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I Introduction

In the Spring of 2020, just a few months before the end of the school year, a novel virus that had
been spreading across Asia and Europe finally reached the United States. Fear became reality as
businesses and schools prepared to shut down for two weeks to “stop the spread”. Unfortunately,
this novel coronavirus would continue to spread across the world, leading to a pandemic that

raged for nearly two years and altered the global landscape perhaps irreparably.

Coronavirus is a type of single-stranded positive RNA virus with the largest known genome size,
being 30 to 32 kilobases [1]. Within the coronavirus family, there are four different groups:
alpha, beta, gamma, and delta. The alpha and beta virus only infect mammals while the other two
viruses mainly infect birds and a few mammals [2]. There is a certain strain, called the severe
acute respiratory syndrome coronavirus (SARS-CoV), that first caused an epidemic in 2002.
While most coronavirus infections cause the common cold, SARS-CoV infections typically starts
with a fever followed by respiratory signs and symptoms and potentially rapid respiratory failure.
The reason SARS became an epidemic so quickly was because of its fast ability to spread.
Transmission occurred primarily through respiratory droplets in a close distance. Other ways of
transmission include direct or indirect contact with feces, animal vectors, or other respiratory

secretions [5].

The first case of SARS-CoV was in Guangdong Province, China in November 2002. Animal
handlers from Guangzhou city were one of the first people to contract SARS. It was suggested
that civets were an intermediate host for SARS allowing it to enhance its infectivity. Then on
February 21, 2003, a medical professor from the Guangdong Province was infected and traveled
to Hong Kong. There he spread it to 2 family members, 4 health care workers, and 12 other

residents making him a “super-spreader”. The transmission to the health care workers resulted in
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SARS being spread to 32 different countries with 8422 cases and 919 deaths. One way of
spreading in the hospital was through health care workers in the hospital not realizing that a
person was infected with SARS. Consequently, this related to the infection of the health care
workers, other patients, and the patients close contacts [5]. In April 2003, Beijing was getting
around 173 new cases every day [3]. Beijing then produced different protocols that the citizens
should follow to reduce the number of cases. These protocols included larger quantities of PPE
and covid training for the front-line workers, establishment of more than 100 different fever
clinics, designated hospitals for covid patients only, isolation of infected people, and accurate
and timely reporting of cases. With these controlled measures, Beijing was able to eradicate the

virus by June 20, 2003 [4].

SARS-CoV-2 (SARS2) is a novel type of coronavirus that is currently fueling a pandemic in the
21% century. According to data from Johns Hopkins University, there have been 676,609,955
global cases and 6,881,955 global deaths between January 22, 2020, through March 10,2023
[10]. Bats were confirmed to be the original source of SARS2 [6]. Studies have shown that the
SARS2 genome is around 96% identical to the bat virus thus solidifying its origin. Moreover,
evidence suggests that minks and pangolins could be some intermediate hosts of this virus [7].
The main route of transmission of this virus is through respiratory droplets from patients with
pneumonia from SARS2. Additionally, there were confirmed cases of the novel coronavirus in
the feces of patients in Wuhan. These cases show that there is possibility of fecal-oral
transmission, and that the virus can exist and replicate in the digestive tract [7]. People with
SARS2 can be asymptomatic meaning that the infected person will show no signs that they have
the virus. On the other hand, people could be symptomatic by having fever, cough, and most

commonly severe pneumonia. Some uncommon symptoms include headache, hemoptysis,



sputum, and diarrhea [7]. Newborns can also be infected with SARS2 from mother-to-child
transmission. There was a case in Wuhan of a newborn testing positive from throat swabs just 30
hours after birth [7]. SARS2 typically infects people between ages 30-69 and the infection rate of
children is relatively low but not impossible [8]. Since SARS2 has a quick transmission rate and
can impact people of all ages around the world, the compositions and intricacies of the virus

must be understood.

