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Abstract

Nucleic acids and proteins play essential roles in biological systems; and the detection
of these molecules can be applied to the diagnoses of diseases. Extensive detection of the
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) viral RNA has
contributed to the containment of the recent coronavirus disease of 2019 (COVID-19)
pandemic. The gold standards for the detection of nucleic acids and proteins are the
polymerase chain reaction (PCR) and enzyme-linked immunosorbent assay (ELISA),
respectively. Although PCR and ELISA are sensitive and accurate, they are not ideal for
point-of-care (POC) analysis because PCR requires thermal cycling and ELISA protocols
include time-consuming washing steps. Isothermal amplification techniques and
homogeneous binding assays are promising alternatives for POC applications. The former
can be performed under readily achievable temperature and the latter in a single test tube.

Recently, clustered regularly interspaced short palindromic repeats (CRISPR) and
CRISPR-associated (Cas) proteins have been integrated with the isothermal amplification
techniques to improve the specificity of the detection of SARS-CoV-2 viral RNA to avoid
false positive results. Composed of a guide RNA (gRNA) and a Cas protein, the CRISPR-
Cas system can be activated only when the gRNA hybridizes with the specific
amplification product of target gene. Most developed assays for SARS-CoV-2 rely on
fluorescence detection and/or a lateral flow format, which requires an excitation light

source and sophisticated equipment. Colorimetric assays, on the other hand, have not been
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fully exploited for sensitive and rapid detection. Described in Chapter 2, a molecular
transducer with hairpin structure was used to facilitate the trans-cleavage activity of
CRISPR-Casl2a, resulting in the aggregation of gold nanoparticles (AuNPs) and color
change. A simple centrifugation step for 10 seconds was sufficient to achieve a clear color
change within 1 minute. The assay maintained the sensitivity of isothermal amplification
and had a detection limit of 225 copies of the nucleocapsid (N) gene of the viral RNA.

The cleavage activity of DNAzyme has also been incorporated with isothermal
amplification techniques to construct DNA circuits with enhanced sensitivity or lower
background. In a typical circuit, the amplification reaction and cleavage reaction form a
positive feedback loop to amplify the target exponentially. However, the detection of
different nucleic acid targets requires individually redesigned sequences of the circuit.
Taking advantage of the multiple component nucleic acid enzyme (MNAzyme) technique
derived from DNAzyme, | designed two subunits to recognize the target and initiate the
DNA circuit (Chapter 3). The detection of a different target was readily achieved by
changing only the complementary region of the subunits. To minimize background and
maintain the cleavage activity of the MNAzyme, I investigated a series of blockers that
were critical to the construction of circuit with positive feedback. I achieved a limit of
detection at M levels for two model targets.

MNAzymes have been used for the detection not only of nucleic acids but also of

proteins. MNAzymes with different secondary structures have been reported and the split
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locations of MNAzymes used for proteins were the same as of MNAzymes used for
nucleic acids. So far, there is no systematic study exploring how the secondary structure
and split location affect the cleavage activity of MNAzymes in protein analysis. In
Chapter 4, I systematically compared 14 split locations and two secondary structures to
obtain MNAzymes with high cleavage activity. To achieve homogeneous detection of
specific proteins, I combined the selected MNAzyme with binding-induced DNA
assembly (BINDA) (Chapter 5). I designed two DNA motifs with short complementary
regions. The two motifs assembled together to form the MNAzyme only in the presence
of the protein target. For the detection of two protein targets, I achieved a sensitivity of
pM level without polymerase-assisted amplification. The assay was performed in a single
test tube and required only the mixing of reagents and reading of signals.

I developed a colorimetric assay and a DNA circuit for isothermal detection of nucleic
acid targets. I investigated the MNAzyme with the optimal split location and secondary
structure for homogeneous detection of protein targets. My thesis research contributes to
the development of POC tests of these biomolecules. By altering the recognition
component (gRNA, sensor arm, aptamer, and antibody), I can potentially extend the

developed assays to the detection of various targets.
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Chapter 1 Introduction

1.1 Nucleic acids and proteins

Nucleic acids are polymers of nucleotides, whose complementary nature ensures the
transfer of genetic information described by central dogma. Proteins consist of amino acid
residues (polypeptides). The non-covalent bonds and disulfide bridges between residues
fold the polypeptide chain into a specific three-dimensional conformation, which
determines the activity of protein. The functions of proteins include but are not limited to
catalyzing reactions, cell signaling, immune response, mechanical support and

transporting other molecules.'

1.1.1 Need for detection of nucleic acids and proteins

Since nucleic acids and proteins play critical roles in biological systems, mutated
DNAs (or RNAs), secreted proteins, and changes in concentrations of these molecules
usually indicates the existence and development of diseases. For instance, microRNAs
and prostate-specific antigen (PSA) can be used as biomarkers for cancers.*!® The
detection and monitoring of them contribute to the early diagnosis and treatment of
diseases.!* Therefore, Great efforts have been devoted to the development of simple
detection methods for point-of-care (POC) analysis.> 1°

Recently, coronavirus disease of 2019 (COVID-19) has raised the need for specific

and sensitive detection of nucleic acid and protein. As of April 2021, this global pandemic



has led to more than 140 million reported cases and 3 million deaths. The molecular
diagnosis of COVID-19 depends mainly on the detection of different genes of the severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) viral RNA.!%'7 The detection
of immunoglobulin G and M (IgG and IgM) antibody in human serum is also useful for

confirming past infection. '8

1.1.2 Conventional detection methods for nucleic acids and proteins

Polymerase chain reaction (PCR) and enzyme-linked immunosorbent assay (ELISA)
are the most popular detection methods for nucleic acids and proteins, respectively.!*%2
Their developments are the milestones of the molecular diagnosis. The capability of PCR
for exponential amplification has realized the detection of a few copies of a nucleic acid
target. ELISA uses protein enzymes instead of radioactivity as the reporter to replace
radioimmunoassays.?! ELISA has a simple procedure and simultaneous analysis can be
achieved without complicated pre-treatment of samples.”> ELISA can detect levels as low
as 100 pg/mL of proteins with good specificity.**

As demonstrated in Figure 1.1, PCR amplification of DNA relies on the thermal
cycling.?’ Each cycle has three stages: denaturation, annealing, and elongation. A high
temperature of 95 °C is used in the denaturation stage to melt the double-stranded DNA
(dsDNA). Then, the temperature drops to about 50 °C to anneal the primers with the

denatured single-stranded DNA (ssDNA). The temperature of the elongation stage is set

at about 72 °C for the optimal activity of the DNA polymerase. The polymerase can extend



the 3’-end of the primer by adding nucleotides complementary to the ssDNA one by one.
In each cycle, the amount of the DNA target is doubled.
During the COVID-19 pandemic, reverse transcription (RT)-PCR has been used to

detect specific sequences of the viral RNA genome.?>?’

Reverse transcription of the
target produces a complementary DNA that can be amplified by the procedure of the
thermal cycling. During the amplification, the polymerase with 5’-3” exonuclease activity
can break down the fluorescent probes (e.g., TagMan probes) hybridizing with the
amplicons. Thus, the fluorophore and quencher on the two ends of the probe is separated
to generate fluorescence signal.

Figure 1.2 illustrates a typical ELISA assay with sandwich format.? It comprises five
steps: (i) immobilization of capture antibody, (i1) sample incubation, (iii) separation of
unbound target, (iv) incubation of enzyme-labeled antibody, and (v) signal generation.
After the capture antibodies are immobilized on the plate, multiple washing steps have to
be used to remove extra antibodies. Then, the buffer containing BSA (bovine serum
albumin) is used for blocking the plate to prevent the non-specific adsorption of enzyme-
labeled antibodies and interference proteins in sample matrix. Next, the sample is added
to capture the target. The unbound target is also removed by multiple washing steps. The
enzyme-labeled antibodies are added to bind to captured targets and form a sandwich
structure for signal generation. It is also necessary to wash away extra enzyme-labeled

antibodies. As the sandwich ELISA employs two antibodies to recognize one target, it has

an excellent specificity for protein detection.
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Figure 1.1. Thermal cycling of PCR. The temperature is raised to 95 °C for the
denaturation of the dsSDNA target. Then, the temperature is decreased to about 50 °C for
primer annealing. The polymerase extends the primers at 72 °C. Reprinted with

permission.?° Copyright 2006 Elsevier.
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Figure 1.2. Detection of antigen using sandwich ELISA.? The procedure includes: (i)
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immobilization of capture antibody on the solid phase of the plate; (i1) incubation of target
antigen; (ii1) washing the plate to remove the unbound target; (iv) incubation of enzyme-
labeled antibody; (v) signal generation using substrate. Reprinted with permission.

Copyright 2018 Springer.

Although PCR and ELISA are the gold standards, they need a thermal cycler or
multiple washing steps that are not ideal for simple POC analysis. Isothermal
amplification techniques and homogeneous binding assays are promising alternatives for

the detection of nucleic acids and proteins, respectively.



1.2 Isothermal amplification of nucleic acids

Despite the extraordinary sensitivity of PCR, the high energy consumption of the
thermal cycler limits its application in resource-limited settings and POC analysis.?® The
isothermal amplification technique is a promising alternative to PCR because the
amplification is performed at a mild and constant temperature. Only an air or water bath
at 37-65 °C is required to conduct the amplification. Instead of using high temperature
(95 °C), isothermal amplification techniques can unwind the double-stranded target by
using different enzymes, such as ribonuclease H, helicase, recombinase, and polymerase
with strand displacement activity.?®

The first isothermal amplification technique for nucleic acids was established based
on ribonuclease H. Known as self-sustained sequence replication, this technique was
performed at 37 °C.?° The RNA template is first reverse transcribed to produce a
DNA/RNA hybrid. After ribonuclease H degrades the RNA template in the hybrid,
complementary DNA is then released for the next round of amplification. In the helicase-
dependent amplification®® and recombinase polymerase amplification (RPA)*! techniques,
helicase can open the DNA duplex and recombinase can facilitate the strand exchange for

primer binding.

The most prominent strategy uses DNA polymerases with intrinsic strand
displacement activity. Strand displacement amplification (SDA)* and exponential

amplification reaction (EXPAR)*? are two techniques that need both DNA polymerase and



restriction endonuclease. After the polymerase makes a copy of the template, the
endonuclease can recognize a specific region of the copy and nick it to generate a new 3’-
end. Then, the polymerase extends this new end to produce a second copy, which is nicked
and extended repeatedly. On the other hand, rolling circle amplification (RCA)**3° and
loop-mediated isothermal amplification (LAMP)*® only need polymerase, but no
endonuclease. RCA uses a circular template formed by the ligation of the padlock probe.
The polymerase can keep extending the primer and displace the product on the circular
template with no need for new 3’-end. The amplified product of LAMP can form new 3’-

end by self-folding into a loop-stem structure.

1.2.1 Strand displacement amplification (SDA) technique

Walker et al. developed the first SDA using DNA polymerase and endonuclease at
37 °C (Figure 1.3).>” The primer strand contains the recognition region (5’-GTTGAC) for
restriction endonuclease. Assisted by nucleoside triphosphate (dNTP), the DNA
polymerase can extend the 3’-ends of the primers and the target. The extension forms the
DNA duplex (GTTGAC/GTCAsAsC), which can be recognized by endonuclease Hinc 11
for nicking. In the recognition region, the nucleotide ‘A’ is displaced by ‘As’ (A alpha S),
whose phosphate on the 5’-carbon has sulfur instead of oxygen. Consequently, the
endonuclease can only nick the strand 5’-GTTGAC. Thus, polymerase can extend the new
3’-end (GTT-3’) to generate a new copy of the target and meanwhile displace the old copy

of the amplification.
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Figure 1.3. Fundamental reaction process of SDA technique.>’” DNA target binds to the
SDA primer containing recognition sequence for endonuclease, Hinc 1I. Polymerase
extends the primer to produces a double-stranded recognition region that Hinc II can nick.
Then, polymerase extends the new 3’end at the nick and displace the downstream
fragment. Nicking and extension/displacement steps cycle repeatedly to produce single-
stranded copies of the target. Reprinted with permission. Copyright 1992 U.S. National

Academy of Sciences.



The original SDA used only one primer and amplified the target in a linear manner.
Using two primers to amplify dsDNA, the same research group developed the exponential
SDA (E-SDA), which was able to generate 107 copies of the target in two hours.>? Despite
its high efficiency of amplification at a mild temperature, E-SDA still needs the initial

thermal denaturation step at 95 °C to unwind the target.

1.2.2 Loop-mediated isothermal amplification (LAMP) technique

Compared to SDA, LAMP uses only polymerase but requires a higher reaction
temperature of 65 °C. Figure 1.4 depicts the LAMP reaction.>® LAMP employs at least
four primers, a forward inner primer (FIP), a backward inner primer (BIP), and two outer
primers (F3 and B3), to target different regions of the dSDNA (Figure 1.4.a). The F2
region of FIP first hybridizes with the F2c region of the target, making a copy containing
the Flc, F2, F1, Blc, B2c and B3c regions (Figure 1.4.b). Next, the F3 primer binds to
F3c of the target. The extension of F3 displaces this copy from FIP. The Flc and F1
regions self-fold to form a loop-stem structure. BIP and B3 primers then do the same
process to generate a product with a dumbbell structure. Figure 1.3.c demonstrates the
cycling amplification based on the dumbbell structure. The extension starts from either
the 3’-end of the stem or the FIP/BIP binding to the loop region. LAMP has a powerful

amplification capability of generating 10° copies of the target in 1 hour.

In spite of its high amplification efficiency, LAMP has the limitation of nonspecific



amplification.** SYBR Green is the dye that is usually used to monitor all dSSDNA products
of LAMP. Any nonspecific amplicon of LAMP can be also detected by SYBR Green to

generate false positive results.
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Figure 1.4. Principle of LAMP technique.*® (a) Design of 4 primers: forward inner primer
(FIP), backward inner primer (BIP), and outer primers (F3 and B3). (b) Generation of
dumbbell structure. (¢) Cycling amplification step. Reprinted with permission. Copyright
2008, Springer Nature.
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1.3 Combining frans-cleavage activity of CRISPR-Casl2a system with isothermal

amplification techniques

In recent years, CRISPR-Cas systems have been combined with isothermal
amplification techniques for the detection of nucleic acids without interference by
nonspecific amplicons.*® The CRISPR-Cas system is composed of a CRISPR RNA
(crRNA) or a single-guide RNA (sgRNA) and a Cas effector protein.*!*** In contrast to
other nucleic acid binding proteins, Cas protein can target any gene sequence by recruiting
a complementary crRNA or sgRNA. The programmable property of this simple two-
component system is advantageous for gene editing, regulating, and imaging.
Furthermore, several Cas effector proteins have been found to possess trans-cleavage
activity that can be utilized for nucleic acid detection.***** The binding of CRISPR-Cas to
the target is extremely specific and the multiple turnover frans-cleavage reaction can
improve the sensitivity. Thus, the CRISPR-Cas technique can improve the isothermal

amplification to achieve better performance of nucleic acid detection.

1.3.1 CRISPR-Cas12a system and trans-cleavage

Four common CRISPR-Cas systems, CRISPR-Cas9,*! Casl2a,** Casl13a*, and
Cas14*®, have been characterized with different targeting properties and cleavage

activities. Cas9, Casl2a, and Cas14 can target DNA but Cas13a only binds to RNA. Cas9

12



has only cis-cleavage activity to cleave its target while Cas12a, Cas13a, and Cas14 have
both cis- and trans-cleavage activity. Casl2a and Casl4 can frans-cleave nonspecific
ssDNA but Casl3a trans-cleaves ssSRNA. Among these four systems, Casl12a has been
most widely investigated for the detection of nucleic acids when it is necessary to use
isothermal amplification techniques to amplify the target prior to the trans-cleavage.
CRISPR-Casl2a can directly recognize the specific dsDNA products of isothermal
amplification and has a high activity of trans-cleaving 1250 substrates by one enzyme per
second. Labelling the ssDNA substrate with functional groups (e.g., fluorophore and
quencher pair), researchers took advantage of the tramns-cleavage activity of Casl2a to

develop different detection platforms for nucleic acids.* 4648

Figure 1.5 shows the cis-cleavage of the dsDNA target and trans-cleavage of the
nonspecific ssDNA substrate by CRISPR-Cas12a.*’ The CRISPR-Cas12a system consists
of a crRNA and Casl2a effector protein. The spacer region of the crRNA can guide
Cas12a to match the protospacer region in the target strand. When binding to the dsDNA,
crRNA needs a protospacer adjacent motif (PAM) downstream from the protospacer. Thus,
Casl2a has good specificity toward the dsDNA target. The endonuclease activity of the
RuvC domain of Cas12a can cis-cleave both the target strand and the non-target strand at
staggered sites to produce a 5—7 nt overhang. Cas12a cleaves not only the target dsDNA
but also any ssDNA indiscriminately. Such trans-cleavage occurs in a multiple turnover

manner and thus can be harnessed to amplify the signal of detection of nucleic acids.
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Figure 1.5. Components of CRISPR-Casl2a and its cis- and trans-cleavage. Upon
binding to the dsDNA target, Cas12a can achieve the PAM-dependent cleavage of both
target and non-target strands with RuvC domain alone. Cas12a also exhibits the trans-
cleavage activity, which cleaves the ssDNA indiscriminately. Reprinted with

permission.*® Copyright 2021, Royal Society of Chemistry.

1.3.2 Incorporating the CRISPR-Cas12a system after isothermal amplification

The trans-cleavage activity of CRISPR-Casl2a has been incorporated after the
isothermal amplification of low abundance nucleic acid targets to achieve specific and
sensitive detection on versatile platforms.** % As mentioned above, Casl2a can
specifically recognize the dsDNA so that it can differentiate the specific amplicon from
the byproduct of the isothermal amplification. In addition, the multiple turnover cleavage

activity can generate an amplified signal readout to improve the sensitivity. Moreover, the
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ssDNA substrate of trans-cleavage can be labelled with different functional groups to be

applied to fluorescent and lateral flow.

After Zhang’s group developed SHERLOCK (Specific High-sensitivity Enzymatic
Reporter UnLOCKing) strategy by incorporating CRISPR-Cas13 after RPA, Doudna and
her coworkers used Cas12a to replace Cas13 to avoid the additional transcription step and
established DETECTR (DNA Endonuclease-Targeted CRISPR Trans Reporter)
strategy.*> The DNA amplicons of RPA were directly scanned by Cas12a and only the
specific amplicon activated the trans-cleavage activity of Casl2a. The indiscriminate
cleavage of ssDNA labeled with a fluorophore and a quencher generated a fluorescence
signal and a sensitivity of aM was achieved for the nucleic acid detection. DETECTR was
further applied to the detection of SARS-CoV-2 viral RNA.*® The reverse transcription
(RT)-LAMP amplicon of the viral RNA can activate CRISPR-Cas12 to trans-cleave the
ssDNA substrate. As displayed in Figure 1.6, the detection results were visualized by the
lateral flow strip. In contrast to the RT-PCR that requires a thermal cycler, this assay uses
heating blocks and a constant temperature for amplification. The overall reaction time was
less than 40 minutes that is favorable for POC applications. Thanks to the improvement
of specificity by CRISPR-Cas system, the method was reported to have a 100% agreement

between the CRISPR-Cas test and RT-PCR test of SARS-CoV-2 negative samples.

15



Control  Test

HNA Lo

Figure 1.6. Incorporation of CRISPR-Cas12a after RT-LAMP for the detection of SARS-
CoV-2.% The photograph above shows the minimum equipment required for the method.
The photograph below demonstrates the positive and negative readout of the lateral flow
test for the N gene of viral RNA. Reprinted with permission. Copyright 2020, Springer

Nature.

