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Abstract:

Since its appearance in 2019, multiple variants of SARS-CoV-2 have emerged. The World
Health Organization (WHO) classifies variants based on their levels of potential harm. Variants
of Concern (VOCs) is a classification that indicates potential for increased transmissibility,
increased virulence, and reduced effectiveness to preventative measures or treatments. The
VOCs investigated in this study were Alpha, Beta, and Gamma. Published research suggests
that SARS-CoV-2 and its variants bind with angiotensin-converting enzyme 2 (ACE2).
SARS-CoV-2 may also bind to the dendritic cell-specific intercellular adhesion molecule grabbing
non-integrin (DC-SIGN). This dendritic cell receptor, after recognizing and binding to a variety of
pathogens, including coronaviruses, enables binding between dendritic cells and T-lymphocytes.
This study worked to extend the knowledge of the COVID-19 disease process through
conducting in silico analyses of the initial binding interactions of DC-SIGN and the SARS-CoV-2
spike proteins of Alpha, Beta, and Gamma variants, at increasing temperatures. This was
intended to mimic a fever in humans. The collected data included: dissociation constants, Gibbs
free energy, and interfacial contact points of DC-SIGN bound to the Alpha, Beta, and Gamma
spike protein variants. The results suggest that the initial binding interactions were strongest
between DC-SIGN and wild-type SARS-CoV-2, followed by the variants Beta, Gamma, and
lastly Alpha. The Gibbs free energy values for Beta, Gamma, and Alpha, respectively, were
-14.1,-13.1, 10.9, and -10.1 kcal/mol. Following the same order, the dissociation constants of
their interactions at 25°C were 0.049, 0.26, 11, and 42 nM. When modeled at 37°C, the values
were 0.12, 0.6, 22, and 81 nM. At 40°C the values were 0.15, 0.74, 26, and 95 nM. These data
indicate that as temperature increases, the dissociation constant increases between DC-SIGN
and the Alpha, Beta, and Gamma variants. This suggests that fevers decrease the binding
affinity between DC-SIGN and VOCs. The number of interfacial residues involved in the binding
between DC-SIGN and the variants is consistent with this data. This study provides further
evidence that there are additional host-virus interactions beyond ACE2 that should be studied to
provide insights on the function of SARS-CoV-2 and the development of treatments.

Introduction:

Severe Acute Respiratory Coronavirus 2 (SARS-CoV-2) is a strain of coronavirus that was
discovered in Wuhan China, in December 2019, and has since spread globally (7). The virus
can pose a serious health risk to the public by accessing and attacking the lungs through oral
and nasal passages; infection can lead to death if the immune system is too weak to fight it off
(2). Other symptoms include cardiovascular issues, such as cardiac arrest, myocarditis, and

cardiomyopathy (2). As of August 24, 2021, nearly 213 million have become infected and nearly
4.45 million have succumbed to the virus (3). Variants of SARS-CoV-2 have evolved as well,
which cause varying harm to the public; the Center for Disease Control and Prevention has
classified each variant into categories to organize the level of danger that the variants could

impose on the public (4). The categories include Variants of Interest (VOI), Variants of Concern



(VOC), and Variants of High Consequence (VOHC) (4).

Research suggests that the VOlIs have significant point mutations from Wild Type SARS-CoV-2
(W.T.), but do not appear to be dangerous to the public. Additionally, they have varying
transmissibility. VOCs have significant point mutations from W.T., appear to cause more
hospitalizations and deaths, and have increased transmissibility. VOHCs have differing point
mutations from W.T., have varying transmissibility, and

pose as a significant health risk to patients (4).No SARS-CoV-2 variants have been classified
under the VOHC category (4). The World Health Organization has also assigned a Greek letter
to each variant in the order in which they’ve been discovered to assist non-scientific audiences
in discussing them and to limit geographical stigmatization (5).

Despite differing point mutations between SARS-CoV-2 variants, all have similar tertiary
structures, a 3-D protein shape created by side chain interactions. The SARS-CoV-2 virions are
composed of four structural proteins, one of which is the spike glycoprotein, located on the lipid
membrane matrix (6, 7). This is cleaved by host proteases into the subdomains S1, which
binds to host receptors, and S2, which fuses with the host receptors. S1 can be branched
further to form an N-terminal domain (NTD) and a C-terminal domain (CTD) that both act as
receptor binding domains (RBDs) to bind with host-cell receptors (8, 6, 9). It is currently unclear
whether host-cell receptors bind to the viral NTD or the CTD (8, 70, 77). Once the RBD binds to
a host-cell receptor, the virion successfully infects the body by replicating virus particles
through cellular hijacking (9).

