Glycoconjugate Journal (2022) 39:315-325
https://doi.org/10.1007/s10719-021-10018-8

ORIGINAL ARTICLE q

Check for
updates

Structural characteristics of Heparan sulfate required for the binding
with the virus processing Enzyme Furin

Jiaxin Zeng"?* . Yuan Meng? - Shi-Yi Chen?3*. Gaofeng Zhao®* - Lianchun Wang® - En-Xin Zhang' - Hong Qiu®3*

Received: 13 May 2021/ Revised: 8 July 2021 / Accepted: 7 August 2021 / Published online: 26 October 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Furin is one of the nine-member proprotein convertase family. Furin cleaves proteins with polybasic residues, which includes
many viral glycoproteins such as SARS-Cov-2 spike protein. The cleavage is required for the activation of the proteins.
Currently, the mechanisms that regulate Furin activity remain largely unknown. Here we demonstrated that Furin is a novel
heparin/heparan sulfate binding protein by the use of biochemical and genetic assays. The K, is 9.78 nM based on the bio-
layer interferometry assay. Moreover, we found that sulfation degree, site-specific sulfation (N-sulfation and 3-O-sulfation),
and iduronic acid are the major structural determinants for the binding. Furthermore, we found that heparin inhibits the
enzymatic activity of Furin when pre-mixes heparin with either Furin or Furin substrate. We also found that the Furin binds
with cells of different origin and the binding with the cells of lung origin is the strongest one. These data could advance our
understanding of the working mechanism of Furin and will benefit the Furin based drug discovery such as inhibitors target-
ing the interaction between heparan sulfate and Furin for inhibition of viral infection.
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Introduction

Furin is the first member identified in the nine-member pro-
protein convertase family [1]. Furin ubiquitously cleaves
proteins with polybasic residues such as cytokines, growth
factors, hormones, and receptors in mammalian cells and is
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involved in different diseases such as cancer [2]. The Furin
cleavage is also essential for viral glycoproteins to gain fuso-
genic activity. The Furin cleavage site RXR/KR is ubiqui-
tously expressed in different viral glycoproteins such as the
human immunodeficiency virus-1 (HIV-1) gp160 [3], Zika
virus glycoprotein [4], Ebola virus prM [5], Influenza virus
hemagglutinin [6], and the causative virus for COVID-19-
SARS-CoV-2 spike protein [7], etc. After Furin cleavage, the
viruses fuse with the host cell membrane and enter the host
cell to initiate their replication. Based on these discoveries,
Furin emerges as a potential target for the anti-viral drug
development.

Although Furin cleavage is required for virus infection,
the mechanisms that regulate Furin-mediated cleavage
remain largely unknown. The proprotein convertase sub-
tilisin kexin 9 (PCSKD9) in the proprotein convertase family
was reported to be a heparan sulfate binding protein, and
the binding is critical for the degradation of low-density
lipid receptor (LDLR) [8]. Moreover, the Furin cleavage
site RXR/KR is a typical heparin/heparan sulfate bind-
ing motif. PC5B and PACE4 bind with heparan sulfate
through their cysteine-rich domain [9] and Furin has a
cysteine-rich domain as well. The binding of heparin to
gp160 peptides including REKR and KAKR facilitates
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the cutting of the peptide by Furin [10]. Moreover, there
are several heparin/heparan sulfate binding motifs in the
Furin sequence (supplemental information S1). Inspired by
these facts, we hypothesize that the Furin is also a heparin/
heparan sulfate binding protein. The most recent discovery
by ourselves and other groups that cell surface heparan
sulfate is a potential co-receptor for SARS-CoV-2 infec-
tion further stimulates us to test the hypothesis [11-14].

In this research, we first performed ELISA assay with
heparin compound and the murine lung endothelial cells
with heparan sulfate depleted, and the results clearly shown
that Furin is a novel heparin/heparan sulfate binding pro-
tein. We further found that sulfation degree, N-sulfate,
3-O-sulfate, and iduronic acid are major determinants for
the Furin binding. The Ky, is determined to be 9.78 nM by
biolayer interferometry analysis. Heparin inhibits the enzy-
matic activity of Furin when pre-mixes heparin with either
Furin or Furin substrate. The Furin ubiquitously binds with
cells of different origin and the binding to the cells of lung
origin is the highest among the cells tested.