So far, this strategy is mainly used for fluorescence detection or lateral flow analysis.
The fluorescence detection requires an excitation light source and the lateral flow requires

the extra equipment of lateral flow dipsticks. However, colorimetric detection that does
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not need additional equipment has not been well investigated for the combination of

isothermal technique and CRISPR-Cas]2a.

1.4 RNA-cleaving DNAzyme for nucleic acid detection

RNA-cleaving DNAzyme is a type of functional nucleic acid that also has cleavage
activity.** Similar to the CRISPR-Cas technique, the activation of the DNAzyme is
programmable and can be applied to the detection of various nucleic acid targets using
the multiple-component nucleic acid enzyme (MNAzyme) strategy.’® This detection
strategy is also specific because of the requirement of Watson-Crick base pairing of two
recognition units to one target. Compared to the protein enzymes, DNAzyme has several
critical advantages, such as high thermal and chemical stability, and ease of
modification.’® The trans-cleavage of the ssDNA substrate by CRISPR-Casl2a is
indiscriminate while DNAzyme can be designed to cleave specific sites. Therefore, the
DNAzyme has also been incorporated with isothermal amplification techniques for the

detection of nucleic acids.**?

1.4.1 RNA-cleaving DNAzyme

RNA-cleaving DNAzymes can catalyze the cleavage reaction of their RNA
substrates.>® Figure 1.7 demonstrates the structure of the DNAzyme and the cleavage of
the phosphodiester bond of the substrate.’” Sequence 5’-GGCTAGCTACAACGA in blue

is the catalytic core that possesses the activity of catalyzing the cleavage reaction. The
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core is flanked by two binding arms, which can bind to the substrate specifically via
Watson-Crick base pairing. The sequence of binding arms has little effect on the cleavage
activity so that the DNAzyme can be designed to cleave any substrate. The cleavage site
is between a paired pyrimidine Y and unpaired purine R. The cleavage reaction generates
two cleaved fragments: one has a 2°, 3’-cyclic phosphate on the 3’-end of R and the other
has a hydroxyl group on the 5’-end of Y. The cleavage reaction is usually assisted by
divalent metal ion cofactors (e.g., Mg*"). The activity of the DNAzyme varies greatly
under different cofactor conditions so that comparison of different metal ions and
optimization of their concentration is necessary for sensitive detection.

Among the different types of RNA-cleaving DNAzymes, the 10-23 DNAzyme
exhibits the highest cleavage activity when using Mn?" as a cofactor.*” °® The single
turnover number (kobss) was reported to be higher than 10 min! at optimal Mn?"
concentration. The 8-17 DNAzyme and its variants have different kobss values ranging
from 4 to 10 min™!.>>%* In contrast, the Mg?*-dependent DNAzyme has a kobss of only
0.039 min™'.% Thanks to the high activity of 10-23 DNAzyme, its catalytic core has been

split to engineer MNAzyme for the specific detection of different nucleic acid targets.>°
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Figure 1.7. Structure of the 10-23 RNA-cleaving DNAzyme and its cleavage of the RNA
substrate.’” The 10-23 DNAzyme hybridizes with the substrate through Watson-Crick
base pairing. The cleavage site is between an unpaired purine (R) and a paired pyrimidine
(Y). Reprinted with permission. Copyright 2019, American Association for Cancer

Research.
1.4.2 MNAzyme for nucleic acid detection

Engineering DNAzymes into MNAzymes is a promising strategy for the detection of
nucleic acids because MNAzymes are programmable to recognize any targets. Todd’s
research group first reported this concept by systematically studying the 10-23
DNAzyme.>* As demonstrated in Figure 1.8, the DNAzyme is first split into two subunits,
also called partial DNAzymes. Each of them contains a substrate arm (binding arm) and
a split core. Then, a sensor arm designed to be complementary to the assembly facilitator

(nucleic acid target) is added to the subunit. Without the target, neither subunit has
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catalytic activity because there is no intact catalytic core. However, the hybridization of
two sensor arms with the target can bring them together to form an intact core.
Consequently, MNAzyme is activated to cleave its substrate. Since the activation of
MNAzyme requires the hybridization of two sensor arms to one target, the detection of
nucleic acid targets using this strategy usually has a low background.

The split location of the catalytic core is a key factor in designing the MNAzyme with
high cleavage activity. Different split locations of 10-23 DNAzyme have a 1000-fold

difference of kobss, ranging from 0.0017 to 1.2 min’.

DNAzyme Select sites to split
substrate
—_— substrate arm substrate arm

substrate
arm

split within the
substrate g @@ o>
arm  catalytic core split core,

add sansar arms

adl

Candidate partzymes MNAzyme

substrate

substrate arm substrate arm

assemble on
ooooool>
assembly facilitator

partial
A | catalytic

cores

sensor arm sensor arm

assembly facilitator

Figure 1.8. Engineering of an MNAzyme from a DNAzyme. The catalytic core of
DNAzyme is split into two partial DNAzymes. Sensor arms are added to design two
candidate partzymes A and B. Reprinted with permission.’® Copyright 2010 American

Chemical Society.
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1.4.3 Incorporating cleavage activity of DNAzyme with isothermal amplification

techniques

In contrast to the indiscriminate trans-cleavage activity of CRISPR-Cas12a, the activity
of DNAzyme can be used for cleaving specific sites. Taking advantage of this property,
Meng et al. incorporated DNAzyme with the RCA technique to develop a feedback
amplification assay for the sensitive detection of nucleic acids.> The existing exponential
RCA strategy employing two primers cannot be precisely controlled and may generate
high background.”* The combination of RCA and DNAzyme uses only one primer to
achieve exponential amplification so that this strategy can avoid such issues. Figure 1.9
demonstrates the RCA-DNAzyme feedback amplification. Complex I consists of a DNA
primer (DP) and circular DNA template (CDT). DP can be regarded as the target and CDT
records the complementary sequence of DNAzyme. The amplification extends the DP to
generate identical sequence repeats paired to the template (MgZ),, which consists of
thousands of DNAzymes. Complex II also has a primer binding to the CDT. However,
this primer, RNA-containing DNA sequence (RDS), is blocked by the cleavage site (red
sequence). Therefore, RCA cannot amplify it before cleavage. The DNAzyme product of
initial RCA from Complex I is designed to cleave this site to unblock the primer. Cleaved
Complex II is then trimmed by the polymerase to act as Complex I and this accelerates
the amplification of DNAzyme. As a result, the RCA reaction forms the feedback with the

cleavage reaction of Complex II. Without using two primers, the authors achieved
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exponential RCA and a sensitivity of aM levels for the detection of the nucleic acid targets.

7 \ RDS
]nltlal RCA \ 'n
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Figure 1.9. Incorporating the cleavage activity of DNAzyme with RCA.>* DP is a DNA
primer that can be regarded as the target. CDT is the circular DNA template of the RCA.
MgZ is the DNAzyme amplified by RCA. RDS is an RNA-containing DNA sequence,
which serves as the substrate of the DNAzyme. The DNAzyme can specifically cleave
the red sequence in RDS, which allowed Complex II to be trimmed by the polymerase.

Reprinted with permission. Copyright 2018 John Wiley and Sons.

The cleavage activity of DNAzyme has also been incorporated with the catalytic
hairpin assembly (CHA) technique.>? The product of CHA was designed to be DNAzyme,

which could cleave a specific site of the substrate to release more catalytic DNA from
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CHA. Thus, the CHA and DNAzyme formed the positive feedback. CHA continuously
generated DNAzyme, and meanwhile the cleavage reaction of DNAzyme accelerated

CHA by producing catalytic DNA.

The programmable feature of the DNAzyme cleavage has been successfully
integrated with the isothermal amplification techniques. However, these methods cannot
be easily applied for different targets because the sequences of the template or the hairpin
need to be redesigned. The ligation of the circular template of RCA requires overnight
preparation and the hairpin of CHA needs to be carefully programmed to avoid
nonspecific assembly. It is still necessary to develop a method of detecting different
nucleic acid targets without changing the design of the system. Since the MNAzyme
technique can be readily used to detect various nucleic acids, it may be an alternative
strategy to develop the combined assay of isothermal amplification and DNAzyme for

universal targets.

1.5 Homogeneous binding assays for protein detection

In contrast to ELISA, homogeneous binding assays for the detection of protein targets
obviate the tedious protocol and false-positive results from non-specific adsorption.%® The
reagents and sample of these assays are mixed in a single test tube. Thus, the overall
protocol of the assays has only mixing and reading steps. A homogeneous binding assay

is composed of a target recognition probe and a signal transducer. The probe can recognize
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the target of interest through affinity ligands, such as aptamers (or antibodies). When the
protein target appears, the aptamer can bind with the target by folding into a specific

conformation.®”"!

Such conformational change releases the aptamer from its
complementary sequence. The aptamer and the complementary sequence are labeled with
the fluorophore and the quencher, which work as the signal transducer. Therefore, the
change separates two groups and a turn-on fluorescence signal is generated. The

combination of different recognition probes and signal transducers realizes the

development of versatile homogeneous binding assays.5°

1.5.1 Proximity ligation assay

The proximity ligation assay (PLA) is a typical example of homogeneous binding
assays that uses aptamer as affinity ligand and output DNA as signal transducer.”>”
Landegren’s group used PLA to detect the platelet-derived growth factor B-chain (PDGF-
BB). As shown in Figure 1.10, each proximity probe consists of an aptamer (black
sequence) and an extension sequence (blue or red sequence). When two aptamers bind to
two epitopes of PDGF-BB, the 3’-end of the blue sequence and the 5’-end of the red
sequence are brought into close proximity. As a result, the two extension sequences can
stably hybridize with the connector (black sequence with bridge structure) and the ligase
can join their two ends to form an intact DNA loop, which is the signal transducer that

can be amplified by PCR. The sequence in green labeled with the fluorophore group (F)

and quencher (Q) is the readout of the PCR product.
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In PLA, the detection of input protein is converted to the detection of output nucleic
acid. This strategy enhances the sensitivity of protein detection. Though there is no
technique that can directly amplify the protein molecules, PCR can amplify the output
nucleic acid for the sensitive detection of target. It was reported that the detection limit of
PDGF-BB using PLA was as low as zeptomole level (102! mol).” PLA is not limited to
the detection of PDGF-BB. By changing the recognition probes to other aptamers and

antibodies, the researchers were able to detect a wide range of protein targets.
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Figure 1.10. Scheme of the PDGF-BB detection using PLA.” Two sequences in black
are aptamers specific for the PDGF B-chain. The sequences in blue and red are joined by
the ligation upon hybridization to the connector DNA. A probe in green is used for the
real-time detection of PCR product. Reprinted with permission. Copyright 2002 Nature

Publishing Group.
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1.5.2 BINDA technique

Inspired by PLA, our group developed another homogeneous binding assay technique,
termed binding-induced DNA assembly (BINDA).”*” Similar to PLA, BINDA can
convert the input protein to the output DNA assembly, which triggers the downstream
reaction that can be monitored. Moreover, the output DNA can assemble only when two
recognition probes bind to the same target. Thus, BINDA is a sensitive and specific
technique for protein detection. BINDA can be performed in a single test tube without any
immobilization, separation, and washing steps. It has the potential to be applied to the
POC analysis of protein targets relevant to clinical diagnosis.

Figure 1.11 demonstrates the principle of BINDA.” Motif-F and Motif-R are two
sequences composed of BINDA regions (2 and 5), spacers (1 and 4), and recognition
probes (Probe-F and Probe-R). Motif-F also has a hairpin structure (3). Assembly of
regions 2 and 5 can occur only when Probe-F and Probe-R recognize the same target.
BINDA regions 2 (AGGCTG) and 5 (CAGCCT) are complementary to each other but
they have a melting temperature (Tr) less than 10 °C, indicating they cannot hybridize
stably at room temperature. After Probe-F and Probe-R bind to the same protein target,
the two motifs come to close proximity. Consequently, the T, of hybridization between
BINDA regions 2 and 5 dramatically increases to 50 °C and they can form a stable duplex.

Spacers 1 and 4 ensure the flexibility of interaction between the two motifs. Blocker-F
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and Blocker-R are capable of blocking the BINDA regions 2 and 5 to prevent them from

forming target-independent assembly.

Yy
9995111

AGGCTG
1229vD

Figure 1.11. Scheme of BINDA. Reprinted with permission.”* Two DNA motifs contain
short complementary sequences in red, blocker F/R, and affinity probes F/R. Short
complementary sequences cannot form duplex when there is no target. In the presence of
protein target, two probes bind to two epitopes, leading to the displacement of the blocker
and hybridization between short complementary sequences. Copyright 2011 American

Chemical Society.

The increase of Tr, 1s attributed to the higher local concentration of two motifs (Figure
1.12).77 If a drip of 1.7 fL solution contains two molecules of DNA motifs, their local
concentration is only 1 nM. The binding of two motifs to the target significantly reduces
the distance between them. Since a typical intramolecular distance is approximately 10

27



nm, the new drip has a diameter of 20 nm and a volume of 4.2 zL. Therefore, the local

concentration of two motifs increases dramatically, about 400000-fold, to 400 uM.
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Figure 1.12. After binding to the target, the local concentration of two BINDA motifs
increases from 1 nM to 400 uM (4 x10°-fold).”” Reprinted with permission. Copyright

2013 Wiley-VCH.

1.5.3 Combining MNAzyme with BINDA for protein detection

In recent years, the MNAzyme technique has been applied to the detection of protein
targets. Ju and coworkers pioneered the detection of proteins using MNAzyme-based
assays.®® As shown in Figure 1.13, they designed three subunits to form the MNAzyme
based on the 10-23 DNAzyme. Each subunit contained a DNA sequence labeled with an
antibody. Subunits DNA1 and DNA2 had the sequences of the partial DNAzymes, and

subunit DNA3 was responsible for the assembly of DNA1 and DNA2. Upon binding to
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the target, the three subunits formed the MNAzyme with a four-arm structure to cleave
the substrate on the gold electrode, leading to the output electrochemical readout. Other
research groups used MNAzymes with the three-arm structure based on the Mg*'-
dependent DNAzyme.®!83 Although there are many reported works of protein detection
using the MNAzyme technique, there is no systematic research on the investigation of the
MNAzyme activity in this scenario. Because the splitting of the DNAzyme greatly affects

the MNAzyme activity for nucleic acid detection,’® %

it is also necessary to optimize the
split location for protein analysis. In addition, comparison of the four-arm and three-arm

structure may also improve the activity as both secondary structures have been reported

in the literature.
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Figure 1.13. MNAzyme for protein detection using three subunits and four-arm
structure.’” DNA1 and DNA2 contain the sequence of MNAzyme subunit. DNA3 serve

as the connector of DNA1 and DNA2. Copyright 2015 American Chemical Society.
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BINDA is a potential platform for protein detection using the MNAzyme technique
because these two techniques share several similarities and advantages. First, both of them
need at least two DNA subunits or motifs, which consist of target recognition probes and
functional regions.’® 7* In the BINDA technique, two DNA motifs contain aptamers and
a BINDA region. Two subunits of MNAzyme have sensor arms and a partial catalytic core.
Second, both techniques result in DNA assembly upon target binding. As a result of
aptamers’ binding to the protein target, the Ti of short complementary BINDA regions
dramatically increases and leads to their stable hybridization. When two sensor arms
hybridize to the nucleic acid target, partial DNAzymes are brought together to form an
intact catalytic core. Third, the output DNA assembly of the two techniques is amplifiable.
BINDA converts the protein target to the assembled DNA sequences that can be amplified
by PCR and isothermal amplification techniques.”’ The assembly of MNAzyme results in
the cleavage of substrate, which has been used to accelerate RCA and CHA %> >* Fourth,
both techniques have good specificity because they have two recognition probes to bind
to one target. Two motifs of the BINDA technique have to bind to two different epitopes
on the same protein molecule. The activity of the MNAzyme can be restored only when
two sensor arms hybridize with the same nucleic acid target. The detection format of the
sandwich structure enhances the specificity against the cross-activity of antibodies and

mismatch of nucleic acid targets.
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1.6 Rationale of the program

Homogeneous and isothermal detection methods for nucleic acids and proteins are
promising for POC applications. Conventional techniques, ELISA and PCR, are sensitive
and robust in laboratory settings. However, they are not ideal for POC applications
because PCR requires a thermal cycler for controlled temperature cycling and ELISA
needs multiple washing steps. In contrast, isothermal amplification techniques can be
performed without the need for a thermal cycler and the homogeneous binding assays
eliminate the washing steps.

During the COVID-19 pandemic, the CRISPR-Cas technology has been incorporated
with isothermal amplification techniques to improve the specificity and sensitivity of the
detection of SARS-CoV-2 viral RNA. Although RT-LAMP can efficiently amplify the
target in a short time, the commonly used detection dyes do not provide specificity,
potentially resulting in false-positive results from the nonspecific amplicons. The
CRISPR-Cas12a system has been used to recognize the specific amplicons because the
guide RNA (gRNA) binds to the dsDNA amplicon and CRISPR-Cas12a has a high trans-
cleavage activity. Only the amplicons of viral RNA can activate CRISPR-Cas12a to cleave
the reporter substrate. So far, the detection formats for the diagnosis of COVID-19 are
mainly fluorescence and lateral flow strip, which require additional equipment for the
signal readout. A colorimetric detection format using CRISPR-Cas12a, on the other hand,

can overcome this issue.
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The cleavage activity of DNAzyme has also been integrated with isothermal
amplification techniques to improve the sensitivity and minimize the background. RCA
was used to amplify multiple DNAzymes, which were designed to cleave a specific RNA
site to unblock the RCA template. The positive feedback was built between RCA
amplification and the cleavage reaction of DNAzyme to achieve exponential
amplification. Compared to the existing exponential RCA method, only one primer is
required and the background can be controlled easily. However, the circular template
needs overnight preparation. It is difficult to apply the method for the detection of various
targets because each template is for one individual target only. Thanks to the
programmable target recognition feature of the MNAzyme technique, incorporation of the
DNAzyme with isothermal amplification technique can be used for sensitive detection of
different nucleic acid targets without changing the sequence design of the positive
feedback system.

Recently, MNAzymes have also been applied to the detection of proteins. In the
published studies, MNAzymes were used for protein detection without comparing
different split locations of the DNAzyme. Nevertheless, the split location can dramatically
affect the activity of MNAzymes by 1000-fold when used for nucleic acid detection. On
the other hand, both the four-arm structure and the three-arm structure of MNAzymes
have been reported to recognize protein targets. A systematic investigation of these two
secondary structures may also enhance the catalytic activity of protein-targeting
MNAzymes.
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Since BINDA is similar to the MNAzyme technique in the aspect of probe design, it
is an ideal platform to develop MNAzyme-based homogeneous binding assays for
proteins. By changing the sensor arm to aptamers, I can use protein targets to initiate the

formation of MNAzyme and monitor the cleavage reaction to achieve the signal readout.

1.7 Objectives

The three major goals of my thesis research are: (i) incorporating the cleavage activity
of CRISPR-Casl2a or DNAzyme with isothermal amplification techniques to detect
nucleic acid targets; (ii) investigating the split location and secondary structure of
MNAzymes for protein detection; and (iii) using BINDA to develop MNAzyme-based
homogeneous binding assays.

The specific aims of each chapter are:

Chapter 2: Develop a colorimetric assay based on RT-LAMP and CRISPR-Cas12a for
the detection of SARS-CoV-2 viral RNA.