The variants used in this study were selected from the VOC category: B.1.1.7 (a),
B.1.351 (B), P.1 (y), and B.1.617.2 (8). The a variant was discovered in the United Kingdom in
December 2020 and is currently one of the most common variants in the U.S (4).
Transmissibility is approximately 50% higher than W.T., and point mutations on the spike
glycoprotein include 69del, 70del, 144del, E484K, S494P, N501Y, A570D, D614G, P681H,
T7161, S982A, D1118H, and K1191N (4). The B variant was discovered in South Africa in
December 2020 and is approximately 50% more transmissible than W.T.. The spike glycoprotein
point mutations include D80A, D215G, 241del, 242del, 243del, K417N, E484K, N501Y, D614G,
and A701V (4). The y variant was discovered in Brazil in November 2020, is 95% more
transmissible than W.T., and the spike glycoprotein mutations include L18F, T20N, P26S,
D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y, and T10271 (4). The & variant was
discovered in India in December 2020 and replaced the a variant as the most common
SARS-CoV-2 variant in the U.S. in July (4). It is 60% more transmissible than W.T. and spike
glycoprotein point mutations include T19R, V70F, T95I, G142D, E156-, F157-, R158G, A222V,
W258L, K417N, L452R, T478K, D614G, P681R, and D950N (4).

Most of the research regarding SARS-CoV-2 interactions with host cell receptors in the
human body has been dedicated to the Angiotensin Converting Enzyme 2 (ACE2) receptor.
However, research suggests that the Dendritic Cell-Specific Intercellular Adhesion Molecule — 3
— Grabbing Non-Integrin (DC-SIGN, or CD209) also acts as a host-cell entry point for
SARS-CoV-2 virions, and potentially with higher dissociation constant and Gibbs free energy



values (12, 13, 14). As the SARS-CoV-2 variants have differing spike glycoprotein mutations,
the dissociation constants and Gibbs free energy values may differ accordingly.

DC-SIGN is a type Il transmembrane protein, C-type lectin receptor found on dendritic cells
that mediate cell-cell interactions between DC and T-Lymphocyte cells (15, 16). C-type lectins
are a calcium (Ca?) dependent, glycan-binding receptor in the human body, responsible for
identifying and binding to carbohydrates to enact immune responses in the body (17).
DC-SIGN binds with pathogens, specifically ligands bearing mannose and related sugars, using

a carbohydrate recognition domain composed of a tetramer and an a helical neck peptide,
located in the C terminal of the protein (17, 18). However, DC-SIGN may bind to a variety of
viruses as well as bacteria (18, 19). It is currently unknown why, however scientists theorize that
DC-SIGN can adapt and bind with mammalian-type glycan structures as DC-SIGN’s CRD
consists of additional oligosaccharides, and research suggests that they can arrange
themselves into microdomains to adapt with larger receptors on viruses (79).

Research suggests that if DC-SIGN acts as a successful host-cell entry point for
SARS-CoV-2 variants, DC-SIGN may be unable to efficiently identify and bind with pathogens in
the body, potentially increasing the risk for co-infection (20). This suggests the importance of
considering and researching the binding, and how it may differ between variants, between
DC-SIGN and SARS-CoV-2 variants alongside ACE2.

Materials and Methods
Locating Protein Models

Models of DC-SIGN and the a, B, and y variants were found on the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB), a global database
that provides free three-dimensional protein and nucleic acid models to the scientific
community (27, 22). The IDs of the models used in this study are 1K9l (2.50 A) for DC-SIGN,
7LWT (3.19 A) for the a variant, 7LYN (3.32 A) for the B variant, and 7NXC (3.14 A) for the
y variant (23, 24, 25, 26).

No experimentally solvable structure for the d variant was located; a structure was
attempted to be created with its primary structure using the server Robetta (27). However, the
server did not produce an optimal structure. This resulted in a limited amount of supporting
data gathered between & and DC-SIGN. Troubleshooting suggests that the input of the primary
structure was too large. Additional research will be conducted to reattempt the creation of an
experimentally solvable structure of the & variant.

