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Here, we describe a SARS-CoV-2 spike-protein-mediated membrane fusion assay using a dual

functional split reporter protein to quantitatively monitor the fusion kinetics of the viral and target

cell membranes in living cells. This approach can be applied in various cell types, potentially

predicting the pathogenicity of newly emerging variants.
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SUMMARY

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein
mediates membrane fusion between the virus and the target cells, triggering
viral entry into the latter. Here, we describe a SARS-CoV-2 spike-protein-medi-
ated membrane fusion assay using a dual functional split reporter protein to
quantitatively monitor the fusion kinetics of the viral and target cell membranes
in living cells. This approach can be applied in various cell types, potentially pre-
dicting the pathogenicity of newly emerging variants.
For complete details on the use and execution of this protocol, please refer to
Kimura et al. (2022b), Kimura et al. (2022c), Motozono et al. (2021), Saito et al.
(2022a), Saito et al. (2022b), Suzuki et al. (2022), and Yamasoba et al. (2022).

BEFORE YOU BEGIN

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is continually evolving, with muta-

tions appearing in its RNA genome. Mutations accumulating in the spike (S) gene influence transmis-

sibility, pathogenicity, and resistance to immunity induced by viral infection and vaccines (Kimura

et al., 2022b, 2022c; Meng et al., 2022; Motozono et al., 2021; Saito et al., 2022a, 2022b; Suzuki

et al., 2022; Yamasoba et al., 2022). The S protein plays a pivotal role in the fusion of the viral
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membrane with the target cell membrane, allowing penetration and transfer of the viral genetic ma-

terial into the host cell (Jackson et al., 2021; Li, 2016). We previously reported that the fusogenicity of

the S protein in newly emerged SARS-CoV-2 variants is closely associated with the pathogenicity of

the virus (Kimura et al., 2022c; Saito et al., 2022a, 2022b; Suzuki et al., 2022; Yamasoba et al., 2022).

For example, the Delta variant contains relatively more fusogenic S protein than the Omicron BA.1

variant (Meng et al., 2022; Saito et al., 2022a; Suzuki et al., 2022) and also has greater pathogenicity

(Saito et al., 2022a; Suzuki et al., 2022). Therefore, monitoring the fusogenicity of the S protein may

be a potential marker to predict the pathogenicity of newly emerging viruses.

We established a SARS-CoV-2 S protein-mediated membrane fusion assay using a dual split protein

(DSP) to monitor viral fusogenicity (Figure 1). This system monitors the signal from the DSP, which

indicates successful cell–cell fusion after mixing cells expressing SARS-CoV-2 S and ACE2 (SARS-

CoV-2 receptor) as well as the serine protease, TMPRSS2. DSP is a hybrid protein of split Renilla lucif-

erase (RL) and split green fluorescence protein (GFP) and is composed of DSP1–7 and DSP8–11 (Kondo

et al., 2010, 2011). The assembly of DSP1–7 and DSP8–11 after fusion produces luminescence and

fluorescence by the reconstituted split proteins (Figure 1). This cell-based membrane fusion assay

allows the quantitative monitoring of fusion kinetics in live cells.

KEY RESOURCES TABLE

Figure 1. SARS-CoV-2 S-protein-mediated membrane fusion assay

Schematic showing that luminescence (RL) and fluorescence (GFP) only occur when the fragments of the split RL and

GFP protein are reconstituted in the same cytosol after fusion.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-SARS-CoV-2 S S1/S2 polyclonal
antibody (1:100 for immunoblotting)

Thermo Fisher Scientific Cat# PA5-112048; RRID: AB_2866784

Rabbit anti-SARS-CoV-2 S S1monoclonal antibody
(clone HL6) (1:100 for FACS analysis)

GeneTex Cat# GTX635654;
RRID: AB_2888548

Mouse anti-SARS-CoV-2 S monoclonal antibody
(clone 1A9) (1:100 for FACS analysis; 1:10,000 for
immunoblotting)

GeneTex Cat# GTX632604; RRID: AB_2864418

Normal rabbit IgG (1:100 for FACS analysis) SouthernBiotech Cat# 0111-01; RRID: AB_2732899

Normal mouse IgG (clone MG1-45) (1:100 for
FACS analysis)

BioLegend Cat# 401401;
RRID: AB_2801452

APC-conjugated goat anti-rabbit IgG polyclonal
antibody (1:50 for FACS analysis)

Jackson ImmunoResearch Cat# 111-136-144; RRID: AB_2337987

APC-conjugated goat anti-mouse IgG polyclonal
antibody (1:50 for FACS analysis)

Jackson ImmunoResearch Cat# 115-136-146; RRID: AB_2338651

Rabbit anti-beta actin (ACTB) monoclonal antibody
(clone 13E5) (1:5,000 for immunoblotting)

Cell Signaling Technology Cat# 4970;
RRID: AB_2223172

HRP-conjugated donkey anti-rabbit IgG polyclonal
antibody (1:10,000 for immunoblotting)

Jackson ImmunoResearch Cat# 711-035-152; RRID: AB_10015282

HRP-conjugated donkey anti-mouse IgG
polyclonal antibody (1:10,000 for immunoblotting)

Jackson ImmunoResearch Cat# 715-035-150; RRID: AB_2340770

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Fetal bovine serum Nichirei Cat# 175012

Penicillin-streptomycin Wako Cat# 168-23191

DMEM (high glucose) Wako Cat# 044-29765

DMEM (low glucose) Wako Cat# 041-29775

EMEM Wako Cat# 055-08975

G418 Wako Cat# 070-06803

Trypsin/EDTA Wako Cat# 209-16941

EnduRen live cell substrate Promega Cat# E6481

Nonidet P40 substitute Nacalai Tesque Cat# 18558-54

Protease inhibitor cocktail Nacalai Tesque Cat# 03969-21

SuperSignal west femto maximum sensitivity
substrate

Thermo Fisher Scientific Cat# 34095

SuperSignal west atto ultimate sensitivity substrate Thermo Fisher Scientific Cat# A38554

