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SUMMARY

COVID-19 broke out in the end of December 2019 and is still spreading rapidly,
which has been listed as an international concerning public health emergency.
We found that the Spike protein of SARS-CoV-2 contains a furin cleavage site,
which did not exist in any other betacoronavirus subtype B. Based on a series
of analysis, we speculate that the presence of a redundant furin cut site in its
Spike protein is responsible for SARS-CoV-2's stronger infectious nature than
other coronaviruses, which leads to higher membrane fusion efficiency. Subse-
quently, a library of 4,000 compounds including approved drugs and natural
products was screened against furin through structure-based virtual screening
and then assayed for their inhibitory effects on furin activity. Among them, an
anti-parasitic drug, diminazene, showed the highest inhibition effects on furin
with an IC5o of 5.42 + 0.11 uM, which might be used for the treatment of
COVID-19.

INTRODUCTION

A novel coronavirus (SARS-CoV-2) infectious disease broke out in the end of December 2019 and is still
spreading rapidly, which has been listed as an international concerning public health emergency. As of
August 17, 2020, a total of 21,777,834 patients have been diagnosed and 776,544 have died worldwide.
This disease is caused by a novel coronavirus, which was named “2019-nCoV" by the World Health Orga-
nization, and the disease caused by 2019-nCoV was named COVID-19. 2019-nCoV, as a close relative of
SARS-CoV, was classified as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by the Interna-
tional Committee on Taxonomy of Viruses on February 11, 2020.

Coronaviruses (CoVs) are mainly composed of four structural proteins, including Spike (S), Membrane (M),
Envelope (E), and Nucleocapsid (N) (Bosch et al., 2003). Spike, a trimeric glycoprotein of CoVs, determines
the diversity of CoVs and host tropism and mediates CoVs' binding to host cells surface-specific receptors
and virus-cell membrane fusion (Lu et al., 2015). Current research found that SARS-CoV-2 belongs to the
B-coronavirus genus and speculated that it may interact with angiotensin-converting enzyme 2 (ACE2)
on the surface of human cells through Spike protein, thereby infecting human respiratory epithelial cell
(Xu et al., 2020). Letko and Munster then identified the receptor for SARS-CoV-2 entry into human cells
to be ACE2 (Letko et al., 2020).

Coronavirus Spike protein plays a key role in the early stages of viral infection, with the S1 domain respon-
sible for receptor binding and the 52 domain mediating membrane fusion (Belouzard et al., 2009). The pro-
cess of SARS-CoV infecting the host involves two indispensable cleaving processes, which affect the infec-
tious capacity of SARS-CoV. First, Spike was cleaved into receptor-bound N-terminal S1 subunit and
membrane-fusion C-terminal S2 subunit by the host proteases at $1/S2 cleavage site (such as type Il trans-
membrane serine protease [TMPRSS2], cathepsins Band L) (Glowacka etal., 2011; Zhou et al., 2015). Second,
after CoVs are endocytosed by the host, the lysosomal protease mediates cleavage of S2 subunit (52’ cleav-
age site) and releases the hydrophobic fusion peptide to fuse with the host cellmembrane (Kam et al., 2009).

Furin, a kind of proprotein convertases (PCs), is located in the trans-Golgi network and activated by acid pH
(Feliciangeli et al., 2006). Furin can cleave precursor proteins with specific motifs to produce mature
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proteins with biological activity. The first (P1) and fourth (P4) amino acids at the N terminus of the substrate
cleavage site must be arginine "Arg-X-X-Arg | " (R-X-X-R, X: any amino acid, |: cleavage site). Kibler et al.
demonstrated that the Spike protein $1/52 and S2’ cleavage sites of the infectious bronchitis viruses (IBVs)
Beaudette strain can be recognized by furin, which is a distinctive feature of IBV-Beaudette with other IBVs
and has stronger infection ability (Tay et al., 2012; Yamada and Liu, 2009). Based on the characteristics of
furin’s recognition substrate sequence, some short peptide inhibitors have been developed, such as
Decanoyl-Arg-Val-Lys-Arg-chloromethylketone (Dec-RVKR-CMK) and modified al-antitrypsin Portland
(a1-PDX). However, the non-specific and irreversible inhibitory effects on all members of the PC family limit
their application (Henrich et al., 2003; Matsuyama et al., 2018). No small molecule inhibitor of furin with
good effects and high specificity has been found so far.

The epidemiological observations showed that the infectious capacity of SARS-CoV-2 is stronger than that
of SARS-CoV, so there are likely to be other mechanisms to make the infection of SARS-CoV-2 easier. We
suppose the main possibilities as follows: first, SARS-CoV-2 RBD combining with ACE2 may have other con-
formations; second, the SARS-CoV-2 Spike protein can also bind to other receptors besides ACE2; third,
Spike is more easily cleaved by host proteases and easily fused with host cell membrane. We compared
the Spike proteins from three sources, SARS-CoV-2, SARS-CoV, and Bat-CoVRaTG13, and found that the
SARS-CoV-2 virus sequence had redundant PRRA sequences. Through a series of analyses, this study pro-
poses that one of the important reasons for the high infectivity of SARS-CoV-2 is a redundant furin cleavage
site in its Spike protein. And through structure-based virtual ligand screening and in vitro enzyme-based
assay, the anti-parasitic drug diminazene was found to show competitive inhibition on furin, with ICsg of
542 £ 0.11 pM.

RESULTS
Bioinformatics Analysis Reveals Furin Cut Site in Spike Protein of SARS-CoV-2

By sequence alignment of Spike protein sequence of SARS-CoV-2 with its highly homologous sequences, it
was found that the Spike cleavage site of SARS-CoV-2 possessed four redundant amino acids—PRRA, and
these were not found in those of high-homology sequences, thus forming a furin-like restriction site as
RRAR (Figures ST and S2). Through prediction in ProP 1.0 Server, it is true that the sequence was easily di-
gested by furin (Figure S3). To explore the evolution of this sequence, we used the BLASTp method to find
1,000 homologous Spike sequences with homology from 100% to 31%, which are all from B-CoVs. Multiple
sequence alignments were performed on these thousands of Spike sequences. One sequence was
selected from each highly homologous class (homology greater than 98.5%) for further sequence align-
ment, and about 155 sequences were finally selected. A homologous multiple sequence alignment was
performed on these 155 sequences, and then a phylogenetic tree was constructed (Figure 1). As shown
in the phylogenetic tree, the Spike of SARS-CoV-2 exhibited the closest linkage to those of Bat-SL-CoV
and SARS-CoV, and far from those of MERS-CoV, HCoV-HKU1, and HCoV-OC43. In general, most of the
Spike proteins in a-CoVs do not contain a furin cleavage site, but it is very popular in y-CoVs' Spike protein,
and with or without furin cleavage site are common in B-CoVs (Millet and Whittaker, 2015). We systemat-
ically analyzed the four subtypes of B-CoVs and found that only SARS-CoV-2 in the subtype B B-CoVs con-
tains the furin cleavage site, and most of the subtype A B-coronaviruses contain the furin restriction site.

We performed furin digestion site prediction on the sequence of each type of coronavirus Spike through
online software. It was found that all Spike with a SARS-CoV-2 Spike sequence homology greater than 40%
did not possess a furin cleavage site (Figure 1, Table 1), including Bat-CoV RaTG13 and SARS-CoV (with
sequence identity as 97.4% and 78.6%, respectively). The furin cleavage site “RRAR” of SARS-CoV-2 is
unique in its family, rendering by its unique insert of “PRRA.” The furin cleavage site of SARS-CoV-2 is
unlikely to have evolved from MERS, HCoV-HKU1, and so on. From the currently available sequences in da-
tabases, it is difficult for us to find the source. Perhaps there are still many evolutionary intermediate se-
qguences waiting to be discovered.

By analysis of the SARS-CoV-2 Spike protein sequence, we found that most of features are similar to those
of SARS-CoV. It has an N-terminal signal peptide and is divided into two parts, S1 and S2. Among them, S1
contains N-terminal domain and receptor-binding region and S2 is mainly responsible for membrane
fusion. The C-terminal region of S2 is S2, containing a fusion peptide, heptad repeat 1, heptad repeat
2, and a transmembrane domain (Figure 2A). There are two cleavage sites between S1 and S2/, named
CS1 and CS2. However, there are some differences in these two cleavage sites.
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Figure 1. Evolutionary Relationships of Taxa

The evolutionary history was inferred using the neighbor-joining method. The bootstrap consensus tree inferred from
500 replicates is taken to represent the evolutionary history of the taxa analyzed. Branches corresponding to partitions
reproduced in less than 50% bootstrap replicates are collapsed. The evolutionary distances were computed using the
Poisson correction method and in the units of the number of amino acid substitutions per site. The analysis involved
155 amino acid sequences. All positions containing gaps and missing data were eliminated. There are a total of

711 positions in the final dataset. Evolutionary analyses were conducted in MEGA7. Red shading means containing
cleavage site in sequences and yellow shading means no cleavage site in sequences. All sequences are from
B-coronavirus, and the four subtypes are marked in different outline colors.

Unlike SARS-CoV, SARS-CoV-2 contains polybasic amino acids (RRAR) at the CS1 digestion site, and trypsin
digestion efficiency will be significantly improved here (Belouzard et al., 2009). More importantly, as
mentioned above, this site can be recognized and cleaved by the furin enzyme. The cleavage of Spike pro-
tein promotes structural rearrangements of RBD for the adaptation to receptor, thus increasing the affinity
(Walls et al., 2019). More importantly, the digestion of Spike is indispensable for membrane fusion of S2
part (Kirchdoerfer et al., 2016). In this case, the cleavage efficiency of the SARS-CoV-2 Spike protein cleav-
age is significantly higher than that of SARS-CoV, and the SARS-CoV-2 Spike protein could be cleaved dur-
ing the process of biosynthesis, which has been verified by a recent research (Walls et al., 2020) (Figure 2B).
The receptor affinity and membrane fusion efficiency of SARS-CoV-2 would be significantly enhanced when
compared with that of SARS-CoV. The membrane fusion of SARS-CoV-2 Spike protein is more likely to
occur on the host cell plasma membrane. This may explain the strong infectious capacity of SARS-CoV-
2. So, the development of furin inhibitors may be a promising approach to block its transmissibility.

