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Characterization of the receptor-binding domain (RBD) of
2019 novel coronavirus: implication for development of RBD
protein as a viral attachment inhibitor and vaccine
Wanbo Tai1, Lei He2, Xiujuan Zhang1, Jing Pu1,3, Denis Voronin 1, Shibo Jiang1,3, Yusen Zhou2 and Lanying Du1

The outbreak of Coronavirus Disease 2019 (COVID-19) has posed a serious threat to global public health, calling for the
development of safe and effective prophylactics and therapeutics against infection of its causative agent, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), also known as 2019 novel coronavirus (2019-nCoV). The CoV spike (S) protein plays the most
important roles in viral attachment, fusion and entry, and serves as a target for development of antibodies, entry inhibitors and
vaccines. Here, we identified the receptor-binding domain (RBD) in SARS-CoV-2 S protein and found that the RBD protein bound
strongly to human and bat angiotensin-converting enzyme 2 (ACE2) receptors. SARS-CoV-2 RBD exhibited significantly higher
binding affinity to ACE2 receptor than SARS-CoV RBD and could block the binding and, hence, attachment of SARS-CoV-2 RBD and
SARS-CoV RBD to ACE2-expressing cells, thus inhibiting their infection to host cells. SARS-CoV RBD-specific antibodies could cross-
react with SARS-CoV-2 RBD protein, and SARS-CoV RBD-induced antisera could cross-neutralize SARS-CoV-2, suggesting the
potential to develop SARS-CoV RBD-based vaccines for prevention of SARS-CoV-2 and SARS-CoV infection.
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INTRODUCTION
Three highly pathogenic human coronaviruses (CoVs) have been
identified so far, including Middle East respiratory syndrome
coronavirus (MERS-CoV), severe acute respiratory syndrome (SARS)
coronavirus (SARS-CoV), and a 2019 novel coronavirus (2019-
nCoV), as previously termed by the World Health Organization
(WHO).1–3 Among them, SARS-CoV was first reported in Guang-
dong, China in 2002.4 SARS-CoV caused human-to-human
transmission and resulted in the 2003 outbreak with about 10%
case fatality rate (CFR),1 while MERS-CoV was reported in Saudi
Arabia in June 2012.5 Even though with its limited human-to-
human transmission, MERS-CoV showed a CFR of about 34.4%.2

The 2019-nCoV was first reported in Wuhan, China in December
2019 from patients with pneumonia,6 and it has exceeded both
SARS-CoV and MERS-CoV in its rate of transmission among
humans.7 2019-nCoV was renamed SARS-CoV-2 by Coronaviridae
Study Group (CSG) of the International Committee on Taxonomy of
Viruses (ICTV),8 while it was renamed HCoV-19, as a common virus
name, by a group of virologists in China.9 The disease and the
virus causing it were named Coronavirus Disease 2019 (COVID-19)
and the virus responsible for COVID-19 or the COVID-19 virus,
respectively, by WHO.3 As of March 5, 2020, a total of 95,333
confirmed cases of COVID-19 were reported, including 3,282
deaths, in China and at least 85 other countries and/or territories.7

Currently, the intermediate host of SARS-CoV-2 is still unknown,
and no effective prophylactics or therapeutics are available. This

calls for the immediate development of vaccines and antiviral
drugs for prevention and treatment of COVID-19.
A coronavirus contains four structural proteins, including spike

(S), envelope (E), membrane (M), and nucleocapsid (N) pro-
teins.2,10,11 Among them, S protein plays the most important roles
in viral attachment, fusion and entry, and it serves as a target for
development of antibodies, entry inhibitors and vaccines.1,12–17 The
S protein mediates viral entry into host cells by first binding to a
host receptor through the receptor-binding domain (RBD) in the
S1 subunit and then fusing the viral and host membranes through
the S2 subunit.16,18,19 SARS-CoV and MERS-CoV RBDs recognize
different receptors. SARS-CoV recognizes angiotensin-converting
enzyme 2 (ACE2) as its receptor, whereas MERS-CoV recognizes
dipeptidyl peptidase 4 (DPP4) as its receptor.20,21 Similar to SARS-
CoV, SARS-CoV-2 also recognizes ACE2 as its host receptor binding
to viral S protein.22 Therefore, it is critical to define the RBD in SARS-
CoV-2 S protein as the most likely target for the development of
virus attachment inhibitors, neutralizing antibodies, and vaccines.
In this study, we identified the RBD fragment in SARS-CoV-2 S

