“ LI BRARI ES University of Alabama at Birmingham

UAB Digital Commons

The University of Alabama at Birmingham

All ETDs from UAB UAB Theses & Dissertations

2017

Delivery Of Deoxyribonucleic Acids As Drugs: A Structural Study,
Encapsulation, And Controlled Release Of G-Quadruplex Forming
Deoxyoligonucleotides Of The Human Telomeric Sequence

Brenna Alyssa Tucker
University of Alabama at Birmingham

Follow this and additional works at: https://digitalcommons.library.uab.edu/etd-collection

Recommended Citation

Tucker, Brenna Alyssa, "Delivery Of Deoxyribonucleic Acids As Drugs: A Structural Study, Encapsulation,
And Controlled Release Of G-Quadruplex Forming Deoxyoligonucleotides Of The Human Telomeric
Sequence" (2017). All ETDs from UAB. 3178.
https://digitalcommons.library.uab.edu/etd-collection/3178

This content has been accepted for inclusion by an authorized administrator of the UAB Digital Commons, and is
provided as a free open access item. All inquiries regarding this item or the UAB Digital Commons should be
directed to the UAB Libraries Office of Scholarly Communication.


https://digitalcommons.library.uab.edu/
https://digitalcommons.library.uab.edu/etd-collection
https://digitalcommons.library.uab.edu/etd
https://digitalcommons.library.uab.edu/etd-collection?utm_source=digitalcommons.library.uab.edu%2Fetd-collection%2F3178&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.library.uab.edu/etd-collection/3178?utm_source=digitalcommons.library.uab.edu%2Fetd-collection%2F3178&utm_medium=PDF&utm_campaign=PDFCoverPages
https://library.uab.edu/office-of-scholarly-communication/contact-osc

DELIVERY OF DEOXYRIBONUCLEIC ACIDS AS DRUGS: A STRUCTURAL
STUDY, ENCAPSULATION, AND CONTROLLED RELEASE OF G-QUADRUPLEX
FORMING DEOXYOLIGONUCLEOTIDES OF THE HUMAN TELOMERIC
SEQUENCE

by
BRENNA ALYSSA TUCKER
DR. EUGENIA KHARLAMPIEVA, CHAIR
DR. MAAIKE EVERTS
DR. DAVID E. GRAVES

DR. AARON LUCIUS
DR. DAVID SCHNEIDER

A DISSERTATION
Submitted to the graduate faculty of The University of Alabama at Birmingham,
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
BIRMINGHAM, ALABAMA

2017



DELIVERY OF DEOXYRIBONUCLEIC ACIDS AS DRUGS: A STRUCTURAL
STUDY, ENCAPSULATION, AND CONTROLLED RELEASE OF G-QUADRUPLEX
FORMING DEOXYOLIGONUCLEOTIDES OF THE HUMAN TELOMERIC
SEQUENCE
BRENNA ALYSSA TUCKER
CHEMISTRY
ABSTRACT
Nucleic acids are known to play numerous important roles in the cell. Recently,
interest in the delivery of DNA to treat disease, also known as gene therapy, has in-
creased with new non-viral encapsulation strategies becoming available. Unfortunately,
challenges with sufficient delivery of the DNA still plague these systems causing the
need for improved DNA delivery vehicles. To overcome DNA delivery barriers, two-
component poly(methacrylic acid) (PMAA)/ poly(N-vinylpyrrolidone) (P\VPON) micro-
capsules were developed using Layer-by-Layer (LbL) technology. G-quadruplex form-
ing deoxyoligonucleotides of the human telomeric sequence were used to model the de-
livery of the thrombin binding aptamer (TBA), a DNA therapeutic that folds into a G-
quadruplex structure. Because the structure of the nucleic acid therapeutic dictates their
mechanism of action, the structural stability of G-quadruplex sequences of the human
telomere were explored, first, before these structures were encapsulated within
PMAA/PVPON microcapsules. Release of the DNA from the microcapsules was
achieved using a controlled therapeutic ultrasound technique. A summary of these exper-
iments is described below.
In Chapter 3, a library of G-quadruplex forming deoxyoligonucleotides was built

by mutating either one, two, three, or four adenines at a time to a thymine in the loop se-

guence regions of the structure. The unfolding properties and energetics associated with



each sequence were examined using differential scanning calorimetry (DSC) and circular
dichroism spectropolarimetry (CD). The melting profiles for the wild-type human telo-
meric G-quadruplex sequence were biphasic in nature, indicating the presence of an un-
folding intermediate. As the number of modified loops increased, the melting profiles
were fit by a single monophasic curve. DSC and circular dichroism (CD) spectra were
collected to determine how the mutations influenced the stability and secondary struc-
tures of these G-quadruplex forming deoxyoligonucleotides. It was found that all se-
quences could fold into G-quadruplex structures and varied by the magnitude of their
peaks at 245 and 295 nm. CD spectra were also collected as a function of temperature
and then analyzed by singular value decomposition to further probe the biphasic melting
profiles observed by DSC. Results from deconvolution of CD data are consistent with
the presence of intermediates during the unfolding for the wild-type G-quadruplex as well
as the loop modified G-quadruplexes.

In Chapter 4, the encapsulation and release of G-quadruplex forming deoxyoligo-
nucleotides of the human telomeric sequence by two-component PMAA/PVPON multi-
layer hydrogel capsules is described. LbL deposition was used to coat PMAA and
PVPON layers onto CaCO3 inorganic microparticles that were co-precipitated with the
G-quadruplex structures. The PMAA molecules within the multilayer were crosslinked
with cystamine and dissolution of the CaCO3 cores with ethylenediaminetetraacetic acid
(EDTA) yielded hollow microcapsules loaded with G-quadruplex forming deoxyoligonu-
cleotides. The microcapsules were characterized using a variety of techniques including
FTIR, Zeta-potential measurements as a function of pH, and scanning electron microsco-
py. These studies demonstrate that these capsules are highly efficient at releasing their

DNA cargo, unharmed, by treatment with ultrasound to mechanically burst the capsules.
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CHAPTER 1
INTRODUCTION

The importance of deoxyribonucleic acid (DNA) as a chemical (biopolymer) that
stores genetic information has long been known (1 — 4). However, interest in using DNA
as a drug to treat disease has increased significantly since the early 1990s when using
DNA vaccinations were first explored with success (5). The widespread practice of using
nucleic acids as drugs has been stalled by many limitations that are associated with trying
to deliver DNA within the body, namely the degradation of DNA by exo- and endonucle-
ases before reaching the nucleus of the cell (6 — 8). Various nucleic acid drugs have been
designed with different sequences and structures that drive their specificity (8 — 10). One
DNA structure of particular interest is the G-quadruplex structure, described in greater
detail later in this chapter. Naturally occurring G-quadruplex structures have been shown
to be biologically relevant in a number of different processes and its innate resistance to
nuclease degradation makes them attractive for use as a nucleic acid drug. The research
described in this dissertation seeks to solve these delivery barriers through the creation of
polymeric microcapsules that can encapsulate and protect G-quadruplex forming deoxy-
oligonucleotides of the human telomeric sequences upon transport. Chapter 1 will pro-
vide an overview of the background information related to the various themes of this
body of work. Specifically discussed are 1) the various structures of nucleic acids, 2) the
nucleic acid drugs used in gene therapy, 3) an overview of various drug delivery strate-
gies, and 4) a description of the Layer-by-Layer technology used in the synthesis of mi-

crocapsules.



Nucleic Acid Structures

Nucleic acids are polymeric biomolecules that play an important role in numerous
cellular functions (11). The discovery of nucleic acids is attributed to Friedrich Miescher
(12). In 1868, Miescher isolated a new biomolecule from the nucleus of white blood
cells that was neither protein, carbohydrate, nor lipid. Because this new biomolecule was
extracted from the nucleus, it was referred to as ‘nuclein’ (13). The term, nucleic acid,
was coined in 1889 when Richard Altmann discovered that the ‘nuclein’ biomolecule,
had acidic properties (12, 14). Watson and Crick published the first structure of deoxyri-
bonucleic acid (DNA) in 1953 (15 — 17) after viewing the X-Ray diffraction pattern of
DNA produced by Rosalind Franklin (18 — 21). However, it wasn’t until the 1970s that
the first structure of ribonucleic acid (RNA) was solved through the refinement of two
independent X-ray crystallography studies (22 — 25).

The structures of nucleic acids can generally be described as being composed of
nitrogen rich nucleobases linked together by a sugar-phosphate backbone. The mono-
meric units of these biopolymers are referred to as nucleotides and consist of a single nu-
cleobase with a phosphorylated sugar attached to it at either the 5’ or 3° OH. As depicted
in Figure 1, the nucleobase is attached to the 5’-carbon (ribose or deoxyribose) sugar at
the C1’ position and the phosphate is found attached to C5” atom of the same sugar. Nu-
cleic acids are classified as either ribo- or deoxyribo- depending upon the type of sugar
attached to the nucleobase. Ribose simple sugar units are found in ribonucleic acids
(RNA) whereas deoxyribose sugars, are found in deoxyribonucleic acid (DNA). The dif-
ference between ribose and deoxyribose sugars is the removal of the hydroxyl group on

the C2’ atom of the ribose sugar also illustrated in Figure 1.



- Base

Ribonucleotide Deoxyribonucleotide

Figure 1. Nucleotide Units of RNA and DNA. Nucleotides are composed of a ribose
sugar with a phosphate group attached at the C5 position and a nucleobase attached at the
C1 position. Ribonucleotides with a simple ribose sugar are found in RNA and deoxyri-
bonucleotides with a ribose derivative sugar are found in DNA. Figure created with
ACD/ChemSketch 2016 2.2.

There are five major nucleobases that make up nucleic acids including adenine,
thymine, guanine, cytosine, and uracil. These nucleobases can be seen in Figure 2. Nu-
cleobases are generally separated into two categories, pyrimidines and purines. Purine
nucleobases include adenine and guanine which binds to the sugar at the N9 position
while pyrimidine nucleobases include cytosine, thymine, and uracil and bind to the sugar
through the N1 atom. While three of the five common nucleobases, adenine, cytosine,
and guanine, can be found in both RNA and DNA structures, uracil and thymine are spe-

cific for either RNA or DNA, respectively.
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Figure 2. Nucleobases Found in RNA and DNA. Nucleobases are classified as either pu-
rines or pyrimidines. The purine nucleobases consist of adenine and guanine. Cytosine,
thymine, and uracil are pyrimidine nucleobases. Figure created with ACD/ChemSketch
2016 2.2.

DNA can fold into several different structures with the most commonly recog-
nized being the double-stranded helix, or the double helix, that was first identified in
1953 (15 - 17). The double helix arises from base pairing, adenine with thymine and
guanine with cytosine, between two complementary strands of DNA, as shown in Figure
3. Two hydrogen bonds occur between adenine and thymine base pairs and three hydro-
gen bonds occur between guanine and cytosine base pairs. Due to the increased hydro-
phobicity of the nucleobases relative to the sugar-phosphate backbone, the two strands

orient themselves so that the bases pairs can stack upon one another towards the center of
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the molecule. This base stacking allows the DNA to exclude the maximum amount of
water from the planar hydrophobic base-pairs of the molecule. To reduce the steric hin-

drance, the strands twist around one another resulting in the double-helical structure.
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Figure 3. Base Pairs of DNA. In DNA, thymine and adenine bind with two hydrogen
bonds while guanine and cytosine bind with three hydrogen bonds. Figure created with
ACD/ChemSketch 2016 2.2.

The three types of double helical structural motifs that can be formed by DNA in-
clude the A-, B-, and Z forms as shown in Figure 4 (26 — 29). Even though the B-DNA
structure (the hydrated form) is the shape taken on by the majority of naturally occurring,
double stranded DNA, both the A- and Z- forms can be found within the cell under cer-

tain conditions (30).



Figure 4. Side View of A-, B-, and Z-DNA. The compaction and extension of A-DNA
(red) and Z-DNA (yellow), respectfully, compared to B-DNA (blue) as view from the
side of these molecules. Figure by Thorwald at English Wikipedia [Public domain].

The major difference between these structures lies primarily in the number of base pairs
per turn of the helix. As seen in Figure 4, A-DNA (in red) is more compact than B-DNA
(in blue) and Z-DNA (in yellow) is more extended than B-DNA. In addition, Z-DNA has
a left-handed turn to its helix whereas both the A- and B- form of DNA have a right
handed helical twist. The overall stability of DNA structures can be described by a com-
bination of factors including: 1) the hydrogen bonding network found between comple-
mentary base pairs (31, 32), 2) the favorable London dispersion forces that arise from mn-n
stacking of the base-pairs within the helix (31, 33), 3) the hydrogen bonds formed be-

tween the complementary bases, the base substituents (-NH; and O) with the water cage



that surround the DNA and the solvent exposed polar backbone (34, 35), and 4) the spa-
tial arrangement of the negatively charged phosphate backbone along the outside of the
DNA molecule that results in charge minimizing, electrostatic interactions with surround-
ing cations such as Mg®* or Na* (36 — 38).

Along with the double helix, DNA can fold into triple helices, hairpins, and can
even exist as a single strand in a random coil (39, 40). DNA triple helices, or triplexes,

exist when three strands of DNA are oriented together as shown in Figure 5A.

Figure 5. DNA Triplexes and Hairpins. DNA triplexes (A) are formed when a single
strand of DNA (yellow) interacts with double stranded DNA (green). DNA hairpins (B)
arise when a DNA strand is complementary to itself and form a stem region (green) and a
loop region (gray). Figure SA by infoCan, Figure 5B by Thomas Shafee, both Figures
via Wikimedia Commons



In this case, a single strand of DNA, as illustrated in yellow, is likely to combine with a
B-DNA double helix, shown in green, to form a triple stranded helical structure. The
DNA strands of a triplex are held together through Hoogsteen base pairing, meaning that

each nucleotide base pairs to two adjacent nucleotides.

Figure 6. DNA Cruciform Secondary Structure. DNA cruciforms occur within double
stranded regions of DNA that are palindromic. Both strands of the duplex form hairpin
structures that extend away from the double helix. Figure created with
ACD/ChemSketch 2016 2.2.

In the case of DNA hairpins, a single strand of DNA that is complementary to it-
self folds over in such a way that it can base pair with itself. Two prominent structural
features of DNA hairpins include the stem, made up by the base paired region, and the

loop, which contains the non-complementary bases found between the two complemen-



tary regions. The structural features of DNA hairpins can be seen in Figure 5B. These
hairpin structures are also able to form with double stranded sequences of DNA that are
palindromic (41). When this occurs, both strands of the DNA jut out to form a double
stem loop structure as seen in Figure 6. These structures are commonly referred to as

DNA cruciforms.

The G-Quadruplex

Another interesting structure that can be formed by nucleic acids is known as the
G-quadruplex. This structure was first predicted in 1962 from X-ray diffraction patterns
of guanylic acid (42). G-quadruplex structures are found within the promoter regions for
some oncogenes and at the ends of chromosomes (43 — 45). Because of their location
within the chromosome, G-quadruplex structures are thought to regulate the expression of
oncogenes as well as to protect the ends of the DNA that contain genetic information.
Sequences of nucleic acids that are rich in guanine repeats, specifically those that have
contiguous tracts of two to four guanine bases, may fold into G-quadruplex structures.
The term G-quadruplex represents a broad class of secondary structures as seen in Figure
7, that all fold through the stacking of guanine tetrads (G-tetrads) (46). The exact shape
and stability of a G-quadruplex structure is determined by many factors including the se-
quences of the bases (i.e. the number of repeating guanines and the number of bases be-
tween the repeating guanines) and the buffer environment of the strands (47 —49). The
factors that influence G-quadruplex structure will be discussed in greater detail later in

this section.



Figure 7. Various G-quadruplex Structures. Each structure displays the characteristic
stacking of G-tetrads (shown in green) indicative of a G-quadruplex structure. Figure
borrowed from B. Pagano et al., Int J Mol Sci, Jul. 2009, Creative Commons

While both DNA and RNA can fold into these stable secondary structures, this work
makes use of G-quadruplexes formed by synthetic deoxyoligonucleotides and thus, any
subsequent mention of the G-quadruplex refers to those structures formed by DNA or
deoxyoligonucleotides.

A characteristic feature of the G-quadruplex structural motif is the formation of
G-tetrads that stack upon one another contributing to the increased stability of these
structures relative to duplex DNA (50). As shown in Figure 8, the G-tetrad can be de-
scribed by four guanine bases oriented with a square co-planar geometry (51). Like the

triple helix mentioned earlier, the G-tetrad also makes use of Hoogsteen base pairing.
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Figure 8. Structure of the G-tetrad. Four guanine bases are arranged in a square co-
planar fashion with Hoogsteen base pairing between the neighboring units. A monova-
lent cation situates itself within the central pore of the tetrad. Figure created with
ACD/ChemSketch 2016 2.2.

In these structures, two hydrogen bonds exist between neighboring guanine bases
for a total of four hydrogen bonding events per guanine base. As shown in Figure 8, the
amide proton at the N1 position and one of the amine protons on the C2 atom of one gua-
nine base make hydrogen bonds with the amide oxygen at the C6 position and the N7 at-
om, respectively, of the neighboring guanine base. This arrangement allows for a total of
eight hydrogen bonds within each tetrad, increasing the stability of these structures (52).

The stacking of G-tetrads to form the G-quadruplex occurs in a right handed, heli-

cal fashion creating a central pore throughout the length of the structure (53). As shown

11



in Figure 8, monovalent metal cations such as potassium or sodium are situated in the
central pore in between the G-tetrad layers and help to stabilize the structure (54-56).
Folding of the G-quadruplex structure is dependent upon the presence of metal cations
and although divalent cations including Mg®*, Ca** and Sr** can induce quadruplex for-
mation, they do not stabilize the structure to the extent of the monovalent metal cations
(57, 58). Thus, most studies on the G-quadruplex structure have been completed in the
presence of either sodium or potassium (59-61). The difference in folding topologies be-
tween G-quadruplexes formed in the presence of either sodium or potassium is most like-
ly due to size differences between the ionic radii of the atoms (60).

The length of the sequence and the number of repeating tracts of guanine residues
dictates the number of strands needed to form a G-quadruplex structure. Intramolecular
quadruplexes are formed from a single strand of DNA whereas intermolecular quadru-
plexes can exhibit molecularities of either two or four (54, 60, 62, 63). The differences in
molecularity of various G-quadruplex structures gives rise to various strand orientations
including parallel, anti-parallel, and a combination of both parallel and anti-parallel (64,
65). A summary of the different molecularities and the resulting strand orientations ex-
hibited by G-quadruplex structures is presented in Figure 9.