11. Literature Review

As mentioned above, coronavirus is an enveloped, positive, single-stranded RNA virus. This
means that its viral genome is in the 5’ to 3’ direction and it can be directly translated into
mRNA. After replication, its genome is translated into two polyproteins which are then
subsequently cleaved into 7 different genes. The first gene on the polyprotein codes for non-
structural proteins that are involved in the replication and transcription process. The rest of the
genes code for the structural proteins that are involved in viral assembly, entry, and act as good
targets for diagnosis [11]. On the virus envelope, there are the envelope (E), spike (S), membrane
(M), and sometimes the hemagglutinin-esterase (HE) proteins and in the envelope is the
nucleocapsid (N) protein [8]. The E protein’s main function is the envelope formation and its
stability while the S protein has a range of functions that include receptor binding, viral entry,
fusion, host range, and more. S protein will recognize and target some of the host receptor and
this will lead to viral fusion and entry [13]. The HE protein helps with viral entry, pathogenesis,
and viral release [11]. However, not every strain of coronavirus has the HE protein present as a
result of continuous mutations in the HE domain [12]. The M protein will contact both the S and
N proteins that are required for the virion, the fully mature virus, formation. Finally, the N

protein plays a role in forming helical nucleocapsid with the RNA genome and its interaction



with the M protein could result in an icosahedral shell [11, 14]. The N protein is made up of two
different terminal domains, N (NTD) and C (CTD), which contain a serine-rich linker between
them. NTD forms orthorhombic crystals that will bind to the genome and CTD promotes
nucleocapsid formation along with forming stable dimers in solution [13]. Additionally, the N
protein is the most abundant protein and is expressed during the early stages of infection
meaning is it a good protein to use for targeting the virus [13]. The most common method for
treating viral infections is the use of antiviral medicines which inhibit viral functions such as
viral attachment, entry, uncoating, viral transcriptase, and more [28]. For SARS2 specifically,
there are three different types of medication that can be taken which will stop viral replication
[29]. Another way to stop viral infections is through convalescent plasma therapy. This is where
the plasma from a previously infected person is used to collect the antibodies from the virus [30].
The antibodies are then used to target the viral cells and neutralize them. The mutation rate of
viruses is high which causes a lack of effectiveness in the current forms of infection inhibition.
Since SARS?2 is a single-stranded RNA virus, it is more susceptible to mutations as compared to
other double-stranded or DNA viruses [15]. These mutations cause different strains and
pathogenicity. Mutations in the non-structural proteins (nsp) 2 and 3 of SARS?2 is a possibility of
its uniqueness to the 2002 SARS strain [13]. Some of the more novel ideas are protein targeted
degradation using proteolysis-targeting chimera (PROTAC) and aptamers. PROTAC uses the E3
ubiquitin ligase and links it to the protein on interest which will promote degradation of the
target [31]. E3 ligase is from the ubiquitin proteasome pathway which helps cells degrade

proteins and recycle their amino acids [32].

In this project, aptamers will be used to target the N protein in the SARS2 virus. Aptamers are

short sequences of nucleic acids, or oligonucleotides, which can have high binding affinity to a



specific target. The word aptamer is derived from the Latin work Aptus, meaning “to fit”. This
word was chosen as it best described the lock and key relationship an aptamer can have with its
target [16]. Aptamers have several unique qualities that make them better candidates for more
advanced research as compared to the traditional way of fighting viral infections such as antiviral
medication, PROTAC, and more. These include: (1) high stability meaning it will still function
properly after being denatured and renatured, (2) aptamer production is easy and cheap, (3) the
human body does not thing that aptamers are foreign agents so there is low immunogenicity, (4)
targets can range from proteins, cells, drugs, metal ions, etc. [19]. Aptamers can be artificially
engineered to target specific molecules through a process called systematic evolution of ligands
by exponential enrichment (SELEX). In this process, a single-stranded nucleic acid, which is
around 30 — 100 nt long, is incubated with the target molecule. During the incubation period,
parts of the single stranded nucleic acid sequence will bind together and with the target [17].
Then the unbounded nucleic acid sequences are flushed out with a binding buffer solution while
the bounded ones stay. Heat or several elution buffer washings will then be used to remove the
nucleic acid sequences that are bound to the target. Using polymerase chain reaction (PCR),
those sequences are amplified and ready to start the next round of the selection process. These
steps are repeated for around 8 — 15 rounds and it will result in the aptamer candidate.
Additionally, the binding affinity of the potential aptamer sequences and the target molecule will

increase each round [18].

a. Surface Plasmon Resonance

Surface plasmon resonance (SPR) is a biosensing method that was developed in the
early 1990s. It can be used to find the specificity, affinity, and kinetics of different

types of bound complexes [21]. The SPR machines have three core components that



work by measuring the changes in a refractive index at a certain angle as a result of
biomolecular interactions. These components are the sensor chip, the microfluidic
system, and the detection units. The sensor chip is typically coated in a thin layer of
gold and for some SPR machines the sensor is also coated in dextran matrix. Once
this is finished, the sensor chip is placed inside the machine where it is primed with a
buffer solution. After this, a solution with the ligand will be sent through the
machine. The matrix will act as a substrate and the ligand will attach to them through
covalent coupling. This attachment will create a hydrophilic environment that will be
used for the interaction between the molecules and their receptor. Finally, the receptor
is injected into solution where it will attach to the ligand that is on the sensor chip.
Each receptor-ligand complex that occurs in the machine will alter the refractive
index near the surface and the angle of the reflected intensity. This results in a
proportional relationship between the amount of molecule bound and the change in

the SPR angle [22].

