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Abstract

Advances in our ability to detect biological targets relevant to human health
have come from the engineering of biological molecules into assemblies capable
of performing target-induced signal generation. Such assemblies, known as
biosensors, are composed of a molecular recognition element (MRE) and a signal
generating transduction element. One MRE class that has received great attention
in recent years is functional nucleic acids, which include DNA aptamers and
DNAzymes. Since 1990, a large number of functional nucleic acids have been
reported. However, broad commercial use of functional nucleic acids in
applications that benefit human health is sparse. The goal of this thesis is to expand
the usefulness of functional nucleic acids. The thesis is made of four projects. In
the first project | developed a simple colorimetric biosensor for the detection of a
toxic metal ion using a reported RNA-cleaving DNAzyme coupled with urease as
the signal reporter. This is followed by a project where | developed a highly effective
method for the synthesis and purification of the DNA-urease conjugate needed for
the biosensor. | then turned my attention to the search for high-affinity DNA
aptamers that bind VEGF-165, an important human protein found to be relevant in
the progression of cancers. Given that VEGF-165 is a homodimeric protein, in my
third project | looked into the suitability of reported DNA aptamers for this protein
for the creation of dimeric aptamers with higher binding affinity. | examined multiple
factors that may affect the successful engineering of dimeric aptamers and

determined that none of the existing aptamers are compatible for creating a
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productive dimeric aptamer. With this finding, | made an effort to create our own
aptamers for this protein target. | was able to isolate a new aptamer that appears
to be an excellent candidate for creating a higher affinity DNA aptamer. Overall,
my work adds to our increasing appreciation of the functional capability
demonstrated by single-stranded DNA molecules. More importantly, | hope the
methods | have developed and new functional DNA molecules | have generated in
this thesis will continue to drive the development of the functional nucleic acid field
and contribute to the health research community’s efforts to increase human

longevity.
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Chapter 1: General Introduction

1.1 Introducing Functional Nucleic Acids and Their
Capabilities

In the years that followed the discovery of DNA'’s role as the carrier of
genetic information, proteins were thought to be the only biomolecules capable of
performing functions such as binding or catalysis. Upon recognizing that nucleic
acid building blocks are rich in functional groups (Figure 1-1), much like their
protein counterparts, a number of researchers came to view nucleic acids as
having potential functional capabilities. In the late 1960’s Woese, Crick, and Orgel
envisioned a prebiotic world where the secondary and tertiary structures formed by
nucleic acids could position key functional groups in a manner that enabled them
to perform functions similar to proteins.’2 The research on the role of naturally
occurring functional nucleic acids (FNAS) in this proposed RNA world has been

summarized in a number of reviews in recent years.*°

Nucleotides Nitrogenous bases
Pyrimidines Purines
B NH;
o) |C‘=") o - N 9 ’ i
- 0 H.C N > N
& % # ﬁN Ty ] )N I /"LH
_
OH H N/&o N/&o NTON N N”NH,
H H
deoxyribonucleotide cytosine thymine adenine guanine
9 Base NH, o NH, 0
‘0-P-0
Y o SN NH NN N NH
(D SR 5 G = SR S (i
OH OH N0 NS0 J N N7 N7 NH,
H H
cytosine uracil adenine guanine

ribonucleotide

Figure 1-1. Nucleic acid building blocks. (A) Nucleotides (B) Nitrogenous bases
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The first clear evidence of the functional capabilities of nucleic acids was
the discovery of ribozymes. Two groups working with two different RNA processing
chemistries — RNA slicing and tRNA maturation — discovered that the catalyzed
chemical reactions were occurring in the absence of protein components, and
determined that the nucleic acid component was responsible.®” This discovery
eventually won Thomas Cech and Sidney Altman the Nobel Prize in Chemistry in
1989, as their work proved nucleic acids can play a non-genetic role. Following the
discovery of natural catalytic nucleic acids, or RNAzymes (another term for
ribozymes), there were a number of discoveries highlighting the binding capabilities
of FNAs and thus demonstrating their non-catalytic functional capability. One such
example was the discovery of a sequence of mRNA that was able to bind a coat
protein, thereby blocking ribosomal binding and leading to transcriptional
regulation.®® Other early evidence of noncatalytic functions include the discovery
of DNA’s ability to form four-stranded complexes in guanine-rich sequences, where
guanines form tetrad structures through hydrogen bonding (Figure 1-2) which can
stack into larger complex structures, and are shown to be capable of binding

monovalent ions.10:11

A o-pe0 B AN o N
. o N__NH HoH™ N 1
Q N /“\ HT I H N~
o N .0 N XN--" |
(o] < /L .- ¢ N O
~o0—) 7 N 2k H <1
o-p=0 b N N N~ N7
5'end o) H H
A T
o) Guanine Cytosine Adenine  Thymine
HO— o ‘
Y~ (0] 0—P=0
|
o) T A ?
0=P-0 'S } o
S O o) 0-P=0 C
o N

3'end
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Figure 1-2. DNA and its hydrogen bonding (A) Double-stranded DNA shown with
the phosphodiester backbones arranged anti-parallel to one-another (B)
Hybridization of nitrogenous bases through Watson and Crick type hydrogen
bonding (C) An example of alternative arrangement of nucleobases, 4 guanines
forming a G-tetrad that utilizes Watson-Crick interactions and other hydrogen
bonding interactions known as Hoogsteen-face base-paring. This is typically
stabilized by a central metal ion (M+).

We may never definitively know if FNAs found in nature are remnants of a
prebiotic world without proteins present to carry out crucial biochemical tasks.
However, the demonstrated functional repertoire amongst naturally occurring
FNAs provides a staggering amount of support for this theory.'>7'> This work on
FNAs found in nature has provided the field with foundational knowledge that has
since been applied to efforts focused on synthetically-derived variants of FNAs.
Our lab is one of the groups advancing this area of research, using synthetically-

derived FNAs for biosensing applications.

1.2 Derivation of Synthetic Functional Nucleic Acids

Following the discovery of natural FNAs, a momentous time in the field
came in 1990 when three groups published methods for in vitro derivation of
FNAs.15-18 Two papers published in August of that year focused on the derivation
of non-catalytic molecules (termed aptamers) which were capable of ligand
binding,'%'” only a few months after Robertson and Joyce had used a similar
process to derive a catalytic functional nucleic acid molecule in vitro,*® more
specifically a mutant variant of the RNA-splicing Tetrahymena ribozyme that was

capable of cleaving DNA.18
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All three shared a similar basic design, involving the selective amplification
of functional species separated from of a large pool of short nucleic acid molecules,
through the use of a function-based separation step followed by regeneration of

the target-responsive species using polymerase chain reaction (PCR) (Figure 1-

3A).
A
N N N N
N
NNN NN N N
NN N NN N NN N
Random ssDNA pool @ bead Random pool RNA NN
- Random pool
*target I Incubate with A DNA
Incubate with
selection step =
=
(7]
g NN N
S NN N % %
NN NN : v o VK
NNN Functional ° Nonfunc-tienal dPAGE
Nonfunctional species species
species bCR NN N
I Tm T Functional Nonfunctional Functional
Im species species species

Figure 1-3. In vitro selection schematic. (A) General in vitro selection scheme
applicable to all classes of FNAs (B) Schematic of in vitro selection for aptamers
(C) Schematic of in vitro selection for RNA-cleaving DNAzymes.

Regeneration of the pool enables the cycle to be repeated until target-
responsive species with desired properties are isolated. This method for the
synthetic derivation of FNAs has fueled the growth of this field, as evident by these
three papers having been collectively cited nearly 20,000 times since their
publication. Variations of this approach allow the isolation of nucleic acids capable
of target-specific binding (Figure 1-3B), and catalysis (Figure 1-3C). For the

isolation of FNAs capable of binding a target of interest, a large randomly

4
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generated pool of oligonucleotides is incubated with a target that is immobilized
onto a bead, and target-responsive species in the pool (blue) are separated from
the rest of the pool (Figure 1-3B). The pool is then regenerated using PCR to restart
the cycle. In addition to being adapted for the isolation of FNAs capable of binding,
Figure 1-3C shows a schematic of the variation of this method to enable isolation
of nucleic acids with the ability to perform target-responsive catalysis. In this
approach, a random library of oligonucleotides, is ligated to an RNA substrate
portion (red), and incubated with target, before separating species that
demonstrate cleavage ability (blue). The active species that performed cleavage
are then separated using electrophoresis (denaturing polyacrylamide gel
electrophoresis - dPAGE).

In each iteration, function-based separation of target-responsive nucleic
acid species is followed by amplification, using PCR to regenerate more of the
target-responsive oligonucleotides which can be used for additional iterations of
the cycle— ultimately resulting in the enrichment of target-responsive species. The
repeated function-based separations, coupled with the mutations acquired as a
result of errors by the polymerase, can collectively help convert a randomized
library consisting of a single copy of approximately 104 10 different unique
sequences down to a handful of FNA candidates. In iterations where the resulting
oligomers are capable of ligand-binding, they are termed aptamers (from the Latin
aptus — fit, and Greek meros — part). A variation of this method (shown in Figure 1-

3C) was used in developing the first catalytic FNAs made of DNA (termed
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DNAzymes) by Breaker and Joyce.*® DNAzymes and DNA aptamers are inherently
more stable FNAs when compared to their RNA counterparts. Thus, investigations
described herein will focus on the use of DNA-based FNAs such as DNAzymes
and DNA aptamers, which are highlighted among other classes of FNAs

summarized Figure 1-4.

Functional Nucleic Acids

Figure 1-4. Types of FNAs, split into catalytic and non-catalytic classes. Catalytic
classes are split into RNAzymes (also known as ribozymes) and DNAzymes based
on their nucleic acid composition, and the non-catalytic classes are split into
aptamers, and spiegelmers, which are made of synthetic L-nucleic acids.

1.2.1 Library Design

The in vitro selection approach hinges on the use of a randomly generated
library where the oligos contain primer binding sites at the termini to allow
amplification prior to each subsequent round after the first (Figure 1-5A). The
middle portion of each oligo in the library is synthesized randomly, theoretically
yielding potentially 4" different sequences (n is the number of nucleotides in the
random region). Thus a typical 40 base random region can make 10%* possible
sequence variants. In practice, technical considerations limit the amount that can
be used for initiating the selection to 1-10 nmol; which is only ~104-10%¢

sequences. Thus, a large fraction of the sequence space is not covered when
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performing selections using longer random regions, however, a library composed
of oligomers with small random regions can lack diversity. A larger starting diversity
may help contribute to the probability of a successful outcome. While shorter
lengths will cover all or a large percentage of sequence space, longer regions are
thought to allow for more complex structures that may be needed to fold into a
functional RNA or DNA. Notably, FNAs have been successfully derived at both
extremes. An RNAzyme isolated by David Bartell was derived using a library with
a 220 nt random region,?° whereas the small isoleucine aptamer was evolved from
a pool with a random region of 22 nts.?!

As a result, this decision-point in library design has been often debated,??
with our group historically choosing to prioritize sequence diversity by favoring a
random region longer than 25 nts, thereby sampling a smaller portion of the

sequence space (Figure 1-5B).

A
Primer Random Primer
binding site Region binding site
5 T 3
B
S=D

S —Sequence space
D — Sequence diversity

0 10 20 30 40 50 60 70 80
Length of Random Region
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Figure 1-5. Library design and sequence space. (A) A typical library design for in
vitro selection, with a random region (green) flanked by two primer binding sites
(blue) for the forward (light blue) and reverse primer (dark blue) to dock onto prior
to PCR amplification. The library is used directly in selections of aptamers as
shown; for DNAzyme selections, it is ligated to a suitable substrate strand prior to
each round. (B) Graph showing the relationship between the size of the random
region, and the theoretical maximal sequence diversity (log), the grey box indicates
the region that can be reliably sampled, with a dotted line indicating the region
where sequence space and sequence diversity are equal, at ~25 nts.

1.2.2 Counter-selection

Repeated cycles of in vitro selection, can lead to the generation of highly
sensitive ligand-responsive aptamers and DNAzymes, however the selectivity of
these FNAs is largely thought to be enabled by a process known as counter-
selection, wherein the library is incubated in the presence of one or more targets
which the investigator does not intend the FNAs to respond to, and the ones that
do respond are removed from the pool. A schematic of this is shown in Figure 1-6
for aptamers and DNAzymes. Selections often involve interchanging rounds of
positive selection (intended target) and negative selection (unintended target) in
an effort to derive FNAs that are both sensitive and selective. Those that respond
in the presence of an unintended target (purple diamond) are isolated (dotted box)
and removed from the pool prior to incubating with a target of interest (gold star).
Then, a positive selection is carried out, where target responsive species are
separated from non-responsive ones, and the pool is regenerated for repetition of

the cycle.
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Figure 1-6. Counter-selection schematic, shown for aptamers and RNA-cleaving
DNAzymes. Incubation with an unintended target (purple diamond) causes binding
(A) or RNA cleavage (B) by non-specific candidates in the pool, which are then
eliminated before incubation with a positive selection with a target of interest (star).

1.3 Structure and Function of FNAs

Over the last 29 years, hundreds of FNAs have been derived in vitro for the
detection of a wide range of targets ranging from metal ions to proteins to whole
cells. A number of these FNAs and their application have been comprehensively
discussed in several recently published reviews.?*-2’ The coming section will detail

the structure and function of several commonly studied aptamers and DNAzymes.
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1.3.1 Aptamers

Aptamers can fold into a range of structures that facilitate binding, one such
structure is the result of stacking of two or more guanine tetrads and is known as
a G-quadruplex. G-quadruplexes exist in multiple forms and make up a class of

complex structures commonly adopted by aptamers (Figure 1-7).

3’

5

:
7 oo
Figure 1-7. G-quadruplex schematic. (A) Guanine tetrad, and its representative
diagram (B) Examples of parallel and anti-parallel arrangements of DNA (lines), to
form stacks of two or more guanine tetrads (grey squares).

3

Figure 1-8A shows the crystal structure of the aptamer for thrombin, alone
and bound to its target protein. The crystal structure of one example of a G-
guadruplex aptamer bound to its protein target is shown to help establish the role
of the structure in its binding function. The thrombin aptamer is one of the most
widely studied protein-targeting aptamers in sensor development.?®2° As shown in
Figure 1-8B, it is a 15-mer single-stranded DNA with the sequence 5'-
GGTTGGTGTGGTTGG-3'.28 The dissociation constant (Kg) is around 100 nM. Its
structure was determined to be an intramolecular G-quadruplex, which interacts
with the fibrinogen-recognition exosite.2%-3? The eight conserved guanine residues

(in bold) form G-tetrads that are stabilized by hydrogen bonds, and are capable of
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stacking through 1r-11 interactions (Figure 1-8B). Another commonly used DNA
aptamer is the stem-loop aptamer capable of recognizing ATP, with a Kq of 6 uM
(Figure 1-8C).*® Structural characterizations indicated that two ATP molecules
were intercalated into the aptamer by forming non-canonical G:A base pairs.®* In
addition to ATP, the aptamers can also bind AMP and adenosine tightly.

Beyond these commonly studied examples, advancements in the field of
FNAs in the past 29 years have resulted in aptamers being isolated for targets

ranging from small molecules,?*35-%" to large proteins.?>26

A B C
o
, T; G
P A § §ACCTES  CAGTA
Gor—Gw |I: 3TG .l!\A LLIT
e /G TGGAAG GCGT
14 ‘T ITI-
D E F

T SAACE A TATTTTT T
5 TCL AT ¥ 5

Catalytic
core

Figure 1-8. Examples of FNAs. (A) Crystal structure of thrombin aptamer, as a G-
guadruplex in its unbound state (left panel) and its target-bound state; adapted with
permission.®® (B) The G-quadruplex structure of thrombin aptamer. (C) The
secondary structure of an ATP-binding DNA aptamer. (D) The secondary structure
of the Pb?*-dependent RNA-cleaving DNAzyme, GR-5. (E) The secondary
structure of the 8-17 DNAzyme. (F) The crystal structure of the 8-17 DNAzyme;
adapted with permission.3® AsfvPolX proteins, which were utilized to facilitate the
crystallization, are colored in light blue or cyan.
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1.3.2 DNAzymes

The first DNAzyme selection, conducted in Gerald Joyce’s laboratory in
1994, led to the isolation of an RNA-cleaving DNAzyme that cleaves a single RNA
linkage embedded in a DNA sequence in the presence of Pb?* (see figure 1-8D).*°
This DNAzyme, termed GRS5, cleaves the RNA unit via transesterification (Figure
1-9), and exhibited high specificity towards Pb?* over other metal ions and has a
cleavage rate of 1 min™, allowing for a rate enhancement of 10°-fold over the
uncatalyzed reaction. The uncatalyzed hydrolysis occurs through attack by water
on the phosphodiester backbone, while transesterification involves a nucleophilic

attack by the 2’ OH of ribose sugar of RNA (Figure 1-9).

o
HO— o :
B, 0-P-0 B,
7 _ Hyroyss Moo o o
0=P-0" B,
& OH CH OH OH
HO ©7 o
OH OH
By 8,
O o HO— o B,
— HO o
Transesterification O
O‘/ﬁOH _— o 0 +
o%h-o B i OH OH
( o’ oH
(o o

OH OH

Figure 1-9. Hydrolytic cleavage and transesterification mechanisms compared.

Another Pb?*-utilizing DNAzyme, known as 8-17 DNAzyme (Figure 1-8E),
is one of the most studied DNAzymes.*® The same DNAzyme motif has been
independently selected under a variety of conditions by several research groups;
a phenomenon attributed to its high catalytic rate, its small catalytic core, and its

high tolerance to nucleotide mutations. Sequence variants of 8-17 are capable of
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using different metal-ion cofactors, such as Mg?*, Ca?", Mn?*, and Zn?*.4142 A
crystal structure of this DNAzyme is shown in Figure 1-8F.3° DNAzymes, made of
a substrate strand and a DNAzyme strand, typically have three main components
in their secondary structures: two binding arms, and an enzymatic region (Figure
1-10). DNAzymes, undergo selection with both components linked, to allow
tracking of sequences able to perform cleavage (Figure 1-10; Figure 1-2C). In the
typical arrangement, the substrate strand containing a single ribonucleotide
amongst DNA bases hybridizes to the nucleic acid enzyme strand which holds the
catalytic core of the DNAzyme (Figure 1-10). This region is thought to fold into a
favorable position that facilitates cleavage upon the presence of the target and

appropriate cofactors.

Reaction catalyzed

!

, ~ -
5 X Y 4 % Covalent attachment
3 / toenable selection
kS
v
N
Substrate

Catalytic (enzyme) binding arm

region

Figure 1-10. DNAzyme components.

Metal ions have been shown to play a critical role in the catalytic process
and are constitutively required for the catalytic activity of most known DNAzymes.
In the case of 8-17, the Pb?* ion plays a role in facilitating catalysis of the

transesterification reaction in an RNA-containing strand (Figure 1-11).

13



1

2

3

D

© 00 ~N O O

10

11

12

13

14

15

16

17

Ph.D. Thesis — S. Manochehry; McMaster University — Biochemistry & Biomedical Sciences

Figure 1-11 highlights a number of the ways a positively charged ion such

as Pb?* is thought to play a role in facilitating catalysis of the transesterification

reaction in an RNA-containing strand.*®
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Figure 1-11. Cleavage of an RNA linkage. Potential roles for metal ions in
supporting catalysis by RNA-cleaving DNAzymes. Adapted with permission from
43

Just as DNA aptamers have been shown to bind a variety of targets,

DNAzymes have been engineered to respond to targets ranging from heavy metals

to more complex biological targets such as proteins indicative of infectious

disease.?”** Most recently, our group successfully demonstrated that fluorescent

RNA-cleaving DNAzymes can be derived to detect a specific bacterium, such as

Escherichia coli and Clostridium difficile.4>47

The powerful in vitro selection technique has enabled the isolation of

DNAzymes with a broad array of catalytic functions beyond the ability to cleave

an RNA-linkage; some additional examples are listed in Table 1-1. Since RNA-
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cleaving DNAzymes (RCDs) have been the most widely studied, our assessment
of DNAzymes will remain focused on this class of DNAzymes.

Table 1-1. Examples of DNAzyme-catalyzed reactions beyond RNA-cleavage.

Reaction catalyzed Reference
DNA cleavage (oxidative) 48-50
DNA cleavage (hydrolytic) 51-53
Phophoramidate bond cleavage | >
RNA ligation 5557
DNA ligation 58,59
DNA phosphorylation 60
Nucleopeptide linkage formation | 6!
DNA adenylation 62
DNA deglycosylation 63
Diels-Alder reaction 64
Phorphyrin metalation 65,66

1.4 Applications

The rise in number of target-responsive FNAs isolated for their binding
ability, and catalytic capabilities, has fueled the proliferation of a broad array of
applications enabled by the unique properties of nucleic acids. Some of the recent
applications of DNA-based FNAs include biomarker discovery,®” imaging,%8¢°
drugs,’®’* drug delivery agents,’>"® and biosensing applications.**74-"® This broad
array of applications is a result of the versatility of FNAs, as they are capable of
being responsive to a large range of targets, and are more stable than their protein
counterparts. Further contributing to their versatility, is the existence of methods
that enable them synthesized consistently and at low cost — both widely

recognized challenges for antibodies.’” Lastly, the lack of need for cold-storage,
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not only furthers the lower cost for FNA-based applications, but it also enables
production at large scale, thereby minimizing storage and distribution challenges
that may otherwise hinder widespread use.

Years after the seminal discoveries that fueled the continuously growing
array of FNAs isolated in vitro, we are yet to see broad commercial use of FNAs in
applications that benefit human health. The goal of my research was to tackle
challenges that hinder the application of FNAs while growing the array of FNAs
available for targets relevant to human health. The focus of this work will be

biosensing applications of FNAs.

1.5 Biosensing Applications of Functional Nucleic Acids

The development of cost-effective, simple, sensitive, and selective
biosensing platforms is essential for advancing our ability to detect biological
targets relevant to human health, such as detecting drinking water toxins and
biomarkers indicative of disease progression. Generally speaking, biosensors
include two parts, a molecular recognition element (MRE) that is responsible for
responding to a target of interest and a transducer element (TE) that converts the
recognition activity into a measurable signal (Figure 1-12). FNAs, particularly DNA
aptamers and DNAzymes, have been regarded as valuable recognition elements
because they can be made to have strong recognition specificity and sensitivity.
The coming section will detail some examples of widely used biosensors, and

biosensing strategies, before highlighting a number of the challenges in the field,
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1 in an effort to position the work detailed in this thesis which will largely focus on
2  FNA-based biosensors.

Biosensor

|
Target [ \ Signal

Recognition Element Transducer
* Aptamer * Optical
* Enzyme * Physical
| * Antibody * Electrochemical

* Protein
* Small molecule
* Whole cell

5 Figure 1-12. Schematic of a biosensor and its components.

6 1.6 Biosensor Types

7 To better contextualize the value of FNA-based biosensors amongst
8 existing approaches, we can briefly consider some examples of commonly
9 employed biosensing strategies, and then discuss some commercially available
10 biosensors. Biosensors can be largely categorized based on their signal generation
11  method, or their TE, as this is the parameter that limits the method with which the

12  biosensing activity can be detected (Figure 1-13).

Biosensors
Optical Physical Electrochemical
*  Voltammetric
Fluorescent +  Piezoelectric * Impedimetric
* Colorimetric *  Magnetoelectric * Potentiometric
*  Amperometric
13

14  Figure 1-13. Types of biosensors.
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Signal generation methods most commonly include electrochemical,
piezoelectric, and optical biosensing. Figure 1-14 lays an FNA-based biosensor

from each, using a target-responsive aptamer.

A
5’ Aptamer
F ptame * 5
@M—U—L 5 Target F
QDNA
5
B Electrochemical signal
Electrode * Electrode
Target
C Weak acoustic wave Strong acoustic wave
Target

Figure 1-14. Examples of FNA-based optical biosensors (A) Aptamer-based optical
biosensor, using a fluorescent signaling strategy wherein a fluorophore-labeled
aptamer is hybridized to a quencher-bearing complement, which is displaced upon
target binding causing an increase of fluorescent signal.”® (B) Aptamer-based
electrochemical sensor, wherein the binding of the aptamer causes the release of
the electrochemical markers (green) from the aptamer, resulting in an
electrochemical signal.”® (C) Acoustic sensor, wherein target binding induces a
change in amplitude or velocity of an acoustic wave as it passes through the
surface of piezoelectric materials (such as quartz) coated with an aptamer.8°

Examples of biosensors that will likely be tangible to all audiences are the
blood glucose monitor and the pregnancy test. Blood glucose monitors are an
example of electrochemical biosensing, and the classic pregnancy test is a lateral

flow device that involves optical biosensing as the signal is generated through the

18



10

11

12

13

14

15

16

17

18

19

20

Ph.D. Thesis — S. Manochehry; McMaster University — Biochemistry & Biomedical Sciences

production of a color change on the test strip. No commercial examples of
piezoelectric sensors are widely used, a fact likely attributable to the need for
equipment. Optical biosensors ultimately require the least amount of equipment for
signal detection, either through use of a handheld device or the unaided eye, and

will therefore be the main focus of work detailed in this thesis.

1.7 FNAs as MREs for Optical Biosensing

Functional nucleic acids, particularly those made of DNA, make excellent
MREs for biosensing for several reasons related to their chemical composition,
including stability, ease of synthesis, low cost, and their ability to be combined into
larger complex structures using simple chemical modification and natural
hybridization of nucleic acid bases. DNA-based FNAs, such as DNA aptamers, and
DNAzymes, are more stable than their RNA counterparts, owing to their lacking a
2'0OH capable of nucleophilic attack on the phosphodiester backbone. Thus, they
are the focus of the work herein, and the bulk of biosensor development efforts.

FNA sequences can be synthesized using solid-support chemistry, which
can provide high yield products with minimal variability amongst batches, a key
challenge for the synthesis of their protein counterparts. Furthermore, solid-support
synthesis enables chemical modifications internally and at the termini with little
added cost. The cost of DNA synthesis is low and continues to decrease as we

see a growth in the genomics sector as a whole (Figure 1-15).8!
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Figure 1-15. The productivity of oligo synthesis and cost of oligos and genes.
Adapted with permission from 82,

Beyond its synthesis advantages, the natural hybridization ability of nucleic
acid bases is an often-overlooked feature when comparing them to their protein
counterparts, as the ability to connect two components through hybridization is a
convenient property for assembling complexes of biomolecules capable of
biosensing. When bridging of MRE and TE components is not feasible through
hybridization, linkage of signal-generating molecules like fluorophores at the
termini is possible during, or after chemical synthesis through commonly employed
linkage strategies such as click chemistry. Alternatively, biological machinery such

as a ligase can be used to attach a modification-containing oligomer to an FNA.

1.7.1 Optical Signaling Strategies for MRE-Based Biosensors

Most abundant approach for signal generation in MRE-based biosensors

involves fluorophores and quenchers. The use of fluorophores for signal generation
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Is often coupled with a quenching molecule because quenchers can absorb energy
from a fluorophore that has been excited by light. This is known as fluorescence

resonance energy transfer, or FRET (Figure 1-16).