Homology Modeling and Protein-Protein Docking Calculation

In our previous studies (Wu et al., 2020), both SARS and SARS-CoV-2 Spike RBD structures have been
docked with human ACE2 to calculate their binding free energy. In that time, the complex structure of
SARS-CoV-2 RBD with ACE2 was not available. Its energy was calculated based on the homology model
generated from SARS_RBD-ACE2 complex. The binding free energy between the SARS-CoV-2 Spike
RBD and human ACE2 was —33.72 KCal mol™" and that between SARS-CoV Spike RBD and ACE2 was
—49.22 KCal mol™". This means the binding affinity between SARS-CoV-2 Spike and ACE2 is weaker
than that of SARS Spike. During this manuscript preparation, the structure of SARS-CoV-2 Spike RBD-
ACE2 complex was disclosed (Wang et al., 2020). Based on this new real structure of SARS-CoV-2 Spike
RBD-ACE2 complex, we re-did the calculation and found that the binding free energy between SARS-
CoV-2 Spike RBD and ACE2 was —50.13 kcal mol™" (Figure S4). This means the binding affinity between
SARS-CoV-2 Spike and ACE2 is slightly stronger than that of SARS Spike. By inspecting the crystal structure
of SARS-CoV-2 RBD-ACE2 complex and SARS RBD-ACE2 complex, one can find that one key loop of SARS-
CoV-2 RBD in the complex interface had very different conformation compared with that of SARS RBD and
previously modeled SARS-CoV-2 RBD (Figure S5).
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Description Accession No. CS1 Sequence Furin Score” Identity®
SARS-CoV-2 QHR63250.1 NSPRRAR/SV 0.620 100%

Bat-CoV-RaTG13 QHR63300.1 QTQTNSR/SV 0.151 97.4%
Bat-SL-CoV AVP78042.1 HTASILR/ST 0.170 80.3%
SARS-CoV ABF68955.1 QLTPAWR/IY 0.117 76.0%
Bat-CoV HKU5 AGP04941.1 PSARLAR/SD 0.697 37.1%
MERS-CoV QBM11737.1 LTPRSVR/SV 0.563 35.0%
Rat-CoV AFG25760.1 TAHRARR/SV 0.879 36.3%
MHV ABS87264.1 TSHRARR/SI 0.861 36.9%
HCoV-HKU1 AGT17758.1 SSRRKRR/GI 0.744 36.8%
Rodent-CoV ATP66727.1 TARRKRR/AL 0.795 37.3%
B-CoV sp AYR18670.1 ATRRAKR/DL 0.753 35.9%
Equine-CoV BAS18866.1 TARRQRR/SP 0.815 37.1%
Porcine-CoV ARC95227.1 TSLRSRR/SL 0.758 36.1%
Bovine-CoV QGW57589.1 TKRRSRR/AI 0.780 37.5%
Canine-CoV ABG78748.1 TQRRSRR/SI 0.832 37.1%
Camel-CoV HKU23 ALA50080.1 IDRRARR/FT 0.718 36.5%
Rabbit-CoV HKU14 AFE48805.1 TLQPSRR/AI 0.629 37.7%
Human-CoV OC43 AMK59677 .1 KTRRSRR/AI 0.720 36.8%

Table 1. Furin Cleavage Probability of Spike Sequence Homology
#Scores are predicted by ProP 1.0 Server. Scores above 0.5 mean furin cleavable.
bldentities compared with SARS-CoV-2 Spike protein.

To further explore the possible mechanism of furin cleaving SARS-CoV-2 Spike, we perform protein-
protein docking for furin and Spike. We already built a homology model of SARS-CoV-2 Spike in our
recently published article (Wu et al., 2020). SARS-CoV-2 Spike structure was built by using the SARS-
CoV Spike structure as the template (PDB: 5X58) (Yuan et al, 2017). To verify the accuracy of
homologous modeling, we aligned the computational structure of the SARS-CoV-2 Spike that modeled
from the SARS-CoV spike with its cryoelectron microscopic (cryo-EM) structure (PDB: 6VXX) that was
just solved and released when this manuscript was being revised and submitted (Walls et al., 2020).
The computational model of the SARS-CoV-2 Spike showed a Co root-mean-square deviation of
1571 A on the overall structure compared with the SARS-CoV-2 Spike cyro-EM structure, demon-
strating a very subtle difference.

By superimposing the SARS-CoV Spike with the SARS-CoV-2 Spike, we can find that the major confor-
mation differences between two structures are the RBD domain, Arg685/677 loop region (furin/trypsin/
TMPRSS2 cut site), and S2 loop region just after fusion peptide (Figure 3A). The trypsin/TMPRSS2 cut
sites of both SARS-CoV and SARS-CoV-2 Spikes were disordered and missing from the original cryo-EM
structures possibly due to their flexibility and lack of electro density; we built this region by modeling
software. The “PRRA" inserting in this region of SARS-CoV-2 apparently generates the more flexible
loop region and accessible cut site for protease. We performed protein-protein docking by setting
SARS-CoV-2 Spike furin cleavage loop as the receptor and furin active pocket as the ligand
(Figure 3B). The protein-protein docking results showed that furin acidic/negative active pocket can
be well fitted onto the SARS-CoV-2 Spike basic/positive $1/S2 protease cleavage loop with low energy
(—18.43 KCal mol™"). This implies that the extra “PRRAR" loop of SARS-CoV-2 Spike renders it more
fragile to the protease. And this may allow this site to be cut during the maturation, efficiently
enhancing the infection efficiency.

4 iScience 23, 101642, October 23, 2020

iScience



iScience ¢? CellPress
OPEN ACCESS

A
Receptor binding Domain
Signal peptide
T e Receptor binding motif Fusion peptide Hetad repeat 1 Hetad repeat 2
! — 0 —
1 I_-mm-—-l.-m- 1273
13 437 J 508 “541 1234
Furin/Trypsin/TMPRSS2 Cathepsin L Trypsin/TMPRSS2 ™
(R685‘ (T696) (R815)
SARS-CoV-2 672 QIQIN SPRRARSIVASQ P SIP
SARS-CoV 658 HEVISLL - - - - RS|ITS QK PLKP
Trypsi/TMPRSS2 ~ Cathepsin L Trypsin/TMPRSS2
(R677) (T678) (R797)
L 1)
B &> SARS-CoV

= $ARS-CoV-2

. e
hu,;;;@g\mmemnm G Yon¥omle V‘n&#ﬂ‘sm&m%ﬂn%ﬂmﬁmm \\\‘ Spike
g fusion | Y ACE2
, ‘ Furin
\ @ t™RPCC2
/" replication @ Cathepsins
‘Trypsin

Protein ¥ [}

. g 8  —
o e & b biosynthesis @
Protein OD » @ ¢ & ( .

biosynthesis /
/"
\ =7

Rre

Figure 2. Analysis of SARS-CoV-2 Spike Protein and Its Membrane Fusion Mode
(A) Sequence analysis of Spike protein in SARS-CoV-2. It contains an N-terminal signal peptide, S1 and S2. S1 contains
N-terminal domain and receptor-binding region. S2 is mainly responsible for membrane fusion. The C-terminal region of

S2isS2', and it contains a fusion peptide, HR1, HR2, and a transmembrane domain. The amino acid sequence numbers of
every domain are annotated below them. Cleavage sites contained in SARS-CoV and SARS-CoV-2 are marked by
rhombus.

(B) A schematic diagram of the process of SARS-CoV and SARS-CoV-2-infecting host cells. Those proteases are presented
by sector in different colors. Furin can cleave Spike in the process of viral maturation.

Validation of RRAR Motif as the Furin Cleavage Site

By the online ProP 1.0 Server software prediction, we proposed that furin can cleave the RRAR sequence,
but the cleavage efficiency of this sequence has not been determined. To measure the cleavage efficiency,
we performed a set of experiments to determine the Michaelis-Menten constant (Km) and limiting rate
(Vmax) of furin using fluorogenic peptide substrate, Boc-RRAR-AMC (Table 2, Figure 7A). Kinetic parame-
ters were also determined by using the second AMC substrate containing the authentic cleavage motif
Arg-Val-Arg-Arg (Table 2, Figure 7A). Boc-RRAR-AMC has a similar Km value toward furin compared
with Boc-RVRR-AMC. Using this substrate, a 2-fold higher hydrolysis efficiency was observed as demon-
strated by the limiting rate, indicating that the “RRAR"” motif is easily recognized by furin and quickly
hydrolyzed.

Virtual Ligand Screening of Furin Target and Validation

Structure-based virtual ligand screening method was used to screen potential furin protein inhibitors
through ICM 3.7.3 modeling software (MolSoft LLC, San Diego, CA) from a ZINC Drug Database (2,924
compounds), a small in-house database of natural products (including reported common antiviral compo-
nents from traditional Chinese medicine) and derivatives (1,066 compounds), and an antiviral compounds
library containing 78 known antiviral drugs and reported antiviral compounds. Compounds with lower

iScience 23, 101642, October 23, 2020 5
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Figure 3. Protein-Protein Docking Model of SARS-CoV-2 Spike with Furin

(A) Superimposition of SARS-CoV Spike and SARS-CoV-2 Spike. Two S$1/S2 protease cleavage sites and fusion peptide
were shown as electrostatic surface mode.

(B) Furin was docked onto the putative furin cut site (Argé85) of SARS-CoV-2 Spike. Both domains are shown as
electrostatic surface mode.

calculated binding energies (being expressed with scores and mfscores) are considered to have higher
binding affinities with the target protein.

The screening results for the ZINC Drug Database (Table S1) showed that anti-tumor drugs aminopterin,
fludarabine phosphate, and irinotecan; antibacterial drugs sulfoxone, lomefloxacin, and cefoperazone;
antifungal drug hydroxystilbamidine; anti-parasitic drug diminazene; antiviral drug valganciclovir; hepato-
protective drug silybin; folic acid supplement folinic acid; etc., have higher binding affinity to furin with
mfscores lower than —100 or scores lower than —30.

Here, we show one example of screen hits, diminazene, which was predicted to bind in the active site of
furin with low binding free energy. In the generated docking model, diminazene was well fitted into the
binding pocket of the substrate and adopted similar conformation as substrate analogous inhibitor
MI-52 in PDB model PDB: 5JXH (Dahms et al., 2016), and occupied two arms’ position of MI-52 (Figure 4A).
Asp154, Asp258, and Asp306 were predicted to form three hydrogen bonds with imine groups of
compounds (Figure 4B). It looks like that diminazene mimics at least two arginines. Weak hydrophobic
interaction of His194, Leu227, the backbone of Trp254, and Asn295 with the compound may further
stabilize its conformation.

