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Abstract: One notable features of the SARS-CoV-2 genome is that the spike protein of SARS-CoV-2
has a functional polybasic (furin) cleavage site (RRAR) at the S1-S2 boundary through the insertion
of 12 nucleotides encoding PRRA. To date, the furin cleavage site (FCS) remains an experimentally
uncharted territory both structurally and functionally. For instance, whether or not FCS is actually
cleaved, before or after viral cell entry or exit, still remains to be experimentally investigated. With
currently available structural data, this article presents a computational structural characterization of
the FCS inserted into SARS-CoV-2 spike glycoprotein, and puts forward a set of structural hypothesis
against the hypothesis of SARS-CoV-2 from purposeful manipulation: (1), the inserted FCS does
not alter, neither stabilize nor de-stabilize, the overall structure of SARS-CoV-2 spike glycoprotein;
(2), the net structural consequence of FCS is the insertion of a furin cleavage site into SARS-CoV-2
spike glycoprotein, whose S1 and S2 subunits will still be bonded together even if the FCS is actually
cleaved by furin protease.
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1. Introduction

It has been more than three months since the emergence of the COVID-19 coronavirus disease
[1-4]. The past three months saw a considerable amount of studies of SARS-CoV-2, the causative virus
of COVID-19 [5-9]. The membrane of SARS-CoV-2 harbours a trimeric ([10]) transmembrane spike
(S) glycoprotein, which is essential for the entry of virus particles into the cell. The S protein contains
two functional domains: a receptor binding domain (RBD) [11], and a second domain which contains
sequences that mediate fusion of the viral and cell membranes [12-16].

Recently, it was reported that the spike glycoprotein of SARS-CoV-2 contains a potential
cleavage site for furin protease, including four residues (Pro681, Arg682, Arg683 and Ala684) [17-21].
Specifically, Arg682, Arg683, Ala684 and Arg685 constitute the minimal polybasic furin cleavage
cite, i.e., RXYR, where X or Y should be Arg or Lys. In the midst of this COVID-19 public health
emergency, this polybasic furin cleavage site (FCS) is reportedly linked to a natural selection, instead of
purposeful manipulation, -based hypothesis of the origin of the global COVID-19 pandemic [17,22-26].
Irrespective of this hypothesis [17], it still remains elusive what the actual structural consequence
is for this polybasic FCS to be inserted into the spike protein of SARS-CoV-2 at the boundary of its
two subunits. Therefore, with FCS being the focus here, this article incorporates currently available
structural data [27] and aims to uncover the structural impact of the FCS’s insertion into the spike
glycoprotein of SARS-CoV-2 at the boundary of its two subunits.

2. Materials and Methods

With the GenBank identification number (QHD43416.1) of surface glycoprotein [Severe acute
respiratory syndrome coronavirus 2], its amino acid sequence of was retrieved and listed below,

MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWF
HAIHVSGTNGTKRFDNPVLPFNDGVYFASTEKSNIIRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEF
QFCNDPFLGVYYHKNNKSWMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDG
YFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVG
YLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSFTVEKGIYQTSNFRVQPTESIVRFPNITNLCPF
GEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGD
EVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIY
QAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCV
NENFNGLTGTGVLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITPGTNTSNQ
VAVLYQDVNCTEVPVAIHADQLTPTWRVYSTGSNVFQTRAGCLIGAEHVNNSYECDIPIGAGICASY
QTQTNSPRRARSVASQSITAYTMSLGAENSVAYSNNSIAIPTNFTISVTTEILPVSMTKTSVDCTMYIC
GDSTECSNLLLQYGSFCTQLNRALTGIAVEQDKNTQEVFAQVKQIYKTPPIKDFGGFNFSQILPDPSK
PSKRSFIEDLLFNKVTLADAGFIKQYGDCLGDIAARDLICAQKFNGLTVLPPLLTDEMIAQYTSALLAG
TITSGWTFGAGAALQIPFAMQMAYRFNGIGVTQNVLYENQKLIANQFNSAIGKIQDSLSSTASALGKL
QDVVNQNAQALNTLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLITGRLQSLQTYVTQQLIRAA
EIRASANLAATKMSECVLGQSKRVDFCGKGYHLMSFPQSAPHGVVFLHVTYVPAQEKNFTTAPAIC
HDGKAHFPREGVFVSNGTHWFVTQRNFYEPQITTDNTFVSGNCDVVIGIVNNTVYDPLQPELDSFK
EELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYEQYIKWPWYIW
LGFIAGLIAIVMVTIMLCCMTSCCSCLKGCCSCGSCCKFDEDDSEPVLKGVKLHYT

First, the sequence above was plugged into the SwissModel [28] server to search for an
experimental structure of the spike protein of SARS-CoV-2. The structure search led to an experimental
structure (PDB ID: 6VSB), i.e., prefusion 2019-nCoV spike glycoprotein with a single receptor-binding
domain up [10]. The sequence similarity between PDB ID 6VSB and GenBank ID QHD43416.1 is as
high as 99.26%. Therefore, PDB ID 6VSB was used by the SwissModel [28] server subsequently to
build a homology structural model of the spike protein of SARS-CoV-2. Afterwards, the homology
structural model of the spike protein of SARS-CoV-2 was subject to a comprehensive set of electrostatic
interaction analysis as described in [29] previously, and also a set of solvent accessible surface area
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analysis by DSSP [30,31] to delve into the structural implication of the FCS inserted into the spike
protein of SARS-CoV-2.