Energy transfer
light e . light

\ 5 A _/_/4

or
‘ ................. >
. distance quenching of light

Figure 1-16. Fluorescence resonance energy transfer. Schematic showing a
fluorescent molecule (green) undergoing excitation by light, leading to the transfer
of energy to a molecule that has an overlapping absorption spectrum (red). This
results in radiative decay (light) or non-radiative decay (quenching).

By coupling the target-responsive functions of aptamers and DNAzymes
with appropriate positioning of fluorophore-quencher pairs, a target recognition
event by an MRE (aptamer or DNAzyme) can be converted into an optical signal.
For example, to convert aptamers into biosensors, a fluorophore and quencher pair
can be positioned judiciously such that target binding leads to them changing their
relative distance. If target binding causes separation of the F and Q, this is known
as a “turn-on” sensor, as increases in distance decrease the quenching ability. The
reverse is considered a “turn-off’ sensor. A number of variations are possible,
some of which are shown in Figure 1-17 for aptamers (Figure 1-17A) and
DNAzymes (Figure 1-17B), all sharing the goal of maximizing the contrast in the

signal generated in the presence of target compared to when it is absent. The

contrast between these two states defines the sensitivity of a biosensor.
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Figure 1-17. FNA-based optical biosensing strategies that utilize fluorescence
signaling, showing arrangements of aptamers (A) and RNA-cleaving DNAzymes
(B) with an organic fluorophore and quencher pairs (i.e. FAM and DABCYL), and
long-distance quenchers such as AuNPs and graphene.

While organic fluorophores and quenchers such as FAM and DABCYL
continue to be commonly employed, quantum dots can be superior fluorophores,
and gold nanoparticles (AuNPs), graphene oxide, and carbon nanotubes have
value as long-distance super quenchers, however, consistency in synthesis and
loading capacity can be a challenge to overcome, thus our work focuses on organic
F-Q pairs.

Going beyond fluorogenic signal generation, colorimetric biosensors are
also a popular option. Two widely used approaches utilize AuNPs, which produce

color change upon clustering, and peroxidase-mimetic biomolecules, which

produce a color change in the presence of peroxide and a reducing agent.

22



10

11

12

13

14

15

16

17

18

19

20

21

22

Ph.D. Thesis — S. Manochehry; McMaster University — Biochemistry & Biomedical Sciences

Beyond its use as a quencher nanoparticle in fluorescence-based
biosensing applications, AuNPs have been utilized in a myriad of biosensing
studies for colorimetric signal generation when coupled with FNAs.82-84 The chief
design principle of these AuNP-based colorimetric sensing platforms is the control
of colloidal AuNP dispersion and aggregation. The design of these systems relies
on a balance between attractive and repulsive forces, which can be affected by the
incorporation of target-responsive FNAs. The strategy of controlling colloidal
dispersion and aggregation of AuNP using the target-responsive behaviors of
aptamers,®>°° and DNAzymes,®°* has generated many FNA-based colorimetric
biosensors. For example, AuNP-linked DNA can be hybridized to an aptamer, and
the resulting AuNPs with dsDNA are stabilized forming a red color, until the
presence of target displaces the aptamer, diminishing the shielding and causing
aggregation which results in a blue color.®® For an example of a DNAzyme-based
colorimetric biosensor which exploits this property, we can consider the complex
shown in Figure 1-18A, wherein the DNAzymes are hybridized to DNA-modified
AuUNPs thereby producing a blue color in the absence of the target, as the AUNPs
remain in an aggregated state. Upon target-induced cleavage, for example in the
presence of Pb?*, releases the AuNPs held together by opposing ends of the
DNAzyme complex thereby producing a red signal (Figure 1-18A).°!

The examples of FNA-based biosensors detailed thus far all employ an FNA
as the MRE component, however, the use of an FNA as the TE is also possible.

This usually involves the use of a peroxidase-mimetic DNAzyme. Like horseradish
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peroxidase, this DNAzyme is valued for its ability to oxidize a chemical compound
that has different absorbance properties in its oxidized state. The DNAzyme is a
G-quadruplex that could employ hemin to mimic the peroxidase activity,®® and
selectively catalyze the oxidation of 2,2-azino-bis-(3-ethylben-zthiazoline-6-
sulfonic acid) (ABTS) by H202.%¢ The reaction product ABTS«+ has a blue-green
color with a maximum absorption wavelength of 415 nm. This DNAzyme can be
coupled with various MRESs to produce colorimetric biosensors, one such example
is shown in Figure 1-18B.%” Upon target-induced cleavage of the substrate, a
fragment of the cleaved substrate (black) is combined with a large fragment of a
peroxidase DNAzyme (blue) and hemin (red circle); together they form an active
G-quadruplex DNAzyme with peroxidase-mimetic activity. The active DNAzyme is
then able to oxidize ABTS to produce a color change. Without target-induced
cleavage, the fragment of the substrate is not released and is therefore unavailable
for assembly of the signal generating peroxidase (Figure 1-18B).

Having discussed some examples of FNA-based biosensors, the next
section looks to contextualize my intended contribution to the field and lay out the

outline of this thesis.
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Figure 1-18. FNA-based optical biosensing strategies that utilize colorimetric
signaling. (A) DNAzyme-based colorimetric strategy using AuNPs, which remain
aggregated in the absence of target maintaining a blue color, and are
disassembled after cleavage, leading to a red color. Adapted with permission from
91 (B) A DNAzyme-based colorimetric biosensing strategy. A portion of the cleaved
strand (black) is combined with a peroxidase DNAzyme and hemin to produce a
color change through the reduction of ABTS. Adapted with permission from 7

1.8 Thesis Objective and Outline

The goal of my work has been to advance our understanding of key
determinants in FNA-based biosensors, thus my thesis highlights some of my
efforts to accomplish this through multiple areas of contribution, including
expanding existing biosensing platforms, optimizing synthesis and purification of
color-generating protein-oligonucleotide chimeras, and growing the repertoire of
FNAs for important biomarkers.

A notable array of sensitive and specific aptamers and catalytic nucleic acid
molecules have been isolated in test tubes following the development of an in vitro
approach that allowed isolation of functional nucleic acid species previously found
in nature. The projects | have advanced include both FNAs that have catalytic
functions, known as DNAzymes, and ones which can perform target binding,
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termed aptamers. My efforts have centered on a particular class of each, focusing
on DNAzymes capable of performing RNA cleavage, known as RNA-cleaving
DNAzymes, and aptamers made of DNA. The efforts detailed herein aim to
advance the capacities of FNA-based biosensors and their FNA components which
have been isolated for the detection of targets relevant to human health. | hope my
work helps highlight the value of DNA aptamers and DNAzymes as components of
modular biosensing platforms, and ultimately helps pullulate numerous biosensors
which take advantage of the FNAs derived by in vitro selection.

While DNA-based platforms have lower stability, cost, and scalability
concerns that are well recognized, their modular nature is often overlooked as a
key advantage compared to systems such as those which employ antibodies.
DNA-based systems, have the unique advantage of being naturally modular, given
their ability to form hydrogen bonds when a specific sequence is faced with its
opposing series of nucleotides. Associations between such components require no
complex reactions, and other biomolecules such as protein enzymes can be easily
incorporated into such a modular system through the formation of a protein-DNA

chimera.

Biosensor

Target i . \ Signal

Recognition Element Transducer
* Protein + Aptamer + Optical
+ Small molecule
I

e
L J

Chapter 2

Chapter 3

Chapters 4&5

Figure 1-19. Biosensor schematic contextualizing the focus of each chapter
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The work described in the second chapter highlights the modular nature of
FNA-based biosensors. With the aim to detect biologically relevant concentrations
of an important target without the use of equipment, an RNA-cleaving DNAzyme
capable of performing cleavage catalyzed by a common contaminant in drinking
water was adapted to enable a target-induced colorimetric change. This was done
using an equipment-free procedure involving magnetic separation of a color-
producing enzyme-linked to a DNA fragment that is released as a result of target-
induced cleavage. In this section, | detail the design and condition parameters that
were found to be critical in adapting the RNA-cleaving DNAzyme’s target-
responsiveness into a colorimetric assay capable of detecting environmentally
relevant concentrations of prominent drinking water contaminants.

The third chapter is focused on the advancements in the synthesis and
purification of the protein-oligonucleotide-conjugate responsible for producing a
sensitive color-change. The efforts described focus on oligonucleotides conjugated
to a pH-change-producing enzyme, which then enables the modular assembly of
this chimeric molecule onto a functional nucleic acid such as an RNA-cleaving
DNAzyme, simply through hydrogen bonding ability of DNA bases.

The fourth chapter focuses on our efforts to characterize the existing
repertoire of aptamers for vascular endothelial growth factor, and the penultimate
chapter is an effort to advance the repertoire of DNA aptamers for this target by
developing high-affinity aptamers through the use of selection and post-selection

approaches.
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Lastly, the final chapter looks to contextualize the value of the work
presented herein, and highlights areas ripe for further study, in an effort to

provide some thoughts on the future advancement of FNA-based biosensors.
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Chapter 2: Assembly, Optimization, and Application of
an FNA-based Colorimetric Biosensor

2.1 Authors Preface

The first research project establishes some of the key determinants that
enable the development of a sensitive and selective colorimetric biosensor and
highlights key parameters that can be tuned during optimization efforts.

At the beginning of this project, an existing DNAzyme, 39E,%® was
characterized and adapted from a fluorogenic DNAzyme to a colorimetric
biosensor. When | started this project, DNAzymes were highly underexplored for
colorimetric biosensor development. This study provides a strategy for colorimetric
sensing of an important contaminant found in water and shown to have a
tremendous impact on human health. This is a biosensing strategy that is widely
applicable to various RNA cleaving DNAzymes and sets the foundation for further
expansion of the platform. This work is based on a system previously demonstrated
by our group,®® where the DNAzyme component was specific to Escherichia coli
(E. coli). This chapter has been published, and a modified version is presented for
this thesis (see full citation below). | am the first author of this publication. | was
mainly responsible for project design and performed all experiments and analyses.
| wrote the manuscript with assistance from Dr. Yingfu Li. Supplementary
information is found in Appendix A.

Manochehry, S., McConnell, E. M., Tram, K. Q., Macri, J., & Li, Y. (2018).

Colorimetric Detection of Uranyl Using a Litmus Test. Frontiers in chemistry, 6,
332.
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2.2 Abstract

Ingestion of water containing toxic contaminants above levels deemed safe
for human consumption can occur unknowingly since numerous common
contaminants in drinking water are colorless and odorless. Uranyl is particularly
problematic as it has been found at dangerous levels in sources of drinking water.
Detection of this heavy metal-ion species in drinking water currently requires
sending a sample to a laboratory where trained personnel use equipment to
perform the analysis and turn-around times can be long. A pH-responsive
colorimetric biosensor was developed to enable detection of uranyl in water which
coupled the uranyl-specific 39E DNAzyme as a recognition element, and an
enzyme capable of producing a pH change as the reporter element. The rapid
colorimetric assay presented herein can detect uranyl in lake and well water at
concentrations relevant for environmental monitoring, as demonstrated by the
detection of uranyl at levels below the limits set for drinking water by major
regulatory agencies including the World Health Organization (30 pg/L). This simple
and inexpensive DNAzyme-based assay enabled equipment-free visual detection
of 15 pg/L uranyl, using both solution-based and paper-based pH-dependent

visualization strategies.
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2.3 Introduction

Numerous contaminants commonly found in drinking water can go
undetected due to their lack of distinguishable appearance or taste. One such
contaminant is the radioactive element uranium, a heavy metal which occurs most
commonly in agueous solutions as the uranyl dication, UO?*.1°0-192 Exposure to
uranyl can result in negative health effects, due to both the element’s chemical
toxicity and its radioactive properties. Examples of these negative effects include:
acute kidney failure,193194  developmental disabilities,?>%, reproductive
disabilities, %107, and DNA damage.'%8

A particularly dangerous source of exposure to uranium is
contaminated drinking water, consumption of which exposes the cells of the human
body to alpha and gamma emissions at a very short proximity.'%* Major sources of
uranium in ground water include leachate from natural deposits,'® mill tailings,°
emissions from the nuclear industry, '*' and combustion products from fossil
fuels.'? As with other heavy metal contaminants such as lead, the substantial
health risks associated with uranyl ingestion have prompted governmental
agencies, such as Canada’s Federal-Provincial-Territorial Committee on Drinking
Water (CDW), the United States Environmental Protection Agency (EPA) and the
World Health Organization (WHO), to recommend periodic testing of private wells.
This testing is pertinent since these regulatory bodies do not monitor the water from

private wells. When the onus falls on private well owners with limited resources,
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contaminants can go unnoticed at levels above those determined safe for human
consumption by regulatory guidelines.00:113-115

Traditional approaches to detection of uranyl have utilized various physical
and chemical techniques, including solid fluorimetry,*'® inductively coupled
plasma-mass spectrometry,!?” inductively coupled plasma-atomic emission
spectrometry,*'8 radio  spectrometry,’'® stripping voltammetry,'?°  atomic
adsorption spectrometry,?! and phosphorimetry.'?2122 The most commonly used
method for the detection of uranyl in water is solid fluorimetry,*'® a method which
requires tedious sample preparation, and can be complicated by interference from
other metals. Another common method is inductively coupled plasma mass
spectrometry.t” Both methods must be performed in a specialized laboratory by
highly trained personnel, have long turn-around times, and are expensive. These
factors can be a significant barrier to maintaining safe drinking water. Globally,
millions of people rely on ground water as their drinking supply, therefore, there is
a direct need for the development of a simple, quick, and reliable method of testing
water sources for this dangerous contaminant. One strategy for the detection of
environmental contaminants is the development of sensors based on RNA-
cleaving DNAzymes (RCDs). RCDs are synthetic single-stranded DNA molecules
that are selected in vitro, from a random-sequence DNA pool, to perform catalytic
cleavage of a phosphodiester bond in an RNA-containing sequence.'® For
example, diverse RCDs have been derived to catalyze the cleavage of the

phosphodiester bond at the location of the lone ribonucleotide embedded in a DNA
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chain.2444.75.124-126 Many of the reported RCDs are specially engineered such that
their catalytic activity is dependent on another specific molecule, and therefore,
these RCDs can be used as the recognition element for the design of a target-
specific biosensor.4%9.125 QOne such example is 39E, a uranyl-specific RCD
derived by the Lu group in 2007.%8 This DNAzyme exhibited a limit of detection of
11 parts per trillion (45 pM), and greater than 1 million-fold selectivity over many
other metal ions.®® The DNAzyme’s sensitivity and selectivity rivals the detection
capabilities of the more commonly used analytical instruments. Since its isolation,
the 39E DNAzyme has been used in a broad array of biosensing strategies where
the generated signal was measured using fluorescence,%127-131
electrochemistry,132-135 resonance light scattering,'®® and surface-enhanced
Raman spectroscopy.®’ Furthermore, 39E has been utilized for imaging of uranyl
in live cells,'® and has been coupled to a contrast agent for magnetic resonance
imaging.t*® 39E has also been used in a variety of colorimetric detection assays,
which employed both enzymatic (e.g. peroxidase) and non-enzymatic (e.g. gold
nanoparticle (AuNP)) signal generation methods.%394140-144 These enzymatic
approaches utilize peroxidase, or peroxidase-mimetic components, while the non-
enzymatic AuNP-based signal generation strategies largely rely on aggregation-
dependent differences in AUNP absorbance to produce a visible signal. By utilizing
the powerful 39E DNAzyme, detection of uranyl in complex samples such as river
water has been previously demonstrated using a colorimetric signal generation

approach that relies on horseradish peroxidase (HRP)-assisted catalytic oxidation
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of 3,3',5,5' tetramethylbenzidine (TMB) to produce a change from clear to blue.'4%-
142

We report a colorimetric detection method based on the 39E DNAzyme and
the classic litmus test. The resulting biosensor, shown schematically in Figure 2-1,
is simple and modular, as it is composed of a DNAzyme which detects the target,
and a pH-increasing enzyme which indirectly produces an optical signal that can
be visualized using litmus dyes or litmus paper. The litmus test for pH is a well-
established colorimetric sensor that has been widely used for many years, and as
a result, reagents like litmus dyes and pH paper are inexpensive, commercially
available, easy to use, and easy to interpret. These factors are critical to the
effectiveness of a biosensor; thus, it is important to further the research into
colorimetric approaches that take advantage of the litmus test in applications where
on-site biosensing may be valuable.

This work is based on a system previously demonstrated by our group,®®
where the DNAzyme component was specific to Escherichia coli (E. coli). In this
system, the DNAzyme (39E, green) was hybridized to its substrate (S1, pink). This
complex was immobilized on the surface of a magnetic bead (MB) through the 5'-
end of the substrate molecule. Importantly, a complementary oligonucleotide-
urease conjugate (UrDNA, purple) was hybridized to the 3'-end of the substrate
molecule. Here the DNAzyme responsible for detecting uranyl and the enzyme that
facilitates the conversion of this recognition event into a visible signal interact non-

covalently through hybridization of the complementary components. Following
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uranyl-induced cleavage of the substrate, the supernatant containing the cleaved
portion which remained hybridized with UrDNA was transferred to another tube in
which urea and phenol red (a pH indicator) were added. The urease enzyme
catalyzed the hydrolysis of urea, yielding carbon dioxide and ammonia. This
anhydrous ammonia (NHs) readily reacts with water to produce free ammonium
ions (NH4") and hydroxide ions (OH"). The resultant increase in solution pH was
indicated by the vibrant color change of the phenol red *>-147, The inspiration for
this sensor came from the inexpensive and commonly employed litmus assay.
Coupling a molecular cleavage event to a change in solution pH allowed for highly
sensitive colorimetric detection using reagents that are commercially available and
inexpensive (e.g. urease, phenol red, pH paper).

Though this colorimetric DNAzyme-based biosensing approach is simple
and transferable to numerous DNAzymes, the E. coli DNAzyme is the only example
that has been demonstrated to date. We chose to examine the uranyl DNAzyme,
39E, in an effort to develop a biosensor capable of detecting this important drinking
water contaminant in well water and lake water. Considering the importance of
monitoring levels of this toxic heavy metal in drinking water, we set out to
demonstrate the equipment-free colorimetric biosensing of uranyl at levels below
regulatory limits set by Canada, the US, and the WHO, both in solution using

phenol red, and by using commercially available pH paper.
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2.4 Results and Discussion
2.4.1 Design of the 39E and Urease Conjugate (39E-UrDNA)

The 39E-UrDNA system employs an enzyme-based signal generation
strategy. In this simple test, the water sample was added to a solution of magnetic
beads with surface immobilized 39E-UrDNA. After a brief incubation period, the
tube was placed adjacent to a magnet, and the solution containing the product of
the uranyl-induced cleavage reaction by the 39E DNAzyme was transferred into a
new microcentrifuge tube. This second tube contained the necessary reagents for
the litmus reaction (urea and phenol red), thereby enabling visualization of the
urease-catalyzed hydrolysis of urea. In the absence of uranyl-induced cleavage,
the UrDNA component remained attached to the magnetic bead, which could be

observed by a lack of change in pH as indicated by phenol red.

A
. N rant oS
NGRS A
.
B

UrDNA: 5-TTTTTTTGTG ATGCGTGCGT ATAAGAGACT
TGCCCT-3'

39E: 5-CACGTCCATC TCTGCAGTCG GGTAGTTAAA
CCGACCTTCA GACATAGTGA GT-3'

S1: S-TTTTTTTTTT TTACTCACTA TRGGAAGAGA
TGGACGTGTT TTTAGGGCAA GTCTCTAATA
CGCACGCATC ACA-3'

Figure 2-1. 39E-based colorimetric detection of uranyl. (A) Schematic of the
39E/urease construct with covalently linked biotin placed at the 5' of the substrate
S1 complexed with streptavidin coated magnetic beads, indicated by MB, and

36



A WNPRE

10

11

12

13

14

15

16

17

18

Ph.D. Thesis — S. Manochehry; McMaster University — Biochemistry & Biomedical Sciences

urease-linked DNA shown as UrDNA. (B) Sequences of 39E-UrDNA system,
composed of urease-linked DNA (UrDNA), uranyl-specific DNAzyme (39E),
substrate (S1) with R indicating adenine ribonucleotide junction cleaved by the
DNAzyme.

2.4.2 Assessment of Cleavage Activity of 39E with Fluorophore-
labeled Substrate

In an effort to develop a biosensor capable of rapid detection of uranyl, initial
investigations focused on the percentage of observed cleavage as a function of
time (Figure 2-2A). Since cleavage led to release of the 3’ portion of the substrate,
we were able to assess cleavage efficiency by using a substrate sequence with a
covalently linked 5’ terminal fluorophore (6-FAM) to track cleavage. The FAM-
labeled fragment of the cleaved substrate migrates faster than the uncleaved
substrate on denaturing polyacrylamide gel electrophoresis (APAGE) (Figure 2-2A)
and therefore uranyl-induced cleavage was observed. The cleavage reaction was
guenched after time points ranging from 30 seconds to 60 minutes. Increasing
percent cleavage was observed with increasing time, however the reaction
reached a plateau at approximately 5 minutes, thus this was set as the incubation

time (Figure 2-2B).
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Figure 2-2. DNAzyme sensitivity and specificity. (A) Cleavage pattern showing
uncleaved and cleaved bands following dPAGE of samples following uranyl-
induced cleavage for varying times at 15 pg/L, with two replicates shown for each
time point. (B) Time-course of uranyl-induced cleavage. (C) Comparing cleavage

after 5-minute incubation with 15 pg/L uranyl, alongside 10 ug/L lead ions, 6 pg/L
mercury ions, and 200 pg/L magnesium ions.

2.4.3 Specificity of the 39E-UrDNA Complex

The extension of the terminal ends of the substrate, which hybridizes with
the DNAzyme to form the two duplex regions flanking the cleavage site DNAzyme-
substrate complex (Figure 2-1), could potentially alter the specificity of the active
DNAzyme domain. Therefore, we set out to determine if the specificity of the 39E-
UrDNA system was affected by evaluating the modified DNAzyme’s specificity to
Pb?*, Hg?*, and Mg?*, which were chosen to represent potential common metal ion
interferents. Polyacrylamide gel electrophoresis was used to assess the cleavage
activity of 39E-UrDNA in the presence of these metals (Figure 2-2C). After 5
minutes, the percent cleavage of the 39E-UrDNA was 80.9 + 1.5%, whereas the
percent cleavage of Hg?*, Pb?* and Mg?* were each no higher than background.
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The percent cleavage and specificity observed were consistent with the specificity
demonstrated by the 39E DNAzyme as originally assessed by Liu et al. (2007).

It should be noted that the 39E DNAzyme, initially isolated by Liu et al.
(2007), has been characterized extensively.%8148149 |n their initial efforts, Liu et al.
demonstrated the sensitivity of 39E by comparing its ability to generate a cleavage-
induced increase in fluorescence in the presence of many competing metal ions.%®
Brown et al. further characterized 39E by detailing its biochemical properties such
as its pH dependent responsiveness, and identifying the conserved sequence
required for catalysis.*® Higher resolution details of the binding regions of uranyl
were later obtained by Cepeda-Plaza et al. (2013), using a uranyl-dependent
photocleavage strategy to perform DNA foot-printing of the sequence.'*® Such
detailed characterization studies were useful to us in the design of our biosensor
which involved the coupling of additional components to existing DNAzymes, as

they help establish regions which should not be altered in these designs.

2.4.4 Colorimetric Detection of Uranyl in Water Using the Modified
Litmus Test

Following incubation with varying concentrations of uranyl ions, the UrDNA
released into the solution due to uranyl-induced cleavage was isolated by addition
of 150 yL ddH20 to the suspension, followed by separation of the supernatant from
the magnetic beads using a magnetic rack. 20 uL of supernatant was transferred
to another microcentrifuge tube, combined with 2.5 pyL of 0.04% phenol red, and

25 uL of the urea substrate solution. Following a 5-minute incubation with samples

39



10
11
12
13

14

15

Ph.D. Thesis — S. Manochehry; McMaster University — Biochemistry & Biomedical Sciences

containing varying concentrations of uranyl, a vivid color change was evident within
30 minutes for samples containing 1.5, 10, 15 pg/L uranyl. Importantly, this vivid
change is observable within 10 minutes for detection of 10 and 15 pg/L, which
correspond to half the regulatory limits (Figure 2-3A). The distinction between
samples was evident at earlier time points if assessments were made using UV-
visible spectroscopy to measure the absorbance at 557 nm (Figure 2-3B).

A Uranyl (ug/L)

0 1.5 10 15

0 Gad « 0 <« B
3 9 tae
| @ e o : }(S)ngli e .
* ng °
2 <> <> «> «)> (1)‘5 ng/L .0. . ..-oo--'
=) EZ '. -...
.8 > «d .
é 5 Q ? l‘um; ..'. .'o
[ S,
= 10 . BB BN » 2 i
= 5 _.:‘,-"
15 <« . 81 ...
e 2 &
20 L3R . ' ' /l
25 - b w.-.....-...........
vy 0 . . |
0 10 20 30
LO [
¥ v ' Time (min)

Figure 2-3. DNAzyme-induced colorimetric uranyl detection assay, using visual
and spectrophotometer-assisted signal detection. (A) Colorimetric change for
samples incubated with 0, 1.5, 10, and 15 ug/L uranyl, shown at 0—30 min.
(B)Absorbance at 557 nm for 0, 1.5, 10, and 15 pg/L uranyl, over a 30 min period.

The initial response was linear, the signaling rate versus the concentration
of uranyl was then plotted as Figure 2-4 to obtain the limited of detection (LOD).

By this method, the LOD was determined to be 0.052 pg/L (or 52 parts-per-trillion)
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based on the 3o principle. However, spectrophotometry is not necessary for field
applications of this biosensor as the color change produced by uranyl is
distinguishable to the unaided eye after 10 minutes, at concentrations below the

levels deemed safe for human consumption (Figure 2-3A).
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Figure 2-4. Initial signal rate as a function of uranyl concentration. The rate of
increase in absorbance at 557 nm during the initial linear range at various uranyl
concentrations is plotted as a function of the uranyl concentration in ug/L.

2.4.5 Detection of Uranyl in Environmental Water Samples Using the
39E-UrDNA

To test the potential application of this assay in environmental monitoring of
water samples, we assessed the functionality of the 39E-UrDNA in response to
uranyl spiked well water and lake water (Figure 2-5A). In this assay, distilled water
(control), well water, and lake water were spiked with 15 pg/L uranyl. In each case,
a vibrant color change from yellow to purple was observed all the samples
containing 15 pg/L uranyl, while controls produced no discernable color change.
The results in Figure 2-5A indicate that our sensing system can function without
any hindrance in the presence of other contaminants found in environmental water

samples, thereby presenting a viable alternative for use in the field and at home.