Another example was anticancer drug imatinib. It was also predicted to bind in the active site of furin. In the
generated docking model, imatinib was fitted well in the binding pocket and occupied the top two arms’

Substrate Km (uM) Vmax (RFU/min)
Boc-RRAR-AMC 20.72 £ 1.30 221.5 + 3.81
Boc-RVRR-AMC 19.16 + 0.93 111.1 + 1.45

Table 2. Kinetic Parameters of Furin with Different Substrates
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Figure 4. Low-Energy Binding Conformations of Diminazene Bound to Furin Generated by Molecular Docking
(A) Diminazene was fitted well in the active pocket of human furin, and furin was shown as electrostatic surface model.
Diminazene (yellow) was overlapped with substrate analog inhibitor MI-52 (purple).

(B) Detailed view of diminazene binding in the active pocket of furin.

position of MI-52 (Figure 5A). Two hydrogen bonds were predicted to form between the compound with
Glu236 and Gly255. Weak hydrophobic interaction between Val231, Pro256, Trp254, and Gly294 and the
compound was found (Figure 5B).

For the natural products (Table S2), a series of compounds with antiviral and anti-inflammation effects, such
as (—)-epigallocatechin gallate (ECCG) and theaflavin 3,3'-di-O-gallate from Camellia sinensis, biorobin
from Ficus benjamina, andrographolide and 14-deoxy-11,12-didehydroandrographiside from Androgra-
phis paniculata, 28,308-dihydroxy-3,4-seco-friedelolactone-27-lactone from Viola diffusa, phyllaemblicin
G7 from Phyllanthus emblica, and xanthones kouitchenside J and kouitchenside F from Swertia kouitchen-
sis exhibited potential high binding affinity to furin protein (mfscores < —100).

EGCG was predicted to bind in the active site of furin, as imatinib; it occupied the top two arms’ position of
MI-52 (Figure 6A). Two hydrogen bonds were predicted to be formed between the compound with Asp258
and Ala292. Weak hydrophobic interactions between Pro256, Trp254, and Gly294 and the compound were
predicted (Figure 6B).

The database of 78 antiviral drugs including compounds already on the market and currently undergoing
clinical trials to treat SARS-CoV-2 infections was further screened. The results were shown in Table S3. DNA
topoisomerase |l inhibitor suramin treating hand-foot-and-mouth disease exhibited the highest affinity
with furin (mfscore = —190.406). Indinavir, tenofovir alafenamide, tenofovir disoproxil, isoproxil, dolutegra-
vir, boceprevir, and telaprevir may also have high binding affinity with furin.

To validate the finding of virtual ligand screening, the recombinant human furin was expressed in HEK-293-
GnTl and purified. We tested the furin enzyme inhibitory effect of all the available compounds with a final
concentration of 100 uM (Table S4). Among them, the anti-parasitic drug diminazene showed an inhibition
ratio over 95%, and other compounds like aminopterin, methotrexate, and silybin showed inhibition ratio
over 70%. Among them, diminazene showed significantly dose-dependent inhibition on furin protease,
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Figure 5. Low-Energy Binding Conformations of Imatinib to Furin Generated by Molecular Docking

(A) Imatinib was fitted well in the active pocket of human furin, and furin was shown as electrostatic surface model.
Imatinib (yellow) was overlapped with substrate analog inhibitor MI-52 (purple).

(B) Detailed view of Imatinib binding in the active pocket of furin.

with ICsg value of 5.42 + 0.11 uM (Figure 7B). Enzyme kinetics has also been measured to explore its mode
of inhibition. As shown in Figures 7C and 7D, diminazene displayed a competitive inhibition mechanism
characterized by dose-dependent increase in Km and little effects on Vmax (Table 3).

DISCUSSION

Our previous study (Wu et al., 2020) analyzed the amino acid composition of the RBD domain of the ACE2
receptor of SARS-CoV-2 and Bat-CoVRaTG13. We found that several key amino acids determining binding
were mutated in SARS-CoV-2, which are more similar to that of SARS-CoV. The calculation results showed
that in the same conformation as the SARS-CoV protein, the binding free energy of SARS-CoV-2 and ACE2
receptors was a little higher, but this result cannot fully explain the epidemiologically high contagion, so we
speculate that (1) the RBD domain of SARS-CoV-2 may have other conformations, (2) there may be other
receptors, and (3) there are other mechanisms that enhance infectivity. During the preparation of this
manuscript, the cryo-EM structure of SARS-CoV-2 Spike was solved (Walls et al., 2020). Comparing the
structure of SARS-CoV-2 with the Spike structure of SARS-CoV, combined with biophysical detection,
they found that SARS-CoV-2 binds more strongly to cellular ACE2 receptors (Walls et al., 2020). Further-
more, the just disclosed crystal structure of SARS-CoV-2 RBD-ACE2 complex showed a distinct con-
formational change in the key loop of complex binding interface. And the binding free energy calculation
indicated a slightly stronger binding for SARS-CoV-2 RBD compared with that for SARS RBD. These results
confirm our supposition that the conformational change of the RBD domain of SARS-CoV-2 leads to stron-
ger binding. However, stronger receptor binding still cannot fully explain the more infectious problem of
SARS-CoV-2.

So we put forward the following hypotheses: (1) SARS-CoV-2 can also bind to other receptors, (2) the lung

may not be the earliest infection site, and (3) SARS-CoV-2 is easier to be cut and more easily fuses with cell
membranes. As published in the Pubmed database, researchers performed RNA sequencing analysis on
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Figure 6. Low-Energy Binding Conformations of ECCG to Furin Generated by Molecular Docking

(A) ECCG was fitted well in the active pocket of human furin, and furin was shown as electrostatic surface model. ECCG
(yellow) was overlapped with substrate analog inhibitor MI-52 (purple).

(B) Detailed view of ECCG binding in the active pocket of furin.

tissue samples from 95 individuals’ 27 different tissues. The results showed that ACE2 protein was highly
expressed in the small intestine and duodenum, but the expression level in lung tissue is low (Figure S6).
However, we analyzed the expression of furin and found that it is distributed in various organs with little
difference in expression level. Combined with the possible infection mechanism of SARS-CoV-2, the
widespread distribution of furin increases the SARS-CoV-2 infection of other organs. The possibility of
other organ attack is consistent with the multiple symptoms observed in clinic of COVID-19.

Based on these three conjectures, we compared the Spike sequences from SARS-CoV-2, SARS-CoV, and
Bat-CoVRaTG13 and found an extra “PRRA" insert near the S1/S2 cleavage site. During the preparation
of this manuscript, there were also a few studies reporting this potential furin site. Xin Li et al. proposed
the possible furin cleavage sites (Li et al., 2020), but their classification of B-coronavirus was unclear, and
their speculation that the packaging mechanism of SARS-CoV-2 was similar to HIV and Ebola viruses
was insufficiently supported. This site was also reported in another article and aligned with several other
human coronaviruses (Coutard et al., 2020). In our research, furin score of this site predicted by ProP 1.0
server was 0.62, and the feasibility of furin cutting in this site of the Spike protein of SARS-CoV-2 was
evaluated by protein-protein docking and free energy calculation. More importantly, we simulated the
recognition and hydrolysis of RRAR sequence by furin through hydrolysis of the fluorescent substrate
Boc-RRAR-AMC and found that the substrate Boc-RRAR-AMC can be effectively recognized and cleaved
by furin, and its hydrolysis efficiency was higher than Boc-RVRR-AMC, a known substrate of furin.

We systematically analyzed the four subtypes of B-CoV and found that SARS-CoV-2 was the only one in the
subtype B B-CoV that contains the furin cleavage site, whereas most of the subtype A contains the furin
restriction site (Figure 1). We aligned 1,000 Spike sequences and found that all Spikes with sequence
homology greater than 40% of SARS-CoV-2 Spike did not have a furin cleavage site, but its possible evolu-
tionary source cannot be found currently, and more novel viruses are needed to be discovered. Very
recently, a new closely related virus RmYNO2 containing PAA at the CS1 of the S protein has been reported,
but it also had no furin cleavage sites (Zhou et al., 2020).

The “"PRRA" insert and subsequent arginine (R) constitute an RRAR sequence that could be recognized
and cleaved by furin-like proteases, which may be the reason why SARS-CoV-2 infection is stronger than
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Figure 7. In Vitro Enzymatic Characterization of Recombinant Human Furin Protease and Enzyme Inhibition
Assay

(A) Substrate saturation profiles for furin. Representative plots of the initial rate (Vi in A RFU/min) versus the amounts of
fluorogenic substrate Boc-RVRR-AMC or Boc-RRAR-AMC. The Vmax and Km were determined by fitting the experimental
data to a pseudo-first-order rate curve yielding the computed value and the best fit curve.

(B) Dose response inhibition of furin activity by diminazene.

(C) Substrate saturation profiles for furin at a range of concentrations of diminazene.

(D) Lineweaver-Burk double-reciprocal representation of the Boc-RRAR-AMC saturation profiles for furin at a range of
concentrations of Boc-RRAR-AMC.

SARS-CoV. What's more, we performed a homologous alignment and phylogenetic analysis of the SARS-
CoV-2 sequence and found that “PRRA" insert did not appear in any other close relatives of SARS-CoV-2,
indicating that this insert was completely novel in this genus of virus. The existence of such a motif may
allow Spikes to be cut into S1 and S2 by furin-like proteases before maturity, which provides S1 with the
flexibility to change the conformation to better fit the host receptor. According to studies of Simmons
et al., overexpression of furin can increase the activity of SARS-CoV Spike, but it will not cause Spike to
be cleaved (Simmons et al., 2011). This is consistent with our prediction.