According to the solvent accessible surface area values, amino acid residue of a protein can be
classified as buried or exposed according to a comparison with its standard solvent accessible surface
area value contained in the "standard.data" file (supplementary file standard.data) available with the
Naccess software distribution [32].

3. Results

3.1. Electrostatic analysis of the structural model of the spike protein of SARS-CoV-2

With the electrostatic analysis as described previously in [29], this article puts forward a
comprehensive set of electrostatic interaction analysis for the structural model (supplementary file
model.pdb) of the spike protein of SARS-CoV-2. The result of the electrostatic analysis is included in
supplementary file supplementary.pdf.

Specifically,

1. no hydrogen bond was structurally identified from the whole structure of spike protein of
SARS-CoV-2 (supplementary file model.pdb), neither main chain nor side chain hydrogen bond.
2. no salt bridge was structurally identified for the three basic residues at FCS (Arg682, Arg683 or
Arg685), according to a close inspection of all tables in the supplementary file supplementary.pdf.

In brief, the inserted FCS is not involved in any electrostatic interaction within the spike protein
of SARS-CoV-2.

3.2. Solvent accessible surface area analysis of the spike protein of SARS-CoV-2

To actually delve into the structural implication of the FCS inserted into the spike protein of
SARS-CoV-2, it is necessary to first take a close look at the spatial location of FCS in the overall structure
of the spike protein of SARS-CoV-2.

Figure 1. An overall structure of the spike protein of SARS-CoV-2 in green cartoon. In this figure, the
inserted FCS fragment from Chain B is coloured red. This figure is prepared using PyMol [33] with
supplementary file model.pdb as the input.

do0i:10.20944/preprints202003.0428.v1


https://doi.org/10.20944/preprints202003.0428.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 March 2020 d0i:10.20944/preprints202003.0428.v1

4 0f9

As shown in Figure 1, the inserted FCS is spatially located at a random coil loop region with no
structural proximity to other part of the structure of the spike protein of SARS-CoV-2. In light of the
electrostatic analysis that the inserted FCS is not involved in any electrostatic interaction within the
spike protein of SARS-CoV-2, this observation suggests that the inserted FCS does not alter, neither
stabilize nor de-stabilize, the overall structure of SARS-CoV-2 spike glycoprotein.

To further examine the structural implication of the FCS inserted into the spike protein of
SARS-CoV-2, a set of quantitative solvent accessible surface area analysis by DSSP [30,31] was
conducted for all three chains in the structure of the spike protein of SARS-CoV-2. The details
of the solvent accessible surface area analysis is included in supplementary file model.dssp.

Specifically, the details of the solvent accessible surface area analysis is included in Table 1 for

FCS as below,
Residue ID | ChainID | Residue Name | Residue Name | Value (A2) | Reference (A% | Value/Reference
681 A P PRO 40 136.13 0.29
682 A R ARG 214 238.76 0.90
683 A R ARG 193 238.76 0.81
684 A A ALA 17 107.95 0.16
685 A R ARG 79 238.76 0.33
681 B P PRO 112 136.13 0.82
682 B R ARG 175 238.76 0.73
683 B R ARG 214 238.76 0.90
684 B A ALA 59 107.95 0.55
685 B R ARG 60 238.76 0.25
681 C P PRO 135 136.13 0.99
682 C R ARG 93 238.76 0.39
683 C R ARG 168 238.76 0.70
684 C A ALA 21 107.95 0.19
685 C R ARG 149 238.76 0.62

Table 1. A quantitative analysis by DSSP [30] of the solvent accessible surface areas and relative
accessibilities of the FCS. The relative accessibilities are calculated for each amino acid in the protein
by expressing the various summed residue accessible surfaces as a ratio (Value/Reference) of that
observed in a ALA-X-ALA tripeptide built using the QUANTA molecular graphics package [32]. In
this table, for residues A and B, one of them is to be located upstream (residue ID smaller than 681)
of the polybasic FCS, while the other is to be located downstream (residue ID larger than 685) of the
polybasic FCS.

In addition to Table 1, subsequent quantitative analysis demonstrated that the average relative
accessibilities of the FCS are 56.54%, 64.55% and 58.93% for all three (A, B and C) chains in the trimeric
[10] structure of the spike protein of SARS-CoV-2, respectively. By and large, this result classifies the
FCS as exposed, instead of buried, in all three chains of the homology structural model (supplementary
file model.pdb) of the spike protein of SARS-CoV-2.

