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ABSTRACT

The spread of COVID-19 has affected billions of people across the globe with the
challenges of less accurate and time-consuming detection approaches. Especially, new variants
with various mutations in the spike protein can escape immune responses as well as a low viral
load in clinical samples can trigger a false-negative test result. Due to high immunogenicity and
abundant expression during viral infection, SARS-CoV-2 nucleocapsid (N) protein could be an
alternative diagnostic marker, together with targeting the S1 subunit of SARS-CoV-2 spike
protein. This study aimed to develop a label-free optical aptasensor fabricated with novel ssDNA
aptamers to detect the N and S1 proteins. The aptamers selected using asymmetric emulsion PCR-
SELEX and their binding affinity and cross-reactivity were characterized by using bio-layer
interferometry. The tNSP3 aptamer (44 nt) was identified to bind the N protein of wild type and
Delta and Omicron variants with high affinity (Kp in the range of 0.6 — 3.5 nM). Furthermore, the
aptamers targeting the S1 subunit were also discovered in order to expand an additional tool for
aptamer-based biosensors used in COVID-19 detection. The SI1-tSP10 aptamer with 40 nt
performed better affinity than other S1-targeting aptamers, and this aptamer possessed the Kp
about 15 nM binding to the S1 protein of wild type and Omicron variant. Utilizing tNSP3 and S1-
tSP10 aptamers to separately detect the N and S1 proteins spiked in human saliva evinced the
potential of these aptamers in the function of aptamer-based BLI with LODs of 4.5 nM and 19 nM
corresponding to tNSP3 and S1-tSP10 aptamers, respectively. To get insight into where the
aptamers bind to their target proteins, mass spectrometry analysis was performed along with the
molecular dynamic simulation. The identified epitope peptides are localized within the RNA -
binding domain and CTD of the N protein as well as RBD of the S1 protein. Hence, we confirmed

the performance of the aptamers as a label-free analytical tool for COVID-19 diagnosis, and also
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knowing the binding epitopes can be essential for improving biomedical applications in

therapeutics.
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Chapter 1

Introduction
1.1 COVID-19 Diagnostics

With the rapid spread of a novel coronavirus, identified as severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) discovered in late 2019, the number of
Coronavirus Disease 2019 (COVID-19) cases has dramatically increased and later become
a global pandemic.! Thus far, approximately 539 million cases and more than 6.3 million
deaths have been confirmed worldwide in 2021.2 SARS-CoV-2 is an enveloped, single-
stranded positive RNA genomic virus belonging to the Betacoronavirus genus in
Coronaviridae family. The genomic RNA is surrounded by nucleocapsid-forming proteins
and the lipid-like viral membrane.>* The studies have reported that the source of SARS-
CoV-2 was zoonotic and most likely from the host animal to human, and its transmission
was initiated from the infected person excreting infected micro-aerosol from the respiratory
tracts to the other person. The structure of this novel coronavirus is composed of structural
proteins including nucleocapsid (N), spike glycoprotein (S), envelope (E) and membrane
proteins encoded by the SARS-CoV-2 genome (Figure 1.1).3° The S protein is the largest
transmembrane glycoprotein among other structural proteins of SARS-CoV-2 which is
protruding from the viral surface. The S protein comprises two functional protein subunits
including the S1 and S2 subunits. The S1 subunit is composed of the receptor-binding
domain (RBD) that has high affinity to the human angiotensin-converting enzyme 2
(ACE2) on the host surface receptor, and the S2 subunit mediates the cell fusion and the

integration of the viral membrane (E and M proteins) into the host cell membrane rendering

1



the entry of the virus into the cells.” The S protein was firstly the main target of COVID-
19 diagnostics and therapeutics including neutralizing antibodies and other viral inhibitors.
In addition to the S protein, the N protein is the most conserved in the genus
Betacoronavirus and it is highly abundant among other four structural proteins. The N
protein is an RNA-binding protein that is crucial for packing viral genome into a long
helical ribonucleocapsid (RNP) complex and playing an important role in assembling the
virion via the interaction of the viral genome and the membrane protein. These
predominant characteristics has recently inspired to target the N protein for the SARS-
CoV-2 antigen detection. According to various manifestations of COVID-19, including
asymptomatic infections which increase the effective transmission from the infected
carriers to healthy people, it is necessary to develop robust, fast diagnostic tools that reflect

the early stages of viral infection aiming to minimize the needs of hospitalization.®
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Figure 1.1 Transmission of SARS-CoV-2 from person to person. The scheme shows
the spread of novel coronavirus causing COVID-19 through respiratory droplets from an
infected person to others when the infected person sneezes, coughs and breathes. The viral
infection can occur via the interaction of receptor-binding domain (RBD) of the S1 subunit
of spike glycoprotein with the ACE2 cell receptor on host cells. The structure of the SARS-
CoV-2 displays the components of the structural proteins of this novel coronavirus (created

by BioRender).

In 2021, there were several commercial detections for SARS-CoV-2 granted for
Emergency Use Authorization (EUA). Apart from X-ray, a conventional method for
detecting lung infection, a nucleic acid amplification technique such as reverse-
transcription polymerase chain reaction (RT-PCR) was primarily used for COVID-19

diagnosis,’!!

and the genes encoding S, E, and N proteins have been targeted for the PCR
test.!'>1* Additionally, antibody tests for COVID-19 diagnosis, also known as serological
tests, were the alternatives to nucleic acid testing officially approved by the U.S. Food and
Drug Administration (FDA) during the outbreak.!>!¢ The serological test can rapidly test
the antibodies produced by the immune system of infected people in response to the viral
infection as well as the serological-based assays, e.g., enzyme-linked immunosorbent assay
(ELISA) and lateral flow immunoassay (LFIA), essentially rely on the function of

antibodies such as IgG/IgM implemented on the sensing materials for detecting viral

antigens(Figure 1.2).!717
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Figure 1.2 Platforms of current COVID-19 diagnosis. The diagnostic tools that have
been widely used for detecting viral genes by RT-PCR, human antibody as well as viral

antigen detections by ELISA and lateral flow assay (created by BioRender).

1.1.1 RT-PCR for viral gene detection

RT-PCR i1s a gold standard method used for detecting COVID-19. It stands for
reverse transcription polymerase chain reaction. The process involves extracting RNA
from a patient sample, such as a swab from the nose.?’ The extracted RNA is then converted
into complementary DNA (cDNA) using reverse transcription. The DNA is then amplified
by a process called polymerase chain reaction (PCR) using gene-specific primers and
fluorescence-labeled probes.?! The PCR creates millions of copies of the DNA throughout

the repeated thermal cycles. The probes produce the fluorescent signals upon each



successful amplification of the target gene regions and the fluorescent signals of the DNA
copies are then quantified and analyzed to determine if the gene of SARS-CoV-2 virus is
present in the sample.?? Although the RT-PCR is considered to be the most accurate method
for COVID-19 testing, the number of tests per day is limited due to the time-consuming
for sample pre-treatment and the complex process as well as the high cost of the test.?}
Also, the sensitivity of RT-PCR significantly relies on the amount of RNA in each sample
meaning that an insufficient amount of the virus on the swaps leads to false-negative
results, especially in the samples obtained from the very first days of the infection.>*2
Hence, it is very crucial to develop viral detections with faster outcomes that do not depend
on highly trained personnel and complicated reactions. Antibody-based tests targeting viral
proteins such as nucleocapsid, spike or envelop protein could be useful approaches to
accelerate the detection speed preventing the risk of person-to-person contact which can

reduce the spread of the virus among the population .22’

1.1.2 Antibody-based techniques for viral protein detection

The antibody-based detection is an FDA-approved tool in the field of medical
research, especially viral antigen detection. Antibodies are proteins produced by the
immune system in response to the responsive antigens, and antibodies are also called
immunoglobulins (Ig) which can be classified into five classes: IgA, IgD, IgE, IgG and
IgM distinguished by their C-terminal regions. During an infection, IgM is first produced
while IgG is the most abundant in serum.?®3° Thus, the presence and concentration of IgG
and IgM can be measured in the plasma samples to determine if the antibodies are produced
in the body to neutralize pathogens such as contagious viruses and inactivate the viral

antigens.’! To develop an antibody-based test, the recombinant antibody and viral antigen
5



are produced in the laboratory and used for the construction of lateral-flow assays (LFA)

and enzyme-linked immunosorbent assays (ELISA).

In the antibody-based LFA test, the sample which contains viral antigen is
deposited onto the sample pad and moved through a polymeric strip by capillary action to
the conjugate pad where the antibody-labeled gold nanoparticles mix and form a complex
with the viral antigen as a target of interest. Then, the complex migrates toward the first
line that has either IgG or IgM antibodies immobilized on the nitrocellulose membrane.
These antibodies capture the target complex forming the colour on a test line, and then the
excessive antibody-labeled gold nanoparticles are moved further along the strip and
captured at the control line as shown in Figure 1.2. As a test result, two lines should be
displayed on the strip if the test is positive.***3 Even though the sample does not contain
the target antigen, the antibody-labeled gold nanoparticles are captured at the control line
appearing one line on the strip which proves the validity of the test. For the positive tests,
there can be three lines if both IgG and IgM antibodies are immobilized on individual test

lines.?*

For the ELISA test, the recombinant viral antigen is coated onto the surface at the
bottom of 96-well plates. Then, the patient sample is added to the well. The binding of the
antigen-antibody occurs if the sample contains IgG or IgM antibodies. After washing out
the excess sample, the horseradish peroxidase (HRP)-linked secondary anti-human
antibody is added, and the binding of the secondary antibody to the primary (IgG/IgM)
antibody can be detected by the colour change once the HRP enzyme interacts with its

substrate.’>*% The concentration of the antibody of interest can be quantified using a



spectrometer to record the fluorescence intensity. On the other hand, the colour change
cannot be observed if the sample does not contain the antibody of interest after washing

out the excessive HRP-linked secondary antibody from the wells. 3’

By implementing the specific antibodies onto LFA and ELISA, these techniques can
only be indirect indicators of the viral infection which require authorized laboratories to
perform moderate to high complexity tests.*® Also, these immunoassays are struggling with
the lack of specificity for emerging SARS-CoV-2 variants, and they rely on the function
of antibodies which can provide a high risk of false-negative results caused by inadequate
antibodies in clinical samples, inconsistent immobilization of antigen-coated supporting
materials, and the varying range of viral load over the infection period can cause inaccuracy

of antigen detection.*’

Similar to antibodies, aptamers selectively bind and recognize target antigens or
specific proteins. However, the production of antibodies requires the use of living animals
which has more batch-to-batch variation and a higher chance of bacterial contamination
than the production of aptamers.*! Compared to antibodies, aptamers are smaller,
chemically synthesized, and more stable with the ease of chemical modification which can
be introduced by attaching spacers or linkers followed by the functional groups and
fluorescence at the 5°- or 3’-end of the aptamers in order to expand the applications of the

aptamers in diagnosis.*



1.2 Aptamers for COVID-19 Diagnosis

The term “aptamer” is derived from the Latin word apfus meaning “to fit” that was
initiated by Ellington and Szostak in 1990 when they generated synthetic RNA molecules
binding specifically to the dye molecules. Later, Tuerk and Gold reported a PCR-based
method named Systematic Evolution of Ligands by Exponential Enrichment (SELEX) for

aptamer discovery.*4

Aptamers are single-stranded DNAs and RNAs or peptides that
bind to targets such as biological targets including proteins, small molecules, and whole
cells like bacteria, viruses and human cells.*> The aptamers can form three-dimensional
(3D) structures rendering the ability of the aptamers to bind the target analytes with high
affinity and specificity.*® According to the characteristics of the aptamers, they are easy to
be chemically synthesized in vitro and stably immobilized on the surface of biosensing
materials which can be combined with other cutting-edge technologies such as
CRISPR/Cas and nanomaterials to enhance the performance of diagnostic applications for
infectious diseases.*’ Previously, several aptamers were developed to detect respiratory
viral diseases including SARS-CoV in 2003 and MERS-CoV in 2012 which are relatively

close to SARS-CoV-2.484 Therefore, the use of aptamers in previous outbreaks has

emphasized the potential of aptamer-based technologies in COVID-19 diagnosis.

1.2.1 Systematic Evolution of Ligand Exponential Enrichment (SELEX)

The systematic evolution of ligands by exponential enrichment (SELEX) is a
method used to select specific nucleic acids known as aptamers from a highly diverse
population called a library>®. The conventional technique involves iterative rounds of

selection, amplification, and isolation to enrich the desired ligands. During each round of



selection, the initial library of synthetic oligonucleotides is exposed to a target molecule,
and those DNA oligonucleotides that bind to the target are isolated and amplified by
polymerase chain reaction (PCR) for the next round.’"3? For the RNA library, a reverse
transcription step is required to synthesize the DNA for the amplification.>® Over time, the
population becomes enriched with high-affinity ligands that specifically bind to the target
molecule, and then the enriched DNA pools are proceed further through next-generation
sequencing (NGS) to retrieve the DNA sequences.’* In addition to the conventional
SELEX, the aptamer selection has been modified in order to generate optimal methods that
effectively produce aptamers for some particular targets. For instance, capillary
electrophoresis-based SELEX is used to select aptamers without immobilizing the target
molecules on supporting materials such as magnetic beads, and Cell-SELEX is developed
for isolating aptamers that specifically bind to cell surfaces, or exosomes secreted in the

cell media.>>>7

Recently, there are several techniques (e.g., surface plasmon resonance
(SPR), bio-layer interferometry (BLI), flow cytometry, etc.) used for validating the binding
affinity of the aptamers in the term of apparent Kps in nanomolar to picomolar ranges to

their respective targets or analytes.”®*° Hence, the SELEX technique has been widely used

for many applications in drug discovery, diagnostics, and basic research.®

1.3 Development of aptamer-based biosensors for SARS-CoV-2 protein detection

The implementation of aptamers in the optical biosensor is also widely used for
COVID-19 diagnostic applications with the advantages of high sensitivity, less complexity
of the pre-treatment process and stability®'. The means of signal production is initiated
from the biorecognition interaction of a receptor, or a ligand known as aptamers and

analytes (such as viral antigens, cells and enzymes), and the chemical and/or physical
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signals are converted into an optical signal on the optical field by signal transducers®?.
Optical aptasensors can be classified into two main categories based on detection modes:
fluorescence-based and label-free aptasensors.
1.3.1 Fluorescence-based aptasensors

For the label-based detection, labelling reagents (e.g., fluorescence and radioactive
labels) are required for the detection such as colorimetric aptasensor, chemiluminescent
(CL) aptasensors, fluorescence aptasensors and surface-enhanced Raman scattering
(SERS) aptasensors®. Li, J. et al. selected aptamers against the S protein of wild-type and
B.1.1.7 SARS-CoV-2. The gamma-[32p]-labeled MSA1 and MSAS aptamers were applied
on dot-blot apparatus to assess the binding affinity to SARS-CoV-2 S1 protein in human
saliva, and also colorimetric assay using ELISA was conducted to detect the spike protein
presented on the surface of pseudotyped-lentivirus. Interestingly, the binding of MSA1 and
MSAS aptamers to the S protein in the saliva sample and to the pseaudovirus was still
observed after the heat treatment. However, the sensitivity of the detection is still required
to improve which fluorescent-labeled technique was proposed for further experiments®?.

Importantly, the NTD of the spike protein was reported to play in specific
recognition of and immunity to the SARS-CoV-2 protein. Gupta et al. selected the aptamers
binding to trimeric S protein and assessed the binding affinity to the patient-derived clinical
samples using aptamer-linked immobilized sorbent assay (ALISA) with the LOD of 2 nM
as well as ~ 91% sensitivity and ~ 98% specificity®. Compared to other two aptamers
selected from this group, the G-quadruplex structure of the S14 aptamer has the potential
to possess high selectivity and affinity to NTD of trimeric S protein. Notably, this S14

aptamer preferably binds to four amino acids (Asn23, Pro39, Asp53 and Thr376) of NTD
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in the S1 region rather than binding to RBD according to the results obtained from the
binding prediction in silico modelling. Along with the study of using ALISA, Kacherovsky
et al. discovered two aptamers named SNAP1 and SNAP3 binding to NTD of SARS-CoV-
2 S1 protein. According to the binding characterization using Cryo-EM, the aptamers
bound to the overlapping epitope on NTD which SNAP1 showed higher binding affinity
over SNAP3%, Thereby, FITC-labeled SNAP1 aptamer was further fabricated on LFA and
ELISA to detect SARS-CoV-2 S protein with the LOD of 250 and 10 pM for LFA and
ELISA, respectively. Similarly, Aithal et al. constructed ELISA for SARS-CoV-2 S protein
detection. They proposed to improve the sensitivity of detection using gold nanoprobe
functionalized with aptamers®’. Once the SARS-CoV-2 virus was detected by the
nanoprobe, the agglomeration of the aptamer-functionalized nanoprobe would cause the
color change. This was practically assembled as a test kit with a total of 75-min testing
time; nevertheless, the spectrophotometer was essentially required to indicate the test
result. Owing to the simplicity of an ELISA apparatus, Svobodova et al. developed the
ELISA technique for implementing an aptamer-based sandwich assay to detect the S
protein of SARS-CoV-2. The pairing optimization of eight aptamers published in the
previous study by Song et al. was performed to screen the most potential pair of aptamers
that would improve the sensitivity and specificity of the sandwich assay. The pair of Aptl
and AptS aptamers showed as the best S1 protein detector with the highest sensitivity
compared to other aptamer pairs. In the mode of sensitivity detection, the sandwich-based
ELISA assay constructed with the thiol-labeled Aptl and biotin-labeled Apt5 as a capture
aptamer and a reporter aptamer, respectively, was able to detect the spike protein at the

LOD of 270 pM in PBS buffer and 190 pM in the viral transportation medium (VTM).
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Interestingly, once this aptamer-based sandwich assay was applied to the clinical samples
obtained from nasopharyngeal (NP) swabs, there was about 70 — 72% accuracy of COVID-
19 positive detection compared to the PCR test results®.

Nonetheless, the ELISA-based technique that has been widely used for viral protein
detection still provided low sensitivity and false-negative results. Deng J. et al. reported
the one-step aptamer-based thermophoretic assay as an alternative for rapid and sensitive
detection of SARS-CoV-2 spike protein without the requirement of the complex sample
preparation. The binding recognition of Cy5-labeled aptamer to the spike on the virus
mixed with PEG-thermophoretic enhancement results in the rapid accumulation of viral
particles. Then, the PEG-enhanced thermophoretic accumulation of viral particles in PEG
solution was processed through a localized infrared laser which then generated a
temperature gradient causing the formation of PEG gradient. The intensity of fluorescence
obtained from the accumulation of the aptamer and virus complex is linearly correlated to
the concentration of viral particles. The LOD of this thermophoretic detection was
determined at 26 fM. Besides, protein-induced fluorescence enhancement (PIFE) uses a
fluorophore-labeled aptamer binding to a target protein in the sample solution without
immobilizing and washing steps as ELISA as well as no need to use antibodies as
traditional fluorescence-resonance energy transfer (FRET)®. Lee, J.M. et al. labeled an N-
binding aptamer with Cy3 at 5’-end and the fluorescence signal was enhanced within 2 min
once the N protein was present in the assay solution. It is fascinating that PIFE-based assay
requires neither sophisticated sample preparation nor an advanced instrument. Instead, only
two simple steps of mixing Cy3-labeled aptamer with a lysate sample in the solution and

reading the fluorescence signal are processed. This approach was able to detect N protein
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in SARS-CoV-2 lysate as low as 0.05 ng/puL compared to the LFA technique with the LOD

of 5 ng/uL which is about a hundred-fold improvement’’.

