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ABSTRACT: DNA aptamers are short nucleotides with a high affinity for their target. However, the process of isolating
aptamers via the systematic evolution of ligands by exponential enrichment (SELEX) procedure is laborious. Therefore,
an in silico approach is used to screen potential DNA aptamer candidates as a kickstart specifically for ORF7a of SARS-
COV-2. By applying the TM-align program, the murine receptor (CD200R) protein was found to have structural
similarities with ORF7a. Based on the literature, this CD200R protein is successfully bound by M49 DNA aptamers
experimentally. Herein, the 3D structure of the M49 DNA aptamer was generated using Mfold, RNA Composer
webserver, Discovery Studio Visualizer, and UCSF Chimera software, and the docking simulation was predicted using
the HDOCK webserver. The binding energy scores for the M49-CD200R complex were slightly higher than those for
the M49-ORF7a complex with -233.78 and -220.11, respectively. The molecular interaction in the complexes was
contributed by the hydrogen bond. In conclusion, the M49 aptamer of CD200R protein can bind to the other
similar target, the ORF7a protein of SARS-COV-2. Even though CD200R and ORF7a proteins share structural
similarities, the binding sites of the individual complex are distinct. The current study shows that two different proteins
with structural similarities may have a possibility to share the same DNA aptamer. This strategy may result in efficient
aptamer discovery using an in silico method as a first step.
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1. INTRODUCTION

The report on the new coronavirus infectious disease was firstly claimed in December 2019 in Wuhan,
China. Most of the patients were diagnosed with severe pneumonia together with common symptoms such
as fever, cough, shortness of breath, and fatigue [1]. This infectious disease is also known as COVID-19 which
is caused by severe acute respiratory syndrome (SARS-COV-2). To date, World Health Organization (WHO)
reported about 150 million confirmed cases with 3 millions of fatality (https://covid19.who.int/). The number
of infected and death cases is still on arising.

SARS-COV-2 belongs to the betacoronavirus family Coronaviridae and has high nucleotide sequence
similarity with severe acute respiratory syndrome (SARS) and Middle East coronavirus (MERS) with 79.5%
and 50% similarity, respectively [2]. Therefore, protein exploration in SARS-COV-2 is frequently discussed
and compared with SARS-COV. This virus contains a positive single-stranded RNA (+ssRNA virus) encoding
four structural proteins (spike (S), nucleocapsid (N), membrane (M) and envelope (E) proteins) and six
accessory proteins (ORF3a, ORF6, ORF7a, ORF7b, ORF8a, ORF8b) with a length of about 30 kilobases [3].

Based on the structural orientation of SARS, the S, E, M, ORF3a, ORF3b, ORF7a, ORF7b, ORF8a, and
ORF14 are known to be surface proteins (SPs) [4]. It can be assumed that the surface proteins (SPs) of SARS-
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COV-2 are distributed in this region. The function of these SPs varies depending on their location inside or
outside the virion. A previous study has shown that S, E, M of SARS-COV is essential for the attachment of
the virus to the host cell and is considered an attractive target for targeting SARS-COV-2 [5]-[7]. However,
information about accessory proteins, especially ORF7a as a recognition element, is poorly known.
Understanding the structural ability of this protein will facilitate alternative diagnostic targets against SARS-
COV-2.

The crystal structure of ORF7a from SARS-COV-2 has been identified and deposited in Protein Data Bank
(PDB) (PDB ID: 6W37). It possesses type 1 transmembrane protein with 121 amino acids in length. The
sequence similarity of SARS-COV-2 as compared to SARS is 85.2% and 95.9%, respectively [3]. The presence
of ORF7a on the surface of the virus provides an alternative target for virus identification, especially for
diagnostic assays.

Recently, the development of nucleic acid aptamers capable of specifically interacting with viruses has
been intensively investigated [8]-[10]. Aptamers are short single-stranded oligonucleotides (RNA or DNA)
and are classified as a type of "chemical antibody" in a wide range of applications [11]. Aptamers can be
obtained and selected from a random oligonucleotide library by the systematic evolution of ligands using the
exponential enrichment (SELEX) technique [12]. Such aptamers can be used for specific recognition of
infectious agents and can also knock down their functions [13]. The interaction between the aptamer and viral
proteins is influenced by the folding of the aptamer, especially by three-dimensional (3-D) structures that
contribute to the formation of hydrogen bonds, van der Waals interactions, and electrostatic activities [14].

Computational biology is now routinely used to discover potential candidates for new drugs using target
structure data. This is due to the need for time and cost-efficient techniques to determine lead structures [15].
Using a similar approach, this study aims to investigate the interaction of the DNA aptamer of ORF7a protein
of SARS-COV-2 using a series of computational methods. Primarily, the structural similarity search was
performed using TM-align web server to identify proteins that have similar structures to ORF7a and have
DNA aptamer in the literature. The obtained aptamer was further evaluated for its ability to interact with
ORF7a protein using molecular docking simulation.