protein and found that the recombinant RBD protein bound
strongly to human ACE2 (hACE2) and bat ACE2 (bACE2) receptors.
In addition, it blocked the entry of SARS-CoV-2 and SARS-CoV into
their respective hACE2-expressing cells, suggesting that it may
serve as a viral attachment inhibitor against SARS-CoV-2 and SARS-
CoV infection. Moreover, we demonstrated that SARS-CoV RBD-
specific polyclonal antibodies cross-reacted with SARS-CoV-2 RBD
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protein and inhibited SARS-CoV-2 entry into hACE2-expressing
cells. We have also shown that SARS-CoV RBD-specific polyclonal
antibodies could cross-neutralize SARS-CoV-2 pseudovirus infec-
tion, suggesting the potential to develop SARS-CoV RBD-based
vaccine for prevention of infection by SARS-CoV-2 and SARS-CoV.

RESULTS AND DISCUSSION
By alignment of the RBD sequences of SARS-CoV and SARS-CoV-2,
we identified the region of SARS-CoV-2 RBD at residues 331 to 524
of S protein (Fig. 1a). We then constructed a recombinant RBD
protein containing codon-optimized RBD sequences with a C-
terminal Fc of human IgG1 (hFc) using pFUSE-hIgG1-Fc2 expres-
sion vector, expressed the protein in mammalian cell 293T, and
purified it from cell culture supernatant using protein A affinity
chromatography. Similar to SARS-CoV and MERS-CoV RBD protein
controls, SARS-CoV-2 RBD protein had high expression with strong
purity (Fig. 1b). Notably, only SARS-CoV-2 and SARS-CoV RBDs
were recognized by SARS-CoV RBD-specific, but not MERS-CoV
RBD-specific, polyclonal antibodies (Fig. 1c), whereas only MERS-
CoV RBD was recognized by MERS-CoV RBD-immunized polyclonal
antibodies (Fig. 1d), suggesting the cross-reactivity of SARS-CoV
RBD-specific antibodies with SARS-CoV-2 RBD protein.
Four experiments were performed to detect the binding

between SARS-CoV-2 RBD and hACE2 receptor. First, we tested if
stably transfected hACE2/293T cells expressed hACE2 by flow
cytometry analysis. Since 293T cells alone did not express either

hACE2 or hDPP4, they could not be recognized by anti-hACE2 or
anti-hDPP4 antibodies (Fig. 2a (left panel)). Only hACE2/293T cells,
but not hDPP4/293T cells, expressed hACE2, which was recog-
nized by an anti-hACE2 antibody (Fig. 2a (middle panel)), whereas
only hDPP4/293T cells, but not hACE2/293T cells, expressed
hDPP4 and was, correspondingly, recognized by an anti-hDPP4
antibody (Fig. 2a (right panel)). These data confirmed the
expression of hACE2 in hACE2/293T cells and the expression of
hDPP4 in hDPP4/293T cells. Second, we used these hACE2/
293T cells to detect the binding of SARS-CoV-2 RBD protein to cell-
associated hACE2 by flow cytometry analysis and immunofluor-
escence staining. Similar to SARS-CoV RBD, SARS-CoV-2 RBD
bound to hACE2/293T cells expressing hACE2 (Fig. 2b (left and
middle panels)), but not to hDPP4/293T cells expressing hDPP4
(Fig. 2c (left and middle panels)). Furthermore, the binding
between SARS-CoV-2 RBD and hACE2-expressing 293T cells was
much stronger than the binding between SARS-CoV RBD and
hACE2-expressing 293T cells (Fig. 2b (left and middle panels)).
MERS-CoV RBD did not bind to hACE2-expressing 293T cells
(Fig. 2b (right panel)), but rather bound to hDPP4-expressing
293T cells (Fig. 2c (right panel)). The results from immunofluor-
escence staining revealed positive signals for both hACE2 and hFc
on hACE2/293T cells treated with SARS-CoV-2 RBD and SARS-CoV
RBD, both of which contained a C-terminal hFc tag, whereas
hACE2/293T cells treated with MERS-CoV RBD (containing a C-
terminal hFc tag) showed positive signals for hACE2, but not for
hFc, indicating that there is no binding of MERS-CoV RBD to the