1.3.2 Label-free aptasensor technique

In contrast to the label-based detection, one-step incubation of aptamers and analytes
is potentially sufficient with the minimal requirement of functional groups to immobilize
the aptamers on the sensing surface. The measurement of changes in the reflective index
or the biolayer thickness on the optical surface is directly detected in real-time upon the
analytes specifically interacting with the aptamer. This includes SPR and BLI
aptasensors.”! Stanborough et al. reported the use of SPR and BLI aptasensors to detect
recombinant spike protein of SARS-CoV-2 at a physiological condition.”” First, the two
biotinylated aptamers (1C and 4C) specifically binding to the RBD of SARS-CoV-2 spike
protein, selected by Song etal’®, were adsorbed on streptavidin fiber optic biosensors which
function as a transducer of BLI. With the optimal conditions, the BLI signal response of
the 1C aptamer interacting with spike protein was significantly higher than the 4C and
scrambled aptamers. Besides, the detection limit of BLI was assessed as low as ~250 nM.
To improve the LOD, Cennamo N., et al. used SPR by immobilizing the biotinylated 1C
aptamer on a D-shaped plastic optical fiber (POF) coated gold sensor chip. The optical
measurement was conducted in PBS buffer and diluted human serum and the limit of
detection of spike protein with the varied concentrations was calculated as 36.7 nM."
Compared to traditional SPR and SPR-POF, Lewis T. et al. recently investigated the
interaction of aptamers and SARS-CoV-2 S1 protein by using LSPR.”> The gold

nanoparticle on the sensor chip of LSPR is highly sensitive to the changes in refractive
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index and the binding of biomolecules on the sensor surface.’® As a result, the LOD of

using the LSPR aptasensor to detect S1 protein was reported as 0.25 nM.

1.4 Challenges for developing aptamers-based COVID-19 Diagnosis

Remarkably, the applications of aptamers for viral diagnostics and therapeutics
have been drastically increasing in the past decade since the emergence of the SARS
coronavirus in 2002.”7-78 While most studies have been paying attention to the RBD and
spike protein of SARS-CoV-2737980 SARS-CoV-2 nucleocapsid, an RNA-binding protein
for viral genome encapsulation, is abundantly expressed in infected cells with very low
genetic variation over time compared to the spike protein.?!-82 Thereby, the N protein could
be used as a potential biomarker for early diagnosis.®® In the early days of the global
pandemic, Zhang and his coworkers’! reported the DNA aptamers targeting SARS-CoV-2
N protein and implemented the selected aptamers with an anti-N antibody for the N protein
detection. After that, several studies used the reported aptamer sequences to implement
into various types of biosensors aiming to improve the sensitivity and accuracy in detecting
SARS-CoV-2 nucleocapsid.?*# These studies are still in progress with disadvantages of
requiring multiple steps of sample preparation, and a lack of understanding of molecular
interaction between the N protein and aptamers. In addition to the aptamers targeting the
N protein, having more varieties of aptamer sequences binding to the S1 protein in the
database would be beneficial for the aptamer users who can further develop more advanced
approaches for viral protein detections, and apply aptamers for not only COVID-19

diagnosis, but this will be also amendable for therapeutics.
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1.5 Thesis aims

In this study, we selected novel ssDNA aptamers using asymmetric emulsion PCR -
SELEX to target nucleocapsid and spike proteins of SARS-CoV-2 with different strategies
and sequences from the previous studies. The aptamer sequence, possessing the highest
affinity to the N and S1 proteins, was attached to the surface of BLI biosensors through the
biotin-streptavidin interaction without additional labels. This label-free aptamer-based BLI
was successfully able to detect the SARS-CoV-2 N and S1 proteins of wild type as well as
Omicron and/or Delta variants. Furthermore, we studied the cross-reactivity of the selected
aptamers to other SARS-CoV-2 and MERS-CoV proteins. In addition to the discovery of
DNA aptamers targeting the N and S1 proteins, the technology of aptamer-facilitated
biomarker discovery (AptaBiD)®” was amendable to identify the specific binding epitope
on the SARS-CoV-2 N and S1 proteins using our selected aptamers. The aptamer-binding
digested peptides were processed through a proteomics approach, and the interaction of the
binding epitope and the aptamer was additionally assessed by molecular dynamic
simulation. These aptamers and corresponding BLI sensors may be used to distinguish
between SARS-CoV-2 positive and negative clinical samples. The identified aptamer-
protein binding motifs may also be applied to therapeutic purposes in the future. Hence,
the use of this aptamer-based BLI has highlighted the potential of our discovered aptamer

as a promising candidate for COVID-19 diagnostics.

1.6 Chapter overviews

The specific objectives which the studies aimed to address are described in Chapters 2
— 4 of the thesis. Beginning with Chapter 2, the selection of ssDNA aptamers targeting

SARS-CoV-2 nucleocapsid (N) and S1 subunit of the spike protein using asymmetric-
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emulsion PCR was explained as well as the aptamer sequences were identified using a
software tool named FASTAptamer. There were sixteen and fourteen DNA sequences
passed through the criteria used for choosing the sequences targeting the N and S1 proteins,
respectively. After that, Chapter 3 describes the evaluation of the binding affinity of the
selected DNA aptamers to the target proteins by using BLI, and only the best binding
candidates showing the lowest Kps which include the N- and S1-binding aptamers named
tNSP3 and S1-tSP10 were further used for the development of aptamer-based BLI as a
label-free technique for SARS-CoV-2 protein detection in human saliva. Besides, Chapter
4 shows the identification of the binding epitopes on the N and S1 proteins using the
aptamer-based pull-down assay, and the digested peptides were identified by using nLC-
MS/MS. Lastly, Chapter 5 presents the overall conclusion and future directions of the

research are proposed.
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Chapter 2

Selection of ssDNA Aptamers via Asymmetric Emulsion PCR-SELEX

A partial version of this chapter has been previously published in

Discovery of DNA aptamers targeting SARS-CoV-2 nucleocapsid protein and
protein-binding epitopes for label-free COVID-19 diagnostics
(Mol. Ther. Nucleic. Acids, Vol. 31, P731-743, March14, 2023)
Suttinee Poolsup, Emil Zaripov, Nico Hiittmann, Zoran Minic, Polina V. Artyushenko,
Irina A. Shchugoreva, Felix N. Tomilin, Anna S. Kichkailo, and Maxim V. Berezovski

Author contributions for Chapter 2:

Suttinee Poolsup designed and performed the experiments and wrote materials and

methods, and also results and discussion.

Suttinee Poolsup contributed Tables 2.1, 2.2, 2.3, 2.4 and Figures 2.1, 2.2,2.3,2.4, 2.5 and

2.6
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2.1 Introduction

In SELEX method, amplification is one of the vital steps highly affecting the success
in aptamer selection as described in Chapter 1. The most general procedure for producing
the DNA library is to amplify target-bound ssDNA through conventional PCR, and then
convert dSDNA as a PCR product to the ssDNA pool which is used in the next round of
selection.®® Various techniques have been introduced to isolate the ssDNA; for example,
the enzyme-based technique uses lambda exonuclease enzyme to eliminate the undesirable
complementary strand at the 5’-phosphorylated strand of dsDNA. This technique requires
optimization of digestion time and enzyme concentration to produce a high yield of
ssDNA.* The other technique is the biotin-streptavidin-based technique in which the
biotin-labeled reverse primer is used in the PCR and the unwanted strand is removed by
streptavidin magnetic beads followed by alkaline denaturation.”® These two techniques
require an additional purification step through DNA precipitation which could lower the
yield of ssDNA. To shorten the time consumption of aptamer selection via SELEX,
asymmetric PCR is a potential alternative to conventional PCR.°! Theoretically, the
principle of asymmetric PCR is the addition of unequal concentrations of forward and
reverse primers in the PCR reaction so that the amplification can continue with the
excessive primer to produce the desired ssDNA strands.?? Still, it is necessary to optimize
some parameters including primer ratios, and the number of PCR cycles in order to obtain
a sufficient yield of ssDNA which is challenging when it comes to developing the

procedure of aptamer selection. The inadequate amount of DNA templates obtained from

18



the beginning rounds of selection contributes to non-specific amplification and determining
the unsuccessful in vitro selection process.”?

To alleviate the over-amplification or primer-dimer hybridization which can generate
undesired PCR by-products in the conventional asymmetric PCR (Figure 2.1), emulsion
PCR is an alternative method used to solve these problems. The emulsion PCR was initially
proposed to overcome the difficulty in amplification of genomic DNA, cDNA library and
other complex mixtures of genes which are composed of long DNA fragments and could
generate the recombination between homologous regions resulting in the formation of
undesired chimeric DNAs.”* According to the basic principle of emulsion PCR, the DNA
template is compartmentalized into numerous droplets of the water-in-oil emulsion.
Ideally, each droplet functions as a PCR reactor containing a single molecule of the DNA
template, a set of FW/RW primers and other PCR reagents.”> The formation of the
emulsion PCR is based on the mixture components of mineral oil supplemented with non-
ionic surfactants including Triton-X100 and Tween-80 and/or other emulsifiers such as
Span 80 and ABIL WE 09. Also, BSA is essentially required in the preparation of the PCR
mixture to saturate the interface of organic and aqueous phases which can protect the RNA
polymerase from being inactivated at the interface.”® To recover the amplified DNA
products from the emulsion PCR, liquid-liquid extraction is performed by adding the
volatile organic solvents such as diethyl ether to remove the remaining oil from the
emulsion along with vortexing and centrifugation which facilitate to break the emulsion
and separate the organic (solvent) phase (upper layer) from the aqueous phase (bottom

layer).
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Conventional PCR Emulsion PCR

Figure 2.1 Amplification of DNA library by conventional PCR and emulsion PCR.
DNA fragments from the previous round of selection are pooled together for amplification
in a conventional PCR (left) or emulsion PCR which each droplet contains a single
template DNA molecule (right).”* Then, the amplified DNA from the emulsion PCR was
extracted using liquid-liquid extraction by adding organic solvents such as diethyl ether or

2-butanol.

Due to the advantages of emulsion PCR, there are several studies implementing
emulsion PCR in the aptamer selection. Yufa et al. (2015) used the emulsion PCR to
improve the selection of aptamers through nonequilibrium capillary electrophoresis of
equilibrium mixture (NECEEM)-based SELEX. This could fasten the process of aptamer
selection targeting the AlkB homologous 2 (ABH2) enzyme by completing within four
rounds with the Kp range of 38 nM to 1 uM whereas the binding complex of the aptamer
and ABH2 was not detectable when the conventional PCR was used in the NECEEM-based
SELEX.”” Moreover, Liu et al. (2020) applied the emulsion PCR combined with magnetic

beads for selecting DNA aptamers targeting a rice viral capsid protein. The optimization
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of emulsion PCR in SELEX along with closely monitoring the formation of PCR droplets
could successfully improve the aptamer selection for detection of viral protein in plants via
aptamer-based dot-blot assay and aptamer-based immunofluorescence.”®

Apart from the applications of emulsion PCR in the aptamer selection, emulsion PCR
has been widely used for solid-phase PCR using microbeads and high-throughput next-
generation sequencing including whole genomic sequencing and RNAseq. Despite the
advantages of using emulsion PCR in the means by minimizing the chances of self-
hybridization of DNA templates as well as primer-dimer formation, the optimization of the
emulsion condition (e.g., types of oils and surfactants, concentrations of BSA, RNA
polymerase, DNA templates and number of droplets per PCR reaction, etc.) is still crucial
in order to increase the PCR efficiency and reduce the PCR artifacts.”

In this chapter, asymmetric emulsion PCR was implemented in the SELEX process to
select ssDNA aptamers targeting SARS-CoV-2 nucleocapsid and S1 subunit of the spike

protein.

2.2 Materials and Methods

The DNA  (N40) Library, 5 -CTCCTCTGACTGTAACCACG-(N40)-
GCATAGGTAGTCCAGAAGCC -3, forward primer (5°-
CTCCTCTGACTGTAACCACG-3’) and reverse primer (5°-
GGCTTCTGGACTACCTATGC-3) were purchased from Integrated DNA Technologies
(Newark, NJ, USA). Phosphate buffer saline (PBS) without Ca?-Mg?* (Cat. No.
10010031) and DPBS with Ca?>"-Mg?" (Cat. No. 14040141) were purchased from Gibco.
tRNA (Cat. No. 15401-011) was purchased from Thermo Fisher Scientific. BSA (Cat. No.

A9418), Tween 20 (Cat. No. 9005-64-5), Span80 (Cat. No. 85548), Tween80 (Cat. No.
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P4780), Triton-X100 (Cat. No. T9284) and mineral oil (Cat. No. M8410) were purchased
from Sigma-Aldrich. Microcon-10kDA Centrifugal filter (Cat. No. MRCPRT010) was
purchased from Millipore. Ni-NTA HisSorb Strips (Cat. No. 1002478) were purchased

from Qiagen. All buffers should be filtered through a 0.22 um filter before use.

2.2.1 Asymmetric-emulsion PCR-SELEX of ssDNA aptamers
2.2.1.1 Immobilization of his-tagged proteins on Ni-NTA strips

The protocol was slightly modified from the manufacturer’s protocol. Briefly, His-
tagged proteins including nucleocapsid and S1 subunit were separately dissolved in PBS
with Ca?*-Mg?* buffer at the concentration of 20 ug/mL, and the protein mixture was added
to each well of a Ni-NTA HisSorb strip and incubated at 4°C overnight. After coating the

protein on the strip, the wells were rinsed with Ca?*-Mg?" added PBS buffer.

2.2.1.2 Preparation of ssDNA library
2 nmoles of ssDNA (N40) library were mixed in 300 pL. of DN A-heating buffer

(DPBS with Ca?"-Mg?*") and the DNA library mixture was heated at 95°C for 5 min
followed by cooling on ice for 10 minutes. Then, the heat-folded DNA library was prepared

in the selection buffer (PBS with Ca?*-Mg?", 2 ug/uL BSA, 0.2 pg/uL tRNA)

2.2.1.3 Selection of aptamer partitioning target proteins

For the first round of selection, the heat-folded library initially went under the
negative selection by adding the library from section 2.2 into each well of the 8-well Ni-
NTA strip and incubating at room temperature on an orbital shaker for 30 min. During the
total of 6 rounds of aptamer selection, the negative selections were repeated twice including

in the first (as described above), and the fourth round of selection. Prior to starting the
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fourth round, the negative selection was performed by incubating the enriched DNA pool
obtained from the third round with the non-targeted protein-coated 8-well Ni-NTA strips
on the orbital shaker at room temperature for 30 minutes. Then, the non-target unbound
DNA pool was transferred to the strips which were coated with the target protein and
incubated on the orbital shaker at room temperature for 1 hour. After DNA-protein
incubation, 200 uL of the washing buffer (DPBS with Ca?"-Mg?* added 0.05% Tween20)
was added to each well to wash out the unbound DNAs on the protein-coated strips and the
supernatant was discarded. The washing step was repeated twice. The stringency of
consecutive rounds could be increased by an additional number of washings as well as the
decrease of DNA-protein incubation time as shown in Table S1. Next, 200 uL of the DPBS
with Ca?*-Mg?" was added to each well of the strip in order to avoid carrying over Tween20
contained in the washing buffer to the PCR reaction. After that, 200 puL of nuclease-free
water was added to each well of the strip and incubated at 95°C for 10 min to elute the
targeted protein-bound DNA from the strip followed by transferring the eluted DNA pool
to a 1.5 mL centrifuge tube and cooling down at room temperature. To concentrate the
DNA eluent, the DNA pool was transferred to a 10 kDa centrifugal filter and centrifuged
at 14,000 rpm for 20 min until the final volume of the concentrated DNA remained at 100

uL on the filter.

2.2.1.4 Asymmetric Emulsion PCR (ePCR) amplification

The concentrated DNA pool obtained from the selection steps was subjected to
asymmetric emulsion PCR. The PCR master mix was prepared according to the sequences
of each reagent (Table 1) in the final volume of 200 uL asymmetric PCR mixture. At the

same time, the emulsion oil mixture was prepared by homogenously mixing 4.5% span80,

23



0.4% Tween80 and 0.05% triton-X100 in mineral oil. Then, the 200 pL of asymmetric
PCR mixture was slowly added dropwise to 400 uL of emulsion oil while stirring. After 5-
min stirring, 50 pL of emulsion PCR mixture was aliquoted into each PCR tube. After
optimization of number of PCR cycles (Figure S1), the PCR reaction was amplified for 25
cycles by using the following PCR program: 98°C for 30 sec; 25 cycles at 98°C for 30 s,
56°C for 15 s, 72°C for 15 s and hold at 4°C.

Table 2.1 Asymmetric emulsion PCR mixture. Amount and concentrations of reagents

used to prepare PCR reactions with a total volume of 200 pL.

Reagents Reaction mixture Final concentration
5X Phire reaction buffer 40 puL 1X
10 mM dNTPs 4 uL 0.2 mM
10 uM CyS5-forward primer 20 pL 1 uM
10 uM Reverse primer 1 uL 0.05 uM
100 g/ BSA 20 uL 10 g/L
Nuclease-free water 11 uL -
DNA template 100 puL. ~100-150 ng
50X Phire Hot Start I DNA ms 1X
polymerase

2.2.1.5 DNA Extraction of Asymmetric Emulsion PCR

The asymmetric ePCR product obtained from the previous steps was combined into a
new 1.5 mL microcentrifuge tube. 200 uL of nuclease-free water was added and vortexed
to mix followed by adding 500 puL of 2-butanol and vortexed for 30 s. The mixture was
centrifuged at 15,000 g for 5 min, and then the top layer of the oil phase suspended in
organic solvent was discarded. Then, the 200 pL of nuclease-free water and 500 pL of 2-
butanol were repeatedly added and vortexed before centrifuging the mixture at 5,000 g for
5 minutes, and the top layer of the organic solvent was discarded. Again, 500 pL of 2-

butanol was added into the mixture, vortexed and shaken horizontally on the orbital shaker
24



at 750 rpm for 10 min. The mixture was centrifuged at 3,000 g for 2 minutes and the top
layer was discarded. At this step, the DNA pellet would be formed and dried on a speed-
vac concentrator for 20 minutes at room temperature. After drying the DNA pellet, 100 pL
of nuclease-free water was added to thoroughly dissolve the DNA pellet and its
concentration was measured by using NanoDrop. During the extraction of DNA from the
emulsion PCR mixture, the pellet of the hydrophobic phase, known as the phase of organic
solvent, might be formed at the bottom of the tube. If the pellet could not be completely
dissolved by pipetting up and down within 15 min at room temperature, the tube of DNA
solution could be placed on an incubator shaker at 4°C overnight and the jelly-like pellet

could be manually removed from the DNA suspended in water on the following day.

