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ABSTRACT

OLEG ANATOLYEVICH SHEVCHENKO. “RNA kissing loop library to expand RNA fiber
functionality and control cargo load for potential intracellular siRNA delivery”.
(Under the direction of DR. KIRILL AFONIN)

A kissing loop (KL) is an RNA motif that among others may have a 180° geometry
when derived from a viral genome. The KL interactions of this geometry consist of nine
base pairs, six of which are interacting in complementary binding while three are
stacking for support of the geometry. In RNA nanotechnology, the rational design of
nanoparticles is dependent on the canonical complementarity of nucleobases, where
adenines bind uracils and guanines bind cytosines. The sequences of various
components play a critical role in their intercompatibility with one another (or
intracompatibility within a single self-folding strand) of the intermediate or final
nanostructures, as their crosstalk or undesired interactions may hinder the assembly of
components or the final nanostructure. This KL motif is important for its incorporation
into larger RNA nanostructures as it functions as a “linker” to attach other RNA
functionalities together. This work investigates the expansion of a single KL sequence to
a KL library that can be intercompatible for use in a single nanostructure. This KL library
would be crucial to assembling RNA vehicles with higher heterogeneous carrying

capacity for therapeutic siRNAs or any other cargo into target cells.
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PREFACE

Life is fascinating when looking at all the living creatures and wondering how
everything is unique in its own way. Every living organism propagates its kind through
transfer of the seed, which contains certain instructions, or a blueprint of life for that
organism. People look at their children and see traits of their parents, of themselves,
and sometimes elements that they do not recognize, but learn that they occurred in
some of their relatives.

In mid 19t century (in 1866), an Austrian monk, Gregor Mendel,! experimented
with pea plants and saw that there were certain units of inheritance that were
transferred from parent to progeny. In 1869, a swiss doctor Friedrich Miescher, isolated
a novel substance from nuclei of leukocytes that resisted digestion to proteases, and
based on analyses was not protein or lipid.? Miescher called this substance “nuclein”. In
1910, Thomas Morgan proposed the chromosomal theory of heredity,® where he talked
about chromosomes having unit characters responsible for development of different
parts of the organism. Around the same time, in 1909, a Danish botanist Wilhelm
Johannsen,* called those Mendelian units of inheritance genes.

Later, in 1944, Oswald Avery, Colin MacLead, and Maclyn McCarty reported
work® on virulent strain of Streptococcus pneumonia, where after heat treatment the
filtrate was treated with enzymes to remove proteins, lipids, and carbohydrates. What
was left of the filtrate was analyzed and found that a white fibrous substance with
chemical properties to DNA was in the filtrate. This filtrate was further treated with

enzymes against protein and RNA. This filtrate was then used to transform the non-



virulent strain of bacteria into a virulent strain.> They found that when treating the
filtrate with DNA-digesting enzyme that the filtrate lost the capacity to transform
bacteria from non-virulent into virulent strain, concluding that DNA was the carrier of
genetic inheritance.

In 1950, Erwin Chargaff reported® about nucleic acid composition of 4 nucleic
bases (adenine, guanine, cytosine, and thymine) of different organismal origin, finding
that in nucleic acids of different species purine and pyrimidine content was equal. It is
based on this research that Chargaff’s rules are based, where adenine interacts with
thymine and cytosine interacts with guanine in a double-stranded DNA.® In 1952,
Raymond Gosling, a student who worked with Rosalind Franklin, took the famous
“photo 51” of the DNA X-ray diffraction. In 1953, Maurice Wilkins showed photo 51 to
James Watson, which with helped him and Francis Crick deduce that the structure of
DNA was double-helical,” a work that they published that same year. Until this day the
conventional hydrogen-bonding interaction between nucleic bases is termed Watson-
Crick interaction. Leontis / Westhof classification® describes the non-traditional, non-
Watson-Crick base-base interactions that can be found in nucleic acids, especially in
RNA.

In the early 1980’s, a new field of DNA nanotechnology was born with the
publication by Nadrian Seeman® on “Nucleic acid junctions and lattices”, who realized
that three-dimensional structures made from DNA could be constructed in a
programmable fashion. Since then, nucleic acids (DNA and RNA) are evermore

increasingly used as scaffolds to construct nanoparticles.!0-1>



Dr Kirill Afonin operates a research laboratory at the University of North Carolina
at Charlotte. The nature of the research in the lab is on topics of RNA nanotechnology,
although work with DNA is also very common. While working in Dr Afonin’s Lab, there
came a need to develop a laboratory logo to represent the lab. | volunteered for the
task. Many company and organization logos are simple and abstract. Since the lab works
mostly with RNA, which is a single-stranded nucleic acid, an idea came to attempt to
make the logo somehow represent a nucleic acid. Double-stranded DNA has a very
characteristic major and minor grooves, and nucleic bases forming base-pairs between
the two strands making the appearance of a ladder, although RNA does not have as
pronounced major and minor grooves as DNA. The logo (see Figure 1, below) has
vertical lines of different length, representing nucleic bases on a backbone (an imaginary
horizontal line through the logo). The shape of the larger curve formed by the 4 lines
below the letters “nano” represent the major groove, and the shape of the curve
formed by the 3 lines above the letters “LAB” represent the minor groove of the nucleic

acids. The work to implement the design has been done in Adobe lllustrator suite.

ﬁaiﬁlll
LAB

Figure 1: Lab logo developed for Dr. Afonin’s laboratory.




CHAPTER 1: INTRODUCTION TO NUCLEIC ACIDS AND KISSING LOOP PROJECT

1.1 Structural properties of nucleic acids

Ribonucleic and deoxyribonucleic acid molecules (RNA and DNA, respectively)
are biological polymers, generally referred to as nucleic acids (NAs), and composed of
repeating units, called nucleotides, which in turn are each composed of a phosphate, a
sugar, and a nucleic base.*® Nucleotides are bound together in a chain, alternating
phosphate and sugar monomers throughout the length of a polynucleotide. This
alternating sugar-phosphate chain forms the backbone of the polymer, where nucleic
bases are attached to the sugars, and sugars are attached between each other with
phosphates.'® As sugar-phosphate double-helical backbones wind around the axis in
antiparallel orientation, nucleic bases form base-pairs towards the axis of the double.”
18 Ribose is a simple sugar that can either be in a linear or a furanose form (five-
membered ring with four carbons and an oxygen, and the fifth carbon not part of a ring
but attached to it. Ribose carbons are named Cy, Cy, C3, Ca, and Cw, to distinguish them
from carbons of nucleic bases.

In nucleic acid chains, nucleotides are linked together by phosphodiester bonds.
Every individual nucleotide is attached within the chain at Cs to the previous nucleotide
and at the Cs to the next nucleotide in the polynucleotide chain. The resultant NA chain
is formed from alternating phosphates and sugars: (phosphate - Cs' = Co = C3 =),
where n is the number of nucleotides in a chain. The understanding of the 5’ to 3’

directionality of the nucleic acids derives from the fact that in living systems replication



and synthesis of new DNA, and synthesis of RNA happen exclusively in the 5’ to 3’
direction.®®

A nucleotide is composed of a ribose sugar with a phosphate group at the Cs of
the ribose sugar and a nucleic base at the Cy. The unit composed of only a ribose sugar
and the nucleic base at the Cy is called a nucleoside. A nucleotide can be a mono-, di-,
and tri-phosphate depending on the consecutive number of phosphates at the Cs' of the
ribose. There are 5 nucleic bases, of which there are purines and pyrimidines, which can
be substituted at the Cy’ of the ribose and attached by a 8-glycosyl C—N bond. Purine
bases are adenine (Ade) and guanine (Gua), and pyrimidine bases are cytosine (Cyt),
uracil (Ura), and thymine (Thy). Purine bases attach to the Ng-positions and pyrimidines
attach to the Ni-positions of the Cy’ of the ribose sugar. Similar to nucleic bases, purine
nucleotides are called adenosine (A) and guanosine (G), and pyrimidine nucleotides are
called cytidine (C), uridine (U), and thymidine (T).1®* RNA nucleotides have hydroxyl (-
OH) groups at C»;, where DNA nucleotides only have a hydrogen (—H).1® DNA by its
definition is missing an oxygen somewhere, which happens to be at the 2’-carbon.

Ribose ring can assume different conformations and is almost never planar,
where torsion changes geometry of each carbon in the ring relative to the plane of the
molecule.® 7 These geometry changes make some carbons “bulge” in and out of plane
of the sugar. Bending or bulging of endocyclic carbons (within the ring) out of plane of
the sugar molecule denotes their endo- (toward the Cs, in a “cis” position) or exo- (away
from the Cs, in a “trans” position) orientation.'® 7 Because a ribose sugar is

unsymmetrically substituted (or has groups attached to it) within a nucleotide, this



limits the number of pucker conformations that are favorable.'® ¥ Among many
conformations, Cy-endo and Csz-endo pucker conformations are preferred over others
due to minimal nonbinding interactions between the furanose ring and its
substituents.'” 2° Based on NMR spectroscopy data,?%?° substituents at the C» and Cs
influence the sugar pucker mode; the more electronegative substituent at one of the
furanose carbons assumes the axial (rather than equatorial) orientation, which alters
the furanose ring conformation.’ Since DNA nucleotides have only a slightly
electronegative hydrogen at the C»' (which assumes equatorial position), DNA conforms
to a Cy-endo pucker, because the 3’-oxygen (phosphate-oxygen bound to Cz) takes the
axial position. On the contrary, RNA nucleotides with a 2’-hydroxyl (which assumes the
axial position) prefer the Cs-endo pucker (a more equatorial substituent position).”- 2
Due to the change in pucker conformation, the distance between phosphate of
one nucleotide to the next changes from 5.9A of Cz-endo (A-form, RNA) to 7.0A of Cx-
endo (B-form, DNA)!7-26:27 (see Figure 1.1, below). These changes affect the pitch and
width of the nucleic acid helix. Under physiological conditions, DNA double-helix adopts
the B-form DNA (see Figure 1.2, below) that has a helical pitch (number of
nucleotides/base-pairs needed to complete one helical rotation) of ~ 10.4 base-pairs,
with a rise per base residue in the range of 3.0 — 3.4 A, and ~ 2 nm helical diameter.27-28
RNA double-helix assumes the A-form (DNA) structure (see Figure 1.2, below), which
has a helical pitch of ~ 11 base-pairs per turn, with a rise per base residue in the range of

2.6-3.3A, and ~2.6 nm helical diameter.17-27
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Figure 1.1: Cs-endo and Cy-endo sugar pucker conformations. Figure adapted from
“Principles of Nucleic Acid Structure” book.'’

A-form RNA B-form DNA

Figure 1.2: Forms of nucleic acids, and their structures. Figure adapted from “Principles
of Nucleic Acid Structure” book.%’



At different pH conditions nucleotides can lose or gain protons on the base,
sugar, or the phosphate. Nucleic bases can be protonated and deprotonated within 3.5
pH units of neutral conditions (pH 7).t 2° N3-hydrogens of uracil/thymine and Ni-
hydrogen of guanine are removed in alkaline conditions. Adenine Ni- and cytosine Ns-
positions are protonated at slightly acidic pH of > 3. N;- of adenine and guanine, and Oa-
of uracil are also protonated when pH < 2.2°*9 The pK, values of nucleosides and
nucleotides with 5’-phosphate at their protonation/deprotonation sites are as follows:
3.52 and 3.88 for adenosine Ni-position, 4.17 and 4.54 for cytidine N3-position, 9.42 and
10.00 for guanosine Ni-position, 9.38 and 10.06 for uridine N3-position, and, 9.93 and
10.47 for 2’-deoxythymidine Ns-position, respectively.” 2% 39 Two main pK values can be
observed for phosphate groups of nucleoside mono-, di-, and tri-phosphates. In the first
(primary) ionization state (at pH of 1-2), one hydrogen is removed from each phosphate,
yielding one negative charge per phosphate group.?> #%42 This primary ionization state
succeeds up to pH of ~ 7, when the last hydrogen is removed from the terminal
phosphate of the nucleotide.?® 442 Secondary hydroxyls of riboses are deprotonated
above pH of ~ 12,5 294344,

Hydrogen bonds are a weak type of interactions often found in biological
systems, which stabilizes interactions between proteins and nucleic acids. Hydrogen
bonds, among other types, are mainly electrostatic.*>*° In nucleic acids, hydrogen bonds
(shown as dotted lines) form between N-H-:-O or N-H-::N atoms of the bases,” 2 and
their strength depends on the partial charges on each of the three interacting atoms “in-

line” of the hydrogen bond. When compared to covalent bonds, hydrogen bonds are



about 20 — 30 times weaker and have less defined length, strength, and orientation,
making them more prone to bending and stretching.'”- 28

Just as nucleic bases can form base-pairs within a plane horizontally (with some
torsion), nucleic bases can have interactions between base-pair planes vertically. Nucleic
bases have aromatic systems that can interact through m-bonding, allowing bases to
stack.'”- 28 Within such a stack, polarized regions (~NHz, =N—, =0, or a halogen° such as
bromine) of one base superimpose over the aromatic system of the adjacent base,
which promotes stacking. The strength of such stacking is stronger than that of
hydrogen bonds.'” 22 Though permanent dipoles of nucleic bases (predominately C=0 or
C—NH2 groups) superimposed over m-electronic systems of adjacent bases play a minor
role, dipole-induced dipole interactions appear to play a major role in base-stacking
stabilization.'”- 28 >0 Furthermore, NMR studies!” 28 >1.52 syggest that six-membered
pyrimidine rings of bases preferentially participate in base-stacking rather than their
five-membered imidazole fragments, and that base orientation within the stack depends
on its’ amino- or keto- substituents.'”- 28 >3 Solubility experiments and NMR data?® >4->8
showed that base interaction in stacks was most stable between purine-purine,
followed by purine-pyrimidine, and lastly between pyrimidine-pyrimidine bases.'’ 28

To help in vertical base stacking in nucleic acid chains there are forces that play
an important role, including dipole, mt-electron systems, and dipole-induced dipole
moments.'’ 28 Properties of base stacking, where purines stack better than pyrimidines

and methylation improves stacking, can be explained by electronic systems of bases;

they are due to London dispersion forces and interactions between dipoles of bases in
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the stack.'” 28 The induced dipoles in one group of atoms (or a nucleic base) polarize the
electronic system(s) of neighboring atoms or molecules (or nucleic bases), which induce
parallel dipoles between nucleic bases that attract them together.!”- 22 These attractive
forces that aid in base stacking are additive, although they decrease with 1/6%" power of
the distance.'” 28

A nucleic acid double helix can be separated into two distinct single strands, and
this process depends on the melting temperature of that particular nucleic acid
sequence. The two strands come together and break apart near the melting
temperature, where hydrogen bonds form and disrupt, respectively. For the two
separate strands to associate with each other, one base-pair needs to form via hydrogen
bonding. Due to proximity of other bases on the sugar-phosphate backbone, a second
base-pair can form, but the first base-pair can also fall apart.l”- 28 If there are three
consecutive base pairs that form between two separate NA strands, a nucleus (or a
“seed”) is formed, taking into account not only hydrogen bonding but also base
stacking; the seed helps propagate duplex formation.?® >° This is referred to as a
cooperative zipper mechanism of helix formation, which requires a three-base-pair
nucleus as the “seed”.!”- 28 Nucleus formation needs to overcome the unfavorable
positive free energy contribution, after which free energy becomes negative for
additional steps, where the double helix grows spontaneously.?® >° In double-helical
formation, reduction in UV absorption (hypochromicity or hypochromic effect ¢ ©1) can
be observed due to base stacking.” 28 On the contrary, hyperchromic effect can be

observed through the increase of absorbance at or around 260 nm, which would happen
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upon double-stranded DNA denaturation.®! Therefore, one way to measure the melting
temperature of double-stranded fragment is to measure the UV absorbance at different
temperatures, which would witness the formation and breakdown of double helices,
since the melting temperature (Tm) is determined at the midpoint of transition from
double-stranded to single-stranded species.?” 28 Since A:T(U) base-pairs have only two
hydrogen bonds rather than three in G:C base-pairs, it is expected that A:T(U)-rich
regions should melt at lower temperatures than the more stable G:C-rich regions.” 28
This results in local single-stranded regions within the still double-stranded DNA or RNA
random sequence, and is referred to as “breathing modes” .17 6263
1.2 RNA in Nanotechnology

Since the elucidation of DNA double helix structure in 1953, much work has been
done, especially in sequencing human DNA in the Human Genome Project.®* ® DNA is
said to be the blueprint that codes for life in all living organisms.®® Cells have DNA that
codes for every aspect of their existence, although in cells of eukaryotic organisms only
certain DNA regions may be available for transcription dictated by the differentiation of
specific tissues based on their needs.®” Information stored in DNA has gene-coding and
non-coding regions, first of which is translated into RNA for its further processing and
translation into proteins that play various roles within the cell.®® Since gene coding
regions make up about 2 percent of total DNA,%72 the rest of DNA was considered
“junk” DNA 73 for some time.

In more recent times non-coding DNA was also found to be transcribed but not

translated into proteins.®® RNA was found to play an important role in gene regulation.’
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Additionally, with the discovery of RNA interference (RNAi) mechanism by Professors
Andrew Fire and Craig Mello 7> showed that cells can detect double-stranded RNA
(dsRNA) using RNA-induced silencing complex (RISC) and via homology-driven
mechanism control expression of various genes.’* This novel approach has already
proven useful in determining the function of various genes,’® but it can also be tweaked
to target certain genes to be silenced.””8!

Nucleic acids (NAs) have proven to be an important biopolymer material in
biotechnological applications. NAs are native to biological systems, which makes them
great as material due to biocompatibility and high programmability.”® 82 DNA is great for
its high stability, and RNA is especially important for its ability to form secondary and
tertiary structures with itself.”®

1.3 Kissing Loop Motif

RNA, in contrast to DNA, can form a plethora of secondary and tertiary
structures with itself intra- or inter-molecularly, many of which can be traced to specific
biological RNA motifs. Some of the motifs aside from duplexes (dsRNA) that RNA forms
are kinks (such as 90° kinks), 3-way loops, 3-way junctions, 4-way junctions, hairpins,
and kissing loops (KLs).838 These RNA motifs are dependent on the number of
interacting nucleotides and sometimes are sequence specific. They can be utilized in
larger nanoconstructs by designing nucleic acid (often RNA) to include motif-specific
sequences in the monomer total sequence.

A structural RNA motif was originally derived from genomic RNA of HIV (human

immunodeficiency) type-1 virus. The motif is a part of the dimerization initiation site
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(DIS) of the viral genome.® The motif consists of two loops, each of which forms a
hairpin structure, and two hairpin structures form intermolecular complementary
binding via six nucleotides (6nts) on the hairpin loop. Two and one flanking adenines
support the geometry of the assembled complex via base stacking. This long-range
interacting motif is called a kissing loop (KL) complex (KLC), which is characteristic of a
180° orientation or geometry. The original, wild-type sequence reported for the kissing
loop is 5’-...AGGUGCACA...-3’, where both hairpins have the same hairpin-loop
sequence. A protein data bank (PDB) structure of the KL complex 8’ was uploaded, code-

naming it 2FCX (see Figure 1.3, below).

Figure 1.3: RNA kissing loop 3D and 2D representations. Kissing loop interaction (PDB:
2FCX 87) as shown on PDB website (above). PDB structure title: “HIV-1 DIS kissing-loop in
complex with neamine”. Cartoon showing simple 2D representation of a kissing loop
interaction, consisting of two kissing loops, shown in red and blue color(below).

The original homodimeric sequence -8 of the KLs (5’-...AGGUGCACA...-3’) has
two and one purines (not adenines specifically) flanking the six intermolecular-

interacting nucleobases (underlined in bold). This KL complex was modified and

integrated into “linear assemblies” or RNA fibers.'% 77 The kissing loop sequences used in
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RNA fibers are 5’-...AAGGAGGCA...-3’ and 5’-...AAGCCUCCA...-3’, having two and one

adenines to retain the approximately 180° geometry of the KL complex.