TransIT-LT1 Takara Cat# MIR2300

Cell Dissociation Buffer, enzyme-free, Hanks’
Balanced Salt Solution

Gibco Cat# 13150-016

7AAD Viability Staining Solution BioLegend Cat# 420403

Protein assay dye Bio-Rad Cat# 5000006

Experimental models: Cell lines

Human: HEK293 cells ATCC CRL-1573

African green monkey (Chlorocebus sabaeus):
VeroE6/TMPRSS2 cells

JCRB Cell Bank (Matsuyama et al., 2020) JCRB1819

Human: Calu-3/DSP1–7 cells (Yamamoto et al., 2020) N/A

Human: HeLa-ACE2/TMPRSS2 (Suzuki et al., 2022) N/A

Human: HOS-ACE2/TMPRSS2 (Ozono et al., 2021) N/A

Recombinant DNA

Plasmid: pDSP1–7 (Kondo et al., 2010, 2011) N/A

Plasmid: pDSP8–11 (Kondo et al., 2010, 2011) N/A

Plasmid: pC-ACE2 (Ozono et al., 2021) N/A

Plasmid: pC-TMPRSS2 (Ozono et al., 2021) N/A

Plasmid: pCAGGS (Niwa et al., 1991) N/A

Plasmid: pC-SARS-CoV-2 S-D614G (Ozono et al., 2021) N/A

Plasmid: pC-SARS-CoV-2 S-Delta (Saito et al., 2022a) N/A

Plasmid: pC-SARS-CoV-2 S-Omicron BA.1 (Suzuki et al., 2022) N/A

Software and algorithms

FlowJo software v10.7.1 BD Biosciences https://www.flowjo.com/solutions/flowjo/
downloads

Image Studio Lite v5.2 LI-COR Biosciences https://www.licor.com/bio/image-studio/

Prism 8 GraphPad Software https://www.graphpad.com/scientific-software/
prism/

SnapGene Dotmatics https://www.snapgene.com

Fiji software v2.2.0 ImageJ https://fiji.sc

R v4.1.2 The R Foundation https://www.r-project.org/

Other

96-well black view plate PerkinElmer Cat# 6005225

96-well flat bottom plate Thermo Fisher Scientific Cat# 137103

PVDF membrane Millipore Cat# IPVH00010

Centro XS3 LB960 Berthold Technologies N/A

FACS Canto II BD Biosciences N/A

SpectraMax ABS Molecular Devices https://www.moleculardevices.co.jp/systems/
absorbance-readers

Amersham Imager 600 GE Healthcare N/A
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MATERIALS AND EQUIPMENT

Note: Add 1/100 volume of protease inhibitor cocktail before use. Do not store after adding

protease inhibitor cocktail. Store at 4�C for up to 3 months before adding protease inhibitor

cocktail.

Note: Add b-mercaptoethanol as the final concentration is 12% before use. Do not store after

adding b-mercaptoethanol. Store at 20�C–25�C for up to 6 months before adding

b-mercaptoethanol.

Note: Adjust to pH 7.4 using 4 N HCl. Store at 20�C–25�C for up to 3 months.

STEP-BY-STEP METHOD DETAILS

This protocol describes a 5-day SARS-CoV-2 S protein-mediated membrane fusion assay based on

the HIV-1 Env protein-based fusion assay (Ikeda et al., 2018; Kondo et al., 2011) with some modifi-

cations. Briefly, cells are seeded (day 1) and then transfected with plasmids encoding genes for

SARS-CoV-2 S, DSP, and a SARS-CoV-2 receptor, such as ACE2 (and the serine protease, TMPRSS2,

if necessary) (day 2). SARS-CoV-2 S protein-expressing cells are then re-plated in a 96-well plate (day

3), RL substrate is incorporated into the target cells, which are then mixed with cells expressing

SARS-CoV-2 S (day 4), and RL activity is monitored over 24 h in the living cells (days 4–5).

Cells

HEK293 cells (a human embryonic kidney cell line; ATCC, CRL-1573) and HOS-ACE2/TMPRSS2 cells

(HOS cells stably expressing human ACE2 and TMPRSS2) (Ozono et al., 2021) were cultured in high

Lysis buffer

Reagent Stock concentration Final concentration Amount

HEPES (pH 7.2) 1 M 25 mM 1.25 mL

Glycerol 50% 10% 10 mL

NaCl 4 M 125 mM 1.56 mL

Nonidet P40 substitute 100% 1% 0.5 mL

Water N/A N/A up to 50 mL

Total 50 mL

2 3 SDS sample buffer

Reagent Stock concentration Final concentration Amount

Tris-HCl (pH 6.8) 1 M 100 mM 5 mL

SDS 20% 4% 10 mL

Glycerol 100% 20% 10 mL

Bromophenol blue 100% 0.05% 0.025 g

Water N/A N/A up to 50 mL

Total 50 mL

10 3 Tris-buffered saline (TBS)

Reagent Stock concentration Final concentration Amount

Tris N/A 250 mM 30 g

NaCl N/A 1.37 M 80 g

KCl N/A 26.8 mM 2 g

Water N/A N/A up to 1 L

Total 1 L
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glucose Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum

(FBS) and 1% penicillin/streptomycin (P/S). Calu-3/DSP1–7 cells (Calu-3 cells stably expressing