Materials and methods
Materials

Biotinylated-heparin (375054, 15 kDa) was purchased from
EMD Millipore (USA). The heparin (Hep), 2-O-desulfated
heparin (2DS), 6-O-desulfated heparin (6DS), N-desulfated
heparin (NDS), completely desulfated heparin (CDS), and
completely desulfated re N-sulfated Heparin (CDSNS)
were all bought from GlycoNovo (Shanghai, China). K5
polysaccharide (K5), epimerized completely N-sulfated
K5 polysaccharide (ENSKS), completely N, O-sulfated
K5 polysaccharide (CNOSKYS), completely N-sulfated
K35 polysaccharide (CNSKS5), N-deacetylated K5 poly-
saccharide (NDAKS), and completely N-deacetylated K5
polysaccharide (CNDAKS) are all obtained from Gly-
coNovo. N-Acetylneuraminic acid (NeuSAc, A100555)
and hyaluronic acid (HA, H107141) were obtained
from Aladdin (Shanghai, China). Chondroitin sulfate A
(CSA, YC1658691901) and chondroitin sulfate C (CSC,
YC314581901) were bought from Carbosynth (United
Kingdom). The surfen (S6951), chondroitinase ABC
(C2905), and heparinase I, II, IIT (H2519, H6512, H8891)
were sigma products. Recombinant human Furin with His
tag is product from Acro Biosystems (Cat.# FUN-H5221,
Lot.# 321-728F1-RS). The anti-His antibody conjugated
with HRP was bought from ZENBIO (618194). All other
reagents are from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China) if not specified.
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Cells and cell culture

The murine lung endothelial cell (MLEC) lines were as pre-
viously reported[15].

The cell lines U87, SH-SYS5Y, A549, MRC-5, WI-38,
HuH-7, SK-HEP-1, Hep3B2.1-7, HT1080, EA.hy926, and
HEK?293 are ordered from National Collection of Authen-
ticated Cell Cultures (Shanghai, China). All cells were cul-
tured in medium supplemented with 10% fetal bovine serum
(Gibco, 10099141C), 100 U/ml penicillin and 100 pg/ml
streptomycin (Invitrogen, USA).

Enzyme-linked immunosorbent assay (ELISA)
with immobilized Furin

Recombinant human Furin with His tag (100 pl) at 2.5 pg/
ml were coated onto Immuno transparent flat 96 well plate
with hydrophilic surface (Thermo, 439454) at RT for 2 h.
Wash three times with 1 X PBS, each time 5 min. The plates
were blocked with 3% BSA in 1 XPBS for 1 h at RT. After
removing the blocking buffer, biotinylated heparin (1000,
500, 250, 125, 62.5, 31.25, 15.625 pg/ml) was added into
the plate in 100 pl and incubated at RT for 1 h, the PBS
serves as control. Pierce™ High Sensitivity Streptavidin-
HRP (50 ng/ml, Thermo, 21132) was added and incubated
for 1 h at RT. Wash with 1 XxPBS 6 times. TMB (100 pl,
Thermo, UJ2859123) was added and incubated at RT for
30 min. The reaction was stopped by adding 2 M H,SO,.
The results were read by a spectrometer SpectraMax M5e
(Molecular Devices, USA) at 450 nm.

Cell surface glycan processing

Cells (3.0x 10* cells/well) were seeded into 96-well plates
and cultured overnight. After washing with 1 X PBS, surfen
(20 uM), chondroitinase ABC (5 U/ml) or heparinase I, II,
III (4 U/ml, 0.5 U/ml, 0.5 U/ml) were added and incubated
for 30 min, respectively. After the treatment, the digestion
buffer was removed and the cells were washed with 1 XPBS
for 3 times and fixed with 4% paraformaldehyde at room
temperature (RT) for 15 min. The fixed cells were subject
to cell-based enzyme-linked immunosorbent assay (ELISA)
according to the following protocol.