Fig. 1 Characterization of SARS-CoV-2 RBD. a Multiple sequence alignment of RBDs of SARS-CoV-2, SARS-CoV, and MERS-CoV spike (S)
proteins. GenBank accession numbers are QHR63250.1 (SARS-CoV-2 S), AY278488.2 (SARS-CoV S), and AFS88936.1 (MERS-CoV S). Variable
amino acid residues between SARS-CoV-2 and SARS-CoV are highlighted in cyan, and conserved residues among SARS-CoV-2, SARS-CoV, and
MERS-CoV are highlighted in yellow. Asterisks represent fully conserved residues, colons represent highly conserved residues, and periods
represent lowly conserved residues. The alignment was performed using Clustal Omega. SDS-PAGE (b) and Western blot (c, d) analysis of
SARS-CoV-2 RBD. The protein molecular weight marker (kDa) is indicated on the left. SARS-CoV and MERS-CoV RBDs were included as controls.
Antisera (1:3,000 dilution) from mice immunized with SARS-CoV RBD (c) and MERS-CoV RBD (d) were used for Western blot analysis
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Fig. 2 Detection of SARS-CoV-2 RBD binding to human ACE2 receptor. a Flow cytometry analysis of receptor expression in stable cell lines.
(left panel) 293T cells alone expressed neither human ACE2 (hACE2) receptor (orange line) nor hDPP4 receptor (cyan line); (middle panel)
hACE2-expressing 293T (hACE2/293T) cells expressed only hACE2 (orange line), but not hDPP4 (cyan line); (right panel) hDPP4-expressing
293T (hDPP4/293T) cells expressed only hDPP4 (cyan line), but not hACE2 (orange line). Mock-incubated cells (gray shading) were used as
control. Representative images and median fluorescence intensity (MFI) ± standard error (s.e.m.) were shown (n= 4). b, c Flow cytometry
analysis of SARS-CoV-2 RBD binding to cell-associated hACE2 receptor in hACE2/293T stable cell lines. SARS-CoV-2 RBD protein bound
strongly to hACE2/293T cells (b (left panel, red line)), but not to hDPP4/293T cells (c (left panel, violet line)). SARS-CoV RBD protein bound to
hACE2/293T cells (b (middle panel, red line)), but not to hDPP4/293T cells (c (middle panel, violet line)). MERS-CoV RBD protein did not bind to
hACE2/293T cells (b (right panel, red line)), but rather bound to hDPP4/293T cells (c (right panel, violet line)). Human IgG Fc (hIgG-Fc,
hereinafter hFc) protein-incubated cells (blue line) and mock-incubated cells (gray shading) were included as controls (b, c). Representative
images and MFI ± s.e.m. were shown (n= 4). d Immunofluorescence detection of SARS-CoV-2 RBD binding to cell-associated hACE2 receptor
in hACE2/293T cells. SARS-CoV-2 RBD protein (green) and SARS-CoV RBD protein (green), each of which was fused with a C-terminal hFc, were
stained with FITC-labeled goat anti-human IgG antibody (1:500). hACE2 was stained with a goat-anti-hACE2 antibody (5 μg/ml) and Alexa-
Fluor 647-labeled anti-goat antibody (red) (1:200). Fc-fused MERS-CoV RBD protein did not bind to hACE2, so only hACE2 (red), but not RBD
(green), was detected in hACE2/293T cells. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI, blue). Scale bar: 10 μm.
Representative images are shown. e Detection of dose-dependent binding of SARS-CoV-2 RBD protein to soluble hACE2 (sACE2) receptor by
ELISA. The SARS-CoV-2 RBD binding to soluble hDPP4 (sDPP4) receptor (f), and the binding of both SARS-CoV RBD and MERS-CoV RBD
proteins to sACE2 (e), or sDPP4 (f), were tested. Control: hFc protein. Data are presented as mean A450 ± s.e.m. (n= 4). 50% effective dose
(EC50) was calculated for the binding between SARS-CoV-2 RBD (black) or SARS-CoV RBD (red) and hACE2 protein (e, sACE2), or the binding
between MERS-CoV RBD and hDPP4 protein (sDPP4, green) (f). g–i Flow cytometry analysis of inhibition of SARS-CoV-2 RBD protein binding to
hACE2/293T cells by sACE2. Binding of SARS-CoV-2 RBD to hACE2/293T cells (g, h, green line) was blocked by sACE2 (g, black line), but not by
sDPP4 (h, red line). hFc protein-incubated cells (blue line) and mock-incubated cells (gray shading) were included as controls (g, h).
Representative images are shown. i The blocking ability of sACE2 or sDPP4, as described above, was expressed as MFI ± s.e.m. (n= 4). Low MFI
correlates with high blockage. Experiments were repeated twice and yielded similar results
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hACE2-expressing cells (Fig. 2d). These data suggest that SARS-
CoV-2 RBD and SARS-CoV RBD can bind to cell-associated hACE2,
but not to hDPP4. Third, we detected the binding of SARS-CoV-2
RBD to soluble hACE2 protein (sACE2) by ELISA. The results
indicated that SARS-CoV-2 RBD bound to sACE2 in a dose-
dependent manner and that the binding between SARS-CoV-2
RBD and sACE2 with 50% effective dose (EC50) of 1.07 μg/ml was
stronger than that between SARS-CoV RBD and sACE2 (EC50: 1.66
μg/ml). In contrast, MERS-CoV RBD did not bind to sACE2 (Fig. 2e).
While neither SARS-CoV-2 RBD nor SARS-CoV RBD bound to
sDPP4, MERS-CoV RBD strongly bound to sDPP4 (EC50: 0.92 μg/ml)
(Fig. 2f). These data suggest that both SARS-CoV-2 RBD and SARS-
CoV RBD could bind to hACE2 in solution, but not to hDPP4 in
solution. Fourth, flow cytometry analysis further indicated that the
binding between SARS-CoV-2 RBD and cell-associated hACE2
receptor could be significantly blocked by sACE2 protein (Fig. 2g,
i), but not by sDPP4 protein (Fig. 2h, i). Taken together, the above
results confirm that the identified SARS-CoV-2 RBD could bind to
both cell-associated and soluble hACE2 proteins.
Like SARS-CoV and MERS-CoV, SARS-CoV-2 also originates from