DSP1-7) (Yamamoto et al., 2020) were cultured in Eagle’s minimum essential medium (EMEM) sup-

plemented with 20% FBS and 1% P/S. HeLa-ACE2/TMPRSS2 (HeLa cells stably expressing human

ACE2 and TMPRSS2; JCRB Cell Bank, JCRB1835) (Suzuki et al., 2022) and VeroE6/TMPRSS2 cells

(VeroE6 cells stably expressing human TMPRSS2; JCRB Cell Bank, JCRB1819) (Matsuyama et al.,

2020) were cultured in low glucose DMEM containing 10% FBS, 1% P/S, and G418 (1 mg/mL). All

cells were maintained at 37�C with 5% CO2. Cells were split in the following ratio for passage;

HEK293 cells and HOS-ACE2/TMPRSS2 cells were 1:5 or 1:10. Calu-3/DSP1–7 cells were 1:2 or

1:3. HeLa-ACE2/TMPRSS2 cells were 3:10 or 1:5. VeroE6/TMPRSS2 cells were 4:10 or 3:10. Impor-

tantly, Calu-3/DSP1–7 cells needed daily medium change to maintain a healthy condition.

Plasmids

Plasmids expressing the codon-optimized SARS-CoV-2 S proteins of parent (S gene bearing D614G

mutation) (Ozono et al., 2021), Delta (Saito et al., 2022a) and Omicron BA.1 (Suzuki et al., 2022) were

prepared in previous studies. Each S gene includes the following amino acid substitution compared

to the reference sequence of Wuhan-Hu-1 S gene (GenBank accession number: NC_045512.2);

parental S: D614G. Delta S: T19R/G142D/E156G/FR157-158del/L452R/T478K/D614G/P681R/

D950N. Omicron BA.1 S: A67V/HV69-70del/T95I/G142D/VYY143-145del/NLVR211-214IVREPE/

G339D/S371L/S373P/S375F/K417N/N440K/G446S/S477N/T478K/E484A/Q493R/G496S/Q498R/N

501Y/Y505H/T547K/D614G/H655Y/N679K/P681H/N764K/D796Y/N856K/Q954H/N969K/L981F.

The creation and generation of human ACE2 expression vector pC-ACE2 and human TMPRSS2

expression vector pC-TMPRSS2 have been described previously (kindly provided by Kenzo Toku-

naga) (Ozono et al., 2021). The function of ACE2 and TMPRSS2 proteins expressed by these vectors

in HEK293T cells was also previously reported (Ozono et al., 2021).

The creation and generation of DSP1–7 expression vector pDSP1–7 and DSP8–11 expression vector

pDSP8–11 have been described previously (kindly provided by Jin Gohda) (Kondo et al., 2010). It

has been reported that the expression of the engineered dual split reporter proteins can monitor

the fusion kinetics of HIV-1 Env protein (Ikeda et al., 2018; Kondo et al., 2010, 2011).

Maps of pC-SARS-2 S D614G, pC-ACE2, pC-TMPRSS2, pDSP1–7 and pDSP8–11 expression vectors

created by SnapGene are shown in Figure 2.

Seeding cells (day 1)

Timing: 20 min

1. Plate HEK293 cells at a density of 0.6–0.8 3 106 cells per well in a 6-well plate.

Note: This step is for preparing effector cells (i.e., SARS-CoV-2 S protein-expressing cells)

(step 3).

Figure 2. Maps of expression vectors used in this study

(A) The map of a vector expressing SARS-CoV-2 B.1.1 S protein harboring a D614G mutation, pC-SARS-2 S D614G. The SARS-CoV-2 Delta and Omicron

BA.1 S protein expression vector maps are the same except for the size of each S gene. The B.1.1, Delta, and Omicron BA.1 S genes are 3822 bp,

3816 bp, and 3813 bp, respectively.

(B) The pC-ACE2 vector map.

(C) The pC-TMPRSS2 vector map.

(D) The pDSP1–7 vector map.

(E) The pDSP8–11 vector map. All vector maps were created by SnapGene.
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Note: At least two wells of a 6-well plate containing 0.6 3 106 cells per well are required for

each plasmid encoding the SARS-CoV-2 S gene. One well is used for re-seeding (step 7) and

cell lysate preparation (step 21) and the other is used for quantifying surface S protein expres-

sion by flow cytometry (step 13).

2. Seed 0.6–0.8 3 106 target cells per well in a 6-well plate.

Note: Various target cells can be used, such as HEK293, Calu-3/DSP1–7, HeLa-ACE2/

TMPRSS2, HOS-ACE2/TMPRSS2, or VeroE6/TMPRSS2 cells.

Note: In general, 0.75 3 106 target cells per well in 6-well plates are sufficient for mixing with

10–12 SARS-CoV-2 S protein-expressing effector cells if experiments are performed in qua-

druplicates (i.e., the number of target cells plated on day 1 are comparable to that in 40–48

wells of a 96-well black plate on day 4) (step 11). Calu-3/DSP1–7 cells should be seeded at a

density of 0.8 3 106/well and the medium should be changed daily to maintain healthy cells

until mixing with effector cells (step 11).

Preparing effector cells and target cells by the transfection of expression vectors containing

SARS-CoV-2 S, DSP, and ACE2 (and TMPRSS2) (day 2)

Timing: 1–2 h

3. Transfect the HEK293 cells with pCAGGS vectors expressing the SARS-CoV-2 S gene and pDSP8–11
using TransIT-LT1.

a. Dilute the following plasmids in a serum-free medium in an Eppendorf tube.

b. Add 2.4 mL of TransIT-LT1 reagent to the mixture.

c. Mix gently by pipetting, followed by incubation for 15 min at 20�C–25�C.
d. Add the transfection mixture dropwise to the corresponding well of a 6-well plate.

e. Incubate the plates for 24 h at 5% CO2 and 37�C.