Cell-based enzyme-linked immunosorbent assay
(ELISA)

Cells (3.0 10* cells/well) were seeded into 96-well plates
and incubated overnight at 37 °C with 5% CO, in a humidi-
fied incubator. The cells were washed by 1 X PBS and then
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fixed in 4% paraformaldehyde at room temperature (RT)
for 15 min. After washed by 1 X PBS for 3 times, the cells
were blocked in 3% BSA at RT for 90 min. After removing
the blocking buffer, human Furin at 2.5 pg/ml or Furin-
heparin mixture with Furin (2.5 pg/ml) and heparin (500 pg/
ml) pre-mixed on ice for 30 min was added and incubated at
RT for 1 h. The blank served as the control. The cells were
washed 3 times with 1 XPBS and incubated with anti-His
antibody conjugated with HRP (ZENBIO, 618194, 1:2000)
for 1 h at RT. After 6 times washing with 1 XxPBS, TMB
(Thermo, UJ2859123) was added and incubated at RT for
30 min, the color development was stopped by 2 M H,SO,.
Absorbance at 450 nm was measured by SpectraMax M5e
(Molecular Devices, USA).

Carbohydrate-Based Enzyme-Linked
Immunosorbent Assay (ELISA)

Carbohydrates (100 pl) in different concentration (1000,
500, 250, 125, 62.5, 31.25, 15.625 pg/ml) were coated into
Immuno transparent flat 96 well plates with hydrophilic sur-
face (Thermo, 439454) at RT for 2 h. Wash three times with
1 X PBS, each time 5 min. The plates were blocked with 3%
BSA for 1 h at RT. Human Furin was added into the plates
(0.25 pg/well in 100 pl 1 x PBS) after aspirating the blocking
buffer and incubated at RT for 1 h. After 3 times washing by
PBS, anti-His antibody conjugated with HRP (1:2000) was
added and incubated for 1 h at RT. Wash with 1 XxPBS 6
times. TMB (Thermo, UJ2859123) was added and incubated
at RT for 30 min. The reaction was stopped by adding 2 M
H,SO,. The absorbance of the developed substrate was read
by a spectrometer SpectraMax MS5e (Molecular Devices,
USA) at 450 nm.

Biolayer interferometry assay

The Octet RED96 system (ForteBio, Menlo Park, CA) was
used to determine the binding kinetics of the human furin to
biotinylated-heparin (Millipore, 3532397) by immobilizing
biotinylated-heparin onto Streptavidin (SA) coated sensors
(ForteBio, 2105009911). The biotinylated-heparin (1 pg/ml
in PBS) was loaded until the response unit (RU) reached
0.2 nm and enter the plateau state. Human Furin (650.4,
325.2,162.6, 81.3,40.7,20.3, 10.2 nM) in PBST (PBS with
0.05% Tween20) was associated to sensor for 130 s and dis-
sociated with PBST for 300 s. The biosensors were subse-
quently regenerated with 50 mM glycine solutin (pH=1.7)
(15 s) and PBST (15 s) for 5 times. The ForteBio Octet
analysis software (ForteBio, Menlo Park, CA) was used to
analyze the results. Association and dissociation rates were

simultaneously fit to 1:1 ligand binding model to determine
the affinity constant (Kp,) value.

Flow cytometry analysis

Cells were collected after dissociation with PBS supple-
mented with 2 mM EDTA and 1% BSA (PBS-EB), and
adjusted at 107 cells/ml. For Furin binding, the cells were
incubated with 100 pl 2.5 pg/ml Furin on ice for 1 h. Fol-
lowing, the cells were incubated with SureLight® APC
Anti-6X His tag® antibody (ABCAM, ab72579) on ice for
30 min, and were then subjected to flow cytometry analysis
(CytoFLEX S, Beckman Coulter). The SureLight® APC
conjugated isotype control (ABCAM, ab73711) serves as
negative staining control. The results were analysed by
FlowJo, and median fluorescence intensity (MFI) was cal-
culated and presented.

Furin activity assay

Prepare assay buffer containing 25 mM Tris, 1 mM CaCl,,
0.5% (w/v) Brij-35, pH 9.0. Dissolve the human Furin (Acro,
FUN H52H3) and Furin substrate (Apeptide, APG1774) into
assay buffer to form 2 pg/ml and 100 pM working solution,
respectively. Heparin (GlycoNovo, C-HEPPIM) at 12.5 or
125 pg/ml were pre-mixed with either Furin or Furin sub-
strate at 4 °C for 30 min in 1:1 (v/v) ratio. Load the mixture
(50 pl/well) into 96-well black plate (CORNING, 3925),
initiate the reaction by adding substrate (50 pl/well) or furin
(50 pl/well) at 37 °C, let it react for 60 min. The Furin only
or Furin substrate only group serves as negative control.
The results were read by BioTek SYNERGY H1 microplate
reader (BioTek Instruments Inc., Winooski, VT, USA) with
excitation at 380 nm and emission at 460 nm.