For W.T. docked to DC-SIGN, the same data was used from previously conducted
research, predicted with a model we created using the RCSB PDB IDs 6M0J (2.45 A) and 1K9I
(2.50 A), for W.T. and DC-SIGN, respectively (28 ,23).

Docking Protein Models
The W.T. was docked to DC-SIGN in a previous study by isolating from RCSB PDB
model 6M0J (2.45 A) and docking it to the DC-SIGN RCSB PDB model 1K9I (2.50 A). The



server High-Ambiguity Driven Docking 2.4 (HADDOCK 2.4), created by Bonvin Labs, was used
(29). The W.T. and VOCs were all docked at the residues 445-455, 485-502. For DC-SIGN, the
residue sequence 347-349, 357-360, and 364-367 was used. After submitting the docking
request, HADDOCK 2.4 provided multiple models docked at differing angles; post visual
analysis, the most accurate model was chosen to gather data.

Data Gathering

Using a server produced by Clustal, Clustal Omega, the primary structures of the VOCs

and W.T. were compared through a multiple sequence alignment (30). These structures were
provided by UniProt (37).

The Gibbs free energy values (measured in kcal/mol), dissociation constants (measured
in Ky (nM)), and interfacial data was gathered with the Protein Binding Energy Predicting
(PRODIGY) (32, 33).

For the dissociation constants, each model was predicted at three different temperatures
to determine their differing values when the body enacts the immune system response with a
fever. The temperatures used were 25 °C, the default setting for PRODIGY and the temperature
that most thermodynamic calculations are conducted at, 37 °C, the average temperature of the
human body, and 40 °C, the temperature of a high-grade fever (34, 35).

Results

The figures, graph, and tables below display the data of the multiple sequence
alignment, Gibbs free energy values, dissociation constants, and interfacial data.

For the multiple sequence alignment, there are approximately 31 residues (indicating
the point mutations) that are not asterisks between W.T,, a, B, and y.

Multiple Sequence Alignment of W.T. and VOCs
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Figure 1. Multiple Sequence Alignment of W.T. and the variants a, B, y, and &, conducted
through Clustal Omega. Each row contains one letter amino acid abbreviations for each variant
(indicated by the names in the left column), each color representing a different amino acid
group: red represents small and hydrophobic; green represents hydroxyl, sulfhydryl, amine, and
G; blue represents acidic; magenta represents basic-H, gray represents unusual amino acids.
The gray lettered columns on the right state the residue lines of the variants. The symbols
beneath the amino acids indicate similarities between the variants: asterisks indicate identical
amino acids, colons indicate highly similar amino acids, and periods indicate low similarity of
amino acids.

As for the Gibbs free energy values of the variants when bound to DC-SIGN, W.T. has
a value of -14.1 kcal/mol, a a value of -10.1 kcal/mol,  a value of -13.1 kcal/mol, and y a
value of -10.9 kcal/mol.

Gibbs Free Energy



AG (kcal/mol)
Values of W.T. and VOCs Bound to DC-SIGN

-6 BwW.T

[

co

s
o
™

AG (kcal/mol)

'
=
%]
-~

-14

-16
Variants of SARS-CoV-2

Figure 2. Gibbs Free Energy values (AG, in kilocalories/mole and indicated in the y axis) of W.T.
and the variants a, B, y, and o, predicted by the server PRODIGY. The x axis contains the
variants, each colored bar representing a variant, indicated by the legend to the right of the
bars: dark blue represents W.T. bound to DC-SIGN, blue represents a bound to DC-SIGN, light
blue represents 8 bound to DC-SIGN, and the lightest blue represents & bound to DC-SIGN.

The dissociation constants of W.T. a, B, and y at 25°C are 0.049, 42, 0.26, and 11 K,
(nM), respectively; at 37°C they are 0.12, 81, 0.6, and 22 K, (nM), respectively; and at 40°C
they are 0.15, 95, 0.74, and 26, respectively K, (nM).

Dissociation Constant

Variants Kd (nM) @ 25°C Kd (hM) @ 37°C Kd (nM) @ 40°C
W.T.

