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Abstract

The emergence of SARS-CoV-2 has resulted in over 800,000 infections and over
40,000 deaths. Coronavirus enters cells through its homo-trimeric surface spike (S)
glycoprotein making it the main target for antibodies. Vaccines are the current medical
approach to preventing the spread of the Coronavirus. However, vaccines have shown
to have poor thermostability. The exposure of vaccines in elevated temperatures have
shown to lose its potency. The loss of potency can lead to the large number of
infections and ultimately deaths in the population of developing countries. The
formation of disulphide bonds in proteins can lead to a more stable protein which will
be resistant to thermal-denaturation. We identify and examine potential sites within
SARS-CoV-2’s S protein complex to construct a disulphide bridge between two
peptides. The sites of interest were determined by our program Cysteine Disulfide
Substitution Tool (CDSTool) for the best possible position to substitute a cysteine
residue. The parameters given to the program predicts the sites that should not have a
conformational drastic conformational change of the S protein. The identification of
potential sites can serve as a basis to help develop vaccines for long term storage and

transportation.
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1. Introduction

1.1 Protein Stability

Proteins that are used in therapeutics are often exposed to
environments that may cause protein denaturation, resulting in
ineffective therapy. A major issue with protein therapeutics,
and a primary cause of under vaccination is inadequate
thermal storage (McColloster et al, 2014).

Many common vaccines must be refrigerated between 2°C
to 8 °C, and if exposed to elevated temperatures, the vaccine
may be less effective, or completely ineffective (Chojnacky et
al, 2010). This is a very common occurrence in remote areas,
where poor accessibility, limited healthcare, and frequent
power outages cause under vaccination and the loss of
millions of dollars in vaccine development.

1.2 Engineering Stabilized Proteins

One way to combat this is to re-engineer the protein structure
to allow for more stability, resulting in a protein with an
increased resistance to denaturation (Marshall et al,
2003). This has been seen in the Fusion protein of Respiratory
syncytial virus (RSV) (Sung-Youl et al, 2014), the Fusion
protein of Measles virus (Lee et al, 2007), and the
Hemagglutinin (HA) protein of Influenza H3N2 virus, where
an 11°C increase in melting temperature was observed versus
the wildtype using disulfide bond engineering (Lee et al,
2015).

Disulfide bond engineering is one common approach to
stabilizing proteins, and involves introducing a pair of
cysteines into the amino acid sequence of the protein, creating
a disulfide bond. Disulfide bonds are formed between the
thiols of two cysteines, and thermodynamically stabilize
proteins by decreasing the entropy, according to traditional
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polymer theory (Lodge et al, 1996). By engineering more
stable proteins, more efficient vaccines may be produced,
resulting in higher vaccination rates, and potentially lower
rates of disease.

1.3 Stabilized SARS-CoV-2 Spike Protein

The recent pandemic of SARS-CoV-2, and the necessity of
an effective vaccine for COVID19 is of utmost concern to the
global community. One primary target for vaccine
development is the Coronavirus Spike protein, or S protein.

The S protein is the Coronavirus surface glycoprotein
responsible for host cell recognition, attachment, and
entry. The protein exists as a homo-trimer, meaning the
protein structure consists of three identical peptide chains that
are linked to one another. There are two subunits of the S
protein: the S1 head region, the area of the S protein that binds
to the host cell receptor (ACE2), and the S2 stalk region, the
area of the S protein that fuses the host and viral membranes
together for host cell entry (Li et al, 2016). The function of
the S protein is critical in the viral infection cycle, making it a
perfect target for vaccines, which often target receptor-
binding surface proteins (Li et al, 2016). The objective of this
paper is to use bioinformatics tools such as BioPython to
develop a program that identifies sites for disulfide bond
engineering in the SARS-CoV-2 S protein in silico (Cock et
al, 2009).

2. Methods
2.1 Overview

The PDBTool provides a method to extract, analyze, and
return locations of possible cysteine-cysteine disulfide bridge
sites found on protein structures given a PDB file. A key
aspect of this tool is that it aims to help researchers in the field
of vaccine development to obtain fast and accurate results by
leveraging the power of an in-silico based approach.

Briefly, the tool parses out information based on set
parameters passed through each function in the selected amino
acid chains found in the PDB file. The source code of the tool
is written in Python and is available in the CDSTool’sGitHub
repository [link to repo]. For further instruction and guide on
how to use the module, documentation and API guide can be
found on our website https://cdstools.netlify.app/api/. Given a
PDB file, the functions of the tool will parse out the
information found in the file using the BioPython library and
return key information; such as, the atom, amino acid, residue
position, distance of amino acids on different/same chains in
angstrom (A), and distance from the residue site to the epitope
site (angstrom). The tool can be leveraged for downstream
analysis by the end-user integrating the package and functions
in Python.