bats.22–24 Next, we detected the binding affinity of the identified
SARS-CoV-2 RBD to bat ACE2 (bACE2) and compared this binding
with that of SARS-CoV RBD. We transiently transfected a bACE2-
expressing plasmid into 293T cells and included a hACE2-
expressing plasmid as a control, followed by detection of

fluorescence intensity 48 h later. Results indicated that SARS-
CoV-2 RBD bound strongly to 293T-expressed bACE2 with
intensity similar to that of its binding to 293T-expressed hACE2
(Fig. 3a, c), and that this binding occurred in a dose-dependent
manner (Fig. 3e, f). In addition, the binding affinity between SARS-
CoV-2 RBD and 293T-expressed bACE2 (EC50: 0.08 μg/ml) or hACE2
(EC50: 0.14 μg/ml) was significantly higher than that between
SARS-CoV RBD and 293T-expressed bACE2 (EC50: 0.96 μg/ml) or
hACE2 (EC50: 1.32 μg/ml) (Fig. 3b, d–f). Nevertheless, MERS-CoV
RBD bound neither bACE2- nor hACE2-expressing 293T cells
(Fig. 3). These data suggest that SARS-CoV-2 RBD can bind to both
bACE2 and hACE2 with significantly stronger binding than that of
SARS-CoV RBD to either bACE2 or hACE2, supporting the bat
origin of SARS-CoV-2. These results may partially explain why
SARS-CoV-2 is more transmissible than SARS-CoV.
We then evaluated the potential of the identified SARS-CoV-2

RBD protein as an inhibitor of viral entry. To accomplish this, we
first generated a pseudotyped SARS-CoV-2 by cotransfection of a
plasmid encoding Env-defective, luciferase-expressing HIV-1
(pNL4-3.luc.RE) and a plasmid expressing S protein of SARS-CoV-
2 into 293T cells, followed by collection of pseudovirus-containing
supernatants. We then incubated serially diluted SARS-CoV-2 RBD
protein with hACE2/293T target cells, followed by the addition of
pseudovirus and detection of inhibitory activity of infection. With
the capacity for only one-cycle infection, S protein-expressing