2.2.1.6 Emulsion PCR Clean-up (modified from the manufacturer’s protocol)

To purify the amplified DNA obtained from the previous steps, 100 pL. of DNA
solution was inversely mixed with 200 pL of DNA cleanup binding buffer. Then, 300 uL
of absolute ethanol (> 95%) was added and mixed well by pipetting up and down or flicking
the tube followed by loading the DNA-solvent mixture onto the PCR cleanup column. The
DNA-containing column was centrifuged at 16,000 rpm for 1 minute, and the flow-through
was discarded. Then, 500 uL of DNA wash buffer was added to the column and centrifuged
at 16,000 rpm for 1 minute, and the flow-through was discarded before repeating the
washing step twice. Lastly, the purified DNA was eluted from the PCR cleanup column
into a new 1.5 mL collecting tube by adding 50 pL of nuclease-free water to the center of
the filter matrix, incubating at 50°C for 1 minute and centrifuging at 16,000 rpm for 1

minute to collect the flow-through from the column. The purified ssDNA was subjected to
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the next round of selection and these aforementioned steps were repeated until the 6" round

as the schematic summary of SELEX process shown in Figure 2.2.
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Figure 2.2 Asymmetric-emulsion PCR-SELEX. Schematic representation of

asymmetric emulsion PCR (ePCR) SELEX.

2.2.2 Next-Generation Sequencing (NGS)

After six rounds of selection, each ssDNA pool was reamplified by symmetric PCR
and purified prior to the next-generation sequencing. The FASTQ raw data obtained from
NGS were analyzed by following the guideline from FASTAptamer!% as shown in Figure
2.3. The data representing each aptamer pool were categorized into its cluster, followed by
using the FASTAptamer-enrich tool to retrieve the most enriched sequences. After the
aptamer sequences were identified, the multiple sequence alignment tool on Clustal

101

Omega'”" was used to evaluate the similarity and differentiation of individual aptamer

sequences which were classified and presented as phylogenetic trees. The secondary
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structures of the selected aptamers were then predicted using the RNAstructure web

server.!%? The details of retrieving aptamer sequences were clearly described in Appendix.

| Cutadapt ' ‘ . FASTAptamer_ ‘ ™. FASTAptamer_ ‘ .  FASTAptamer_
‘ v Count v Cluster Enrichment
. *Toremove the ___ +Tocount the y * To categorize ! * To obtain the
adapters from reads for each the unique enriched
the sequences pool sequences sequences
* To convert
fastq.gz files
- fasta files

Figure 2.3 Schematic NGS data analysis. The data processing workflow to retrieve the

aptamer sequences from NGS raw data.!%

2.3 Results

2.3.1 Selection of DNA aptamers to SARS-CoV-2 proteins

The recombinant nucleocapsid protein and S1 subunit of spike protein were
separately used as targets for the positive selections of ssDNA aptamers using the
asymmetric-emulsion PCR SELEX procedure shown in Figure 2.1. The DNA library, with
a 40-nt random region flanked with 20-nt primer binding sequences at 5’ and 3’ ends, was
incubated with the target protein immobilized on Ni-NTA HisSorb strips. As thoroughly
described in the Materials and Methods, the unbound DNA sequences were washed out
while the target protein-binding DNA pool was further amplified by asymmetric emulsion
PCR and purified with a PCR cleanup kit to generate an ssDNA pool subsequently
subjected to the next rounds of selection. To eliminate the non-specific sequences, the
counter-selection took place in the first, fourth, and sixth rounds of selection by incubating
the enriched DNA pool with a non-target protein before starting the positive selection.

After each round of selection, one additional wash was added to remove the weak-binding
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ssDNA sequences and increase the stringency of the selection as well as the number of
PCR cycles was optimized to achieve maximum amplification efficiency.

To assess the presence of the desired ssDNA sequences with 80-nt length in each
enriched pool from every round of selection, gel electrophoresis was carried out, and the
results showed two bands of ssDNA as a major product and dsDNA as a minor product
located at 40 bp and 80 bp, respectively, as shown in Figure S1. After six selection rounds,
the enriched pools were subjected to preliminary binding affinity tests using BLI, whose
principle was clearly described in Chapter 3. All six enriched pools showed relatively
higher binding shifts (Figure 2.4) with a 2-fold increase of the association curves compared
to the initial N40 DNA library after 300-s partitioning with N protein on the Ni-NTA
biosensor tips (Figure S2A). Similarly, the association curves of the enriched DNA pools
also showed higher binding onto the S1 protein compared to the initial DNA library (Figure
S2B). Therefore. all enriched pools were sequenced and analyzed using next-generation
sequencing (NGS).
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Figure 2.4 Affinity screening test of enriched DNA pools after SELEX. Binding
evaluation of six enriched DNA pools obtained from asymmetric-ePCR SELEX targeting
(A) SARS-CoV-2 nucleocapsid and (B) SARS-CoV-2 S1 subunit proteins compared to an
initial DNA N40 library using BLI. Error bars represent means + standard deviations (SDs).

Also, see Figure S2A and S2B.

2.3.2 NGS data analysis of DNA aptamer sequences targeting SARS-CoV-2

nucleocapsid

The NGS results for all six pools were processed using the FASTAptamer toolkit
(Figure 2.3).!1% Sequences were counted and clustered into families based on the
neighboring distance and were further subjected to the enrichment tool to calculate the
fold-enrichment of individual sequences across six pools. The retrieved sequences were
chosen based on three criteria, including (i) the total length of 80-82 nucleotides containing

40-42 nt random region flanked with forward and reverse primers, (ii) the identical
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sequences enriched in more than one pool, and (iii) the sequence composition without
primer-dimer formation in the random region. While three enriched sequences named
NSP1, NSP2, and NSP3 were obtained from the cluster-enrichment tool, the count-
enrichment tool resulted in sixteen unique sequences (Table 2.2) based on the criteria
above, including the NSP1, NSP2, and NSP3 aptamer sequences. These sixteen unique
sequences were then aligned to analyze the differentiation and similarity using Clustal
Omega.'! Relative to the construction of the N40 DNA library with a 40-nt randomized
region, the insertion of two nucleotides was observed in two sequences named NSP6 and
NSP10. Phylogenetic tree analysis based on primary sequence homology categorized the
sixteen aptamer sequences into three groups (Figure 2.5).

Table 2.2 Full-length sequences (80 nt) of the N-binding selected aptamer. The
enriched sequences were obtained from NGS data enrichment. The primer-binding regions

are written in bold.

Aptamer Aptamer sequence

NSP1 CTCCTCTGACTGTAACCACGGCGCAAGCCGGGGTGTACGTGTTA
TACGTGCGTGTATCGAGCATAGGTAGTCCAGAAGCC

NSP2 CTCCTCTGACTGTAACCACGTATTGCGTTCCAGTCCCTATGACC
AACGTCACAATAAGTCGCATAGGTAGTCCAGAAGCC

CTCCTCTGACTGTAACCACGCAGCGTCACGTGTTGTTCCCCATT

NSP3 GTACTGATTCGTCGTGGCATAGGTAGTCCAGAAGCC

NSP4 CTCCTCTGACTGTAACCACGCGTTGAGCGTGTTGTCCCTACATG
CAATAGACCCTCCTTCGCATAGGTAGTCCAGAAGCC

CTCCTCTGACTGTAACCACGATTCATGCGCCAATAGTGGTTTGG

NSPS | A AATGTCTCCCCATACGCATAGGTAGTCCAGAAGCC
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CTCCTCTGACTGTAACCACGGCATAGGTAGTCAAGAAGCCATCT

NSP6 | CTATGACTGTAACCACGGCATAGGTAGTCCAGAAGCC
CTCCTCTGACTGTAACCACGTGCTAGATTACGTAACTGGTTGCT
NSP7 | ACGGGTTTCATCCTCGGCATAGGTAGTCCAGAAGCC
CTCCTCTGACTGTAACCACGAGGATTGCGCACATACGGTTGCTC
NSP8 | ACCATTCTACTGTCCTGCATAGGTAGTCCAGAAGCC
CTCCTCTGACTGTAACCACGCTTATGCACCAGGGGCCCGGTTCG
NSPY | GGCAGGCGCAAACACGGCATAGGTAGTCCAGAAGCC
CTCCTCTGACTGTAACCACGGCATAGGTAGTCAAGAAGCCATCT
NSPIO | o A TCTGACTGTAACCACGGCATAGGTAGTCCAGAAGCC
CTCCTCTGACTGTAACCACGGCGCACCCTGCGACGTCCTCATGC
NSPIL | A GGCTTCAGCCTCAAGCATAGGTAGTCCAGAAGCC
CTCCTCTGACTGTAACCACGTGGTTCGCCCAGTTCCGTTCAATA
NSPIZ | ACTCAACCCTGCACGGCATAGGTAGTCCAGAAGCC
CTCCTCTGACTGTAACCACGTATTGCGTTCCATTCCCTATGACCA
NSPI3 | A CGTCACAATAAGTCGCATAGGTAGTCCAGAAGCC
CTCCTCTGACTGTAACCACGGGCTTGGTTTCGGGATCTGCACCC
NSPI4 | TGAAACATTTCTCAGGCATAGGTAGTCCAGAAGCC
CTCCTCTGACTGTAACCACGCTCGTCCAGCGGCTGCGTGTTTCA
NSPIS | 0CGTGCATTGTTGATAGCATAGGTAGTCCAGAAGCC
CTCCTCTGACTGTAACCACGTTCAAGAGCGGTTCGTAATGTTAA
NSP16

TTGACTGATCCCTACCGCATAGGTAGTCCAGAAGCC
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Figure 2.5 Phylogenetic tree of N-binding DNA aptamers. The diagram obtained from
Clustal Omega represents the three main groups of sixteen enriched aptamer sequences
targeting SARS-CoV-2 nucleocapsid and phylogenetic distances are displayed to represent
the number of pairwise differences in nucleotides between the two close sequences. The

sequences were retrieved from count-enrich FASTAptamer.

Among those sixteen unique sequences, the seven aptamers representing each
subgroup were chosen for further validation of their affinity binding to the N protein, and
their structures were truncated and named tNSP1, tNSP2, tNSP3, tNSP5, tNSP9, tNSP10,
and tNSP12 (Table 2.3). Based on the predicted secondary structures by RNAstructure,
this results in different nucleotide lengths of the selected aptamers in the range of 47 — 60
nt.

Table 2.3 Truncated sequences of the N-binding aptamers. The sequences of selected
aptamers binding to the N protein were shortened based on the prediction of their secondary

structures obtained from RNAstructure web server!'%2,
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Aptamer Aptamer sequence

{NSPI | TAACCACGGCGCAAGCCGGGGTGTACGTGTTATACGTGCGTGTA
(49nt) | CGAG

INSP2 | CTGACTGTAACCACGTATTGCGTTCCAGTCCCTATGACCAACGTC
(64nt) | CAATAAGTCGCATAGGTA

t(IjiI:‘?) CAGCGTCACGTGTTGTTCCCCATTGTACTGATTCGTCGTGGCAT

fNSP5 | ATTCATGCGCCAATAGTGGTTTGGAAATGTCTCCCCATACGCATA
(46nt) | G

tNSP9 | TGTAACCACGTGCTAGATTACGTAACTGGTTGCTACGGGTTTCAT
(60nt) | CCTCGGCATAGGTA

fNSP10 | CTTATGCACCAGGGGCCCGGTTCGGGCAGGCGCAAACACGGCAT
(47nt) | AGG

tNSP12 | TGTAACCACGTGGTTCGCCCAGTTCCGTTCAATACACTCAACCCT
(60nt) | GCACGGCATAGGTA

2.3.3 NGS data analysis of DNA aptamer sequences targeting SARS-CoV-2 S1
subunit

To retrieve the DNA sequences binding to the S1 subunit of the spike protein, the
count-enrichment was used, and fourteen sequences passed through the criteria as
mentioned earlier (Table 2.4). Similar to the N-binding sequences, the fourteen unique
sequences obtained from the FASTAptamer enrichment tool were then aligned to analyze
the differentiation and similarity using Clustal Omega. Phylogenetic tree analysis based on

primary sequence homology categorized the fourteen aptamer sequences into three groups

(Figure 2.6).
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Table 2.4

Full-length sequences (80 nt) of the S1-binding selected aptamer. The

enriched sequences were obtained from NGS data enrichment. The primer-binding regions

are written in bold.

Aptamer

Aptamer sequence

S1-SP1

CTCCTCTGACTGTAACCACGAACCACGTATTGTGCACTGTCTCAT
TAGTAATCGCTCCCAGCATAGGTAGTCCAGAAGCC

S1-SP2

CTCCTCTGACTGTAACCACGGCGCAAGCCGGGGTGTATGTGTTAT
ACGTGCGTGTATCGAGCATAGGTAGTCCAGAAGCC

S1-SP3

CTCCTCTGACTGTAACCACGGCGCAAGCCGGGGTGTACGCGTTA
TACGTGCGTGTATCGAGCATAGGTAGTCCAGAAGCC

S1-SP4

CTCCTCTGACTGTAACCACGTAATGCCTAACTCTTTTTGTGTTTGC
GATCTTTGCACATAGCATAGGTAGTCCAGAAGCC

S1-SP5

CTCCTCTGACTGTAACCACGTATCTCCGCACCGGCATGGAACGA
CAGATTCCCAACTTCCGCATAGGTAGTCCAGAAGCC

S1-SP6

CTCCTCTGACTGTAACCACGCGGTTACGATCGGGTTACAAACAC
GGCTGACACGAATTCAGCATAGGTAGTCCAGAAGCC

S1-SP7

CTCCTCTGACTGTAACCACGTCCTCATCCCGCAAACCGCCTTGTC
AGAAGAACTTTGCATGCATAGGTAGTCCAGAAGCC

S1-SP8

CTCCTCTGACTGTAACCACGTTCCATTTTACGGATCCCCTGGTGT
TATAGAATGGTGTATGCATAGGTAGTCCAGAAGCC

S1-SP9

CTCCTCTGACTGTAACCACGTTTCTTTCGCGTGTGGTCTCAAGAA
GAGTACCGTGACTGCGCATAGGTAGTCCAGAAGCC

S1-SP10

CTCCTCTGACTGTAACCACGCACACTTTCTGCCCGCCTTCTCCCT
CCGTTCCCCTCCCCGGCATAGGTAGTCCAGAAGCC

S1-SP11

CTCCTCTGACTGTAACCACGATGTCCTCGCACACCCAAACGCACT
CATCTCCCCACCCATGCATAGGTAGTCCAGAAGCC

S1-SP12

CTCCTCTGACTGTAACCACGATTCATGCGCCAATAGTGGTTTGGA
AATGTCTCCCCATACGCATAGGTAGTCCAGAAGCC

S1-SP13

CTCCTCTGACTGTAACCACGTATCGCGTCATTCGATCCATTTGTA
CATCATTGTGCATAGGCATAGGTAGTCCAGAAGCC

S1-SP14

CTCCTCTGACTGTAACCACGTCTTTACAAGTTCACACCCTTGGTA

CATGACTACATTCACGCATAGGTAGTCCAGAAGCC
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Figure 2.6 Phylogenetic tree of S1-binding DNA aptamers. The diagram obtained from
Clustal Omega represents the three main groups of fourteen enriched aptamer sequences
targeting the SARS-CoV-2 S1 subunit of the spike protein and phylogenetic distances are
displayed to represent the number of pairwise differences in nucleotides between the two

close sequences. The sequences were retrieved from count-enrich FASTAptamer.

Moreover, the secondary structures of these aptamer sequences were predicted
using an RNAstructure and MFold web servers for designing the truncated motifs of
aptamers.'%%133 Based on the observation of the predicted structures, some additional
nucleotides at the 5’- and 3’- primer binding regions remained to conserve the stem-loop
structures. The secondary and tertiary structures of the three most enriched sequences with
truncated structures were predicted using MFold and MD simulations, respectively (Figure

S5 and S6).

2.4 Discussion

The novel sequences of DNA aptamers were discovered from a synthetic DNA
library which the two selections were separately targeted the nucleocapsid and S1 subunit

of spike protein of wild-type SARS-CoV-2. The methods of selection were designed and
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developed with the main idea of reducing the processing time of each selection round while
producing effective yields in the term of high affinity aptamers binding to the targets. Using
asymmetric PCR could shorten the process of producing single-stranded DNA pool used
for the next round of selection from a few days to one day of SELEX completion.!03-104
Owing to the early by-product generation obtained from using conventional
asymmetric PCR, the emulsion PCR was used to amplify the randomized DNA library
under the optimal asymmetric PCR conditions including optimized PCR cycles and
FW/RW primer ratio. Even though the emulsion PCR was expected to reduce the non-
specific amplification, the aptamer selection was stopped at the sixth round because of
emerging PCR by-products caused by PCR artifacts (such as a primer-dimer and primer
partially hybridized DNA template). Also, the carryover of dSDNA as a minor product of
asymmetric PCR and the high stringency used in the aptamer selection could create the
competitive environment in the DNA-protein partitioning step contributing to insufficient
amounts of targeted DNA functioning as a PCR template in the PCR reaction. To address
this issue, the DNAs eluted from the protein-coated strips were concentrated by using a 10
kDa filter in order to remove the excessive amount of elution buffer before performing the
PCR. Theoretically, the amplification of the homogenous DNA can yield an exponential
increase of quantity of the PCR products until it reaches the maximum level and stays
plateau. On the contrary, the PCR amplification of the enriched DNA pools containing the
random DNA templates is more problematic which the quantity of the PCR products can
drop from the maximum level down to zero.!% This has pointed out how crucial to design
a better structure of initial DNA library, especially the sequence of nucleobases in the

primer-binding region, and to optimize individual PCR parameters (e.g., template
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concentrations, primer concentrations, annealing temperatures and the effect of the
polymerase) which significantly impact the PCR efficiency.!? These can clearly explain
why the PCR by-products could still occur while the emulsion PCR was used in this
asymmetric PCR-SELEX.

For the extraction of PCR products obtained from the emulsion PCR, the PCR
cleanup kit was applied to extract and purify the amplified DNAs which could yield better
purity of DNA, faster process and less hazardous than using organic solvents such as
diethyl ether.'"’ In addition to using the DNA-binding buffer provided in the PCR cleanup
kit, 2-butanol and nuclease-free water were firstly added prior to the centrifugation in order
to facilitate the better separation of the oil phase suspended in 2-butanol from the aqueous
phase containing the target DNA in water.

Notably, adding more selection rounds did not strongly guarantee that the aptamer
with the best binding could be obtained since the affinity screening showed the increased
binding of the enriched pool at the beginning of round 1 to round 3. Afterward, the binding
to the N protein was still maintained whereas binding to the S1 protein was decreased after
round 3. As mentioned above, the presence of the PCR by-product in the asymmetric
emulsion PCR and the addition of extremely high stringency could possibly interfere with
the binding efficiency between the targeted DNA aptamers and the proteins.!03-10?