Translated with www.DeepL.com/Translator (free version)

2. RESULTS AND DISCUSSION
2.1 Structural similarity of ORF7a of SARS-COV-2

TM -align is the algorithm to identify the best structural alignment between two different proteins
[16], [17]. Based on TM-align output, the structure of ORF7a protein have similarity to the extracellular portion
of mouse CD200R (PDB ID: 4BFG) with TM-score and RMSD values of 0.73 and 2.15, respectively. CD200 is a
commonly distributed membrane glycoprotein that regulates myeloid cell activity through its interaction with
an inhibitory receptor (CD200R) [18]. The receptor, CD200R1 is a glycoprotein type I that functioned in
delivering the immune inhibitory signal to CD200. It holds a transmembrane region, two Ig-like domains, and
a cytoplasmic tail containing an NXPY motif [19]. Herein, most of the aligned residues between ORF7a (PDB
ID: 6W37) and mouse CD200R protein (PDB ID: 4BFG) are located at the N-terminal of both proteins (Figure
1). This protein was further investigated for any aptamer-related studies in the literature, and the best aptamer
against this protein was identified as M49. The aptamer possesses 25 nucleotides at a random region and
flanked 25-mer of primer binding regions at 5" and 3" which is isolated from 15 rounds of SELEX procedure
[19].

2.2 Structural validation of CD200R and ORF7a of SARS-COV-2

The quality of both CD200R and ORF7a proteins was analyzed using PROCHECK and ProSA (Protein
Structure Analysis) webservers. The Ramachandran plots for the proteins are presented in Figure 2. The
CD200R and ORF7a proteins displayed 92.3% and 80.4% residues in the favored region, respectively with no
residue in the disallowed region (Figure 2). Next, the ProSA assessment is used to validate protein structures
obtained from X-ray analysis, NMR spectroscopy, and theoretical calculations [20]. The overall protein
structure quality for CD200R and ORF7a proteins was found to be in good model quality of Z-score at -5.96
and -3.09, respectively. This plot is useful to examine whether the z-score of the CD200R and ORF7a proteins
are within the range of scores normally observed for proteins of similar size belonging to one of these groups.
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Figure 1: (a) 3D structure of ORF7a protein of SARS-COV-2 (PDB ID: 6W37). (b) The superimposition of ORF7a of SARS-
COV-2 (PDB ID:6W37) (yellow) and the extracellular portion of mouse CD200R (PDB ID: 4BFG) (cyan).
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Figure 2: Ramachandran plot assessment generated using PROCHECK web server of CD200R (a) and ORF7a of SARS-
COV-2 (b) depicting 92.3% and 80.4% residues in the favored region, respectively. ProSA assessment of CD200R (c) and
ORF7a of SARS-COV-2 (d) indicate both structures reside in the range of scores similar to native structures derived from
NMR and X-ray.

2.3 3D structure of M49 aptamer

The secondary structure of M49 was modeled by the MFold web server based on the primary sequence
from the original paper [19]. The obtained aptamers possess DNA type-B conformation of the Watson-Crick
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base pairing model. M49 contains three sets of conformation at Stem I (G1-T12), Stem II (A14-C18), and Stem
I (A21-G26) with the presence of 2 small bulges and two loops. The modeled 3D structure was further
optimized to achieve thermodynamically stable after being generated using the RNAComposer webserver
(Figure 3). The structure generated was saved as .pdb files for molecular interaction analysis via docking
simulation.
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Figure 3: The (a) 2-D and (b) 3-D structure prediction of M49 DNA aptamers.

2.4 Molecular docking simulation of M49 aptamer with CD200R

We performed the computational DNA-protein docking approach to analyze structural complexes of
the M49 aptamer with CD200R protein. The intermolecular interaction analysis of the M49-CD200R complex
was performed using HDOCK [21] (http:/ /HDOCK.phys.hust.edu.cn/). The results indicated that the M49-
CD200R complex holds a docking energy score of -233.78. 100 poses were generated, and the highest binding
energy score was considered the best fit for the M49-CD200R complex.

Table 1 shows the docking output of the complex, including parameters such as interacting residues,
distance, and interaction type. Most of the interactions were contributed by hydrogen bonding at THR17,
THR21, GLU106, ASN113, and LYS116. The THR17 possesses a preference for thymine from the aptamer
region due to the methyl-methyl contact. The ASN113 demonstrates typical amino acid-base pair when
interacting with adenine [22] to produce a hydrogen bond. The interacting residue of THR17, ASN113, and
LYS116 act as a donor to the phosphate backbone of DNA.