Furthermore, Glowacka et al. and Simmons et al. have demonstrated that SARS-CoV Spikes can be acti-
vated by cleavage in two ways, including proteolytic activation by cathepsins B and L in host cells (Simmons
et al.,, 2005). In addition, SARS-CoV Spike can be activated by TMPRSS2 cleavage on the host cell surface
(Glowacka et al., 2011). As we can see in Figure 2B, the Spike protein of SARS-CoV-2 can be cleaved at mul-
tiple stages, which greatly increases the efficiency of fusion. Markus et al. demonstrated that the CS1 of the
S protein of SARS-CoV-2 was easily cleaved in the host cell, and they mentioned that TMPRSS2 plays an
important role in the cleavage of CS2 (Hoffmann et al., 2020). It is likely that the virus will fuse with the
cell in the cell plasma membrane and release the genome into cells. In addition, the receptor affinity of
the cleaved Spike is also greatly enhanced (Parka et al., 2016).

According to our study, furin-like proteases may be potential drug targets for anti-SARS-CoV-2 treatment.
At present, some peptide inhibitors have been developed and have good effects (Dahms et al., 2018;
Dahms et al., 2017). To search for potential inhibitors of furin-like proteases, we screened potential com-
pounds from a ZINC drug database (2,924 compounds), a small in-house database of natural products
(1,066 compounds), and existing antiviral drugs library (78 compounds) with furin by virtual ligand
screening. We found that a series of anti-tumor, antibacterial, antiviral, anti-parasitic, and hepatoprotective
drugs may have high binding affinity to furin.
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Concentration of Diminazene (uM) Km (uM) Vmax (RFU/min)
DMSO 19.84 + 1.02 2260 + 2.8
1.25 33.28 £ 0.84 2347 £ 1.6
2.5 43.09 + 2.25 236.7 + 3.7
5.0 61.86 + 4.02 248.9 + 5.5
10.0 7631 £7.32 2521 +£ 9.0

Table 3. Kinetic Parameters of Furin with Different Concentrations of Diminazene

To validate the results of the virtual ligand screening, we tested the furin enzyme inhibitory effect of all the
available compounds with a final concentration of 100 uM. It was found that some of these compounds did
exhibit certain inhibitory effects on furin, such as aminopterin, silybin, diminazene, methotrexate, lomeflox-
acin, imatinib, tenofovir, disoproxil, etc. Among them, diminazene showed the strongest inhibitory activity
with an ICsg of 5.42 £+ 0.11 pM. It was found to be a competitive inhibitor by analyzing its enzyme kinetics
characteristic on furin. Diminazene is probably occupied the substrate-binding pocket of furin, which is
consistent with the result of molecular docking. Diminazene might be a drug candidate for the treatment
of COVID-19 by inhibiting furin, or can at least serve as a lead compound to guide the development of
novel furin inhibitors for the treatment of COVID-19. What's more, combined administration of furin inhib-
itors targeting different SARS-CoV-2 proteases may be an effective therapeutic strategy. The furin inhibitor
here might open a new avenue for the treatment of COVID-19. Further experiments to verify its efficiency
both in vitro and in vivo will be carried out in our future studies.

Limitation of the Study

A total of 1,000 SARS-CoV-2 Spike homologous sequences were searched through BLASTp method, but
the Spike proteins of the newly discovered viruses, such as RmYNO2 and pangolin-CoV, were not included
in the database. So several Spike protein sequences were not analyzed in this study.
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Transparent Methods
Homology Spike protein blast and sequence alignment.

The Spike protein of (GB: QHR63250.1) was downloaded from NCBI nucleotide
database. The protein sequence were aligned with whole database using BLASTp to
search for homology viral Spike protein (Alogorithm parameters, Max target sequences:
1000, Expect threshold: 10). Multiple-sequence alignment was conducted in BLASTp
online and analysis with DNAMAN and Jalview. The evolutionary history was inferred
using the Neighbor-Joining method in MEGA 7 software package. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test was
determined by 500 replicates. The Spike protein sequence analyses were conducted in
snapgene view.

Furin cleavage site prediction

The prediction of furin cleavage sites were carried out in ProP 1.0 Server

(http://www.cbs.dtu.dk/services/ProP/ ).
Compounds database
Approved drug database was from the subset of ZINC database, ZDD (ZINC drug

database) containing 2924 compounds (Irwin et al., 2012). Natural products database

was constructed by ourselves, containing 1066 chemicals separated from traditional
Chinese herbals in own lab and natural-occurring potential antiviral components and
derivatives. Antiviral compounds library contains 78 known antiviral drugs and reported
antiviral compounds through literature search.
Homology modeling and molecular docking

Corresponding homology models predicted by Fold and Function Assignment System
server for each target protein were downloaded from Protein Data Bank (www.rcsb.org).
Alignment of two protein sequences and subsequent homology modeling were
performed by bioinformatics module of ICM 3.7.3 modeling software on an Intel i7 4960
processor (MolSoft LLC, San Diego, CA). For the structure-based virtual screening, ligands
were continuously resiliently made to dock with the target that was represented in

potential energy maps by ICM 3.7.3 software, to identify possible drug candidates. 3D
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compounds of each database were scored according to the internal coordinate

mechanics (Internal Coordinate Mechanics, ICM) (Abagyan et al., 1994). Based on Monte

Carlo method, stochastic global optimization procedure and pseudo-Brownian
positional/torsional steps, the position of intrinsic molecular was optimized. By visually
inspecting, compounds outside the active site, as well as those weakly fitting to the
active site were eliminated. The software adopted two kind of scoring system. One is
ICM score, which is based on the empirical function of predicted physical interaction,
calculated according to seven parameters, including ligand-target hydrogen bonding
interactions,internal force-field energy of the ligand, desolvation energy of hydrogen
bond donor-acceptor,entropy loss due to conformational differences upon ligand
binding, polar and non-polar solvation energychanges upon ligand binding,electrostatic
energyand hydrophobic free energy (Neves et al., 2012). Another is mfscore, it is a
potential of mean force score and provides an independent score of the strength of
ligand-receptor interaction. It is a measure of statistical probability of interaction
between the ligand and the receptor. It examines interatomic distances of the docked
interaction, and compares that to existing interactions available in PDB (Muegge et al.,
1999).

Compounds with Scores less than -30 or mfScores less than -100 (generally represents
strong interactions) have priority to be selected. Protein-protein docking procedure was
performed according to the ICM-Pro manual.

Expression and purification of furin
The detailed procedures for expression and purification of human furin (UNIPROT ID

P09958) refer to previous work with some modifications (Dahms et al., 2018). Briefly,

the sequence encoding human furin amino acids 23-574 was cloned into PEGMan vector
with N-terminal secretion signal peptide and C-terminal His tag. The expressed plasmid
was transfected in HEK293-GnTI cells using polyethylenimine transfection reagent, and
the transfected cells were cultured in a 10 cm plate with 10 mL of DMEM (Invitrogen)
containing 10% bovine calf serum (HyClone, GE Healthcare) overnight. The medium was

changed to 10 mL of freeStyle 293 Expression Media (Thermo Fisher Scientific), and the



cells were cultured for another 72 h. The conditioned medium was collected and
centrifuged at 4500 g for 20 min. The supernate protein was dialysis against 25 mM Tris,
pH 8.0, 250 mM NaCl, 5 mM CaCl, overnight at 20 °C before purification. The secreted
furin was purified from the culture media using Ni-NTA agarose (Qiagen) affinity
chromatography with gravity flow.
Enzymatic activity and inhibition assays

In brief, the activity of human furin was measured by a continuous kinetic assay, with
the substrate Boc-Arg-Arg-Ala-Arg-AMC (GL Biochem) or Boc-Arg-Val-Arg-Arg-AMC (GL
Biochem), using wavelengths of 36040 nm and 46040 nm for excitation and emission,
respectively. Furin was added in assay buffer containing 100 mM HEPES buffer, pH 7.0,
0.2% (v/v) Triton X-100, 2 mM CaCl, and 0.1 mg/mL BSA. The assay started by
immediately mixing with different concentrations of substrate (0.39-200 uM). The
fluorophore, 7-amino-4-methylcoumarin (AMC) group released from Boc-RRAR-AMC or
Boc-RVRR-AMC was monitored in the form of relative fluorescence units as a function of
time (RFU/min) using a BioTEK Synergy H1 multimode microplate reader at 37 °C. The
ICso values were calculated by fitted regression equation using the-log plot (GraphPad
Prism). Each value was expressed with the means + SD of three independent tests, each

with three replicates.
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gblASLE8941.1/1-1036

gblASJ26610.1/1-1037
gblQCAT0692.1/1-1087
gblAVV62526.1/1-1071 -
gb|AHY61337.0/1-1031 VB
gbl0ATY8808.1/1-1037 L
EblAVNB9313.0/1-1037 - 8V

EbIASUD0241.1/1-1037 - SV
gbIOG13484.1/1-1037 - SV
gblAVNB9291.1/1-1037 - SV -
gblA/G44102.1/1-1037 -8V -

gblAMO03401.1/1-1037 - SV

ref|]YP_007188579.1/1-10.- SV

gblAID55066.1/1-1037 - SV
gblAHZ64057.1/1-1037 - 8V -
gb|AHZ20790.1/1-1037 - SV -
gblAIDS5079.1/1-1037 - SV
gblALIS4517.1/1-1037 - 8V
gblAVES7417.1/1-1037 - SV
ghlAMWD0853.1/1-1037 - SV
gblAIZ48769.1/1-1037 - 8V
gb|ALWE2691.1/1-1037 - SV
gblALM26400.1/1-1037 - SV
ghlALL26396.1/1-1037 - SV
gblALAS0067.1/1-1037 - 8V
gb|AHZ58501.1/1-1037 - SV
gblALIS4474.1/1-1037 - SV
ghlAXND2228.1/1-1037 - 8V
gblALA49385.1/1-1037 - 8V
gblAKN24830.1/1-1037 - SV
gblQDI73610.1/1-1037 - 8V
gblALA49803.1/1-1037 - 8V
gblAVES7340.1/1-1037 - 8V
gblAXPO7345.1/1-1037 - SV
gbIQBUS6412.1/1-1037 - 8V
gb|ALTS4450.1/1-1037 . SV
gblANF292390.1/1-1037 .SV -
gblASTRO142.1/1-1037 .SV -
5blAUJ“8ﬁJH—1037 -8sV
gblALA49836.1/1-1037 |- 8V
gb|AVEST439.1/1-1037 |- S8V
gblATG84756.1/1-1037 |- SV
gblATY74302.1/1-1037 |- 8V
gblAHY21469.1/1-1128 |- 8V
gblALI54521.0/1-1037 |- 8V
gblATG84701.1/1-1037 |- 8V -