Ultimately, it is essential to set up the criteria that can be used to choose the DNA
sequences from the NGS raw data which could facilitate by means of eliminating the
impact of PCR artifacts. As aforementioned criteria, the sequences with the high abundance
of the last round of selection were diminished due to the incorrect constructions of the

DNA sequences which contained repetitions of dimeric or trimeric sequences of FW and
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RW primer binding regions located before or after the randomized region when compared
to the correct construction of the initial N40 DNA library. Instead, the enriched sequences
of all six rounds with the correct composition of the sequence structure were targeted and
considered to be retrieved as aptamer candidates for binding affinity tests reported in

Chapter 3.
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Chapter 3

Characterization of Binding Affinity and Label-free Detection of SARS-

CoV-2 Proteins by using Aptamer-based Bio-layer Interferometry (BLI)

A partial version of this chapter has been previously published in

Discovery of DNA aptamers targeting SARS-CoV-2 nucleocapsid protein and
protein-binding epitopes for label-free COVID-19 diagnostics
(Mol. Ther. Nucleic. Acids, Vol. 31, P731-743, March14, 2023)
Suttinee Poolsup, Emil Zaripov, Nico Hiittmann, Zoran Minic, Polina V. Artyushenko,
Irina A. Shchugoreva, Felix N. Tomilin, Anna S. Kichkailo, and Maxim V. Berezovski
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3.1 Introduction

Affinity and kinetics of DNA and protein interaction can be characterized via
several techniques. Some standard methods can only determine the equilibrium
dissociation constant (Kp) or ICso values under the optimal conditions without providing
the kinetic parameters such as on-rate (kon) and off-rate (kof).''° Prior to characterizing the
binding affinity of the selected aptamers and their target proteins, a method that is suitable
for providing the expected information needs to be taken into consideration because the
similar affinity constants or Kps can be yielded from the greatly different binding profiles
of kon and kosr. Recently, there are many techniques that have been developed in order to
not only determine the thermodynamic metrics such as affinity, entropy and enthalpy of

binding, but also kinetic parameters.

For instance, isothermal titration calorimetry (ITC) is one of the earliest techniques
used to study the aptamer-protein binding affinity via a series of micro-injection by loading
an analyte into the syringe while being titrated to the aptamer loaded in the isothermal cell.
Then, the calorimeter is used to measure the absorbed or released heat of the binding event
during each injection until the saturation of the titrated aptamer is reached at a certain point
where the minimal heat changes are observed upon the injection of the titrant. The heat
values are integrated with respect to time which the resulting data is plotted against the
molar ratio of analyte-to-aptamer.''! However, high concentrations of the aptamers (10 —
100 uM) and the analytes (at least 100 uM) are required to obtain high accuracy from ITC
results which contributes to more cost and may affect the solubility of some hydrophobic
analytes. In addition to the requirement of large quantity of reagents, the cost of the ITC is

generally expensive compared to other low-throughput methods.

40



The other standard method that is the most widely used to determine the affinity
and kinetic parameters of aptamers binding to the target proteins is surface plasmon
resonance (SPR). This optical technique can yield the kinetic interaction of the aptamer
and the target analyte through the change in resonance angle caused by the alteration of
reflective index on the gold chip surface. This phenomenon occurs when the target
molecule is interacting with the aptamer immobilized on the thin gold film resulting in the
changes in the intensity of light reflected on the gold film surface at various angles.'!'? Once
the equilibrium stage of non-bound and target-bound aptamer is reached, the free analyte
is washed away by the assay buffer circulating throughout the microfluidic system, then
the refractive index returns to its initial values. The resonance angle change can be plotted
in the pattern of resonance signal (RU) over time from which ko, and kosr can be determined
and used to calculate the apparent Kp (Figure 3.1). Nevertheless, there are some
challenging of using a microfluidic flow-based technique like SPR including a risk of
cross-contamination of the components while running different samples and clogging if the

unpurified or crude samples are loaded in the sample compartment and the tubing system.
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Figure 3.1 Schematic experimental setup of SPR. A gold sensor chip is placed on a
prism. The light source shines polarized light on the sensor chip and the light is reflected
which the intensity of the reflected light is measured in the detector. At a certain angle of
incidence, excitation of surface plasmons occurs resulting in a dip in the intensity of the
reflected light (I). A change of refractive index at the surface of the gold film coated on the

sensor chip will cause an angle shift from I to II.

To overcome the challenges of using ITC and SPR, bio-layer interferometry (BLI)
enables to characterize the binding affinity and calculate the Kps of the aptamers without
consuming the samples (aptamers and its targets) which can be recovered after the assay is
completed. Owing to the dip and read-based system using biosensors, BLI does not require
the micro-injection, degassing the buffers as well as unclogging and flushing the tubing.
This can relatively reduce the analysis time as well as the costs of reagents and
consumables.''3 The BLI is an optical technique that analyzes the changes in interference
patterns of the light waves when the binding of ligand and analyte occurs. To perform the

analysis of the interaction between target biomolecules, a fiber-optic biosensor is
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essentially required to attach the aptamer as a ligand prior to detecting the target analyte.!'*
In principle, the biosensor is constructed with two interfaces which are an internal reference
layer and a biocompatible layer on the biosensor surface. These interfaces are separated by
a thin layer at the tip of the biosensor. When light reflects from each of the two layers, it
creates constructive and deconstructive interference patterns that can be detected at the
CCD array detector. To process this technique, the tip of the biosensor is dipped into a
sample in either a tube or a 96-well microplate depending on the version of the instrument.
After loading the ligand, the analyte then binds to the ligand-coated surface forming a
molecular layer that increases in thickness as more molecules bind causing a shift in the
interference pattern of the reflected light. This shift is monitored at the detector and
reported on a sensorgram as a change in wavelength (nm) over time (second). By
monitoring the interference pattern in real time, it is possible to obtain the kinetic data on
the molecular interactions.!'!5-116

Kinetic binding analysis is used to measure association (kon) and dissociation (Kofr)
rate for non-covalent interaction which can be the combinations of electrostatic
interactions, hydrogen bonds, van der Waals forces and hydrophobic effects. In the term of
kinetics, the association rate of the interaction determines how fast one molecule of the
analyte binds to a ligand, and the dissociation rate measures how fast a ligand-analyte
complex falls apart from one another.'!” On the Octet N1 instrument used in this study, the
interpretation of kinetic data is based on the 1:1 binding model of the biomolecular
interaction where one aptamer or ligand molecule interacts with one analyte molecule, and
the formation of the aptamer-analyte complex follows the pseudo-first order kinetics which

association rate of the analyte binds equally and independently to all binding sites of the
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ligand.'"® Once the binding of the analyte and the ligand reaches equilibrium, the
association rate of the analyte-ligand complex formation is the same as the rate of the
analyte dissociating from the ligand. This 1:1 binding model can be represented by
Equation 1.

ka

A+ B <= AB Eq.1
kad
(A: analyte, B: ligand, ka: association rate and kq: dissociation rate)

When the biosensor is dipped into the analyte solution, the rate of complex formation (AB)
is measured in real-time which can be described in the terms of an association rate and the
concentrations of unbound ligand and analyte. The rate of association is a function of the

decreasing concentration of unbound ligand while the binding of the analyte occurs

(Equation 2).

d[AB]
dt

= ka[Al¢[Bl — ka[AB], Eq.2
Equation 3 shows the integration of a differential equation used to fit the association phase
of the sensorgram (Figure 3.3). In the association phase, the formation of the complex AB

happens at the same time while it decays back to A and B so that ke reflects the overall

rate of the combined association and dissociation of the analyte and the ligand (aptamer).

Y =Y, + A(1 — e Kobs*t) Eq.3
1
(A= Rpax kg )
1+ka*[Analyte]

(Y=level of binding, Yo = binding at the starting time of association, A = an asymptote, t
= time (second) and kobs = the observed rate constant)
In the dissociation phase, the phenomenon that only occurs is the analyte decays

from the AB complex since the biosensor is dipped into the assay buffer without having
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the analyte. This phenomenon is reflected by the decline in the dissociation rate over time
as the concentration of bound complexes on the surface decreases represented by Equation
4. The term kg measured the fraction of the complexes decaying per second which is

expressed in the unit of ™!,

Y =Y, + A(e ka*t) Eq. 4

1
1+k—d)
kq*[Analyte]

(A= Rpax

Yo = the binding at the start of dissociation, kq = the dissociation rate.

To obtain the values of kobs and kg, the concentration of the analyte is known which
is required to added to the Octet software prior to performing the kinetic assay on the BLI
instrument, and the software continuously determines the Y, Yoand the asymptote (A) at a
certain time point and it chooses the best data that fits to the 1:1 binding model (R? is close
1) once the assay is completed per run. Thus, the Equations 3 and 4 presenting in Figure
3.3 can be solved to yield the values of kops and kg, and then the association rate, k,, can be

calculated by using Equation 5.

— Kobs—Kd
ko = [Analyte] Eq.5

The association rate represents the number of AB complexes formed per second in
a 1 molar solution of A and B and is expressed in M!-s”!, With the calculated k, and kq
obtained from the equations above, the equilibrium constant, Kp, can be calculated from
the ratio of the off-rate to the on-rate by using k. and kg (Equation 6) which can be

expressed in the unit of molar (M).

Kp="——=-¢ Eq. 6
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Figure 3.2 The summary of equations fitting the association and dissociation phases.
The BLI scheme shows the relevant equations that the BLI software uses to calculate the
ka and kq by choosing the data that fit 1:1 binding model in order to characterize the Kp of

the kinetic binding between aptamers and the target proteins.

In this chapter, BLI is the main analytical technique for screening the affinity of the
selected aptamers binding to the target proteins as well as the development of aptamer
implemented on the BLI biosensor for assessment of cross-selectivity of the aptamers
toward their targets over the non-target proteins, and mainly for the detection of SARS-

CoV-2 proteins in human saliva.

3.2 Materials and Methods

3.2.1 Affinity screening of DNA aptamers binding to SARS-Cov-2 nucleocapsid and
spike S1 subunit proteins by BLI

The binding affinity of aptamer pools and SARS-CoV-2 nucleocapsid protein

(ACRObiosystems, Newark, DE) was performed using Ni-NTA biosensors (Figure 3.4A)

and a BLI instrument named Octet N1 (Sartorius, Bohemia, NY). Firstly, the DNA-
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enriched pools were prepared in the assay buffer (DPBS with 0.5mM MgCl, and ImM
CaCl,, pH 7.4, Gibco) at a concentration of 500 nM and heated at 95°C for 5 min, then ice-
cooled. The binding assay was performed in 0.5 mL light-blocking tubes at 25°C with a
total volume of 250 pL. In the next steps, 20 pg/mL of his-tagged N protein was loaded on
Ni-NTA biosensor tips. During the binding assay, a baseline was established in the binding
buffer followed by monitoring the association of the DNA-enriched pools with the N
protein on the biosensors. After retrieving the sequences of the most enriched aptamers
named NSP1, NSP2 and NSP3, 200 nM of these three aptamers with 80nt-length was
prepared as mentioned above and the association step was performed to compare the
binding shift of these enriched aptamers to the binding of the initial N40 DNA library and
the 80nt-scrambled DNA (Sc80) was used as a negative control. The assay was carried on
Octet N1 in the assay buffer at 25°C with a 30-s baseline, 100 s for the association, 150 s
for dissociation, and glycine-HCI, pH 1.7 was used for biosensor regeneration. The

published aptamers A48 and A58 were included in this experiment as positive controls.
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Figure 3.3 Schematic BLI workflow of aptamer-protein affinity tests. (A) Screening
affinity of the enriched aptamers binding to the N protein on Ni-NTA biosensor which the

his-tagged N protein was immobilized on the biosensor and the unlabeled aptamer
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candidates were loaded onto the N-coated biosensor in the association step. (B) Affinity
screening of the enriched aptamers targeting the S1 protein which the aptamers were
labeled with each biotinylated forward or reverse primer at different times and immobilized
on the streptavidin biosensor prior to loading the S1 protein in the association step on the

aptamer-coated streptavidin biosensor (created by BioRender).

For the binding test of the selected aptamers against the SARS-CoV-2 spike S1 subunit,
streptavidin biosensors were used on the Octet N1 (Figure 3.4B). To prepare biotinylated
aptamers, the 80nt-length DNA sequences were hybridized with biotin-labeled FW primer
and RW primer, separately, in DPBS at 95°C for 5 min and the temperature was gradually
lowered to 25°C for 30 minutes, hold at 4°C for 30 minutes on the thermocycler. The ratio
of biotin-labeled primers and the unlabeled 80nt-length DNA sequences was 1:1 (400
nM:400 nM) in the total volume of 100 pL. Then, the biotin-FW-hybridized DNA
sequences and the biotin-RW-hybridized DNA sequences were prepared in the assay buffer
as the same preparation as the preparation of the N protein-binding aptamers as mentioned
above. Briefly, 400 nM of the biotinylated aptamer was heat-folded at 95°C for 5 min, then
ice-cooled before loading as a ligand on a streptavidin biosensor. Then, the aptamer-loaded
streptavidin biosensor was dipped into 20 pug/mL of the S1 protein prepared in the assay
buffer with 300 s for association and 300 s for dissociation to evaluate the affinity of the
selected aptamers to the S1 protein. The initial N40 DNA library and the scrambled DNA

were also tested as negative controls.

49



3.2.2 Determination of Kps using BLI

The BLI experiments for determining the Kps were initially performed in two setups.
One setup was to immobilize the his-tagged N protein (20 pg/mL) onto the Ni-NTA
biosensors, and the non-labeled aptamers were loaded in the association step. The
association step was performed with six different concentrations (0, 12.5, 25, 50,100, and
200 nM) of the 80nt-length aptamers (NSP1, NSP2, and NSP3) which were prepared in the
assay buffer and heated at 95°C for 5 min, then ice-cooled prior to transferring 250 pL of
the heat-folded aptamer solution to 0.5 mL light-blocking tubes. The binding assay was
performed on Octet N1 at 25°C with a 30-s baseline, 100 s for the association, 150 s for
dissociation, and Glycine-HCI, pH 1.7 was used for biosensor regeneration. Moreover, the
truncated aptamers including tNSP1, tNSP2 and tNSP3 representing the most enriched
sequences as well as the other four aptamers (named tNSP5, tNSP9, tNSP10 and tNSP12)
representing each subgroup among 16 unique sequences were also evaluated their binding
affinity to the N protein by performing under the same experimental setup as the 80nt-

length aptamers.

Another BLI setup was to imitate the COVID-19 diagnosis; therefore, the binding assay
was performed by immobilizing the aptamers on the biosensor tips to detect the presence
of the N protein in the assay buffer. The serial dilutions of the N protein (7.69, 15.4, 30.8,
61.5 and 123 nM) were spiked in the optimized assay buffer (PBST, DPBS with 0.5mM
MgCl; and 1mM CaCl,, pH 7.4, added 0.2% BSA and 0.05% Tween 20). The detection
was performed by dipping a streptavidin biosensor (Sartorius, Bohemia, NY), which was
immobilized with the biotinylated aptamer, into the N protein spiked in the PBST buffer.

The assay was carried out at 25°C with 180 s for association and 120 s for dissociation.

50



The assay buffer was used to wash out the unbound biomolecules from the biosensor tip
during the baseline step for 60 s. The apparent dissociation constant (Kp) of each aptamer
was calculated by Octet N1 software (version 1.3.0.5) using a 1:1 global binding model.
Additionally, the binding affinity of tNSP3 aptamer to our in-house expressed SARS-CoV-
2 nucleocapsid protein and the N proteins of Delta (7.69, 15.4,30.8, 61.5 and 123 nM) as
well as Omicron (7.73, 15.5, 30.9, 61.8 and 123 nM) variants was also performed under

the same condition described above.

3.2.3 Cross-reactivity assessment of aptamers to different proteins

The selectivity of three aptamers (tNSP1, tNSP2, and tNSP3) to the N protein was
examined by investigating the binding affinity of the aptamers to other viral proteins,
including SARS-CoV-2 S1 protein and the nucleocapsid protein of MERS-CoV
(ACRObiosystems, Newark, DE). Following the optimized condition of the binding assay
as previously mentioned, the cross-reactivity was performed in the assay buffer (PBST,
DPBS with 0.5mM MgCl, and ImM CaCl,, pH 7.4, added 0.2% BSA and 0.05% Tween
20) on Octet N1 at 25°C with a 60-s baseline, 180 s for the association and 120 s for
dissociation. 400 nM of each biotinylated aptamer was immobilized on the streptavidin
biosensor tips. The binding affinity of the aptamers to the non-targeted proteins (SARS-
CoV-2 S1 and MERS N proteins) was compared to the SARS-CoV-2 N protein at the
maximum concentration of 123.04 nM.

The cross-reactivity of S1-tSP10 was also investigated by testing the selectivity of the
aptamer to the S1 protein of SARS-CoV-2 compared to MERS-CoV which is non-target
protein at the concentration of 167 nM. The S1-tSP10 aptamer was prepared in the same

preparation as the N-binding aptamer in the assay buffer as described above. The binding

51



assay was performed at 25°C with a 60-s baseline, 300 s for the association step and 300 s
for dissociation step. The apparent Kp values were calculated using a 1:1 global binding
model as mentioned above. To verify non-specific binding to the protein tag, a hexa-

histidine peptide was also included as a control in the binding assay.

3.2.4 Heat inactivation effects on binding affinity of the aptamer and the target

proteins

To study the effect of heat-inactivation on the aptamer-based detection of N
proteins, 400 nM of the biotinylated tNSP3 aptamer was heated at 95°C for 5 min, then
ice-cooled, and immobilized on the streptavidin biosensor tips. The binding assay of the
aptamer to the N proteins of Delta (123 nM) and Omicron (123 nM) variants that were
heated in the assay buffer at two different temperatures (65°C for 15 min and 80°C for 5
min) was performed on Octet N1 with a 60-s baseline, 180 s for the association and 120 s

for dissociation.