A B A B A
Crmmromm () () ] () e () )
Figure 1.4: A-B type simple RNA fiber 2D representation. Cartoon showing red and blue
monomers.
14 RNA fibers

A “linear assembly”,'° or an RNA fiber,”’ can be made by incorporating the two
kissing loop sequences into two different RNA monomer strands. Each RNA monomer
folds on itself and forms a “dumbbell” shape due to designed sequence
complementarity, where adenines bind uracils and guanines bind cytosines. RNA
monomers each have two kissing loops at their termini, where one RNA monomer has
Fiber sequence with HIV1 KL on both sides and the other RNA monomer has Fiber
sequence HIV2 KL on both sides (see Figure 1.4, above). This RNA fiber system only has
two monomers and is an A-B-type fiber system, where monomer A and monomer B
alternate to form the longer fiber structure.

This RNA Fiber can be used to deliver cargo (genetic “messages”) into the cells,”’
where the Fiber monomers can be functionalized (see Figure 1.5, below) with specific
sequences (need to be dsRNA) that can be cleaved or “diced” by Dicer endonuclease
into shorter RNA fragments (usually 21-23nts long), called short interfering RNA

(siRNA).8 Dicer then helps load siRNA guide strand into RISC (RNA-induced silencing
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complex), which in turn cleaves any homologous mRNAs (messenger RNAs), preventing
their translation, that is - expression of those genes.®? Work done by Rackley et al 7’
showed that it is possible to form these functionalized RNA fibers, and more importantly
that they showed low immunostimulation. The benefits of this platform are that it is
modular, highly programmable, and has low immunostimulation due to its’ linear rather

than bulky structure.

Figure 1.5: A-B type functionalized RNA fiber 2D representation. Cartoon showing red
and blue monomers with two different toehold extensions and two different Dicer
substrate complementary-bound short strands.
1.5 Problem Statement
Although RNA fibers are already a promising platform due to its ability to carry
siRNA into cells and for their low immunostimulation,’” being an A-B system, they are
still limited to carry just two different siRNA. Additionally, to make RNA fibers with only

two monomers, they need to be able to form “indefinitely” for them to be long linear

assemblies. Each fiber forms a different length fiber and is likely controlled or defined by
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structural rigidity or flexibility, beyond which, fiber either may break kissing loop
interaction or be limited by monomer depletion (locally or systemically).

More importantly in an A-B-type system RNA fiber are comprised only of two
different monomers, each able to carry one siRNA into the cells for downregulation of
gene expression. Expanding RNA fibers to accommodate higher capacity of
heterogeneous siRNA cargos could be used to deliver more numerous siRNA cargos for
targeting and downregulation the expression of multiple genes simultaneously.’® 8% 90-9

(Solution)

The limits imposed by the A-B system can be overcome by expanding the utilized
KLC 1 + 2 into a library of KLC sets that can coexist or be utilized in larger one pot
assemblies without cross-reacting with each other, being unique and inter-compatible.
If there were 8 unique and inter-compatible KLC sets, 8 different siRNA cargo would be
available for intracellular delivery. Additionally, it would be possible to control RNA fiber
length, since a unique KLC would be utilized between each monomer in a string of 9
monomers. This would be a(n) (poly-heterogeneous) ABCDE-type system, in contrast to
the A-B system currently available. This poly-substituted RNA fiber would be controlled
of controlled length and be more heterogeneous in its intracellular siRNA cargo delivery.
Finally, it would be possible to incorporate the KL library into larger nanoconstructs for

guaternary assemblies formed from multiple tertiary components.



Figure 1.6: ABCDE-type functionalized RNA fiber 2D representation. Cartoon showing
differently colored monomers with five different toehold extensions and five different
Dicer substrate complementary-bound short strands.
1.6 Goal of Project

A limited A-B system currently in use showed a need to develop more kissing
loop complex (KLC) sets to expand into a KL library that can be used simultaneously for a
larger structured nanoparticle. The near 180° KL set currently in use is the HIV1/HIV2,
consisting of two loops, HIV1 and HIV2, which form the “1 + 2” interaction complex.
Sequences of both HIV1 and HIV2 have the same KL motif, consisting of 5’-
CAAXXXXXXAG -3’ nucleobases, where the flanking guanine and cytosine bases interact,
bringing the hairpin formation together. The six interior bases are important to the KL
interaction and flanking two and one adenines are part of the KL interacting motif,
which support the KL interaction by allowing bases to stack, contributing to the near
180° geometry. To expand the KLC into a library, loop sequences of strands 1 and 2 were
taken as a basis. To test the new KL sets, short hairpin strands need to be tested before

incorporating them into more complex structures.
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Working with this RNA kissing loop motif, nucleotides of 6nt active region of the
KL were mutated and 32 different combinations were selected for a total of 16
interacting KL complex (KLC) sets. To determine that each KL only interacts with its
complementary KL to form a KLC in one pot application, a crosstalk experiment would
be designed and performed to check the cross-reactivity (interference) of all KLs.
Melting temperature (Tm) of each KLC would be assessed using Temperature Gradient
Gel Electrophoresis (TGGE) to know the thermal properties of KLCs to be able to utilize
them in larger nanoconstructs.

1.7 Hypothesis:

Based on the designed 16 sets of KLCs, there should be about 8 KLC sets with
high certainty and about 8 KLC sets with low certainty (due to sequence similarity);
about 8 KLC sets are expected to be unique as a library to be used simultaneously.
Further, substituting new 6nt sequences into the KL loop region for KL library expansion
should still retain their structural/functional integrity and preserve the linear, near 180°

geometry of the KL motif.
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CHAPTER 2: METHODS OF T7 RNA POLYMERASE EXPRESSION FROM E. COL/

T7 RNA polymerase is typically expressed by the T7 bacteriophage, but E. coli
cells have been engineered (transformed) to express the plasmid containing the gene
for expressing T7 RNA polymerase. In general, bacterial cells are allowed to grow to
reach a specific optical density (mid-log phase), then they are induced to overexpress
this protein. Cells are then lysed and T7 RNA polymerase is separated from the cell
lysate and purified for performing in vitro transcription reactions (in Eppendorf tubes) to
synthesize RNA strands without the need for cells to produce the material. Below are
the steps detailing this process.

This process is extensive and takes 3 to 4 days of work to complete. The first day
of work includes the preparation of LB (Luria-Bertani) broth media (steps 1 —3), and
preparation of preculture (steps 4 — 6). The second day includes antibiotic solution
preparation (steps 7 — 8), bacterial cell culture growth (steps 9 — 13), induction of
bacterial cells with IPTG (steps 14 — 18), and bacterial cell collection (steps 19 — 20). At
this point there is an optional stopping point, and confirmation of bacterial cell
induction with IPTG via SDS-PAGE and staining (steps 21 — 28). The third day of work
includes preparation of lysed bacterial cells (steps 29 — 32), purification of T7 RNA
polymerase (steps 33 —38), and evaluation of T7 RNA polymerase elution stages via
SDS-PAGE (steps 39 — 47). The end of the third day and fourth day include overnight

dialysis (steps 48 — 50).
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2.1 LB (Luria-Bertani) broth preparation
Prepare LB (Luria-Bertani) broth media by weighing 10.0 g of LB broth and bring up
to 500 mL with ddiH,0 (double deionized water, 17.5-17.8 MQ-cm).

e Pick a glass bottle that will accommodate LB broth on the shaker for proper
aeration. If the glass bottle is almost full, it will not allow proper aeration.***

Autoclave the glass bottle with LB broth for 15 min at 121 °C.

e Place the cap on the glass bottle, but do NOT close the cap completely, as the
pressure buildup of the heated liquid can cause the glassware to break.
Loosely cover the loose cap of the bottle with aluminum foil.

After bottle with LB broth is autoclaved, wait for it to cool down.
2.2 Preculture preparation

Prepare a preculture (starter culture) by pouring 25 mL of LB broth into a 50 mL
Falcon tube “over flames” to prevent contamination of the preculture.
Add a micropipette tip poke (about a drop, on a pipette tip) of frozen glycerol stock
bacteria (E. coli) from a 2 mL tube to the falcon tube with LB broth.
Place 25 mL Falcon tube onto shaker overnight.

e Set the incubator / shaker to 37°C and ~150 (or 130) rpm.

e Let precultures (starter culture(s)) grow for 8 — 18 hours.

23 Bacterial cell culture growth

Set aside ~10 mL of control aliquot of LB broth into 15 mL Falcon tube for OD

(optical density) measurements.
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8. Prepare antibiotic solution using ampicillin or carbenicillin (interchangeable) at 50-
100 pg/mL (this step can be optimized).
e carbenicillin used with 250 pg in 5 mL, yielding 50 pug/mL.
9. Add 500uL of carbenicillin (antibiotic) into 500mL LB.
10. Add 12.5 mL of preculture into 500 mL LB with antibiotic “over flames” to prevent
contamination of culture growth.
e Place on shaker at 37 °C and set the shaker at ~150 (or 130) rpm (this step
can be optimized).
11. Wait until OD is between 0.4 —0.6.
o Use LB broth from LB control in 15 mL falcon tube as baseline for measuring
OD. (Sample from step 7).

e |t takes E. coli about 30 minutes to double its population, based on
which bacterial culture growth will reach the appropriate OD.

e At OD between 0.4 — 0.6, bacterial culture growth is about mid-log
phase, which usually takes about 4 hours, after which bacteria will
enter the death phase. ***

12. Check OD of bacterial culture growth at 1.5 — 2 hours.
e (total time was 3.5 hours)
e ODeoo = 0.564
13. At max growth, drop the temperature in the incubator to 25 °C for 30 minutes to

stop bacterial growth.



2.4 Induction of bacterial cells with IPTG
14. At 0 hours induction with IPTG, take out 1 mL of bacterial culture into a 2 mL
Eppendorf tube.
e Centrifuge at 5,000 rpm for 2 min.
o Eppendorf Centrifuge 5415R used for this step.
e Remove 900 pL of supernatant.
e Add 25 pL of Laemmli (5x SDS-PAGE loading buffer) for a total of 125 pL.
e Pipette up and down.

e Place at 95 °C for 5 min.

After heating / boiling, place on ice.
15. Add IPTG (isopropyl-R-D-thiogalactopyranoside) at 0.5 — 1 mM (this step can be
optimized), which will induce T7 polymerase gene expression in E. Coli.
e Prepare 1 mLof0.5 M IPTG
e Add1mLO0.5 M IPTG to flask (500 mL bacterial culture)
16. At 4 hours after induction with IPTG, take out 1 mL of bacterial culture into a 2 mL
Eppendorf tube.
e Centrifuge at 5,000 rpm for 2 min.
o Eppendorf Centrifuge 5415R used for this step.
e Remove 900 pL of supernatant.
e Add 25 pL of Laemmli (5x SDS-PAGE loading buffer) for a total of 125 pL.
e Pipette up and down.

e Place at 95 °C for 5 min.
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e After heating / boiling, place on ice.
17. Keep both 2 mL Eppendorf tubes on ice or in -20 °C to run a gel and confirm
induction of T7 RNA polymerase with IPTG.
18. Allow bacterial cell culture to incubate at 25 °C for 4 — 16 hours (this step can be
optimized).
¢ |noneinstance, bacteria were incubated for 4 hours after induction with
IPTG.
e |n another instance, bacteria were incubated for about 18 hours.
2.5 Bacterial cell collection
19. To collect bacterial cells, remove excess LB media.
e Set centrifuge to 4 °C and precool before use.
e Use two 15mL Falcon tubes to centrifuge bacterial culture solution to remove
LB broth.
e Add 10mL of LB broth to each tube.
o Using 2 tubes and loading same volume in each keeps the tubes
balanced.
e Centrifuge at 5000 rpm for 5min (repeat cycle until solution is removed).
= Eppendorf Centrifuge 5810R used for this step.
o Remove tubes from centrifuge,
o remove LB broth from each tube,
o place into empty beaker,

o add next 10mL amount to tubes,
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o and place tubes back into centrifuge.

e After all LB broth has been removed and cell pellets are remaining, cells can
be frozen at -20°C or -80°C.

o Add 10% bleach to the LB broth to be discarded, to kill any lingering
bacterial cells.

o Decant LB broth from the tubes with cell pellets into the container
with the rest of LB broth.

o Allow LB broth with bleach to sit / decontaminate for about 10
minutes (LB broth liquid should change color) before pouring down
the drain.

e Alternatively, bucket centrifuge can be used.

e Set the centrifuge at 15,000 x g for 10 min at 4 °C. Make sure that the
centrifuge tubes / flasks are well balanced before loading them into the
rotor.

20. This can be a Stopping Point

e Plan time wisely, as this is the only stopping point.

e Bacterial cells can be resuspended in 0.9% NaCl (do NOT vortex the cells),
centrifuged at 15,000 x g for 10 min at 4 °C, and then stored at -80 °C for
several months.

o To soften the pellet, cells may be placed in larger bucket centrifuge
tubes / flasks, then placed on larger shaker at low temperature

(below 25 °C) for ~10 min.
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o Besure to decant 0.9% NaCl after centrifugation and decontaminate
in bleach for 5 minutes, after which pour down the drain.
(Stopping Point)
2.6 SDS-PAG preparation
21. For confirmation of proper T7 RNA polymerase expression pour a two-layer SDS-PAG
(sodium dodecyl sulfate — polyacrylamide gel). Make two gels, one for confirming
proper induction of T7 RNA polymerase with IPTG, and another for protein
expression to evaluate stages of purification and elutions. Follow the gel recipe
below (see Table 2.1, below).
e First prepare the gel stand with clean glass plates.
o Gel was prepared on a Bio-Rad Mini-PROTEAN® gel system.
e Prepare resolving (bottom) layer of the gel first.
o Be sure to wear PPE when preparing gel solutions and casting gels,
since acrylamide is a neurotoxin.®®
e Pour the resolving layer of the gel almost to the top, but so as to leave room
(~0.5 cm) below the gel comb, as if it was placed. Then, pour some isopropyl
alcohol into the gel space above the resolving gel solution. This helps the top
of the gel to polymerize flat.
e After resolving layer has polymerized, empty any remaining isopropyl alcohol
on top of the resolving gel layer, and prepare stacking (top) layer of the gel

next.
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Pour stacking layer on top of the resolving layer and insert the desired gel

comb.

After gels are polymerized, remove the gels, wrap them in a wet paper towel,

and wrap them with aluminum foil around the wet towels. This helps keep

the gels from drying out until they are used (hopefully within few days).

Table 2.1: Reagent recipe for making a 10% SDS-PAG, SDS-PAGE running buffer, and
destain solution.

10% SDS-PAG(E)

resolving gel layer

stacking gel layer

(Tris-HCl pH 8.8) | (Tris-HCI pH 6.8)

ddiH,O mL 2.5 5 1.9 3.8
buffer mL | 1.325 265 | 0.75 1.5
10% SDS pL 60 120 30 60
10% APS pL 30 60 15 30
40% AA mL | 1.325  2.65 30 60
TEMED pL 10 20 5 10
Total Volume mL 5.25  10.5 3 6

|Buf‘fer for resolving layer |

1.5 M Tris-HCI pH 8.8

|Buffer for stacking layer 1 M Tris-HCI pH 6.8
| SDS-PAGE running buffer (RB)
10x RB | 1xRB | Destain solution

MW (g/mol)| amt(g) | C2(M) | V2(mL) amount (mL)[ V2 (mL)
Glycine 75.07 432 1.92 192 mM Methanol 200
Tris base 121.14 90 0.25 3000 25mM Acetic Acid 100 1000
SDS 288.38 30 0.03 0.10% ddiH,O 700
ddiH,O up to final volume

pH should be ~8.3 without adjustment
10x RB diluted to 1x should be pH ~8.5
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2.7 Induction confirmation of T7 RNA polymerase gene expression via SDS-PAGE

22. Prepare bacterial cultures (if have not done already) taken at 0 hours and at 4 hours
of induction of E. coli with IPTG and run on SDS-PAG to confirm that expression of T7
RNA polymerase was successful.

e Prepare bacterial cultures prepared earlier for gel electrophoresis (from
steps 14, 16, and 17).

e Mix 10 pL of each sample (1:1) with 10 pL SDS loading dye.

e Place each Eppendorf tube at 95 °C for 5 min to denature the proteins.

e Use Dual Xtra ladder (Precision Plus Protein Dual Xtra Standards, by Bio-Rad).

23. Prepare Bio-Rad gel rig to run the gel and fill with 1x SDS-PAGE running buffer (see
Table 2.1, above).

24. Load 1 pL of Ladder, 5 uL of prepared cell lysate from 0 h (at induction with IPTG),
and 5 pL of prepared cell lysate from 4 h (after induction with IPTG) onto the SDS-
PAG.

25. Run the gel at 180 V for 40 — 50 minutes at room temperature, until the dye reaches
near the bottom of the gel.

e Run for 40 minutes first, then add more time as desired.

26. After gel run is complete, remove the gel and perform fast stain with Coomassie
blue stain.

2.8 Staining SDS-PAG with Coomassie blue dye

27. Perform a “Fast Stain” and destain of the induction confirmation gel.

e Place the gel flat into an empty micropipette tip box.
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e Pour enough Coomassie blue stain to cover the gel in the tip box.

e For Fast Stain, stain for only 5 minutes. Fast Stain is good for a quick

assessment, to be able to proceed to protein purification and dialysis.

(@)

(@)

Place the tip box with gel and dye on the rocker for 5 minutes.

After 5 min stain, pour the dye back into its container for reuse, and
rinse the gel with deionized water (can be discarded down the drain).
Add destain solution (see Table 2.1, above) into the tip box with gel
and a slightly crumbled Kim Wipe on top to soak up excess Coomassie
blue dye.

Place the box onto the rocker and allow to destain for 10 — 15
minutes, or until bands are visible on the gel with the help of white
lamp.

After destain is complete, discard destain down the drain.

Visualize the gel on white lamp.

28. For a thoroughly stained gel, stain the gel for 1 hour with Coomassie blue dye.

e Destain overnight.

e Visualize the gel on while lamp. Take a picture for record.

2.9 Preparation of lysed bacterial cells

29. Prepare bacterial cells to be lysed.

e Thaw bacterial cells on ice for ~30 min (if Stopping Point was made).

e Resuspend bacterial cells in 20 mL of T7 Lysis buffer B.

(@)

At this point cell pellets can be vortexed.
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30. Keep vortexed cells in 50 mL falcon tube on ice in an ice bucket. Cells can be
sonicated directly in the falcon tube, on ice.

e Position the sonicator tip into the falcon tube with cells, but make sure that
the tip is not touching the bottom or the sides of the falcon tube, otherwise
this will damage the sonicator tip.

e Sonicate cells for 3 min at 25% amplitude with 1 sec pulse on and 2 sec pulse
off.

o Total sonication time is ~ 9 min (3 min pulse on, and 6 min pulse off).
o Clean the sonicator tip with ethanol before and after use. Respect the
equipment.
o Take a 10 pL aliquot of this whole cell lysate (WCL) for SDS-PAGE.
31. Transfer the now lysed cells (WCL, or lysate) into ultracentrifuge tubes with red caps
while keeping them on ice.

e Take two ultracentrifuge tubes for balance. Make sure tubes are balanced!

e If only using one tube for WCL, fill with WCL and weigh on balance. Fill the
other tube with water while matching the weight of the first tube.

e [f using both tubes for WCL, split the contents between the two tubes. To
ensure balance, add T7 Lysis buffer B with a pipette. Match the weight of
both tubes!