280-372
gblAIDS55084.1/1-1037
£blASTR0540.1/1-1037

EbIAGHS58717.1/1-1128 |-

EblAVNES387.1/1-1037
gblALI76277.1/1-1037
SblQBFS0611.1/1-1037
gblALI76286.1/1-1037

- | gblALA49451.1/1-1037
£blAKM76230.1/1-1037 |-

gblAIDS5088.1/1-1037

EblAMWP0852.1/1-1037 |-

£b|ALX27232.1/1-1037

gblATW75477.1/1-1036 |-

£blAGID8492.1/1-1037

~ | 8blAID5 5085.1/1-1037
" | gblQBF80455.1/1-1037
" | gblALI54518.1/1-1037

£blALA49660.1/1-1037

" | gblALIS4491.1/1-1037

gblALI76278.1/1-1037
gblAID55099.1/1-1037
£b|ATG84855.1/1-1037
gblALI54496.1/1-1037
£blASIR0307.1/1-1037
£blASUS9088.1/1-1037
EblATG84877.1/1-1037
£blATG84899.1/1-1037
£blANTE9900.1/1-1037
£b|QBFA0508.1/1-1037
gblQEJ82215.1/1-1037
2blAIG44124.1/1-1037
2bIAID8I 440.1/1-1037

gblAHXD0711.1/1-1037 |-
2blAKN24803.1/1-1037 |-
ZOIASTR0197.1/1-1037 |-

2ZblAXNT73525.1/1-1037
2ZblAGN52936.1/1-1037
gblALB08246.1/1-1037
gblAKL39401.1/1-1037
£b|OBF80565.1/1-1037

| gbIALIS4501.1/1-1037

gb|ALA#9363.1/1-1037

| gblaLss446l.1/1-1037
gblASUR0362.1/1-1037 |-

£blALA40G671.1/1-1037

gblAGID8455.1/1-1037 |-

gblANC28634.1/1-1037
gbIAIDS55097.1/1-1037

*|gblapz41206.1/1-1037
" |gblALIs4467.141-1037
" | gblasTR0430.1/1-1037
" | gblANF20184.1/1-1037
“|zblgBRadiL3.0/1-1037
~|gvlazioo7si.in-1037
| gblaFI48572.1/1-1037
_|zbloBFs0607.1/1-1037 |-
_|gblocp28832.1/1-1037 |-
. |gblakni 1072.1/1-1037 |-
-| gblaIDs 5096.1/1-1037
.| gblASR1208.01-1037
- |gbloowsi938.141-1037)
- ref\WP_148724438.1/1-
- | gblavnisosza.in-1037
-|gblaTwrs470.1/1-1037
- | ref\WP_077698005.1/1-
- | gblANF29228.0/1-1037 |-
- | ref\wP_o077697961.1/1-{ -
-| gbl4GI08467.1/1-1037 | -
-| gblAstR1010.1/1-1037 | -

- | gblAJG440069.1/1-1037
- | gblALW82742.1/1-1037 -
- | gblALI54488.1/1-1037
" | gb|EYED9280.1/1-1037 -
| gblALIS4455.1/1-1037
" | 2blASIR0604.1/1-1037 -
" | gblAKNI 1074.1/1-1037 -
" | gblaNF20173.1/1-1037 -
" | gblAsUB9955.1/1-1037 -
_| gblasg44080.1/1-1037 -
_ | gblQBF30554.1/1-1037 -
_| gblarY60578.1/1-1037
_| gblastR0527.1/1-1037 -
_ | gblQDPI16195.1/1-1037 -
_| gblALI54500.1/1-1037

gblANC28678.1/1-1037 -

_ | gblATG84833.1/1-1037 -
_ | gblALA40640.1/1-1037 -
.| gblASTR9811.1/1-1037 -
.| gblALIS4456.1/1-1037

.| gblAGID8379.1/1-1037 -
- | gblASTR0329.1/1-1037 -

—%%9261.1/1-.’037 -8V. ...
- gblastooss0.1/1-1037 - SV - - - -

|\ gblapzerzes.a-1037 - SV - - - -
-| gblaID55090.0/1-1037 - SV - - - -
- gblagzei282.1/1-1037 - SV - - - -
gblALK80261.1/1-1037 - SV - - - -
gblASIRO0L 75.1/1-1037 - SV - - - -
gblALD51904.1/1-1037 - 8V - - - -
gblALS20350.1/1-1037 - SV - - - -
gblASIR0010.1/1-1037 - SV - - - -
gblAFI48528.1/1-1037 - SV - - - -
| gblaLssessean-1037 - SV - - - -
gblALIS4451.1/1-1037 - SV - - - -
| gblaLBo8311.4/2-2037 - SV - - - -

| gblarszi470.0/1-1037
| gblarneo324.0/1-1037
gb|ALK30291.1/1-1037
gb|ALWE2742.1/1-1037
2blALIS54488.1/1-1037
| gb|EYED9289.0/1-1037
gbALIS¢455.1/1-1037
| gblastposos.i/i-1037
| gblakwi 1074.0/1-1037
| gblanF20173.1/1-1037
| gblasueooss.iii-1037
gblAJG44080.1/1-1037
| gblosrsossa.rsr-1037
gblAIY60578.1/1-1037
gblASLR0527.1/1-1037
gblQDP16195.1/1-1037
| gblaLrsesoo.11-1037
| gblanczssrs.1/1-1037
| gblarcssass.i/i-1037
| gblaLaewesso.n1-1037
| gblasveosi.in-1037
| gblaLrsesse.rn-ioz?
| gblaciossr9.1/1-1037
| gblasiwosz9.1/1-1037
| gblanF20261.1/1-1037
| gblastwos.iii-1037
| gblagz4i2es.101-1037
gblAID55090.1/1-1037
gblADZ41282.1/1-1037
| gblarksoz6l.isi-1037
| gblastpoi7s./1-1037
| gblaLpsiops.isi-1037
| gblaLs20350.141-1037
| gblaswwooro.iii-t037
| sblariiess2s.1-1037
| gblaLiseda6.0/1-1037
| gblaLrseasian-i037
| gblaLsossii.in-1037
| gblarsziazo.1/1-1037
| gblarngesz4.1/i-1037
-| gbIALK80291.1/1-1037
- ZbIALW82742.1/1-1037
. gblALI5#488.1/1-1037
- gblEYED9289.1/1-1037
- gblALIS4455.1/1-1037
- gblASLR0604.1/1-1037
- gblAKNI1074.1/1-1037 -
- gblANF20173.0/1-1037 - SV - - - -
- gblASUB9955.1/1-1037 - SV - - - -
- gblAJG44080.1/1-1037 - SV - - - -
- | gblOBF80554.0/1-1037 - SV - - - -
- gblAIY60578.1/1-1037 - SV - - - -
- gblASVO527.1/1-1037 - SV - - - -
- gblQDP16195.1/1-1037 - SV - - - -
gblALI54500.1/1-2037 -8V - - - -
- gblANC28678.1/1-1037 - SV - - - -
- gblATG84833.0/1-1037 - S8V - - - -
gblALA49640.1/1-1037 -8V - - - -
gblASYP9811.1/1-1037 - SV - - - -
gblALIS4456.1/1-1037 - SV - - - -
- gblAGVD8379.1/1-1037 - SV - - - -
gblASTR0320.1/1-1037 - SV - - - -
gblANF29261.1/1-1037 - SV - - - -
gblASUD0340.1/1-1037 - SV - - - -
gblAQZ41285.1/1-1037 - SV - - - -
- gblAID55090.1/1-1037 - 8V - - - -
- gblaQz41282.1/1-1037 - SV - - - -
- gblALK80261.1/1-1037 - SV - - - -
- gblASTROI75.0/1-1037 - SV - - - -
- gblALDS1904.1/1-1037 - SV - - - -
- gblALS20350.1/1-1037 - SV - - - -
- gblASTR0010.1/1-1037 - SV - - - -

- gblAFI48528.1/1-1037 - 8V - - - -
- gblALJS#446.1/1-1037 - SV - - - -
- gblALJS4#451.1/1-1037 - SV - - - .

- gblALBO8311.1/1-1037 - SV - - - -
gblAYJI71470.1/1-1037 -8V - - - -
gbIAVN89324.1/1-1037 - SV - - - -
gblALK80201.1/1-1037

Figure S1. Multiple sequence alignment of 1000 Spike proteins(1-486). Related to Figure 1.




487-589
gbIQBF80521.1/1-1037 B

gblAWUS9321.1/1-1037 DIl SV -

gblQBM11737.1/1-1037 B - SV - - - -
gblAHI48737.1/1-1037 'Bfl- SV - - - -
gblAVNS9365.1/1-1037 BV
gblAHI48616.1/1-1037 ‘Bl SV - - - -
£bl4GI08438.1/1-1037 Bl - SV - - - -
gbIBYD89444.1/1-1037 sV.

gOIANF29272.1/1-1037 SV..--
gblALX27228.1/1-1037 B~ SV - - - -
gblALIS4508.1/1-1037 ‘B~ SV - - - -
gblALA¥9462.1/1-1037 X~ SV - - - -
gbIALA49473.1/1-1037 8V iz
8bIQDP16206.1/1-1037 SN s
gblQBF80499.1/1-1037 El- SV - - - -
gbIANI69922.1/1-1037 BVsmia
SbLANIC9878.1/1-1037 BV.reies.
£bIALK80251.1/1-1037 5 z i
SbLAMWD0843.1/1-101 : M aaloi
gbIALIS4502.1/1-1037 -
gbIAPB87325.1/1-1027 S Vo
SbIAHLI8090.1/1-1036 v

SbLANIC9889.1/1-1037 ., b o

8blAKN24812.1/1- 1037 C.s .
SbIAPBE7331.1/1-1023 oy | |

gblaPBs7337.1/1-1013 ol oy
gblastw1284.1/1-1037 ol <y
gblOCC20713.1/1-1023 7 A - - .

gblAFO11507.1/1-1232 @ Ra. . . .
gbl44830950.1/1-1232 W R A .
golaror1517.1/1-1232 W A .
splp11225.0/1-1232 [ RA- - - .