Note: This step is for preparing effector cells (SARS-CoV-2 S and DSP8–11-expressing HEK293

cells).

Note: A vector control using the pCAGGS vector (Niwa et al., 1991) should be included.

Note: In this study, we used the SARS-CoV-2 S genes of the B.1.1 variant bearing a D614G

mutation, the Delta variant, and the Omicron BA.1 variant.

Note: This is for one well of a 6-well plate. At least two wells of a 6-well plate are required for

each SARS-CoV-2 S gene-encoding plasmid. Therefore, the double amount of the aforemen-

tioned transfection mixture is needed to prepare one S protein-expressing cells.

Note:Many S protein expression plasmids have been used to characterize the virological phe-

notypes of newly emerged SARS-CoV-2 variants to date (Kimura et al., 2022a, 2022b, 2022c;

Motozono et al., 2021; Saito et al., 2022a, 2022b; Suzuki et al., 2022; Yamasoba et al., 2022).

Plasmid Stock concentration Final concentration Amount

SARS-CoV-2 S expression vector or pCAGGS 100 ng/mL 400 ng 4 mL

pDSP8–11 100 ng/mL 400 ng 4 mL

Serum-free DMEM N/A N/A up to 100 mL

Total 100 mL
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4. In parallel, prepare the target cells by transfecting HEK293 cells with pC-ACE2 and pDSP1–7.

a. Dilute the following plasmids in a serum-free medium in an Eppendorf tube.

b. Add 1.8 mL of TransIT-LT1 reagent to the mixture.

c. Mix gently by pipetting, followed by incubation for 15 min at 20�C–25�C.
d. Add the transfection mixture dropwise to the corresponding well of a 6-well plate.

e. Incubate the plates for 24 h at 5% CO2 and 37�C.

Note: This step is for preparing HEK293 cells transiently expressing ACE2 and DSP1–7
(HEK293-ACE2).

Note: The requirement for ACE2 in this assay was previously reported (Saito et al., 2022a).

5. Co-transfect the target HEK293 cells in selected wells using pC-TMPRSS2 in addition to pC-ACE2

and pDSP1–7.

a. Dilute the following plasmids in a serum-free medium in an Eppendorf tube.

Note: This is for preparing HEK293 cells transiently expressing ACE2, TMPRSS2, and DSP1–7
(HEK293-ACE2/TMPRSS2).

b. Add 1.92 mL of TransIT-LT1 reagent to the mixture.

c. Mix gently by pipetting, followed by incubation for 15 min at 20�C–25�C.
d. Add the transfection mixture dropwise to the corresponding well of a 6-well plate.

e. Incubate the plates for 24 h at 5% CO2 and 37�C.

Note: This step is needed to test how TMPRSS2 affects the SARS-S-CoV-2 S protein-mediated

cell entry.

Note: The enhancement by TMPRSS2 expression in this assay was previously reported (Kimura

et al., 2022b; Motozono et al., 2021; Saito et al., 2022a; Suzuki et al., 2022).

6. To prepare other target cells beyond HEK293 cells, transfect HeLa-ACE2/TMPRSS2, VeroE6/

TMPRSS2, and HOS-ACE2/TMPRSS2 cells with pDSP1–7.

a. Dilute pDSP1–7 vector in a serum-free medium in an Eppendorf tube to prepare addition al

target cells, HeLa-ACE2/TMPRSS2, VeroE6/TMPRSS2, and HOS- ACE2/TMPRSS2.

Plasmid Stock concentration Final concentration Amount

pC-ACE2 100 ng/mL 200 ng 2 mL

pDSP1–7 100 ng/mL 400 ng 4 mL

Serum-free DMEM N/A N/A up to 100 mL

Total 100 mL

Plasmid Stock concentration Final concentration Amount

pC-ACE2 100 ng/mL 200 ng 2 mL

pC-TMPRSS2 10 ng/mL 40 ng 4 mL

pDSP1–7 100 ng/mL 400 ng 4 mL

Serum-free DMEM N/A N/A up to 100 mL

Total 100 mL

Plasmid Stock concentration Final concentration Amount

pDSP1–7 100 ng/mL 400 ng 4 mL

Serum-free DMEM N/A N/A up to 100 mL

Total 100 mL
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b. Add 1.2 mL of TransIT-LT1 reagent to the mixture.

c. Mix gently by pipetting, followed by incubation for 15 min at 20�C–25�C.
d. Add the transfection mixture dropwise to the corresponding well of a 6-well plate.

e. Incubate the plates for 24 h at 5% CO2 and 37�C.

Note: We used various cell lines as target cells in the SARS-CoV-2 S protein-mediated mem-

brane fusion assay. For example, HEK293-ACE2 (Kimura et al., 2022b; Motozono et al., 2021;

Saito et al., 2022a; Suzuki et al., 2022), HEK293-ACE2/TMPRSS2 (Kimura et al., 2022b; Moto-

zono et al., 2021; Saito et al., 2022a; Suzuki et al., 2022), Calu-3/DSP1–7 (Kimura et al., 2022c;

Saito et al., 2022b; Suzuki et al., 2022; Yamasoba et al., 2022), and VeroE6/TMPRSS2 (Kimura

et al., 2022c; Suzuki et al., 2022; Yamasoba et al., 2022) cells have been used as target cells in

previous studies. HEK293, HeLa-ACE2/TMPRSS2, VeroE6/TMPRSS2, and HOS-ACE2/

TMPRSS2 cells require supplementation with pDSP1–7, whereas Calu-3/DSP1–7 cells do not;

therefore, the target cells used may require supplements (DSP, ACE2, and TMPRSS2) for suc-

cessful SARS-CoV-2 S protein-mediated membrane fusion assay.