41



10

11

12

Ph.D. Thesis — S. Manochehry; McMaster University — Biochemistry & Biomedical Sciences

Trace element analysis was performed on filtered and unfiltered samples of both
lake and well water, with the results showing no detectable uranium and no
differences between its detectable levels in unfiltered and filtered conditions
(Supplementary Table S2-1). The levels of a series of other elements were
assessed to demonstrate the robustness of this assay in their presence
(Supplementary Table S2-1). While each complex matrix presents unique
challenges, the trend observed herein aligns with previous results from our group
for bacterial testing.®® To date we have demonstrated that this DNAzyme-based
colorimetric biosensing approach produces a comparable response in both simple
and complex matrices for targets differing in complexity from bacterial biomarkers

to a metal ion target assessed herein.
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Figure 2-5. Colorimetric detection of uranyl in environmental water samples, using
39E-UrDNA. (A) Comparing the system at 0 and 15 ug/L uranyl, in distilled water,
well water, and lake water at 0, 2, 5, 10, and 15 min. (B) Color change visualized
using pH paper strips at 0 and 15 min, in well water samples spiked with 15 ug/L
uranyl compared to a 0 pug/L control.

2.4.6 Paper-based Detection of Uranyl in Spiked Well Water Samples
The sensor response was also investigated using a paper platform as was

described for the E. coli sensing DNAzyme-UrDNA system %. UrDNA-based
colorimetric biosensors investigated thus far all involve three general steps:
cleavage by DNAzyme, hydrolysis by urease, and color change by pH indicator. In
the solution-based approach, the final two steps occur in the same tube, as the
phenol red is mixed with the urea solution. However, in the paper-based method,
these steps are separated. Urease is allowed to hydrolyze urea in the absence of
indicator dye in a brief incubation, prior to deposition on the pH paper. Whereas
the color change of the indicator dye in the solution-based method is observable
over the entire incubation period, in the paper-based method, the pH is measured
after an incubation period of 15 minutes. As a result, we were able to demonstrate
a simple paper-based alternative to the in-solution litmus assay presented using
pH indicator dye (Figure 2-5B). In this assay, following uranyl-induced cleavage,
the isolated supernatant was combined with the substrate solution containing urea,
and allowed to incubate. After 15 minutes, the aliquot removed produced a distinct
color change from yellow to green in the presence of 15 ug/L uranyl, while no color

change was observed in the control (O pg/L uranyl). Additional time-points and
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lower concentrations were also compared, as shown in Supplementary Figure S2-
1.

Thus, we have demonstrated both solution-based and paper-based
visualization strategies as viable approaches for monitoring the change in pH which

occurs in the substrate solution following urease-catalyzed hydrolysis of urea.

2.4.7 Advantages of the System and Future Improvements
One significant advantage of the featured approach is its simplicity, as it

does not require either complicated equipment or highly trained personnel to
conduct the test. This simplicity makes it suitable as a field test. Another key
advantage is the modularity of the design, which allows for easy reconfiguration of
the system into a new biosensor for detection of a different target with the use of a
new DNAzyme that recognizes this target. In fact, many RNA-cleaving DNAzymes
have been derived to specifically recognize diverse metal ions,'?®, such as
Pb2+,19,40 Zn2+,150*151 M92+,40,152 Ca2+,1531154 Na+,155 H92+,156 Cd2+,157 Cr3+,144
Ln3+,158-160 Cg3+ 161 gand Ag*.1%? In theory, the design featured in this study can be
reconfigured for these DNAzymes and any other future RNA-cleaving DNAzyme
to be derived for a target of interest. This can be done simply through inclusion of
a complementary sequence that can hybridize UrDNA in the substrate of a chosen
DNAzyme.

A potential challenge for any simple biosensor to be used in a field test is to
accommodate the variation in environmental temperature, which can vary

significantly from region to region and season to season. Specifically for our test,
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the change in environmental temperature is expected to have some effect on the
test based on the fact that most DNAzymes are selected to function under the
temperature around 22°C,1975151.152.163 gnd that urease has an optimal functional
temperature of 60°C.*%* However, urease and most DNAzymes are still fairly active
in the common environmental temperature range of 10-40°C.154163-169 Although
our experiments were performed at the controlled room temperature of 22°C, we
believe the test at other temperatures will produce comparable results. However,
the speed of color change can be affected by the variation in environmental
temperature, particularly when it is low, because both the DNAzyme and urease
activities are lessened at the reduced temperature. Therefore, it is recommended
that temperature-based calibration be carried out when the testing temperature
significantly derivates from 22°C.

Another challenge associated with any biosensor that uses labile biological
macromolecules as recognition elements is the loss of activity of such elements
during the storage of the testing reagents. The use of urease and nucleic acids in
the biosensor system makes this a relevant challenge. However, recently
demonstrated methods that can stabilize proteins %1’Y and nucleic acids
(including RNA-cleaving DNAzymes) !2 through the use of a natural
polysaccharide known as pullulan have been reported. The same approach can be
used to solve the issue of reagent stability in our system.

A further improvement on our biosensor system is to enhance its operational

simplicity by integrating the entire test into a simple device that can further simplify
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the testing procedure. For example, it is certainly very desirable to engineer a
paper-based lateral flow device that only requires the addition of a test sample
without the need for sample filtration, magnetic separation in one test tube and
subsequent litmus test in another test tube that are used in our current testing
procedure. This may be achieved through the creation of a two test-zone lateral
flow device with a reaction zone that permits target-mediated DNAzyme cleavage
and detection zone that reports the urease activity after lateral flow. Engineering

such a device constitutes a focus in our future research effort.

2.5 Conclusions

In this work, we describe a pH responsive biosensor that uses the 39E
DNAzyme as a recognition element and urease as a mechanism to translate the
cleavage event into a colorimetric response for the detection of uranyl in water.
This simple and inexpensive assay enables detection of uranyl in environmental
water samples at 15 pg/L in 20 minutes from start of the assay to finish. Since the
change in color is concentration dependent, if higher concentrations of uranyl were
present in environmental water samples, the test time would be significantly
reduced. Additionally, the test can be further simplified by using commercially
available pH paper which would decrease the number of reagents required. The
presence of 15 ug/L uranyl in well water is indicated by a distinct color change of
the pH paper from yellow to green, again with a complete assay time of 20 minutes.
Both in solution and on paper, the concentration which can be detected is well

below the maximum allowable concentrations set by regulatory bodies in Canada
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1 (20 pg/L), the US (30 pg/L), and globally by the WHO (30 pg/L). Uranyl is
2 investigated as a target analyte in this assay in part due to the existence of the well
3 characterized, and highly specific 39E DNAzyme, however the simplicity of this
4  litmus-like assay ensures that it can be easily adapted for use with other RCDs for
5 the detection of other environmental contaminants. To this end, Table 2-1 shows
6 a list of environmental contaminants, and Table 2-2 highlights a variety of RCDs
7 that have been isolated to respond to different metal cofactors, some of which are
8 found in the contaminants list, thereby presenting opportunities for future
9 development.
10 Table 2-1. Drinking water contaminants, along with maximum contaminant level
11  (MCL) and known health risks and sources of contamination. Source: U.S.
12 Environmental Protection Agency.'”
Contaminant | MCL Health risks Contaminant source
(mg/L)

Arsenic 0.01 Skin damage, | Erosion of natural deposits; runoff
circulatory system | from orchards and
problems, cancer risk | glass/electronics production

wastes

Barium 2 Increase in blood | Discharge of drilling wastes;
pressure discharge from metal refineries;

erosion of natural deposits

Cadmium 0.005 Kidney damage Corrosion of galvanized pipes;

erosion of natural deposits;
discharge from metal refineries;
runoff from waste batteries/paints

Chromium  [0.1 Allergic dermatitis Discharge from steel/pulp mills;

erosion of natural deposits

Copper 1.3 Liver/kidney  damage, | Corrosion of household plumbing
gastrointestinal systems; erosion of natural
distress, deposits

Lead 0.015 In  children, causes |Corrosion of household plumbing
impairment of physical | systems; erosion of natural
and mental | deposits

development.
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In adults, kidney
damage and high blood
pressure
Mercury 0.002 |[Kidney damage Erosion of natural deposits;
discharge from refineries and
factories; runoff from landfills and
croplands
Selenium 0.05 Hair and fingernail loss, | Discharge from petroleum
numbness in | refineries; erosion of natural
extremities, circulatory | deposits; discharge from mines
system problems
Thallium 0.002 |Hair loss, changes in |Leaching from ore-processing
blood, kidney, | sites; discharge from
intestine, liver | electronics/glass/drug factories
problems
1
2 Table 2-2. Examples of metal ion cofactors for RCDs.
2
Metal lon | Reference :1
Cofactors
Ph2* 19,174,175 5T
Co?* 176,177 ¢}
ng+ 156,178 7
Mn2+ 41 8
Cu2+ 60 9
Ca2+ 154 10
Na2* 155 11
Cd2+ 178 12
Zn2+ 150 i
Ndz2+ 158 -
Ce2* 159 14
Mg?* 40,179,180 15
16

17

18

19

20

2.6 Materials and Methods

Chemicals and Reagents. Oligonucleotides were purchased from IDT DNA

Technologies (Coralville, IA, USA). The oligonucleotide component of UrDNA (5'-

Amino modifier C6-TTTTT TTGTG ATGCG TGCGT ATAAG AGACT TGCCC T-
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3"), the DNAzyme 39E (5-CACGT CCATC TCTGC AGTCG GGTAG TTAAA

CCGAC CTTCA GACAT AGTGA GT-3'), and its modified substrate S1 (5'-Biotin-

[TTTTTTTTT TTACT CACTA TRGGA AGAGA TGGAC GTGTT TTTAG GGCAA
GTCTC TAATA CGCAC GCATC ACA-3'; R = adenine ribonucleotide), were PAGE
purified prior to use as previously described %°. BioMag Streptavidin, nuclease-free,
magnetic beads were purchased from Bangs Laboratories (Fischers, IN, USA).
Uranyl dilutions were prepared in 10x stock concentrations corresponding to half
of the maximum acceptable concentration (MAC) specified by guidelines provided
by the WHO in addition to that of federal regulatory agencies in the United States,
and Canada. The WHO and US share a value of 30 pg/L, while the Canadian
standard is set slightly lower, at 20 pg/L.1%%114115 Thys 100 and 150 pg/L stocks of
uranyl were prepared, using uranyl acetate dihydrate from Ted Pella (Redding, CA,
USA). Lead acetate and mercury chloride were used to prepare 10x stock with
concentrations corresponding to MAC levels set by the WHO, at 100 and 60 ug/L,
respectively.'8! No MAC is set for magnesium therefore a 10x stock was prepared
at 2000 ug/L.

For paper-based tests, Hydrion MicroFine 5.5-8.0 pH paper was used,
which was purchased from MicroEssential Laboratories (Brooklyn, NY, USA). All
other components were purchased from Sigma Aldrich (Oakville, Canada).

Distilled Milli-Q water was used for all experiments unless otherwise stated,
from hereon referred to as ddH>0. Well water and lake water samples were spiked

with uranyl to reach a final concentration of half the MAC specified by the WHO
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and the United States’ EPA. Well water was obtained through a source from the
Ontario Ground Water Association (OGWA), and lake water was obtained from
Lake Ontario at the Niagara region. To prepare spiked environmental water
samples for testing, raw lake water and well water samples were filtered using a
sterile syringe and a 0.22-um nitrocellulose filter, and uranyl was added to prepare
corresponding 10x stocks. The inclusion of a filtration step was intended to remove
potential large particles, such as sand, plant matter, bacteria, that may interfere
with the test. Importantly, this operation did not alter the metal ion compositions
and their concentrations by element analysis to be detailed below.

Apparatus and Instruments. Routine electrolytes (Ca, Cl, K, HCO3, Mg, Na)
were measured on the Abbott Architect cil6200 integrated diagnostic platform
(Lake BIuff, lllinois, USA) according to manufacturer’s guidelines. lon selective
electrodes were used to measure Na, K, and Cl. Ca was measured using a
colorimetric Arsenazo-lll dye reaction while Mg and HCO3 were determined based
on an enzymatic reaction utilizing isocitrate dehydrogenase and malate
dehydrogenase respectively. Tuning reagents and internal standards are from
Agilent Technologies (Tokyo, Japan). All trace elements standards were
purchased from Sigma Aldrich (Oakville, Canada). Trace element measurements
were conducted using the Agilent 8800 triple-quadrupole ICP-MS instrument (ICP-
QQQ/Agilent Technologies, Tokyo, Japan) using a modification of a previously
described protocol.'®? Briefly, calibration standards and water samples were

prepared by a 3-fold dilution in 0.5% NH4OH (wt) containing 2% (wt) isopropanol,
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0.025% (wt) EDTA, 0.025% (wt) Triton X-100 as well as internal standards (Bi, Ge,
In, Li, Lu, Rh, Sc and Tb) with an individual concentration of 420 pg/L. A total of
seven calibration standards were prepared for trace element quantitation. Analysis
was conducted using with either He, H, or O as a reaction gas and an integration
time of 0.5 sec.

Single-point absorbance readings were measured at 557 nm using a Varian
Cary 100 spectrophotometer (Darmstadt, Germany), with 1 cm path length quartz
cuvettes from BioBasic Inc. (Markham, Canada). Spectrophotometric
measurements were used to determine the limit of detection (LOD), based on
signal greater than three times of background variation. The linear range assessed
for determination of LOD was set to correspond to less than 20% of maximal signal
generated. Photographs of color changes were captured using a Canon
PowerShot G11 digital camera (Tokyo, Japan), under manual configuration with
100 I1SO and macro activated. Photoshop version 15.0.0 was used to correct both
white-balance and decrease brightness to -20 for all colorimetric photos.

Assembly of the 39E and Urease Containing DNA Complex 39E-UrDNA. All
tubes were pre-washed with binding buffer (0.5 M NaCl, 20 mM Tris-HCI, 1 mM
MgCl., 0.01% v/v Tween20, pH 8). 100 uL of streptavidin-coated magnetic beads
were washed with 150 pL of binding buffer. The wash was removed using magnetic
separation, and the beads were resuspended in 90 uL of binding buffer prior to
addition of 10 pyL of 20 uM biotinylated substrate S1. The suspension was

incubated at room temperature for 30 minutes. The magnetic beads were then
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washed twice with 150 L of binding buffer and then resuspended in 170 pL of
binding buffer. 30 uL of 20 uM of 39E was then added to the suspension, followed
by heating at 65°C for 2 minutes and cooling to room temperature over 10 minutes.
Then 20 pmol of urease linked DNA (UrDNA) synthesized in accordance with a
previously published protocol was added and incubated at 37°C for 10 minutes.®®
The suspension was then allowed to cool for 15 minutes at room temperature
before washing with 100 uL of binding buffer once, and then performing a second
wash with reaction buffer (0.3 M NaCl, 5 mM MES, 0.01% v/v Tween 20), followed
by resuspension in 100 uL of reaction buffer.

DNAzyme-based Colorimetric Litmus Assay. 2.5 uL of 10x stocks of uranyl,
at 15, 100, and 150 ug/L, were incubated with 22.5 pyL of the aforementioned
biosensor complex in reaction buffer at room temperature for up to 60 minutes.
Minimum cleavage time was assessed using the protocol outlined by Tram et al
(2014). When the reaction was complete, 150 pyL of ddH-O were added to the
suspension which was then placed on a magnetic rack to allow isolation of the
supernatant. 20 yL of supernatant were transferred to another microcentrifuge
tube, combined with 2.5 pL 0.04% phenol red, and 25 pL of urea substrate solution
(2 M NaCl, 60 mM MgClz, 50 mM urea, 0.1 mM acetic acid, pH 5.0). Similarly, for
absorbance measurements using the spectrophotometer, 80 uL of supernatant
was transferred to a quartz cuvette, combined with 10 yL of 0.04% phenol, and
100 uL of the urea substrate solution. Curve fitting was performed using the four-

parameter sigmoid model on SigmaPlot 12.0 for Windows (Chicago, IL, USA).
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Phenol red has previously been shown to be the optimal choice of indicator since
it is vibrantly yellow at near neutral pH and transitions to bright purple at basic pH
values above 8.2.%%183 This translates to a clear contrast between test and control
samples that enables rapid visual determination of the presence of target.
Paper-based Litmus Assay. Tests with pH paper used these same
conditions as indicated above, with the exception that the solution did not contain
phenol red. Instead, pH paper was used to visualize the pH-dependent colorimetric
response. Following incubation with varying concentrations of uranyl, the magnetic
beads were separated; 20 uL of the supernatant was transferred to another
microcentrifuge tube, and combined with 25 pL of the urea substrate solution.
Following the incubation in the urea solution, an aliquot was removed, deposited
onto pH paper and incubated for 1 minute to allow for the pH paper to change color

prior to photo capture.
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Chapter 3: Synthesis and Purification of DNA-Urease
Conjugates for Colorimetric Biosensing Applications

3.1 Authors preface

As mentioned earlier, biosensors depend upon the coupling of a molecular
recognition element (MRE) which recognizes a target and a transduction element
that converts this target-responsive behavior into a signal. The previous chapter
detailed the coupling and application of the resulting biosensor made of an FNA
and a protein-oligonucleotide conjugate. The value of the protein-oligonucleotide
conjugate was two-fold, as it enabled signal production while being easily
compatible with an FNA as its MRE, given its oligonucleotide component. When |
started this project, the synthesis of this molecular chimera was returning lower
than 2.5% vyield, and the purification strategies we were employing left some
unwanted biomolecules. In the work presented herein, | detail the optimization of
the synthesis of a protein oligonucleotide conjugate and describe a capture-based
purification strategy. | took the leading role for project design, and data analysis,
and conducted all experiments for the advancement of the synthesis and
purification approach detailed herein. The work herein resulted in this adapted
method for synthesis of a protein-oligonucleotide being published in a manuscript
in which | was the second author, and has also been provisionally patented. Due
to thesis space restrictions, additional experimental details can be found online in
the manuscript.

Tram, K., Manochehry, S., Feng, Q., Chang, D., Salena, B. J., & Li, Y.
(2016). Colorimetric detection of bacteria using litmus test. JoVE (Journal of
Visualized Experiments), (115), e54546.
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3.2 Abstract

We have previously shown that a DNA-urease conjugate (DUC) can be
used to set up a unique bacterial detection assay to take advantage of a bacterium-
responsive RNA-cleaving DNAzyme and the classic litmus test. The goal of this
project was to establish an efficient method for obtaining a DUC with high yield and
high purity. The coupling of DNA to urease was achieved through the use of
succinimidyl 4-(N-maleimodomethyl) cyclohexane-1-carboxylate (SMCC) as a
bifunctional crosslinker. An amine-modified DNA is first linked with the N-
hydroxysuccinimide moiety of SMCC, followed by a Michael addition of a free
sulfhydryl group in urease to the maleimide moiety of the crosslinker. An optimal
reaction condition was established that gave rise to a reaction yield of ~90%.
Purification of DUC was accomplished first via binding of DUC to an affinity column
containing a complementary oligonucleotide and then via the release of DUC by a
competitive DNA oligonucleotide. This method led to highly pure DUC without
adversely affecting the activity of urease. Herein we employ an enzyme which has
applications for biosensing due to its ability to produce an optically detectable
signal, however additional potential applications for DNA-protein conjugates
beyond the realm of biosensors include pharmaceutical applications that utilize
functional nucleic acids (e.g. aptamers) conjugated to therapeutic proteins for

targeted delivery of their protein cargo component.
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3.3 Introduction

Miniaturization of technology is a persisting trend that has naturally led to
an increased demand for portable devices capable of detecting important analytes
of interest, a task usually performed by expensive and complex equipment or
trained personnel. Biosensors represent a class of portable devices, which typically
involve a molecular recognition element responsible for recognizing a target of
interest, and a transducer that translates this recognition event into a signal.*®* The
multiple-turnover ability of enzymes makes them fit to serve as the transducer
components in biosensors. Although various biosensors employing the use of
enzymes have been developed in recent years, a class of biomolecules that have
only recently been combined with enzymes for this purpose are functional nucleic
acids (FNAs), nucleic acid polymers capable of ligand binding and/or cleavage. We
have recently shown that urease can be used as a unique transducer to mediate
pH increases to take advantage of the classic litmus test where a pH-sensitive dye
can be used to colorimetrically monitor pH changes. The first assay was designed
to detect Escherichia coli (E. coli),*® and used an RNA-cleaving DNAzyme that is
specifically activated by E. coli.*® The second assay was designed to achieve the
typing of certain epidemic strains of Clostridium difficile (C. difficile) through the
use of polymerase chain reaction.'® Both of these assays can be extended for the
detection of other bacterial pathogens through the use of different DNAzymes or

DNA primers that target specific bacterial genes for amplification.
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The aforementioned applications require highly pure DNA-urease
conjugates (DUC). In an attempt to enable such future applications, we set out to
enhance the synthetic protocol for the vital DUC component to ensure high yield
and purity. As with any synthetic protocol, product loss in purification stages makes
obtaining the highest yield achievable in synthesis stages vital for obtaining a highly
concentrated DUC solution, prior to purification. Minimizing reagent costs in the
synthesis of this DUC is important in one-day enabling its point-of-care biosensing
applications. There exists additional rationale for prioritizing high yield during the
synthesis of this DUC, this being the need for concentrated solutions of probes.
Since most biochemical assays are performed in low volumes, thus it is critical to
have a highly concentrated final product as low concentrations would necessitate
the addition of larger volumes of DUC-solution that ultimately lowers the
concentration of other components and decreases their interaction - thereby
diminishing their chances of interacting to form a complete complex. Thus, the
synthetic approach outlined herein aimed to achieve the highest possible yields
and a highly concentrated final solution.

The authors of this paper acknowledge that there exist several other
synthetic protocols for making DUC molecules, most involving in-line solid-phase
synthesis that requires synthesis of the oligonucleotide and polypeptide to occur
on solid-support.’® Thus in-line synthesis is limited to amino acid sequences
possessing chemical protecting moieties that are compatible with a variety of

synthetic steps, such as deprotection of the oligonucleotides.*®” The protocol
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described herein is an alternative to in-line synthesis, known as fragment
conjugation. Herein we present an optimized variant of the previously published
protocol.®® Additionally, the newly developed capture-based purification method
outlined herein can be utilized to eliminate excess unbound protein, thereby
eliminating the need for initial washes when assembling an FNA-based biosensor
device, ultimately broadening point-of-care biosensing applications of FNA-based
colorimetric biosensors. Also worth noting is the superior yield achieved with this
protocol compared to that which was previously published using the same
heterobifunctional linker, which had achieved yields up to 50% with RP-HPLC
purification and 30% with gel-based purification.8

This heterobifunctional molecule, succinimidyl 4 -(N-maleimodomethyl)
cyclohexane-1-carboxylate (SMCC), is a crosslinking reagent with a maleimide
group on one side and an N-hydroxysuccinimide (NHS) on the other (Figure 3-1A).
Amine modified DNA is first with the NHS ester moiety of the SMCC reagent to
form a stable amide bond, followed by a Michael-type addition of a free sulfhydryl

group of any cysteine residues in a peptide to the maleimide moiety (Figure 3-1B).
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Figure 3-1. Schematic of protein-oligonucleotide conjugate (A) Aminated
oligonucleotide, heterobifunctional crosslinker, and enzyme with free cysteine (B)
Schematic of the two-step assembly process

Urease (U) was selected as a suitable enzyme for conjugation due to its
ability to increase pH through catalytic breakdown of its substrate, as this pH
change may be translated to a visible color change when combined with a pH
indicator capable of performing in the optimal pH of both urease and its substrate.®®
Phenol red was determined to be most suitable, with the capability of producing a
visible change from yellow to bright purple over pH range of 6.8 to 8.2 and was
employed for a number of monitoring assays.

The enhancement in yield detailed herein was obtained through
assessment of multiple parameters and was followed by the development of an
optimized purification to enhance the on-site utility of the DUC in point-of-care

applications.

3.4 Results and Discussion

Following the two-step conjugation, the tracking of DUC yield was achieved
using gel shift assays (Figure 3-2), as previous investigators have outlined the
barriers to performing MALDI- MS as a result of the requirement of different
matrices for the peptide and oligonucleotide components.'8 Comparison of
samples before and after column-based separation of excess oligonucleotide-

based cross-linker demonstrated most linkage to be primarily on monomers at
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approximately 90 kDa, with minimum aggregation following column-assisted
concentration.
A B

Ladder DNA urease DUCIi DUC f Ladder DNA urease DUC i DUC f

. L -

Figure 3-2. (A) Coomassie stain showing location of urease. Lanes from left to

right with visible lanes bolded, ladder, DNA, urease, DUC before column [DUC i,

DUC after column [DUC f] (B) Fluorescence scan of SDS-PAGE gel FAM-labeled.
Figure 3-3 shows synthesis yields under various parameter alterations that

were performed in the optimization process, including temperature, oligonucleotide

length, and the ratio of the linker to oligonucleotide. Each alteration led to further

enhancement of yield, before combination of the best conditions in order to achieve

the optimal yields reported below.

60



o ~No Oh

10

11

12

13

14

Ph.D. Thesis — S. Manochehry; McMaster University — Biochemistry & Biomedical Sciences

A B
50 ~ 50 ~
40 - 40 -
£30 - £30 -
2 20 - 2 20
> >
10 - 10 -
0 T T 0 i
4 25 37 50 100 150 200 250 300 350
Temperature Linker:oligonucleotide ratio
C D
100 -
50 - 80 -
40 g 60 -
£30 - 3
L 40 -
=
EZO | i 20
10 -+
0 - 0 T
Short Long pre-column  post-column
Oligonucleotide Length

Figure 3-3. Assessment of key determinants in synthesis yield (A) Temperature (B)
Linker:oligonucleotide (C) Oligonucleotide length, 10 bases vs 36 bases (D) Pre-
column, post column.

The first stage of enhancement was achieved by altering the temperature at
which step one of the reaction occurs. Recognizing the existence of a competing
reaction which results in hydrolytic degradation of the NHS ester, we tested at both
lower and higher temperatures, of 4 and 37 degrees Celsius in addition to room
temperature (Figure 3-4A).

Additional increases in yield were achieved by modifying the linker :

oligonucleotide ratio, as previous authors have confirmed the need for linker to be
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in excess but have not demonstrated ratios above 100:1.18 Further tests were
performed to assess if variations length of the oligonucleotide sequence would lead
to increased yield, however length proved to have no effect on conjugation.

At this stage, a ratio of 350:1 was combined with incubation at 37 degrees
Celsius with an extended incubation time of 90 minutes to produce above 70%
yield in two replicates shown in Figure 3-3D.

Following synthesis two stages of purification were performed. First, most
uncoupled DNA was removed using a 50 kDa column to produce a solution
containing the desired molecular chimera with above 90% purity.

Next, a purification method involving hybridization of the oligonucleotide
component of the DUC was employed for separation of any remaining uncoupled
urease (Figure 3-4A). Samples of linked and non-linked urease were run through
the purification method and tested for ability to catalyze urea, thereby signaling the
presence of urease.

Figure 3-4B demonstrates a colorimetric assay performed to assess for the
presence of enzyme following purification. When linked to oligomer a color change
is visible, while the unlinked enzyme is washed off in the purification, thereby

resulting in no observable color change.
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Figure 3-4. (A) Capture method for removal of uncoupled urease (B) Equivalent
amounts of post purification urease [PPU] and post purification DUC [PPDUC]
compared in colorimetric test assessing the presence of the enzyme.

Additional tests were performed to assess the functionality of the enzyme
following synthesis and purification. After quantification of equivalent amounts of
enzyme and DUC, using a Bradford assay, a colorimetric assay was performed to
demonstrate the functionality of the enzyme after DUC synthesis in comparison to
its original form.