32. Spin the cells (WCL) in the TI-70 rotor at 30,000 rpm at 4 °C for 1 hour.
e Make sure that the ultracentrifuge tubes are placed opposite each other to

ensure that the rotor is balanced!
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2.10 Purification of T7 RNA polymerase
33. Prepare the nickel column by pouring 1 — 2 mL (this step can be optimized) of clean
nickel resin slurry into a plastic column.
e Add small amounts of nickel resin to adjust to the desired resin volume.
o *** Nickel resin is stored in ethanol to prevent bacterial growth.
e Alternatively, a commercial column can be used.
34. Rinse nickel column with 100 mL of T7 Lysis buffer B before adding the lysate to it.
e Lysis buffer rinse can be discarded down the drain immediately.
o Nickel resin can sit in the column without liquid for <1 hour.
o If more time is needed, add more T7 Lysis buffer B to keep the nickel
resin hydrated. Be very cautious, nickel resin is expensive!
e Place a plastic beaker under the column to collect flow through (FT).
35. Prepare Eppendorf tubes and plastic beakers:
o FT - plastic beaker/cup for Flow Through
o W —plastic beaker/cup for Wash
o E1, E2, E3, E4, E5, E6 — one Eppendorf tube for each Elution
e For SDS-PAGE: Eppendorf tubes
o WCL-for Whole Cell Lysate
o SCL—for Soluble Cell Lysate
o FT—for Flow Through
o W —for Wash

o E1, E2, E3, E4, E5, E6 — one Eppendorf tube for each Elution sample
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36. Pour SCL supernatant through the column to chelate T7 RNA polymerase to the

nickel resin while taking 10 pL aliquots during following steps:

Recall that a 10 uL WCL aliquot was taken during preparation of lysed cells

step.

Take a 10 pL SCL aliquot from SCL into SCL Eppendorf tube for SDS-PAGE.

Pour SCL supernatant through the Nickel-Resin column and allow

supernatant to drip.

(@)

Collect this fluid in the plastic beaker / cup labelled FT (flow through).

After all fluid has run through, pour it through the column again (2x).

Take a 10 pL FT aliquot of 2x flow through into FT Eppendorf tube for SDS-

PAGE.

Store / save the remaining flow through (FT) at 4 °C, in case there is
considerable amount of protein remaining in the flow through.

This T7 RNA polymerase has a polyhistidine tag, which other proteins
in SCL do not have. Nonspecific binding is deterred from the presence
of imidazole in the buffers. T7 RNA polymerase chelates to the nickel
resin as it passes through the resin bed, while other proteins pass
through and stay in the flow through.

Passing flow through twice (2x) through the nickel column ensures
more efficient chelation of T7 RNA polymerase to the nickel resin.

It is not uncommon to see T7 RNA polymerase in the flow through for

especially efficient protein expressions. This can be seen on the SDS-
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PAG. If this happens, more nickel resin may need to be used for
future protein expressions.

o If more than needed nickel resin is used (to make sure that all protein
is collected the first time), then the elution volumes being 0.5x
proportional to the resin volume will have the expressed protein
more diluted than what may be desired.

37. Wash the nickel column with T7 Wash buffer C with the volume 12x the nickel resin
volume.

o Ex:if resin volume is 1 mL, use 12 mL of T7 Wash buffer C.

o This step will help remove traces of undesired proteins which may
have non-specifically bound to the nickel resin, while keeping T7 RNA
polymerase bound in the resin bed.

e Collect Wash into plastic beaker labelled W (wash). (Figure above, panel D)
e Take a 10 puL W aliquot of Wash into W Eppendorf tube for SDS-PAGE.
38. Elute T7 RNA polymerase from nickel resin with T7 Elution Buffer D with the volume
0.5x the nickel resin volume.
e Ex:if resin volume is 1 mL, use 0.5 mL of T7 Elution Buffer D for each Elution
(E1, E2, ..)
o 0.41mL (410 pL) of T7 Elution Buffer D was used for each Elution in

this experiment.
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2.11 Evaluation of protein purification stages via SDS-PAGE
Pour a two-layer SDS-PAG if not already for evaluating stages of purification and T7
RNA polymerase allocation in different Elutions. Resolving layer is on the bottom
and stacking layer is on the top of the gel.

Get samples in Eppendorf tubes for SDS-PAGE:

e WCL — 10 pL Whole Cell Lysate

e SCL — 10 pL Soluble Cell Lysate

o FT — 10 pL Flow Through

o W —10 pL Wash

e FE1,E2,E3, E4,ES5, E6 — 10 pL of each Elution sample

Prepare each sample by adding 10 uL of SDS loading dye (1:1) to each of the 10
Eppendorf tubes listed above. (similar to step 22)

e Place each Eppendorf tube at 95 °C for 5 min to denature the proteins.

e Use Dual Xtra ladder (Precision Plus Protein Dual Xtra Standards, by Bio-Rad).
Prepare Bio-Rad gel rig to run the gel and fill with 1x SDS buffer. (same as step 23).
Load 1 uL of Ladder and 5 pL of each prepared sample onto the SDS-PAG. (same as
step 24).

Run the gel at 180 V for 40 — 50 minutes, until the dye reaches near the bottom of
the gel. (same as step 25).

e Run for 40 minutes first, then add more time as desired.

After gel run is complete, remove the gel and perform fast stain with Coomassie

blue stain. (same as step 27)
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e Place the gel flat into an empty micropipette tip box.
e Pour enough Coomassie blue stain to cover the gel in the tip box.
e For Fast Stain, stain for only 5 minutes.

e Destain for 10 — 15 minutes.

Visualize the gel on white lamp.
46. For a thoroughly stained gel, stain the gel for 1 hour with Coomassie blue dye. (same
as in step 28).
e Destain overnight.
e Visualize the gel on while lamp. Take a picture for record (see Figure 2.1,

below).
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Gel 164, RNA_T7polymerase_elutionTest_OAS,

(37.5:1 A:bA) 10% SDS_PAG,

bioRad 180V, 40min,

total Coomasie Blue staining 1hr, overnight (~22hrs) destaining

File: Gel164_T7p_elutionTest_OAS_11.06.18_IMG_1411_bioRad180V40min_coomasieBlue
Figure 2.1: Sample SDS-PAG from T7 RNA polymerase expression. See next section
(2.12) for analysis of the gel. Molecular weight of T7 RNA polymerase is 99 kDa%" %,
Precision Plus Protein Dual Xtra Standards by Bio-Rad is the protein ladder loaded in the

very left lane of the gel. The blue arrow is pointing to the overexpressed T7 RNA
polymerase protein in different lanes.

2.12 SDS-PAG analysis of T7 RNA polymerase expression

47. Interpret the gel by analyzing the bands in different wells / lanes of the gel.
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e Ladder (well 1) gives details on relative mobility of various proteins across
the gel.

e Next 4 wells / lanes serve as controls to monitor the protein expression
profile during every step of the experiment.

o WHCL (well 2) includes soluble and insoluble (membrane-bound)
proteins, which will show up all along the well product migration and
looks fairly “dirty”.

= Adark band of T7 RNA polymerase protein should be visible.

o SCL (well 3) may look cleaner since membrane-bound proteins have

been removed, but all soluble proteins will still be visible.
= Adark band of T7 RNA polymerase protein should be visible.

o FT (well 4) should still contain soluble proteins, except T7 RNA
polymerase (which should be bound to the nickel resin), unless
insufficient nickel resin was used, or protein expression was
particularly good.

o W (well 5) should have least amount of protein but may still have
some T7 RNA polymerase if insufficient nickel resin was used, or if
protein expression was particularly good.

e Last 6 wells / lanes show expression profiles of T7 RNA polymerase in each
Elution step.

o Typically, Elutions 2 — 5 show the most target expressed protein.
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o Elutions containing largest bands of T7 RNA polymerase should be
collected for dialysis to get rid of imidazole, which was present in
buffers A, B, C, and D during the purification steps.

2.13  Protein Dialysis
48. If performing dialysis to remove imidazole:

e Prepare dialysis buffer (1x T7 Purification Buffer A) in a 1 L beaker with a stir
bar. (see Table 2.2, below)

e Pre-cool the dialysis buffer in a beaker at 4 °C.

e Pre-wet ~5 inches of dialysis tube in the dialysis buffer.

e Close an empty 1.5 mL Eppendorf tube onto a portion an end portion of
dialysis tube. Eppendorf tube serves as a flotation device to prevent the
dialysis tube from hitting the spinning stir bar on the bottom of the beaker,
potentially damaging the dialysis tube.

e Fold dialysis tube on one side a few times and place a clip on the folded
region.

e Add desired Elutions (E2 — E5) into the open side of the dialysis tube.

e Fold the open side of dialysis tube closed a few times and place a clip on the
folded region, ensuring that the seals on both sides of the tubing is tight so
that the protein does not leak out.

e Place the beaker on the stir plate at 4 °C and set the rate to ~100 rpm.

49. Change dialysis buffer 3 times total. Discard dialysis buffer down the sink. Rapid

dialysis buffer changes (less than 3 — 4 hours) are not recommended.
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e First dialysis buffer change is recommended at ~4 hours of dialysis. Most
imidazole will be removed during this step.
e One dialysis is recommended to run 12 — 16 hours (can be done overnight).
2.14 Determining protein concentration and preparation for storage
50. When dialysis is complete, carefully pipette out the contents of the dialysis tube
(containing T7 RNA polymerase) and place into an Eppendorf tube.
e Concentration of T7 RNA polymerase can be measured on NanoDrop 2000 at
280 nm at this time.
e Once the concentration of T7 RNA polymerase has been determined, protein
can be mixed with glycerol (50% v/v). Do NOT vortex the protein!
o Add same volume of glycerol to the Eppendorf tube with T7 RNA
polymerase.
o Pipette up and down slowly, many times, until and after the mixture
appears homogenous.
e *** Concentration of T7 RNA polymerase at this point is half of the protein
concentration measured just prior to mixing it with glycerol (50% v/v).
e |tis recommended to separate the newly prepared T7 RNA polymerase into
multiple Eppendorf tubes to minimize the freeze-thaw cycles and protect the
integrity of the protein.

e Storein-20°Corin-80 °C.



2.15

Recipes for T7 RNA polymerase purification buffers

Multiple buffers are prepared for lysing bacterial cells and purifying T7 RNA
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polymerase from the cell lysate (see Table 2.3, below). The main importance is the 5x T7

purification buffer A, because all other buffers, including those for dialysis, are made by

diluting buffer A to 1x concentration and either incrementally increasing imidazole

concentration or taking imidazole out of the buffer completely. Below are the recipes to

prepare all required buffers for T7 RNA polymerase expression, lysis, purification, and

dialysis.

Table 2.2: Reagent recipes for making various buffers for T7 RNA polymerase elution.

5x T7 purification Buffer A

Reagent amount final conc.
NaH,PO4¢H,0 30g 250mM
NaCl 146.1g 2.5M
ddiH,O | fill to 900mL

fillto 1L

"titrate"with NaOH to pH 7.50

T7 Lysis Buffer B

T7 Wash Buffer C

T7 Elution Buffer D

adjust to pH 7.50

adjust to pH 7.50

adjust to pH 7.50

Reagent amount final conc. Reagent amount final conc. Reagent amount final conc.
S5x [A] 40mL 1x [A] S5x [A] 10mL 1x [A] S5x [A] 10mL 1x [A]
1M Imidazole Al 20mM 1M Imidazole 25mL 50mM 1M Imidazole 25mL 500mM
stock pH 7.5 stock pH 7.5 stock pH 7.5
fill to 200mL fill to 50mL fill to 50mL
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CHAPTER 3: WORKING WITH NUCLEIC ACIDS

For most applications in the lab, the following steps are taken. DNA templates
and PCR primers are ordered from Integrated DNA Technologies (IDT). Transcription
templates are prepared by setting up PCR reactions and amplifying DNA templates for in
vitro transcription. Reverse complement RNA strands are produced by T7 RNA
polymerase via in vitro transcription process in Eppendorf tubes. RNA strands are then
purified by running them through a denaturing 8M Urea-PAGE (polyacrylamide gel
electrophoresis), bands containing presumed RNA product are cut out, and RNA
material is eluted with “crush & soak” buffer. Supernatant is collected and mixed with
100 % Ethanol, after which, Eppendorf tubes are placed in -20 °C freezer for RNA
precipitation. RNA strands are collected by further precipitating them on an
ultracentrifuge, followed by evaporation any lingering ethanol on SpeedVac apparatus
(used Labconco CentriVap micro IR Vacuum Concentrrator). RNA strands are
reconstituted with Ultra-Pure water and stored at 4 °C, or at -20 °C. Concentrations of
RNA strands are determined by measuring the absorbance values collected by
NanoDrop 2000 spectrophotometer and calculated using Beer-Lambert law.

3.1 RNA strand design

As in any project that employs nucleic acids (NAs), experiments are designed
first, which includes oligonucleotides to be used. An already used sequence of an RNA
fiber monomer strand 1 was taken as the basis to develop a simple hairpin to test
various sequence mutations of the KL binding region (see Figure 3.1, below, panel A).

The monomer, once it folds, has two KL regions (outlined in red and blue nucleotides in
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panels A and B), and a GFP antisense sequence starting with an orange U (uracil). The
sequence within and including the purple G (guanine) and C (cytosine) is removed for
the hairpin sequence (shown in Figure 3.1, below, panel B). The GFP antisense (as)
sequence region (extensively used in our previous works 7% 99-1%)can be used as a
toehold (sticky end) to attach oligonucleotide fragment to larger nanoconstructs or to
bind a complementary (RNA) strand for siRNA delivery into cells. A displacement strand
was designed to protect the GFPas toehold during testing the hairpin structures due to
self-reactivity of the sequence, where nucleotides (shown in Figure 3.1, below, in bold,
for GFP sequence regions) interact between each other. Similar situation is observed (in
NUPACK?® simulations) for the strand sequences shown in panels A, B, and C/D. This
should not be a problem as long those GFPas sequence regions are not displaced and

are protected by the GFP displacement strands.

A FiberKL hivl
5'- GGGAAUCCAAGGAGGCAGGAUUCCCGUCACAGAAGGAGGCACUGUGAC
To purchase:
B Template FiberKL hivl
5'- GTCACAGTGCCTCCTTCTGTGACGGGAATCCTGCCTCCTTGGATTCCC -3
c FWD_FiberKL hivl
5'- TTCTAATACGACTCACTATAGGGAATCCAAGGAGGCAGGATTC -3'
D REV FiberKL hivl
5'- GTCACAGTGCCTCCTTCT -3'

Figure 3.1: Sequence samples for RNA strand design. In panel A, original RNA fiber
monomer strand 1, featuring KL1 marked in bold letters. Panel B shows the DNA
template strand that would be ordered from IDT for synthesis. Notice that it is
complementary to the sequence in Panel A, where underlined, bold, and color-coded
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nucleotides are complementary. Panel C shows the Forward (FWD) primer sequence of
the FiberKL_hiv1 strand (in panel A), which is needed for synthesis of the double-
stranded (ds) DNA template. Region of the Forward sequence at the 5’-end, shown in
bold, is the T7 RNA polymerase promoter region, which promotes the transcription of
the strand by T7 RNA polymerase. Panel D shows the sequence of the Reverse (REV)
primer needed for the synthesis of the dsDNA template that is used to synthesize RNA
during in vitro transcription.
3.2 Preparing DNA template and primers for PCR

When RNA sequences are designed for a particular application, a DNA reverse
complement of the target sequence is determined and appropriate FWD and REV
primers are also determined. An order is placed to a company specializing in producing
synthetic oligonucleotides, such as Integrated DNA Technologies (IDT). Upon arrival of
the ordered strands they need to be reconstituted in Ultra-Pure water as synthetic
oligonucleotides arrive dry in the pellet form. The process of reconstituting pelleted
oligonucleotides is outlined below.
1. Centrifuge microcentrifuge tubes with dry DNA strands for 5 seconds before

opening.
2. Add 10 times the amount of Ultra-Pure water (in pL) than the amount of DNA strand
(in nmol).

a. *amount of DNA strand is usually listed on the microcentrifuge tube label.

b. ** ex.for 72 nmoles, add 720 uL of Ultra-Pure water to get ~100 uM strand.
3. Vortex the microcentrifuge tube and centrifuge briefly.

4. Prepare 0.2 uM DNA template by adding 1 pL of 100 uM template into 500 pL of

Ultra-Pure water. Label 1.5 mL Eppendorf tube(s) accordingly.
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a. ***for PCR use, DNA template is at 0.2 uM, while FWD and REV primers are
kept at 100 pM.
5. Keep onice (4 °C) if using supplies immediately, otherwise microcentrifuge tubes
can be stored in the freezer (-20 °C).
3.3 DNA amplification via PCR

As outline in the section above, DNA templates needed for in vitro transcription
need to be double-stranded and need to have a T7 RNA polymerase promoter region to
promote the transcription of the desired strands. Forward primer is the one that has the
T7 promoter region incorporated in it. When DNA template, FWD, and REV primers are
added to the PCR mixture (see Table 3.1, below, for the recipe to set up PCR), the
mixture is brought to 95 °C to melt any secondary structure that oligonucleotides may
assume, then the temperature slightly lowers to 94 °C, followed by a drop of
temperature to 55 °C of the annealing step (see Table 3.1, below, for the PCR protocol).
During annealing step, primers bind the DNA template. The temperature then is raised
to 72 °C for elongation step, where optimal conditions are set for Taq polymerase to
synthesize DNA. Temperature is then raised back to 94 °C for denature the double
stranded DNA, where the newly synthesized DNA strand is no longer bound to the DNA
template it was synthesized on. This cycle repeats for 30 cycles, where the number of
DNA strands is doubled every cycle of annealing, elongation, and denaturation. After 30
cycles of amplifying the DNA the thermocycler lowers the temperature to 4 °C for
storage. At this point the amplified DNA has the appropriate T7 RNA polymerase

promoter on the template strands for the transcription into RNA strands.
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Table 3.1: Reagent recipe for setting up PCR reaction (left), and protocol for setting up
Thermocycler program for PCR (right).

PCR Recipe | | Thermocycler Protocol
amount reagent # cycles | temperature |step duration
25uL  |2X MyTaqg Mix (from Bioline) 1 95°C 2 min
22 yL  |Ultra-Pure H,O (17.5-17.8 MQ-cm) 94 °C 1.5 min
1uL  ]0.2 uM DNA template 30 55°C 1.5 min
1uL  |FWD primer 72 °C 1.5 min
1yl |REV primer 4°C infinitely

1. Thaw all reagents and then place on ice (4°C).

2. Vortex and briefly centrifuge 0.2 uM DNA template(s), FWD and REV primers before
use, but do NOT vortex MyTagq™ Mix (from Bioline).

3. Label PCR tube(s) accordingly. Writing on top and side of PCR tubes is advised.

4. Add 25 pL of MyTaq Mix to each PCR tube.

5. Add 22 uL of Ultra-Pure water to each PCR tube.

6. Add1 puLof 0.2 uM DNA template, 1 uL of FWD primer, and 1 pL of REV primer to
each respective PCR tube.

7. Pipette up and down to mix the contents of each PCR tube. (do NOT vortex,
enzymes present!)

8. Place PCR tubes into the thermocycler, choose appropriate protocol, and start the
protocol run. The protocol takes about 3.5 hours. Samples can be held in the

thermocycler at 4 °C or can be placed at 4 °C elsewhere until DNA purification.
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34 DNA purification after PCR
After DNA has been amplified via PCR, it needs to be purified from excess dNTPs,
enzyme, and buffers. This can be done using DNA Clean & Concentrator™-5 Kit by Zymo

Research. The kit consists of a purification column, DNA binding buffer, and a DNA wash

buffer. DNA product from PCR is mixed with DNA binding buffer and then passed

through the purification column, where DNA is bound to the filter on the column. This
mixture can be passed through the column twice and the filtrate can be discarded. The
column is then washed with the DNA wash buffer to ensure that the filter of the column
is clean of the unwanted PCR reagents. Finally, DNA is released from the purification
column filter into a new Eppendorf tube by adding Ultra-Pure water. This step can also
be performed twice but keep the filtrate as it now contains the purified DNA (pDNA)
that can be used for in vitro transcription. This process is outline in the steps listed
below.

1. Labelfiltration column, collection column (or a 2.0 mL Eppendorf without the lid),
and two 1.5 mL Eppendorf tubes (with “pDNA” for purified DNA, sample name, etc.)
for each DNA sample to be purified.

2. Transfer (~50 pL) PCR-amplified DNA (for each sample) into corresponding 1.5 mL
Eppendorf tube(s).

3. Add 650 uL of DNA binding buffer to each Eppendorf tube with PCR-amplified DNA.

4. Vortex and centrifuge each Eppendorf tube briefly.



5.