b. Aptamer Binding Analysis

The aptamer-protein binding affinity can be studied through energy charts and Root
Means Squared Deviation (RMSD) charts. Through energy charts, the amount of
potential energy in a complex at different time steps can be measured. From there, the
stability of one complex can be determined and compared to other complexes. A
phenomenon called bond energy can also be related to its stability. Bond energy,
which is the amount of energy necessary to break a bond, is directly related to its
stability. Therefore, higher bond energy indicates a stronger bond meaning it requires

more energy to break a bond. Another way to test the bond strength is through its



potential energy which is the measurement of energy that is in a complex based on its
arrangement of atoms and bonds. Potential energy is inversely proportional to the

bond energy therefore less potential energy means more stable binding.

Root Mean Squared Deviation (RMSD) charts are the averages of the distance
between the backbone of a complex and its superimposed proteins or nucleic acids.
These charts can show the stability of a complex by plotting the RMSD value against
time. If the charts show very little fluctuation and an overall low RMSD value, it

means that the complex is stable and has good binding affinity.

III.  Methodology

a. Running the SPR structure machine

The first step in performing SPR analysis of aptamer-protein interaction is to immobilize the
aptamer onto a sensor surface. This can be achieved by covalently linking the aptamer to a sensor
chip through a linker molecule. The sensor chip is then placed in a SPR instrument, which allows
for the detection of changes in the refractive index at the surface of the chip. The protein of
interest is then flowed over the aptamer-modified chip, and any binding events between the
protein and aptamer will result in a change in the refractive index, which can be detected in real-
time by the SPR instrument. By measuring the binding kinetics of the aptamer-protein

interaction, valuable information about the stability of the interaction can be obtained.

b. Selection of aptamer-protein complex

The specific aptamer that was used for this project has a sequence of: 5’ —
gggcccgguagggcccggucgggccceggg -3°. This aptamer was obtained from Sabbih’s paper and was

extracted through the SELEX process [20]. Sabbih used an oligonucleotide library from Yaroslav



et al, to design an aptamer that has an increased binding affinity with the N-protein [20, 23].
Sabbih used a minimum free energy of -5 kcal. mol™! and the parameter and its binding
properties were found using RPISeq [20]. RPISeq will use random forests (RF) and support
vector machines (SVM) to predict RNA and protein interactions using sequencing information
[24]. RF are made up of several hundreds of decision trees. Each decision tree is unique through
random sampling of data and parameters. The output of the RF is an average output of the
decision trees [26]. On the other hand, support vector machines use a N-dimensional space to

create a division between samples based on specified parameters [27].

The specific N-protein that was used has a code of 6M3M in the protein data bank (PDB). This
molecule is the crystal structure of SARS-CoV-2 nucleocapsid protein N-terminal RNA binding
domain. This structure was determined using X-ray diffraction and it has identified a unique

potential RNA-binding pocket that will guide some antiviral drugs that can target SARS.
c. Preparing the complex for the simulation

Using a website called Hdock, the aptamer and aptamer will be “docked” 10 different ways. The
“docking” process is created by binding the protein and aptamer complex in different
conformations. Once the binding is completed, another website called charmm-gui.org is used to
input the complex into a water box solution. It is necessary to put the aptamer-protein complex in

a water box solution as it allows it to stabilize.
d. Running and visualization of simulations

Once the water box was created, computers at the MDR building at the University of Tennessee
at Chattanooga were used to create a simulation of 5,000,000 steps. This simulation will help

imitate how the complex will move around in a solution box. All simulations were run at a

10



constant temperature of 303.15 K and a constant pressure of 1 atm. NAMD is a molecular
dynamics code that is used to create high performing simulations [25]. NAMD will then use a
visualization software called Visual Molecular Dynamics (VMD) which is used to obtain images

and RMSD charts needed for the analysis.
IV.  Results

The results from the SPR machine are graphed in the form of a sensorgram which plots the
response against time. From the sensorgram, the equilibrium constant (Kj) can be obtained, and
it will help determine how good the aptamer-protein affinity is. K, is the rate at which
association and dissociation are equal to each other or when the rate of protein attachment and
detachment to the aptamer are equal [33]. The K, value needs to be 10~° or lower for the
complex to have good affinity. As seen in Figure 1. the table shows that the K, value from the
SPR machine came out to be 1.105 x 1078, The K}, value is close to the required value for good
affinity, so it was chosen for further studies. Now, the RMSD and energy charts of the different

aptamer-protein conformations need to be analyzed.