Figure 3-5 demonstrates the color change observed using an equivalent

amount of DUC and native urease enzyme signifying a lack of significant disruption

of the enzyme’s catalytic integrity.
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Figure 3-5. Comparing urease activity in purified and unpurified forms (A)
Unpurified urease [UPU] average of triplicate (shown in green), compared to
PPDUC (shown in blue) by absorbance at 560 nm corresponding to final color of
phenol red pH indicator (B) Equivalent amounts of unpurified urease compared to
post purification DUC.

3.5 Conclusion

Having highlighted our synthetic approach and purification strategies for
development of this DUC molecular chimera, it is vital to mention the additional
potential for incorporation of DUC molecular chimeras into DNAzyme-based
detection systems thereby enabling point-of-care testing for important biological
targets.

Following the development of an in vitro method for derivation of FNAs,6:17
and the development of RNA-cleaving DNAzymes (RCDs) in vitro,*° the past two
and a half decades have seen the development of a myriad of RCD’s capable of

performing cleavage triggered by a variety of important biological targets; and our
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lab has contributed to this area in both bacteria-specific RCDs and those specific
to cancer cell lines.45#7:189

These RCDs commonly rely on a model involving fluorescence-based
signal amplification, which ultimately requires the use of expensive equipment to
be visualized. There exists vast potential for modification of existing RCD systems
to allow incorporation of DUCs such as the one described herein, ultimately
enabling their target recognition events to be converted to a visible colorimetric
signal in the form of a vivid color change. This DUC is capable of being coupled
with a variety of existing RCDs, with targets ranging from small molecules,'® to
large proteins specific to important bacteria,*>-4" and cancer cell lines.18%.1%0

POCs can be incorporated through two modifications to the substrate of the
RCD: 1) biotinylation of the substrate. 2) addition of a region complementary to the
oligonucleotide sequence of the DUC. Because of this adaptability, the authors of
this paper found it vital to describe a more efficient and synthetic approach and
purification strategy for obtaining high yield when producing DUCs, whether it be
limited to urease or other enzymes.

Furthermore, there is potential for the use of enzymes other than urease in
the synthesis and purification approach described herein. Two model enzymes
commonly employed in biochemical assays that show promise are luciferase and
horseradish peroxidase. These enzymes could be used to convert cleavage
performed by an RNA-cleaving DNAzyme to fluorescent and chemiluminescent

respectively. It will be interesting to witness the multitude of DUC molecular
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chimeras that come about following the availability of the high yield synthesis and
purification approach provided herein. In addition to the coupling of DUC such as
the one highlighted herein with RCDs, their applications are not limited to FNAs
which can perform cleavage — as DUCs can also be coupled with aptamers in place
of a fluorophore or quencher, directly linked to the aptamer or to its complementary
strand in structure-switching designs. The growing list of aptamers for important
biological targets can be coupled with this transducer to produce impactful
biosensing systems.191-199

Beyond biosensing applications, FNAs such as aptamers capable of
recognizing membrane proteins can enable targeted delivery of protein cargos
such as small protein toxins,?®® and enzymes,?®* due to the internalization of
receptors following aptamer-binding. Therefore, the synthesis and purification
strategies presented herein could be of benefit to applications of DUC molecular

chimeras in both biosensing and therapeutics.

3.6 Materials and Methods

Reagents and Equipment. All DNA oligonucleotides were purchased from
Integrated DNA Technologies (San Diego, CA, USA). Succinimidyl 4-(N-
maleimidomethyl) cyclohexane-1lcarboxylate (SMCC) was purchased from
ThermoFisher Scientific (Waltham, MA, USA). Centrifugal filter columns were
obtained from EMD Millipore (Billerica, MA, USA). Dimethyl sulfoxide (DMSO) was
purchased from Caledon Laboratories (Georgetown, ON, Canada). Magnetic

beads were purchased from Bangs Laboratories Inc (Fischers, IN, USA). All other
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reagents were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA).
Centrifugation was performed using an Allegra X-22R refrigerated benchtop
centrifuge from Beckman Coulter (Brea, CA, USA). Fluorescence scans were
conducted using a Typhoon imaging system by GE (Boston, MA, USA).
Absorbance measurements were made using an M1000 plate reader from Tecan
(Mannedorf, Switzerland). Gel shift assays were conducted using SDS PAGE.
Colorimetric urease tests were conducted as described previously.®® Reaction
buffer at 2x concentration was prepared in 50 mL conical tube, by adding 100 pL
of 1 M HEPES (pH 7.4), 3 mL of 5 M NaCl, 1.5 mL of 1 M MgClI2, and 10 uL of
Tween 20, along with ddH20O to a final volume of 50 mL. The solution was mixed
and filter into another conical tube using a syringe-driven filter (0.22 um) and stored
at 4 °C until use.

Synthesis Step 1. Aminated oligonucleotide reaction with SMCC, a
heterobifunctional cross-linker, was followed by ethanol precipitation to remove
excess unreacted crosslinker. 10 yL of 100 yM 5’ C-6 amine and 3’ fluorescein-
labeled oligonucleotide, 100 uL of ddH20, and 40 pL of 10x PBS, was added to a
2 mL microcentrifuge tube, vortexed and placed at room temperature. 4.42 mM
SMCC stock of was prepared in DMSO, with 1 mg in 676 uL. The SMCC in DMSO
stock was added at varying volumes totaling up to 240 uL along with DMSO in a
separate tube; a ratio of approximately 350 nmol SMCC to every 1 nmol of
aminated oligonucleotide was found to be optimal, thus 80 pL 4.42mM SMCC stock

was combined with 160 yL DMSO for remaining assays. Then the 240 yL SMCC
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in DMSO solution was added to the aminated oligonucleotide solution in reaction
buffer, and placed in a 37 °C incubator for 60 min. 200 pL of 1x PBS was added to
decrease the organic solvent concentration before proceeding with an ethanol
precipitation. 60 pL of 3 M NaOAc (pH 5.2), and 1.5 mL of cold 100% ethanol was
added. The solution was mixed by vortexing briefly and incubated at -20 °C for 30
min. Using a refrigerated centrifuge at 4 °C, the solution was centrifuged at 20,000
x g for 20 min. The supernatant was then removed, and the pellet was dried under
vacuum for 10-20 minutes to remove excess ethanol before proceeding to the next
step.

Synthesis Step 2: Cross-linker activated oligonucleotide reaction with
protein. Immediately after drying the pellet containing the cross-linker-activated
oligonucleotide, 400 pL 1 mg/mL Jack bean urease in 1x PBS without calcium and
magnesium was added and allowed to incubate at room temperature for 5 hours
to allow linkage to exposed sulfthydryl groups of urease. A 50 kDa column was
washed and centrifuged for 1 min at 14,000 x g. 200 uL of the crude mixture of
urease, DUC and excess cross-linked oligonucleotide was transferred to the pre-
washed column and centrifuged for 5 minutes at 14,000 x g. The remaining 200 pL
was added to the column and centrifugation was repeated for 5 minutes at 14,000
X g. The column was then placed inverted into a fresh 2 mL tube and centrifuged
at 1000 x g for 2 minutes. The column was removed and 15 pL of 1x PBS was
added to each wall of the column and repositioned inverted inside the column to

remove remaining urease-linked DNA by centrifugation at 1000 x g for 2 minutes
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once more. The column was then disposed and the volume of the crude mixture
containing DUC and excess urease was measured and increased to 100 pL using
1x PBS to standardize across tests, before being stored at 4°C while preparing
beads for capture.

Capture purification. The general design of the capture purification protocol
is applicable oligonucleotides of varying length; however, it is likely that longer
oligonucleotide sequences may form intramolecular hairpins that may prevent
them from being able to capture the same proportion of DUC as shorter sequences
where there are no competing structures preventing capture of DUC. 20 uL of 10
MM biotinylated oligonucleotide that is double the length of the DNA portion of the
DUC being purified is added to 200 pL streptavidin-coated magnetic bead, and
incubated at room temperature for 1 hour. The beads are then washed with 200 pL
reaction buffer two times, 100 yL 2x reaction buffer, and 10 yL crude mixture
containing up to 10 uM DUC and excess urease is added with ddH20 up to 200
ML. The solution is incubated at room temperature for 1 hour, the supernatant
containing urease is removed and disposed, and the beads are washed with 200
ML reaction buffer three times and resuspended in 100 uL 2x reaction buffer. 50 uL
of 10 uM full complement to the biotinylated DNA is added to the beads with ddH20
up to 200 uL. The solution is then heated at 37 °C for 10 minutes and incubated at
room temperature for 3 hours. The supernatant containing released DUC is then
removed and stored at 4°C. The bead-bound duplex DNA can then be heated to

95 °C for 5 minutes to dissociate the duplex and immediately placed on the
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magnetic rack to isolate the supernatant containing the complement. Both
components can then be reused to repeat the purification process for the
remainder of the sample as necessary, as an alternative to scaling up the reagent

volumes and increasing cost.
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Chapter 4: Investigating Multiple Elements Impacting
Affinities of Dimeric Aptamers for a Dimeric Protein

4.1 Author’s Preface

Considering the work discussed thus far, the first chapter covered my
contribution to a colorimetric biosensing system, and chapter two highlighted the
development of a more optimal synthesis and purification strategy for the TE of this
biosensor. Thus, having established an understanding of the parameters that can
drive the success of FNA-based biosensors, with a focus on the TE, | then set out
to help expand the capabilities of FNA-based biosensors by choosing the right
MRE. | decided to pursue detection of biomarkers where the eventual biosensor
that developed from my work could have clinical utility, and considered several
proteins indicative of cancer and its progression, with a focus on those found in the
extracellular matrix given that such proteins could make their way into the urine in
patients harboring cancers of the genitourinary system. Both proteinases and
growth factors were considered, the existing aptamers were surveyed and
characterized using electromobility shift assays, and multiple selections were
carried out; the coming sections will be centered around my work on developing
valuable aptamers for a vascular endothelial growth factor (VEGF). Chapter four
focuses on our efforts to characterize the existing repertoire of DNA aptamers for
VEGF, and the chapter that follows will look to address some of the limitations
identified herein. This chapter has been accepted for publication, pending minor
revisions, and a modified version is presented for this thesis (see full citation

below). | am the first author of this publication. | was mainly responsible for project
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design and performed all experiments and analyses. | wrote the manuscript with
guidance from Dr. Yingfu Li. Supplementary information is found in Appendix B.

Manochehry, S., McConnell, E. M., & Li, Y. (2019). Investigating Multiple
Elements Impacting Affinities of Dimeric Aptamers for a Dimeric Protein. Scientific
Reports (Accepted)
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4.2 Abstract

High-affinity aptamers can be derived de novo by stringent in vitro selection
experiments or engineered post-selection via dimerization of selected aptamers.
Using electrophoretic mobility shift assays, we studied a series of heterodimeric
and homodimeric aptamers, constructed from two DNA aptamers with distinct
primary sequences and secondary structures, previously isolated for VEGF-165, a
homodimeric protein. We investigated four factors envisaged to impact the affinity
of a dimeric aptamer to a dimeric protein: (1) length of the linker between two
aptamer domains, (2) linking orientation, (3) binding-site compatibility of two
component aptamers in a heterodimeric aptamer, and (4) steric acceptability of the
two identical aptamers in a homodimeric aptamer. All heterodimeric aptamers for
VEGF-165 were found to exhibit monomeric aptamer-like affinity and the lack of
affinity enhancement was attributed to binding-site overlap by the constituent
aptamers. The best homodimeric aptamer showed 2.8-fold better affinity, however
the barrier to further affinity enhancement was ascribed to steric interference of the
constituent aptamers. Our findings point to the need to consider the issues of
binding-site compatibility and spatial requirement of aptamers for the development
of dimeric aptamers capable of bivalent recognition. Thus, determinants

highlighted herein should be assessed in future multimerization efforts.
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4.3 Introduction

Multivalent interactions are ubiquitous in nature.?? For example, DNA
binding sites for transcription factors can occur in clusters, which are then bound
by oligomeric transcription factors during transcriptional control.?°3 Motivated by
the observed affinity enhancements associated with multivalency in natural
systems,?%* bioengineers have been pursuing synthetic multivalency systems to
recognize a protein target. These efforts have led to the development of multivalent
antibodies 2952%_and aptamers.207:208

Using a dimer to recognize a protein target represents the simplest
multivalency system. There are two types of dimeric recognition systems, a
heterodimer comprising two different recognition elements and a homodimer made
of two identical binders. Heterodimeric systems can be applied to any protein
target, but they must be engineered from two different recognition elements that
each recognize a distinct domain of the same target. Homodimeric systems, on the
other hand, can be engineered from a single binder; however, this system only
works for a homodimeric protein or a protein containing two or more identical
structural domains. Nevertheless, there are many important homodimeric proteins
found in biology.

Aptamers are especially suited for multivalency as their selection conditions
are easily controlled, they are easily chemically modified, and compared to
antibodies they are relatively stable and simple to produce. There has been a

considerable amount of work on engineering dimeric aptamers with varying
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degrees of success in affinity enhancement (see Supplementary Tables S4-1 and
S4-2). A few studies have produced dimeric aptamers with substantial (>10-fold)
affinity enhancement.?97.209.210 However, many other studies have achieved either
modest (~2-fold) affinity improvement 211-215 or no affinity increase at all.?11:216-220
These results beg the question of what are underlying factors that impact the
affinity enhancement when constructing a dimeric aptamer. Previous dimeric
aptamer studies have focused almost exclusively on creating optimized linker
sequences (the linker issue) that link two component aptamers. Given the fact that
this approach does not always create high-affinity dimeric aptamers, other factors
must also play important roles. The purpose of the current study is to examine
some potentially important factors as discussed below.

The construction of a heterodimeric aptamer for a protein target in general
requires at least two different aptamers, which comes with several issues to
consider. In addition to the linker issue, the orientation of one aptamer to the other
aptamer can be an issue (the orientation issue). In addition, another important
condition is that the two aptamers must recognize the same protein target at
different sites (binding-site compatibility issue). Furthermore, because aptamers
are not small molecules, their significant spatial requirement can impose steric
hindrance that prevents non-interfering binding of two aptamers (steric
acceptability issue). The construction of a homodimeric aptamer for a homodimeric

protein also comes with the linker and steric acceptability issues.
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In this study, we carried out a comprehensive investigation examining the
feasibility of creating high-affinity dimeric aptamers using three different DNA
aptamers previously reported for human vascular endothelial growth factor 165
(VEGF-165).221-227 |n addition to the availability of three different aptamers, VEGF
is a homodimeric protein molecule,??8-23* offering a great opportunity for
engineering both heterodimeric and homodimeric aptamers for the same system.
Moreover, unlike the human thrombin-DNA aptamer system, 32235-241 that has
been the subject of many previous heterodimeric aptamer engineering efforts
207,210,247,248,214,216,219,242-246  (see Supplementary Table S4-2), the VEGF-165
system represents a more general system that does not have a high-resolution
structure of the protein-aptamer complex. For this reason, lessons learned from
such a system can serve as generalizable guiding principles for other protein-

aptamer systems.

4.4 Results

4.4.1 Affinity Assessment of Three Monomeric Aptamers
We selected the technique of electrophoretic mobility shift assays (EMSA)

to assess aptamer binding to VEGF-165 simply because this technique allows for
direct observation of the protein-aptamer complex.?4°

There are three distinct classes of VEGF-165 binding DNA aptamers
reported in three separate studies 223224226 which are renamed as aptamers H1,

H2, and R1 for simplicity (Supplementary Table S4-3). Their proposed secondary
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structures are provided in Figure 4-1. The complex formation of each aptamer was

investigated using a fixed aptamer concentration (2.5 nM) while the concentration

of VEGF-165 was increased.
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Figure 4-1. EMSA assays to examine VEGF binding by aptamers H1, H2 and R1.
[Aptamer] = 2.5 nM for each panel; [VEGF-165] =0, 1.3, 2.6, 5.2, 10.4, 20.8, 41.7,
83.3, 166.7, 333.3 nM for panel A and B, with four replicates used to generate the
binding curve; [VEGF-165] = 0, 2.7, 8.2, 24.8, 74.1, 222.2, 666.7, 2000 nM for
panel C. Image for each panel: a representative gel image from EMSA. H1, H2, R1
refer to fluorescently labeled aptamers H1, H2 and R1. Further X-VEGF represents
the aptamer-VEGF complex, where X is either H1, H2, or R1.
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The EMSA data provided in Figure 4-1 clearly shows that aptamers H1 and
H2 exhibit significantly higher affinity than aptamer R1. The binding affinities (Kgq
values) of aptamers H1 and H2 are 9.9 + 1.3 nM and 37.9 + 14 nM, respectively.
Aptamer R1, on the other hand, exhibited significantly reduced affinity, with an
estimated Ky in excess of 1.5 uM, despite our substantial efforts to optimize EMSA
conditions (see Supplementary Figure S4-1). Due to its poor affinity, aptamer R1

was not a focus of the remaining work.

4.4.2 Assessment of Compatibility of Aptamers H1 and H2 for
Constructing a Heterodimeric Aptamer

Aptamers H1 and H2 were chosen to construct a heterodimeric aptamer
given their strong affinity to VEGF-165 and their differences in primary sequences
and secondary structures. However, a critical issue to address is their ability to
simultaneously bind the same protein molecule. It should be noted that VEGF has
different isoforms,??%-234 and the isoform we used up to this point is VEGF-165,
which has two distinct domains known as HBD (heparin-binding domain) and RBD
(receptor-binding domain). Aptamer H2 has been reported to bind the HBD,?%®
based on the finding that it does not bind VEGF-121, a smaller isoform lacking the
HBD. This was done instead of using the HBD fragment alone, to help deduce the
domain to which the aptamer binds. Such information was not available for the
aptamer we refer to as H1.

We performed EMSA with aptamer H1 and VEGF-121. No complex

formation was observed even at high protein concentrations (Supplementary

78



10

11

12

13

14

15

16

17

18

19

20

21

22

Ph.D. Thesis — S. Manochehry; McMaster University — Biochemistry & Biomedical Sciences

Figure S4-2). This result, along with the fact that aptamer H1 strongly binds VEGF-
165, indicated that aptamer H1 also binds the HBD, a property shared by the
weaker VEGF aptamer specific for the heparin-binding domain, which we termed
aptamer H2.

However, it remained possible that aptamers H1 and H2 could still
simultaneously bind VEGF-165 if their binding sites do not overlap. To assess this
possibility, we performed EMSAs to analyze the competition for binding to VEGF-
165 either by fluorescent aptamer H1 (fH1; 2.5 nM) and nonfluorescent aptamer
H2 ( nfH2; varied between 0-320 nM; Figure 4-2A) or by fluorescent aptamer H2
(fH2; 2.5 nM) and nonfluorescent aptamer H1 (nfH1; varied between 0-320 nM,;
Figure 4-2B). Note that 10 and 50 nM VEGF-165 was used for the fH1/ nfH2 and
fH2/nfH1 competitions, respectively, taking into consideration their binding affinity
differences. To simplify the comparison, we calculated values of normalized
fraction of bound (NFB) of fH1 or fH2 using the following equation: NFB = FB / FBo
x 100 , where FBo and FB represent fraction of a fluorescent aptamer bound in the
absence and presence of the competitor, respectively. The relevant NFB values
are plotted in the right panels of Figure 4-2A and 4-2B.

The competition assays depicted in Figure 4-2 clearly show that the fraction
of bound fH2 or fH1 was inversely proportional to the increasing amounts of the
non-fluorescent competitor. For example, fH2 was completely displaced by nfH1
when the concentration of nfH1 reached 40 nM (Figure 4-2B; note that [fH2] = 2.5

nM). These results demonstrate the inability of aptamers H1 and H2 to engage with
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VEGF-165 simultaneously, indicating that they share the same binding site or bind
nearby sites that interfere with each other’s binding.

The inability of aptamers H1 and H2 to bind VEGF-165 simultaneously was
further demonstrated by the data in Supplementary Figure S4-3 which compares
the binding curves of fH2 alone, and fH2 in the presence of 25 nM nfH1 as a
competitor. The significantly reduced binding affinity of fH2 in the presence of 25
nM nfH1 as a competitor (with an apparent Kq shifted from 37.9 nM to 135.4 nM)
is consistent with the incompatibility of simultaneous binding to VEGF-165 by

aptamers H1 and H2.
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Figure 4-2. Aptamers H1 and H2 competition assays. (A) Binding of VEGF-165 (10
nM) by fluorescent aptamer H1 (fH1; 2.5 nM) competed by non-fluorescent
aptamer H2 ( nfH2) at 0, 2.5, 5, 10, 20, 40, 80, 160, 320 nM (lanes 2-10). (B)
Binding of VEGF-165 (50 nM) by fH2 (2.5 nM) competed by nfH1 at 0, 2.5, 5, 10,
20, 40, 80, 160, 320 nM (lanes 2-10). Each panel shows a representative gel image
(lefty and the graph of NFB as a function of non-fluorescent competitor
concentration (right).

80



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Ph.D. Thesis — S. Manochehry; McMaster University — Biochemistry & Biomedical Sciences

4.4.3 Assessment of Binding to VEGF-165 by Heterodimeric
Aptamers Constructed with Aptamers H1 and H2

The data presented above suggested that aptamers H1 and H2 were ill-
suited for constructing a heterodimeric aptamer with bivalent recognition. To
experimentally verify this point, we created several H1-H2 or H2-H1 dimeric
aptamers with and without a poly-thymidine linker. Figure 4-3A provides the EMSA
results obtained with four H1TnH2 dimers with n = 0, 10, 20 and 30. The data shows
that each H1T,H2 dimer was still functional, as reflected by the observation of the
second band with significantly reduced gel mobility. In addition, the fraction of the
aptamer bound with the protein was not significantly altered by the length of the
linker, although the fraction bound seemed to be slightly higher with a T-linker.
Similar results were obtained with four H2T,H1 heterodimers (Supplementary
Figure S4-4; n = 0, 10, 20 and 30). The data indicates that the relative H1-to-H2
orientation does not affect the binding affinity in this case. Based on the above
results, H1T10H2 was chosen for further analysis.

Thus, we carried out an experiment to determine the fraction of H1TioH2
bound with VEGF-165 when the protein concentration was increased (Figure 4-
3B). We made an interesting observation: at the lower VEGF-165 concentrations,
a single DNA band with a reduced gel mobility (denoted here as “the middle DNA
band” and, marked by a black arrowhead in the gel image in Figure 4-3B); at higher
VEGF-165 concentrations, however, another DNA band with even smaller gel
mobility (the top DNA band, marked by a grey arrowhead) became visible. Given
the fact that H1T10H2 is a dimeric aptamer, the middle DNA band should be
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H1T10H2-VEGF binary complex (the 1:1 protein/aptamer complex) while the top
DNA band should correspond to VEGF-H1T10H2-VEGF ternary complex (the
complex of 2 proteins and 1 aptamer). Consistent with this notion is the observation
that the progressive reduction of the fraction of the middle DNA band is
accompanied by the gradual increase of the fraction of the top DNA band when the

VEGF concentration increased (Figure 4-3C).
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Figure 4-3. EMSA with H1-H2 heterodimeric aptamers. (A) Fraction of fluorescent
aptamers (2.5 nM) bound with VEGF-165 (10 nM). Aptamer H1 (lane 1) and four
H1T,H2 aptamers were compared in this experiment (n = 0, 10, 20, and 30) (lanes
2-5). (B) Binding curves (left panel) for aptamer H1 (black), aptamer H2 (grey), and
H1T10H2 (red). The curve in red is derived using combined fractions of fluorescent
aptamers in both the top DNA band and the middle DNA band, whereas the curve
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in green is obtained using the fraction of fluorescent aptamer in the top DNA band.
The right panel shows a representative EMSA result for H1T10H2 binding with
VEGF-165 at 0, 1.3, 2.6, 5.2, 10.4, 20.8, 41.7, 83.3, 166.7, 333.3 nM. (C)
Quantification of three bands indicated by the arrows, carried out for lanes 6-10 of
EMSA results, where higher-order associations are visible.

We also performed further quantitative analysis using EMSA. Two binding
curves were established: the first one (shown in red in Figure 4-3B) was derived
using the combined fractions of aptamers in both the middle and top DNA bands,
and the second only accounted for the fraction of the aptamer in the top DNA band
(shown in green). The first binding curve overlaps very well with that of monomeric
aptamer H1; the apparent Kq derived using this curve is 12.1 + 1.9 nM, which is
nearly identical to that of the monomeric aptamer H1 (9.9 + 1.3 nM). This finding
strongly suggests that the first binding curve was a result of VEGF-165 binding to
the H1 aptamer domain of H1T10H2. The apparent Kq derived using the second
binding curve is 87.3 £ 4.9 nM, which, as expected, lies in between the Kq of the
monomeric aptamer H2 alone (37.9 = 14 nM; Figure 4-1C) and the Kq of the
monomeric aptamer H2 in the presence of 25 nM aptamer H1 (135.4 £ 2.4 nM;
Supplementary Figure S4-3; note that the concentration of H1Ti0H2 used for
Figure 4-3B was only 2.5 nM). The binding data comparison is consistent with the
binding of second VEGF-165 to the H2 aptamer domain in the H1Ti0H2-VEGF
complex.

All the observations made with H1T10H2 above clearly indicate that H1T10H2

contains two functional aptamer elements that cannot simultaneously bind the

same VEGF molecule but are capable of binding two different VEGF-165
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molecules. These results further confirm the finding made with the aforementioned
aptamer displacement assay: aptamers H1 and H2 cannot simultaneously bind to
one VEGF-165 molecule.

To make sure that the results obtained with H1T10H2 was not a result of a
small linker, we also synthesized a heterodimeric aptamer with a very long, Teo
linker (H1TsoH2) and obtained its binding curve (Supplementary Figure S4-5A).
These two dimeric aptamers exhibited superimposed binding curves, confirming

that the size of the linker was not an issue.

4.4.4 Assessment of Binding to VEGF-165 by Homodimeric Aptamers

The confirmed high-affinity of aptamers H1 and H2 served as a good start
point for constructing homodimeric aptamers for VEGF-165, given that this protein
is composed of two symmetrical monomers.

We constructed four H1T.H1 and four H2T,H2 aptamers once again
choosing a poly-T linker of 0, 10, 20, and 30 nucleotides. We then made side-by-
side comparisons in a single EMSA assay in which we determined the fraction of
fluorescently labeled aptamer bound with VEGF-165 at relatively low aptamer and
VEGF concentrations ([aptamer] = 2.5 nM; [VEGF-165] = 10 nM).

For the H1T\H1 series, H1T2H1 exhibited the best binding and its fraction
bound was considerably higher than that of the monomeric aptamer H1 (0.76 vs.
0.57; Figure 4-4A). For the H2T.H2 series, the fraction bound by monomeric

aptamer was only 0.01 (the first bar in Figure 4-4B); however, the fraction bound
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by all four homodimeric aptamers was found to be ~0.35 (Figure 4-4B),
representing substantial increases.