Re-plating the SARS-CoV-2 S-protein-expressing cells (day 3)

Timing: 1–2 h

7. At 24 h posttransfection, collect and re-seed 16,000 effector cells into each well of a 96-well black

view plate (Key resources table).

Alternatives: The 96-well flat bottom plate listed in the Key resources table can be used

instead of a 96-well black view plate.

Note: Occasionally, the RL signal indicating successful cell–cell fusion varies between the

wells. Experiments should be performed in quadruplicate at least to obtain sufficient data

for statistical analysis.

Note: Detach the effector cells by adequate pipetting without using trypsin or any cell disso-

ciation buffer. To avoid cell clumps, we repeated pipetting at least 20–30 times and verified

the cells under a microscope. Adequate pipetting always detaches more than 95% of cells; un-

representative cells, if any, are usually under 1%.

8. Re-seed the remaining effector cells at a density of 0.6–0.83 106 cells per well in at least two wells

of a 6-well plate.

Note: one well is used for cell lysate preparation of immunoblotting and the other well is for

flow cytometry in triplicate.

Note: Approximately 64,000 effector cells are required to perform fusion assays in quadrupli-

cate for each target cell type. A total of 1.5 3 106 effector cells is sufficient for a fusion assay,

including cell mixing with one target cell type (step 7), flow cytometry (step 13), and immuno-

blotting (step 21).

9. Re-seed the target cells at a density of 1 3 106 cells/2 mL/well in 6-well plates to prepare for the

incorporation of EnduRen live cell substrate (step 10).

Note:HEK293-ACE2, HEK293-ACE2/TMPRSS2, Calu-3/DSP1–7, HeLa-ACE2/TMPRSS2, HOS-

ACE2/TMPRSS2 and VeroE6/TMPRSS2 cells were used as target cells.
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Note: The detachment of HEK293-ACE2 and HEK293-ACE2/TMPRSS2 cells is usually per-

formed by adequate pipetting (step 7). However, the detachment of firmly adherent cells,

such as that of Calu-3/DSP1–7 and VeroE6/TMPRSS2 cells, requires the use of an enzyme-

free cell dissociation buffer (Gibco, Cat# 13150-016; see https://www.thermofisher.com/

order/catalog/product/13150016). In this case, cells are washed with phosphate-buffered sa-

line (PBS) and treated with cell dissociation buffer for 10 min at 37�C. Next, the cells are har-

vested from the plates by gentle pipetting, transferred to an Eppendorf tube and washed with

PBS. Finally, an appropriate number of cells is resuspended in a fresh medium to be added to

6-well plates.

Note:One well of the 6-well plate contains sufficient cells on day 1 (step 1) to re-plate into two

wells of the 6-well plate, which is sufficient for 10–12 effector cells if experiments are per-

formed in quadruplicate (i.e., they are comparable to 40–48 wells of a 96-well black plate

on day 4).

Note: Step 9 is not necessary for Calu-3/DSP1–7 cells.

Incorporation of RL substrate into target cells and mixing of target cells with SARS-CoV-2

S-protein-expressing cells (day 4–5)

Timing: �30 h

10. At 48 h posttransfection, incubate the target cells with EnduRen live cell substrate for 3 h at 5%

CO2 and 37�C.
a. Dissolve 60 mM EnduRen solution in dimethyl sulfoxide.

b. Dilute to a final concentration of 60 mM with a prewarmed medium (1.25 mL of medium per

well of target cells).

c. Replace the cell culture medium with 60 mM EnduRen-containing working solution.

d. Incubate the target cells with EnduRen for 3 h at 37�C.

Note: Complete resuspension of EnduRen in a prewarmed medium is mandatory and is per-

formed by adequate pipetting immediately prior to adding the medium to cells.

11. After detaching the cells, add 32,000 target cells to each well of the 96-well view plate contain-

ing the effector cells.

Note: The detachment of HEK293 cells is usually performed by adequate pipetting (step 5).

However, the detachment of firmly adherent cells, such as that of Calu-3/DSP1–7 and

VeroE6/TMPRSS2 cells, requires the use of an enzyme-free cell dissociation buffer (Gibco,

Cat# 13150-016; see step 7) after the 3-h incubation. In this case, the EnduRen-containingme-

dium is removed and stored in an Eppendorf tube. The cells are then washed with PBS and

treated with an enzyme-free cell dissociation buffer for 10 min at 37�C. After incubation,

the cells are harvested from the plates by gentle pipetting, transferred to an Eppendorf

tube and washed with PBS. Finally, an appropriate number of cells is resuspended in the

stored medium for mixing with the effector cells.

12. Measure the RL activity at 0, 6, 12, 18, and 24 h using a Centro XS3 LB960 microplate luminom-

eter with a counting time of 1 s per well (Troubleshooting Problem 1).

Measurement of S protein expression levels on the surface of transfected cells (day 4)

Expression levels of SARS-CoV-2 S protein on the cell surface impact S protein-mediated membrane

fusion activity. Therefore, the surface expression levels of S protein should be measured by flow cy-

tometry and the fusion activity of SARS-CoV-2 S protein is normalized according to the surface
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expression levels (Kimura et al., 2022b, 2022c; Motozono et al., 2021; Saito et al., 2022a, 2022b; Su-

zuki et al., 2022; Yamasoba et al., 2022).

Staining cell surface S proteins for flow cytometry

Timing: �3 h

13. Harvest the effector cells by adequate pipetting (prepared in step 8).

14. Incubate the cells with rabbit anti-SARS-CoV-2 S S1/S2 polyclonal antibody (1:100) or normal

rabbit IgG (1:100; as an isotype control) at 4�C for 30 min.

