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Abstract

The Coronavirus Disease 2019 (COVID-19) pandemic was caused by Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2), which enters host cells through interactions of its

spike protein to Angiotensin-Converting Enzyme 2 (ACE2). ACE2 is a peptidase that cleaves
Angiotensin 11, a critical pathological mediator. This study investigated if the spike protein binding
to ACE2 compromises its peptidase activity. Spike/ACE2 Binding Assays suggested that spike
proteins of SARS-CoV-2, SARS-CoV and MERS-CoV, but not HKU1, bind to ACE2. S1 and
receptor-binding domain (RBD), but not S2, extracellular domain (ECD) or CendR domain,

bind to ACE2. While glycosylated spike proteins prepared in HEK293 cells bind to ACEZ2,
non-glycosylated proteins produced in £. coli do not. Cysteine residues of the spike protein
expressed in HEK293 cells are fully oxidized, while those of the protein expressed in £. coli

are reduced. The deglycosylation of HEK cell-produced protein attenuates the ACE2 binding,
while the oxidation of the £. coli protein does not promote the binding. The S1 protein of
SARS-CoV-2 enhances the ACE2 peptidase activity, while SARS-CoV, MERS-CoV or HKU1
does not. The ACEZ2 activity is enhanced by RBD, but not ECD or CendR. In contrast to distinct
ACE2 binding capacities of proteins expressed in HEK293 cells and in £. coli, spike proteins
expressed in both systems enhance the ACE2 activity. Thus, the spike protein of SARS-CoV-2, but
not other coronaviruses, enhances the ACE2 peptidase activity through its RBD in a glycosylation-
independent manner.
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What does SARS-CoV-2 spike protein do
to ACE2 peptidase activity?

 a—
[Ang It Ang (1-7)
| )

Asp-Arg-Val-Tyr  Asp-Arg-Val-Tyr
-lle-His-Pro-Phe  -lle-His-Pro

s . \ P;e
<§pike Prote@ -

extracellular

intracellular

ACEZ2; coronavirus; COVID-19; peptidase; SARS-CoV-2; spike protein

Introduction

The Coronavirus Disease 2019 (COVID-19) pandemic was caused by a positive sense single
stranded RNA virus, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
[1,2]. This virus has similarities to Severe Acute Respiratory Syndrome Coronavirus (SARS-
CoV) that caused the SARS outbreak between 2002 and 2004 [3]. Both SARS-CoV and
SARS-CoV-2 use the viral fusion protein, spike protein, to enter the host cells by binding

to their host cell receptor, Angiotensin-Converting Enzyme 2 (ACE2) [4-6]. ACE2 is a
peptidase that cleaves Angiotensin 1l (Ang I1) into Ang (1-7), thus regulating the levels of
Ang |1, a critical mediator of pathogenesis, especially in the cardiovascular system [7].

The S1 subunit of the spike protein contains the Receptor Binding Domain (RBD) that
interacts with ACE2 [5,6]. In addition to ACE2 binding to the spike protein RBD of the
intact virus to facilitate the viral entry, the S1 subunit of the spike protein can be cleaved off
from the virus by proteases such as Furin and may affect various organs [8,9]. Widely used
mRNA COVID-19 vaccines encode for the full-length spike protein S1+S2 [10] and may
produce circulating S1 protein [11,12].

The binding of the SARS-CoV-2 spike protein to ACE2 downregulates ACE2 protein
expression [13], resulting in the reduction of available ACE2 to degrade Ang Il and thus

the accumulation of this pathologic mediator, which may cause cardiovascular diseases
associated with COVID-19 [14]. As the S1 protein binds to ACEZ2, it may interfere with

the enzymatic activity of ACE2, thereby enhancing the Ang Il-mediated pathology, which is
worrisome. However, previous studies showed that the S1 protein does not inhibit, but rather
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slightly enhances, the peptidase activity of ACE2 [15]. Thus, S1 is capable of binding to
ACE?2 as well as enhancing the ACE2 enzymatic activity.

Currently, the relationships between the ability of RBD to bind to ACE2 and the enhancing
action of S1 protein on the ACE2 peptidase activity have not been well defined. Therefore,
the present study further investigates these events in order to provide mechanistic insights
into the action of the SARS-CoV-2 spike protein.