Fig. 3 Comparison of SARS-CoV-2 RBD protein binding to human and bat ACE2 receptors. Flow cytometry analysis of SARS-CoV-2 RBD
binding to hACE2 and bat ACE2 (bACE2) receptors in 293T cells transiently expressing hACE2 or bACE2. 293T cells were transiently transfected
with hACE2 or bACE2 plasmid and incubated with SARS-CoV-2 RBD protein at various concentrations for analysis. SARS-CoV RBD and MERS-
CoV RBD proteins were used as controls. Representative images of SARS-CoV-2 RBD protein (2.5 μg/ml) binding to bACE2/293T (a, black line),
or hACE2/293T (c, black line), cells were shown. Binding of SARS-CoV RBD protein (2.5 μg/ml) to bACE2/293T (b, red line), or hACE2/293T
(d, red line), cells were used as a comparison. MERS-CoV RBD protein (green line) and mock-incubated (gray shading) cells (a–d) were included
as controls. e, f Dose-dependent binding of SARS-CoV-2 RBD protein to bACE2/293T (e), or hACE2/293T (f), cells by flow cytometry analysis.
Significant differences between binding of SARS-CoV-2 RBD (black) and SARS-CoV RBD (red) to cell-associated bACE2 receptor (e), or hACE2
receptor (f) were identified based on the EC50 values. The data are presented as mean ± s.e.m. (n= 4). Experiments were repeated twice and
yielded similar results
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pseudovirus cannot replicate in the target cells.25,26 Therefore, the
inhibition of pseudovirus infection represents inhibition of viral
entry, as mediated by viral S protein. As expected, SARS-CoV-2
RBD protein inhibited SARS-CoV-2 pseudovirus entry into hACE2-
expressing 293T cells in a dose-dependent manner with 50%
inhibition concentration (IC50) as low as 1.35 µg/ml. Interestingly, it
also blocked the entry of SARS-CoV pseudovirus into hACE2-
expressing 293T cells with IC50 of 5.47 µg/ml (Fig. 4a). Similarly,
SARS-CoV RBD protein blocked the entry of both SARS-CoV
pseudovirus and SARS-CoV-2 pseudovirus into hACE2-expressing
293T cells with IC50 of 4.1 and 11.63 µg/ml, respectively (Fig. 4b). In
addition, neither SARS-CoV-2 RBD nor SARS-CoV RBD blocked the
entry of MERS-CoV pseudovirus into hDPP4-expressing 293T cells
(Fig. 4c). MERS-CoV RBD did not block the entry of SARS-CoV-2
pseudovirus or SARS-CoV pseudovirus into hACE2-expressing
293T cells, but it did block the entry of MERS-CoV pseudovirus
into hDPP4-expressing 293T cells (IC50: 22.25 µg/ml) (Fig. 4a–c).

These results suggest that SARS-CoV-2 RBD protein could be
developed as an effective therapeutic agent against SARS-CoV-2
and SARS-CoV infection.
Since SARS-CoV-2 is more phylogenetically related to SARS-CoV

than MERS-CoV,22 we further detected the cross-reactivity of SARS-
CoV RBD-specific antibodies with SARS-CoV-2 RBD and cross-
neutralizing activity of SARS-CoV RBD-specific antibodies against
pseudotyped SARS-CoV-2. First, we performed an ELISA to detect
the cross-reactivity of SARS-CoV RBD-immunized mouse sera with
SARS-CoV-2 RBD. The results showed that SARS-CoV-2 RBD reacted
strongly with anti-SARS-CoV RBD IgG with antibody titer of 1:2.4 ×
104 (Fig. 4d), but it did not react with anti-MERS-CoV RBD IgG
(Fig. 4e). As expected, SARS-CoV RBD reacted strongly with anti-
SARS-CoV RBD IgG (antibody titer: 1:1.4 × 105) (Fig. 4d), but not
with anti-MERS-CoV RBD IgG (Fig. 4e). MERS-CoV RBD did not react
with anti-SARS-CoV RBD IgG (Fig. 4d), but instead reacted with
anti-MERS-CoV RBD IgG (antibody titer: 1:1.3 × 105) (Fig. 4e).