Statistical analysis

All statistical analysis was performed by paired two-tail
student's test, p<0.05 was set to be of statistical signifi-
cance. The data are presented as Mean + SD, ns indicates
not significant, * indicates p <0.05, ** indicates p <0.01,
*** indicates p < 0.001. The GraphPad Prism v8.0.2.263 was
used for most of the data analysis.

Results and discussion
Furin is a novel heparan sulfate binding protein
There are many methods can be used to characterize the

interaction between glycans and their binding proteins [16].
We first chosen the ELISA to determine the binding affinity
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of heparin to Furin. As shown in Fig. 1a, the binding affinity
in the form of half maximal effective concentration (ECs)
of heparin to immobilized Furin is about 351.5 pg/ml or
23.4 pM. (Fig. 1b). We also determined the binding kinetics
using the Octet RED96 system and the K, was calculated
to be 9.78 nM (Fig. 1b). Consistently, when we pre-mixed
Furin with heparin and added the mixture onto the wild type
murine lung endothelial cells (MLECs), we found that the
binding of Furin to the cells was significantly blocked com-
pared to the Furin and blank group (Fig. 1c). To further con-
firm the results, we performed cell-based ELISA using the

murine lung endothelial cells (MLECs) with Extl deletion
(Ext1~7) which is completely absent of heparan sulfate (HS)
expression [15]. Compared to the wild type cells, the binding
of Furin to the heparan sulfate depleted cells was reduced by
nearly 50% (Fig. 1d). Surfen is a small molecule inhibitor
for heparan sulfate [17], the binding of Furin to the immo-
bilized cells was reduced by 36% when we treat the cells
30 min before we add the Furin protein (Fig. 1d). Heparinase
L, II, IIT (HSase) treatment can digest the cell surface HS.
Compared to the control, the binding of Furin was reduced
by 46% after HSase treatment, while chondroitinase ABC
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Fig.1 Furin is a novel heparin/heparan sulfate binding protein. The
binding affinity of biotinylated-heparin to immobilized Furin is about
351.5 pg/ml or 23.4 pM based on ELISA a. The binding of Furin to
biotinylated-heparin immobilized onto the streptavidin-based probe
is determined by biolayer interferometry (BLI) and the K, value is
9.78 nM. The concentration of Furin is 10.2, 20.3, 40.7, 81.3, 325.2,
and 650.4 nM b. The binding of Furin or pre-mixture of Furin and
heparin (Hep) to murine wild type lung endothelial cells based on
cell-based ELISA, the cells without incubation with Furin served
as control ¢. The binding of Furin to murine lung endothelial cells
(MLECs) with heparan sulfate (HS) depleted (Extl™~ cells) is sig-
nificantly reduced by about 50% compared to the wild type cells as
determined by cell-based ELISA. Heparan sulfate inhibitor surfen
(20 pM) or heparinase I, II, and IIT (HSase, 4 U/ml, 0.5 U/ml, 0.5 U/
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ml), but not by chondroitinase ABC (CSase ABC, 5 U/ml) treatment
at RT for 30 min impairs the binding of Furin to wild type murine
lung endothelial cells, the cells without treatment serves as control d.
Based on flow cytometry analysis, the binding of Furin to cell surface
HS is significantly reduced in the HS depleted cells (Extl™cells)
as the APC median fluorescence intensity (MFI) by anti-His antibody
conjugated with APC is significantly reduced e. The bold line and
dash line are isotype control for wild type cells and Extl1™~ cells,
respectively; the red and cyan are wild type cells and Extl™cells,
respectively f. Absorbance at 450 nm (OD450) is the indicative of
binding capacity. Data are presented as Mean +SD, ns indicates not
significant, * indicates p <0.05, ** indicates p <0.01, *** indicates
p<0.001
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(CSase ABC) treatment did not significantly alter the bind-
ing of Furin to the cells. Moreover, none of the treatment on
the Ext1~'~ cells leads to change in the binding of Furin to
Ext1~'~ cells (Fig. 1d).

