel of RNase H mediated target cleavage of untreated, caged, and decaged RNA.
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Figure C20: One-pot activation of thermostable RNase H. a) 12% PAGE analysis and b) quan-
tified percent target cleavage (n = 2) by thermostable RNase H with increased decaging time at

95 °C.
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Figure C21: Glyoxal does not inhibit RNase A. 12% PAGE analysis of RNase A activity towards
untreated, caged, and decaged RNA, illustrating cleavage of all substrates.
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Figure C22: Glyoxal does not inhibit Nuclease P1. 12% PAGE gel of nuclease P1 cleavage of
untreated, caged, and decaged a) DNA and b) RNA.
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Figure C23: Reversible control of DNase | recognition and cleavage. 12% PAGE gel of
DNase | cleavage of untreated, caged, and decaged DNA.
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Figure C24: Reversible control of EcoRI. 12% PAGE gel of EcoRI mediated target cleavage
by untreated, caged, and decaged DNA.
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Figure C25: Glyoxal does not inhibit RNase T. 12% PAGE gel of RNase T cleavage of un-
treated, caged, and decaged a) DNA and b) RNA.
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Figure C26: Glyoxal does not inhibit snake venom phosphodiesterase I. 12% PAGE gel of
phosphodiesterase cleavage of untreated, caged, and decaged a) DNA and b) RNA.
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Figure C27: Glyoxalation disrupts sgRNA and Cas9 mediated target cleavage. a) Caging
kinetics of sgRNA were monitored by 10% PAGE gel illustrating an increase in apparent molecular
weight. b) 1% agarose gel analysis monitoring dsDNA target cleavage by increasingly caged
sgRNA. “-* indicates no sgRNA or RNP included in reaction. c) Densitometric quantification of
Cas9 activity with increasingly caged sgRNA. Band intensity was used to quantify activity as per-
cent target cleavage (n = 2). Error bars denote standard deviation.
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Figure C28: Glyoxalation of sgRNA is reversible with rapid decaging. a) Decaging kinetics
of sgRNA at 95 °C were monitored by 10% PAGE gel illustrating decrease in apparent molecular
weight. b) 1% agarose gel analysis monitoring target cleavage by increasingly decaged sgRNA.
c) Densitometric quantification of caged sgRNA- Cas9 activity. Band intensity was used to quan-
tify activity as percent target cleavage (n = 2). Error bars denote standard deviation.
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Figure C29: Glyoxalation of sgRNA is reversible with slow decaging. Decaging kinetics of
sgRNA at 37 °C were monitored by 10% PAGE gel illustrating decrease in apparent molecular

weight.
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Figure C30: Amplification of B-actin from human genomic DNA using Taq and Hot Start
Taq polymerases. a) PCR amplification with increasing genomic DNA template visualized by 1%
agarose gel stained with SYBR Safe (NT = no template). Expected target band (~653 bp) is indi-
cated by black arrows, while off-target and putative primer-dimer bands are labeled with red ar-
rows. b) Densitometric quantification of amplificon purity. Bars represent mean and S.D. from 2
independent trials.



140

a caging time
B |

Untr. 2m 10m 20m 30m40m 1h 2h

product—> T — S — S S — —

1001
80+

60

Purity (%)

40

201

04

)
&

Figure C31: Forward primer glyoxal treatment and PCR specificity. a) PCR reactions using
increasingly caged forward primer as visualized by 1% agarose gel and b) quantified using den-
sitometry. Bars represent mean and S.D. from 2 independent trials.
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Figure C32: Reverse primer glyoxal treatment and PCR specificity. a) PCR reactions with
increasingly caged reverse primer as visualized by 1% agarose gel and b) quantified using den-
sitometry. Bars represent mean and S.D. from 2 independent trials.
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Figure C33: Primer decaging during PCR. 20% PAGE analysis of caged forward/primer mix
after increasing PCR cycles in 1X PCR buffer, illustrating a decrease in apparent molecular
weight. D = initial denaturation step (94 °C for 2 min). Reactions contain a mix of two primers,

resulting in two distinct bands in each lane. Green arrows denote fully decaged forward and pri-
mer.
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Figure C34: Confirming transfection efficiency and specificity. HEK293T cells were trans-
fected with 200 ng of a pCMV vector encoding eGFP. Control cells received PBS. After 12 hours,
GFP expression was detected by live-cell imaging using a BioTek Lionheart FX automated mi-
croscope.
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Figure C35: Optimizing ASO concentration and confirming sequence specificity. HEK293T
cells were co-transfected with both a pCMV vector encoding eGFP (200 ng) as well as
increasing amounts of either an eGFP-targeting or scrambled ASO (“-“ denotes no ASO).
After 24 hours, GFP expression was detected by live-cell imaging using a BioTek Lion-
heart FX automated microscope (4X magnification).
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Figure C36: Caging kinetics of an eGFP-targeting ASO as monitored by 20% PAGE gel
illustrating an increase in apparent molecular weight.
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Figure C37: Optimizing ASO glyoxal treatment time for inhibiting gene silencing. HEK293T
cells were co-transfected with both a pCMV-eGFP vector (200 ng) as well as 250 nM increasingly
caged eGFP-targeting ASO. After 12 hours, expression was detected by live-cell imaging using
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a BioTek Lionheart FX automated microscope (4X magnification). GFP positive cells per field
were counted using ImageJ, and values represent mean with S.D (n = 3 wells). BF = brightfield.
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Figure C38: Untreated and glyoxal caged ASOs are cell permeable. LNA ASOs were first
Cy5-labeled, followed by either no treatment or glyoxal caging for 8 h. HEK293T cells were incu-
bated with 250 nM respective ASO for 18 hours. Media was then removed, and cells were washed
3x with fresh media. Cells were then imaged using a BioTek Lionheart FX automated microscope
(10X magnification).
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Figure C39: ASO glyoxalation is reversible with slow decaging. Decaging kinetics of fully
caged (8 hour treatment time) ASO at 37 °C in complete DMEM were monitored by 20% PAGE

gel illustrating decrease in apparent molecular weight.
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Figure C40: Increasingly caged ASO proportionally tunes the amount of GFP positive cells.
At t = 0, HEK293T cells were transfected with a pCMV-GFP plasmid as well as 250 nM of un-
treated or increasingly glyoxal caged ASO. Graph shows quantification of GFP-positive cells in
each field across treatment groups during the experimental time course. Circles represent indi-
vidual wells (n = 3) from a 96-well plate.
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Figure C41: Representative live-cell fluorescence microscopy images during in cellulo
ASO decaging. HEK293T cells were co-transfected with both a pCMV-eGFP vector (200 ng) as
well as 250 nM increasingly caged eGFP-targeting ASO. At the indicated time points, expression
was detected by live-cell imaging using a BioTek Lionheart FX automated microscope (4X mag-

nification). BF = brightfield. Media was replaced on days 4 and 7.
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Figure C42: Caged ASOs do not affect cell viability. a) On day 7, plates from the time course
decaging experiment were tested using a WST-1 assay to measure cell viability. Values represent
mean and S.D. of 3 wells calculated as a percentage of untreated control cells. b) In parallel,
HEK293T cells were seeded in a 96-well plate at 10,000 cells/well and incubated with a range of
glyoxal concentrations for 7 days. Media was replaced on days 4 and 7, and viability was then
measured using a WST-1 assay. Values represent mean and S.D. of 3 wells calculated as a
percentage of untreated control cells. ICso value (mean with 95% confidence interval) was calcu-
late using a dose-response curve fit in Prism.
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