3.2.5 Applications of aptamers-based BLI for SARS-CoV-2 protein detection in

human saliva

The serial dilutions of N protein (7.69, 15.4, 30.8, 61.5, and 123 nM) were spiked
in 10% saliva assay buffer, which was prepared by diluting the concentrated human saliva
(Bioivt, Westbury, NY) in PBST buffer (DPBS with 0.5 mM MgCl,, 1 mM CaCl,, 0.2%
BSA and 0.05% Tween 20, pH 7.4). The detection was performed by immobilizing the
biotinylated tNSP3 aptamer on a streptavidin biosensor tip. As mentioned in the previous
assay, the N protein-spiked in 10% saliva was detected on Octet N1, and the 10% saliva
assay buffer without adding the N protein was used as the background signal. The apparent

Kp of the aptamer was calculated with Octet N1 software (version 1.3.0.5) using a 1:1
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global binding model, and the limit of detection (LOD) was also determined based on the
standard deviation (SD) of the binding curves and the slope of binding (nm) vs

concentration of the N protein (nM), LOD = 3.3SD/ slope

3.3 Results
3.3.1 Affinity screening of the enriched aptamers binding the N protein

According to the highly enriched characteristic of the NSP1, NSP2, and NSP3
aptamers, the Kp values of the full-length structures of these three aptamers were
determined using BLI. The initial N40 DNA library and the scrambled DNA with 80 nt
were tested as controls. The DNA library showed low binding affinity and a low BLI shift
(about 0.5 nm) to the N protein and the insignificant binding behavior of the scrambled

DNA (Figure 3.4).
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Figure 3.4 Binding evaluation on BLI. Binding affinity tests of NSP1, NSP2, and NSP3
aptamers with the N protein. The binding signals were detected in real-time as the
association (180 s) and dissociation (120 s) of aptamers and the N protein. The initial DNA

N40 library and scrambled DNA were used as controls.
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3.3.2 Kb determination of the selected aptamers

To study the real-time binding assay on the BLI instrument (named Octet N1),
serial dilutions of NSP1, NSP2, NSP3, and their truncated structures were prepared in the
assay buffer with five different concentrations of aptamer from 200 nM to 12.5 nM. The
reference assay was prepared in the absence of an aptamer. The his-tagged N protein was
loaded on a Ni-NTA biosensor; then, the sensor tip was dipped into the aptamer solution
as an analyte for association and dissociation steps. The results demonstrated the binding
of full-length NSP1, NSP2, and NSP3 aptamers to the N protein with the Kp values of 7.86
+0.39,4.38 £0.40 and 8.60 +0.35 nM, respectively. The Kp values of truncated structures
of these three aptamers named tNSP1, tNSP2, and tNSP3 were also determined to study
the impact of primer-binding regions on the target recognition giving Kps of 4.53 + 0.32,
3.04+£0.51,5.77+0.39 nM, respectively (Table 3.1). These results indicate that the primer-
binding regions did not significantly affect the binding affinity. Also, the other four
aptamers (tNSP5, tNSP9, tNSP10, and tNSP12) were truncated, and their Kps ranged from
6 to 22 nM (Table S2). In addition to the binding assay of the selected aptamers, the binding
affinity of two positive controls as previously published (A48 and A58 aptamers with the
reported Kps of 0.49 + 0.95 and 0.70 + 0.06 nM, respectively)’! were measured on Octet
N1, and their Kps were 6.46 £ 0.35 and 3.02 + 0.32 nM, respectively. According to our
study, Mg?* and Ca®" ions played a crucial role in maintaining the binding affinity between
DNA aptamers and the protein compared to the Mg/Ca-omitted buffer condition so that
these divalent ions were always added into the binding and assay buffers. Due to the high
affinity of the three truncated aptamers (tNSP1, tNSP2, and tNSP3), they were further used

for subsequent studies.
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Table 3.1 Kbs of truncated N-binding aptamers (tNSP1, tNSP2, and tNSP3) in the
assay buffer. The N protein was immobilized on the Ni-NTA biosensor, and the aptamers
were partitioned in the assay buffer while loading onto the N-coated biosensor in the
association step. The Kp determination was performed in triplicates. The kinetic binding
parameters of the aptamers to SARS-CoV-2 N protein were calculated by using a 1:1

binding model and reported in a format of mean + standard error (SE).

Aptamer partitioning in the assay buffer
Aptamer
Kb (nM) ka (1/M-s) ka (1/s)
tNSP1 4.53+0.32 (4.53+0.07)x10° | (2.1£0.19)x 107
tNSP2 3.04+£0.51 (426 £0.10)x 10° | (1.3+0.38)x 107
tNSP3 5.77+0.39 (720 +0.15)x 10° | (42+0.41)x 107

3.3.3 Binding evaluation of aptamers to SARS-CoV-2 N protein

To establish the detection of the N protein using aptamers, the affinity studies were
also performed by individually immobilizing the biotinylated tNSP1, tNSP2, and tNSP3
aptamers on a streptavidin biosensor, SARS-CoV-2 N protein was spiked in the PBST
buffer with the varied protein concentrations of 7.69, 15.4, 30.8, 61.5 and 123 nM, and the
control assay was prepared in the absence of the protein. There is not a significant
difference in Kp values obtained from either attaching the truncated aptamers or the N
protein on the biosensors. The analysis setup with the aptamer-loaded sensor (Figure 3.5A)
yielded a better curve fit (R? = 0.999) with the use of the default binding model (1:1) of the
BLI software, which refers to the higher accuracy of the calculated Kp. Kinetic binding of

these three aptamers (Figure 3.5B-D) showed a potential capability of N protein detection
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in PBST buffer with the Kp of 4.83 + 0.63, 4.51 £ 0.50, and 2.91 + 0.34 nM for tNSP1,

tNSP2, and tNSP3, respectively (Table 3.2).
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Figure 3.5 Real-time detection of aptamers binding to SARS-CoV-2 N protein. (A)
Scheme of an aptamer-based BLI detection setup. The biotinylated aptamer was
immobilized on a streptavidin biosensor and incubated with SARS-CoV-2 N protein. The
binding signals were detected in real-time as the association (180 s) and dissociation (120
s) of aptamers and the N protein. BLI sensorgrams showed the increase of concentration-
dependent target binding aptamers tNSP1 (B), tNSP2 (C), and tNSP3 (D) after being

subtracted from the assay buffer with 0 nM of the N protein as a reference.
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Table 3.2 Kbs of truncated N-binding aptamers (tNSP1, tNSP2, and tNSP3) on SA
biosensors. The biotinylated aptamer was immobilized on the streptavidin biosensor, and
the N protein was partitioned in the assay buffer while loading onto the aptamer-coated
biosensor in the association step. The Kp determination was performed in triplicates. The
kinetic binding parameters of the aptamers to SARS-CoV-2 N protein were calculated by

using a 1:1 binding model and reported in a format of mean + standard error (SE).

Aptamer immobilized on the streptavidin biosensors
Aptamer
Kb (nM) ka (1/M-s) ka (1/s)
tNSP1 4.83 £0.63 (1.67£0.04) x 10° | (8.05+0.15)x 10*
tNSP2 451 +£0.50 (1.25+0.10)x 10 | (5.63+0.30)x 10
tNSP3 291+0.34 (1.05+£0.01)x 10° | (3.05+0.04)x 10*

3.3.4 Assessment of aptamers selectivity for SARS-CoV-2 nucleocapsid

To verify the selectivity of the tNSP1, tNSP2, and tNSP3 aptamers to the SARS-
CoV-2 N protein, their binding affinity was tested to other viral proteins, including SARS-
CoV-2 S1 protein and the MERS-CoV N. The purity of each protein was visualized on
SDS-PAGE (Figure S9), and each protein displayed a single band representing high
homogeneity. All three aptamers exhibited strong binding to SARS-CoV-2 N protein
(Figure 3.6A-C) with no significant cross-reactive binding to the SARS-CoV-2 S1. Some
binding (about 50%) was observed to the N protein of MERS coronavirus, highlighting the
higher affinity of these aptamers to SARS-CoV-2. Notably, these three truncated aptamers
did not exhibit the binding to hexa-histidine peptide used as a tag on the recombinant

proteins in this study. Considering the lowest Kp and highest selectivity to the N protein,
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the tNSP3 aptamer was chosen for detecting the N protein in human saliva and identifying

aptamer-protein binding epitopes.
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Figure 3.6 Selectivity of aptamers binding to SARS-CoV-2 N protein. BLI sensorgrams
of association and dissociation of the aptamers (A) tNSP1, (B) tNSP2, and (C) tNSP3 with
20 pg/mL SARS-CoV-2 N, 20 pg/mL MERS-CoV N and 20 pg/mL SARS-CoV-S1
proteins in PBST buffer as well as 20 pg/mL hexa-histidine peptide as non-specific binding

controls.

3.3.5 Assessment of tNSP3 aptamer binding to SARS-CoV-2 nucleocapsid in varied

conditions

With different sources of the wild-type N protein production, the binding affinity
of the tNSP3 aptamer to our in-house expressed N protein using E. coli was tested under
the same condition and showed a Kp of 7.52 + 0.17 nM (Figure S10) compared to the
commercial recombinant protein modified with glycosylation and expressed in HEK293
cells. In addition to detecting the N protein obtained from wild-type SARS-CoV-2, the
affinity study of our tNSP3 aptamer to the Delta and Omicron variants was also performed.
The calculated Kps of the aptamer to the Delta and Omicron variants were 0.63 + 0.10 and
3.55 £ 0.06 nM, respectively (Figure 3.7A and 3.7B). Taking the safety of the clinical
laboratory into consideration, viral inactivation is currently required prior to processing the
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samples reported by other studies.?”-3® Heat inactivation of the SARS-CoV-2 virus has been
commonly used to treat the viral-containing serum.* Thus, the binding affinity of the
tNSP3 to the N proteins in the BLI assay buffer (PBST) was investigated after heating the
N protein of Delta and Omicron variants at 65°C for 15 min and 80°C for 5 min. The results
showed that the incubation of the variants N proteins at 65°C had decreased about 20% and
40% binding signal of tNSP3 aptamer to the Delta and Omicron variants, respectively.
Incubation at 80°C showed a similar effect on the binding affinity to the N protein of the
Omicron variant. On the other hand, this resulted in a 60% loss of binding signal to detect
the N protein of the Delta variant compared to the binding signals of nonheated N proteins

(Figure 3.7C and 3.7D).
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Figure 3.7 Detection of SARS-CoV-2 N protein of Delta and Omicron variants by
tNSP3-based BLI. BLI sensorgrams show the increased signals of concentration-
dependent target N proteins of (A) Omicron and (B) Delta variants binding to the tNSP3

aptamer after being subtracted from the assay buffer with 0 nM of the N protein as a

59



reference. Under the heat treatment, the binding affinity of tNSP3 aptamer to the N proteins

of (C) Omicron and (D) Delta variants incubated at 65°C for 15 min and 80°C for 5 min.

3.3.6 Detection of SARS-CoV-2 nucleocapsid protein in human saliva using tNSP3

aptamer

To investigate the aptamer-based detection of COVID-19, the tNSP3 aptamer was
used to detect the presence of SARS-CoV-2 N protein in human saliva. Concentrated saliva
obtained from unspecified-gender pools was diluted in PBST buffer to 10%. The
biotinylated aptamer was loaded on a streptavidin biosensor, and the testing saliva sample
containing different concentrations of the N protein was completed with the aptamer. The
binding measurement was achieved within 8 min per sample, and the control assay was
performed with 10% saliva without N protein. Notably, the tNSP3 aptamer could detect
the N protein in the human-pooled saliva with the Kp of 50.9 + 0.43 nM (Figure 3.8A).
The binding of the scrambled DNA to the N protein was not observed. In the controlled
experiment, the streptavidin biosensor without tNSP3 aptamer was tested for binding with
the highest concentration of N protein (123 nM) in the 10% saliva. Accordingly, the
binding of the N protein to the biosensor was not observed, so the non-specific binding was
negligible for this aptamer-based detection. Figure 3.8B shows the increased binding shifts
with the concentrations of N protein in the range of 7.79 - 123 nM and LOD of 4.5 nM or

about 6.77 x 10" molecules in 1.13 pmol of the N protein.
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Figure 3.8 Aptamer-based BLI detection of SARS-CoV-2 N protein in human saliva.
(A) BLI sensorgram displaying the binding assay of tNSP3 with the N protein spiked in
human saliva with 2-fold dilution to determine the Kp. (B) Linear regression curve of the

binding shifts corresponding to the N protein in the concentration range of 7.69 - 123 nM.

3.3.7 Binding evaluation of aptamers to SARS-CoV-2 S1 protein

Unlike the BLI experimental setup of the aptamers binding to the N protein using
Ni-NTA biosensors, the SARS-CoV-2 spike S1 subunit has three times larger molecular
weight than the size of the aptamers selected against the S1 protein. This might reduce the
ability of evaluating the affinity of the selected aptamers binding to the S1 protein on BLI
if the aptamers were loaded as ligands on Ni-NTA. Hence, the streptavidin biosensor was
used to immobilize the biotinylated DNA sequences to measure the binding shift to the S1
protein. As a result, aptamer sequences named S1-SP4, S1-SP10 and S1-SP11 showed
higher binding shifts than the other eleven aptamer clones in both primer-hybridization
conditions (Figure S3 and S4). According to the hybridization of each primer onto the 5°-
FW primer- and 3’RW primer binding regions of the 80nt-length aptamers, this could
confirm that the primer binding regions do not play an important role in binding of the

aptamer to the target protein as previously discussed in the study of the aptamers targeting
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the N protein. Consequently, the truncated sequences of these three aptamers (Table 3.3
) were used for the Kps determination by individually immobilizing the biotinylated
aptamers named S1-tSP4, S1-tSP10, and S1-tSP11 on a streptavidin biosensor (Figure
3.9A). Then, the SARS-CoV-2 S1 protein was spiked in the PBST buffer with the varied
protein concentrations of 10.4, 20.8, 41.7, 83.3 and 167 nM, and the control assay was
prepared in the absence of the protein. The kinetic binding assay (Figure 3.9B-D) with the
use of the default binding model (1:1) of the BLI software yielded the Kp values of 58.9 +
0.90, 14.2 £0.70 and 27.7 + 0.43 nM for S1-tSP4, S1-tSP10, and S1-tSP11, respectively
(Table 3.4). According to the high affinity of the S1-tSP10 aptamer to the S1 protein
showing the lowest Kp among other selected sequences, the S1-tSP10 aptamer was further

used in the following studies.

Table 3.3 Truncated sequences of the S1-binding aptamers. The sequences of selected
aptamers binding to the S1 protein were shortened based on the prediction of their

secondary structures obtained from RNAstructure web server.”®

Aptamer Aptamer sequence
S1-tSP4 | CACGTAATGCCTAACTCTTTTTGTGTTTGCGATCTTTGCACATAGC
(48nt) | AT

Sl(:gP;O CACACTTTCTGCCCGCCTTCTCCCTCCGTTCCCCTCCCCG
nt

Sl(;‘tSSP;l ATGTCCTCGCACACCCAAACGCACTCATCTCCCCACCCATGCATA
nt
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Figure 3.9 Real-time detection of aptamers binding to SARS-CoV-2 S1 protein. (A)
Scheme of an aptamer-based BLI detection setup. The biotinylated aptamer was
immobilized on a streptavidin biosensor and incubated with SARS-CoV-2 S1 protein. The
binding signals were detected in real-time as the association (300 s) and dissociation (300
s) of aptamers and the N protein. BLI sensorgrams showed the increase of concentration-
dependent target binding aptamers S1-tSP4 (B), S1-tSP10 (C), and S1-tSP11 (D) after

being subtracted from the assay buffer with 0 nM of the S1 protein as a reference.

Table 3.4 Kbs of truncated aptamers (S1-tSP4, S1-tSP10, and S1-tSP11) binding to
SARS-CoV-2 S1 subunit protein. The S1 protein was partitioned in the assay buffer while
loading onto the aptamer-coated streptavidin biosensor in the association step. The Kp

determination was performed in triplicates. The kinetic binding parameters of the aptamers
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to SARS-CoV-2 S1 protein were calculated by using a 1:1 binding model and reported in

a format of mean =+ standard error (SE).

Aptamer Kbp (nM) ka (1/M-s) ka (1/s)
S1-tSP4 58.9+0.90 (1.16 £0.50) x 10* | (6.78 £0.20) x 10
S1-tSP10 142 +0.70 (2.79+£031)x 10* | (3.99+0.51)x 10
S1-tSP11 27.7+£043 (1.08+0.43)x 105 | (5.09+0.30)x 10

3.3.8 Assessment of aptamers selectivity for SARS-CoV-2 S1 subunit

Similar to the N protein-binding aptamers, the selectivity of S1-tSP10 aptamer
binding to the SARS-CoV-2 S1 protein was also assessed by comparing the binding shift
(nm) of the aptamer to the S1 subunit protein of MERS-CoV and hexa-histidine peptide
tagged on the C-terminal of the S1 protein. The binding of S1-tSP10 aptamer to hexa-
histidine peptide was not observed. In particular, this aptamer showed stronger binding to
the S1 protein of SARS-CoV-2 S1 over MERS-CoV which possessed about 30% binding
onto the S1-tSP10 aptamer (Figure 3.10). This might be caused by the similarity of the
amino acid sequences of the S1 subunit of SARS-CoV-2 and MERS-CoV which was

further discussed in Chapter 4 (section 4.3.3).
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Figure 3.10 Selectivity of aptamers binding to SARS-CoV-2 S1 protein. BLI
sensorgrams of association and dissociation of the SI1-tSP10 aptamer with 20 pg/mL
wildtype SARS-CoV-2 S1 and 20 pg/mL MERS-CoV S1 in PBST buffer as well as 20

ug/mL hexa-histidine peptide as a control of the non-specific binding.

3.3.9 Assessment of S1-tSP10 aptamer binding to SARS-CoV-2 S1 of Omicron

variant in varied conditions

Additionally, the affinity study of the S1-tSP10 aptamer to the Omicron variant was
also observed on Octet N1. The calculated Kps of the aptamer to the Omicron variant was
15.9+£0.25 nM, (Figure 3.11A). Besides, the effect of heat treatment on the binding affinity
of the S1-tSP10 to the S1 protein of the Omicron variant was also investigated after heating
the S1 protein at 65°C for 15 min and 80°C for 5 min. As the BLI sensorgrams shown in
Figure 3.11B, the incubation of the S1 protein at 65°C and 80°C did not decrease the
binding signal of the S1-tSP10 aptamer to the heat-inactivated S1 protein of the Omicron
variant. This could be evidence of the high stability of S1 protein of Omicron variant which

was detected by using this S1-tSP10 aptamer implemented BLI approach.
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Figure 3.11 Detection of SARS-CoV-2 S1 protein of Omicron variant by S1-tSP10
based BLI. (A) BLI sensorgrams show the increased signals of concentration-dependent
target S1 proteins of the Omicron variant binding to the S1-tSP10 aptamer after being
subtracted from the assay buffer with 0 nM of'the S1 protein as a reference. (B) the binding
affinity of SI-tSP10 aptamer to the S1 proteins of the Omicron variant was observed under

the heat treatment at 65°C for 15 min and 80°C for 5 min.

3.3.10 Detection of SARS-CoV-2 S1 protein of Omicron variant in human saliva

using S1-tSP10 aptamer

The S1-tSP10 aptamer was similarly used to detect the SRS-CoV-2 S1 protein of
Omicron in human saliva. The biotinylated aptamer was loaded on a streptavidin biosensor,
and the different concentrations of the S1 protein prepared in 10% saliva diluted in the
PBST assay buffer was tested. The binding measurement was completed within 14 min per
sample, and the control assay was performed with 10% saliva without the S1 protein. As a
result, the S1-tSP10 aptamer could detect the S1 protein in the concentration range of 10.4
- 167 nM spiked in the human-pooled saliva and the Kp was calculated at 127 + 0.84 nM
(Figure 3.12A). Additionally, the non-specific binding was also tested as a control
experiment. The highest concentration of the S1 protein in the saliva assay buffer did not
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show the increase of the association curve binding to the bare streptavidin biosensor
without S1-tSP10 aptamer, so the non-specific binding was negligible for this aptamer-
based detection of the S1 protein. The limit of detection (LOD) was calculated as 19.2 nM

(Figure 3.12B).
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Figure 3.12 Aptamer-based BLI detection of SARS-CoV-2 S1 protein in human
saliva. (A) BLI sensorgram displaying the binding assay of S1-tSP10 aptamer with the S1
protein spiked in human saliva with 2-fold dilution to determine the Kp. (B) Linear
regression curve of the binding shifts corresponding to the S1 protein in the concentration

range of 10.4 — 167 nM.

3.4 Discussion

During the early pandemics, antibody-based tests were widely used to detect the
SARS-CoV-2 antigens, especially the spike protein which could be able to detect the viral
antigens within the Kp range of 1 — 10 nM. However, the less sensitivity and low
reproducibility as well as high cost in production of using the monoclonal antibody as a
capture and/or detection molecule in the antigen tests have inspired to develop other
antigen-recognition molecules such as aptamers. Within the past few years, the aptamers

targeting N and S1 proteins have been rapidly generated from many laboratories around
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the world with the similar research perspectives of developing the COVID-19 diagnostics,
and these aptamers can alternatively be utilized for blocking viral entry in the terms of
therapeutic applications.