Besides hydrogen bonding, salt bridge interaction was reported between the LYS116 of CD200R and
G509 of the M49 aptamer. Lysine’s side-chains play a vital role in protein-DNA recognition especially in the
formation of salt bridges with the negatively charged oxygen-phosphate groups [23].

Table 1: Docking simulation results and the interaction type between CD200R protein and M49 aptamer.

Interacting residue:nucleotide ~ Distance (A) Interaction type Donor Acceptor
THR17:DT61 2.29888 Hydrogen Bond THR17:0G1 DT61:0P2
ASN113: DA2 2.95726 Hydrogen Bond DA2:.C3' ASN113:0D1
GLU106: DC3 2.86828 Hydrogen Bond DC3:C3' GLU106:0E2
THR21:DC58 3.28354 Hydrogen Bond THR21:0G1 DC58:05'
GLN121: DG56 3.18702 Hydrogen Bond DG56:C3' GLN121:0E1
ASN113:DA2 3.38223 Hydrogen Bond ASNT13:ND2 DA2:0pP2
Hydrogen Bond; LYS116:NZ DG59:0P2
LYS116:DG59 3.68838 Electrostatic; Salt
bridge
THR21: DC58 3.54888 Hydrogen Bond DC58:Co6 THR21:0G1
LYS51:DA5 4.43041 Electrostatic LYS51:NZ DA5:0P2
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Figure 4: The overall structures of the CD200R (yellow) and M49 aptamer (grey). The enlarged figure (right) shows the
hydrogen bond interactions observed at Thr17, Thr21, Glu106, and GIn121 of CD200R (green) and DA2, DC3, DG56, and
DC58 of M49 aptamer (cyan).

2.5 Molecular docking simulation of M49 aptamer with ORF7a

The intermolecular interaction analysis of the M49-ORF7a complex was performed using HDOCK.
The docking energy score of the M49-ORF7a aptamer-protein complex is -220.11 with the presence of
hydrogen bonding and electrostatic interaction. The ORF7a protein-interacting side contains polar amino acids
such as THR3, TYR5, GLN6, ASN28, THR46, GLN47, and GLNG61. They are important for hydrogen bonding
formation with the M49 aptamer at stems I and II containing DG11, DT12, DC50, DG52, and DT53.

Lysine and arginine side chains are important in nucleotide binding, either via hydrogen bond
formation or electrostatic interactions [23], as demonstrated by ARG63, ARG65, and LYS57 of ORF7a protein.
In the protein-DNA interaction, hydrogen bonds demonstrate the strongest specificity [24].

Table 2: Docking simulation results and the interaction type between ORF7a protein and M49 aptamer.

Interacting residue:nucleotide ~ Distance (A)  Interaction type Donor Acceptor
THR46 : DG11 2.26934 Hydrogen Bond THR46:0G1 DG11:0P2
TYR3 : DT53 2.66322 Hydrogen Bond TYR3:N DT53:0P2
ASN28: DG11 2.62226 Hydrogen Bond ASN28:ND2 DG11:0P2

GLN61 : DT12 2.88731 Hydrogen Bond GLN61:NE2 DT12:04

GLN47: DT12 3.30172 Hydrogen Bond GLN47:NE2 DT12:04
TYRS5 : DG52 3.2651 Hydrogen Bond TYR5:N DG52:N7
GLN6: DC50 3.30312 Hydrogen Bond GLN6:NE2 DC50:05'
LYS57:DC9 3.17472 Hydrogen Bond; LYS57:NZ DC9:0P2
ARG63:DG13 3.79268 Electrostatic; Salt ARG63:NH1 DG13:0P2
ARG65:DG49 3.39068 bridge ARG65:NH2 DG49:0P2
ARG10:DT12 45608 Electrostatic ARGI0:NH1 DT12:0P2
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Figure 5: The ORF7a (green)- M49 aptamer (grey) complex. The enlarged figure (right) shows hydrogen bond
interactions were observed at Thr3, Asn28, Glu61, and Thr46 of ORF7a protein of SARS-COV-2 (green) and DT11, DT12,
and DT53 of M49 aptamer (cyan).

The HDOCK docking energy score is negatively correlated with the binding energy. A negative value
shows a spontaneous reaction between aptamer with the protein complex. Thus, the M49-CD200R aptamer-
protein complex has a higher binding affinity than the M49-ORF7a aptamer-protein complex. This is due to
the presence of multiple hydrogen bonding in the M49-CD200R complex as compared to the M49-ORF7a
complex and the addition of salt bridges and charges amino acids residue.