Alternatives: Other anti-SARS-CoV-2 S antibodies are available (Key resources table).

Note: It is critical to use an anti-SARS-CoV-2 S antibody to measure the S protein expression

levels on the cell surface because S protein expression levels are used to normalize lumines-

cence and indicate successful cell–cell fusion. The normalized value represents the fusion ac-

tivity of the S protein.

Note: Fluorescence-activated cell sorting (FACS) data using rabbit anti-SARS-CoV-2 S S1

monoclonal antibody (Motozono et al., 2021; Saito et al., 2022a), rabbit anti-SARS-CoV-2 S

S1/S2 polyclonal antibody (Kimura et al., 2022b, 2022c; Meng et al., 2022; Saito et al.,

2022a, 2022b; Suzuki et al., 2022; Yamasoba et al., 2022), and mouse anti-SARS-CoV-2 S

monoclonal antibody (Suzuki et al., 2022) antibodies are predicted to show variable patterns

depending on their epitopes and potentially alter the reactivity with S protein with mutations

in the epitope. Therefore, an appropriate anti-S antibody should be considered for each

experiment.

15. Wash the cells three times with 2% FBS in PBS (2% FBS/PBS).

16. Incubate the effector cells with APC-conjugated goat anti-rabbit IgG polyclonal antibody (see

the Key resources table, 1:50) at 4�C for 30 min.

Alternatives: An appropriate secondary antibody may be selected depending on the primary

antibody used for FACS analysis. The secondary antibodies used are shown in the Key re-

sources table.

17. Wash the cells three times with 2% FBS/PBS.

18. Resuspend the cells in 2% FBS/PBS for immediate FACS analysis.

Alternatives: To evaluate the expression levels of surface S proteins in live cells, 7AAD viability

staining solution (BioLegend, Cat# 420403) can be used before the FACS analysis. After

washing, the cells are treated with 5 mL of 7AAD solution at 20�C–25�C for 5–10 min in the

dark, and then proceeded to the FACS analysis (step 19).

19. Measure the surface expression level of S proteins using a FACS Canto II clinical flow cytometry

system.

20. Analyze the data using FlowJo software v10.7.1. Representative FACS data are shown in Figure 3

(Troubleshooting Problem 2).

Immunoblotting

The S1/S2 cleavage of SARS-CoV-2 S protein by cellular proteases, such as Furin, is important for the

fusion of the effector cells to the target cells and subsequent pathogenicity. The Delta variant

showed significantly higher fusogenicity of its S protein than that of the parental virus, which harbors

a D614G mutation (Saito et al., 2022a). This higher fusogenic potential was partially mediated by a
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P681Rmutation in the S protein that facilitated S1/S2 cleavage and was associated with higher path-

ogenicity (Saito et al., 2022a). In contrast, the S protein of the Omicron BA.1 variant showed less effi-

cient S1/S2 cleavage and less fusogenicity to target cells compared with that of the Delta variant

(Meng et al., 2022; Suzuki et al., 2022).

From sample preparation to protein visualization for immunoblotting

Timing: �3 days

21. Detach the HEK293 cells co-transfected with the S expression plasmids and pDSP8–11 (prepared

in step 8) by adequate pipetting 20–30 times.

22. Transfer the cells into an Eppendorf tube on ice and pellet down by centrifugation (300 3 g at

4�C for 5 min) for washing twice with 1 3 PBS.

23. After discarding the supernatant, tap the tube to loosen the cell pellets.

24. Resuspend the pellets in ice-cold lysis buffer containing the protease inhibitor cocktail (see

‘‘Materials and equipment’’ section).

Note: Approximately 1 3 105 cells are resuspended in 100 mL of ice-cold lysis buffer.

25. Incubate on ice for 30 min.

26. Centrifuge at 20,000 3 g at 4�C for 15 min.

27. Collect the supernatant in a new Eppendorf tube as total cell lysate.

28. Quantify total protein using a Bio-Rad protein assay dye reagent (Bio-Rad, Cat# 500006) accord-

ing to the manufacturer’s instructions.

Note: First, the working assay dye is prepared by diluting the concentrated assay dye at a ratio

of 1:5 using deionized water. Then, 5 mL of the total cell lysate is added to 995 mL of the work-

ing assay dye by mixing well and the reaction mixture is incubated at 20�C–25�C for 5 min.

After incubation, 200 mL of each sample is transferred into a well of the 96-well plate in

Figure 3. Surface expression levels of S protein

(A) Representative FACS data of surface S proteins in HEK293 cells. S protein-expressing-HEK293 cells were harvested

at 48 h posttransfection and stained using rabbit anti-SARS-CoV-2 S S1/S2 polyclonal antibody. Expression levels of

the indicated S proteins on the cell surface were measured by flow cytometry and are shown as the MFI in the

histogram. Normal rabbit IgG was used as isotype control (gray). pCAGGS was used as the vector. The parent S

protein was derived from the B.1.1 variant bearing a D614G mutation.

(B) A summary of S protein expression levels on the HEK293 cell surface. The graph indicates the mean G standard

deviation (SD) MFI (n = 3). pCAGGS was used as a vector. The parent S protein was derived from the B.1.1 variant

bearing a D614G mutation. Statistical significance was assessed using two-sided paired t test. * p < 0.05 compared

with the parent S protein (blue) and Omicron BA.1 S protein (green).
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quadruplicates. The absorbance is read at 595 nm by SpectraMax ABS (Molecular Devices). It

is noted that the absorbance should be read as soon as possible as the absorbance increases

over time and exceeds the detection limit. Moreover, samples should be incubated at 20�C–
25�C for not more than 30 min. Finally, the protein concentration of each sample is calculated

by plotting the sample’s OD value at 595 nm against the standard curve. The standard curve is

established by plotting the OD value of 6 standard samples prepared by making serial dilu-

tions out of 1 mg/mL bovine serum albumin solution; 5 mL of each standard is mixed with

995 mL of working assay dye and the OD value at 595 nm is recorded after 5 min incubation.