Chapter 3: Combine SDA with DNAzyme to develop a DNA circuit of feedback
amplification for the sensitive detection of different nucleic acid targets without the need
to change the sequence design of the feedback system.

Chapter 4: Study 14 split locations and two secondary structures to select the MNAzyme
of optimal catalytic activity for protein analysis.

Chapter 5: Integrate the MNAzymes with the BINDA technique to design binding-

assembled MNAzymes for the detection of two model protein targets.
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Chapter 2 CRISPR-Casl2a-mediated gold nanoparticle aggregation for

colorimetric detection of SARS-CoV-2

2.1 Introduction

CRISPR-Cas systems have revolutionized our capability for genome editing?! 8588

and have also been used to improve isothermal amplification techniques in recent years.*
Incorporation of CRISPR-Cas systems before the amplification can enrich the nucleic
acid targets at low abundance in matrix samples.**® CRISPR-Cas systems can also be
incorporated after the amplification to avoid false positive results from nonspecific
amplicons, thus enhancing the specificity of detection.**#4 !

During the global pandemic of COVID-19, CRISPR-Cas systems have been applied
to the detection of SARS-CoV-2 viral RNA.3% %6 929 The trans-cleavage activity of
CRISPR-Cas systems can improve the specificity of the isothermal amplification (e.g.,
RT-LAMP and RT-RPA) as well as generate different types of detectable signals for
various detection platforms. The activation of CRISPR-Cas systems requires the
hybridization of specific sequences of amplicons to the spacer region of gRNA.
Researchers also took advantage of its trans-cleavage activity to cleave the dually labeled
substrate and achieve the fluorescence or lateral flow detection of SARS-CoV-2.74%

However, fluorescence methods require the excitation light source and lateral flow

platforms require paper strips. A colorimetric assay that does not need extra equipment

for visual detection has not been fully exploited for the SARS-CoV-2. The reported assays
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either are not sensitive or need a long time to generate the color change.’®*” In this chapter,
I designed a colorimetric assay that incorporated RT-LAMP and CRISPR-Casl2a to
facilitate the aggregation of AuNPs for the isothermal, sensitive, specific, and visual
detection of SARS-CoV-2. The CRISPR-Casl2a activated by specific RT-LAMP
amplicons can cleave the rationally designed hairpin transducer to facilitate the
aggregation of AuNPs. With a portable spinner, I achieved a recognizable color change

within 1 min.

2.2 Materials and methods

Preparation of SARS-CoV-2 viral RNA

The original SARS-CoV-2 virus strain was obtained from the University of
Saskatchewan, Canada (SARS-CoV-2/CANADA/VIDO 01/2020). The virus was
generated from the infection of Vero-E6 cells. RT-qPCR was used to detect the N gene
and quantify the amount of viral RNA.
Reagents

Other nucleic acids used in this study were synthesized by Integrated DNA
Technologies (IDT; Coralville, IA, USA). Reagents for RT-LAMP and trans-cleavage
reactions, including Bst 2.0 polymerase, WarmStart RTx reverse transcriptase,
deoxynucleotide (ANTP), isothermal amplification buffer, NEBuffer 2.1 and EnGen Lba
Casl12a, were purchased from New England BioLabs (NEB; Whitby, ON, Canada) except

for the RNAse inhibitor (Invitrogen). The 20 nm AuNP (7.0 x10'!/mL) were purchased
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from Ted Pella (Redding, CA, USA). Tween 80 was from Fisher Scientific (Fair Lawn,
NJ, USA).
Swab samples and RNA extraction

All respiratory swab samples used in this study were collected and treated by Alberta
Precision Laboratories, Canada. Three extraction platforms, NUCLISENS easyMAG,
KingFisher Flex System, and STARlet automated extractor, were from BioMerieux,
Thermo Fisher Scientific, and Hamilton, respectively.
RT-LAMP reaction

Table 2.1 summarizes the sequences of RT-LAMP primers and the target regions in
the N and E genes of viral RNA. The 25 pL reaction of RT-LAMP contained 1.4 mM
dNTP, 1x isothermal amplification buffer, 8 mM MgSOy (including 2 mM MgSO4in 1x
isothermal buffer), 5 uM outer primers F3 and B3, 40 uM inner primers FIP and BIP, 20
UM loop primers LF and LB, 0.3 U/uL WarmStart RTx reverse transcriptase, 0.32 U/uLL
Bst 2.0 polymerase, and 0.16 U/uL. RNase inhibitor. The test tube was placed in the
myBlock Mini Digital Dry Bath (Benchmark Scientific) and the RT-LAMP amplification

was performed at 62 °C for 30 min.
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Table 2.1. The sequences of the RT-LAMP primers and the N/E gene target regions of
SARS-CoV-2. In the N and E gene target regions, sequences in red were amplified and
their amplicons were the protospacers that guide RNAs (sequences in Table 2.3) of Cas12a
could recognize. For each gene target, we employed 6 primers: F3 (forward outer primer),
B3 (backward outer primer), FIP (forward inner primer), BIP (backward inner primer),
BL (backward loop primer) and FL (forward loop primer). The underlined sequences of
the backward primer can hybridize with the target region with the same labels and colors.
Similarly, the forward primer can hybridize with the corresponding region of the

complementary region of the target.

Name Sequence (5’ — 3°)

N gene ACG TGG TCC AGA ACA AAC
target region | CCA AGG AAA TTT TGG GGA C CAG GAA CTA ATC AGA
CAA GGA A CTG ATT ACA AAC ATT GGC CGC A AAT TGC
ACA ATTTGC CCC CAG CGCTTC AGC GTT CTT CGG AAT GTC
G CGC ATT GGC ATG GAA GTC AC ACC TTC GGG AAC GTG GTT

GAC CTA CACAGG TGC CAT CAA A TT

N-F3

N-B3
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Name

Sequence (5’ — 3°)

N-FIP T GCG GCC AAT GTT TGT AAT CAG CCA AGG AAATTT
TGG GGA C

N-BIP CGCATT GGC ATG GAA GTCACTTTG ATG GCA CCT GTG TAG

N-BL TTCCTGATTGTCT TAGTTC

N-FL ACCTTC GGG AAC GIG GIT

E gene GTG CC TTT GTA AGC ACA

target region

AGC TGA TG A GTA CGA ACT TAT GTA CTC A TTC GTT

TCG GAA GAG ACA GGT ACG TTA ATA GTT AAT AGC GTA

CTTCTTTTT CTT GCT TTC GTG GTA TTC TTG CTA GTT ACA

CTA GCC ATC CTT ACT GCG CT TCG ATT GTG TGC GTA CTG C

TGCAAT ATT GTT AAC GTG AGT CTT GTA A

E-F3

E-B3

E-FIP ACCTGT CTCTTC CGA AACGAATTT GTA AGC ACA AGC
TGA TG

E-BIP CTA GCCATCCITACT GCG CTACT CACGITAACAAT ATT GCA

E-BL T GAG TACATA AGTTCG TAC

E-FL ICG ATT GTG TGC GTA CTG C
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Functionalization of AuNPs

The sequences of two thiolated DNAs for AuNP functionalization are listed in Table
2.2. One milliliter of 20 nm AuNP was first incubated with 100 pL 20% Tween 80 (Sigma-
Aldrich) for 5 min in a 2-mL micro test tube. Then, 13 pL 100 uM of DNA was added
and the solution was incubated for another 5 min, after which 400 uLL 5 M NaCl was added
for 3 h salt aging. The molar ratio of DNA to AuNP was approximately 1000:1. After salt
aging, the mixture was centrifuged at 21,100 g for 11 min to remove the supernatant
solution that contained unconjugated DNA. The washing steps consisting of (i) addition
of 1 mL washing buffer (10 mM Tris-HCI + 0.05% Tween 20) to the precipitate, (ii)
resuspension of the precipitate in the washing buffer, (iii) centrifuging at 21,100 g for 11
min, and (iv) removal of the supernatant solution, were repeated three times. Finally, the
functionalized AuNPs were resuspended in 50 pL. washing buffer to a final concentration

of 20 nM.
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Table 2.2. The sequences of hairpin transducers (HT) and DNA conjugated on AuNP.

RNA labeled in orange and dark blue are two crosslinker domains that can hybridize with

complementary sequences of ‘AuNP-DNA1’ in bold and ‘AuNP-DNA2’ in italics,

respectively. Underlined sequences of ‘AuNP-DNA1’ and ‘AuNP-DNA2’ are the

complementary regions of ‘HT18-InvdT’. Activated Casl2a can trans-cleave the DNA

substrate in black. The DNA lock domain of HT in bold and light blue can form a hairpin

structure by self-binding to the RNA linker region in dark blue. ‘HT-t1’ indicates the HT

of toehold design has a 1-nt toehold. ‘HT20’ means the HT of no-toehold design has a

crosslinker domain of 20 nt (10+10). ‘HT18-InvdT’ has the same sequence of ‘HT18’

except that its 3’-end is modified with the inverted dT. ‘AuNP-DNA1’ and ‘AuNP-DNA2’

are functionalized with the thiol group at the 5’-end for AuNP conjugation.

Name

Sequence (5’ — 3°)

HT-t1

rUrGrU rArArC rCrUrG

rUrCrU rCrUrC TTATTA TTATTA TTATTA TTATTATTA TTA

TTATTA TTATTATTA TTATT GAG AGA CAG GTT AC

HT-t2

rUrGrU rArArC rCrUrG

rUrCrU rCrUrC TTATTA TTATTATTATTA TTATTATTA TTA

TTATTA TTATTATTA TTATT GAG AGA CAG GTT A
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Name Sequence (5’ — 3°)

HT-t3 rUrGrU rArArC rCrUrG
rUrCrU rCrUrC TTATTA TTATTA TTATTA TTATTATTATTA
TTATTATTATTATTATTA TT GAG AGA CAG GTT

HT-t4 rUrGrU rArArC rCrUrG
rUrCrU rCrUrC TTATTA TTATTA TTATTA TTATTATTATTA
TTATTATTATTATTA TTA TT GAG AGA CAG GT

HT20 rUrGrU rArArC rCrUrG rU TTA TTA
TTATTA TTATTATTA TTA A CAG GTT ACA

HTI18 rUrGrU rArArC rCrUrG TTA TTA TTA
TTATTA TTATTATTA CAG GTT ACA

HTI16 rUrGrU rArArC rCrU TTA TTA TTA TTA
TTATTA TTATTA AG GTT ACA

HT18-InvdT rUrGrU rArArC rCrUrG TTA TTA TTA
TTATTA TTA TTA TTA CAG GTT ACA -InvdT
AuNP-DNA1 | HS-TTA TC

AuNP-DNA2

HS-TTG CA GAG AGA_ CAG GIT ACA
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Casl12a-mediated AuNP aggregation

Table 2.3 lists the sequences of the two gRNAs that recognize the RT-LAMP
amplicons of N gene and E gene, respectively. Table 2.2 lists the sequences of HT. HT18-
InvdT was used to perform the colorimetric detection of the SARS-CoV-2 viral RNA
target and clinical samples.

First, 2 uM Cas12a protein was incubated with 3 uM gRNA in 1x NEBuffer 2.1 to
form 2 pM ribonucleoprotein (RNP) complex. The 30 pL reaction solution contained 200
nM RNP, 1 uM linker, 20 nM DNA activator (Table 2.3, or nuclease-free water as
negative control) and 1x NEBuffer 2.1. This solution was incubated at room temperature
for 10 min for trans-cleavage of HT. Afterward, 30 uL.. AuNP solution containing 2 nM
of each AuNP and 1.67 M NaCl was added to initiate the aggregation. The final
concentration of AuNP and NaCl were 1 nM and 0.83 M respectively in the 60 uL mixture.
After 1 min of incubation, the mixture was centrifuged for 10 s in the spinner at 3000 rpm.
A photograph of the test tube was taken using a smartphone camera. Finally, 50 puL of the
centrifuged mixture was loaded onto a 96-well plate to record the ultraviolet—visible (UV-

Vis) spectrum at 400—700 nm.
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Table 2.3. Sequences of Casl2a gRNA and DNA activator. In the two gRNA, the

sequences in red are the spacer regions. The N gene activator is dSDNA composed of two

strands, 1 and 2. The red sequence of strand 2 is the protospacer region. The blue sequence

of strand 1 is the protospacer adjacent motif (PAM) region.

Name Sequence (5’ — 3’)
N-gRNA UAA UUU CUA CUA AGU GUA GAU CCC CCA GCG Ccuu
CAG CGU UC
E-gRNA UAA UUU CUA CUA AGU GUA GAU GUG GUA UUC UUG

CUA GUU AC

N-activator

strand 1

GCAAAT TGCACAATIT G CCC CCA GCG CTT CAG CGT

TCTTC GGAATGTCG C

N-activator

strand 2

G CGA CAT TCC GAA GA ACG CTG AAG CGC TGG GGG C

AAATTGT GCAATT TGC

2.3 Results and discussion

The principle of CRISPR/Cas12a-mediated AuNP aggregation

As shown in Figure 2.1, I designed the gRNAs that direct Casl2a to bind to the

specific RT-LAMP amplicons of N gene or E gene of SARS-CoV-2. Upon binding of the

Cas12a-gRNA RNP to the amplicons, the frans-cleavage activity of Casl2a is initiated to

cleave the ssDNA loop of the HT. HT is composed of three functional domains, a DNA
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lock domain, an RNA crosslinker domain, and a DNA loop substrate domain. Cleavage
of the loop changes the nature of the hybridization between the lock and crosslinker from
intra- to inter-molecular interaction. Therefore, the hybridization is destabilized and the
crosslinker is liberated to hybridize to two ssDNA sequences functionalized on two
AuNPs, thus leading to the aggregation of AuNPs and the color change from red to purple.

I designed the HT to contain not only the substrate domain of Cas12a-gRNA RNP but
also the lock domain to avoid the background in the negative sample. When there is no
viral RNA in the sample, the RNP remains inactive and the lock partially hybridizes with
the crosslinker and cages it in the hairpin structure. Consequently, the lock prevents the
crosslinker from assembling two AuNPs. Since Cas12a only trans-cleaves ssDNA but not
ssSRNA, the crosslinker domain was designed to be RNA and the loop to be DNA. At the
3’-end of the lock domain, I added an inverted thymine to inhibit its extension by the
polymerase in the RT-LAMP mixture. The extension enables the lock to fully hybridize

with the crosslinker so that the cleavage of the loop can no longer separate them.
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Cas12a-gRNA
bind to amplicon Hairpin Transducer

= = /J,Q’W

RNA Crosslinker . . Y

AUNP aggregation

Figure 2.1. The principle of the CRISPR-Casl2a-mediated AuNP aggregation. The
Cas12a-gRNA ribonucleoprotein specifically binds to the target sequence of the double-
stranded DNA amplicon, which activates the Casl2a-gRNA ribonucleoprotein. This
active enzyme trans-cleaves the DNA loop of the hairpin transducer, which destabilizes
the hairpin and releases the RNA crosslinker from its hybrid. Hybridization of the RNA
crosslinker with the ssDNAs on AuNPs results in the aggregation of AuNPs and the

corresponding change in color from red to purple.
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The operation of the assay

The operation to detect viral RNA samples is simple, isothermal, and can be done in
under 45 min (Figure 2.2). After the extraction of viral RNA from the sample (e.g.,
nasopharyngeal swab), RT-LAMP is performed to amplify the target for 30 min at 62 °C
in the portable heating block. The Cas12a-gRNA RNP and HT are then added to the RT-
LAMP solution to initiate the frans-cleavage of the ssDNA loop for 10 min at room
temperature. Finally, two types of AuNPs were added to initiate the aggregation of AuNPs
and the color change. An obvious color change can be shown in 1 min after the
centrifugation of the test tubes in a spinner at 3000 rpm for 10 s. The clear precipitation
of AuNP aggregates can be observed in the positive sample and the solution of the

negative sample remains a red color.
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Figure 2.2. Schematic demonstrating the operation of RT-LAMP and CRISPR-Cas12a-
mediated aggregation of AuNPs for the colorimetric detection of viral RNA. The viral
RNA s first amplified by the RT-LAMP at 62 °C for 30 min. Cas12a-gRNA RNP is added
into the RT-LAMP reaction solution for binding to the specific region of amplicons.
Cas12a-gRNA RNP is then activated to cleave the DNA loop of the hairpin transducer.
The trans-cleavage reaction is performed at room temperature for 10 min. Consequently,
the RNA crosslinker in the hairpin transducer is released from the lock. The crosslinker
brings AuNPs together, generating AuNP aggregates and causing the color change from
red to purple. The solution is centrifuged using a portable spinner to precipitate the

aggregates, resulting in a clear color change of the solution.
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Two designs of the hairpin transducer

To achieve the rapid response of color change, I had to design the HT to efficiently
liberate the crosslinker from the lock upon the trans-cleavage of the loop. In addition, the
crosslinker must be stably blocked by the lock to ensure low background. Therefore, I
proposed and compared two types of HT, the toehold design and the no-toehold design
(Figure 2.3), for these two aims. Both HT designs have a DNA loop, a DNA lock, and an
RNA crosslinker. The RNA crosslinker has two subdomains, I and II, which can
respectively hybridize with the two DNAs (I* and II*) functionalized on the AuNPs

(DNA-AuNPs).

Toehold Design No-toehold Design
Lock
DNA ------
ol ==
' I Shorter I, II
|* [*

Figure 2.3. Two designs of the hairpin transducer. Hairpin transducers composed of a
RNA crosslinker, a DNA loop, and a lock sequence. The RNA crosslinker sequence
(subdomains I and II) within the hairpin transducer are complementary to the ssDNA
sequences (I* and I1*) that are conjugated on two separate AuNPs. In the toehold design,
subdomain I is partially blocked by the lock sequence, leaving the unblocked portion to

function as the toehold for toehold-mediated strand displacement of the lock.
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The subdomain I of the toehold design is only partially blocked by the lock domain,
leaving the unblocked portion to work as the toehold. The length of the two subdomains
is 15 nt and the lock has a length of 11-14 nt. Using a lock shorter than subdomain 1, I
designed the HTs with a toehold of 41 nt. I intended to design a long lock to firmly block
the crosslinker and achieve low background. The hybridization between the lock and
subdomain I is stable at room temperature (Tm > 54.5 °C) even after the cleavage of the
loop. Therefore, a toehold is necessary for the fast interaction between the subdomains I
and I* functionalized on the AuNP via toehold-mediated strand displacement reaction.
Theoretically, a long toehold of 4 nt can result in the rapid displacement of lock, but the
risk of leakage of the HT and high background increases. A short toehold of 1 nt is not
favorable for the displacement but has low background. Therefore, I compared four HTs
of different toehold lengths from 1 to 4 nt.

I also proposed the no-toehold design of the HT to completely eliminate the leakage.
The subdomain I is fully blocked by the lock so that there is no toehold. As mentioned
above, the lock can form a stable duplex with subdomain I at room temperature when
there are more than 11 base pairs. Thus, a shorter subdomain and lock were used for the
no-toehold design to allow the spontaneous dissociation of the lock after the frans-
cleavage reaction. Nevertheless, the lock and crosslinker cannot be too short because the
subdomains I and II can hardly hybridize with the subdomains I* and I1* on the AuNPs.
To achieve efficient AuNP aggregation, I designed and compared five crosslinkers of 6+6

(subdomain I + II), 7+7, 8+8, 9+9, and 10+10 nt (Table 2.4).
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Table 2.4. Sequences of crosslinkers used for the study of crosslinker length, NaCl
concentration, and effect of centrifugation. Sequences in orange and blue are crosslinker
domains that can respectively hybridize with complementary sequences of ‘AuNP-DNA1’

in bold and ‘AuNP-DNA?2’ in italics (Table 2.3).