Fig. 4 Ability of SARS-CoV-2 RBD to inhibit viral entry, as well as its cross-reactivity and cross-neutralizing activity with SARS-CoV. a Dose-
dependent inhibition of SARS-CoV-2 RBD protein against pseudotyped SARS-CoV-2 entry into hACE2/293T cells. SARS-CoV and MERS-CoV
RBDs, as well as hDPP4/293T cells, were included as controls. SARS-CoV-2 RBD protein inhibited entry of SARS-CoV-2 and SARS-CoV
pseudoviruses into their respective target (hACE2/293T) cells (a), but not the entry of MERS-CoV pseudovirus into its target (hDPP4/293T) cells
(a). SARS-CoV RBD protein inhibited both SARS-CoV-2 and SARS-CoV pseudovirus entry, but not MERS-CoV pseudovirus entry (b). MERS-CoV
RBD inhibited neither SARS-CoV-2 nor SARS-CoV pseudovirus entry, but it did inhibit MERS-CoV pseudovirus entry (c). The data are presented
as mean inhibition (%) ± s.e.m. (n= 4), and 50% inhibition concentration (IC50) was calculated for SARS-CoV-2 RBD (a, b, black), or SARS-CoV
RBD (a, b, red), protein against SARS-CoV-2 pseudovirus and SARS-CoV pseudovirus and for MERS-CoV RBD protein (green) against MERS-CoV
pseudovirus (c). d Cross-reactivity of SARS-CoV-2 RBD protein with SARS-CoV RBD-specific mouse sera by ELISA. Sera of mice immunized with
mammalian cell-expressed SARS-CoV RBD protein30 were tested. Sera of mice immunized with mammalian cell-expressed MERS-CoV RBD
protein31 were used as control. The data are presented as mean A450 ± s.e.m. (n= 4). The IgG antibody (Ab) titers were calculated as the
endpoint dilution that remains positively detectable for SARS-CoV-2 RBD (black), or SARS-CoV RBD (red), binding to anti-SARS-CoV RBD sera
(d) and for MERS-CoV RBD (green) binding to anti-MERS-CoV RBD sera (e). f Cross-neutralization of SARS-CoV RBD-immunized mouse sera
against SARS-CoV-2 infection by pseudovirus neutralization assay. MERS-CoV RBD-immunized mouse sera were used as control. The data are
presented as mean neutralization (%) ± s.e.m. (n= 4). 50% neutralizing antibody titers (NT50) were calculated against SARS-CoV-2 pseudovirus
(black), or SARS-CoV pseudovirus (red), (f) infection in hACE2/293T target cells, as well as against MERS-CoV pseudovirus (green) (g) infection
in hDPP4/293T cells. Experiments were repeated twice and yielded similar results
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Second, we performed a pseudovirus neutralization assay to
detect the cross-neutralizing activity of SARS-CoV RBD-immunized
mouse sera against SARS-CoV-2 pseudovirus infection. Results
revealed that SARS-CoV RBD-specific antisera could neutralize
SARS-CoV-2 pseudovirus infection with a neutralizing antibody
titer of 1:323, while these antisera could neutralize SARS-CoV
pseudovirus infection with higher neutralizing antibody titer
(1:1.2 × 104) (Fig. 4f). MERS-CoV RBD-inducing mouse sera only
neutralized MERS-CoV pseudovirus infection in hDPP4-expressing
cells with a neutralizing antibody titer of 1:4 × 104 (Fig. 4g), but
failed to neutralize infection by either SARS-CoV-2 pseudovirus or
SARS-CoV pseudovirus (Fig. 4f). These data suggest that SARS-CoV
RBD-specific antibodies can cross-react with SARS-CoV-2 RBD and
cross-neutralize SARS-CoV-2 pseudovirus infection.
In summary, we have characterized the SARS-CoV-2 RBD protein

which exhibits strong binding to its cell-associated and soluble
ACE2 receptors with human and bat origin. This RBD protein also
demonstrated significantly higher binding affinity to ACE2 than
SARS-CoV RBD. SARS-CoV-2 RBD protein could block S protein-
mediated SARS-CoV-2 pseudovirus and SARS-CoV pseudovirus
entry into their respective ACE2 receptor-expressing target cells,
suggesting the potential of SARS-CoV-2 RBD protein as a viral
attachment or entry inhibitor against SARS-CoV-2 and SARS-CoV.
SARS-CoV RBD-induced antibodies could cross-react with SARS-
CoV-2 RBD and cross-neutralize SARS-CoV-2 pseudovirus infection,
indicating that SARS-CoV RBD-specific antibodies may be used for
treatment of SARS-CoV-2 infection and that either SARS-CoV RBD
protein or SARS-CoV-2 RBD protein may be used as a candidate
vaccine to induce cross-reactive or cross-neutralizing antibodies
for prevention of SARS-CoV-2 or SARS-CoV infection. Taken
together, this study provides an essential foundation for the
design and development of SARS-CoV-2 RBD-based vaccines and
therapeutics.