We also measured the binding of Furin to wild type and
Ext1~'~ murine lung endothelial cells (MLECs) by the flow
cytometry. Consistent with the aforementioned results, the
binding of Furin to Ext1™~ cells determined by median fluo-
rescence intensity (MFI) was also significantly reduced by
about 50% (Fig. le, f).

In all, we have shown that Furin is a novel heparin/hep-
aran sulfate binding protein.

N- sulfate, 3-0- sulfate, and iduronic acid are major
structural determinants required for heparan
sulfate to bind Furin

Next, we sought to determine the structural characteristics of
heparan sulfate for Furin binding. To do this, we performed
cell-based ELISA using our recently developed heparan sul-
fate mutant cell library [15]. The binding of Furin to Ndst1 ™/~

Fig.2 Structural determinants * %k %

Ndst2™~, and Ndst1/27/~ cells was reduced by 24.8%, 36%, and
69%, respectively (Fig. 2a). As we previously reported, the sul-
fate degree, N-sulfate, and O-sulfate in the Ndst1 = Ndst27/-,
and Ndst1/27/~ cells are significantly reduced [15]. This shows
that both site specific sulfation and sulfation degree are required
for the binding of Furin. Epimerization of glucuronic acid is
also required for the binding of Furin to heparan sulfate as the
binding of Furin to Glce ™ cells is reduced by 24.1% (Fig. 2a).
However, 2-O-sulfation is minimally required for the binding
as the binding of Furin to the Hs2st™'~ cells is only reduced by
3.7% when compared to the binding of Furin to the wild type
cells (Fig. 2b). In our previous report, the 2-O-sulfate is reduced
in the Glce™" cells and disappeared in the Hs2st™~ cells [15].
In addition to reduction of 2-O-sulfate in the Glce™ cells,
the iduronic acid is also reduced as the Glce encodes enzyme
catalyze the conversion of glucouronic acid to iduronic acid.
The more reduction of the Furin binding we observed in the
Glce™~ cells than in the Hs2st™~ cells could be due to the
reduction of both 2-O-sulfate and iduronic acid. The binding of
Furin to Hs6st1 ~~, Hs6st2~~, and Hs6st1/2~"~ cells is reduced
by 4.1%, 7.4%, and 4.6%, respectively (Fig. 2c). In contrast,
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the binding of Furin to Hsulf1/27'~ cells is reduced by 13.2%
compared to the wild type cells (Fig. 2d). As we previously
reported, the 6-O-sulfate is reduced in Hs6st1/27/~ cells but
increased in Hsulf1/27~ cells when compared to wild type cells
[15]. Meanwhile, the sulfate degree in both Hs6st1/27"~ cells
and Hsulf1/27'~ cells are reduced compared to the wild type
cells [15]. The reduction of binding to these two cell lines
indicates that the binding of Furin to heparan sulfate is more
dependent on the sulfate degree than the 6-O-sulfate. Com-
pared to the wild type cells, the binding of Furin to Hs3st1 ™",
Hs3st4~~, and Hs3st1/47~ cells is significantly reduced by
17.25%, 21.84%, and 24.73%, respectively (Fig. 2a). The
HS3ST1 and HS3ST4 enzyme are required for the genera-
tion of 3-O-sulfate for the antithrombin III (ATIII) and gly-
coprotein D (gD) specific binding, respectively [18]. We have
demonstrated that ATIII binding to Hs3stl~~, Hs3st4~/~,
and Hs3st1/4~'~ cells are reduced, which indicates that ATIII
specific binding 3-O-sulfate is reduced or disappeared in the
knockout cells [15]. The sulfate degree in Hs3st4™'~ cells is
also reduced when compared to wild type cells, Hs3st1™/~,
and Hs3st1/4™~ cells [15]. The reduction of Furin binding is
thus because of the reduction of 3-O-sulfate in Hs3st1™~ and
Hs3st1/47'~ cells and the reduction of both 3-O-sulfate and sul-
fate degree in Hs3st4 ™/~ cells.

These data show that the sulfation degree, N-sulfate,
2-O-sulfate, 6-O-sulfate, 3-O- sulfate, and iduronic acid
are structural determinants in heparan sulfate for their bind-
ing with Furin. The contribution of N-sulfate, 3-O-sulfate,
and iduronic acid is greater than others.