Name Sequence (5’ — 3°)
L20 TGTAACCTGT
L18 TGT AAC CTG
L16 TGT AACCT
L14 TGTAACC
L12 TGT AAC

Investigation of the toehold design

I first tested the performance of four HTs of toehold design to compare different
lengths of the toehold. A 20 nM DNA activator was used to activate RNP and trigger
trans-cleavage reaction of the HT. If the HTs can crosslink two types of DNA-AuNPs
without the frans-cleavage, a background is generated that decreases the sensitivity of
detection. As demonstrated in Figure 2.4A, background was observed for all four HTs in
the negative samples even though they had high thermal stability. To analyze the effect of

the length of the toehold, I measured the UV-Vis absorbance spectra of all samples and
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the negative control containing no HT (Figure 2.5). I further calculated the difference of
absorbance between the samples and negative control (Figure 2.4B). A larger difference
suggests a stronger aggregation of AuNPs and vice versa. The shortening of the toehold
length clearly reduced the background from the leakage in the negative samples,
indicating that the presence of the toehold led to this leakage regardless of the high thermal
stability of HTs. In the positive samples, the HTs with longer toeholds resulted in greater
aggregation and the largest difference of absorbance was observed for the HT with the
longest toehold of 4 nt. This result confirmed that the toehold can accelerate the

displacement of the DNA lock and the hybridization between subdomains I and I* .
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Figure 2.4. Comparison of the HTs with different toehold lengths by colorimetric assay
(A) and UV-Vis absorbance (B). ‘+’ indicates samples containing 20 nM model DNA
sequence (DNA activator for RNP). ‘-’ indicates samples containing all reagents but no
DNA activator. ‘no HT indicates negative control, containing all reagents except hairpin
transducer. ‘Absorbance’ is the difference of UV-Vis absorbance values at 530 nm (Figure
2.5) between the samples and the negative control. The error bars stand for the standard
deviations of duplicates. Measurements from multiple independent experiments (n = 2)
conducted on different days gave consistent results. Each bar in this figure represents the

average of two measurements conducted on the same day.
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Figure 2.5. UV-Vis absorbance spectra data of Figure 2.4.B. The blue curves result from
positive samples containing 20 nM DNA activator and the red curves result from negative
samples without the activator. The negative control contained all reagents but no HT. A fter
trans-cleavage for 10 min and addition of DNA-functionalized AuNPs, the samples were
centrifuged for 10 s using a portable spinner. The supernatants were loaded onto a 96-well
plate to record the UV-Vis spectra from 400 to 700 nm. Measurements from multiple
independent experiments (n = 2) conducted on different days gave consistent results. Each
curve in this figure represents the average of two measurements conducted on the same

day.

Investigation of the no-toehold design
Since the leakage of the toehold greatly affected the performance of the CRISPR-

Casl2a-mediated colorimetric assay, I further investigated the HT of no-toehold design in
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which the DNA lock fully blocks the subdomain I. First, I determined the shortest length
of the crosslinker domain that led to sufficient aggregation of AuNPs (Figure 2.6). I mixed
100 nM of each crosslinker, 6+6 (L12), 7+7 (L14), 8+8 (L16), 9+9 (L18) and 10+10 (L20),
with 1 nM of two DNA-AuNPs. L12 was too short to result in the aggregation of AuNPs.
Although L14 could led to the aggregation, the intensity was lower than that resulting
from L16, L18, and L20. Thus, I used these three crosslinkers to design three HTs without

toehold, HT16, HT18, and HT20.
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Figure 2.6. Determination of the shortest length of crosslinker for sufficient aggregation
of AuNPs. (A) UV-Vis absorption spectra of samples containing 1 nM of each DNA-
functionalized AuNP, 100 nM of crosslinker of different lengths, 800 mM NacCl, and 1x
NEBuffer 2.1. After addition of the crosslinker, the solutions were centrifuged for 10 s in
the spinner. The supernatants were loaded onto a 96-well plate to record the UV-Vis
spectra from 400 to 700 nm. (B) The difference of absorbance between the samples and
the blank at 530 nm. All samples were prepared in duplicate and each curve is the average

of duplicate measurements. The error bars stand for the standard deviations of duplicates.

Figure 2.7 shows the performance of three HT of no-toehold: HT16, HT18, and HT20.
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I successfully reduced the background by using these HTs. I observed the largest
difference of absorbance between the negative control and positive sample when I used
HT18. The removal of the toehold ensured the efficient blocking of the RNA crosslinker,
leading to negligible background. An optimal length of 18 nt results in sufficient

aggregation of AuNPs after the trans-cleavage of the DNA loop.
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Figure 2.7. Comparison of hairpin transducers of different crosslinker lengths without a
toehold by colorimetric assay (A) and UV-Vis absorbance (B). ‘+’ indicates samples
containing 20 nM model DNA sequence (DNA activator for Cas12a-gRNA). ‘-’ indicates
samples containing all reagents but no DNA activator. ‘no HT’ indicates negative control,
containing all reagents except hairpin transducer. Measurements from multiple
independent experiments (n = 2) conducted on different days gave consistent results. Each

bar in this figure represents the average of two measurements conducted on the same day.
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Figure 2.8. UV-Vis absorbance spectra data of Figure 2.7.B. The blue curves result from
positive samples containing 20 nM DNA activator and the red curves result from negative
samples without the activator. The negative control contained all reagents but no HT. After
trans-cleavage for 10 min and addition of DNA-functionalized AuNPs, the samples were
centrifuged for 10 s using a portable spinner. The supernatants were loaded onto a 96-well
plate to record the UV-Vis spectra from 400 to 700 nm. Measurements from multiple
independent experiments (n = 2) conducted on different days gave consistent results. Each

curve in this figure represents the average of two measurements conducted on the same

day.

Optimization of NaCl concentration

To achieve rapid aggregation of AuNPs, I optimized the concentration of Na* to
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facilitate the assembly of DNA-functionalized AuNPs. As demonstrated in Figure 2.9.A,
I prepared a series of solutions each containing 200 nM crosslinker .18, 1 nM of two
types of DNA-AuNPs, and 0-1 M NaCl. Obviously, the increase in Na" concentration
accelerated the aggregation and the color change could be observed in a shorter time. The
difference of absorbance was shown as soon as 0.8 M NaCl was added (Figure 2.9.B).
Without the crosslinker, the DNA-functionalized AuNP tolerated the high salt

concentration and the color remained unchanged in the blank samples even after 20 min.
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Figure 2.9. (A) Rapid aggregation of DNA-functionalized AuNPs assisted by the
crosslinker sequence that was derived from the hairpin transducer. The samples contained
200 nM crosslinker L18, 1 nM each of two DNA-functionalized AuNPs, and different
concentrations of NaCl. The photographs were taken at 1, 3, and 5 min after the addition
of NaCl. (B) Absorbance measured at 530 nm for 20 min. Time 0 was when 0.8 M NaCl
was added to the solution that contained 200 nM crosslinker L18 and 1 nM each of two
DNA-functionalized AuNPs. All samples were prepared in duplicate and each curve is the

average of duplicate measurements.

Enhancement of visual differentiation using centrifugation

Although I achieved the rapid color change in less than 1 min, the complete
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aggregation and obvious color change needed about 10 min (Figure 2.9.B). I used a
portable spinner to centrifuge the reaction solutions for 10 s at 3000 rpm. Precipitation of
the AuNP aggregates significantly reduced the color of the solution to almost colorless in
the positive samples. However, the free AuNPs in the negative samples were not affected
by centrifugation and the solution remained as the red color. Figures 2.10A and 2.10B
demonstrate the improvement of the visual differentiation by spinning for 10 s. I observed
the color change only in the sample of 40 nM L18 when no centrifugation was applied.
Centrifugation for 10 s greatly improved the sensitivity of visual detection. The
precipitation of AuNP aggregates was observed for samples containing more than 10 nM
L18. The UV-Vis spectra detected only 20 nM of L18 before centrifugation but was able
to differentiate 2 nM of L18 from the blank after centrifugation (Figures 2.10C and 2.10D).

Note that the changes in absorbance values are much larger than the redshifts in
maximal absorption wavelength (Amax) in response to low concentrations of the target.
Moreover, a 10-s spin of the reaction mixture enables rapid detection of the changes in
absorbance value and color intensity within 1 min. Therefore, detection based on the

reduction of absorbance value provides a lower limit of detection and faster analysis.
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Figure 2.10. Improvement of the sensitivity by spinning AuNP aggregates at 3000 rpm
for 10 s. (A) and (C) are the photos and UV-Vis spectra of AuNPs assembled by 0-40 nM
L18 before centrifugation. (B) and (D) are the photos and UV-Vis spectra of AuNPs after
centrifugation. All samples were prepared in duplicate and each curve is the average of

duplicate measurements.

Detection of the viral RNA of the SARS-CoV-2

After the optimization of the colorimetric assay, I detected the N gene and E gene of
the viral RNA. The E gene is highly conserved among different coronaviruses, including
SARS-CoV, bat SARS-like coronavirus WIV1, and SARS-CoV-2. The N gene can be
used to differentiate SARS-CoV-2 from other coronaviruses. I first used RT-LAMP to
detect the N gene in varying amounts of the SARS-CoV-2 viral RNA, from 370 to
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3,750,000 copies (Figure 2.11). Even the amplification of 370 copies of the target was
completed in 30 min. Then, I used the CRISPR-Cas12a-mediated AuNP aggregation to
test the RT-LAMP amplification products. As demonstrated in Figure 2.12, the triplicate
blank samples that contained all the reagents except viral RNA remained as the red color,
while the color of all other positive samples changed to nearly colorless after
centrifugation. The pellets of AuNP aggregates were observed at the bottom of the test

tube.

200000 -
A —————
150000 - { olank
j/ —75 copies/pL
/' —750 copies/uL
100000 A

—7500 copies/uL
75000 copies/pL
—750000 copies/pL

Fluorescence (a.u)

50000 +

Time (min)

Figure 2.11. Real-time detection of SARS-CoV-2 viral N gene (75-750,000 copies/uL)
using RT-LAMP. SYBR Green was used for probing amplification. Five microliters of the

viral RNA sample were used for each reaction.
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Figure 2.12. Representative images from triplicate analysis of samples containing varying
concentrations of the SARS-CoV-2 viral RNA. The N gene was detected. Five microliters
of the viral RNA sample were used. The tubes labelled blank contained all reagents but

no RNA sample (negative control). Each tube is one of the triplicate samples.

I further determined the sensitivity of the assay by detecting both the N gene and the
E gene in low amounts of the viral RNA. For the detection of both genes, I first monitored
the RT-LAMP amplification of the viral RNA in real time, and then used CRISPR-Cas12a-
mediated AuNP aggregation to generate a visual signal from the amplicons. All triplicate
samples of 225, 300, and 375 copies of viral RNA showed positive results from RT-LAMP
and the color change when I detected the N gene (Figure 2.13 and Figure 2.14). One of
the samples of 75 copies also showed the color change. At 300 copies of the viral RNA,
the E gene was reproducibly detected (Figure 2.15 and Figure 2.16), suggesting that the
sensitivity of the colorimetric assay is governed by RT-LAMP. The developed assay of

CRISPR-Cas12a-mediated AuNP aggregation maintained the sensitivity of RT-LAMP.
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Figure 2.13. Real-time detection of the N gene of viral RNA at low copy numbers using

RT-LAMP. Curves labeled in three different colors represent triplicate analysis.
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Figure 2.14. Detection of the N gene at low copy numbers using the colorimetric method.

Cas12a-gRNA RNP and hairpin transducer were added to the RT-LAMP samples of
Figure 2.13 for 10 min frans-cleavage reaction. DNA-functionalized AuNPs were then

added to induce the color change. Each tube corresponds to each curve in Figure 2.13.
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Figure 2.15. Real-time detection of the E gene at low copy numbers using RT-LAMP.

Curves labeled in three different colors represent triplicate analysis.
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Figure 2.16. Detection of the E gene at low copy numbers using the colorimetric method.

Cas12a RNP and hairpin transducer were added to the RT-LAMP samples of Figure 2.15

for 10 min trans-cleavage reaction. DNA-functionalized AuNPs were then added to

induce the color change. Each tube corresponds to each curve in the Figure 2.15.
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Analysis of clinical samples

I used the developed colorimetric assay for the analysis of 54 clinical respiratory swab
samples to demonstrate the feasibility of the assay for the diagnosis and screening of
COVID-19 (Table 2.6). Twenty-seven of 54 clinical samples were positive as determined
by RT-PCR. I successfully detected 25 positive samples but was not able to achieve
positive results for two samples that required 35.4 and 37 threshold cycles (Table 2.5).
Therefore, my assay had a clinical sensitivity of 92.6%. For all 27 RT-PCR negative
samples, I obtained negative results and 100% clinical specificity. I achieved similar

results for the detection of the E gene (Table 2.7).

Table 2.5. Summary of the analysis of SARS-CoV-2 N gene in 54 clinical samples.

Positive samples Negative samples
Positive results 25727, 92.6% 0/27, 0%
Negative results 2/27,7.4% 27/27, 100%
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Table 2.6. Analysis of the N gene of SARS-CoV-2 in patient samples. Each set of tests
contained a positive control, a negative control, and 4-6 samples. The positive control
was 3750 copies of SARS-CoV-2 viral RNA and the negative control was nuclease-free
water. Our collaborating public health laboratory also detected all the samples by using

RT-PCR targeting the E gene of SARS-CoV-2. The results from RT-PCR are listed in the

table.
Set of tests Sample# Ct value Visualized detection

Positive control N/A &

Y
Negative control N/A b

#57 2522 \:

lst -
<

#59 25.2 il

“',:
#1 Negative . ’w

#2 Negative M

v

Positive control N/A !T

ond Negative control N/A ﬂgb
472 20.1 -1l

1

X
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Set of tests Sample# Ct value Visualized detection
#90 26.4 ‘W
0
#3 Negative
#12 Negative 'g
Positive control N/A ‘,&
V
Negative control N/A F
#106 23.5 E
3rd
#143 23.9 E
#151 Negative j
#152 Negative F
Positive control N/A ?
Negative control N/A
4th
#125 311 fj
#134 30.2 B

=
Mo




Set of tests Sample# Ct value Visualized detection
#137 32.6
#159 Negative
#160 Negative
#161 Negative
Positive control N/A
Negative control N/A
#123 243
#144 24.9
Sth
#148 24.3
#162 Negative
#163 Negative
#164 Negative
6t Positive control N/A
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Set of tests Sample# Ct value Visualized detection
Negative control N/A '
#110 25.8 H
#122 24.9 §
!"n
#132 25.7
#165 Negative
#166 Negative I
#167 Negative ]
Positive control N/A “
Negative control N/A B ||
#107 27.6 :
7th .
#114 27.4
#146 27.6
#168 Negative
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Set of tests Sample# Ct value Visualized detection
#169 Negative
#170 Negative
Positive control N/A
Negative control N/A
#103 26.6
#124 26.7 -
W
¥
8th
#150 26.4
#171 Negative
#172 Negative
#173 Negative
Positive control N/A w
oth Negative control N/A :
#115 32.6 by
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Set of tests Sample# Ct value Visualized detection
#127 31.7 i
v
#129 28.2 B
#174 Negative o
#175 Negative 3
#176 Negative d
Positive control N/A ;
Negative control N/A
#126 35.4
#130 37.0
10t
#145 25.3 i
i
#177 Negative
#178 Negative
#179 Negative
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Table 2.7. Analysis of the E gene of SARS-CoV-2 in patient samples. Each set of tests

contained a positive control, a negative control, and four samples. The positive and

negative controls were the same as noted in Table 2.6.

Set of tests Sample# Ct alue Visualized detection
Positive control N/A '?
Negative control N/A 'ﬁa
#57 25.2 1J
lst
#59 25.2 @‘
#1 Negative w
#2 Negative ﬁ;g
iy W
Positive control N/A |
9
L
2nd
Negative control N/A qr—
#72 20.1 1;'
490 26.4 i &
gnd %j'
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Set of tests Sample# Ct alue Visualized detection
#3 Negative -:;’
. V'
#12 Negative ‘
o
U

2.4 Conclusion

I incorporated the isothermal amplification technique RT-LAMP with the trans-

cleavage activity of CRISPR-Cas12a to develop a colorimetric assay for the detection of

SARS-CoV-2. The designed hairpin transducer can be cleaved by the activated CRISPR-

Casl2a and release the RNA crosslinker to induce the aggregation of AuNP. I successfully

applied the assay to the visual detection of two genes of SARS-CoV-2 viral RNA. The

detection can be completed within 45 min at a single controlled temperature of 62 °C. The

naked-eye observation of the detection results eliminates the need for sophisticated

equipment, which makes the assay ideal for POC diagnosis of COVID-19. I can use this

assay for the detection of other pathogens by adjusting the primers of RT-LAMP and the

gRNA of the CRISPR-Cas]12a.
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Chapter 3 SDA-DNAzyme circuit for the detection of nucleic acids

3.1 Introduction

Similar to CRISPR-Cas systems, RNA-cleaving DNAzymes can catalyze the
cleavage reaction and the activation of DNAzymes relies on specific DNA
hybridization.’’ Instead of indiscriminately cleaving the substrate, DNAzymes are
designed to cleave specific sites. Moreover, DNAzymes have higher stability, lower cost
of production, and can be functionalized easily.’! Taking advantage of these merits and
the controllable cleavage activity of DNAzymes, researchers have established different
DNA architectures, including DNA logical gates,”®' DNA nanomachines,'**!%7 and
DNAzyme circuits.’>>*

The DNAzyme circuit is a strategy of using DNAzyme to improve the existing
isothermal amplification techniques for the detection of nucleic acids. Generally, the
cleavage reaction and the isothermal amplification reaction form the positive feedback
circuit so that both reactions are accelerated to enhance the sensitivity. For example, RCA
technique was used to amplify the target and generate multiple DNAzymes, which cleaved
the blocker on the template of RCA and triggered more RCA reactions.> The initiation of
new RCA increases the amount of DNAzymes in the circuit, thus accelerating the
amplification to form the positive feedback. Another strategy used the CHA technique to

amplify the DNAzymes that cleaved the substrates and generated more catalytic DNAs

for the CHA amplification.>? Although the sensitivity of these circuits has been improved
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by the DNAzyme, using them to detect different targets requires the alteration of the
circular template of RCA or the hairpins of CHA. Since the preparation of the RCA
template is time-consuming and the CHA hairpins need to be carefully designed to avoid
nonspecific assembly, the reported circuits are not ideal for the detection of various
nucleic acids.

Herein, I developed the SDA-DNAzyme circuit to detect different nucleic acid targets
without changing the sequence design of the circuit system by using MNAzyme for target
recognition. The initiation of the circuit required the specific hybridization of two binding
arms of the MNAzyme subunits to the target. The detection of two model targets was
performed in a one-pot format at a constant temperature of 37 °C. To detect another target,

I need to change only the sequences of the two binding arms but not of the circuit.