10.

11.
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Place each labelled filtration column into respective collection column, and transfer
each (~700 puL) liquid from Eppendorf tubes onto respective filtration column. Do not
touch the filter with micropipette tip.

a. Alternative to steps 2 — 4, place filtration column into a 2.0 mL Eppendorf
tube, pipette 650 uL of DNA binding buffer into the filtration column, then
pipette ~50 pL of PCR-amplified DNA into the DNA binding buffer and pipette
up and down multiple times to well mix the contents.

b. Also, if 2x PCR (~100 pL) was prepared for the same sample, filtration column
can accommodate that volume also. May need to reduce DNA binding buffer
to 600 L (+ 100 pL of DNA product), due to filtration column volume
capacity.

Place each filtration/collection column in a tabletop centrifuge and spin at 10,000
rpm for 30 seconds, carefully, as there are no lids and contents may spill over.
Empty each filtrate liquid from collection column into liquid waste container. DNA
should be on the filter during this step.

a. Alternatively, filtrate can be passed through the filtration column again, steps
5-6.

Add 200 pL of DNA wash buffer to each filtration/collection column.
Centrifuge columns at 10,000 rpm for 30 seconds.

Repeat steps 7 — 9.

Remove filtration columns, throw away collection columns, and place filtration

columns into corresponding newly labelled “pDNA” 1.5 mL Eppendorf tubes.
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12. Add 50 pL of Ultra-Pure water onto filter of each filtration column. Do NOT touch
the filter with micropipette tip.

a. If~ 100 uL PCR product was used, then reconstitute with 100 uL of Ultra-Pure
water.

13. Centrifuge each filtration column / Eppendorf tube at 10,000 rpm for 30 sec. Turn
each Eppendorf tube cap towards the center of the rotor to reduce the chances of
caps being torn off by centrifugal force (tends away from rotor center; opposite of
centripetal force, which tends toward the rotor center).

a. Totryincrease filtered pDNA product, reconstituted pDNA product can be
passed through the filtration column again, steps 12 — 13.

14. Dispose of filtration column(s), close “pDNA” labelled 1.5 mL Eppendorf tube(s), and

place on ice (4 °C) for immediate use or store in the freezer (-20 °C).
3.5 PCR-product (p)DNA verification via agarose gel
After PCR reaction is complete, it is good to verify that it was successful.

Transcribing RNA in vitro is a time-consuming process and setting it up with

guestionable material will only disappoint. It is possible that one was distracted and did

not add all reagents into the PCR mix, or that the Taq polymerase was left out of freezer

and degraded. Verifying pDNA presence after PCR is a quick enough analysis and is
recommended. Recipe for making an agarose gel is listed below in Table 3.2 and the

steps to perform the analysis are outline below the table.
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Table 3.2: Reagent recipe for making a 1.5 % Agarose gel.

1.5% Agarose Gel |

1X TBE mL 50 100
Agarose

** microwave to boil

- bring to RT

Ethidium Bromide pL 1.25 = 1.45
Total Volume mL 50 100

1. Prepare a 1.5% Agarose gel (see Table 3.2, above).

a.

Set up a clean gel casting stand with an appropriate well comb.

Weigh 0.75 g of agarose in a weigh boat and place agarose into a 250 mL
Erlenmeyer flask.

Measure 50 mL of 1x TBE in a graduated cylinder and pour into the
Erlenmeyer flask. (A portion of 1x TBE can be poured down the weigh boat
(serving as a funnel) and into the Erlenmeyer flask to ensure that all agarose
was used. (see Table A.2 in Appendix A.2 for 10x TBE buffer preparation).
Microwave the mixture for ~45 seconds to boil the mixture and make sure
that the solution turns clear. Do NOT overheat the gel mixture as it will
splash out of the flask and much cleaning will be needed in the microwave.
Handle hot Erlenmeyer flask with heat-protective gloves.

Let the solution cool down on the benchtop until the heat is bearable to
touch by bare hand. (Do NOT get burned.)

Add 2.5 pL of ethidium bromide. Swirl the Erlenmeyer flask to ensure even

distribution of ethidium bromide throughout the gel mixture.



49

h. Pout the still warm and liquid gel mixture into the gel stand / mold. Ensure

that the gel is bubble-free by poking the air bubbles with a 200 uL pipette tip,
or by gently moving the air bubble toward the surface or to the side until
they disappear.

Once the gel is polymerized, remove the well comb and position the gel in

the gel rig appropriate for running the gel.

2. Agarose gel analysis

a.

Once the agarose gel polymerizes (it will become opaque), position the gel in
the gel rig appropriate for running and pour 1x TBE buffer to completely fill
the agarose gel in the gel rig.

e If the gel rig is adjustable, make sure that the gel rig is level with the
benchtop.

Prepare each pDNA (or other NAs) by mixing (1:3) with agarose loading

buffer (boromophenol blue, xylene cyanol, and glycerol)

e On a piece of parafilm, pipette 3 plL of agarose loading buffer and into it
pipette 1 puL of pDNA sample. Pipette up and down a few times to mix the
sample(s).

e If multiple samples are prepared, label each sample drop on the parafilm
with a sharpie and keep track where on the gel each sample gets loaded.

Load pDNA samples on the agarose gel. Close the lid and attach positive and

negative electrodes into their respective receptacles.
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e [f gel wells are on the side of the gel and electrode polarity is reversed,
pDNA samples will exit the gel and there will be no results to collect.

d. Setthe power supply on 120 V for 7 minutes.

e Make sure to set the timer, since some power supplies do not
automatically turn off, which will result in pDNA samples also leaving the
gel.

e. Once the gel run is complete, turn the power supply off and detach the

electrodes to avoid the possibility of getting shocked.

f. Place the agarose gel onto a paper towel and carry to the UV transilluminator

to visualize. Take a picture for records.

3.6 In vitro RNA synthesis using T7 RNA polymerase (“Transcription”)

In all living organisms, cells that contain DNA transcribe it to RNA, or at least
certain genes from DNA, depending on the type of cells and their stage in molecular life.
Viruses, although arguably considered alive, cannot replicate on their own, but rather
highjack cellular machinery to complete their replication cycle. Bacteriophages have a
specific T7 RNA polymerase which transcribes RNA well enough to catch interest. This
enzyme is used to perform in vitro transcriptions (in an Eppendorf tube) at 37 °C. Table
3.3, below, shows the recipe of what reagents are needed for initiating in vitro
transcription. To prepare the reagents needed for in vitro transcription use Table 3.4,

below. The process for in vitro transcription is outlined below the Tables.



Table 3.3: Reagent recipe for setting up in vitro transcription reaction.

Transcription Master Mix

reagent: concentration:  |amount:
Ultra-Pure water 10 pL
Transcription Buffer [5x 10 pL
rNTPs 25 mM each 10 pL
DTT (dithiothreitol) [100 mM 5uL
T7 RNA polymerase |3 uM 5uL
pDNA template 10 pL
Total amount 50 uL

Table 3.4: Recipes for preparing reagents for in vitro transcription reaction.

5x TB (Transcription Buffer)

MW (g/mol)| amount (g) [ C2 (mM) V2 (mL)
HEPES 238.3 0.9532 400
Spermidine| 145.25 0.0145 10 10
DTT 154.25 0.3085 200
MgClI2 203.3 0.2440 120

pH adjust to 7.5 with 5 M KOH or 5 M HCI

| DTT (dithiothreitol)

MW (g/mol)| amount (g) [ C2 (mM) V2 (mL)
|DTT 154.25 0.15425 100 10
pH adjust to 7.5 with 5 M KOH or 5 M HCI

rNTPs (ribonucleotide triphosphates)

MW (g/mol)| amount (g) [ C2 (mM) V2 (mL)

ATP 551.14 0.13779 25
CTP 527.12 0.13178 25 10
GTP 523.18 0.13080 25
UTpP 586.12 0.14653 25




3.6.1 Transcription Initiation
1. Turn on water bath (or heat block) to 37 °C.
2. Thaw all reagents and then place on ice (4°C). Leave T7 RNA polymerase in the
enzyme box until ready to use.
3. Label all 1.5 mL Eppendorf tubes with their respective sample names.
4. Add Ultra-Pure water, transcription buffer, rNTPs, and DTT to each Eppendorf tube.
Vortex and briefly centrifuge, while T7 RNA polymerase is not added to the mix.

a. Alternatively, prepare a Transcription Master Mix.

b. # of samples (50 uL volumes) + 1 volume = # transcription volumes

c. Add each reagent (see table/figure above) to an Eppendorf tube in multiples
of transcription volumes per reagent. Vortex and briefly centrifuge, while T7
RNA polymerase is not added to the mix, otherwise only pipette up and
down.

5. Add T7 RNA polymerase to the mix and pipette up and down only.

a. Alternatively, if Transcription Master Mix was prepared, add # of
transcription volumes amount of T7 RNA polymerase to the mix and pipette
up and down only.

b. Aliquot # of transcription volumes per Eppendorf tube sample.

6. Add pDNA template to the transcription mix and pipette up and down only.
e If multiple transcription volumes per Eppendorf tube were added, add same

# of pDNA volumes per tube.

52
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7. Place Eppendorf tubes on floater and into the 37 °C water bath or onto a 37 °C
heatblock that accommodates that size Eppendorf tubes for 3.5 hours.

e Alternatively, transcription reactions can be left at 37 °C overnight. Good
results were reported from teammates at 16 hours of transcription
reactions.**

3.6.2 Transcription Termination
1. Add 3 pL of RQ1 DNase (RNase-free) per each transcription volume per Eppendorf
tube, then pipette up and down.

2. Incubate transcription samples at 37 °C for another 30 minutes.

3.6.3 Transcription Purification via urea-PAGE

After in vitro transcription has been terminated, transcribed RNA strands need to

be separated from the mixture, which has excess ribonucleotides, degraded DNA
strands, T7 RNA polymerase, RQ1 DNase, and other reagents needed to provide the
appropriate environment for successful transcription reaction. For RNA strands to be
clean from all these contaminants (at this point), they need to be separated from the
rest of the components. This can be done via electrophoretic mobility on a denaturing
8M urea-PAG (polyacrylamide gel). All components can be separated by size, at which
point the RNA product can be cut out from the gel and eluted from it. Table 3.5
immediately below shows the recipe for reagents needed to make an 8M urea-PAG.
Steps outlining the process of performing transcription purification are listed below the

table.
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Table 3.5: Reagent recipe for making an 8M urea-PAG (polyacrylamide gel).

8M Urea PAG(E) |

10X TBE mL 3.5 5 10
20% AA / 8M urea mL 14 20 40
8M urea mL 17.5 25 50
% mix well ***

10% APS pL 350 500 = 1000
TEMED pL 17.5 25 50
Total Volume mL 35 50 100

1. Prepare 8M urea-PAG (polyacrylamide gel) using the recipe shown in Table 3.5.

a.

Gather appropriate supplies and equipment to cast the gel: two glass plates,
rubber gasket, two gel spacers (depth of spacers must match the depth of
the well comb to be used), well comb, four gel clamps, and a beaker to
accommodate the appropriate volume of gel solution.

Clean the glass plates and put together the desired gel plate assembly.
Prepare the appropriate amount of urea-PAG solution.

Pour gel solution into the gel assembly while holding the gel assembly in ~60°
tilted position as soon as all the reagents have been well mixed and place the
desired gel well comb into the gel assembly. Lay the gel assembly flat onto an

empty micropipette tip box to polymerize.

2. RNA purification via Urea-PAGE

a.

Set up gel rig by removing the clamps and gaskets from the glass plate
assembly.

Secure the medium or large C.B.S. Scientific gel assembly to the gel stand
with clamps.

Fill top and bottom chambers with 1x TBE buffer.
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Rinse all gel wells with a 60 mL syringe and a (blunt) needle.

Add 8M urea loading buffer (1:1) to each sample and mix by pipetting up and

down.

Load wells with transcribed samples, pipetting carefully not to cross-

contaminate the wells.

Cover buffer chambers with designated covers and plug gel rig into the

power source, matching positive and negative electrodes with their

appropriate receptacles.

e |[f electrodes are mismatched, RNA (or DNA) material will come out of the
wells into the top chamber and mix. This mishap will be irreversible.

Set the power supply on 25 — 50 watts and run the gel until the dyes

(bromophenol blue and xylene cyanol) have separated 4 — 5 inches.

3. Cut the RNA samples out from the gel

a.

b.

Once urea-PAGE is complete, turn the power supply off, unplug the
electrodes from the power supply, and remove buffer chamber covers.
Take the whole gel stand to the sink and pour out the running buffer, as it
will spill if the gel is removed from the stand before emptying the buffer
chambers.

Open the gel assembly and remove the gel. Place the gel onto saran wrap,

covering front and back of the gel.



56

e Be sure to orient the gel in a way that samples are easily identified upon
gel assembly breakdown. (bottom left or bottom right corner of the gel
can be cut off to designate gel directionality.

d. Place the saran-wrapped urea gel onto the TLC plate.

e. Visualize the gel in the dark with a handheld UV lamp. Write the details of
the gel directly on the saran wrap using a thin permanent marker. Sample
names, date, initials. A picture can be taken for records.

f. Trace around the presumed RNA product with a thin permanent marker.
Another image can be taken for records.

g. Appropriately label 2.0 mL Eppendorf tubes for each sample on the gel.

h. Place the labelled / marked gel on a plastic board and carefully cut out each
sample band with a scalpel or a precision blade. Be careful with sharp blades!

i. Place each cut out gel band in its respective Eppendorf tube and add 500 uL
of Crush and Soak buffer (see Table 3.6, below). *** Make sure that the gel
bands are covered in Crush and Soak buffer.

j. Place the Eppendorf tubes in the cold room (4 °C) overnight.

Table 3.6: Recipe for making Crush and Soak buffer. See Table A.2 in Appendix A.2 for
recipe to make needed reagents.

Crush and Soak buffer (300 mM Na*) |

C1 amount C2 V2 (mL)
5 M NaCl 5M 12 mL 300 mM
10x TBE 10x 20 mL Tx 200
ddiH,O




57

3.7 RNA precipitation and Recovery (Transcription Purification)

RNA product from cut out gel bands diffuses into the Crush and Soak buffer. It is
important to understand that if gel bands are too big or occupy a larger ratio of the total
(Crush and Soak + gel bands) volume, then proportionally to the total volume less RNA
product will have diffused into the buffer. If the ratio of gel bands to the total volume of
buffer is smaller, then the diffusion of RNA product is more efficient, experimentally. To
further separate RNA product from the buffer, ethanol is added to help it precipitate
while in cold conditions and further under centrifugal force. Steps outlining this process
are listed below.

1. Pre-cool 100% and 90% ethanol in -20 °C.

2. Transfer liquid from each sample (RNA sample in Crush and Soak buffer) from 2.0 mL
to newly labelled 1.5 mL Eppendorf tube.

3. Add 750 pL of cold 100% ethanol to each liquid sample in 1.5 mL Eppendorf tubes.
Vortex briefly. If sample is not vortexed, liquids will not mix and will freeze in -20 °C
freezer.

4. Placein the freezer (-20 °C) for 1 — 3 hours.

a. Alternatively, place vortexed samples on dry ice (~ -78.5 °C) or in -80 °C for
~5 minutes. Sample liquid will get very viscous (can be seen by tilting the
Eppendorf tube). Be sure not to freeze samples!

b. Combination of -20 °C and -80 °C can also be used. Keep samples in in-20 °C
for ~1 hour and -80 °C for ~ 5minutes. Recommended.

5. Pre-cool the large centrifuge, by turning on and setting to 4 °C.
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15.
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Transfer Eppendorf tubes into the cold centrifuge (set to 4 °C) and spin at 14,000
rpm for 30 minutes. Orient all Eppendorf tubes on the centrifuge rotor the same way
(rotationally, writing/label on cap right side up) to ensure that pellets form on the
same side of the tube in all the tubes.

e Make sure to keep the centrifuge rotor balanced!
After 30-minute spin, remove supernatant from each Eppendorf tube (leaving
behind 100 — 150 pL) with a P1000 micropipette being careful not to disturb the
pellet on the bottom of the tube.
Wash RNA product in each Eppendorf tube by carefully adding 900 uL of cold 90%
ethanol to each Eppendorf tube.
Spin the Eppendorf tubes in the cold centrifuge (set to 4 °C) at 14,000 rpm for 10
minutes.
Repeat steps 8 — 9 again.
After two washing RNA products with 90% twice, remove supernatant, leaving
behind 50 — 75 pL (or can be less, as long as the pellet is not disturbed).
Pre-heat Speed-Vac to 55 °C.
Place Eppendorf tubes with samples into the Speed-Vac with opened caps.

e Make sure to keep the Speed-Vac rotor balanced!
When samples are dried, remove from Speed-Vac.

e Samples can be kept dry in the cold room (4 °C) for some time.
Reconstitute each RNA sample in 30 uL Ultra-Pure water. Vortex well and briefly

centrifuge.
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16. Place RNA samples temporarily on ice (4 °C) or store in the freezer (-20 °C).

3.8 Measuring nucleic acid concentrations on NanoDrop 2000 spectrophotometer

To use nucleic acid samples for various applications, determine their

concentration. Measure their absorbance on NanoDrop 2000 spectrophotometer. Get
respective extinction coefficients of each of the oligonucleotides. Use the Beer-Lambert
law 197 (A = £ c I) to calculate the concentration of each sample, where A is the
absorbance value at 260 nm, € is the extinction coefficient ( L/(mol*cm) ), cis the
concentration of the sample (M), and | is the pathlength (cm). Process of measuring the
nucleic acid absorbance is outlined below.

1. Turnon and login onto the computer that has NanoDrop 2000 software interface.
Open the software interface. Make sure that NanoDrop 2000 spectrophotometer is
on and responding.

2. Select the option to measure absorbance of “Nucleic Acid”. Allow the instrument to
perform a routine wavelength verification. Make sure that the sampling arm is
lowered. Select the type of nucleic acid to be sampled (RNA or DNA).

3. Make sure that the stage or pedestal in clean by wiping it with Ultra-Pure water and
a Kim Wipe.

4. Perform a “Blank” by pipetting 1.0 — 1.5 pL of Ultra-Pure water (or can be the
solution in which a sample is dissolved) onto the lower pedestal and carefully lower
the sampling arm. Click “Blank” in the upper left corner of the software interface. A
blank measurement will be performed to set the reference absorbance of the

solution of the sample.
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5. Wipe of the top (on the sampling arm) and bottom pedestals with a Kim Wipe. Make
sure to keep the stage / pedestals clean after every sample measurement.

6. Measure the absorbance of the sample by pipetting 1.0 — 1.5 uL of sample onto the
lower pedestal. Carefully lower the sampling arm, input the sample name, and click
“Measure” in the software interface.

7. Calculate the concentration of the sample. Collect the absorbance values from the
software interface at 260 nm, as nucleic acids absorb light at that wavelength, and
the extinction coefficient of the specific oligonucleotide. Use Beer-Lambert’s law to
determine the concentration of oligonucleotides.

3.9 General Assembly Protocol
An experiment is typically designed, and layout prepared in Microsoft’s Excel
spreadsheet. RNA strands are thawed and/or placed on ice (4 °C) from their storage.

RNA strands are mixed together according to the prepared spreadsheet in appropriate

stoichiometric ratio in water. Eppendorf tube with mixed RNA strands is placed on a

heatblock at 95 °C for 2 minutes. The purpose of heating up the mixture is to break all

intra- and intermolecular hydrogen bonds of the nucleic acid strands. After that, the
tube is placed immediately on ice for 2 minutes, a step called “snap-cooling”. The
purpose of this step is to induce individual strands to “self-hybridize” and assume their
intended secondary (2°) and/or tertiary (3°) structure. After 2 minutes on ice, 5X AB

(assembly buffer) is added to the Eppendorf tube in the amount of 20 % of final volume

to achieve a final 1X concentration of AB. The purpose of this step is to introduce metal

ions, Mg?* in particular, to stabilize RNA molecules in areas of interactions, such as in
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kissing loops and complimentary sticky end interactions. Depending on nanoparticles
designed, final mixtures may need to be incubated at 30 °C, 45 °C or another
temperature, to further allow the structures to assume their final intended
conformations and be stabilized, after which the mixture can be stored at 4 °C or be
frozen at -20 °C or even -80 °C for shipping. Typical concentration of assembled product
is 1 uM. Volume of assembled product is more variable due to applications but can be
between 5 and 50 L. Salt concentrations of different buffers and of the assembly are

shown in the Table 3.7 below.