Tetramolecular species give rise to all parallel strand orientations while both in-
tramolecular and bimolecular species have strand orientations that are anti-parallel. Due
to the parallel strand orientation, tetramolecular species are more thermally stable when
compared to intramolecular and bimolecular species. This is due to a favorable rotation
about the glycosidic bond in parallel species leaving the all guanine bases within the G-
tetrads in an anti-conformation relative to the sugar (60, 61). In the anti-parallel species,

the guanine bases adopt both the anti- and syn-conformations which contribute to the

12



polymorphism of the anti-parallel G-quadruplex structures (66). In all structures, the gly-
cosidic bond angles allow for the orientation of the oxygen at the C6 position towards the

center of the tetrad, allowing for the coordination of the metal cation (67).

Intramolecular Bimolecular Tetramolecular

L A LS

~ /\
LS ;57 M N,
A
1 J
T Z /1

v
v

s A/
LT Syn- /7 Anti-

Figure 9. Different Molecularities and Strand Orientations of G-quadruplex Structural
Motifs. Intramolecular G-quadruplexes are formed from one strand of DNA whereas bi-
molecular and tetramolecular G-quadruplexes are formed from two and four strands of
DNA, respectively. Figure created in Adobe Illustrator CC.

The human telomere is an important sequence of non-coding DNA located at the
end of chromosomes serving to protect the coding regions of the genome from chromo-
somal degradation (68). Telomeric DNA consists of a repeating sequence of 5’-
TTAGGG-3’ that ranges between 2 and 50 kilobase pairs in length with the last 100 to

600 bases exist as a single strand. With each round of cell division, the telomere is short-
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ened due to the end replication problem. The end replication problem that occurs during
DNA replication is a result of the directionality of DNA polymerase. The replication of
the 5’- and 3’- strands occurs separately and because DNA polymerase works in the 5- to
3’ direction, only the 3’ strand of the original DNA duplex is able to be replicated contin-
uously. For replication of the 5’ strand, short Okasaki fragments are created and the gaps
in between each fragment are filled in and joined through the combined actions of a sec-
ond DNA polymerase and a DNA ligase. Removal of the RNA primer from the 5’-ends
of the parent strands leaves a 3’-overhang on the newly synthesized daughter strand.
These 3’-overhangs are removed from DNA in adult cells, thus causing a shortening of
the DNA replicated (69).

Once the telomere is shortened to the point that the cell can no longer divide
without damaging the coding region of DNA, apoptosis is triggered within the cell. This
can occur after 60 to 80 rounds of replication with about 50 bases lost per replication cy-
cle (70). The actual length of the telomere is regulated by a reverse transcriptase enzyme
called telomerase which works to extend the length of the 3° end of the telomere (71).
Telomerase has been shown to be upregulated in cancer cells (resulting in the extension
of the telomeric region) allowing these cells the ability to divide infinitely without signal-
ing apoptosis (72). The single-stranded region of the human telomere can fold into a
unique secondary structure known as a G-quadruplex that has been shown to inhibit te-
lomerase activity. Because of this, the quadruplex structure formed by the human telo-
mere is an attractive target for study in relation to cancer inhibition, specifically the stabi-
lization of the G-quadruplex structures in vivo through the binding of small molecules to

actively inhibit the actions of telomerase in cancer cells (73, 74).
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Nucleic Acid Drugs Used in Gene Therapy

The use of synthetic oligonucleotides as therapeutic drugs became a topic of in-
terest after it was reported that oligodeoxynucleotides complementary to specific regions
of RNA or mRNA within the AIDS virus were able to inhibit replication of the virus
(75). Since that time, numerous therapeutic oligonucleotides have been developed to
make use of a variety of different types of nucleic acids. The section below provides a
brief overview of the various types of synthetic oligonucleotides that are used as DNA
drugs.

Antisense oligonucleotides have been developed from short sequences of DNA or
RNA oligonucleotides that bind to complementary regions of RNA or mRNA. Upon
binding, antisense therapeutics signal degradation of the RNA component by Ribonucle-
ase H (RNAseH), which is an endoribonuclease that hydrolyzes the phosphodiester bonds
of RNA. Several antisense oligonucleotide drugs have been developed in response to di-
abetes (76), rheumatoid arthritis (77), and cancer (78, 70). The most successful of which
have been modified along the backbone to increase stability and prevent degradation by
nucleases (80). For a summary of the various chemical modifications available to thera-
peutic oligonucleotides, the reader is directed to a recent review (81).

Another type of common nucleic acid therapeutic is interfering RNAs, either
small interfering RNAs (siRNAs) or micro RNAs (miRNAs). Both siRNA and miRNA
consist of short sequences of RNA, however the major difference between the two is that
SiRNA is double stranded, whereas miRNA is single-stranded. These types of nucleic
acid therapeutics are complementary to a particular gene of interest and when inserted

into the cell, interact with that gene to inhibit its transcription. It is because of this down-
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regulatory mechanism that sSiRNAs are thought to be able to be applied to a wide range of
diseases including cancer (82), Ebola (83), and glaucoma (84).

Aptamers are a class oligonucleotide therapeutics that works by interacting with
specific proteins or small molecules within the cell such as dopamine (85) and human
thrombin (86). Aptamers can be composed of DNA or RNA and fold into a complex ter-
tiary structure. These structures have also been shown to be effective in reducing angio-
genesis in age-related macular degeneration patients by binding to VEGF165 and inhibit-
ing it from reacting with the VEGF receptor (87). Due to their high specificity, aptamers
have also shown promise as a targeting mechanism. In some cases, aptamers have been
attached to small molecule drugs to increase their targeting specificity (88) and in other
cases, drug-loaded nanoparticles have been coated with aptamers to increase the efficien-
cy of their delivery (89).

Our lab is particularly interested in those DNA aptamers that fold into a G-
quadruplex structure such as the thrombin binding aptamer (TBA) (90) and the anti-
nucleolin aptamer, designated AS1411 (91). The TBA was first discovered through
SELEX (systematic evolution of ligands by exponential enrichment) experiments in 1992
(90) and the G-rich, single-stranded sequence, 15 bases in length, has been shown to fold
into a G-quadruplex (92). Binding of TBA to human thrombin occurs in the same bind-
ing pocket as fibrinogen, which is needed for the formation of blood clots, and it is this
mechanism of action allows TBA to act as an anti-coagulant (93). The AS1411 aptamer
is a G-rich phosphodiester oligodeoxynucleotide that is 26 nucleotides in length (91).
This aptamer is the truncated form of a 29-mer oligodeoxynucleotide sequence known as
GRO29A, originally studied at the University of Alabama in Birmingham (94). Studies

on AS1411 have shown it to bind to the nucleolin expressed on the surface of cancer cells
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and induce apoptosis of these cells (95). Both G-quadruplex forming aptamers described
above have been tested in clinical trials and show promising therapeutic potential (96,
97).

Even with the number of clinical trials for oligonucleotide therapeutics, major
limitations still exist concerning the in-vivo delivery efficiency and the number of doses
necessary to sustain a therapeutic level of oligonucleotide. In summary, the use of nucle-
iCc acids as therapeutics is a promising area of research that is applicable to a wide range
of diseases provided that advancements are continuously made to improve the delivery

and bioavailability of the oligonucleotide therapeutics.

Drug Delivery Vehicles

Many diseases, including a large number of cancers, sickle-cell anemia, cystic fi-
brosis, and Huntington’s disease, are caused by problems with the expression of genes
within specific tissues of the body. Once this was identified, researchers began to look
towards the creation of new technologies to correct the undesirable genetic mutations that
result in disease. These approaches, also known as gene therapy, are relatively new con-
cepts that were first studied in the 1980’s when research began to develop a method to
insert functional genes into cells (98). Today, gene therapy exploits the use of nucleic
acids to perform a certain cellular function once inserted into the cell.

A major challenge to the success of gene therapy is in the delivery of the gene to
the target cell and into its nucleus (79). Encapsulation of the genetic material as a meth-
od of delivery is a promising approach to protecting the oligonucleotides from degrada-
tion before reaching their target. Viral vectors were first used as a way of transfecting

cells but due to increasing concerns over the safety of these methods, non-viral vectors
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have been determined to be the more advantageous route for gene therapy (99). Non-
viral vectors have been designed from mixtures of cationic lipids and co-lipids to form
lipoplexes (100), small molecules (101), and polymers such as polyethylenimine (PEI) or
poly(DL-lactide-co-glycolide) (PLGA) (102, 103). Non-viral vectors offer not only a
safety advantage, but also a controllable vehicle for delivery than can be modified to tar-
get specific tissues. Even with these advantages, poor delivery efficiency is still a major
barrier for non-viral vectors.

A second challenge that limits the functionality of gene therapy is the ability to
express the transgene in a sufficient amount that results in a therapeutic effect (79). To
overcome this limitation, the therapeutics must be delivered in a larger quantity or the
DNAs delivered must be modified with an expression system to ensure the proper ex-
pression levels of proteins. We therefore suggest that one method to overcome current
limitations in the amount of transgene expression in gene therapy is by fabricating a hy-
drogel capsule capable of synthesizing nucleic acids, as these capsules can provide a
larger amount of nucleic acid fragments than can be delivered through current techniques.

Ideal drug delivery vehicle will (1) be composed of biocompatible materials that
do not elicit an immune response, (2) have high encapsulation efficiencies of the desired
drug without leaking of the cargo, (3) have the ability to be modified with targeting lig-
ands, and (4) have a mechanism for the controlled release of cargo.

Thus far, several methods have been used to accomplish this delivery and can
broadly be characterized by either viral or non-viral transport vesicles. While viral vec-
tors provide an efficient in vivo delivery system, it is non-viral delivery mechanisms that
have been a major focus of research over the past decade due to their increased biosafety.

Besides their lessened immunotoxicity and decreased pathogenicity when compared to

18



their viral counterparts, nonviral vectors also have the advantage of selective targeting.
Even with advantages, the need for increased delivery efficiency of its cargo still poses
major challenges and drives the research towards the development of a novel non-viral
vector that maintains its biosafety while increasing its delivery efficiency. Recent re-
search from our laboratory has demonstrated that hydrogel capsules offer a unique ability
to encapsulate small molecules and to be internalized by cells to deliver its cargo without
causing cytotoxicity.

Encapsulation of nucleic acids as a form of gene therapy is a well addressed field
that has not been able to overcome the challenges associated with delivering target oligo-
nucleotides to the nucleus of a cell with enough specificity to reach a therapeutic level of
transgene expression over the desired time. Using polymeric nanoparticles as a delivery
vehicle provides the advantage of being able to create bio-compatible capsules that are
highly tunable. That is, the synthesis of capsules can be modified to produce capsules
with controlled sizes, capacities, targeting, environments for diverse cargo loading, and
release mechanisms. Several types of nucleic acids have been shown to be able to be en-
capsulated by polymeric capsules including DNA (104) and siRNA (105), both encapsu-
lated through the layer-by-layer synthesis of poly(methacrylic acid) hydrogel capsules,
and plasmid DNA (pDNA) which has been encapsulated through a double emulsion

technique using poly(DL-lactide-co-glycolide) (PLGA) and polyvinyl alcohol (106).

Layer-by-Layer Self-Assembly of Microcapsules
Layer-by-Layer (LbL) technology originated in the mid-1960s, and was pioneered
by the work of Drs. ller, Kirkland, and Nicolau (107-110). However, it wasn’t until the

early 1990s, when the Decher group incorporated the use of synthetic polyelectrolytes,
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that this technique began to be more widely utilized (111). The LbL technique can be
broadly defined as a process to build up materials on a templated surface, one layer at a
time, through the non-covalent interactions between natural or synthetic polyelectrolyte
substances (111). LbL self-assembly of films and capsules has been used in a broad
number of biomedical applications including biomimicry (112-114), sensing (115, 116),
and drug delivery (117, 118). While LbL techniques can be applied to the creation of
films (119, 120), microcapsules (121, 122), and microparticles (123, 124), the following
section will discuss LbL technology as it applies to hollow microcapsules.

The synthesis of hollow microcapsules utilizing LbL technology offers the user a
controlled method to impart specific functionalities into the resulting material (125, 126).
In this process, polymers are first adsorbed to a sacrificial template such as porous silica
spheres (117, 127, 128), manganese carbonate (129, 130), or calcium carbonate (129,
131, 132). Polymers are then layered atop of one another, alternating between different
polymers until the desired number of layers is reached. The cyclic nature of this process
is illustrated in Figure 10. Hollow microcapsules are obtained once the sacrificial tem-
plate is removed. It should be noted that the hollow microcapsule presented in Figure 10
is not drawn to scale relative to the sacrificial template; the microcapsule has been en-
larged for easier viewing of the multilayer assembly. Microcapsules formed via LbL as-
sembly possess a unique characteristic of having a nano-sized multilayer shell while tak-
ing up space at a microlevel (133, 134). It is for this reason that the synthesis of micro-
capsules using LbL technology are said to be controllable at a nanoscale level.

The buildup of multilayers is achieved by taking advantage of non-covalent inter-
actions such as hydrogen bonding, electrostatic interactions, van der Waals forces, and

the exclusion of water from hydrophobic portions of the polymers (135, 136). The inter-

20



actions that drive the self-assembly of the multilayer can influence various properties of
the resulting material including the thickness of the multilayer shell and the morphology
(i.e. rough or smooth) and permeation properties of the microcapsule (137). The non-
covalent forces such as these are dependent upon environmental factors like pH and salt
concentration and thus, the stability of microcapsules is often reinforced through chemi-
cal crosslinking of the polymer multilayers (138, 139). LbL self-assembly is a versatile
technique that offers several advantages in comparison to traditional coating methods.
One important benefit to using LbL techniques is that they are not limited to the type of
substrate or its size. This means that the size of the resulting microcapsule is directly in-

fluenced by the size of the sacrificial template.
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Figure 10. General Strategy for LbL Creation of Hollow Microcapsules. Figure created
with Adobe Illustrator CC.
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Research Summary

Gene therapy is an exciting area of research that can be described by the delivery
of genetic material to help control diseases including multiple types of cancers, neuro-
degenerative diseases such as Parkinson’s and Huntington’s Disease, sickle-cell anemia,
and cystic fibrosis. Many types of nucleic acids have been studied to treat disease how-
ever their use has been limited by inefficient delivery to the nucleus. The interactions
between the nucleic acid drug and its receptor molecule within the cell are dependent up-
on the sequence and the structure of the nucleic acid. One type of nucleic acid structure
that is particularly interesting are the G-quadruplexes formed from guanine rich sequenc-
es of DNA. These structures have been shown to play important roles in the cell includ-
ing the provision of transcriptional regulation and telomeric maintenance. Additionally,
the design of thrombin binding aptamers, a type of DNA drug, mimics the G-quadruplex
structure. In recent years, the focus of nucleic acid delivery has been non-viral vectors
constructed from synthetic polymeric due to inherent safety concerns of using viral vec-
tors.

The compilation of this work seeks to blend polymer chemistry, biophysical
chemistry and enzymology in a way that advances gene therapy as a viable tool for the
treatment of a variety of diseases through the encapsulation and controlled release of G-
quadruplex DNA structures. To complete this work, synthetic deoxyoligonucleotides of
the human telomeric sequence were chosen as the nucleic acid drug for encapsulation and
a structural study was performed first to determine the relative importance of the bases in
the loop sequence region. G-quadruplex forming oligonucleotides were then encapsulat-
ed within two-component poly(methacrylic acid) (PMAA)/ poly(N-vinylpyrrolidone)

(PVPON) microcapsules using a Layer-by-Layer (LbL) deposition strategy. Release of
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the G-quadruplex structures using a controlled therapeutic ultrasound technique was then
studied. It is important to note that this methodology can be easily refined for applica-
tions of in vivo targeting and synthesis of DNA and/or RNA as therapeutic agents that

could be applied to several diseases.
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CHAPTER 2
METHODS
The following chapter provides important background information relative to
each technique as well as a general description of the procedures that were used in this
body of work. Specific information about each of the experiments can be found within

the chapters’ specific for that method.

Preparation of Buffers

Buffers were freshly prepared for each experiment in MilliQ-ultrapure water at a
volume slightly less than the desired total volume. After a 3-point calibration (pH 4.0,
7.0 and 10.0) with the pH meter, the pH of the solution was adjusted to the desired value
using either HCI or NaOH. Buffer solutions were then transferred to a volumetric flask
and diluted to the appropriate volume with MilliQ-ultrapure water. The buffer solutions
were then filtered using a Millipore vacuum filtration apparatus with a 0.45 pum mem-
brane filter. Buffers were stored at room temperature until use. The pH of each buffer
was checked and appropriately adjusted before each experiment. Buffers were also check
periodically for bacterial growth. This was a rare occurrence for buffers that were
properly filtered.

BPES buffers (0.01 M NaH2PO4, 0.01 M Na2HPO4, 0.001 M EDTA, and 100

mM NacCl) at pH 7.4 were prepared to reconstitute the DNA oligonucleotides. Phosphate

24



buffers (0.01 M NaH2PO4, 0.01 M Na2HPO4, and 100 mM NacCl) used to solvate the

polymers used in this work were prepared at various pH levels as indicated in Chapter 4.

DNA Preparation
The following section describes the DNA preparation techniques used in both the
characterization of G-quadruplex structure as a function of the loop sequence and the en-

capsulation of various DNA structures found in Chapters 3 and 4, respectively.

Synthetic Deoxyoligonucleotides

HPLC purified, G-quadruplex forming deoxyoligonucleotides were purchased
from Midland Certified Reagents (Midland, TX). The oligonucleotides were re-
suspended by adding an appropriate volume of BPES buffer (pH 7.4) to make a 1 mM
(strand) stock solution. The G-quadruplex stock solutions were vortexed and allowed to
sit overnight at 4 °C. The actual concentration of the G-quadruplex solution was checked
using UV/vis spectroscopy. When the G-quadruplex solutions were not in use, they were

stored at 4 °C.