Materials and Methods

Recombinant proteins

Recombinant SARS-CoV-2 Spike S1 (Cat# 40591-V08H), SARS-CoV-2 Spike RBD (Cat#
40592-V08H), SARS-CoV-2 Spike S1 Delta (Cat# 40591-V08H23), SARS-CoV-2 Spike

S1 Omicron (Cat# 40591-V08H41), Middle East respiratory syndrome coronavirus (MERS-
CoV) Spike S1 (Cat# 40069-VV08H), HCoV-HKU1 (HKUL1) Spike S1 (Cat# 40021-VO8H),
HIV-1 gp120 subtype A (Cat# 40403-V08H), HIV-1 gp120 subtype B (Cat# 40404-VVO8H),
and human ACE2 (Cat# 10108-H08H) produced in HEK?293 cells were purchased from
Sino Biological Inc. (Wayne, PA, USA). Recombinant SARS-CoV Spike S1 (Cat# 40150-
V08B1) produced in Baculovirusinsect cells was also purchased from Sino Biological.
Recombinant SARS-CoV-2 Spike S1 (Cat# 230-01101) and SARS-CoV-2 Spike RBD (Cat#
230-01102) produced in £. coliwere purchased from RayBiotech Life, Inc. (Peachtree
Corners, GA, USA). Recombinant SARS-CoV-2 Spike NV-terminal Extracellular Domain
(ECD; Cat# 230-30191) and SARS-CoV-2 Spike CendR Domain (Cat# 230-30179)
produced in HEK293 cells were also purchased from RayBiotech. Recombinant SARS-
CoV-2 Spike CendR Domain expressed in £. coliwere produced by Bio Basic Inc.
(Markham, ON, Canada).

Spike Protein Binding Assays

RayBio COVID-19 Spike-ACE2 Binding Assay Kit | (Cat# CoV-SACE?2), RayBio
COVID-19 Spike-ACE2 Binding Assay Kit Il (Cat# CoV-ACE2S2) and RayBio COVID-19
Spike-AXL Binding Assay Kit (Cat# CoV-AXLS1) were purchased from RayBiotech.
SARS-CoV-2 S1 Protein-ACE2 Binding Inhibitor Screening Kit (Cat# K2050) was
purchased from BioVision Inc. (Milpitas, CA, USA). Assays were performed in accordance
with the manufactures’ instructions and the horseradish peroxidase (HRP) activity was
detected at the absorbance of 450 nm. 10 nM of recombinant proteins were added.

Peptide-N-Glycosidase F (PNGase F) Treatment

Deglycosylation of the HEK293 cell-produced RBD protein was performed using Rapid
PNGase F (non-reducing format) (Cat# P0711S) from New England Biolabs, Inc. (Ipswich,
MA, USA). The sample proteins were incubated with PNGase F Buffer at 75°C for 5 min,
then with Rapid PNGase F at 50°C for 10 min. The resultant proteins were subjected to
SDS-PAGE or used in Spike-ACE2 binding assays.
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SulfoBiotics Protein Redox State Monitoring

Protein thiol redox states were monitored using the -Su/foBiotics- Protein Redox State
Monitoring Kit (Catalog # SB11; Dojindo Molecular Technologies). RBD proteins were
labeled with the Protein-SHifter in accordance with the manufacturer’s instructions.
Thereafter, proteins were subjected to SDS-PAGE and stained with Coomassie blue.

5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) Assay

Reduced thiol contents in S1 proteins were measured using DTNB at an absorbance of 412
nm as previously described [16].

ACE2 Activity Assay

The cleavage of the Mca/Dnp fluorescence resonance energy transfer (FRET) peptide
to the fluorescent MCA (7-Methoxycoumarin-4-acetic acid) peptide catalyzed by ACE2
was monitored using SensoLyte 390 ACE2 Activity Assay Kit (AnaSpec Inc., Fremont,
CA, USA) using recombinant human ACE2 (0.002 uM) (Sino Biological). Results were
confirmed using the ACE2 Activity Assay Kit (Cat# K897) from BioVision.

Furin Activity Assay

The protease activity of Furin was monitored by measuring the production of Rhodamine
110 fluorophore upon the Furin-dependent cleavage using SensoLyte Rh110 Furin Activity
Assay Kit (AnaSpec).