Table 3.7: Assembly Reagents and their concentrations. See Table A.2 in Appendix A.2
for preparation of needed reagents.

| native Assembly, Loading, and Running Buffers |

5x AB Assembly 1x LB 1x RB
Tris-Borate [(89 mM)*5( 89 mM 89 mM 89 mM
Mg?* (2mM)*5| 2mM 2mM 2mM
K* (50 mM)*5 50 mM 50 mM -
Glycerol - - 30% viv -

3.10 Assembled structure verification via native-PAGE
After assembling various nanoconstructs (that have secondary and/or tertiary
structure) out of nucleic acids, the assembly of those structures needs to be confirmed.
Assembled samples can often be seen via atomic force microscopy (AFM), which takes
time to ship to a laboratory that can perform the analysis and can be costly. In a more
widely accepted, practical and cheaper approach, assembled NA structures can be

visualized via native-PAGE (polyacrylamide gel electrophoresis), where native conditions
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(especially salt conditions) of the assembly are preserved throughout the process. See
Table xx above to trace the salts and metal ion concentrations starting at the assembly
buffer (5x AB), to the assembly, next to the loading buffer (1x LB), to the running buffer

(1x RB). Recipe for making an 8% native-PAG can be seen in Table 3.8 below.

Table 3.8: Reagent recipe for making an 8 % native-PAG (polyacrylamide gel).

| 8% native-PAG(E), 2mM MgCl, |

ddiH,O mL 7 10.5 24.5 35
40% AA** mL 2 3 7 10
10X TB mL 1 1.5 3.5 5

1M MgCl, pL 20 30 70 100
*** mix well ***

10% APS uL 100 150 350 500
TEMED pL 6 9 21 30
Total Volume mL 10 15 35 50

After nanoparticles are assembled, their assembly integrity is verified by running
the samples on gel electrophoresis apparatus. Native-PAGE (8% acrylamide :
bisacrylamide) is often used for this application, with 2 mM divalent (Mg?*) magnesium
ions. In native-PAGE analysis, native conditions for assembled nanoparticles is preserved
to retain their assumed conformation(s). Sample of assembled nanoparticles is mixed
(often 1:1 ratio) with 1x LB. The purpose of adding LB to the sample is for the sample to
better sink into the well when it is loaded onto the gel.

When the gel apparatus is assembled, it is pre-run for 5 minutes at lower power
to ensure a more even salt/ion distribution throughout the gel. The sample is then

loaded into the well of a gel and apparatus turned on. To produce a crisper gel band
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upon visualization, slow gel run start can be performed to allow the sample to
“compress” in the well before turning up the power to the intended setting.
Alternatively, to produce sharper gel bands, a lower amount but higher concentration
sample can be used. A typical native gel is run at 300 V, 150 mA and an appropriate time
at 4 °C (in the cold room), depending on the sample molecular weight. The rate of
sample band migration through the gel can be observed with the help of loading buffer
dyes. These dyes can interfere with visualization of the gel, in which case 1x LB can be
prepared dye-free.

Once the gel run is complete, it is removed from the glass gel sandwich and
stained with either ethidium bromide (EtBr) or SYBR green dyes. Typically, a native gel is
stained with ethidium bromide by placing the gel in a glass basin and pouring dilute EtBr
solution over the gel to totally submerge the gel for about a minute. After staining, pour
EtBr into appropriate EtBr disposal container (do NOT pour down the drain). Rinse the
native gel with ddiH,0 and also dispose of this rinse water into the EtBr waste disposal.
These intercalating dyes help expose the sample bands when visualizing the gel on the
UV transilluminator, such as a ChemiDoc. Be careful with ethidium bromide not to

breathe its fumes or get on skin as it intercalates DNA and is a mutagen.1%®
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CHAPTER 4: KISSING LOOP PROJECT DEVELOPMENT

4.1 Active KL region sequence selection

To expand the library of KL sets, HIV1 and HIV2 strands from RNA fibers 77 was
taken as the basis. There are 9 nucleotides on each KL that participate in a KL interaction
forming a complex, where there are 6 nucleotides on each KL that interact via hydrogen
bonding and two and one flanking adenines support by stacking interactions. These 6
active nucleotides were mutated to expand the KL complex sets. Since each of the 6
nucleotide (nt) positions in the sequence can be one of 4 bases, there are 4,096 (4° =
4*4*4*4*4*4) different ways they can be arranged. That does not mean that all 4,096
possibilities are unique, since some of those are palindromic. For complementary
sequence selection, the amount of combinations is even less, since for every 6nt

IH

sequence there exists its reverse complement in the same “pool” of possible 6nt
sequences. It is important to remember that the 6nt sequences are directional in terms
of 5’ to 3’ NA sequence directionality, which expands the combination possibilities.
There are websites that can generate sequences with given criteria, such as using
4 different letters (A, C, U, and G, for nucleotides) for each position (or placeholder) and
specifying the number of positions to mutate. Alternatively, this pool of sequence
combinations can be produced manually, provided that no sequence duplicates were
made in the process. This generated 6nt sequence pool can then be used to select
potential 6nt sequences from it, given that certain selection restrictions can be applied.

The restrictions applied on 6nt sequence selection were:

e sequences should be GC-rich, where 5 of 6 nucleotides are either G or C,
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e keep G or C nucleotides on the “edges” of the 6nt sequence (1% or 6 position), due
to G = C base pair having three hydrogen bonds, compared to A = U having only two,

o (only held true for half of the selected sequences)

e there should be no more than 2 consecutive identical bases in a 6nt sequence,

o (only held true for half of the selected sequences)

e each mutated 6nt sequence should differ from another potential 6nt sequence by at
least 3 consecutive base-pair forming nucleotides.

o Thatis, if a potential 6nt sequence when analyzed to see if it can
complementary bind to the target sequence (the sequence checked against),
that it does not potentially form at least 3 consecutive base pairs.

The KL sequences, HIV1 (5'-CAAGGAGGCAG) and HIV2 (5-CAAGCCUCCAG), used
in RNA fibers 77 were taken as the basis, where the 6 hydrogen bonding base positions
(shown in black and bold) were mutated. All 6nt sequences were selected and checked
for inter-compatibility manually. Total of 32 6nt sequences were selected, for a total of
16 sets (see Figure 4.1, below), and one control strand with all adenine nucleotides on
the 6nt KL region (5’-CAAAAAAAAAG). Selected 6nt sequences (Table 4.1, below) were
then inserted into modified KL_1_GFPs (sense) sequence, derived from RNA fibers (see
Figure 4.1, on p65). DNA templates and their PCR primers were ordered from IDT. RNA

strands were produced via in vitro transcription.
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Table 4.1: 16 sets of mutated KL sequence regions selected for testing. Name of each KL
was shortened from KL1_GFPs to 1, respectively, since this figure only shows the
mutated sequence regions of the KL hairpin strands. See Table A.1 in Appendix A.1 for
full hairpin KL sequences.

[s'- caneeaceeac| 1 + 2 [5'- caacecuccac| [5'- canueeeeerc| 9 + 10 [5'- caacccaeanc
[s'- carceeagceac| 1'+ 2' [5'- caaccuccerc| |5'- caneeeeguac| 9'+ 10 [5'- caaaceeccac
[s'- caneceeacag| 3 + 4 [5'- cangucceerg| |[5'- canuceegerg| 11 + 12 [5'- caaccccGang
[s'- caacaceceng| 3'+ 4 [5'- canceccueac| [5'- caneeeecuac| 111+ 12'[5'- canacecceac
[s'- carcegeueag| 5 + 6 [5'- caacaceaeac| [5'- caaueecceac| 13 + 14 [5'- canceeaeanc
[s'- carguceeeag| 5'+ 6' [5'- caaceceacac| [5'- caaccecguac| 13'+ 14'[5'- CARACGGGGAG
[s'- caneeeaeng| 7 + 8 [5'- canccueeeac| [5'- canucecceac| 15 + 16 [5'- canceeceanc
[s'- caneeacceng| 7'+ 8' [5'- caaceguccac| [5'- cancceecuac| 15+ 16'[5'- canaceeeeac
4.2 KL nomenclature

The basis for KL project were FiberKL_hiv1 and FiberKL_hiv2 strands from RNA
fibers, which contain KL1 and KL2, yielding one KL set. For KLs of the same number (i.e.
KL1 and KL1’, ...) interior 6nt sequences were reversed in 5’ = 3’ directionality; the
number of each KL was kept, but to denote the difference between the two alternate
sequences a hyphen (“prime”) was added to each 6nt-sequence-reveresed KL. For
example, where KL1 has the sequence 5’-CAAGGAGGCAAG, KL1’ (“prime”) has the
sequence 5’-CAACGGAGGAG. All of the KL sequences were named in this manner, for
now.

4.3 Hairpin design

To test the new KL sets, a GFPas-functionalized RNA fiber monomer was used as

a basis Figure 4.1, left panel). The 5’-end sequence of the “dumbbell” monomer from
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the RNA fibers was kept and 3’-end of the monomer was removed, keeping the HIV-like
motif intact. Furthermore, a GFP sense (GFPs) sequence was added at the 3’-end of the
structure in place of GFPas toehold (Figure 4.1, right, and Figure 4.2, panel B), resulting
in a hairpin structure with a toehold. Two uracil bases separate the hairpin from the GFP
toehold sequence to allow flexibility the toehold when bound to its complement
sequence. A GFPas displacement strand serves as a placeholder to prevent formation of
any undesirable secondary structures on the toehold (sticky end) end of the hairpin.
GFPs toehold on the structure would allow to test these hairpin monomers with existing
nanoring ° monomer strands, and further allow them to be used as linkers to attach

nanorings %% or nanocubes ¥ 199 to a fiber structure via the GFP sticky ends.

Figure 4.1: Secondary structure of a functionalized RNA fiber and KL hairpin. Secondary
structures of HIV1_GFPs strand (left), and HIVO_GPFs strand (right) produced by
NUPACK10®,
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FiberKL hivl GFPas (77nt)
A 57 - GGGAAUCCAAGGAGGCAGGAUUCCCGUCACAGAAGGAGGCACUGUGACUU
GGUGGUGCAGAUGAACUUCAGGGUCA-3’

KL1 GFPs (54nt)

B [57- GGGAAUCCAAGGAGGCAGGAUUCCCUU
GACCCUGAAGUUCAUCUGCACCA -3’
C |3’- CTGGGACTTCAAGTAGACGTGGT -5’ GFPasDS (27nt)

GFPasDisplaceStrand (27nt)
57— TGGTGCAGATGAACTTCAGGGTCA -3’

Figure 4.2: Template for hairpin strand sequence and its development. (see Figure 4.1)

e Inpanel A, original RNA fiber monomer strand 1, featuring KL1 marked in bold, red
letters, and GFP antisense sequence (starting with an orange U) and ending in 3
bold, green nucleotides. The GFPas sequence can self-interact, highlighted with bold,
green nucleotides and two bold interior C and G nucleotides.

e In panel B, modified hairpin sequence has only one kissing loop (from the 5’-end of
the sequence) and a GFP sense (opposed to GFPas) sequence, starting with an
orange U and ending with 3 bold, orange nucleotides. Region within the sequence
starting at purple G (guanine) and ending at purple C (cytosine) in purple within the
sequence of panel A has been removed for sequence of panel B. This resultant
strand (panel B) would form the hairpin structure with the “top” portion of the
strand sequence, and a toehold (sticky end) with the “bottom” portion of the strand
sequence.

e Sequences in panels Cand D are the same, except they are shown in different
directions. By convention, nucleic acid sequences are listed in a 5’ to 3’ direction,
except in panel Citis listed in opposite direction to more easily see that the 27nt
Displacement Strand (in panel C, and D) is complementary to the 3’ end of the
sequence in panel B.

4.4 Kissing Loop crossTalk Results Matrix design

When checking KL1 against other 31 KL monomers, plus three controls, 34 wells would

be needed on a single gel (or a gel can be separated in multiple smaller gels), where the

maximum number of wells on a large gel is 20 wells, thus creating a problem. Bigger

problem arises in the arrangement of samples for analysis on gels. When looking at the
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subsequent gel setups, every next gel would have already checked for one of the
previous combinations, that is, KL2 no longer needs to be checked against KL1, but
rather KL3, KL4, etc. In this manner, the next gel would need three controls and KL2
monomer checked against 30 KL monomers, for a total of 33 wells. The following gel
would need 32 wells, 31 wells, 30 wells, etc., until some of the last gels would need only
a few or just one well and combining combinations in this manner was undesired. The
results would then look like a linear algebra matrix in echelon form of (a diagonal
triangle) (see Table 4.2, below). Another issue with the KL combination matrix in Table
4.2 is that when each KL is crossed with every KL in the KL “pool”, every uniquely
crossed KL combination shows up twice in the matrix (see the grayed out bottom “half”
of the matrix in Table 4.2, in darker gray). The two sections about the echelon diagonal
contain the same KL combination sets. Also, every KL mixed with itself is grayed out in
dark gray, since mixing KL 1 with KL1 (KL1 + KL1) is not really mixing it, but rather just
adding more of the same strand to the mix. These combinations were grayed out
because they were removed from the combination matrix.

To simplify the matrix by removing redundant KL combinations, all
“homogeneous” (KL non-prime + KL non-prime, or KL prime + KL prime) KL combinations
were selected for in the top section of the matrix (see Figure 4.4) from the
“heterogeneous” (KL non-prime + KL prime, or KL prime + KL non-prime) KL
combinations which were selected for in the bottom section of the matrix. All selected
KL combinations were kept in their positions, while non-selected KL combinations were

deleted. Selected KL combinations from the matrix were then slightly rearranged (see
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Table 4.3, below) which yielded a roughly the same amount of combination sets to test
in every row and column. This set up is much easier to arrange in gel analysis, and much
easier to see the organization of data than without the matrix. The matrix arrangement
may be complicated, but is very organized, and may be a work of art in itself. It makes
seeing the crossTalk data immensely easier to analyze. Upon analysis of the KL
numbering trends, any needed combination can be easily found on the matrix. The main
body of the matrix contains 496 unique KL combinations, not counting the 16 redundant

combinations, all the controls, and the initial KL monomer tests.

Table 4.2: Initial KL crossTalk combination matrix. KL combinations in darker gray are
redundant (due to self-combination) and are later removed (see Figure 4.3, below).
Combination sets above and below the diagonal contain duplicate KL combinations that
will need to be removed also due to redundancy.

I O I I I N O I I I o I I I
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Table 4.3: Reduced KL crossTalk combination matrix. Self KL combinations (from dark
gray cells, see Figure 4.2, above) are removed. “Heterogeneous” KL combinations are
removed from the combination “pool” above the dark diagonal cells, and
“homogeneous” KL combinations are removed from the combination “pool” below the
dark diagonal cells.

T [s[e o] [ 7 [s s s wlw][n v elw]s]w][w][w]s]s]w]w]
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4.5 KL strand crossTalk experiments

This experiment was set up to check strand inter-compatibility as a group of KL
sets to be used simultaneously, and to assess whether crosstalk between KL strands
exists and how much. As mentioned above, strand KLO was designed as a negative
control and was meant to not interact with any other KL strands. Each KL strand (KL1,
KL1’, KL2, KL2’, etc.) was tested against every KL strand separately in an Eppendorf tube
to visualize whether they only interact as intended (KL1 + KL2, KL3’ + KL4’, etc.) or there
is crosstalk present as in KL4” & KL9’ interacting, when they were not supposed to (see
Table on p64). Each KL strand having a GFPs toehold (for future use) was mixed (1:1)

with a 27nt DNA displacement strand, which binds from the 3’ end of each KL strand
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(see Figure 4.1, right). The purpose of the 27nt displacement strand is to bind to the
GFPs toehold to prevent unwanted secondary structure formation and help with gel
staining. GFPs toehold on the KL strands is not required for testing crosstalk, but it
greatly helps visualize KL strands with ethidium bromide total staining, and it gives an
option to easily utilize them with other projects.
4.6 Methods for crossTalk experiments

Concentration of purified RNA strands in primary stocks was determined using
the NanoDrop 2000 spectrophotometer. Although micropipettes are accurate
instruments, they require calibration on regular intervals, and their accuracy may have
inaccuracies. Using primary stocks of RNA material to assemble nanoconstructs may add
inaccuracies, since every amount of liquid pipetted will require adjustment of the
micropipette. This introduces two major issues: 1) frequent micropipette volume
adjustments adds tedious work, take time, and slowly “wears out” the calibration of the
micropipette, and 2) frequent micropipette volume adjustments add to the pipetting
error, resulting in less accurate fluid additions into the assembling mixture. For this
reason, secondary RNA stocks were prepared, where every fluid addition to the mixture
would be at the same volume (with few exceptions). This prevents using different
pipettes (which may introduce their own systemic errors), where a specific micropipette
would be the only instrument in use throughout the experiment, minimizing the overall
error in pipetting aliquot volumes.

RNA molecules are much more sensitive to temperature and may spontaneously

hydrolyze bonds,**° for which reason RNA samples are best kept on ice (at 4 °C) during
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benchtop work with them. For crossTalk experiments the working volumes of each final
assembly were 5 uL, which may be very sensitive to any environmental conditions.
Liquid aliquots may evaporate much faster, Eppendorf tube temperatures may play a
role, keeping the lids of Eppendorf tubes open or closed, and reagent aliquot
temperatures may be important in preservation of sample integrity. For these reasons
multiple “safety approaches” were implemented. Plenty of ice was readily available to
keep secondary stocks cold. Empty 1.5 mL Eppendorf tubes were labelled appropriately
for each assembly and placed on ice to pre-cool. Ultra-Pure water (endotoxin-free) used
for assembly was precooled on ice prior to assembly, to ensure that the RNA samples
were added into water of the same temperature as RNA sample aliquots. Assembly
buffer (5x AB) was also pre-cooled on ice prior to its addition to the mixtures to ensure
isothermic conditions upon snap-cooling (at 4 °C) of samples right after melting step (at
95 °C), which may alter the dynamics of assembling molecules that need reduced
entropy during this step.!!! After assembly of samples and before their loading onto a
native-PAG, samples were mixed with loading buffer, which was also pre-cooled on ice
to ensure isothermic conditions and to reduce temperature fluctuations.

Native polyacrylamide gels (native-PAGs) were prepared fresh for every
assembly, typically in sets of 2 or 4, depending on availability of equipment. Gels were
prepared in sets to ensure that the results would be as similar between gels as possible.
Gels polymerizing for different duration of time may behave slightly different; this may
happen if gels are not completely polymerized, due to short polymerization time

allotted or when integrity of certain reagents is questionable or compromised.
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Since RNA dimers are very small, 19:1 acrylamide to bisacrylamide (A:bisA) was
selected for use, respectively. All gels for crossTalk experiments were 8% native-PAGs
using 19:1 A:bisA and having a 2 mM Mg?* ion concentration.

All RNA monomers prepared for these experiments were prepared at the final
concentration of 1 uM, and all RNA dimers were prepared at the final concentration of
0.5 uM. This ensures that using same volumes to load onto the gels results in equal total
RNA (or nucleic acid (NA) for that matter) content per well. If total NA content per well
is not equal, then bands in different well lanes do not stain equally, resulting in some
bands (with more NA content in that well lane) showing up dark and other bands (with
less NA content in that well lane) showing up light upon visualization. This may result in
issues when imaging the gel in terms of adjusting contrast and brightness of the whole
gel. Therefore, ensuring that total RNA (or NA) content per each loaded well reduces the
potential issue upon total gel staining with ethidium bromide and subsequent imaging
of the gel on ChemiDoc™ MP Imaging System.