Heparin and heparin derivatives bind with Furin
in different affinity

We have demonstrated that sulfation degree, N-sulfate,
2-O-sulfation, 6-O-sulfate, 3-O- sulfate, and iduronic acid
are structural determinants for the binding of Furin to the
cell surface heparan sulfate. We next try to explore the bind-
ing potential of heparin with different structure to the Furin
protein. We use the ELISA to determine the binding of Furin
to immobilized heparin (Hep), completely desulfated hepa-
rin (CDS), N-desulfated heparin (NDS), 2-O-desulfated hep-
arin (2DS), 6-O-desulfated heparin (6DS), and completely
desulfated N-resulfated heparin (CDSNS).

The completely de-sulfated heparin (CDS) almost
loses its binding to Furin. The binding pattern of Furin to
N-desulfated heparin (NDS) is similar to that of CDS, but
N-re-sulfation of CDS (CDSNS) leads to an increase of
binding of Furin with the polysaccharide. This indicates
that N-sulfate is a critical determinant for the binding to
Furin. Consistent with the binding to cell surface heparan
sulfate, 2-O-desulfated heparin (2DS) shows the strongest
binding to Furin among the modified heparins we tested.
Furin also binds with the 6-O-desulfated heparin (6DS)
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but the binding affinity is lower than the binding with the
2DS. This shows that the contribution of 2-O-sulfate to the
binding of Furin to heparin/heparan sulfate is less impor-
tant than N-sulfation and 6-O-sulfation (Fig. 3a). Accord-
ing to the product information sheet, the sulfur content in
Hep, CDS, NDS, CDSNS, 2DS, and 6DS is 11-14%,<2%,
7-8.5%, 5.5-8.5%, 7.5-9.5%, and 7-9%, respectively (Sup-
plemental Information S2-S8). The sulfur content in Hep
is the highest among the polysaccharides tested. Intrigu-
ingly, the binding of Furin to Hep is the strongest among
the polysaccharides tested as well. This shows that both
sulfation degree and site-specific sulfation are required for
the binding with Furin, which is consistent with the data
based on heparan sulfate mutant cells.

Furin does not bind to Chondroitin sulfate,
Hyaluronan (HA), and N-acetylneuraminic acid
(Neu5Ac)

To further explore the selectivity of the binding of Furin
to glycosaminoglycan and acidic carbohydrates, we deter-
mined the binding of Furin to the chondroitin sulfate A
(CSA), chondroitin sulfate C (CSC), hyaluronan (HA), and
N-acetylneuraminic acid (Neu5SAc) in the same conditions
for heparin binding. The binding affinity of Furin to these
carbohydrates is comparable to the completely de-sulfated
heparin (Fig. 3b). These show that Furin only binds to sul-
fated polysaccharide with a specific backbone.

Furin does not bind with K5 polysaccharide but bind
with sulfated derivatives of K5 polysaccharide

The Escherichia coli K5 capsular polysaccharide (K5)
[-4)-BGlcA-(1,4)-aGlcNAc-(1-] is structurally similar to
the non-sulfated heparin/heparan sulfate. Theoretically, the
K5 sulfate derivatives might be used as competitive inhibi-
tors for the binding between heparan sulfate and Furin. To
test this hypothesis, we determined the binding of Furin
to epimerized completely N-sulfated K5 polysaccharide
(ENSKS), completely N, O-sulfated K5 polysaccharide
(CNOSKS), completely N-sulfated K5 polysaccharide
(CNSKY5), N-deacetylated K5 Polysaccharide (NDAKS), and
completely N-Deacetylated K5 polysaccharide (CNDAKY).