This quantitative relative accessibility analysis, along with the visual inspection of Figure 1,
suggests that the net structural consequence of FCS is the insertion of a furin cleavage site into
SARS-CoV-2 spike glycoprotein, leading to a further question: what if FCS is actually cleaved by furin
protease?

3.3. What happens if the inserted polybasic FCS is actually cleaved by furin protease?

To chart out what happens if the inserted polybasic FCS is actually cleaved by furin protease, a
similar set of salt bridging analysis was conducted for the trimeric [10] structure of the spike protein of
SARS-CoV-2, with the difference being that the whole structure was splitted into two parts: the first
part consists of three (chains A, B and C) S1 structural fragments, i.e., before the polybasic FCS, while
the second part consists of three (chains A, B and C) S2 structural fragments, i.e., after the polybasic
FCS. The purpose of this specific set of salt bridging analysis is to identify all salt bridges that connect
the two parts together even if the inserted polybasic FCS is actually cleaved by furin protease.
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Model.pdb | A_ARG_319 B_ASP_737 2.735
Model.pdb | A_ARG_319 B_ASP_737 3.982
Model.pdb | B_ARG_319 C_ASP_745 3.565

Model.pdb C_LYS_854 B_ASP_614

Table 2. Inter-part salt bridging analysis of the spike protein of SARS-CoV-2 with FCS at the boundary
of its S1 and S2 units. In this table, the residue naming scheme is Chain ID_residue name_residue
number.

From Table 2, it is quite clear that a series of inter-chain salt bridges still exist at the interface
of the two parts generated from the hypothesized cleavage of the polybasic FCS by furin protease.
For instance, a total of four inter-chain salt bridges still exist at the interface of chains B and C of the
trimeric spike protein of SARS-CoV-2, as shown in Figures 2, 3 and 4. This set of four inter-chain salt
bridges constitute a strong electrostatic force towards the structural stabilization of the interface of
the trimeric [10] structure of the spike protein of SARS-CoV-2, even if the inserted polybasic FCS is
actually cleaved by furin protease.

Figure 2. An overall view of the salt bridged residue pair B_ARG_319 and C_ASP_745 (Table 2). This
figure is prepared using PyMol [33] with supplementary file model.pdb as the input. In this figure,
the three (A, B and C) chains of the spike protein of SARS-CoV-2 is shown as green, cyan and purple

cartoons, the residue naming scheme is Chain ID, residue name, residue number.
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Figure 3. A detailed view of the salt bridged residue pair B_ARG_319 and C_ASP_745 (Table 2). This
figure is prepared using PyMol [33] with supplementary file model.pdb as the input. In this figure,
the three (A, B and C) chains of the spike protein of SARS-CoV-2 is shown as green, cyan and purple
cartoons, the residue naming scheme is Chain ID, residue name, residue number.

Figure 4. A detailed view of the salt bridged residue pair B_ARG_319 and C_ASP_745 (Table 2). This
figure is prepared using PyMol [33] with supplementary file model.pdb as the input. In this figure,
the three (A, B and C) chains of the spike protein of SARS-CoV-2 is shown as green, cyan and purple
cartoons, the residue naming scheme is Chain ID, residue name, residue number, the four salt bridges
are shown here with a series of dotted yellow lines, with their lengths being 2.6, 2.6, 3.3 and 3.5 A,

respectively.


https://doi.org/10.20944/preprints202003.0428.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 March 2020 d0i:10.20944/preprints202003.0428.v1

7 of 9

Overall, this structural analysis supports the hypothesis that the S1 and S2 subunits of the spike
protein of SARS-CoV-2 will still be structurally connected with each other, at least electrostatically [34],
even if the FCS is actually cleaved by furin protease.

4. Conclusion and Discussion

With currently available structural data [27], this article presents a computational structural
characterization of the FCS inserted into SARS-CoV-2 spike glycoprotein, and puts forward a set of
structural analysis against the hypothesis of SARS-CoV-2 from purposeful manipulation:

1. the inserted FCS does not alter, neither stabilize nor de-stabilize, the overall structure of
SARS-CoV-2 spike glycoprotein.

2. the net structural consequence of FCS is the insertion of a furin cleavage site into SARS-CoV-2
spike glycoprotein.

3. the S1 and S2 subunits of the spike glycoprotein of SARS-CoV-2 will still be bonded together, at
least electrostatically [34], even if the FCS is actually cleaved by furin protease.

Finally, of the inserted FCS in the spike protein of SARS-CoV-2, the structural analysis here
constitutes a preliminary starting point pointing towards a comprehensive structural and functional
understanding of the spike protein of the causative virus of COVID-19 [5-9].
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