Calf-thymus DNA

To prepare double-stranded DNA samples, calf thymus DNA (purchased from
Sigma-Aldrich, St. Louis, MO) (ctDNA) fibers were weighed out (2:1 weight (mg) vs
volume (mL) and added to a phosphate buffer (0.01 M NaH2PO4, 0.01 M Na2HPO4,
0.001 M EDTA). Solutions were allowed to solvate at 4 °C overnight until the DNA
strands were completely dissolved. Once in solution, the DNA strands were sheared to

shorter lengths through sonication using a Branson sonifier. The DNA was sonicated in 5
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minute on/off intervals (to insure no overheating of the solution occurs) for a total soni-
cation time of 30 minutes. To circumvent the heat evolved during this process, the DNA
solution was kept in an ice bath. Additionally, nitrogen gas was bubbled through the
sample throughout the sonication process to protect the blunt ends of the DNA from oxi-
dation.

The sonicated solution was filtered using a 0.45 um syringe filter and solid sodi-
um chloride was added to increase the total salt concentration of the solution to 0.2 M
NaCl. Several syringe filters were used to filter the entire solution due to clogging of the
membrane. Back-pressure on the syringe pump during filtering is an indication that the
membrane is clogged. The exact number of syringe filters needed is determined by the
solution volume and viscosity. After filtering, the ctDNA sample was treated with RNase
A to degrade any RNA present within the sample, followed by treatment with proteinase
K to digest both the RNase as well as any other protein impurities in the DNA solution.
An important feature of proteinase K is its auto-catalytic activity, meaning that is will
digest itself, leaving no enzymes present in solution. RNase degradation was performed
at 37 °C for 30 minutes and proteinase K digestion reacted for 2 hours at 37 °C.

After enzymatic digestions to remove RNA and protein, the DNA solution was
extracted with a 1:1 chloroform/phenol solution. The DNA solution was vigorously
mixed with an equal volume of the chloroform/phenol and the suspension decanted into
two 50 ml glass test tubes. The layers were separated by centrifugation on the clinical
centrifuge at 4 °C. The top layer containing the DNA and was removed and returned to
the separatory funnel. Care is taken not to contaminate the aqueous layer with the inter-
face between the DNA and the organic layer. This step is repeated (~3 times) until the

interface between the aqueous and organic layers is clear (not cloudy or white with pre-

26



cipitated protein). After the final centrifugation, the DNA layers were pooled in a 50-mL
Falcon tube.

Precipitation of the ctDNA from the solution was achieved with the addition of -
30 °C, salt-saturated ethanol. Centrifugation was used to pellet the precipitated DNA.
The resulting DNA pellet was dried under vacuum. BPES buffer (0.01 M NaH2PO4,
0.01 M Na2HPO4, 0.001 M EDTA, and 100 mM NacCl) was added to the DNA pellet and
allowed to solvate overnight at 4 °C. The DNA solution was pipetted into a dialysis bag
and dialyzed against BPES buffer to remove any excess salts and small DNA fragments.
The dialysis medium was exchanged with fresh BPES buffer a minimum of four times.
The DNA was then filtered a second time using a 0.45-um syringe filter. The concentra-
tion of the stock DNA solution (in base pairs) by serial dilution by monitoring the UV/vis

absorbance at 260 nm (¢ = 13,200 M-1 cm-1).

Preparation of Polymer Solutions

The PMAA (100 kDa) and PVPON (1300 kDa) polymers used in this work were
dissolved in the BPES buffer (0.01 M NaH2PO4, 0.01 M Na2HPO4, 0.001 M EDTA,
and 100 mM NaCl) at pH 4.0 overnight, without stirring, to allow for complete solvation
of the polymer chains. Due to the increased molecular weight of PVPON as compared to
PMAA, the time to fully solvate PVPON will be greater than that for PMAA. Visual in-
spection of the solution for schlieren lines, which arise from mixing solutions with differ-
ent refractive indexes, served as an indicator that the polymer had not yet been fully solv-
ated by the buffer. After visual confirmation that the polymers were completely dis-

solved, the pHs of the solutions were adjusted to the desired value. Polymer solutions
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were used within one week of their preparation and were stored at room temperature

when not in use.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a technique that measures the heat ca-
pacity change of a sample as a function of temperature (140, 141). In general, solutions
of interest are placed in a sample cell, their corresponding buffers are placed in a refer-
ence cell and the temperature is increased over time. The heat energy needed to maintain
a constant temperature in both cells is collected and then plotted as a function of tempera-
ture. The melting temperature of the system is determined from the curve peak. Addi-
tional processing of this data allows for the determination of thermodynamic parameters
such as enthalpy (AH), entropy (AS), and Gibbs free energy (AG) (141).

The heats associated with G-quadruplex unfolding in this work were measured us-
ing a Microcal VP-DSC (Malvern Instruments, Northampton, MA). Scans were collected
over a temperature range from 10-100 °C with a heating rate of 0.5 “C/min. The deoxy-
oligonucleotides used in these experiments ranged from 175 to 225 puM in strand concen-
tration. At least five heating and cooling cycles were conducted for each sample to assess
the reversibility of unfolding. Baseline scans were also completed for these experiments
by placing the buffer in both the sample and reference cells. The baseline scans were
completed using the same parameters as the sample solutions described above. Data
were analyzed by 1) subtraction of the baseline scan from the raw sample data, 2) nor-
malization to strand concentration and generation of heat capacity versus temperature
plots, and 3) baseline correction of the heat capacity plots. Analyses of all DSC data

were completed using Origin 7.0 VP-DSC software.
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Circular Dichroism Spectroscopy

Circular dichroism (CD) is a spectroscopic technique that measures the absorption
difference between left- and right-handed circularly polarized light. This phenomenon,
known as ellipticity, occurs when molecules are chiral (142, 143). CD is most commonly
used for the secondary structure prediction of proteins but it has also been proved useful
for studying the structures of nucleic acids, specifically, the G-quadruplex forming struc-
tures. Like other spectroscopic techniques, the absorbance differential measured by CD
can be taken as a function of temperature, or time, to derive information about the ther-
mal stability or the kinetics of the system, respectively (144 — 146).

In this work, CD was used to confirm the G-quadruplex structure of 1) the loop
sequence variants of the human telomere (Chapter 3) and 2) the G-quadruplex forming
sequences released from PMAA/PVPON microcapsules (Chapter 4). For both studies,
samples were scanned from 225-325 nm and the average of three scans was used for data
analysis. The presence of a positive ellipticity band at 265 nm indicates the folding of the
sequence into an all-parallel G-quadruplex structure and the presence of a negative peak
at 265 nm with a positive peak at 295 nm indicates the folding of the sequence into an
anti-parallel G-quadruplex structure (147).

Thermal stabilities of the loop sequence variants (Chapter 3) were also carried out
in this work using CD spectroscopy. For these studies, the ellipticity was collected at 295
nm as a function of temperature from 10 to 90 °C. The temperature was increased at a
rate of 1 °C/min and measurements were taken at every 1 °C. Prior to the first scan, sam-
ples were thermally equilibrated for 15 minutes with stirring. Samples were also equili-
brated for one minute prior to each successive scan. A melting profile of the buffer was

also collected and then baseline subtracted from each spectrum. The data was then nor-
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malized to molar ellipticity by dividing the raw ellipticity data by the concentration of
each sample multiplied by the pathlength of the cuvette that the data was collected in.
The thermal stability, as defined by the melting temperature (Tr,), was calculated from the
midpoint of the sigmoidal transition using the first derivative method (148).

Advanced, three-dimensional melting profiles of the loop variant sequences
(Chapter 3) as a function of both temperature and wavelength were also collected by CD
in this work. For these studies, CD scans were collected for each sample from 220 to 320
nm over a range of temperatures. Starting at 4 °C, scans were collected every 2 degrees
until the temperature reached 90 °C. The temperature was increased at a rate of 1 °C/min
and sample was equilibrated at each temperature for 1 minute before completing the scan.
Analysis of the three-dimensional melting profiles was completed using singular value

decomposition as described in the follow section.

Analysis of Data by Singular VValue Decomposition

Singular value decomposition (SVD) is a mathematical technique where complex
data matrices can be analyzed for the presence of significant species (149, 150). In this
work, SVD analysis is applied to three-dimensional melting profiles, collected by CD
spectroscopy, to determine the number of significant spectral species present during the
unfolding of G-quadruplex forming sequences the human telomere and its loop sequence
variants (Chapter 3). An excellent review on SVD regarding the unfolding of deoxy-
oligonucleotides can be found here (151).

To complete SVD analysis, the data collected for each sequence must first be ar-

ranged in a i X j matrix where i, represents the range of wavelengths that ellipticity was
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collected at a certain temperature, j. The following equation was used in Matlab software

(MathWorks, Natick, MA) to perform SVD on each data matrix:

SVD(A) = USV

In this equation, the i X j data matrix, represented by A, is equal to the product of three
separate matricies, U, S, and V, each representing important information. Matrix U con-
tains the basis spectra, matrix S contains the singular values, and matrix V contains the
amplitude vectors. The total number of significant spectral species can be estimated
through a combination of analyses of the following: 1) the different components of the S,
UxS, and V matrices, 2) the calculation of autocorrelation coefficients of the U and V
matrices, and 3) the analyses of difference matrices plots calculated with a succinct num-
ber of singular values.

Autocorrelation coefficients calculated for the U and V matrices are inspected for
the magnitude of their value. For a component of the U or V matrices to be considered
spectrally significant, autocorrelation coefficients must be greater than 0.8. Autocorrela-

tion of U and V matrices is performed using the following equation:

CXi) =2(X; )(X; + 1))

The last component of SVD analysis consists of the plotting of difference matri-

ces, calculated using the following equation:

D=A-USV;
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Multiple difference matrices are calculated for each matrix A, by using a different num-
ber of singular values in each S’ matrix. Each difference matrix is then evaluated by
comparison to one another, through a contour plot. When the difference matrix contour
plots present as random noise with no regular patterns, they have been calculated with the

number of singular values that equals the spectrally significant components.

Encapsulation of DNA Within Sacrificial Cores

Calcium carbonate (CaCO3) particles were chosen as the sacrificial cores in this
work due to their biocompatibility as well as the ease in which they can be synthesized
and then subsequently be dissolved and removed from the system. To condense the G-
quadruplex forming oligonucleotides within CaCOj3 particles, equal volumes (1 mL) of
0.1 mg/mL calcium chloride, CaCl,, and 0.1 mg/mL sodium carbonate, Na,COs, were
mixed with 1.0 um oligonucleotide (10 pL) and enough DI water to bring the total vol-
ume to 3 mL. Each solution was added, sequentially, to a small cylindrical vial, com-
monly referred to as an “ITC tube”, in the following order: DI water, CaCl,, oligonucleo-
tide, and finally Na,COg3. Prior to adding the solutions, the vial was equipped with a
‘flea’ stir-bar and placed upon a magnetic stir plate with the speed setting to 10.

The solutions were mixed continuously as they were being added to the vial. Up-
on the addition of Na,COs, a timer was started, and the solution mixed for exactly 40
seconds. The vial was removed from the stir plate, the stir-bar was removed using a
magnetic rod, and the resulting CaCOg particle solution was split equally among two Ep-
pendorf tubes (2.5 mL) using a Pasteur pipette. Care was taken not to scrape the bottom

of the vial with the pipette as this could damage the structural integrity of the particles.
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The Eppendorf tubes containing the CaCOg particle solutions were then pulsed on
a portable, table-top centrifuge to separate the CaCOg particles from the supernatant. The
supernatant was removed via a pasteur pipette and any remaining salts were removed by
washing the CaCQOg particles with DI water.

To wash the particles, DI water was added to the 1 mL line on the Eppendorf tube
and the tubes were then vortexed to re-disperse the CaCOs particles. A second wash cy-
cle, consisting of centrifuging the Eppendorf tubes to separate the CaCOj3 particles from
the supernatant, replacement of the supernatant with DI water, and vortexing to re-
suspend the CaCOg particles was completed. On the third wash cycle, the supernatant
was removed from both Eppendorf tubes, however only one tube had its supernatant re-
placed with DI water. This tube was vortexed and then its contents were transferred to
the second Eppendorf tube to combine the CaCOj particles into a single container. Once
the CaCOg particles are combined into one Eppendorf tube, they are ready for immediate

polymer deposition.

LbL Assembly of DNA Loaded Microcapsules
DNA loaded microcapsules were prepared using a hydrogen bonded, LbL self-

assembly method (152, 153). To prepare the capsules, poly(methacrylic acid) (PMAA)
and poly(N-vinylpyrrolidone) (PVPON) were sequentially layered on top of the DNA-
loaded CaCOg sacrificial cores as prepared in the previous section of this chapter. The
addition of one layer of PMAA and one layer of PVPON constitutes a single bilayer and
the total number of bilayers added was dependent upon the particular study (Chapter 4).
In this work, PMAA (average Mw 100,000 g mol-1) and PVPON (average Mw 1,300,000

g mol-1) were used for the fabrication of the multilayer composing the microcapsule
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shell. The multilayer was stabilized further through the chemical cross-linking of the
PMAA molecules with cystamine and the sacrificial cores were removed with treatment
with EDTA. Specific information about each step is presented below.

All polymer depositions on the CaCOs3 cores used in this work were performed at
pH 4.0. To facilitate the adsorption of positively charged PMAA to the DNA-loaded
CaCOg cores, negatively charged polyethyleneimine (PEI, 0.25 mg/mL) was used as the
initial polymer. Approximately 1 mL of PEI was added to the CaCOj3 cores in a 2.5-mL
Eppendorf tube and was shaken for 15 minutes. Samples were then centrifuged using a
short-spin pulse method and the excess PEI in the supernatant was carefully removed us-
ing a Pasteur pipette. To wash the excess PEI from the cores, the supernatant was re-
placed with approximately 1 mL of phosphate buffer at pH 4.0 and the cores were re-
dispersed by vortexing the Eppendorf tube. The sample was then centrifuged and the su-
pernatant removed as previously described to complete the wash step. The wash step was
repeated a second time and two wash steps were performed between each subsequent
polymer deposition.

To begin assembling the multilayer, approximately 1 mL of PMAA (0.1 mg/mL,
pH 4) was added to the PEI-coated cores in the Eppendorf tube. PMAA was deposited
for 10 minutes with constant shaking before the excess was removed by centrifugation
and removal of the supernatant. After two wash steps, another polymer deposition step
was performed using PVPON (0.1 mg/mL, pH 4). This pattern of polymer deposition
followed by two wash steps was repeated until the desired number of polymer layers was
reached. These polymer-coated CaCO; cores will hereby be referred to as core-shells.

Cross-linking of the PMAA molecules was achieved through a combination of

two reactions. PMAA cannot directly bind the cystamine cross-linker and thus, the car-
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boxylic acid side groups must first be modified so that they can react with the primary
amine that is found on either side of the cystamine structure. This was achieved by con-
verting the carboxylic acid side groups to an active ester through a reaction with 1-ethyl-
3-(3-(dimethylamino)propyl)-carbodiimide hydrochloride (EDC). Core-shells were
washed twice with phosphate buffer at pH 5.5 before approximately 1 mL of EDC (1
mg/mL, pH 5.5) was added. The EDC reacted for 35 minutes before it was removed by
the centrifugal separation of the supernatant as described previously. After two wash
steps with pH 5.5 phosphate buffer, the PMAA was then crosslinked by adding approxi-
mately 1 mL of cystamine dihydrochloride (1 mg/mL, pH 5.5) to the core-shells. The
cystamine was removed from the core-shells after the desired length of cross-linking
time.

Cross-linked core-shells were washed twice with phosphate buffer (pH 5.5) and
approximately 1 mL ethyldiaminetetraacetic acid (EDTA, 1 mM, pH 5.5) was added to
dissolve the cores. For this reaction, samples sat on the benchtop with no shaking.
EDTA solutions were replaced after sufficient settling of the core-shells to allow the re-
moval of the supernatant. The extent of dissolution was checked using optical microsco-
py and after complete dissolution, the EDTA supernatant was removed from the system,
and the microcapsules washed twice with phosphate buffer at pH 5.5.

Prepared microcapsules were dialyzed against phosphate buffer at pH 7.4 to 1)
remove excess EDTA, 2) remove excess CO* ions, and 3) re-equilibrate the system at a
biologically relevant pH. After dialysis, the microcapsules were stored at room tempera-
ture until use. Optical microscopy was used to observe the shape and size of the resulting
microcapsules. The concentration of the microcapsules in solution was estimated using a

hemocytometer.
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Zeta-Potential Studies

Measurement of the Zeta-potential ({-potential) is frequently used to estimate the
net surface charge of a particle in a suspension (154, 155). In solution, charged particles
are surrounded by a layer of counter-ions tightly bound to the charged surface known as
the stem layer. This layer is then enveloped by a cloud-like region, known as the diffuse
layer, containing both co- and counterions, relative to the surface charge of the particle.
The diffuse layer expands several nanometers outward from the surface of the particle
and together both layers are referred to as the electrical double layer. The stem and dif-

fuse layers are illustrated in Figure 1 in blue and green, respectively.
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Figure 1. Co- and Counter-ion Distribution at the Surface of Charged Particles. Figure
created using Adobe Illustrator CC.
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The absolute value of the electric potential is directly proportional to the distance from
the surface and this value approaches zero as the distance increases to include the neutral
electric potential of the bulk solution. Zeta-potential of solutions are described as the
electrical potential difference between the stem and diffuse layers. The potential in this
region is thought to be a direct reflection of the surface charge on the particle, and thus
represents the effective surface charge of the particle in solution (156).

Measurements of the (-potential of the various solutions in this work were calcu-
lated through an indirect measurement of the electrophoretic mobility of the microcap-
sules using a Nano Zetasizer (Malvern Instruments). Characterization of the relationship
between the surface charge of the microcapsules and the pH was accomplished by col-
lecting the {-potential of capsules after they are exposed to buffers of varying pH. The (-
potential was determined by taking the average of three measurements, each set to collect

an optimal number of scans based upon the signal to noise ratio of the spectra.

FTIR Studies
Fourier transform infrared spectroscopy (FTIR) is a method to identify functional

groups of a molecule by monitoring the bond vibrations and stretching (157, 158). In this
technique, an infrared interferon is collected and then Fourier transform (FT) is applied to
the collected data to obtain the infrared spectrum (159). To confirm that the microcap-
sules have a two-component system, that is, to make sure they are composed of both
PMAA and PVPON, the microcapsules were examined using Fourier Transform Infrared
Spectroscopy (FTIR). Samples were prepared by freeze-drying overnight at the desired
pH. The absorbance mode of an ATR-FTIR (Bruker, Alpha-FTIR) was used to collect

data over a full range of wavelengths. A total of 128 scans were collected for each of the
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background and sample measurements. All spectra were normalized and then baseline

corrected before being analyzed.