As expected, K5 polysaccharide shows almost no binding
with Furin. N-deacetylation does not change the binding of
K5 polysaccharide to Furin, as the binding pattern of Furin
to NDAKS and CNDAKS is almost the same as the KS. Both
N-sulfation (CNSKS5) and completely N-, O- sulfation of
K5 (CNOSKS) leads to a significant increase of binding to
Furin (Fig. 3¢). However, there is only a trace level binding
of Furin to epimerized completely N-sulfated K5 polysac-
charide (ENSKJ5). This could be due to the lower sulfation
of ENSKS compared to CNOSKS, as the sulfur content in
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Fig.3 The binding of Furin with different carbohydrates. a The
binding of Furin to heparin (Hep), 2-O-desulfated heparin (2DS),
6-O-desulfated heparin (6DS), N-desulfated heparin (NDS), com-
pletely desulfated heparin (CDS), and completely desulfated re
N-sulfated heparin (CDSNS) in different concentration (1000, 500,
250, 125, 62.5, 31.25, 15.625, 0 pg/ml) were determined by ELISA.
b The binding of Furin to chondroitin sulfate A (CSA), chondroitin
sulfate C (CSC), N-acetylneuraminic acid (Neu5Ac) in different con-
centration (1000, 500, 250, 125, 62.5, 31.25, 15.625, 0 pg/ml) were
determined by ELISA. ¢ The binding of Furin to K5 polysaccharide

ENSKS5 and CNOSKS is 3-5% and 15-16.3%, respectively
(Supplemental Information S2, S10 and S12). These results
are also in consistent with our data based on heparan sulfate
mutant cells and heparin and chemically modified heparin.

Furin binds to cells of different origin with different
affinity in a heparan sulfate dependent way

Esko et al. have determined the structure of heparan sulfate
from human lung, tonsil, kidney, and liver, and they found
that sulfation degree, N-sulfate, and 2-O-sulfate is higher
in lung tissue than in the other three tissues [13]. HS from
human lung tissue shows the strongest inhibitory effect on
the binding of SARS-Cov-2 spike protein receptor binding
domain (RBD) to H1299 cells [13]. We have established that
Furin is a new heparin/heparan sulfate binding protein. We
next sought to determine the binding of Furin to cells of dif-
ferent origin, to see whether the interaction between heparin/
heparan sulfate and Furin can be determinants for the viral
tropism. We included cells of lung origin (A549, MRC-5,
and WI-38), cells of liver origin (HuH-7, SK-HEP-1, and
Hep3B2.1-7), cells of brain origin (U87 and SH-SYS5Y),
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(KS5), epimerized completely N-sulfated K5 polysaccharide (ENSKS),
completely N, O-sulfated K5 polysaccharide (CNOSKY), completely
N-sulfated K5 polysaccharide (CNSKS5), N-deacetylated K5 Polysac-
charide (NDAKS), and completely N-Deacetylated K5 polysaccharide
(CNDAKS) in different concentration (1000, 500, 250, 125, 62.5,
31.25, 15.625, 0 pg/ml) were determined by ELISA. Absorbance at
450 nm (OD450) is the indicative of binding capacity. Data are pre-
sented as Mean + SD, ns indicates not significant, * indicates p <0.05,
** indicates p <0.01, *** indicates p <0.001

human umbilical vein endothelial cells EA.hy926, human
fibrosarcoma cells HT1080, and human embryonic kidney
cells HEK293. We found that Furin bind to the cells of lung
origin with the highest affinity. The binding was dimin-
ished after the cells treated with heparinase I, II, and III
(HSase) (Fig. 4a). The binding of heparin-Furin pre-mixture
to the immobilized cells is also significantly reduced when
compared to the binding of Furin to the immobilized cells
(Fig. 4b). These evidences further confirmed that Furin is a
heparin/heparan sulfate binding protein and the binding of
Furin to the cells is dependent on the cell surface heparan
sulfate and the binding affinity varies in different tissues.

Heparin inhibits the Furin enzymatic activity
through binding either Furin or the Furin substrate

We next asked whether heparin could inhibit the enzy-
matic activity of Furin. Because heparin binds both Furin
and Furin substrates, we hypothesize that heparin binding
either Furin or Furin substrates blocks the Furin activity. To
test the hypothesis, we pre-mixed the heparin with either
Furin or Furin substrate at RT for 30 min before initiating
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Fig.4 Furin binds to cells of different origin in different affinity and
the binding is heparan sulfate dependent. The cells of lung origin
(A549, MRC-5, and WI-38), cells of liver origin (HuH-7, SK-HEP-1,
and Hep3B2.1-7), cells of brain origin (U87 and SH-SY5Y), human
umbilical vein endothelial cells EA.hy926, human fibrosarcoma
cells HT1080, and human embryonic kidney cells HEK293 all bind
with Furin and the binding to the cells of lung origin is the strong-
est among the cells tested a. The binding is diminished after hepari-

the reaction. As shown in Fig. 5, heparin significantly inhib-
its the Furin enzymatic activity by pre-mixing heparin with
either Furin or Furin substrate and the reaction is very quick.
The results is consistent with the results that heparin inhibits
the activation of latent TGFf-1 by inhibiting the processing
of latent TGFB-1 by Furin [19]. But heparin enhances the
Furin cleavage of HIV-1 gp160 peptides in different length
[10], the difference could be due to the reaction condition
and enzymatic activity determination method is different
from what we used.