29. Dilute the lysates with 2 3 sodium dodecyl sulfate (SDS) sample buffer (see ‘‘Materials and

equipment’’ section).

30. Boil the mixture at 98�C on a heat block for 10 min.

31. Load 10 mL of each sample (50 mg of total protein) onto gradient 4%–20% SDS-PAGE gels for

separation.

Note: The molecular weight of the full-length SARS-CoV-2 S protein is �180 kDa. Therefore,

an SDS-PAGE gel that can cover a broad protein size range should be used.

32. Transfer the proteins to methanol-activated PVDF membranes using a Bio-Rad wet/tank blot-

ting system.

Note: A wet tank transfer is recommended to successfully transfer high-molecular weight

proteins.

33. Block the membrane with 4% skim milk in Tris-buffered saline containing 0.1% Tween 20 (0.1%

TBST) under gentle shaking at 20�C–25�C for 1 h.

34. Incubate the membranes at 20�C–25�C for 1 h or at 4�C for 12–16 h for protein detection with

the following primary antibodies (Key resources table).

Note: A mouse anti-SARS-CoV-2 S monoclonal antibody was diluted at a 1:10,000 ratio in 4%

skim milk/0.1% TBST. A rabbit anti-beta actin monoclonal antibody was diluted at a 1:5,000

ratio in 4% skim milk/0.1% TBST.

35. Wash the membrane three times with 0.1% TBST under gentle shaking at 20�C–25�C for 10 min.

36. Incubate the membrane with the following secondary antibodies under gentle shaking at 20�C–
25�C for 1 h (the secondary antibodies are listed in the Key resources table).

Note: A horseradish peroxidase (HRP)-conjugated donkey anti-rabbit IgG polyclonal anti-

body or HRP-conjugated donkey anti-mouse IgG polyclonal antibody was diluted at a

1:10,000 ratio in 1% skim milk/0.1% TBST.

37. Wash the membrane three times with 0.1% TBST under gentle shaking at 20�C–25�C for 10 min.

38. Measure chemiluminescence using SuperSignal west femto maximum sensitivity substrate ac-

cording to the manufacturer’s instructions.

39. Visualize only the bands that are not overexposed using an Amersham Imager 600 (Trouble-

shooting Problem 3).

EXPECTED OUTCOMES

The fusion activity of the Delta S protein is expected to be consistently higher than that of the

parental S protein, which harbors a D614G mutation, and the Omicron BA.1 S protein in all cell

lines used for the S protein-mediated fusion assay (Figure 4). The fusion activity mediated by

the parental S protein is expected to be higher than the Omicron BA.1 S protein in all cell lines
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used (Figure 4). The fusion activity of these S proteins could predict the pathogenicity of new

SARS-CoV-2 variants.

S1/S2 cleavage of the Delta S protein is expected to be higher than that of the parental S protein

(Figure 5). On the other hand, the S protein of the Omicron BA.1 variant is expected to show less

efficient S1/S2 cleavage (Figure 5), consistent with its lower fusogenicity (Figure 4).

QUANTIFICATION AND STATISTICAL ANALYSIS

1. The level of SARS-CoV-2 S protein expression on the cell surface affects the S protein mediates

themembrane fusion activity. Fusion activity is calculated as RL divided by themean fluorescence

intensity (MFI) of the surface S protein. The normalized value (i.e., RL activity per surface S protein

MFI) was represented as the fusion activity (Figure 4).

2. The S1/S2 cleavage efficiency of the SARS-CoV-2 S protein is closely associated with its fusion

activity to target cells and pathogenicity (Saito et al., 2022a; Suzuki et al., 2022). Therefore, the

S1/S2 cleavage of the SARS-CoV-2 S protein was quantified using the band intensities of the

full-length S and cleaved S2 using Image Studio Lite v5.2 or Fiji software v2.2.0 (ImageJ).

3. Statistical significance was performed using a two-sided paired t test (Figures 3B and 5B).

GraphPad Prism software v8.4.3 was used for these statistical tests.

4. In the time-course experiments (Figure 4), a multiple regression analysis including experimental

conditions (i.e., S protein types) as explanatory variables and timepoints as qualitative control

variables was performed to evaluate the difference between the experimental conditions thor-

ough all timepoints. The initial time point was removed from the analysis. The P value was calcu-

lated by a two-sided Wald test. Subsequently, familywise error rates (FWERs) were calculated us-

ing the Holm method. These analyses were performed in R v4.1.2 (https://www.r-project.org/).