Glycealdehyde-3-phosphate dehydrogenase (GAPDH) Activity Assay

The activity of GAPDH was determined by monitoring the conversion of Glycealdehyde-3-
phosphase to 1,3-bisphosphoglycerate colorimetrically using the GAPDH Activity Assay Kit
(Cat# MAK277, Sigma-Aldrich, St. Louis, MO, USA).

Dipeptidyl peptidase-4 (DPP4) Activity Assay

The peptidase activity of DPP4 was measured by monitoring the production of a fluorescent
product, 7-amino-4-methyl coumarin using the DPP4 Activity Assay Kit (Cat# MAKO088,
Sigma-Aldrich).

Statistical analysis

Means and standard errors of mean (SEM) were computed. Two groups were compared by a
two-tailed Student’s ¢ftest, and differences between more than two groups were determined
by the analysis of variance (ANOVA). £< 0.05 was defined to be statistically significant.

Results

The use of Spike protein/ACE2 Binding Assays to study the biology of spike protein

The Spike protein/ACE2 Binding Assay Kits have been used to screen for inhibitors

for the purpose of developing therapeutic agents to treat COVID-19. In this study, these
assay kits were used to understand the mechanisms of spike protein biology. The RayBio
COVID-19 Spike-ACE2 Binding Assay Kit I has the RBD protein coated at the bottom of
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the microplates to which ACE2 proteins are added. After washing unbound components,
the antibody against ACE2 is added and the RBD/ACE2 binding is detected using the
secondary antibody covalently bound to HRP (Fig. 1A). Using this assay kit, we found that
the addition of the recombinant SARS-CoV-2 spike protein S1 subunit protein as well as
the SARS-CoV-2 RBD-only containing protein competed with the RBD/ACE2 interactions,
suggesting that the exogenously added S1 and RBD proteins competed for the ACE2 (Fig.
1A). Similar to SARS-CoV-2 proteins, SARS-CoV S1 as well as RBD from the earlier
SARS outbreak reduced the signal, confirming that SARS-CoV spike also binds to ACE2
(Fig. 1A). Interestingly, we found that the S1 protein of MERS-CoV, whose known human
target protein for infection is not ACE2, but DPP4 [17], also reduced the signal, indicating
that MERS-CoV S1 can also interact with ACE2. By contrast, neither the S1 protein of
coronavirus HKU1 that often causes common cold nor the viral fusion protein of HIV,
gp120, bind to ACE2 (Fig. 1A).

To confirm these findings, we also used the BioVision SARS-CoV-2 S1 Protein-ACE2
Binding Inhibitor Screening Kit, which uses S1 protein on the bottom of the microplates
and biotin-linked ACE2 (Fig. 1B). Similar to Fig. 1A, SARS-CoV-2 RBD and MERS-CoV
S1 protein significantly inhibited the S1/ACE2 binding of the assay, while HKU1 S1,
SARS-CoV-2 S2, and HIV-1 gp120 had no significant effects (Fig. 1B).

SARS-CoV-2 RBD also inhibited the binding of ACE2 at the bottom of the microplate with
Fc-tagged RBD in the RayBio COVID-19 Spike-ACE2 Binding Assay Kit 11 (Fig. 1C). We
further identified that only RBD, but not ECD or CendR domains of SARS-CoV-2 spike
protein S1 subunit (see Fig. 1D), binds to ACE2 (Fig. 1C).

Both the BioVision Kit (Fig. 2A) and the RayBio Spike-ACE2 Binding Assay Kit Il (Fig.
2B) showed that SARS-CoV-2 spike protein S1 subunit of the original Wuhan virus [1], the
Delta variant, and the Omicron variant all competed with spike protein binding to ACE2 in
the Kits.

Effects of SARS-CoV-2 spike proteins produced in mammalian HEK293 cells and in E. coli

We obtained two commercially available preparations of SARS-CoV-2 spike protein S1
subunit and RBD-only containing proteins: (i) from Sino Biological that was produced in
HEK?293 cells and (ii) from RayBiotech that was produced in £. coli. All the proteins used
in Figs. 1 and 2 were produced in HEK293 cells. However, interestingly, experiments using
three different Spike/ACE2 Binding Assay Kits showed that, while HEK293 cell-produced
S1 and RBD proteins are effective in competing with the Spike/ACE2 binding in the assay
kits, £. coli-produced spike proteins had no effects (Fig. 3).