Therapeutic Ultrasound Release of DNA

The ultrasound range for sound waves are those that have a frequency greater than
20 kHz and are not audible to the average adult. Medical ultrasound, or diagnostic ultra-
sound, is a technique that uses the vibrations from sound waves for imaging or other di-
agnostic purposes (160). Diagnostic ultrasound is performed at intensities that are less
than 720 mW/cm? (161). When the intensity is increased above this threshold, up to 105
W/cm?, the technique is known as therapeutic ultrasound (162). Therapeutic ultrasound
can be used to release the cargo of microcapsule through an effect known and inertial
cavitation (163). In this process, high intensity focused ultrasound (HIFU) is applied to
drug delivery vesicles, forming short-lived microbubbles. Collapse of the microbubbles
emits a shockwave that can shear the molecules constructing the microcapsules when
they are near one another. Perturbation of the polymers leads to degradation of the mi-
crocapsules and the subsequent release of cargo (164).

In this work, therapeutic levels of ultrasound were used to release DNA cargo
from two-component PMAA/PVPON microcapsules. To prepare the microcapsule for
ultrasound release, samples were dialyzed vs pH 7.4 phosphate buffer (0.01 M NaH,PO,,
0.01 M NaHPQ,). After removal from dialysis, the microcapsules were diluted and
sonicated at 40% power (57 W/cm?) for 20 seconds. The extent of capsule rupture was
monitored using optical microscopy. Capsule fragments present as small lines and semi-

circles and are easily distinguishable from the intact spherical capsules.
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ABSTRACT

G-quadruplexes are higher order DNA structures that play significant roles in
gene transcription and telomeric maintenance. The formation and stability of the G-
quadruplex structures are under thermodynamic control and may be of biological signifi-
cance for regulatory function of cellular processes. Here, we report the structural influ-
ence and energetic contributions of the adenine bases in the loop sequences that flank G-
repeats in human telomeric DNA sequence. Spectroscopic and calorimetric techniques
are used to measure the thermal stability and thermodynamic contributions to the stability
of human telomeric G-quadruplexes that have been designed with systematic changes of
A to T throughout the telomeric sequence. These studies demonstrate that the thermal
stability of the G-quadruplex structure is directly related to the number and position of
the adenines that are present in the telomeric sequence. The melting temperature (Tm)
was reduced from 59 °C for the wild-type sequence to 47 °C for the sequence where all
four adenines were replaced with thymines (0123TTT). Furthermore, the enthalpy re-
quired for transitioning from the folded to unfolded G-quadruplex structure was reduced
by 15 kcal/mol when the adenines were replaced with thymines (37 kcal/mol for the wild-
type telomeric sequence reduced to 22 kcal/mol for the sequence where all four adenines
were replaced with thymines (0123TTT). The CD melting studies for G-quadruplex se-
quences having a single A to T change showed significantly sloping pre-transition base-
lines and their DSC thermograms revealed biphasic melting profiles. In contrast, the de-
oxyoligonucleotides having sequences with two or more A to T changes did not exhibit
sloping baselines or biphasic DSC thermograms. We attribute the biphasic unfolding

profile and reduction in the enthalpy of unfolding to the energetic contributions of ade-
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nine hydrogen bonding within the loops as well as the adenine stacking to the G-tetrads

of the G-quadruplex structure.

41



INTRODUCTION
Guanine rich nucleic acids are capable of forming higher order DNA structures

called G-quadruplexes.™* Analyses of the human genome have established the presence
of a large number of highly conserved guanine-rich sequences that have the potential to
form G-quadruplex structures.”” These regions were found in certain oncogenic promot-
er regions and at the telomeric ends of the chromosome; providing evidence for in vivo
biological functions of G-quadruplex structures. The potential for G-quadruplex struc-
tures to serve regulatory functions have made them attractive targets for the development
of therapeutic drugs to modulate genetic transcription and telomeric extension.®® At the
core of G-quadruplex structure are the planar G-tetrads composed of four guanines that
are held together by Hoogsteen bonding and further stabilized by G-tetrad stacking. In
vitro, G-quadruplexes may be constructed via intermolecular or intramolecular interac-
tions of G-rich DNA sequences with significant variations in sequence and molecularity.
G-rich oligonucleotides of sufficient length have the innate ability to form unimolecular
G-quadruplexes that have demonstrated a high degree of topological variations that are

dependent on both the base sequence and cationic environment.'%**

Human telomeric DNA is a non-coding region at the end of the chromosome that
consists of repetitive sequences that are approximately 5 to 15 kilobases in length with
the tandem repeat of 5°- (TTAGGG),-3’. The terminal end of this sequence has a 3°-
single stranded overhang ranging from 35 to 600 nucleotides in length that has been
demonstrated to form stable G-quadruplex structures both in vitro and in vivo.*>** The
formation of the G-quadruplex structure has been demonstrated to inhibit the attachment

of telomerase, thus halting the enzymatic extension of the telomere that is often associat-
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ed with cancerous cells."**® The unimolecular human telomeric G-quadruplex structure
has three stacked G-tetrads connected by loops comprised of a 5’-TTA-3” sequence. The
nature of the loop connectivity gives rise to a number of alternate conformations that
have been characterized both by NMR and X-ray crystallography.*®?* The most notable
structural differences are between the sodium and potassium cationic forms. Sodium-
based buffers result in an all antiparallel strand orientation with glycosidic bond angles in
the anti-conformation. However, the loop connectivity may differ and be all lateral
loops, the “chair” conformation, or have two lateral loops and one diagonal loop, the
“basket” conformation.’*?° Both of these folding topologies and their loop connectivity
are illustrated in Figure 1. Potassium-based buffers result in more complex G-quadruplex
structures that are characterized by two lateral loops and one loop that shows a chain re-
versal that is oriented on the edge of the tetrad core. The result is a mixed strand polarity
that has both antiparallel and parallel characteristics with one guanine in a syn-
conformation and the remaining three in an anti-conformation.”*** Nevertheless, G-
quadruplex structures have the amazing ability to form topologically diverse structures
that are quite stable under biologically relevant temperatures and conditions. The stabili-
ties of G-quadruplex structures are derived from contributions of the G-tetrad Hoogsteen

base pairing and hydrophobic stacking of successive G-tetrads. >

The energetics of G-quadruplex unfolding and the enthalpic (AHunfoig) and entrop-
ic (ASunfoig) contributions to the thermal stability have been reported by numerous re-
search groups using a variety of biophysical methods.'®%27?° There are variations in the
unfolding energies reported for G-quadruplex forming sequences. These variations arise

from subtle differences in base sequences as well as buffer conditions.?®?’ Herein, we
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present an analysis of the thermal stabilities and the energies of unfolding of the wild-
type human telomeric sequence 5’- (AGGGTTAGGGTTAGGGTTAGGG-3' using circu-
lar dichroism spectropolarimetry (CD) and differential scanning calorimetry (DSC).
Starting the wild-type sequence, a series of deoxyoligonucleotides were designed and to
probe contributions that the adenines within the loops had on the structural and energetic
contributions (see Table | for sequences). The buffer conditions (100 mM NacCl supple-
mented buffer) and loop length (3 nucleotides) were consistent for CD and DSC meas-
urements on each of the DNA sequences. In an effort to discern the number of structural-
ly relevant and or intermediate components present or arising during the unfolding event,
3-dimenional CD melting curves were generated and analyzed by singular value decom-

position (SVD).
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METHODS

Oligonucleotide Preparation and Nomenclature for A to T Conversion in G-
guadruplex Sequences

Synthetic oligonucleotides with the selected adenine to thymine base changes
were purchased from Midland Certified Reagents (Midland, TX). The deoxyoligonucleo-
tides were dissolved in 100 mM NaCl BPES buffer (0.01 M NaH,PO,4, 0.01 M Na;HPQO,,
0.001 M EDTA) and allowed to equilibrate overnight at 4 °C. Prior to their use, stock
solutions were filtered using 0.45 micron Millipore syringe filters and the concentrations
were determined by UV-visible spectrophotometry at 90 °C to ensure that any secondary
structure was fully denatured. The molar extinction coefficients were calculated using
the nearest neighbor method as previously described.®* The DNA solutions were then
annealed at a cooling rate of 0.5 degrees/min using a MJ Research Mini-Cycler (Bio-Rad
Laboratories). Confirmation that each of the DNA sequences were in the G-quadruplex
conformation was carried out by circular dichroism (CD) spectropolarimetry, scanning
from 225-325 nm and observing the presence of a positive ellipticity at 295 nm.

Changes to the loop sequences were designed such that the A residue(s) were se-
quentially replaced with T residues, starting at the 5° end (referred to as loop 0) and at
each of the subsequent loops (loop 1-3). The sequence changes and nomenclature used to

distinguish each of them are illustrated in Table 1.

Circular Dichroism Spectropolarimetry
Circular Dichroism (CD) melting studies were conducted using an AVIV 400 CD
spectropolarimeter (AVIV Biomedical, Inc., Lakewood, NJ) at a strand concentration of

3 UM in a1 cm path length quartz cuvette. The deoxyoligonucleotide solutions were al-
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lowed to equilibrate in the cuvette with stirring for fifteen minutes prior to each meas-
urement. The thermal difference spectra revealed the largest change at 295 nm for all
sequences and the CD signal at 295 nm was monitored as a function of temperature. The
temperature ranged from 10 to 90 °C at a rate of 1 °C/min. Measurements were taken at
every 1 °C after a one-minute equilibration time. A buffer melting baseline was subtract-
ed from each spectrum and data normalized to molar ellipticity. The melting temperature
(Tm) was defined as the midpoint of the transition calculated by the first derivative of the
sigmoidal curve. Model dependent van’t Hoff analyses of the melting curves were not
performed due to the presence of sloping pre-transition baselines and undetermined heat

capacity changes upon melting of the G-quadruplex structures.

Differential Scanning Calorimetry

The heat associated with the unfolding of the G-quadruplex was measured using a
Microcal VP-DSC (Malvern Instruments, Northampton, MA), at strand concentrations
ranging from 175 to 225 pM. Experiments were conducted with a heating rate of 0.5
°C/min over a range from 10-100 °C. A minimum of five heating and cooling cycles was
conducted for each sample to assess reversibility of the unfolding. Buffer versus buffer
scans were conducted in an identical manner for the subtraction of the reference scan.™®
DSC data were analyzed using Origin 7.0 VP-DSC software with the following proce-
dure. The third buffer/buffer scan was subtracted from the raw data and then normalized
to strand concentration to provide heat capacity versus temperature plots. These data
were corrected for baseline effects by using the iterative baseline function integrated

within the Origin 7.0 VP-DSC software.
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The baseline procedure was conducted by allowing the software to detect the line-
ar portions of the pre- and post-transitions of the baseline and was only manually adjusted
when there were obvious deficiencies in the selected position. The pre- and post-
transition baselines were connected using the cubic function and the resulting baseline
was subtracted from the data. The user has a number of baseline connecting functions to
choose from and can inadvertently subtract important energetic contributions from the
data. This is particularly true for transitions that exhibit non-zero changes in heat capaci-
ty for the folded and unfolded structures or sloping baselines. For the studies presented
here, the cubic and progress baseline functions resulted in baselines that had minimal ef-
fects on the transition. However, the progress baseline function was less effective in
providing a reliable baseline for the deoxyoligonucleotides with single adenine to thy-
mine changes that exhibited pre-transition baseline slopes. Therefore, the cubic baseline
function was consistently used for all of the sequences contained within this study. After
baseline subtraction, the transition was deconvoluted using the minimum number of
Gaussian curves necessary to achieve a good fit.

The total area under the curve was integrated to provide the enthalpy of unfolding

(AHyntoig) as defined by the thermodynamic relationship:

AH,, = j AC,(T)dT

The free energy (AG) of unfolding can be calculated from the Gibb’s free energy equa-
tion:

AG = AH —TAS
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or alternatively at any reference temperature:

T
AG(T) = AH[1 -]

The midpoint of the transition is defined as the melting temperature (Tr,) and corresponds

to a population of 50% folded and 50% unfolded G-quadruplex structure.'®?

Singular Value Decomposition Analysis

CD melting data were collected over a range of wavelengths (320 to 220 nanome-
ters) and used to create a three-dimensional melting profile for analysis by singular value
decomposition (SVD).®® Melting profiles were collected every 2 degrees from 4 to 90 °C
with a temperature slope of 1 °C/min. Three data points were collected every nanometer
from 320 to 220 nm for each degree and averaged. Samples were allowed to equilibrate
for 1 minute at each temperature prior to data collection. The resulting data were ar-
ranged in a iXj matrix with j being the number of different temperature scans collected
over i, number of wavelengths. SVD was performed on each data matrix using Matlab
software (MathWorks, Natick, MA) by applying the following equation:

SVD(A) = USV

where A equals the three-dimensional iXj data matrix, U equals the resulting matrix con-
taining the basis spectra, S equals a diagonal matrix containing singular values, and V
equals a matrix containing the amplitude vectors. Autocorrelation of U and V matrices
were performed using the following equation:

CXi) =2(X;))(X; + 1)
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Difference matrices were calculated using the following equation:

D=A-USVy
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RESULTS
Conformational Analysis and Thermal Denaturation by Circular Dichroism Spectropo-
larimetry
The conformation of the wild type and A to T converted G-quadruplex sequences

were analyzed by CD spectroscopy. The CD spectra are provided in Figure 2 and are as-
sembled with respect to the number of A to T loop changes (i.e. either single loop change
or multiple loop changes). The wild type spectrum (black) is included in both panels for
comparison. All of the deoxyoligonucleotide sequences exhibited a significant positive
ellipticity band at 295 nm corresponding to antiparallel strand orientation. Depending on
the position of the A to T loop change, differences in the magnitude of the positive ellip-
ticity band were observed. Similarly, variations in the magnitude of the band at 265 nm
(minima) and the secondary maxima around 245 nm were observed. The single Ato T
loop conversions resulted in minimal wavelength shifts but displayed differences in the
magnitudes of both the maxima and minima. In the cases of multiple loop changes,
greater deviations from the wild type were observed with all of the sequences that were
examined resulting in a higher magnitude of the positive ellipticity at 295 nm. In addi-
tion, a slight shift to higher wavelengths for the minimum at 265 nm and secondary max-
imum at 245 nm were observed. Interestingly, the minimum did not go below the zero
baseline and was no longer a negative ellipticity for the 0123TTT and 13TTT (Ato T)
converted sequences. These CD spectra represent the average solution conformation and
are influenced by the syn/anti-base conformations as well as base stacking interactions.®"”
% Currently, there are no empirical procedures for the direct analysis of G-quadruplex
CD spectra that provide details of the folding topology in its entirety. Chaires and

coworkers have provided considerable insights into gleaning G-quadruplex unfolding
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mechanisms by CD spectropolarimetry.?®*>3® In this study, CD spectra are used to quali-
tatively determine the nature of strand polarity for the folded structures.>>*® For these
Na'-induced G-quadruplex sequences, all are indicative of antiparallel conformations.

Melting studies derived by monitoring the change in CD signal at 295 nm were
conducted to probe the effects of A to T loop conversions on the thermal stabilities for
each of the G-quadruplex structures. Overlays for the single loop changes and multiple
loop changes are provided in Figure 3. The curves appear to be monophasic and the T,
was calculated by taking the first derivative of the sigmoidal melting curve. The wild
type G-quadruplex resulted in a melting temperature of 58 °C. The melting temperatures
of the majority G-quadruplexes having A to T loop changes were within £ 4 °C from the
wild type. These results are summarized in Table 2. In the case of the 0123TTT deoxy-
oligonucleotide where all 4 adenine residues are replaced with thymine, a significant re-
duction in the thermal stability of the G-quadruplex structure is observed with a T, of 44
°C, a decrease in thermal stability of 14 °C. In contrast to this trend, when the sequence
of loop 2 was changed from TTA to TTT, a slight enhancement in the thermal stability
(Tm = 62 °C) relative to the wild type was observed. Whereas all other A to T loop
changes resulted in reduced thermal stability relative to the wild type sequence, the A to
T conversion of loop 2 was the only G-quadruplex that showed an increase (4 °C) in sta-
bility over the wild-type sequence.

In addition to the differences in the melting temperatures, the sequences contain-
ing A to T conversions in the loop sequence exhibited differences in the pre-transition
baselines. In the case of G-quadruplex sequences having single A to T conversions,
“sloping” pre-transition baselines were observed; the most significant deviations ob-

served for the wild-type and the OTTT sequence. In contrast, deoxyoligonucleotides with
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multiple A to T loop conversions did not exhibit sloping pre-baseline transitions. Sloping
baselines are problematic for model dependent van’t Hoff analyses and could potentially
induce systematic errors in calculating melting temperatures; hence, the CD data were not
analyzed using a model dependent analysis for the determination of the thermodynamic

contributions to the unfolding process.

Calorimetric Analysis of G-quadruplex Unfolding.

Differential scanning calorimetry (DSC) was used to measure the heat of unfold-
ing for each of the G-quadruplex sequences. The advantage of using DSC is that the
measurement is model independent and does not rely on van’t Hoff plots to determine the
enthalpy of the transition from the folded to unfolded state. A representative thermogram
for the wild-type human telomeric G-quadruplex sequence in 100 mM NaCl BPES buffer
is shown in Figure 4. These data reveal the transition to be biphasic with a shoulder oc-
curring prior to the larger transition that has a Tm of 59 °C. It is necessary to include two
Gaussian curves (red lines) to deconvolute the raw data (black line) and achieve a suita-
ble fit for the complete transition. The calorimetric enthalpy was calculated by the inte-
grating the area under the curve and was determined to be 37.4 kcal/mol for the unfolding
direction. Thermograms for deoxyoligonucleotides containing both the single loop and
multiple loop A to T modifications are shown in Figures 5 and 6, respectively. Melting
temperatures and calorimetric enthalpies were calculated in a manner similar to the wild-
type sequence and their results are reported in Table 2.