MATERIALS AND METHODS
Construction, expression, and purification of recombinant protein
The construction, expression, and purification of recombinant RBD
proteins of SARS-CoV-2, SARS-CoV, and MERS-CoV were performed
as previously described with some modifications.27,28 Briefly,
genes encoding residues 331-524 of SARS-CoV-2 S protein,
residues 318-510 of SARS-CoV S protein, or residues 377-588 of
MERS-CoV S proteins, were amplified by PCR using codon-
optimized SARS-CoV-2 S protein (GenBank accession number:
QHR63250.1), SARS-CoV S protein (GenBank accession number:
AY278488.2), or MERS-CoV S protein (GenBank accession number:
AFS88936.1), as respective template, and fused into pFUSE-hIgG1-
Fc2 expression vector (hereinafter named hFc; InvivoGen, San
Diego, CA). The RBD proteins were expressed in human embryonic
kidney (HEK)293T cells, secreted into cell culture supernatants, and
purified by protein A affinity chromatography (GE Healthcare,
Marlborough, MA).

SDS-PAGE and Western blot
The purified RBD proteins were analyzed by SDS-PAGE and
Western blot as previously described.27,29 Briefly, proteins were
separated by 10% Tris-glycine SDS-PAGE and stained with
Coomassie brilliant blue or transferred to nitrocellulose mem-
branes. The blots were blocked with 5% fat-free milk in PBS
containing 0.5% Tween-20 (PBST) for 2 h at 37 °C and further
incubated with SARS-CoV RBD-specific polyclonal antibody
(mouse sera, 1:3,000),30 or MERS-CoV RBD-specific antibody
(mouse sera, 1:3,000),31 overnight at 4 °C. The blots were then
incubated with horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG (1:5,000, Thermo Fisher Scientific, Waltham, MA)
for 1 h at room temperature and then visualized with ECL Western
blot substrate reagents and Amersham Hyperfilm (GE Healthcare).

Flow cytometry analysis
Flow cytometry analysis was performed to detect the binding of
SARS-CoV-2 RBD protein to hACE2 receptor in 293T cells stably
expressing hACE2 (hACE2/293T).26,32 SARS-CoV and MERS-CoV
RBDs, as well as 293T cells stably expressing hDPP4 receptor
(hDPP4/293T), were used as controls. Briefly, cells were incubated
with respective RBD of SARS-CoV-2, SARS-CoV, or MERS-CoV
containing a C-terminal hFc at 20 μg/ml for 30 min at room
temperature, which was followed by incubation with FITC-labeled
goat anti-human IgG antibody (1:500; Thermo Fisher Scientific) for
30min and analyzed by flow cytometry. The blockage of RBD-
receptor binding was performed by incubation of soluble human
ACE2 (sACE2; 5 μg/ml; R&D Systems, Minneapolis, MN) receptor
with respective RBD of SARS-CoV-2, SARS-CoV, or MERS-CoV (20
μg/ml), followed by the same procedure as that described above.
hIgG-Fc protein (hFc: 20 μg/ml), or soluble human DPP4 (sDPP4; 5
μg/ml; R&D Systems) receptor, was included as control.
Detection of hACE2 protein expression in hACE2/293T, or

hDPP4 protein expression in hDPP4/293T, stable cell lines was
performed by flow cytometry analysis, as described above, except
that the cells were sequentially incubated with hACE2- or hDPP4-
specific goat antibody (0.5 μg/ml; R&D Systems) at room
temperature for 20 min and FITC-labeled anti-goat IgG antibody
(1:200; Abcam, Cambridge, MA) for 1 h at 4 °C.
Flow cytometry analysis was also performed to detect the

binding between SARS-CoV-2 RBD and hACE2, or bat-ACE2
(bACE2), receptor in transiently transfected 293T cells. Briefly,
293T cells were transfected with hACE2 or bACE2 plasmid using
the calcium phosphate method, and 48 h later, they were
incubated with SARS-CoV-2 RBD protein at various concentrations
for 30min at room temperature. SARS-CoV and MERS-CoV RBDs
were included as controls. After staining with FITC-conjugated
goat anti-human IgG antibody (1:500; Thermo Fisher Scientific),
the mixture was analyzed by flow cytometry as described above.

Immunofluorescence staining
This was performed to detect the binding between SARS-CoV-2
RBD and hACE2 receptor in hACE2/293T stable cell lines.33 SARS-
CoV and MERS-CoV RBDs were used as controls. Briefly, cells were
sequentially incubated with Fc-fused SARS-CoV-2, SARS-CoV, or
MERS-CoV RBD (20 μg/ml) and hACE2-specific goat antibody (5
μg/ml) for 30 min at room temperature. After three washes, the
cells were incubated with FITC-labeled goat anti-human IgG (Fc)
antibody (1:500; Thermo Fisher Scientific), or Alexa-Fluor 647-
labeled anti-goat antibody (1:200 dilution; Abcam) for 30 min at
room temperature. The nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI) for 5 min and mounted in VectaMount
Permanent Mounting Medium. The samples were imaged on a
confocal microscope (Zeiss LSM 880), and the images were
prepared using the ZEN software.