We then performed the titration experiment with 2.5 nM H1T2>H1 (Figure 4-
4C) and H2ToH2 (Figure 4-4D) when VEGF-165 was used at 0, 1.3, 2.6, 5.2, 10.4,
20.8, 41.7, 83.3, 166.7, and 333.3 nM. Similar to the case with the heterodimeric
aptamer H1T10H2, we also observed the middle DNA band and the top DNA band
for both homodimeric aptamers and found that the amount of the top DNA band
gradually increased whereas that of the middle DNA band reduced with higher
VEGF-165 concentrations. The middle and top DNA bands were labeled as 1A-1P
and 1A-2P, respectively, as we believe they corresponded to the 1:1 and 1:2
aptamer/protein complexes.

To confirm the top DNA band indeed represented the 1:2 aptamer/protein
complex, we created H1T20H1m (denoted as A20Am) in which the second aptamer
was inactivated by base mutations (see Supplementary Figure S4-6). When
H1T20H1m was examined by EMSA, the top DNA band was absent (Supplementary
Figure S4-6).

The Kq values were then determined for H1TxoH1 (Figure 4-4C) and H2ToH2
(Figure 4-4D). Two binding curves were established, one with the combined
fractions of fluorescent aptamers in both the middle and top DNA bands (red
curves), one with only the fraction of the aptamer in the top DNA band (green
curves). The Kq derived with the red curve of H1T2H1 was 5.5 £ 0.9 nM, 1.8-fold

better than the monomeric aptamer H1 (Kq = 9.9 £ 1.3 nM). The equivalent Kq for

85



10

11

12

13

14

15

16

17

18

19

Ph.D. Thesis — S. Manochehry; McMaster University — Biochemistry & Biomedical Sciences

H2ToH2 was 13.6 + 2.7 nM, 2.8-fold better than monomeric aptamer H2 (Kq = 37.9
+ 14 nM). The apparent Kq values derived using the green curve of H1T2H1 and
H2ToH2 is 145 £+ 11.6 nM and 74.8 = 3.5 nM, respectively, indicating the 1:2
aptamer/VEGF-165 complex for each dimeric aptamer can only occur at
significantly higher VEGF-165 concentrations than that required for the 1:1
complex.

Furthermore, our assessment of H1TeH1l (K¢ = 7.0 + 1.5 nM;
Supplementary Figure S4-5B) and H2TesoH2 (Kg = 22.4 + 1.0 nM; Supplementary
Figure S4-5C) eliminated concerns regarding the length of the spacer as a limiting
factor, as both homodimers demonstrated affinity similar to their smaller
counterparts.

The binding affinity analysis above reveals that the homodimeric aptamers,
H1T20H1 and H2ToH2, behaved considerably different from the heterodimeric
aptamer H1T10H2 featured earlier. While no affinity improvement was detected with
the heterodimeric aptamer, both homodimeric aptamers produced notable affinity
enhancement. The lack of affinity improvement in H1T10H2 was attributed to the
inability of both aptamers to simultaneously bind to the same target. It was
therefore interesting to determine if VEGF-165 could simultaneously accommodate

two H1 aptamers or two H2 aptamers.
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Figure 4-4. Assessment of binding by homodimeric forms of H1 and H2.
Comparative binding of (A) aptamer H1 and four H1T,H1 homodimers, and (B)
aptamer H2 and four H2T,H2 homodimers. Fraction of each fluorescent aptamer
(2.5 nM) bound with VEGF-165 (10 nM) was shown. (C-D) Representative gel
image for (C) 2.5 nM H1TxH1 and (D) 2.5 nM H2ToH2 in the presence of 0, 1.3,
2.6,5.2,10.4, 20.8, 41.7, 83.3, 166.7, 333.3 nM VEGF-165. (E) Binding curves for
aptamer H1 (black) and H1T2oH1 (red). (F) Binding curves for aptamer H2 (grey)
and H2ToH2 (red). For both E and F, the curve in red is derived using combined
fractions of fluorescent aptamers in both the top DNA band and the middle DNA
band, whereas the curve in green is obtained using the fraction of fluorescent
aptamer in the top DNA band.

Experimentally testing the above idea represents a challenge for a particular
reason: the gel mobility of the aptamer-VEGF complex was mostly dictated by

VEGF-165 and to a much less degree by the size of the aptamer. This was clear
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from the experiment performed in Figure 4-3A where the VEGF-165 complex with
monomeric H1 aptamer and all four heterodimeric aptamers (H1ToH2, H1T10H2,
H1T20H2 and H1TsH2) had similar gel mobility. For example, the VEGF-165
complex with H1 and H1T10H2 had nearly identical gel mobility (Figure 4-3A), even
though the monomeric aptamer H1 contains only 28 nucleotides whereas H1T10H2
has 64 nucleotides.

However, we did observe detectable differences in gel mobility between the
monomeric aptamer H1 and the heterodimeric aptamer H1T3H2 (Figure 4-3A).
Based on this observation, we first created nfH1T100 and nfH2T100, NONfluorescent
aptamer H1 and H2 tagged with 100 T residues on their 3’ end. We then used them
to examine co-binding with fH1 or fH2 (FAM-labeled H1 and H2), as described
below.

Figure 4-5A is a fH1-tracking gel image from the EMSA experiment
conducted with 2.5 nM fH1 and 10 nM VEGF-165 in the presence of 2.5, 25 and
250 nM nfH1T100. This image allows for identification of fH1 and its complexes with
VEGF; however, in this image nfH1Ti00 would not be detected. Figure 4-5B is the
image of the same gel obtained after it was stained by SYBR gold. This image can
reveal the location of nfH1T100 and its complex with VEGF; however, fH1 was not

detected in this image due to its small size and low concentration.
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The purpose of the above experiment was to determine if the DNA band
that corresponds to fH1-VEGF- nfH1T100 could be detected in the image of Figure
4-5A, which should appear at the location of black line, when fH1 and nfH1T100
were mixed with VEGF-165. No such band was observed when nfH1Ti00 was
tested at 2.5, 25 and 250 nM. Instead, when the concentration of nfH1T100 was
increased, growing amounts of fH1 was displaced from the fH1-VEGF complex
(Figure 4-5A). Similar results were obtained with fH2 and nfH2T 100 (Supplementary
Figure S4-7). Collectively, these results strongly suggest that one VEGF-165
molecule cannot simultaneously accommodate two aptamer H1 molecules or two

aptamer H2 molecules.

A B
fH1 25 25 25 25 25 nM fH1 2.5 25 25 25 25nM
VEGF 0 10 10 10 10 nM VEGF 0 10 10 10 10 nM
nfH1T1e 0 0 2.5 25 250nM nfH1T400 O 2.5 25 250 nM
— RN ]

<« nfH1Twe-VEGF

- H *;iﬂ " | aH1-VEGF bl Hqﬂﬁ-ﬁT-:c
por Py w7 =
T EN SYBR
< - — s
| I
Same gel

Figure 4-5. Homomeric competition assay of fH1 and its non-fluorescent variant
nfH1T100 (A) Fluorescent gel image of 2.5 nM fH1 alone (lane 1) and 2.5 nM fH1 in
the presence of 10 nM VEGF-165 (lanes 2-5) as well as 2.5, 25, 250 nM (lanes 3-
5, respectively) nfH1T100. (B) SYBR Gold stained version of same gel. Black line
indicates location of the nfH1T100-VEGF complex across both images of the same
gel.
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4.5 Discussion

Given that EMSA represents a very simple method to visualize the binding
between a labeled aptamer and its protein target, and at the same time gather
useful size and stoichiometry information, it was chosen in this study to assess the
binding behaviors of 3 monomeric and 23 dimeric VEGF-165 binding DNA
aptamers.

There are three distinct classes of existing monomeric VEGF-binding DNA
aptamers, which are renamed as aptamers H1, H2 and R1 in this report (Figure 4-
1), in accordance with their demonstrated binding domain (heparin-binding
domain, and receptor-binding domain). We were able to show using EMSA that
aptamers H1 and C are high-affinity binders (with nanomolar Kq) while aptamer H2
has significantly reduced affinity (with micromolar Kg). Given this observation, we
focused our subsequent dimeric aptamer work on aptamers H1 and H2.

We were also able to use this method to assess whether VEGF-165 can
simultaneously bind aptamers H1 and H2 (Figure 4-2). This was done using a
competition assay employing a fluorescently labeled aptamer as the tracer and an
unlabeled aptamer as the competitor (Figure 4-3). This led to the finding that these
two aptamers cannot be simultaneously accommodated by the same VEGF-165
molecule. Expectedly, all 9 dimeric aptamers constructed with H1 and H2 bind
VEGF-165 with the affinity observed for the monomeric aptamer H1 alone (Figure
4-3), the better aptamer of the two. Taken together, our results indicate that

aptamers H1 and H2 have overlapping binding sites, making them ill-suited for
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development of high-affinity heterodimers. These findings further signify that
differences in primary sequences and secondary structures between two aptamers
do not necessarily translate into fruitful dimeric aptamers. However, in the absence
of structural and binding site information, a quick way to assess the suitability of an
aptamer pair for building a high-affinity dimeric aptamer is to conduct an EMSA
based displacement assay.

For a homodimeric protein such as VEGF-165, in theory it should be
possible to set up a bivalent aptamer from a single aptamer. This can be done
through the use of a DNA molecule containing two identical aptamer domains
joined to each other via a linker domain. Five homodimeric H1 aptamers and 5
homodimeric H2 aptamers were constructed using this strategy and they all
showed an enhanced activity over their monomeric counterparts, with the best
construct, H2ToH2, exhibiting 2.8-fold enhancement.

However, the affinity enhancement observed with these homodimeric
aptamers is still moderate. This made us wonder whether one VEGF-165 molecule
can simultaneously accommodate two aptamer H1 or H2 molecules. To investigate
this, we used a competition assay much alike the one employed for heterodimer
analysis. To make this experiment possible, we set up the competition between the
fluorescently labeled aptamer H1 (fH1) and the non-fluorescent aptamer H1 tagged
with 100 thymidines (H1T100). This design creates enough gel mobility difference
to detect the 1:1 and 2:1 aptamer/VEGF-165 complexes. The latter complex was

not observed at all; instead, the amount of the fH1-VEGF complex was reduced in
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the presence of increasing amounts of H1T1g (Figure 4-5). The same experiment
performed for aptamer H2 produced nearly identical results. These two
experiments clearly demonstrate that one VEGF-165 molecule cannot
simultaneously accommodate two H1 or H2 aptamer molecules. The results seem
to suggest that aptamer H1 (and H2) binds the dimeric VEGF-165 with an
orientation that spatially clashes with the second aptamer. These results also point
to the necessity of experimentally examining the ability of a homodimeric protein
to accommodate two identical aptamers.

One special observation worth commenting on is that the two aptamer
domains in the featured heterodimeric and homodimeric aptamers are functional,
indicated by the presence of the 1:2 aptamer/VEGF-165 complexes at high protein
concentrations. This finding rules out the possibility of functional interference by
putting two aptamer domains in one DNA sequence.

Additionally, the lack of simultaneous binding by the dimeric aptamers to the
dimeric VEGF protein is not due to the inadequate linker length in the dimeric
aptamers, based on the observation that dimeric aptamers with a linker region of
varying numbers of thymidines (up to 60) exhibited similar binding activities. We
also conclude that the linking orientation is not an issue for the lack of affinity
enhancement of the heterodimeric H1/H2 aptamers as the orientation of the
component aptamers (i.e. H1T,H2 vs H2T,H1) did not change the binding affinity.

Previous studies have shown that aptamer H2 is an HBD-specific

aptamer??® and aptamer R1 an RBD-specific aptamer?2%; our current work here has
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revealed that aptamer H1 also binds HBD but not RBD. No study has made head-
to-head comparison to determine the relative binding affinity of these three
aptamers until our current study. Using EMSA, we showed that both aptamers H1
and H2 exhibited much higher affinity to VEGF-165 (nM-Kg) than aptamer R1 (uM-
Kg). Upon conclusive finding that aptamers H1 and H2 were ill-suited for
constructing a bivalent aptamer, we did make an attempt to build dimeric H1/R1 or
R1/H2 aptamers. Unfortunately, when H1/R1 and R1/H2 aptamers were combined
into a single DNA molecule, the resultant aptamers did not show any improved
binding to VEGF-165 over the H1 aptamer alone (Supplementary Figure S4-8). We
believe the significantly reduced affinity is the key reason for this observation.

For successful engineering of dimeric aptamers with bivalent interactions
with VEGF-165, our findings point to the need for new high-affinity aptamers that
meet one of the following three conditions. Firstly, the new aptamers bind VEGF-
165 at a site that does not interfere with the binding of aptamer H1 or H2, and such
aptamers should be suitable for setting up heterodimeric aptamers. Secondly,
heterodimeric aptamers should be constructed out of aptamers which have similar
affinities to avoid the complication of affinity bias (as was observed with H1/R1 and
R1/H2). Thirdly, the new aptamers bind VEGF-165 at a suitable region with a
spatial orientation that does not interfere with the binding of the second same
aptamer, and such aptamers should be useful for setting up homodimeric
aptamers. Searching for these aptamers, however, may represent a great

challenge, given the fact that although two separate in vitro selection experiments
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conducted by two different laboratories using two different DNA libraries led to the
discovery of two sequence-distinct aptamers, they share overlapping binding sites
within the HBD of VEGF-165. It is highly likely that the selection of these two
aptamers are linked to the pl value of ~11.3 of the HBD?*?- the high pl of the HBD
makes this domain positively charged, significantly favouring the selection of
negatively charged aptamers to simply recognize this domain by charge-charge
interactions. Therefore, novel strategies are required to drive the enrichment of

high-affinity aptamers capable of binding VEGF-165 away from the HBD.

4.6 Conclusion

Although high-affinity protein binding aptamers can be engineered via
dimerization of existing aptamers, multiple factors have to be carefully considered
and examined to maximize the success rate. Although the length of the linker
between two aptamer domains and the linking orientation of two constituent
aptamers are important elements to evaluate, two most important criteria to
consider are the binding-site compatibility of the two aptamers and their spatial
acceptability. The differences in primary sequences and secondary structures do
not necessarily mean that they recognize different epitopes of the same protein.
Furthermore, the existence of a high-quality aptamer for a dimeric protein does not
necessarily guarantee the successful engineering of a homodimeric aptamer with
significantly improved affinity over the monomeric aptamer as the spatial
requirement of this aptamer may prevent the co-binding of the two aptamer

domains in the dimeric aptamer to the same protein molecule. As we continue to
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pursue higher affinity aptamers, these factors need to be considered early in the
process so that effective in vitro selection protocols can be designed that drive the

selection of aptamers that meet these essential requirements.

4.7 Materials and Methods

Reagents. All fluorescently labeled and unmodified DNA oligonucleotides
were purchased from Integrated DNA Technologies (Coralville, 1A, USA), and
purified by standard 10% denaturing (8 M urea) polyacrylamide gel electrophoresis
(dPAGE). Their sequences are provided in Supplementary Table S4-4. VEGF-121
and VEGF-165 (his-tagged, expressed, purified from HEK-293 cells) were
obtained from AcroBio (Newark, DE, USA). All other reagents were purchased from
Sigma Aldrich (Oakville, Canada). All reagent solutions were either autoclaved or
filtered using 0.2 um syringe filters. Fluorescence gel images were obtained with
Typhoon 9200 (GE, Healthcare, Piscataway, NJ, USA) immediately after gel
running. Quantification of DNA bands in the image was performed with
ImageQuant (Amersham) software. All graphs were made using Excel (Microsoft,
Redmond, WA, USA), and observed binding curves were used to determine
dissociation constants by fitting the data to the quadratic equation using the solver
feature of Microsoft Excel,2°%25! as shown previously.?>?:253

Aptamer binding assays. Each aptamer was used at 2.5 nM if not otherwise
specified. A relevant aptamer was heated at 90°C for 2 minutes, cooled to room
temperature, and then incubated with VEGF-165 for 1 hour at defined

concentrations described in the relevant figure legends. The total reaction volume
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of a typical reaction was 20 pL. Two replicates were performed unless otherwise
stated. Phosphate buffered saline (PBS with 0.005% v/v Tween 20, pH 7.4) was
used as the binding buffer for all aptamers, with the exception for aptamer R1
(which forms a G-quadruplex structure) for which the PBS buffer also contained 50
mM KCI.??1 At the completion of the binding reaction, a 5x loading dye solution
composed of 25% glycerol and bromophenol blue (1 mg/mL) was mixed with each
reaction solution, and 10 pL of the resulting mixture was loaded into either a 10- or
15-well 7.5% acrylamide gel with 1.5 mm gel thickness. The gel was made using
37.5: 1 acrylamide: bis-acrylamide and polymerized for 15 minutes. Each gel was
run with 0.5x Tris-borate (TB, pH 8.3) buffer at 180 V for 30 minutes inside a 4°C
cold-room. Following gel running, the gel was scanned with the Typhoon at 600
volts with a 200 pum pixel size for FAM fluorescence using the FAM filter
configuration (excitation at 494 nm and emission at 525 nm).

Determination of binding domain for aptamer H1. This was performed using
the similar protocol described above following a 1-hour incubation of 2.5 nM
aptamer H1 with varying concentrations of VEGF-121 given in the legend of
Supplementary Figure S4-2.

Heteromeric displacement. This was done with either the fH1 and nfH2 pair
or the fH2 and nfH1 pair using the similar protocol as described above. For the
fH1 and nfH2 pair, 2.5 nM fH1 was incubated with 10 nM VEGF-165 in the

presence of varying concentrations of nfH2 given in the legend of Figure 4-2A. For
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the fH2 and nfH1 pair, 2.5 nM fH1 was incubated with 50 nM VEGF-165 in the
presence of varying concentrations of nfH2 given in the legend of Figure 4-2B.

Homomeric displacement. This experiment was done with either the fH1
and nfH1T100 pair or the fH2 and nfH2T100. For fH1 and nfH1T100 as follows: 2.5
nM fH1 was incubated with 10 nM VEGF-165 in the presence of 0, 2.5, 25, 250 nM
NfH1T100. And similarly, for fH2 and nfH2T100 USing concentrations given in the
legend of Supplementary Figure S4-7. This was followed by EMSA. The gel was
then scanned with the Typhoon to obtain the FAM fluorescence. The same gel was
then stained with SYBR gold for 20 minutes, then the gel was rescanned using the
Typhoon.

Determining the binding curve of fH2 in the presence of nfH1. The
experiment was performed with 2.5 nM fH2 in the presence of 25 nM nfH1. 2.5 nM
fH2 was incubated in a 20 pL solution for 30 minutes with varying concentrations
of VEGF-165 given in the legend of Supplementary Figure S4-3. Then 1 pL of
0.525 uM nfH1 was added, bringing the final nfH1 concentration to 25 nM, without

significantly altering the concentrations of fH2 and VEGF-165.
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Chapter 5: In Vitro Selection of New DNA Aptamers
for VEGF

5.1 Author’s Preface

The success in devising highly effective aptamer-based biosensors for a
target of interest is largely dependent on the availability of excellent aptamers for
the target. Given the limitations observed for the published anti-VEGF DNA
aptamers detailed in Chapter 4, we decided to conduct our own in vitro selection
to search for new aptamers. The experiment was done in multiple selection
streams where VEGF concentrations were varied. Our lab technician Jim Gu
performed two initial streams and | performed three more, with higher selection
pressure. Upon DNA sequencing, | carried out comprehensive bioinformatic
analysis of the selected DNA sequences and found 4 different aptamer classes.
Two of them are identical to two previously described aptamers, but the other two
aptamers are novel. One of the new aptamers exhibits a unique property that we
have not observed before, wherein two aptamer molecules are found to bind the
dimeric protein. This chapter is intended to be a preliminary draft of the manuscript

for publication.
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5.2 Abstract

A number of DNA aptamers with different sequences that bind VEGF-165,
a homodimeric protein, have been previously reported. In a previous study, we
showed that these aptamers can displace each other, suggesting that their binding
sites are similar. This motivated us to conduct a new in vitro selection experiment
to search for new anti-VEGF-165 DNA aptamers possibly possessing different
properties. We undertook a multi-stream selection strategy where the
concentration of VEGF-165 was varied significantly. We carried out 11 rounds of
selection, and next-generation sequencing was conducted for every round in each
stream. From comprehensive sequence analysis, we identified four classes of DNA
aptamers, two of which were reported before but the remaining two are new
aptamers. One of the new aptamers exhibits a unique property that has never been
observed before: two aptamer molecules are able to simultaneously bind VEGF-
165. Overall, this work has expanded the repertoire of anti-VEGF-165 DNA
aptamers and creates a possibility to engineer a high-affinity homodimeric aptamer

for VEGF-165.
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5.3 Introduction

DNA aptamers are single-stranded DNA molecules that can adopt defined
structures to bind a target of interest. Since the development of the in vitro selection
technique that allows for the isolation of aptamers from random-sequence nucleic
acid pools,'®'” the number of DNA aptamers for diverse biological targets has
grown precipitously.

The typical approach to isolating DNA aptamers starts with a pool of 104 -
10% different DNA sequences. The sequences capable of binding a target are
enriched through repeated rounds of binding, separation, and amplification.
Typically, after 7-10 rounds, the enriched pool is sequenced to decipher the base
identity of the remaining sequences as aptamer candidates. This process may
generate thousands of candidates with varying copy numbers. However, the most
abundant ones do not necessarily represent the best aptamer for the target,
making it difficult to find the best aptamer candidates for further characterization
and application.?>*

Herein, we designed a selection strategy that enabled us to isolate a large
number of DNA aptamer sequences for an important biological target, vascular
endothelial growth factor 165 (VEGF-165). In this chapter, | will describe our
selection design, selection results and comprehensive sequence analysis that led
to the identification of 4 different DNA aptamers — two previously reported and two
new — that bind VEGF-165, as well as some preliminary characterization of the two
new aptamers.
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5.3.1 VEGF-165 as the Target for Aptamer Selection

VEGF-165 is an important cytokine, involved in activating angiogenesis
pathways that support tumor growth.?>-?57 |t has two distinct domains, the
receptor-binding domain (RBD) and the heparin-binding domain (HBD),??¢-34 and
therefore it is possible to derive aptamers that bind specifically to each domain.
There is another isoform of VEGF, VEGF-121, that lacks the HBD (Figure 5-1). If
VEGF-165 is used as the target for aptamer selection, followed by binding assays
with both VEGF-165 and VEGF-121, it is possible to identify the aptamers that bind

either the HBD or the RBD.

Signal N-terminus cTeI?/r:gi;l
Sequence VEGFR1 VEGFR2 Heparin
l binding site  binding site l binding site
I 1 [ ] | r 1
5 UTR 3 UTR
Pro-angiogenic Anti-angiogenic
(a isoforms) (b isoforms)
VEGF-A,q, [T I | [

veor A [T I |1

VEGF-A s,

S| El s
vecrA,, O NS E oA D

Figure 5-1. VEGF isoforms. Exons corresponding to different domains of VEGF
are highlighted in different colors, with the VEGF receptor binding sites shown in
purple, and the heparin-binding site in blue. Adapted with permission from 28,
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5.3.2 DNA Aptamers for VEGF

Three different classes of DNA aptamers for VEGF have been reported in
literature and their sequences are provided in Supplementary Table S4-3. Classes
H1 and H2 bind the HBD; the class R1 binds the RBD. In Chapter 4, | conducted
experiments to characterize binding properties of these aptamers to both VEGF-
165 and VEGF-121 using EMSA. More specifically, | investigated the binding
affinity and isoform specificity of a series of monomeric and dimeric DNA aptamers
from these three classes. Although some dimeric aptamers exhibit somewhat
enhanced binding affinity, the improvement is relatively small (~2-3-fold in
comparison to their monomeric counterparts). This motivated us to examine the
possibility of performing a new selection to derive potentially new DNA aptamers
for VEGF-165 that have different properties that may lead to the creation of better

dimeric aptamers.

5.4 Results and Discussion

5.4.1 Design of In Vitro Selection Strategy

The sequences of the DNA library and the necessary primers for
amplification by PCR are given in Figure 5-2A. The selection strategy is depicted
in Figure 5-2B. In each cycle, the library is incubated with bare magnetic beads as
the counter selection step to eliminate bead-binding DNA molecules. The unbound

fraction of the library is then incubated with the magnetic beads containing VEGF-
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165. Following washes, the DNA sequences on the beads are eluted and amplified
using two PCR reactions, PCR1, and PCR2. PCR1 uses regular forward and
reverse DNA primers (V1-F and V1-R), but the reverse primer for PCR2 (V1-R-
SP18) contains 20 5’-thymidines separated from the primer by a non-amplifiable
18-carbon spacer. With this design, PCR2 produces asymmetric double-stranded
DNA amplicons with the sense strand (the aptamer strand) being 20-nucleotide
shorter than the antisense strand. The shorter strand can then be isolated by 10%
denaturing (7 M urea) polyacrylamide gel electrophoresis (dPAGE). The purified
DNA serves as the pool for the next selection cycle for further enrichment.

A specific strategy was implemented to create multiple selection streams,
as shown in Figure 5-2C, to derive DNA pools enriched under different VEGF-165
concentrations, with a hope to derive high-affinity DNA aptamers enriched under

lower target concentrations.

5.4.2 Sequence Diversity and Binding Activity of the Enriched Pools

Eleven rounds of selection for VEGF-165 were performed in total, across
five streams (Figure 5-2C). High-throughput next-generation sequencing (NGS)
was used to map the enriched pools. For the remaining discussion, we refer to a
unique sequence as all the sequence-reads in a given pool with an identical
nucleotide sequence. For example, if a sequenced pool contains 100 identical
sequence-reads, this particular sequence is taken as a unique sequence and it has

a copy number of 100 in the pool. It should be noted that if two sequences differ
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1 by a single nucleotide, they are treated as two different unique sequences.

A Library (40-nt random region)
5- TTACGTCAAGGTGTCACTCC NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN GAAGCATCTCTTTGGCGTG-3
Forward Primer 5-TTACGTCAAGGTGTCACTCC-3"
Reverse primer 5-CACGCCAAAGAGATGCTTC-3"
Blocked Reverse Primer 5- -CACGCCAAAGAGATGCTTC-3"
B

Magnetic

I
V1 Library \

5 Sense
2> 32 Separation
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3 Counter
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PCR2

11—
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T
T
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Elution
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Figure 5-2. Selection overview. (A) Library design. (B) Selection schematic. (C)
Outline of the multi-stream selection approach employed herein, with splits
occurring prior to round 7 and 11, to form streams a through e, with decreasing
target concentration.

We calculated the fraction of unique sequences (FUS) in a pool by dividing
the number of total unique sequences by the number of total sequence-reads for
the pool. FUS for our selection showed notable decreases starting at round 6
(Figure 5-3A), indicating VEGF-165 binding sequences were being enriched. We
also performed dot-blot binding analysis using radioactively labeled DNA, VEGF-
165, and a protein binding membrane. DNA itself does not bind to the membrane
but the complexes of DNA aptamers with VEGF-165 do. This assay allowed us to
measure the fraction of the membrane-bound DNA pool (FMD) in each round of

selection (Figure 5-3B and Supplementary Figure S5-1). The FUS and FMD data

are consistent: while FUS decreases, FMD increases.