Comparison of the melting temperatures derived from the CD data with the DSC
are in good agreement, with the most significant variations being observed for the single

loop changes. The variations for these Tp,’s may be due to the pre-transition baselines in
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the CD data and/or shoulder peaks that are observed for the DSC data. Analysis of the
enthalpy of unfolding comparing the wild-type with the A to T loop changes sequences
provides a suitable probe for determining the thermodynamic contributions of the adenine
bases within the TTA loops on G-quadruplex stability. We observed the enthalpy of un-
folding to be systematically reduced as the number of A to T changes was increased, in-
dicating the role that adenine stacking plays on stabilizing the G-tetrads. The energetic
contribution toward stability that is provided by an adenine within the loop was deter-
mined to be approximately 1 to 2 kcal/mol. For example, the 2TTT sequence melting
temperature was 62 °C and the 0123TTT sequence was destabilized to 47 °C. The num-
ber of transitions that are necessary to fit the DSC data was reduced to 1 when the se-
quences with multiple loop A to T changes were examined. The DSC data were in good
agreement with the CD data for A to T loop changes that resulted in the highest and low-
est observed thermal stabilities.

It should be noted that none of the DSC transitions could be fit with a simple 2-
state model that assumes a negligible heat capacity change. Analyses of the raw data pri-
or to baseline correction revealed non-zero heat capacity changes. G-quadruplex se-
quences possessing a single A to T loop changes exhibited pre-transition baseline sloping
effects that made AC, values difficult to determine. In contrast, the DNA sequences with
multiple A to T loop changes did not have sloping pre-transition baselines and changes in
heat capacities were easily determined, ranging from 0.7 to 1.0 cal/molK. Isothermal ti-
tration calorimetric studies have demonstrated non-zero heat capacity changes for G-
quadruplex structures.®” Taking into account the non-zero heat capacity changes and the

apparent non-two-state unfolding mechanism, we limited our analysis to quantitation of
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the enthalpy of unfolding by integrating the area under the transition in an effort to limit

the bias and assumptions embedded in the integrated models for data fitting.

Singular Value Decomposition of G-quadruplex Unfolding.

Singular value decomposition (SVD) of three-dimensional CD melting data are
utilized to determine the number of significant spectral species that are present during the
unfolding of the human telomeric G-quadruplex sequence and the selected deoxyoligonu-
cleotides with single or multiple A to T loop changes (Figure 7).** The number of sig-
nificant spectral species are estimated by analyzing the different components of the S,
UxS, and V matrices, calculating the auto-correlation coefficients of the U and V matri-
ces, and analyses of the plots of difference matrices calculated with a succinct number of
singular values. The S matrix is evaluated by plotting the singular values versus the
component number and counting the number of singular values that rise above the base-
line. The UxS matrix is representative of the basis spectra and the columns of the UxS
matrix are plotted as a function of wavelength. Each trace in the plot depicts a compo-
nent involved in the unfolding mechanism and those arising above the baseline are con-
sidered spectrally significant. The V matrix columns are plotted as a function of tem-
perature and, similar to the UxS matrix, each trace represents a different component in
the unfolding process. The components that give distinct traces without noise are consid-
ered spectrally significant. Autocorrelation coefficients are calculated for each column of
both the U and V matrices and values greater than 0.8 indicate that the respective compo-
nent is spectrally significant. A final check to determine the significance of each spectral
component is achieved by calculating difference matrices and evaluating them through a

contour plot. If the difference plot is calculated with the same number of singular values
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as number of spectrally significant components, then the resulting contour plot will pre-
sent as random noise.*®*°  Difference plots that do not present as random noise are there-
fore calculated with the wrong number of singular values.

For the unfolding of the wild-type telomeric G-quadruplex in a Na* environment,
the SVD data reveal a minimum of three spectral species as shown in Figure 8. The au-
tocorrelation values for the first three columns of both the U and V matrices were larger
than 0.8 also indicative of the presence of three spectrally significant species. A sum-
mary of the singular values and the U and V matrix autocorrelation values for the wild-
type G-quadruplex sequence is provided in Table 3. The difference matrix plots for the
wild-type sequence calculated with three singular values resulted in contour plots of ran-
dom noise while plots created with one, two, or four singular values yielded contour plots
with defined contour lines (data not shown). Hence, these data are indicative of a mini-
mum of three spectrally significant species in the unfolding of the wild-type human telo-
meric sequence.

A summary of these data for all of the G-quadruplex A to T loop modified se-
quences is presented in Table 4. For all sequences with A to T loop modifications, a min-
imum of three spectrally significant species were found in all cases with three exceptions
-1TTT, 12TTT, and 23TTT. These sequences were shown to have a minimum of four

spectrally distinct species.
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DISCUSSION

The work that is described in this manuscript specifically focuses the contribu-
tions of adenine within the conserved TTA loop sequences. Spectroscopic and calorimet-
ric methods to investigate the stabilizing effects imposed by the of adenines base stacking
on G-quadruplex structure(s). These studies focused on the changes to structures and
thermodynamic stabilities resulting from systematic A to T changes in the human telo-
meric G-quadruplex loop sequences. Considerable work has been published that focuses
on the effects of loop sequence and length on G-quadruplex stability.>*** Structural
analyses by CD of the wild-type human telomeric DNA sequence and concomitant se-
quences containing A to T loop changes reveal that under Na* conditions, all of the se-
lected sequences used in this study formed antiparallel G-quadruplex structures as indi-
cated by their positive maximum at 295 nm and a negative minimum at 265 nm.***® The
CD spectra for deoxyoligonucleotides with base changes in the TTA loops (A to T con-
versions) are all consistent with antiparallel topology; however, subtle differences are ob-
served in the magnitudes and the wavelength of the maxima and minima. In the case of
single Ato T loop conversion, differences in magnitudes of the maxima at 295 and 245
nm and minimum at 265 nm, relative to the wild-type, are observed. In the modified se-
quences with two or more A to T loop conversions, differences in the magnitudes for all
maxima and minima are observed. Additionally, slightly higher shifts in wavelengths for
the maximum and minimum are observed. The CD spectra are clearly influenced by se-
quence effects, most likely because of the geometries associated with differences between
adenine base stacking with G-tetrads that are adjacent to the loops in the folded structures
in the case of the wild-type sequence or the lack thereof when the adenine is replaced

with thymine. CD analyses of G-quadruplexes are most suited for classifying the strand
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polarities (parallel and antiparallel orientations) and observing changes in G-quadruplex
structure, and cannot distinguish between conformations or structural isoforms of the
same strand polarity. However, when analyzed in conjunction with the DSC data, we
speculate that the changes in the CD spectra are likely due to the disruption of the stack-
ing interactions resulting from the removal of the adenine bases from the loop sequences.
It has been previously reported that changing the thymine(s) in the loop sequences to cy-
tosines result in structural changes to the G-quadruplex formed when in the presence of
potassium.*” The loss of adenine stacking interactions may result in structural distortion
of the G-tetrads that result in subtle structural changes relative to the wild-type sequence

that would give rise to the observed variations in the CD spectra.

Thermodynamic Profiles for the Unfolding of the G-quadruplexes

The large hypochromic effect on the CD signal at 295 nm observed for the dena-
turation of G-quadruplex structures has been extensively used to study their thermal sta-
bility.?**>3 Figure 3 depicts the CD melting experiments conducted on deoxyoligonu-
cleotides containing loops with A to T converted sequences with the calculated melting
temperatures summarized in Table 2. Systematic changes of the adenine to thymine in
the loop sequence (TTA) results in changes in the stabilities of the sequence-modified G-
quadruplexes. The majority of the modified deoxyoligonucleotides showed slightly low-
ered melting temperatures with the exception being the modified sequence with all four A
bases replaced by T (0123TTT), resulting in a significantly less stable G-quadruplex
structure with a Tr, of 44 °C, a change of 14 °C lower than the wt-sequence melting of 58
°C. In contrast, the A to T converted loop 2 sequence (2TTT) had a slightly enhanced

stabilization with an observed melting temperature of 62 °C, 4 °C higher than the wild-
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type sequence. All of the transitions appeared to be monophasic and were characterized
by sigmoidal curves. However, a closer examination of the baselines showed that there
were differences for the single-loop and multiple-loop modified sequences. All of the
single- loop modified sequences had severely sloping pre-transition baselines, whereas
the multiple-loop modifications exhibited minimal sloping effects observed for the base-
lines. There are a number of potential factors that may cause sloping pre-transition base-
lines, such as a temperature dependence of the solvent, heat capacity effects, loss of base
stacking interactions, or the presence of intermediates in the unfolding mechanism. The
lack of clearly defined pre- and post-transition baselines is problematic for calculating
thermodynamic parameters by van’t Hoff analysis and may not represent the true enthal-
py of the unfolding process.>**® We utilized the model independent method of DSC to
directly measure the heat of unfolding to characterize the thermodynamic parameters of
the unfolding process. A biphasic transition profile was observed for the wild type hu-
man telomeric sequence and is depicted in Figure 4. Deconvolution of the DSC thermo-
gram required two transitions with melting Tr,’s of 39 °C and 59 °C for the first and sec-
ond transitions, respectively. This biphasic melting profile has been observed for similar
G-quadruplex sequences in K* buffer.*>>"*® In addition to telomeric sequences, two dis-
tinct unfolding events were also observed for the c-MYC promoter region G-quadruplex
as reported by Freyer and coworkers.>® Chaires and coworkers addressed the apparent
discrepancies reported for G-quadruplex stability and Kinetics and noted that the basis for
these discrepancies to be a combination of strand concentrations, sequence variations,
differences in buffer solution conditions, and methodologies employed to determine the

parameters. The published thermodynamic data for the unfolding of human telomeric G-
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quadruplexes was reported to vary in Tr, values from 56 to 63.7 °C in 100 mM Na* buffer
and that enthalpy values varied dramatically from 38 to 72.7 kcal/mol.**%’

The thermal unfolding of the sequences with A to T loop modifications revealed a
that the low temperature transition was reduced in magnitude for the single loop Ato T
modification and was not observed at all for the multiple A to T loop modification. The
telomeric sequence where the 5’-A base was converted to 5’-T (0T) most resembled the
wild-type and the additional single loop A to T change resulted in transition profiles that
were broadened with only minor features present corresponding to the low temperature
transition. The sequences with multiple A to T loop modifications were all easily be fit
with a single transition and lacked any evidence of the low temperature transition that
was observed for the wild-type and single loop modifications. Not only did the presence
of the adenine bases contribute to the shape of the melting transition, but also contributed
to the calculated unfolding enthalpies. The unfolding enthalpies for the wt-sequence and
A to T loop modified sequences are summarized in Table 2 reveals that as the number of
adenines modified to thymines are increased, the unfolding enthalpy decreases. When all
of the adenines are converted to thymines (0123TTT sequence), the enthalpy of the tran-
sition was reduced to from 37 kcal/mol (as observed for the wild-type sequence) to 22
kcal/mol for the 0123TTT sequence, a change in unfolding enthalpy of 15 kcal/mol.
Hence, the adenines within the G-quadruplex loops play a significant role in stabilizing
the G-quadruplex structure. Adenine bases stacking on adjacent G-tetrads are known to
be significant contributors to G-quadruplex stability and our results provide a quantitative
measure of those interactions.®® An outlier was the 2TTT sequemce that exhibited an en-
hanced thermal stability of 62 °C. We speculate that replacement of the A witha T in

loop 2 may allow for a more favorable stacking of the 5’-A with the bottom G-tetrad of
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the G-quadruplex. In addition to the adenine-G-tetrad stacking interactions, adenine in
the TTA loops also contribute ionic and hydration effects providing favorable energetic
contributions toward G-quadruplex stability; however, these effects are thought to con-
tribute only modestly to the unfolding enthalpy.***>®* Calculation of the free energy at a
reference temperature is a more useful measure of G-quadruplex stability as compared
with melting temperatures. The calculated free energies at 25 °C for the wild-type and A
to T modified sequences are provided in Table 2. The enhanced thermal stability of the
2TTT sequence is not as significant when comparing the free energies of unfolding for
the wild-type and modified 2TTT sequences, with both free energies calculated to be 3.8
kcal/mol. The remaining modified sequences show a systematic reduction in the free en-
ergy with the fully A to T modified sequence (0123TTT) possessing the lowest calculated

free energy at 25 °C of 1.5 kcal/mol.

Energetic Nature of the Unfolding Transition

The molecular basis for the low temperature transition observed for the DSC pro-
files is complex. As previously mentioned, direct comparisons with published results are
often difficult due to slight variations in the G-quadruplex sequences, structures, buffer
conditions, and preparation methodologies. One possibility that may explain the ob-
served biphasic melting profile could be the presence of multiple conformers and/or in-
termediate species within the solution that thermally denature independent of each other.
The Na* form of the human telomeric G-quadruplex has been shown to form both the
“chair” and/or “basket” folding topologies in solution.? It is feasible that conversion of A
to T in one or more of the loop regions may influence the folding topologies such that the

G-quadruplex structure that is formed will favor one or the other (basket or chair) con-
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formation. However, if that were the case, we would not expect the T, of the low tem-
perature transition to deviate as much as 15 °C as observed in the case of the 2TTT loop.
The Tr, of the low temperature transitions that are apparent in the wild-type and single-
loop conversions appear to be linked to the high temperature transition and were never
clearly resolved with a baseline between the transitions. Furthermore, we are not aware
of any published biphasic DSC thermograms of G-quadruplexes that have been resolved
by stabilizing one of the transitions relative to the other using variations in cation concen-
tration, scan rates, or sequence variations.?*%%%3

An additional possibility for the biphasic profile is the presence of intermediates
in the unfolding pathway. In 2011, Chaires and coworkers proposed that the human te-
lomeric G-quadruplex does not unfold in a two-state manner, suggesting that there are
significantly populated intermediates states.?>® Our analyses of three-dimensional CD
data by SVD reveal that all A to T loop-altered sequences unfold along a pathway con-
taining at least three spectral species. Our results are consistent with previous G-
quadruplex folding studies wherein magnetic tweezers were used to reveal the presence
of intermediate species along the unfolding pathway of the human telomere G-
quadruplex DNA in the presence of Na*.** SVD analysis of CD data collected as a func-
tion of temperature for the human telomere G-quadruplex in the presence of K* has also
been previously reported. This study also revealed the presence of an intermediate spe-
cies along the unfolding pathway of the G-quadruplex.*°

In addition, fluorescence studies have also been reported that both Na* and K*
forms of the G-quadruplex have populated intermediate states and/or rapid equilibrium
between multiple conformers.®>®® Specifically, single molecule FRET studies have been

performed on the human telomeric G-quadruplex in the presence of Na* that have shown
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the existence of four populated species during G-quadruplex folding including an anti-
parallel basket, and anti-parallel chair, an unfolded single strand, and a transient state that
could include a G-triplex or a (2+2) anti-parallel structure.”® It is safe to assume that
the CD techniques used in this study are not sensitive enough to discern between two G-
quadruplex structures that are energetically similar. In this case, fast conversion between
the anti-parallel chair and basket conformations would not be observable in the SVD
analysis of the deoxyoligonucleotide sequences harboring the A to T converted loops and
they would appear as one significant spectral species. Indeed, intermediates encountered
by the CD experiments may be calorimetrically silent; either the intermediate concentra-
tions are too low to detect or they have enthalpies that are indistinguishable. We specu-
late that the biphasic melting profiles of the human telomeric sequence used for this study
are due to the presence of unfolding intermediates and are characterized by the loss the
enthalpic contributions of the loop base stacking interactions represented by the low tem-

perature transition.

The single loop A to T conversions significantly reduced the magnitude of the
low temperature transition, whereas conversions from A to T of multiple loop sequences
resulted in a complete loss of the low temperature transition. Conversion of the terminal
5-A (0T) to 5°-T, that is not a loop base, had only a minimal effect on the biphasic pro-
file and closely resembled the wild-type. The unfolding of a G-quadruplex structure may
involve a process wherein the loop structures and interactions begin to denature prior to
the denaturation of the G-tetrad core. The disruption of adenine-guanine stacking inter-
actions and/or hydrogen bonding between the bases in the loops would have enthalpic

consequences and could be observed by DSC. It is important to distinguish that neither
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the low or high temperature transitions of the denaturing profile represents the intermedi-
ate structure. Instead, the initial unfolding step may be loop structure destabilization (low
temperature transition), followed by the breaking of the G-tetrad core of the G-
quadruplex structure (high temperature transition). The deoxyoligonucleotides where
multiple loops have A to T conversions are observed to have only high temperature tran-
sitions yet could not be adequately fit with a simple two-state model. This suggests that
the G-quadruplex unfolds by a similar mechanism with initial loop denaturing followed
by denaturing of the G-tetrad at higher temperatures, but the low temperature transitions
are no longer apparent because the adenine-guanine base stacks that are responsible for
the low temperature transition are no longer present in the sequence.

The present study has focused on the spectroscopic and calorimetric analysis of
the unfolding of the human telomeric sequence and provided insight into the energetic
contributions of the adenine bases present in the loop sequences. Systematically chang-
ing the adenines present in the TTA loop sequences have provided insights into the role
of adenines within the loops for stabilizing the G-quadruplex structure and their enthalpic
contribution as observed by their biphasic melting profile. The results of this study
demonstrate that the adenines within the G-quadruplex loops play a significant role in
influencing the stability and energetics of the G-quadruplex structure. Additionally, these
results support previously published work that suggests G-quadruplex thermodynamic

stability is a combination of loop sequence effects and G-tetrad formation.
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FIGURE LEGENDS

Figure 1. Cartoon representing the chair (left) and basket (right) conformations of the
Na+ human telomeric G-quadruplex. The blue circles represent the guanines and the red

circles represent the adenines.

Figure 2. CD wavelength scans for the human telomeric G-quadruplex
d[AGGG(TTAGGG)3] (red line) and the A to T converted loop sequences. Panel A rep-
resents the sequences that possess single adenine to thymine base changes. Panel B rep-

resents the sequences with multiple A to T modified loops.

Figure 3. Composite CD melting curves of the human telomeric sequence and Ato T
modified loop sequences in 100 mM NaCl BPES buffer at pH 7.0. Panel A contains the
CD melting curves for the wild type sequence (red line) and the single A to T modified
base sequences. Panel B contains the CD melting curves for the G-quadruplex sequences
with multiple A to T base changes. Melting temperatures were calculated from the first
derivative of the sigmoidal curve. Data were normalized to molar ellipticity and not con-
verted to fraction folded/unfolding in order to retain the pre-transition baseline sloping

characteristics.

Figure 4. A DSC thermogram of the wild type human telomeric G-quadruplex DNA in

100mM NaCl and 10 mM BPES buffer at pH 7.0. The observed transition (black line) is

biphasic with a lower temperature transition at 39 °C and higher temperature transition at
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59 °C. The observed data were fit to two transitions (red lines) and the total area under

the curve integrated to provide the enthalpy of unfolding (AHunfold).