ELISA
ELISA was performed to detect the binding of SARS-CoV-2 RBD
protein to sACE2 receptor, as previously described.27,32,34 SARS-CoV
and MERS-CoV RBDs, as well as sDPP4 protein, were used as
controls. Briefly, ELISA plates were precoated with SARS-CoV-2,
SARS-CoV, or MERS-CoV RBD (1 μg/ml) overnight at 4 °C and
blocked with 2% fat-free milk in PBST for 2 h at 37 °C. Serially
diluted sACE2, or sDPP4, protein was added to the plates and
incubated for 2 h at 37 °C. After four washes, the bound protein was
detected using hACE2- or hDPP4-specific goat antibody (0.5 μg/ml,
R&D system) for 2 h at 37 °C, followed by incubation with HRP-
conjugated anti-goat IgG antibody (1:5,000, Thermo Fisher
Scientific) for 1 h at 37 °C. The reaction was visualized by addition
of substrate 3,3’,5,5’-Tetramethylbenzidine (TMB) (Sigma, St. Louis,
MO) and stopped by H2SO4 (1 N). The absorbance at 450 nm (A450)
was measured by an ELISA plate reader (Tecan, San Jose, CA).
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The cross-reactivity of SARS-CoV-2 RBD protein to SARS-CoV
RBD-specific antibody was performed by coating ELISA plates with
SARS-CoV-2 RBD (1 μg/ml), as well as SARS-CoV RBD or MERS-CoV
RBD (as controls, 1 μg/ml), followed by sequential incubation with
serially diluted SARS-CoV RBD- or MERS-CoV RBD-immunized
mouse sera and HRP-conjugated anti-mouse IgG (1:5,000; Thermo
Fisher Scientific) antibodies.

Pseudovirus neutralization and inhibition assays
SARS-CoV-2 pseudovirus was generated, as previously described,
with some modifications.25,27,29 Briefly, 293T cells were cotrans-
fected with a plasmid encoding Env-defective, luciferase-
expressing HIV-1 genome (pNL4-3.luc.RE) and a plasmid encod-
ing SARS-CoV-2 S protein using the calcium phosphate method.
SARS-CoV and MERS-CoV pseudoviruses were packaged as
controls. The transfected medium was changed into fresh
Dulbecco’s Modified Eagle’s Medium (DMEM) 8 h later, and
pseudovirus-containing supernatants were collected 72 h later
for single-cycle infection in target cells. Pseudovirus neutraliza-
tion assay was then performed by incubation of SARS-CoV-2,
SARS-CoV, or MERS-CoV pseudovirus with serially diluted SARS-
CoV RBD- or MERS-CoV RBD-immunized mouse sera for 1 h at
37 °C, followed by addition of the mixture into hACE2/293T (for
SARS-CoV-2 pseudovirus and SARS-CoV pseudovirus) or hDPP4/
293T (for MERS-CoV pseudovirus) target cells. Fresh medium was
added 24 h later, and the cells were lysed 72 h later in cell lysis
buffer (Promega, Madison, WI). The lysed cell supernatants were
incubated with luciferase substrate (Promega) and detected for
relative luciferase activity using the Infinite 200 PRO Luminator
(Tecan). The 50% MERS pseudovirus neutralizing antibody titer
(NT50) was calculated using the CalcuSyn computer program, as
previously described.29,35

Inhibition of pseudovirus entry by SARS-CoV-2 RBD protein
was carried out, as previously described, with some modifica-
tions.31 Briefly, SARS-CoV-2 RBD protein at serial dilutions was
incubated with hACE2/293T target cells for 1 h at 37 °C. After
removing medium containing the protein, the cells were
infected with SARS-CoV-2 pseudovirus. SARS-CoV RBD and
MERS-CoV RBD, as well as SARS-CoV pseudovirus and MERS-
CoV pseudovirus, were used as controls. Fresh medium was
added 24 h later, and the cells were lysed and analyzed, as
described above. The 50% inhibitory concentration (IC50) of the
RBD protein was calculated using the CalcuSyn computer
program, as described above.

Statistical analysis
Values were expressed as mean and standard error (s.e.m).
Statistical significance between different groups was calculated by
GraphPad Prism Statistical Software. Two-tailed Student’s t test
was used. ∗∗∗ represents P < 0.001.
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