In this study, BLI is the main technique used for affinity screening, kinetic assay for
determination of Kps and the development of aptamer-based label-free biosensor for the
detection of SARS-CoV-2 N and S1 proteins. The effect of nucleotide length of aptamer
sequences on the binding affinity was first compared between full-length sequences with
80 nucleotides versus the shortened lengths of the aptamers. The truncated structures of
these selected aptamers evinced a high binding affinity to the target proteins with a similar
range of Kp values. The binding affinity of truncated structures was not significantly
affected by trimming out the primer-binding region. While aptamers with their full length
may form various unfavorable secondary structures, the smaller size of aptamers renders
the higher binding affinity due to less steric hindrance of the aptamer structures.!!*-120
These findings were coherent with previously reported studies.!?!

The three truncated aptamers targeting the N protein did not exhibit cross-reactivity
to the SARS-CoV-2 S1 subunit and hexa-histidine peptide. The N-binding aptamers
(tNSP1, tNSP2 and tNSP3) revealed a two-fold decreased binding to the nucleocapsid
protein of MERS-CoV while the S1-binding aptamer (S1-tSP10) displayed a three-fold
decline in binding to the S1 subunit of MERS-CoV. This can be explained by the
similarity of peptide sequences between SARS-CoV-2 and MERS-CoV, as previously
reported.'?>123 To prevent false-positive detection of our aptamer-based BLI detection to
proteins from MERS-CoV, a cut-off diagnostic threshold may be set up by using the

binding signal of the aptamer to the MERS-CoV N protein as a background signal.
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In the comparison of the calculated Kps published in the previous studies (Table 3.5),
the Kp of the tNSP3 aptamer was higher than the Kps of the A48 and A58 aptamers
reported by Zhang et al.”! which performed the Kp determination via SPR. Using the
different techniques to determine the Kp values could significantly provide the different
Kps. To evaluate this hypothesis, the kinetic assays with the use of A48 and A58 aptamers
were performed on BLI technique and their Kps were calculated as 6.5 nM and 3.1 nM,
respectively. This has proved that our tNSP3 aptamer showed relatively similar Kp to the
A48 and A58 aptamers binding to the N protein (Table S2). Additionally, the dissociation
rate of tNSP3 displayed 13 times slower than A48 aptamer and about 3 times slower than
A58 aptamer which evidences the affinity of the tNSP3 aptamer binding to the N protein.

Likewise, the Kps of the aptamers targeting the S1 subunit of spike protein were
determined using the different methods. While comparing the Kps obtained from the BLI
technique, our S1-binding aptamers, especially S1-tSP10, showed lower Kps than
SNAP1.50 and SNAP1.66 aptamers.®® Hence, our selected aptamers targeting the N and
S1 proteins can be comparable to the previously published aptamers. In accordance with
the Kp values of our aptamers, the LODs of the aptamer-based label-free BLI technique
using tNSP3 and S1-tSP10 were determined to be 4.50 nM and 19.2 nM for detecting the
N and S1 protein, respectively, in human saliva. Even though it is quite challenging to
precisely compare the limits of detection between different procedures and the LOD of
the aptamer-based label-free BLI technique did not exhibit as the best method with the
highest sensitivity, the aptamer-based BLI technique can still be amendable to detect the
spike protein which has the molar concentration of 5.68 +£0.22 uM in the SARS-CoV-2

spike protein reference material reported by the National Research Council Canada.'?*
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Moreover, our aptamers can be further applied to other analytical techniques in order to

improve the sensitivity of the detections.

Table 3.5 The summary of representative DNA aptamers targeting SARS-CoV-2 N
and S1 subunit proteins for aptamer-based biosensors. The KDs of previously
published aptamers are reported and the aptamers with the lowest KD were implemented

onto the biosensors for the detection of SARS-CoV-2 proteins.

Target DNA Kb (nM)/ Method Biosensor type
. « used for Kp Ref.
Protein Aptamer .. (LOD)
determination
438 +£0.06
AlS (SPR assay)
ELISA and LFA
A48 0.49+0.05 with anti-Np
(SPR assay) antibody 1]
0.70 £ 0.06 (LOD: 20 pM
A58 (SPR assay) detected.in human
urine)
SARS-CoV-2 A61 2.74 +£0.08
Nucleocapsid (SPR assay)
|
Y Label-free BLI This
4.51+1.50 (LOD: 4.5 nM
ENSP2 (BLI assay) detected in human study
saliva) [148]
291 +1.02
(NSP3 (BLI assay)
SNAP1.50 35.8+0.16 LFA
(BLI assay) (LOD: 250 pM 66
31.7+0.16 detected in assay [66]
SARS-CoV-2 | SNAPI1.66 (BLI ass.a ) buffer)
S1 subunit Y
496" Nanochannels
XN-268s X (LOD: 1 fM detected | [126]
(SPR assay) } X
in assay solution)
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AuNPs colorimetric
CoV-Sl1- 49.71" assay (LOD: 3.1 nM [125]
Aptl (SPR assay) detected in human
serum)
MSAIT 2.8£0.5 Colorimetric
(dot-blot assay) sandwich assay 64
(LOD: 400 fM™" in [64]
MSAST 10.1+14 X
(dot-blot assay) human saliva)
58.9+£2.70
S1-t5p4 (BLI assay)
Label-free BLI .
S1-tSP10 (1];1.L21 jszsalo) (LOD: 19.2 nM in STnIllés
Y human saliva) Y
27.7+1.35
S1-tSP11 (BLI assay)

* The aptamer sequences and their secondary structures are presented in Appendix (Table
S3, Figure S11 and S12).

** The standard error of the calculated Kp was not reported in the literature.

** The LOD of this aptamer-based colorimetric assay was determined from the detection
of the pseudoviral particles unlike others that detected the purified recombinant S1 protein.

Surprisingly, the tNSP3 aptamer could bind to the wild type similarly to the Omicron
variant with the Kp below 4 nM, and the Kp of 0.6 nM to Delta variant. Also, the binding
of the S1-tSP10 to the S1 subunit of wild type showed a similar Kp to its binding to the
Omicron variant. This means that the N and S1 subunit proteins are thermally stable, and
this emphasizes the compatibility of the tNSP3 and S1-tSP10 to the safety protocol
involving the viral deactivation at 65°C and 80°C for SARS-CoV-2 detection in the clinical
samples.

In addition to the aptamers selected through the asymmetric-ePCR SELEX, the
apparent Kps of the N-binding aptamers selected by using symmetric or conventional
PCR were also determined using BLI. The symmetric-ePCR SELEX targeting the N

protein was performed with ten rounds of selection, and this method yielded the aptamer
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with the lowest apparent Kp of 6 nM (Table S6). This has supported the statement
discussed in Chapter 2 that increasing the number of selection rounds did not improve the
better binding affinity of the selected aptamers. Also, using asymmetric PCR could
effectively reduce the time consumption of aptamer selection over the symmetric PCR
with a similar outcome in the term of binding affinity to the target protein.

Apart from the development in the terms of methodology of asymmetric-emulsion
PCR, virus-based SELEX or viro-SELEX is one of the promising methods which has
been currently used to select the aptamers targeting the spike protein on the surface of the
viral membrane. With this viro-SELEX, the initial DNA library is partitioned directly
onto the native conformation of the spike protein. This is beneficial for improving the
better affinity and specificity of the selected aptamers to the structural proteins instead of
using the purified proteins which might be partially modified during the protein
expression. Rahman et al.'?’” demonstrated the aptamer selected from the modified
nucleotides, 5-[N-(1-naphthylmethyl) carboxamide]-20 -deoxy uridine (Nap-dU), by
using the combination of the virus-based SELEX, which the wild-type spike protein-
modified baculovirus (surrogate virus) was used as a target, and the conventional SELEX
targeting the purified trimeric spike protein of wildtype. The Kps was determined by
using the filter-based binding assay and the best two aptamers, named AM0320 (80 nt)
and AM0470 (52nt), binding to the trimeric spike protein of wild-type yielded the Kp

values 0f9.50 = 1.40 nM and 0.11 £ 0.02 nM, respectively.'?
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Chapter 4

Identification of binding epitopes using nLC-MS/MS

A partial version of this chapter has been previously published in

Discovery of DNA aptamers targeting SARS-CoV-2 nucleocapsid protein and
protein-binding epitopes for label-free COVID-19 diagnostics
(Mol. Ther. Nucleic. Acids, Vol. 31, P731-743, March 14, 2023)
Suttinee Poolsup, Emil Zaripov, Nico Hiittmann, Zoran Minic, Polina V. Artyushenko,
Irina A. Shchugoreva, Felix N. Tomilin, Anna S. Kichkailo, and Maxim V. Berezovski

Author contributions for Chapter 4:

Suttinee Poolsup designed the experiment and prepared samples for mass spectrometry.
Nico Hiittmann designed and analyzed the data, and Polina V. Artyushenko performed MD
simulations. Suttinee Poolsup, Nico Hiittmann and Polina V. Artyushenko wrote materials

and methods as well as results.

Suttinee Poolsup contributed Figure 4.1

Nico Hiittmann and Abdullah Khraibah contributed Figure 4.2 and 4.4

Polina V. Artyushenko contributed Figure 4.3
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4.1 Introduction

With the complex structure of the target proteins, the binding epitopes of the proteins
where the aptamer binds remain in doubt. Despite the applications of the aptamer in
diagnosis as previously reported, aptamers have been used as a promising tool to discover
biomarkers. The technology of aptamer-facilitated biomarker discovery (AptaBiD)?” was
initiated by Berezovski and his co-workers to utilize the enriched aptamer pools in
identifying the biomarkers on the cell surface. In recent years, the combination of affinity-
mass spectrometry (affinity-MS) has been fascinating as a hybrid tool for the
characterization of molecular interaction.!?!3° In this study, the development of the
affinity-MS approach is based on the hypothesis that the aptamer will bind an epitope
sequence that is then extracted from the peptide pool after being cleaved by proteolytic
digestion. The epitope excision consists of binding the biotin-labeled aptamer to the target
protein followed by adding a specific protease. The complexes of aptamer-peptide
fragments are formed and captured on streptavidin beads. The aptamer-unbound fragments
are washed away, and the complex of the peptide-bound aptamer is denatured to dissociate
the peptide epitope by urea denaturation. This elution fraction containing the peptide is
purified and analyzed through mass spectrometry to determine the peptide sequence of the
epitope. Herein, the affinity-mass spectrometry approach can be a key element to identify

the epitope structure of the SARS-CoV-2 target proteins.

4.2 Materials and Methods
4.2.1 Pull-down assay

First, the biotinylated aptamers were heat-folded at 95°C for 5 min in the incubation

buffer (DPBS with 0.5mM MgCl, and 1 mM CaCl,, 0.2 pg/uL tRNA) prior to use. 20 pmol
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of SARS-CoV-2 N and S1 proteins in 25 mM HEPES, pH 7.5, were incubated with 100
pmol of biotinylated tNSP3 aptamer and S1-aptamers (S1-tSP4, S1-tSP10 and S1-tSP11),
respectively, for 30 min at 25°C. Then, the DNA-protein mixture was transferred to a
Microcon-30kDa filter (Millipore, Burlington, MA) and centrifuged at 14,000 g for 10 min
to clean up the unbound DNAs. The solution of aptamer-protein complexes retained on the
filter was transferred to a 1.5 mL microcentrifuge tube. The aptamer-bound protein
complexes were digested by adding 1.5 pL of 0.2 ug/uL trypsin/Lys-C, followed by
incubation at 37°C for 30 min. The digested aptamer-protein complexes were added to the
pre-washed Dynabeads MyOne streptavidin magnetic beads (Invitrogen, Waltham, MA)
according to the manufacturer’s protocol. Briefly, the biotinylated aptamer-digested
peptide complexes were incubated with the streptavidin magnetic beads on a rotator at
room temperature for 15 min, and the unbound biotinylated aptamer was washed out twice
with the washing buffer (DPBS with 0.5mM MgCl, and 1mM CaCly). Then, 100 uL of 8
M urea was added and incubated for 10 min in order to elute the aptamer-bound peptides
at room temperature. The eluted peptides were collected, and 2 pL of formic acid was
added to the sample, then stored at -20°C until further processing (Figure 4.1). Another
control sample was initially performed by incubating the heat-folded scrambled DNA with
the N protein for 30 min at 25°C before transferring the aptamer-protein complexes to the
Microcon-30kDa filter. The digestion of aptamer-protein complexes was performed using
trypsin as described previously. Each sample was prepared in triplicates for statistical

analysis.
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Figure 4.1 Scheme of pull-down assay for binding epitope identification. The
experimental workflow used for isolating binding epitopes of the target proteins using the

selected aptamer and the digested peptide fragments were analyzed by using nLC-MS/MS.

4.2.2 Sample preparation for nLC-MS/MS

The digested peptides were cleaned up by desalting on C18 stage tips (TopTip)
before injection into the nLC-MS/MS following the manufacturer’s protocol. Briefly, C18
TopTips were pre-washed by adding 50 pL of 70%ACN/0.1%FA and using a syringe to
push through the washing reagent. The pre-washing step was repeated three times followed
by washing with 50 pL. of 0.1% FA three times. Then, the digested peptide solution was
slowly transferred to the pre-washed C18 TopTips at a maximum volume of 70 puL. This
step was repeated again until all the sample solution was loaded to the C18 TopTips. After
that, the unbound peptides were washed out from the tips three times with 50 uL of 0.1%
FA each time. To elute the bound peptides from the C18 TopTips, 50 pL of
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70%ACN/0.1%FA was added to the tips and the flow-through was collected in a 1.5 mL
tube, repeated three times prior to drying the eluted samples on a speed-vac concentrator
for 3 hours at room temperature. The evaporated peptide samples could be stored at -20°C
until further application onto nLC-MS/MS proceeded by John L. Holmes Mass

Spectrometry Facility (JHMSF).

4.2.3 Epitope identification by proteomics data analysis

MS raw files were analyzed with MaxQuant (version 2.0.3.0)64 and the

Andromeda search engine.!3!

Peptides were searched against a human UniProt FASTA file
containing 20,408 entries (21.04.2021) and a default contaminants database. Default
parameters were used if not mentioned otherwise. N-terminal acetylation and methionine
oxidation were set as variable modifications, and cysteine carbamidomethylation was set
as a fixed modification. A minimum peptide length of 6 amino acids was required. The
false discovery rate (FDR) was set to 0.01 for the protein and peptide levels, determined
by searching against a reverse sequence database. Enzyme specificity was set as C-terminal
to arginine and lysine with a maximum of two missed cleavages. Peptides were identified
with an initial precursor mass deviation of up to 10 ppm and a fragment mass deviation of
0.5 Da. The “Match between runs” algorithm in MaxQuant'3? was performed between all
samples to increase the peptide identification rate. Proteins and peptides matching the
reverse database were discarded. For label-free protein quantitation (LFQ), a minimum
ratio count of 2 was required.'** To identify the aptamer epitope on the N protein, the log2
fold-change and a p-value for each peptide were computed from the label-free

quantification intensity between eluted fractions obtained from the tNSP3 aptamer and the

scrambled DNA. Peptides significantly more abundant (p < 0.05) in the fraction eluted
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from the aptamer were considered potential epitope peptides. The sequence position of

individual peptides was visualized with R and the pOmics and ggplot2 packages.

4.2.4 Molecular dynamic simulation of peptide-aptamer interaction

The secondary structures of the aptamers were predicted based on their sequences using
the MFold web server.!** Protein folding was performed using I-TASSER server.!3> A
model with the highest C-score was chosen for further refinement by MD simulations to
improve structure quality. Aptamer-protein complexes were obtained by HDOCK
molecular docking web server.!’¢ Molecular dynamic simulations of the aptamers, N
protein, and aptamer-protein complexes were conducted the same way as previously
described!"” by using GROMACS 2019.8 software'3” with the Amberl4sb force field!3®
and the TIP3P model for water.'** The negative charge of the complexes was neutralized
with Na* ions. Then, Na"and Cl™ ions were added to the system at the concentration of
0.15 M. After MD simulations, clusters of structures and their centers were computed using

the quality threshold algorithm!#? with the VMD program.'#!

4.3 Results

4.3.1 Identification of nucleocapsid binding epitopes-targeting aptamer by nLC-
MS/MS

To identify the binding sites of tNSP3 aptamer on the SARS-CoV-2 nucleoprotein,
restricted proteolytic digestion of the aptamer-protein complex was performed, and the
streptavidin magnetic beads were used to pull down peptides bound to the biotinylated
aptamer, and non-binding peptides were washed out (Figure 4.1). The resulting binding

peptides were eluted and subjected to nLC-MS/MS analysis. The intensities of the eluted
78



peptides from the tNSP3 aptamer were compared to a scrambled-DNA control experiment.
Abundance differences of individual peptides were compared (Figure 4.2A) and visualized
along the protein sequence (Figure 4.2B). The eluted peptide at a location of 376 — 385
(denoted position in SARS-CoV-2 nucleoprotein, UniProt: PODTC9) revealed the highest
abundance, and this peptide with the amino acid sequence of ADETQALPQR (named
AA10) was identified as a possible binding epitope. Apart from the AA10 peptide, another
peptide appeared at the location of 69 — 89 with the amino acid sequence of
GQGVPINTNSSPDDQIGYYRR (named AA21); however, its abundance difference

showed a 2-fold lower abundance compared to the AA10 peptide.
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Figure 4.2 Identification of epitope peptides binding to tNSP3 aptamer by nLC-
MS/MS. (A) Volcano plot showing fold-change (x-axis) and statistical significance (y-
axis) of individual peptides based on label-free quantification (LFQ) intensity. Red points

indicate peptides-of-interest appearing in the eluted peptides from tNSP3 aptamer in

insignificantly higher abundance. (B) Peptide plots of log2 fold-change (FC) differences

79



of peptides visualized along the SARS-CoV-2 N sequence. The peptides that are
significantly more abundant in the fractions eluted from tNSP3 aptamer than eluted from

Sc64 were identified by a paired t-test and annotated by dotted lines.

4.3.2 Molecular modeling of the aptamer-protein binding interaction

The primary sequence of tNSP3 aptamer was used to predict its secondary structure
by the mFold web server (Figure 4.3A).'4? The corresponding tertiary structure of the
tNSP3 was modeled using SIMRNA 43 and VMD'# programs. After that, 200-ns molecular
dynamics (MD) simulations were performed using GROMACS package'?’ to obtain the
spatial structure of the tNSP3 aptamer in the solution (Figure 4.3B). Owing to the high
binding affinity of the tNSP3 aptamer, molecular docking for this aptamer was performed
to predict the spatial structure of the protein-ligand complex and to reveal the critical
nucleotides providing the binding. There is no known experimental structure of the whole
N protein to date. In this study, the N protein tertiary structure was predicted by modeling
using Iterative Threading ASSEmbly Refinement (I-TASSER) service.'3> The model with

the best score referred to a reported modeling template'#

was selected and subjected to
200-ns MD simulations followed by cluster analysis of MD trajectories. The obtained
equilibrated structure of the N protein (Figure 4.3C) was used for molecular docking.
Considering AA10 and AA21 peptides as the binding sites on the N protein, molecular
docking was performed using HDOCK web server.!3¢ As a result, the HDOCK program
yielded ten different aptamer-protein complexes for both AA10 and AA21 binding sites.
The top-scoring binding poses were taken to study aptamer-protein interaction. The models

of these binding sites were further refined using MD simulations to obtain the best

structures in the solution condition (Figures 4.3D and 4.3E). Both considered complexes
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were stable during 200-ns long MD simulations and showed no dissociation. Two clusters
with a large population in MD simulation were chosen for a more detailed evaluation of
residue-nucleotide interaction for each complex. Detailed information on the hydrogen
bonds is given in Table S5, and both complexes did not reveal a significant difference in
the total number of hydrogen bonds. Different nucleotides are involved in the binding with
AA10and AA21 epitopes. For the AA10 binding epitope, the binding was primarily driven
by G15, T17, C18, and C19 nucleotides, whereas the binding of the AA21 epitope was
mainly due to T32, A22, and T23 nucleotides. All these nucleotides are located in the loop

of the tNSP3 aptamer.