4.7 Kissing loop Tm determination

It is important to know the stability of various components to construct a stable
and reliable nanoparticle or nanoconstruct that would have predictable characteristics,
because that can be used as a leverage in controlling the dynamics, biodistribution or
cargo release from the nanoconstruct. For this reason, the melting temperature (Tm) of
KL complexes needed to be determined. Thermal-gradient gel electrophoresis (TGGE)
apparatus was available to perform that task (see Figure 4.3, below). It has a unique

horizontal platform with a thermal block for gel placement with integrated heating
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elements that can heat the platform in a gradient fashion, where temperature can be
set within 30 °C ranging from left to right of the platform. The lower temperature is
limited by environment (room temperature, or possible cold room) and upper
temperature is 80 °C, which may potentially be a problem as the integrity of the gel may
be compromised at that temperature. The thermal block also has two removable and
orientation adjustable buffer containers that can be positioned to be on north and
south, or on east and west positions of the thermal block platform. There are different
gel positions and orientations that can be set up, which are provided in the
manufacturer’s apparatus manual. The apparatus also has a unique power source that
needs to have a custom program protocol set up to run different nanoconstructs on the
gel. A native-PAG positioned on the thermal block is shown below in Figure 4.4, left. The

same gel visualized under UV is also shown below in Figure 4.4, right.

Biometra
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Figure 4.3: Temperature-gradient gel electrophoresis (TGGE) apparatus during an active
experiment. On the left is the power source, and gel platform with thermal block is on
the right.
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Figure 4.4: TGGE thermal block and a sample native-PAG. Sample native-PAG positioned
on the TGGE thermal block (left), and the same gel stained with ethidium bromide and
visualized on UV transilluminator ChemiDoc (right).
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CHAPTER 5: RESULTS AND DISCUSSION

5.1 Results from in vitro transcription optimization

To verify and optimize the transcription recipe in use by the lab an experiment
was performed altering the standard recipe for in vitro transcription, or RNA synthesis
using T7 RNA polymerase. Typically, T7 RNA polymerase is added a standard amount of
5 plL per 50 uL of transcription reaction. Questioning whether rNTPs are also overused
and what the optimal amount of T7 RNA polymerase per reaction is, an experiment was
set up. rNTP amounts were varied from 1 uL to the standard 10 uL additions, and a
newly in-house produced T7 RNA polymerase amounts were varied from 0.5 pLto 5 uL
per 50 uL transcription reaction, while keeping all other conditions constant.

Curiosity about concentrations between the in-house expressed T7 polymerase
and the commercially available T7 RNA polymerase (by Promega) necessitated further
investigation. Commercially available T7 RNA polymerase was found to be at 31.79 uM,
compared to the in-house expressed T7 polymerase which was at 37.86 uM. The in-
house expressed T7 polymerase was later mixed with glycerol (50 % v/v), which reduced
the concentration by half. The blank to measure the concentration of both enzymes was
prepared by mixing 1x T7 Purification buffer A with glycerol (50% v/v) to give the
baseline absorbance to the NanoDrop 2000 spectrophotometer.

Results from this experiment confirmed that rNTP amount of 10 uL (25 mM each
nucleotide) is the best amount to use, given the RNA product yields using those
amounts (see Table 5.1 and Figure 5.1, below). In regard to T7 RNA polymerase optimal

concentration per transcription reaction, results of this experiment suggested that using
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produced better RNA product yields (see Table 5.1 and Figure 5.1, below). Based on

these results the best concentration of T7 RNA polymerase per 50 ulL transcription

reaction may be out of scope of the designed experiment, which may need another

optimization to determine the optimal concentration. With the conditions tested best

final T7 polymerase concentration per transcription reaction was 0.2 uM of the enzyme,

while all other conditions were as currently accepted and used by the lab.

Table 5.1: In vitro transcription optimization recipes.

[T7 RNA pol )] TZRNA pol. | ['NTPs] rNTPs
sample (pM)p amount(ppL) (mM each) | amount (pL) Trx Vol (ub) | ToxT7p (M) [uM]
strand A 18.93 0.5 25 1.0 50 0.2 2.79
strand A 18.93 0.5 25 2.0 50 0.2 15.51
strand A 18.93 0.5 25 5.0 50 0.2 31.58
strand A 18.93 0.5 25 10.0 50 0.2 149.14
strand A 18.93 1.0 25 1.0 50 0.4 3.44
strand A 18.93 1.0 25 2.0 50 0.4 12.04
strand A 18.93 1.0 25 5.0 50 0.4 30.28
strand A 18.93 1.0 25 10.0 50 0.4 82.52
strand A 18.93 2.0 25 1.0 50 0.8 2.68
strand A 18.93 2.0 25 2.0 50 0.8 9.97
strand A 18.93 2.0 25 5.0 50 0.8 25.98
strand A 18.93 2.0 25 10.0 50 0.8 73.75
strand A 18.93 5.0 25 1.0 50 1.9 2.00
strand A 18.93 5.0 25 2.0 50 1.9 5.41
strand A 18.93 5.0 25 5.0 50 1.9 24.12
strand A 18.93 5.0 25 10.0 50 1.9 50.17
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Figure 5.1: In vitro optimization RNA product yields at different conditions. Results are
based on one experiment replicate.

5.2 Results from T7 RNA Polymerase Optimization for in vitro transcription

The previous T7 RNA polymerase optimization experiment required further

investigating into the optimal T7 polymerase concentration per transcription reaction.
After another in-house T7 RNA polymerase expression, another optimization
experiment was devised. Although the initial T7 polymerase concentration was
calculated to be 64.46 uM, a small secondary stock of the enzyme was prepared at 10.0
UM to be able to test lower final enzyme concentration per transcription reaction. Final
enzyme concentrations per reaction were tested from 0.1 uM to 0.8 uM of T7 RNA

polymerase. This time, a peak in RNA product yield can be seen at ~ 0.3 uM final T7 RNA

concentration (see Table 5.2 and Figure 5.2, below), where all other conditions were



held constant. These findings may need to be repeated multiple times and with

different samples to confirm.

Table 5.2: T7 RNA polymerase optimization recipe for in vitro transcription.
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[T7 RNA pol.]| T7 RNA pol. [rNTPs] rNTPs
sample (M) amount (uL) | (mM each) | amount(pL) Trx Vol (ub) | ToxT7p (M) [uM]
strand A 10.0 0.5 25 10.0 50 0.1 85.95
strand A 10.0 1.0 25 10.0 50 0.2 99.07
strand A 10.0 1.5 25 10.0 50 0.3 108.79
strand A 10.0 2.0 25 10.0 50 0.4 105.64
strand A 10.0 2.5 25 10.0 50 0.5 98.01
strand A 10.0 3.0 25 10.0 50 0.6 93.78
strand A 10.0 3.5 25 10.0 50 0.7 94.83
strand A 10.0 4.0 25 10.0 50 0.8 82.38
T7 RNA Polymerase Optimization
120.0
100.0
__ 800
=
=
é 60.0
e
a
<
z
40.0
20.0
0.0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
Trx T7p (UM)
strand A Poly. (strand A)

Figure 5.2: RNA product yields from T7 RNA polymerase optimization. Results are based
on one experiment replicate.
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5.3 Color code decryption of crossTalk Results Matrix

Each of the kissing loop crossTalk experiments is extensive and generates lots of
data on many native gels. A system needed to be developed to represent the
electrophoretic mobility of nanoconstruct species on the gel and for all data to be
readily available for viewing at one time. Each repeat of the crossTalk experiment was
either 34 or 68 gels, depending on the size of gels used. It is very difficult to view all gels
at one time to analyze data, for which reason a matrix was developed. When analyzing
each of the gels, it was necessary to develop a system report each KL interaction as
intended or not intended. A matrix or a chart has many cells, where each cell of the
matrix represents a reaction of two different KLs (see Tables 5.3, 5.4, A.3.1, and A.3.2;
the latter 2 tables are in the Appendix). The green color designates an intended/desired
(predicted) KL interaction forming a dimer, and the red color designates an
unintended/undesired (not predicted) KL interaction, where the assembly product
migrates through the native gel almost identical to the migration of an intended
assembly product (a hairpin dimer) (see Figure 5.3, below). A range of shades from red
to pale yellow are in decreasing degree of KL monomer interactions, cross-reactivity, or
crosstalk. Non-colored cells represent a failed addition of 27nt displacement strand,
where assembly products are difficult to visualize. It is difficult to see interactions
lacking the displacement strand because it can act as a placeholder in a sticky end
region and form double stranded (DNA-RNA) region, which can be intercalated by
ethidium bromide dye that is used for gel visualization. And the pale blue/gray color

designates no KL interaction.
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Figure 5.3: Decryption of color codes representing the degree of interaction or crosstalk
between a combination of two monomer hairpins. Red line represents the
electrophoretic mobility of a hairpin monomer (or two non-interacting hairpin KLs
migrating as monomers) on the native-PAG (represented by a light blue/gray color, first
sample from the left). Blue line represents the electrophoretic mobility of a dimer
(formed by two hairpin KLs interacting in a KL complex (KLC)) on the native-PAG
(represented by green color, first sample from the right). Range of colors from pale
yellow to red (left to right) represent unintended/undesired KL interactions/crosstalk
between two hairpin KLs.

5.4 Kissing Loop crossTalk Results
In the first crossTalk experiment, two gels (Table 5.3 below, gels 34 and 35) were
run initially to assess each KL monomer (KL strand + 27nt displacement strand 1:1)
formation. After these initial 2 gels, another 32 gels were run to check crosstalk of each

III

KL monomer with the KL “pool”. For example, in one gel, KLO monomer, KL1 monomer,

and KL1 + KLO were prepared as controls, followed by KL1 + KL2, KL1 + KL3, KL1 + KL4,
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until KL1 + KL16. In this manner KL1 was checked against other KL monomers. On the
next gel, KL1’ was checked against other KL monomers, in the same fashion. KL1 and
KL1’ loops were also checked against other KLs along the 2" column of the main body of
the matrix. All KL monomers were checked against all other KL monomers (see Table 5.3
below, and Table A.3.1 in Appendix A.3 for a slightly different view of the matrix). And
while the layout may be a little confusing, efforts were made to have the results
systematically laid out. All “prime” KLs were marked in bold blue text, where non-prime
KLs were not.

For the first crossTalk experiment, every row of cells represents the results for
one gel, where the first clear cell with a number refers to a gel number (internal
nomenclature). First three cells (left = right) are controls, followed by combinations of
KL monomer against other KL monomers. Each gel (row) checks a single monomer (for
example, gel 36 is checking KL monomer against other KL monomers). At a closer look,
KL “prime” strands are absent in gel 36, as they are dispersed among other gels, but KL1
monomer is still checked against “prime” KL monomers, but in the columns; observe
that KL1’ + KL1 is in gel 37, KL2” + KL1 is in gel 39, KL3" + KL1 is in gel 41, etc. (every other
gel, but still in the same column). The odd diagonal in the chart is there for a reason,
that is, it is a breaking point at which “normal” and “prime” strand combinations are
listed either horizontal or vertical across the gels. Sample gels from crossTalk #1
experiment can be seen in Appendix A.4.

For the second crossTalk experiment (see Table 5.4 below, and Table A.3.2 in

Appendix A.3 for a slightly different view of the matrix), every row of cells represents
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the results for two gels, doubling the number of gels from 34 to 68 for the whole
crossTalk #2 experiment. The body of the matrix is split with a bold line roughly through
the middle, that is, between KL combinations containing KL8 and KL9, and KL
combinations containing KL8" and KL9’. Corresponding gel numbers (internal
nomenclature) are listed on left and right sides of the matrix. Positive (+ C) and negative
(= C) controls were loaded on every gel. Sample gels from crossTalk #2 experiment can

be seen in Appendix A.5.
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Table 5.3: Results from crossTalk #1 experiment. Each row represents one gel from the
experiment. Gel number can be seen in the very left column. Nomenclature is greatly
simplified, where each hairpin structure fully named KL_1_GFPs is simplified to 1,
respectively. Additionally, each hairpin structure is also bound with a
GFPasDisplaceStrand. The top two gels (34 and 35) and two left columns with controls
only have the monomers, hairpin structures with displacement strands. Additionally, in
the 3 column, KL of that row is tested against KLO, as a negative control. The main
matrix shows dimers, where 1 + 0, 2, 3, ... designates KLC (kissing loop complex) 1+0, 1
+2,1+ 3, ...See Figure 5.3 above for understanding color coding. Also see Table A.3.1in
Appendix A.3 for this crossTalk #1 data in a matrix with a different view.

Gel (-C) (-C) 0| crossTalk #1 |
34 o1 [1]2]2]3[3[a]a]s5]s]e|e|7]7]8]s
35 o9 [9[10[10] 11|11 12]12] 13[13'[ 14 [1a'] 15 [15'] 16 [16°
360 [ 1 1+] 0 2 3[afs5[ef7[s8]of10]11]12]18]14]15] 16
37 o [ 1 1+ o123 [a|s 6|78 ]9 [10]11:[12:]13'[14a'[15'[ 16"
380 | 2 2+ 0 [ 3|als|e|7]8|o]10[11]12]13]1a]15]16
39 0 [ 2 2+ o] 2]3]a|s]e|7]8 ]9 [10[11]12:]13 141516
a0 | 0|3 3+ o0 [1]2 alsle[7]8]910]11]12]13]14]15]16
a1 o [ 3 s+|olr 23 [a]|s 6|78 ]9 [10]11]12:[13[1a]15 16
a2 o0 | 4 4+ o1 |2]3 56|78 [9]10]11[12]13]14]15]16
a3 | o | & a+lof12]3]als e |78 ]9 [10]11:[12:]13 141516
aa| 0 | s s+|o|1|2]3]a 6| 78|90l |12]13]14]15]16
as [ o [ 5 s+|ol1[2]3]a]|s]e|7]s]9 10111221314 ]15 16
a6| 0 | 6 6+ o123 ]a]s 7189 [10]11]12]13]1a]15]16
a7 | 0 | & s+Jol1l2]3als5]6[7]s8]9 [10]11]12:[13 14 ]15 16
a8 | o | 7 7+ 01|23 [a|s5 |6 8|9 [10]11[12]13[14]15]16
a9 | o | 7 7+lo[1[2]3lals5]e]| 7|8 ]9 [10]11]12'[13]1a'[15[16
50[ 0 | 8 s+|o 1|23 |a]s|e]7 9 [10] 11 12]13]14[15] 16
51 0 | 8 g+lo[1[2]3als]e]|7]8]9 1011|1213 ]1a'[15[16
52 0 [ 9 or o123 [a]5]e]|7]s 10 11|12 13] 14 15] 16
53 0 | o o+lo[1[2]3als5]e]|7]8] 9 [10]11:]12'[13]1a'[15[16
54| 0 | 10 1w+ o123 [a|s[e]|7]8]9 11 [ 12]13[1a] 15[ 16
55 0 [10° w+lo |1 ]2]3]als|e]7]8]9]10[11:[12:]13]1a]15]16
56 0 | 1 m+|ol1r|2|3]a|s[e]|7]s8]9 [0 12 1314 15] 16
57 0 [11° m+lo[1]2]3]als|e]7]8]9[10]11[12:]13]1a]15]16
58| 0 | 12 12+]o 1|23 [a|s e [7]|8]9[10]11 1314 15] 16
59 0 [12° 2+lo 1] 2]3]als|e]7]8]9[10]11]12]13]1a]15]16
60| o [ 13 B+|o|1|23]a|s e |7 |89 1011712 14| 15| 16
61| o [13 13+l o[1]23]als]e]7]8]9o]10[11]12]13[1a]15][16
62| 0 | 14 1u+|o 1|23 a]s]e]|7]s |9 10111213 15 [ 16
63| 0 (14 1w+lo|[1]23]als]el7]8]910]11]12]13]14[15][16
6a| 0 [ 15 ms+|o|1|23]a]s]e]|7]|s [o]o[11]12:[13 |14 16
65 0 [15° ws+lo 1] 2]3]alse|7]s]ol10[11]12]13]14]15][16
66| 0 | 16 16+] 01|23 [a]|s 6|7 |89 [10]11 1213|1415

67| 0 [16° w+lo |1 |2]3als]e|7]8]9 [10]11]12]13]14]15]16
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Table 5.4: Results from crossTalk #2 experiment. Each row represents two gels from the

experiment, where separation between the two gels is the bold line running down the
whole data matrix. Gel numbers can be seen in the very left and very right columns.

Nomenclature is greatly simplified, where each hairpin structure fully named KL_1_GFPs

is simplified to 1, respectively. Additionally, each hairpin structure is also bound with a
GFPasDisplaceStrand. The top four gels (96, 97, 98, and 99) only have the hairpin with
displacement strand structures. The main matrix shows dimers, where 1 +0, 2, 3, ...
designates KLC (kissing loop complex) 1+ 0,1+ 2,1 + 3, ... Columns of positive (dimer
formation) and negative (only monomer) controls are marked at the top left of the
matrix. Negative control is only a monomer, a hairpin structure with a displacement
strand. See Figure 5.3 for understanding color coding. Also see Table A.3.2 in Appendix

A.3 for this crossTalk #2 data in a matrix with a different view.

Gel

96
98

100
102
104
106
108
110
112
114
116
118
120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150
152
154
156
158
160
162

(+C) - crossTalk #2 | Gel
142 o1 [2]3]afsfe]7[s]o[r0]11]12]13]1a]15]16] 97
142 o 1|23 a5 |67 8] 9 [10]11:[12']13: [1a'[15'[16']| 99
142 1+ 0 2 3[as5]e[7[s8]9of10]11[12]13]14]15] 16101
1+2| [+ o123 |a[5]6|7]8]9[10[11[12:[13'[14'[15'[16'] 103
T2 2+ | 0 [ 3lals|e|7]8]o10[11]12]13[1a]15]16]105
1+2| |22+ o 1|23 |a[5]6|7]8]9 1011 [12:[13'[14'[15[16'] 107
T2 3¢ 0 |12 4 s{e|7]8]9o[r0]11]|12]13]1a]15] 16109
1+2| [3«[o[1]2]3[a]|5]e]|7]8]9 [10]11:]12:]13[1a'[15'[16']111
142 [a+]o 1|23 s|e 7891011 12]13]14]15]16]113
1+2| [a+|o[1]2[3|al5]|e]|7]s]e[10]11]12:]13[1a'[15[16']115
142 s+ o 1|2 |3]a 67891011213 1a]15]16]117
142 [s+| o123 a]|s]|e|72]8]9[10[11]12:[13 14 [15[16'|119
142 6+ o123 [a]s 78| 9o 10]11][12]13]14]15] 16121
1+2| [6e'+| o123 ]a|s5]|6]|7]8]9 [10[11]12:[13'[14'[15'[16']123
142 7¢+|o0 1|23 |a]s5]e 8| o (1011121314 15[ 16]125
1+2| [77+| o123 a|s5]6]|7][8]9[10[11[12:[13'[14'[15'[16']127
T2 s+|o0 1|23 |a|s|6]7 9 [10]11[12]13]14]15] 16 |129
1+2| [s'+|o|1]|2[3[a|s5]6e]|7]8]9 1011 ]12:]13[14'[15[16']131
T2 o+ |0 1|23 |a[5|e]|7]s 1011 [12]13]14[15] 16 |133
1+2| [9«[ o1 ]2[3]als]e]|7]8] 9 [10][11:]12:]13[1a'[15'[16']135
1+2| [10+| o1 |23 [a|5]e|7]8]9 11| 12[13] 14|15 16 |137
1+2| [0+ o123 ]als]e]|7]8]9[10[11:[12:]13[1a[15[16'[139
1+2| [11+{ o123 [a|5]|6]|7]8]9 |10 121314 15] 16 [141
1+2 [+ o1 ]2[3[als]e|7]8]9[10]11[12:]13[1a'[15]16']143
1+2| [12+] o123 a5 |6 ]|7]8]9 [10]11 13|14 ] 15] 16 | 145
1+2] 122+ o1 234|567 ][8]910]11]12[13]14[15]16']147
1+2| [13+]o 1|23 [a|5[e |79 [1011]12 14|15 16 | 149
1+2] 13+ o123 a|ls[e|7 8] 9]10[11]12]13[14]15]16']151
1+2| [1a+| o1 |23 (a5 ]6|7]8]9 [10[11[12:]13 15| 16 | 153
1+2| [1a+] o123 als|e|7][8]9[10]11]12]13]14]15]16']155
1+2| [15+] o123 [a|5]e]|7]s8[o10[11:]12:]13 14 16 | 157
1+2] (1574 o1 (2345678910 11]12]13]14]15[16%]159
1+2| [16+| 01|23 [a|5 |6 |7 ]8]9 [M0]11:]12:]13[1a' |15 161
1+2| [1e+] o123 ]a]s5]6|7]8]9f10]11]12]13]1a]15] 16163
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5.5 CrossTalk Results filtering

After crossTalk #1 experiment was complete, there was natural interest to filter
out all undesired combinations due to their crosstalk interactions. KL1 and KL2 strands
were preferentially kept, as they are the basis of the experiment, because the purpose
of experiments is to expand one KL complex (KLC) set into a library of KL sets. First, all
interactions that were shaded (encoded) in red were removed, followed by other
interactions which were shaded orange, and finally yellow encoded interactions. Results
from crossTalk #1 experiment underwent four filtering processes (see filtered results of
crossTalk #1 experiment, Table 5.5, below). In the first filter, 8 KLCs sets were kept out
of 16, where KL5 and KL6 seemed to pose a problem across the board. Looking back at
first two gels (34 and 35) of KL monomers, these two monomers (KL5 and KL6) did not
appear to have crisp bands to start with, suggesting strand misfolding or self-
interaction. If KLC (5 + 6) was to be removed from the KLC group set, then 7 unique KL
sets are available. This suggested filtering all results for the second time (see Table 5.5,
below), at which point the aforementioned KLC (5 + 6) set was removed and other KLCs
were considered. Two other result filters (3 and 4) were performed, to try and find the

optimal KLC set group with maximum number of unique kissing loop complexes.
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Table 5.5: Kissing loops complex sets kept as a result of 4 different results filters. Kissing
loop complexes that cannot coexist in the KL complex set (in vertical columns). All KL
dimer combinations form KL complexes well, designated by green color. Different
“filtered” KLC sets can potentially coexist in one-pot assembly. These Filter results are
based on the data gathered in crossTalk experiment #1.