Figure 5. Representative DSC thermograms for the single A to T base modifications of
the telomeric G-quadruplex. The black lines represent the raw DSC data and the red lines
represent the number of transitions. (Panel A) Conversion of the 5'-A to 5°-T (0T); (Pan-
el B) A to T modification of loop 1 (1TTT); (Panel C) A to T modification of loop 2

(2TTT); (Panel D) A to T conversion of loop 3 (3TTT).

Figure 6. Representative DSC thermograms for multiple A to T loop conversions for the
telomeric G-quadruplex sequence. The black lines represent the raw DSC data and the
red lines represent the number of transitions. (Panel A) wild type; (Panel B) A to T mod-
ifications of loop 0 and loop 1 (01TTT); (Panel C) A to T modifications of loop 0 and
loop 2 (02TTT); (Panel D) A to T modifications of loop 2 and loop 3 (23TTT); (Panel E)
A to T modifications of loop 1 and loop 2 (12TTT); (Panel F) A to T modifications of
loop 1 and loop 3 (13TTT); (Panel G) A to T modifications of loop 2 and loop 3
(23TTT); (Panel H) A to T modifications of loops 0, 1, and 2 (012TTT); (Panel ) Ato T

modifications of all adenines in the sequence to thymine (0123TTT).

Figure 7. Three-dimensional CD plot for the thermal denaturation of wild-type human

G-quadruplex. Each line represents a traditional CD scan at a particular temperature.
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Figure 8. SVD analysis of wild-type human telomeric G-quadruplex. (Panel A) S matrix
plot of singular values; (Panel B) V matrix plot of the vector amplitudes; (Panel C) Rep-

resentative basis spectra obtained by multiplying the U and S matrices together.
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Table 1. Sequences showing the A to T base modifications in the loops of the human te-

lomeric G-quadruplex sequences used in this study. Red indicates A to T conversion.

Sequence

Loop Modification

Nomenclature

5’-AGGGTTAGGGTTAGGGTTAGGG-3’

5’-TGGGTTAGGGTTAGGGTTAGGG-3’

5’-AGGGTTTGGGTTAGGGTTAGGG-3’

5’-AGGGTTAGGGTTTGGGTTAGGG-3’

5’-AGGGTTAGGGTTAGGGTTTGGG-3’

5’-TGGGTTTGGGTTAGGGTTAGGG-3’

5’-TGGGTTAGGGTTTGGGTTAGGG-3"

5’-TGGGTTAGGGTTAGGGTTTGGG-3”

5’-AGGGTTTGGGTTTGGGTTAGGG-3"

5’-AGGGTTTGGGTTAGGGTTTGGG-3”

5’-AGGGTTAGGGTTTGGGTTTGGG-3”

5’-AGGGTTTGGGTTTGGGTTTGGG-3’

5-TGGGTTTGGGTTTGGGTTTGGG-3’

0,1
0,2
0,3
1,2
1,3
2,3
1,2,3

0,1,2,3

wild-type
oT
ATTT
2TTT
3TTT
O1TTT
02TTT
O3TTT
12TTT
23TTT
13TTT
123TTT

0123TTT
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Table 2. Summary of differential scanning calorimetry (DSC) and circular dichroism
(CD) thermal denaturation of telomeric G-quadruplex (sodium form) deoxyoligonucleo-
tides containing A to T modifications in one or more loops. All deoxyoligonucleotides

are in 10 mM BPES with 0.1 M NaCl at a pH of 7.0.

DSCa CDb
Sequence Number of Tm AHunfold AGo(298K) Tm

Transitions (°C) (kcal/mol) (kcal/mol) (°C)

wt G-quad 2 59+0.8 374+32 3.8+0.2 58+1.8
oT 2 59+18 36.1+2.6 3.7+0.3 53+0.8
ITTT 2 55 +0.6 35.7+21 3.2+0.2 53+14
2TTT 2 62+1.2 34.3+3.2 3.8+£0.3 62+22
3TTT 2 55 +1.3 346+25 3.2+04 94 +15
01TTT 1 55+15 19.2+138 1.7+0.1 52+0.9
02TTT 1 54 +0.6 235+29 20+0.3 53+1.1
03TTT 1 94+11 21.6+22 19+01 91+13
127TTT 1 59+20 323120 3.3+0.2 58+1.6
13TTT 1 59+14 321+18 3.3+04 57 0.7
23TTT 1 57 +1.6 30.0+27 29+0.3 59+22
123TTT 1 59+11 28.0+3.2 29+0.2 58+0.8
0123TTT 1 47 +£0.9 22.3+22 15+04 44 +1.1
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aDifferential scanning calorimetry experiments were performed in 10 mM phosphate
buffer (BPES) (pH = 7.0), 0.001 M disodium EDTA, and 0.1 M sodium chloride. For
the DSC experiments, the DNA concentration strand concentrations ranging from 175 to
225 uM. Experiments were conducted with a heating rate of 0.5 “C/min over a range
from 10-100 °C. A minimum of five heating and cooling cycles was conducted for each
sample to assess reversibility of the unfolding.

bCircular dichroism spectropolarimetry melts were performed in 10 mM phosphate buff-
er (BPES) (pH = 7.0), 0.001 M disodium EDTA, and 0.1 M sodium chloride at a DNA
strand concentration of 3 uM in a 1 cm path length quartz cuvette. The temperature
ranged from 10 to 90 °C at a rate of 1 °C/min. Measurements were taken at every 1 °C
after a one-minute equilibration time. A minimum of three melts were performed per ex-

periment and data averaged.

77



Table 3. Summary of singular values and autocorrelation data for the wild-type human

telomeric G-quadruplex DNA sequence.

Order Singular Value U-Correlation V-Correlation
1 288.5280 0.978185 0.970595
2 88.5680 0.984135 0.969943
3 25.3149 0.991713 0.907941
4 6.3224 0.719899 -0.117919
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Table 4. Singular Value Decomposition and autocorrelation data for the wild-type hu-
man telomeric G-quadruplex DNA sequence and selected sequences having A to T modi-

fications in one or more loops.

Sequence S UxS \ Autocorrelation Difference  Minimum

Matrix  Matrix  Martix Coefficient Matrix  Spectral

Species
wtG-quad 3 3 3 3 3 3
oT 3 4 3 3 4 3
ITTT 4 4 4 4 4 4
2TTT 4 3 3 3 3 3
3TTT 4 4 3 4 3 3
O1TTT 4 3 3 3 3 3
02TTT 4 3 3 3 3 3
03TTT 4 3 3 4 4 3
12TTT 5 4 4 4 4 4
13TTT 5 4 4 4 4 4
23TTT 4 4 3 3 4 3
123TTT 4 4 3 3 4 3

0123TTT 4 4 4 3 3 3
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Loop 1 Loop 2 Loop 3

5'-AGGGTTAGGGTTAGGGTTAGGG-3'
—0000—0000—0OA—0OAV—

Figure 1. Cartoon representing the chair (left) and basket (right) conformations of the
Na+ human telomeric G-quadruplex. The blue circles represent the guanines and the red

circles represent the adenines.
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Figure 2. CD wavelength scans for the human telomeric G-quadruplex

d[AGGG(TTAGGG)3] (red line) and the A to T converted loop sequences. Panel A rep-
resents the sequences that possess single adenine to thymine base changes. Panel B rep-

resents the sequences with multiple A to T modified loops.
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Figure 3. Composite CD melting curves of the human telomeric sequence and A to T
modified loop sequences in 100 mM NaCl BPES buffer at pH 7.0. Panel A contains the
CD melting curves for the wild type sequence (red line) and the single A to T modified
base sequences. Panel B contains the CD melting curves for the G-quadruplex sequences
with multiple A to T base changes. Melting temperatures were calculated from the first
derivative of the sigmoidal curve. Data were normalized to molar ellipticity and not con-
verted to fraction folded/unfolding in order to retain the pre-transition baseline sloping

characteristics.
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Figure 4. A DSC thermogram of the wild type human telomeric G-quadruplex DNA in
100mM NaCl BPES buffer at pH 7.0. The observed transition (black line) is biphasic
with a lower temperature transition at 39 °C and higher temperature transition at 59 °C.
The observed data were fit to two transitions (red lines) and the total area under the curve

integrated to provide the enthalpy of unfolding (AHunfold).

83



1.5

1.0

0.5+

0.0

T T T T T T T T T T
20 40 60 80 100 20 40 60 80 100

204

Cp (kcal/mole/°C)

1.5

1.0 4

0.5

0.0

T * T o T - T d T ¥ T d T b T T v T
20 40 60 80 100 20 40 60 80 100

Temperature (°C)

Figure 5. Representative DSC thermograms for the single A to T base modifications of
the telomeric G-quadruplex. The black lines represent the raw DSC data and the red lines
represent the number of transitions. (Panel A) Conversion of the 5'-A to 5°-T (0T); (Pan-
el B) A to T modification of loop 1 (1TTT); (Panel C) A to T modification of loop 2

(2TTT); (Panel D) A to T conversion of loop 3 (3TTT).
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Figure 6. Representative DSC thermograms for multiple A to T loop conversions for the
telomeric G-quadruplex sequence. The black lines represent the raw DSC data and the
red lines represent the number of transitions. (Panel A) wild type; (Panel B) A to T mod-
ifications of loop 0 and loop 1 (01TTT); (Panel C) A to T modifications of loop 0 and
loop 2 (02TTT); (Panel D) A to T modifications of loop 2 and loop 3 (23TTT); (Panel E)
A to T modifications of loop 1 and loop 2 (12TTT); (Panel F) A to T modifications of
loop 1 and loop 3 (13TTT); (Panel G) A to T modifications of loop 2 and loop 3
(23TTT); (Panel H) A to T modifications of loops 0, 1, and 2 (012TTT); (Panel ) Ato T

modifications of all adenines in the sequence to thymine (0123TTT).
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Figure 7. Three-dimensional CD plot for the thermal denaturation of wild-type human

G-quadruplex. Each line represents a traditional CD scan at a particular temperature.
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Figure 8. SVD analysis of wild-type human telomeric G-quadruplex. (Panel A) S matrix
plot of singular values; (Panel B) V matrix plot of the vector amplitudes; (Panel C) Rep-

resentative basis spectra obtained by multiplying the U and S matrices together.
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INTRODUCTION

Nucleic acids have been shown to be play a key role in a variety of different bio-
logical processes within cells including the storage and transfer of genetic information.
Due to their biological relevance and interesting secondary structures, nucleic acids have
been well characterized™ and investigated in a wide range of applications.®*** In recent
years, the delivery of therapeutic nucleic acids to modify gene expression® has emerged
as a promising way to treat a varied range of inherited or acquired diseases.”® Despite
their potential, nucleic acid therapeutics have not been widely used for treating diseases
due to a series of extracellular and intracellular barriers preventing effective delivery of
nucleic acid to the desired sites.’

When ‘naked’ DNA, or DNA that exists freely in solution, is administered as a
therapeutic it can be rapidly degraded by nucleases in the plasma or the extracellular ma-
trix.> In addition, it is highly possible that any non-degraded DNA is cleared rapidly
from circulation.® Specifically, lack of endosomal escape, degradation by lysosomes,**
and insufficient cytosolic transport are significant barriers to overcome when free DNA is
uptaken by the cells.'? These barriers result in lowered levels of gene transfection.****
To solve this, both viral- and non-viral vectors have been developed to entrap nucleic ac-
ids, travel to the cell nucleus, and deliver the nucleic acid of interest to its desired loca-
tion.**°

Viral vectors have been developed to deliver DNA, however, several limitations
have been associated with the use of viral vectors including, low capacity, challenges in
scale-up, high cost, and risk of mutagenesis. Furthermore, vector-inactivating immune

responses are frequently observed with repeated administrations or prior exposures which

limits the efficacy of these drugs.” Non-viral vectors synthesized from a variety of dif-
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ferent cationic lipids or polymers can condense the DNA into micro- or nanoparticles and
offers a reprieve from the limitations of viral vectors.® Unfortunately, commercially
available cationic non-viral vectors, such as Lipofectamine 2000 or PEI, have been
shown to cause high cytotoxicity.***” Also, previous studies have discussed the possibil-
ity of changes the native properties and functions of DNA upon direct electronical conju-
gation of the non-viral vectors to the DNA.'® Consequently, it is of significant im-
portance to develop safe and biocompatible non-viral vector that can encapsulate DNA
inside the carriers without changing the structural integrity of the DNA.

Layer-by-layer (LbL) assembly of microcapsules have emerged as promising non-
viral vectors for DNA delivery due to the biocompatibility, micron-sized interior cavity,
and trigger responsive nanometer-sized shell of the capsules.**??! For example, nega-
tively charged DNA has been incorporated into LbL multilayers or LbL capsule shells by
electrostatic interactions with positively charged layers as building block.?*** DNA has
also been incorporated within the interior of degradable microcapsules by loading DNA
into calcium carbonate microparticles followed by coating of enzyme degradable LbL
multilayers and dissolution of the calcium carbonate microparticles.?*?’ Though the fea-
sibility of encapsulation of DNA inside/within the capsules/capsule shells have been re-
ported, only a few reports have shown the functionality of DNA after released form the
capsule and most the previous studies regarding to gene delivery have been focused on
bio/redox degradable carriers.® Although enzyme triggered release have been proved ef-
ficient, gene vectors that are responsive to different triggers must be combined to better
control the DNA release kinetics. Thus, the design of multi stimuli-responsive gene vec-

tors has become a research area of interest.
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Recently, we have developed pH responsive LbL capsules of two component
poly(methacrylic acid) (PMAA) and poly(vinylpyrrolidone) (PVPON) hydrogen bonded
multilayers crosslinked with ethylenediamine.?® We have demonstrated that these cap-
sules can entrap molecules with molecular weights as low as 20,000 g mol™ at physiolog-
ical pH.?® In addition, we have also reported that one component PMAA hydrogel parti-
cles can release cargo upon intracellular GSH can be obtained when the crosslinking
agent was changed from ethylenediamine to cystamine.”® Recent studies have also
shown that LbL capsules can be designed to be ultrasound responsive and release their
cargos by regulating mechanical stability of the capsules. Ultrasound has been widely
used in gene delivery, because the stimulation offers a traceable, localized and non-
invasive way to release therapeutic cargos. More important, the use of ultrasound has
been shown to assist in the cellular/brain uptake of the DNA* as well as enhance mi-
crobubble mediated gene delivery.®* Therefore, inspired by our previous works and by
research in the literature, we aim to develop enzyme- and ultrasound- responsive
PMAA/PVPON two-component capsules as a novel type of DNA delivery vector.

In the work presented here, we study the conditions for fabrication of
PMAA/PVPON dual-responsive capsules as well as the encapsulation and controlled re-
lease of nucleic acids through ultrasound and glutathione (GSH) incubation. To our
knowledge, this is the first example of multi-responsive LbL microcapsules developed as
a G-quadruplex delivery system and this is the first reporting of ultrasound triggered re-
lease of functional G-quadruplex from LbL microcapsules. The microcapsules and ap-
proach shown here may provide promising potential for the design of DNA vaccines and
medicines for a wide range of immunotherapies, cancer therapy and/or tissue regenera-

tion therapies in the future.
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EXPERIMENTAL
Materials

Poly(methacrylic acid) (PMAA, average Mw 100,000 g mol-1), Poly(methacrylic
acid)) (PVPON, average Mw 1,300,000 g mol-1), Poly(ethylene imine) (PEI; average
Mw 70,000 gmol-1), L-glutathione reduced (GSH), and cystamine dihydrochloride (CS)
were purchased from Sigma-Aldrich. 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide
hydrochloride (EDC) was purchased from Chem-Impex International. Monobasic sodi-
um phosphate (NaH2PO4), dibasic sodium phosphate (Na2HPO4), ethylenediaminetet-
raacetic acid (EDTA), sodium chloride (NaCl), calcium chloride (CaCl2), sodium car-
bonate (Na2CO3), and calf thymus DNA (ctDNA) were purchased from Fisher Scien-
tific. DNA oligonucleotides (5’-AGGGTTAGGGTTAGGGTTAGGG-3") were pur-

chased from Midland Certified Reagents (USA).

Preparation of double-stranded calf thymus DNA.

Calf thymus DNA was weighed out and dissolved in BPE buffer at 4 °C over-
night. Once the DNA was in solution, it was then sonicated using a Branson sonifier for
5 minute on/off intervals for a total of 30 minutes. The DNA was kept over an ice bath
and nitrogen gas was bubbled through the sample throughout the sonication process. A
syringe filter (0.45 um) was then used to filter the sonicated solution and then the salt
concentration was increased to 0.2 M by the addition of solid NaCl. The DNA sample
was then treated with RNase at 37 °C for 30 minutes followed by treatment with protein-
ase K at 37 °C for 2 hours. The DNA sample was then extracted with an equal volume of
chloroform in a separatory funnel before being split into two 50-mL Falcon tubes. The

tubes were centrifuged at 4 °C for 5 minutes and the top layers from each tube were add-
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ed back to the separatory funnel. This process was repeated until the interface between
the DNA solution and the chloroform was clear and not cloudy. The DNA layers were
then pooled together and precipitated by adding salt-saturated ethanol to the solution.
The precipitated DNA was separated by centrifugation and dried using a vacuum. The
dried DNA pellet was dissolved in BPES buffer and then placed into dialysis against
BPES buffer. After a minimum of 4 buffer changes, the DNA was collected from dialy-
sis, filtered again using a 0.45 um syringe filter, and stored at 4 °C for future use. The
average length of the calf thymus DNA was determined by an agarose gel to be approxi-
mately 700 base pairs. The concentration of the DNA sample per duplex was determined

by monitoring the UV/Vis absorbance at 260 nm (g = 13,200 M™* cm™).

Preparation of DNA oligonucleotides
G-quadruplex forming oligonucleotides were resuspended in sodium phosphate
buffer (50 mM NaH,PO,4, 50 mM Na,HPO,4, 150 mM NaCl, and 0.01 mM EDTA) and
stored at 4 °C overnight. Beer-Lambert’s law was used to determine the concentration of
DNA per strand of G-quadruplex by measuring the absorbance at 260 nm at room tem-
perature (¢ = 228,500 M™cm™). When not in use, oligonucleotide solutions were stored

at4 °C.