2.2 Compare Function

Chain comparison is implemented through a series of
conditionals. The algorithm takes a file from the Protein Data
Bank (PDB) as input in PDB format. The pairwise comparison
of chains iterates through the first chain’s structure in each pair
until the target atom, Cp, is identified in amino acid. The target
atom’s position is marked in the first chain. The second chain
in the pair is similarly iterated through until a Cp is
identified. Distance is then calculated between the two atoms
using the distance function. If the distance between two atoms
is less than 6.5 plus the resolution of the crystal structure being
examined, Angstroms. Analysis of the potential site continues.
The amino acid type is checked to avoid conformation change.
If the amino acid type is Serine, Threonine, or Alanine amino
acids which exhibit the best possible chance of being
substituted with cysteine, the closest Ca is searched for in
relation to CP identified previously in each chain. Distance is
calculated in a similar fashion to CB, for the identified Ca
atoms. The distance between Ca atoms is limited to 4.5
angstroms plus the resolution of the crystal structure. Pairs
with a distance shorter than the specified limit are then
recorded as a candidate for a potential disulfide bond site. The
function continues down the chain until the end of the first
chain is reached.

2.3 Distance Function

The purpose of the distance function is given a chain(s), the
algorithm will calculate the distance from the epitopes found
in the chain(s) to the possible residue site at which the
cysteine-cysteine disulfide bridge can be formed. The function
is configurable allowing the end-user to decide their
parameters. Given a pair of atoms from a PDB file, the
function utilizes BioPython to determine the Euclidean
distance between the atoms. The function returns a Boolean
based on the comparison of calculated distance vs maximum
distance, true if the distance is less than or equal to the
maximum distance specified and false if greater than the
maximum distance. If the chain is being compared to itself an
additional check is completed to ensure the two-parent
residues, in which the CP has been identified, are far enough
apart in the sequence of the chain to interact properly, the
default value is a gap of ten residues.

3. Results

3.1 Validation

The first validation was performed using
data from an article that studied the
Influenza virus surface protein,
hemagglutinin. This article was also trying
to form a disulfide bond and find the ideal
site for the bond. The resulting cysteine
pair from A/Hong Kong/1/1968 (H3N2)
influenza virus hemagglutinin Lee et al
(2015) were ~4.4 A apart (PDB code 4FNK).
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When we ran our program with the
parameters of a distance <4.5A for this viral
strain, 3 results were found (Table 1). Two
between chain A and B . Only one, THR30-GLN47was on the
chains examined in the article, chains B and C. This result is
identical to the sites found in the article.

We next performed more validation using RSV Fusion
Glycoprotein F2 From the work of Mclellan et al (2013). The
goal for this article was also the stabilization of the RSV
Fusion Glycoprotein F2. In the article, the sites S155C-
S290C, and S403C-T420C were used to stabilize the
protein(PDB code 4JHW). We ran our program with the self
stabilizing setting, and found seven potential sites for a
disulfide bond (Table 2).

3.2 Disulfide Bridge Analysis in SARS-CoV-2

Structure of the Spike-protein in the SARS-CoV-2 was
determined by Cryo-EM Wrapp et al (2020) (PDB code
6VSB). The results in (Table 3) are the suggested replacement
sites generated from CDSTool with chain A, chain B, and
chain C.

The Mean Distance function of CDSTool was then run with
the epitope from the work of Yuan et al (2020). A visualization
of chain A in SARS-CoV-2 S-Protein with all the suggested
sites and their mean distance to the epitope region can be
found in (Figure 1).

3.3 Negative Control

For the negative control, a model of Influenza A M2 protein
transmembrane domain from the work of Kreitler et al (2019)
(Figure 2) was used. The self stabilizing setting was used. The
program failed to suggest a site for cysteine substitution.

4. Discussion

Our results indicate that our program identifies potential
amino acid sites to substitute for cysteine to create a disulfide
bridge within the surface proteins of SARs-CoV-2 and the
influenza virus. There was an optimal distance less than 8.5
Angstroms that we used that was used in the design of a
stabilized influenza steam domain (Lu, Welsh, and Swartz,
2013). Ideally, these substitutions should be in positions that
are distant from other areas that are important for antigenicity
(Lu et al., 2013). The regions of functional importance are the
epitopes contained within the S1 head region of SARs-CoV-
2. We do have potential sites that are contained within the S1
region of the spike glycoprotein. These results do lie within
our expectations, we wanted to identify potential sites to
introduce these disulfide bonds that lie within our criteria
given including amino acid differences, regions of these
potential sites, and then cross validate these results with the
works of authors including Lee et al. and Mcllelan et al (2013).
There are sites that we identified that are flawed. For example,
many of the sites lie within the S1 region of the spike

glycoprotein, and some are too far away from the epitope. For
this reason, a filtering of sites too far or too close to the
epitopes was done. It is important for stabilization design of a
surface protein to keep these criteria in mind. In addition, even
when the protein of interest is a homotrimer, their PDB file
may contain differences between polypeptide chains. In our
experience, all the combinations of nearby chains should be
analyzed (in this case: AB, AC, BC) to maximize the result.