refilYP_009513010.1/1-ky N . NT - - -
8blAGCS1116.1/1-994 |IDB.LT- - -
gblAGX27810.1/1-1022 YN . NT - - -
8bl44D45229.1/1-1220 .- RA- - -
gblAVV62537.1/1-901 TT.RS- - -
8VIABNI0848.1/1-939 3y <4
gbIAGPO4917.1/1-939 ‘SY: SA. : o
gbIAGP04924.1/1-939 s i
reflYP_001039953.1/1-93¢
gbIABNI0857.1/1-939
gbLAGO98871.1/1-911
gbIAVII 5053.1/1-929
8bIANA9G039.1/1-933
8bIABN10866.1/1-939
8bIQAY30020.1/1-738
gbIAVIL 5052.1/1-929
gbIACB30203.1/1-929
pdb|SXS9\4/1-984
8bIABDI8916.1/1-929
gbIABDI8911.1/1-929
gbIABDI8908.1/1-929
8bIABDI8917.1/1-929
gbIAAX38496.1/1-929
gbIAAX28492.1/1-929
gbIAFR48827.1/1-911
gbIAMD23497.1/1-911
gbIACG75895.1/1-929
SDIACB30200.1/1-929
SOLAMO23494.1/1-911
ZOLAMO23493.1/1-911
8bIAVI1 5000.1/1-911
SHIAMQ23499.1/1-929
gbIADF21335.1/1-929
gbIADP21336.1/1-929
£bIABDI8909.1/1-929
8bIABDI8930.1/1-929
gbIACI35486.1/1-1101
8bIABDI8913.1/1-929
8blAGO98882.1/1-911
gbIAGO98883.1/1-911
gbIABP73656.1/1-911
gbIABP38313.1/1-929
8bIABDI8914.1/1-929
gbIAAX38491.1/1-929
gblAIZ74439.1/1-811
gbIACI66977.1/1-929
8bIAAX38489.1/1-929
gblAFE48817.1/1-911
gblABP38253.1/1-929
8bIAAX38494.1/1-920
pdb|SWOH|A/1-979
gblAGO98859.1/1-920
gbIQBG67078.1/1-929
gblABDI8934.1/1-929
gbIACTI0983.1/1-1101
8bIACI66990.1/1-929
8blABP38236.1/1-929
gHIACI66961.1/1-929
8IACI66946.1/1-929
SHIASTD0450.1/1-641
gblAVZ61119.1/1-929
gbIAAF25499.1/1-929
5p|P25192.1/1-929
gLIQOWS7585.1/1-929
SpIQPQAQ8.1/1-929
8bIABP38306.1/1-929
8blAAX38495.1/1-929
gblAG0988068.1/1-911
gblAZS64223.1/1-929
8blOBG67079.1/1-929
gbIQBYI0673.1/1-929
gblAMQ23489.1/1-911
8blAGO98867.1/1-911
£b1A2564222.1/1-1101
gbIAMQ23498.1/1-929
gbIABID3999.2/1-929
gblAG098885.1/1-911
8blAZS64221.1/1-929
gbIAVIL5011.1/1-929
81AVZ61109.1/1-929
gblAGO988381.1/1-911
gbIABDI8928.1/1-929

:| gblaGO98ss6.1/1-911 -

:| 8blABDI8936.1/1-929 -

590-692

SblAMQ23408.1/1-929 -
gblABI3990.2/1-929 -
£blAGO98885.1/1-911 -
gblAZS64221.1/1-929 -
gblAVII 5011.1/1-929
gblAVZ61109.1/1-929 .
gblAGO98881.1/1-911 -
gblABDI8928.1/1-929 .

gbIABDI8O12.1/1-
8bIAYRI8616.1/1- IGW
SPIQ9QARS.1/1-929
8b|ABP382790.1/1-929 -
8bIAXP11688.1/1-929 -
8blQBG67072.1/1-929 -
8bIAAX38490.1/1-929 -
8blQBG67077.1/1-929 -
gbIQBG67074.1/1-929 -
8bIQBG67076.1/1-929 -
blAZS64230.1/1-929 -
8blACGO98873.1/1-911 -
8bIAYRI8599.1/1-895
8blABP38295.1/1-929 -
8blAGO98889.1/1-911 R|
gblABDI18910.1/1-929 -
8blAGO08890.1/1-938 -
8bIAGO98888.1/1-938 R|
8blAGO08877.1/1-911 -
8blABG89288.1/1-929 -

8blAGO98876.1/1-911 -
8bIAAX38407.1/1-929 -
SHIQGW57588.1/1-929 -
YIACT11019.1/1-929 -
8blAGO98886.1/1-911 -

SDIAIDI6649.1/1-893 R|
gblAGO98872.1/1-911 -
gblAXX83351.1/1-935 -
£blAGO98861.1/1-911 -
SbIAIDI66S5.1/1-893 R
8bIALG38241.1/1-917 -
splP25194.1/1-918 -
8bIAHAS0776.1/1-911 -
gbIAZS64229.1/1-929 -
dbj|BAF75631.1/1-918 -
ref\WP_148724042.1/1--
emb|CCE89338.1/1-929- W -
8IAZS64232.1/1-906 -
emb|CCES9330.1/1-9. -
8bIAZS64231.1/1-929 -
8blAG098887.1/1-91i -
gblAZS64224.1/1-929 -
8bIACF21936.1/1-911 -
gblAXP11696.1/1-929 -
emb|CCE89340.1/1-
sp|P25191.1/1-929
emb|CAAS3661.1/1-91
gbLANIO4717.1/1-929 -
SDLATPG6744.1/1-907.
SbLANIO4728.1/1-929 -
gblAVNES332.1/1-930 -
SOIQGWS7586.1/1-92 -
sp\P15777.1/1-929
splP25190.1/1-929
gbATPG6773.1/1-893;
dbj|BABOGOS6.1/1-92: -
gbIQGWS7589.1/1-92 -
8bIACLI2996.1/1-92¢ -
gbLACB30202.1/1-929 -
gbLACB30201.1/1-929 -
dbj|BAIO4696.1/1-732 A

gbIATP66756.1/1-112:K
gblABG78748.1/1-926 -
emb|CAAS3660.1/1-9: -
gIACLO3318.1/1-911 -
dbj|BAG48179.1/1-93 -
gbIABDI8932.1/1-925 -
SIATP66762.1/1-1 1 1K
SBIACN89743.1/1-733 |
8bIABDI8935.1/1-917 -
ZOIAQT26498.1/1-911 -
SIACLO3319.1/1-911 -
$blAGTS1541.1/1-110 -
$p|P25193.2/1-929
gbIAGTS1551.1/1-110. -
gbIABDI8933.1/1-897 -
SbIATPL6757.1/1-110: -
ZbIAIX10752.1/1-1105 -
ZIAGTS1431.1/1-110. -
8bIAGTS1402.1/1-110. .
£IAGTS1610.1/1-110.
gbIATP66727.1/1-909 K|
$bIACLO3320.1/1-911 .
£bIABMG6810.1/1-929
ZIAGTS1451.1/1-110. .
ZDIAGTS1740.1/1-110. .
gIAGTS1461.1/1-110.
gbIATI00440.1/1-1131 .
gblAGTS1422.1/1-110. .
SbIAYRIS661.1/1-894 %,
SbIAHNG4774.1/1-956
gbIALX10749.1/1-1105
2bIAGTS1590.1/1-110.
gbIAFING4783.1/1-11%
gblALAS0080.1/1-112 .
gOIARKDS670.1/1-935. 5
gbIAGTS1412.1/1-110 .
gbIQDH43726.1/1-93; 3
gblAVQ05264.1/1-935 5
gbIQEYI0625.1/1-953

gblAIX10755.1/1

" | gblarLegsos.1/1-935

693-796
gbIAACO6124.1/1-930 -
SbIAIDI6631.1/1-893
dbj|BAM15656.1/1-90: -
gbLABP§7990.1/1-906 -
gIAIXI0758.1/1-935 -
gbIAIX10757.1/1-935 -
2bIOBP84759.1/1-935 1
gbIAIX10760.1/1-935 -
SOAILI0#92.1/1-935 -
ZDLAILI0484.1/1-935 -
gbIAYRI8679.1/1-894 K.
bIQGWS7587.1/1-9 -
gblAYRI8652.1/1-89K
gbIAYRI8625.1/1-89K|
gb|ABS87264.1/1-898
gDIAIL49489.1/1-934"
gblAXX83327.1/1-93"
gbIAIL#9493.1/1-938"
gbIAAX84791.1/1-93
bl AIL49488.1/1-93% |
gblATP66750.1/1- 39

gbIAYRI8643.1/1-89 .
gblAZURG6327.1/1-93 -
gIAIX10753.1/1-935
gbIANZ78847.1/1-935
gIAIL49487.1/1-935
gbIQEG03776.1/1-93.
ref|\YP_009555241.1/i "
splQOZME7.1/1-891
£bIQBQO1839.1/1-93.
gHIANZ78841.1/1-935
gbIQBG032803.1/1-93.
gIAXX83369.1/1-935
gblABD75513.1/1-891 g |
SbIARBO7438.1/1-883
ZOIAAMS5464.1/1-73 1
gIAIL49486.1/1-935
abj|BAS18856.1/1-90¢ _
gbIAARDIO1S.1/1-935
gblAXX83309.1/1-935
gbIAZS52618.1/1-891 |
gblABD75505.1/1-891 g|

- | gblAavRI8607.1/1- 393,(
- | gblarLeoass.isi-93s
- | dbj|BAIS2885.1/1-90¢
- | gblAx10756.1/1-935
- | gbloE¥10670.1/1-91C
- |splo14880.1/1-883 g
* | dby|BAs18866.1/1-906 .
" | gbIQEY10641.1/1-878 .
" | gb144067205.1/1-906 .
" |gblacTI7758.1/1-883
" | gblaBD75545.1/1-883
" | dvy|88420986.1/1-883R|

8bIAATS4362.1/1-931 |

8blAIX10748.1/1-931 |

- | solgerI0671.111-910 _
. | sblarLeoag6.1/1-935
. | gblasB17086.1/1-737 g
. | aby\BAN18703.1/1-90¢ _
- | bl4BD75625.1/1-891 g
- | 8blAYRI8670.1/1-893 ¢
- |spiP36334.0/1-031
- | gblarLe9490.1/1-935

- | 8b1AMKS9677.1/1-935 ¢
- | gblQEYI0649.1/1-878
- | dty|88420982.1/1-935
- | gbl4RCO5219.1/1-109.