The present study focuses on the potential of structural similarity of two different proteins that bind
to the same aptamer. It was observed that the binding sites of the proteins were different albeit sharing a
similar structure. This suggested that the factor for aptamer and target ligand interaction is not solely on the
higher similarity of the two proteins as a whole but also multifactorial such as the folding, the exposure, and
the sequence of the binding region.

Besides this finding, the interacting hydrogen bonds in ORF7a of SARS-COV-2 mentioned previously
are conserved in the ORF7a of the SARS-COV. This is because the conservation of base-contacting positions is
dependent on the family's binding class [24]. In this case, the ORF7a-contacting positions between SARS-COV-
2 and SARS-COV are highly specific, and the M49 aptamer may be able to interact with the ORF7a protein of
SARS-COV.

3. CONCLUSION

In conclusion, the in silico study demonstrated the ability of M49 aptamer to bind to the ORF7a protein
of SARS-COV-2. The hydrogen bond is the dominant interaction for the formation of both M49-CD200R and
M49-ORF7a complexes. M49 interacts with different amino acids from different binding regions of both
CDR200 and ORF7a, suggesting the structural similarity of a protein is not the main factor for the aptamer
binding site but more on the suitability of the remote region. In the future, more research on optimization of
the M49 aptamer against ORF7a protein is necessary, such as rational truncation or mutagenesis, to enhance
its specificity using an in silico approach.

4. MATERIALS AND METHODS
4.1 Structural similarity of ORF7a of SARS-COV-2

The sequence and 3D structure of ORF7a were retrieved from UniProt (UniProtKB: PODTC7) and
Protein Data Bank (PDB ID: 6W37), respectively. The protein structural alignment of ORF7a was performed
using the mTM-align webserver (Dong et al., 2018). This server offers fast protein structure database search
and multiple protein structure alignment. The input file format was .pdb or mmCIF. The list of proteins
obtained from the output was filtered based on their availability of aptamer from a previous study. In this
study, the protein with high similarity with ORF7a is murine CD200R which possesses a DNA aptamer named
M409.
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Figure 6: Workflow was used in this study. It consists of five main steps, involving identifying the protein with
high similarity with ORF7a protein of SARS-COV-2 using TM-align (step 1), assessing the 3-D structure of the resulting
protein in Protein Databank (step 2), finding the aptamer sequence of resulting protein from the literature search (step 3),
constructing the 3-D structure of aptamer in silico (step 4) and molecular docking simulation (step 5).

4.2 3D structure preparation of ORF7a and its validation

The crystal structure of ORF7a was obtained from RCSB PDB (PDB ID:6W37). Further, the ORF7a model
was then subjected to stereochemical validation using PROCHECK and PROSA Web server
(https:/ /prosa.services.came .sbg.ac.at/ prosa.php) were employed to select a high-quality model for docking
studies. Ramachandran plot was generated for the model to visualize energetically allowed regions for
backbone y (psi) and ¢ (phi) dihedral angles of amino acid residues.

4.3 3D structure preparation of M49 DNA aptamer

In this study, the primary sequence of M49 aptamer -
GACGATAGCGGTGACGGCACAGACGGACGTGACATGCTTGACCAACTCGCCGTATGCCGCTTCCGT
CCGTCGCTC-3') was obtained from Prodeus et al., 2014 [19]. The sequence M49 was further examined using
MFold web server [25] for linear ssDNA secondary folding structure prediction and hybridization. The input
(dot-bracket format) obtained from Mfold was further investigated using RNA Composer
(http:/ /rnacomposer.ibch.poznan.pl/Home). As the algorithm of this software is in RNA form, thymine (T)
in the DNA sequence was replaced with uracil (U) automatically. Therefore, the modifications of uracil to
thymine and sugar ribose to deoxyribose were performed using Discovery Studio Visualizer (DSV) software
(Windows version 2017 R2 V17.0.16349). After both steps of modifications, ssDNA was constructed, and the
structure were energy minimized using UCSF Chimera 1.13 [26]. The structural prediction pipeline used in
this manuscript has been validated (data not shown) by comparing the Root Mean Square Deviation (RMSD)
value with the hairpin structure deposited in PDB. The optimized structure was saved in .pdb file format for
docking analysis.

4.4 Molecular docking simulation

To identify the binding pattern of the M49 aptamer and ORF7a model, we performed the molecular
docking simulation using HDOCK. The obtained PDB files of the proteins and M49 aptamer were used as the
input receptor and ligand molecule, respectively, in HDOCK [21]. As the binding sites of ORF7a are unknown,
blind docking was first performed. The scoring energy produced from HDOCK was used to analyze the
possible binding site between M49 aptamer and ORF7a. The intermolecular interaction in the complex was
visualized using PyMol and DSV.
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