3.2 Materials and methods

Reagents

All nucleic acids were synthesized by Integrated DNA Technologies (IDT; Coralville,
IA, USA) and diluted by 1x IDTE buffer (10 mM Tris, 0.1 EDTA, pH=8.0). Magnesium
chloride (MgCl>) and manganese chloride (MnCl,) were obtained from Sigma (Oakville,
ON, Canada). Tris-HCI buffer (pH=7.4) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Other reagents, including Klenow Fragment (3'—5' exo’) polymerase,

Nt.AlwlI restriction endonuclease, T4 Polynucleotide Kinase, NEBuffer 2, and ANTP were
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purchased from New England BioLabs (NEB; Whitby, ON, Canada).
Investigation of different blockers for the template of SDA

Table 3.1 lists the sequences of templates and blockers of different designs. For
comparison of the cleavage activity of the blockers, each sample contained 1 pM of
different blockers (Bab or Be), 100 nM molecular beacon substrate, 0.5 mM MnCl,, and
Ix NEBuffer 2. Duplicate samples were loaded onto the 96-well plate and 60-min
cleavage reactions of the substrate were monitored by Multi-Mode Microplate Reader
FilterMax F5 from Molecular Devices (Sunnyvale, CA, USA). The fluorescence signal
generated from the cleavage of substrate was measured and recorded at

excitation/emission of 485/535 nm every 3 min.
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Table 3.1. The sequences of the blockers (Bab and Bc), template (Ta), molecular beacon

substrate (MBS), and DNAzyme. For Bab, Bc and DNAzyme, the red sequence is the

catalytic core that processes the cleavage activity. The blue and green sequences (a and b)

of Ba.p are the two arms that can hybridize with the substrate. The yellow sequence of B¢

can block the recognition region of the template in the same color. ‘InvdT’ is the inverted

dT modification on the 3’-end. For the template, the underlined sequence can be blocked

by Bab and the shaded sequence can be blocked by Be. The sequence in bold is the primer

binding region. The sequences of MBS in italics are complementary to each other. ‘FAM’

and ‘IABKFQ’ are the fluorophore and quencher groups that labeled on 5’-end and 3’-end,

respectively.
Name Sequence (5> — 3°)

Bs3z | C AGA GGC TAG CTA CAA CGA GGT /InvdT/
B3s4 | AGA GGC TAG CTA CAA CGA GGT C /InvdT/
Bzs | GA GGC TAG CTA CAA CGA GGT CC /InvdT/

Ba-b
Bx4 | GA GGC TAG CTA CAA CGA GGT C /InvdT/
B3:s | AGA GGC TAG CTA CAA CGA GGT /InvdT/
Bz | GA GGC TAG CTA CAA CGA GG /InvdT/
Bis CA GTC AGA GGC TAG CTA CAA CGA

Bc /InvdT/
Bi4 CA GTC AGA GGC TAG CTA CAA CG
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Name Sequence (5’ — 3°)

/InvdT/

Bis CA GTC AGA GGC TAG CTA CAA C /InvdT/

To GGA CCTCG TTG TAG CTA GCC TCT GACTG

CGG TCC ATG /InvdT/

Tho GGA CCTCG TTG TAG CTA GCC TCT GACTG

CGG TCC ATG T/InvdT/

Ta
Tu GGA CCTCG TTG TAG CTA GCC TCT GACTG

CGG TCC ATG TG/InvdT/

Ti2 GGA CCTCG TTG TAG CTA GCC TCT GACTG

CGG TCC ATG TGA/InvdT/

MBS /FAM/CCC AAG GG TTT TTT TCA CAT GGA CCrG rUCT

GACTGTTTITTTTT CCC TTG GG /TABKFQ/

DNAzyme GTC AGA GGC TAG CTA CAA CGA GGT CC

For comparison of the blocking efficiency of the blockers, each sample contained 1
nM DNAzyme, 100 nM substrate, 50 nM template-blocker complex (ratio 1:2), 0.5 mM
MnCl,, and 1x NEBuffer 2. I prepared the template-blocker complex by annealing the
solution containing 1 uM template and 2 uM blocker in the annealing buffer (10 mM Tris-

HCI buffer and 10 mM MgCl»). The solution was heated to 80 °C and then cooled down
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to 20 °C gradually in 1 h by an MJ Mini Personal Thermal Cycler (Bio-Rad). The cleavage
reaction of the substrate was measured and recorded at the same conditions as noted above.
Optimization of the SDA-DNAzyme circuit

I used 50 pM DNAzyme as the target to optimize the conditions of the SDA-
DNAzyme circuit, including the length of template and the concentrations of template-
blocker complex, MBS, and polymerase. A standard SDA-DNAzyme circuit reaction
contained 25 nM ToB13 (Table 3.1) template-blocker complex, 200 nM MBS, 0.04 U/uL
Klenow Fragment (3'—5' exo”) polymerase, 0.08 U/uL Nt.AlwlI restriction endonuclease,
0.08 U/uL T4 polynucleotide kinase, 100 mM dNTP, 0.05 mM MnCl,, and 1x NEBuffer
2. To optimize each parameter, I changed the corresponding reagent or its concentration.
The SDA-DNAzyme circuit reaction was monitored and recorded for 3 h. Other
measurement conditions were the same as noted above.
Detection of model targets

Table 3.2 lists the sequences of two model targets, Mal and HBV, and two pairs of
subunits. To prepare the MNAzymes, [ mixed 2 uM of subunits MzM-L and MzM-R (or
MzH-L and MzH-R) with different concentrations of Mal (100 nM, 10 nM, 1 nM, 100
pM, and 10 pM, or HBV at the same concentrations) in the annealing buffer. The mixture
was heated to 80 °C and then cooled down to 20 °C gradually in 1 h. Then, all mixtures
were diluted 100 times and 5 pL of diluted mixture was added to 95 pL of standard SDA-
DNAzyme circuit reaction solution. The SDA-DNAzyme circuit reaction was monitored

and recorded for 3 h. Other measurement conditions were the same as mentioned above.
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Table 3.2. The sequences of MNAzyme subunits and nucleic acid targets. ‘Mal’ and ‘HBV”
are two model targets. ‘MzM-L/R’ and ‘MzH-L/R’ are two pairs of subunits that can
recognize ‘Mal’ and ‘HBV’ respectively. The sequences in red are partial catalytic core of
subunits. The sequences of subunits in bold and italics can bind with the target regions
with the same labels. The sequences in blue and green are binding arms that can hybridize

with the molecular beacon substrate.

Name Sequence (5’ — 3°)

MzM-L | AG TCA GA GGC TAG CT CGT CTG TTA TGA ACA CTT AAT

TTT /InvdT/

MzM-R | ACA ATG AAC TCA ATC ATG ACT ACC A CAA CGA GGT CCA

/InvdT/

Mal AAA ATT AAG TGT TCA TAA CAG ACG GGT AGT CAT GAT

TGA GTT CATTGT

MzH-L | AG TCA GA GGC TAG CT GGA CTG CGA ATT TTG GC /InvdT/

MzH-R | GAG TGA TTG GAG GTIT GG A CAA CGA GGT CCA /InvdT/

HBV GCC AAAATT CGC AGT CCC CA4 CCT CCA ATCACT C

3.3 Results and discussion

Principle of SDA-DNAzyme circuit
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To detect the nucleic acid targets, I designed two subunits, each containing a sensor
arm complementary to the target (Figure 3.1A). Target recognition assembles the two
subunits and leads to the formation of MNAzyme with an intact catalytic core. I also
designed MBS that has two functions: (1) serving as the substrate of the MNAzyme to
report the cleavage reaction, (2) releasing the primer to initiate the SDA-DNAzyme circuit
(Figure 3.1B). The MBS was dually labeled with fluorophore and quencher groups on
each end. The cleavage of the loop by MNAzymes destabilized the hairpin structure of
MBS and separated the two groups, generating the fluorescence signal. One of the
cleavage products was designed to be complementary to the template. As a result, the
presence of the nucleic acid target results in an observable signal and the liberation of the
primer to trigger the circuit.

Figure 3.1C demonstrates the positive feedback amplification of the SDA-DNAzyme
circuit. The polymerase extends the primer to generate a copy of the DNAzyme. The
endonuclease then nicks the extension product to generate a new 3’-end. The polymerase
with strand displacement activity can repeatedly extend the new 3’-end and displace the
downstream DNAzyme, which is released to cleave the MSB and produce more primers.
More SDA reactions are initiated to accelerate the amplification of the DNAzyme. Thus,
the SDA reaction and the DNAzyme cleavage reaction develop a feedback amplification

circuit that can sensitively respond to the nucleic acid target.
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Figure 3.1. The principle of the SDA-DNAzyme circuit. (A) Two subunits hybridize with
the target to form the MNAzyme. (B) MNAzyme cleaves MBS to release the primer. (C)

Primer initiates the SDA reaction and develops a positive feedback amplification between

the SDA and DNAzyme.
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Functional domains of each component in the circuit

Figure 3.2A shows five components in the circuit: the nucleic acid target, two
subunits, the MBS, the template, and the DNAzyme. The subunit consists of a sensor arm
I or I complementary to the target domain I* or II*, a partial catalytic core C; or Cz, and
a binding arm A or B. Serving as the substrate of MNAzyme, MBS contains two substrate
domains A* and B*. After the cleavage of MBS, domain A* is released to hybridize with
the primer-binding domain A of the template. The template also contains an endonuclease
recognition domain D and the DNAzyme generation domain (B*+C,*+Ci*+A*). The
extension of primer A* generates a copy of the DNAzyme (A+C;+C>+B) that can also
hybridize with the substrate domains A* and B* of the MBS to catalyze its cleavage.

I analyzed the potential risk of the circuit being interrupted. The domains A+C; and
B+C, of two subunits prefer to hybridize with the DNAzyme generation domain
(B*+C2*+C1*+A*) of the template with longer complementary sequences (Figure 3.2B).
Therefore, the MNAzymes cannot cleave the MBS and the circuit cannot be initiated. It
1s necessary to design anther component that blocks the DNAzyme generation domain to

prevent the subunits from binding to the template.
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Figure 3.2. Sequence design of the SDA-DNAzyme circuit. (A) Functional domains of
each component in the circuit. ‘*’ indicates the complementary sequence. (B) When there

is no blocker, the subunits of MNAzyme prefer to bind to the template but not the MBS.

The design of a blocker for the SDA-DNAzyme circuit has two major aims: (i)

prevent the subunits from hybridizing with the DNAzyme generation domain of the
template; (i1) eliminate the cleavage activity of the blocker to avoid background. Since
the blocker is complementary to the DNAzyme generation domain, it has the same

sequence as the DNAzyme and may process the cleavage activity. Even low cleavage
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activity of the blocker can be amplified by the circuit to generate high background, thus
significantly reducing the sensitivity of the system. As demonstrated in Figure 3.3, I
proposed and compared two designs of the blocker to fulfill these two goals. I designed
blocker Ba.p with different lengths of domains A and B to achieve good blocking efficiency
(Table 3.1). I also designed blocker B, with different lengths of domain C to eliminate the

catalytic activity.
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Figure 3.3. Designs of two blockers and their displacement reactions. (A) Blocker Bap
uses the design of the toehold-mediated strand displacement reaction. ‘a’ and ‘b’ stand for
the lengths of the domains ‘A’ and ‘B’. (B) Blocker B¢ uses the design of the toehold-

mediated strand exchange reaction. ‘c’ represents the length of the domain ‘C’.

Figure 3.3 A shows the first design of blocker Ba.b, which is advantageous for blocking
the DNAzyme generation domain. Ba, fully blocks the Ci*+Cy* domain and partially
blocks the A* and B* domains of the template. B.., may still have the cleavage activity
because it has both binding arms. However, the existence of domain A ensures the short
toehold to improve the blocking efficiency. The displacement of the blocker by the

MNAzymes is the reaction of toehold-mediated strand displacement. The binding arms A
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and B of the MNAzymes can first hybridize with the exposed toehold (B*-B or A*-A).
Then, it gradually displaces the blocker and completely hybridizes with the template. The
kinetics of the displacement depends on the length of the toehold. As long as the toehold
is shorter than 5 nt, the blocker can efficiently block the template due to the slow
displacement.

To completely eliminate the cleavage activity of the blocker, I also designed the
blocker B that has only one binding arm B (Figure 3.3B). Removing domain A can
significantly reduce the stability of hybridization between B, and MBS, thus silencing the
cleavage activity of the blocker. In addition, I can use a shorter C domain to deactivate
the catalytic core of the blocker. However, this design had a long toehold (A*+ C1*+Cy*-
C) > 5 nt for rapid strand displacement. Therefore, it is necessary to block the D domain
to design a toehold-mediated strand exchange reaction for blocking the template. After
the MNAzymes bind to the toehold and displace B¢, domain D can work as the second
toehold and the blocker can displace the MNAzymes. The reversible reaction is able to
prevent B, from being completely displaced. A longer D* of B is better for high blocking
efficiency. Nevertheless, endonuclease can recognize the duplex of D*D and nick domain
D* if they are fully complementary to each other. Thus, I designed domain D* of B to be
1 nt shorter than domain D.

Investigation of the blocker Ba-p
Since blocker Bap contains both binding arms, I first tested the cleavage activity of

Bab with different lengths of domains A and B. Figure 3.4A shows the reaction of Bay
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cleaving MBS. Using a high concentration of 1 uM blocker, I was able to monitor the low
cleavage activity. Among the five Bap blockers, Bs.3, B34, and Bo.s showed cleavage
activity but B2.4 and B3.3 had no observable signal within 1 h. These results suggested that
Bab with longer A and B domains can hybridize with MBS more stably to catalyze the
cleavage reaction. Therefore, only the Ba., blocker shorter than B>.4 and B3.3 can be used
to construct the SDA-DNAzyme circuit with low background.

I further compared the blocking efficiency of Bz4, Bz, and B> using 1 nM
DNAzyme to cleave MBS. The complex of B2.> and template had a long toehold of 6 nt,
which might lead to a rapid toehold-mediated strand displacement reaction. As expected,
100 nM B2 could hardly block 50 nM template (Figure 3.4B) and the 1 nM DNAzyme
stopped cleaving MBS to generate the fluorescence signal after 15 min. B33 and B4
displayed good blocking efficiency and DNAzyme kept cleaving the MBS within 1 h.
Their hybridization with the template formed toeholds shorter than 5 nt so that the
displacement of the blockers was relatively slow.

Thus, I tried to construct the SDA-DNAzyme circuit by using the blockers B4 and
Bs.3. The samples containing B24 and B33 but no DNAzyme or MNAzymes showed the
exponential amplification signal (Figure 3.5). Both circuits generated high background
even though I did not observe the cleavage activity of 1 uM blocker in 1 h. Without the
blockers, the blank sample did not show any increase in fluorescence. The circuit was
capable of amplifying the cleavage activity of Ba.p that was not detectable in the cleavage

reaction. Therefore, it was difficult to apply the Bap to the circuit because I would have
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the issue of either low blocking efficiency from the short Bay or high background from

the long Bab.
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Figure 3.4. Comparison of the blocker B.., of different lengths. ‘a’ and ‘b’ are the lengths

of the two binding arms of the blocker that block the domains A* and B* of the template,

respectively. All samples were prepared in duplicate and each curve is the average of two

measurements. (A) Determination of the cleavage activity of Bas. In each sample, 1 uM

Ba.b cleaved 100 nM MBS. The positive control was 1 nM DNAzyme. (B) The blocking

efficiency of three blockers that had no observable cleavage activity. In each sample, 1

nM DNAzyme cleaved 100 nM MBS in the solution containing 50 nM template T1o and

100 nM blocker. Measurements from multiple independent experiments (n = 2) conducted

on different days gave consistent results. Each curve in this figure represents the average

of two measurements conducted on the same day.
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Figure 3.5. Blockers Bs.3 and B4 generated high background in the SDA-DNAzyme
circuit. Each reaction contained 200 nM MBS, 0.04 U/uL Klenow Fragment (3'—5' exo-)
polymerase, 0.08 U/uL Nt.Alwl endonuclease, 0.08 U/uL T4 polynucleotide kinase, 100
mM dNTP, 0.5 mM Mn**, 50 nM template T1o, and 100 nM blocker B, in 1x NEBuffer
2. The blank sample contained all reagents except the blocker. Measurements from
multiple independent experiments (n = 3) conducted on different days gave consistent
results. Each curve in this figure represents the average of two measurements conducted

on the same day.

Investigation of the blocker B.

To eliminate the high background, I aimed to reduce the cleavage activity of the
blocker by removing the binding arm domain A. I also deleted 1-2 nt of the catalytic core
domain C to further silence the cleavage activity. Figure 3.6A demonstrates the
comparison of the cleavage activity of Bis, Bi4, and B3 (Table 3.1). The 1 uM Bis5 showed

a high cleavage rate even though it only had the binding arm domain B. The removal of
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the nucleotide in the catalytic core domain significantly decreased the activity of Be.
Compared to Bis, Bis could only cleave 1/3 of MBS in 1 h. The sample of B13 showed no
increase in the fluorescence signal, indicating that the deletion of 2 nt led to the silence of
its activity. To confirm this result, I also tested B3 in the SDA-DNAzyme circuit and
could not observe the background in the blank sample with no target DNAzyme (data not
shown).

Theoretically, Bi3 could efficiently block the template. After I removed 2 nt from the
catalytic core domain, the length of the toechold for MNAzyme is A*+(Co*+C1*)-(C1+C>)
=5+15-13=7 nt. The displacement of B3 by the MNAzyme forms a new toehold D, which
has a longer length of 8 nt. Therefore, the displacement of MNAzymes by Bi3 is more
favorable so that B3 can remain hybridizing with the template (Figure 3.6B) during the
reversible toehold-mediated strand exchange reaction. As shown in Figure 3.6B,
DNAzyme could not cleave MBS when there was no B13 but only template. In the sample
containing 100 nM B3 to block 50 nM template, ]| nM DNAzyme continuously cleaved
the MBS to generate high fluorescence signal in 1 h. Due to the good blocking efficiency
and no cleavage activity, I used B3 to construct the SDA-DNAzyme circuit for the

detection of the nucleic acid targets.

92



25000 1 -+Bl5 20000 -

B14
20000 1 B[3

<-DNAzyme

DNAzyme+T9B13
15000

u.)

-No blocker +DNAzyme+T9

15000 -
10000 4
10000 -

Fluoresence (a.
Fluoresence (a.u.)

5000
5000 4

Time (min) Time (min)

Figure 3.6. Comparison of the blocker B. of different lengths. ‘c’ indicates the length of
the C domain of the blocker (Figure 3.6.B). All samples were prepared in duplicate and
each curve is the average of two measurements. (A) Determination of the cleavage activity
of Bc. In each sample, 1 uM Bc cleaved 100 nM MBS in 1 h. (B) Investigation of the
blocking efficiency of the Bi3. All samples contained 1 nM DNAzyme to cleave 100 nM
MBS. ‘T9Bi3’ means the sample also had 50 nM template T (Table 3.1) and 100 nM
blocker Bi3. ‘T9’ indicates the sample contained Ty but no Bi3. Each curve represents the

average of duplicate analyses.

Comparison of different lengths of primer binding domain of template

The length of the primer binding domain A of the template is critical to the
performance of the SDA-DNAzyme circuit (Figure 3.2A). If the primer binding domain
is too short, it cannot stably hybridize with the primer to initiate the SDA amplification.
However, a long primer binding domain A can hybridize with the A* domain of MBS

before the cleavage. At the beginning of the reaction, the nucleic acid target at low
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concentration can form only a small amount of MNAzyme, leading to the slow cleavage
of MBS. Therefore, the concentration of the primer at fM—pM levels is much lower than
that of MBS at nM levels. Since uncleaved MBS is more competitive than the primer
released from the cleavage reaction to occupy the primer binding domain, the primer can
hardly trigger the circuit to amplify the signal. Thus, I designed four templates, To, T1o,
T11, and T2, to compare different lengths of the primer binding domain varying from 9 to
12 nt (Table 3.1). The melting temperatures (Tm) of the primer hybridizing with the four
templates are: 32.8, 38.3, 42.8, and 46.4 °C. Ty has a Tm lower than the reaction
temperature of 37 °C. The high T of T11 and T12 may enable them to bind to the uncleaved
MBS.