Gel electrophoresis experiments showed that the £. co/i-derived RBD-only containing
protein migrated in SDS-PAGE at ~25 kD (Fig. 4A). By contrast, the RBD protein that
was expressed in HEK293 cells migrated at molecular weight higher than 25 kD (at around
33 kD). The treatment with PNGase F resulted in this HEK293-expressed RBD protein
migrating at ~25 kD (Fig. 4A). Thus, the RBD protein expressed in HEK293 cells is
glycosylated, while the protein expressed in £. coliis not.
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In addition to glycosylation states that are different between these two spike protein
preparations, redox states are also different. The SulfoBiotics Protein Redox State
Monitoring system [18] revealed that the RBD protein produced in £. coliis reduced,
while the protein prepared in HEK293 cells is not. In this system, the 15-kD “SHifters”
attached to reduced cysteine residues cause an upward shift of migrating protein bands in
SDS-PAGE. Lane 1 of Fig. 4B is the £. coli-derived RBD protein without Shifters that
migrates at ~25 kD. With the SHifters, proteins migrate at multiple molecular weights
higher than 25 kD, depending on how many cysteine residues are reduced (Lane 2). The
treatment of the £. coli-generated RBD protein with hydrogen peroxide (H,0O,) caused the
protein to migrate only at 25 kD even with the Shifters (Lane 4). By contrast, SHifters

did not influence the migration of the HEK cell-generated RBD protein (Lanes 5 vs. 6).
These results were confirmed using the DTNB assay which showed that the S1 protein
preparation produced in £. coli exhibited 515 times higher reduced thiol levels than the S1
protein produced in HEK293 cells. These results indicated that the £. co/i-produced RBD
protein is nonglycosylated and its cysteine residues are highly reduced, while the HEK293
cell-produced RBD protein is glycosylated and its cysteine residues are oxidized.

The inability of the reduced RBD-only containing protein produced in £. co/ito bind to
ACE?2 could be linked to the reported ability of reductants to interfere with RBD/ACE2
binding [19-21]. Indeed, we observed that the pretreatment of Fc-tagged RBD in the assay
kit with reduced cysteine significantly suppressed Fc-RBD/ACE2 binding (Fig. 4C), while
the pretreatment of S1 protein with reduced cysteine did not affect the binding of the spike
protein (ECD) with another human host target of the SARS-CoV-2 spike protein, AXL (Fig.
4D).

To determine the role of glycosylation in the binding of the spike protein to ACE2, we tested
the effects of the RBD protein produced in HEK293 cells with or without treatment with
PNGase F to eliminate glycosylation (Fig. 4A). As shown in Fig. 4E, the treatment of the
RBD protein with PNGase F significantly decreased its capacity to bind to ACE2 (2" bar
vs. 3™ bar). We further tested whether the oxidation of the £, cofi-derived spike protein

with H,O, makes the £. coli protein interfere with the RBD/ACE2 binding. We found that
H,0, did not cause the £. co/iderived RBD protein to bind to ACE2 (Fig. 4E, 5 bar vs.

6t bar). The addition of reduced cysteine to the reaction mixture in ACE2-coated wells with
PNGase-treated RBD protein before the addition of Fc-RBD did not significantly alter the
effects of RBD/ACE? binding (Fig. 4F, 3™ bar vs. 4t bar), while effects of glycosylated
RBD were affected by cysteine (Fig. 4F, 2" bar vs. 5% bar).

Effects of SARS-CoV-2 spike proteins on the peptidase activity of human ACE2

It has been reported that ACE2 enzymatic activity is enhanced by the spike protein through
the binding via RBD [15]. To further investigate this event, we used the BioVision ACE2
Activity Assay and ANA SPEC SensoLyte 390 ACE2 Activity Assay Kits that utilize
artificial substrates for ACE2 to form fluorescence products in order to assay the peptidase
activity of recombinant human ACE2.