A B
1.0 10 ® VEGF-165
08 08 AVEGF-121
0 [m] o®
D06 < 0.6 @
L 04
0.2
0.0 LR, .
2 4 6 8 10 0 2 4 6 8 10
Selection Round Selection Round

Figure 5-3. In vitro selection progression. (A) The fraction of unique sequences
(FUS) at rounds 2-10. (B) Fraction of the membrane-bound DNA pool (FMD) at
rounds 2-10 when 1 uM of enriched pool was incubated with VEGF-165 and VEGF-
121 (both at 4 uM).

The results in Figure 5-3 suggest that the selection strategy led to the

enrichment of DNA molecules that bind VEGF-165. We also performed the same
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dot-blot assay for the binding of the DNA pools to VEGF-121 (Figure 5-3B). No
significant binding was detected for all the DNA pools, suggesting that the enriched

sequences primarily, if not exclusively, bind to the HBD of VEGF-165.

5.4.3 ldentification of Four Different Aptamer Classes
5.4.3.1 Rediscovery of the H2 Aptamer Class

We first focused on the top 50 sequences in round 10b pool. We performed
multiple-sequence alignment analysis with them using Clustal Omega,?*° and
observed that 74% of the sequences were aligned along a CCGAATGG motif
(Figure 5-4A; underlined letters). The multiple sequence alignment result was
further visualized using a sequence logo created by WebLogo,?%°261 where relative
letter height is proportional to the frequency of the given nucleotide (Figure 5-4B).
Further analysis showed this motif remained most abundant within the top 50
sequences in round 10a, 10b, 11c, 11d and 1le (Figure 5-4C; Supplementary
Table S5-1). Furthermore, sequences containing this motif were observed to
increase from rounds 2 to 10 in stream a and from rounds 7-10 in stream b (Figure
5-4D).

This motif has been previously observed in aptamers isolated from two
independent in vitro selection experiments for VEGF-165, and has a more general
consensus sequence of CCGWATGG (W=A/T).??2262 The predicted secondary
structure of a representative from this aptamer class, termed H2, is shown in Figure

5-5.
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A
Rank Sequence
27 —————— TACGTAACCCCACTGGAGAGTGTATTTTC— —ACCACACCTGG————————————
32 —-CACTGTACGTAACCCCACTGGAAAGTGTATAATG--CGGGTG—————————————————
33 —————— TACGTAACCCCACTGGACAGAGCATCAGA——CTGTATGCGTT————————————
38 ————-— GGCCGTAACCCCACTGGAAAGAGCCTTTTT--GGCGGTGTCT—————————————
36 ———————— CCTCTGCCCACTGCATAGTGTTTCATATTTGACCGGGCTG————————————
9 TAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTTCCCTCCCA————————————————————
44 ——-——CACGCGAAGGTCTATTTTAACGCCACTTTAGTCCGAATGG————————————————
29 ————CGCGCATGTACARAATCTAGTGCTGTCTTTAGTCCGAATGG— ———————————————
26 ————ACCCACCATTAGCCGTCATTGCTGTCTTTAGTCCGAATGG— ———————————————
24 ——-——CCCCATATTGCCCTCATGATGCTGTCTTCAGTCCGAATGG————————————————
2 ————CCGTCACCCGGTATTGGTATGCTGTCTTTAGTCCGAATGG————————————————
1 ————CCGCGCAGCCATTAGAGCTTGCTGTCTTCAGTCCGAATGG————————————————
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Figure 5-4. Discovery of the H2 aptamer class. (A) Multiple sequence alignment of
the top 50 sequences in round 10b arranged around the conserved CCGAATGG
motif created Clustal Omega algorithm v1.2.4,2%° accessed at EMBL-EBI.?®® (B)
Sequence logo generated using WebLogo v3.62%5 for the top 50 sequences from
round 10b. Stack width is proportional to the fraction of nucleotides in that position;
alignment gaps produce narrow letters; relative letter height is proportional to the
given nucleotide’s frequency at that position; stack height indicates conservation
at the given position. (C) % H2-class aptamers amongst the top 50 sequences in
Rounds 10a, 10b, 11c, 11d and 11e. (D) % H2-class aptamers among all unique
sequences found in the enriched pool, in round 2-10 of stream a, and 7-10 of
stream b.

While the initially reported H2 aptamer was isolated with CCGTATGG as the
key motif (Figure 5-5), the first group to re-isolate this motif observed it as
CCGAATGG, and the authors noted >99% nucleotide conservation in the bolded
positions.?%? Short motifs such as this 8-nt H2 motif have the ability to dominate a
selection pool because of their very high probability of being present within the
initial DNA pool,?%* even if longer motifs with higher affinity exist in the library. This
phenomenon, known as the “tyranny of the short motif’ is challenging to

avoid.?>*265266 Not surprisingly, we rediscovered this motif the third time.

cC G

C -G
C—A-A-T—-T-G-G—G-C—-G—T
3

5

Figure 5-5. Structure of a H2-class aptamer, SL2-B, adapted with permission from
223 Dotted circle indicates the conserved motif.
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5.4.3.2 Rediscovery of the H1 Aptamer and Discovery of a New Aptamer, H3

Given the predominance of the H2 aptamers amongst our top 50
sequences, we next examined the top 200 sequences in an effort to identify
additional candidates. 89% of them were clustered into 3 unique classes, H2, H3
and H1 at 72.5%, 11.5% and 5.0%, respectively (Figure 5-6A; Supplementary
Figure S5-2). H1 is another previously reported motif.?24225 However, the H3 motif,
which has a consensus sequence of SCCCACTGSA (S = C or G), is novel to this
selection.

The sequence alignment produced a single H1 class but 6 H2 subclasses
as well as 2 H3 subclasses (Figure 5-6A; Supplementary Figure S5-2). Next we
performed both dot-blot and EMSA analysis with aptamers corresponding to H1
(rank 18), 3 subclasses of H2 (ranks 1, 3, and 6), and the two H3 subclasses (ranks
98 and 117). The sequences of these chosen aptamers are provided in Figure 5-
6B. Despite being the highest in abundance, three H2 aptamers showed weaker
binding than H1 (Figure 5-6C; Supplementary Figure S5-3), consistent with our
previous affinity comparisons for H1 and H2 (Figure 4-1). The two H3 aptamers,
H3a (rank 98), and H3b (rank 117) exhibited H2-like binding affinity, which was
relatively poorer than that of H1 (Figure 5-6C). No VEGF-121 binding was

observed for any of these aptamers (See Supplementary Figure S5-3).
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Figure 5-6. Identification of aptamer candidates, from the top 200 unique
sequences in round 10b. (A) Three major classes of aptamers. (B) The sequences
of six aptamer candidates chosen for affinity analysis. Only random-sequence
domain is shown. Each sequence is hamed Hxry, where x and y represent the
aptamer class and the rank (r) of the sequence in the pool. (C) Fraction bound
determined using EMSA (25 nM VEGF-165 and 25 nM aptamer was used in the
assay).

5.4.3.3.1 Displacement Analysis of H3 and H1

Next we carried out a displacement analysis using nonfluorescent H3a or

H3b (nfH3r98 and nfH3r117) and fluorescent H1 (fH1r18). The results indicate that
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increasing concentrations of nfH3a and nfH3b led to diminished intensity in the
fluorescent band observed for the fH1-VEGF-165 complex (Supplementary Figure
S5-4). This indicates that the two H3 aptamers and H1 share the same binding site
on VEGF-165. This test suggests that the new H3 aptamers are not very interesting
given their relatively poorer affinity when compared to the H1 aptamer and their

overlapping recognition site with the H1 aptamer.

5.4.3.4 Discovery of Another New Aptamer, H4

To continue our search for a new aptamer with properties that differ from
H1, H2 and H3, we then considered the top 2000 unique sequences from round
11le. First, we removed all the sequences containing HL (TGGACWAGAGGGCAG;
W =AorT), H2 (CCGWATG), and H3 (SCCCACTGSA; S = C or G) maotifs, which
include 13 H1-containing sequences, 1617 H2-containing ones, and 149 H3-
containing sequences (corresponding to 88.95% of the top 2000 sequences).
However, the remaining 221 sequences were too diverse to find a candidate to do
further analysis even with multiple sequence alignment analysis. For example,
when we performed the sequence alignment on the top 50 of the 221 sequences,
multiple subgroups were observed (Supplementary Table S5-2). For this reason,
we pursued another strategy to find a suitable aptamer to study, namely, multi-
round trend analysis to be explained below.

The 221 aforementioned candidates were compared across different

selection streams to search for more abundant species under lower VEGF-165
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conditions (Supplementary Table S5-3). Table 5-1 summarizes the results for the
top 10 candidates.

First, we compared the relative abundance of each sequence in rounds 11d
and 11c, selected using 25 nM and 250 nM VEGF-165, respectively. The relative
abundance was determined by dividing the abundance of a given sequence in
round 11d by its abundance in 11c. The results showed 6 of the top 10 sequences
were more enriched in the lower concentration (green bolded). Since this initial
comparison produced several candidates, we then calculated the relative
abundance of the same top 10 sequences between round 11c and round 1le,
which was selected at 2.5 nM VEGF-165. Only 2 sequences had a value above 1,
indicating they were more abundant in round 11le. Because these two sequences
differ by a single nucleotide, they are essentially the same aptamer class.
Therefore, we chose the top-ranked aptamer for further analysis. This sequence is
named H4r3.

Table 5-1. Multiple-round trend analysis of the top 10 remaining sequences
following the removal of all H1-3 containing sequences from the top 2000 in round
1le. Relative abundance value was determined by dividing the abundance of a
given sequence in a lower concentration round by its abundance in a higher

concentration round. Values above 1 (bolded green) indicate a sequence is more
abundant in the lower concentration selection.

Relative Relative
abundance abundance
Rank Copy Sequence in round in round
(11e)  number 11d/11c 11e/11c
3 2815 CTAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTCCCCTCCCA 38 2.0
9 1457 CTAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTTCCCTCCCA 1.5 1.6
24 742 CCGCTTGTAGCTCCGAAGGGGGCGCTGGTTGTTGGCACTTG 0.8 1.0
38 498 CGGTGTCCGAAGGGGTCGTTAGGAGTGGCCGGTGGGGGCGG 1.4 0.7
39 454 CTCCCGGT( TGCTGGAAGGGTCCGAAGGGGGGGCGTATG 1.3 0.8
42 434 CCGCGGCC] "ACGGCGGGTCCGAACGGCAGCGCCCGGGG 0.9 0.4
44 422 CGATGTCCGAAGGGGTCGTTAGGAGTATCTGCAGGTGGGTG 1.6 0.8
47 392 CTGCATGCGAAATCGGGGTACCCTCCGGATGGGGGCTGTTT 0.9 0.6
50 366 CCGCAGCCTAACTTCCGTCGTGGTAGACTAGAGTGCAGATG 09 0.9
62 333 CCCCGCGCACTCTTCGGCGTTGTCCGGATGGGTCGTTAGCC 1.1 0.5
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Within the top 2000 sequences in round 11e, there are 8 unique H4 family
members (Table 5-2), accounting for 1.24% of all the sequence-reads in the round
11e pool. The top variant ranks 3 in the pool and accounts for 0.73% of all the
sequence-reads (Table 5-2).

Table 5-2. H4-class aptamers. The abundance was calculated as the percentage

of the listed sequence in the total sequence-reads. Conserved bases are
indicated by an asterisk (*).

Rank  Abundance (%) Sequence
* kkkhkkhkkhkkhhkhkhkhkhkhkhkkhkhkhkhkkkdxdkkkx * * k k k k k %k

3 0.73 CTAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTCCCCTCCCA
9 0.38 CTAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTT! TCCCA
163 0.04 CCAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTT! TCCCA
212 0.03 CCAGGGGTCCAGGCGAAGCTTAGTAGGGGTGCTCC TCCCA
424 0.02 CTCGGGGTCCAGGCGAAGCTTAGTAGGGGTGTT! TCCCA
452 0.02 CTAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTC TCCCG
1019 0.01 CTAGGGGTCCAGGCGAAGCTTAGTAGGGGCGTT TCCCA
1025 0.01 CTAGGGGTCCAGGCGAAGCTTAGTAGGGGTGCTCCCTCCCA

We performed a series of EMSA experiments to characterize the binding
property of H4r3 to VEGF-165. First, the H4 aptamer is also an HBD binder and
shares the same binding site with the H1-class aptamer. This is evident from the
competition assay provided in Figure 5-7A: nonfluorescent H4r3 (nfH4r3) was
capable displacing fluorescent H1 (fH1) from VEGF-165 (a representative gel is
provided in Supplementary Figure S5-5). Interestingly, H4r3 appeared to have a
higher affinity than H1 as it was able to completely displace H1 from the
protein/aptamer complex when both were used at 2.5 nM (Figure 5-7A). This was
verified by the full binding curve analysis, which produced a Kq of 4.0 + 0.5 nM
(Figure 5-7B). For comparison, the Kq for H1 is 9.9 £ 1.3 nM.

Most significantly, H4 also produced a unique gel-shift pattern that we have

never seen before with all the VEGF-165 binding aptamers: it produced two higher-
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order bands in the presence of VEGF-165 (Figure 5-7C). The unique double-
banding pattern for H4 can be explained as follows: the first up-shifting band is
H4-VEGF complex (1A-1P complex; A: aptamer; P: protein); the second up-shifting

band is H4-VEGF-H4 complex (2A-1P complex).

A B C I
100 - 10 o+~ R T
508 H4-VEGF-H4
. g oe VECEH Y tabababdbd b
ag 50 I g 04 Ha £ bl s
[T =
Z ®
T 02
0 0.0
1 10 100 7 » 700 -
[nfH4] (nM) [VEGF] (nM)

Figure 5-7. The binding properties of the H4 aptamer. (A) Competitive
displacement analysis of fH1 (2.5 nM) with increasing concentrations of nfH4r3. (B)
A full binding curve of H4 class aptamer, using 2.5 nM fH4r3. (C) A representative
gel image that was used to determine the Kq of H4r3.

The formation of 1H4-1P and 2H4-1P complexes were further examined in
a competition assay involving the use of both fH4 and nfH4 (Figure 5-8A). As
expected, mixing 2.5 nM fH4 with 10 nM VEGF-165 produced the proposed 1H4-
1P and 2H4-1P complexes (lane 2 of the gel in Figure 5-8). At this condition, 55.6%
fH4 was converted to the two complexes, with 1H4-1P being more dominating
(43.6%) than 2H4-1P (12%).

When 2.5 nM nfH4 was added to the mixture (lane 3), however, only 27%
fH4 was converted to the two complexes and the dominating species was now
2H4-1P (14.9%) but not 1H4-1P (12.1%). The observed banding pattern changes

under this setting can be explained as follows: (1) more unbound fH4 was a result

of displacement of bound fH4 by nfH4; (2) higher ratio of 2H4-1P over 1H4-1P was

114



1

2

0o ~NOoO Ol hw

10

11

12

13

14

15

16

17

18

19

20

Ph.D. Thesis — S. Manochehry; McMaster University — Biochemistry & Biomedical Sciences

a result of the binding of nfH4 to the second (unoccupied) binding site of the VEGF-

165 in the 1H4-1P complex.

A 1 2 3 4 B 1 2 3 4 c
fH4 2.5 25 25 2.5 nM fH4 25 25 25 25 nM 100 -
VEGF 0 10 10 10 nM  VEGF 0 10 10 10 nM 80
nfH4 0 0 2525nM  nfH4d 0 0 2525 nM - © 2H4-1P
[ Raedacs " 60 o 1H4-1P
! | SRR 40
:3:3.12 SN bre H e Unbound H4
v 20
e ™
P 0 . —
QUrbound He pass ;..4 “ 5 70 > 5
| FAM  SYBR [nfH4] (nM)

Figure 5-8. Displacer:ag;ie;nalysis. (A) Competitive displacement analysis of fH4
(2.5 nM) with nfH4. (B) Sybr stained version of gel shown in panel B. (C)
Quantifying bands in panel A.

When 25 nM nfH4 was mixed with 2.5 nM fH4 and 10 nM VEGF-165 (lane
4), only 1.5% fH4 was in the complex forms; once again, 2H4-1P (1.5%) was the
dominating complex species. Because the nfH4/fH4 ratio was set at 10 (vs. 1 for
the binding reaction in lane 3), higher unbound fH4 was expected. The further
increased ratio of 2H4-1P/1H4-1P under this setting simply reflected the fact that
a much higher H4 concentration (27.5 nM) was used for the binding reaction, and
thus there were more VEGF-165 molecules in which both of the binding sites were
occupied.

To provide more supporting evidence, the same gel was stained with SYBR
gold, which is a less sensitive DNA detection method but is capable of detecting
nonfluorescent DNA. The stained gel image is shown in Figure 5-8B and data is

consistent with the findings made from Figure 5-8A. More specifically, (1) the most

dominated 1H4-1P complex was seen in Lane 2; (2) both 1H4-1P and 2H4-1P
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complexes were detected in Lanes 3 and 4, with 2H4-1P being the more
dominating complex species in each lane; (3) much more 2H4-1P complex species

was observed in Lane 4.

5.5 Discussion and Conclusions

The discovery of H4 is significant because it is the only aptamer that has
been observed to produce the 2A-1P complex (the complex of VEGF-165 with 2
aptamers). Although two HBD binding DNA aptamers (H1 and H2) have also been
reported in literature and one more HBD binding DNA aptamer (H3) was
discovered by us prior to the discovery of H4, none of these aptamers is capable
of forming the 2A-1P complex with VEGF-165. Therefore, H4 is a one-of-a-kind
aptamer.

Discovery of H4 is attributed to the two strategies we implemented in this
study: (1) multi-stream selection with decreased target concentrations to create
diverse aptamer candidates for bioinformatic analysis, and (2) comprehensive
bioinformatic analysis of a large number of candidate sequences. Our selected
pools, and those enriched by the two other previous studies, are populated mostly
by the H2-class aptamers: ~70% among the top 50 unique sequences discovered
in all the terminal pools in our 5 selection streams (Figure 5-4C). Therefore, H2,
which has a small 8-nt consensus sequence (CCGWATG), is the most “obvious”

solution as it is easy to find.
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When the bioinformatic analysis was extended to include the top 200
sequences in round 10b, two additional aptamers, H1 and H3 were discovered. H1
has high affinity for VEGF-165 but a much large consensus sequence
(TGGACWAGAGGGCAG; 15 nt). H3’s affinity is similar to that of H2, but it has a
slightly longer consensus sequence (SCCCACTGSA; 10 nt). The size of
consensus sequence and the binding affinity differences among H1, H2 and H3,
when considered together, provide the justification for the number of unique
sequences corresponding to to these 3 aptamers in each terminal pool. Take round
10b as an example. The number unique sequences belonging to the H2, H3 and
H1 class is 1521, 210, 41, respectively.

Table 5-3. Unique sequences among top 2000. Number sequences belonging to

H1, H2, H3 and H4 classes, within the 2000 unique sequences that are most
enriched in all five terminal pools

10a 10b 1llc 11d lle
H1 48 41 36 39 38
H2 1591 1521 1660 1650 1617
H3 143 210 117 99 149
H4 4 3 7 13 8

Within the top of 2000 sequences in these pools, the number of unique
sequences belonging to the H4 class is relatively small (between 3 -13). Given its
scarcity among the top 2000, H4 does not appear to be a good candidate to pick
for further characterization. Therefore, its discovery in our study is attributed to our
multi-stream selection strategy where the target concentration was varied
significantly from a to e. Because H4 has the best affinity among all four

characterized aptamers and is capable of forming the 2A-1P complex, its
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abundance was considerably increased in rounds 11d and 1le pools when
compared to other terminal pools. In fact, it is the only aptamer that produced >1
relative 11e/11c abundance and relative 11d/11c abundance (Table 5-1), a key
parameter that guided us to select this aptamer for further study. Without the
implementation of these two strategies, H4 may not have been discovered.

The unique ability to form the 2A-1P complex bodes well for constructing a
homodimeric aptamer with enhanced binding affinity. As the last experiment for
this chapter (given my limited remaining time on the project), | made a homodimeric
H4 aptamer with a long T-linker, H4T100H4, and tested its binding affinity (Figure 5-
9). Pleasantly, this homodimeric aptamer exists , with a Kq of 1.4 + 0.3 nM, ~3-fold
better than its monomeric counterpart (Figure 5-9). In fact, H4T100H4 has the
smallest EMSA-determined Kq. We are hopeful that with further optimization we
may be able to build a dimeric aptamer for VEGF-165 with even more enhanced
binding affinity, given the observation that H4 is the only aptamer capable of

forming the 2A-1P complex.
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Figure 5-9. Comparing H4 and its dimeric form. Binding curves obtained using 2.5
nM of each aptamer (inset), prior to testing with 0.5 nM and lowered protein
concentrations for added accuracy once Kq of dimer was determined to be lower
than 2.5 nM (2.4 £ 0.1 nM). Kq of H4 observed to be ~4 nM in both cases (4.0 £ 0.5
with 2.5 nM fH4; 4.7 + 0.4 with 0.5 nM fH4), and H4T100H4 observed to have a Kqg
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of 1.4 + 0.3 nM using 0.5 nM fH4T100H4. The response curves for both aptamers
at both concentrations is shown on a single graph in Supplementary Figure S5-6,
confirming that monomer produces overlapping curves at both aptamer
concentrations, while curve for dimer is shifted at lower aptamer concentrations.

In summary, by carrying out a 5-stream concentration-varying selection and
subsequent comprehensive bioinformatic analysis, we were able to identify four
different classes of DNA aptamers, H1, H2, H3 and H4. H2 and H1 are the two
published aptamers that are rediscovered again in our study. However, H3 and H4
are new aptamers. H4 is most interesting as it has a unique property that has never
been observed before: it is able to form the 2A-1P complex with the homodimeric
protein VEGF-165. Overall, this work has expanded the repertoire of anti-VEGF-
165 DNA aptamers and creates a possibility to engineer a high-affinity

homodimeric aptamer for VEGF-165.

5.6 Materials and Methods

Reagents. Oligonucleotides utilized herein were obtained from Integrated
DNA Technologies (Coralville, IA, USA), and purified by standard 10% denaturing
(8M urea) polyacrylamide gel electrophoresis (dPAGE). The sequences of
aptamers utilized are detailed in Supplementary Table S5-4. VEGF-121 and
VEGF-165 (his-tagged, expressed, purified from HEK-293 cells) were obtained
from AcroBio (Newark, DE, USA). All other components were purchased from
Sigma Aldrich (Oakville, Canada). All prepared solutions were either autoclaved or
filtered using 0.2 um syringe filters. Gels were scanned on Typhoon (GE,

Healthcare, Pisacataway, NJ, USA) fluorescence imaging system immediately
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after running, and analyzed using ImageQuant (Amersham) software. All graphs
were made using Excel, and observed binding curves were used to determine
dissociation constants by fitting the data to the quadratic equation using the solver

feature of Microsoft Excel,?°2%1267 as shown previously.?52253

In vitro selection and characterization. The in vitro selection procedure was
performed in accordance with a previously reported method with minor
modifications,?%8-270 detailed further in Supplemental Materials and Methods in
Appendix C. Using his-tagged VEGF-165 and Ni-NTA beads, 11 rounds of
magnetic bead-based selection were carried out, with the library from rounds 2-11
analyzed using NGS (See Appendix C: Supplemental Materials and Methods).
Tracking the VEGF-specific enrichment, throughout selection rounds, and
screening of top-ranked candidates, were performed through dot-blot assays, and
candidates were further screened and characterized using EMSA-based methods
described in chapter 4, section 7.

Detailed descriptions of the in vitro selection methodology, and our
bioinformatic analysis, are provided in the Supplemental Materials and Methods in

Appendix C.

Dot-blot screening. Whatman MiniFold-1 dot-blot system (Boston, MA,
USA) was used for screening throughout selection rounds, and screening
candidate sequences, as detailed previously.?’* Nitrocellulose paper (Amersham

International, UK), nylon (GeneScreen Plus, Boston, MA, USA), and blotting paper
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(Whatman No. 1, Boston, MA, USA) were used to perform dot-blot assays, with a
single layer of nitrocellulose being placed atop a layer of nylon, which was placed
on two layers of blotting paper. All papers were pre-soaked with reaction buffer,
prior to being secured into the dot-blot system. Each well was washed by passing
through 100 pL of reaction buffer before and after the addition of 25 pL of sample,
with 100 nM of candidate aptamer or 1 uM library, incubated for 1 hour at room

temperature.
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Chapter 6: Conclusions and Future Directions

The work detailed herein serves to further demonstrate the versatility of
functional nucleic acids for potential applications that can benefit human health. In
the first project, | made an effort to create a simple RNA-cleaving DNAzyme based
colorimetric biosensor for the detection of a dangerous metal ion. This was followed
by a project where | optimized the synthesis of a protein-DNA conjugate, which
was used as the signal transducer in the colorimetric biosensor. Next, | turned my
attention to the search for high-affinity aptamers for an important biological target,
vascular endothelial growth factor (VEGF-165), first by characterizing published
DNA aptamers for this protein, and then by performing a stringent in vitro selection
to search for potentially more effective aptamers for this target.

Chapter 2 describes my efforts to develop a pH-responsive biosensor that
uses the 39E DNAzyme as a recognition element for uranyl and urease as a
mechanism to translate the cleavage event into a colorimetric response for the
detection of uranyl in water. This simple and inexpensive assay enabled detection
of uranyl in environmental water samples at 15 pg/L in 20 minutes, both in solution
and on paper. This detection sensitivity is well below the maximum allowable
concentrations set by regulatory bodies in Canada (20 pg/L), the US (30 pg/L), and
globally by the WHO (30 pg/L). While this work employed uranyl as the target

analyte, the simplicity of this litmus-like assay can be easily adapted for use with
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other RNA-cleaving DNAzymes for the detection of other environmental
contaminants.

The goal of the project presented in Chapter 3 was to establish an efficient
method for obtaining a DNA-urease conjugate (DUC) with high yield and high
purity. The coupling of DNA to urease was achieved through the use of a
bifunctional crosslinker. An optimal reaction condition was established that gave
rise to a reaction yield of ~90%. Purification of DUC was accomplished first via
binding of DUC to an affinity column containing a complementary oligonucleotide
and then via the release of DUC by a competitive DNA oligonucleotide. This
method led to highly pure DUC without adversely affecting the activity of urease.
Herein we employed an enzyme for biosensing due to its ability to produce an
optically detectable signal, however additional potential applications for DNA-
protein conjugates beyond the realm of biosensors include pharmaceutical
applications that utilize functional nucleic acids (e.g. aptamers) conjugated to
therapeutic proteins for targeted delivery of their protein cargo component.
Therefore, the coupling and purification strategies can be extended to the synthesis
of diverse DNA-protein conjugates.

In Chapter 4, | examined the possibility of building dimeric aptamers from
published aptamers for VEGF-165, a homodimeric protein, with a hope to create
higher affinity aptamers. | characterized three published aptamers, and their
compatibility with one another for dimerization. This work showed that although

high-affinity protein-binding aptamers can be engineered via dimerization of
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existing aptamers, multiple factors have to be carefully considered to maximize the
success rate. The key factors to consider include the length of the linker between
two aptamer domains, the linking orientation of two constituent aptamers, the
binding-site compatibility of the two aptamers and their spatial acceptability. The
key discovery in this project is that the existence of high-quality aptamers for a
dimeric protein does not necessarily guarantee the successful engineering of
dimeric aptamers with significantly improved affinity as the spatial requirement of
this aptamer may prevent the co-binding of the two aptamer domains in the dimeric
aptamer to the same protein molecule. As we continue to pursue higher affinity
aptamers, these factors need to be considered early in the process so that effective
in vitro selection protocols can be designed to drive the selection of aptamers that
meet these essential requirements.