I used the SDA-DNAzyme circuit to test these four templates (Figure 3.7). As expected,
the circuit of T11 had a low fluorescence signal. Increasing the length to 12 nt further
decreased the signal, while reducing the length to 10 nt dramatically improved the
amplification. These results indicated that the hybridization between the long primer
binding domain and uncleaved MBS led to the slow amplification. However, a high
background was generated in the circuit of T1o. I attribute this background to the initiation
of the circuit by the impurities in MBS. Although there was no cleavage of MBS in the
blank sample, low abundance impurities of digested MBS can still work as a primer to
hybridize with Tio because of its high Tm. In the circuit of Ty, there was no obvious
increase in the background, suggesting that the impurities were not able to bind to the

template due to its low Tm. Only the accumulation of the cleaved MBS could increase the
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concentration of the primer to trigger the circuit and amplify the signal. Therefore, I
selected Ty as the template for the construction of the SDA-DNAzyme circuit because of

its low background and good amplification.
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Figure 3.7. Comparison of different lengths of the primer binding domain A of the
template using the SDA-DNAzyme circuit. ‘To’ indicates the template had a primer
binding domain of 9 nt. Each reaction contained 200 nM molecular beacon substrate, 0.04
U/uL Klenow Fragment (3'—5' exo-) polymerase, 0.08 U/uL Nt.Alwl endonuclease, 0.08
U/uL T4 polynucleotide kinase, 100 mM dNTP, 0.5 mM Mn?**, 50 nM of template, and
100 nM blocker B3 in 1x NEBuffer 2. The blank sample had all reagents except
DNAzyme. Measurements from multiple independent experiments (n = 3) conducted on
different days gave consistent results. Each curve in this figure represents the average of

two measurements conducted on the same day.
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Optimization of concentration of other reagents

To improve the performance of circuit, I optimized the concentrations of template—
blocker complex, MBS, and polymerase to achieve high signal as well as low background.
The results are demonstrated in Figures 3.8, 3.9, and 3.10, respectively. A high
concentration of template—blocker T9B13 greatly inhibited the amplification. Although the
blocker was not displaced, the high concentration of the exposed toehold of the template
could also compete with MBS to hybridize with the DNAzyme and prevent it from
cleaving MBS efficiently. On the other hand, high concentrations of both the MBS and
the polymerase increased the background. Larger amounts of MBS brought more
impurities into the circuit and the high concentration of polymerase facilitated nonspecific

amplification based on these impurities.
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Figure 3.8. Optimization of the concentration of the template—blocker complex T9Bis.
Each reaction contained 200 nM MBS, 0.04 U/uL Klenow Fragment (3'—5' exo’)
polymerase, 0.08 U/uL Nt.Alwl endonuclease, 0.08 U/uL T4 polynucleotide kinase, 100
mM dNTP, 0.5 mM Mn?*, and 10-100 nM of T9oB13 complex in 1x NEBuffer 2. The ratio
of template to blocker was 1:2. Measurements from multiple independent experiments (n
= 3) conducted on different days gave consistent results. Each curve in this figure

represents the average of two measurements conducted on the same day.
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Figure 3.9. Optimization of the concentration of MBS. Each reaction contained 100-300
nM MBS, 0.04 U/uL Klenow Fragment (3'—5' exo’) polymerase, 0.08 U/uL. Nt.AlwI
endonuclease, 0.08 U/uL T4 polynucleotide kinase, 100 mM dNTP, 0.5 mM Mn**, and
25 nM of ToB13 complex (1:2) in 1x NEBuffer 2. Each curve represents the average of

duplicate analyses.
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Figure 3.10. Optimization of the concentration of polymerase. Each reaction contained
200 nM MBS, 0.02-0.06 U/uL Klenow Fragment (3'—5' exo’) polymerase, 0.08 U/uL.
Nt.Alwl endonuclease, 0.08 U/uL T4 polynucleotide kinase, 100 mM dNTP, 0.5 mM
Mn?*, and 25 nM of ToB13 complex (1:2) in 1x NEBuffer 2. Each curve represents the

average of duplicate analyses.
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Detection of two model targets

To demonstrate the proof-of-principle, I used the optimized SDA-DNAzyme circuit
to detect two nucleic acid targets, the genetic sequences of the malarial parasite P,
falciparum (Mal)!®® and the Hepatitis B virus (HBV).!%” The assays for the detection of
the two targets had only different sensor arms of the subunits but the SDA-DNAzyme
circuit remained the same. The lengths of the target domains Mal and HBV were 48 nt
and 34 nt, respectively. Each sensor domain of the subunits was designed to target half of
the target (24 or 17 nt) to form the MNAzymes. It was difficult to use this method to detect
a shorter target, such as microRNA of about 22 nt,% ® because the sensor arm of the subunit
is only 11 nt (Tm<32 °C) and cannot form stable MNAzyme at 37 °C. For the detection of
both model targets, no background was observed during 3 h of amplification (Figure 3.11).
The selection of the blocker with no cleavage activity and the template with a shorter
primer binding domain successfully eliminated the background in the circuit. Moreover,
the detection of these two targets used the same SDA-DNAzyme circuit except for the
sensor domain of the subunits. A higher concentration of target led to faster amplification

and the limit of detection for two targets was about 5 fM.
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Figure 3.11. Detection of 50 pM—5 fM genetic sequences of (A) malarial parasite P,
falciparum and (B) Hepatitis B virus using the SDA-DNAzyme circuit. Each reaction
contained 1 nM of two subunits, 200 nM MBS, 0.04 U/uL Klenow Fragment (3'—5' ex0")
polymerase, 0.08 U/uL Nt.Alwl endonuclease, 0.08 U/uL T4 polynucleotide kinase, 100
mM dNTP, 0.5 mM Mn?*, and 25 nM of ToB13 complex (1:2) in 1x NEBuffer 2. Each

curve represents the average of duplicate analyses.

3.4 Conclusion

I developed an MNAzyme-initiated SDA-DNAzyme circuit to detect various nucleic
acid targets. Thanks to the positive feedback amplification between the SDA reaction and
DNAzyme cleavage, the circuit can achieve the detection of two model targets at the fM
level. The reaction of the circuit is performed continuously at 37 °C and all reagents were

mixed in one test tube. By altering only the sensor arm of the subunits, I can detect any
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nucleic acid target with no need oto change the sequence design of the circuit.

102



Chapter 4 Systematic investigation of the split location and secondary structure of

the 10-23 DNAzyme for protein analysis

4.1 Introduction

Recently, MNAzymes have been increasingly adopted to the development of assays
for the amplified detection of proteins.®*%3 For example, an MNAzyme-based assay for
proteins was constructed using three subunits.’’ The binding of nucleic acid targets can
directly and precisely assemble subunits into MNAzymes with a designated secondary
structure, which is yet challenging for protein detection settings. Detection of proteins
generally requires binding of affinity ligands (e.g. antibodies) that are not able to directly
assemble subunits into MNAzymes. Therefore, additional designs are needed to translate
the protein binding into the assembly of subunits, which makes MNAzymes constructed
for nucleic acid argets not necessarily applicable to protein detection.

So far, there has been no systematic investigation of the split locations and secondary
structure of the MNAzymes for protein detection. For the detection of nucleic acids, the
single turnover number (kobss) of MNAzymes with different split locations varied from
107 to 1.2 min™!, showing a 1200-fold difference.’® Therefore, a comparison of the split
locations can also improve the catalytic activity of MNAzymes targeting proteins. On the
other hand, the reported four-arm structure required three subunits to recognize the protein
so that the assay was limited to the detection of large proteins.®’ The three-arm structure

using only two subunits has been used more widely for the development of MNAzymes
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to detect protein targets.

In this chapter, I aim to construct protein binding-assembled MNAzymes with a high
catalytic activity, enabling sensitive detection of proteins. I choose to split a DNAzyme
within its catalytic core to ensure that each subunit is completely inactive and that the
assembled MNAzyme has a high activity. I systematically studied how the split location
and secondary structure affect the catalytic activities of MNAzymes. I selected the 10-23
DNAzyme to construct protein binding-assembled MNAzymes because it has a high
catalytic activity and small size. I compared all 14 split locations of the catalytical core of
the 10-23 DNAzyme.**® I studied the combination of these 14 split locations with two
secondary structures. In addition to testing kobss of the assembled MNAzymes, I also
measured the multiple turnover number (kobs.m) to evaluate the overall signal generation

process for analytical purposes.

4.2 Materials and methods

Reagents

All nucleic acids used in this chapter were synthesized by Integrated DNA
Technologies (IDT; Coralville, TA, USA). Their sequences are listed in Table 4.1.
Magnesium chloride (MgCly) and manganese chloride (MnCly) were obtained from
Sigma (Oakville, ON, Canada). Tris-HCI buffer (pH=7.4) and Tris-EDTA buffer (pH=S8.0)
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Fisher Bioreagents

(Pittsburgh, PA, USA), respectively. Tris-acetate buffer (pH=8.5) was prepared from the
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ultrapure Tris (Invitrogen, Carlsbad, CA, USA) and acetic acid (Fisher Scientific, Fair
Lawn, NJ, USA). Gold nanoparticle solution (AuNP, 20 nm, 7.0x10'! particles/mL) was
obtained from Ted Pella (Redding, CA, USA). Tween 20 was purchased from Fisher

Scientific (Fair Lawn, NJ, USA).

Table 4.1. The sequences of 10-23 DNAzyme, substrate, and 28 pairs of the subunits of
MNAzymes for comparison of different split locations and structures. ‘FAM-1%2*’ is the
substrate dually labeled with a thiol group and fluorophore on each end. Subunits ‘1hb’
and ‘b*2’ form the four-arm structure. Subunits ‘1c¢’ and ‘c*2’ form the three-arm structure.
‘Pair 1’ to ‘Pair 14’ contain 14 different split locations. Sequences in red are the intact or
split catalytic core. FAM-1*2* is the RNA substrate labeled with a thiol group on the 5’-
end and FAM fluorescence dye on the 3’-end. RNA nucleotides in bold indicate the
cleavage site of the substrate. Sequences in green and blue are the binding arms
complementary to the sequences of the substrate in the same colors. Sequences in black
are the hairpin structure, which is the fourth arm of the four-arm structure. Sequences in

purple are the complementary regions for the assembly of the MNAzymes.

DNA name Sequences (5’ to 3°)

10-23 DNAzyme | CA GTC AGA GGC TAG CTA CAA CGA GGT CCATG

FAM-1%2%* HS-TTT TTT TTT TTT CA TGG ACC rG U CTG ACT G T-

FAM
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DNA name

Sequences (5’ to 3°)

Pair 1 CAG TCA GA G GTG AG TTTTT CTC AC AGA CGT CAG
CTC CA

Pair 2 CAG TCA GA GG GTG AGTTTTT CTC AC AGA CGT CAG
CTC CA

Pair 3 CAGTCA GAGGCGTGAGTTTTT CTC AC AGA CGT CAG
CTC CA

Pair 4 CAG TCA GA GGC T GTG AG TTTTT CTC AC AGA CGT
CAG CTC CA

Pair 5 CAG TCA GA GGC TA GTG AGTTTTT CTC AC AGA CGT

1hb CAG CTC CA

Pair 6 CAGTCA GAGGCTAGGTGAGTTTTT CTC AC AGA CGT
CAG CTC CA

Pair 7 CAG TCA GA GGC TAG C GTG AG TTTTT CTC AC AGA
CGT CAG CTC CA

Pair 8 CAG TCA GA GGC TAG CT GTG AG TTTTT CTC AC AGA
CGT CAG CTC CA

Pair 9 CAGTCA GAGGCTAGCTAGTGAGTTTTT CTC AC AGA
CGT CAG CTC CA

Pair 10 | CAG TCA GA GGC TAG CTA C GTG AG TTTTT CTC AC
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DNA name

Sequences (5’ to 3°)

AGA CGT CAG CTC CA

Pair 11 | CAG TCA GA GGC TAG CTA CA GTG AG TTTTT CTC AC
AGA CGT CAG CTC CA

Pair 12 | CAG TCA GA GGC TAG CTA CAAGTGAGTTTTT CTC AC
AGA CGT CAG CTC CA

Pair 13 | CAG TCA GA GGC TAG CTA CAA C GTG AG TTTTT CTC
AC AGA CGT CAG CTC CA

Pair 14 | CAG TCA GA GGC TAG CTA CAA CGGTGAGTTTTT CTC
AC AGA CGT CAG CTC CA

Pair 1 TGG AGC TGA CGT CT GC TAG CTA CAA CGA GGT CCA
TG

Pair 2 TGG AGC TGA CGT CT C TAG CTA CAA CGA GGT CCA
TG

Pair 3 TGG AGC TGA CGT CT TAG CTA CAA CGA GGT CCA TG

b*2

Pair 4 TGG AGC TGA CGT CT AG CTA CAA CGA GGT CCA TG

Pair 5 TGG AGC TGA CGT CT G CTA CAA CGA GGT CCA TG

Pair 6 TGG AGC TGA CGT CT CTA CAA CGA GGT CCA TG

Pair 7 TGG AGC TGA CGT CT TA CAA CGA GGT CCA TG

Pair 8 TGG AGC TGA CGT CT A CAA CGA GGT CCA TG
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DNA name

Sequences (5’ to 3°)

Pair 9 TGG AGC TGA CGT CT CAA CGA GGT CCA TG
Pair 10 | TGG AGC TGA CGT CT AA CGA GGT CCA TG
Pair 11 | TGG AGC TGA CGT CT A CGA GGT CCA TG
Pair 12 | TGG AGC TGA CGT CT CGA GGT CCA TG
Pair 13 | TGG AGC TGA CGT CT GA GGT CCA TG
Pair 14 | TGG AGC TGA CGT CT A GGT CCA TG
Pair 1 CAG TCA GA G GGT GCA CGT CTC AG
Pair 2 CAG TCA GA GG GGT GCA CGT CTC AG
Pair 3 CAG TCA GA GGC GGT GCA CGT CTC AG
Pair 4 CAG TCA GA GGC T GGT GCA CGT CTC AG
Pair 5 CAG TCA GA GGC TA GGT GCA CGT CTC AG
Pair 6 CAG TCA GA GGC TAG GGT GCA CGT CTC AG
le Pair 7 CAG TCA GA GGC TAG C GGT GCA CGT CTC AG
Pair 8 CAG TCA GA GGC TAG CT GGT GCA CGT CTC AG
Pair 9 CAG TCA GA GGC TAG CTA GGT GCA CGT CTC AG
Pair 10 | CAG TCA GA GGC TAG CTA C GGT GCA CGT CTC AG
Pair 11 | CAG TCA GA GGC TAG CTA CA GGT GCA CGT CTC AG
Pair 12 | CAG TCA GA GGC TAG CTA CAA GGT GCA CGT CTC AG
Pair 13 | CAG TCA GA GGC TAG CTA CAA C GGT GCA CGT CTC
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DNA name

Sequences (5’ to 3°)

AG

Pair 14 | CAG TCA GA GGC TAG CTA CAA CG GGT GCA CGT CTC
AG

Pair 1 CTG AGA CGT GCA CC GC TAG CTA CAA CGA GGT CCA
TG

Pair 2 CTG AGA CGT GCA CC C TAG CTA CAA CGA GGT CCA
TG

Pair 3 CTG AGA CGT GCA CC TAG CTA CAA CGA GGT CCA TG

Pair 4 CTG AGA CGT GCA CC AG CTA CAA CGA GGT CCA TG

Pair 5 CTG AGA CGT GCA CC G CTA CAA CGA GGT CCA TG

Pair 6 CTG AGA CGT GCA CC CTA CAA CGA GGT CCA TG

c*2

Pair 7 CTG AGA CGT GCA CC TA CAA CGA GGT CCA TG

Pair 8 CTG AGA CGT GCA CC A CAA CGA GGT CCA TG

Pair 9 CTG AGA CGT GCA CC CAA CGA GGT CCA TG

Pair 10 | CTG AGA CGT GCA CC AA CGA GGT CCA TG

Pair 11 | CTG AGA CGT GCA CC A CGA GGT CCA TG

Pair 12 | CTG AGA CGT GCA CC CGA GGT CCA TG

Pair 13 | CTG AGA CGT GCA CC GA GGT CCA TG

Pair 14 | CTG AGA CGT GCA CC A GGT CCA TG
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Conjugation of substrate on AuNP

The substrates of MNAzymes (Table 4.1) were conjugated on the AuNPs for
quenching using a modified protocol.!% A mixture containing 1 mL of AuNP, 12 pL of
100 uM substrates and 75 pL of 20% Tween 20 was incubated for 5 min at room
temperature. The molar ratio of AuNP to substrate was 1:1000. Next, 750 pL of 5 M NaCl
was added to the solution for 1 h salt aging. The mixture was sonicated every 20 min to
avoid the aggregation of AuNPs. The mixture was then centrifuged at 2,400 g for 5 min
to remove the unconjugated substrates in the supernatant solution. The precipitation was
washed by 1 mL washing buffer (10 mM Tris-HCI1 + 0.05% Tween 20) three times. In
each washing step, the solution was centrifuged at 16,200 g for 13 min followed by the
removal of the supernatant solution. Finally, the conjugates were resuspended in washing
buffer to a final concentration of 2 nM and stored at 4 °C prior to use.
Optimization of cofactor conditions

To optimize the cofactor conditions, I prepared a series of samples containing 200
pM 10-23 DNAzyme, 200 pM substrate-conjugated AuNPs, 200 mM NaCl, 20 mM Tris-
acetate, and different concentrations of MnCl, or MgCl,. Duplicate samples and standard
solutions of substrate (0, 10, 20, 40, 60, and 100 nM) were loaded onto a 96-well plate. A
Multi-Mode Microplate Reader FilterMax F5 from Molecular Devices (Sunnyvale, CA,
USA) was used to monitor the fluorescence signal generated from substrate cleavage. The

fluorescence intensity was measured at room temperature and excitation/emission of
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485/535 nm. The signal was recorded every 3 min for 1 h to obtain the cleavage curves.
The slopes of cleavage curves and the calibration curve of standard solution were cleavage
rate (v, min™') and fluorescence intensity of unit concentration of substrate (F, nM™),
respectively. Depending on these two parameters, | calculated the multiple turnover
number kobsm = Fv_c (min™), indicating how many substrates were cleaved by one
DNAzyme every 1 min. C was the concentration of the 10-23 DNAzyme (nM).
Investigation of the split location and secondary structure of MNAzymes using kobs.m.