Allin all, our results do partially agree with the works of Lee
etal., Mcllelan et al., and Yuan et al. What they add onto their
research is that in stabilization design, it is important to keep
significant criteria in mind. For example, one can see from our
results of SARs-CoV-2 that it can be easy to misidentify
potential sites and that these sites must be filtered out. These
results should be taken into account when considering how to
stabilize surface proteins of viruses like SARs-CoV-2 and
influenza. With the overall goal to aid in the design of a
potential SARs-CoV-2 vaccine in order to help reduce
pandemic potential to prevent crises like the one we are in
right now.

From this study, it can be concluded that in theory, there are
regions of SARs-CoV-2 S protein in which a disulfide bridge
can be constructed to successfully increase thermostability of
a vaccine. However, we did not carry out this methodology in
a lab-based setting. In order to confirm whether our program
truly serves as a viable option for identifying sites, in vivo or
in vitro analysis would have to be performed. Our results are
valid nonetheless because it was demonstrated that these sites
can be identified through bioinformatics techniques and then
those results were validated through the works of Lee et
al.(2015) and McClellan et al (2013). In terms of our
methodology, there is a key point that we would like to point
out. For each site, we calculate the mean distance from there
to the epitope to ensure its validity. However, the epitope can
end up being closer than the mean distance suggested due to
the fact that mean is very sensitive to outliers . In other words,
the mean distance assumes the epitope is clustered together.
We also provide the users with a min and max distance
function to calculate how far the substitution site from the
interest site.

Further research is needed to establish whether or not these
disulfide bridges can be constructed in vivo. Overall, this
disulfide bridge examination in silico is performed in hopes of
being able to increase the thermostability of the vaccine to
make it more feasible to transport and store in countries
around the world.
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1)THR28, GLN105,4.361A 2)THR12, GLN27, 4.726A 3)THR30-GLN47, 4.468A

Table 1. Output of CDSTool compared to the work of Lee et al (2015) on A/Hong Kong/1/1968 (H3N2) influenza
virus hemagglutinin apart (PDB code 4FNK) *The highlighted show a match to the regions found in the article
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1)SER46-THR311, 4.395A

2)SER41-SER409, 4.011A

3)SER155-SER290, 4.393A

4)THR423-SER451, 4.406A

5)SER425-THR449, 4.249A

6)SER403-THR420, 3.954A

7)SER38-THR318, 4.227A

Table 2. Output of CDSTool compared to the work of Mclellan et al (2013) on RSV Fusion Glycoprotein F2 protein

(PDB code 4JHW) *The highlighted show a match to the regions found in the article

1)THR547-SER982, 7.153A

2)ALA570-SER967, 6.010A

3)ALA668-THR866, 5.496A
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4)THR961-SER758, 5.779A 5)ALA1070-ALA892, 6.354A ---

Table 3. Output of CDSTool, suggested cysteine substitution site for Spike-protein in the SARS-CoV-2 (PDB code
6VSB)
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Epitope region

THR547, 27.57A

ALASTO0, 42.17A  AS{iquet/ 8 € THR961, 56.0A

ALA668, 62.73A

7 ALA1070, 97.56A

Figure 1. A. SARS-CoV-2 chain A (chain B and C are not shown) is shown here (PDB code 6VVSB) Epitope
residues are in red (Y369, N370, A372, F374, T376, F377, K378, V382, P384, T385, K386, D389, L390, F392,
D428, F429, T430, F515, H517, H519) from Yuan et al (2020) suggested sites for cysteine substitution in pink and
their respective mean distances from the epitope region in angstrom (A).
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THR547, 27.57A

ALA668, 62.73A

ALA1070, 97.56A

Figure 1.B. SARS-CoV-2 is shown here (PDB code 6VSB) Epitope residues are in red (Y369, N370, A372, F374,
T376, F377, K378, V382, P384, T385, K386, D389, L390, F392, D428, F429, T430, F515, H517, H519) from Yuan
et al (2020) suggested sites for cysteine substitution in pink and their respective mean distances from the epitope
region in angstrom (A).
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Figure 2. Model of the transmembrane domain region of Influenza A M2 protein (PDB code 6MPL) was
chosen to be the negative control. It only shows one chain with a straight helix.
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