Encapsulation of DNA into calcium carbonate cores
G-quadruplex oligonucleotides (1 mM) were encapsulated into calcium carbonate
cores by combining 150 uL CaCl, (ImM) with 690 uL ultrapure water and 150 uL
Na,COs3 (1 mM) under rapid stirring for 40 seconds. G-quadruplex-loaded cores were

removed from the stir plate, centrifuged to remove the supernatant, and washed by adding
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ultrapure water and vortexing the sample. Then, the G-quadruplex-loaded cores were
washed with water a second time and then examined under the microscope to determine
their size and aggregation state. The supernatants from the wash step were saved for fur-
ther analysis of the capsule loading capacity of G-quadruplex. Empty cores were also
prepared using this same strategy except 10 uL of the buffer was added to the cores in-
stead of the DNA.

Double stranded calf thymus DNA was encapsulated by mixing 450 uL CaCl2
(ImM), 2.07 mL ultrapure water, and 450 uL ctDNA (6.1 mM). Once this solution spun
uniformly, 450 uL Na,COj3 (1 mM) was added and after 40 seconds, the cores were col-
lected and washed as described previously. To make the control empty calcium car-
bonate cores for this system, 450 uL of sodium phosphate buffer was added instead of the

CtDNA.

Synthesis of G-quadruplex loaded (PMAA/PVPON)n biodegradable capsules
The DNA-loaded calcium carbonate cores were sequentially exposed to different

polymers to prepare the capsules using a cyclic procedure where the sample is vortexed,
centrifuged to exchange the supernatant for either wash buffer or a polymer, and then
vortexed and centrifuged again. Specifically, to make the PMAA/PVPON biodegradable
capsules, PEI (0.25 mg/mL, pH 4) was added as the initial polymer layer and then PMAA
(0.1 mg/mL, pH 4) and PVPON (0.1 mg/mL, pH 4) layers were alternated to deposit on
the DNA-loaded cores until the desired number of polymer layers was reached. Core-
shells were washed with buffer twice between the additions of each polymer layer. After
the desired number of bilayers was added, core-shells were allowed to mix with 1-ethyl-

3-(3-(dimethylamino)propyl)-carbodiimide hydrochloride (EDC) (1 mg/mL, pH 5.5) for
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35 minutes before being crosslinked with cystamine dihydrochloride (1 mg/mL, pH 5.5)
for either 24 or 48 hours. The cross-linked core-shells were washed twice with buffer
(NaH;PQy4, pH 5.5) before EDTA (1 mM, pH 5.5) was added to dissolve the cores. The
dissolution of the cores was checked daily using the microscope. After all cores had dis-
solved, the two-component (PMAA/PVPON), capsules were washed and dialyzed versus
buffer (pH 7.4). Capsules were removed from dialysis, washed with buffer (pH 7.4), and

stored for use.

Characterization of (PMAA/PVPON);3 capsules using FTIR

Fourier Transform Infrared Spectroscopy (FTIR) was used to analyze the chemi-
cal composition of PMAA/PVPON capsules. Empty and G-quadruplex loaded
(PMAA/PVPON)13 hydrogel capsules at pH 7.5 as well as G-quadruplex forming oligo-
nucleotides at pH 7.5 were used in this study. To prepare the samples for FTIR 0.5 mL
of each at pH 7.5 were freeze-dried overnight. Spectra were collected in absorbance
mode using an ATR-FTIR (Bruker, Alpha-FTIR). The number of scans collected for
each of the background and sample measurements equaled 128. The resulting spectrum

was normalized and baseline corrected before being analyzed for peaks.

Characterization of (PMAA/PVPON)nN capsules by Scanning Electron Microscopy
Scanning electron microscopy (SEM) was used to look at the morphology of the
empty and G-quadruplex loaded (PMAA/PVPON);3 capsules. For this work a FEI Quan-
ta FEG SEM microscope at 10 kV was used. Capsules were dialyzed against water to

prepare them for SEM, and then a drop of the diluted capsule solution was placed on a
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silicon wafer and allowed to dry overnight. A Denton sputter-coater was used to coat the

dried capsule samples with a ~5 mm thick layer of gold immediately before imaging.

Characterization of (PMAA/PVPON), capsules using Zeta-sizer
To characterize the {-potential of the capsules, the Nano Zetasizer (Malvern) was
run on both G-quadruplex loaded and ctDNA loaded (PMAA/PVPON), capsules, where
n = 13, exposed to buffers of varying pH. To expose the capsules to a new pH, the cap-
sules were centrifuged and the supernatant was replaced with a phosphate buffer of the
desired pH. The capsules were allowed to equilibrate for 10 minutes before being vor-
texed and inserted into the sample chamber. The {-potential was determined by taking

the average of three measurements each consisting of 20 runs.

Ultrasound controlled release of G-quadruplex DNA from the (PMAA/PVPON)N cap-
G-quadruplex loaded (PMAA/PVPS&l)JII\(Ia)Sn capsules, where n = 10, 13, or 16, were
burst using the ultrasound waves of a sonication probe. The capsules were washed with
NaCl-free phosphate buffer (pH 7.4) 3 times and allowed to equilibrate for 10 minutes
upon the final wash. The sonication probe was then inserted into the capsule solution and

run at 40% power (57 W/cm?) for 20 seconds. Water and 70% ethanol were used to wash

the sonication probe both before and after use.

Turbidity Measurements of GSH treated (PMAA/PVPON)13 capsules
Turbidity measurements were performed to track the GSH-induced degradation of
(PMAA/PVPON)13 capsules at 37 °C using fluorescence spectroscopy (Varian, Cary

Eclipse). The scattering intensity of the capsules suspended in phosphate buffer (2 x 105
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capsules pL—1) at pH 7.4 with or without 5 mM GSH was measured at A = 700 nm. The
ratio of the particle scattering intensity at a certain interval to that of the initial

nondegraded particles was used to calculate the relative turbidity.

Enzymatic release of G-quadruplex DNA from (PMAA/PVPON)13 capsules
Glutathione (GSH) was used to reduce the disulfide bonds of the cystamine cross-
linker allowing for the degradation and release of cargo from (PMAA/PVPON),3 hydro-
gel capsules. G-quadruplex-loaded capsules were incubated at 37 °C with pH 7.5 GSH
(5 mg/mL). Release of DNA was monitored at various time points by using UV/Vis
spectroscopy. Capsule samples were centrifuged and the supernatant was collected for

measurements before being returned to the capsules.

Quantification of G-quadruplex DNA release
Prior to the ultrasound/enzyme treatment, the capsules were centrifuged (5,000
rpm for 10 minutes) and the supernatant was collected, monitored for any absorbance at
260 nm using a spectrophotometer to determine any initial amounts of G-quadruplex pre-
sent, and returned to the capsules. After ultrasound/enzyme treatment, the release of G-
quadruplex was determined using the absorbance at 260 nm and the molar absorptivity

coefficient (228,500 M™cm™).

Probing structural changes of G-quadruplex DNA after release
DNA released from the capsules was examined for any structural changes to
probe the resulting functionality of the released cargo. After confirming release of DNA

through UV/Vis spectroscopy, G-quadruplex DNA was monitored using circular dichro-
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ism (CD) and compared to CD scans of free G-quadruplex to determine if there were any
changes to the secondary structure. Changes in intensity and shifting of peaks would in-
dicate changes to the secondary structure. Free and released G-quadruplex scans were

obtained from an average of 3 scans collected from 320-220 nm witha 1 nm stepanda 1

sec response time.

Quantification of dsDNA release

The amount of dsDNA released from the capsules was determined through fluo-
rescence measurements of DNA loaded capsules after ultrasound treatment. Samples
were excited at 520 nm and the emission spectrum was recorded from 530 nm to 750 nm.
A 1x1 mm square cuvette was used for all measurements and a 1% v/v amount of EtBr
was added to each sample before collecting the emission data. Samples equilibrated for
10 minutes before data collection. A calibration curve was collected for varying amounts
of ctDNA and the emission at 605 nm was used to calculate the ctDNA concentration in
each sample from the slope of the calibration curve. To examine how encapsulation af-
fects the structure of double stranded calf thymus DNA, agarose gel electrophoresis was
run on released ctDNA using free ctDNA as a control. Damage to the DNA structure

would be indicated by the appearance of bands that do not align with the control.
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RESULTS AND DISCUSSION

In this work, we address the barriers of using nucleic acids as drugs by synthesiz-
ing two-component (PMAA/PVPON), hydrogel capsules loaded with different types
DNA for use as an improved delivery vehicle for nucleic acids. A two-component cap-
sule system utilizing LbL technology to alternatively deposit poly(methacrylic acid)
(PMAA) and poly(N-vinylpyrrolidone) (PVPON) was chosen due to the biocompatibility
of these polymers.2*32%3% For this work, we have focused on the encapsulation of G-
quadruplex forming oligonucleotides which are unique DNA structures formed from
guanine-rich sequences of DNA that can be found within promotor regions of oncogenes
as well as in the telomeric regions of the chromosome.**® We chose the G-quadruplex
because it is nuclease resistant, plays a role in transcriptional regulation, and is structural-
ly similar to the thrombin binding aptamer (TBA).*”* TBA is a G-quadruplex forming
sequence of DNA that is commonly used as an anti-coagulant during surgeries.*® Encap-
sulation of G-quadruplex oligonucleotides can be applied to the encapsulation of TBA
and contribute to the continuous optimization of TBA delivery. The encapsulation of G-
quadruplex DNA to use as a therapeutic is therefore a novel concept that will allow new
directions for the use of G-quadruplex structures. To show the versatility of this system,

we also encapsulated dsDNA and present that work here.

Synthesis and Characterization of G-quadruplex-loaded (PMAA/PVPON)13 capsules
We have previously demonstrated that increasing the molecular weight of
PVPON within cross-linked PMAA hydrogel films decreases the ability of the PVPON to
be released by the system after the pH is increased above the pKa of PMAA.*® When the

molecular weight of PVPON in PMAA/PVPON films was increased to 1,300,000 g mol
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! it was found that approximately 18% of the PVPON was released due to the increased
chain entanglements relative to smaller PVPON chains.*® Knowing this, we chose to use
PMAA with a MW of 100,000 g mol™ and PVPON with a MW of 1,300,000 g mol™ to
create two-component (PMAA/PVPON);; hydrogel capsules and encapsulate G-
quadruplex DNA within them as described in the experimental section. It is expected
that in our current work, an increase in the cross-linking time of PMAA will decrease the
PVPON that is released from the capsules relative to our previous experiments.** An
overview of the nucleic acid loaded capsule synthesis can be found in Figure 1. Briefly,
porous calcium carbonate sacrificial cores were co-precipitated with G-quadruplex form-
ing oligonucleotides before PMAA (100,000 g mol™) and PVPON (1,300,000 g mol™)
were sequentially deposited to a total of 13 bilayers at pH 4.0 to facilitate the hydrogen
bonding between PMAA and PVPON layers. A combination of EDC and cystamine
were used to cross-link the PMAA molecules making up the capsule shell for 48 hours at
pHs 5 and 5.5, respectively. After cross-linking of the core-shells, capsules were ob-
tained by treatment with EDTA to dissolve the CaCO3 cores.

To confirm that both polymers were present within the capsules and thus two-
component hydrogel capsules were produced, FTIR was run on both empty and G-
quadruplex loaded (PMAA/PVPON);3 capsules, freeze dried at pH 7.4. The FTIR spec-
trum for the empty capsules, shown by the red trace in Figure 2a, revealed major peaks
centered around 1525 cm™ and 1640 cm™ corresponding to the presence of both the ion-
ized carboxylate groups from PMAA (1525 cm™) and the carbonyl groups of PVPON
(1640 cm™). The presence of the carbonyl stretch of PVPON within the FTIR indicates
that PVPON is not released from the PMAA cross-links after dissolution of the cores and

remains trapped within the PMAA cross-links. These results agree with our previous
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studies on the ability to use LbL technology to create two-component PMAA/PVPON
hydrogel capsules.®® The successful entrapment of PVVPON within the PMAA cross-links
is attributed to maintaining the hydrogen bonding of the PMAA/PVPON multilayers dur-
ing capsule cross-linking. This is easily achievable by keeping the pH of the capsule so-
lution less than the pKa of PMAA (~6.0) during cross-linking.* In the work presented
here, the cross-linking solution was kept at a pH of 5.5. Interestingly, when the capsules
were loaded with G-quadruplex DNA, a broadening of the peaks occurred as can be seen
in the black trace in Figure 2a. The spectrum for the G-quadruplex loaded capsules con-
tains discernable shoulders and the presence of PMAA and PVPON can still be detected
at 1525 cm™ and 1640 cm™, respectively, within the broadened peak. To discern why
this broadening of peaks occurred, G-quadruplex forming oligonucleotides were also
freeze-dried at pH 7.4 and run on the FTIR as shown in Figure 2b. The spectrum for the
free oligonucleotide showed a broad peak centered around 1700 cm™ corresponding to
carbonyl groups found in the guanine bases of the DNA. This peak can also be seen in
Figure 2a in the black trace for G-quadruplex loaded capsules. Taken together, these re-
sults indicate that loading the capsules with G-quadruplex does not affect the ability to
form two-component (PMAA/PVPON)4; hydrogel capsules.***

To determine the effects of G-quadruplex encapsulation upon the surface charge
of the capsules, the zeta-potential of both empty and G-quadruplex loaded
(PMAA/PVPON);3 capsules was determined using a Nano Zetasizer (Malvern). Figure
3a shows the trends between zeta-potential and pH for empty capsules. When the pH is
greater than 4, the capsules possess an overall negative zeta-potential and as the pH de-
creases lower than 4, the capsules possess an overall positive zeta-potential. When the

pH equals 4 the overall zeta-potential on the capsules is neutral. This trend can be ex-
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plained by the different protonation states of carboxylic acid functional groups within the
PMAA residues.** At higher pHs, the carboxylic acid is ionized to carboxylate consistent
with the observed negative zeta-potential. These results are in good agreement with pre-
viously reported data.”® Similar results were found for the G-quadruplex loaded capsules.
Figure 2b shows the trend of zeta-potential versus the biologically relevant pHs 5.5 and
7.5 for both empty and G-quadruplex loaded capsules. Both types of capsules have a
negative surface charge at pHs 5.5 and 7.5, however, capsules loaded with G-quadruplex
oligonucleotides were found to have an increased negative surface charge relative to the
empty capsules at each pH studied. It is well established DNA is negatively charged at
neutral pH due to the phosphate ions comprising its backbone and that the magnitude of
this charge can be controlled by the salt concentration.** Because the solution conditions
contain no added salt, it is safe to assume the G-quadruplex oligonucleotides in this work
are negatively charged. It is also well established that the pKa of the individual nucleo-
tide bases are largely overwhelmed by the phosphate pKa (~1) when they are assembled
into DNA strands and therefore we would not expect the magnitude of the negative
charge on the G-quadruplex oligonucleotides to shift over the range of pH values stud-
ied.*® Taking this information collectively, we suggest the negative increase in zeta-
potential upon G-quadruplex loading is explained by the presence of negatively charged
G-quadruplex oligonucleotides within the shell of the capsules.

We also studied the effect of pH on the size of the G-quadruplex loaded capsules.
The size of the capsules was determined at pHs 5.5 and 7.4 by averaging of 35 different
capsule size measurements. The capsules had an average size of 1.9£0.2 um at pH 5.5
and they increased slightly to 2.5£0.4 um when the pH was increased to 7.4 giving a

swelling fold increase of approximately 1.3. These results are in good agreement with
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previously published studies on the effects of pH on size of two-component
(PMAA/PVPON), hydrogel capsules.*® SEM images of G-quadruplex loaded capsules in
their dry state are shown in Figure 4. From these images, it is apparent that the capsules

have very thin shells.

Release of G-quadruplex DNA through ultrasound treatment

We have recently reported the successful rupture of two-component tannic acid
(TA)/PVPON capsules through exposure to ultrasound** and are interested in applying
this technique to different capsule systems. To study the ability of our capsule system to
release G-quadruplex upon ultrasound stimuli, G-quadruplex loaded (PMAA/PVPON)13
capsules were fabricated and exposed to ultrasound at pH 7.5. A schematic for the stimu-
li-responsive release of DNA cargo is shown in Figure 5.

Prior to ultrasound exposure, G-quadruplex loaded (PMAA/PVPON)13 capsule
samples were counted, centrifuged, and the supernatant examined by UV/Vis for any ini-
tial amount of DNA present. After exposure, the supernatant was monitored using
UV/Vis to calculate the moles of G-quadruplex released per capsule in the sample. As
reported in Table 1, it was found that approximately 6.52x10™® + 3.9x10™*° moles of G-
quadruplex oligonucleotides were released per capsule. Considering that the size of the
capsules at pH 7.4 was calculated to be 2.5+0.5 um, a volume of 6.54x10™** L can be es-
timated for the capsules. With this information, we then calculated the average concen-
tration of G-quadruplex oligonucleotides released per capsule and found that value to be
about 100+6 um. Previously, double- and single stranded DNA was encapsulated within
single component PMAA capsules using porous silica spheres as the core template.*

With this approach, it was found that the upper limit to the number of 20-mer ssDNA
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chains that could be adsorbed to the surface of the silica template, and thus become en-
capsulated, approached 10,000 chains per capsule. In comparison, we show a significant
increase in the number of 24-mer G-quadruplex oligonucleotide chains that can be loaded
per capsule, an impressive 4 million G-quadruplex molecules per capsule. This increase
in encapsulation can be attributed to the use of a co-precipitation technique, which is bet-
ter able to condense the oligonucleotides within the CaCOj3 cores, as compared to surface
adsorption methods.

To study any effects shell thickness has upon cargo release, two-component
(PMAA/PVPON), capsules loaded with G-quadruplex oligonucleotides with varying
number of bilayers were also synthesized. G-quadruplex loaded (PMAA/PVPON), cap-
sules where n=10 or 16 were exposed to ultrasound in addition to the 13 bilayer cap-
sules. It was found that the moles of G-quadruplex released is independent of the number
of bilayers (Table 1). The concentration of G-quadruplex DNA in each capsule was cal-
culated using total number of capsules in each sample, the moles of DNA released after
ultrasound exposure, and the volume of the respective capsule sample. The concentration
of DNA inside capsules was also found to be independent as the number of bilayers in-
creased from 10 to 13 which is not surprising considering that there was a negligible vol-
ume change of the capsules as the number of bilayers increased. With the increased av-
erage capsule size of the 16 bilayer capsules, the average concentration of G-quadruplex
per capsule is decreased to 6.47x10™® + 0.09x10™® moles of G-quadruplex oligonucleo-
tides. It should be noted that the mesh size of the capsules would be expected to increase
with increasing number of bilayers and constant cross-linking conditions. If the mesh
size had increased to allow leaking of the DNA cargo, then the total number of moles of

DNA released per capsule would decrease with increasing number of bilayers. This trend
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was not observed and it can be concluded that the mesh size of the capsules is sufficient
to keep the G-quadruplex encapsulated until a stimuli-responsive release event is trig-
gered.