The sample of a typical test to determine kobs.m contained 2 nM annealed MNAzymes,
200 pM substrate-conjugated AuNPs, 0.5 mM MnCl,, 10 mM MgCl,, 200 mM NaCl, and
20 mM Tris-acetate. To anneal MNAzymes, I mixed 10 pL of 10 uM subunits 1hb (or 1¢)
and 10 pL of 10 uM subunits b*2 (or ¢*2) in 80 uL annealing buffer (10 mM Tris-HCI,
10 mM MgCly, 0.05% Tween 20). The mixtures were heated to 80 °C for 10 min and
gradually cooled down to 20 °C in 1 h using the MJ Mini Personal Thermal Cycler (Bio-
Rad). Duplicate samples of 28 MNAzymes, positive control (200 pM 10-23 DNAzyme),
and standard solutions of the substrate were loaded onto the 96-well plate. Fluorescence
intensity was measured and recorded under the same conditions as noted above.
Determination of intrinsic activity of the MNAzymes of the highest activity using
kobs.s

To determine the kobs.s of the selected MNAzymes and 10-23 DNAzyme, I prepared a
solution containing 4 uM MNAzymes ‘lhb pair7+b*2 pair7’ (Table 4.1) or 10-23

DNAzyme, 2 pM of ‘FAM-1*2*’, and 10 mM Tris-EDTA buffer. The solution was
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incubated for 10 min at room temperature for the hybridization of MNAzymes (or
DNAzyme) to substrate. Then, 2 mM MnCl; or 10 mM MgCl, was added to the solution
to initiate the cleavage of substrates. Ten microliters of solution were sampled and added
to the 10 pL of 50 mM EDTA solution to terminate the cleavage at eight different time
points. Eight samples, positive control (substrate+NaOH), and negative control (only
substrate) were loaded onto a 14% PAGE (polyacrylamide gel electrophoresis) gel and
separated for 60 min under a 100 V electric field. Duplicate samples and controls were
prepared in two gels and were run at the same time. The PAGE gels were imaged by the
gel imaging system ImageQuant LAS 4000 (GE Healthcare Life Sciences, Pittsburgh, PA,
USA) and the fluorescent intensity of the bands was analyzed by Image J 1.47. The
percentage of cleaved products was calculated by the band intensity of product and
uncleaved substrates. The kobs.s of the selected MNAzymes and 10-23 DNAzyme were
obtained by fitting the percentages of cleaved product at eight designated times to the
equation Y% = Y% - Yo% exp(-t-kobss). Y% and Y% indicated the percentages of

cleaved products at times t and t«, respectively.

4.3 Results and discussion

Split locations and design of secondary structures of the MNAzymes
I designed a series of protein binding-assembled MNAzymes with different split
locations and secondary structures to obtain the highest catalytic activity for analytical

purposes. Figure 4.1A shows the 15 nucleotides of the catalytic core of the 10-23
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DNAzyme, indicating 14 possible split locations. I designed protein binding-assembled
MNAzymes with two secondary structures, the three-arm and the four-arm structures
(Figure 4.1B). Although both structures were designed for detection of proteins in a
sandwich format, two structures have different junctions within the assembled catalytic
core. The MNAzymes with the three-arm structure were designed by extending two
subunits (partial DNAzymes) with a pair of short complementary sequences, each of
which was tethered with an affinity ligand through a DNA spacer. To achieve the four-
arm structure, we incorporated a hairpin structure into one subunit and then extended the
two subunits with a pair of short complementary sequences (Figure 4.1B). The presence
of the hairpin structure allows the binding of two affinity ligands to the same protein
molecule to induce hybridization of two short complementary sequences, forming a
MNAzyme with the four-arm structure. Based on 14 split locations and two secondary
structures, I constructed 28 MNAzymes and determined their catalytic activities. The
assembly of MNAzymes relies on the binding of affinity ligands to the protein targets.
After the MNAyzmes are assembled, the catalytic activities of the MNAyzmes are
independent of protein binding. To simplify the determination of the catalytic activity, I
extended the short complementary sequences of each MNAzyme to enable two subunits
spontaneously assemble together (Table 4.1). I used these MNAzymes to study the effect

of the split location and secondary structure on the catalytic activity of MNAyzmes.
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B. substrate

1 2

Three-arm structure Four-arm structure

Figure 4.1. Catalytic core of the 10-23 DNAzyme and two secondary structures of the
MNAZzymes. (A) Fifteen nucleotides of the enzyme region of the 10-23 DNAzyme. (B)
The three-arm and four-arm structures of MNAzymes used for protein detection. Duplex
1 in green and duplex 2 in blue are two arms formed by the hybridization between the
subunits and substrate. Hybridization of the arm 3 in purple assembles the two subunits.
Arm 3 only has 7 base pairs (Tm = 0.5 °C), which cannot form stable duplex in the absence
of protein target. The hairpin 4 in black incorporated into one of the subunits makes it
possible to form the four-arm structure using only two subunits (not requiring three

subunits). Blue squares are affinity ligands binding to the protein molecule (in orange).

Optimization of cofactor conditions for cleavage reaction

Before the investigation of the split location and secondary structure, I optimized the
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cofactor conditions to achieve the best cleavage conditions. Figure 4.2 shows the cleavage
reactions of the substrate by 10-23 DNAzyme in different concentrations of Mn?* or Mg**,
The DNAzyme had good activity when I used 0.1-1 mM Mn?*" or 5-50 mM Mg*".
Depending on the slopes of the cleavage curves and the calibration curve of the standard
solutions, I calculated the kobs.m for all cofactor conditions (Figure 4.2). The highest kobs.m
were 1.27 min™! and 0.98 min™! for 0.5 mM Mn?" and 5 mM Mg?*, respectively. Therefore,
I used 0.5 mM Mn 2+ as the cofactor conditions for the following study of the split
location and secondary structure. The fluorescence signal decreased significantly in the
sample of 5 mM Mn?" after 45 min and dropped to the baseline in the sample of 10 mM

Mn?", suggesting the precipitation of Mn*" at high pH values (Figure 4.2A).
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Figure 4.2. Real-time monitoring of substrate cleavage by 10-23 DNAzyme in different
concentrations of (A) Mn?" and (B) Mg?". Each sample contained 200 pM DNAzyme,

200 pM substrate-conjugated AuNPs, 200 mM NaCl, 20 mM Tris-acetate (pH=8.5), and
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varying concentrations of MnCl, (0—10 mM) or MgCl, (0-100 mM). All samples were

prepared in duplicate. Each curve is the average of duplicate measurements.
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Figure 4.3. kopsm of cleavage reactions in different concentrations of Mn** (A) and Mg**

(B). The error bars represent the standard deviations of duplicate measurements.

Determining the kobs.m of 28 MNAzymes with different split locations and secondary
structures

Under the optimum cofactor condition, I determined the kobsm of the intact 10-23
DNAzyme and 28 MNAzymes (Figure 4.4). I created the conditions for multiple turnover
cleavage by using 2 nM MNAzymes to cleave 80 nM substrate (0.2 nM substrate-
functionalized AuNPs with loading amount of 400 substrates per AuNP). I achieved the
highest kobsm (0.53 min™) from the MNAzyme of the four-arm structure assembled from

the two subunits at the split location of C7/T8 (Figure 4.4A and Table 4.2). MNAzymes

116



of the four-arm structure assembled from the two subunits of split locations G1/G2,
A12/C13, and C13/G14 had kobs.m ranging from 0.2 — 0.43 min"!. MNAzymes of the
three-arm structure assembled from the split locations C7/T8 and T8/A9 had kobs.m 0of 0.33
and 0.21 min™!, but very low kobsm (< 10 min™!) or no detectable activity for other split
locations (Figure 4.4B and Table 4.2). MNAzymes of the four-arm structure generally had
higher activities, suggesting that the four-arm structure is more favorable for the catalytic
activity of protein binding-assembled MNAzymes. Interestingly, the split location (C7/T8)
of the four-arm structure MNAzyme with the highest catalytic activity for protein
detection is different from that (T8/A9) of the four-arm structure MNAzyme for the
nucleic acid detection, reinforcing the importance of studying split locations and
secondary structures for protein binding-assembled MNAzymes. There has been no report
of systematic studies on the split locations and secondary structures in the formation of
protein binding-assembled MNAzymes with high catalytic activities. These results
demonstrate that both the split locations and secondary structures are critical for optimum

catalytic activities of the assembled MNAzymes.

117



A. B.

2000000 —=—C7/T8 2000000 g
A12/C13 %‘E
. 1 ——G1/G2 —_ 1
S 15000004 —— A9/C10 3 1500000
& o G2/C3 &
8 1 —o—C13/G14 9
S 1000000 —— AS/GE @ 1000000
? PR
2 o D
S 5000004 o= S 500000+
(e w
0 : : . . 0 ; ; :
0 20 40 60 0 20 40 60
Time (min) Time (min)

Figure 4.4. Real-time monitoring of the cleavage reaction catalyzed by MNAzymes with
four-arm structure (A) and three-arm structure (B). Only the curves showing the obvious
increase of fluorescence are labeled with the split location of catalytic core. C7/T8
indicates the catalytic core is split between 7" C and 8" T. Each sample contained 2 nM
of MNAzymes, 200 pM substrate-conjugated AuNPs, 200 mM NaCl, 20 mM Tris-acetate
(pH=8.5), 0.5 mM MnCly, and 10 mM MgCl,. Measurements from multiple independent
experiments (n = 2) conducted on different days gave consistent results. Each curve in

this figure represents the average of two measurements conducted on the same day.
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Table 4.2. kobs.m of the 10-23 DNAzyme and 28 MNAzymes designed to contain 14 split
locations and 2 secondary structures. The symbol ‘/* is no detectable fluorescence signal

for calculating the kobs.m.

kobs.m (min)
10-23 DNAzyme 1.3
Split location Four-arm structure Three-arm structure
G1/Gz 3.8 x10! /
G2/C3 2.1 x107! /
C3/Ts4 No /
Ta/As 3.0x103 /
As/Gs 6.7 x10? /
Ge/C7 3.7x1073 /
C7/Ts 5.3x10! 3.3 x10!
Ts/Ag 3.3 x107 2.1x10!
Ao/Cio 3.7 x10! 6.2 x107
Cio/An 8.3x10? /
An/An 1.7 x10 1.5x107
A12/Cr3 43 x10! 1.1x107
C13/Gia 2.0x10! /
Gia/Ass 3.3x107 /
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Determining the kobs.s of the 10-23 DNAzyme and MNAzymes of the highest kobs.m
To study the intrinsic catalytic activity, I measured the kobss of the DNAzyme and
MNAzymes with the highest kobs.m under two cofactor conditions. Different from the kobs.m
that evaluates the activity of catalyzing the cleavage of multiple substrates, the kovs.s
demonstrates the activity of cleaving only one substrate. Therefore, I used a ratio of 2:1
(DNAzyme to substrate) to ensure all substrate can be cleaved in a single step. Figure 4.5
is the gel image of single step cleavage catalyzed by the 10-23 DNAzyme. Lanes ‘Sub’
and ‘Sub + NaOH’ are the positive control of only substrate and the negative control of
substrate hydrolyzed by NaOH, respectively. Lanes ‘0.07° to ‘6 min’ are the samples of
cleavage reaction terminated by 50 mM EDTA at different time points. I used the buffer
containing 1 mM EDTA to prevent the contamination of divalent metal ions that initiates
the cleavage before adding the cofactor. The reaction was triggered by 2 mM Mn?*" (Figure
4.5.A) or 10 mM Mg?" (Figure 4.5.B). The bands at the top of the gel image were
uncleaved substrate of higher molecular weight and the bands at the bottom were cleaved
substrate of lower molecular weight. The product bands had a higher intensity if the
reaction time was longer. After 0.66 min of cleavage reaction, the band of uncleaved
substrate could no longer be observed when using Mn?" as cofactor. However, the
cleavage of all substrate required more than 1 min in the gel of Mg?*. These results
suggested that Mn?" is also more desirable than Mg?* for a single cleavage step. The test

of single step cleavage for the MNAzymes had the same conditions as that for the 10-23
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DNAzyme. The cleavage of substrate catalyzed by the MNAzymes was obviously much
slower than that catalyzed by the DNAzyme. For the cofactor conditions of Mn?, the
cleavage of all substrate took 1.4 min. When Mg?* was used as the cofactor, the

MNAzymes could not cleave all of the substrate even after 4 min.

A. B.

Sub Sub

Sub 4+ 007 013 02 033 066 1 2 Bmin Sub + 007 013 02 033 066 1 2 B min
NaCOH NaOH
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P A -

Figure 4.5. Gel images of the single step cleavage catalyzed by the 10-23 DNAzyme. (A)
1 mM Mn?" was used as cofactor. (B) 9 mM Mg** was used as cofactor. Gel samples were

prepared in duplicate and one of the gel images is shown in the figure.
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Figure 4.6. Gel images of the single step cleavage catalyzed by the MNAzymes of the
highest kobs.m. (A) 1 mM Mn** was used as cofactor and the reaction time was 6.7 min. (B)
9 mM Mg>" was used as cofactor and the reaction time was 8 min. Gel samples were

prepared in duplicate and one of the gel images is shown in the figure.

The percentage of cleaved product can be calculated by measuring the band intensity.
Figure 4.7. demonstrates the calculated results of the 10-23 DNAzyme and MNAzymes
using Mn?* as cofactor. The kobss of cleavage reaction catalyzed by the 10-23 DNAzyme
and the selected MNAzymes were 5.23 min™' and 2.38 min™!, respectively. The intrinsic
activity of the DNAzyme is about two times higher than that of the MNAzymes. I also
calculated the kobss of the cleavage reaction when using Mg?* (Figure 4.8). Much lower

kobs.sof 1.85 min™! and 0.63 min! were obtained for the 10-23 DNAzyme and MNAzymes.
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Figure 4.7. Cleavage curves and kobs.s of the 10-23 DNAzyme (A) and the MNAzymes of
the highest kobsm (B) using Mn?" as cofactor. The kobss Were obtained by fitting the curve
to the equation Y% = Y% - Yo% exp(-t-kobss). Y% and Y% are the percentage of
cleaved products at the times t and t... The error bars stand for the standard deviations of

two measurements.
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Figure 4.8. Cleavage curves and kobs.s of the 10-23 DNAzyme (A) and the MNAzymes of
the highest kobsm (B) using Mg?" as cofactor. The kobss Were obtained by fitting the curve
to the same equation. The error bars stand for the standard deviations of two

measurements.

Kinetics of cleavage reaction

To fully understand the activity of the MNAzymes, I tested both kobs.m and kobs.s. The
whole cleavage process comprises three steps: (1) hybridization of MNAzymes to the
substrate, (2) cleavage of the substrate, and (3) dissociation of MNAzymes from the
cleaved substrate. The kobs.m includes all three steps and evaluates the multiple rounds of
cleavage. However, kobs.s only assesses step (2) and ignores the interaction between the
substrate and binding arms. The comparison between kobss and kobsm can determine the
rate-limiting step and help the optimization of the cleavage reaction by enhancing the
kinetics of steps (1) and (3). Taking the 10-23 DNAzyme as an example, the kobss and
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kobs.m were 5.23 min™! and 1.3 min' when using Mn?*. The former was four times higher
than the latter. This result suggested that the cleavage step (2) was not the only step
affecting the rate of multiple cleavage steps. Both the hybridization step (1) and the
dissociation step (3) limited the overall cleavage process.

The same conclusion can be derived from analyzing the kinetics of comparison of the
two cofactors. Generally, the DNAzyme and MNAzymes had higher activity when the
cofactor was Mn?*. The kobss values of the DNAzyme were 5.23 min™! for Mn?* and 1.85
min’ for Mg?*, showing a 3-fold difference. The kobsm values for two cofactors, on the
other hand, had only a 1.3-fold difference. I attribute the smaller difference to the
acceleration of the hybridization step (1) when Mg?" is used as the cofactor. The
concentration of Mg?* was 10-20 times higher than that of Mn?*, leading to stronger
neutralization of the negative charge in the DNA backbone and faster hybridization step
(1). Further evidence is that kobsm of the 10-23 DNAzyme in 0.5 mM Mn** was enhanced
from 1.27 min™' (Figure 4.3A) to 1.3 min™' (Table 4.2) when the sample contained extra
10 mM Mg?". However, this enhancement was not significant. It is necessary to further
optimize the concentration of Mg?" to improve the analytical performance for the

detection of protein targets.

4.4 Conclusion

In this chapter, I systematically investigated the effect of split location and secondary

structure on the activity of MNAzymes for catalyzing multiple cleavage steps. In general,
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the MNAzymes with four-arm structure had higher kobs.m than MNAzymes with three-arm
structure. The highest kobs.m Was achieved when the MNAzyme had four-arm structure and
a split location between C7 and T8. Although the split location T8/A9 has been widely
used in the literature, the MNAzyme with this split location showed extremely low
catalytic activity when using a hairpin structure as the fourth arm. By determining both
the kobs.m and the kobss of the DNAzyme and MNAzymes in two cofactor conditions, |
found that Mg?" also plays an important role in improving the hybridization between
DNAzyme (or MNAzymes) and substrate in the overall cleavage process. In the next
chapter, I will use the MNAzymes of the highest kobsm and optimize the Mg** conditions

to detect two model protein targets.
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Chapter 5 Binding-assembled MNAzyme for the detection of proteins

5.1 Introduction

Homogeneous binding assays are an ideal alternative to ELISA for protein detection
because they can be performed in a single test tube with no need for immobilization and
multiple washing steps.®® ' BINDA is one of the homogeneous binding assays that can
convert the binding events to output DNA assembly.”* The recognition behavior of
BINDA motifs to the protein target is similar to the hybridization of two MNAzyme
subunits to the nucleic acid target. Therefore, BINDA can be readily combined with the
MNAzyme technique to achieve the homogeneous detection of proteins.

Herein, I used the subunits of MNAzyme with the highest kqbsm selected in Chapter
4 to design two BINDA motifs for protein detection. The hybridization between two
motifs was carefully calculated so that they could assemble only in the presence of the
target. The binding-assembled MNAzyme had high catalytic activity because of the
successful selection of split location and secondary structure. I further optimized the
concentration of Mg?" to enhance the overall cleavage performance. Without assistance
from isothermal amplification that requires protein enzymes, I used the MNAzyme

technique to achieve the detection of two model targets at pM levels.

5.2 Material and Methods

Reagents
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All nucleic acids used for the protein detection were obtained from Integrated DNA
Technologies (IDT; Coralville, A, USA). The sequences are listed in Table 5.1.
Streptavidin from Streptomyces avidinii and bovine serum albumin (BSA) were
purchased from Sigma (Oakville, ON, Canada). Human a-thrombin was obtained from
Haematologic Technologies (Essex Junction, VT, USA). All the other reagents were the

same as those used in Chapter 4.
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Table 5.1. The sequences of BINDA motifs used for the detection of proteins. |HB and

B*2 are two biotinylated DNA motifs that detect streptavidin. 1HB-15 and B*2 are motifs

recognizing thrombin. The sequences in italics are the anti-thrombin aptamers.

Underlined sequences are designed to form the double-stranded spacers after

hybridization with poly-A spacer.