Using these ACE2 activity assays, we also observed that the SARS-CoV-2 S1 proteins
expressed in HEK293 cells caused a slight but consistent and statistically significant
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enhancement of ACE2 activity. Fig. 5A shows that the S1 protein of the original Wuhan
virus, Delta variant, and Omicron variant all resulted in statistically significant enhancement
of the ACE2 activity, albeit with small effects. These events were repeatedly observed using
the ANA SPEC Kit and the BioVision Kit. This enhancement effect of the S1 protein was
found to be unique to SARS-CoV-2, as the S1 proteins of neither SARS-CoV, MERS-CoV
nor HKU1 enhanced the ACE2 activity (Fig. 5B). While the SARS-CoV-2 spike RBD-only
containing protein (R319-F541) enhanced the ACE2 activity, ECD (V16-F318) and CendR
Domain (N542-Q690) did not cause this enhancement (Fig. 5C). Neither the gp120 proteins
of HIV-1 subtype A or subtype B caused the enhancement of the ACE?2 activity (Fig. 5D).

Interestingly, this enhancement of ACE2 activity was also caused by the S1 and RBD
proteins produced in £. coli which do not have the ability to tightly bind to ACE2 as shown
in Fig. 3. Fig. 5E shows that both the HEK293 cell- and E. co/i-produced S1 proteins equally
enhance the ACE? activity, and both HEK293 cell- and the £. coli-produced RBD proteins
equally enhance the ACE2 activity. Like the HEK293 cell-produced CendR protein (Fig.
5C), the CendR domain-only protein expressed in £. coli did not significantly enhance the
ACE?2 activity (Fig. 5F). Thus, unlike ACE2 binding, the ability of the spike protein to
enhance the ACE2 activity does not appear to be glycosylation-dependent, but still regulated
by the RBD. The tight binding to ACE2 alone is not a factor for the enhancement either
because the ACE2 antibody did not enhance, but rather inhibited the ACE2 peptidase
activity (Fig. 5G).

In addition to the effects of SARS-CoV-2 S1 proteins on the ACE2 binding and the ACE2
peptidase activity, we found that the activities of other enzymes are also affected by the

S1 protein. Fig. 6A shows that the S1 protein (produced in HEK293 cells) dramatically
enhanced the Furin activity. The activity of glycolytic enzyme GAPDH was also enhanced
by the S1 protein (Fig. 6B). Enzymatic activity of another peptidase, DPP4 was not affected
by the SARS-CoV-2 S1 protein (Fig. 6C).

Discussion

The spike protein plays a crucial role in the infection of human host cells with SARS-
CoV-2 [5,6]. In addition, it appears that the shedding of the S1 subunit occurs, resulting

in circulating S1 proteins and ACE2-dependent complications [8,9]. A number of people
have been administered with COVID-19 vaccines that also produce the SARS-CoV-2 spike
protein [10]. While the end of the COVID-19 pandemic has officially been declared by the
World Health Organization, people still get infected with SARS-CoV-2, receive COVID-19
vaccines, and are coping with long COVID conditions as well as possible vaccine injuries
[22]. Thus, understanding the molecular mechanisms of the actions of the SARS-CoV-2
spike protein remains highly important.

A number of assay kits are available to detect the binding between the SARS-CoV-2 spike
protein and its host cell receptor ACE2, and allow for the screening of molecules that
interfere with the RBD/ACE?2 interactions. This aids the search for potential therapeutic
agents to reduce a SARS-CoV-2 infection. We demonstrated that some of these assay

kits can also be used to investigate the molecular mechanisms of spike protein/ACE2
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interactions by adding recombinant spike proteins to the assays when the assay does not

use the spike protein antibody for detection. For example, three kits used in this study
utilize the ACE2 antibody, Fc tag antibody, and biotin-streptavidin reaction. As expected,
our experiments showed that the S1 and RBD proteins of SARS-CoV-2 and SARS-CoV
interfered with Spike/ACE2 binding in these assays. The S1 protein of MERS-CoV was also
found to interfere with SARS-CoV-2 spike protein RBD binding to ACE2. On the other
hand, the S1 protein of the HKU1 coronavirus and the viral fusion proteins of HIV-1 did

not influence the RBD/ACE2 binding, serving as negative controls. Mechanistically, using
truncated SARS-CoV-2 spike protein S1 subunit domains, only RBD (Arg319-Phe541), but
not ECD (Val16-Phe318) or CendR (Asn542-Arg685), interfered with binding in the assays.
The S1 proteins of different SARS-CoV-2 variants including the original Wuhan virus, Delta
variant, and Omicron variant all interfered with the binding in the assays, with perhaps the
Delta variant being most effective.