- | gblacTS1521.1/1-936 "
- | gblaRCYS211.0/1-113
- |8bl4GTS1630.1/1-114)"
- | 8bIARCD5203.1/1-112.0
- |igblasosoes7.i11-900 %]
- |8blacTsis01.1/1-936 "
- | 8b144¥68297.1/1-113:
- | gblALx10750.1/1-936

- | gblacTs1700.1/1-114"
- | gbl4GTS1600.0/1-114"
* | 8blAGTS1441.1/1-936 ~
“ | gblQEY10633.1/1-860 ~

8bIAGTS1650.1/1-936 ~

" | gblAGTS1760.1/1-936 ~
" | gblaGTS1620.1/1-936

8blAGTS1690.1/1-936 "
BOIAGTS1311.1/1-93¢ -
8bIANZ78845.1/1-114 -

_ |lgblarals421.1/1-912 -

8bIANZ78844.1/1-114 -

" |lgblarLeosor.1/1-936 -
_ | gblaBN19358.1/1-93¢ -
_ | 8blaTP66733.1/1-948 T
- | gvlarkD8661.1/1-912 -

8bIAGTS1481.1/1-114 -

- | 8bIQEBY10657.1/1-86C -
- | gblAIX10751.1/1-936 -

gbIAIL49528.1/1-936 -

| gblapN78776.1/1-93¢ -
- | gblaiLeos38.1/1-936 -
-| gblAaTS1790.1/1-93¢ -

spIP112242/1-914 K|

" gblAAR9)025 1/1-914 K|
- | gblanz78849.0/1-114 -
*| gblacnso723.0/1-11¢R
| gblapN78656.1/1-93¢ -

2blANZ78834.1/1-114 ©

797-899

2blANZ78838.1/1-936 -
gOLAIL49SI3.1/1-936 -
SOLAXN83345.0/1-1147 -
SOLANN83339.0/1-1147  ~
gblAIL#9520.1/1-936  *
SOLARKDS679.1/1-912  ~
gOlAIL49S19.1/1-936 -
gOAIL49S07.1/1-936 -
dbj|BBA20979.1/1-1110  *
SBLAONT8704.1/1-936 -
refiINP_045300.1/1-914 R
gbLAPUSIOI6.1/1-912  ~
gblAIL49495.1/1-936  *
gbIAVRI0344.1/1-912  ~
SOLAXX83333.0/1-1147  ~
gblAIL49499.1/1-936  *
gOLARKDS6S1.1/1-912 .
gblATN37896.1/1-914 B
gblAIL9526.1/1-936  °
gblAIL4OS43.1/1-936
gblAIL40545.1/1-936
gbIARE30008.1/1-936
gbIAIL49531.1/1-936
gbIAILAO518.1/1-936
gblAIL49523.1/1-936
gbLAGTS1570.1/1-936
gblAIL49502.1/1-936
gblAIL49536.1/1-936
gDIAIL49501.1/1-936
gbIARB07433.1/1-936  ~
gHIAGTS1800.1/1-936  ~
2blAIL49508.1/1-936
£blAIL49542.1/1-936
SblAIL49505.1/1-936
gblAIL49525.1/1-936
gbIATN30872.1/1-912
gblAIL49530.1/1-936
gblAAX84702.1/1-936
gOIAIL9548.1/1-936
gHIAXXS3380.1/1-912  °
gbIAILIOSI6A/1-936
2blAIV41831.1/1-936
£bIAIL49509.1/1-936
gHlAIL4OS46.1/1-936  °
SOIAIVS1831.1/1-936
2bIAIL49509.1/1-936
ZbIAIL40546.1/1-936
SpIQ8JSPS.1/1-899
gblAIV41909.1/1-936
2bLARKDS635.1/1-936
SplQ8BB25.1/1-1133
gbIAIL#0529.1/1-936
2b|ALYD9807.1/1-936
gbIATP66779.1/1-905
SIAAF60344.1/1-914
gDIAAX84795.1/1-936
gbIAVRA0342.1/1-936
SbIAXXS3303.1/1-1147 .
SO|ANL/8830.1/1-930 o
dbj|BBA20976.1/1-1147 .
gbLANZ78839.1/1-1110
gbIQBP84731.1/1-936
gblAPUSI936.1/1-912
gbLAON78768.1/1-936
gblAIL49515.1/1-936
gbLAYC76638.1/1-936
gblAARD2026.1/1-914
gbIABN19366.1/1-936
$p|Q02385.1/1-910
gOLAILIOSI2.1/1-1147 -
gblAIL49550.1/1-936 R
gblAAAST062.1/1-733 -
ref|\YP_209233.1/1-1175 -
gbLACNS9696.1/1-1175
gLAON78744.1/1-1148
gbLAWWI3566.1/1-912
oblAWW13519.1/1-1148 .
/1-

e

gblAGO98860.1/1-911 -
ref\INP_150077.1/1-929 -
gblABP38243.1/1-929 -
gblAVZ61129.1/1-920 -
gbIAMO23500.1/1-911 -
gbIABDI8O1S.1/1-929 -
gblAZS64233.1/1-929 -
BbIAMO23495.1/1-929 -
gbIACF21935.1/1-911 -
gbLAFE48805.1/1-911 -
refIYP_005454245.1/1-91 -
gblAMD23491.1/1-911

gblAGO98878.1/1-911  ~
gbIAGO98864.1/1-900 -
sp|Q8V436.1/1-929 .
gblABDI8931.1/1-929 -
gblAZS64228.1/1-929 -
gbIABDI8929.1/1-920 -
SHIAZUD6312.0/1-920  *
gbIOGY72123.1/1-929 -
gblAZUP6230.1/1-929 -
gblOBG67073.1/1-920  *
gblAMO23490.1/1-911  *
gblAMO23487.1/1-911  *
gblAMO23492.1/1-911  ~
gbIQEYI0672.1/1-929  *
gblAGO98865.1/1-911  ~
gbLAXP11698.1/1-920 -

gblALG38240.1/1-917 ]

-RA-
~RS-
<RS=
SRS
-RS-.
-RS-

-RS-..
SR8

-RS-
RS-
-RS-
SR8
LR

-RS- -
-RS--

- | gblABD75601.1/1-728 |

. | 8bl4G248795.1/1-243

" | gblacze8785.1/1-243
" |gbl40z48787.0/1-243

SBLAON78736.1/1-936 *
gbIALXI0761.1/1-936

2bLACN89705.1/1-928 ~
gOIAIL49S521.1/1-1147 ~
gOlAVV64341.1/1-1133 1|
gblAUF40275.1/1-1133%
2DLACN89722.1/1-1175
gbIANZ78835.1/1-1147
2bIACN89763.1/1-1175
SBIAON78664.1/1-936
gOLAWWI3511.1/1-114:

gblanz78837.0/1-1147 | i § X
gbLAIL49S544.1/1-936 RS-
gbIALX10759.1/1-936 RS-
gblQDH43719.1/1-936 . RS -
gbIAIV41873.1/1-936 RS-
£b|0BP84713.1/1-936 S RA -
gblAON78680.1/1-936 - - RS -
2bLAIXD9799.1/1-936 RS-
2bIQBG03767.1/1-936 - |- RS -
gblaoL02453.1/1-936 - |- RS -
8blQEG03794.1/1-936 - - RS -
gblATN37888.1/1-908 R - AH

gbIOEG03757.1/1-936 - |- RS -
gblAON78672.1/1-903 - - RS -
gbIAIL49503.1/1-936 -RS-
gblaaB27260.2/1-935 ~ |1~ RS-
db)\BBA20973.1/1-936 |- RS -
gblareosoo./1-936 ~ Il ig'
golaomi77e0.11-914 "l 00"
8bl08G03814.1/1-936 "W 00

emb|CAA79896.1/1-935 MW" L o
ghlaiLeosii/i-ozs ML
gblalLosvs.i/i-036 Mo

gblARBo7414.1/1-936 M TS
golanxioze2.1/1-1110 ‘W 5.
gbloapss704.1/1-1110 W g s .

gb10BG03740.1/1-936 3l A% .
gblAFA83608.1/1-730 AR -
gblawB14621.1/1-916 gl AR -
gbl4rG25750.1/1-919 . AR
gbl44487063.1/1-898 wfll . AR
splgoikp1.1/1-919 .M. RS-

gblAx10763.1/1-1110 - RS -
gOIANZ78843.1/1-936 -
gblQBP84722.1/1-936 LR SR -
gIARCYS227.1/1-901 AH -
gbIADISO790.1/1-898 S S -
gbIARLD7577.1/1-728 - H -
gblaFD97607.1/1-898 KM
refilYP_009113025.1/1-8 S -
ref|YP_173238.1/1-728 AH -
dbj|BAK18575.1/1-898 SS -
gbl4BD75609.1/1-728 SS - RR -
gblADND3339.1/1-728
reflYP_003029848.1/1-03 S
bLAGTI 7777.1/1-728 ,

Ebb‘%omm 808 ‘SS-RR-
gblARLD7577.0/1-728 - H-RA-
gblAFD97607.1/1-898 'Kl - DL -
ref|YP_009113025.1/1-i S S - RR -
refiYP_173238.1/1-728 AH - RA -
dbj|BAKI8575.1/1-8981 S S - RR -
gblABD75609.1/1-728 1S S - RR -
gblADN03339.1/1-728 HIR - .
ref|YP_003020848.1/1-0S S - RR -

8blAGW27863.1/1-728 \H.- AR -
=| gblARG25760.1/1-911

-H-RA-
dbj\BAA23719.1/1-888 - RA -

- | gbl44R92027.1/1-1161; g5 . RR -
- | gbl4BD75520.1/1-728 1 g 5 - RR -

gblAGTI7769.1/1-728 ;s 5 . RR -
gbIAGW27836.1/1-728 5 5 - RR .
g6lABD75497.1/1-728 "~ 1 T B a
bIAAFE9334.1/1-911 , o

gblABD75593.1/1-728 |
8bIAGW27872.1/1- 728
dbj|BBA20983.1/1-728
8blAAW47240.1/1-917 *

SS RR-

:All- RA

- | gblaBD75553.0/1-728 ' S S - RR.

gblAMNS8694.1/1-728 * S S - RR -
gblAAR02028.1/1-1161 - M- RA -
gblAMNS8686.1/1-728 'S S - RR -

- | gblanwoosse.1/1-642" Pl - SV -
gblAAFD5704.1/1-906 \HIll - AR -
gblA0TS1491.1/1-936 - M- RS -
gblAHI48727.1/1-846 "Bl - SV -
gblAHI48733.1/1-846 "Bl SV -
gblAACS6567.1/1-898 - H - RA -

EbIAWW13527.1/1-114:
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ProP 1.8: predicted propeptide cleavage sites in Sequence, furin-specific prediction
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Figure S3. Result of furin cleavage site pridiction of Spike protein in SARS-CoV-2, which predicted

by online method ProP 1.0 Server. Related to Table 1.