SARS-CoV-
2
N protein

Figure 4.3 Structure of tNSP3-N protein complexes. (A) Secondary and (B) tertiary

structures of tNSP3 aptamer. (C) The tertiary structure of SARS-CoV-2 nucleocapsid
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protein. (D-E) Complexes of tNSP3 binding to AA21 and AA10 motifs on the N protein.

The AA21 and AA10 peptides motifs are colored in purple and red, respectively.

4.3.3 Identification of S1 subunit binding epitopes-targeting aptamer by nL.C-
MS/MS

To determine the peptide sequences of binding epitopes on S1 protein, the
experiment was performed as same as the protocol used for identifying the binding epitopes
of the N protein. The intensities of eluted peptides obtained from the S1-tSP10 aptamer
were statistically compared to the negative control (Sc64) which were the peptides eluted
from the unknown DNA with the p-value below 0.05. The differences of individual peptide
abundance were displayed as volcano plots and visualized along the protein sequences.
Figure 4.4 reveals the peptides (VGGNYNYLYR) named SA10 with the highest
abundance at locations of 430 — 439 as a binding epitope of S1-tSP10 aptamer over the
negative control. Hence, this peptide position could be a potential binding epitope of the

S1-tSP10 aptamer on the S1 subunit of SARS-CoV-2 spike protein.

A B
50
VGGNYNYLYR
430-439
[430-439] [430-439]
D =
% 25
]
- g
3 = .
S [88-98] g,
=F [64-82] ° o
o . o
[=2) L o
o o
T [=)]
S 25 -
5.0
E) F) B o 3 100 200 300 400 500 600 669
Log2 fold-change Residue number

82



Figure 4.4 Identification of epitope peptides binding to tPS10 aptamer by nLC-
MS/MS. (A) Volcano plot showing fold-change (x-axis) and statistical significance (y-
axis) of individual peptides based on label-free quantification (LFQ) intensity. Red points
indicate peptides-of-interest appearing in the eluted peptides from S1-tSP10 aptamer in
insignificantly higher abundance than eluted from the unknown DNA (negative control).
(B) Peptide plot of log2 fold-change differences of peptides visualized along the SARS-
CoV-2 S1 sequence (denoted position in SARS-CoV-2 Spike protein, UniProt: PODTC2).
The peptide that is significantly more abundant in the fractions eluted from the aptamers
than eluted from the unknown DNA was identified by a paired t-test and annotated by

dotted lines.

4.4 Discussion

The binding epitopes on the N and S1 proteins of the tNSP3 and S1-tSP10 aptamers
were identified as consisting of 10 amino acids. This binding epitope named AA10 was
localized in the C-terminal domain of the nucleocapsid of SARS-CoV-2. The interaction
of the AA10 binding site with the tNSP3 was modeled by molecular simulation.
Interestingly, there are no identical nucleotide-amino acid pairs between tNSP3 to AA10
and to AA21 in the aptamer-protein complexes assuming that an individual nucleotide
may preferably bind to the specific amino acids on the binding sites. Also, the tertiary
structures of the N protein (Figure 4.3C) shows the interaction of the tNSP3 aptamer to
the AA10 epitope forming the random coil configuration (magenta color) which is
resistant to the heat denaturation.'® This supports the results obtained from the study of
heat inactivation effect on the binding affinity between the tNSP3 aptamer and the heated

N protein. The study exhibited the heat resistance of the random coil conformation after
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being heated at 65°C and 80°C which could still maintain the 80% binding of the protein
to the aptamer on the BLI biosensor. Even though the tNSP3 aptamer showed partial
binding to the AA21 peptide localized in the RNA-binding domain, this might be the non-
specific interaction mainly through electrostatic interactions between positive residues on

the N protein and a phosphate backbone of the DNA aptamer.

Owing to the future propose of incorporating the Sl-binding aptamer for
downstream applications, the binding epitope (SA10) on the S1 protein targeted by the S1-
tSP10 aptamer was also identified as the amino acid position at 430 — 439 which was
published as a part of RBD located in the S1 subunit which binds to the cell receptor
ACE2.146.147 This could emphasize the potential for applying this aptamer onto not only the
biosensing devices, but also for therapeutic purposes.

Speaking of the mutation in amino acid sequences occurred among SARS-CoV-2
wild type and its variants, the study of MD simulation has also claimed that the mutation
of the amino acid sequences in the variants does not significantly affect the binding affinity
of the tNSP3 aptamer to the N protein of the variants of concerns such as Delta and
Omicron. This statement can be supported by the molecular docking of the tNSP3 aptamer
interacting with the AA10 peptide sequences on the N protein through H-bonds between a
glutamine (Q385) and G15 and C18 as well as an arginine (R385) and T17 and C18 on the
loop of the tNSP3 aptamer. Along with the summary of amino acid changes in the N and
S1 proteins reported by Quaglia et al. '*%, the amino acid region at the position of 376-385
on the N protein of SARS-CoV-2 wild type has only one amino acid at the position of 377
changed from aspartic acid (D) to tyrosine (Y) in the Delta variant, but none of amino acid

at this position is changed in the Omicron variant. This means that the two amino acids of
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interest (GIn384 and Arg385) on the identified epitope (AA10) on the N protein are not
mutated among wild-type and its variants. Similarly, the amino acid sequence of the
identified epitope (AA11) on the S1 protein at aa430 — aa439 was also fully conserved
among the wild-type and its variants as shown in the table below. These results have
contributed to the reason why the Kps of the tNSP3 and S1-tSP10 aptamers respectively
binding to the N and S1 proteins of the Omicron variant were determined within the similar
range as the Kp of the aptamers binding to the proteins of wild-type. Therefore, the
mutations occurred in SARS-CoV-2 proteins, especially the N and S1 protein, do not
significantly affect the binding affinity and the specificity of tNSP3 and S1-tSP10 aptamers
to their individual target proteins of both wild type and its variants.

The peptide sequences of the binding epitopes (AA10 and SA10) on the N and S1
proteins of SARS-CoV-2 have only one and two amino acids, respectively, that are the
same as the amino acid of MERS-CoV (Figure S7 and Figure S8). This can explain the
specific interaction of the tNSP3 and S1-tSP10 aptamers with SARS-CoV-2 over MERS-
CoV due to the dissimilarity of the amino acid sequences of the N and S1 proteins.

In this study of aptamer-binding epitope identification, there are some limitations in
terms of different binding of the aptamers to their target proteins and to the digested
peptides. After trypsin digestion, the conformational structures of specific peptide motifs
in the protein could change. In addition to the main interaction of the aptamer with the
specific binding epitopes, the aptamer can also interact with other parts of the protein.
Moreover, the loss of potential binding epitopes that contain lysine and/or arginine can

occur during proteolytic digestion.!'*
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Chapter 5

Thesis Conclusions and Future Directions of Research

5.1 Thesis conclusions

This thesis mainly focuses on generating ssDNA aptamers to capture SARS-CoV-
2 proteins especially nucleocapsid and S1 subunit of spike protein that could be utilized to
develop a label-free biosensor for COVID-19 diagnosis. The rationale of this project was
proposed that the enriched DNA aptamer with high affinity in the nanomolar range binding
to the targets can be a detecting agent with the ease of functional modification in order to
be implemented onto several types of the biosensing surface platform as well as can be
alternatives to antibodies for therapeutic applications.

In Chapter 2, the novel DNA aptamers binding to the SARS-CoV-2 nucleocapsid
and S1 subunit of spike protein were successfully selected by using asymmetric-ePCR
SELEX (Figure 2.2) and applying FASTAptamer to extract the DNA sequences with the
most enrichment over the abundance (Figure 2.3). The developed method proved that using
asymmetric PCR with the optimized conditions including primer concentrations, FW/RW
primer ratio and PCR cycles would be amendable to produce the aptamers with high
affinity while less processing time compared to using conventionally symmetric PCR
(Figure 2.4). With the NGS data analysis, there were sixteen (Figure 2.5) and fourteen
(Figure 2.6) aptamer candidates targeting the N and S1 proteins, respectively, that could
be carried over through the criteria for choosing aptamer sequences.

In Chapter 3, The target-binding affinity of the enriched aptamers was screened by

using BLI technique (Figure 3.3). Among those sixteen sequences, the most enriched
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sequences (NSP1, NSP2 and NSP3) showed higher binding to the N protein over the
controls (Figure 3.4). The Kps of these top three aptamers with the varied concentrations
of the N protein were below 6 nM (Figure 3.5, Table 3.1 and Table 3.2) along with the
assessment of their selectivity toward the N protein of SARS-CoV-2 (Figure 3.6). With the
lowest Kp (< 4nM) and high specificity of the tNSP3 aptamer to the N protein, the cross-
reactivity to SARS-CoV-2 S1 was negligible; however, the binding of this aptamer to the
N protein of MERS was observed with a 50% reduction. Owing to the rapid spread of
variants of SARS-CoV-2 during 2021 — 2022, the ability of tNSP3 aptamer was evaluated
to detect the N protein of Delta and Omicron variants (Figure 3.7A-B). The effect of heat-
inactivation of the protein on the binding affinity of the aptamer was additionally studied
and the results turned out that the tNSP3 aptamer could maintain its ability to detect the
heat-inactivated protein of variants on BLI (Figure 3.7C-D) as well as the detection of the
target N protein in human saliva with the low LOD (~4.5 nM) has highlighted the potential
of the aptamer-based BLI detection (Figure 3.8).

During the early pandemic, spike protein was a main antigen that was fascinating
in the aptamer study. Particularly, the S1 subunit consisting of the RBD domain plays an
important role in the part of viral infection into the host cells. Thus, the production of the
DNA aptamers targeting the S1 protein was encouraged to complete the development of
viral protein detection. After affinity screening of the enriched aptamers targeting the S1
protein on BLI, the target binding of S1-tSP4, S1-tSpl0 and S1-tSP11 could be
distinguishable from other eleven aptamer sequences and their Kps were below 60 nM
(Figure 3.9 and Table 3.4). Unexpectedly, the S1-tSP10 aptamer provided the lowest Kp

among others, so its selectivity was also investigated. As a result, the S1-tSP10 exhibited
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the specificity toward the S1 protein of SARS-CoV-2 with 70% reduction binding to the
S1 subunit of MERS coronavirus (Figure 3.10). Moreover, this aptamer was further
implemented onto the BLI biosensor to detect the S1 protein of the Omicron variant
undergoing heat-inactivation; consequently, heating the protein did not fall off the
association of the S1-tSP10 to its target (Figure 3.11). Last but not least, the performance
of S1-tSP10 was further evinced by its ability to detect the S1 protein of the Omicron
variant in human saliva with a LOD below 20 nM (Figure 3.12).

Apart from the development of aptamer-based BLI for COVID-19 detection, the
use of mass spectrometry could elucidate the inside details of molecular interaction
between DNA and protein along with the confirmation obtained from the MD simulations
described in Chapter 4. The key advantage of mass spectrometry in this study is to reveal
the amino acid sequences of the peptide-binding epitopes targeted by the aptamers (Figure
4.1). The tNSP3 aptamer showed the specific binding to the peptide sequence located in
CTD of the nucleocapsid protein (Figure 4.2), and this phenomenon was simulated under
the molecular dynamics showing the evidence of highly specific interaction of tNSP3 with
the CTD of the N protein (Figure 4.3). Interestingly, the S1-tSP10 aptamer targeting the
S1 protein bound the receptor-binding domain on the S1 subunit of spike protein (Figure
4.4). These could be pieces of fundamental knowledge for biomedical applications in

therapeutics and drug development in the future.

5.2 Future directions of the current research

Despite the aptamer-based labeled free detection using BLI, the selected aptamers
including tNSp3 and S1-tSP10 have been further applied to other types of biosensors and

still undergoing the preliminary studies described below (Figure 5.1).
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Figure 5.1 Applications of aptamer-based biosensors for SARS-CoV-2 protein
detection. The scheme shows three types of biosensors using an aptamer as a capturing
agent on the different sensing materials. The aptamer-based BLI technique can be utilized
for detecting both the N and S1 proteins. The aptamer targeting the N protein will be
implemented onto the electrochemical biosensors as well as the S1-binding aptamer will

be applied for the LFA-based assay.

5.2.1 Development of electrode microarray platforms using aptamer-based

electrochemical biosensor to detect SARS-CoV-2 proteins

With the ease of chemical modifications of the aptamers, aptamer-based biosensors
can be used in a wide range of applications such as drug development, environmental
monitoring and in vivo monitoring. By incorporating aptamer-based sensors into an

electrode microarray platform, it becomes possible to simultaneously detect several
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analytes at the same time and in a localized manner.'* The previous study has
demonstrated the use of three aptamers for monitoring biological neurotransmitters
including adenosine triphosphate, dopamine and serotonin in blood samples.'”® The
aptamer was modified with thiol linked (-SH) at the 5’ end to adsorb via self-assembly
monolayer (SAM) onto a gold electrode surface, and methylene blue, a redox-active
reagent was linked at the 3’ end of the aptamer to generate the redox current while detecting
the target analytes. This has encouraged the idea of integrating the tNSP3 and S1-tSP10
conjugated with thiol linker and methylene blue onto the gold electrode to monitor the
contamination of SARS-CoV-2 N and S1 proteins in clinical samples and/or wastewater.
Currently, the preliminary study of this project has been started with the use of thiolated
tNSP3 aptamer linked with methylene blue to optimize the SAM condition and

concentration of the aptamer and the proteins as well as the incubation times (Figure 5.2).

& Aptamer ﬂ
Methylene blue 7 X /’
SH — ( r%\ ' l

~3
SARS-CoV-2
Nucleocapsid protein

Gold electrode

Figure 5.2 Aptamer-modified electrode microarray for sensing the presence of the N
protein of SARS-CoV-2. The 5’ends of thiolated aptamers are attached to the gold
electrode and their 3’ends are linked with methylene blue for generating the redox current

when the conformation of the aptamer is changed while detecting the N protein.

5.2.2 Aptamer-based Lateral Flow Assay for COVID-19 detection targeting spike

protein
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Among various platforms for SARS-CoV-2 detection, lateral flow assays gain more
interest with the advantage of providing point-of-care results rapidly from the patient
samples without the requirement of highly trained personnel. Pun and his group developed
an aptamer-based lateral flow assay (ALFA) incorporated with the use of an anti-RBD

151 "and later another LFA assay was generated without using an antibody.!>? In

antibody
the aspect of enhancing the sensitivity and accuracy of ALFA, our selected aptamers
targeting the S1 protein of SARS-CoV-2 can be implemented to the LFA by linking the
S1-tSP4 and S1-tSP11 aptamers that bind to the CTD and RBD of the S1 subunit together,

then the aptamers-S1 protein complex will be sandwiched with the S1-tSP10 aptamer

targeting the NTD of the S1 subunit as shown the scheme in Figure 5.3.

? Flow

—
\p /gsneptavidin PDA
A 4

4 A

. ! ! : 4
Sample' pad Conjug'ate pad Testlline Contrbl line Absorbent
pad

Biotinylated $1-tPS4 aptamer
& linked with S1-4SP11 aptamer

Flow O™ Thiolated $1-tSp10 aptamer on AuNPs

Y

a7

Figure 5.3 Scheme of aptamer-based LFA on SA-strips for SARS-CoV-2 spike protein

SARS-CoV-2 spike

detection. Once the sample solution is dropped on the sample pad, the solution flows
toward the absorbent pad and the control line appears. The test line gradually reveals when
the complex of dimeric aptamers binding to the S1 subunit of spike protein and the

aptamer-linked AuNPs is formed on the SA strip.
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5.2.3 Therapeutic and diagnostic applications of the S1- aptamers for detecting viral

particles and blocking viral entry.

According to the different epitopes of the S1-binding aptamers on the S1 subunit
protein, this anticipated result would suggest the development of a detecting agent by
connecting three aptamers to form a trimeric structure with the integration of these three
aptamers (S1-tSP4, S1-tSP10 and S1-tSP11) with DNA spacers which can be expected to
potentially enhance the binding signal and sensitivity of aptamer-based biosensors to detect
viral particles. To support this future study, the use of a homotrimeric aptamer composed
of'a symmetrical structure of three monomers of an aptamer was reported to target the spike
protein.!>3 However, the structure of the S protein of mature SARS-CoV-2 consists of S1
and S2 subunit which the receptor-binding motif located in the S1 subunit interacts with
the host cell receptor, ACE2.""* This has also brought to the attention of utilizing the
heterotrimeric aptamer as a blocking agent to inhibit the interaction of the RBD of spike
protein with ACE2, which can prevent viral entry into the host cells. The preliminary study
will be tested on the pseudoviral particles transfected and replicated in HEK293 cells, and
the assessment of aptamer-blocking viral entry will be examined on the ACE2-expressing

Huh?7 cells.
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Appendix

Table S1. Conditions of asymmetric ePCR-SELEX. The stringency of aptamer selection
by increasing the incubation time and the number of washes during the 15 to 6" rounds of

selection.

Selection round | Incubation time (min) | No. of wash
15t 60 3
2nd 45 3
3rd 45 4
4th 30 5
5t 30 6
6 25 7
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PCR cycles: 10 15 20 25

dsDNA
ssDNA

Cy5-FW
primer

Figure S1. Gel image representing PCR products obtained from asymmetric-ePCR.
Wells No. 1 - 7 (left to right) were loaded with an UltraLow range DNA ladder and the
ePCR samples amplified at 10, 15, 20, 25, 30 and 35 cycles, respectively. The titration of
PCR cycles yielded an optical thermal cycle for amplifying the entire eluted DNA. The
PCR samples were run on 2% agarose gel at 110 V for 60 min. Two bands of each PCR
product were observed on the gel for dsDNA and ssDNA with lengths of 80 bp and 80 nt,

respectively, as labeled.
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Figure S2. BLI affinity tests. BLI sensorgrams showing the association and dissociation
curves of the six enriched pools obtained from the aptamer selection targeting (A) the N

protein and (B) the S1 protein of SARS-CoV-2.
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Table S2. The truncated aptamer sequences and their binding parameters interacting with

His-tagged N protein immobilized on the Ni-NTA biosensors.