While all the recombinant proteins described above were produced in human HEK293 cells,
the use of the E. coli-produced spike protein showed interesting results. The S1 and RBD
proteins expressed in HEK293 effectively competed in the binding assays; however, the
proteins produced in £. colihad no ability to do so, indicating that these £. co/i~generated
proteins do not tightly bind to ACE2. This is consistent with £. co/i-produced recombinant
proteins being non-glycosylated, and glycosylation playing a critical role in the binding of
RBD to ACE2 in the SARS-CoV2 infection [23]. In addition to the glycosylation status,

the SulfoBiotics Protein Redox State Monitoring system and DTNB assay revealed that
redox states are different between the preparations of recombinant spike proteins produced
in HEK?293 cells and in £. coli. It has been reported that reductants interfere with the
RBD/ACE?2 binding [19-21]. Reduced cysteine also inhibited the RBD/ACE binding in our
system, but not the ECD/AXL binding. Our experiments showed that the elimination of
glycosylation from the HEK293 cell-produced spike protein attenuated the ability to bind to
ACEZ2; however, the oxidation by H,O5 did not restore the ability of the £. co/i-produced
spike protein to bind to ACE2.

Despite a clear difference between the ability of the HEK293-produced and £. coli-produced
spike proteins to bind to ACEZ2, these two proteins were equally effective in altering the
ACE?2 peptidase activity. Lu & Sun [15] previously reported that ACE2 enzymatic activity is
enhanced by the spike protein. We also observed that S1 and RBD proteins of SARS-CoV-2
enhanced the ACE2 activity. Importantly, our results showed that this effect on ACE2 is
specific to SARS-CoV-2 and is not exhibited by the SARS-CoV, MERS-CoV, or HKU

S1 proteins. Mechanistically, only RBD, but not ECD or CendR, enhanced ACE2 activity,
suggesting that the RBD is responsible for this mechanism. The present study generated an
intriguing question about how the spike protein produced in E. coli without the ability to
bind to ACE2 is still capable of affecting the ACE2 enzymatic activity. While further work is
needed to completely understand the biology of the SARS-CoV-2 spike protein, our results
suggest that the RBD-interacting sites for tight binding might be responsible for the viral
infection, and the promotion of the peptidase activity might occur at distinct low affinity
regions in the ACE2 structure in a manner independent of glycosylation status on the spike
protein.
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Our studies showed that ACE2 is not the only enzyme whose activity is enhanced by

the SARS-CoV-2 spike protein. While the effects of the spike protein on ACE2 are quite
small, the S1 protein more dramatically enhanced Furin and GAPDH activities. The full
length S1+S2 spike protein of SARS-CoV-2 can be cleaved by Furin to produce S1 subunit.
Thus, our results, which showed that the S1 protein increased the enzymatic activity of
Furin, suggest the possibility of the S1 protein amplifying its production through a positive
feedback mechanism. As Furin can occur in the extracellular space [24], circulating S1 may
be produced from SARS-CoV-2 as well as from COVID-19 vaccines, causing complications.
Furthermore, the influence of the spike protein on cytosolic enzymes regulating cellular
metabolism such as GAPDH may have important implications on what COVID-19 vaccines
may exert to our cells when they produce intracellular spike protein. These results may have
important clinical implications, not only for SARS-CoV-2 infection, but also for adverse
effects of COVID-19 vaccines that occur in some people as these vaccines encode for the
spike protein [10,25-27].

In summary, the present study provided new information about the actions of SARS-CoV-2.
The world is still affected by this virus as well as by the vaccines against it, both of

which can generate spike proteins intracellularly and extracellularly. We need to understand
biological actions of the spike protein on ACE2 as well as on other human host proteins.
The accumulation of such knowledge should ultimately contribute to the development of
therapeutic strategies to cope with current and possible future coronavirus infection and
associated complications, long- or post-COVID syndromes as well as adverse events elicited
by COVID-19 vaccines.