AllKLsets| | Filter#1 | | Filter#2 | | Filter#3 | | Filter#4
1+2 1+2 1+2 1+2 1+2
1"+ 2' 1+ 2 1"+ 2' 1+ 2 1"+ 2
3+4 3+4 3+4 3+4 3+4
3'+4' 3'+4' 3'+4' 3'+4' 3'+4'
5+6 5+6 5+6 5+6 5+6
5'+6' 5'+6' 5'+6' 5'+6' 5'+6'
7+8 7+8 7+8 7+8 7+8
7'+8' 7'+ 8' 7'+8' 7'+ 8' 7'+8'
9+10 9+10 9+10 9+10 9+10
9'+10' 9'+10' 9'+10' 9'+10' 9'+10'
11 +12 11+12 11 +12 11 +12 11 +12

11"+ 12" 11"'+12' 11'+12' 11'+12' 11'+12'

13 +14 13 +14 13+ 14 13 +14 13+14

13' + 14' 13' + 14' 13' + 14' 13' + 14' 13' + 14'
15+16 15+16 15+ 16 15+16 15+ 16

15'+16' 15'+16' 15'+16' 15'+16' 15'+16'

7 8 6 7
All
KLs
Number of KL sets kept in each group after filtering

5.6 Tm Results of Kissing Loop Complexes from TGGE analysis
Melting temperature (Tm) of KLCs was determined using Temperature Gradient
Gel Electrophoresis (TGGE). All KL hairpin strands have a predicted Tm provided by IDT
company (see Table A.1 in Appendix A.1). Native-PAG was prepared for each KLC tested,

where each KLC dimer was run into the gel vertically on Bio-Rad Mini-PROTEAN® gel
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system first, followed by running the gel horizontally on the Biometra TGGE system. The
temperature range for Tm #1 experiment was within L1 and Ls thermal block bounds and
set between 45 °C and 65 °C, respectively (see Figure 4.4, and Figure 5.4).

An approach to calculate the melting temperature is suggested by the
manufacturer. The prepared native-PAG was adjusted to have a wide central well that is
the width of the adjusted temperature gradient within the bounds of L; and Ls (see
Figure 4.4, and Figure 5.4). The wells on the left and right of the central wide well had
dimer and monomer controls, respectively (see Figure 5.4). The left-side control (cool
side) is a dimer, and the right-side control (hot side) is a monomer. The principle is that
the sample in the central wide well will (presumably) melt the nanostructure (KLC),
where the left side of the curve (sample in the wide central well) would migrate through
the gel at about the rate of the dimer (left control) and the right side of the curve would
migrate through the gel at about the rate of the monomer (right control).

To analyze each Tm native-PAG, bounds (left and right, L1 and Le, respectively)
need to be set (see Figure 5.4). The distance between the bounds needs to be divided
into 5 even parts. The temperature difference within the bounds is set and is
programmed into the program protocol. The temperature difference of the thermal
gradient is then divided by 5 to get the temperature increase rate with every unit. The
bounds of main sample (KLC) migration on the gel (top and bottom of the curve) are set
and the midpoint is defined horizontally. A vertical line is passed through the
intersection of the sample curve and the horizontal curve midpoint. The relative

distance from the left bound (L1) to the crosspoint (Figure 5.4, marked by red vertical



90

line) is determined. The temperature increase rate per unit is then multiplied by number
of relative units from the left bound (L1), yielding the temperature above the left bound
temperature, which is the calculated Tm of the KLC.

Melting temperature of each KLC was determined using the TGGE
manufacturer’s recommended approach as shown in Figure 5.4 below. Since each KLC is
formed by two hairpins, an average of the two KLC components for KLC set was
calculated (see Table 5.6, below) out of curiosity. Melting temperature for RNA fibers
reported 77 was ~ 42 °C for the KL interaction and ~ 59 °C for intramolecular “dumbbell”
monomer denaturation. These new KLs have mutated 6nt interacting regions, where
KLC 1 + 2 still has the same KLC and the interacting sequence as used in RNA fibers. This
suggests that the experimental melting temperatures in Table 5.6 are likely that of the
hairpin duplex denaturing and/or the displacement strand melting off of the toehold.
Once again, out of curiosity, the difference between the calculated Tm average and
experimental Tm for each KLC was calculated (see Table 5.6, below), where the average
was ~ 9°C, confirming the suspicion that the Tm is not true and the experiment needs to

be repeated at a lower temperature range.



Trange = 20°C
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Gel 182, (19:1A:bA) 8%nat 2mM_Mg**, (bioRad 300V,150mA,5min),
(TGGE 300V,150mA,15W,15min), TGGE L1_45°C,L6_65°C

Figure 5.4: Melting temperature determination approach. See Section 5.6 above for
detailed explanation of the approach.
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Table 5.6: Melting temperature of all tested KLCs. All kissing loop complexes tested for
melting temperature are listed on the left side of the table with their respective Tm
values found experimentally. Predicted Tm values of each kissing loop provided by the
manufacturer are listed on the right side of the table. Calculated average Tm values of
each two components of each KLC are also shown on the right side of the table.
Difference between calculated average Tm and experimental Tm of each KLC is shown in
the left side of the table.

KLC experimental | diff. between (L predicted T (°C) predicted KL
Tm (°C) | Tm & Tm,g (°C) Tm (°C) e Tm (°C)
1+2 60 9.4 1 70 69.4 68.8 2
1'+2' 60 8.9 1 69.5 68.9 68.3 2'
3+4 58 10.45 3 69.2 68.45 67.7 4
3'+4' 60 8.9 3 69 68.9 68.8 4
5+6 61 7.85 5 68.9 68.85 68.8 6
5'+6' 57 10.85 5 67.3 67.85 68.4 6'
7+8 60 9.6 7 69.7 69.6 69.5 8
7'+8' 58.2 10.4 7' 69.3 68.6 67.9 8'
9+10 59 9.7 9 68.8 68.7 68.6 10
9'+10' 61.8 6.75 9 68.5 68.55 68.6 10
11+12 57. 11.6 11 68.5 68.6 68.7 12
11'+12' 61 8.5 1 69.8 69.5 69.2 12
13+14 61.8 7.5 13 68.7 69.3 69.9 14
13'+14' 59 9.75 13 68 68.75 69.5 14
15 +16 61 7.5 15 67.7 68.5 69.3 16
15' + 16" 57.4 11.5 15" 68.5 68.9 69.3 16'
4+9 62 6.25 4 67.7 68.25 68.8 9
4'+9' 63 5.65 4 68.8 68.65 68.5 9

Avg. Tm diff. (°C) 8.95
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CHAPTER 6: APPLICATIONS OF KISSING LOOPS

6.1 New KLs crosstalk with nanoring KLs

RNA nanorings 1° are a unique RNA structure in that it is composed of 6
monomers each having two unique 120° KLs and able to self-assemble into a planar,
hexagonal structure. Each KL utilized in nanorings has 7 actively participating
nucleotides (compared to 6nts of the RNA fiber KL, with 3 stacking adenines) that
interact (between two KLs) via hydrogen-bonding and are stabilized by magnesium ions
(Mg?*) in the solution. Curious to check whether KLs utilized in nanorings would
potentially be used in conjunction with KL library, each new hairpin KL was run against
each nanoring KL in a NUPACK (nupack.org) online simulation. More specifically, the
actively participating KL nucleotides were “excised” from RNA monomers (containing
them) for the simulation, as NUPACK tool cannot perform and/or show inter-strand H-
bond interaction, but only complementary binding strand interactions. Each nanoring KL

III

active sequence fragment was set to 1 uM “virtual” concentration and run against
another KL active sequence fragment from the KL library also at 1 uM “virtual”
concentration. These “digital” crosstalk results are shown in the Table 6.1, below. These
results show that nanoring KLs have some cross-reactivity with most of the new KLs, but
there are a few KLs that did not show any reactivity with nanoring’s KLs (marked with nR
in the table), and many new KLs that had some cross-reactivity. Some new KLs had a
significant cross-reactivity to nanoring’s KLs, based on the simulations. For an

application of both types of KLs in a one-pot assembly, experimental work will need to

be performed to verify new KLs of interest for this type of platform.



Table 6.1: CrossTalk between active KL fragment sequences of fiber KLs and nanoring

KLs.

mix each of two
active fragments of

concentration
of interacting

# interacting
nucleotides
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mix each of two

active fragments of

concentration
of interacting

# interacting
nucleotides

followed by a bulge of at least 1 nucleotide, then 2 more interacting nucleotides.

sequences @ 1uM duplexes sequences @ 1uM duplexes
KLLT vs Ab (A3") 0.0087 uM 4 KL7" vs fA (A5") 0.0063 uM 4
KL1 vs bC (C5") 0.0017 uM 4+2 KL_8 vs nR
KL_1 vs | Cd(C3) | 0.0038uM 5 KL_8" vs KL_8' 0.0014 uM 2+2
KL_1" vs nR KL_8' vs Fa(F3") 0.0035 uM S5
KL_2 vs | aB(B5' S+1 KL_9 vs | Ab(A3') | 0.0052uM 5
KL_2" vs nR KL_9" vs bC (C5") 0.0018 uM 6
KL.3 vs fA (A5") 4 KL_9" vs Cd (C3)) 0.0045 uM 5
KL_3" vs Ab (A3") 5 KL_9" vs fA (A5") 0.0061 uM 4
KL_3" vs Cd (C3)) 0.003 uM 5 KL_10 vs De (D3") 0.0016 uM 4
KL_4 vs | aB(B5') 0.001 uM 4+2 KL_10 vs | Fa(F3') 0.0029 uM 4
KL_4 vs Fa(F3") 0.19 uM 6 KL_10'vs | bC(C5" 0.0057 uM 5
KL_4' vs aB (B5') 0.07 uM 5 KL_11 vs nR
KL_4" vs bC (C5") 0.0033 uM 5 KLL11"vs | Ab(A3') 0.0016 uM 4
KL.S vs KL_5 0.39 uM 6 KL_11"vs | fA(A5') 0.0026 uM 4
KLS vs bC (C5") 0.001 uM 5 KL_12 vs De (D3") 0.0038 uM 3+3
KL_5" vs KL_5' 0.18 uM 6 KL_12"vs nR
KL_5" vs bC (C5") 0.0011 uM 3+2 KL_13 vs nR
KL.5" vs | De(D3') | 0.00088 uM 5 KL_13"vs nR
KL_6 vs KL_6 0.19 uM 4 KL_14 vs | Cd(C3') | 0.0017 uM 5
KL6 vs bC (C5") 0.008 uM 5 KL_14 vs fA (A5") 0.0065 uM
KL_6" vs KL _6' 4 KL_14" vs nR
KL_6" vs bC (C5") 5 KL_15 vs nR
KL_6" vs De (D3") 0.0051 uM 5 KL_15"vs Fa(F3') 0.0076 uM 5
KL7 vs aB (B5') 0.0037 uM 4 KL.16 vs | bC(C5') 0.0037 uM 6
KL_7 vs | eF(F5') | 0.0019uM 5 KL_16 vs | fA(A5') 0.0063 uM 4
KL_7" vs KL_7' 0.001 uM 2+2 KL.16'vs | Ab(A3') 0.0071 uM 5
nR : no Reaction with other strands
: considerable interferance between two KL active fragment sequences
[uM] : moderate to high interferance between two KL active fragment sequences
note: : nanorings consist of 6 strands, labelled from Ato F (A, B, C, D, E, F).
: each nanoring monomer interacts with the next via a KL that forms ~120° geometry interaction.
ex: Ab (A3'): denotes in 2 different formats, KL on strand A (located on the 3' end of the strand)
that interacts with KL on strand B (located at the 5' end of strand B.
ex:2+2  :twoKL active fragmet sequences interact with 2 nucleotides,
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6.2 RNA and RNA/DNA hybrid Fiber strands

Hybrid DNA/RNA monomer strands were tested for the RNA fibers. Different
length Fiber monomers were developed (8 or 9 base pair, 15bp or 30bp). Each hybrid
Fiber monomer in a “dumbbell” shape consists of a DNA helical region and RNA KL
regions, where all monomers have the same KLC (1 + 2). RNA helix was used for hybrid
Fiber strands due to the need of RNA base interactions for the KL complex to form. Due
to the fact that DNA can assume at least 3 different forms, A-form (RNA), B-form (DNA),
and Z-form, it was interesting to calculate the helical-twist rotation difference between
helices of various available strands. Since A-form DNA (and RNA) has 11bp rise, while B-
form DNA has ~ 10.4 bp rise, one can calculate what the difference in helix rotation
would be, taking into account the number of base-pairs in helices of each of the RNA
fiber strands. For example, the Fiber KL1 strand (see Table 6.2, below) with an 8bp stem
region available in all RNA or RNA/DNA hybrid has a calculated difference in helical-twist
rotation of ~ 15° between the two otherwise the same strands (same sequence,
different nucleotides, rNTPs vs dNTPs). Respective differences between “relative” fiber

strands are highlighted in Table 6.2 below.
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Table 6.2: Differences in helix rotation between various HIV strands. RNA fiber can be
assembled from a combination of any Fiber KL 1 + 2 strands. Hybrid strands are not all
RNA composition, but rather, RNA KL regions and DNA helical / stem region of the
“dumbbell” structure. (see Figure 1.4)

helical rotation . helical rotation .
all-RNA strand: difference (°) hybrid strand: all-RNA strand: difference (%) hybrid strand:

| FiberkL HIVI 8bp | ~15° [ FiberkL HIVIh.8bp | | FiberkL HIV2 9bp |  ~17.6° [ Fiberki_HIV2h 8bp |
| FiberkL_HIV1_15bp | ~28.3° (net) | FiberkL HIVIh 15bp | | FiberkL HIV2 15bp | ~28.3°(net) | FiberkL HIV2h 15bp |
| FiberkL HIV1_30bp | ~56.6° (net) | FiberKL HIV1h 30bp | | FiberKL_HIV2_30bp | ~56.6° (net) | FiberkL HIV2h_30bp |

6.3 Modifications based on hybrid strands

Having different composition Fiber strands led to ideas of what can be done with
adjusting either the composition of helical nucleotides or helical length. As already
mentioned, Fiber strands can be modified with a functionalized toehold (such as GFP
sense or antisense), but the location/position of the toehold on the folded strand can be
adjusted for further quaternary (4°) structures. For this purpose, one can calculate
helical rotation for different length helices and record the overall or net rotation, testing
with 11 bp and 10.4 bp helical pitch. Functionalized group is assumed to be in the
middle of the helix (but whose location/position can be designed in a different location
along the Fiber strand), so further calculations may be needed. With this approach,
Fibers can be designed to have specific “rotational” geometry, where functionalized
toehold groups would come out of fiber as predicted, and not by chance. As shown in
Figure 6.4, functionalized arms/groups are coming out of fiber at different “clock
arm/hand” rotations. It does appear as though from left to right of the figure the

functional arms rotate clockwise as one’s view progresses down the fiber length. But
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this could be controlled for specific rotational geometry by utilizing DNA or RNA
composition of the helix and its length.

To calculate functional arm locations and their rotational geometry, one needs
to also consider KL interactions between different Fiber monomers and the rotation that
they impose on the overall helical fiber. For this, KL interaction (PDB: 2FCX) was looked
at (Figure 6.5), highlighting terminal interacting KL base-pairs as space-filling structures,
as they would also be terminal helical base pairs. Other interacting base-pairs or non-
interacting bases were shown (or deactivated) as licorice (line) structures to clear up the
view. The image shows KL interaction as one would look into the helix, as into a barrel.
Rotation that the KL imposes can be deduced from that image and is about 45°
counterclockwise as moving into the helix, also keeping in mind that A- and B-form DNA
are right-handed, that is, rotation is clockwise as one looks into the helix. Thus, left-
handed (counterclockwise, or negative) KL “rotation” needs to be considered when

designing further Fiber strands, if specific rotational geometry is desired.

Figure 6.1: RNA fiber depicted with computer graphics, showing functionalized groups
coming out of fiber at various “clock arm” rotations. Figure adapted from paper by
Rackley et al.”’
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Figure 6.2: Counterclockwise rotation of the kissing loop. KL (PDB: 2FCX ®7) as it appears
when looking into it as one would look into a barrel. Terminal base interacting pairs are
shown as space-filling model, other interacting base pairs or non-interacting bases are
shown as licorice (line) structures. A red line is passed through the sugar-phosphate of
the base-pair in the background as well as through the sugar-phosphate of the base-pair
in the foreground. These are terminal base-pairs (C and G) of the helix before the KL
motif (5’-CAAXXXXXXAG-3’). The rotation difference is ~ 45° counterclockwise, as
opposed to DNA having a clockwise rotation, in this instance as one would move into
the “board” / paper-plane.

6.4  SuperFibers / Fiber Bundles
As mentioned above, one of the challenges currently standing with Fiber A-B
system is having only one KLC set, with the help of which more controlled fibers could
be designed. After filtering initial results of crossTalk experiments four times, an average
of 7 unique KL sets arise. One can design a programmable Fiber that will assemble

exactly the same way and be the same length every time, expanding the A-B system into

an ABCDE-type system, that is, with seven unique KL interacting sets, a fiber could be up
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to eight monomers in length. Controlling and limiting the length to eight monomers may
be good for some applications, except for some where a certain minimum molecular
weight needs to be achieved. For this reason, shorter, controlled Fibers could be
bundled together like a bundle of “twizzlers”, bringing individual fibers together either
via toeholds or by incorporating KLs into functionalized “arms” on individual monomers
of the RNA fibers. Of course, utilizing KLs for functional arms of individual monomers
would take away from the total KL sets utilized for length of fiber, as some would be
used for bundling of fibers together. These could be fiber bundles or superFibers.
Nevertheless, playing with hybrid strands as described here can yield interesting

applications of how strands are designed, and which material is utilized.
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CHAPTER 7: CONCLUSIONS

In regard to the use of T7 RNA polymerase for in vitro transcriptions, it was
interesting to note that using more enzyme to transcribe RNA does not increase the
yields of transcription product. Rather, an opposite was true, where lower final T7 RNA
polymerase concentrations produced higher yields. Interestingly, commercial T7 RNA
polymerase is available in even higher concentrations, provided the amounts suggested
by manufacturers results in high final enzyme concentration per transcription reaction.
Optimization of T7 RNA polymerase helped gain valuable information not to overuse the
enzyme and not to oversaturate the transcription reactions.