Upon examination of the existing aptamers for VEGF-165 and their
inadequacy for productive dimerization in Chapter 4, we determined it is worthwhile
to search for more DNA aptamers for this protein. In Chapter 5, | describe our own
aptamer selection experiment that utilized increasing stringency across 5 selection
streams to establish diverse aptamer candidates for VEGF-165. This approach
allowed us to perform comprehensive bioinformatic analysis aimed at isolating
novel aptamers. This resulted in the isolation of two new DNA aptamer classes,
one of which shows the unique ability to form the 2A-1P complex (2Aptamers-

1Protein complex), the best candidate to create a homodimeric aptamer for VEGF-
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165. Further investigation of this new aptamer towards creating an effective dimeric
aptamer remains an important future research direction in our lab.

Both our efforts to characterize the existing aptamers and our own aptamer
selection effort have highlighted the importance of detailed aptamer
characterization. It will be interesting to use crystallization, Cryo-EM, or NMR to
determine the high-resolution structures of the aptamer-protein complexes
featured in Chapters 4 and 5, as the detailed structural information should be
extremely useful toward further optimizing these aptamers for their target
recognition.

Overall, this thesis has examined two classes of functional nucleic acids, an
RNA-cleaving DNAzyme for the detection of a toxic metal ion and a group of DNA
aptamers for a protein target. Ultimately, it is my hope that the work detailed herein
can help advance the field of functional nucleic acids and supports future efforts to
develop more and better DNA aptamers and DNAzymes for applications that can

benefit human health.
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Appendix A: Supplemental Data Chapter 2

Supplementary Tables and Figures

Supplementary Table S2-1. Trace element analysis. Observed concentrations of each element
shown, with less than symbols indicating values below a detection limit for the respective method
of detection. Comparing filtered and unfiltered well and lake water samples.

Element Unfiltered lake  Filtered Lake Unfiltered well Filtered well
water water water water
U <0.010 nmol/L <0.010 <0.010 nmol/L <0.010
nmol/L nmol/L
Cr <1 nmol/L <1 nmol/L <1 nmol/L <1 nmol/L
As <0.01 umol/L | <0.01 pumol/L <0.01 umol/L <0.01 pmol/L
Pb <1 nmol/L <1 nmol/L <1 nmol/L <1 nmol/L
Co <1 nmol/L <1 nmol/L 5 nmol/L 5 nmol/L
Fe <0.01 ymol/L | <0.01 umol/L <0.01 pmol/L <0.01 pmol/L
Mn <2 nmol/L <2 nmol/L 7.1 nmol/L 8.1 nmol/L
Ni 4 nmol/L 3 nmol/L 44 nmol/L 45 nmol/L
Se <0.01 umol/L | <0.01 pumol/L <0.01 umol/L <0.01 pumol/L
\% 8.6 nmol/L 12.3 nmol/L <1 nmol/L <1 nmol/L
Sn <1 nmol/L <1 nmol/L <1 nmol/L <1 nmol/L
Cu <0.01 ymol/L | <0.01 umol/L 0.08 umol/L 0.08 pumol/L
Zn <0.1 pumol/L <0.1 umol/L 7.1 umol/L 7.1 umol/L
Al <0.1 umol/L <0.1 umol/L <0.1 umol/L <0.1 pumol/L
Cd <1 umol/L <1 umol/L <1 umol/L <1 umol/L
Hg <0.1 nmol/L 0.3 nmol/L 0.4 nmol/L <0.1 nmol/L
Mg 0.53 mmol/L 0.51 mmol/L 9.0 mmol/L 8.8 mmol/L
HCO3 <5 mmol/L <5 mmol/L <5 mmol/L <5 mmol/L
Ca 1.49 mmol/L 1.50 mmol/L 4.3 mmol/L 4.3 mmol/L
Na <20 mmol/L <20 mmol/L <20 mmol/L <20 mmol/L
K <1 mmol/L <1 mmol/L <1 mmol/L <1 mmol/L
Cl <20 mmol/L <20 mmol/L <20 mmol/L <20 mmol/L
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Supplementary Figure S2-1. Expanded time-point for paper-based colorimetric detection of uranyl
in well water samples, using 39E-UrDNA. Compared at 0, 1.5, 10, and 15 pg/L uranyl in well water
after incubations of 0, 2, 5, 10, 15, 20, 25, and 30 minutes. pH strips are shown after being dipped
at different time-points, into an aliquot of the supernatant combined with substrate solution.
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Appendix B: Supplemental Data Chapter 4

Supplementary Tables and Figures

Supplementary Table S4-1. Affinity enhancement of homodimeric aptamers. Composition shown

as DNA (deoxyribonucleic acids), RNA (ribonucleic acids), 2'-F-RNA (2'-fluoropyrimidine—modified
RNA), and LNA (locked nucleic acids). Listed with dissociation constants (Kq) provided with

standard deviation values where available.

Nucleic acid @ Ref.

Protein Target Degree of affinity enhancement

composition
Vitronectin Monomer: 408 + 78 nM; Dimer: 485 + 78 nM DNA a1
No enhancement
L-selectin Monomer: 0.7 nM; Dimer: 0.8 nM DNA 220,272
No enhancement 273
CD28 Monomer: 60 nM; Dimer: 60 nM 2'-F-RNA 218
No enhancement
migM (B-cell Monomer@4°C: 43 nM; Dimer @4°C: 57 nM LNA/DNA a1
receptor) No enhancement

Monomer @37°C: >10000 nM; Dimer @37C°C: 6222 nM
<2-fold enhancement

GFP Monomer: 5.1 nM; Dimer: 3.2 nM RNA 212

1.6-fold enhancement
TATA-binding Monomer i (A-37): 25 nM; Dimer i (A-37): 15 nM RNA 213
protein 1.7-fold enhancement

Monomer ii (V-1): 45 nM; Dimer ii (V-1): 25 nM

1.8-fold enhancement

Monomer iii (V-2): 60 nM; Dimer iii (V-2): 30 nM

2-fold enhancement
PTK7 Monomer: 0.86 + 0.21 nM; Dimer: 0.30 + 0.06 nM DNA 215274

2.9-fold enhancement —278
HSF1 Monomer: 32 + 10 nM; Dimer: 0.5 + 0.1 nM RNA 209

64-fold enhancement
CTLA-4 Not assessed 2'-F-RNA 2n
4-1BB Not assessed 2'-F-RNA 280
CD30 Not assessed DNA 281
0X40 Not assessed 2'-F-RNA 282
HTR Not assessed 2'-F-RNA 283
MUC-1 Not assessed DNA 284
CD4 Not assessed RNA 285
LAG3 (CD223)  Not assessed 2'-F-RNA 286
DFHBI Not assessed RNA 287
PSMA Not assessed DNA 288
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Supplementary Table S4-2. Affinity enhancement in heterodimeric aptamers for thrombin.
Thrombin-binding aptamers dimerized and compared to their monomeric forms, with dissociation
constants (Kq) provided with standard deviation values where available.

Component Aptamer Ka (NM) Affinity enhancement | Ref.
Heterodimer Ts-Boc- Tio-Tas 54 +4.7 No enhancement 219
Monomer a Ts-Boc 60+7.9

Monomer b To-Tas 66 + 22

Heterodimer HD1-5dA-60.29 49+1.6 No enhancement 216
Monomer a HD1 50.9.1+6.3

Monomer b 60.29-15dA 43+2.0

Heterodimer 4HB-A1-B4 ~10 ~2-5-fold 214
Monomer a 4HB-A1 20-50

Monomer b 4HB-B4 >50

Heterodimer 16T 0.12 12.5-fold 210
Monomer a Bock-15 2.5

Monomer b Tasset-29 1.5

Heterodimer Linker 5 0.14 25-fold 207
Monomer a 15-mer 20.2

Monomer b 29-mer 35

Supplementary Table S4-3. DNA aptamers for VEGF, distinguished into classes H1, H2, and R1,
with H indicating aptamers specific to the heparin-binding domain, and R indicating those specific
to the receptor-binding domain. Bold indicates class representative used in assessments herein.
Our selection of aptamers chosen as representative of each of the 3 classes prioritized smaller
aptamers, with higher affinity. For class H1, Potty et al. (2009) carried out optimization efforts on
33t (initially derived by Gold and Janjic ?%°) and determined a version with extensions at both termini
which bound with better affinity,?>* therefore +5'GC+3C' was picked as the H1 class representative.
For class H2, Kaur et al. (2012) carried out optimization efforts on VEa5 (initially derived by
Hasegawa et al.??!) and identified a truncated version SL-2B that binds with better affinity,??® thus
SL2-B was picked as the class H2 representative. For the R1 class, Nonaka et al. (2013)
reassessed their truncated aptamer V7T1,%?! and compared it with various mutant versions, leading
them to a variant with better affinity termed 3R02.2%® Thus 3R02 was picked as the class R1

representative.

Class @ Aptamer Sequence Ref.
33t CCCGTCTTCCAGACAAGAGTGCAGGG 225

H1 33t- CCGTCTTCCAGACAAGAGTGCAGGG 224
tuncated
+5'GC+3C’ = GCCCGTCTTCCAGACAAGAGTGCAGGGC 224
VEa 5 ATACCAGTCTATTCAATTGGGCCCGTCCGTATGGTGGGTGTGCTGGCCAGATAGTATG! 222
Del 5 CCAGTCTATTCAATTGGGCCCGTCCGTATGGTGGGTGTGCTGGCCAG = 222
Del 5-1 ATACCAGTCTATTCAATTGGGCCCGTCCGTATGGTGGGTGTGCTGGCCAG | 222

H2 SL12 ATACCAGTCTATTCAATTGGGCCCGTCCGTATGGTGGG 223
SL2-B CAATTGGGCCCGTCCGTATGGTGGGT 223
VEap-twj CTGGCCAGATACCAGTCTATTCAATTGGGCCCGTCCGTATGGTGGGTGTGCTGGCCAC 227
2G19 CTGGCCAGGTACCAAAAGATGATCTTGGGCCCGTCCGAATGGTGGGTGTTCTGGCCA( 227
Vap7 ATACCAGTCTATTCAATTGCACTCTGTGGGGGTGGACGGGCCGGGTAGATAGTATGTG 221

R1 V7T1 TGTGGGGGTGGACGGGCCGGGTAGA 221,289
3R02 TGTGGGGGTGGACTGGGTGGGTACC 226
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1 Supplementary Table S4-4. The sequences of all DNA aptamers tested in this work. Fluorescein
2 label indicated by F. Sequence of the first aptamer in each dimer is indicated by an underline.

Name Sequences (5'to 3')
fH1 F- GCCCGTCTTC CAGACAAGAG TGCAGGGC
fH2 F- CAATTGGGCC CGTCCGTATG GTGGGT
fR1 F- TGTGGGGGTG GACTGGGTGG GTACC
nfH1T100 GCCCGTCTTC CAGACAAGAG TGCAGGGCTT TTTTTTTITTT TTTTITTITTT
TTTTTTTTTT
TTTTTTTT T T TTTTTTTI T T IT T T T T T T T T TTITTTTTTTI T TTTTTTTTTT
TTTTTTTTTT
TTTTTTTT
nfH2T100 CAATTGGGCC CGTCCGTATG GTGGGTTTTT TTTTTTTTIT TTTTTTTITTT
TTTTTTTTTT
TTTTTTTT T T TTTTTTTI T T IT T T T T T T T T TTITTTTTTTI T TTTTTTTTTT
TTTTTTTTTT
TTTTTT

H1ToH2 F- GCCCGTCTTC CAGACAAGAG TGCAGTHGATTGGGCCCG TCCGTATGGT GGG
H1TiH2 | F- GCCCGTCTTC CAGACAAGAG TGCAGEGOTTTTTTCA ATTGGGCCCG
TCCGTATGGT GGGT

H1T,H2 | F- GCCCGTCTTC CAGACAAGAG TGCAGEGTTTTTTTT TTTTTTTTCA
ATTGGGCCCG TCCGTATGGT GGGT

H1T3H2 | F- GCCCGTCTTC CAGACAAGAG TGCAGEG TTTTTTTT TTTTTITTTTIT
TTTTTTTTCA ATTGGGCCCG TCCGTATGGT GGGT

H1TeH2 | F- GCCCGTCTTC CAGACAAGAG TGCAGEGTTTTTTTIT TTTTTITTTTT
TTTTTTTTTIT TTTTTITTITTT TTITTTITTITT TTTTTTTTCA ATTGGGCCCG
TCCGTATGGT GGGT

H2ToH1 F- CAATTGGGCC CGTCCGTATG GTGGGTC GTCTTCCAGA CAAGAGTGCA GGG
H2TioH1 | F- CAATTGGGCC CGTCCGTATG GTGGUIT TTTTTTGCCC GTCTTCCAGA
CAAGAGTGCA GGGC

H2ToH1 | F- CAATTGGGCC CGTCCGTATG GTGEOQ TTTTTTTTTT TTTTTTGCCC
GTCTTCCAGA CAAGAGTGCA GGGC

H2T3H1 | F- CAATTGGGCC CGTCCGTATG GTGGO TTTTTTTTTT TTTTTTTTTT
TTTTTTGCCC GTCTTCCAGA CAAGAGTGCA GGGC

R1ToH1 F- TGTGGGGGTG GACTGGGTGG GTAOOCG TCTTCCAGAC AAGAGTGCAG GG(Q
R1TioH1 | F-TGTGGGGGTG GACTGGGTGG GTAJCTT TTTTTGCCCG TCTTCCAGAC
AAGAGTGCAG GGC

H2ToR1 F- CAATTGGGCC CGTCCGTATG GTGBGITG GGGGTGGACT GGGTGGGTAC C
H2T1oR1 | F- CAATTGGGCC CGTCCGTATG GTGGUT TTTTTTTGTG GGGGTGGACT
GGGTGGGTAC C

H1ToH1 F- GCCCGTCTTC CAGACAAGAG TGCAGEGCCGTCTTCCA GACAAGAGTG
CAGGGC

H1TioH1 | F- GCCCGTCTTC CAGACAAGAG TGCAGEGOTTTTTTGC CCGTCTTCCA
GACAAGAGTG CAGGGC

H1T,H1 | F- GCCCGTCTTC CAGACAAGAG TGCAGEGOTTTTTTTT TTTTTTTTGC
CCGTCTTCCA GACAAGAGTG CAGGGC

H1TsH1 | F- GCCCGTCTTC CAGACAAGAG TGCAGEGOTTTTTITTIT TTTTTITTTTT
TTTTTTTTGC CCGTCTTCCA GACAAGAGTG CAGGGC

H1TeH1 | F- GCCCGTCTTC CAGACAAGAG TGCAGEGOTTTTTITTIT TTTTTTTITTT
TTTTTTTTTT TTTTTITTTTT TITTTTITITT TTTTTTTTGC CCGTCTTCCA
GACAAGAGTG CAGGGC

H2ToH2 F- CAATTGGGCC CGTCCGTATG GTGGEAT TGGGCCCGTC CGTATGGTGG GT
H2ToH2 | F- CAATTGGGCC CGTCCGTATG GTGGHI TTTTTTCAAT TGGGCCCGTC
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CGTATGGTGG GT

H2TH2 F- CAATTGGGCC CGTCCGTATG GTGGGIT TTTTTTTTTT TTTTTTCAAT
TGGGCCCGTC CGTATGGTGG GT

H2T3H2 F- CAATTGGGCC CGTCCGTATG GTG®GIT TTTTTTTTTT TTTTTTTTTT
TTTTTTCAAT TGGGCCCGTC CGTATGGTGG GT

H2TgoH2 F- CAATTGGGCC CGTCCGTATG GTG®GIT TTTTTTTTTT TTTTTTTTTT
TTTTTTTTTIT TTTTTITTITTT TTTTTTITTITT TTTTTTCAAT TGGGCCCGTC
CGTATGGTGG GT

H1T,H1m | F- GCCCGTCTTC CAGACAAGAG TGCAGEGOTTTTTTTT TTTTTTTTAG
GTCGACGGTC ACGCGACTGC GCATCA
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Supplementary Figure S4-1. Assessment of the conditions tested for optimization of EMSA for
aptamer B. (A) Binding curves of fH2 with VEGF-165 in the presence of three running buffers: 0.5x
TB (Tris-Borate: 44.5 mM Tris, 44.5 mM Borate, pH 8.3), 0.5x TB + KCI (50 mM), and 0.5x TB +
NaCl (150 mM). (B) EMSA results with gels made of 3.5, 5, 7.5, 10% acrylamide. The running buffer
was 0.5x TB; the gel was made of 0.5x TB. (C) EMSA results made with 5% acrylamide gels
composed of different buffers: 0.5x TB (left gel) or PBS + 50 mM KCI. The running buffer was 0.5x
TB. For each panel, fR1 = 2.5 nM.
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Supplementary Figure S4-2. Assessment of binding of fH1 with VEGF-121. 2.5 nM fH1 was mixed
with 1.3, 2.6, 5.2, 10.4, 20.8, 41.7, 83.3, 166.7, and 333.3 nM VEGF-121.
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Supplementary Figure S4-3. Fraction of VEGF-165 bound fH2 when 2.5 nM fH2 (black circles) or
2.5 nM nfH2 + 25 nM nfH1 (red triangles) were mixed with 1.3, 2.6, 5.2, 10.4, 20.8, 41.7, 83.3,
166.7, and 333.3 nM VEGF-165.
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Supplementary Figure S4-4. Assessment of linking orientation (5' to 3') for heterodimers of
aptamers H1 and H2. (A) Fraction of fluorescent aptamers (2.5 nM) bound with VEGF-165 (10 nM).
Aptamer H2 (lane 1) and four H2TnH1 aptamers were compared in this experiment (n = 0, 10, 20,
30; lanes 2-5). (B) Fraction of fluorescent H1TnH2 (red circle) and H2TnH1 (black triangle)
heterodimers (2.5 nM) bound with VEGF-165 (10 nM).

132



OO WNE

e
O 0o~

Ph.D. Thesis — S. Manochehry; McMaster University — Biochemistry & Biomedical Sciences

A 10 T ~ ™
o ! o228 288
208 VEGF-H1TsoH2-VEGF
& 06 <«H1TsH2-VEGF
=
£ 04 <H1TsoH2
®
o 02
0.0
7 o g % Ks=11.3£0.2nM
[VEGF] (nM)
B
1.0
508
2 | VEGF- H1TaH1-VEGF
= 06 AH1TeoH1-VEGF
o
=04 <AH1TsoH1
©
@ 02
0.0
7 %o % %, Ke=7.0:1.5nM
[VEGF] (nM)
C + o~ ® 5
1.0 o28%8egsat
Zos et VEGF-H2TsoH2-VEGF
30 AH2TsoH2-VEGF
Q06 <QH2TaH2
o
£ 04
©
i 02

0.0
7 o g % Ky=22.4+1.0nM

[VEGF] (nM)

Supplementary Figure S4-5. Dimers with extended linkers compared. (A) H1T10H2 (red) compared
to H1TeoH2 (blue), with representative gel image of H1TsoH2 shown in right panel (B) H1T20H1 (red)
compared to H1TeoH1 (blue) (C) H2ToH2 (red) compared to H2TeoH2 (blue).
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2 Supplementary Figure S4-6. Deactivation of 1:2 binding using a dimeric aptamer containing a
3 deactivated aptamer domain. (A) Secondary structure of fully functional dimeric aptamer H1T20H1
4 and partially functional dimeric aptamer H1T20H1m in which the sequence of the second aptamer
5 domain is scrambled. (B) Binding of 2.5 nM monomeric aptamer H1, H1T20H1, and H1T20H1m with
6 0, 10, and 125 nM VEGF. Unbound aptamers, 1A-1P complex (A: aptamer; P: protein), and 1A-2P
7 complex are indicated by unfilled, black and grey arrows, respectively. (C) Lanes 7-9 from panel B,
8 shown with increased intensity to demonstrate lack of 1A-2P complex with H1T20H1m. (D)
9 Schematic explanation of what happened between the relevant aptamer and VEGF in lanes 7-9 in
10 panel B.
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Supplementary Figure S4-7. fH2 and nfH2T100 competition assay. (A) Fluorescent gel image of 2.5
nM fH2 alone (lane 1), and in the presence of 50 nM VEGF-165 (lanes 2-5) as well as 10, 40, 160
nM (lanes 3-5, respectively) nfH2Ti00. (B) SYBR gold stained version of same gel. Black line
indicates location of the nfH2T100-VEGF complex across both images of the same gel.
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Supplementary Figure S4-8. Assessment of binding of heterodimeric H1/R1 and R1/H2 aptamers.
Comparative binding of (A) aptamer H1 and two R1TnH1 heterodimers; (B) aptamer H2 and two
H2TnR1 heterodimers. Fraction of each fluorescent aptamer (2.5 nM) bound with VEGF-165 (10
nM) was shown.
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Appendix C: Supplemental Data Chapter 5

Supplementary Materials and Methods

In vitro selection, bioinformatic analysis, and screening-

Library Synthesis, Purification and Quantification. The selection library,
primers and candidate sequences were synthesized at 100nmole scale by
Integrated DNA Technologies(IDT). Unmodified sequences are obtained desalted
and lyophilized from the manufacturer. Library sequences
(TTACGTCAAGGTGTCACTCC-NNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNN- GAAGCATCTCTTTGGCGTG-3") are purified on a denaturing
10% polyacrylamide gel containing 8M urea in a TBE buffer system. Gels are
imaged by UV shadow and the full-length synthesis product band is excised. The
gel fragment is crushed and eluted using DNA Elution Buffer (10mM Tris pH 7.5,
200mM NaCl, 1mM EDTA) to recover the DNA oligo from the gel. The DNA is then
precipitated from the eluate by addition of absolute ethanol to a final concentration
of 70%, followed by centrifugation at 21,000xG for 15 minutes. After precipitation,
the DNA pellet is washed with fresh 70% ethanol and residual ethanol is removed
by evaporation. The DNA pellet in resuspended in 100uL water and the
absorbance at 260nm is determined on a Nanovue spectrophotometer (GE). The
A260nm value is then used to calculate the molarity of the DNA using the sequence
on an online calculation tool
(http://biotools.nubic.northwestern.edu/OligoCalc.html).

Oligo Radio-labelling. Library sequences and candidate sequences are
radiolabeled to allow for tracking during selection as well as estimates of loss and
recovery at various points in selection by Geiger counter. In a 20uL reaction,
~10pmol of unlabeled DNA oligo is phosphorylated with ~20uCi 32p-yATP (Perkin
Elmer) using 5u polynucleotide kinase (Lucigen) and incubated at 37°C for 30
minutes. The phosphorylation reaction is then purified on a 10% denaturing PAGE
gel as described above to remove unincorporated yATP. The product band is
excised and purified by crush-soak elution, ethanol precipitation and resuspended
in 20uL water.

Protein Binding to Ni-NTA Magnetic Beads. Immediately prior to selection,
his-tagged VEGF-165 (Acro Biosystems) is immobilized on Ni-NTA Magnetic
Beads (Qiagen). VEGF-165 is bound at a concentration of 3ug protein per 10uL
magnetic bead suspension in 75uL 1X Binding Buffer. The appropriate volume of
magnetic bead suspension is first aliquoted and separated on a magnetic rack and
the storage buffer is removed. The magnetic beads are then resuspended in 1X
Binding Buffer and the appropriate amount of protein. The binding reaction is then
incubated at 4°C for 1 hour on a rotator. Following binding, the magnetic beads are
separated, and the binding buffer is removed, followed by a wash an equal volume
of 1X wash/selection buffer. After the magnetic beads are once again separated
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and the wash buffer is removed, the bead-bound protein is ready for use in
selection.

Positive Selection. The selection reaction is prepared by adding
radiolabeled DNA library in sufficient quantity to allow for tracking by Geiger
counter, ideally >20,000 CPM per reaction. Unlabeled DNA library is then added
to achieve the final concentration, followed by 10X Selection Buffer and water. For
efficient magnetic separation, selection reactions are performed at >=25uL
reaction volumes, typically 50uL. The radioactivity of the sample is measured using
a Geiger counter by placing the reaction tube in a rack to position the sample a
fixed distance from the probe, this helps to improve measurement consistency. A
reading in counts per minute (CPM) is taken after the meter has stabilized, typically
20 seconds. The selection reaction is then heated at 90°C for 1 minute followed by
cooling at room temperature for 5 minutes. Immediately after cooling, magnetic
bead-bound protein is resuspended in the library mixture to start the selection
reaction. Selection reactions are incubated at 37°C for 1 hour on a rotator.
Following incubation, the magnetic beads are separated, and the unbound fraction
is removed to a separate tube. The beads are then washed with an equivalent
volume of pre-warmed 1X Wash Buffer at 37°C for 1 minute, followed by magnetic
separation and removal of the wash buffer to a separate tube. The wash step is
repeated a further 2 times to yield 3 wash fractions. Magnetic beads are then eluted
with an equivalent volume of 1X Elution Buffer at 65°C for 10 minutes, followed by
magnetic separation and removal of the Elution 1 fraction to a separate tube. The
elution is repeated once more with incubation at 90°C followed by recovery of the
Elution 2 fraction. The radioactivity of each recovered fraction is then measured as
described previously.

PCR 1 Library Amplification. DNA recovered in the Elution 1 fractions was
used as template for PCR 1 to generate an archival pool for the selection round as
well as template material for bulk PCR 2 amplification to regenerate library for
subsequent selection rounds, binding assays and sequencing pools. PCR
reactions were setup in 50uL volumes containing 1uL Elution 1 eluent, 500nM V1-
F primer, 500nM V1-R primer, 200uM dNTP (G-Biosciences), 1X PCR buffer, 2.5u
Tag DNA Polymerase (Genscript). Reactions were cycled at 95°C for 1 minute,
followed by repeating cycles of 95°C for 30 seconds, 50°C for 30 seconds and
72°C for 30 seconds. The amount of DNA library can vary over the course of
selection, therefore its necessary to optimize each PCR 1 reaction to determine
the optimal number of amplification cycles required to yield a consistent final DNA
concentration. The optimal number of amplification cycles is determined by taking
5uL aliquots from the PCR reaction at even cycle numbers (e.g. 6, 8, 10, 12, 14)
to run on a 3% TBE agarose gel stained with SybrSafe (Thermofisher) to check for
appropriate product size and yield. In early selection rounds (1-4) the entire was
Elution 1 eluent volume was used for PCR 1 amplification by performing multiple
reactions followed by pooling. In later rounds, ~10% of the Elution 1 eluent was
used for PCR 1. The pooled reactions from the amplification cycle determined by
agarose gel to be optimal were diluted 1:50 in water and archived at -20°C.
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PCR 2 Library Amplification. The bulk amplification of the DNA library for
the next selection was setup as described in PCR 1 using the diluted PCR 1
product as template in place of selection eluent and using the V1-R primer with the
blocked V1-R-SP18 primer. The cycling conditions were optimized as described in
rounds 1 and 2 after which the same cycling conditions were used with minor
changes without reoptimization. After cycling, PCR reactions were pooled and
concentrated by ethanol precipitation. Concentrated PCR reactions were then
purified by denaturing PAGE as described previously. Product bands were
visualized by UV shadow, a higher band (100nt) corresponds to the antisense
strand while the lower band (80nt) corresponds to the sense product. The sense
product band was excised and purified by crush-soak elution. Multiple elution
fractions were resuspended in 20uL water and quantified by A260 using a Nanovue
spectrophotometer. This product was then used for radiolabeling and selection.