This research was funded by the National Institutes of Health (NIH), grant numbers R21AG073919 (to Y.J.S. and
S.G.G.), RO3AG071596 (to Y.J.S.), R0O1GM124020 (to T.I.B.), and RO1CA252969 (to T.1.B.). The content is solely
the responsibility of the authors and does not necessarily represent the official views of the NIH.
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Highlights

While glycosylated spike proteins prepared in HEK293 cells bind to ACE2, non-
glycosylated proteins produced in £. colido not.

Spike proteins expressed in both HEK293 cells and £. coli enhance the ACE2
activity.

Thus, the spike protein of SARS-CoV-2 enhances the ACE2 peptidase activity
through its RBD in a glycosylation-independent manner.
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Figure 1: The use of Spike/ACE2 Binding Assays to study the effects of spike proteins.
(A) The RayBio COVID-19 Spike-ACE2 Binding Assay Kit | has the SARS-CoV-2 RBD

protein bound to the bottom of the microplate wells. The ACE2 protein is then added,
washed, and bound ACE2 to RBD is detected using anti-ACE2-1gG and HRP-linked
secondary antibody. The bar graph shows that the inclusion of SARS-CoV-2 spike protein
S1 subunit (CoV2 S1), SARS-CoV-2 spike protein RBD-only containing protein (CoV2
RBD), SARS-CoV spike protein S1 subunit (CoV S1), SARS-CoV spike protein RBD-only
containing protein (CoV RBD), and MERS-CoV spike protein S1 subunit (MERS S1)
inhibited the binding of ACE2 to RBD in the kit. On the other hand, the HKU1 spike protein
S1 subunit (HKU1 S1) and HIV-1 subunit B gp120 had no effects. (B) The BioVision
SARS-CoV-2 S1 Protein-ACE2 Binding Inhibitor Screening Kit has the SARS-CoV-2 S1
protein bound to the bottom of the microplate wells. The biotin-linked ACE2 protein is
then added, washed, and bound biotin-ACE2 to S1 is detected using streptavidin-HRP.
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The bar graph shows that the results of the above RayBio kit experiments were repeatable
with the BioVision kit. (C) The RayBio COVID-19 Spike-ACE2 Binding Assay Kit Il has
the ACE2 protein bound to the bottom of the microplate wells. Fc-tagged RBD protein

is then added, washed, and bound Fc-RBD to ACE2 is detected using HRP-linked anti-Fc-
IgG. The bar graph shows that, while the inclusion of the SARS-CoV-2 spike protein
RBD-only containing protein inhibited the binding of Fc-RBD to ACE?2 in the assay

kit, the ECD- or CendR domain-only containing proteins had no effects. The symbol *
denotes significant difference from untreated control at P<0.05. (D) The structure of the
SARS-CoV-2 spike protein. The spike protein consists of Subunit 1 (S1) and Subunit 2
(S2). The S1 subunit contains the RBD that binds to ACE2 of the host cell membrane.

The S2 subunit is responsible for fusion. In this study, we used recombinant full-length S1
(\Val16-GIn690), the RBD only-containing protein (Arg319-Phe541), ECD (Val16-Phe318),
and CendR domain (Asn542-Arg685) (GenBank Accession Number: QHD43416.1). ROD:
relative optical density. The symbol * denotes significant difference from untreated control
at P<0.05.
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Figure 2: Effects of SARS-CoV-2 variants on Spike/ACE2 binding.
(A) The BioVision SARS-CoV-2 S1 Protein-ACE2 Binding Inhibitor Screening Kit and (B)

RayBio COVID-19 Spike-ACE2 Binding Assay Kit Il were used to determine the effects of
the SARS-CoV-2 spike protein S1 subunit of the original Wuhan sequence (Wu et al., 2020),
the S1 subunit of the SARS-CoV-2 spike protein Delta variant, and the S1 subunit of the
SARS-CoV-2 spike protein Omicron variant. The symbol * denotes significant difference
from untreated control at P<0.05. The lines above bars indicates significant difference from
each other at P<0.05.
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Figure 3: Effects of HEK293 cell- and E. coli-expressed S1 and RBD on Spike/ACE2 binding.
The recombinant SARS-CoV-2 S1 and RBD proteins produced in HEK293 cells and E. coli

were added to RBD/ACEZ2 Binding Assays. All the binding assay kits showed that HEK293
cell-expressed spike proteins effectively competed with the spike protein binding to ACE2 in
the assay Kits. By contrast, the £. coli produced proteins had no effects. * denotes significant
difference from untreated control at P<0.05.
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Figure 4: Mechanisms of differential actions of HEK293 cell- and E. coli-produced spike
proteins.