LIMITATIONS

The SARS-CoV-2 S protein plays a pivotal role in viral infection by mediating the fusion of the viral

membrane with the target cell membrane (Jackson et al., 2021; Li, 2016). Incorporating the S protein

into a cell-free virion leads to binding with the ACE2 protein expressed in the target cell and facil-

itates viral entry into the target cells. However, the S protein on the plasma membrane of the in-

fected cell triggers fusion between the infected cell and neighboring cells expressing ACE2 and

forms multinucleated cells, known as syncytia. We established a SARS-CoV-2 S protein-mediated

membrane fusion assay that allows for the quantification of S protein-mediated fusion activity

Figure 4. Representative S-protein-mediated membrane fusion assay in various cell lines

S protein-mediated membrane fusion assay was performed in HEK293-ACE2, HEK293-ACE2/TMPRSS2, Calu-3/DSP1-7, HeLa-ACE2/TMPRSS2, HOS-

ACE2/TMPRSS2 and VeroE6/TMPRSS2 cells, respectively. Luminescence, indicating successful cell–cell fusion, was monitored at 0, 6, 12, 18, and 24 h

after mixing the effector and target cells. The experiments were performed in quadruplicate. The parent S protein was derived from the B.1.1 variant

bearing a D614G mutation. Fusion activity (arbitrary unit) was measured as luminescence normalized to MFI and is shown as mean G SD. Statistical

differences between a pair of variants across timepoints were determined by multiple regression and indicated in each graph. The 0 h data were

excluded from the analyses. The FWERs calculated using the Holm method are indicated in the figures.
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between S protein-expressing (i.e., effector cell) and ACE2 (and TMPRSS2)-expressing target cells

using a DSP (Kimura et al., 2022b, 2022c; Motozono et al., 2021; Saito et al., 2022a, 2022b; Suzuki

et al., 2022; Yamasoba et al., 2022). Interestingly, several of our studies have demonstrated that

SARS-CoV-2 S protein-mediated fusion activity quantified using this assay is closely associated

with viral pathogenicity in an in vivo hamster model (Kimura et al., 2022c; Saito et al., 2022a,

2022b; Suzuki et al., 2022; Yamasoba et al., 2022). However, virion-associated S fusion activity

cannot be determined using this assay and an advanced method is required to quantify virion-asso-

ciated S fusion activity in order to fully understand the S protein function. Furthermore, a system that

allows for measuring the fusogenicity of authentic viruses would be required to understand SARS-

CoV-2 spread and pathogenesis.

TROUBLESHOOTING

Problem 1

Low RL activity (step 12).

Potential solution

Insufficient S protein expression in the effector cells may reduce the luminescence from RL. Thus, the

S protein expression levels on the surface of the effector cells should be confirmed by flow cytometry

(step 13). If the S protein expression levels are low, fresh HEK293 cells should be used as the effector

cells to restore efficient transfection and subsequent luminescence.

In general, the condition of the effector cell (i.e., HEK293 cells) is critical for efficient transfection and

appropriate S protein expression levels on the cell surface and subsequent cell–cell fusion. Unsuc-

cessful S protein-mediated membrane fusion can be avoided by going back to an early passage

frozen stock of HEK293 cells monthly. In addition, daily cell monitoring and observation of cells

throughout the assay are essential to maintain good cell conditions.

Problem 2

Low cell surface S expression levels (step 20).

Figure 5. Cleavage of S protein in HEK293 cells

(A) Representative immunoblots. The cell lysates of HEK293 cells transfected with the S gene were subjected to

immunoblotting. The indicated S proteins were detected by mouse anti-SARS-CoV-2 S monoclonal antibody (S2

subunit). pCAGGS was used as the vector. The parent S protein was derived from the B.1.1 variant bearing a D614G

mutation. b-actin was used as the loading control.

(B) Summary of the S1/S2 cleavage efficiency of the indicated S proteins in HEK293 cells. Full-length S and S2 band

intensities were quantified and the ratio of S2 to the sum of S and S2 [S2/(S + S2)] was calculated from three

independent experiments. The parent S protein was derived from the B.1.1 variant bearing a D614G mutation. Data

represent the mean S2/(S + S2) G SD relative to the parent S protein. Statistical significance was performed by a two-

sided paired t test. * p < 0.05 compared with the parent S protein (blue), Delta S protein (red), and Omicron BA.1 S

protein (green).
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Potential solution

The MFI of the parental D614G S protein is typically 40- to 60-folds over background (as determined

by isotype control staining) under our experimental settings. If the MFI of D614G S protein is less

than 20-fold over background, this indicates inappropriate cell conditions and the use of fresh

HEK293 cells is recommended.

S protein expression levels are used to normalize luminescence values, which are finally used to

represent the S protein fusion activity. Therefore, an anti-SARS-CoV-2 S antibody is essential for

FACS analysis. To date, we have seen variable expression levels among S protein variants on the

cell surface (Kimura et al., 2022b, 2022c; Motozono et al., 2021; Saito et al., 2022a, 2022b; Suzuki

et al., 2022; Yamasoba et al., 2022); however, these differences have not shown more than a twofold

difference between the highest and lowest values using a rabbit anti-SARS-CoV-2 S S1/S2 polyclonal

antibody. To our knowledge, this polyclonal antibody is one of the best antibodies for the FACS

analysis of surface S proteins. However, another anti-S protein antibody should be considered if

the parental D614G S protein MFI is less than 20-folds over background.

Problem 3

Unclear S expression levels in effector cells by immunoblotting (step 39).

Potential solution

Fresh HEK293 cells should be used if the RL activity (step 12) and S expression levels on the cell sur-

face (step 20) are low. However, when these parameters are normal, possible reasons for low S

expression levels in effector cells by immunoblotting are as follows. (1) Low concentration of total

proteins loaded: We recommend using 10 mL of sample, which is equivalent to 50 mg of total protein

(step 31). (2) Large S protein >180 kDa: An efficient transfer system should be considered to success-

fully transfer high-molecular weight proteins (step 32). (3) Unsuitable primary antibody (step 34): The

selected primary antibody may not react with the S protein used in the experiments; The target

epitope of the selected primary antibody should be verified and another primary antibody should

be considered. (4) Low substrate levels (step 38): The sensitivity of substrate used is below the detec-

tion limit for the S protein used in the experiments. We used SuperSignal west femto maximum

sensitivity substrate. Alternatively, SuperSignal west atto ultimate sensitivity substrate (Thermo

Fisher Scientific, Cat# A38554) is available.
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