DNA names Sequences (5’ to 3°)

1HB CAGTCA GAGGCTAGCGTGAGTTTTTCTC ACAGT GTT
C
AT TTT TTT TTT TTT TTT TTT-Biotin

B*2 Biotin-TTT TTT TTT TTT TTT TTT TA GAA CAC T TAC AAC
GA GG TCC ATG

1HB-15 CAGTCA GAGGCTAGCGTGAGTTTTTCTC ACAGT GTT
C

29-B*2 AGT CCG TGG TAG GGC AGG TTG GGG TGA CT TTT TTT
TTTTTTTTT T A GAA CAC T TAC AAC GA GG TCC ATG

Poly-A spacer AAA AAA AAA AAA AAA A

Detection of streptavidin

For the detection of streptavidin, 100 pL sample mixtures contained 1 nM of both

DNA motifs (1HB and B*2), 0-400 pM streptavidin, 200 pM substrate-AuNP conjugates,

10 mM MgCl, 200 mM NaCl, 0.5 mM MnCl, and 20 mM Tris-acetate (pH=S8.5). The
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binding-assembled MNAzymes were prepared by incubating the mixture of 10 mM
motifs and streptavidin in 10 mM Tris-HCI1 + 0.1% BSA (pH=7.4) for 15 min at room
temperature. Ten microliters of the mixture were added to the 90 pL of all other reagents
in a 96-well plate for sample loading. The fluorescence intensity was measured at room
temperature and excitation/emission of 485/535 nm. The signal was recorded every 3 min
for 1 h.
Detection of human a-thrombin

For the detection of thrombin, 100 puL. sample mixture contained 2 nM annealed DNA
motifs (IHB=15 and 29=B*2), 0—2 nM thrombin, 200 pM substrate-AuNP conjugates, 10
mM MgCl, 200 mM NacCl, 0.5 mM MnCl, and 20 mM Tris-acetate (pH=8.5). DNA
motifs of double-stranded spacer were prepared by annealing the 10 uL of 10 uM 1HB-
15 (or 29-B*2) and poly-A spacer in 10 mM Tris-HCI (pH=7.4), 10 mM MgCl,, and 0.05%
Tween 20. The solution was heated to 80 °C and cooled down to 20 °C in 1 h. For the
preparation of binding-assembled MNAzymes, the solution containing 20 nM of two
motifs and thrombin was incubated in 10 mM Tris-HCI + 100 mM NaCl + 5 mM KCl for
1 h at room temperature. Ten microliters of incubated solutions and blank samples were
mixed with 90 puL of all other reagents in a 96-well plate. Real-time fluorescence increases
of duplicate samples and five blank samples were measured and recorded for 2 h under

the same conditions as noted above.
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5.3 Results and discussion

Design of the binding-assembled MNAzyme

On the basis of the optimal split location and secondary structure for the best catalytic
activity, I designed binding-assembled MNAzymes for the detection of proteins (Figure
5.1). In principle, the MNAzymes are assembled from two subunits, IHB and B*2, only
as a result of binding to the protein target. Each of the two subunits has a complementary
domain (B and B*, purple sequences), a binding arm (1 and 2, green and blue sequences),
the split enzyme region (red sequences), and an affinity ligand (blue squares). To achieve
target-dependent assembly of two subunits, I designed the B and B* to have only 7
complementary nucleotides (nt) so that the estimated melting temperature (Tm) of the
inter-strand hybridization is only 0.5 °C. In the presence of a protein target, the binding
of the affinity ligands to the same protein molecule brings two subunits to close proximity,
increasing their local effective concentrations. Consequently, the T, of the hybridization
between B and B* is increased to 45.3 °C. Thus, binding of the protein target to the two
affinity ligands results in the formation of binding-assembled MNAzyme. The assembled
MNAzyme hybridizes with the substrate 1*2* sequence and cleaves the substrate at its

ribonucleotide site.
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Figure 5.1. Design of two DNA motifs (1HB and B*2) and the formation of the binding-
assembled MNAzyme. 1HB and B*2 are two subunits each labeled with an affinity ligand
(blue square). Sequences 1 and 2 are two binding arms complementary to the substrate
1*2*, B and B* are complementary (7 nt, Tm = 0.5 °C) to each other but cannot form
stable duplex in the absence of protein target. In the presence of target, two affinity ligands
bind to it, which brings 1HB and B*2 into close proximity and increases their local
effective concentration. The Tm of hybridization between B and B* increases to 45.3 °C
so that 1HB and B*2 can form stable MNAzyme. The hairpin structure H serves as the

fourth arm in the formation of binding-assembled MNAzymes.
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Optimization of DNA motif for two model protein targets

The concentration of two DNA motifs greatly affects the sensitivity of the protein
detection. Their high concentration can increase the Tm and lead to target-independent
assembly of the MNAzymes. However, their low concentration will decrease the
capability of DNA motifs to recognize the target. As demonstrated in Figure5.2, I first
optimized the concentration of DNA motifs for the detection of streptavidin. High
background was observed when the concentration reached to 10 nM. Thus, I obtained a
very low signal-to-background ratio. A low concentration of 0.5 nM was also not
favorable for the formation of binding-assembled MNAzymes because the target
recognition was not efficient and the cleavage rate was low (thus, low signal). A
concentration of 1 nM gave the highest signal as well as low background so that I achieved

the high signal-to—background ratio of 37.
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Figure 5.2. Optimization of the concentration of two DNA motifs (1HB and B*2, Table
5.1) for the detection of streptavidin. Each sample matrix contained 200 pM conjugates
of substrate-AuNP, 200 mM NaCl, 0.5 mM MnCl,, 20 mM Tris-acetate (pH=8.5), and
different concentrations of DNA motifs. Streptavidin (200 pM) was incubated with motifs
for 30 min at room temperature before being added to the sample matrix. Fluorescence
signals of samples (signal) and blanks (background) at 1 h were used to calculate the ratio

of signal to background. The signal to background ratios were obtained from calculating

the average of analyses.

For the detection of thrombin, it was necessary to use the double-stranded spacer to
prevent the intramolecular interaction of 1HB-15 and 29-B*2. When I used 10 nM of
motifs with the single-stranded spacers, no signal and background could be detected
(Figure 5.3). The motif 29-B*2 formed a hairpin structure with high T, of 45 °C, which

was not desirable for affinity binding. However, both signal and background were
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observed if the motifs had the double-stranded spacers. The low flexibility of the double-
stranded spacer opened the hairpin structure of the intramolecular interaction to restore

the binding affinity.
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Figure 5.3. Comparison of double-stranded and single-stranded spacer for the design of
DNA motif 1HB-15 and 29-B*2. ‘=" is the double-stranded spacer formed by annealing
poly-A and 1HB-15 (or 29-B*2, Table S2). The positive samples contained 10 nM of two
double-stranded or single-stranded motifs, 2 nM thrombin, 200 pM conjugates of
substrate-AuNP, 200 mM NaCl, 0.5 mM MnCl,, 10 mM Mg?*, and 20 mM Tris-acetate
(pH=8.5). Measurements from multiple independent experiments (n = 3) conducted on
different days gave consistent results. Each curve in this figure represents the average of

two measurements conducted on the same day.
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I further optimized the concentration of two motifs 1HB=15 and 29=B*2 for the
detection of thrombin. Using 2 nM of thrombin as the model target, I achieved the highest

signal-to-background ratio when the concentration of two motifs was 2 nM (Figure 5.4).
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Figure 5.4. Optimization of concentrations of motifs 1HB=15 and 29=B*2 for the
detection of thrombin. Each sample contained 200 pM conjugates of substrate-AuNP, 200
mM NaCl, 0.5 mM MnCl,, 10 mM Mg?*, 20 mM Tris-acetate (pH=8.5), and 2 nM of
thrombin bound with different concentrations of DNA motifs. Thrombin (2 nM) was
incubated with motifs for 30 min at room temperature before being added to the sample
matrix. Fluorescence signals of samples and blanks at 2 h were used to calculate the ratio
of signal to background. Measurements from multiple independent experiments (n = 2)
conducted on different days gave consistent results. Each curve in this figure represents

the average of two measurements conducted on the same day.
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Optimization of the concentration of Mg?*

As discussed in the last chapter, the concentration of Mg?" needs to be optimized to
enhance the hybridization step, thus improving the overall cleavage rate. However, Mg?*
can also enhance the stability of hybridization between two motifs (B and B*, Figure 5.1).
If its concentration is too high, the two motifs can assemble to form the MNAzymes
without target, resulting in high background. Figure 5.5 shows the effect of Mg?*
concentration on the signal-to-background ratio of protein detection. For the detection of
streptavidin, 10 mM of Mg** significantly improved the signal and no high background
was observed; a signal-to-background ratio of 150 was achieved. A concentration of Mg?>"
higher than 20 mM increased the background while the signal was not enhanced. The
overall cleavage rate was not further improved because the Mg?" also stabilized the
hybridization between the MNAzyme and cleaved product and slowed down the
dissociation step. Without further enhancing the signal, a concentration of 50—-100 mM of
Mg?" dramatically decreased the signal-to-background ratio to less than 15. I also
optimized the Mg** concentration for the detection of thrombin (Figure 5.5B). A
concentration of 5-30 mM generated high background and the highest signal-to-

background ratio was achieved when using 2 mM Mg?>*.

137



>
o~

160 - 20+

4 T 15+
° 120 c
3 5]
S )

%’ 80 S 104
@ @
@ @
© ©

g 40 c 5
2 2
(7] (7]

0 0-

0 10 20 50 75 100 omMm 2mM 5mM 10mM 30mM
Concentration of Mg2+ (mM) Concentration of Mg2+ (mM)

Figure 5.5. Optimization of Mg?* concentration for the detection of 200 pM streptavidin
(A) and 2 nM thrombin (B). For streptavidin, each sample contained 200 pM conjugates
of substrate-AuNP, 200 mM NaCl, 0.5 mM MnCl,, varying concentration of Mg>" (0-100
mM), 20 mM Tris-acetate (pH=8.5), and 200 pM of streptavidin bound with 1 nM of two
DNA motifs. For thrombin, each sample contained 200 pM conjugates of substrate-AuNP,
200 mM NaCl, 0.5 mM MnCl,, varying concentration of Mg?* (0-300 mM), 20 mM Tris-
acetate (pH=8.5), and 2 nM of thrombin bound with 2 nM of two DNA motifs. The signal

to background ratios were obtained from calculating the average of analyses.

Detection of two model targets

After determining the optimal conditions for the two targets, I detected a series of
samples containing 0—400 pM streptavidin or 0—2 nM thrombin. Figure 5.6 displays the
assay for the detection of streptavidin. In the absence of the target, the fluorophore group

labeled on the substrates was quenched by the AuNPs. When the streptavidin target
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appears, two biotins on DNA motifs 1HB and B*2 bind to the target, leading to the
formation of binding-assembled MNAzymes. As a result, the substrates 1*2* are cleaved

continuously and the fluorophore groups are released from the AuNPs.

1HB Streptavidin

B*z E\./B{(gin - X0 L\. )
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Figure 5.6. Binding-assembled MNAzyme for the detection of streptavidin. Formation of
binding-assembled MNAzymes 1HB:B*2 leads to the continuous cleavage of the FAM-

labeled substrate 1*2* and increase of the fluorescence signal.
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Figure 5.7. Real-time monitoring of the substrate cleavage in samples of different

concentrations of streptavidin (0400 pM). Each curve is the average of two

measurements.

Figure 5.7 shows the fluorescence signal of the samples containing streptavidin with
concentrations ranging from 0 to400 pM. Higher concentration of the target formed more
binding-assembled MNAzymes and displayed faster cleavage rate. Using the fluorescence
values at 60 min of each sample, I obtained a linear relationship between the fluorescence
increase and the concentration of the target (Figure 5.8). However, 400 pM of the
streptavidin was not in this dynamic range. The cleavage rate decreased after 30 min due
to the lower concentration of substrate. A detection limit of 1.3 pM was achieved for

streptavidin.
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Figure 5.8. Linear relationship between the fluorescence signal at 60 min and
concentration of streptavidin (2-300 pM). The error bars are the standard deviations of

two detections. The data point in red color is not in this linear relationship.

I further performed the detection of thrombin to demonstrate the versatility of the
designed binding-assembled MNAzymes. Two motifs with double-stranded spacers,
1HB=15 and 29=B*2, form the binding-assembled MNAzymes when the aptamers bind
to thrombin (Figure 5.9). The cleavage of the substrate by the binding-assembled
MNAzymes led to the increase of the fluorescence signal. I measured the fluorescence
signal of samples with different concentrations of the target to obtain the dose—response

for thrombin detection.

141



G —.,

Thrombin 1HB=15:29=B*2
IHB=15 C; &I —aa
29=B*2 I — (<

K:\T/l:)

o= AUNP =--o
S ~,
/ o /1 \ e
: - 1%

Continuous Cleavage § :ﬁ

~
®
{ \ 25

\
™~
”~
A

Figure 5.9. Scheme of detection method for thrombin. Two aptamers (15-mer and 29-mer)
were used as affinity ligands for two DNA motifs (IHB=15 and 29=B*2). ‘=’ indicates

the double-stranded spacer (gray duplex).

For thrombin, I used higher concentrations ranging from 0.075 to 2 nM because the
aptamer—thrombin interaction has a much lower binding affinity than that of biotin—
streptavidin. As shown in Figure 5.10, the fluorescence increase corresponded to the
concentration of thrombin. I obtained the linear relationship between the fluorescence
signal and the concentration of the target from 0.075 to 2 nM. A limit of detection of 36

pM was achieved.
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Figure 5.10. Real-time monitoring of cleavage reaction in samples containing different
concentrations of thrombin (0.075-2 nM) (A) and linear relationship between the
fluorescence signal at 2 h and concentration of the target (B). Each curve is the average

of two measurements and the error bars are the standard deviation of two detections.

5.4 Conclusion

I used the MNAzyme selected in Chapter 4 to design the motifs of binding-assembled
MNAzymes for two model protein targets. The motifs had short complementary regions
that formed binding-assembled MNAzymes only in the presence of the targets.
Optimization of the Mg?" concentration significantly improved the performance of protein
detection by enhancing the overall cleavage rate. The homogeneous detection of two
proteins was performed in a single test tube without any immobilization and washing steps.

Developed binding-assembled MNAzymes are ideal for the POC analysis of proteins and
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the detection of different targets can be achieved with the alteration of the affinity ligands

on the motifs.
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Chapter 6 Summarizing discussion, conclusion and future directions for research

The ultimate goal of this thesis work is to detect protein and nucleic acid molecules
for POC testing and supporting diagnosis of diseases. Conventional methods for the
determination of these biomolecules have extraordinary sensitivity. Nevertheless, they are
not the optimal choices for the POC applications because they require either sophisticated
instrument for thermal cycling or time-consuming washing steps. Isothermal and
homogeneous assays can be performed at a mild and constant temperature and circumvent
the need for washing steps.

Recent advances in incorporating CRISPR-Cas systems with isothermal
amplification techniques improve the specificity of the isothermal assays for SARS-CoV-
2. The detection formats include fluorescence method and lateral flow test, which use
extra equipment for signal generation. Since colorimetric assay generates signal that can
be directly observed by naked eye, it is ideal for the POC testes of SARS-CoV-2.

DNAzymes have also been integrated with isothermal amplification techniques to
develop DNA circuit for isothermal detection of nucleic acids. The specific cleavage
activity of DNAzyme has been utilized to construct positive feedback amplification to
improve the sensitivity and reduce the number of primers to achieve lower background.
However, reported circuits are designed for each individual targets. The change of target

requires to redesign the sequences of the circuits. MNAzyme is an alternative strategy that
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can be used to detect various targets by simply altering the sequences of the two sensor
arms of the MNAzyme for target recognition.

A MNAzyme technique has been recently applied to the detection of proteins as well.
The splitting of DNAzyme can affect greatly the cleavage activity of the assembled
MNAzyme. For the nucleic acid detection, MNAzymes with different split locations have
been reported to have a difference of activity of 1200-fold. So far, there is no study on the
catalytic activity of MNAzymes for the protein analysis. Moreover, there are two types of
secondary structures, three-arm and four-arm structures, for engineering the MNAzymes
for proteins. The study on the combination of two structures with different split locations
can select the MNAzyme with optimal catalytic activity for protein detection.

The integration of MNAzyme with BINDA technique can lead to homogeneous
assays for proteins. BINDA is a homogeneous technique that is compatible with
MNAzyme. Both methods recruit two probes for the target recognition and DNA assembly.
After target binding, the input target is converted to the output DNA. MNAzymes detect
nucleic acids to generate cleavage activity and BINDA detect protein to release the output
DNA for further amplification. By changing the sensor arms of the MNAzyme to the
affinity ligands for protein, I can achieve the homogeneous detection format and the
amplification of the signal using cleavage activity.

In chapter 2, I have integrated the trams-cleavage activity of CRISPR-Cas with
isothermal amplification techniques to develop a colorimetric assay for viral RNA. I

designed a hairpin transducer to contain an RNA crosslinker, a DNA lock, and a DNA
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loop. The CRISPR-Cas12a can convert the amplicon of viral RNA to the trans-cleavage
of the DNA loop, which destabilizes the hybridization between the lock and crosslinker.
The released crosslinker links AuNPs together and leads to the aggregation of AuNPs and
color change of solution from red to purple. The assay is performed under a single-
controlled temperature for RT-LAMP and the overall detection time is about 45 min.
Taking advantage of centrifugation force of a portable spinner, I achieved a rapid color
change within 1 min. The developed assay successfully detected 25 of 27 SARS-CoV-2
positive samples and achieved a clinical sensitivity of 92%. No false positive results were
observed from 27 negative samples, indicating the assay has a good specificity.

In chapter 3, I used MNAzyme to initiate an SDA-DNAzyme circuit for the detection
of various nucleic acid targets. The assay is performed in a single test tube at 37 °C. In
the presence of target, the MNAzyme is activated to cleave the MBS, releasing the primer
to hybridize with SDA template. The extension of primer produces more DNAzyme that
can accelerate the cleavage rate of MBS to release more primers, thus forming a positive
feedback amplification. A high sensitivity was achieved as demonstrated by the detection
of the fM level of two model targets. I can detect other nucleic acids using the same circuit
by changing the sensor arms of MNAzyme initiator.

In chapter 4, I exploited the effect of split location and secondary structure on the
cleavage activity of the MNAzyme for protein analysis. I systematically compared 28
MNAzymes obtained from the combination of 14 split locations and two secondary

structures. To engineer the four-arms structure with two subunits, I added a hairpin
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structure to one of the subunits. I used kobs.m to evaluate catalytic activities of 28
MNAZzymes for analytical purpose. By comparing the kobsm With kobss, I found that the
cleavage reaction was not the rate-limiting step and association/dissociation steps played
important roles in the overall cleavage process.

In chapter 5, I integrated the MNAzyme with BINDA to construct the binding-
assembled MNAzyme for the homogeneous detection of proteins. The binding-assembled
MNAzyme can detect the protein targets in a single test tube without any washing steps.
When there is a protein target, the affinity ligands of two subunits can bind to the same
target, resulting in the hybridization between short complementary regions. The formation
of intact catalytic core activates the MNAzyme to cleave substrates on gold nanoparticles
and generate amplified fluorescence signals. To achieve a good sensitivity, I optimized
the concentration of Mg?" to facilitate the association steps and avoid slowing down the
dissociation. For two model targets, I achieved the detection limits at the pM level without
polymerase-based amplification.

A future direction of this research will be to overcome the limitations of current assays
and to expand their applications. The developed colorimetric assay for viral genes requires
opening the test tube to add the CRISPR-Cas12a and AuNP reagents, which may lead to
contamination of the viral targets. To address this issue, I propose to use the thermal stable
Cas effector so that the CRISPR reagents can be mixed with the RT-LAMP solution at the
beginning of the assay. The AuNP reagents can be loaded onto the lid of the test tube.

After the trans-cleavage, the tube can be flicked to mix with the AuNPs.
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Theoretically, the SDA-DNAzyme circuit is not limited to the detection of nucleic
acid targets. Since [ have developed the binding-assembled MNAzymes for the detection
of protein targets in Chapter 5, it is possible to use the same strategy to initiate the circuit
to achieve exponential amplification responding to proteins. However, the DNA motifs
need to be rationally designed to avoid undesirable DNA interactions between the motifs
and the sequences of the circuit, which may generate high background or decrease the
amplification efficiency.

The investigation of split location and secondary structure of MNAzyme for protein
analysis is not limited to the 10-23 DNAzyme. The 8-17 DNAzyme and its variants also
have high catalytic activity in terms of kobs.s. A similar method can be used to engineer the
MNAzyme based on these DNAzymes. If I am able to find the MNAzymes with higher
kobs.m, I will improve the sensitivity of the developed assay using new binding-assembled

MNAzymes.
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