Each frame in the simulation translates to 10 nano seconds. The following table shows the

average values of the RMSD charts and the energies for each of the aptamer protein complexes.
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Table 1. Average RMSD and energy values

Aptamer number Average RMSD (A) Average Energy (kcal/mol)
1 3.776 -407,250
2 4.072 -372,875
3* 2.457 -433,125
4 3.916 -341,625
5 3.042 -562,750
6 2.803 -419,625
7 3.552 -372,250
8 3.552 -372187
9 3.724 -407,375
10 4.204 -408,000

*This complex was only able to be simulated for 4.5 nanoseconds.

Based on the average RMSD values, the sixth conformation would be the best and then the fifth
conformation coming next since they have the lowest RMSD values. However, according to the
average energy values the fifth conformation has the highest bond stability and then the sixth
conformation is the second best. To choose between the two conformations, the RMSD charts
should be analyzed for the least amount of fluctuation. The RMSD chart for complex six has less
overall fluctuation as compared to complex five. Therefore, complex six would be the best one to

choose for future studies.
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V. Discussion

In the future, different types of surface proteins can be used as a means of targeting viruses and
their SPR data should be studied to see which protein has the best affinity to an aptamer.
Additionally, longer simulation times can be run to get better RMSD and energy values. It is not
certain that the complex chosen is the best overall because its binding strength can reduce
overtime. At the same time, another complex could have increasing values which indicates that it
would be a better choice. From there, in vitro testing should be done to see how stable the
complex is in a solution that mimics the inside of a human body. This allows researchers to know
what the ideal environmental condition of the complex is, how long the complex can stay intact,
how the complex deals with interference from the environment, how fast can the complex get to

its target, etc.

VL Limitations

The biggest limitation for this study was the simulation run time. The simulation should have
been run for longer time in order to capture the RMSD value at which the complex is stable in
the solution box. If the data was taken during longer time periods, the charts would be more
reliable. Another limitation would be the lack of testing different proteins to act as targets. As
shown, there are several different types of surface proteins that are abundant in SARS2. If more
SPR analysis was done, there could be confirmation that the N protein is the best to use out of all

the surface proteins.
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VIII.  Appendix
Figure 1. SPR report table

Report table
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Figure 2. SPR sensorgram
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Figure 3. Aptamer-protein conformation 1
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Figure 4. Aptamer — protein conformation 2

Figure 5. Aptamer — protein conformation 3
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Figure 6. Aptamer — protein conformation 4

Figure 7. Aptamer — protein conformation 5
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Figure 8. Aptamer — protein conformation 6

Figure 9. Aptamer — protein conformation 7
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Figure 10. Aptamer — protein conformation 8

Figure 11. Aptamer — protein conformation 9
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Figure 12. Aptamer — protein conformation 10

Figure 13. Complex 1 RMSD chart
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Figure 14. Complex 2 RMSD chart
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Figure 15. Complex 3 RMSD chart
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Figure 16. Complex 4 RMSD chart
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Figure 17. Complex 5 RMSD chart
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Figure 18. Complex 6 RMSD chart
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Figure 18. Complex 7 RMSD chart

RMSD vs Frame: {stepS_production (1).dcd}

35—

RMSD (4)

05—

—— “{stepS_production (1).dcd)-protein”

25



Figure 19. Complex 8 RMSD chart
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Figure 20. Complex 9 RMSD chart

RMSD vs Frame: {step5_production (1).dcd)

—— “{stepS_production (1) dcd}:protein’

RMSD (A)

26



Figure 21.

Complex 10

RMSD chart
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Figure 22. Complex 1 energy chart
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Figure 23. Complex 2 energy chart
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Figure 24. Complex 3 energy chart
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Figure 25. Complex 4 energy chart
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Figure 26. Complex 5 energy chart
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Figure 27.

Complex 6 energy chart
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Figure 28. Complex 7 energy chart
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Figure 29. Complex 8 energy chart
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Figure 30. Complex 9 energy chart
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Figure 31. Complex 10 energy chart
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