To determine if ultrasound would be harmful to the DNA cargo, we first studied
the effect of various ultrasound parameters on the resulting structure of G-quadruplex ol-
igonucleotides. Solutions of free G-quadruplex forming oligonucleotides were exposed
to 40% ultrasound power for either 20, 40, or 60 seconds and then these solutions were
monitored using circular dichroism to determine if there were any changes to the second-
ary structure of the G-quadruplex (Figure 6a). A control solution of G-quadruplex oligo-
nucleotides with no exposure to ultrasound was used to compare any differences found
within the spectra after the oligonucleotides were exposed to ultrasound. The control so-
lution displayed major peaks at 245 nm and 300 nm and a trough at 265 nm, indicative of
a G-quadruplex structure in the basket conformation.*® After ultrasound exposure, the
expected characteristic peaks for a G-quadruplex oligonucleotide in a basket confor-
mation were present for all solutions (Figure 6a). The lack of changes between the con-
trol G-quadruplex solution and the solutions exposed to ultrasound indicates that the G-
quadruplex is stable enough to undergo ultrasound treatment at 40% power for up to 60
seconds and remain in its folded state. This is in good agreement with previous reports
on the effects of sonication on G-quadruplex structure.*” From this data, we conclude
that our capsule system should be exposed to 40% ultrasound for 20 second intervals to
release the G-quadruplex from the capsules.

Circular dichroism was also used to monitor any changes to the secondary struc-
ture of the G-quadruplex oligonucleotides before and after encapsulation (Figure 6b). A

solution of free G-quadruplex was run as a positive control and the characteristic peaks
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and trough (245 nm, 295 nm, and 265 nm, respectively) for a G-quadruplex basket struc-
ture can be seen in the blue trace.*® Prior to GSH triggered release of G-quadruplex from
(PMAA/PVPON);3 capsules, the G-quadruplex oligonucleotides were encapsulated and
released from CaCOg cores to determine if the initial encapsulation by the cores altered
the secondary structure of the DNA. The G-quadruplex oligonucleotides were released
from the cores through EDTA treatment and are represented by the green trace in Figure
6b. These samples were also shown to retain their secondary structure as indicated by the
characteristic peaks that match that of the blue trace. Similar results were also found for
G-quadruplex oligonucleotides released from (PMAA/PVPON);3 capsules by ultrasound
stimuli as indicated by the red trace in Figure 6b. From these results, we can conclude
that our capsule system and ultrasound release mechanism is not-harmful the G-
quadruplex oligonucleotides released from (PMAA/PVPON)13 capsules because they re-

main folded state even after exposure to ultrasound.

Release of G-quadruplex DNA through GSH treatment

To study the ability of reduced glutathione (GSH) to cleave the disulfide bonds
crosslinking the PMAA strands of the capsule shell, G-quadruplex loaded capsules were
added to 5mM GSH and the turbidity of the solution was monitored at 700 nm using a
Varian Cary Fluorometer. It is expected that as the crosslinks between the PMAA
strands degrade, the capsules fall apart and the polymers resolubilize, causing a decrease
in turbidity.?>*® It was observed that after treatment with GSH, empty
(PMAA/PVPON)13 capsules had a relative decrease in turbidity by 45% over a time
frame of 8 hours (Figure 7). Interestingly, when loaded with G-quadruplex, the capsules

were observed to have a lessen decrease in relative turbidity over the same time range, by
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approximately 30% (Figure 7). Visual observation of the both empty and G-quadruplex
loaded capsules after treatment with 5 mM GSH revealed that the solutions were opaque,
indicating the presence of capsules in the solution. These solutions were examined using
optical microscopy and were found to contain both fully rounded capsules as well as
caved in capsules and capsule fragments (data not shown). We conclude that under these
conditions, there is an insufficient amount of GSH present to reduce all the disulfide
cross-links. The lack of capsule degradation observed is credited to the highly cross-
linked, two-component capsule shell. The difference in overall relative turbidity decrease
between the G-quadruplex loaded capsules compared to empty capsules is attributed to
the presence of G-quadruplex within the capsules shell. It is possible that the presence of
DNA stabilizes the capsule shell or that the DNA interacts with GSH in such a way to
inhibit cleavage of the disulfide cross-links holding the capsule shell together.

To determine if the capsules could degrade at higher concentrations of GSH, the
same turbidity experiments were repeated using 20 mM GSH. After incubation with
GSH, visual inspection of the capsules revealed a clear solution, indicating that the cap-
sules had completely degraded. This was confirmed by optical microscopy in which no
capsules or capsule fragments could be observed. It is important to note that even though
the capsules were shown to break apart, exposure to extremely high concentrations of
GSH, such as in this experiment, would not occur in the cell under normal respiration.**°
We can conclude from these results that due to the heavy cross-linking, two-component
(PMAA/PVPON);3 capsules cross-linked for 48 hours will not fully degrade when in the

presence of cellular concentrations of GSH.
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Encapsulation and ultrasound release of dsDNA-loaded (PMAA/PVPON)13 capsules
To explore the versatility of our two-component (PMAA/PVPON)13 capsules, we

also used this system to encapsulate double-stranded calf thymus DNA (ctDNA). As
summarized in Figure 1, dsSDNA was coprecipitated within CaCO3 particles and PEI was
added as a precursor layer before PMAA and PVPON were alternatively deposited at pH
4 to a total of 13 bilayers. The multilayers were crosslinked for 48 hours, and finally,
cores were dissolved with EDTA at pH 5.5 to yield dsDNA loaded (PMAA/PVPON)13
capsules. Figure 8a shows confocal images of dsDNA-loaded (PMAA/PVPON),3 cap-
sules at pH 7.4 in the presence of ethidium bromide (EtBr), a well-known DNA intercala-
tor.>* EtBr contains fluorescent properties and the red in Figure 8a originates from EtBr
bound to dsSDNA.>" Visual observation of both empty and dsDNA-loaded capsules treat-
ed with EtBr confirmed that only capsules containing dsDNA can trap EtBr (Figure 8b).
When EtBr was added to empty capsules, the red color coming from the EtBr was
washed away after several rinses. However, when EtBr was added to dsDNA-loaded
capsules, the red color persisted after several rinses indicating that EtBr is too small to be
trapped within our capsules without the presence of dsDNA for it to interact with (Figure
8b). We therefore can conclude that the presence of the red fluorescence throughout the
capsules in Figure 8a indicates that dSDNA can be encapsulated using our
(PMAA/PVPON);3 hydrogel system. These results agree with previous studies on the
encapsulation of dsSDNA by polyelectrolyte multilayer capsules.®>*® The encapsulation
of ctDNA is unique in the fact that it exists as a range of different lengths and shows an
additional feature of our capsules to be able to encapsulate molecules of different mo-

lecular weights.
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We then examined the ability of our capsules to release dsSDNA upon ultrasound
exposure as described earlier for release of G-quadruplex oligonucleotides. Solutions of
dsDNA loaded (PMAA/PPON);3 capsules were counted, exposed to ultrasound at 40%
power for 20 seconds, and then the supernatant was examined for the presence of dSDNA
released from the capsules. Because the molar extinction coefficient of ctDNA is much
lower than that of the G-quadruplex, (6,600 M cm™ versus 228,500 M*cm™, respective-
ly)>* the absorbance is much lower for ctDNA, making it harder to detect by UV/Vis
spectroscopy. To solve this, the binding of EtBr to DNA and their subsequent linear
spectroscopic relationship® was taken advantage of as a way to monitor the amount of
CtDNA present in the supernatant. It was found that 6.73x10™® + 0.52x10™*® moles of
dsDNA were released per capsule. When the volume of the capsules is considered, the
concentration of dsDNA per capsule can be calculated to be 105+8 uM. Interestingly,
these values are extremely similar to those obtained for G-quadruplex loaded
(PMAA/PVPON);; capsules (6.52x10™® + 3.9x10™*° moles G-quadruplex/capsule and
100+£6 um G-quadruplex/capsule) which might indicate that we have reached a maximum
effective loading capacity for this capsule system.

To determine how ultrasound exposure affects the shearing of dSDNA, we moni-
tored samples of free dsDNA before and after ultrasound treatment on an agarose gel
(Figure 8c).™ The gel was imaged using a BioRad Gel Dock station and the lanes, num-
bered 1 through 3, contained a low mw DNA ladder ranging from 25 to 700 base pairs, a
control sample of dsSDNA without exposure to ultrasound, and dsSDNA exposed to 40%
ultrasound for 20 seconds, respectively. From lane 2, we can see that most the free
CtDNA before ultrasound exposure ranges from 400 to 700 base pairs, corresponding to

an average molecular weight range of 260 — 455 kDa. Similarly, the dsDNA after ultra-
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sound exposure in lane 3, demonstrates a banding pattern that shows most of the dsSDNA
is between 400 and 700 base pairs long. We did notice, however, a difference in the
banding associated with DNA strands 75 base pairs long before and after ultrasound ex-
posure. The intensity of the bands around 75 base pairs decreases slightly after ultra-
sound exposure in lane 3, compared to the control dsDNA without ultrasound exposure in
lane 2. From these results, we conclude that the ultrasound settings were strong enough
to minimally disrupt the shorter lengths of the ctDNA. However, this observation could
be decreased by the encapsulation of the DNA and is not expected to influence the deliv-

ery of dsDNA using this capsule system.
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CONCLUSIONS

New roles for nucleic acids have emerged, however, challenges with delivery
have limited their use as drugs. We address the need for improved delivery of nucleic
acids in this work through the development of two-component (PMAA/PVPON),3 cap-
sules that can be used for the encapsulation and release of various DNA structures includ-
ing G-quadruplex and double-stranded helices. We show that (PMAA/PVPON);3 cap-
sules loaded with either G-quadruplex or ctDNA have a higher effective loading capacity
compared to previous studies, decreasing to the number of capsules required per dose. In
addition, we show that these capsules are responsive toward ultrasound exposure allow-
ing for a controlled delivery of cargo. At the same time, the capsules were shown to be
minimally responsive to GSH concentrations within the intracellular range. This obser-
vation leads to a novel dual release mechanism where capsules in the cell can release
some cargo before a controlled burst release of cargo is triggered by external ultrasound

devices.
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FIGURES

Figure 1. (PMAA/PVPON)n multilayers were formed on spherical CaCO3 cores using
hydrogen-bonded layer-by-layer assembly. PMAA strands were crosslinked using cysta-

mine and then the cores were dissolved to form capsules.
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Figure 2. FTIR confirmation of two-component (PMAA/PVPON)13 hydrogel capsules.
FTIR was run on empty (PMAA/PVPON)13 capsules (red line), G-quadruplex loaded
(PMAA/PVPON)13 capsuels (black line), and on G-quadruplex forming oligonucleotides
(blue line) at pH 7.5 as shown above. Peaks centered around 1550 cm-1 and 1660 cm-1
indicate the presence of both PMAA and PVPON, respectively.
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capsules.
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Figure 4. Scanning electron microscopy of (PMAA/PVPON)n capsules loaded with G-
quadruplex DNA (a) and dsDNA (b).
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&

Figure 5. Cargo release schematic. (PMAA/PVPON)n capsules can release their cargo
by either sonication or GSH enzymatic degradation as indicated above.
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Figure 6. Confirmation of G-quadruplex structure. G-quadruplex forming oligonucleo-

tides were exposed to ultrasound waves and then analyzed using circular dichroism spec-
troscopy for the retention of its secondary structure. G-quadruplex samples were exposed
to the ultrasound waves for various times as indicated above. After 1 minute of exposure,
the oligonucleotide continued to show characteristic peaks for a G-quadruplex secondary

structure.
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Figure 7. Reduced glutathione (GSH) was used to cleave the disulfide bonds that cross-
link the PMAA strands of the capsule shell. Capsules loaded with G-quadruplex DNA
were added to 5mM GSH and the turbidity of the solution was monitored at 700 nm using
a Varian Cary Fluorometer. As the crosslinks between the PMAA strands degrade, the
capsules fall apart and the turbidity of the solution decreases. The capsules loaded with
G-quadruplex DNA decreased in turbidity by 30% over a time frame of 8 hours.
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Figure 8. Optimization of capsule synthesis. (a-c) ctDNA-loaded (PMAA/PVPON)13
capsules at pH 7.5 with changes to the cross-linking density or core dissolution step. (a)
Capsules cross-linked for 24 hours and cores dissolved in 0.1M EDTA at pH 7.5. (b)
Capsules cross-linked for 48 hours and were dissolved in 0.1M EDTA at pH 7.5. (c) Cap-
sules cross-linked for 48 hours and cores dissolved in 0.1M EDTA at pH 5.0. (d) The
percentage of DNA-loaded capsules increases with changes to the capsule synthesis as
indicated by panels (a-c). Images in (e) and (f) show of capsules as prepared in (c) at pH
7.5 and 5.5, respectively.
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Table 1. Relationship between encapsulation efficiency and number of bilayers.

Number of Moles Capsule size at pH [G-quad]/ Cap-
. G-quad/ Cap-
Bilayers 7.4 (Volume) sule
sule
2.5+ 0.4um

10 6.26E-18 (6.54E-14L) 96 uM
6.52E-18 2.5+ 0.4um

13 +3.9E-19 (6.54E-14L) 100+6 1M
6.47E-18 2.7+ 0.4um

16 + 8.6E-20 (8.24E-14L) 86+4 1M
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CHAPTER 5
CONCLUSIONS AND OUTLOOK
Conclusions

In this work, the thermal stability and the energetics of unfolding of synthetic G-
quadruplex forming deoxyoligonucleotides of the human telomeric sequence were stud-
ied, specifically as a function of the influence of the adenine bases in the loop sequence.
The wild-type sequence of this G-quadruplex structure was then encapsulated by two-
component PMAA/PVPON microcapsules prepared by LbL techniques. Release of the
DNA cargo was then studied using therapeutic levels of ultrasound or GSH enzymatic
degradation. The encapsulation of double stranded ctDNA was also performed in this
work to test the ability of this system to be applied to multiple types of DNA drugs. The
conclusions from these experiments are summarized below.

In Chapter 3, a set of synthetic deoxyoligonucleotides of the human telomeric se-
quence were purchased with systematic mutations of a single adenine, or multiple ade-
nines, within the loop sequence region to thymine. CD spectra were used to probe the
secondary structure of each sequence and it was found that all sequences could fold into a
G-quadruplex structure. CD melting profiles were then collected to determine the ther-
mal stability of each sequence relative to the wildtype sequence. It was shown that most
loop mutants exhibited lower melting temperatures relative to the wildtype sequence ex-
cept for the loop 2 single mutant, which displayed a slightly increased melting tempera-
ture. The energetics associated with the unfolding of each sequence were then monitored

by DSC. Results from these studies showed that melting thermograms for the wild-type
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human telomeric G-quadruplex sequence, as well as the single loop mutants, were bipha-
sic in nature, indicating the presence of an unfolding intermediate. As the number of
modified loops increased to two or more, the thermograms were fit by a single monopha-
sic curve, however these curves could not be fit by a simple two-state transition either.
The enthalpies associated with the unfolding of each sequence were found to decrease as
the number of adenine to thymine mutations increased which confirmed the correlating
decrease in thermal stability as observed by CD melting profiles. The possibilities of in-
termediates along the unfolding transition was explored by SVD of three-dimensional CD
data (wavelength, ellipticity, and temperature). Results from deconvolution of this data
are consistent with the presence of intermediates during the unfolding for the wild-type
G-quadruplex as well as the loop modified G-quadruplexes. When taking this data to-
gether, it was concluded that stacking of adenine bases contributes to the overall stability
of the G-quadruplex structure.

In Chapter 4, the wildtype G-quadruplex sequence was encapsulated by two-
component PMAA/PVPON microcapsules and then release was explored using either
therapeutic ultrasound or GSH enzymatic degradation of the cystamine crosslinker.
Characterization of the capsules using FTIR confirmed the presence of both PMAA and
PVPON within the microcapsule. Measurement of the Zeta-potential as a function of pH
was collected to estimate the effective surface charge of the microparticles. Results from
these studies showed that the effective surface charge on the capsules was positive at pH
values less than 5 and negative at pH values greater than 5, consistent with the protona-
tion and ionization of the carboxylic acid groups on PMAA, respectively. At pH values
of 5, the capsules were neutral in effective surface charge. Due to the increase in magni-

tude of the Zeta-charge of G-quadruplex loaded microcapsules over empty microcap-
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sules, it was concluded that the stability of the capsules is increased by the presence of G-
quadruplex deoxyoligonucleotides within the capsule interior and the capsule shell.
When using GSH enzymatic degradation of the disulfide bonds in cystamine to release
the cargo, it was shown that the capsules were not able to be degraded by intracellular
concentrations of GSH (1-10 mM) and the DNA was unable to be released from the mi-
crocapsules. The release of the DNA cargo was then studied by applying therapeutic ul-
trasound to the capsules at a strength of 57 W/cm? for 20 seconds. Assuming complete
release of cargo by this release method, it was found that 6.52x10™*® + 3.9x10™° moles of

G-quadruplex were released per capsule with 13 bilayers of PMAA/PVPON.

Outlook

The completion of this work contributes to the advancement of DNA drug deliv-
ery with the successful creation of two-component PMAA/PVPON microcapsules that
can deliver DNA cargo through controlled release methods. This methodology can be
easily refined for applications that require other types of nucleic acids or those that re-
quire the specificity of in vivo targeting. For example, the versatility of this system was
shown through the encapsulation of both G-quadruplex and double stranded DNA struc-
tures. Encapsulation of RNA and other types of nucleic acid hybrids would further ex-
pand the applications of this capsule system. In addition, modification of the polymer
side chains to include more functional groups or to introduce a targeting moiety before
polymer deposition would allow the microcapsules to increase their specificity and deliv-
ery abilities. Another avenue for this project could be the synthesis of nucleic acids with-
in the microcapsules. The ability to synthesize nucleic acids within the microcapsules

increases the amount of cargo that can be delivered. Studies on these capsules can then
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be completed to determine how effectively they are able to deliver DNA to the nucleus of

cells at a therapeutic level.
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