Table 1. Predicted dissociation constants (K,) of W.T. and the variants a, B, y, and é bound to
DC-SIGN (contained in the black column) at 25°C (contained in the yellow column), 37°C
(contained in the orange column), and 40°C (contained in the red column). This data was
predicted with the server PRODIGY.



The W.T. variant and DC-SIGN have an accumulated interfacial residue count of 92 and an
accumulated non-interacting surface percentage of 32.26. B.1.1.7. and DC-SIGN have an
accumulated interactive residue count of 28 and an accumulated non-interacting surface

percentage of 56.15. B.1.351 and DC-SIGN have an accumulated interfacial residue count of 85
and an accumulated non-interacting surface percentage of 58.26%. Finally, P.1 and DC-SIGN
have an accumulated interfacial residue count of 62 and an accumulated non-interactive surface

percentage of 56.28.

Interfacial Data

Variants W.T. P.1

ICs charged-charged . 4 . 5 - 6 -
ICs charged-polar - 9 - 8 - 12 - 8
ICs charged-apolar _ 22 _ 19 _ 16 _ 17
ICs polar-polar - 10 . 5 . 4 . 3
ICspolar-apolar | | | 10 I 25 [ 12
ICs apolar-apolar _ 15 _ 18 _ 22 - 15
NIS charged 19.09% 19.26% 19.83% 19.03%
13.17%)| 36.89%| 38.43%| 37.25%.

Table 2. Interfacial data of the binding between W.T. (second column), a (third column), B (fourth
column), and y (fifth column) bound to DC-SIGN. The blue column on the far left contains the
interfacial contact residues (ICs) and the non-interacting surface (NIS) percentage with charged,
polar, and apolar charges. This data was gathered through PRODIGY.

Discussion

Indicated by Figure 1, the multiple sequence alignment of the VOCs and W.T.
predictably suggests that there are minimal differences between the variants’ primary
structure. Figure 1 indicates that there are approximately 31 residues not indicated by
asterisks, most likely the point mutations of the VOCs. These residue differences could be
quite significant indicated by their differing transmissibility rates of approximately 50% for a
and B, and 95% for y) and the differing Gibbs free energy values and dissociation constants
gathered in this study (4).

Displayed by Figure 2, the Gibbs free energy values suggest that W.T. binds strongest
to DC-SIGN at -14.1 kcal/mol, followed by 8 (-13.1 kcal/mol), y (-10.9 kcal/mol), and a (-10.1
kcal/mol). Regarding the dissociation constant, Table 1 indicates that the variant that binds
strongest to DC-SIGN is W.T., B, vy, and a, consistent with the Gibbs free energy values. The
interfacial data supports the predicted values as the most to least interfacial data between W.T.,
the VOCs and DC-SIGN are W.T, B, y, and a. In that corresponding order, the accumulated
interfacial residue count of W.T. and the variants bound to DC-SIGN is 92, 85, 62, and 28. The
non-interacting surface percentage of the variants and DC-SIGN differ from this order though,
as despite W.T. having the least amount at 32.26%, a has the second least at 56.15%, then y at



56.28%, and lastly B at 58.26%. A potential explanation for this inconsistent order is that § and
y have larger virions and stronger interfacial residues and bonds at their RBD than a.

Concluding this study, the data gathered provides more evidence of the interactions
between W.T. and the VOCs of SARS-CoV-2. The W.T. may bind strongest with DC-SIGN,
followed by the B, y, and a variants. However, this does not indicate that the variants do not
pose a threat to the public as their transmissibility rates are higher than W.T. (4). Additionally,
the © variant has one of the strongest transmissibility rates of the VOCs, indicating that it could
bind strongly with DC-SIGN. Further experimentation may be conducted to investigate (4).

The Gibbs free energy and dissociation constant predictions indicate that there could
be a strong affinity between DC-SIGN and the VOCs, the order from strongest to weakest
being W.T,, B, v, and a. This infers that the DC-SIGN receptor should be considered as a
primary host-cell entry point for the virus, and it should be studied as such alongside the
Angiotensin Converting Enzyme 2 receptor. Further research could assist the development of
treatments against SARS-CoV-2 variants, as well as inhibit binding between SARS-CoV-2 and
DC-SIGN which could increase co-infection.
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