@ Springer

nase I, II, IIT (HSase) pretreatment at RT 30 min a. Pre-mixing hepa-
rin (Hep, 500 pg/ml) and Furin (2.5 pg/ml) leads to reduction of the
binding of Furin to the immobilized cells b. The cells without Furin
incubation served as control. Absorbance at 450 nm (OD450) is the
indicative of binding capacity. Data are presented as Mean +SD, ns
indicates not significant, * indicates p <0.05, ** indicates p<0.01,
*#% indicates p < 0.001

Several clinical trials are undergoing to investigate the
effect of heparin on hospitalized COVID-19 patients (www.
clinicaltrials.gov) with coagulopathy [20, 21]. Unfraction-
ated heparin and low-molecular weight heparin (LMWH),
and sulfated polysaccharides from different sources have
been reported to bind with SARS-CoV-2 spike protein [14,
22, 23]. Their inhibitory effect on SARS-CoV-2 infection
has also been widely tested. These data suggest that heparin
could also be used as prophylactic drug for SARS-CoV-2
infection [21].


http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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Fig.5 The effect of heparin on the activity of Furin. Heparin (Hep,
12. 5 or 125 pg/ml) was pre-mixed with either Furin or Furin sub-
strate (Sub) in 1:1 (v/v) ratio at 37 °C for 30 min. Load the mixture
(50 pl/well) into 96-well black plate (CORNING, 3925), initiate the
reaction by adding substrate (50 pl/well) or furin (50 pl/well) at 37 °C
and let it react 60 min. The Furin only or Furin substrate only group

Our results clearly shown that Furin is a novel hepa-
rin/heparan sulfate binding protein. Previous research has
shown that SARS-CoV-2 spike protein is also heparin/
heparan sulfate binding protein. In this scenario, heparan
sulfate on the cell surface may serve as a scaffold which
tether the related proteins together to facilitate their inter-
action and initiate the downstream biological events [24].
Put these together, we may get a clearer picture of how the
heparan sulfate function during the SARS-CoV-2 infection
and virus infection in general although the elucidation of
the three-dimensional structure of the complex formed by
heparan sulfate, Furin, and the SARS-Cov-2 spike protein
is warranted. This may not be limited to virus infection
but could be expanded to Furin cleavage related biologi-
cal processes.

Recent study found that there is an increase of plasma
level of Furin in patients with coronary artery disease and
COVID-19, and the increase of the plasma level of Furin
is independent prognostic factor for the progression of
respiratory failure in the patients [25]. Our results here
thus can explain why the increase of Furin in plasma leads
to poor prognosis of the patients and provide further sci-
entific support for the use of the approved heparin like

serves as negative control. The results were read by BioTek SYN-
ERGY HI1 microplate reader (BioTek Instruments Inc., Winooski,
VT, USA) with excitation at 380 nm and emission at 460 nm imme-
diately, 30 min, or 60 min after initiating the reaction. Data are pre-
sented as Mean + SD, ns indicates not significant, * indicates p <0.05,
** indicates p <0.01, *** indicates p <0.001

drugs to treat patients with coronary artery disease and
COVID-19.

Conclusion

Furin is a novel heparin/heparan sulfate binding protein
and the binding is dependent on the sulfation degree, site
specific sulfation (N- sulfate, 2-O-, 6-O-, 3-O- sulfate),
and iduronic acid in the heparan sulfate. The results sug-
gest that heparan sulfate may serve as a scaffold for the
Furin to cleave its substrates and heparin could compet-
itively block the function of heparan sulfate. This will
not only advance our understanding of the effect of virus
infection but also in other Furin cleavage related physi-
ological and pathological processes. Moreover, our results
provide support for the use of the approved heparin like
drugs to treat patients with Furin-cleavage associated dis-
eases such as patients with coronary artery disease and
COVID-19.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10719-021-10018-8.
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