PCR Amplification for lllumina Sequencing. Generation of library samples
for sequencing were performed using the PCR reaction as described for PCR 2
replacing V1-F and V1-R-SP18 with MiSeq-V1-F and MiSeq-V1-R primers
respectively. MiSeq primers contain hybridization and tag sequences necessary
for lllumina sequencing in addition to the library-specific hybridization domains. The
cycling conditions were as described in PCR 2. Typically, 8 replicate reactions were
performed for each sequencing pool. After cycling, replicate reactions were pooled
and ethanol precipitated followed by purification on 2% TBE agarose gel stained
with SybrSafe. The additional sequence contributed by MiSeq primers results in an
amplicon size of ~200bp. Product bands are visualized, and gel slices excised on
a blue-light transilluminator (Safe Imager, Thermofisher). DNA amplicons are
purified from gel slices using a commercial gel extraction kit (Nucleospin Gel and
PCR Clean-Up Kit, Macherey-Nagel) and eluted in 20uL Tris-EDTA kit elution
buffer. Final yield was quantified by A260 using a Nanovue spectrophotometer. An
equimolar mixture of multiple sequencing pools was assembled and sequenced on
an lllumina MiSeq sequencing using a 2x150bp paired-end kit at the Farncomb
Metagenomics Facility, McMaster University.

Sequencing and Bioinformatic analysis. Sequencing libraries for individual
selection rounds are prepared using the archived primary PCR product as template
and amplified in a PCR reaction using forward and reverse library primers modified
to include binding and barcoding sequences for lllumina DNA sequencing. PCR
reaction and cycling conditions match those used for secondary PCR. Each
sequencing pool to be analyzed is amplified using a common forward primer and
a unique reverse primer containing a pool-specific 6nt barcode sequence. Multiple
pools each with a unigue barcode can be sequenced simultaneously in a multiplex
lllumina sequencing run. Amplified sequencing pools are size purified by agarose
gel.

Sequencing reactions are run on an lllumina MiSeq sequencer using a
150bp paired-end read kit at the Farncomb Metagenomics Facility, McMaster
University. Raw sequencing data consists of paired-end sequence and read quality
data in two FASTQ format files, one for each DNA strand.
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Using the Cutadapt software package, forward and reverse library primer
sequences are trimmed from the forward and reverse reads respectively. The
trimmed forward and reverse reads are then merged into a consensus sense
overlap sequence using the USEARCH software package. Only sequences which
possess perfect complementarity in the overlap region are passed on to yield a
FASTA file containing sense reads of only the random library domain. This random
domain sequence file is then dereplicated using USEARCH to produce a FASTA
file containing only unique sequences with sequence identifiers noting the copy
number of each unique sequence. Comparing the total number of sequences after
read merging to the number of unique sequences after dereplication gives a
measure of the sequence diversity in the pool.

Analysis of the base frequency is calculated by importing unique sequence
reads into Excel and determining the base composition of each sequence with copy
>1 using custom VBA scripts. The overall pool base composition is then expressed
as a mean and standard deviation of unique sequence base compositions in the
pool of interest.

Cross-pool sequence analysis is performed by importing unique sequence
reads into Excel for all pools of interest. One sequence pool is chosen as the query
pool, typically the latest selection round, to be used as the reference for sequence
data ranking. Using built-in Excel functions, query pool sequences are Cross-
referenced across other sequencing pools to build a table showing the fractional
representation of a given sequence across rounds. Excel sorting functions can then
be used to sort filter and group sequences to generate a variety of ranking lists.

Multiple sequence alignments (MSA) are performed using the 50 most
abundant unique sequences generated using Clustal Omega algorithm version
1.2.4,%%% accessed at EMBL-EBI. 253 The resulting alignment file in FASTA format
is converted to a sequence logo using the WebLogo software package version
3.6.261
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Supplementary Tables and Figures

Supplementary Table S5-1. Multiple sequence alignment of top 50 most enriched sequences in
round 1le (2.5E-9M VEGF-165). Generated using Clustal Omega algorithm version 1.2.4,%°
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accessed at EMBL-EBI.253

47 e CTGCATGCGAAATCGGGGACCCTCCGGATGGGGGTGT T To-------
15 eeeeeeae CGCTGTATCTGGTTATGGGGGBTCCGAATGGTG GG CGAG--------
75U CCGTGGGGGCTTCCGAATGGGGGGTGAGAGTGTCTC
37 e CTGGAGGEGGGGGCTTCCGAATGGGGGGTGCTGCAGTT--
24 il CCGCTTGTAGCTCCGAAGGGGGGCTGGITGTTGG -
42 e CCGCGGCCAAACACGGCGG G CCGAACGGC
18 il CCOGTGGTGGCTCCGAATGGGGBACGTGTGGTTTTC
7 CCGCCCWGAATGGTTGAAGGGAGGACC CAG
21 el CGTCCCGAATGGCTGAAGGAGTGCTGACG
28 el CGCCCMGAATGGTTGAAGGAGTGTCAGTC
23 e CCGTCCCGAATGGCGAAGG GAGAG GAACAA
32 el CACGTCCCGAATGGCGAAGT GAG GT GAC CGA
A1 e CTGCCCOGAATGGTGAAAGGT GACACGAGT
35 el CGCCCMGAATGGTGAAGGAGTGTCTCGTA
17 el CACCGTCCOGAATGGCGAAGGTGGCTATACTC
4 CCOGTCCCGAATGGCGAAGGG BTG GCTAAG
5 CCOGTCCCGAATGGCGAAGG GG GCACAGTT
T CCOGTCCCGAATGGTGAAGGGGGBACGACG
20 e CCGTCCCGAATGGTGAAGGGATGACCGTTC
19 e CGGG\GGTCCGAATGGGE GGATCCGGAGGGAGT
49 e CGAGGTCCGAATGGE GGAG GATGACGGCGC
33 eeeeeoae CCGCAACTTAACGGTCTTCCGCTGTCCGAATGG T CGTTAG---------

< T CGGTGTCCGAAGGGG CGTTAGGAGT GGC CG
44 CGATGTCCGAAGGGG CGTTAGGAGTATCTG
26 oo CGGCCG--------- TAACCCOACTGGAAAGAGCCTTTTTGGCGG
3 CCTTGAT--------- ATGGCCCACTGCATAGAGCGTTTAGCGGT G
39 - CTCCOGGTCGATG- CTGGAAGGG CCGAAGG GGG G@ETATG-------
43 e CTTGATAGGC CCACTGCAGAGTGTCTAAATCGTCG
1T CTGCA- CG--- TTACCCOACTGGAGAGTGTTTATGAATGCG
14 e CCGTA- CTGAGTCGGT CCGAATGGCGGTCTTACATCTTCCT
45 e CCGTA- CTGAGTCGGT CCGAATGGCGGTCTTACACCTTCCT
27 e CTACACCGGTCCGAATGGG\GTAATACTGTAATGG
34 e CT- CTACACCGGTCCGAATGGG\GTAATGATGTTCGTG
e CACACCGGTCCGAATGGG\GTAATAATAGGT GGT
25 e CACACCGGTCCGAATGGG\GTCAATCAATAGCAG
- CGCCGTGGT- GGACAAGAGGGAGGCGGATATCCTGGGETG---
50 CCGCAGCCTAACTTCCGTCGTGGT- AGACTAGAGT GCAGAT Gr---nnmmmmmmmmmmee

< 2 CTAGGGGCC- AGGCGAAGCTTAGTAGGGGGTCCCCTCCCA----
9 e CTAGGGGCC- AGGCGAAGCTTAGTAGGGGGTTCCCTCCCA----
40 -CCC@GCCCG TACCACCTGGAGT- TAAGTGCGTCCOGAATG GT---nnmmmmmmmmnn

48 -<-= CACCAAC------ CCGGGEA- AATGCGAGCTCCGAATGGGTTGT CT---------

11 e CCTA- CCGCGCGGGGAC- CTGAGGAAGT CCGAATGGE GTCCrmnnnmmmnn-

46 --- CGCAATG- GCCGCCCCTAAAC- ATGCTGAGGT CCGAATG GG G-nnnnnmmmmmmnn

29 CCACGCGAAG- GTCTATTTTAACG- CCACTTTAGTCCGAATG G ---nnmmmmmmmmmnn

2 CCCGTCACCG GGTATTGGTATGC- TGTCTTTAGTCCGAATG G ---nmmmmmmmmmmme

22 CCGCGCATGT- ACAAATCTAGTGC- TGTCTTTAGTCCGAATG G ---nnmmmmmmmmmmm

13 CCCC@TATT- GCCCTCATGATGC- TGTCTTCAGTCCGAATG G --nnmmmmmmmmmmme

1 CCOGCGCAGC- CATTAGAGCTTGC- TGTCTTCAGTCCGAATG G --nnmmmmmmmmmm e

10 CACCCACCAT- TAGCCGTCATTGC- TGTCTTTAGTCCGAATG G --nnmmmmmmmmmmme

36 CAGAAGCCAC- CACGTTCAAATGC- TGTCTTTAGTCCGAATG G ---nmmmmmmmmmmnn
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Supplementary Table S5-2. Multiple sequence alignment of top 50 of 221 unique sequences
remaining following elimination of H1, H2, and H3 from the top 2000 in round 11e. Generated using
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Clustal Omega algorithm version 1.2.4,%%° accessed at EMBL-EBI.?53

129 e CACA-- CGTCTATTAGACTAGAGTGCAGTGTGGGGG CGCTTC--
70 e CCG-- CCGTGTGTGGACTAGAGGGAGGCG GG CGCGCTTCAC-
101 eeeeemeeaan CCGTGGTGGACTAGAG GGAGGG\GTGCTCAAGGACGA
355  ceeeeemeieoaas CCOBTGGTGGACTAGAGGGAGGG®GGEATTGC CGCA
- e CCOBTGGTGGACTAGAGGGAGGGGEBGATTTTGCTGTC
161 e CCGTGGTGGACTAGAG GG AGGG\GTGTGTGACCAGTG
- 7T CCGTGGTAGACTAGAGTGCAGGGI GGACACCAGGTCGG
144 el CCOBTGGCAGACTAGAGTGCAGGGGGTGATGTGGTGTG
143 CATGGGEGGTTCGGATGCT-- GACGTGGIGGACTAGAG GGEAG-------nmmnmmeenn

50 --- CCGCAGCCTAACTTCC-- GTCGTGGTAGACTAGAGTGCAGAT Grrmmmmmncaanns

119 e CGAGACGC-- GACGTGGIAGACTAGAGTGCAGGAGCGC CGCAG------
325 <= CA----- TGCGCTCGCGGACTGGTAGCT CCGAAG GGG GGCTCGT --nnnmmmnme-

24 i CCGCTTGTAGCTCCGAAGGGGGGCTGGTTGTTGGC- ACTT
65  emeeeeeeeeeeoooe CGGCTGGTAGCTCCGAAGGGGGGCTGGGG GATCG- CGGG
139 CCCACGCGACCGGCCCTTTGACTAAATGCGTCCCGGAT GGT - mmmmmmmmmmmee

344 - CCCAGCGCGCGAATAATCCAAAAGATGCGTCCOGGATGGCT ~-mrmmmmmmcaenns

383 - CCCWGGCAACCCTAATAAAC CAGATGCGTCCOGGATGGT Crnnrmrmmmmmmeeeens

47 eeeeees CTGCATGCGAAATCGGGGACCCTCCGGATGGGGGTGTTTonmnnnm--
385  ceeee- CGCACGTACGCTGCACTGGGGGCTTCCGGATGGGGGTGT--nnnnmmmmme-

39 e CTCCCGGTCGAT--- GCTGGAAGGGICCGAAG GGG GGGGTATGr---nn---
164  ----- CTGGGEGTATGGG-- GAGGACTGATGCGAG GT CCG- GATG GGl G----------
285 ---- CCGCCCAACGGT--- GAAGGGE GTGATATAAAGCC- GGCCTG G ---nnnnnn-
251 --- CACGTCCCGAACGGC--- GAAGTGGAGGAGT CATTGT G- GCCT GG -----nnnnn-

89 CGAGCCGTCCOGGATGGT--- GAAGGCGAGGTCTTCGGCCG- GGG rnnrmmmmmmnnn-

122 -~ CCOGTCCCOGGATGGC--- GAAGGGGAGTCTCTTAGT G- CCGCG G --nnnnnnnn-

297 ---- CCGTCCCGGATGGC--- GAAGGGAGAGAAC CGGCGCG- GTGGGGr----------

159 -~ CCGCAGATCCGAAGGG-- GACAAGGG Grr--nn---- AC- CTGGTGGGGT- GG -
180 --- CAGGAGTCCGAACGG-- GTGCCTGGT Grrnnmnn--- AACCGGGI GGCGCG- GG -
363 --- CCGAGGICCGGATGG-- GTGGAGGGG ---------- GCAGCAATGGG CG- GG -
195 e CTAGCTC--- TTGGA CCGGATGGCG---- GAGGATTGGCTAG- ACTA
299 oo CATCG-- GTGGGI CCGAACGGCGGCAGG @ATGGTGGCGAT- AT--
42 ---- CCGCGGCCAAACACG-- GCGGG CCGAACG GCAGCGCC OB GG Grnmmnnnnnnns

356 ---- CCGGGE CCGAACGG-- GTACGGGE GCACCGCTAGTGCCGGCGG -----=-nx=-

38 <<~ CGGIGTCCGAAGGG-- GTCGTTAGGAGTGGCCGGTGGGG GGG -----------

44 ---- CGATGTCCGAAGGG-- GTCGTTAGGAGTATCTGCAGGTGGG Gr-----=-----

87 -~ CTATGCTCCG GAGTT--- CTGGCGAAGCTAAGCTGA--- TCCGTCTA------nnn-

3 e CTAG- GGE C--- CAGGCGAAGCTTAGTAGG-- GGTGTCCCTCCG A---
9 e CTAG- GGE C--- CAGGCGAAGCTTAGTAGG-- GGTGTTCCCICCG A---
163 eeeee--- CCAG- GGE C--- CAGGCGAAGCTTAGTAGG-- GGTGTTCCCICCG A---
212 e CCAG- GGEC--- CAGGCGAAGCTTAGTAGG-- GGTGTCCCOCCG A---
265  eeeeeeeoo- CGAGG-- GGCCAGGCAGCGAGATGC--- TGTCTTCAGTCCG- AACG
82  eeeeeeeoe- CCCCT--- CGAGTCTGTGCCGTATGC--- TGTCTTTAGTCCG- GATG
210 eeeeeee- CCOBG-- TCCATATAGAGAGGATGC--- TGTCTTCAGTCCG- GATG
202 e CCCAA--- CCGACGTCGGAGTATGCT--- GTCTTTTAGTCCG- AACG
217 oo CACAG--- CCOGGATCGTTCACTACG--- CCACTTTAGTCCG- AACG
301 CGCTTCGTAGGG GCTCG--- GTAGTCGGAATCAGGAAA--- GGTCTCrrcrrmmmmn--

184 -~~~ CAGGCCOGG=---- C--- GGTCTTTCTTGCTGTATG--- GGTCTTCAGTCCG-----
207 -- CTAGGCGGGG---- G--- AGTCTGGCAATGCGGATG--- GGTCTTTAGTCC------
62  ----- CCC@GCG- CACTC--- TTCGGCGTTGTCCGGATG--- GGTCGTTAGC C-------
282 -- CACGGCCCCT- AACGT--- ATTCAGGTTGTCCGGATG--- GGTCGCCT----x--
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Supplementary Table S5-3. Multiple-round trend analysis. A comparison of relative abundance in
rounds 11d vs 11c, and 11e vs 11c. Shown, are the top 50 of 221 sequences remaining following

the elimination of candidates from H1-3 classes from the top 2000 in round 11e.

rank

(round

11e)

24
38
39
42
44
47
50
62
65
70
82
87
89
101
119
122
129
135
139
143
144
158
159
161
163
164
180
184
195
202
207
210
212
217
251

Copy
number

2815
1457
742
498
454
434
422
392
366
333
326
315
270
257
255
225
188
179
174
169
166
160
160
150
149
148
146
146
136
133
129
125
123
122
122
119
103

Sequence

CTAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTCCCCTCC
CTAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTTCCCTCC!
CCGCTTGTAGCTCCGAAGGGGGCGCTGGTTGTTGGCACT
CGGTGTCCGAAGGGGTCGTTAGGAGTGGCCGGTGGGGG!
CTCCCGGTCGATGCTGGAAGGGTCCGAAGGGGGGGCGT!
CCGCGGCCAAACACGGCGGGTCCGAACGGCAGCGCCEG
CGATGTCCGAAGGGGTCGTTAGGAGTATCTGCAGGTGGG
CTGCATGCGAAATCGGGGTACCCTCCGGATGGGGGCTGT
CCGCAGCCTAACTTCCGTCGTGGTAGACTAGAGTGCAGAT
CCCCGCGCACTCTTCGGCGTTGTCCGGATGGGTCGTTAG!
CGGCTGGTAGCTCCGAAGGGGGCGCTGGGGTGATCGCG!
CCGCCGTGTGTGGACTAGAGGGCAGGCGGGCCGCGCLTT(
CCCCTCGAGTCTGTGCCGTATGCTGTCTTTAGTCCGGATG
CTATGCTCCCGAGTTCTGGCGAAGCTAAGCTGATCCGTCT
CGAGCCGTCCCGGATGGTGAAGGCGAGGTCTTCGGCCG(
CCGTGGTGGACTAGAGGGCAGGGAGTGCTCAAGGACGAC
CGAGACGCGACGTGGTAGACTAGAGTGCAGGAGCGCCG(
CCCGTCCCGGATGGCGAAGGGGTAGTCTCTTAGTGCCGC
CACACGTCTATTAGACTAGAGTGCAGTGTGGGGGCCGCTT
CCGTGGTAGACTAGAGTGCAGGGTGGACACCAGGTCGGC
CCCACGCGACCGGCCCTTTGACTAAATGCGTCCCGGATG!
CATGGGCGGTTCGGATGCTGACGTGGTGGACTAGAGGGC
CCCGTGGCAGACTAGAGTGCAGGGGTGTGATGTGGTGTG
CCCGTGGTGGACTAGAGGGCAGGGGGTGATTTTGCTGTC
CCGCAGATCCGAAGGGGACAAGGGTGACCTGGTGGGGTT
CCGTGGTGGACTAGAGGGCAGGGAGTGTGTGACCAGTGC
CCAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTTCCCTCC
CTGGGCGTATGGGGAGGACTGATGCGAGGTCCGGATGG(
CAGGAGTCCGAACGGGTGCCTGGTGAACCGGGTGGCGC(
CAGGCCCGGCGGTCTTTCTTGCTGTATGGGTCTTCAGTCC
CTAGCTCTTGGGTCCGGATGGCGGAGGGCTTGGCTAGAC
CCCAACCGACGTCGGAGTATGCTGTCTTTTAGTCCGAACC
CTAGGCGGGGGAGTCTGGCAATGCGGATGGGTCTTTAGT
CCCGGTCCATATAGAGAGGATGCTGTCTTCAGTCCGGATC
CCAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTCCCCTCC
CACAGCCCGGATCGTTCACTACGCCACTTTAGTCCGAACC
CACGTCCCGAACGGCGAAGTGGAGGAGTCATTGTGGCCT
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11d/
1llc

3.8
.15
0.8
1.4
13
0.9
1.6
0.9
0.9
11
1.8
13
11
0.9
0.9
13
1.4
1.0
0.8
0.8
0.8
13
0.8
13
1.0
1.0
1.2
0.7
0.9
0.7
1.8
0.8
0.7
1.0
3.0
0.7
1.0

11e/
11c

2.0
1.6
1.0
0.7
0.8
0.4
0.8
0.6
0.9
0.5
0.8
13
1.0
0.6
0.9
0.9
1.0
LS
1.0
0.7
0.7
0.7
0.8
13
13
13
0.8
0.4
0.5
1.0
0.8
0.8
1.0
1.0
15
1.0
15
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265
282
285
297
299
301
325
344
355
356
363
383
385

98
91
91
87
86
86
79
75
74
74
74
71
70

CGAGGGGCCAGGCAGCGAGATGCTGTCTTCAGTCCGAAC 1.3 1.0
CACGGCCCCTAACGTATTCAGGTTGTCCGGATGGGTCGCt 1.0 1.0
CCGCCCCGAACGGTGAAGGGTGTGATATAAAGCCGGCCT 1.0 1.0
CCGTCCCGGATGGCGAAGGGAGAGAACCGGCGCGGTGG 1.0 0.5
CATCGGTGGGTCCGAACGGCGGCAGGGTATGGTGGCGAT 0.8 0.4
CGCTTCGTAGGGGCTCGGTAGTCGGAATCAGGAAAGGTC 2.0 0.7
CATGCGCTCGCGGGACTGGTAGCTCCGAAGGGGGCGCTC 1.0 1.0
CCCAGCGCGCGAATAATCCAAAAGATGCGTCCCGGATGG! 1.0 1.0
CCCGTGGTGGACTAGAGGGCAGGGGAGGGCATTGCCGC: 1.0 2.0
CCGGGTCCGAACGGGTACGGGTGCACCGCTAGTGCCGGt 1.0 1.0
CCGAGGTCCGGATGGGTGGAGGGGTGCAGCAATGGGTCt 1.0 0.7
CCCCGGCAACCCCTAATAAACCAGATGCGTCCCGGATGG 1.0 1.0
CGCACGTACGCTGCACTGGGGGCCTTCCGGATGGGGGCT 1.0 1.0

Supplementary Table S5-4. The sequences of all DNA aptamers tested in this work.

Name Sequences (5'to 3)

H2r1 TTACGTCAAGGTGTCACT@TGCGCAGCCATTAGAGCTTGCTGTCTTCAGTCCGAA]
GAAGCATCTCTTTGGCGTG

H2r3 TTACGTCAAGGTGTCACT@IACCGCGCGGGGTACCTGAGGAAGTCCGAATGGGT(
GAAGCATCTCTTTGGCGTG

H2r6 TTACGTCAAGGTGTCACT@CTGTCCCGAATGGCGAAGGGGATGGCTAAGTAGCGT(
GAAGCATCTCTTTGGCGTG

H1r18 TTACGTCAAGGTGTCACT@GETCGTGGTGGACAAGAGGGCAGGCGGATATCCTGGG
GAAGCATCTCTTTGGCGTG

H3r98 TTACGTCAAGGTGTCACTACCGGCGTAACCCCACTGGAGAGTGTAATTGGGCGG(
GAAGCATCTCTTTGGCGTG

H3r117 TTACGTCAAGGTGTCACT@AGCCCACTGCATAGTGTCTCTACCAATACTTCTTGCT
GAAGCATCTCTTTGGCGTG

H4r3 TTACGTCAAGGTGTCACT@ITAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTCCCCT
GAAGCATCTCTTTGGCGTG

A B

VEGF-165 [4uM]

VEGF-121[4uM]

No Protein Control

Selection Round Selection Round

R10a
R10b
R10a
R10b

T © & Q
IS T v 9O N ® & O
< o ) e e 2 e e &
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No Protein Control . . . . . . ' . . . '

Supplementary Figure S5-1. Dot-blot, for library response to VEGF-165 and VEGF-121. (A)
Nitrocellulose layer, where complexes of protein-DNA are captures, as indicated by the darker
signal. (B) Nylon layer, where DNA that remains unbound by the target is visible.
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Supplementary Figure S5-2. Major clusters |dent|f|ed in a de novo selection for VEGF-165. (A)
Figure summarizing alignment and clustering as determined by recursive multiple sequence
alignment carried out on the top 200 sequences from round 10b. Level one (L1) clustering refers to
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clustering sequences sharing 90% sequence identity (e.g. 36/40 nts), while L2 and L3 clusters
shown in panel A are based on the presence of motifs known to be responsive to VEGF-165. They
include “H1” — 5’ AAGAG'3, which is found in “L2C11” —= TGGACWAGAGGGCAG; W=AorT, an
expanded class corresponding to H1 aptamer’s motif;??4225 “H2” — 5°CCGWATGG'3, found in
“L3C1"- a class corresponding to H2 aptamer’s motif, 222252 found across several L2 subclusters
with varying positioning of the motif. In addition to "L3C33” — SCCCACTGSA; S = C or G, an
expanded new class corresponding to new motif L2C33 and L2C36. (C) Cluster name is shown on
the left, with the classification used herein detailed on the right side for H1-3. Middle portion shows
sequence logos generated after clustering of class representatives. Stack width is proportional to
the fraction of bases in that position, alignment gaps produce narrow letters. Relative letter height
is proportional to the given base’s frequency at that position. Stack height indicates conservation at
the given position.
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Supplementary Figure S5-3. Screening of candidates from H1-3. (A) Representative dot-blot,using
100nM DNA and 4 uM VEGF-165 and (B) EMSA using 25 nM nonfluorescent DNA and 25 nM
VEGF-165.
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Supplementary Figure S5-4. Heteromeric displacement assays of H1 with H3a and H3p.. Binding
of VEGF-165 (10 nM) by fluorescent aptamer H1 (fH1r18; 2.5 nM) competed by non-fluorescent
aptamer H3 at 0, 2.5, 5, 10, 20, 40, 80, 160, 320 nM (lanes 2-10).

VEGF - >

Competitor B T tosnM sl 550nM

| S

fH1+ nfH4

Supplementary Figure S5-5. Heteromeric displacement assays of H1 with H4. Binding of VEGF-
165 (10 nM) by fluorescent aptamer H1 (fH1r18; 2.5 nM) competed by non-fluorescent aptamer H4
(nfH4r3) at 0, 2.5, 5, 10, 20, 40, 80, 160, 320 nM (lanes 2-10).

508
@D 06 H4 @0.5nM
504 H4T100H4 @0.5nM
H4 @2.5nM
& 02 H4T00H4 @2.5nM
0.0 +
Q

[VEGF] (nM)

Supplementary Figure S5-6. Comparing H4 and its dimeric form. Binding curves obtained for
monomer, fH4, and dimer, fH4T100H4, using 2.5 nM aptamer (empty marker), prior to testing with
0.5 nM aptamer (solid marker) and lowered protein concentrations for added accuracy once Kq of
dimer was determined to be lower than 2.5 nM (2.4 £ 0.1 nM). Kq of H4 observed to be ~4 nM in
both cases (4.0 £ 0.5 with 2.5 nM fH4; 4.7 £ 0.4 with 0.5 nM fH4), and H4T100H4 observed to have
a Kg of 1.4 + 0.3 nM using 0.5 nM fH4T100H4. The response curves for both aptamers at both
concentrations are shown on a single graph to confirm that the monomer produces overlapping
curves at both aptamer concentrations, while the binding curve for the dimer H4T100H4 is shifted
leftward at lower aptamer concentrations.
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