Aptamer Kb (nM) ka (1/M:-s) ka (1/s)
tNSP5 13£2.6 8.3x10° 1.1x107?
tNSP9 22+1.8 48x10° 1.1x 107
tNSP10 8.6+1.2 7.4x10° 6.4x 1073
tNSP12 6.1+2.4 6.1x10° 4.0x1073

A48 6.5+1.0 7.8 x 103 5.1x1073
A58 3.1+1.0 3.6x10° 1.1x103
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Figure S3. Aptamer-S1 affinity screening. The S1-binding enriched DNA sequences
were hybridized with a biotin-labeled FW primer and immobilized on the streptavidin
biosensors. BLI sensorgrams display the binding shift of the association curve representing
the interaction of an individual aptamer with the S1 protein was compared among fourteen

sequences.
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Figure S4. Aptamer-S1 affinity screening. The S1-binding enriched DNA sequences
were hybridized with a biotin-labeled RW primer and immobilized on the streptavidin
biosensors. BLI sensorgrams display the binding shift of the association curve representing
the interaction of an individual aptamer with the S1 protein compared among fourteen

sequences.
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Secondary structure
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Figure S5. The structural prediction of truncated aptamers. Secondary structures (A-
C) of tNSP1, tNSP2, and tNSP3 aptamers predicted by the mFold web server.®® Tertiary

structures (D-E) obtained from MD simulations (200 ns).
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Figure S6. The structural prediction of truncated aptamers targeting S1 subunit.
Secondary structures (A-C) of AptS1-tSP4, AptS1-tSP10, and AptS1-tSP11 aptamers
predicted by the mFold web server.®® Tertiary structures (D-E) obtained from MD

simulations (200 ns).
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Figure S7. Multiple sequence alignment of SARS-CoV-2 vs MERS-CoV
Nucleocapsid. The amino acid sequence of the N protein of SARS-CoV-2 was aligned and

compared with the N protein of MERS-CoV using Clustal Omega web server.
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Figure S8. Multiple sequence alignment of SARS-CoV-2 vs MERS-CoV S1 subunit of
spike. The amino acid sequences of the S1 protein of SARS-CoV-2 were aligned and

compared with the S1 protein of MERS-CoV using Clustal Omega web server.
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Figure S9. SDS-PAGE gel image with four proteins. M — molecular marker; A —
nucleocapsid of MERS-CoV; B — nucleocapsid of SARS-CoV-2 obtained from
ACROBiosystems; C — nucleocapsid of SARS-CoV-2 expressed in BL-21 E. coli. D. S1

subunit of the spike protein of SARS-CoV-2 obtained from ACROBiosystems.
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Figure S10. BLI sensorgrams of tNSP3 aptamer. The binding assay determines the Kp
of tNSP3 aptamer binding to our in-house expressed SARS-CoV-2 nucleocapsid protein at

7.69, 15.38,30.76, 61.52, and 123.04 nM.
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Table S3. Summary of aptamer sequences targeting the N protein obtained from

published literature.

GATTCGTCGTGGCAT

Target DNA Sequence Refer
Protein Aptamer 523 clerences

Als | GTTCGTGGTGTGCTGGATGTTCATGCTGGCA

ooy | AAATTCCTTAGGGGCACCGTTACTT

(58nt) | TGACACATCCAGCAGCACGA

a4 | GTTCGTGGTGTGCTGGATGTCGCTTACGACA

e | ATATTCCTTAGGGGCACCGCTACATTGACAC

(581nt) | ATCCAGCAGCACGA

[71].

Asg | GTTCGTGGTGTGCTGGATGTCACCGGATTGTC

5 GGACATCGGATTGTCTGAGTCATATGACACA

(38nt) | TcCAGCAGCACGA

A61 GTTCGTGGTGTGCTGGATGTTGACCTTTACAG
ATCGGATTCTGTGGGGCGTTAAACTGACACA

SARS-CoV- | (5810t | TcCAGCAGCACGA
2
Nucleocapsid Séﬁssz ATCCAGAGTGACGCAGCAAACCCAAGCAAA

b CTACCTCTATACCCTTCGACCTTCATCATGGA [155]
CACGGTGGCTTAGT

(76nt)

spl | TAACCACGGCGCAAGCCGGGGTGTACGT
GTTATACGTGCGTGTACGAG
CTGACTGTAACCACGTATTGCGTTCCAGT

NSP2 | CCCTATGACCAACGTCCAATAAGTCGCAT | This study
AGGTA

Ngp3 | CAGCGTCACGTGTTGTTCCCCATTGTACT
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A

A58 GTTCGTGGTGTGCTGGATGTCACCGGATTGTCGGAC - - - - - ATCGGATTGTCTGAGTCAT 55
A61 GTTCGTGGTGTGCTGGATGTTGACCTTTACAGATCG- - - - - GATTCTGTGGGGCGTTAAA 55
A15 GTTCGTGGTGTGCTGGATGTTCATGCTGGCAAAATT - - - - - CCTTAGGGGCACCGTTACT 55
A48 GTTCGTGGTGTGCTGGATGTCGCTTACGACAATATT -~ - - - CCTTAGGGGCACCGCTACA 55
tNSP2 - CTGACTGTAACCACGTATTGCGTTCCAGTCCCTATGA - - - - - - —- 37
tSPL e TAACCACGGCGCAAGCCGGEGT - -~ -~~~ - GT-ACGTGTTATA 34
SARS-CoV-2 ——-ooomoo ATCCAGAGTGACGCAGCAAACCCAAGCAAACTACCTCTAT-ACCCTTCGAC 50
tNSP3 e CAGCGTCACGTGTTG -~ === == - mmmmmmmmmm - TT-CCCCATTGTA 27
A58 ATGACACATCCAGCAGCACGA--- -~ 76
A61 CTGACACATCCAGCAGCACGA- -~ - - - 76
A15 TTGACACATCCAGCAGCACGA----- - - 76
A48 TTGACACATCCAGCAGCACGA----- - - 76
tNSP2 - _CCAACGTCCAATAAGTCGCATAGGTA 63
tNSP1 - -CGTGCGTETACGAG- -~~~ --- -~ 48
SARS-CoV-2 CTTCATCATGGACACGGTGGCTTAGT-- 76
tNSP3 CTGATTCGT-——--- CGTGGCAT---- - a4

L S

B

Branch length: ® Cladogram O Real

A58 0.21406
A610.13324
4'_: A15 0.06945
A48 0.06213
tNSP2 0.26008
tNSP1 0.31048

— SARS-CoV-2 0.21304
| —— tNSP3 0.21878

Figure S11. Comparison of DNA sequences of published aptamers targeting
nucleocapsid of SARS-CoV-2. (A) Alignment of aptamer sequences that were published
by other literature and our study shows the differences in the sequences of nucleotides for

the N-binding aptamers and (B) Phylogenetic tree shows correlation of each aptamer.

104



_ :.\;v :
4 .'\ . . / \ T
AlS A48 ASS A6l SARS-CoV-2 NP
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Figure S12. Comparison of secondary structures of DNA aptamers targeting
nucleocapsid of SARS-CoV-2. The secondary structures were retrieved from MFold
under the same condition with Na* and Mg?*. The A15, A48, A58, A61 and SARS-CoV-
NP aptamers were published by other studies.”! '3° Our study published the tNSP1, tNSP2

and tNSP3 aptamers.
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Table S4. Summary of aptamer sequences targeting the S1 protein obtained from

published literature.

(45 nt)

TCCCCACCCATGCATA

Target DNA Sequence Ref
Protein Aptamer 523 ’
MSAIT | TTCCGGTTAATTTATGCTCTACCCGT
(39nt) | CCACCTACCGGAA
[64]
MSAST | ACGGGTTTGGCGTCGGGCCTGGCG
(39nt) | GGGGGATAGTGCGGT
SNAE)Pl | CGCGGTCATTGTGCATCCTGACTGACCCTAA
GGTGCGAACATCGCCCGCG
(50 nt)
[66]
SNAP1.6 | CGCTTCTTCGCGGTCATTGTGCATCCTGACTG
6 ACCCTAAGGTGCGAACATCGCCCGCGTAAGT
66 nt CCG
SARS-Cov- |01
2 Sl subunit | nCoV- | CCGCAGGCAGCTGCCATTAGT 126
S1-Aptl | CTCTATCCGTGACGGTATG [126]
%If:t;gs GGGGTG GGGTAGTGGTATGGAGCG [125]
S1-tSP4 | CACGTAATGCCTAACTCTTTTTGTGTTTG
(48nt) | CGATCTTTGCACATAGCAT
S1-tSP10 | CACACTTTCTGCCCGCCTTCTCCCTCCGTT | oo
(40nt) | CCCCTCCCCG Y
S1-tSP11 | ATGTCCTCGCACACCCAAACGCACTCATC
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SANAP1.58 - CGCGGTCATTGTGCATCCTGACTGACCCTAAGGTGCGAACATCGCCCG-CG- 50
SNAP1.66 CGCTTCTTCGCGGTCATTGTGCATCCTGACTGACCCTAAGGTGCGAACATCGOCCG-CGT 59
S1-tSP11 e ATGTCCTCGCACACCCAAACGCACTCATCTCCCCACCCAT 49
MSAST  emmeme- ACGGGTTTGGCGTCGGGCCTGECGEGEGEATAG - - - - - TGCGGT-------- 39
XN-268s 000 e GEGG-TG- -~ - -~ GEGTAGTGGTATGG--- - - - AGCG- -~ 24
S1-tSP4 e CACGTAATGCCTAACTCTTTTTGTGTTTGCGATCTTTGCACATAG 45
S1-tSP18 e CACACTTTCTGCCCGCCTTCTCCCTCCGTTCCCCTCC 37
MSALIT ~ mmmmmmmmmmmmmmmeee TTCCGGTTAATTTATGCTCTACCCGTCCACCTAC 34
NCOV-51-Aptl ~  —=mm-mmmmmmmmmmmmmm e CCGCAGGCAGCTGCCATTAGTCTCTATCCGTGACGGTAT 39
SANAP1.58  —-m-me- 50
SNAP1.66 AAGTCCG 66
51-tSP11 GCATA-- 45
MSAST - 39
XN-2685 000 —-meme- 24
51-tSP4 CAT---- 48
51-tSP16 CCG---- 49
MSALT CGGAA- - 39
nCoV-51-Aptl [ 49
B

Branch length: @ Cladogram O Real

SANAP1.50 -0.00249
E SNAP1.66 0.00249

S1-tSP11 0.23844

MSAST 0.14125
————___ XN.268s 0.19209
nCoV-S1-Apt1 0.25615
S1-tSP10 0.31406

S51-t5P4 0.29963
MSA1T 0.24091

Figure S13. Comparison of DNA sequences of published aptamers targeting S1
subunit of SARS-CoV-2 spike protein. (A) Alignment of aptamer sequences that were
published by other literature and our study shows the differences in the sequences of
nucleotides for the S1-binding aptamers and (B) Phylogenetic tree shows correlation of

each aptamer.
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MSAIT MSAST SNAP1.50 SNAP1.66

nCoV-S1-Aptl XN-268s S1-tSP4 S1-tSP10 S1-tSP11

Figure S14. Comparison of secondary structures of DNA aptamers targeting S1
subunit of SARS-CoV-2 spike protein. The MSA1T, MSAST, SNAP1.50, SNAP1.66,
nCoV-S1-Aptl, XN-268s were published by other studies.6496:123.126 The S1-tSP4, S1-

tSP10 and S1-tSP11 aptamers were reported by our study.
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Table S5. Hydrogen bonds in the N protein-tNSP3 complexes. The number in
parentheses indicates the conformer number. Amino acids of AA10 peptide are in bold.

N protein/NSP3 (1) N protein/NSP3 (2) N protein/NSP3 (1) N protein/NSP3 (2)
Binding site AA21 Binding site AA21 Binding site AA10 Binding site AA10
Residue | Nucleotide | Residue | Nucleotide | Residue | Nucleoti | Residue | Nucleoti
de de
GLN 9 G35 GLN 9 G35 LYS 338 C4 ASN 126 T 23
ARG 10 G35 ARG 10 G35 LYS 361 C 37 LYS 127 T 23
ARG 14 C34 ASN 29 Cl1 GLU 367 G30 | ARG276 T 23
ASN 29 T6 ASN 77 T32 ARG 385 T17 ARG 293 C19
ASN 29 A2 SER 79 T 23 GLN 384 G15 LYS 338 C4
GLU 31 Cl1 THR 14 Cc21 GLN 384 C18 LYS 361 C 37
GLU 31 A2 LYS Cc19 GLN 386 T14 GLU 367 G 30
SER 37 Cl 143 C20 LYS 387 T16 LYS 373 T29
ASN 77 T32 LYS G25 LYS 387 T14 LYS 375 T 33
SER 79 A22 143 A27 GLN 408 C4 GLN 384 G15
SER 79 T23 GLN T 29 GLN 408 T6 GLN 384 C18
LYS 143 C20 160 G3 GLN 384 C19
GLN 160 G25 ARG ARG 385 T17
GLN 163 T 24 189 ARG 385 C18
SER 193 T 29 SER GLN 386 T 14
SER 201 T 29 193 GLN 386 T16
ARG 203 G 30 LYS LYS 387 T16
ARG 203 T 29 237 GLN 408 C4
LYS 237 G3
LYS 256 A2
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Table S6. Apparent Kp determination of selected aptamers obtained from symmetric-

emulsion PCR SELEX.

Aptamer Kp (nM) ka (1/Ms) ka (1/s)

SymN1 6.00 8.04 x 10° 4.83x 1073
SymN3 9.84 7.09 x 10° 6.98 x 1072
SymNS5 19.0 7.83x 10° 1.49 x 1072
SymN6 17.9 6.71 x 10° 1.20x 1072
SymN8 5.99 1.02 x 108 6.10x 1073
SymN9 5.62 1.10x 10° 6.19x 107
SymN12 11.6 5.32x10° 6.18 x 1073
SymN14 25.6 5.62x 10° 1.44x 107

Method S1. Data analysis for retrieving aptamer sequences and secondary structures

= NGS data analysis on Command Prompt using FASTAptamer

1. Download Strawberry Perl

2. Download FASTAptamer from https://burkelab.missouri.edu/fastaptamer.html (a
modular collection of scripts that can extract the information from the dataset)

3. Use Command Prompt to write the script for data analysis

4. Make sure to locate the.fastq files in the folder named FASTAptamer without any
subfolders (Note: this will be easy to write the input code and output code later)

5. Once open the Command prompt, the starter script will be initially written as
Microsoft Windows [Version 10.0.19042.1348]

(c) Microsoft Corporation. All rights reserved.
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C:\Users\Lab>
Then, type “cd Documents\FASTAptamer” to locate where FASTAptamer is.

= How to write the script
C:\Users\Lab>cd Documents\FASTAptamer
6. Start with FASTAptamer count to convert a .fastq file to a .fasta file by typing
“>perl fastaptamer count” Followed by the input file “-1 NR1_R1 001.fastq”, and output
file “-o NR1 R1.fasta”
7. FASTAptamer count will also provide the most abundant sequence of the pool.
. See how to write the script below.
C:\Users\Lab\Documents\FASTAptamer>perl fastaptamer count-i NR1 R1 001.fastq -o
NR1 _RI. fasta (Click Enter)
8. Once the .fastq file was converted to a .fasta file, FASTAptamer cluster will be
used to cluster families of the sequences. Type “>perl fastaptamer cluster” Followed by
the input file “-i NR1_RI. fasta”, and output file “-0 NR1_count. fasta”

= How to write the script
C:\Users\Lab\Documents\FASTAptamer>perl fastaptamer cluster -i NR2 RI. fasta -o
NR2 cluster.fasta -d 5 -f 4 (Click Enter)
9. If the abundance of the sequences is mainly focused, running the raw data (.fasta)
through FASTAptamer count and/or followed by FASTAptamer cluster should be

sufficient.
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= FASTAptamer Enrichment

10. FASTAptamer enrich can be used to calculate fold-enrichment for an individual
sequence across the populations. If you would like to enrich the sequences by observing
which sequence appears in every round of selection, FASTAptamer_enrich can be used to
run the fasta files.
11.  Only three files (max) obtained from either FASTAptamer Count or
FASTAptamer Cluster can be added as an input file and processed on
FASTApatmer_enrich.
12. Beginning with telling the command prompt that FASTAptamer Enrich is used for
this work by typing >perl fastaptamer enrich and designate the input (-x, -y, -z) and output
(-o) files by locating the folder containing the input (.fasta) files and directing the folder
where the output file will be located.

= How to write the script
C:\Users\Lab>cd Documents\FASTAptamer>perl fastaptamer_enrich -X
S1 Count fasta/S1-R1 cluster.fasta -y = S1 Count fasta/S1-R2 cluster.fasta  -o
S1_Count.fasta/S1 _vs S2 enrich.tsv (Click Enter)
13. However, if all the. fasta files are located in FASTAptamer folder, simply designate
the input as a cluster.fasta without locating where the folder containing that input file is.

= How to write the script
C:\Users\Lab>cd Documents\FASTAptamer>perl fastaptamer_enrich -X
NRI1 cluster.fasta -y NR2 cluster.fasta -z NR3 cluster.fasta -o NRI1 vs NR2

vs_NR3 enrich.tsv (Click Enter)

112



14. After running the FASTAptamer enrich, the data will be retrieved in the format of
.tsv which can be opened on the excel spreadsheet.

15. Once open the enriched data, filter the data by first looking at the column named
“Length” to a certain nucleotide length as preferred. For example, our DNA N40 library
has 80 nucleotides so the sequences with the length of 80-83 nucleotides will be
considered.

16. Second, check the fold enrichment which is supposed to show the values obtained
for all three pools as y/x, z/y and z/x

17. Third, the fold enrichment of + 1.5 or 2 will be considered. [NOTICE] This criterion
can be optional. If the data does not meet this condition and the fold enrichment is below
2, the data can still be considered with the condition in Step 16 by checking the fold
enrichment of the three enriched pools.

= How to choose the sequences

18. First, when the sequences are conditionally retrieved from step 16 and 17, check
the construction of the aptamers by looking at the position and sequences of forward and
reverse primers.

19. Then, check where the random region is. The random region should be about 40 —
43 in length and located in between the forward/reverse primer binding sites.

= Alignment of the selected DNA sequences

20. To observe the similarity and differences, align all the sequences obtained from

step 19 on Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) by using a tool

named Multiple Sequence Alignment.

21. Choose the data set as DNA in the drop-down menu
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22. Copy and paste the sequences obtained from step 19. For each sequence, label the
name by starting with > followed by the name.

23.  Choose the output format as ClustalW with character counts. The default setting
should work.

24. Then, click submit.

25. Compare the similarity and diversity of the sequences by looking at a phylogram
or a phylogenic tree. If some aptamer sequences have the value of neighboring distance as
zero, basically they have the same nucleotide sequence so they will be counted as one
sequence.

26. Summarize all the sequences obtained and order the aptamer clones on IDT

(https://www.idtdna.com/).

= Prediction of secondary structures using RNAstructure web server

27. Check  secondary  structures of each  selected sequence on

https://rna.urmc.rochester.edu/RNAstructure Web/Servers/Predictl/Predict] .html

28. Copy and paste the sequence into the input data box

29. Change the temperature to 277.15 K which is equal to 4°C as we folded the DNA
in the aptamer selection. (Other parameters can be set up by default)

30.  However, if the secondary structure cannot be used to consider which aptamer
clones will be further checked the binding affinity and if there are not more than 15 clones,

all sequences obtained from step 26 can be ordered on iDT (https:/www.idtdna.com/)
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