(A) The RBD protein expressed in HEK293 cells, but not that expressed in £. coli, is
glycosylated. The SARS-CoV-2 RBD-only proteins were subjected to SDS-PAGE. While
the RBD protein produced in £. coli migrates at expected 25 kD, the HEK293 cell-produced
RBD migrates at a higher molecular weight. The PNGase F treatment caused the HEK293
cell-expressed RBD to migrate at ~25 kD. (B) The RBD protein expressed in E. coli

is reduced, but that expressed in HEK293 cells is oxidized. The SulfoBiotics Protein
Redox State Monitoring assay puts a 15-kD SHifter to reduce cysteine residues resulting
in electrophoretic mobility shifts. Using this assay, the RBD protein that was produced in
E. coliwas found to be largely reduced as the 25-kD protein (Lane 1) became shifted in
the presence of the SHifter (Lane 2). On the other hand, the glycosylated RBD protein
produced in HEK293 cells was found to be fully oxidized (Lane 6). H,0O5 treatment fully
oxidized the £. coli-produced RBD protein (Lane 4). (C) The Fc-tagged RBD protein
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of RayBio COVID-19 Spike-ACE2 Binding Assay Kit Il was pre-treated with cysteine.

* denotes significant difference from untreated control at P<0.05. (D) The S1 protein of
RayBio COVID-19 Spike-AXL Binding Assay Kit was pre-treated with cysteine. (E) The
SARS-CoV-2 RBD protein expressed in HEK293 cells, RBD protein expressed in HEK293
cells treated with PNGase F at 75°C, RBD protein expressed in HEK293 cells heated at
75°C, RBD protein expressed in £. coli, RBD protein expressed in £. coli treated with
H»0,, and H,0O, were added to the RayBio COVID-19 Spike-ACE2 Binding Assay Kit II.
(F) Reduced cysteine was also added to some of experiments shown in Panel E. Lines above
bars with * indicate significant difference from each other at P<0.05.
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Figure 5: Effects of spike proteins on ACE2 enzymatic activity.
(A) Various variants of SARS-CoV-2 S1 protein (40 nM) slightly but significantly enhance

the ACE2 activity. (B) The S1 proteins of SARS-CoV, MERS-CoV, and HKU1 (40 nM)

do not enhance the ACE2 activity. (C) Only the SARS-CoV-2 RBD protein, but not the
ECD- or CendR-only protein, enhance the ACE2 activity. (D) Neither gp120 of HIV-1
subtype A (gp120A) nor subtype B (gp120B) enhance the ACE2 activity. (E) The ACE2
activity was monitored using the ACE2 Activity Assay in the presence of recombinant S1
and RBD proteins. The HEK293 cell- and E. coli-expressed proteins were equally effective
in enhancing the ACE2 activity. (F) The CendR domain protein produced in £. coli does
not enhance the ACE?2 activity. (G) The ACE2 antibody (mouse monoclonal 1gG,a; Cat#
MAB9331, R&D Systems Inc., Minneapolis, MN, USA) inhibited the ACE2 activity. RFU:
relative fluorescence unit. The symbol * denotes significant difference from the untreated
control values at P<0.05.
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Figure 6: Effects of SAR-CoV-2 spike protein S1 on other enzymes.
(A) Effects of the HEK293 cell-produced Wuhan SARS-CoV-2 spike protein S1 on the furin

enzymatic activity using the Rh110 Furin Activity Assay. (B) The GAPDH activity was
monitored at 450 nm in the presence of Wuhan SARS-CoV-2 spike protein S1 protein
produced in HEK293 cells. (C) The Wuhan SARS-CoV-2 spike protein S1 does not
influence the DPP4 activity. RFU: relative fluorescence unit. ROD: relative optical density.
The symbol * denotes significant difference from the untreated control values at P<0.05.
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