Fig S4 Protein-protein docking calculation model of SARS-CoV-2 spike RBD (light blue) with
human ACE2 (yellow), original RBD conformation was shown in orange. The calculated free
energy is -50.13 Kcal/mol. Related to Figure 3.



Fig S5 Comparison of SARS-CoV-2 spike RBD (orange) and SARS spike RBD (yellow). The complex
with ACE2 (left part, yellow) was shown. The homology model of SARS-CoV-2 spike RBD built
from SARS spike RBD was shown as blue. Related to Figure 3.
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Figure S6. Expression levels of Furin, ACE2 and TMPRSS2 in various tissues. The data is from

pubmed. Related to Figure 2B.



Table S1

Potential furin inhibitors from ZINC drug database, related to Figure 4

Pharmacological

No. Drug Name Structure
functions
o O, OH
2 OH
1 Aminopterin N%NYNQANW Anti-tumor
|
HzN)\\N N7 "
o OO Vitamin B9,
- OH necessary material for
. . (0] N
2 Folic acid HN)tN\ NQ)LHW the  growth  and
Sy ‘Nf"' reproduction of body
cells
oy
3 Sulfoxone O\\s“ Antibacterial effect
o]
HN/©/
N
OH
OH
. Silvbi on Hepatoprotective
ilybin HO g .
Y ©[ “ effect
O
NH NH
5 Diminazene ”ZN)n . @AN“Z Insecticidal effect
N~ \H
NH,
. N7 N
Fludarabine PN
6 FONT N Anti-tumor
phosphate HO!- O o O
HO HO’P\OH
NH 9 Nutritional
. Y
7 L-Arginine HoN H%OH
2 supplement
NH
Hydroxystilbamidin HaN O on
8 Z O Antifungal effect
e NH,
NH
O,
on Antineoplastic,
9 Methotrexate e \ HN
HN— )N N4©—<\ oH

antirheumatic effects

10




Treatment of

HO O OH
10 L-dopa L@[
HoN OH Parkinson's disease
(o)
= N
11 Irinotecan CNCH(O eV Anti-tumor
o HO":
Nﬁ
(o
12 Cefoperazone e Antibacterial effect
O on ZTNN
(0]
oH Folic acid
13 Folinic acid }
HN— N HN OH
supplement
Glycerol o OH Intermediate for
14 /\\P\/O\/\/OH ) ]
3-phosphate HO™ oH serine synthesis
o, Nm 0
15 Valganciclovir H&NVO/“CC’THQ Antivirus
OH
H,N
EJ\@}E Treatment of nausea
o ©/F and vomiting
16 Fosaprepitant OO
By induced by
O%ZIF%H chemotherapy
PSS
17 Lomefloxacin OY[(\@ Antibacterial effect
F
OH O
oH /N o 0 Hepatoprotective
18 Glutathione AN A I~
o H NH, effect
HoN 0\‘5":‘H2
SV Treatment of
19 Famotidine o
NH, H
HZNJ\\N)/:\ gastrohelcosis
20 Imatinib N Anti-tumor
Chenodeoxycholic
21 Dissolving gallstones

acid




Table S2 Potential furin inhibitors from in-house natural product database, related to Figure 5

Pharmacological

No. Drug Name Structure Source
functions
o o ~~~‘©[0H Ant.ioxidation, Camellia
1 (-)-Epigallocatechin gallate \©Oo anti-tumor,
on o?\@f)” treatment of sinensis
[ depression
on Antioxidant
effect, Camellia
2 Theaflavin 3,3'-di-O-gallate
anti-tumor, sinensis
anti-virus
Ficus
Anti-virus
3 Biorobin benjamina
14-deoxy-11,12- E Anti-virus, Andrographis
4 didehydroandrographiside Ho anti-inflammato aniculata
! orep g%)OO:/OH P
E?,’,,OH ry effect
(1S5,2R,4aS,5R,8aS)-1-formam
ido-1,4a-dimethyl-6-
methylene-5-((E)-2-(2-ox0-2, N - .
5- dihydrofuran- P Anti-virus, Andrographoli
5 3-yl)ethenyl) 0 anti-inflammato | de derivatives
decahydrona'ph.thalen-z-yl Wg i< ry effect
5-((R)-1,2-dithiolan-3-yl) Tg
pentanoate
26,306-dihydroxy-3,4-seco-fr Anti-virus Viola diffusa
6

iedelolactone-27-lactone
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Qwﬁ@( Antivi Phyllanthus
w 1, . nti-virus
7 Phyllaemblicin G7 «&k fonss emblica
SO
. 3 o Anti-virus, Andrographis
|
8 Andrographolide : anti-inflammato paniculata
HO'  eon ry effect
O . .
NN Anti-virus, '
14-deoxy-11,12- y Andrographis
9 . anti-inflammato
didehydroandrographolide paniculata
HO™ o ry effect
(1S,2R,4aS,5R,8aS)-1-formam g;o
ido- -di _6- Anti-virus,
ido-1,4a-dimethyl-6-methyle s Andrographoli
10 ne-5-((E)-2-(2-ox0-2,5- NHp~ A~ anti-inflammato
dihydrofuran-3-yl)ethenyl) oio\«@/ de derivatives
decahydronaphthalen-2-yl Hop M ry effect
2-aminoacetate °
2-[[2-0-(6-deoxy-a-L-manno o H Anti-virus, Swertia
11 | pyranosyl)-6-D-xylopyranosyl o o on ° I anti-inflammato
Joxy]-1,8-dihydroxy-6-ethoxy 0 ~OH kouitchensis
-9H-xanthen-9-one ~o o O on ry effect
Ho:é)\ Anti—virus,
HO” > Yo Swertia
12 Kouitchenside J o o anti-inflammato
o oH kouitchensis
“ O o O QOH ry effect
Spatholobus
Antioxidant
13 Stigmast-5-en-3-ol Suberectus
effect
o dunn
o oﬁ,m Anti—virus, s
oo, wertia
14 Kouitchenside F OH O o anti-inflammato
kouitchensis

ry effect
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Table S3

Potential furin inhibitors from the common antiviral drugs database, related to Figure 6

Pharmacological
No. Drug Name Structure
functions

°Y©(Ni©/T©i“j©\f° DNA topoisomerase

NH N.
1 Suramin S Q\s\gj’” o ‘O £
° s " Il inhibitor
3

Human

H
O _N
0 X . . .
: 7< immunodeficiency
2 Indinavir N Ny A
N

virus Protease (HIV

PR), anti-malaria

Serine protease

;@ Hepatitis C virus
N— " "'NH
H N><

3 Boceprevir o N Y 9 H
NS3/4A (HCV
HoN
o NS3/4A) Modulator
HaN | HIV-1, HBV
o -
N
Tenofovir )\o&-"“o KN ) N/) nucleotide reverse
4 HN,, «
alafenamide O'P\/Oj) transcriptase
@ inhibitor
(0] (0] (0]
)\oko/\o”i\o/\o)koj\
Tenofovir )(; HIV, HBV nucleotide
5
disoproxil \N _N reverse transcriptase
N /
@N inhibitor
H,N
. I (\3\ 9 FN O . s .
Acycloguanosine HO,P~O/P~O/P~O/\/OVN\2\( Thymidine kinase of
6 OH OH OH N NH
triphosphate o herpesvirus
2

14




Telaprevir

Hepatitis C virus
Serine protease
NS3/4A (HCV
NS3/4A) Modulator

triphosphate

g 9 9
Ho-P~0-F~o-F-o
OH OH OH

Human
O . d f- .
o) immunodeficiency
8 Dolutegravir /@\/\ﬂ //N/m
F F O virus Integrase (HIV
OH O
IN)
EF 1.C-C chemokine
receptor type 5
9 Maraviroc o NH@ (CCR5)
©/'\/‘ 2.CCR5 messenger
N
I W/(
N-N RNA(CCR5 mRNA)
™) Inhibitor of
10 Cobicistat il J;n il . cytochrome P450 3A
vy Coweg |
( @ (CYP3A) enzymes
Nucleoside analogue
reverse transcriptase
Stavudine
11

inhibitor used in the
treatment of HIV

infection
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Table S4. In vitro furin inhibitory effects of screening hits. Related to Figure 7.

Compounds name In vitro furin protease IC50 (uM)
inhibition percentage at
100uM(%0)

Aminopterin 72 >30
Folic acid <30 >30
Sulfoxone <30 >30
Silybin 74 >30
Diminazene 95 5.42 +0.11
Fludarabine phosphate <30 >30
L-Arginine <30 >30
Hydroxystilbamidine <30 >30
Methotrexate 73 >30
L-dopa <30 >30
Irinotecan <30 >30
Cefoperazone <30 >30
Folinic acid 44 >30
Glycerol 3-phosphate <30 >30
Valganciclovir <30 >30
Fosaprepitant <30 >30
Lomefloxacin 40 >30
Glutathione <30 >30
Famotidine <30 >30
Imatinib 58 >30
Chenodeoxycholic acid <30 >30
Suramin <30 >30
Indinavir <30 >30
Boceprevir <30 >30
Tenofovir alafenamide <30 >30
Tenofovir disoproxil 38 >30
Acycloguanosine
triphosphate <30 >30
Telaprevir <30 >30
Dolutegravir <30 >30
Maraviroc <30 >30
Cobicistat <30 >30
Stavudine triphosphate <30 >30
(-)-Epigallocatechin gallate

<30 >30
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Theaflavin
3,3'-di-O-gallate

Biorobin

14-deoxy-11,12-
didehydroandrographiside
Phyllaemblicin G7

Andrographolide

14-deoxy-11,12-
didehydroandro
grapholide
Kouitchenside J
Stigmast-5-en-3-ol

Kouitchenside F

<30

<30

<30
<30

<30

<30

<30
<30
<30

>30

>30

>30
>30

>30

>30

>30
>30
>30
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