The kissing loop library development had proved to be a much more involved
process than initially perceived. Overlooking the extensiveness of the project, good
prospects of utilizing the KL library are foreseen. After filtering the crosstalk
experimental data 4 different times, it appears that between 6 — 8 KLC sets are unique
and inter-compatible for use in larger one-pot assemblies. This will be helpful in
development of precise RNA fibers for intracellular poly-heterogeneous siRNA cargo

load delivery.
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sequences are identical for the exception of the active mutated KL regions. Color coding
is to help track details of complementarity and possible strand self-interactions.

|Sequence Description |Sequence | GC % | Tm °C |
GFPasDisplace27_5'A488 | (27nt) 5'- /5ATTO488N/ Cgg Tgg TgC AgA TgA ACT TCA ggg TCA -3 55.6 64.1
GFPasDisplace27 (27nt) 5'- Cgg Tgg TgC AgA TgA ACT TCA ggg TCA -3’ 55.6 64.1
KL 0 GFPs (54nt) 5'- GGGAAUCCAAAAAAAAAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 463 65.8
KL 1 GFPs (54nt) 5'- GGGAAUCCAAGGAGGCAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 70
KL 2 GFPs (54nt) 5'- GGGAAUCCAAGCCUCCAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 688
KL_1’_GFPs (54nt) 5'- GGGAAUCCAACGGAGGAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 695
KL_2'_GFPs (54nt) 5'- GGGAAUCCAACCUCCGAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 683
KL 3 GFPs (54nt) 5'- GGGAAUCCAAGCGGACAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6  69.2
KL 4 GFPs (54nt) 5'- GGGAAUCCAAGUCCGCAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 677
KL_3’ GFPs (54nt) 5'- GGGAAUCCAACAGGCGAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 69
KL 4’ GFPs (54nt) 5'- GGGAAUCCAACGCCUGAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 688
KL _5 GFPs (54nt) 5'- GGGAAUCCAAGCGCUGAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6  68.9
KL 6 GFPs (54nt) 5'- GGGAAUCCAACAGCGCAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 688
KL_5'_ GFPs (54nt) 5'- GGGAAUCCAAGUCGCGAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6  67.3
KL 6’ GFPs (54nt) 5'- GGGAAUCCAACGCGACAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 684
KL_7 GFPs (54nt) 5'- GGGAAUCCAAGCCAGGAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6  69.7
KL 8 GFPs (54nt) 5'- GGGAAUCCAACCUGGCAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 695
KL 7’ GFPs (54nt) 5'- GGGAAUCCAAGGACCGAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6  69.3
KL 8’ GFPs (54nt) 5'- GGGAAUCCAACGGUCCAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 679
KL 9 GFPs (54nt) 5'- GGGAAUCCAAUGCGGGAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3” 55.6 68.8
KL 10 GFPs (54nt) 5'- GGGAAUCCAACCCGCAAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 68.6
KL 9’ GFPs (54nt) 5'- GGGAAUCCAAGGGCGUAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3” 55.6 68.5
KL 10’ GFPs (54nt) 5'- GGGAAUCCAAACGCCCAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3 55.6 68.6
KL 11 GFPs (54nt) 5'- GGGAAUCCAAUCGGGGAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 685
KL 12 GFPs (54nt) 5'- GGGAAUCCAACCCCGAAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 687
KL 11’ GFPs (54nt) 5'- GGGAAUCCAAGGGGCUAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6  69.8
KL 12’ GFPs (54nt) 5'- GGGAAUCCAAAGCCCCAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6  69.2
KL 13 GFPs (54nt) 5'- GGGAAUCCAAUGCCCCAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 687
KL 14 GFPs (54nt) 5'- GGGAAUCCAAGGGGCAAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6  69.9
KL 13’ GFPs (54nt) 5'- GGGAAUCCAACCCCGUAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 68
KL 14’ GFPs (54nt) 5'- GGGAAUCCAAACGGGGAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 695
KL 15 GFPs (54nt) 5'- GGGAAUCCAAUCGCCCAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6  67.7
KL 16 GFPs (54nt) 5'- GGGAAUCCAAGGGCGAAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 693
KL_15’ GFPs (54nt) 5'- GGGAAUCCAACCCGCUAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 685
KL 16’ GFPs (54nt) 5'- GGGAAUCCAAAGCGGGAGGAUUCCCUUUGACCCUGAAGUUCAUCUGCACCACCG -3’ 55.6 693




A.2 Recipes for general laboratory buffer preparation

Table A.2: Recipes for various laboratory buffers and solutions. Amounts of different

reagents to add to each mixture are in red.
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10X TB (10x Tris-borate) buffer

| 8M Urea

MW (g/mol)[ amount (g) [ C2(mM) V2 (mL) MW (g/mol)[ amount (g) C2 (M) V2 (mL)
Tris 121.14 107.81 Urea 60.06 960.96 8.00
890 2000
Boric acid 61.83 55.03 1000 ddiH,0O up to 2 L final
ddiH,O up to 1 L final filter soliution
pH adjust to 8.2 with 2 N HCI
filter solution
10X TBE (10x Tris-borate-EDTA) buffer | 20% A:bA/8M Urea
MW (g/mol)[ amount (g) [ C2 (mM) V2 (mL) MW (g/mol)[ amount (g) C2 (M) V2 (mL)
Tris 121.14 107.81 890 |Urea 60.06 960.96 8.00
Boric acid 61.83 55.03 1000
EDTA 292.24 5.84 20 C1(%) V1 (mL) C2 (%)
ddiH,O up to 1 L final |A:bA(19:'I) 40 1000 20 2000
pH adjust to 8.2 with 2 N HCI
filter solution ddiH,O up to 1.8 L, stir & heat at 80°C for2-4 h
once dissolved, add ddiH,O up to 2 L
filter soliution
5M NaCl | Crush and Soak buffer (300 mM Na®)
MW (g/mol)| amount (g) C2 (M) V2 (mL) C1 amount C2 V2 (mL)
NaCl 58.44 58.44 5.00 200 5M NaCl 5M 12mL 300 mM
ddiH,O 10x TBE 10x 20 mL 1x 200
filter solution ddiH,O
1M MgCl,
MW (g/mol)[ amount (g) C2 (M) V2 (mL)
MgCl, 95.21 23.80 1.00
250
ddiH,O
filter solution
1M KCl
MW (g/mol)| amount (g) C2 (M) V2 (mL)
KCI 74.55 11.18 1.00
150
ddiH,O

filter solution



A.3 Alternative view of crossTalk results matrices

Table A.3.1: Results from crossTalk #1 experiment; alternative view. Each row
represents one gel from the experiment. Gel number can be seen in the very left

column. Nomenclature is greatly simplified, where each hairpin structure fully named
KL_1_GFPs is simplified to 1, respectively. Additionally, each hairpin structure is also
bound with a GFPasDisplaceStrand. See Figure 5.3 in main text for understanding color

coding. This Table represents the same data as Table 5.3 in the main text.
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Table A.3.2: Results from crossTalk #2 experiment; alternative view. Each row
represents two gels from the experiment, where separation between the two gels is the
bold line running down the whole data matrix. Gel numbers can be seen in the very left

and very right columns. Nomenclature is greatly simplified, where each hairpin structure
fully named KL_1_GFPs is simplified to 1, respectively. Additionally, each hairpin

structure is also bound with a GFPasDisplaceStrand. The top four gels (96, 97, 98, and

99) only have the hairpin with displacement strand structures. See Figure 5.3 for

understanding color coding. This Table represents the same data as Table 5.4 in main

text.
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2 [2+1 2+3 | 244 | 2+5 | 2+6 | 2+7 | 2+8 | 2+9 [ 2+10 [ 2+11 | 2+12 [ 2+13 [ 2+14 | 2+15 | 2+16 |
2" [20+2 [ 22+2 [2+3 [2+4 [ 245 [ 27+6 | 22+7 | 248 [ 22+9' [22+20' [2+ 20 [2+12' [2+13' [ 2 +14' [ 2' +15' [ 2' + 16' |
3 [3+1 [3+2 3+44 | 3+5 | 3+6 | 3+7 | 3+8 | 3+9 [ 3+10 [ 3+11 [ 3+12 [ 3+13 [ 3+14 | 3+15 | 3+16 |
3" [3+1 [ 3+2 [ 3+3 [34a [3+5 [3'+6' [ 3+7 [ 3+8 | 3'+9 [3+10'[3'+11'[3'+12' [3'+13'[3'+14' [ 3 +15' [3'+ 16|
4 [a+1 [ a+2 [ a+3 4+5 | 4+6 | 4+7 | 4+8 | 4+9 [ 4+10 [ 4+11 [ 4+12 [ 4+13 [ 4+14 [ 4+15 [ 4+16 |
4 [a+1 [ a+2 [a+3 | 4+4 [4+5 [a+6 | a+7 [4+8 | 449 [4+10 [4+11 |4 +12' [4+13' |4 +14 |4 +15 [4 +16 |
5 [5+1 [5+2 [5+3 [5+4 5+6 | 5+7 | 5+8 | 5+9 | 5+10 | 5+11 | 5+12 | 5+13 | 5+14 | 5+15 | 5+16 |
5! [5+1 [ 5+2 [543 | 5+4 [ 5°+5 [5+6' [ 5'+7 [ 5+8 | 5+9 [5+10' [5'+11'[5'+12' [5'+13'[ 5'+14' [ 5 +15' [ 5'+16' |
6 [6+1 [6+2 [ 6+3 [6+4 [6+5 6+7 | 6+8 | 6+9 [ 6+10 [ 6+11 | 6+12 | 6+13 [ 6+14 | 6+15 | 6+16 |
6' [6+1 [ 6+2 [6+3 | 6+4 | 6+5 [ 6+6 | 6+7 [6+8 | 6+9 [6+10[6+11'|6+12'[6+13'|6+14' |6 +15 [6 +16 |
7 [7+1 [ 7422 [ 743 [7+4 [ 7+5 [ 7+¢ 748 | 7+9 [7+10 [ 7+10 [ 7+12 [ 7+13 [ 7+14 [ 7+15 [ 7+16 |
7 [7+1a [ 742 [ 743 [ 7+a [ 745 [ 746 [ 7+7 [ 748 | 749 [7+10[7+20 |7+ 12 [7+13 [7+24 [ 77+15 [ 7+ 16' |
8 [8+1 [ 8+2 [ 8+3 [8+4 [ 8+5 | 8+6 | 8+7 8+9 | 8+10 | 8+11 [ 8+12 | 8+13 [ 8+14 | 8+15 | 8+16 |
8 [8+1 [ 8+2 [ 8+3 [ 8+4 | 8+5 ] 8+6 | 8+7 | 8+8 | 8+9 [8+10[8+11[8+12'[8+13[8+14'[8+15'[8 +16 |
9 [9+1 [ o+2 [ 9+3 [9+4 [9+5 [ 9+6 [ 9+7' [ 9+8 9+10 [ 9+11 [ 9+12 [ 9+13 [ 9+14 [ 9+15 [ 9+16 |
9" [9+1[o+2 [ 9+3 [ 9+4[9+5 [ 9+6 [ 9+7 [9+8] 9+9 [e+10]0o+11[0+12[9+13[9+14 ][0 +15 [0 +16'|
10 [10+1 [10+2 [10+3 [10+4 [10+5 [10+6' [10+7' [ 10+8 [ 10+9' 10+11][10+12[10+13[ 10+14 [ 10+15[ 10+16 |
10' [10+1]10+2][10+3[10+4[120+5]10+6[10+7 [ 10 +8] 10'+9 [10'+10[10'+ 12'[10' + 12']10' + 1310 + 14'[ 20" + 1510 + 16|
1 [1+r [aa+s2 (1143 [11+4 [11+5 [11+6 [11+7 [11+8 [ 11+9 [11+10 11+12[11+13[ 11+14[ 11+15[ 11+16]
11 [1r+1 20 +2 10 +3 |10 +4 |10 +5 [10°+6 | 10'+7 [ 10+ 8 | 11+ 9 [11'+10[ 12 + 11 [12' + 2211 + 13'[11' + 14'[11' + 15'[11' + 16|
12 [12+1 [12+2 [12+3 [12+4 [12+5 [12+6 [12+7 [12+8 [ 12+9 [12+10'[12+11 12+13[12+14[12+15[ 12 +16 |
12' [12+1]12+2[12+3 [122+4 [127+5 [ 12'+6 [ 12+7 [ 127+ 8| 12'+9 [12'+10[ 12"+ 11 12' + 12[12' + 1312' + 1412 + 15[ 12" + 16
13 [13+1[13+2 [13+3' [13+4 [13+5' [13+6' [ 13+7' [ 13+8 [ 13+9 [13+10 [13+12'[13+ 12’ 13+14]13+15[ 13+ 16
13' [13v1[13+2[13°+3[13+4[13+5 [ 13°+6 [ 13'+7 [ 13'+8 ] 13'+9 [13 +10[13"+ 12 13' + 12[13' + 13[13' + 14'[13 + 15[13"+ 16
14 [14+1 [14+2 [14+3 [14+4 [14+5 [ 14+6 [14+7 [14+8 | 14+9' [14+10 [14+ 11 [14+12' [ 14 +13' 14+15] 14+16]
14' [14+1]14+2[14+3[14+4 [ 14+5][ 14 +6 [14+7 [ 14'+8] 14'+9 [14'+10[14' + 11 [14' +12[14' + 13[ 14’ + 14 [14' + 15'[14' + 16|
15 [15+1 [15+2' [15+43' [15+4' [15+5 [ 15+6 [15+7 [ 15+8 [ 1549 [15+10'[15+12'[15+12'[15+13'[15+14' 15+16
15' [15+1]15+2[15+3 [15+4 [15°+5 [ 15'+6 [ 15'+7 [ 15'+8 | 15'+9 [15' +10[15' + 11| 15' + 12[15' + 13[15' + 14| 15' + 15 [15' + 16|
16 [16+1 [16+2 [16+3' [16+4 [16+5 [16+6 [ 16+7 [ 16+8 [ 16+9 [16+10'[16+11' [16+12'[16+13'[16+14'[16+15'
16' [16+1[16+2[16'+3[16'+4 [ 16'+5 | 16'+6 | 16'+7 [ 16'+8 | 16'+9 [16'+10[16'+ 11]16' + 12| 16' +13[16'+ 14 16' + 15[ 16' + 16
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A.4  Sample gels from crossTalk #1 experiment
CrossTalk #1 experiment consisted of 34 medium-sized native-PAGs.

Gels 040 and 061are shown below.
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Gel 040, KL_cT1_OAS, * 0= (KL_hiv0) + (GFPas_DS27nt)

(19:1 A:bA) 8% native 2mM Mg++, medium gel, C.B.S. Scientific Gel Stand
bioRad 300V, 150mA, 60min, total EtBr staining S5Smin

File: Gel040_hivKL_cT1_OAS_01.23.19_bioRad300V150mA60min_EtBr5min
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Gel 061, KL_cT1_OAS, *0 = (KL_hiv0) + (GFPas_DS27nt)
(19:1 A:bA) 8% native 2mM Mg++, medium gel, C.B.S. Scientific Gel Stand
bioRad 300V, 150mA, 60min, total EtBr staining Smin

File: Gel061_hivKL_cT1_OAS_02.06.19_bioRad300V150mA60min_EtBrSmin
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A.5  Sample gels from crossTalk #2 experiment

CrossTalk #2 experiment consisted of 68 Bio-Rad Mini-PROTEAN® native-PAGs.

Gels 098, 104, 124, and 153 are shown below.
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1 +2 (+)C

Gel 098, KL_cT2_OAS,
(19:1 A:bA) 8% native 2mM Mg++,
bioRad 300V, 150mA, 30min, total EtBr staining 5min

File: Gel098_hivKL_cT2_OAS_11.06.19_bioRad300V150mA30min_EtBr5Smin
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Gel 124, KL_cT2_OAS,
(19:1 A:bA) 8% native 2mM Mg++,
bioRad 300V, 150mA, 30min, total EtBr staining 5min

File: Gel124_hivKL_cT2_OAS_12.16.19_bioRad300V150mA30min_EtBrSmin

(&)
—
+
—
o~
+
i

2+0 (H)C
2+ 71
1x LB
2 +3
2+ 4
2+5
2+6
2 +7
2 +8

Gel 104, KL_cT2_OAS,
(19:1 A:bA) 8% native 2mM Mg++,
bioRad 300V, 150mA, 30min, total EtBr staining 5min

File: Gel104_hivKL_cT2_OAS_11.19.19_bioRad300V150mA30min_EtBrSmin
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Gel 153, KL_cT2_OAS,
(19:1 A:bA) 8% native 2mM Mg++,
bioRad 300V, 150mA, 30min, total EtBr staining 5min

File: Gel153_hivKL_cT2_OAS_01.14.20_bioRad300V150mA30min_EtBr5min



A.6

Sample gels from Tm #1 experiment
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Tm #2 experiment consisted of 18 Bio-Rad Mini-PROTEAN® native-PAGs.

Gels 176, 179, 188, and 192 are shown below.
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Gel 176, KL_Tm1_OAS,
(19:1 A:bA) 8% native 2mM Mg++,
bioRad 300V, 150mA, Smin,
TGGE 300V, 150mA, 15W, 15min,
TGGE tempRange L1 45°C, L6 65°C,
total EtBr staining 5min

File: Gel176_hivKL_Tm1_OAS_11.07.19_
bioRad300V150mAS5min_TGGE300V150mA15W15min_EtBr5min

(@)

1x LB
1+ 2

Gel 188, KL_Tm1_OAS,
(19:1 A:bA) 8% native 2mM Mg++,
bioRad 300V, 150mA, S5min,
TGGE 300V, 150mA, 15W, 15min,
TGGE tempRange L1 45°C, L6 65°C,
total EtBr staining Smin

File: Gel188_hivKL_Tm1_OAS_11.12.19_
bioRad300V150mA5min_TGGE300V150mA15W15min_EtBrSmin

*1=(KL_hivl) + (GFPas_DS27nt)
2 = (KL_hivl) + (GFPas_DS27nt)

1x LB

*1=(KL_hivl) + (GFPas_DS27nt)
2= (KL_hivl) + (GFPas_DS27nt)
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" 1x LB
1+ 2

Gel 179, KL_Tm1_OAS,
(19:1 A:bA) 8% native 2mM Mg++,
bioRad 300V, 150mA, Smin,
TGGE 300V, 150mA, 15W, 15min,
TGGE tempRange L1 45°C, L6 65°C,
total EtBr staining 5min

File: Gel179_hivKL_Tm1_OAS_11.07.19_
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*1=(KL_hivl) + (GFPas_DS27nt)
2= (KL_hivl) + (GFPas_DS27nt)

bioRad300V150mA5min_TGGE300V150mA15W15min_EtBr5min
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Gel 192, KL_Tm1_OAS,
(19:1 A:bA) 8% native 2mM Mg++,
bioRad 300V, 150mA, Smin,
TGGE 300V, 150mA, 15W, 15min,
TGGE tempRange L1 45°C, L6 65°C,
total EtBr staining 5Smin

File: Gel192_hivKL_Tm1_OAS_11.12.19_
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*1=(KL_hivl) + (GFPas_DS27nt)
2 = (KL_hivl) + (GFPas_DS27nt)

bioRad300V150mA5min_TGGE300V150mA15W15min_EtBr5Smin



